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Chapterr 1 

Genera ll  Introductio n 

Thee immun e syste m 
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. 

Lymphocyte ss of the adaptiv e immun e syste m 
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 cel l differentiatio n in respons e to viruse s 
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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Chapterr 1 

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. 

Visualizatio nn of antigen-specifi c T cell s 

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). 

<l> > 

H H 
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unstimulated d 

stimulated d 
stimulated d 
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Generall Introduction 

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. 

Differen tt  type s of huma n memor y cell s in periphera l bloo d 

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 

Differenc ee in vira l specificit y result s in differen t phenotype s of memor y CD8+ T 

cell s 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. 

Cytomegaloviru ss (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 immun e syste m 
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. 

Scop ee of thi s thesi s 
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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Abstrac t t 

Twoo prototypi c type s of virus-specifi c CD8+ T cell s can be foun d in latentl y 
infecte dd individuals : CD45R0*CD27+CCR7~ effector-memory , and CD45RA*CD27" 
CCR7""  effector-typ e cells . It has recentl y been implie d that CD45RA+CD27"CCR7"  T 
cell ss  are terminall y differentiate d effecto r cell s and as suc h have los t all 
proliferativ ee capacity . We sho w in thi s study , however , that stimulatio n of CMV-
specifi cc  CD45RA+CD27"CCR7"  T cells wit h thei r cognat e peptid e in concer t wit h 
eithe rr  CD4+ help or IL-2, IL-15 or IL-21 in fact induce s massiv e clona l expansion . 
Concurrently ,, thes e stimulate d effecto r T cell s chang e cel l surfac e phenotyp e 
fro mm CD45RA to CD45R0 and regain CCR7, whil e effecto r function s are 
maintained .. Our data impl y that CD45RA*CD27"CCR7 "  effector-typ e T cell s 
contribut ee to immunit y not onl y by direc t executio n of effecto r functions , but also 
byy yieldin g progen y in situation s of vira l reinfectio n or reactivation . 

Introductio n n 

Immunologicall memory is the key feature of the adaptive immune system and provides 
organismss with faster and more efficient means to cope with offensive pathogens on a 
secondaryy encounter. Immunological memory has a cellular basis: in response to 
antigenicc challenge, numbers of antigen-specific lymphocytes rise1, and these expanded 
cellss have an increased affinity for antigen compared with the naive population2. 
Traditionally,, development of T cell memory is seen as a linear differentiation process. 
Naivee cells activated by antigen and costimulatory signals develop into a greatly 
expandedd pool of effector T cells that eliminates or neutralizes the pathogen. The 
majorityy of these effector cells dies, but a fraction persists as memory cells. A distinct 
theoryy suggests that effector and memory cells arise from the same precursor cell, but 
differentiatee along separate pathways3"5. 

Thee discussion on the development of T-cell memory has been fueled by recent 
observationss on human virus-specific T cells6;7. Essentially, two prevalent sets of primed 
antigen-specificc CD8+ T cells can be distinguished during viral latency8"10. First, there are 
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CD45R0+CD27+CCR7"" T cells that have been designated effector-memory cells. The 

majorityy of these T cells express the costimulatory molecule CD28, and these cells do 

nott abundantly express cytolytic mediators like perforin and granzyme B. Second, other 

antigen-specificc CD8+ T cells have a CD45RA+CD27"CCR7" phenotype, express both 

perforinn and granzyme B, and are able to execute direct ex vivo cytolysis. In healthy 

individuals,, cells belonging to this subset also lack the co-stimulatory receptor CD2811;12 

andd in many studies the absence of this marker has been used to identify effector-type 

cells13;144 The reason for the apparent dichotomy in phenotype and function of virus-

specificc T cells during latency is unclear. Recent data suggest that particular pathogens 

mayy preferentially induce the appearance of certain subsets7.ln contrast, it is clear that in 

healthyy individuals phenotypically distinct CMV-specific T cells are found8. 

CD8+CD45RA+CD27"CCR7"" effector T cells have been termed terminally differentiated 

CD8++ T cells615. This implies that these lymphocytes, in analogy to cells in other organ 

systemss such as the skin and the gastrointestinal tract, have lost the potential to self-

reneww and expand. Several observations supported the notion that effector CD8+ T cells 

havee irreversibly lost proliferative capacity. The nuclear antigen Ki-67, which is 

expressedd in all phases of the cell cycle except for the G0 phase, could not be 

demonstratedd in effector T cells of HIV and EBV patients612. CD8+CD28" T cell 

populations,, and T cell clones did not show anti-CD3 mAb-induced proliferation, and this 

deficiencyy could not be overcome by addition of exogenous IL-2; neither could these 

cellss be costimulated using CD80 or CD5813. Furthermore, no evidence for significant 

celll division was observed in CD8+CD45RA+CCR7~ cells upon stimulation with anti-CD3 

andd anti-CD28 mAb as measured by CFSE-labeling6. In contrast, we reported that 

CD45RA+CD27~~ effector-type cells do divide when stimulated with CD2 mAbs in 

combinationn with IL-2 and, to a lesser extent, IL-1511. Moreover, a recent report 

suggestedd that stimulation of a CMV-specific CD8+ T cell population largely containing 

CD45RA+CD28"CCR7~~ T cells with specific peptide and IL-2 resulted in proliferation and 

differentiationn of effector-type T cells14. To evaluate their potential role in virus 

eliminationn in situations of viral reactivation or reinfection, we in this study investigated 

whetherr CMV-specific effector-type CD8+CD45RA+CD27~CD28~CCR7~ T cells expand in 

responsee to both specific peptide and CD4+ T cell-derived helper signals. Our data show 

thatt although CD8+CD45RA+CD27"CCR7~ CMV-specific T cells have all features of 

effectorr cells, they have not lost the ability to expand upon viral challenge. 

Material ss  & Method s 

IsolationIsolation ofPBMCs 
Heparinizedd peripheral blood samples were collected from HLA-A2-positive CMV-seropositive 
healthyy donors and renal transplant recipients from the Academic Medical Center transplantation 
outpatientt clinic. All patients gave written informed consent, and the study was approved by the 
locall medical ethical committee. Diluted blood was layered on Lymphoprep (Nycomed, Pharma, 
Oslo,, Norway) for density gradient centrifugation, and PBMCs were harvested from the interface 
andd washed twice. Cells were frozen and stored in liquid nitrogen until the day of analysis. 
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GenerationGeneration of tetrameric complexes 
Tetramericc complexes were generated essentially as described previously16. In brief, purified 
HLA-A2.11 H chain and (32-microglobulin were synthesized using a prokaryotic expression system 
(pET;; Novagen, Milwaukee, Wl). The H chain was modified by deletion of the 
transmembrane/cytosolicc tail and C-terminal addition of a sequence containing the BirA 
enzymaticc biotinylation site. The HLA-A2.1-binding CMVpp65-derived peptide NLVPMVATV was 
usedd for refolding. The refolded product was isolated by fast protein liquid chromatography, and 
biotinylatedd by BirA (expressed using the pET expression system and purified using Clontech 
cobaltt beads, Palo Alto, CA) in the presence of biotin (Sigma Chemical, St Louis, MO), ATP 
(Sigma-Aldrich)) and MgCI2. Streptavidin-allophycocyanin conjugate (Molecular Probes, Europe 
BV,, Leiden, The Netherlands) was added in a 1:4 molar ratio. 

FlowFlow cytometric analyses 
Thawedd PBMCs were resuspended in IMDM (BioWhittaker, Verviers, Belgium), containing 10% 
FCSS and antibiotics (100U/ml sodium penicillin G (Brocades pharma B.V., Leiderdorp, The 
Netherlands)) and 100 ng/ml streptomycin sulfate (Life Technologies, Paisley, Scotland)). Cells 
weree washed in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) bovine serum albumin (PBA). 
250,0000 PBMCs were incubated with an appropriate concentration of tetrameric complexes in a 
smalll volume for 10 min at , protected from light. Then fluorescent-labeled conjugated mAbs 
(concentrationss according to manufacturer's instructions) were added and incubated for 30 min at 

,, protected from light. For analysis of expression of surface markers, the following Abs were 
usedd in different combinations: allophycocyanin-conjugated tetramers, CD45RA FITC (BD 
Biosciences,, San Jose, CA), CD45RA PE (Sanquin, Amsterdam, The Netherlands, or Coulter, 
Miami,, FL), CD45RO PE, CD27 PE, CD8 FITC, CD8 PE, CD8 allophycocyanin and CD8 PercP 
(alll BD Biosciences). For staining with the murine anti-human CCR7 mAb, a multistep staining 
protocoll was performed consisting of incubation with the anti-CCR7 Ab (BD PharMingen, San 
Diego,, CA) for 30 min at C protected from light, incubation with biotin-labeled rat anti-mouse 
IgMM (BD PharMingen) for 30 min at C protected from light, incubation with Streptavidin-PE (BD 
Biosciences)) for 30 min at C protected from light, incubation with 10% (v/v) normal mouse 
serumm (Sanquin), followed by incubation with tetrameric complexes and incubation with directly 
conjugatedd mAbs as described above. Cells were washed in PBA and analyzed using a FACS 
Caliburr flow cytometer and Cellquest software (BD Biosciences). 

IntracellularIntracellular granzyme B, perforin and cytokine staining 
Intracellularr granzyme B and perforin stainings were performed, as described previously1 . In 
short,, 250,000 PBMCs were stained with fluorescent-labeled conjugated mAbs to CD8 and CMV-
tetramericc complexes, washed once with PBA, then fixed with 50 u.1 buffered formaldehyde 
acetonee solution and subsequently permeabilized by washing with 0.1% saponine 50mM D-
glucose.. Cells were then incubated with anti-granzyme B PE (Sanquin) or anti-perforin PE (Hölzel 
Diagnostika,, Köln, Germany) Abs, according to manufacturers' instructions. Flow cytometric 
analysiss was performed thereafter. 
Forr the cytokine staining, celts were first stimulated in a 24-well plate at 1x106 cells/well in 0.5 ml 
withh PMA, ionomycin and brefeldin A for 4 h at . Cells were washed, and then the same 
stainingg procedure as described above was performed using anti-IFN-y or anti-TNF-a Abs either 
FITCC or PE labeled (all from BD Biosciences). 
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DepletionDepletion ofCD4+ T cells 

PBMCss were incubated with unlabeled anti-CD4 antibodies for 30 min at C protected from light. 
Afterr washing, 4x106 Dynabeads (M-450, goat anti-mouse IgG (Dynal ASA, Oslo, Norway)) were 
addedd per 1x106 PBMCs at a final concentration of 1x107 PBMCs/ml. Cells and beads were then 
incubatedd for 30 min at , and subsequent magnetic depletion of CD4+ T cells was performed. 
Purityy of the remaining fraction was checked by flowcytometry; 95% of CD3+ cells were CD8+, 
andd monocytes were retained in the resulting cell population. 

CFSECFSE labelling 
PBMCss were pelleted and resuspended in PBS at a final concentration of 5-10 x 106 cells/ml. 
PBMCss were labeled with 2.5 jiM (final concentration) of CFSE {Molecular Probes) in PBS for 8-
minn shaking at . Cells were washed and subsequently resuspended in IMDM supplemented 
withh 10% human pool serum, antibiotics and 3.57 x ^0~4% (v/v) 2-ME (Merck) (culture medium). 

CultureCulture and stimulation of the cells 
CFSE-labeledd cells were cultured in culture medium for 5 days in 24 wells plates at a 
concentrationn of 0.5-1 x 106 cells/ml. CMVpp65-derived peptide was added at a final 
concentrationn of 1.25 ng/ml. CMV antigen (inactivated whole virus, 60 (al/ml; BioWhittaker) and 
purifiedd protein derivative (PPD; 11.8 fag/ml; Statens Serum Institut, Copenhagen, Denmark) were 
usedd to stimulate cells. Furthermore, for stimulation IL-2 (50 U/ml; Biotest, Dreieich, Germany), 
IL-44 (10 ng/ml; Strathmann Biotech GMBH, Germany), IL-7 (10 ng/ml; Strathmann), IL-10 (100 
U/ml;; BD PharMingen), IL-12 (10 ng/ml; Strathmann), IL-15 (3 ng/ml; R&D Systems, Abingdon, 
U.K.),, IL-21 (50 ng/ml; Zymogenetics, Seattle, WA), IFN-y (100 U/ml) or TNF-a (25ng/ml) (both 
R&DD Systems) was added. For blocking experiments we used anti-IL-2R a-chain (1:250; 
Sanquin).. Flow cytometric analysis was performed before culture and after 5 days. 

CytotoxicCytotoxic assays 
Cellss were cultured with different stimulatory conditions for 5 days as described above. The 
percentagee of tetramer-positive cells was measured by flow cytometric analysis. CTL activity was 
measuredd in a standard 51Cr release assay using an HLA A2.1 EBV cell line as a target. Briefly, 
peptide-coatedd B cell line target cells were prepared by labeling cells with 50ul 30 u.g 51Cr/ml, 500 
uCi/mgg for 1 h at , 5% C02. After washing, cells were incubated with 0.1 mg/ml peptide or 
mediumm for 1 h at , 5% C02. Graded numbers of effector cells were incubated with 3 x 103 

51Cr-labeledd target cells for 4 h at , 5% C02 in different E:T ratios. After incubation, released 
radioactivityy was measured and specific lysis was calculated according to the following formula: 
percentagee of specific release = ((experimental release - spontaneous release)/(maximum 
releasee - spontaneous release)) x 100. Results are presented as specific lysis adjusted for the 
numberr of tetramer-binding cells in the population. 

Result s s 

CMV-specificCMV-specific effector-type CD8* T cells expand upon antigenic stimulation. 

CMV-specificc CD8+ T cells can be directly visualized using tetrameric HLA-

A2.1/NLPVMTATVV complexes (Fig. 1). As previously demonstrated, the CMV tetramer-
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positivee cells from a number of healthy individuals and from most renal transplant 

recipientss predominantly have an effector cell phenotype8, being CD8+CD45RA+CD27 

CD288 CCR7 (Fig. 1A and data not shown). These cells have been called terminally 

differentiated6155 because of their strong cytolytic effector functions and their assumed 

inabilityy to proliferate. In view of recent developments that question this categorization, 

whichh impacts our general understanding of immunological memory, we investigated the 

actuall capacity of effector cells to proliferate upon restimulation. We selected patients 

andd healthy individuals in which all CMV-specific cells have an effector cell phenotype 

andd investigated whether it was possible to induce proliferation of these cells. To mimic 

thee situation in vivo when antigen is re-encountered during reinfection or reactivation of a 

latentt virus, we provided both class I- and class ll-presented viral epitopes to PBMC 

cultures.. CFSE-labeled cells were cultured for 5 days in the presence of the 

immunodominantt NLPVMTATV CMV peptide that is presented by HLA-A2.1 with or 

withoutt CMV antigen (inactivated whole virus). Culture in medium alone did not result in 

anyy proliferation of the tetramer-positive cells (Fig. 1B). 
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FigureFigure  1: CMV-specific 
CD8*CD8* T cells  have an 
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andand  can proliferate.  (A) 
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cells.cells. (B) CFSE dilution of 
cellscells cultured for 5 days, in 
medium,medium, with CMV 
peptide,peptide, CMV antigen or 
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areare the percentages of total tetramer* cells. Representative flow cytometry is shown of n=15 for 
phenotypephenotype CMV-specific cells at day 0, n=9 for CFSE stainings, and n=6 for phenotype CMV-
specificspecific cells after stimulation with CMV peptide and CMV antigen or IL-2. 
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Tetramer-bindingg cells stimulated with CMV peptide alone underwent very limited 
division,, and CMV antigen predominantly induced CFSE dilution in tetramer-negative 
cells.. Notably however, stimulation with CMV peptide plus CMV antigen resulted in 
strongg proliferation of all tetramer-positive cells (Fig. 1B). This is indicated not only by the 
diminishedd intensity of the CFSE staining of the cells, but also by the increase of the total 
amountt of CMV-specific cells (mean 38% of CD8+ T cells, range 15-59%, n=9 
independentt experiments) compared with the starting population (mean 5.8% of CD8+ T 
cells,, range 1.5-16%). CFSE dilution first became apparent at day 3 after stimulation with 
peptidee and CMV antigen and the cells divided further during the following period (data 
nott shown). These data indicated that specific peptide stimulation, combined with factors 
derivedd from the CD4+ Th cells activated by the CMV antigen, induced proliferation of the 
CMV-specificc effector cells. 

Too further address the role of CD4+ Th cells, we depleted CD4+ T cells from PBMCs. As 
shownn in Fig. 3A, this reduced the CFSE dilution of the tetramer* cells when stimulated 
withh CMV peptide and antigen. Compared to the stimulation of undepleted PBMCs, more 
CMV-specificc cells remained undivided or in the first divisions, confirming that CD4+ T 
cell-derivedd factors are indeed involved in driving the proliferation. 
Thee phenotype of the divided CMV-specific CD8+ T cells was determined by flow 
cytometricc analysis. The vast majority of cells switched from CD45RA to CD45R0 
expressionn but retained the CD27 phenotype (Fig. 1C, and data not shown). 
Interestingly,, the chemokine receptor CCR7 reappeared on the cell surface of most of 
thesee activated and proliferating CMV-specific cells, 
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FigureFigure 2: Proliferation of CMV-specific CDS* effector cells is cytokine dependent. Dot plot of 
cellscells stimulated for 5 days with CMV peptide plus PPD (A), CMV peptide plus CMV antigen (B) 
CMVCMV peptide plus CMV antigen in the presence of an Ab against the IL-2R a-chain (CD25) (C), 
CMVCMV peptide plus 11-2 (D), CMV peptide plus IL-15 (E) or CMV peptide plus IL-21 (D). All gated 
onon CDS* T cells. MFI: mean fluorescence intensity x-axis, upper left quadrant. Representative 
flowflow cytometry is shown of n=3 for PPD stimulation and IL-2R a-chain blocking experiment, n=7 
forfor CFSE stainings after stimulation with peptide and IL-2, IL-15 or IL-21. The percentage of 
tetramer*tetramer* cells within CD8* cells is 53% in (B) versus 15% in (C). 
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IL-2,IL-2, IL-15 and IL-21 can support expansion of peptide-stimulated virus-specific effector-

typetype T cells. 

Too test whether induction of CD4+ Th cell activity per se rather than activation of CMV-

specificc helper cells is necessary to induce expansion of peptide-pulsed effector T cells, 

PBMCss of a bacillus Calmette-Guérin-vaccinated donor were stimulated with CMV 

peptidee and PPD. As shown in Figure 2A, in this in vitro setting PPD-specific helpers can 

supportt the proliferation of CMV-specific CD8+ T cells. 

Too identify potential factors involved in the initiation of the proliferation of peptide-

stimulatedd CMV-specific effector cells, PBMCs were first stimulated with CMV peptide 

pluss CMV antigen with addition of an Ab against CD25. Proliferation of the CMV-specific 

cellss could be partially prevented by blocking the IL-2R a-chain (Fig. 2C), as evidenced 

byy the higher intensity of the CFSE staining and the decrease in the percentage of 

tetramer** cells within the CD8+ cells as compared to Figure 2B (mean CFSE 

fluorescencee intensity, upper left quadrant 88 versus 28). This indicates that at least part 

off the antigen-induced proliferation is dependent on the actions of IL-2, but that also 

otherr cytokines are involved. 

FigureFigure  3: Depletion  of  CD4*T cells 
reducesreduces  proliferation  upon  peptide  and 
CMVCMV antigen  but,  not  when  cytokines 
areare added.  Histogram overlays of CFSE 
dilutiondilution of tetramer* cells stimulated with 
peptidepeptide and CMV antigen (A) or peptide 
andand IL-15 (B). The bold lines are the 
unstimulatedunstimulated controls; filled histograms 
representrepresent undepleted PBMCs; and the thin 
lineslines are from CD4* T cell-depleted 
cultures.cultures. Only gated CD8* CMV-tetramer* T 
cellscells are depicted. 

Wee next tested the ability of several cytokines to induce proliferation in combination with 

CMVV peptide. As shown in Figure 2D-F, strong proliferation was induced when cells 

weree cultured in the presence of peptide and the common y-chain-using cytokines IL-2, 

IL-155 or IL-21. In the absence of peptide, these cytokines did not induce substantial 

divisionn in the tetramer-binding population (data not shown). IL-4 and IL-7, which also 

usee the common y-chain did not support division of peptide-pulsed CMV-specific T cells, 

norr did IL-10, IL-12, IFN-y, orTNF-a. 

Inn contrast to stimulation with peptide and CMV antigen, stimulation of CD4-depleted 

PBMCss with CMV peptide in combination with IL-2, IL-15 or IL-21 did not differ from 

culturess with CD4+ T cells present, as shown for IL-15 in Figure 3B. This indicates that 

additionn of these cytokines is sufficient to support proliferation of the CMV-specific CD8+ 

TT cells. 

AA R 
peptide+CMV-antigenn peptide+IL-15 

CFSE E 
—— unstimulated control 

undepletedd cells 
—— CD4-depleted cells 
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Clonall expansion of antigen-specific CD8+ effector-type T cells 

CMV-specificc cells stimulated with peptide and IL-2 switched their surface expression 

fromm CD45RA to CD45R0, remained CD27 and up-regulated CCR7 expression (shown 

inn Fig. 1D). These changes in phenotype are thus comparable to those of cells 

stimulatedd with peptide and CMV antigen (Fig. 1C). 

AA granzyme B R perforin 

FigureFigure  4: CMV-specific  CD8* effector 
cellscells  contain  granzyme  B and perforin. 
HistogramsHistograms of granzyme B PE and perforin 
PEPE staining on fresh cells (day 0, A and B) 
andand after 5 days of stimulation with CMV 
peptidepeptide plus CMV antigen (day 5, C and and D). 

ff The filled histograms represent CD8* T 
cells;cells; the bold lines show CD8* CMV-
tetramer*tetramer* T cells. Both were gated on 
lymphocytes;lymphocytes; for stimulated cultures, 
blastoidblastoid cells were also included. 
RepresentativeRepresentative data of three experiments 
performedperformed are shown. 

10  to ' 1Ó2 1Ö3 10' 10  1G1 102 to 3 lÓ* 

 CD8+T cells 
CMV-tetramer** cells 

ExpandedExpanded CMV-specific cells retain effector functions. 

CD8+CD45RA+CD27~~ effector T cells use perforin, granzyme B and CD95L to kill virus-

infectedd cells. As previously shown8, tetramer-binding cells express intracellular 

granzymee B and perforin (Fig. 4, A and B). After 5-day stimulation with peptide and 

CMVV antigen, the divided cells still contained these cytotoxic molecules (Fig. 4, C and D) 

andd even obtained a higher perforin content than before stimulation. 

Too test the cytolytic potential of expanded CMV-specific effector cells, cytotoxic assays 

weree performed. Cells that had been stimulated for 5 days with peptide plus IL-2 were 

addedd to EBV-transformed target cells loaded with the HLA-A2.1 CMV-specific peptide. 

Withoutt peptide, no specific lysis of the target cells was found, but CMV-specific cells 

retainedd their cytotoxic capacity towards peptide-pulsed targets (Fig. 5A). On a cellular 

basis,, the percentage of specific lysis did not differ between fresh cells on day 0 and 

cellss that had been stimulated for 5 days. Likewise, effector T cells that had been 

culturedd with peptide in concert with CMV antigen, IL-15 or IL-21 displayed specific 

cytotoxicc potential and no gross differences between the addition of CMV antigen or 

cytokiness was evident (data not shown). Another key function of the effector cells in 

relationn to virus neutralization / elimination is the production of cytokines such as IFN-y 

andd TNF-a. Indeed, CMV-specific cells that had proliferated upon stimulation with 

peptidee and IL-2 abundantly produced these cytokines after PMA-ionomycin stimulation 

dayy 0 

dayy 5 ; | 
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(Fig.. 5B, and data not shown). Thus, as judged by both cytotoxic function and cytokine 

productionn capacity, expanded CMV-specific cells are functionally competent effector 

cells. . 

FigureFigure  5: CMV-specific  CD8* effector 
cellscells  are cytotoxic.  A: Specific lysis of 
5151Cr-labeledCr-labeled EBV-transformed B cells 
loadedloaded with CMV peptide. Percentage 
specificspecific lysis (y-axis) versus E:T ratio (x-
axis).axis). Measured on days 0 (circles) and 5 
afterafter stimulation with CMV peptide and IL-2 
(triangles).(triangles). The filled symbols represent 
thethe data without peptide loaded; the open 
symbolssymbols indicate the lysis when CMV 
peptidepeptide is loaded on the target cells. 
RepresentativeRepresentative data of 5 experiments 
performedperformed are shown. B: Dot plots of cells 
stimulatedstimulated with PMA-ionomycin before and 
afterafter 5 days of culture in the presence of 
CMVCMV peptide and IL-2, gated on CD8* T 
cells.cells. Representative flow cytometry is 
shownshown from 2 experiments performed. 

Discussio n n 

Itt has been debated whether CD8+CD45RA+CD27 CCR7 T cells (also CD28 , LFA-

1bnght)) that display immediate cytolytic effector functions have proliferative potential. The 

notionn that CD8+CD45RA+CCR7~CD27~ T cells can not divide and have therefore 

enteredd a state of senescence18 has been based on several lines of evidence. First, 

CD8+CD288 T cells, which largely overlap with CD8+CD45RA+CD27 T cells11, have 

shorterr telomere lengths than CD8+CD28+ cells1920. This comparison, however, did not 

takee into account that a substantial part the CD8+CD28+ population consists of naive T 

cellss with relatively long telomeres. Indeed, when CD45RACD27* and CD45RA+CD27~ 

TT cells were compared, no significant differences in telomere lengths between these two 

primedd sets of CD8+ T cells were found21. Thus, based on telomere status, there is no 

apparentt restriction for further expansion of CD8+CD45RA+CD27~ T cells. Second, 

Champagnee et al.6 recently showed that CD8+CD45RA+CCR7 T cells do not divide 

whenn a combination of CD3 and CD28 mAb is used for activation. However, as rightfully 

pointedd out by Wills et al.14, resting CD8+CD45RA+CCR7XD27" T cells lack CD28 

expression111 and an agonistic effect of CD28 mAb on these cells is therefore highly 

unlikely.. Other studies performed in our laboratory have previously shown that 

proliferationn requirements of effector-type CD8+CD45RA+CD27~ T cells are different from 

(00 12 

in n 

>. . 
—— 8 
U U 

1C C 
"" 4 
0) ) 
Q. Q. 

i-i-

^ ^ 

"V V 
* * 

>0 0 

1:1 1 1:2 2 *~ft t 

-dayO O 

-dayOO peptide 

-dayy 5 

-day55 peptide 

Effecto rr  : Target ratio 

dayO O dayy 5 peptide + IL-2 

10  '. 

68,4 4 

31,6 6 

o'' " Ï 5 2 1033 10 

5 5 

i;#jjys s 
f--- ÜÜ! 

u. . 

*] ] 
" l l 

: : 

&3U--
* * 

v ; ' ' 

011 !G2 

99,3 3 

0,7 7 

1033 to 

CMV-tetrame r r CMV-tetramer r 

32 2 



Clonall expansion of antigen-specific CD8+ effector-type T cells 

thosee of the memory-type in that the former population only divides in the presence of 

helperr cytokines such as IL-2 and IL-1511. This was corroborated in a recent report that 

demonstratedd that a CMV-specific T cell population largely comprised of 

CD45RA+CD288 cells yielded an expanded population of antigen-specific cells after 14 

dayss of culture with specific peptide and IL-214. The experiments shown in our present 

studyy directly demonstrate that CMV-specific CD8+CD45RA+CD27 CCR7 T cells 

expandd up to six generations and more (based on the CFSE dilution peaks) when 

stimulatedd by cognate peptide and Th cell-derived factors. Thus, CD8+CD45RA+CD27 

CCR77 T cells are fully differentiated in terms of acquisition of killer cell functions, but not 

terminallyy differentiated in regard to having lost the ability to expand. Recent data have 

shownn that the CD4+ Th cell-derived cytokine IL-21 limits expansion of IL-15-stimulated 

NKK cells22. In this way, it could impede the relatively non-specific activity of NK cells in 

favorr of specific T cells that are generated later during immune responses. Our data 

seemm to be in accordance with this presumed role of IL-21, as expansion of peptide-

pulsedd effector-type cells is supported by this cytokine. 

Phenotypically,, reactivated effector-type cells change CD45RA for CD45R0 expression, 

whichh is in line with the notion that CD45R0 is a marker for dividing (or recently divided) 

TT cells21; this change in phenotype after peptide-specific stimulation was also described 

byy Catalina et al23. More striking is the observation that CCR7, a chemokine receptor 

bindingg macrophage-inflammatory protein 3p (CCL19) and secondary lymphoid tissue 

chemokinee (CCL21) and directing T cell traffick toward secondary lymphoid organs, is 

up-regulatedd on expanded cells. Up-regulation of CCR7 was described earlier upon 

antigenicc stimulation of sorted CD45RA CCR7 cells6. The biological relevance of the up-

regulationn is unclear at this moment, but recirculation through spleen or lymphnodes 

couldd allow scrutinization of these sites for reactivating or reinfecting viruses. 

Alternatively,, migration toward the secondary lymphoid organs could be important to 

receivee competence signals that serve to maintain homeostasis in the effector cell 

compartment.. Because the effector-type cells abundantly produce cytokines, regulatory 

effectss on lymphocytes and APCs could be envisaged. Also, local production of 

macrophage-inflammatoryy protein 3p by monocytes and macrophages at sites of 

infectionn could direct CCR7+ effector cells to their target sites24. 

Phenotypicallyy different virus-specific T cells can be found in latently infected individuals, 

CD8+CD45RAA CD27+CCR7 effector-memory cells and CD8+CD45RA+CD27 CCR7 

effector-typee T cells1125. From the analysis of expression of cytolytic mediators and ex 

vivoo cytotoxicity it is clear that these cells differ in direct effector functions132627. 

However,, the data presented in this study imply that during viral reactivation or 

reinfection,, which is accompanied by the supply of epitopes presented by both MHC 

classs I and II to the T cell system, the effector-type cells rapidly change into effector-

memoryy cells and concurrently undergo expansion. This suggests that effector-type T 

cellss not only contribute to the maintenance of latency by directly neutralizing rare virus-

expressingg cells, but also contribute to immunity by generating vast numbers of new 

effectorss in situations of strong virus reactivation or reinfection. 

33 3 



Chapterr 2 

Reference s s 

1.. Murali-Krishna K, Altman JD, Suresh M, Sourdive DJ, Zajac AJ, Miller JD, Slansky J, 
Ahmedd R. Counting antigen-specific CD8 T cells: a reevaluation of bystander activation 
duringg viral infection. Immunity. 1998;8:177-187. 

2.. Busch DH, Pamer EG. T cell affinity maturation by selective expansion during infection. 
J.Exp.Med.J.Exp.Med. 1999;189:701-710. 

3.. Opferman JT, Ober BT, Ashton-Rickardt PG. Linear differentiation of cytotoxic effectors into 
memoryy T lymphocytes. Science 1999;283:1745-1748. 

4.. Manjunath N, Shankar P, Wan J, Weninger W, Crowley MA, Hieshima K, Springer TA, Fan 
X,, Shen H, Ueberman J, von AU. Effector differentiation is not prerequisite for generation of 
memoryy cytotoxic T lymphocytes. J Clin.Invest. 2001;108:871-878. 

5.. Kaech SM, Wherry EJ, Ahmed R. Effector and memory T-cell differentiation: implications 
forr vaccine development. Nature Rev.Immunol. 2002;2:251-262. 

6.. Champagne P, Ogg GS, King AS, Knabenhans C, Ellefsen K, Nobile M, Appay V, Rizzardi 
GP,, Fleury S, Lipp M, Forster R, Rowland-Jones S, Sekaly RP, McMichae! AJ, Pantaleo G. 
Skewedd maturation of memory HIV-specific CD8 T lymphocytes. Nature 2001;410:106-111. 

7.. Appay V, Dunbar PR, Callan M, Klenerman P, Gillespie GM, Papagno L, Ogg GS, King A, 
Lechnerr F, Spina CA, Little S, Havlir DV, Richman DD, Gruener N, Pape G, Waters A, 
Easterbrookk P, Salio M, Cerundolo V, McMichael AJ, Rowland-Jones SL. Memory CD8+ T 
cellss vary in differentiation phenotype in different persistent virus infections. Nat.Med. 
2002;8:379-385. . 

8.. Gamadia LE, Rentenaar RJ, Baars PA, Remmerswaal EB, Surachno S, Weel JF, Toebes 
M,, Schumacher TN, ten Bl, van LR. Differentiation of cytomegalovirus-specific CD8(+) T 
cellss in healthy and immunosuppressed virus carriers. Blood 2001 ;98:754-761. 

9.. Hislop AD, Gudgeon NH, Callan MF, Fazou C, Hasegawa H, Salmon M, Rickinson AB. 
EBV-specificc CD8+ T cell memory: relationships between epitope specificity, cell 
phenotype,, and immediate effector function. J.Immunol. 2001;167:2019-2029. 

10.. Tussey L, Speller S, Gallimore A, Vessey R. Functionally distinct CD8+ memory T cell 
subsetss in persistent EBV infection are differentiated by migratory receptor expression. 
Eur.JJ Immunol. 2000;30:1823-1829. 

11.. Hamann D, Baars PA, Rep MH, Hooibrink B, Kerkhof-Garde SR, Klein MR, van LR. 
Phenotypicc and functional separation of memory and effector human CD8+ T cells. 
J.Exp.Med.J.Exp.Med. 1997;186:1407-1418. 

12.. Roos MT, van LR, Hamann D, Knol GJ, Verhoofstad I, van BD, Miedema F, Schellekens 
PT.. Changes in the composition of circulating CD8+ T cell subsets during acute epstein-
barrr and human immunodeficiency virus infections in humans. JJnfect.Dis. 2000;182:451-
458. . 

13.. Azuma M, Phillips JH, Lanier LL. CD28- T lymphocytes. Antigenic and functional properties. 
JJ Immunol. 1993;150:1147-1159. 

14.. Wills MR, Okecha G, Weekes MP, Gandhi MK, Sissons PJ, Carmichael AJ. Identification of 
naivee or antigen-experienced human CD8(+) T cells by expression of costimulation and 

34 4 



Clonall expansion of antigen-specific CD8+ effector-type T cells 

chemokinee receptors: analysis of the human cytomegalovirus-specific CD8{+) T cell 
response.. J.Immunol. 2002;168:5455-5464. 

15.. Fearon DT, Manders P, Wagner SD. Arrested differentiation, the self-renewing memory 
lymphocyte,, and vaccination. Science 2001;293:248-250. 

16.. Altman JD, Moss PA, Goulder PJ, Barouch DH, McHeyzer-Williams MG, Bell Jl, McMichael 
AJ,, Davis MM. Phenotypic analysis of antigen-specific T lymphocytes. Science 
1996;274:94-96. . 

17.. Wever PC, Van Der Vliet HJ, Spaeny LH, Wolbink AM, Van Diepen FN, Froelich CJ, Hack 
CE,, ten Berge IJ. The CD8+ granzyme B+ T-cell subset in peripheral blood from healthy 
individualss contains activated and apoptosis-prone cells. Immunology 1998;93:383-389. 

18.. Pawelec G, Solana R. Immunosenescence. Immunol.Today 1997;18:514-516. 

19.. Monteiro J, Batliwalla F, Ostrer H, Gregersen PK. Shortened telomeres in clonally 
expandedd CD28-CD8+ T cells imply a replicative history that is distinct from their 
CD28+CD8++ counterparts. J Immunol. 1996;156:3587-3590. 

20.. Effros RB, Allsopp R, Chiu CP, Hausner MA, Hirji K, Wang L, Harley CB, Villeponteau B, 
Westt MD, Giorgi JV. Shortened telomeres in the expanded CD28-CD8+ cell subset in HIV 
diseasee implicate replicative senescence in HIV pathogenesis. AIDS 1996;10:F17-F22. 

21.. Hamann D, Roos MT, van LR. Faces and phases of human CD8 T-cell development. 
Immunol.Todayy 1999;20:177-180. 

22.. Kasaian MT, Whitters MJ, Carter LL, Lowe LD, Jussif JM, Deng B, Johnson KA, Witek JS, 
Senicess M, Konz RF, Wurster AL, Donaldson DD, Collins M, Young DA, Grusby MJ. IL-21 
Limitss NK Cell Responses and Promotes Antigen-Specific T Cell Activation. A Mediator of 
thee Transition from Innate to Adaptive Immunity. Immunity 2002;16:559-569. 

23.. Catalina MD, Sullivan JL, Brody RM, Luzuriaga K. Phenotypic and Functional 
Heterogeneityy of EBV Epitope-Specific CD8(+) T Cells. J.Immunol. 2002;168:4184-4191. 

24.. Cyster JG. Chemokines and cell migration in secondary lymphoid organs. Science 
1999;286:2098-2102. . 

25.. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of memory T 
lymphocytess with distinct homing potentials and effector functions. Nature 1999:401:708-
712. . 

26.. Hamann D, Kostense S, Wolthers KC, Otto SA, Baars PA, Miedema F, van LR. Evidence 
thatt human CD8+CD45RA+CD27- cells are induced by antigen and evolve through 
extensivee rounds of division. Int.lmmunol. 1999;11:1027-1033. 

27.. Baars PA, Ribeiro Do Couto LM, Leusen JH, Hooibrink B, Kuijpers TW, Lens SM, van Lier 
RA.. Cytolytic mechanisms and expression of activation-regulating receptors on effector-
typee CD8+CD45RA+CD27- human T cells. J.Immunol. 2000;165:1910-1917. 

