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Chapterr 1 

GENERALL INTRODUCTION 

Herpesviruse s s 

Memberss of the Herpesviridae form a large and diverse family comprised of three subfamilies 

designatedd alpha-, beta-, and gammaherpesviruses. Virions are composed of a large DNA 

genomee encased in an icosahedral capsid, which is in turn coated with a layer of proteins 

calledd the tegument and an envelope composed of about a dozen viral proteins and 

glycoproteinss in a lipid bilayer. McGeoch et al. [1] indicated that the alpha-herpesviruses 

separatedd from the lineage that gave rise to the beta- and gamma-herpesviruses about 210 

millionn years ago, and the beta- and gamma-herpesviruses diverged 180 million years ago 

(Fig.. 1). Despite the differences resulting from long periods of separate evolution, alpha-, 

beta-,, and gamma-herpesviruses share a substantial genetic heritage and thus may be 

presumedd to have evolved from an ancestor that would have been clearly recognizable as a 

herpesvirus. . 

Commonn features of the herpesvirus family members include a high incidence of 

asymptomaticc infections (except varicella-zoster virus (VZV)) and the establishment of latent 

infectionss which can be reactivated to cause recurrent or new episodes of disease. The 

humann herpesviruses exhibit these common features as well as diversity in biology and 

pathogenesis.. They include varicella-zoster virus (VZV) and herpes simplex virus (HSV) 

typess 1 and 2 (cc-herpesviruses); cytomegalovirus (CMV) and human herpesviruses (HHV) 6 

andd 7 (P-herpesviruses); and Epstein-Barr virus (EBV) and HHV-8 (y-herpesviruses). 

FigureFigure  1 Phylogenetic  tree for 
selectedselected  mammalian  herpesviruses. 
HerpesHerpes simplex virus (HSV)-1 and -2, 
equineequine herpesvirus (EHV)-1, 
pseudorabiespseudorabies virus (PRV), and 
varicella-zostervaricella-zoster virus (VZV) are 
representativesrepresentatives for the a-
herpesviruses.herpesviruses. Human cytomegalo-
virusvirus (HCMV) and human herpesvirus 
(HHV)-6(HHV)-6 are representatives for the /?-
herpesviruses.herpesviruses. EHV-2, herpesvirus 
saimirisaimiri (HVS) and Epstein-Barr virus 
(EBV)(EBV) are representatives for y 
herpesviruses.herpesviruses. Adapted from 
McGeochMcGeoch et al. (1995) [1]. 

Varicella-zoste rr  viru s 

Varicella-zosterr virus (VZV) is a human cc-herpesvirus (HHV-3) that has a linear double-

strandedd DNA genome consisting of approximately 125 kb and encoding at least 69 unique 

proteins.. VZV is highly species specific, having a natural host range that is restricted to 

humans.. Primary infection usually results in chickenpox (varicella), characterized by a 

generalizedd vesicular rash (exanthem), fever, and malaise. Since VZV is highly contagious, 

moree than 95% of people in temperate climates are infected during childhood. Whereas 

primaryy infections in children are usually benign and self-limiting, primary infections 

encounteredd during adulthood are associated with higher morbidity and mortality. VZV 
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Generall Introduction 