35 5 





Chapterr 3 

Functiona ll  re-expressio n of CCR7 on CMV-specifi c CD8+ 

TT cell s upon antigeni c stimulatio n 

Esterr M.M. van Leeuwen, Jaap D. van Buul, Ester B.M. Remmerswaal, 
Peterr L. Hordijk, Ineke J.M. ten Berge and Rene A.W. van Lier 

Int.Int. Immunol. 2005, 17(6):713-718 



Chapterr 3 

Funct iona ll  re-expressio n o f CCR7 o n CMV-specif i c CD8 + T cell s upo n 

ant igeni cc  st imulat io n 

Esterr M.M. van Leeuwen1,2, Jaap D. van Buul3, Ester B.M. Remmerswaal1, Peter L. 

Hordijk3,, Ineke J.M. ten Berge2 and Rene A.W. van Lier1 

departmentt of Experimental Immunology, Academic Medical Center, department of 

Internall Medicine, Divisions of Nephrology and Clinical Immunology & Rheumatology, 

Academicc Medical Center, department of Experimental Immunohematology, Sanquin 

Researchh at CLB, Amsterdam, The Netherlands 

Abstrac t t 

Durin gg latenc y circulatin g huma n cytomegaloviru s (CMV)-specifi c CD8+ T cell s do 
no tt  expres s th e chemokin e recepto r CCR7. We here sho w tha t antigen-specifi c 
stimulatio nn in vitr o wit h th e specifi c CMV peptid e in combinatio n wit h CMV 
antigen ,, IL-2 or IL-21 induce d re-expressio n of CCR7 on CMV-specifi c CD8+ T 
cells .. Althoug h IL-15 induce d stron g proliferatio n of peptide-pulse d CMV-specifi c 
CD8++ T cells , thes e cell s di d no t re-expres s CCR7. CMV-specifi c cell s tha t re-
expresse dd CCR7 als o expresse d CD62L and wer e abl e to reac t to specifi c 
chemokin ee stimulatio n wit h change s in th e cytoskeleton . In addition , activate d 
CMV-specifi cc  cell s specificall y migrate d toward s a chemokin e gradien t in a 
transwel ll  assay , wit h and withou t an endothelia l cel l monolayer . We conclud e tha t 
antigeni cc  stimulatio n induce d functiona l re-expressio n of CCR7, whic h suggest s 
tha tt  th e migrator y propertie s of virus-prime d T cell s are flexibl e and depen d on th e 
presenc ee or absenc e of antige n and cytokines . 

Introductio n n 

Ann efficient adaptive immune response depends on the interactions between 

lymphocytess and antigen-presenting cells in distinct compartments. The trafficking of 

thesee cells is regulated to a large extent by the production of chemokines and the 

expressionn of chemokine receptors. The combination of both constitutive and inducible 

productionn of chemokines and changes in expression of different chemokine receptors 

leadss to controlled migration of all participants in the immune response12 

Thee chemokine receptor CCR7 plays an important role in B cell, T cell and dendritic cell 

(DC)) trafficking112. The specific ligands for CCR7, CCL19 (ELC, MIP3B) and CCL21 

(SLC,, 6Ckine) are constitutively produced by cells of the high endothelial venules and 

stromall cells within T cell areas of the spleen, lymph nodes and Peyer's patches1. All 

naivee T cells express CCR7 which enables the cells to re-circulate through the 

secondaryy lymphoid organs where the naive cells can be primed by DCs presenting 
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antigen34.. The biological importance of CCR7 is shown in mice lacking expression of 

CCR77 and in mice homozygous for a spontaneous mutation, pit (paucity of lymph 

nodes),, which lack expression of CCL19 and CCL21 in the lymph nodes. These mice 

demonstratee disrupted homing of naive T cells to the T cell areas in the lymph nodes and 

ann abnormal distribution of T cells in the secondary lymphoid organs5"7. 

Uponn differentiation, naive T cells can lose expression of CCR7 and antigen-primed cells 

havee been divided into two populations based on the presence or absence of this 

marker.. Human CCR7+ cells have been named central-memory cells (T C M) because they 

havee the ability to migrate to the secondary lymphoid organs whereas CCR7" cells have 

beenn named effector-memory cells (TEW) and are presumed to home to inflamed 

tissues3.. The concept of TCM and TEM has been confirmed in murine studies where two 

differentt populations of memory cells were described based on anatomical localization8*. 

Inn addition to the difference in localization, TCM and TEM have been reported to vary in 

functionall terms in that effector cytokines like IFN-y, IL-4 and IL-5 are predominantly 

producedd by the latter subset389. However, this functional dichotomy in cytokine 

productionn potential has been disputed by other reports10"13. The distinction between 

differentt sets of memory T cells based on CCR7 expression relies on the assumption 

thatt loss of CCR7 is an irreversible step in the differentiation process of T cells and 

therebyy makes CCR7 a stable marker linking phenotype to function. However, studies 

fromm Wherry et al. showed that murine TEM converted to TCM following antigen clearance 

inn vivo11. Moreover, in vitro antigenic stimulation of human CCR7" virus-specific T cells 

inducedd re-expression of this chemokine receptor14"16. Thus, both in mice and humans 

thee expression of CCR7 may vary with the activation state of antigen-specific T cells. 

Wee here show that virus-specific CD8+ T cells not only up-regulate CCR7 upon antigen-

specificc stimulation in vitro but also acquire the ability to migrate towards the CCR7 

ligandss CCL19 and CCL21, implying that re-activated memory T cells can alter their 

migratoryy properties in vivo. 

Material ss  & Method s 

PBMCs PBMCs 
Heparinizedd peripheral blood samples were collected from healthy volunteers and PBMCs were 
isolatedd using standard density gradient centrifugation techniques and subsequently 
cryopreservedd until the day of analysis. 

ImmunofluorescentImmunofluorescent staining and flowcytometry 
PBMCss were washed in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) bovine serum albumin 
(PBA).. 250,000 PBMC were first incubated with allophycocyanin-labeled HLA-A2.1 tetrameric 
complexess loaded with the cytomegalovirus (CMV) pp65-derived peptide NLVPMVATV (kindly 
providedd by Dr. K. Tesselaar (Sanquin, Amsterdam, The Netherlands)) for 20 min at . 
Thereafter,, fluorescent-labeled conjugated mAbs (concentrations according to manufacturer's 
instructions)) were added without washing the cells and incubated for 30 min at . For analysis 
off expression of surface markers, the following mAbs were used: CCR7-PE (Pharmingen, San 
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Diego,, CA), CD8-peridinin chlorophyll protein, CD62L-PE (both BD Biosciences (BD), San Jose, 
CA).. Cells were washed in PBA and analyzed using a FACSCalibur flow cytometer (BD) and 
CelIquestt software (BD). 

CultureCulture and stimulation of the cells 
PBMCss were cultured in culture medium for 4-10 days in 24-wells plates at a concentration of 
0.5-11 x 106 cells/ml. CMVpp65-derived peptide (IHB-LUMC peptide synthesis library facility 
(Leiden,, The Netherlands)) was added at a final concentration of 1.25 ng/ml. In addition CMV 
antigenn (inactivated whole virus, 10 uJ/ml; Microbix Biosystems, Toronto, Canada), IL-2 (50 U/ml; 
Biotest,, Dreieich, Germany), IL-15 (3 ng/ml; R&D Systems, Abingdon, United Kingdom) and IL-21 
(500 ng/ml; R&D) were used to stimulate cells. Flow cytometric analysis was performed before and 
afterr culture. 

Actin-polymerization-assay Actin-polymerization-assay 
Thee actin-polymerization assay was adapted from previously described methods17. PBMCs 
stimulatedd for 5 days with CMV peptide and CMV antigen were incubated with tetramers in 
culturee medium at C for 30 min. Then 500,000 cells in a volume of 100 y\ medium were 
transferredd to tubes and the stimulating chemokine (CCL19, CCL21 or CCL7; 200 ng/ml 
(Biocarta,, Hamburg, Germany)) was added for 15 s to 5 min. At indicated time points cells were 
immediatelyy fixed with 50 ^l buffered formaldehyde acetone solution and subsequently 
permeabilizedd by washing with PBA containing 0.1% saponine 50mM D-glucose. Cells were then 
incubatedd for 30 min with phalloidin-FITC (Sigma Chemical, St Louis, MO) to visualize the F-
actin.. Cells were washed again in PBA containing 0.1% saponine 50mM D-glucose and analyzed 
byy F ACS. 

MigrationMigration assay 
Migrationn assays were performed in transwell plates (Costar, Cambridge, MA) of 6.5-mm 
diameterr with S-ĵ m pore filters. The filter separating the upper and lower compartments of the 
transwellss was coated overnight at C with 100 nl fibronectin (FN) from human plasma (Sigma) 
att a concentration of 0.1 ^g/ml. Before adding the cells the next day, the wells were washed three 
timess with PBS and subsequently blocked with assay medium (RPMI 0.5% BSA) for 1 h at . 
500,0000 cells in 100 juJ of assay medium were added to the upper compartment and 600 nl of 
assayy medium with or without chemokine was added to the lower compartment. The chemokines 
CCL19,, CCL21 and CCL7 were used in a concentration of 100 ng/ml. A 20-(il sample of cells in 
assayy medium was diluted in 580 nl assay medium in a well without insert to be used as an input 
controll (1/5) for quantitation of the number of migrated cells. All conditions were tested in 
triplicates.. The transwell plates were incubated at C with 5% C02 for 2 h and then the 600 nl 
off assay medium, now containing the migrated cells, was collected from the lower compartment. 
Hundredd microliters of the collected assay medium was added to FACS tubes to quantitate the 
numberr of migrated cells by counting for 50 s by FACS. When comparing the number of cells 
migratedd towards the chemokine gradient with the spontaneous migration towards only medium 
andd the input control, the percentage of specific migration could be calculated according to the 
followingg formula: ((number of cells migrated to chemokine - number of cells migrated to 
medium)/55 x number of cells in input control) x 100% 

Thee cells in the remaining 500 ^l of assay medium from the lower compartments were washed 
andd stained for CMV-tetramers, CD8 and CCR7 to determine to phenotype of the migrated cells 
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byy FACS analysis. These stainings were also combined with the quantification of the cells to 
calculatee the specific migration of the different subsets of cells. 
Thee transendothelial migration assay was performed generally as described before18. In short, 
humann umbilical vein endothelial cells (HUVEC) were plated at 20,000-50,000 cells per transwell 
onn FN-coated filters. Non-adherent cells were removed after 18 hours. The adherent cells were 
culturedd for 2-3 days to obtain confluent endothelial monolayers. The endothelial cells were 
pretreatedd overnight with TNFa (PeproTech, Rocky Hill, NJ). Thereafter, the same procedure was 
followedd for the migration assay described above, except that cells were allowed to migrate for 4 
h. . 

Results s 

CCR7CCR7 can be re-expressed on activated CMV-specific CD8* T cells 

Duringg latency the majority of CMV-specific CD8+ T cells do not express CCR714:19:2G. 

Ass we showed before15, CMV-specific CD8+ T cells efficiently expanded after stimulation 

withh an immunodominant peptide of CMV pp65 in combination with CMV antigen, the 

wholee inactivated virus, or with the cytokines IL-2, IL-15 or IL-21. Figure 1 shows that a 

largee population of the expanded CMV-specific cells re-expressed CCR7. Upon 

stimulationn with peptide and antigen up to 90% of the CMV-specific cells re-expressed 

CCR7;; this change in phenotype was also seen in more than 50% of the CMV-specific 

cellss stimulated with peptide and IL-2 or IL-21. An exception was the stimulation with 

CMVV peptide plus IL-15 where the cells clearly expanded but did not re-express CCR7 

(Rg.. 1). 
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FigureFigure  1: Antigenic  stimulation  of  CMV-specific 
cellscells  can lead to  re-expression  of  CCR7. The dot 
plotsplots show the expression of CCR7 on unstimulated 
cellscells or after 5 days of stimulation with CMV peptide 
inin combination with CMV antigen, IL-2, IL-15 or IL-
21.21. All dot plots are gated on CD8* lymphocytes; 
numbersnumbers indicate the percentages in the 
correspondingcorresponding quadrants. The data shown are 
representativerepresentative of 6 independent experiments. 
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Thee kinetics of CCR7 expression was investigated on cells stimulated with peptide and 

IL-22 or IL-15 during day 4-7 after stimulation. As shown in Figure 2, the percentage of 

CCR7++ CMV-specific cells stimulated with peptide and IL-2 increased with time, whereas 

CCR77 re-expression on cells stimulated with peptide and IL-15 was only seen on a small 

populationn on day 7. When cells were cultured for longer periods, up to ten days, CCR7 

expressionn diminished in all conditions and CMV-specific cells re-acquired the CCR7" 

phenotypee (data not shown). These data show that, depending on the cytokines used to 

complementt the mitogenic signal, antigenic stimulation could induce a transient re-

expressionn of CCR7 on CMV-specific cells. 
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FigureFigure  2: Expression  of  CCR7 on CMV-specific  cells  increased  with  time  on IL-2- but  not 
IL-15IL-15 stimulated  cells.  Dot plots show the expression of CCR7 on on CMV-specific cells stimulated 
forfor 4-7 days with CMV peptide plus IL-2 or IL-15. All dot plots are gated on CD8* lymphocytes; 
numbersnumbers indicate the percentages in the corresponding quadrants. The data shown are 
representativerepresentative of 2 independent experiments. 

Sincee expression of both CCR7 and CD62L (L-Selectin) is necessary to enable cells to 

re-enterr the lymph nodes2122, expression of the latter was also assessed after antigen-

specificc stimulation in vitro. Only a low percentage of unstimulated CMV-specific cells 

expressedd CD62L (Fig. 3 and 19). After stimulation under the different conditions, the 

percentagee of CMV-specific cells expressing CD62L was enhanced. Again, cells 

stimulatedd with peptide and IL-15 differed from the other culture conditions since no up-

regulationn of CD62L was seen (Fig.3A). Interestingly, addition of IL-15 reduced the up-

regulationn of CD62L on cells stimulated with peptide and antigen (Fig. 3B). We did not 

seee such an effect on CCR7 expression (data not shown). These experiments showed 

that,, like for CCR7, CMV-specific cells did up-regulate expression of CD62L after 

antigenicc stimulation in vitro, which was dependent on the cytokines provided. 
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FigureFigure 3: Antigenic stimulation of CMV-specific cells can lead to re-expression of CD62L. 
(A)(A) Expression of CD62L on unstimulated cells or after 5 days of stimulation with CMV peptide in 
combinationcombination with CMV antigen, IL-2, IL-15 or IL-21. All dot plots are gated on CD8* lymphocytes; 
numbersnumbers indicate the percentages in the corresponding quadrants. The data shown are 
representativerepresentative of 3 independent experiments. (B) Expression of CD62L on CMV-specific cells 
afterafter stimulation for 5 days with peptide and IL-15, peptide and antigen or peptide, antigen and IL-
15. 15. 

CCR7CCR7 expression on activated CMV-specific cells is functional 

Thee re-expression of CCR7 (and CD62L) on CMV-specific memory T cells after 

activationn could change the migration pattern of these cells and enable them to re-enter 

thee secondary lymphoid organs. In order to migrate, cells must change their cytoskeleton 

byy polymerization of the F-actin component23. Phalloidin specifically associates with 

polymerizedd actin, the levels of which transiently increase following chemokine 

stimulation24.. To test whether the re-expressed CCR7 on activated CMV-specific CD8+ T 

cellss is functional, we quantitated the increase in F-actin after stimulation with the CCR7 

ligands,, CCL19 and CCL21, using fluorescent phalloidin. As shown in Figure 4A, 

transientt actin polymerization was induced within 15 s after stimulation with CCL21. The 

increasee in fluorescence compared with unstimulated cells was similar for the total 

lymphocytee population and the CMV-specific cells. These data show that the chemokine 

receptorr CCR7, re-expressed on the surface of activated CMV-specific cells, was 

sensitivee for chemokine stimulation, resulting in changes in the cytoskeleton. 
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Comparisonn of the two chemokines binding to CCR7, CCL19 and CCL21, showed that 

stimulationn with each chemokine gave similar results (Fig. 4B). No effect was seen on 

phalloidinn binding after stimulation with CCL7 (MCP-3), which is a ligand for CCR1 and 

CCR2,, both not expressed by CD8+ T cells25;26 (data not shown). 

ActivatedActivated CMV-specific cells specifically migrate towards a chemokine gradient 

Too test the migration properties of activated CCR7+ CMV-specific cells towards the 

CCR77 ligands, an in vitro transwell system was used. Preliminary experiments showed 

thatt the optimal concentration of CCL21 was 100 ng/ml (data not shown). The migration 

assayss were performed using cells cultured for 5 days with CMV peptide and CMV 

antigen.. The percentage of specific migration, corrected for the spontaneous migration, 

iss shown. The specific migration of tetramer* CMV-specific T cells was higher than of 

totall CD8+ T cells or lymphocytes, reflecting the activated state of the CMV-specific cells 

(Fig.. 5A). Comparison of CCR7+ and CCR7~ CD8+ T cells and lymphocytes revealed that 

indeedd the CCR7+ T cells migrated better towards the lower compartment containing 

CCL211 (Fig. 5A). Transwell migration assays using CCL19 gave similar results, whereas 

thee chemokine CCL7 did not induce any migration (data not shown). Migration resulted 

inn an enrichment of CCR7+ cells (Fig. 5B). CCR7 expression did not change just as a 

resultt of stimulation with CCL21 (data not shown). It should be noted that also a certain 

percentagee of CCR7~ cells migrated towards the chemokine. This might be caused by 

solublee factors, such as RANTES, secreted by the migrated cells27. 
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FigureFigure  4: Stimulation  of  activated  CMV-specific  cells  with  CCL21 results  in  actin 
polymerization.polymerization.  PBMCs cultured for 5 days with CMV peptide and CMV antigen were stimulated 
forfor 15 s to 5 min with 200 ng/ml CCL21 or CCL19. (A) Increase in phalloidin binding (fluorescence 
ofof the cells) after CCL21 stimulation compared with unstimulated cells. (B) Increase in phalloidin 
bindingbinding for CCL19 and CCL21 stimulation. The values for total lymphocytes are indicated by 
triangles,triangles, for tetramer* CMV-specific cells by squares; closed symbols represent cells stimulated 
withwith CCL21 and open symbols represent those stimulated with CCL19. The data shown in (A) 
areare representative of 3 independent experiments. 
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Thee ability of the cells to migrate through endothelial cells was tested by using a HUVEC 

monolayerr and the migration time was extended to 4 h. A titration of CCL21 showed that 

usingg an endothelial cell layer, there was no difference in the percentage of specific 

migrationn of the cells at different concentrations (data not shown). Therefore we used the 

samee concentration (100ng/ml) as for the migration assay with FN. In total the 

percentagee of specific migration was lower than that with the FN-coated membrane and 

thee activated tetramer+ CMV-specific cells were no longer better in migrating than total 

CD8++ T cells and lymphocytes (Fig. 6). These data show that activated CCR7+ CMV-

specificc cells were capable of migrating through an endothelial cell layer towards the 

ligandd of CCR7, CCL21. Like the previous migration assays, the results obtained when 

usingg CCL19 were similar as with CCL21 whereas CCL7 did not induce any migration of 

thee cells (data not shown). 
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FigureFigure  5: A high  percentage  of  activated  CMV-specific  cells  specifically  migrated  to  a 
chemokinechemokine  gradient.  Total PBMCs cultured for 5 days in the presence of CMV peptide and CMV 
antigenantigen were used for a FN-coated transwell migration assay. (A) The percentage of specific 
migrationmigration was calculated for tetramer* CMV-specific cells (mostly CCRT), CD8* T cells and total 
lymphocytes,lymphocytes, the latter two divided in CCRT and CCRT cells. (B) Migration towards a 
chemokinechemokine gradient led to enrichment of the percentage of CCR7* cells, within tetramer* CMV-
specificspecific cells, CD8* T cells and total lymphocytes. "Medium" represents the cells that 
spontaneouslyspontaneously migrated to medium alone, "input" represents the starting population, "CCL21" 
representsrepresents the cells that migrated towards the CCL21 chemokine gradient. Error bars represent 
standardstandard error of the mean from triplicates; differences were not statistically significant (P>0.05 
forfor all conditions). The data shown are representative of 3 independent experiments. 

Discussio n n 

Heree we show that in vitro-activated CD8+ CMV-specific cells re-expressed CCR7 and 

CD62LL and were then capable of migrating towards a chemokine gradient, which implies 

thatt activation of these cells in vivo during CMV re-activation could change their 

migratoryy capacity. This up-regulation of CCR7 was dependent on the cytokines present 

sincee in contrast to the other stimulatory conditions, stimulation with CMV peptide in 

combinationn with IL-15 did hardly provoke re-expression of CCR7, although proliferation 
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off the cells was induced. What makes IL-15 an exception is that it is a pleiotropic 

cytokine,, produced by all kind of cells but not by T cells. This contrasts the other 

stimulatoryy conditions since stimulation with CMV antigen causes activation of CD4+ T 

cellss and both IL-2 and IL-21 are helper cell-derived cytokines. This suggests that the 

destinyy of activated memory T cells is partially regulated in vivo depending on which 

cellss are activated and which cytokines are produced during the immune response that is 

mountedd to a specific pathogen. Also, the location in the body where the activation of 

memoryy T cells takes place may play a role. One can envisage that CMV-specific cells 

willl be activated near endothelial cells which contain, together with myeloid cells, the 

reservoirr of CMV during latency. These endothelial cells are capable of producing IL-15 

andd memory cells activated in this condition will remain CCR7 and CD62L negative and 

stayy at the site of infection. CCR7 up-regulation on memory T cells may serve different 

goals.. First, the fact that memory T cells re-acquire CCL19 and CCL21 responsiveness 

mayy lead to their migration to the lymph nodes where they can come in contact with 

antigen-bearingg DCs. In the lymph nodes, the T cells may receive additional competence 

signalss that might be important for optimal secondary immune responses. This would be 

inn analogy with the recent findings that naive CD8+ T cells can be fully activated for a 

primaryy response without help but do need an extra signal to be able to mount an 

efficientt memory response28"30. Next to this, CCR7+ memory T cells in the lymph nodes 

mightt play a role in the regulation of other T cells by the secretion of cytokines. 

Concerningg this, IFN-y might be of particular importance through its ability to up-regulate 

nott only MHC class I and II but also the co-stimulatory molecules CD80 and CD863132. 

Alternatively,, CCR7+ memory T cells could be recruited to peripheral tissues since 

CCL211 is also expressed in the endothelium of small vessels in several organs like the 

intestinee and the lungs33. Homing of additional CCR7+ T cells to the site of infection 

wouldd accordingly amplify the inflammatory response. In this respect, the expression of 

twoo different forms of CCL21 in lymphoid and non-lymphoid tissue might play a role in 

balancingg the central and peripheral immune responses34. 
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Ass mentioned before, it has been debated if stable functional differences in cytokine 

productionn ability exist between TCM and TEM
3;8;9;11;12;35. Do our data reconcile the 

differencess between these various observations? Data from our group and other studies 

onn human CD8+ T cells14;15 and findings on murine virus-specific T cells11 show that 

CCR77 loss is not an irreversible differentiation event. Consequently, the quantity and 

functionn of CCR7+ and CCR7" T cells within the circulation will (minimally) depend on 

concurrentt viral infections, being acute, recently resolved or latent. Especially in humans, 

immunee activation, which is shown to regulate CCR7 expression, can not be accurately 

determined.. Therefore, applying CCR7 as a subset marker for human memory T cells is 

off limited use. 
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Abstrac t t 

Base dd on th e expressio n of th e TNFR SFP CD27, tw o antigen-prime d CD8+ T cel l 
subset ss can be discerne d in th e circulatio n of health y individuals : CD27* T cell s 
tha tt  produc e a variet y of cytokine s but do no t displa y immediat e cytolyti c activity ; 
andd cytotoxi c CD27"  T cells , whic h secret e onl y IFN^y and TNF-a. The mechanis m 
tha tt  control s th e generatio n of thes e differen t phenotype s is unknown . We sho w 
tha tt  CMV reactivatio n no t onl y increase s th e numbe r of virus-specifi c T cell s bu t 
als oo induce s thei r transitio n fro m a CD27* to a CD27 phenotype . In suppor t of a 
relatio nn betwee n poo l size and phenotyp e in a cohor t of latentl y infecte d 
individuals ,, th e numbe r of antigen-specifi c CD27"  CD8+ T cell s was foun d to be 
linearl yy  relate d to th e tota l numbe r of CMV-specifi c CD8* T cells . In vitr o studie s 
reveale dd tha t th e acquisitio n of the CD27"  phenotyp e on CMV-specifi c T cell s 
depende dd on th e interactio n of CD27 wit h it s cellula r ligand , CD70. Expressio n of 
CD700 was proportiona l to th e amoun t of antigeni c stimulatio n and blocke d by th e 
CD4++ T-cel l derive d cytokin e IL-21. Thus , inductio n of CD70, whic h may var y in 
distinc tt  vira l infections , appear s to be a key facto r in determinin g th e siz e and 
phenotyp ee of th e CMV-specifi c T cel l populatio n in latentl y infecte d individuals . 

Introductio n n 

TT cell memory is established after clearance of acute infection and maintained lifelong. 

Thee generation of CD8+ memory T cells is supposedly by the survival of a number of 

antigen-stimulatedd effector T cells that are generated early in the primary adaptive 

immunee response to the causative pathogen. What determines a primary induced CD8+ 

TT lymphocyte to survive into a long-lived memory cell is as yet unclear1. Primed T cells in 

thee peripheral blood of healthy individuals show considerable phenotypic and functional 

heterogeneity2.. At one side of the spectrum are CD45R0+CD28+CD27+ T cells that 

producee a large variety of cytokines, but are unable to execute cytolysis without prior in 
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vitroo culture3. These celts have been defined as memory-type T cells because of their 
abilityy to clonally expand in response to recall antigens in the absence of helper T cell-
derivedd cytokines. Based on the expression of the chemokine receptor CCR7, this 
populationn may be subdivided into CCR7+ central-memory T cells that have the ability to 
migratee to secondary lymphoid organs and CCR7" effector-memory T cells that do not 
havee this ability4. It is unclear whether CCR7+ and CCR7" T cells are also functionally 
distinct56.. Separate from these memory-type cells is a population of CD45RA+CCR7" 
CD28"CD27"" T cells (further referred to as CD45RA+CD27" T cells). Based on the 
expressionn of CD95 ligand, perforin, and granzyme B and the ability to execute 
cytotoxicityy directly ex vivo, these T cells have been designated effector-type T cells. 
Thiss population, which is also CD11ahigh and CD57+ increases with age and has a 
restrictedd diversity of TCR Vp genes7"9. 

TT cells with specificities for different persistent viruses vary in phenotype and function. 
Forr instance, EBV-specific T cells are predominantly CD45R0+CD28+CD27+, and in 
asymptomaticc HIV-carriers, HIV-specific T cells are mostly CD45R0+CD28"CD27+, 
contrastingg the phenotype of CMV-reactive T cells that are predominantly 
CD45RA+CD27~10.. From these findings, it was postulated that viruses might induce 
phenotypicallyy distinct T cells10. However, it is clear that the selection for phenotypes is 
nott absolute because, e.g., in healthy CMV carriers during latency, virus-specific T cells 
withh either CD45R0+CD27+ and CD45RA+CD27~ surface profiles can be found10;11. 
Analysiss of virus-specific T cells during acute infections with EBV, HIV, or CMV revealed 
thatt early effector T cells are clearly distinct from the effector-type CD45RA+CD27~ T 
cellss found in latently infected persons. T cells expanding early in immune responses 
havee CD45R0, CD28, CD27 surface expression, express the G1 phase-associated 
nuclearr antigen Ki-67, and contain perforin and granzyme B12"14. These observations 
raisedd questions about the generation of CD45RA+CD27" T cells and their role in 
protectivee immunity10. 

Althoughh it was originally proposed that CD45RA+CD28~CD27~ T cells had entered a 
statee of senescence15, telomere length analyzes revealed similar replicative histories in 
vivoo of CD45R0+CD27+ and CD45RA+CD27~ CD8+ T cells8. Moreover, it was shown that 
CD45RA+CD27~~ T cells were unable to divide when stimulatory mAbs to CD3 and CD28 
aree combined to activate these cells2. Still, CMV-specific T cells with this phenotype 
potentlyy expanded when stimulated by specific MHC/peptide ligands in the presence of 
helperr T cell-derived cytokines16117. These latter experiments implied that although 
CD45RA+CD27"" T cells are fully differentiated T cells where it concerns CTL effector 
functions,, they are not terminally differentiated18 in the sense of having lost the ability to 
yieldd progeny. 

Here,, we studied patients with well-documented CMV reactivation to investigate the 
generationn of CD27~ T cells in vivo and their role in maintaining CMV latency. We show 
thatt effector-type T cells can expand in vivo when viral replication occurs. Moreover, 
antigenicc load and helper T cell-derived cytokines are key regulators of the phenotype of 
virus-specificc T cells during latency, likely through regulation of the CD27 ligand, CD70. 
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Material ss  & Method s 

Subjects Subjects 
55 HLA-A2-positive and 1 HLA-B7-positive CMV-seropositive renal transplant recipients of either a 
kidneyy of a CMV-seropositive donor (2) or a CMV-seronegative donor (4) were longitudinally 
studied.. Basic immunosuppressive therapy consisted of cyclosporin A, blood trough level aimed 
att 150 ng/ml, mycophenolate mofetil (1000 mg twice daily) and prednisone (10 mg daily). Viral 
replicationn was monitored longitudinally by quantitative PCR from the time point of 
transplantation,, and reactivation was determined by detectable viral loads above the cutoff point 
off 80 copies/ml. All subjects experienced asymptomatic CMV reactivation and no antiviral 
treatmentt was given. Heparinized peripheral blood samples were collected before transplantation 
andd weekly during 17 wk after transplantation, whereafter samples were collected once a month. 
PBMCss were isolated using standard density gradient centrifugation techniques and 
subsequentlyy cryopreserved. In addition, CMV-specific T cells were characterized in 11 healthy 
individualss and 36 renal transplant recipients on basic immunosuppressive therapy either before 
orr after reactivation as measured by PCR. All patients gave written informed consent, and the 
locall medical ethical committee approved the study. 

Peptides Peptides 
Thee HLA-A2-binding CMV pp65-derived peptide NLVPMVATV and the HLA-B7-binding CMV 
pp65-derivedd peptide TPRVTGGGAM were purchased from the IHB-LUMC peptide synthesis 
libraryy facility (Department of Immunohaematology and Blood Bank, Leids Universitair Medisch 
Centrum,, Leiden, The Netherlands). 

GenerationGeneration of tetrameric complexes 
Tetramericc complexes were manufactured at the tetramer facility of Sanquin, the Netherlands, 
andd generated essentially as described by Altman et al.19. In brief, purified HLA-A2.1 H chain or 
HLA-B7.22 H chain and p2-microglobulin were synthesized using a prokaryotic expression system 
(pET;; Novagen, Milwaukee, Wl). The H chain was modified by deletion of the transmembrane-
cytosolicc tail and C-terminal addition of a sequence containing the BirA enzymatic biotinylation 
site.. The HLA-A2.1-binding CMV pp65-derived peptide NLVPMVATV and the HLA-B7.2-binding 
CMVV pp65-derived peptide TPRVTGGGAM were used for refolding. Monomeric complexes were 
concentrated,, biotinylated by BirA (expressed using the pET expression system, purified using 
Clontechh cobalt beads; Clontech Laboratories, Palo Alto, CA) in the presence of biotin (Molecular 
Probes,, Eugene, OR), ATP (Sigma-Aldrich, St. Louis, MO) and MgC12. The biotinylated product 
wass separated from free biotin by fast protein liquid chromatography using a Superdex 200 
HR16/600 column (Amersham Pharmacia, Little Chalfont, U.K.). Streptavidin-allophycocyanin 
conjugatee (Molecular Probes) was added in a 1:4 molar ratio and subsequently tetramers were 
fastt protein liquid chromatography purified using the same column. 

CFSECFSE labelling 

PBMCss were pelleted and resuspended in PBS at a final concentration of 5-10 x 106 cells/ml. 
PBMCss were labeled with 2.5 nM CFSE (Molecular Probes) in PBS for 8 min shaking at . 
Cellss were washed and subsequently resuspended in IMDM supplemented with 10% Human 
Pooll Serum, antibiotics and 3.57 x ^Q~4% (v/v) 2-ME (Merck, West Point, PA; culture medium). 
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CultureCulture and stimulation of cells 
CFSEE labeled cells were cultured in culture medium for 5 days in 24-wells plates at a 
concentrationn of 0.5-1 x 106 cells/ml. CMV pp65-derived peptide was added at a final 
concentrationn of 1.25 ng/ml. CMV antigen (inactivated whole virus, 10 p.l/ml; Microbix Biosystems, 
Toronto,, Canada) was used to stimulate cells. Furthermore, for stimulation, IL-2 (50 U/ml; Biotest, 
Dreieich,, Germany), IL-15 (3 ng/ml; R&D Systems, Abingdon, U.K.), IL-21 (50 ng/ml; 
Zymogenetics,, Seattle, WA), were added. For blocking experiments, we used CD70 Ab 
(clone2F2,, 20) at concentrations of 40 ng/ml. For dose-dependent analysis of CD70 expression, 
1.255 ng of peptide and 10 \i\ of CMV antigen/ml were titrated. Flow cytometric analysis was 
performedd before culture and after 5 days. 

ImmunofluorescentImmunofluorescent staining and flowcytometry of CMV-specific CD8+ T cells 
Thawedd PBMCs were resuspended in RPMI containing 10% FCS and antibiotics; 200,000 
PBMCss were incubated with fluorescent label-conjugated mAbs (concentrations according to 
manufacturer'ss instructions) and an appropriate concentration of tetrameric complexes. Negative 
controlss to validate specificity of the CMV-peptide-tetrameric complexes consisted of HLA-
A2.1/HLA-B7.22 negative CMV-seropositive or HLA-A2.1/HLA-B7.2 positive CMV-seronegative 
healthyy individuals and renal transplant recipients. Negative controls always showed tetramer 
stainingg of <0.01% of total lymphocytes (data not shown). For staining with the mouse anti-human 
CCR77 mAb, a three-step staining protocol was performed consisting of incubation with the CCR7 
Abb (BD PharMingen, San Diego, CA), for 30 min, washing, incubation with biotinylated goat anti-
mousee IgM (BD PharMingen) for 30 min, incubation with 10% (v/v) normal mouse serum 
(Sanquin,, Amsterdam, The Netherlands) followed by incubation with streptavidin-PE and directly 
conjugatedd mAbs and tetrameric complexes for 30 min. For staining with the mouse anti-human 
mAbb CD70 (clone 2F2) a two-step staining protocol was performed consisting of incubation with 
thee CD70 Ab for 30 min, washing, incubation with FITC-conjugated anti-mouse lgG1 Abs, 
washing,, and incubation with 10% (v/v) normal mouse serum followed by incubation of directly 
conjugatedd mAbs. Analyzes consisted of allophycocyanin-conjugated tetramers and CD8-PerCP 
(BDD Biosciences, San Jose, CA) in combination with either CD28 (Sanquin) and CD27 (BD 
Biosciences),, CCR7 and CD45RA, CD27 and CD45RA (BD Biosciences) and CD45RA and 
CD45R00 (BD Biosciences), CD38 (BD Biosciences) and CD70, all combinations in FITC and PE, 
andd additional stainings for CD70 expression were done with CD70 in combination with CD4-PE, 
CD8-allophycocyaninn and CD19-PercP. 

CMV-PCR CMV-PCR 
Quantitativee PCR was performed in EDTA whole blood samples as described for plasma or 

serum21. . 

StatisticalStatistical analysis 
Linearr regression analysis using a mixed model was performed for the absolute numbers of total 
CMV-specificc CD8+ T cells in relation with total CD27~CMV-specific CD8+ T cells, and for the 
percentagee CMV-specific CD8+ T cells and the percentage CD27" of CMV-specific CD8+ T cells 
takenn as a logit. Subsequently, the regression coefficient was calculated and tested for 
significance.. Repeated observations were analyzed by paired Students t test or a repeated 
measuress ANOVA, p values < 0.05 were considered statistically significant. 
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Result s s 

CMVCMV reactivation induces quantitative and qualitative changes in the CD8* virus-specific 

TT cell compartment 

Inn healthy individuals and renal transplant recipients during latency, CMV-specific CD8+ 

TT cells may have different predominant phenotypes ranging from CD45R0+CD28+CD27+ 

(memory-type,, patient 1; Fig. 1A; t=0) to CD45RA+CD45R0dul""CD27" (effector-type, 

patientt 2, Fig. 1D; t=0). The fate of these distinct CMV-specific T cell populations was 

followedd during CMV reactivation. 

Patientt 1 Patient 2 

AA t = 0 t= 1 t = 2 D t = 0 t= 1 t = 2 

CD45R00  CD45R0 
cc i i I i 1 1 

FigureFigure  1: Quantitative  and qualitative  changes  of  CMV-specific  CD8* memory  cells  during 
reactivation.reactivation.  (A-C) Differentiation of CMV-specific CD8* T cells in one patient with a starting 
populationpopulation of CD45R0* CD27* CD28* CMV-specific cells. (D-F) Differentiation of CMV-specific 
CD8*CD8* T cells in one patient with a starting population of CD45RA'CD2T'CD28~ cells. Time 
defineddefined as t=0, before reactivation, t=1, during reactivation at peak PCR value, and t=2 at first 
timetime point after reactivation. All plots gated on CD8* T cells. CMV-specific CD8* T cells as defined 
byby specific tetramer staining plotted in black, total CD8* T cells plotted in gray. Percentage of 
CMV-specificCMV-specific CD8* T cells of patients 1 and 2, respectively, at time point 0-2: Patient 1: 0.23%, 
0.42%,0.42%, and 2.55%; patient 2: 2.21%, 2.83%, and 2.96%. (A and D) percentages depicted are the 
percentagepercentage CD2T cells of total tetramer* cells. 

Inn the patients with a CD45RA'CD28+CD27+ CD8* T cell phenotype before reactivation, a 

substantiall number of these cells lost expression of CD28 and CD27 (Fig. 1, row A). 

Longitudinall analysis of CMV-specific CD8+CD27" T cells in these individuals showed 

thatt this subset increased immediately when replication of virus occurs (Fig. 2A: CD27~ 

tetramer** T cells in relation to viral load in one representative individual; Fig. 2B: CD27" 

tetramer** T cells in all individuals; median before reactivation, 26.5%; range 0.0 to 91.1 
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%;; median at the time point of reactivation, 45.22%) and keeps on doing so long after 

virall replication has ceased (median at the first time point after reactivation 66.35 %; 

mediann at the last time point measured, >6 months after reactivation, 72.73%; p = 

0.039). . 
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FigureFigure  2: Ongoing  downmodulation  of  CD27 on CMV-specific  CD8* T cells  after 
reactivation.reactivation.  (A) Longitudinal analysis of CD27 expression on CMV-specific CD8* T cells in 
relationrelation to CMV viral load in one representative patient with a CD28*CD27*CD45R0* phenotype 
ofof CMV-specific cells before CMV reactivation. Triangles: viral load, circles: number of CD2T 
CMV-specificCMV-specific CD8* T cells. (B) Percentage of CD2T CMV-tetramer* T cells in all patients during 
follow-upfollow-up of reactivation. Time defined as t=0, before reactivation, t=1, during reactivation at peak 
PCRPCR value, t=2, first time point after reactivation and t=3, > 6 months after reactivation. (C) 
ExpressionExpression of CD27, CD28, CD45RA and CD45R0 on CMV-specific cells (left) and EBV-specific 
cellscells (right) before and 1 year after CMV reactivation in two representative patients. All plots 
gatedgated on total tetramer* T cells. 
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Inn the individuals with a predominant effector, CD45RA+CD28XD27~ CD8+ T cell 

phenotype,, there was an increase in the number of CMV-specific T cells but no 

phenotypicc change of virus-specific CD8+ T cells with regard to the expression of CD28 

andd CD27(Fig. 1, row D). 

Too analyze whether this down-regulation of CD27 was not contributable to other factors 

ass immunosuppressive medication upon transplantation, we also analyzed EBV-specific 

cellss in individuals who were CMV and EBV seropositive, experiencing CMV reactivation 

andd not EBV reactivation. As is shown in Fig. 2C, CMV-specific cells increase in CD28" 

CD277 CD45RA+ cells, whereas EBV-specific cells, that in the individual shown were 

CD45R0+CD28+CD27++ do not change in surface phenotype after CMV reactivation, 

implyingg that this phenomena is solely due to specific stimulation of CMV-specific cells. 

Irrespectivee of the pre-reactivation phenotype, the activation markers CD38 and HLA-DR 

weree up-regulated on CMV-specific cells in all patients at the time of viral replication (Fig. 

1,, rows C and F), as was the expression of CD45R0, reflecting recent proliferation of 

thesee cells (Fig.1 rows B and E). CCR7 expression, documented to be up-regulated 

uponn activation1718, did not change in any of the patients during reactivation (data not 

shown),, although re-expression of this marker could redirect subjected cells to 

secondaryy lymphoid organs, rendering them undetectable in peripheral blood. 

Thesee data suggest that irrespective of their phenotype, CMV-specific T cells can confer 

protectivee immunity in situations of virus reactivation. Moreover, virus-reactivation 

appearss not only to increase the size of the virus-specific T cell pool but also, in 

individualss that start off with memory-type CMV-specific T cells, induces a change from a 

predominantt CD27+ to a CD27" phenotype. 

TheThe CD2T phenotype is correlated with the magnitude of the CD8+ T cell response 

duringduring latency 

Thee above findings suggested a connection between the number of virus-specific T cells 

inn latency and their phenotype which would accord with the expansion of CMV-specific 

CD8+CD27~~ T cells in immunocompromised patients1122, B-CLL patients23 and the 

elderly2425. . 

Indeed,, close analysis of the total percentage of CD8+ CMV-specific cells as determined 

byy tetramer staining and the expression of CD27 by these cells shows a strong 

correlationn between the loss of CD27 and a higher percentage of CMV-specific CD8+ T 

cellss as determined by tetramer staining, both for renal transplant recipients and healthy 

controll individuals. The correlation of the percentage of CMV-tetramer+ CD8+ T cells and 

thee percentage of CD27" of these cells is depicted in Figure 3A, which shows that after 

thee percentage of tetramer+ cells reaches ~1 %, > 50 % of these cells are CD27", 

whereass virtually all CMV-specific cells are CD27" when a percentage of 2 % or higher is 

reached.. Also, when depicted in absolute numbers, the amount of CMV-specific cells is 

linearlyy correlated to the amount of CD27" cells (Fig. 3B). 
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FigureFigure  3: High  frequencies  of  CMV-specific  CD2T effector  cells  are correlated  to  the total 
amountamount  of  CMV-specific  CDS* T cells.  (A) Correlation of the percentage of total CMV-tetramer* 
TT cells and the percentage CD2T of CMV-specific T cells. Closed circles: values in renal 
transplanttransplant recipients before or after reactivation; open circles: values in healthy control 
individuals;individuals; curve: functional relationship determined by the formula: 

e**(0.226e**(0.226 + 0.86*ln(%tetramer)) 
%% CD2T = 100 * 

11 + e**(0.226 + 0.86*ln(%tetramer)) 
p=0.005 p=0.005 
(B)(B) Correlation of the absolute number of total CMV-tetramer* T cells and the absolute number 
CD2TCD2T CMV-specific T cells. Closed circles: values in renal transplant recipients, curve: linear 
relationshiprelationship determined by: absolute number of CMV-tetramer* cells - 0.001 + (1.46 * Absolute 
numbernumber of CMV- tetramer*CD2T) (p=0.0012). 

GenerationGeneration of the CD2T phenotype of virus-specific T cells is dependent on interaction 

ofof CD27 with its cellular ligand, CD70 

TT cells down-modulate CD27 after interaction with its cellular ligand CD70 both in vitro 

andd in vivo26:27. In this process, T cells receive costimulatory signals for expansion2627 

andd acquisition of effector functions28. To analyze if virus-induced CD70 expression 

couldd account for the down-modulation of CD27 on virus-specific T cells after CMV 

reactivation,, CD70 expression was measured in the reactivating patients. Indeed, 

whereass during latency most CMV tetramer-binding T cells were CD70 negative (Fig. 4 

topp left), CD70 transiently increased during reactivation episodes (Fig. 4 middle and 

right).. Accordingly, viral antigen-induced CD70 expression could be induced in vitro, and 

thee magnitude of CD70 expression showed a dose-response relation with the virus-

derivedd stimulus (Fig. 4, bottom). 

Too test whether viral antigen-induced up-regulation of CD70 dictated CD27 expression, 

TT cells from donors with a CD45R0+CD27+ phenotype (Fig. 5A) were cultured for 5 days 

withh specific peptide and CMV antigen to activate helper T cells in the absence and 

presencee of blocking CD70 mAb. In these cultures, CMV-specific T cells rapidly down-

regulatedd CD27 (Fig. 5B). However, addition of CD70 mAb to these cultures reversed 

thiss blocking effect and yielded CD27+ CMV-specific T cells at day 5 of culture. 

Irrespectivee of CD27 down-regulation, these cells remained CD28*. 
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FigureFigure  4: CD70 expression  is  induced  by antigen  and is  dose  dependent.  (A) CD70 is 
expressedexpressed on CD8* and CMV-specific CD8* T lymphocytes during viral replication in vivo. All 
plotsplots gated on CD8* T cells. Time defined as t=0, before reactivation, t-1, during reactivation t=2, 
afterafter reactivation. Quadrant percentages depicted as percentage CD70* of tetramer* cells. (B) 
Left:Left: Upon in vitro stimulation with CMV antigen and CMV peptide, CD70 expression is induced 
onon CDS' T cells. Gated on CD8* T cells, total CDS' T cells plotted in gray, CMV-specific CDS' T 
cellscells plotted in black. Right: Expression levels of CD70 on CDS' T cells in various doses of CMV 
antigenantigen and peptide stimulation. Filled histogram: no stimulus, closed histogram: stimulation with 
0.156250.15625 ul/ml CMV antigen and 0.0195 ug/ml CMV peptide, dotted histogram: stimulation with 
0.6250.625 ul/ml CMV antigen and 0.0781 ug/ml CMV peptide, bold histogram: stimulation with 2.5 
pl/mlpl/ml CMV antigen and 0.3125 pg/ml CMV peptide. 

Thee observation that CD28 is down-regulated in vivo during CMV-reactivation implies 

thatt other signals induce CD28 down-regulation. Helper CD4+ T cells can directly 

supportt CD8+ T cell expansion through secretion of stimulatory cytokines and provision 

off membrane-bound helper factors29. Furthermore, the homeostatic cytokine IL-15 was 

shownn to be involved in maintenance and activation/functional differentiation of memory 

CD8++ T cells30"32. To analyze a possible qualitative role of different cytokines on CD8+ T 

celll differentiation, the effects of cytokines, which previously were found to support 

proliferationn of CMV-specific T cells17, on CD70 and CD27 expression were analyzed. In 

conjunctionn with peptide, IL-2 and IL-15 induced CD70 expression on CMV-specific T 

cellss and CD70-dependent down-modulation of CD27 (Fig. 6, A and B). Although IL-21 

wass reported to only stimulate CD45RA+ thymocytes33, in our experiments, in an 

antigen-specificc setting, CD45R0+CD8+ T cells were also responsive to IL-21. 

Interestingly,, IL-21, a cytokine presumed to limit effector cell expansion34, did not induce 

CD700 expression and supported propagation of CD27+ CMV-specific T cells without 

differentiationn (Fig. 6C). 

Discussio n n 
Ourr results show that in persistent viral infection, reactivation increases the number of 

memoryy cells and skews these cells to a CD27~ phenotype. In primary infection, the 
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amountt of antigen determines the size of the murine CD8+ T cell response. 

Subsequently,, the magnitude of this CD8+ T cell response sets the size of the antigen-

specificc T cell pool during the memory phase3536. 

CD70 0 CD27 7 CD28 8 

FigureFigure  5: CD70 induces  differentiation  of  CD27* CMV-specific  CD8* T cells.  (A) Expression 
ofof CD70 on total lymphocytes from the donor shown in Fig. 1a after stimulation with CMV peptide 
andand CMV antigen (open histogram) and no stimulus (filled histogram). (B) Histogram overlay of 
CD27CD27 expression on tetramer* CD8* T cells after 5 days of stimulation with peptide and CMV 
antigenantigen with or without blocking of CD70. CD27 expression on CMV-specific CD8* T cells without 
blockingblocking of CD70 (filled histogram) and with blocking of CD70 (open histogram). (C) Histogram 
overlayoverlay of CD28 expression on tetramef CD8* T cells after 5 days of stimulation with peptide and 
CMVCMV antigen with or without blocking of CD70. CD28 expression on CMV-specific CD8* T cells 
withoutwithout blocking of CD70 (filled histogram) and with blocking of CD70 (open histogram). One 
representativerepresentative donor of four tested is shown. 

Recently,, it was demonstrated that the contraction phase of the primary immune 

responsee is independent of the clearance of antigen37. However, both cytokines present 

duringg initial priming and the amount of antigen present after the contraction phase are 

likelyy to have an impact on the quality and quantity of the memory cells rendered 

thereafter36"38.. It was proposed that different viruses elicit different human CD8+ T cell 

responsess with respect to their surface phenotype10. EBV and HIV predominantly elicit 

CD28"/+CD27+CD8++ responses. The analysis of antigen-specific memory CD8+ T cells 

directedd against influenza virus39140, which is completely cleared from the host, reveals 

thatt these cells are all CD28+CD27+ and present at low percentages compared with the 

frequencyy of CD8+ T cells directed at persistent viruses. CMV-specific responses in both 

healthyy individuals and renal transplant recipients vary in magnitude and phenotype 

amongg individuals101116. The strong correlation between the percentage of virus-specific 

cellss in the total CD8+ T cell population and the percentage of CD27" cells of the virus-

specificc cells indicates that a uniform mechanism takes place that drives both the 

expansionn of virus-specific memory cells and their differentiation to cytotoxic effector-

typee cells. 

Inn this study, replication of CMV, measured by PCR, could be pinpointed to a very limited 

periodd shortly after transplantation, whereas the increase in total CMV-specific cells and 

thee down-modulation of CD27 on these cells was an ongoing process for up to >1 year 

afterr transplantation. The ongoing rise in CMV-specific CD8+ T cells therefore is possibly 

generatedd by an increase in the number of infected host cells that persistently present 

antigenn to immune cells. The only known mechanism through which CD27 is down-
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regulatedd is after interaction with its ligand CD70. CD70 belongs to the TNF family and 

itss expression on B and T cells can be induced by antigenic stimulation in vitro41 and in 

vivoo (this study) and appears to be modulated by the cytokine milieu. We do not know at 

thiss moment where the interaction between CD27 and CD70, leading to the down-

modulationn of the former molecule takes place in vivo during CMV reactivation. 

Moreover,, although we showed that virus-specific T cells can express CD70, we also 

foundd that B cells and CD4+ T cells in patients with positive CMV PCRs express 

considerablee amounts of CD70 (data not shown) and therefore may have the ability to 

triggerr and modulate CD27 on CMV-reactive T cells. 

Lymphocytes s CD700 block 

Peptidee + IL2 

Peptide++ IL15 

Peptidee + IL21 

CD70 0 Tetramerr - CD27 7 

FigureFigure  6: CD70 expression is induced by  IL-2 and IL-15 but  not  by IL-21. (A-C) Left: 
expressionexpression of CD70 on total lymphocytes after stimulation with CMV peptide and IL-2, IL-15, or II-
21,21, respectively (open histogram) and no stimulus (filled histogram). Right: Dot plots of CD27 
expressionexpression on tetramer* CD8* T cells after 5 days of stimulation with peptide and IL-2, IL-15, or 
IL-21,IL-21, respectively, with or without blocking of CD70. Plots gated on CD8* T cells. Histogram 
overlaysoverlays of CD27 expression on CMV-specific CD8* T cells with different stimulations without 
blockingblocking of CD70 (filled histogram) and with blocking of CD70 (open histogram). One 
representativerepresentative donor of four tested is shown. 

Ourr study showed that TCR-triggering in combination with IL-2 and IL-15 induced CD70, 

whereass IL-21 did not give CD70 expression. Accordingly, IL2 and IL-15 induced 

expansionn of CD27" virus-specific T cells, whereas IL-21 promoted outgrowth of CD27+ 

cells.. Although both IL-2 and IL-21 are helper cell-derived cytokines, the differentiation of 

CMV-specificc memory CD8+ T cells to a CD27" phenotype upon activation with whole 

CMVV antigen in combination with peptide shows that the role of IL-21 production by 

CMV-specificc CD4+ memory T cells, reported to have a Th1 profile42, is limited in 

accordancee with previous reports where IL-21 was shown to be a Th2 cytokine43. 

Whereass production of helper cell-derived cytokines as IL-21 and IL-2 is limited to the 
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antigenicc activation phase, IL-15 can be produced by a number of lymphoid and non-

lymphoidd cells44. It is well feasible that viruses elicit distinct helper cell cytokine profiles 

byy differential infection of APC and by different target cell tropism, thereby also 

determiningg the number and phenotype of CD8+ T cells during the memory phase45"47. 

CD27-deficientt mice have a reduced ability to form adequate numbers of antigen-

specificc T cells upon viral infection48. In contrast, mice that constitutively express CD70 

onn B cells have a strongly enhanced capacity to form effector T cells in response to 

viruses,, tumors and protein antigens4950. Thus, these mouse models strongly infer that 

thee CD27-CD70 interaction is a major determinant in setting the size of the antigen-

specificc pool after immunization. The way in which CD27 signalling regulates these 

processess is incompletely unraveled but CD27~'~ T cells show diminished survival after 

stimulation48.. An effect of CD27 on T cell survival would be in line with proposed 

functionss of related TNFR family molecules such as OX40 and 4-1BB that increase 

expressionn of anti-apoptotic molecules such as Bcl-2 and Bcl-xL
51"53. Indeed, recently we 

foundd strong up-regulation of Bcl-xL expression by CD27 triggering (M. van Oosterwijk, 

manuscriptt in preparation). On the basis of these observations, it can be postulated that 

throughh pathogen-induced expression of CD70 and subsequent triggering of CD27, up-

regulationn of Bcl-xL and increased survival of antigen-specific T cells, the contraction 

phasee after initial expansion is altered leading to a higher setpoint in memory cell 

numbers.. Simultaneously, through prolonged survival, T cells may receive differentiation 

signalss for a longer period. This proposed link between survival and differentiation may 

explainn the clear correlation we found between CMV-specific T cell numbers and their 

phenotype.. In our in vitro studies, we did not find an effect of CD70 blockade on 

numberss of antigen-specific T cells, although these Abs were capable to block CD27 

signalingg (Figs. 5 and 6). The lack of effect might be explained by the fact that up-

regulationn of Bcl-xL may protect T cells from death by neglect, i.e. cytokine shortage, 

whichh may be essential in vivo but irrelevant in our cultures where ample cytokines are 

present.. Taken together, our data imply that the induction and expansion of CD8+ virus 

specificc T cells and their differentiation to the CD27" effector phenotype is driven both by 

antigenicc load and helper T cell-derived or homeostatic cytokines. We submit that 

regulationn of CD70 expression could be central in this process. Elucidating the 

differentialss inducing and sustaining the CD27" effector phenotype could have a 

profoundd impact on immunotherapeutic strategies, especially in disease situations where 

strongg and persistent cytolytic responses are warranted. 
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Abstrac t t 

Virus-specifi cc  CD8+ T cell s emerg e after infectio n wit h herpesviruse s and maintai n 
latenc yy to thes e persistin g pathogens . It has been demonstrate d that murin e 
memor yy CD8+ T cel l precursor s specifi c for acut e lymphocyti c choriomeningiti s 
viru ss expres s interleukin- 7 recepto r a (IL-7Ra) and IL-7 is involve d in maintainin g 
memor yy population s after the clearanc e of antigen . To investigat e whethe r human 
CD8++ T cell s reactiv e towar d persistin g viruse s are maintaine d similarly , we 
analyze dd IL-7Ra expressio n and functio n on thes e virus-specifi c cells . Durin g 
primar yy infection , all cytomegaloviru s (CMV)-specifi c CD8+ T cell s and mos t 
Epstein-Bar rr  viru s (EBV)-specifi c CD8+ T cell s lacke d IL-7Ra expression . Only 
som ee virus-specifi c T cell s expresse d IL-7Ra late after vira l replicatio n becam e 
undetectable .. CD8* T cell s specifi c for cleare d viruses , influenz a (FLU) and 
respirator yy syncytia l viru s (RSV) all expresse d IL-7Ra. Remarkably , the 
percentag ee IL-7RcT CMV-specifi c T cell s correlate d wit h the heigh t of vira l 
replicatio nn in the acut e phase . Virus-specifi c IL-7R<x+ T cell s proliferate d 
vigorousl yy  in respons e to IL-7, IL-15 or peptide , wherea s IL-7Ra T cell s require d 
bot hh peptid e and helper-cel l activatio n or IL-2 or IL-15 for optima l expansion . Our 
dataa sugges t that althoug h IL-7 is essentia l for the maintenanc e of memor y cell s 
inn the absenc e of antigen , CD8+ T cell s specifi c for laten t viruse s need T-cel l 
recepto rr  activatio n plu s helpe r factor s to persist . 

Introductio n n 

Antivirall CD8+ T-cell responses can be divided into 3 distinct phases. In the first phase, 
CD8++ T cells clonally expand and differentiate into effector T cells that eliminate virus-
producingg cells. During the contraction phase that follows, most CD8+ T cells die by 
apoptosis.. Finally, in the third phase the establishment of a CD8+ T cell memory pool 
takess place (for a review, see Kaech et al.1). The generation of a stable memory T cell 
pooll is a central feature of the adaptive immune system. On a second encounter with a 
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virus,, the immune system will be able to respond faster and more efficiently, thereby 
limitingg cytopathic viral effects. This is achieved because the frequency of antigen-
specificc cells is greatly enhanced after the primary antigenic challenge, leading to higher 
numberss of responding T cells2. Moreover, on a per-cell basis, memory T cells are better 
equippedd than naive T cells to respond to antigenic challenge because they can respond 
rapidlyy by producing in larger quantities important mediators such as interferon y (IFNy; 
regulatedd on activation, normal T cell expressed and secreted (RANTES); and cytotoxic 
moleculess perforin and granzyme 3"6. Several studies have suggested that the expansion 
andd differentiation program is imprinted shortly after antigenic stimulation7"9. Moreover, 
CD4++ T cell help, either during priming or during the memory phase, is required for CD8+ 

TT cells to be able to mount a proper secondary response10"13. 
Thee mechanism behind the development of long-lived memory cells is incompletely 
understoodd but depends on survival of a few antigen-specific cells in the contraction 
phase.. Two recent studies in mice infected with either lymphocytic choriomeningitis virus 
(LCMV)) or Listeria monocytogenes showed that during acute infection only a small 
populationn (5%-15%) of the effector cells expressed interleukin-7 receptor a (IL-7Ra), 
whereass in the memory phase all specific CD8+ T cells were IL-7Ra+14,15. The IL-7Ra+ 

effectorr cells expressed higher levels of Bcl-2 than their IL-7RoT counterparts. 
Consistentt with their anti-apoptotic profile, IL-7Ra+ cells had a superior recall response 
andd showed enhanced proliferation in response to homeostatic signals compared with 
IL-7Rcff cells. This indicated that the IL-7Ra+ effector T cells are the cells that survive 
andd develop into long-lived memory CD8+ T cells, which would make IL-7Ra a useful 
markerr for cells destined to become memory cells. In addition, Madakamutil et al.16 have 
shownn that the homotypic form of CD8, CD8aa, is selectively expressed by CD8+ 

memoryy precursors and is required for CD8+ memory T cell generation and survival. It is 
noteworthyy that one of the consequences of CD8aa expression in memory precursors is 
thee up-regulation of IL-7Ra, which links the two findings together. The long-term 
maintenancee of memory CD8+ T cells at relatively constant numbers in mice has been 
describedd to be independent of antigen17 and of major histocompatibility complex (MHC) 
classs I molecules18. The cytokines IL-7 and IL-15 are responsible for the homeostatic 
proliferationn of memory CD8+ T cells19'22. It may be that IL-15 and IL-7 act cooperatively 
inn maintaining the CD8+ T cell memory pool such that IL-15 regulates T cell division and 
IL-77 mediates T cell survival23. 

Humann viruses belonging to the herpesvirus family are among the viruses that are not 
completelyy cleared by the immune system after primary infection but that persist as 
latentt pathogens. In recent years, CD8+ T cells specific for these viruses have been 
extensivelyy characterized using HLA-peptide tetramer technology. In healthy people, 
thesee T cells are resting cells that may vary in function, depending on their specificity. 
Forr example, Epstein-Barr virus (EBV)-specific T cells are mostly noncytotoxic, whereas 
manyy cytomegalovirus (CMV)-specific T cells display a constitutive cytolytic function2425. 
Irrespectivee of their functional properties, T cells contribute to the maintenance of viral 
latencyy since depletion or inhibition of T cells leads to viral reactivation2627. It is 
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unknown,, however, how CD8+ T cells specific for persisting viruses are maintained in 

stablee pools for years. Therefore, we sought to determine whether human CMV- and 

EBV-specificc T cells could be maintained by the homeostatic cytokines IL-7 and IL-15 in 

aa manner similar to murine memory cells after acute infection. 

Material ss  & Method s 

Subjects Subjects 

Healthyy volunteers and recipients of kidney transplants were included in this study. Recipients 
weree treated with basic immunosuppression therapy consisting of prednisolone (10 mg daily), 
mycophenolatee mofetil (1000 mg twice daily) and cyclosporine (at dosages guided by trough 
levelss aimed at 100 ng/ml). In addition to recipients who were studied only at one time point later 
thann one year post transplantation, we longitudinally studied 6 recipients experiencing a primary 
CMVV infection, 2 with a CMV reactivation and one with a primary EBV infection. All subjects gave 
writtenn informed consent, and the local medical ethics committee approved the study. 

PBMCs PBMCs 

Heparinizedd peripheral blood samples were collected and peripheral blood mononuclear cells 
(PBMCs)) were isolated using standard density-gradient centrifugation techniques. Subsequently 
thesee cells were cryopreserved until the day of analysis. 

CMV-PCR,CMV-PCR, EBV-PCR, anti-CMV IgG and anti-EBV IgG 
Quantitativee PCR for CMV was performed in EDTA whole blood samples as described28. To 
determinee CMV serostatus, anti-CMV IgG was measured in serum using the AxSYM 
microparticlee enzyme immunoassay (Abbott Laboratories, Abbott Park, IL) according to the 
manufacturer'ss instructions. Measurements were calibrated relative to a standard serum. 
Quantitativee PCR for EBV was performed in EDTA plasma. The EBV serostatus was investigated 
byy determination of IgG specific for Epstein-Barr viral capsid antigen (EB-VCA) and Epstein-Barr 
nuclearr antigen (EBNA) by ELISA (Biotest, Dreieich, Germany). 

TetramericTetrameric complexes 

Thee following HLA-peptide tetrameric complexes were kindly provided by Kiki Tesselaar and 
Debbiee van Baarle (both from Sanquin, Amsterdam, The Netherlands): HLA-A2 tetramer loaded 
withh the CMV pp65-derived NLVPMVATV peptide, HLA-B7 tetramer loaded with the CMV pp65-
derivedd TPRVTGGGAM peptide, HLA-A2 tetramer loaded with EBV BMLF1 -derived 
GLCTLVAMLL peptide, HLA-B7 tetramer loaded with EBV EBNA3A-derived RPPIFIRRL peptide, 
HLA-B88 tetramer loaded with EBV EBNA3A-derived FLRGRAYGL peptide, HLA-B8 tetramer 
loadedd with EBV BZLF1-derived RAKFKQLL peptide, HLA-A2 tetramer loaded with influenza 
(FLU)) M1-derived GILGFVFTL peptide, HLA-A1 tetramer loaded with respiratory syncytial virus 
(RSV)) M-derived YLEKESIYY peptide and HLA-B7 tetramer loaded with RSV NL-derived peptide 
NPKASLLSL.. HLA-A1 tetramer loaded with FLU NP-derived CTELKLSDY peptide was obtained 
fromm Proimmune (Oxford, UK). All used tetramers were allophycocyanin conjugated. Hereafter 
thee different tetramers will be named after the virus, the HLA-type, and the first three amino acids 
off the peptide sequence (eg, CMV A2 NLV tetramer). 
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QuantificationQuantification of IL-7 in serum 
Serumm was separated from peripheral blood when PBMCs were obtained and stored at C 
untill the analysis. IL-7 levels were measured using a commercially available human IL-7 ELISA 
kitt (R&D Systems, Minneapolis, MN) according to manufacturer's instructions. 

ImmunofluorescenceImmunofluorescence staining and flow cytometry 
PBMCss were washed in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) bovine serum albumin. 
500,0000 PBMCs were incubated with an appropriate concentration of tetrameric complexes in a 
smalll volume for 30 min at  protected from light. Fluorescent-labeled monoclonal antibodies 
(mAbs)) were then added and incubated for 30 min at , protected from light at concentrations 
accordingg to manufacturer's instructions. For surface marker expression analysis, the following 
antibodiess were used in different combinations: CD127 (IL-7Ra)-PE (Immunotech, Marseille, 
France),, CD27-FITC (homemade clone 3A12), CD38-PE, CD45RA-FITC, CD57-FITC, CD62L-
FITC,, anti-HLA-DR-FITC, (all BD Biosciences, San Jose, CA), CD28-FITC (Sanquin, Amsterdam, 
Thee Netherlands). Cells were washed and analyzed using a FACSCalibur flow cytometer and 
Cellquestt software (BD Biosciences). 

IntracellularIntracellular perforin and Bcl-2 staining 

Forr intracellular staining, cells were fixed with 50 jal buffered formaldehyde acetone solution and 
subsequentlyy permeabilized by washing with 0.1% saponine in 50mM D-glucose. Cells were then 
incubatedd with anti-perforin-FITC (BD Biosciences) or anti-Bcl-2-FITC (DAKO Cytomation, 
Carpinteria,, CA) antibodies according to manufacturers' instructions, followed by flow cytometric 
analysis. . 

CFSECFSE labeling 
PBMCss were resuspended in PBS at a final concentration of 5-10 x 106 cells/ml. PBMCs were 
labeledd with 0.5 uM (final concentration) of 5,6-carboxyfluorescein diacetate succinimidyl ester 
(CFSE;; Molecular Probes, Eugene, OR) in PBS for 8 to10 min at C under constant agitation. 
Cellss were washed and subsequently resuspended in IMDM supplemented with 10% human pool 
serumm (BioWhittaker, Verviers, Belgium), antibiotics and 3.57 x 10"4 % (v/v) (3-mercapto-ethanol 
(Merck,, West Point, PA) (cIMDM). 

ProliferationProliferation assays 
Eitherr total PBMCs or sorted cells from healthy donors were labeled with CFSE and cultured in 
cIMDMM for 3 to 6 days. HLA-A2 CMV NLVPMVATV peptide, HLA-B7 CMV TPRVTGGGAM 
peptide,, HLA-A2 FLU GILGFVFTL peptide were obtained from IHB-LUMC peptide synthesis 
libraryy facility (Leiden, The Netherlands), dissolved in dimethylsufloxide (DMSO; Merck, 
Darmstadt,, Germany) and used in a concentration of 1.25 ng/ml for stimulations. CMV antigen 
andd FLU antigen (Microbix Biosystems, Toronto, Canada) were used in a final concentration of 10 
nl/mll for stimulation of CD4+ T cells. Cells were stimulated with the specific CMV or FLU peptide 
alonee or in combination with CMV antigen or FLU antigen, respectively, or with either IL-2 
(50U/ml;; Biotest), IL-7 (10 ng/ml; Strathmann biotec Ag, Hamburg, Germany) or IL-15 (10 ng/ml; 
R&DD Systems). Cells were sorted into a CD8+CMV-tetramer+IL-7Ra population and a CD8*CMV-
tetramer+IL-7Ra++ population using a FACSAria (BD Biosciences). After CFSE labeling, these cells 
weree cocultured with irradiated autologous PBMCs. Before irradiation, these autologous cells 
weree cultured for 5 hours with the specific CMV peptide, CMV antigen or both. Irradiated 
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autologouss cells were not added when cells were stimulated with IL-7 or IL-15. The precursor 
frequencyy (percentage of cells in the initial population that underwent one or more divisions after 
culture)) was calculated as follows: [I„>1(P„/2n)]/[X„>o(Pn/2")], where n is the division number that 
cellss have gone through and P„ is the number of cells in division n29. The mean number of 
divisionss of the divided cells was calculated as follows: [I„21(n P„/2")]/[ ln>i(P„l2")]. 
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IL-7Rccc expression on human virus-specific T cells 

FigureFigure  1: Expression  of  IL-7Ra on virus-specific  cells  is  low  during  primary  infection.  (A) 

(top(top row) CMV-specific CD8* T cells during primary CMV infection (bottom row) Phenotype of 

totaltotal CD8* T cells (red) and CMV-specific T cells (black). (B) Same as panel A but showing 

primaryprimary EBV infection measured by CD8* T cells specific for the lytic epitope RAK (first two rows) 

andand the latent epitope FLR (last two rows). (C) Changes in phenotype of CD8* T cells and CMV-

specificspecific CD8" T cells (measured with CMVA2 tetramer) during CMV reactivation, 

wkwk indicates the number of weeks after transplantation; + and - indicate the relative heights of the 

viralviral load as measured by PCR. The percentages are the percentage of virus-specific cells within 

CD8*CD8* T cells. The dot plots show the phenotype of CD8* T cells (red) and of virus-specific CD8* T 

cellscells (black). Numbers indicate the percentages within virus-specific cells in the corresponding 

quadrants.quadrants. For clarity, only 10% of the dots are shown from dot plots showing RAK-specific cells 

duringduring primary EBV infection; all other plots show 100% of measured events. Representative 

resultsresults of flow cytometric analysis are shown for one of six patients with primary CMV infection 

andand one of two with CMV reactivation. 
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FigureFigure  2: Expression  of  IL-

7Ra7Ra differs  between  T cells 

specificspecific  for  various  viruses. 

(A)(A) Dot plots of two 

representativerepresentative healthy persons 

inin whom T cells with different 

specificitiesspecificities could be visualized. 

CD8*CD8* T cells (red); virus-specific 

CD8*CD8* T cells (black). Numbers 

indicateindicate percentages within 

virus-specificvirus-specific cells in the 

correspondingcorresponding quadrants. (B) 

PercentagesPercentages of IL-7Ra* cells 

withinwithin the virus-specific cells 

measuredmeasured in healthy persons 

withwith different tetramers. 

HorizontalHorizontal lines indicate the 

medianmedian values. 

StatisticalStatistical Analysis 

Thee two-tailed Mann-Whitney test was used for analysis of differences between groups. For 

correlations,, the spearman nonparametric correlation test was used. P less than 0.05 was 

consideredd statistically significant. 
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Result s s 

DuringDuring primary CMV-infection all CMV-specific and most circulating CD8* T cells do not 

expressexpress IL-7Ra 

Insightt into primary virus infections in humans is difficult to attain. In the past we have 

beenn able to gather valuable information by carefully monitoring immune responses in 

CMV-seronegativee recipients of kidney transplants who received organs from 

seropositivee donors3031. We first wanted to asses whether, after primary infection with 

CMVV the same IL-7Ra+ memory cell precursors described in mice could be found. 

Duringg primary CMV infection, none of the circulating CMV-specific CD8+ T cells, 

visualizedd by tetramer-staining, expressed IL-7Ra (Fig. 1A). Several weeks after the viral 

loadd became undetectable, a fraction of the CMV-specific cells expressed IL-7Ra. CD27 

followedd a completely different temporal expression pattern than did IL-7Ra with 

considerablee numbers of CD27~ CMV-specific cells appearing only at later time points 

(Figg 1A). Data obtained from six primary CMV infections are summarized in Table 1. 

Duringg pos PCR, % 

11 yr after Tx, % 

>2yraf ter 'Tx,, % 

Donorr 1 

Tetr* * 

1.8 8 

0.3 0.3 

0.9 9 

IL-7Rcc* * 

0.4 4 

7.8 8 

17.2 2 

Donorr 2 

Tetr* * 

4.9 9 

2.3 3 

NA A 

IL-7RcT T 

0.4 4 

3.9 9 

NA A 

Donorr 3 

Tetr* * 

0.7 7 

0.5 5 

NA A 

lL-7Ra* * 

1.1 1 

2.2 2 

NA A 

Donorr 4 

Tetr* * 

0.6 0.6 

0.5 5 

NA A 

IL-7Ra* * 

2.2 2 

4.9 9 

NA A 

Donorr 5 

Tetr* * 

6.4 4 

4.0 0 

2.9 9 

IL-7Ro* * 

1.5 5 

7.5 5 

10.1 1 

.. Donor 6: 

Tetr* * 

1.0 0 

0.5 5 

2.0 0 

IL-7Ra* * 

1,1 1 

3.9 9 

4.9 9 

TableTable  1: Summary  of  data obtained  from  primary  CMV-infections.  Tetr* indicates 
percentagespercentages of CMV-specific cells within CD8* T cells; IL-7Ra, percentage of CMV-specific cells 
expressingexpressing IL-7Ra; Tx, transplantation; pos PCR, time point during positive CMV PCR; NA, not 
available.available. Donor 1 is the donor shown in Figure 1A. 

Primaryy infection with EBV, another persistent herpes virus, was studied by means of 

twoo tetramers, one specific for the lytic peptide RAKFKQLL (RAK) and the other specific 

forr the latent peptide FLRGRAYGL (FLR). The expression of IL-7Ra by RAK-specific 

cellss started off at 8% at week 10 (data not shown) and then steadily increased towards 

69%% in the latency stage. The percentage of IL-7Ra+ FLR-specific cells followed the 

samee kinetics but at a higher level, increasing from 37% to 8 1 % late after primary 

infectionn (Fig. 1B). Like for CMV-specific cells, a subpopulation of the EBV-specific cells 

stilll did not express IL-7Ra. In contrast to CMV-specific T cells, the phenotype of the 

EBV-specificc cells remained mostly CD27+ for both RAK- and FLR-specific cells. 

Somee patients who are seropositive for CMV before transplantation experience a 

reactivationn of CMV after transplantation caused by start of immunosuppression 

therapy32.. During CMV reactivation, the percentage of IL-7Ra+ CMV-specific cells 

diminishedd from 22% to 10% at week 7 (Fig. 1C) and was even slightly lower (7%) at 

weekk 13, even though the viral load was undetectable at that moment. The percentage 

off IL-7Ra+ CMV-specific cells partially recovered to 12% (Fig. 1C, upper panels) only 
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latee after the viral load became undetectable. Changes in expression of IL-7Ra 

coincidedd with activation of CMV-specific cells as shown by HLA-DR and CD38 

expressionn (Fig. 1C, lower panels). 