infectionn shows a seasonal pattern, with most infections occurring in spring and late winter. 
Healthyy individuals acquire VZV through contact with skin lesions of an infected person, 
followedd by inoculation of respiratory mucosa, or by direct inoculation of virus in respiratory 
secretions.. Upon infection, VZV has been presumed to be transferred to regional lymph 
nodes,, where it is thought to initiate a primary viremic phase within a few days after infection 
[2].. A secondary viremia has been demonstrated to occur at the end of a 10- to 21-day 
incubationn period, accompanied by the appearance of skin lesions. In the course of infection, 
VZVV exhibits tropism for lymphocytes, monocyte-derived dendritic cells (DC) [3], skin [4], and 
neuronall and satellite cells of the sensory ganglia [5-8]. Infection of DC can lead to 
transmissionn of the virus to T cells [3]. T cell tropism is likely to be critical for the cell-
associatedd viremia associated with primary VZV infection [9]. Although it is generally 
assumedd that the viremia during VZV infections is highly cell-associated, viral DNA can be 
detectedd in plasma and serum from a large proportion of patients with acute varicella [4,10]. 
Uponn resolution of primary infection, which normally occurs within one to two weeks after 
appearancee of the rash [11], the virus develops latency within dorsal root ganglia [5-8]. Most, 
iff not all, of the DNA molecule of VZV is present during latency in an extrachromosomal 
(nonintegrated)) fashion [12,13]. Unlike herpes-simplex virus (HSV)-1, viral protein expression 
hass been demonstrated during latency, in particular the ORF63 transcript [14-17]. The exact 
mechanismm of establishing and maintaining latency are still largely unresolved. In clinical 
terms,, virus reactivation upon waning immunity may lead to herpes zoster (shingles), 
characterizedd by a painful vesicular rash usually confined to one or more sensory 
dermatomess [5,18-20]. 

Epstein-Bar rr  viru s 

Epstein-Barrr virus (EBV) is a ubiquitous human y-herpesvirus (HHV-4) with a genome of 172 
kb.. Primary infection generally occurs at an early age and is usually asymptomatic [21]. EBV 
carrierss secrete the virus into the saliva, allowing transmission of EBV from one human to 
anotherr through the oral route. Primary infection during adolescence or later can result in 
infectiouss mononucleosis (IM), which is a usually self-limiting disease characterized by fever, 
lymphadenopathy,, splenomegaly, pharyngitis, and general malaise. The main primary target 
cellss of EBV are B cells. During the early stages of IM, extremely large numbers of EBV-
infectedd B cells circulate in the blood, but they are all resting memory cells. They are not 
proliferatingg blasts and do not enter the growth program [22,23]. After infection of B cells, the 
viruss DNA forms a circle and persists as an episome in the nuclei of infected cells, thereby 
establishingg a latent infection [24]. The current model of persistent EBV infection holds that 
thee growth program of the virus activates B cells to become proliferating blasts so they can 
thenn differentiate into resting memory B cells through the process of the germinal-center 
reactionn [25]. During latency, a range of EBV encoded genes are expressed, including 
Epstein-Barrr virus-encoded nuclear antigen (EBNA)-1, -2, -3A, -3B, -3C, latent membrane 
proteinn (LMP)-1 and -2, and Epstein-Barr RNAs (EBER 1 and 2). The virus may remain latent 
underr surveillance by EBV-specific T lymphocytes [26]. However, the virus can switch to a 
lyticc cycle, in which new viruses are produced, finally resulting in death of the infected cells 
andd the release of virus particles [24]. During the lytic cycle, the BZLF1 (ZEBRA), BHRF1, 
BALF1,, and BCRF1 genes are expressed. Although EBV usually behaves as a harmless 
passenger,, in rare cases, the transforming capacities of the virus might promote the 
developmentt of B cell lymphomas, T cell lymphomas and nasopharyngeal carcinoma [27]. 
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Cytomegaloviru s s 

Cytomegaloviruss (CMV) is a human 0-herpesvirus (HHV-5) with a genome of 248 kb. The 
viruss exhibits a ubiquitous pattern of distribution and efficient transmission via direct contact 
inn all areas of the world regardless of socio-economic conditions. The virus is present in 
approximatelyy 50% of the adult population. Primary CMV infection is most often 
asymptomaticc in healthy individuals [28,29], and is correlated to a slow rise in cell-mediated 
immunityy [30]. However, serious complications may occur in immunocompromised patients. 
Symptomaticc CMV infection often presents as a systemic, nonspecific syndrome with 
symptomss of fever, leukopenia and malaise. It can present as a hepatitis that mimics 
rejection,, as well as interstitial pneumonia, or less frequently gastro-intestinal bleeding or 
diarrheaa due to gastritis or colitis. CMV maintains its latency in endothelial cells and myeloid-
lineagee hematopoietic cells, including progenitors that give rise to granulocytes, 
macrophages,, and DCs [31-34]. Primary infection, lifelong latency, and intermittent shedding 
resultingg from reactivation commonly occur without any marked disease consequences in 
otherwisee healthy individuals. 