ManyMany T cells specific for persistent viruses do not express IL-7Rce 

Thee data described here were obtained using cells from recipients of kidney transplants 

whoo received standard immunosuppression therapy that could possibly have influenced 

thee expression of IL-7Ra. Therefore, we extended our findings and analyzed a group of 

healthyy people likely infected with CMV and EBV for years. When the percentage of 

virus-specificc cells expressing IL-7Ra was plotted against the different T cell specificities, 

ann apparent relationship was observed between the type of virus and the percentage of 

IL-7Ra++ virus-specific cells (Fig. 2A). CD8+ T cells specific for CMV showed a variation in 

levelss of IL-7Ra expression between 12% and 74%, with a median of 46% for CMV A2 

NLV-specificc cells and 39% for CMV B7 TPR-specific cells (Fig. 2B). These numbers 

weree higher for cells directed against the different EBV peptides measured, of which 

30%% to 79% were IL-7Ra+ (median 60%). Almost all CD8+ T cells specific for FLU or 

RSVV were IL-7Ra+, making the level of expression of this cytokine receptor a 

distinguishingg marker between T cell populations specific for persistent viruses and 

virusess that are cleared from the host (Fig. 2B). 
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FigureFigure  3: Expression  of  IL-7Ra correlates  with  expression  of  CD27. (A) Relation between IL-
7Ra7Ra expression and CD27 in the total CD8* T cell pool (n=57, healthy persons and patients). (B) 
RelationRelation between IL-7Rcc expression and CD27 within virus-specific cells. CMV-specific cells are 
indicatedindicated in filled squares, EBV-specific cells are indicated in filled circles, FLU-specific cells are 
indicatedindicated in open triangles and RSV-specific cells are indicated in open circles. For each virus, 
measurementsmeasurements with the different available tetramers are shown together. Measurements are 
obtainedobtained from cells of 40 healthy donors and patients, all staining with one or more tetramers. 

ExpressionExpression of IL-7Ra correlates with the expression ofCD27on CD8* T cells 

Fromm the dot plots shown in Figure 2A, it seemed that many CD8+ T cells that lacked IL-

7Raa also lacked CD27, and vice versa. CD27 is expressed on all naive cells, absent on 
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effector-typee cells and differentially expressed on memory-type cells33. Although the 

regulationn during primary immune responses is different (Fig. 1), a very strong 

correlationn was found between the percentage of CD27+ and IL-7Ra+ cells in the total 

CD8++ T cell population (Fig. 3A). 

Thee correlation between IL-7Ra and CD27 was also observed in virus-specific cells, as 

shownn in Fig. 3B, for all different specificities measured. CMV-specific cells were mostly 

IL-7RcTT and CD27~, in contrast to EBV-specific cells which were all CD27+ and have a 

variablee expression of IL-7Ra. FLU- and RSV-specific cells expressed both IL-7Ra and 

CD277 (Fig. 3B). The relation between these two surface markers is less strict within 

virus-specificc cells than within the total CD8+ T cell pool, possibly reflecting clonal-

specificc differences in activation and differentiation status that remains unobserved in the 

totall CD8+ T cell population. 

Consistentt with the difference in CD27 expression, phenotypic and functional properties 

off IL-7Ra+ and IL-7RoT cells were clearly distinct. As shown in Fig. 4A, IL-7Ra" cells 

weree enriched in the CD28~ and CD62L~ population, often expressed CD45RA and, in 

contrastt to IL-7Ra+ cells, partially expressed CD57. Furthermore, IL-7RcT cells 

expressedd higher levels of the cytotoxic molecule perforin, both in the total CD8+ T cell 

populationn and within CMV-specific cells (Fig. 4B). Not only was the mean fluorescence 

intensityy of perforin higher, but perforinhl cells were also only present in the IL-7Rcf cells. 

Expressionn of the anti-apoptotic molecule Bcl-2 was higher in IL-7Ra+ cells (Fig. 4B). 
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FigureFigure  4: Phenotypic  differences  between  IL-7Ra* and  IL-7Rct cells. (A) Dot plots gated on 
totaltotal CD8* T cells in which IL-7Ra is plotted against known markers for T cell subset 
differentiation,differentiation, CD28, CD62L, CD57 and CD45RA. Numbers indicate percentages within CD8* T 
cellscells in the corresponding quadrants. (B) Overlay histograms of IL-7Ra cells (shaded histogram) 
andand IL-7Ra cells (black line) within total CD8* T cells (left) or CMV-specific CD8* T cells (right). 
NumbersNumbers indicate mean fluorescence intensity of perforin (top panels) and Bcl-2 (bottom panels). 
RepresentativeRepresentative flow cytometric analysis are shown from 4 independent measurements. 
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TheThe percentage of virus-specific T cells expressing IL-7Ra is related to viral load during 

thethe acute phase 

Itt has been shown that recipients of kidney transplants have higher amounts of effector-

typee (CD27~) cells than healthy persons25. Regarding the expression of IL-7Ra in total 

CD8++ and CMV-specific CD8+ T cells, the frequency of IL-7Ra+ cells is significantly lower 

inn patients (Fig. 5A). Interestingly, within the patient group, a strong inverse correlation 

wass seen between the percentage of IL-7Ra+ CMV-specific cells at late time points and 

thee peak viral load, defined as the highest viral load measured during the post-

transplantationn period (Fig. 5B). Patients with a high viral load (>10,000 copies/ml) all 

experiencedd either a primary CMV infection or a strong CMV reactivation, whereas 

patientss with a low viral load were all CMV seropositive before transplantation and had 

onlyy mild or no detectable reactivation at all. 

AA possible explanation for the variation in the percentage of IL-7Ra+ cells could be 

differencess in IL-7 levels in the circulation, because IL-7Rct is down-regulated after 

stimulationn with IL-7 34. Indeed, with the addition of IL-7 in experiments using isolated IL-

7Ra++ CMV-specific cells, all IL-7Ra+ cells, including non-dividing cells, lost IL-7Ra 

expression.. The receptor was also down-regulated in the cells dividing upon antigen-

specificc stimulation (Fig. 5C). 
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FigureFigure  5: Renal  transplant  recipients  have lower  frequencies  of  IL-7Rc?  cells.  (A) Two 

graphsgraphs in which the percentages of IL-7Rct cells are plotted within total CD8" T cells (left graph) 
oror within CMV-specific CD8* T cells (right graph) in healthy persons and recipients of kidney 
transplants.transplants. Horizontal lines indicate the median values. (B) Relation between expression of IL-
7Ra7Ra on CMV-specific CD8* T cells in recipients of kidney transplants (measured more than one 
yearyear after transplantation) and the peak viral load measured since transplantation in copies per ml 
wholewhole blood. (C) Dot plots of CFSE versus IL-7Ra expression from isolated IL-7Rot CMV-specific 
CD8*CD8* T cells, cultured for 6 days. 
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However,, when serum IL-7 levels of a group of patients with a high percentage of IL-

7Ra++ CD8+ T cells (n=5, median 69% of CD8+ T cells, range 58%-84%) were compared 

too serum IL-7 levels of patients with low frequencies of IL-7Ra+ CD8* T cells (n=5, 

mediann 9% of CD8+ T cells, range 8%-16%), no significant differences were found. 

Excludingg a role for IL-7 in the variation of IL-7Ra expression, the median serum IL-7 

levell in each group was 16 pg/ml (range 6-27 pg/ml for the group with high percentages, 

andd 7-24 pg/ml for the group with low percentages of IL-7Ro+ CD8+ T cells). 

peptidee C 

200 10 5 2.5 1.25 0.625 20 10 5 2.5 1.25 0.625 
ng/mll ng/ml 

 FLU-specific cells A CMV-specific cells 

FigureFigure  6: FLU-specific  cells  proliferate  better  than  CMV-specific  cells.  (A) Dot plots gated on 
CD8*CD8* lymphocytes in which FLU or CMV tetramer staining is plotted against CFSE to visualize 
cellcell divisions. Total PBMCs were cultured for 6 days in the presence of IL-7, IL-15, FLU peptide, 
CMVCMV peptide or the specific peptide in combination with FLU or CMV antigen, respectively, (top 
panels)panels) Staining with the FLU-tetramer. (bottom panels) Staining with the CMV-tetramer. For 
clarity,clarity, only 50% of the measured events is shown in the CMV tetramer staining. Representative 
datadata are shown from one of three independent experiments with healthy donors. (B) Precursor 
frequenciesfrequencies of FLU-specific (squares) and CMV-specific (triangles) cells from one donor upon 
dosedose titrations of IL-7 and IL-15 in 6 days total PBMC cultures. (C) Percentage of CMV B7 
tetramer*tetramer* cells within CD8* T cells before culture (unstimulated) and after 6 days' stimulation with 
thethe CMV B7 peptide, cytokines or CMV antigen, alone or in combination. Representative data are 
shownshown from two independent experiments with healthy donors. 
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MemoryMemory cells specific for cleared viruses proliferate better than memory cells specific for 
persistentpersistent viruses 
IL-77 is of major importance for the survival of memory cells after acute infection, but 
memoryy cells specific for persistent viruses only expressed IL-7Ra at low frequencies. 
Therefore,, we tested the responsiveness of memory cells to cytokines and antigen-
specificc stimulation in humans by comparing proliferation of FLU-specific (acute) with 
CMV-specificc (persistent) CD8+ T cells derived from the same healthy donor. Figure 6A 
showss that although both populations proliferated, FLU specific cells showed enhanced 
proliferationn compared with CMV-specific cells when stimulated with IL-7. This is 
consistentt with the expression of IL-7Ra on all FLU-specific cells, whereas only 27% of 
thee CMV-specific cells expressed IL-7Ra in this donor (Fig. 6A). In addition, FLU-specific 
cellss proliferated better upon stimulation with the other homeostatic cytokine, IL-15. The 
differencess in the proliferative capacity of FLU- and CMV-specific cells to IL-7 and IL-15 
weree even more apparent when dose titrations of the cytokines were performed (Fig. 
6B).. The precursor frequency of FLU-specific cells is higher than that of CMV-specific 
cells,, and also maximum proliferation of FLU-specific cells was achieved at lower 
concentrations.. Culture of the cells in the presence of the specific (FLU or CMV) peptide 
resultedd in similar proliferation of FLU- and CMV-specific cells; this did not change when 
lowerr concentrations of the peptides were used. Combined stimulation with peptide and 
eitherr FLU- or CMV-antigen, which stimulates CD4+ T cells, resulted in increased 
proliferationn of FLU- and CMV-specific cells (Fig. 6A). To study the relative expansion of 
virus-specificc cells, we cultured PBMCs from healthy donors with different stimuli as 
indicatedd in Figure 6C. Although all conditions induced proliferation (Fig. 6A and data not 
shown),, a considerable increase in the percentage of CMV-tetramer+ cells was only seen 
whenn cells were stimulated with the specific CMV peptide in combination with IL-2, IL-15 
orr antigen (Fig. 6C). Stimulation with peptide plus IL-7 hardly caused more expansion 
thann with peptide alone (5.4% vs 3.7%) which is in line with the low percentage of IL-
7Ra++ CMV-specific cells (27% in this donor). Indeed, RSV-specific cells and FLU-
specificc cells, all of which express IL-7Ra, do show enhanced proliferation when peptide 
iss combined with IL-7 (35 and data not shown). 

ProliferationProliferation and survival differ between IL-7Ra* and IL-7Rcc CMV-specific T cells 
Thee last question we addressed "was whether the difference in proliferation between 
FLU-- and CMV-specific cells could be attributed to the type of memory cells (specific for 
acutee or persistent viruses) or whether it reflects a difference in IL-7Ra expression. To 
examinee this, CMV-specific CD8+ T cells from healthy donors were sorted into IL-7Ra+ 

andd IL-7Ra" T cells. IL-7 induced the proliferation of IL-7Ra+ CMV-specific cells but not 
IL-7Raa CMV-specific cells on day 6 (Fig. 7A). Stimulation of the sorted cell populations 
withh IL-15 resulted in higher numbers of dividing cells in the IL-7Ra+ population with a 
moree than two-fold elevated precursor frequency on day 3. In addition, stimulation with 
thee specific CMV-peptide, alone or in combination with CMV antigen, led to more 
proliferatingg cells in the population expressing IL-7Ra. Again, the difference was larger 
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onn day 3 than on day 6, suggesting that the IL-7RcT cells caught up with the IL-7Ra+ 

cells,, though a disparity remained (Fig. 7A). The dividing cells in the IL-7Ra+ population 

alsoo underwent more cell divisions than IL-7Ra" cells. Although we found a good 

correlationn between expression of IL-7Ra and CD27 (Fig. 3), the higher proliferative 

capacityy of IL-7Ra+ CMV-specific cells could not be attributed to expression of CD27 

becausee we found similar data in a donor whose CMV-specific cells all lacked CD27 

expressionn (data not shown). It also should be noted that although experiments were 

startedd with the same number of cells from both populations, more living cells were 

alwayss recovered from the IL-7Ra+ population (Fig. 7A). This points to a survival 

advantagee of IL-7Ra+ cells, consistent with their higher Bcl-2 content (Fig. 4B). Figure 7B 

showss that the difference in proliferation after stimulation with IL-7 or peptide alone was 

statisticallyy significant over several experiments. 

AA B 

IL-77 IL-15 peptide peptide+Ag 

FigureFigure  7: Sorted  CMV-specific  IL-7Ra cells  proliferate  better  than  IL-7Ra~ cells.  \L-7Ra 
andand \L-7Ra CMV-specific (tetramer*) CD8* T cells were sorted by FACS. (A) CFSE-profiles of 
sortedsorted \L-7Ra or IL-7Ra CMV-specific CD8* T cells upon stimulation with IL-7, IL-15, specific 
CMVCMV peptide or CMV peptide in combination with CMV antigen on day 3 (top two rows) and day 6 
(bottom(bottom two rows). Numbers indicate the precursor frequency which indicates the percentage of 
cellscells from the original population that proliferated. Italic numbers indicate the mean number of 
divisionsdivisions of the divided cells, indicating the amount of divisions that the proliferating cells 
underwent.underwent. Representative data are shown from four independent experiments with cells from 
threethree different donors. (B) Means of the precursor frequencies after 6 days of culture, calculated 
fromfrom four independent experiments (two experiments for IL-15). * Significant difference, p=0.029. 
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Discussio n n 

Inn this study we show that CD8+ T cells specific for the persistent human viruses CMV 
andd EBV expressed IL-7Ra only at low frequencies. This was in contrast to observations 
inn memory cells specific for acute viruses (FLU and RSV), which were all IL-7Ra\ as 
theyy are in mice after acute LCMV-infection1415. Comparing human and murine studies 
wass difficult because of the limitation imposed by examining only peripheral blood in 
humans,, whereas in mice spleen and lymph nodes were analyzed. It may be that CD8+ 

TT cells specific for persistent viruses have a different appearance in other compartments, 
but,, because FLU- and RSV-specific cells do express IL-7Ra, we think the difference is 
betweenn T cells specific for persistent and acute viruses. This finding suggests distinct 
requirementss for IL-7 in maintaining survival of memory cells specific for persistent 
virusess compared with memory cells specific for acutely cleared viruses1936,37. 
Howw are IL-7Ra CD8+ T cells, specific for persistent viruses, maintained, considering 
thee fact that IL-7 appears not to be involved and that their response to IL-15 is only 
minimal?? Fairly high numbers of IL-7Ra" CD8+ T cells circulate in humans, suggesting 
potentt mechanisms for generation, maintenance or both. One possibility might be that 
IL-7Roff cells continuously differentiate from the pool of IL-7Ra+ cells upon activation. 
However,, in healthy persons almost no recently activated cells can be found, as 
evidencedd by absence of the activation molecules CD38 and HLA-DR. This makes it 
unlikelyy that IL-7Rof cells are constantly formed upon antigenic stimulation. Still, it 
cannott be ignored that help from activated CD4+ T cells has been described as playing 
ann important role in the maintenance of CD8+ T cell memory 10"13. In addition, helper-
derivedd factors have been shown to greatly enhance the expansion of peptide-stimulated 
CMV-specificc CD8+ T cells which largely do not express IL-7Ra38,39. Another possibility 
forr the maintenance of IL-7Ra~ cells is that the population of IL-7Ra cells is stable and, 
oncee formed, persists in peripheral blood. This is supported by the finding by Wallace et 
al400 that human primed CD8+CD45RA+ T cells, which largely overlap with IL-7Ra" CD8+ 

TT cells, show a very low rate of cell death in vivo. Thus, the persistence of these cells 
mightt be attributed to long half-lives in vivo rather than to proliferation. 
Inn agreement with other studies34,41, we found that the low frequency of IL-7Ra+ CD8+ T 
cellss specific for latent viruses might be related to the down-regulation of the receptor 
afterr stimulation with either IL-7 or TCR stimulation. It is unlikely that circulating IL-7 
playss a role here because in the same donor CD8+ T cells with different specificities 
variedd in the expression of IL-7Ra (Fig. 1). In addition, no differences were observed in 
serumm IL-7 levels between patients with high or low frequencies of IL-7Ra+ CD8+ T cells. 
However,, we showed several lines of evidence that indicate the importance of TCR 
stimulationn in the regulation of IL-7Ra expression. First, we observed that CD8+ T cells 
specificc for cleared viruses were all IL-7Ra+. Second, we showed that long after primary 
CMV-infection,, when viral load was no longer detectable, CMV-specific cells started to 
expresss the IL-7Ra. Third, during reactivation, the frequency of IL-7Ra+ virus-specific 
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cellss decreased. Finally, in vitro antigen-specific stimulation also induced the down-
regulationn of IL-7Ra on IL-7Ra+ cells (Fig. 5C). Therefore, it is possible that as long as 
CD8++ T cells frequently encounter their specific epitope and are thus triggered through 
theirr TCR, the cells will remain IL-7Ra . This could also explain the higher frequencies of 
IL-7Ra"" cells in recipients of kidney transplants. It can be assumed that because of 
immunosuppressionn therapy, patients will experience viral infections and reactivation 
episodess more often than healthy persons. This corresponds to earlier studies showing 
highh numbers of effector-type cells in immunosuppressed persons254243. 
Highh CMV load during the initial period after transplantation apparently determines the 
IL-7Raa phenotype on CMV-specific cells at later time points (Fig. 5B). Several factors 
mayy account for this finding. The first is that high viral loads just after transplantation 
mayy result in more antigen during the latency phase, either through higher expression of 
virall epitopes or more frequent reactivations, consequently inducing IL-7Ra" cells. The 
largee variation in percentages of IL-7Ra" cells between individuals could be explained by 
differencess in susceptibility to CMV or virulence of the CMV-strain. A second explanation 
couldd be related to imprinting; the amount of antigen present at early time points after 
activationn might force the differentiation of CD8+ T cells in a particular direction. 
Accordingly,, high viral loads may induce the formation of a memory population that is 
moree IL-7Ra . Finally, high viral loads may lead to widespread infection and eventually 
resultt in high numbers of latently infected cells, among which are monocytes. Upon CMV 
reactivation,, these monocytes may produce IL-15, which has several effects on CD8+ T 
cellss including the down-regulation of the IL-7RQ34 (van Leeuwen and Alves, 
unpublishedd data), thus giving rise to high frequencies of IL-7RcT CMV-specific cells. 
Regardingg the differentiation of CD8+ T cells the correlation between IL-7Ra and CD27 
expressionn is striking. Loss of CD27 expression is a relatively late and irreversible event 
duringg differentiation of CD8+ T cells31, whereas IL-7Ra is quickly down-regulated upon 
TCRR triggering or stimulation with IL-7 and can be re-expressed34 (van Leeuwen and 
N.L.. Alves, unpublished data). Although the kinetics are different, we found, in 
agreementt with Gamadia et al 32, that IL-7Ra and CD27 expression are regulated by the 
presencee of antigen, which could explain the correlation. 

Wee found that expression of IL-7Ra is different on cells specific for persistent viruses, 
(CMVV and EBV), than it is on cells specific for viruses cleared from the host (FLU and 
RSV).. These cell types were investigated in mice by Wherry et al44, who compared T 
cellss in acute and chronic LCMV-infection and who found that IL-7Ra expression was 
reducedd on memory cells in chronically infected mice that responded poorly to IL-7 and 
IL-15.. Our findings were consistent with this. CD8+ T cells specific for chronic LCMV also 
showedd diminished proliferation upon in vitro peptide stimulation. However, we showed 
thatt the expansion of CD8+ T cells specific for persistent viruses is better when CD4+ T 
celll help or cytokines are provided (Fig. 6), as described previously for 
CD8+CD45RA+CD2rr T cells38'39. 
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Itt is debatable whether memory CD8+ T cells specific for persistent viruses can actually 

bee named memory cells and, as such, can be compared with memory cells specific for 

virusess that are cleared. The viruses that these cells recognize are not cleared but are 

onlyy kept under control of the immune system in a latency stage. The frequencies of 

CD8++ T cells specific for latent viruses are much higher than they are for acute viruses. 

Moreover,, the phenotype of cells specific for persisting viruses is also different from 

memoryy cells specific that of memory cells specific for acute viruses. For example, CMV-

specificc cells often resemble effector-type cells (CCR7CD28 CD27") and contain high 

levelss of granzyme B and perforin24,25. Wherry et al.44 suggest that the continuous 

presencee of antigen turned these cells into antigen-addicted memory cells lacking the 

featuress of memory cells after acute infection. We propose to classify CD8+ T cells 

specificc for persistent viruses not in the same category as cells specific for acute viruses 

butt as vigilant, resting effector cells that adequately control latent virus and prevent 

frequentt reactivation. 
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Abstract t 

Immunologicall memory is a key feature of the adaptive immune system and 
providess the host with long-term protection in the case of re-infection. The 
maintenancee of memory T cells is well controlled, but changes during 
immunosuppressionn reflected by increased frequencies of cytomegalovirus 
(CMV)-specificc CD8+ T cells are found in renal transplant recipients compared to 
healthyy individuals. No data are available yet on alterations in memory T cells 
specificc for other viruses. Additionally, it is not clear whether memory T cells with 
differentt viral specificities are maintained separately or, alternatively, influence 
eachh others presence. Here, we studied frequencies, phenotype and function of 
virus-specificc T cells directed against CMV, Epstein-Barr virus (EBV), influenza 
(FLU)) and Respiratory Syncytial Virus (RSV) in peripheral blood of patients, before 
andd one year after renal transplantation. In CMV-seropositive patients, frequencies 
off CMV-specific CD8* T cells clearly increased which contrasted to a decrease in 
EBV-- and FLU-specific CD8* T cells. In patients experiencing a primary CMV-
infection,, frequencies of EBV- and FLU-specific CD8+ T cells dropped when CMV-
specificc CD8+ T cells appeared in peripheral blood and remained lower than 
originally.. However, in CMV-seronegative patients, no decrease in FLU-specific 
CD8++ T cells was observed and EBV-specific CD8+ T cells even increased in 
number.. Concerning phenotypic changes, CMV-specific cells gained a more 
differentiatedd phenotype as expression of CD27 and IL-7Ra decreased. Only minor 
changess in the phenotype of EBV-specific cells were detected. Functionally, the 
IFN^yy production of virus-specific cells against a lytic epitope of EBV decreased, 
exceptt in CMV-seronegative individuals. With respect to the proliferative capacity 
off virus-specific memory T cells, individual changes occurred but in general this 
wass not altered during immunosuppression. 

Thesee data imply that the homeostasis of memory T cells changes during 
immunosuppressionn where CMV-specific cell-counts increase at the expense of 
memoryy T cells with other viral-specificities. Apparently, CMV-infection dominates 
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inn thi s situatio n and CMV-specifi c T cell s win the competitio n for spac e or 
homeostati cc  cytokine s withi n the memor y pool . 

Introductio n n 

Thee development and maintenance of immunological memory are essential for long-term 
protectionn against pathogens in case of re-infections. Memory T cells are maintained 
withoutt contact with antigen, but do require extrinsic factors for their survival and 
homeostaticc proliferation1*3. The cytokines IL-7 and IL-15, both members from the 
commonn y-chain family of cytokines have in this regard been identified as essential 
factors4"8.. During life, individuals are exposed to a wide variety of pathogens and 
consequentlyy a large population of memory T cells with different specificities is present. 
Withh respect to viral infections, especially virus-specific CD8+ T cells have been studied. 
Whetherr CD8+ memory T cells with different viral specificities are maintained as 
separatee populations or, alternatively, influence each others presence is still a matter of 
debate.. Several studies in mice have shown that infection with a new virus, and 
consequentt emergence of an additional population of memory cells, results in 
permanentt loss of pre-existing memory T cells9"11. In this way the overall size of the 
memoryy T cell pool remains relatively constant and memory T cells have to compete for 
physicall space and / or homeostatic cytokines12. A complicating factor is that there 
appearss to be a difference between T cells specific for viruses that are cleared by the 
hostt and viruses that persist. Memory T cell loss was more profound during persistent 
infectionn than after infection with a cleared virus, and was a continuously ongoing 
process13. . 

Inn the situation that individuals become immunocompromised, for example because of 
startingg immunosuppressive therapy after solid organ transplantation, changes occur in 
thee homeostasis of memory T cells. Within total CD8+ and CD4+ T cell populations, 
immunocompromisedd individuals have higher percentages of far-differentiated cells 
comparedd to healthy individuals1415. This can be attributed to the fact that T cells are 
inhibitedd in their function and a new balance has to be found. Moreover, 
immunocompromisedd individuals are more vulnerable for infections and reactivation of 
latentt viruses, resulting in more frequent triggering of the immune system than in healthy 
individuals.. Concerning virus-specific cells, renal transplant recipients have higher 
frequenciess of cytomegalovirus (CMV)-specific CD8+ T cells compared to healthy 
individualss and these cells also have a more differentiated phenotype as exemplified by 
aa lower expression of CD2716. Whether alterations in memory T cells with other viral-
specificitiess also occur is unknown. Therefore we studied virus-specific CD8+ and CD4+ 

TT cells specific for CMV, Epstein-Barr virus <EBV), influenza (FLU) and Respiratory 
Syncytiall Virus (RSV) in peripheral blood of patients before and one year after renal 
transplantation.. This allowed us to determine the effect of immunosuppression of the 
frequencies,, phenotype and function of these virus-specific T cells. Since CMV-
seronegativee recipients of a transplant derived from a CMV-seropositive donor 
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experiencee a primary CMV-infection, we could also study the effect of a new infection on 

thee composition of the pre-existing memory T cells. 

Material ss  & Method s 

Subjects Subjects 
Renall transplant recipients were divided in three groups based on CMV serostatus, i.e. CMV-
seropositive,, CMV seronegative and primary CMV infected patients (i.e. patients who were CMV 
seronegativee before transplantation, received a transplant from a CMV-seropositive donor and 
subsequentlyy experienced a primary CMV infection). Patients were treated with different 
combinationss of immunosuppressive drugs as listed in Table 1. Dosages: Prednisolone (P, 10 mg 
daily),, Cyclosporine A (CsA, at dosages guided by trough levels aimed at 100 ng/ml), 
mycophenolatee mofeti! (MMF, 1000 mg twice daily), Tacrolimus (Tac, at dosages guided by 
troughh levels aimed at 12.5 ng/ml), anti-CD25 treatment (basiliximab, 20 mg on days 0 and 4), 
Azathioprinee (Aza, 2 mg/kg once daily). No differences were observed between patients on 
differentt medication. Additionally, no differences were observed between patients with CMV 
reactivationn {as defined by a positive PCR for CMV-viral load in a CMV-seropositive patient) 
comparedd to patients without CMV reactivation, therefore data were pooled. All patients gave 
writtenn informed consent and the study was approved by the local medical ethical committee. 

TableTable  1; Numbers of patients analyzed per group, with 
immunosuppressiveimmunosuppressive drugs depicted in the left column. 

CMV-- CMV- primary CMV 
seropositivee seronegative infection 

P/CsA/MMFF n= 10 n^4 n^2 ~~ 
P/MMF/Tac/CD255 n= 5 n= 7 n= 2 
P/CsA/MMF/CD255 n= 2 
P/Azaa n=1 
P/CsAA n=1 
P/MMF/Tacc n=1 

PBMCs PBMCs 
Heparinizedd peripheral blood samples were collected and PBMCs were isolated using standard 
densityy gradient centrifugation techniques. Subsequently, these cells were cryopreserved until the 
dayy of analysis. From all patients PBMCs were used from just before transplantation and one 
yearr after transplantation. From patients with a primary CMV-infection, cells were also studied at 
aa time point just after the peak of the CMV-viral load. 

CMV-PCR,CMV-PCR, EBV-PCR, anti-CMV IgG and anti-EBV IgG 
Quantitativee PCR for CMV was performed in EDTA whole blood samples as described before . 
Too determine CMV serostatus, anti-CMV IgG was measured in serum using the AxSYM 
microparticlee enzyme immunoassay (Abbott Laboratories, Abbott Park, Illinois, USA) according to 
thee manufacturer's instructions. Measurements were calibrated relative to a standard serum. 
Quantitativee PCR for EBV was performed in EDTA plasma. The EBV serostatus was investigated 
byy determination of IgG specific for EBV-VCA and EBNA by Elisa (Biotest, Dreieich, Germany). 
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TetramericTetrameric complexes 
Thee following HLA-peptide tetrameric complexes were obtained from Sanquin, Amsterdam, The 
Netherlands:: HLA-A2 tetramer loaded with the CMV pp65-derived NLVPMVATV peptide, HLA-B7 
tetramerr loaded with the CMV pp65-derived TPRVTGGGAM peptide, HLA-A2 tetramer loaded 
withh EBV BMLF1-derived GLCTLVAML peptide, HLA-B7 tetramer loaded with EBV EBNA3A-
derivedd RPPIFIRRL peptide, HLA-B8 tetramer loaded with EBV EBNA3A-derived FLRGRAYGL 
peptide,, HLA-B8 tetramer loaded with EBV BZLF1-derived RAKFKQLL peptide, HLA-A2 tetramer 
loadedd with FLU M1-derived GILGFVFTL peptide, HLA-A1 tetramer loaded with RSV M-derived 
YLEKESIYYY peptide and HLA-B7 tetramer loaded with RSV NL-derived peptide NPKASLLSL. 
HLA-A11 tetramer loaded with FLU NP-derived CTELKLSDY peptide was obtained from 
Proimmunee (Oxford, UK). All used tetramers were allophycocyanin-conjugated. In the text the 
differentt tetramers will be named after the virus, the HLA-type and the first three amino acids of 
thee peptide sequence, e.g. CMV A2 NLV tetramer. EBV-specific tetramers are directed against 
latentt epitopes {EBV B7 RPP and EBV B8 FLR, referred to as EBV-latent) or against lytic 
epitopess (EBV A2 GLC and EBV B8 RAK, referred to as EBV-lytic). 

ImmunofluorescentImmunofluorescent staining and flow cytometry 
PBMCss were washed in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) bovine serum albumin. 
500,0000 PBMCs were incubated with an appropriate concentration of tetrameric complexes in a 
smalll volume for 30 minutes at , protected from light. Fluorescent-labeled mAbs 
(concentrationss according to manufacturer's instructions) were then added and incubated for 30 
minutess at  protected from light. For analysis of expression of surface markers, the following 
antibodiess were used in different combinations: CD127 (IL-7Ra)-PE (Immunotech, Marseille, 
France),, CD27-FITC (homemade clone 3A12), CD45RA-FITC, CCR7-PE, CD27-PE, CD8-
PerCP-Cy5.55 (all BD Biosciences, San Jose, CA, USA). Cells were washed and analyzed using a 
FACSCaliburr flow cytometer and Cellquest software (BD Biosciences). 

IntracellularIntracellular cytokine staining 
Cellss were stimulated for 19 hours at 37 C with HLA-specific virus peptide, CMV antigen, FLU 
antigen,, or RSV antigen (all inactivated whole virus, 10 fil/ml; Microbix Biosystems, Toronto, 
Canada).. HLA-A2 CMV NLVPMVATV peptide, HLA-B7 CMV TPRVTGGGAM peptide, HLA-A2 
EBVV GLCTLVAML peptide, HLA-B7 EBV RPPIFIRRL peptide, HLA-B8 EBV FLRGRAYGL 
peptide,, HLA-B8 EBV RAKFKQLL peptide, HLA-A1 FLU CTELKLSDY peptide, HLA-A2 FLU 
GILGFVFTL,, HLA-A1 RSV YLEKESIYY peptide, HLA-B7 RSV NPKASLLSL peptide were 
obtainedd from IHB-LUMC peptide synthesis library facility (Leiden, The Netherlands), dissolved in 
dimethylsulfoxidee (DMSO, Merck, Darmstadt, Germany) and used in a concentration of 1.25 
ng/mll for stimulations. As negative controls, we used either HLA-B7 CMV PRVTGGGAM peptide 
(controll peptide) stimulated cells in HLA-B7 negative donors or unstimulated cells. As positive 
controls,, cells were stimulated with Staphylococcus aureus enterotoxin B (SEB, 2 ug/ml; 
ICN/Fluka,, Buchs SG, Switzerland). 
Alll stimulations were performed in a final volume of 1 ml RPMI 1640 (Life Technologies, 
Rockville,, MD) containing 10% heat-inactivated FCS, anti-human CD28 lgG1 (2 ng/ml, final 
concentration)) and anti-CD29 (TS2/16)18 (1 ng/ml, final concentration). For the final 5 hours of 
culture,, 10 ng/ml (final concentration) brefeldin A (Sigma) was added. 
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Forr intracellular staining, cells were fixed in FACS lysing solution (BD Biosciences) and 
permeabilizedd in permeabilizing solution (BD Biosciences). Flow cytometric analysis was 
performedd thereafter using CD4-PE (Immunotools, Friesoythe, Germany), CD69-APC (Caltag 
Laboratories,, Burlingame, CA, USA), anti-IFN -FITC and CD8-PerCP-Cy5.5 (both BD 
Biosciences). . 

CFSECFSE labeling 
PBMCss were resuspended in PBS at a final concentration of 5-10 x 106 cells/ml. PBMCs were 
labeledd with 0.5 JJM (final concentration) of 5,6-carboxyfluorescein diacetate succinimidyl ester 
(CFSE;; Molecular Probes) in PBS for 8-10 min at C under constant agitation. Cells were 
washedd and subsequently resuspended in IMDM supplemented with 10% human pool serum 
(BioWhittaker,, Verviers, Belgium), antibiotics and 3.57 x 10"4 % (v/v) p-mercapto-ethanol (Merck, 
Westt Point, PA) (cIMDM). 

ProliferationProliferation assays 
Totall PBMCs were labeled with CFSE and cultured in cIMDM for 6 days. Cells were stimulated 
withh virus-specific peptide alone (1.25 ng/ml), with CMV-antigen, FLU-antigen, or IL-2 (50U/ml, 
Biotest)) alone, or combinations of CMV-peptide with CMV-antigen, FLU-peptide with FLU-antigen 
orr EBV-peptide with IL-2. Additionally, cells were stimulated with IL-7 (10 ng/ml, Strathmann 
biotecc Ag, Hamburg, Germany) or IL-15 (10 ng/ml, R&D, Minneapolis, MN). As negative control 
wee used non-stimulated, CFSE labeled cells. 
Thee precursor frequency can be defined as the proportion of the original T cell input that 
respondedd by dividing one or more times. The precursor frequency was calculated as follows: 
[Zn>1(Pn/2

n)]/[Zr,ïo(Pn/2")]ll where n is the division number that cells have gone through and Pn is 
thee number of cells in division n. The mean number of divisions of the divided cells was 
calculatedd as follows: [Znï1(n P„/2n)]/[ Znï1(P„/2")]19. 

StatisticalStatistical Analysis 
Thee two-tailed Mann-Whitney test was used for analysis of differences between groups. The 
Wilcoxonn matched pairs test was used for analysis of differences within groups. P values less 
thann 0.05 were considered statistically significant. 

Result s s 

FrequenciesFrequencies of virus-specific CD8+ T cells are affected by CMV 

Previouss studies from our group showed that immunocompromised renal transplant 

recipientss have higher numbers of CMV-specific CD8+ T cells in the peripheral blood 

compartmentt compared to healthy individuals16. In this study, we wanted to investigate 

whetherr other virus-specific CD8+ T cells are also affected during the course of 

transplantation.. Simultaneously with CMV, CD8+ T cells specific for EBV, FLU and RSV 

weree analyzed by means of HLA-based tetramer staining. EBV-specific cells are directed 

againstt latent epitopes (EBV B7 RPP and EBV B8 FLR, referred to as EBV-latent) or 

againstt lytic epitopes (EBV A2 GLC and EBV B8 RAK, referred to as EBV-lytic). 

Cryopreservedd PBMCs from time points before transplantation (pre Tx) and 1 year after 

transplantationn (after Tx) were used. 
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Inn lin e wit h previou s data , in CMV-seropositiv e patient s frequencie s of CMV-specifi c 

CD8++ T cell s clearl y increase d after transplantatio n rangin g fro m 0.1%-6.8% befor e to 

0.2%-20.3%% after transplantatio n (Fig . 1A-B) . Interestingly , frequencie s of CD8+ T cell s 

specifi cc  for EBV decrease d after transplantation . Althoug h the decreas e of EBV-laten t 

specifi cc  CD8+ T cell s was not significant , in onl y 2 out of 12 patient s an increas e in thes e 

cell ss  was observed . Frequencie s of FLU-specifi c CD8+ T cell s were low , but detectabl e 

inn 8 out of 10 patient s and also decline d durin g the cours e of transplantation . 
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FigureFigure  1: Frequencies  of  CMV-specific  cells  increase  whereas  memory  T cells  specific  for 
otherother  viruses  decrease  one year  after  transplantation.  (A) Increase of CMV-specific CD8* T 
cellscells and decrease in EBV-specific CD8* T cells one year after transplantation in one patient and 
decreasedecrease in FLU and RSV-specific CD8* T cells in another patient. Numbers indicate the 
percentagepercentage of virus-specific cells within CD8* T cells. (B) Graph shows the changes in 
frequenciesfrequencies of combined CMV- EBV-latent, EBV-lytic, FLU- and RSV-specific CD8* T cells from 
CMV-seropositiveCMV-seropositive renal transplant patients before and one year after transplantation. (C) Similar 
inin absolute numbers. *=significant difference, p<0.05 
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RSV-specificc CD8+ T cells could be detected in 4 out of 11 patients at very low 

percentagess and frequencies decreased in 2 patients. When absolute numbers of virus-

specificc CD8+ T cells were calculated, the only change that remained significant was the 

increasee of CMV-specific CD8+ T cells one year after transplantation (Fig. 1C). 

Basedd on the above observations, we hypothesized that virus-specific CD8+ T cells 

competee for space in the peripheral compartment with CMV-specific CD8+ T cells being 

dominantt over EBV- and FLU-specific CD8+ T cells. To test this hypothesis, we analyzed 

aa group of CMV-seronegative patients (i.e. CMV-seronegative recipients of a CMV-

seronegativee kidney) and a group of patients experiencing a primary CMV-infection (i.e. 

CMV-seronegativee recipients of a CMV-seropositive kidney). 

Inn the absence of CMV, the decrease of EBV-specific CD8* T cells found in CMV-

seropositivee patients was not observed. Although not significant, in 5 out of 6 CMV-

seronegativee patients even an increase in EBV-latent specific CD8+ T cells was 

observedd and in 7 out of 11 patients EBV-lytic specific CD8+ T cells increased (Fig. 2A-

B). . 

11 P ~*- oJ 1 1 
Pree Tx After Tx Pre Tx After Tx 

FigureFigure  2: EBV-specific  CD8* T cells  do not  decrease  in  frequency  during  the course  of 
transplantationtransplantation  in  CMV-seronegative  individuals.  (A) One representative CMV-seronegative 
patientpatient is shown, in which frequencies of EBV-specific CD8* T cells increased after 
transplantation,transplantation, while frequencies of FLU-specific CD8* T cells remained relatively stable. (B) 
GraphGraph shows the changes in frequencies of combined EBV-latent, EBV-lytic and FLU-specific 
CDS** T cells from CMV-seronegative renal transplant patients before and one year after 
transplantation.transplantation. (C) Similar in absolute numbers, '^significant difference, p<0.05 
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Overalll frequencies of FLU-specific CD8+ T cells remained relatively stable over time in 

CMV-seronegativee patients, although individual changes occurred. In general, no 

changess in absolute numbers of EBV and FLU-specific CD8+ T cells were observed 

duringg the course of transplantation (Fig. 2C). 

Inn patients with a primary CMV-infection, short after the peak of the CMV-viral load when 

CMV-specificc CD8+ T cells appeared in the circulation, in all patients a decrease in EBV-

latentt and EBV-lytic specific CD8+ T cells was observed. As expected, the frequency of 

CMV-specificc CD8+ T cells declined when CMV-infection is under control of the immune 

systemm and CMV-viral load is undetectable (Fig. 3A). This decrease in CMV-specific 

CD8++ T cells did not result in restoration of the frequencies of EBV-specific CD8+ T cells 

withinn CD8+ T cells (Fig. 3B). Absolute numbers of CMV-specific CD8+ T cells did not 

decreasee after the peak of viral infection. The absolute number of EBV-specific CD8+ T 

cellss dropped at the peak of CMV-infection, but during the follow-up period, absolute 

numberss returned to levels similar to before transplantation (Fig. 3C). 

BB C 

FigureFigure  3: During  primary  CMV-infection,  EBV-specific  CD8* T cells  decline  in  frequency 
whenwhen  CMV-specific  CD8* T cells  appear.  (A) Dot plots of one representative patient with a 
primaryprimary CMV-infection showing frequencies of CMV and EBV-specific CD8* T cells at different 
timetime points. (B) Graph shows the changes in frequencies of combined CMV-, EBV-latent and 
EBV-lyticEBV-lytic specific CD8* T cells from renal transplant patients with a primary CMV-infection before 
transplantation,transplantation, just after the peak of the CMV-viral load and one year after transplantation. (C) 
SimilarSimilar in absolute numbers. 

CMV-infectionCMV-infection also affects numbers of total CD8* T cell population 

CMVV not only affected frequencies of virus-specific CD8+ T cells, but also the total CD8+ 

TT cell population. Before transplantation, CMV-seropositive patients had higher 
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frequenciess of total CD8+ T cells compared to CMV-seronegative patients. This effect of 

CMVV on the total CD8 population was corroborated in patients with a primary CMV-

infectionn as percentages of CD8+ T cells were similar to CMV-seronegative patients 

beforee transplantation but comparable to CMV-seropositive patients after transplantation 

(Fig.. 4A). During the course of transplantation, frequencies of CD8+ T cells in CMV-

seropositivee patients clearly increased while only a slight augmentation was detected in 

CMV-seronegativee patients (Fig. 4A). In absolute numbers, CD8+ T cells increased in 

CMV-seropositivee patients and in patients with a primary CMV-infection but not in CMV-

seronegativee patients (Fig. 4B). 
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FigureFigure 4: Frequencies and absolute numbers of total CD8* T cell population are affected by 
CMVCMV seropositivity. (A) Frequencies and (B) absolute numbers of total CD8* T cells are shown 
inin the three groups of patients before and one year after transplantation. *=significant difference, 
p<0.05 p<0.05 

PhenotypicPhenotypic changes of virus-specific CD8* T cells 

Too characterize virus-specific CD8+ T cells, cell surface expression of CD27, IL-7Ra, 

CD45RAA and CCR7 was analyzed. 

Thee phenotype of CMV-specific CD8* T cells before transplantation was as described 

before,, being all CCR7', with a variable expression of CD27, IL-7Ra and CD45RA16;20;21 

(Fig.. 5A-C). One year after transplantation, CMV-specific CD8+ T cells were in almost all 

patientss enriched in the CD27"IL-7Ra" population and a higher percentage of cells 

expressedd CD45RA (Fig. 5 and data not shown). In patients with a primary CMV-

infection,, early circulating CMV-specific CD8+ T cells had a CD27+IL-7Ra"CD45RA" 

phenotypee (gamadia blood 2003). However, when the infection waned and viral load 

becamee undetectable, CD27 expression decreased, a small fraction of the CMV-specific 
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CD8++ T cell s expresse d IL-7Ra (rang e 0-15%) and CD45RA was re-expresse d (rang e 

44%% - 100%) (data not shown) 21;22. EBV-laten t specifi c CD8+ T cell s had a CCR7"CD27 + 

IL-7Ra+CD45RA~~ phenotyp e befor e transplantation . Durin g the cours e of 

transplantation ,, minima l phenotypi c change s occurred . Only in CMV-seropositiv e 

patients ,, EBV-laten t specifi c CD8+ T cell s slightly , but significantl y change d to a mor e 

CD27""  phenotyp e (Fig . 5B). Befor e transplantation , EBV-lyti c specifi c CD8+ T cell s 

displaye dd a CCR7~CD27+IL-7Ra+,XD45RA~ phenotype . 
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Here,, in CMV-seropositive individuals, the expression of IL-7Ra increased in 8 out of 11 

patientss during the course of transplantation (Fig. 5C). This increase was also seen in 

CMV-seronegativee patients but not in primary CMV infected individuals (p=0.01 and 

p=0.566 respectively, data not 

shown). . 

FLU-- and RSV-specific CD8+ T cells displayed high expression of CD27 and IL-7Ra but 

loww expression of CCR7 and CD45RA21;23;24. Unfortunately, frequencies of FLU- and 

RSV-specificc CD8+ T cells were too low to draw conclusions about their phenotypic 

changess during the course of transplantation. 

A A 
p=0.0004* * p=O002--

B B p=0.025' ' 

p=0.002' ' p=o.oor r 

Q Q 
o o 
D D 
Ü Ü 

100--

75--

bU--

25--

n--

p=0.0007* * 
I I 

VWVW~ ~ 

I I 

» i i 

* : : 
~r * * 
AA A 

AA A 
A A 

p=0.37 7 

* * 
T T 

T T 

^ ^ 

p=0.016* * 
II  I 

oü ü 

° T 3 --
Q° ° 

Q Q 
O O 
2 2 

an an 

00--

75--

50--

25--

n--

p=o.oor r 

, , 

, , 

11

ii

i i 

A A 

A A A 

A A 

A A 
A A 

p=0.58 8 

* * * 

T T 

t< t< 

p=0.016* * 
II I 

D D 

 D 

nn n 

c c 
 100' 

> > 
O O 

Q Q 
O O 

75 5 

25--

> > 
5 5 
O O 

p=0.002* * 
II I 

> > 
Ü Ü 

> > 
O O 

p=0.08 8 

I AA  »;T 

o o 
E E 

o o a a 
> > 
'S. 'S. 
O O 
E E 
a. a. 

p=0.81 1 

»,** »,** 
OD--

> > 
5 5 
O O 

> > 
5 5 
O O 

> > 
O O 

> > 
u u 

ü ü 
E E 

> > 
O O 
E E 

CL CL 

D. . 

> > 
O O 

o o 

> > 
5 5 
O O 

Q . . 

> > 
ü ü 

o o 

> > 
O O 

O . . 

ü ü 
E E 

> > 
o o 
E E 

FigureFigure  6: The phenotype  of  total  CD8* T cells  changes  during  transplantation  only  in  CMV-
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CMVCMV also affects the phenotype of the total CD8+ T cell population 

Sincee in CMV-seropositive individuals we observed changes in frequencies and absolute 

numberss of total CD8+ T cells, we wondered whether this was reflected in their 

phenotype.. As shown before25, presence of CMV in the system had a major effect on the 

totall CD8+ T cell population. In CMV-seropositive patients, total CD8+ T cells had lower 

expressionn of CD27 as well as IL-7Ra before transplantation compared to CMV-

seronegativee patients (Fig. 6A-B). Like we observed for the CD8+ T cell frequencies, with 

respectt to expression of CD27, patients experiencing a primary CMV-infection 

resembledd CMV-seronegative patients before transplantation and CMV-seropositive 

patientss after transplantation. During the course of transplantation, expression of both 

CD277 and IL-7Ra decreased even further in CMV-seropositive but not in CMV-

seronegativee individuals. Expression of IL-7Ra was lower in patients with a primary 

CMV-infectionn (p=0.025) than in patients that were CMV seropositive before 

transplantation.. CD45RA increased significantly in CMV-seropositive patients during the 

coursee of transplantation (Fig. 6C). 

CytokineCytokine production by virus-specific T cells 

Ass we observed changes in frequencies and phenotype of virus-specific CD8+ T cells 

duringg transplantation, we wanted to investigate whether functional properties of virus-

specificc T cells were also affected. IFN-y produced by virus-specific T cells plays an 

importantt role in the defense against viruses. The capacity of virus-specific CD8+ T cells 

too produce IFN-y after virus-specific peptide stimulation was studied by means of 

intracellularr cytokine staining. IFN-y production by CMV-specific CD8+ T cells did not 

increasee after transplantation in CMV-seropositive patients despite their increased 

frequencies.. Noteworthy, in primary CMV infected patients, only 2 out of 5 patients 

showedd an IFN-y response at the peak of the CMV-viral load (data not shown). 

Inn concordance with the above described data concerning frequencies of virus-specific 

CD8++ T cells, a decrease in EBV-fytic specific IFN-y production was observed after 

transplantationn in CMV-seropositive patients and patients with a primary CMV-infection 

(Fig.. 7A). Also upon FLU-specific peptide stimulation, in CMV-seropositive patients IFN-y 

productionn by CD8+ T cells significantly decreased after transplantation (p=0.04, data not 

shown).. IFN-y production by RSV-specific CD8+ T cells was very low but decreased in 4 

outt of 7 CMV-seropositive patients (data not shown). Although also frequencies of EBV-

latentt specific CD8+ T cells decreased in CMV-seropositive patients, no changes in IFN-y 

productionn by these cells were found (data not shown). 

Sincee class II tetramers are not widely available yet, frequencies of virus-specific CD4+ T 

cellss are usually measured by intracellular cytokine staining after stimulation with viral 

antigen.. Since this assay is based on functionality it will most likely underestimate the 

actuall number of virus-specific cells. Additionally it is impossible to determine whether a 

decreasee in cytokine production represents a decline in virus-specific CD4+ T cell 

numberss or a decrease in their capacity to produce the cytokine analyzed. 
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Inn 9 out of 12 CMV-seropositive patients, IFN-y production upon CMV-antigen 

stimulationn decreased but this was not significant (p=0.19, data not shown). FLU-specific 

CD4++ T cell IFN-y production declined after transplantation irrespective of the CMV 

serostatuss of the patient (Fig. 7B). Hardly any IFN-y production after RSV-antigen 

stimulationn could be measured and EBV antigen was not available so no results were 

obtainedd on RSV- and EBV-specific CD4+ T cells. 
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FigureFigure  7: EBV-lytic  specific  CD8* IFN-y production  decreased  in  CMV-seropositive  patients 
andand  FLU-specific  CD4* IFN-y production  decreased  in  all  patients.  Graphs show the 
percentagespercentages of CD69* IFN-y T cells after intracellular cytokine staining before and one year after 
transplantationtransplantation (background levels subtracted). (A) IFN-y production by CD8* T cells upon 
stimulationstimulation with EBV-lytic peptide (B) IFN-y production by CD4* T cells upon stimulation with FLU 
antigen.antigen. *=significant difference, difference, p<0.05 
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ProliferationProliferation of virus-specific CD8+ T cells 
Anotherr important function of memory T cells is the ability to proliferate upon antigenic 
stimulation.. By labeling with CFSE, cell divisions can be visualized and precursor 
frequenciess can be calculated, defined as the proportion of the original T cell population 
thatt has divided. Combining tetramer staining and CFSE labeling, we investigated the 
capacityy of different virus-specific CD8+ T cells to proliferate upon peptide stimulation 
alonee or in combination with antigen. Because EBV antigen was not available, we used 
IL-22 to mimic antigen stimulation. 
Cellss cultured in medium alone did not proliferate (data not shown). Stimulation with 
peptidee alone occasionally resulted in limited division of CMV- and EBV-specific cells 
andd no changes in proliferative capacity after transplantation could be observed (data 
nott shown). However, stimulation with virus-specific peptide and antigen or IL-2 together 
resultedd in strong proliferation of virus-specific cells. Overall, no differences in 
proliferativee capacity were observed after transplantation, although large inter-individual 
changess were observed (data not shown). 
Ass it is known that memory T cells need IL-7 and/or IL-15 for survival and homeostatic 
proliferation,, cells were cultured in the presence of these homeostatic cytokines. Only a 
smalll fraction of CMV-specific CD8+ T cells proliferated when cultured in the presence of 
IL-77 but the precursor frequency upon IL-15 stimulation was higher in 4 out of 5 patients 
(dataa not shown). In line with their slightly higher IL-7Ra expression (p=0.04), EBV-latent 
specificc CD8+ T cells proliferated better upon IL-7, but also IL-15, than EBV-lytic CD8+ T 
specificc cells. In concordance with their respective changes in IL-7Ra expression after 
transplantation,, IL-7 stimulation induced higher proliferation of EBV-lytic specific CD8+ T 
cellss but lower proliferation of EBV-latent specific CD8+ T cells one year after 
transplantationn (data not shown). Because of low frequencies of FLU- and RSV-specific 
CD8++ T cells reliable precursor frequencies could not be calculated. 
Inn the total CD8+ T cell pool we were able to study the proliferation induced by IL-7 and 
IL-15.. No differences in precursor frequencies were detected before and after 
transplantationn as the changes were inconsistent between individuals, some showing an 
increasedd and others a decreased proliferation (data not shown). 

Discussio n n 

Becausee of the availability of a large cohort or renal transplant recipients, we had the 
opportunityy to study the changes that occur in virus-specific memory T cells during the 
firstt year after transplantation. In this period, the immune system has to adapt to the new 
situationn in which immunosuppressive drugs are taken. This has especially 
consequencess for immune control of persistent viruses as a new balance has to be 
formedd between the host immune system and the latent virus. We already showed 
before,, that CMV-specific T cells are found in higher frequencies in renal transplant 
recipientss compared to healthy individuals16. In this study we analyzed, next to CMV-
specificc cells, EBV-, FLU- and RSV-specific cells before and one year after 

103 3 



Chapterr 6 

transplantation.. Indeed we found a significant increase in both percentages and absolute 
numberss of CMV-specific CD8+ T cells. In contrast, CD8+ T cells specific for EBV, FLU 
andd RSV decreased in these patients. However, in CMV-seronegative patients, this 
decreasee was not observed and there EBV-specific CD8+ T cells even increased in most 
patients.. Therefore we concluded that the decline in virus-specific cells other than CMV 
inn CMV-seropositive donors was not a direct consequence of the changed 
immunocompentencee of the donor but rather a result of the increase in CMV-specific 
CD8++ T cells. The existence of a kind of competition between virus-specific T cells was 
confirmedd in patients experiencing a primary CMV-infection where EBV- and FLU-
specificc CD8+ T cell frequencies dropped as soon as CMV-specific CD8+ T cells 
appearedd in the circulation and did not return to their original values. 
Thesee data resemble findings in murine studies where new infections also resulted in 
permanentt loss of pre-existing memory T cells (reviewed in12). Similar studies have not 
beenn performed in humans as these can not deliberately be infected and primary 
infectionn is often hard to recognize. In humans it has been shown that both CMV- and 
EBV-specificc CD8+ T cells increase with age but that the increase in EBV-specific CD8+ 

TT cells is abolished in CMV-seropositive individuals26. The question arises why 
specificallyy CMV-specific cells seem to overrule CD8+ T cells with different specificities. 
CMVV is a persistent virus and it has been described that these type of viruses cause the 
mostt profound memory T cells loss and that this is a continuously ongoing process13. 
Indeedd in murine CMV-infection virus-specific CD8+ T cells continued to accumulate over 
time.. However, EBV is also a persistent virus and still EBV-specific CD8+ T cells seem to 
bee subordinate to CMV-specific cells. An explanation could be that EBV and CMV, 
althoughh both persistent viruses, differ in the type of persistence they establish in the 
host.. EBV is a virus that becomes latent and reactivates only periodically resulting in 
limitedd T cell stimulation. In contrast, CMV causes a more smoldering infection with 
ongoingg low-level viral replication. Another factor that could be involved is that CMV is a 
viruss with strong immune-evasive properties and during evolution there have been 
mutuall adaptations between the virus and the human immune system2728. Therefore it 
cann be imagined that the immune system has to put more effort in the control of CMV 
comparedd to other viruses. A final reason could be the quite large reservoir of CMV 
duringg the latency stage, as CMV establishes latency in cells of the myeloid lineage and 
inn endothelial cells which are both abundantly present. Consequently, T cells will 
regularlyy come into contact with CMV-antigens, not only because the virus undergoes 
continuouss low-level replication but also because of its abundant spread in the body. 
Whenn we investigated the total CD8+ T cell population this showed an increase during 
thee first year of transplantation only in CMV-seropositive donors. It is unknown whether 
thiss reflects the increase in CMV-specific T cells only, but there are a few reasons 
supportingg this hypothesis. First, we showed that T cells specific for EBV, FLU and RSV 
aree definitively not involved. Second, to measure CMV-specific CD8+ T cells we used 
tetramerss containing just one peptide of CMV and despite this restriction quite high 
frequenciess could be detected. Furthermore, next to the T cells we studied, specific for 
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thee immunodominant pp65 epitope of CMV, T cells specific for other proteins of CMV, 

likee Immediate Early 1, also contribute significantly to the CMV-specific immune 

response29.. This all suggests that CMV-specific cells are responsible for the changes 

seenn in the total CD8+ T cell pool. Also phenotypic analysis supports this, since in CMV-

seropositivee patients total CD8+ T cells are enriched for CD27"IL-7Rct CD45RA+ cells 

(Fig.. 6) and this phenotype is most prominent within CMV-specific CD8+ T cells16120. It 

hass been described before that CMV-infection induces this population within CD8+ T 

cells255 and we now showed that this even increased in renal transplant recipients during 

immunosuppressionn as was also described in HIV-patients30. 

InIn a previous study, we showed that in CMV-seropositive renal transplant patients who 

experiencedd a CMV-reactivation, the percentage of CMV-specific CD8+ T cells increased 

andd that these cells acquired a more differentiated CD27" phenotype31. In the cohort we 

noww studied, no more apparent changes in CMV-specific CD8+ T cells were observed in 

patientss experiencing CMV-reactivation than in patients without reactivation (data not 

shown).. This implies that the level of viral replication below the detection of our PCR is 

sufficientt to induce the increase and differentiation of the CMV-specific cells. 

Concerningg the cytokine production, no increase was found in the percentage of CMV-

specificc CD8+ T cells that produced IFN-y. This suggests that CMV-specific CD8+ T cells 

newlyy formed under immunosuppression are less capable of producing IFN-y. The 

decreasee in frequencies of EBV-lytic and FLU-specific CD8+ T cells was reflected in 

lowerr IFN-y production. The decline in IFN-y producing FLU-specific CD4+ T cells in all 

patientss can be explained by the notice that in general CD4+ memory T cells are not 

maintainedd as well as CD8+ memory T cells32. Moreover, FLU-specific T cells have been 

describedd to deteriorate in elderly individuals2633 and as all the changes we observed 

duringg the first year after transplantation resemble those during aging, this might be 

similarr too. 

Withh respect to the proliferative capacity of the virus-specific memory T cells no changes 

weree observed in the response to antigenic stimulation despite start of 

immunosuppressivee medication. The changes in proliferation of virus-specific cells upon 

stimulationn with IL-7 were directly correlated to the changes in expression of the IL-7Ra. 

Thee lower the expression of the receptor on a cell population, the fewer cells started to 

dividee after stimulation, as showed before21. This was not found for the total CD8+ T cell 

populationn however, as precursor frequencies remained unchanged after transplantation 

althoughh the percentage of IL-7Ra+ CD8+ T cells decreased. 

Inn conclusion, we here show that during the first year after renal transplantation the 

homeostasiss of virus-specific memory T cells changes since CMV-specific CD8+ T cells 

expandd at the cost of memory T cells with different specificities. Whether this competition 

iss due to limited physical space, availability of homeostatic cytokines or both is unclear. 
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Abstrac t t 

Cytotoxi cc  CD4+CD28 T cell s for m a rare subse t in huma n periphera l blood . The 

presenc ee of CD4+CD28"  cell s has been associate d wit h chroni c vira l infections , 

bu tt  how thes e particula r cell s are generate d is unknown . In thi s study , we sho w 

tha tt  in primar y CMV infections , CD4+CD28"  T cell s emerg e jus t afte r cessatio n of 

th ee vira l load , indicatin g tha t infectio n wit h CMV trigger s th e formatio n of 

CD4+CD28""  T cells . In lin e wit h this , we foun d thes e cell s onl y in CMV-infecte d 

persons .. CD4+CD28 cell s had an antigen-prime d phenotyp e and expresse d th e 

cytolyti cc  molecule s granzym e B and perforin . Importantly , CD4+CD28 cell s wer e 

too a larg e exten t CMV-specifi c becaus e proliferatio n was onl y induce d by CMV 

antigen ,, bu t no t by recal l antigen s suc h as purifie d protei n derivativ e or tetanu s 

toxoid .. CD4*CD28~ cell s onl y produce d IFN-y afte r stimulatio n wit h CMV antigen , 

wherea ss CD4+CD28+ cell s als o produce d IFN-y in respons e to varicell a zoste r viru s 

andd purifie d protei n derivative . Thus , CD4+CD28 T cell s emerg e as a consequenc e 

off  CMV infection . 

Introductio n n 

Withinn the circulating human CD4+ T cell population, a subset of cytotoxic cells has 

recentlyy been described1. These cells express the cytolytic molecules perforin and 

granzymee B (grB) and have no expression of the costimulatory molecules CD28 and 

CD277 or the chemokine receptor CCR7. CD4+CD28 T cells have been reported to be 

expandedd in patients with rheumatoid arthritis (RA), especially in those with extra-

articularr inflammatory lesions and rheumatoid vasculitis2. CD4+CD28" T cells in RA have 

aa limited TCR diversity, suggesting that they recognize only a few antigens34. 

Additionally,, in patients with unstable angina, high numbers of CD4+CD28" IFN-y-

producingg cells have been described, which were able to effectively lyse endothelial cells 

andd thereby possibly contribute to plaque destabilization56. Finally, an increased 
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percentagee of CD4+CD28 T cells was found in the circulation of elderly individuals, but 

exceptionss indicated that other factors besides age may be involved in the generation of 

thesee cells78. 

Thee origin and specificity of CD4+CD28" T cells is unknown. Because the percentage of 

CD4+CD288 cells varied among individuals but was generally higher in HIV-infected 

individuals,, Appay et al.1 suggest that the presence of these cells is related to chronic 

virall infections. In patients with RA and in the elderly, the expansion of CD4+CD28~ and 

CD8+CD28~~ T cells has been described to be associated with CMV infection9"11. Human 

CMVV is a widespread member of the p-herpesvirus family that persists in the host in a 

latentt state after primary infection. In healthy individuals, virus and host exist in a 

symbioticc equilibrium, such that infectious disease manifestations are hardly 

encountered.. However, when the immune system is compromised, for example in HIV-

infectedd individuals or in transplant recipients, CMV infection can lead to a number of 

diseasee symptoms12. Although CD8+ T cells are believed to be most important in 

controllingg CMV infection, CD4+ T cells also play a role in the defense. Previously, we 

showedd that during primary CMV infection, virus-specific CD4+ T cells precede the 

appearancee of both specific Abs and virus-specific CD8+ T cells in renal transplant 

recipients1314.. In symptomatic primary CMV infection, CMV-specific IFN-y-producing 

CD4++ T cells were delayed and only appeared after antiviral therapy, suggesting that 

CD4++ T cells are indispensable in protection against CMV disease14. 

CMVV infection exerts a profound effect on the CD8+ T cell pool that persists long after 

primaryy infection915"17. In CMV carriers, increased percentages and absolute numbers of 

circulatingg cytolytic CD8+CD45RA+CD27 T cells have been detected that were not 

observedd after EBV or varicella-zoster virus (VZV) infection nor after vaccination with 

measles-mumps-rubella18. . 

Thee fact that CMV infection leaves a fingerprint within the CD8+ T cell compartment 

togetherr with the observations that CD4+CD28^ T cells are predominantly found in CMV-

infectedd individuals prompted us to analyze emergence and specificity of CD4+CD28 T 

cellss in primary CMV infection and during latency. 

Material ss  & Method s 

Subjects Subjects 
Healthyy CMV-seronegative <n=13) and -seropositive (n=15) healthy volunteers as well as CMV-
seronegativee (n=7) and -seropositive (n=26) renal transplant recipients {at least one year after 
transplantation)) were included in this study. The renal transplant patients were treated with basic 
immunosuppressivee therapy consisting of prednisolone, mycophenolate mofetil, and 
cyclosporine.. In addition, we longitudinally studied 4 renal transplant recipients who were CMV 
seronegativee before transplantation and who received a kidney from a CMV-seropositrve donor13. 
Alll patients gave written informed consent, and the study was approved by the local medical 
ethicss committee. 

111 1 



Chapterr 7 

PBMCs PBMCs 
Heparinizedd peripheral blood samples were collected, and PBMCs were isolated using standard 
densityy gradient centrifugation techniques and subsequently cryopreserved until the day of 
analysis. . 

CMV-PCR,CMV-PCR, anti-CMV IgG, and anti-EBV IgG 
Quantitativee PCR was performed in EDTA whole blood samples as described before19. To 
determinee CMV serostatus, anti-CMV IgG was measured in serum using the AxSYM microparticle 
enzymee immunoassay (Abbott Laboratories, Abbott Park, IL) according to the manufacturer's 
instructions.. Measurements were calibrated relative to a standard serum. The EBV serostatus 
wass investigated by determination of IgG to both EBV viral capsid antigen and Epstein-Barr 
nuclearr antigen by ELISA {Biotest, Dreieich, Germany). 

ImmunofluorescentImmunofluorescent staining and flowcytometry 
PBMCss were washed in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) BSA. A total of 
200,0000 PBMCs were incubated with fluorescent-labeled conjugated mAbs (concentrations 
accordingg to manufacturer's instructions) for 30 min at . For analysis of expression of surface 
markers,, the following mAbs were used in different combinations: CD4-PerCP, CD4-PerCP 
Cy5.5,, CD4-allophycocyanin, CD25-PE, CD27-PE, CD28-PE, CD45RA-FITC, CD45R0-PE, 
CD49d-PE,, CD57-FITC, CD69-FITC, anti-HLA-DR-FITC, anti-TCRy5-FITC, and Streptavidin-
allophycocyaninn (all from BD Biosciences, San Jose, CA); CD4-allophycocyanin, CD45RA-biotin, 
andd CCR7-PE, (all from BD Pharmingen, San Diego, CA); CD11a-FITC CD11b-FITC, CD11c-R-
PE,, and CD18-FITC (all from DAKO, Glostrup, Denmark); CD27-biotin, CD28-FITC, CD49f-FITC, 
andd CD54 unlabeled (all from Sanquin, Amsterdam, The Netherlands); anti-CXCR3 (R&D 
Sytems,, Minneapolis, MN); CD69- allophycocyanin (Caltaq Laboratories, Burlingame, CA); 
CD49e-FITCC (Chemicon Europe, Chandlers Ford, U.K.); and anti-TCR -FITC (Instruchemie, 
Delfzijl,, The Netherlands). To stain unlabeled monoclonals, goat anti-mouse Ig-R-PE (Southern 
Biotechnologyy Associates, Birmingham, AL) was used and for blocking normal mouse serum 
(Sanquin)) was added before the rest of the staining was performed. Stainings for chemoattractant 
receptorr of Th2 cells (CRTh2)-PE and CCR5-allophycocyanin (both from BD Biosciences) were 
performedd on whole blood at room temperature followed by lysis of red cells with lysing solution 
(BDD Biosciences). Cells were washed in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) BSA 
andd were analyzed using a FACSCalibur flow cytometer and Cehquest software (BD 
Biosciences). . 

IntracellularIntracellular grB, perforin, and cytokine staining 
Forr intracellular staining, cells were fixed in FACS lysing solution (BD Biosciences) and 
permeabilizedd (BD Biosciences). Cells were then incubated with anti-grB-PE (Sanquin) or anti-
perforin-FITCC (BD Biosciences) mAbs, according to manufacturer's instructions. Flowcytometric 
analysiss was performed thereafter. For cytokine stainings, cells were first stimulated for 6 h at 37 
CC with CMV antigen (inactivated whole virus, 10 (il/ml; Microbix Biosystems, Toronto, Canada), 

VZVV antigen (20 u.l/ml; Microbix Biosystems), purified protein derivative (PPD; 11.8 jig/ml; Statens 
Serumm Institute, Copenhagen, Denmark), or tetanus toxoid (TT; 17.6 Lf/ml; RIVM, Bilthoven, The 
Netherlands).. As positive controls, cells were stimulated with PMA (1 ng/ml) / ionomycin (1 ng/ml) 
(Sigma-Aldrich,, St. Louis, MO) or Staphylococcus aureus enterotoxin B (SEB; 2 ng/ml; ICN/Fluka, 
Buchs,, Switzerland). All stimulations were performed in a final volume of 1 ml of RPMI 1640 (Life 
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Technologies,Technologies, Rockville, MD) containing 10% heat-inactivated FCS and 1 ng/ml (final 
concentration)) VLA-4 mAb (CD49d; BD Biosciences). For the final 5 h of culture, brefeldin A 
(Sigma-Aldrich)) was added to the culture in a final concentration of 10 ng/ml. After culture, the 
samee intracellular staining procedure described above was performed using anti-IFN-y-FITC, anti-
TNF-a-FITC,, anti-IL-2-FITC, and anti-IL-4-PE (all from BD Biosciences). 

CFSECFSE labelling 
PBMCss were resuspended in PBS at a final concentration of 5-10 x 106 cells/ml. PBMCs were 
labelledd with 0.5 ^M CFSE (final concentration; Molecular Probes, Eugene, OR) in PBS for 8-10 
min,, shaking at . Cells were washed and subsequently resuspended in IMDM supplemented 
withh 10% human pool serum (BioWhittaker, Verviers, Belgium), antibiotics, and 3.57 x 10"4 % (v/v) 
2-MEE (Merck, West Point, PA) (culture medium). 

ProliferationProliferation assays 
PBMCss from CMV-seropositive donors were sorted by FACSAria (BD Biosciences) into a 
CD4+CD28~~ population, a CD4+CD28+CD45RA~ population, and a CD4+CD28+CD45RA+ (naive) 
population.. These sorted cells were labeled with CFSE and left in culture medium for 4 days. 
Cellss were cultured in the presence of autologous PBMCs that were, before irradiation, cultured 
forr 5 h with CMV antigen, PPD, or TT or in just medium. All stimulations were performed in both 
thee absence and presence of IL-2 (50 U/ml; Biotest). Control stimulations consisted of medium 
only,, IL-2 only, autologous irradiated PBMCs only, or autologous irradiated PBMCs with IL-2. As 
aa positive control, cells were stimulated with PHA (Life Technologies) for 3 days. 

AmplificationAmplification of CDR3 regions 

cDNAA was synthesized from RNA from equal amounts of sorted CD4*CD28 and CD4+CD28+ 

cells.. PCR was performed as described previously20^1 in single TCRBV PCRs with a TCRBC 
primerr labeled with a fluorescent dye (Life Technologies; CAG GCA CAC CAG TGT GGC-FAM). 
CDR33 size distributions were visualized with the ABI Prism 3100 Genetic Analyzer (Applied 
Biosystems,, Foster City, CA). 

StatisticalStatistical Analysis 
Thee two-tailed Mann-Whitney U test was used for analysis of differences between groups. 
Statisticallyy significance was indicated by p values < 0.05. 

Result s s 

CD4CD4++CD28~CD28~ grB-expressing cells appear in peripheral blood after primary CMV infection 

Becausee the presence of cytotoxic CD4+CD28" T cells in the circulation seems to be 

associatedd with chronic viral infections1 and because prior CMV infection leaves a 

fingerprintt in the CD8+ T cell pool915"18, we investigated the involvement of CD4+CD28 

cellss in CMV infection. Therefore, we longitudinally studied CMV-seronegative recipients 

off a CMV-seropositive kidney graft who experienced a primary CMV infection. As 

describedd before, the first sign of specific immunity to CMV is the appearance of IFN-y-

producingg CD4+ T cells in the circulation around the peak of the viral load, followed by 

specificc Abs and CMV-specific CD8+ T cells1314. Interestingly, we found that only after 
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cessationn of the viral load an increase was observed in CD4+CD28" T cells expressing 

thee cytolytic molecule grB (Fig. 1A). The percentage of CD4+CD28~grB+ T cells 

continuedd to increase long after the viral load became undetectable (Fig. 1B). 

pree Tx 
0.46 6 

1 1 

*J J 
..

% % 

A A 

weekss after transplantation 

FigureFigure  1: CD4*CD28~grB*  T cells  appear  in  the peripheral  blood  after  primary  CMV 
infection. infection. 
(A)(A) Dot plots gated on total CD4* T cells show the appearance of CD28~grB* cells after cessation 
ofof the viral load in a primary CMV infection. The numbers in the indicated quadrants represent the 
percentagepercentage within total CD4* T cells. Pre Tx indicates pretransplantation time point; wk 01, 11, 15, 
18,18, 46 indicate weeks after transplantation. Representative flow cytometric analysis of one of four 
patientspatients is shown. (B) The upper graph shows the kinetics of the viral load (CMV DNA, copies/ml; 
m)m) during primary CMV infection. The lower graph shows the percentages of CD28~grB* cells (left 
y-axis;y-axis; A) and IFN-y-producing cells upon CMV stimulation (right y-axis;  within CD4* T cells. 
TheThe data shown are representative for one of four patients. 

Thee increase in CD4+CD28~grB+ T cells during primary CMV infection was not seen in 

renall transplant recipients who remained seronegative for CMV, excluding that either the 

allograftt itself or initiation of immunosuppressive drugs caused the appearance of 

cytotoxicc CD4+ T cells (data not shown). The presence of CD4+CD28~grB+ cells was also 

nott affected by episodes of acute allograft rejection (data not shown). This important 

findingg indicates that CMV infection is the key factor that causes the large increase in the 

percentagee of cytotoxic CD4+CD28~grB+ T cells. CD4+CD28~grB+ T cells will be referred 

too as CD4+CD28~ cells in the following paragraphs. 

TheThe percentage of circulating CD4*CD28~ cells is highly increased in CMV-seropositive 

individuals individuals 
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Wee next investigated whether the observed change in the composition of the CD4+ T cell 

compartmentt lasted during CMV latency. When comparing CMV-seropositive and CMV-

seronegativee renal transplant recipients, no clear differences were observed in the 

distributionn of CD4+ T cell subsets defined by CD27 and CD45RA, CCR7 and CD45RA 

orr CD45R0 and CD45RA (data not shown). However, only in CMV-seropositive patients 

aa clearly distinguishable population of CD4+CD28~CD27~ cells was found (Fig. 2). A 

populationn of cells lacking only CD27 expression was found in both groups (Fig. 2). The 

populationn of CD4+ T cells expressing grB was also larger in CMV-seropositive 

individuals,, supporting the association between lack of CD28 and the expression of 

cytolyticc molecules (Fig. 2). 