Immunit yy  to herpesviru s infection s 
Resistancee to herpesvirus infections critically depends on successful collaboration between 
thee innate and adaptive immune systems [35-38]. Multiple components of the innate and 
antigen-specificc immune response are activated during the course of a primary herpesvirus 
infection.. Natural killer (NK) cells are key mediators in this first line of defense against 
invadingg pathogens, by restricting virus replication and spread [35,39,40]. Human NK cells 
aree characterized by the expression of CD56 and lack of CD3 antigens, and comprise 
approximatelyy 15% of peripheral blood lymphocytes. Development of NK cells is dependent 
onn cell-cell contact between CD34+ progenitors and bone marrow stromal cells, as well as on 
cytokiness such as IL-15, and growth factors like Flt3 ligand (FL) and stem cell factor (SCF) 
[41,42].. Under normal circumstances, NK cells are mostly confined to peripheral blood, 
spleenn and bone marrow. 
Althoughh the precise mechanisms of activation of NK cells are as yet unresolved, it appears 
thatt the actions of NK cells are mediated by the integration of activating and inhibitory signals 
sentt by cell surface receptors upon binding to ligands, the latter being dominant in steady-
statee [43,44]. Inhibitory signals are provided by interaction of inhibitory receptors and their 
ligands,, mostly belonging to the MHC (-like) class I family [44-47]. The inhibitory receptors 
aree characterized by their ability to recruit and activate SHP-1 and SHP-2 phosphatases 
throughh immunoreceptor tyrosine-based inhibitory motifs (ITIM) present in the cytoplasmic 
tailss [44]. Activating signals are provided by binding of ligands to activating receptors, such 
ass members of the recently described family of natural cytotoxicity receptors (NCRs) and 
NKG2DD [48,49]. Activating receptors lack ITIMs and instead associate with the 
immunoreceptorr tyrosine-based activation motif (ITAM)-containing adaptor molecule, DAP-12 
orr to the FcsRIy and CD3£ transmembrane adaptor proteins [50,51]. The ligands for the 
activatingg NK cell receptors are probably upregulated on target cells in response to infection, 
cellularr activation or stress [52-54]. Upon activation, NK cells release cytokines and 
chemokiness that induce inflammatory responses, control monocyte and granulocyte cell 
growthh and function and influence the type of subsequent adaptive responses [55]. In 
additionn to their immunomodulatory role, killing of virus-infected cells by NK cells is 
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accomplishedd by a variety of effector mechanisms, including release of granules containing 
perforinn and granzymes, and ligation of FasL to its receptor on the target cell [56,57]. 
Completee containment of the virus is ensured by activation of components of the adaptive 
immunee system, such as antigen-specific T cells and B cells. B cells are part of the humoral 
armm and activated upon triggering of the B cell receptor. Upon activation, the cells 
differentiatee into antibody-producing plasma cells. The role of B cells in the control of primary 
herpesviruss infections seems to be of less importance than the role of T cells. T cells are part 
off the cellular arm and are activated within lymph nodes upon recognition of specific viral 
peptidess presented in the context of either MHC class I (CD8+ T cells) or MHC class II (CD4+ 