FigureFigure  2: During  latency,  CD4* T cells 
inin  CMV-seropositive  individuals  are 
CD2SCD2TCD2SCD2T and express  grB. 

CMVV - Representative flow cytometric analysis is 
shownshown of one of five CMV-seronegative 
andand five CMV-seropositive renal transplant 
recipients,recipients, respectively (at least 1 year 
afterafter transplantation). Left plots are gated 
onon total CD4* T cells; right plots are gated 

CMVV + on total lymphocytes. The numbers 
representrepresent the quadrant percentages of 
cellscells within CD4* T cells. "CMV-" indicates 
CMV-seronegativeCMV-seronegative individual, "CMV+" 
indicatesindicates a CMV-seropositive individual. 

Also,, in cohorts of both renal transplant recipients and healthy individuals the percentage 

off CD28~CD27~ cells within CD4+ T cells was significantly higher in CMV-seropositive 

individualss (Fig. 3A). Whereas the percentage CD4+CD28"CD27" T cells in CMV-

seronegativee individuals was always below 0.5 %, these percentages ranged in CMV-

seropositivee healthy individuals from 0.7 % to 6.2 % and in renal transplant recipients 

fromm 0.9 % to 61.4 % (Fig. 3A). The presence of CD28~ T cells has been associated with 

agee 8. In our study, however, the mean age of the CMV-seronegative and CMV-

seropositivee groups did not differ (32.8 vs 32.5 for the healthy individuals and 47.6 vs 

48.77 for the renal transplant patients, respectively; ns). Despite a large variation in 

percentagess of CD4+CD28XD27~ T cells in CMV-seropositive renal transplant 

recipients,, the median was significantly higher than in seropositive healthy individuals 

(p=0.0006;; Fig. 3A). This is not due to the difference in age because no relation was 

foundd between the percentage of CD4+CD28XD27" cells and age (data not shown). 

Too investigate a possible effect of other persistent viruses such as EBV on the presence 

off CD4+CD28XD27~ cells, four groups were discerned in the healthy individuals tested, 

basedd on EBV and CMV serostatus. As shown in Figure 3B, the percentage of 

CD4+CD28~CD27"" T cells was significantly higher in peripheral blood of CMV-

seropositivee individuals, independent of their EBV serostatus. This indicates that, as 
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describedd for CD8+ T cells18, CMV, and not other viruses, causes an increase in the 

percentagee of circulating cytotoxic CD4+T cells. 
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FigureFigure  3: Percentages  of  CD4*CD28~CD2T T cells  are significantly  higher  in  CMV-
seropositiveseropositive  individuals.  Percentages of CD2QCD2T cells within total CD4* T cells are shown. 
(A)(A) "Healthy" indicates healthy individuals, and "RTx" indicates renal transplant recipients at least 
oneone year after transplantation. "CMV -" indicates CMV-seronegative individuals (n=13 healthy 
andand n=7 RTx individuals), and "CMV +" indicates CMV-seropositive individuals (n=15 healthy and 
n=26n=26 RTx individuals). (B) Healthy individuals were divided into four groups according to CMV 
andand EBV serostatus. "-" indicates seronegative, "+" indicates seropositive for CMV and / or EBV. 
n=7n=7 CMV-/EBV-, n=6 CMV-/EBV+, n=2 CMV+/EBV- and n=13 CMV+/EBV+. 

CD4*CD28'CD4*CD28' T cells have the phenotype of cytotoxic antigen-experienced cells but are 

notnot recently activated 

Too gain more insight in the role of CD4+CD28" T cells in CMV infection, we further 

analyzedd the phenotype of these cells using different surface markers to classify T cells. 

Ass shown in Figure 4A, CD4+CD28~ T cells may be classified as effector memory type 

cells:: they did not express the costimulatory receptor CD27 but uniformly expressed 

CD57,, CD45R0 and not CD45RA. CD4+CD28" cells expressed the cytolytic molecules 

grBB and perforin (Fig. 4A), suggesting cytotoxic potential \ Furthermore, CD4+CD28~ T 

cellss expressed LFA-1 a- and p-chain (CD11a and CD18), macrophage adhesion 

moleculee 1 (CD11b), ICAM-1 (CD54), and VLA 4-6 (CD49d-f) and did not express 

CDD 11c. All CD4+CD28" T cells were TCR ap-positive and did not express TCR yö (data 

nott shown). CD4+CD28" T cells appeared not to be recently activated because CD69, 

CD25,, CD38, and HLA-DR were not expressed (Fig 4B). 
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AA B 

CD288  CD28

c c 

CD288

FigureFigure  4: CD4*CD28 T cells  have a primed  but  not recently  activated  phenotype.  (A) 

PhenotypePhenotype of CD4*CD28~ and CD4*CD28* cells in relation to subset markers CD27, grB, 
perforin,perforin, CD57, CD45R0 and CD45RA. (B) Phenotype of CD4*CD28' and CD4*CD28* cells in 
relationrelation to activation markers CD69, CD25, CD38 and HLA-DR. (C) Phenotype of CD4*CD28-
andand CD4*CD28* cells in relation to chemokine receptors CCR7, CRTh2, CCR5 and CXCR3. All 
dotdot plots are gated on total CD4* T cells. Representative flow cytometric analysis from four 
donorsdonors is shown, CXCR3 staining is shown from three different donors selected from a total of 
eighteight donors. 

Concerningg the expression of chemokine receptors, CD4+CD28" T cells did not express 

CCR7,, which again shows that these cells have a memory phenotype (Fig. 4C). CRTh2 

wass not expressed, whereas most cells were CCR5+, indicating a Th1 phenotype. 

Remarkably,, the expression of the inducible chemokine receptor CXCR3 on CD4+CD28" 

TT cells was highly variable (0-100%) among different donors, as shown for three donors 

inn Figure 4C. The data from the phenotypic analysis of CD4+CD28" T cells are 

summarizedd in Table I. 
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Too investigate the clonality of CD4+CD28" cells, the TCR Vp repertoire of sorted 

CD4+CD28"" T cells was determined and compared with that of CD4+CD28+ T cells. The 

CD4+CD28~~ T cell subset showed a skewed distribution of Vp subfamilies compared with 

CD4+CD28++ T cells (data not shown), indicating that CD4+CD28" T cells have clonally 

expandedd upon antigen exposure22"25. 

Tablee I: Expression of phenotypic markers on 
CD4+CD28"" cells 

marker r 

CD27 7 
CCR7 7 
CD57 7 

CD45R0 0 
CD45RA A 
granz.. B 
perforin n 
CD49d d 
CD49e e 
CD49f f 
CRTh2 2 

CD4+ + 

CD28 8 

--
--
+ + 
+ + 

--
+ + 
+ + 
+ + 
+ + 
+ + 

--

marker r 

CD11a a 
CD11b b 
CD11c c 
CD18 8 
CD54 4 
CD25 5 
CD38 8 
CD69 9 

HLA-DR R 
CXCR3 3 
CCR5 5 

CD4+ + 

CD28 8 
+ + 
+ + 

--
+ + 
+ + 

--
--
--
--

+/--
+ + 

CD4CD4++CD28~CD28~ T cells proliferate and produce cytokines upon CMV stimulation 

Too test whether CD4+CD28 T cells are CMV-specific, CD4+ T cells from a CMV-

seropositivee donor were sorted into CD28 , CD28+CD45RA~, and CD28+CD45RA+ 

populationss and were stimulated with CMV antigen, PPD, or TT in the absence or 

presencee of IL-2. Stimulation with IL-2 alone or with irradiated autologous PBMCs alone 

didd not induce proliferation of the sorted cell populations (Fig. 5). After CMV antigen 

stimulation,, CD4+CD28~ cells proliferated, and this was enhanced by addition of IL-2 

(Fig.. 5). Upon each division, CD28 was up-regulated on CD4+CD28" cells. Stimulation 

withh PPD and TT did not induce proliferation of CD4+CD28" cells, not even when IL-2 

wass added. CD28+CD45RA" cells from the same donor did proliferate upon stimulation 

withh CMV and PPD. When IL-2 was added, CD28+CD45RA cells proliferated in 

responsee to irradiated autologous PBMCs plus IL-2 without antigen26, but this was 

enhancedd when CMV, PPD, or TT was added. CD28+CD45RA+ naive cells did not 

proliferatee under any stimulatory condition (Fig. 5). As described before27, CD4+CD28", 

butt not CD4+CD28+ cells, proliferated poorly upon PHA stimulation (data not shown). 

CMVV specificity was corroborated by antigen-induced cytokine production analysis. After 

stimulationn of PBMCs from a CMV-seropositive donor with CMV antigen, only 

CD4+CD288 T cells produced IFN-y, whereas upon PMA / ionomycin or SEB stimulation, 

bothh CD28~ and CD28+ CD4+ T cells produced this cytokine (Fig. 6A and data not 

shown).. The percentage of cytokine-producing cells upon PMA / ionomycin stimulation 
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withinn CD4+CD28+ cells was lower than within CD4+CD28~ cells, which can be explained 

byy the presence of naive CD4+ cells in this fraction, which are not so efficient in 

producingg cytokines28. 
Withoutt IL-2 With IL-2 

CD28-- CD28+ CD28+ CD28- CD28+ CD28+ 
CD45RA-- CD45RA+ „ „ CD45RA- „ CD45RA+ 

CFSEE  CFSE 

FigureFigure 5: CD4*CD28~ cells proliferate upon CMV antigen stimulation but do not proliferate 
uponupon stimulation by PPD or TT. CD28~ are sorted CD4*CD28~ cells, CD28*CD45RA- are 
sortedsorted CD4*CD28*CD45RA' cells and CD28*CD45RA* are sorted CD28*CD45RA* naive cells. 
DotDot plots show CFSE profiles of the sorted cell populations after 4 days of stimulation with 
mediummedium or irradiated autologous PBMCs unloaded or loaded with CMV antigen, PPD, or TT. The 
leftleft panel shows stimulations without IL-2, the right panel shows them with IL-2. For clarity, only 
33%33% of dots are shown from the two CD28* populations; numbers indicate percentage of divided 
cells.cells. Flow cytometric analysis is displayed from one CMV-seropositive donor who was known to 
showshow a proliferative response upon PPD stimulation. Experiments in which proliferation of 
CD4*CD28CD4*CD28 cells upon CMV stimulation was tested have been performed in four different 
individualsindividuals and gave similar results. 

Too test whether cytokine production was in general restricted to CD4+CD28~ cells or 

whetherr this was specific for CMV, we performed the assay with PBMCs from a CMV-
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seropositivee donor who had recently been in contact with a child experiencing varicella 
(chickenpox),, in which case it is possible to measure VZV-specific CD4+ T cells by IFN-y 
production29.. Only CD4+CD28+ T cells produced IFN-y upon VZV stimulation, in contrast 
too the CMV-induced IFN-y production by CD4+CD28~ cells (Fig. 6B). In cells from a 
CMV-seropositivee donor who reacted to PPD and TT, IFN-y production after stimulation 
withh CMV was mostly restricted to CD28" cells, whereas only CD28+ cells produced this 
cytokinee upon PPD stimulation (Fig. 6C). Stimulation with TT did not result in any IFN-y 
productionn (data not shown). These data indicate that CD4+CD28^ are especially CMV 
specific,, whereas CMV-reactive cells are also present within CD4+CD28+ cells. 
Concerningg the production of other cytokines by CD4+CD28" cells, we found that TNFa, 
likee IFN-y, was produced after stimulation with CMV, but not with VZV or PPD. IL-4 was 
nott produced at all, whereas only low amounts of IL-2 were produced by CD4+CD28 
cellss after stimulation with PMA / ionomycin or SEB (data not shown). 

Discussion n 

Inn this study, we show that the percentage of CD4+CD28"CD27 grB-expressing T cells 
inn the circulation largely increases after primary CMV infection. Previously, we have 
demonstratedd the emergence of CMV-specific, IFN-y-producing CD4+ T cells shortly after 
firstt appearance of CMV DNA in peripheral blood. These cells were in cell cycle and 
showedd the features of recently activated cells13. In contrast, cytotoxic CD4+CD28" T 
cellss appeared in the circulation only after cessation of viral replication and were 
detectablee in much higher frequencies in CMV-seropositive individuals during latency. 
Thee very low percentages (<0.5%) of CD4+CD28 cells in CMV-seronegative individuals 
mightt be the result of sterile CMV infections or they could be induced by infections with 
otherr pathogens. The percentages of cytotoxic CD4+CD28 T cells were higher in CMV-
seropositivee renal transplant recipients than in healthy individuals, which corresponds 
withh the higher percentages of CMV-specific, effector-type T cells during 
immunosuppression1830"32.. Within the group of CMV-seropositive renal transplant 
recipients,, a dichotomy is observed. We related the percentages of CD4+CD28" cells to 
differentt parameters like prior primary CMV infection after transplantation, number of 
rejections,, age, and the development of chronic rejection, but none of these seemed to 
explainn the division in two groups. This contrasts a recent publication which states that 
patientss with chronic kidney graft rejection have higher percentages of CD4+CD28" 
cells33.. We could demonstrate CMV specificity of a considerable portion of CD4+CD28 
cellss because both proliferation and cytokine production were induced by CMV 
stimulationn and not by stimulation with other antigens such as PPD or VZV. This is in line 
withh recent data for other antigens because in patients with chronic beryllium disease, 
CD4+CD288 cells from peripheral blood did not produce IFN-y when stimulated with 
berylliumm (BeS04), whereas CD4+CD28+ cells did34. 
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Thee increase in CD4+CD28 cells in the peripheral blood compartment is only after the 
virall load became undetectable. 
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FigureFigure 6: CD4*CD28 cells produce IFN-y upon CMV antigen stimulation, but not upon 
stimulationstimulation by VZV or PPD. All dot plots are gated on CD4*CD28* cells (CD28*) or CD4*CD28~ 
cellscells (CD28). Dot plots show IFN-^production vs CD69 expression of CD28* or CD28 CD4* T 
cellscells after stimulation with medium, CMV antigen, VZV antigen or PPD, or PMA /ionomycine as a 
positivepositive control. The number of events shown from the CD4*CD28* cells is adapted to the 
numbernumber of events from the CD4*CD28' cells (except for VZV and PPD). Numbers indicate 
percentagespercentages of CD69*IFNy cells (upper right) within CD4*CD28* or CD4*CD28~ cells. (A) Cells 
fromfrom a CMV-seropositive donor. (B) Cells from a CMV-sero* donor after recent contact with a 
VZV-infectedVZV-infected child. (C) Cells from a CMV-sero* donor who reacted to PPD stimulation. 
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Thiss might be explained by entry of CD4+CD28" ceils into the circulation from the 
infectedd tissues only once the acute infection is over. Apart from this redistribution effect, 
differentiationn of the cells also can cause the appearance of CD4+CD28~ cells. 
Ass described for CD8+ T cells in primary CMV infection, cells change their phenotype 
duringg differentiation. T cells lose the expression of CD28 (and CD27 and CCR7) but this 
iss a slow process that even continues long after the antigenic load has become 
undetectable14.. Thus, the period between start of the infection and appearance of 
CD4+CD288 cells may reflect the time needed to acquire the effector phenotype. 
Thee regulation of CD28 and CD27 expression on T cells is not completely understood. 
Naivee cells express both costimulatory molecules, and during differentiation, expression 
cann be lost simultaneously with acquisition of effector functions28. However, it seems that 
thee order of changes in phenotype is not similar for CD8+ and CD4+ T cells. 
Differentiatingg CD8+ T cells first lose expression of CD28 and only in a later phase they 
losee CD27, thus CD8+CD27" cells always have lost CD28 expression14. For CD4+ T cells 
itt seems to be the opposite: all CD28" cells are CD27" but not vice versa, indicating that 
duringg differentiation CD4+ T cells first lose expression of CD27 (this paper,35). 
CD4+CD288 cells are not commonly seen and, as we show in this study, infection with 
CMVV is the major factor causing this differentiation step of CD4+ T cells. In contrast with 
reportss describing that the CD28" phenotype is stable and that CD28 expression cannot 
bee restored736, CD28 was clearly up-regulated on CD4+CD28 T cells that proliferated 
afterr CMV stimulation. This is in line with previous data showing re-expression of CD28 
inn CD28" T cell clones after anti-CD3 stimulation37. In addition, it was recently shown that 
CD4+CD288 T cells can become CD28+ after stimulation with anti-CD3 in combination 
withh IL-1238. CD28-B7 interactions provide important costimulatory signals for T cell 
activation.. CD28" T cells cannot be stimulated anymore via this pathway, which could 
meann that these cells can function independently from costimulation. However, Park et 
al.. showed that CD4+CD28 cells proliferated better in the presence of accessory cells, 
suggestingg that CD28 T cells are not necessarily costimulation-independent but could 
receivee signals via other molecules than CD2839. Recently, 4-1BB ligand has been 
shownn to costimulate CD28 T cells40, and we found that cytokine production by 
CD4+CD28"" cells can be enhanced by adding an Ab against VLA-4 (CD49d; data not 
shown).. In a paper by Suni et al., CD4+CD8dim T cells were described to be enriched for 
CMV-specificc cells41. Indeed, we found that a small percentage (0-20%) of CD4+CD28~ T 
cellss expressed low levels of CD8, whereas this was hardly seen in CD4+CD28+ T cells. 
Thus,, CD4+CD8dim T cells probably represent a subpopulation of CD4+CD28~ T cells. 
Whatt exact function cytotoxic CD4+CD28 T cells have in controlling CMV infection is not 
clearr yet. One of the immune-evasion strategies of CMV is to reduce MHC class I 
expressionn and thereby impede CD8+ T cell immune surveillance4243. Therefore, the role 
off CD4+ T cells and their recognition of MHC class II may be critical for activating the 
immunee system and sustaining the balance between virus and host immunity during 
latency.. This is in agreement with the need for CMV-specific CD4+ T cells to protect 
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againstt CMV disease14. Another possible function of cytotoxic CD4+CD28" T cells might 
bee a role in a negative feedback loop, namely eliminating APCs to dampen the immune 
responsee as described for cytotoxic CD8+ T cells44. 

Althoughh CD4+CD28 T cells proliferate and secrete IFN-y only upon CMV stimulation, 
nott all CD4+CD28" T cells responded in these in vitro assays, which may seem 
contradictoryy in relation to the finding that CD4+CD28" cells only appear after CMV 
infection.. Several explanations can be raised for this paradox. First, the CD4+CD28" T 
cellss were generated in vivo upon infection with CMV and it could well be that the 
peptidess presented during infection and where they are presented are not exactly the 
samee as during the experimental CMV stimulation. Second, the in vitro stimulation is 
performedd with an inactivated laboratory CMV strain, which may induce a different 
immunee response than the primary infection with one of the different natural CMV 
strains.. Finally, it is well known that CMV is able to encode a range of gene products and 
usess several mechanisms to manipulate the host immune system42143. Part of the 
CD4+CD28"" T cells therefore could be inhibited in their response to CMV or, 
alternatively,, could be directed not against the virus itself but against molecules induced 
byy CMV infection. 

Enhancedd numbers of CD4+CD28" cells have been found in patients with RA and with 
cardiovascularr diseases2356. This raises the question of whether CMV infection plays a 
rolee in these diseases. Also, in RA high frequencies of CD28" T cells were associated 
withh CMV seropositivity9. Furthermore, CMV DNA has been detected in synovial tissue 
andd fluid of arthritis patients, and subpopulations of CD8+ synovial fluid mononuclear 
cellss showed CMV specificity4546. Thinking of the association among T cells, RA, and 
CMV,, it could be that part of the CD4+CD28" T cells in patients with RA responds 
specificallyy to CMV and possibly cross-reacts to other antigens. CMV infection has also 
beenn associated with the development of cardiovascular diseases, as described by 
severall papers47"50. Interestingly, it was recently described that the increased levels in 
CD8+CD28"" T cells in patients with coronary artery disease were mainly determined by 
CMVV seropositivity51. Although data are not conclusive yet, numerous studies also 
suggestt an influence of CMV infection in triggering chronic rejection of different organ 
graftss in humans as well as in experimental animal models (reviewed in52). 
So,, how are CMV and effector-type T cells involved in the tissue damage occurring in 
RA,, cardiovascular diseases, and graft rejection? CMV establishes latency in various cell 
types,, including myeloid lineage cells but also endothelial cells. Inflammatory processes 
causedd by different stimuli may cause reactivation of CMV in the endothelial cells, which 
couldd directly lead to vascular pathology. Apart from the direct effects from CMV, the 
tissuee damage in the different diseases can also result from immunopathology. Once 
theree is a reactivation of CMV and virus is produced in endothelial cells, this will attract 
cytotoxicc CD4+ and CD8+ T cells, which are induced in high numbers by CMV infection. 
Thee migration of T cells to the site of infection could be mediated by the inducible 
chemokinee receptor CXCR3, which we found to be expressed on variable percentages 
(upp to 100%) of CD4+CD28" T cells (Fig. 4C). In addition, it has been described that 
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uponn CMV infection, expression of MHC class II molecules on endothelial cells is 

induced,, which means that CD4+ T cells also can recognize the presented antigens53. At 

thee site of infection, the T cells present will produce inflammatory cytokines and have 

highh levels of grB and perforin, which can cause tissue damage to the endothelial cells 

possiblyy resulting in an increase in atherosclerotic, vasculitic, or extra-articular 

rheumatoidd lesions. Altogether, this provides a link between the presence of CD4+CD28" 

cellss in RA and cardiovascular diseases and the data from this paper showing that 

CD4+CD28~~ cells emerge as a consequence of CMV infection. 
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Abstrac t t 

Howw functionall y distinc t sets of virus-specifi c memor y CD4+ T cell s develo p in 
human ss is largel y unknown . Early in primar y cytomegaloviru s (CMV)-infection , 
IFNy-producin gg CMV-specifi c CD4+ T cell s are foun d wherea s durin g the latenc y 
phase ,, CMV-specifi c CD4+ T cell s can also have a CD28 , granzym e B+ (grB ) 
phenotype .. We here sho w that CD4+CD28 T cell s are capabl e of CMV-specifi c 
lysi ss  in a clas s II dependen t manner . Next, we determine d whethe r thes e cytotoxi c 
CMV-specifi cc  CD4+CD28 T cells , whic h appear onl y after cessatio n of the CMV-
vira ll  load , differentiate d fro m the early CMV-specifi c CD4+ T cells . Analysi s of the 
TCRR Vp repertoir e reveale d that this was more restricte d in the late CD4+CD28 T 
cell ss  as compare d to the early CMV-specifi c population , sinc e fro m the CD4+CD28 
TT cell s onl y a few Vp familie s coul d be retrieved . Second , spectratypin g showe d 
thatt  thi s restrictio n was substantial , sinc e in the late CMV-specifi c CD4+CD28 T 
cell ss  per Vp famil y generall y onl y one or two differen t CDR3 length s were present . 
Finally ,, sequenc e analysi s of the specifi c CDR3 region s of both population s 
demonstrate dd that onl y in a very low frequency , T cell clone s that were abundantl y 
presen tt  in the late CD4+CD28 populatio n coul d be detecte d in the early CMV-
specifi cc  CD4+ T cells . Thus , mos t of the CMV-specifi c CD4+ T cell s foun d durin g 
latenc yy are not clonall y derive d fro m the CMV-specifi c CD4+ T cell s early in 
infection .. This implie s that after resolvin g primar y CMV-infection , stron g selectio n 
off  the TCR repertoir e takes plac e and new CMV-specifi c T cell s are primed . 

Introductio n n 

CD4++ T cells play a central role in several arms of the adaptive immune system. CD4+ 

helperr T cells are important in guiding naive B cells to become plasma cells that secrete 
highh affinity antibodies1"3. Moreover, CD4+ T cells can activate antigen-presenting cells 
whichh in turn can prime naive CD8+ T cells4. Recent studies have shown that CD4+ T 
cellss are essential for the development and maintenance of fully functional memory CD8+ 
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TT cells5"8. Furthermore, a cytotoxic function has also been attributed to CD4+ T cells 
themselves9. . 
Forr the analysis of human virus-specific CD4+ T cells, we are mostly dependent on 
functionall assays since HLA-tetramers are not widely available yet for class II. The most 
commonlyy used method to measure virus-specific CD4+ T cells is by ex-vivo antigen-
specificc stimulation followed by intracellular cytokine staining for IFNy10. In this way, 
humann cytomegalovirus (CMV)-specific CD4+ T cells have been investigated both during 
theirr development in primary CMV-infection and during the latency phase. We have 
studiedd primary CMV-infection in CMV-seronegative renal transplant recipients of a 
CMV-seropositivee donor. Typically, the CMV-viral load as measured by quantitative PCR 
increasedd around 25 days after transplantation. In asymptomatic patients, CMV-specific 
IFNy-producingg CD4+ T cells could be detected around 10 days after the first positive 
PCR,, whereas in symptomatic patients this period was prolonged to around 40 days1112. 
Detailedd analysis of these early CMV-specific IFNy-producing CD4+ T cells revealed that 
theyy were highly activated and proliferating as judged from high CD38 and Ki67 
expression.. Concerning their phenotype, they were CD45RA+ and simultaneously 
expressedd high levels of CD45R0, around 50% expressed CD27 whereas they were all 
CD28+.. The cytotoxic molecule granzyme B <grB) was only present in a minority of the 
earlyy CMV-specific CD4+ T cells (11 and unpublished data van Leeuwen). Late after 
primaryy infection the percentage of IFNy-producing CMV-specific CD4+ T cells is much 
lowerr and the cells are resting (low CD38 and Ki67) and have a more differentiated 
phenotypee as they are all CD27" and for the large majority CD28~ and grB+11;13. 
CD4+CD28"grB++ cells only emerged after cessation of the viral load during primary CMV-
infection13.. CD4+CD28" T cells showed specific proliferation and cytokine production 
uponn CMV-stimulation which confirmed that these cells are indeed CMV-specific. 
Nott so much is known yet on the development of CD4+ T cell memory in humans. From 
murinee studies it can be deduced that after acute infection, in contrast to CD8+ T cells, 
numberss of CD4+ memory T cells decline in time14. For CD8+ T cells in persistent viral 
infectionn it is known that the hierarchy of immunodominant epitopes during the late 
persistencee phase is completely altered, compared to the acute phase of the infection15" 
18.. Furthermore it has been shown that also during the latency phase virus-specific cells 
cann still be primed and develop into memory cells19. Combining these findings, one could 
hypothesizee that the supposed disappearance of memory CD4+ T cells is caused by a 
shiftt in the virus-specific CD4+ T cells. Specifically, during acute infection different types 
off CD4+ T cell may be needed compared to the phase of viral persistence since the virus 
iss not actively replicating anymore and T cell function shifts from eliminating infected 
cellss towards surveillance. Moreover, different viral antigens may be presented to the T 
cellss during the persistence phase which can contribute to shaping the clonality of the 
memoryy T cell population. 

Analysiss of T cell repertoires is an important tool to analyze the dynamics of T cell 
responsess to viral infections. In the T cell receptor (TCR) (3-chain, the complementarity-
determiningg region 3 (CDR3) interacts with peptide presented by MHC-molecules. CDR3 
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iss generated by somatic recombination of the TCR variable (V), diversity (D) and joining 

(J)) gene segments and further N-region diversification. As a result the length of the TCR 

p-chainn can vary between TCRs and the CDR3 sequence defines a unique TCR 

clonotypee that acts as a molecular fingerprint. The spectrum of size differences across 

thee CDR3 region is known as the spectratype and analysis of the distribution of CDR3 

lengthss provides information about the clonal expansions within a T cell pool, as an 

increasee in a certain clone will be reflected by a higher peak size20. More detailed 

informationn can be obtained by sequencing the CDR3 region which will identify individual 

cloness by their specific sequence. 

Byy studying CMV-specific CD4+ T cells during primary CMV-infection we had the 

opportunityy to learn whether the CMV-specific CD4+ T cells found early in infection 

differentiatedd and acquired the features of the late CMV-specific cells, or, alternatively, 

thatt new CMV-specific CD4+ T cells emerged after acute infection and replaced the early 

cells.. By analysis and comparison of the TCR Vp CDR3 regions of the different early and 

latee CMV-specific CD4+ T cell populations, we unraveled the interrelationship between 

thee virus-specific cells. 

Material ss  & Method s 

Subjects Subjects 
PBMCss were isolated form healthy volunteers and renal transplant recipients. Patients were 
treatedd with basic immunosuppressive therapy consisting of cyclosporine A (at dosages guided 
byy trough levels aimed at 100 ng/ml), prednisolone (10 mg daily) and mycophenolate mofetil 
(10000 mg twice daily). All subjects gave written informed consent, and the local medical ethics 
committeee approved the study. 

ImmunofluorescentImmunofluorescent staining and flow cytometry 
PBMCss were washed in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) bovine serum albumin. 
0.5*1066 PBMCs were incubated with fluorescent-labeled mAbs (concentrations according to 
manufacturer'ss instructions) for 30 minutes at , protected from light. For analysis of 
expressionn of surface markers, the following antibodies were used in different combinations: CD4 
PerCPP Cy5.5 (BD Biosciences, San Jose, USA), CD28 FITC (Sanquin, Amsterdam, 
Netherlands),, CD158b PE (Coulter Immunotech, Fullerton, USA). Cells were washed and 
analyzedd using a FACSCaliber flow cytometer and CellQuest software {BD Biosciences). 

TransductionTransduction of LCL 
EBV-transformedd lymphoblastoid cellines (LCL) were transduced with a retroviral vector 
expressingg just GFP (LCL) or GFP plus the gene product of pp65 (LCL pp65), an 
immunodominantt protein of human CMV, as described21. The transduction procedure used was 
basedd on the use of recombinant human fibronectin fragments CH-29622 and has been described 
previously23.. In brief, 106 LCL cells were cultured on CH-296-coated 24-well nonculture-treated 
platess (Falcon) together with 1 ml thawed retroviral supernatant for 6 h washed, and transferred 
too 24-well tissue culture plates. Before use, transduced cells were sorted based on GFP 
expression. . 
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CMVCMV peptides and antigen 
CMVV antigen (Microbix Biosystems, Toronto, Canada) and HLA-DR4-binding CMV pp65-derived 
peptidee IIKPGKISHIMLDVA (Li Pira, int immunol 2004) and HLA-A201-binding CMV pp65-
derivedd peptide NLVPMVATV (both peptides: IHB-LUMC peptide synthesis library facility, Leiden, 
Thee Netherlands) were used stimulate PBMCs either directly or loaded on LCL. 

IntracellularIntracellular cytokine staining 
CMV-specificc CD4+ and CD8+ T cells were analyzed by intracellular cytokine staining after 
antigen-specificc stimulation. Briefly, 0.5*106 freshly isolated PBMCs were incubated for 6 hours in 
thee presence of 100,000 control LCL, LCL pp65, LCL pulsed with CMV antigen or CMV-DR4 
peptidee or just CMV antigen (10^1/ml, Microbix Systems, Toronto, Canada), CMV A2 peptide 
(10jag/ml)) or as a positive control Staphylococcus aureus enterotoxin B (SEB; 2 ng/mL, 
ICN/Fluka,, Buchs SG, Switzerland). Very late activation antigen 4 beta (CD29; clone TS2/1624) 
mAbb was added at 1 p.g/ml (final concentration) in a final volume of 1 ml/tube RPMI 1640 with L-
Glutaminee (Life Technologies, Rockville, MD) containing 10% heat-inactivated FCS, penicillin, 
andd streptomycin. For the final 5 hours of culture, brefeldin A (Sigma Chemical, St. Louis, USA) 
wass added to the culture in a final concentration of 10 \ig/m\. Cells were fixed in FACS lysing 
solutionn (BD Biosciences), permeabilized followed by (intracellular) staining with different 
combinationss of IFNy-FITC, CD3 PerCP Cy5.5, CD4 PerCP Cy5.5, CD4 APC, CD8 PerCP 
Cy5.5,, CD8 APC, CD28-PE, CD69 PE (all from BD Biosciences) and CD69-APC (Caltag), and 
analysiss by FACS. 

CytotoxicityCytotoxicity assay 
Exx vivo cytotoxicity was assessed by incubating 51Cr-labeled (50jal, 30p.g 51Cr/ml, 500|aCi/mg for 
11 h at , 5% C02; Amersham Pharmacia, Little Chalfont, UK) autologous LCL empty or pulsed 
withh CMV antigen or CMV DR4 peptide with PBMC at effector- target (E/T) ratios of 1:1, 
calculatedd based on absolute numbers IFNy-producing CD4+ T cells, for 4 hours in 96-well 
nonculture-treatedd plates (Falcon). HLA Class II blocking antibody R3E2 was used (ascitis, 25 
ul/ml).. Percentage specific lysis was calculated from the formula: percentage specific release = 
((experimentall release-spontaneous release)/(maximum release-spontaneous release)) * 100%. 

IsolationIsolation of IFNy-producing CD4* cells for RNA isolation 
IFNy-producingg CD4+ cells were isolated using IFNy Secretion Assay Detection Kit (PE) (Miltenyi 
Biotec,, Amsterdam, The Netherlands) according to manufacturer's conditions. In short, PBMCs 
weree stimulated for 16 hours with CMV antigen {10^1/ml). As a positive control SEB, and as a 
negativee control unstimulated PBMCs were used. PBMCs were then washed with a cold buffer 
(phosphatee buffered saline pH 7.2, containing 0.5% bovine serum albumin and 2mM EDTA), 
incubatedd with IFNy Catch Reagent for 5 min at . Immediately hereafter warm culture medium 
wass added and PBMCs were incubated for 60 minutes under slow continuous rotation using a 
MACSmixx (Miltenyi Biotec) at . After incubation the cells were put on ice, washed with cold 
bufferr en incubated with IFNy Detection Antibody (PE), CD4 APC (BD Pharmingen, San Diego, 
USA)) in cold buffer for 10 minutes. Cells were washed twice with cold buffer and subsequently 
IFNy-producingg CD4+ cells were sorted fraction using FACsARIA (BD). 
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CloningCloning and Sequencing 
RNAA from sorted cells was isolated using GenElute™ Mammalian Total RNA Miniprep Kit 
(Sigma-Aldrichh Chemie BV, Zwijndrecht, The Netherlands). Extracted RNA was subjected to 
templatee switch-anchored RT-PCR by using Super Smart™ PCR cDNA Synthesis Kit (BD 
Biosciencess Clontech, Palo Alto, USA). Amplicons were subjected to vp PCR as previously 
described25.. As constant p primers the 6-carboxy-fluorescein (FAM)-labeled primers 
(5'CAGGCACACCAGCAGTGTGGCC and 5'AGATCTCTGCTTCTGATGGCTC; Invitrogen Life 
Technologies,, Carlsbad, CA, USA) were used. Vp PCR products were visualized on a 1% 
agarosee gel. For the spectratyping, aliquots of positive samples were mixed with Genescan-500 
ROXX size standards and run on an ABI 3100 capillary sequencer (Applied Biosystems, 
Warrington,, UK) in Genescan mode. Data were analyzed with Genescan software packages 
(Appliedd Biosystems). Vp PCR products were purified using the Zymoclean Gel DNA Recovery 
Kitt (Zymo Research, Orange, USA) and subsequently ligated into pGEM-T Easy vector 
(Promega,, Madison, USA) and cloned by transformation of competent DH5a E. coli. Selected 
coloniess were amplified by PCR with M13 primers (M13 forward 5'CAGGAAACAGTATGAC, M13 
reversee 5'GTAAAACGACGGCCAG; Invitrogen Life Technologies) and then sequenced with the 
ABII PRISM Big Dye Terminator V1.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems) 
withh a M13 forward primer and subsequently analyzed on a ABI 3100 capillary sequencer 
(Appliedd Biosystems) in Sequence mode. 

JunctionalJunctional region specific PCR 

Sequencee specific primers were designed based on jp and nDn sequence found in the Vp8 of 

thee CD4+CD28" T cells (wk 36) from patient 1 to determine whether this could be traced back in 

earlyy IFNy-producing CD4+ T cells (wk 9) as shown. 
: ::  2:: a: *o so eo TO 

prime xx  TE E »».-«,„., « „-.-„-..«„ -  „^„„„„v, .  ~„„„.,,.._..».. ,  «,~-~»»AGf e AGGCTCTiSG CTGACC 
W13«« V M TSC77CTGTS CCAGCASAUt  XCA&GAGACC GGSGASCTSI  "TÏTTGGAS H &3GCTCTASG QZihZZGZKZ TS G 
priae zz  CDR ~  ~  -  TTTTGTG CCAGCASAAA &C A 
Wk99 Vb S -«vTTCTGT S CCAGCS.GSAA ACASGAGAZC GGSGASCTGT TT7TTSGM& AGGCTCTA95 CTGACC 

PCRR products were visualized on a 2% agarose gel and positive bands were confirmed by 
cloningg and subsequent sequencing. 

Result s s 

CD4*CD28CD4*CD28 T cells are not cross-reactive to class I epitopes 

Severall reports have described CD4+ T cells that are class l-restricted2627. Therefore, we 

wantedd to asses whether the cytotoxic CD4+CD28 T cells9 were genuine class II-

restricted,, CMV-specific cells. CD4+CD28" T cells do have some characteristics mainly 

attributedd to CD8+ T cells. Specifically, a variable percentage of CD4+CD28" T cells from 

healthyy individuals showed staining with the antibody GL183, which recognizes the KIRs 

CD158MM (KIR2DL2), CD158b2 (KIR2DL3) and CD158J (KIR2DS2) (Fig. 1A). Analysis of 

sortedd CD4+CD28 T cells by a specific PCR for KIR2DL2 or 3 showed a positive signal 

andd a PCR for KIR2DS2 was negative whereas a PCR recognizing several short KIRs 

wass positive, indicating that at least long inhibitory KIRs are present but that a short KIR 

cann also be detected (data not shown). Additionally, CD4+CD28" T cells expressed the 

NK-receptorss NKB1, CD94 (dim) and NKG2D but not CD158a (data not shown and 28). 
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Thiss corresponds to the finding that KIR+ CD4+ T cells can be detected in peripheral 

bloodd of most individuals and that these are antigen-primed cells that can produce IFNy 

andd mostly lacked expression of CD28, CD27 and CCR729. 

Wee previously showed that a fraction of CD4+CD28~ T cells produced cytokines upon 

stimulationn with CMV but not other antigens. To test whether the CMV-specific 

CD4+CD28~~ T cells would cross-react to class I epitopes, we made use of autologous 

EBV-transformedd lymphoblastoid cell lines (EBV-LCL) that were transduced with a 

retrovirall vector expressing either just GFP (LCL) or GFP plus the gene product of pp65 

(LCLL pp65), an immunodominant protein of human CMV. As can be seen in Figure 1B, 

CD4++ T cells do not produce IFNy upon stimulation with LCL pp65 whereas CD8+ T cells 

fromm the same donor do produce significantly more IFNy than when stimulated with the 

controll LCL. This showed that the transduction of the LCL induced presentation of pp65 

peptidess in HLA-class I but that these were not recognized by CD4+ T cells. 
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CD4*CD28~CD4*CD28~ T cells are able to specifically lyse CMV-loaded target cells 

Wee subsequently analyzed if CD4+CD28~ T cells were capable of killing cells that 

presentt CMV peptides in class II molecules. We first assessed whether CD4+CD28~ T 

cellss would respond to autologous EBV-LCLs that had been loaded with CMV antigen 

overnight.. As shown in Figure 2A, from the total CD4+ T cell population, especially the 

CD4+CD28"" T cells produced high amounts of IFNy when stimulated with EBV-LCL 

pulsedd with CMV antigen. Recently, a CMV pp65-derived peptide has been described 

(IIKPGKISHIMLDVA)) that was recognized by CD4+ T cells from HLA-DR4 typed 

individuals30.. Responsiveness of CD4+ T cells to this peptide was tested in the same way 

andd very high quantities of IFNy were produced upon stimulation with EBV-LCL loaded 

withh this peptide. CD4+CD28+ T cells did not produce IFNy higher than background levels 

too this peptide (Fig. 2A). Concerning CD8+ T cells, no IFNy was produced upon either 

CMVV antigen or DR4-peptide loaded EBV-LCL (data not shown). 
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Noww that it was determined that CD4+ T cells and specifically the CD4+CD28" T cells 

recognizedd EBV-LCL presenting CMV-epitopes, a chromium release cytotoxicity assay 

wass performed. Target cells consisting of EBV-LCL loaded with CMV antigen were 

efficientlyy lysed and this could be blocked by adding a HLA-class II blocking antibody, 

confirmingg that the killing was executed by CD4+ T cells (Fig. 2B). Also loading of the 

EBV-LCLL with the DR4-peptide resulted in lysis of the target cells. These data 

demonstratee that CD4+CD28" T cells can lyse in a class ll-restricted, CMV-specific 

manner. . 

EarlyEarly virus-specific CD4* T cells have a much broader TCR Vp repertoire than late virus-
specificspecific cells. 

Thee next question to be answered was whether these cytotoxic CD4+CD28~ CMV-

specificc T cells, appearing late during primary CMV-infection, were clonally derived from 

thee IFNy-producing CMV-specific CD4+ T cells found early in primary CMV-infection. To 

comparee early and late CMV-specific CD4+ T cell populations, we longitudinally analyzed 

twoo patients who experienced a primary CMV-infection. The schematic overviews of the 

twoo patients showing the kinetics of the viral load and of the CMV-specific IFNy-

producingg and CD28" CD4+T cells are depicted in Figure 3; the arrows indicate the time 

pointss at which we isolated the cells. 

r ll 50000 

Patientt 1 

Patientt 2 
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100 20 30 40 50 60 
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FigureFigure  3: Kinetics  of  CMV-viral  load  and CMV-specific  CD4* T cell  populations  in  two 
patientspatients  experiencing  a primary  CMV-infection.  Upper panels: patient 1, lower panels: patient 
2.2. In the left panels, kinetics of CMV-viral load as measured by quantitative PCR (right y-axis) are 
plottedplotted together with the percentage of CMV-specific IFNy-producing CD4* T cells (left y-axis). In 
thethe right panels the CMV-viral load is plotted plotted together with the percentage of CD4*CD28~ T cells 
(left(left y-axis). On the x-axes, the time is indicated as weeks after transplantation. The arrows 
indicatedindicated the time points at which CMV-specific IFNy-producing or CD28' CD4* T cells were 
isolated. isolated. 
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Fromm both patients we sorted the early IFNy-producing CMV-specific CD4+ T cells at the 

peakk of the response at week 9 after transplantation. From the first patient, we isolated 

bothh late CMV-specific CD4+ populations: the IFNy-producing cells (wk 53) and the 

CD4+CD28"" cells (wk 36). From the second patient we could only isolate the late 

CD4+CD28~~ cells at wk 52 after transplantation. 

Afterr sorting of the specific cell-populations, total RNA was isolated and amplified, cDNA 

wass made and the TCR Vp repertoire was analyzed. As can be seen in Figure 4, the 

repertoiree of the early CMV-specific IFNy-producing CD4* T cells was very broad in both 

patients.. In the first patient (Fig. 4A), the number of Vp families was extremely restricted 

inn the late IFNy-producing CD4+ T cells and even more in the CD4+CD28~ T cell 

population,, only 10 and 2 Vp families could be detected respectively. In the second 

patientt (Fig. 4B), the repertoire of the CD4+CD28~ T cells was less broad than that of the 

earlyy CMV-specific cells but did not differ that much, as just five Vp families were 

undetectable. . 

A A 
vp p 

IFNy* * 
Wk9 9 

CD28 8 
Wk366 w i . | 

IFNy+ + 

Wk53 3 

B B 

IFNy+ + 

Wk9 9 

CD28--
Wk52 2 

22 4 5.3 6.2 
11 3 5.1 6.1 7 

122 14 16 18 21 23 
111 13 15 17 20 22 24 FigureFigure  4: The Vp repertoire 

ofof  early  CMV-specific  CD4* 
TT cells  is  much  broader 
thanthan  from  CMV-specific 
cellscells  found  late  after 
primaryprimary  CMV-infection.  (A): 
patientpatient 1, (B): patient 2. 
PicturesPictures show the bands on 
gelgel retrieved after PCRs for 
thethe different V/3 families 
mentionedmentioned on top of the 
pictures.pictures. Analysis was 
performedperformed on cDNA obtained 
afterafter amplification of total 
RNARNA isolated from the 
differentdifferent sorted CMV-specific 
CD4*CD4* T cells populations 

mentionedmentioned on the left side. Arrows on the right side indicate the height at which the specific bands 
forfor the Vji families can be found. Smaller bands at the bottom of the picture are primer dimers 
andand should therefore not be considered specific. 

Subsequently,, spectratyping was performed from the Vp families that were present both 

inn the early and in one of the late cell populations of the two patients (Fig. 5). This clearly 

revealedd that although all Vp families could be detected in the early IFNy-producing cells, 

clonall diversity was restricted, as the length analysis did not show the Gaussian 

distributionn that can be seen when a complete repertoire is present. Furthermore, it now 

becamee evident that the late CMV-specific populations were very restricted in their 
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repertoire.. Often only one or two peaks could be distinguished, meaning that there is 

hardlyy any variation in the lengths of the CDR3 regions. 
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FigureFigure  5A:  Spectratyping 
ofof  the V/3 families  found  in 
bothboth  early  and late  CMV-
specificspecific  cells.  Results of 
thethe spectratype of Vp 
familiesfamilies of patient 1, which 
werewere found in both early and 
latelate CMV-specific CD4* T 
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withwith a certain length spaced 
byby 3 nucleotides, less peaks 
correspondcorrespond to a more 
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OnlyOnly a minority of the late CMV-specific cells is derived from the early CMV-specific cells 

AA single peak in the spectratyping of any Vp profile may represent either a monoclonal 

expansionn of a single TCR clonotype or an oligoclonal expansion of different TCR 

clonotypes.. Therefore, the relationship between the early and late IFNy-producing and 

thee late CD4+CD28~ T cell populations can only really be proven or disproved by 

sequencee analysis of the CDR3 regions. We started by sequencing Vp 6.1 from the first 

patientt since the repertoire of the late CMV-specific cells in this patient was very 

restrictedd and this Vp was the only found in all three populations. Although extensive 

sequencingg did reveal an overlap between the two late populations, not one similar 

sequencee could be found between the early and the late cells (Table 1A). The overlap 

betweenn the late IFNy-producing and the CD28~ CMV-specific CD4+ T cells was 

expectedd since part of the CD4+CD28~ T cells also produced IFNy upon antigenic 

stimulation13. . 
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FigureFigure  5B:  Spectratyping  of  the Vp 
familiesfamilies  found  in  both  early  and late 
CMV-specificCMV-specific  cells.  Results of the 
spectratypespectratype of Vp families of patient 2, 
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latelate CMV-specific CD4* T cell 
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Thiss analysis showed that early CMV-specific T cells have a very broad repertoire and 

thatt an identical clone as in the late populations could only have been present at an 

extremelyy low frequency. In first instance, sequence analysis of Vp 3, 8 and 22 also did 

nott reveal related sequences between the early and the late CMV-specific cells. We 

thenn took a different approach and designed primers based on the V08 CDR3 sequence 

thatt was found in all clones from the CD4+CD28~ T cells. Via this way we could check 

withh a direct PCR whether this product could be retrieved from the early IFNy-producing 

cells.. Using this method, a positive band could be detected, although at a very low 
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frequency.. Sequencing confirmed that we identified the same sequence as in the late 

CD4+CD28~~ cells (* in Table 1A). 

TabelTabel  1A:  Overview  of  the 
CDR3CDR3 sequences  retrieved 
fromfrom  the different  CMV-
specificspecific  CD4* T cell 
populations,populations,  patient 1. From 
leftleft to right are indicated the 
specificspecific Vp family, the amino 
acidacid sequence of the retrieved 
CDR3CDR3 sequence, the 

correspondingcorresponding JfS, the 
frequencyfrequency in which the 
specificspecific sequence was found 
inin proportion to the total 
numbernumber of clones analyzed for 
thatthat specific cell population. 
GreyGrey marked sequences are 
similarsimilar in different cell 
populations.populations. * = similar 
sequencesequence found in early CMV-
specificspecific cells after specific 
PCRPCR based on sequence 
foundfound in the late CD4*CD28~ 
cells. cells. 
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CDR3 3 

CASSPTSNWGGWTEAFF F 
CASSLFGLASTDTQYF F 
CASSLGPAGLAKNIQYF F 
CASRRGKETQYF F 
CASKAPLGEQYF F 

CASSKVDTEAFF F 
CASSTRQGGTEAFF F 
CASSFGGGGTEAFF F 
CASSIRGGTLNTEAFF F 
CASSVRTLDGNTEAFF F 
CASSPRGASIYF F 
CASSLARSISGNTIYF F 
CASSLVGWGQPQHF F 
CASSLGWGDPNQPQHF F 
CASSPRTGGSPLHF F 
CASSMTGELRSPLHF F 
CASSPGLPGANEQFF F 
CASSVETGELFF F 
CASSLPIGTSGGQNIQYF F 
CASSSQSYEQYF F 
CASSREVAGGTTSEQYF F 
CASSLEGGVGRNYEQYF F 
CASSSQSYEQYF F 

CASCWRDQYF F 
CASFGREHYF F 
CASSAQILDTEAFF F 
CASGSGPQGYYGYTF F 
CASSPGTSGSRGEQFF F 
CASRKQETGELFF F 
CATGGRASQNTGELFF F 
CASITVPNTGELFF F 
CASSLEETQYF F 
CASSEDTNEQYF F 

CASSPDRGLNYGYTF F 
CASSERQGLGYGYTF F 
CASSIREKSSQPQHF F 
CASRRLEPDQPQHF F 
CASREGLAGGNEQFF F 
CASSGLAGGEDEQFF F 
CASRVGLWNTDTQYF F 
CASSEGTGGSGANVLTF F 
CASGQGAIFGSYEQYF F 
CASRMDNYEQYF F 
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Inn the second patient we sequenced Vp8 to try to find a comparable sequence as in the 

firstt patient since they did have similar HLA-DR alleles. Furthermore, we sequenced 

CDR33 regions of Vp 9, 12 and 14 because these showed a very restricted pattern in the 

lengthh analysis of the late CD4+CD28~ cells. With this sequence analysis, both in Vp i2 

andd 14 a sequence could be detected that was present in both the early IFNy-producing 
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andd the late CD28 CMV-specific cells (Table 1B). Additionally, in the Vp 8 and 9 again 

onlyy dissimilar sequences were found, which emphasizes the high variety in CDR3 

regionss and thus CMV-specific T cell clones especially at the early time point. 

Altogether,, these findings imply that only a very small fraction of the late CMV-specific 

CD4++ T cells are clonally derived from the CMV-specific CD4+ T cells found early in 

primaryy CMV-infection and that new clones have emerged during latency. 

vp p 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 

9 9 
9 9 
9 9 
9 9 
9 9 

12 2 
12 2 
12 2 
12 2 
12 2 

14 4 
14 4 
14 4 
14 4 
14 4 

CDR3 3 

CASSLRGGPAEAFF F 
CASSRGRIGTEASF F 
CASSRGRINTEAFF F 
CASKRDAEAFF F 
CASSRGPFYGYTF F 
CASSRSVGTGIYGYTF F 
CASSSEPLREKLFF F 
CASGLVTGFSSPLHF F 
CASSLARQEEFF F 
CASSFFLNTGELFF F 
CASSLRTGTTDTQYF F 
CASSPRGRTFQYF F 
CASTRIDTSGANVLTF F 

CASSQVGGQPQHF F 
CASSPGGPVGNEQFF F 
CASSKLAGGRTGELFF F 
CASSLLDANTQYF F 
CASSQEAGQYEQYF F 

CAITPGQGGGDTQYF F 
CAISPGGTGAEQYF F 
CAIMAGGSCYEQYF F 
CAIMGGGSSYEQYF F 
CAISPGGTSAEQYF F 

CASSLGDTNQPQHF F 
CASSLGDSNQPQHF F 
CASSAGQERKPQHF F 
CASSSAGAQGQPQHF F 
CASSPQGADSPLHF F 

Jp p 
1.101 1 
1.101 1 
1.101 1 
1.101 1 
1.201 1 
1.201 1 
1.401 1 
1.601 1 
2.101 1 
2.201 1 
2.301 1 
2.401 1 
2.601 1 

1.501 1 
2.101 1 
2.201 1 
2.301 1 
2.701 1 

2.301 1 
2.701 1 
2.701 1 
2.701 1 
2.701 1 

1.501 1 
1.501 1 
1.501 1 
1.501 1 
1.601 1 

IFNy* * 
Wk9 9 
3/32 2 

1/32 2 
1/32 2 
12/32 2 
3/32 2 
4/32 2 

8/32 2 

3/23 3 
5/23 3 

15/23 3 

14/16 6 
2/16 6 

15/20 0 
2/20 0 
3/20 0 

CD28" " 
Wk52 2 

11/26 6 
1/26 6 
2/26 6 
2/26 6 

1/26 6 

9/26 6 

1/8 8 
7/8 8 

5/8 8 
1/8 8 
1/8 8 
1/8 8 

1/9 9 
6/9 9 
2/9 9 

TabelTabel  1B:  Overview  of  the CDR3 
sequencessequences  retrieved  from  the different 
CMV-specificCMV-specific  CD4* T cell  populations. 
patientpatient 2. From left to right are indicated 
thethe specific Vf) family, the amino acid 
sequencesequence of the retrieved CDR3 
sequence,sequence, the corresponding J/1, the 
frequencyfrequency in which the specific sequence 
waswas found in proportion to the total 
numbernumber of clones analyzed for that 
specificspecific cell population. Grey marked 
sequencessequences are similar in different cell 
populations. populations. 

Discussion n 

Inn this paper we show that the subset of CD4+CD28~ T cells found in peripheral blood of 

CMV-seropositivee individuals does not recognize class I epitopes of the 

immunodominantt CMV-protein pp65. Although we cannot exclude this for other CMV-

proteins,, such as Immediate Early-1, it certainly implies that CD4+CD28~ T cells are 

classs II restricted. Furthermore, we show that CD4+CD28~ T cells are able to kill CMV-

loadedd target cells in a class II restricted manner. They contain high amounts of grB and 

perforinn and, as shown before, the perforin-pathway is the method of choice for these 

cytotoxicc CD4+ T cells9;31. The CD4+CD28~ T cell population emerges after primary CMV 
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infectionn and is clearly specific for CMV concerning proliferation, cytokine production and 
cytotoxicityy {13 and this paper). However, increased percentages of these cells have also 
beenn reported in patients with unstable angina or rheumatoid arthritis3233. Although 
CMV-infectionn is associated with both disorders, thus far it is unclear what exactly the 
relationshipp is between the presence of CD4+CD28" T cells, these diseases and CMV-
infectionn (discussed in 13). The existence of cytotoxic CD4+ T cells has not been 
appreciatedd since long, especially because early reports on the lytic capacity of CD4+ T 
cellss were mainly based on T cell clones or cell lines which contain the risk to be 
functionallyy modulated by in vitro culture34"36. More recently however, cytotoxic CD4+ T 
cellss have been described directly ex vivo but their physiological role remained indistinct 
(reviewedd in 37). CMV is a strong immunomodulatory virus and, among other things, 
expressionn of MHC class I molecules is down-regulated in infected cells to escape 
immunee recognition by CD8+ T cells38;39. In such a situation, cytotoxic CMV-specific 
CD4++ T cells could take over, especially since it has been reported that CMV can induce 
MHCC class II expression on CMV-infected endothelial cells4041. A second possibility is 
thatt CMV-specific cytotoxic CD4+ T cells lyse class II expressing monocytes which 
containn the main reservoir of CMV during latency. The third option is that antigen-
presenting-cellss harboring CMV peptides in their MHC class II molecules are lysed 
resultingg in some kind of negative feedback loop to prevent exaggerated responses, as 
hass been described for CD8+ T cells42. 

Inn this paper we addressed the development of cytotoxic CMV-specific memory CD4+ T 
cellss during primary infection. Specifically, we wanted to clarify whether these late 
emergingg cytotoxic CD4+CD28 T cells originated and differentiated from the IFNy-
producingg CD4+ T cells found early in primary CMV-infection. Longitudinal analysis of the 
TT cell repertoire allows tracking of virus-specific CD4+ T cells found after primary 
infection.. We determined that CMV-specific clones retrieved at later time points were 
onlyy for a very minor part identical to the clones isolated early in CMV-infection. This 
findingg leads to the conclusion that only few of the early virus-specific T cell clones 
survivee after the acute response whereas other virus-specific T cells recognizing 
differentt epitopes arise in this phase. 
Ass far as we know, detailed analysis of the changes in TCR usage of virus-specific CD4+ 

TT cells during primary infection in humans has not been performed before. This can be 
attributedd to the difficulty to trace primary viral infections in humans and the low 
frequenciess of virus-specific CD4+ T cells that are not easily visualized. 
Thee clonotypic structure of IFNy-producing CMV-specific CD4+ T cells has however been 
studiedd during the latency phase43. Analogous to our findings late after primary CMV-
infection,, CMV-specific CD4+ T cells were extremely restricted in their TCR Vp usage in 
thesee individuals that most likely have been infected with CMV for decades. No changes 
weree observed in the TCR Vp in these individuals over a period of 25 months, implying 
thatt the changes we observed occur only shortly after primary infection when latency is 
beingg established. Also the T cell repertoire of herpes simplex virus (HSV)-specific CD4+ 
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TT cells has been investigated in patients with recurrent HSV-infections . Oligoclonal 

CDR33 length distribution was demonstrated for HSV-specific CD4+ T cells and some 

cloness were detected at several time points whereas others were only retrieved once. 

Thee two studies described above did analyze virus-specific CD4+ T cells but only in 

subjectss that were already latently infected so changes could not be observed compared 

too the acute response after primary infection. Other investigators had the opportunity to 

studyy primary HIV-infection in children, but only total CD4+ T cell populations without 

knownn antigen-specificity were investigated45. Analysis of the TCR p-chain of CD4+ T 

cellss at several time points during primary HIV-infection showed transient expansions of 

certainn Vp families. More detailed analysis by sequencing demonstrated that, in contrast 

too CD8+ T cell clones, no CD4+ T cell clones with identical sequences could be detected 

bothh at late time points and early in HIV-infection. 

Severall studies have been performed following virus-specific CD8+ T cells after primary 

infection,, in humans, especially concerning Epstein-Barr virus (EBV)-specific CD8+ T 

cells.. These data show that the TCR repertoire of EBV-specific CD8+ T cells is also very 

restrictedd and, moreover, that some clones can be found both in the early and the late 

phasee whereas others cannot174647. EBV, HIV and CMV are persistent viruses and 

severall studies have demonstrated that the development of memory T cells during 

persistentt infection differs from the generation of memory T cells after a virus has been 

clearedd (reviewed in 48;49). Studies in mice showed that in case of acute viral infections, 

noo further selection occurs after the virus has been cleared, such that the antigen-

specificc T cell repertoire present at the time of antigen clearance is maintained for the 

lifetimee of the host in the absence of immune system challenge5051. Persistent antigenic 

stimulationn however, induces further selection of the T cell repertoire during re-exposure 

too the antigen5253. 

Wee here for the first time delineate the relationship between virus-specific CD4+ T cells 

foundd early and late after primary viral infection in humans. We conclude that selection of 

humann virus-specific CD4+ T cells in persistent infections, like CMV, is a continuous 

processs and that virus-specific CD4+ T cells found during latency do not represent a 

genuinee memory population that survived the contraction phase after initial clonal 

expansionn in primary infection. 
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Generall Discussion 

Review:: Induction and maintenance of CD8+ T cells specific for persistent 
viruses s 

Abstract t 

Thee development of immunological memory is a unique property of the adaptive 
immunee system. Until recently most studies on the induction of virus-specific 
memoryy CD8+ T cells have been performed in mice models of acute infection. 
Basedd on these studies certain properties have been attributed to memory CD8+ T 
cellss concerning their responsiveness to antigenic stimulation and their ability to 
survive.. However, many relevant human viruses are persistent and reach a latency 
stagee in which there is equilibrium between the virus and the host immune 
system. . 
Analysiss of virus-specific CD8+ T cells responding to persistent viruses has now 
shownn that these cells contrast in many aspects to the classical memory cells 
specificc for cleared viruses, which may be explained by the different tasks that 
havee to be fulfilled. Whereas memory CD8+ T cells specific for cleared viruses only 
needd to become activated upon reinfection with the same virus, CD8+ T cells 
specificc for persistent viruses continuously have to keep the virus under control 
inn the latency stage. In addition, they have to adapt to possible changes in the 
immunocompetencee of the host (e.g. during aging or start of immunosuppressive 
therapy). . 
Wee here review the recently described differences in induction and maintenance 
off memory CD8+ T cells recognizing cleared versus persistent viruses both in 
humann and in mice. We also discuss whether CD8+ T cells specific for persistent 
virusess can actually be categorized as memory cells or should be considered 
"vigilantt resting effector cells". 

Persistentt viruses are prevalent in human and mice 
Persistentt viruses are not cleared by the immune system, like after infection with an 
acutee virus, but instead a balance is formed between the host immune system and the 
virus.. Hereafter we will use the terms acute or cleared versus persistent, chronic or 
latentt to refer to viruses that are eliminated by the immune system or persist in the host 
respectively.. Although many cells play a role in keeping persistent viruses under control, 
inn this review we will focus on the role of CD8+ memory T cells. Whereas memory CD8+ 

TT cells that arise after recovery of infection with an acute virus have to protect the host 
fromm secondary infections with the same pathogen, memory CD8+ T cells specific for 
persistentt viruses continuously have to prevent reactivation of the latent virus. In 
humans,, such long-term control by CD8+ T cells has been studied after infection with 
cytomegaloviruss (CMV), Epstein-Barr virus (EBV), hepatitis B virus (HBV), hepatitis C 
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viruss (HCV) and human immunodeficiency virus (HIV). In healthy individuals, CMV and 
EBVV are apparently well controlled, as appears from the typical absence of signs of 
infection.. This changes when the immune system becomes compromised, i.e. after 
bone-marroww transplantation, solid organ transplantation or in HIV patients. Then, the 
equilibriumm between the virus and the host immune system is disturbed and the virus can 
easilyy reactivate and cause serious secondary illness. 
Persistentt viruses like described above differ in the type of persistence they establish in 
thee host. EBV is a virus that becomes latent and reactivates only periodically resulting in 
limitedd T cell stimulation. Other viruses, like CMV, cause a more smoldering infection 
withh ongoing low-level viral replication. T cells specific for CMV will thus frequently be 
activatedd by antigen. Infection with HIV, HCV or HBV leads to viremia and persisting 
high-levelss of viral replication resulting in continuous T cell stimulation. Acute infections 
withh HIV, HBV and HCV are more frequently associated with clinical problems. This 
mightt be caused by the high ability of those viruses to mutate and escape T cell control 
whereass EBV and CMV are genetically stable viruses. 
Micee models are useful to study viral infections because they allow a more extensive 
analysiss of immune responses than is possible in man. Especially, analysis of T cells in 
humanss is mostly restricted to the peripheral blood compartment, whereas in mice cells 
cann be retrieved from different organs. Concerning persistent viruses, murine y-
herpesviruss 68 (yHV68) infection is applied as a model for EBV infection. CMV is species 
specificc but still valuable information can be obtained from studies with murine CMV 
(MCMV).. Murine polyoma virus induces a similar low-level persistent viral infection. 
Lymphocyticc choriomeningitis virus (LCMV) is an interesting virus because different 
strainss are either cleared (LCMV Armstrong or LCMV-WE) or cause persistent infection 
(LCMVV clone 13, LCMV-T1b or LCMV-Docile), allowing direct comparison of T cell 
responsess to these different types of viruses. 

Thuss a wide variety of persisting viruses exists, both in human and in mice. These 
virusess differ in tropism, behavior during persistence, immunomodulatory capacity and 
geneticc stability. Still, as will become apparent later, the immune reaction to different 
persistingg viruses shows a considerable degree of similarity. 

Generall effects of persistent viruses on the host immune system 
Becausee of their persisting nature, control of latent viruses demands much attention of 
thee immune system. This is very evident in the case of the human herpes viruses, which 
willl reactivate and eventually cause disease, as soon as for whatever reason T cell 
immunityy wanes. Ass a consequence, infection with a persistent virus has a major impact 
onn the composition of the T cell pool. Especially infection with CMV exerts a profound 
effectt on both the total CD8+ and CD4+ T cell populations. Khan et al. described that 
CMV-latencyy led to a greater clonality of the T cell repertoire1. Several other studies 
showedd that mainly an expansion in far differentiated, resting cytotoxic T cells was 
inducedd in CMV-carriers2"4. A significant increase in CD8+ effector type T cells was only 
dependentt on infection with CMV and was not related to several other pathogens 
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studied,, not even to HIV56. Within the CD4+ T cell compartment, a population of cytotoxic 
CD288 T cells was present only in CMV-infected individuals and indeed partially 
respondedd to CMV-specific stimulation by either proliferation or cytokine production7. 
Whetherr all these cells are directly responsive to CMV itself or are somehow indirectly 
inducedd by CMV infection remains to be established. 
CMVV seems to be unique in its capacity to induce such prominent changes in the 
immunee system although a recent paper showed that also HCV infection had some 
influencee on the CD8+ T cell population8. The reason that CMV infection in particular 
inducess these adaptations of the immune system is largely unknown. A factor that could 
bee involved is that CMV is a virus with strong immune-evasive properties and during 
evolutionn there have been mutual adaptations between the virus and the human immune 
system910.. Therefore it can be imagined that the immune system has to put more effort 
inn the control of CMV compared to other viruses. Another reason could be the quite large 
reservoirr of CMV during the latency stage, as CMV establishes latency in cells of the 
myeloidd lineage and in endothelial cells which are both abundantly present. 
Consequently,, T cells will regularly come into contact with CMV-antigens, not only 
becausee the virus undergoes continuous low-level replication but also because of its 
abundantt spread in the body. 

Ann additional specific feature of CMV is that it impairs the response to other infections. In 
oldd age the numbers of EBV-specific cells have been shown to increase, but this does 
nott occur in CMV-seropositive donors11. We have recently shown that in CMV-
seronegativee renal transplant recipients the percentages of EBV-, FLU- and RSV-
specificc CD8+ T cells increased in time. In contrast, this rise did not occur in CMV-
seropositivee renal transplant patients (van Leeuwen et al., submitted). In our study, 
CMV-specificc cells increased in percentage after transplantation, which correlates with 
thee finding that also murine CMV-specific CD8+ T cells continuously accumulate over 
time12.. Data from the group of Welsh showed that a new infection caused permanent 
losss of pre-existing memory cells due to competition13. In view of the aforementioned 
data,, it is remarkable that memory T cell loss was more profound during persistent 
infectionn than after infection with a cleared virus, and was a continuously ongoing 
process14.. In humans with a primary CMV infection we similarly found that EBV-specific 
cellss decreased in percentage and absolute numbers as soon as CMV-specific cells 
appearedd in the circulation. Once the viral load became undetectable and numbers of 
CMV-specificc cells declined, the percentage of EBV-specific cells remained low although 
thee absolute number did return to the original value (van Leeuwen et al., submitted). The 
findingg that the number of EBV-specific T cells is compromised by CMV infection is 
interestingg in light of the observation that post-transplant lymphoproliferative disease 
(PTLD),, an EBV-associated disorder in transplant patients, occurs more often in patients 
undergoingg a primary CMV infection15. Altogether these observations imply that 
competitionn between memory cells, either for space or homeostatic cytokines, is taking 
place.. Apparently, the homeostasis of memory T cells is differentially regulated when 
cellss with different specificities enroll in the memory T cell pool. CD8+ T cells specific for 
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persistentt viruses seem to have an advantage in that situation, possibly because they 
aree frequently triggered by their specific antigen and thereby maintained in higher 
numbers. . 

Generationn of CD8+ memory T cells 
Thee development of memory CD8+ T cells in response to infection with acute viruses has 
extensivelyy been studied in mice (reviewed in 16). Upon activation by an antigen-
presentingg cell bearing the antigenic peptide, naive T cells differentiate and expand until 
aa large pool of effector cells is formed. These effector cells can eliminate virally infected 
cellss by means of their cytotoxic capacity. Once the virus is cleared, most effector cells 
diee and only 5-10% survives and develops into long-lived memory cells. Upon a 
secondaryy encounter with a virus the immune system will therefore be able to respond 
fasterr and more efficiently, thereby limiting cytopathic viral effects. Recently, expression 
off the IL-7Ra (CD127) was found to identify the memory precursor cells that survived the 
contractionn phase and all memory cells homogeneously expressed this receptor1718. 
Severall studies have suggested that the expansion and differentiation program of CD8+ 

TT cells specific for cleared viruses is already imprinted shortly after antigenic 
stimulation19"21.. Moreover, in a number of models it has been shown that CD4+ T cell 
helpp is required for the development and maintenance of a functional CD8+ memory T 
celll population that can mount a proper secondary response22"25. 

Analysiss of memory T cell generation in persistent viral infections has not widely been 
studied.. The initial response to a persistent virus is similar to that of an acute virus, with 
thee induction of a large pool of antigen-specific effector cells, which in time contracts to 
leavee a smaller memory population. However, CD8+ T cells specific for persistent viruses 
aree in many aspects very different in the memory phase when the virus persists at a 
towerr level. After clearance of a virus, the epitope hierarchy found during acute viral 
infectionn is conserved in the memory phase26. In chronic infections however, several 
studiess showed a shift in the immunodominance of CD8+ T cell epitopes in the memory 
phasee as compared to the acute phase. Epitopes that were subdominant during the 
acutee response were dominant during the memory phase and vice versa, completely 
changingg the hierarchy of T cell epitopes. This has been described for chronic LCMV 
infection27"299 and although many factors are involved in determining immunodominancy30, 
itt was shown that increasing the height of the viral load of a LCMV-strain that is cleared 
fromm the host, also induced significant changes in the epitope hierarchy of LCMV-specific 
CD8++ memory T cells29. Comparable skewing of the immunodominant epitopes was also 
describedd in persistent murine y-herpesvirus infection31, for persistent mouse hepatitis 
virus322 and for mouse polyoma virus33. Also in MCMV infection the ratio between CD8+ T 
cellss with different specificities changed, mainly because a few accumulated over time 
whereass others did not12. 

Differencess in frequencies of CD8+ T cells to dominant and subdominant epitopes were 
alsoo found in human EBV infection where the memory population was not a scaled down 
versionn of the primary response either34. Other longitudinal studies in humans on the 
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frequenciess of virus-specific CD8+ T cells recognizing different epitopes have not been 
performedd yet. This can be explained by the difficulty to trace primary viral infections in 
humanss and to the limitations in the available tetramers, which makes it hard to analyze 
CD8++ T cells with multiple specificities in the same donor. Another complicating factor 
occurss in HIV infection, where the high incidence of mutations in the virus affects the 
dominancee in the T cell response35. 
Forr the understanding of the development of memory T cells in persistent viral infections, 
itt is important to know why T cells with other specificities are more prominent in the 
persistencee phase than early after infection. An obvious explanation would be that during 
thee latency phase the viral antigens, and thus the epitopes that are presented to the T 
cells,, are different from those in the acute phase. Certainly, both the virus and the T cells 
aree faced with an altered situation compared to the acute response. The virus is not 
constantlyy replicating and infecting cells anymore, but only tries to maintain latency 
whereass the T cells adapt to their surveillance task. Also these changes could account 
forr the alterations in the composition of the oligoclonal T cell population in the phase of 
virall persistence. 

Functionn of memory CD8* T cells specific for persistent viruses 
Givenn that most studies on the functionality of memory CD8+ T cells were performed 
afterr clearance of an acute virus, the properties that were attributed to memory cells are 
alsoo derived from these studies. According to these criteria, memory CD8+ T cells should 
bee able to rapidly proliferate upon antigenic-stimulation and quickly produce cytokines 
likee IL-2 and IFN-y, chemokines like RANTES and cytotoxic effector molecules like 
perforinn and granzyme B26;36"38. Consequently, in the memory phase after the virus has 
beenn cleared there is excellent concordance between the number of antigen-specific 
cellss measured by MHC-tetramers and the number measured by intracellular cytokine 
staining26.. Although memory T cells showed poor in vitro killing as measured by 51Cr-
releasee assays36, in vivo they were able to directly eliminate target cells, only slightly 
slowerr than effector cells during the acute response39. 
Dataa from murine studies indicated that chronic viral infection could induce functional 
impairmentt (exhaustion) or even physical deletion of memory CD8+ T cells specific for 
persistentt viruses (reviewed in 40). Direct comparison of memory CD8+ T cells specific for 
acutee or persistent LCMV strains indeed revealed that in chronically infected mice 
memoryy T cells lost functionality. Concerning cytokine secretion, memory cells specific 
forr persistent viruses produced less IFN-y, TNF-a and ||_-228:29;41;42. Also the ability to lyse 
targett cells in vitro was less in memory cells during persistent LCMV infection28, although 
efficientt in vivo killing is reported for polyoma-specific memory T cells43. Interestingly, the 
functionall impairment of LCMV-specific memory CD8+ T cells occurred in a hierarchical 
fashionn during chronic infection. The production of IL-2 and the cytotoxic capacity were 
firstt compromised followed by the ability to secrete TNF-a. Production of IFN-y was most 
resistantt to the functional exhaustion2842. The amount of antigen present seemed to be 
thee reason for this loss of function since a strong correlation was found between viral 
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loadd and the level of exhaustion. This was in line with the finding that viruses expressing 
excessivee epitope levels induced reduced numbers of IFN-y-producing memory cells 
comparedd to viruses with lower epitope expression44. Another hallmark of memory T 
cellss is fast division upon secondary antigenic stimulation. Remarkably, in memory cells 
derivedd from persistently infected mice also proliferation upon in vitro stimulation with 
peptidee elicited a reduced response compared to memory cells from mice infected with 
ann acute, cleared virus41. 

Fromm murine studies it appeared that the exhaustion of the memory T cells was directly 
correlatedd with the height of the viral load. Likewise, in humans, functional exhaustion of 
memoryy CD8+ T cells has been described in infection with HIV and HCV, which show 
highh viral replication and consequently high viral loads in peripheral blood, even in the 
chronicc phase. In HIV infection, CD8+ T cells were impaired in function45"47 and 
dysfunctionn of HCV-specific memory cells was also reported4849. The same hierarchical 
orderr in the functional impairment found in murine memory T cells seems to exist in 
humann memory T cells since analysis of HIV-specific cells in a chronic phase of infection 
demonstratedd that cytotoxicity and TNF-a production were impaired whereas IFN-y could 
stilll be produced50. Noteworthy, for HIV infection it is still discussed whether the 
functionall defects of HIV-specific CD8+ T cells are the cause or the consequence of the 
ineffectivee viral control51. 

Thee amount of antigen is much lower in EBV and CMV infection where during latency in 
healthyy individuals the viral load is undetectable in peripheral blood. In these situations, 
thee memory T cells found, are still active and do not show exhaustion. Direct ex vivo 
cytotoxicityy has been shown for CMV-specific memory CD8+ T cells5253. Only in elderly 
individuals,, decreased production of IFN-y by EBV- and CMV-specific cells was found11. 
Withh regard to proliferation, in humans, it is not possible to directly compare T cells 
specificc for the same virus in acute and persistent form as with the LCMV strains. 
However,, in contrast to laboratory mice, humans usually have a history of multiple 
infectionss allowing a comparison between T cells specific for persistent viruses (e.g. 
CMV)) and cells responding to viruses that have been cleared (e.g. influenza (FLU)). This 
analysiss showed that proliferation upon stimulation with a specific peptide was similar for 
CMV-specificc cells and FLU-specific cells from the same donor54. 
Thus,, persistence of antigen does not always result in exhaustion of memory T cells, 
onlyy when viral loads are continuously high. Therefore, it would be erroneous to describe 
memoryy cells specific for persistent viruses as functionally incompetent in general. 
Especiallyy since for example in CMV and EBV infection, memory CD8+ T cells function 
properlyy in controlling the latent virus. 

Phenotypee of memory CD8+ T cells specific for persistent viruses 
Ann apparent difference in phenotype between memory cells specific for cleared viruses 
andd viruses that are maintained in the body is found in mouse models. Here, expression 
off the lymph node homing receptors CCR7 and CD62L and, more recently, IL-7Ra are 
mostt frequently used to define different subsets of memory T cells. Without elaborating 
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tooo much on the differences and the interrelationship between CCR7 CD62L" cells 
(effectorr memory) and CCR7+CD62L+ cells (central memory)1655, one can state that the 
latterr represent the memory cells that differentiate after clearance of a virus56. Although 
duringg acute infection the large majority of CD8+ T cells do not express IL-7Ra, all 
memoryy cells after acute infection express this receptor and therefore it is used as a 
markerr for memory cells1718. 

Memoryy CD8+ T cells in persistent viral infection do have a clearly different phenotype. In 
chronicc LCMV infection, only few memory CD8+ T cells re-expressed CD62L and 
CCR729;41.. A recent report, using infection with an LCMV-strain that is cleared, described 
thatt whereas at high naïve T cell precursor frequencies a population of CCR7 CD62L 
memoryy CD8+ T cells reverted to CCR7+CD62L+, this was not the case when started with 
loww precursor frequencies57. Considering that with low precursor frequencies there would 
bee more antigen available per T cell, this would resemble a persistent infection as also 
theree the chances of antigen-encounter are high and more memory cells remain 
deprivedd of CCR7 and CD62L re-expression. In addition to the low expression of CCR7 
andd CD62L, expression of the memory cell marker IL-7Ra was much lower in 
persistentlyy infected mice, as compared to the expression on all memory cells after 
clearancee of an acute virus415859. 
Mostt studies on memory T cells in humans have been performed in individuals without 
acutee infection who have various memory cells for both eliminated and latent viruses 
(reviewedd in 6 0 ) . CD8+ T cells for human viruses have been phenotypically characterized 
usingg different combinations of cell surface molecules. CD8+ T cells for viruses that are 
clearedd by the host such as influenza (FLU) and respiratory syncytial virus (RSV) 
uniformlyy express both costimulatory molecules CD28 and CD27, differ in expression of 
thee chemokine receptor CCR7 and are CD45RA". As described in mice, human memory 
CD8++ T cells specific for acute viruses all express the IL^Ra546162. 
Analysiss of human CD8+ T cells specific for persistent viruses (reviewed in 63) revealed 
thatt these cells hardly ever express CCR7; only HCV-specific cells can be CCR7+. 
Concerningg the other surface molecules, there is a large heterogeneity between cells 
withh different viral specificities. HCV-specific cells usually express both CD28 and CD27, 
aree CD45RA" and are accordingly classified as early memory cells. CD8+ T cells 
recognizingg EBV can be found as early or intermediate memory cells because they cells 
lackk CD45RA, do express CD27 but differ in CD28 expression. Also CD8+ T cells 
specificc for HIV are mostly intermediate memory cells, usually CD28"CD27+. The virus-
specificc cells that are most differentiated are CMV-specific cells from which the majority 
cann be found as late memory cells, CCR7 CD28 CD27"CD45RA+ although CMV-specific 
cellss can also be found in other differentiation stages8:64"72. Interestingly, when FLU- and 
RSV-specificc cells derived from the human lung were investigated, these showed a 
decreasedd expression of CD28 and CD27 compared to cells with the same specificity in 
peripherall blood (de Bree et al., in press J. Exp. Med. 2005) This suggests that more 
frequentt encounter with their antigen at the site of infection, like the lung for respiratory 
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viruses,, changes the phenotype of CD8+ T cells specific for acute viruses such that they 
moree resemble CD8+ T cells specific for persistent viruses. 
Ass was shown in mice studies, also for human memory cells it seems that the height of 
thee viral load determines the phenotype of the memory CD8+ T cells. A higher number of 
CMV-specificc cells, which likely is the result of a higher antigenic load, correlated 
significantlyy with a more CD27 phenotype of these cells73. 
Expressionn of IL-7Ra has been analyzed on CMV-, EBV- and HIV-specific cells and in 
contrastt to memory cells specific for eliminated viruses, only part of the memory cells for 
persistentt viruses expressed this receptor long after primary infection5474. This implies 
thatt as long as antigen is present, IL-7Ra will not be re-expressed on memory T cells. 
Anotherr explanation could be that T cells specific for persistent viruses have received 
suchh prolonged TCR-stimulation that the down-regulation of IL-7Ra has become an 
irreversiblee differentiation event. This is in line with the finding that in renal transplant 
recipientss the maximum CMV viral load measured by PCR early after transplantation 
inverselyy correlated with the percentage of IL-7Ra+ CMV-specific cells at a late time 
point54. . 

Maintenancee of memory CD8+ T cells specific for persistent viruses 
Ann important characteristic of memory CD8+ T cells that remain after elimination of a 
viruss is that they survive for prolonged period devoid of contact with antigen7576. To 
maintainn a stable pool of memory T cells, extrinsic factors are required however, for 
survivall and homeostatic proliferation. The cytokines IL-7 and IL-15, both members from 
thee common y-chain family of cytokines have in this regard been identified as essential 
factors77"80.. The requirement for IL-7 is stressed by the finding that expression of the IL-
7Raa is selectively found on memory precursor cells and all memory cells after 
eliminationn of an acute virus highly express this receptor1718. 
Thee requirements for survival of memory CD8+ T cells specific for persistent viruses 
appearr to be different. First, the response to the homeostatic cytokines IL-7 and IL-15 is 
clearlyy less for memory cells specific for persistent viruses4154. This can be explained by 
thee fact that only part of the memory cells specific for persistent viruses express the IL-
7Raa and expression of the IL-15RJ} is also lower than on memory cells specific for 
clearedd viruses4154. Also experiments in IL-15_/" mice showed that memory CD8+ T cells 
specificc for persisting murine yHV68 did not depend on IL-15 for their maintenance81. 
Second,, after adoptive transfer of memory CD8+ T cells specific for persistent viruses 
intoo naive mice, these memory cells do not survive and/or proliferate in the absence of 
theirr specific antigen and, therefore, they were called antigen-addicted4181. The same 
wass found in murine models where treatment of chronically infected mice resulted not 
onlyy in clearance of the pathogen, but simultaneously in a decline in antigen-specific T 
cellss and loss of protective immunity82:83. In a normal situation however, T cells specific 
forr persistent viruses will regularly encounter their antigen. Yet, the conclusion will 
remainn that memory cells specific for persistent viruses probably depend on contact with 
antigenn for their maintenance. 
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Ann attractive consideration is that antigen-specific memory CD8+ T cells might also still 

developp during the persistence phase instead of only after the acute phase of infection. 

Supportt comes from experiments in which priming of epitope-specific CD8+ T cells in 

bonee marrow chimeric mice could be visualized during persistent viral infection33. This 

impliess that not all memory cells found late in infection have been maintained for a long 

periodd but some might have been induced somewhere along the period of persistent 

infection.. Interestingly, cells primed during the persistent phase of infection had higher 

CD62LL expression, which could be explained by a shorter contact with most likely lower 

levelss of antigen. 

Anotherr probably important factor in the maintenance of memory CD8+ T cells in 

persistentt infections is the CD4+ T cell help33. Their presence is known to be required for 

inductionn and maintenance of fully functional memory CD8+ T cells22"25 in models of 

infectionn with acute viruses. Their role in persistent infection was demonstrated in CD4 

'' mice infected with chronic LCMV, where absolutely no IL-7Ra+ CD8+ memory cells 

couldd be detected58. In humans, the emergence of peripheral blood CMV-specific CD4+ 

TT cells in symptomatic primary CMV infections was delayed compared to asymptomatic 

infection,, emphasizing their contribution to resolution of the acute phase of the 

infection52.. Also in vitro, human CMV-specific cells dramatically increased their 

proliferationn when helper-cell derived cytokines or activated CD4+ T cells themselves 

weree added to the culture53;71. 

Thus,, presumably, memory CD8+ T cells specific for persistent viruses require contact 

withh antigen and CD4+ T cell help for their maintenance. 

Regulationn of IL-7Ra expression by the presence of antigen 

Thee difference in expression of IL-7Ra between memory CD8+ T cells after clearance of 

ann acute virus or during persistent infection and the consequences for the importance of 

IL-77 for the survival of these cells, can be explained by the notion that IL-7Ra is down-

regulatedd upon TCR activation of the cell548485. After clearance of an acute virus, the 

memoryy T cells are not triggered by antigen anymore and re-express the IL-7Ra 

whereass in persistent infection the T cells continue to regularly encounter antigen. 

Indeed,, during a recall response after viral clearance, the levels of IL-7Ra on the 

memoryy T cells decreased again, showing that changes in expression of IL-7Ra reflect 

thee activation state of memory T cells58. That the ongoing TCR stimulation was 

responsiblee for the continued down-regulation of IL-7Ra could be confirmed by treating 

micee with peptides that were either short lived or persisted in vivo59. 

Alsoo in humans, the influence of the level of antigen was shown as the percentage of IL-

7Ra++ CMV-specific cells declined when the viral load increased during CMV-reactivation 

andd a higher maximum viral load inversely correlated with the percentage of IL-7Ra+ 

CMV-specificc cells54. In HIV patients, where high viral loads both for HIV and for other 

virusess are more common, the level of IL-7Ra expression on total CD8+ T cells is lower 

thann in healthy individuals. In line with a role for contact with antigen, the percentage of 

IL-7Ra++ CD8+ T cells reached normal levels when the antigenic load decreased after 
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successfull treatment : . These data lead to the assumption that the presence of 

antigenn down-regulates the receptor and thus decreases the dependency of memory 

CD8++ T cells on IL-7. 

Concludingg remarks 

Combined,, these data give rise to the hypothesis that for the maintenance of CD8+ T cell 

memoryy in persistent viral infections, cells need regular contact with their specific antigen 

inn combination with help-signals from CD4+ T cells. In contrast to memory cells 

developedd after clearance of an acute virus, there appears to be a minor role for IL-7 and 

likelyy also IL-15 in the maintenance of T cells specific for persistent viruses. 

Furthermore,, whether CD8+ T cells found during persistent infection can actually be 

namedd memory T cells, can be questioned. They do not have to "memorize" the specific 

antigenn because the virus is still present in the host and they continuously have to keep 

thee infection under control. This could also explain why these cells, concerning function, 

phenotypee and maintenance requirements, differ so much from the classical memory 

cellss that develop after acute infection when the virus is cleared. Because CD8+ T cells 

duringg persistent infection cannot retire as after infection with a cleared virus, but have to 

continuee to monitor the virus they appear to function as "vigilant resting effector cells". 
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Thiss thesis focuses on the development and maintenance of virus-specific memory T 

cellss specific for cytomegalovirus (CMV). 

InIn chapter 1, an introduction is given in the immune system in general and in the 

development,, functionality and nomenclature of memory T cells specifically. Additionally, 

thee relationship between the immune system and CMV is described. 

Inn chapter 2, the proliferation requirements of a specific subset of CD8+ T cells, so called 

effectorr cells, are investigated. These cells, phenotypically characterized as CD8+ 

CD45RA+CD27XCR77 T cells, have been named terminally differentiated cells because 

thesee cells showed a reduced proliferative capacity. We demonstrated that these 

cytotoxicc cells are not end-stage cells because they vigorously proliferate if, in addition to 

specificc peptide stimulation, activated helper cells or cytokines (IL-2, IL-15 or IL-21) were 

provided.. Therefore, we believe that effector CD8+ T cells in a situation of re-infection or 

reactivationn of a virus, can respond not only by direct cytotoxicity but also by yielding 

progeny.. Upon stimulation and proliferation, these cells changed their surface 

expressionn of CD45RA to CD45R0 and re-expressed CCR7. 

Inn chapter 3, we further studied this up-regulation of CCR7, a chemokine receptor 

involvedd in homing of T cells to the secondary lymphoid organs. Antigenic stimulation of 

CCR77 CMV-specific CD8+ T cells with CMV peptide in combination with CMV antigen or 

IL-22 or IL-21 induced re-expression of CCR7, whereas addition of IL-15 did not. Re-

expressionn of CCR7 was functional as upon chemokine stimulation cells changed their 

cytoskeleton.. Moreover, specific migration of these CCR7+ CMV-specific cells could be 

shown.. These findings imply that the migratory properties of antigen-primed cells are 

flexiblee and depend on the presence or absence of antigen and environmental cytokines. 

ChapterChapter 4 describes the changes in phenotype and frequency of CMV-specific CD8+ T 

cellss during CMV reactivation in vivo. CMV-specific cells acquired a more differentiated 

CD27"" phenotype as a result of the interaction with the ligand CD70, and concurrently 

increasedd in number. A strong correlation was found between the number of CMV-

specificc CD8+ T cells and the percentage of CD27" cells within that population. In vitro 

studiess showed that antigenic stimulation of CD27+ CMV-specific cells with peptide and 

CMVV antigen, IL-2 or IL-15 induced CD70 expression and consequent downregulation of 

CD277 on the proliferating cells. In contrast, stimulation with CMV peptide plus IL-21 

inducedd proliferation but no change in phenotype in the CMV-specific cells. These data 

implyy that repetitive antigenic stimulation results in increased numbers of virus-specific 

cellss which, depending on the type of stimulus, show a more differentiated phenotype. 
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Inn chapter 5 we investigated the role of the expression of IL-7Ra on virus-specific cells. 
Alll memory T cells that remain after clearance of a virus express IL-7Ra and are 
dependentt on IL-7 for their homeostasis. We showed that only part of the CD8+ T cells 
specificc for the persistent viruses CMV and Epstein-Barr virus (EBV) express IL-7Ra. 
Thiss is probably related to frequent antigenic stimulation as reactivation in vivo also 
reducedd the number of IL-7Ra+ cells and in vitro studies showed downregulation of IL-
7Raa upon stimulation. IL-7Ra+ CMV-specific cells proliferated better in response to 
stimulationn with peptide, IL-7 and IL-15 and survived better. We concluded that IL-7Ra+ 

andd IL-7Ra" memory T cells differ in functionality and maintenance requirements. 

ChapterChapter 6 also deals with homeostasis of memory T cells. Here we studied the changes 
inn memory T cells with different viral specificities during the first year of 
immunosuppressionn in renal transplant patients. In CMV-seropositive individuals we 
observedd a significant increase in CMV-specific CD8+ T cells accompanied with further 
differentiationn of the cells to a more CD27~IL-7RoT phenotype. However, other virus-
specificc cells, namely EBV-specific cells and CD8+ T cells specific for the cleared viruses 
influenzaa (FLU) and respiratory syncytial virus (RSV) decreased in frequency during the 
firstt year after transplantation. Remarkably, this decrease was not observed in CMV-
seronegativee transplant recipients; in most individuals the frequencies of EBV-specific 
cellss even increased. These findings suggest an advantage for CMV in the apparent 
competitionn for space or homeostatic factors between memory T cells under 
immunosuppression. . 

Inn chapter 7 we describe that in primary CMV infection a population of CD4+CD28" T 
cellss emerges, only late after the peak of the viral load, that expressed the cytotoxic 
moleculess granzyme B and perforin. These cells are only found in CMV-seropositive 
individualss and respond by proliferation and cytokine production only to CMV stimulation 
andd not to other antigens. This shows that CMV infection leaves a fingerprint in the CD4+ 

TT cell population, like it was already demonstrated for CD8+ T cells. 

Inn chapter 8 we show that these CD4+CD28" T cells can specifically lyse CMV-loaded 
targett cells. Furthermore, since CD4+CD28" T cells only appear late after primary CMV 
infection,, we tried to find their origin. Either the early CMV-specific IFNy-producing CD4+ 

TT cells obtained the features of CD4+CD28" T cells later in infection, or, CD4+CD28" T 
cellss developed independently. To address this, we sorted both early and late CMV-
specificc CD4+ T cells from two patients with a primary CMV infection and compared the 
TCRR usage of both populations by CDR3 spectratyping and sequencing. This revealed 
thatt only a minority of the T cell clones found late in infection originated from the early 
CMV-specificc CD4+ T cells, implying that a strong selection of the virus-specific TCR 
repertoiree takes place after the acute phase in primary CMV-infection. 
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Finally,, chapter 9 reviews and discusses the current knowledge on the induction and 
maintenancee of CD8+ memory T cells specific for persistent viruses. These are 
comparedd to their counterparts recognizing viruses that have been cleared by the 
immunee system and it is obvious that these two types of cells differ from each other in 
theirr generation and concerning their homeostatic requirements. Therefore, it can be 
debatedd that T cells specific for persistent viruses are not genuine memory T cells but 
ratherr resting vigilant effector cells. 
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Achtergrond d 

Hett immuunsysteem beschermt ons lichaam tegen micro-organismen zoals bacteriën en 
virussen.. Grofweg kan het immuunsysteem ingedeeld worden in twee takken. De 
aangeborenn (of aspecifieke) respons zorgt voor de eerste verdedigingslijn tegen diverse 
pathogenen1.. De adaptieve (of specifieke) immuun respons komt wat later op gang maar 
kann heel gericht een pathogeen opruimen of onder controle houden. Verschillende 
soortenn cellen spelen ieder hun eigen rol in deze specifieke respons. B cellen rijpen in 
hett beenmerg en kunnen antilichamen maken als ze hun specifieke antigeen2 

herkennenn met hun B cel receptor. T cellen rijpen in de thymus en kunnen onder 
verdeeldd worden in CD4+ en CD8+ T cellen. CD8+ T cellen, ook wel cytotoxische3 T 
cellenn genoemd, kunnen met hun T cel receptor geïnfecteerde cellen herkennen en 
beschikkenn over een aantal methoden om deze cellen dan op te ruimen. CD4+ T cellen 
wordenn ook wel helper cellen genoemd omdat ze belangrijk zijn voor de ondersteuning 
vann de B en CD8* T cel responsen. 

Eenn van de belangrijkste eigenschappen van het specifieke immuunsysteem is het 
vermogenn om kenmerken van een bepaald pathogeen te onthouden. Bij een nieuwe 
infectiee met hetzelfde pathogeen kan het immuunsysteem extra snel en efficiënt 
reagerenn waardoor de infectie zo snel bestreden wordt dat we geen ziekteverschijnselen 
krijgen.. Dit is de reden waarom we kinderziektes (zoals de mazelen en rode hond) maar 
éénn keer krijgen. Van dit principe wordt ook gebruik gemaakt bij vaccinaties waarbij we 
ookk levenslang beschermd blijven. De T cellen die zorgen voor dit geheugen van het 
immuunsysteemm heten memory T cellen. 

Hett fenotype4 van de cel kan aan de hand van verschillende moleculen op het cel 
oppervlakk bepaald worden. Het fenotype van een cel vertelt iets over de differentiatie en 
activatiee status van de T cellen en over de mogelijke functionele eigenschappen. In het 
bloedd van gezonde mensen vinden we T cellen in verschillende differentiatie5 stadia. 
Naïevee T cellen hebben hun specifieke antigeen nog niet herkend en zijn nog niet 
geactiveerdd geraakt. Effector type T cellen zijn al wel door antigeen gestimuleerd en 
hebbenn eigenschappen ontwikkeld waarmee ze in staat zijn geïnfecteerde cellen op te 
ruimen.. Ten slotte kunnen we in het bloed ook de eerder genoemde memory cellen 
vinden. . 

11 pathogeen: ziekteverwekker 
22 antigeen: een stukje van een pathogeen dat herkend wordt door het immuunsysteem 
33 cytotoxisch: in staat om cellen te doden 
44 fenotype: uiterlijke kenmerk van een cel 
55 differentiatie: ontwikkeling; differentiëren: verder gaan in ontwikkeling 
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Virussenn die mensen kunnen infecteren worden in sommige gevallen geheel opgeruimd 
doorr het immuunsysteem, bijvoorbeeld influenza virus (FLU; griepvirus) en respiratory 
syncytiall virus (RSV; verkoudheidsvirus). Andere virussen blijven levenslang aanwezig 
inn het lichaam. Deze persisterende virussen houden zich na de eerste infectie rustig. Het 
immuunsysteemm houdt tijdens deze zogenaamde latentie fase het virus onder controle 
waardoorr er geen symptomen zijn. Na transplantatie wordt immuunsuppressieve6 

medicatiee gebruikt om afstoting van het donor orgaan te voorkomen. Doordat het 
immuunsysteemm dan geremd wordt, raakt de balans tussen het virus en het 
immuunsysteemm verstoord. In zulke situaties kan het virus weer gaan opspelen, een 
zogenaamdee reactivatie. Veel voorkomende persisterende virussen zijn de 
herpesvirussenn waartoe ondermeer cytomegalovirus (CMV) en Epstein-Barr virus (EBV) 
behoren. . 

Focuss van dit proefschrift 

Hett onderzoek beschreven in dit proefschrift heeft zich voornamelijk gericht op de virus-
specifiekee T cellen die aanwezig blijven na de primaire infectie7, de zogenaamde 
memoryy T cellen. We hebben onderzocht hoe ze ontstaan tijdens primaire infectie en 
ookk hoe ze behouden blijven in de periode daarna. Zowel het fenotype als de functie van 
dezee virus-specifieke CD4+ en CD8+ T cellen zijn onderzocht. We hebben voornamelijk T 
cellenn specifiek voor CMV onderzocht en deze vergeleken met T cellen specifiek voor 
EBV,, FLU en RSV. De studies werden uitgevoerd met cellen van zowel gezonde 
individuenn als niertransplantatie patiënten, waardoor het mogelijk was de gevolgen van 
immuunsuppressiee te bestuderen. 

Bevindingen n 

Inn hoofdstuk 1 is een algemene inleiding gegeven in de immunologie en speciaal in de 
virus-specifiekee T cellen. 
Inn hoofdstuk 2 zijn de factoren onderzocht die celdeling van effector type CD8+ T cellen 
kunnenn induceren. Deze cellen zijn heel ver gedifferentieerd en in de literatuur werd 
betwijfeldd of ze nog in staat waren om te delen. We hebben laten zien dat CMV-
specifiekee effector type CD8+ T cellen heel goed delen als ze gestimuleerd worden met 
hett peptide dat ze herkennen in combinatie met cytokines8 of geactiveerde helper CD4+ 

TT cellen. 
Alss gevolg van de stimulatie veranderen de geactiveerde CMV-specifieke effector type T 
cellenn hun fenotype en brengen onder andere CCR7 op het cel oppervlak. Dit is een 

immuunsuppressie:: remming van het immuunsysteem door bijvoorbeeld medicatie 
77 primaire infectie: de eerste keer dat iemand door een virus geïnfecteerd raakt 
88 cytokine: molecuul dat herkend wordt door een cytokine receptor op een cell en signalen 
doorgeeftt van de ene cel naar de andere 
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chemokine99 receptor die het de cellen mogelijk maakt te migreren naar de lymfeknopen 

enn milt. In hoofdstuk 3 hebben we laten zien dat de cellen die CCR7 op hun oppervlakte 

hebbenn inderdaad ook kunnen reageren op het specifieke chemokine en in staat zijn om 

doorr een andere cellaag heen te bewegen in de richting van het chemokine. Deze 

resultatenn tonen aan dat, afhankelijk van de stimulatie van de cellen, ze zich op 

verschillendee manieren door het lichaam kunnen verplaatsen. 

HoofdstukHoofdstuk 4 beschrijft de veranderingen in het fenotype en aantal CMV-specifieke CD8+ 

TT cellen tijdens CMV reactivatie in niertransplantatie patiënten. Gelijktijdig met de 

toenamee in virus-specifieke cellen zagen we ook een verdere differentiatie van de cellen. 

Inderdaadd vonden we een duidelijk verband tussen een hoog percentage en een ver 

gedifferentieerdd fenotype van de CMV-specifieke CD8+ T cellen. In experimenten 

hebbenn we kunnen aantonen dat de hoeveelheid antigeen en de verschillende cytokines 

diee aanwezig kunnen zijn beiden het fenotype van de cellen beïnvloeden. 

Inn hoofdstuk 5 hebben we de rol bestudeerd van de receptor voor het cytokine IL-7 dat 

belangrijkk is voor cellen om te overleven. Memory T cellen specifiek voor virussen die 

helemaall verwijderd zijn, hebben allemaal de IL-7 receptor (IL-7R) op het cel oppervlak 

maarr bij de CD8+ T cellen specifiek voor persisterende virussen is dat maar een klein 

deel.. De IL-7R verdwijnt van het oppervlak na stimulatie van de cellen en omdat T cellen 

specifiekk voor persisterende virussen regelmatig hun antigeen herkennen zou dat de 

redenn kunnen zijn dat ze niet allemaal de IL-7R hebben. CMV-specifieke CD8+ T cellen 

diee wel de IL-7R hebben, overleven en delen beter dan de cellen zonder IL-7R. Daaruit 

hebbenn we geconcludeerd dat er verschillen zijn in functie en de vereisten voor behoud 

tussenn memory cellen met en zonder IL-7R. 

Inn hoofdstuk 6 hebben we bestudeerd wat er gebeurt met de populaties van 

verschillendee virus-specifieke memory T cellen tijdens transplantatie. We zagen een 

toenamee in CMV-specifieke CD8+ T cellen terwijl memory cellen specifiek voor andere 

virussenn juist afnamen. Behalve in patiënten die niet geïnfecteerd waren met CMV waar 

dee andere memory cellen constant in aantal bleven. Als een patiënt een primaire infectie 

mett CMV doormaakte, zagen we ook dat T cellen specifiek voor andere virussen even 

plaatss maakten. Daarom lijkt het alsof CMV-specifieke T cellen een voordeel hebben ten 

opzichtee van T cellen met andere specificiteiten en de competitie voor ruimte winnen. 

Inn hoofdstuk 7 beschrijven we een populatie van effector CD4+ T cellen die verschijnen 

naa primaire CMV infectie en ook alleen te vinden zijn in mensen die met CMV 

geïnfecteerdd zijn. Deze cellen bevatten de cytotoxische moleculen granzyme B en 

perforine.. Alleen CMV-specifieke stimulatie, en geen stimulatie met andere antigenen, 

induceertt celdeling en cytokine productie in de effector CD4+ T cellen. Dit betekent dat 

CMVV infectie, zoals al beschreven voor CD8+ T cellen, een grote impact heeft op de 

differentiatiee van de totale CD4+ T cel populatie. 

InIn hoofdstuk 8 laten we zien dat deze effector CD4+ T cellen ook echt CMV-

geïnfecteerdee cellen kunnen opruimen. Daarnaast hebben we laten zien dat deze 

99 chemokine: molecuul dat herkend wordt door een chemokine receptor op een cel en aangeeft 
waarr een cel heen moet bewegen 
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effectorr CD4+ T cellen, die we pas geruime tijd na primaire CMV infectie vinden, slechts 
voorr een heel klein deel afkomstig zijn van de CMV-specifieke CD4+ T cellen vroeg in 
primairee CMV infectie. Dit kunnen we laten zien doordat ze verschillende T cel 
receptorenn gebruiken wat aangeeft dat ze niet uit eenzelfde voorloper cel ontstaan zijn. 
Ditt suggereert dat de selectie van T cellen specifiek voor persisterende virussen nog 
langg na primaire infectie doorgaat. 
HoofdstukHoofdstuk 9 ten slotte, geeft een overzicht van wat er in de literatuur en door onze eigen 
bevindingenn bekend is over CD8+ T cellen specifiek voor persisterende virussen. 

Conclusies s 

Doorr de studies beschreven in dit proefschrift hebben we meer inzicht gekregen in virus-
specifiekee T cellen gericht tegen persisterende virussen, in dit geval voornamelijk CMV. 
Wee kunnen concluderen dat antigeen-specifieke stimulatie van de CD8+ T cellen 
celdelingg en verdere differentiatie van de cellen induceert, maar dat de aanwezige 
cytokiness dit proces ook kunnen beïnvloeden. Verder duiden onze bevindingen erop dat 
dee T cellen die overblijven na een primaire infectie met het persisterende CMV over 
anderee eigenschappen beschikken dan de memory cellen die gevonden worden als een 
viruss helemaal verwijderd is. Doordat T cellen gericht tegen persisterende virussen 
regelmatigg hun antigeen weer herkennen en gestimuleerd worden, lijken ze minder 
afhankelijkk te zijn van overlevingsfactoren als IL-7. Deze resultaten vergroten de kennis 
overr het ontstaan en behouden van virus-specifieke T cellen, wat van belang is voor de 
ontwikkelingg van vaccins. 
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Ag g 
CFSE E 
CMV V 
CTL L 
DC C 
EBV V 
FACS S 
FLU U 
FN N 
GrB B 
HCV V 
HIV V 
HLA A 
HUVEC C 
IFN N 

ig g 
IL L 
IL-7Ra a 
LCL L 
mAb b 
MFI I 
MHC C 
NKK cell 
PBMCs s 
PPD D 
RA A 
RANTES S 
RSV V 
SEB B 
TCM M 

TEM M 

Th h 
TNF F 
TT T 
Tx x 
VZV V 

antigen n 
5,6-carboxyfluoresceinn diacetate succinimidyl ester 
cytomegalovirus s 
cytotoxicc T lymphocyte 
dentriticc cell 
Epstein-Barrr virus 
fluorescencee activated cell sorter 
Influenzaa virus 
fibronectin n 
granzymee B 
hepatitiss C virus 
humann immunodeficiency virus 
humann leucocyte antigen 
humann umbilical vein endothelial cells 
interferon n 
immunoglobulin n 
interleukin n 
IL-77 receptor alpha chain 
lymphoblastt cell line 
monoclonall antibody 
meann fluorescence intensity 
majorr histocompatibility complex 
naturall killer cell 
peripherall blood mononuclear cells 
purifiedd protein derivative 
rheumatoidd arthritis 
regulatedd on activation, normal T cell expressed and secreted 
respiratoryy syncytial virus 
StaphylococcusStaphylococcus Aureus enterotoxin B 
centrall memory T cell 
effectorr memory T cell 
TT helper 
tumorr necrosis factor 
tetanuss toxoid 
transplantation n 
varicellaa zoster virus 



Dankwoord d 

HetHet schrijven van een dankwoord is een hachelijke zaak, zeker als na vijf jaar 
ogenschijnlijkogenschijnlijk stressloos werken alles klaar is en je gaat zitten voor de laatste 
woordenwoorden Heel veel mensen hebben met me meegedacht, meegewerkt, meegeholpen 
enen meegeleefd en een aantal wil ik hier speciaal bedanken. 

Vijfjaarr geleden begon ik als projectloze AIO, dus kon de te volgen route onderweg nog 
aangepastt worden. Dit had als grote voordeel dat we onze neus achterna konden varen 
enn afhankelijk van de weersomstandigheden de richting bepalen. Mijn promotoren Rene 
enn Ineke hebben grotendeels de koers bepaald en mij de coördinaten gegeven 
waardoorr we uiteindelijk een mooi eindpunt bereikt hebben. Onderweg heb ik van Rene 
dee fijne kneepjes van het vak geleerd, vooral hoe belangrijk het is om overzicht te 
houden,, wanneer overstag te gaan en het doel niet uit het oog te verliezen. Ineke zorgde 
datt ik het contact met de (klinische) buitenwereld niet verloor en hield me enthousiast 
doorr haar niet-aflatende interesse in zowel het wetenschappelijke als niet-werk 
gerelateerdee deel van mijn AlOschap. 
Esterr R, zonder goede technische ondersteuning blijft geen schip varen. Jij hebt veel 
bijgedragenn aan dit proefschrift, ook doordat je altijd meedacht over het plan van 
aanpak.. De technische crew bestond verder uit: Nelly, verantwoordelijk voor het 
verwerkenn van het materiaal van honderden patiënten, en SiLa, altijd aanwezige ervaren 
vraagbaak.. Tijdelijk aan boord om ervaring op te doen: student Jasper, het resultaat van 
jee stage kun je terugvinden in hoofdstuk 6! Het was voor mij een leuke en leerzame 
ervaringg om een deel van je opleiding te begeleiden. 
Watt minder direct betrokken maar belangrijk voor de ondersteuning: Dianne, 
duizendpoot-secretaresse,, dankzij jou ging de logistiek voor de wind. Uiteraard was ook 
dee wisselende bemanning van de AIO kamer een grote steun. Laila, Mireille en Else: als 
ervarenn rotten konden jullie me geruststellen dat alles wat ik meemaakte bij het AIO 
bestaann hoorde en niet aan mij persoonlijk lag. Altijd aanwezige vaste bemanning waren 
Godelievee en Nuno. Godelieve, jij bent echt mijn AlO-maatje geworden. Doordat we 
soortgelijkk werk deden en goed met elkaar mee konden denken en leven. Maar vooral 
ookk door de gezamenlijke congressen en alle belevenissen ter plekke, cocktails, New 
York,, films, gevulde koeken en stapavondjes. Nuno, I really enjoyed working with you, 
whichh is very stimulating since you are always one step ahead of me in thinking. 
Furthermoree I have great memories of the 80's parties and I am still always willing to 
translatee dinner menus or other important things for you. When I accidentally got into 
heavyy weather, you and G. provided me with emergency cup-a-soups and rescue-
tissues,, thanks. Tenslotte de nieuwe lichting: Delfine, Kirsten en Henrike, bedankt voor 
julliee steun (vooral) tijdens de laatste dagen, toen het schip wat water begon te maken 
enn er gehoosd moest worden. 
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Velee mensen van de afdeling Experimentele Immunologie hebben vanaf de kant alles 
gevolgdd en regelmatig advies, materiaal of afleiding verzorgd, bedankt. Het heeft de reis 
zekerr bespoedigd en aangenamer gemaakt. 
Dann het thuisfront: iedere keer als ik weer voet aan wal zette in de niet-promotie-wereld, 
konn ik rekenen op zowel vrienden als familie. De vele potten thee, etentjes, gezellige 
avondjes,, feestjes, nog meer thee en alle leuke telefoontjes en emails waren voor mij 
belangrijkk om te kunnen ontspannen en genieten. Jullie hebben me gesteund door jullie 
interessee in mijn onderzoek, door het begrip voor het feit dat ik het altijd wat drukker had 
dann gepland en door me er aan te herinneren dat het geen kwaad kan af en toe even de 
zeilenn te laten vieren. 
Astrid:: zusje, vriendin en paranimf, de all-in-one AIO heeft nu weer tijd om zelf alles te 
regelen!! Pap en mam, bedankt voor de zeillessen en de veilige thuishaven. Tenslotte 
Ramon,, ik weet zeker dat ik met jou de grote oversteek durf te maken! 
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Stellingen n 

Behorendd bij het proefschrift: 

'Inductionn and maintenance of human virus-specific T cells" 
vann Ester van Leeuwen 

1.. Effector-type CD8+ T cellen zijn tot meer in staat dan wel gedacht werd, mits de juiste 
stimuluss wordt gegeven, (dit proefschrift) 

2.. In het geval van persisterende virussen moeten memory T cellen gezien worden als 
alertee effector-type T cellen die het virus onder controle houden, (dit proefschrift) 

3.. Virus-specifieke CD8+ T cellen die regelmatig een antigene stimulus ontvangen, zijn 
daardoorr niet afhankelijk van IL-7 om te overleven, (dit proefschrift) 

4.. Ook voor virus-specifieke T cellen geldt: Nurture by Nature; de opvoeding van deze 
cellenn wordt voor een groot deel bepaald door de aard van het virus. 

5.. Analyse van T cellen specifiek voor virussen die voornamelijk locale infecties 
veroorzaken,, moet niet uitgevoerd worden op cellen uit het perifere bloed. (G.J. de 
Bree,Bree, J. Exp. Med., In Press) 

6.. De werkzaamheden van een promovendus passen in verschillende disciplines, AIO 
zouu dus een afkorting kunnen zijn van "All-ln-One". 

7.. De "undo" functie op een computer is van onschatbare waarde voor de stress-
regulatiee tijdens het schrijven van een artikel of proefschrift. 

8.. Een vrouw die in een klein autootje een grote auto met mannelijke chauffeur inhaalt, 
kann er zeker van zijn dat het omgekeerde even later gebeurt. 

9.. Omdat bij iedere sfeer en gelegenheid andere muziek past, is het onmogelijk één 
favoriett nummer te hebben. 

10.. Vakantie zou nog rustgevender en mooier kunnen zijn zonder andere toeristen... 
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