TT cells) by the T cell receptor (TcR), in combination with co-stimulatory signals. CD8+ T cells 
aree specialized in killing infected cells, whereas CD4+ T cells are primarily involved in 
providingg help to other cells of the immune system. 
Inn response to viral infection, naive CD8* T cells that recognize the viral peptide in the 
contextt of MHC-class I clonally expand and differentiate into effector cells, which eliminate or 
neutralizee the virus, and memory cells, which provide enhanced immunity upon re-infection 
[58-60].. After the clonal-expansion phase, a large-scale apoptotic episode occurs also known 
ass the contraction phase, resulting in a substantial reduction in the number of antigen-
specificc cells [61]. A subpopulation of T cells escapes death and remains as a stable 
populationn of memory T cells. Functionally distinct CD8* T-cell subsets can be distinguished 
withh combinations of phenotypic markers such as CD45RA/CD45R0, the costimulatory 
receptorss CD28 [62], CD27 [63], and the chemokine receptor CCR7 [64]. Naive CD8* T cells 
expresss CD45RA (but not CD45R0) as well as CD27, CD28 and CCR7. During acute 
infectionn the cells express CD45R0 [63,65,66], CD38 and HLA-DR, CD27, CD28, and CCR7. 
Laterr in infection CD27 and CD28 may become downregulated [67] and only a minority of 
virus-specificc T cells express CCR7 [67-70]. Finally, during recovery, an increasing portion of 
thee cells express CD45RA [67,69,71]. 
Duringg acute infection, CD4+ T-helper cells that recognize the viral peptide in context of MHC 
classclass II, expand and differentiate from naive to effector and memory cells [72,73]. Effector 
andd memory CD4+ T cells can be defined in two ways. First, effector cells express two 
isoformss of CD45 (i.e. CD45RA+CD45R0+), whereas memory cells only express the low-
molecularr isoform of CD45 (i.e. CD45RAXD45R0+) [72]. Second, cytokine production 
distinguishess Th1 cells (synthesizing IFN-yand TNF-a) from Th2 cells (synthesizing IL-4, IL-
5,, IL-10 and IL-13) [74]. Virus-specific CD4+ T cells that are elicited during primary VZV, CMV 
orr EBV infection are predominantly of the Th1 type [72,75,76] and function to produce high 
levelss of IFN-y, which potentiates the clonal expansion of antigen-specific T cells [40,77,78]. 
Althoughh the classical CTL response is mediated by CD8+ T cells that recognize viral 
peptidess in association with MHC class I molecules, virus-specific CTLs can also exhibit 
MHCC class II (CD4>restricted killing of infected target cells [79-85]. 

Memor y y 

Immunologicall memory is an exclusive property of the acquired immune system. The 
purposee of immunological memory is to protect the host from re-infection and to control 
persistentt infections. Maintenance of immunological memory is the basis for the existence of 
typicall "childhood diseases". The stronger responses on re-infection or reactivation are 
basedd on a higher level of antigen-specific T and B cells and to the adaptation of these cells 
too particular pathogens [59,86]. The frequency of virus-specific memory cells is to a large 
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extentt determined by the initial clonal burst size [87,88]. The numbers of memory CD8+ T 
cellss remain constant over time, whereas the numbers of memory CD4+ T cells seem to 
declinee [89]. Memory cells are part of a network, which is continually evolving as immune 
responsess composed of some cells alter the frequencies, distributions, and activities of 
others.. This network is composed of a diverse repertoire of naive and memory cells, which 
competee with each other for available space and sources [90-92]. Homeostatic proliferation, 
boostingg by antigen, or cross-reactivity are considered as key factors in long-term 
maintenancee of immunological memory [90,93-96]. Memory CD8+ T cells require IL-7 and IL-
155 to persist, whereas the cytokines required for memory CD4+ T cells are not yet defined 
[97-102]. . 

FigureFigure 2 NK cells are activated in accordance with "the missing-self hypothesis". (A) Normal 
bodybody cells are MHC class I positive. The interaction of MHC class I (like) molecules with inhibitory 
receptorsreceptors silences the NK cell. (B) Herpesviruses are able to downmodulate MHC class I on infected 
cells,cells, in order to evade CD8* T cell immune responses. Because of the absence of MCH class I, 
inhibitoryinhibitory signals are not provided to the cell and NK cells are activated by interaction of cellular 
ligandsligands to activating receptors, thereby killing the infected cells by release of perforin and granzymes. 

AA specia l rol e for NK cell s in herpesviru s infectio n 
VZV,, CMV and EBV are able to reduce the usual constitutive MHC class I expression on the 
surfacee of infected cells in order to evade immune recognition by antigen-specific CD8+ T 
cellss [103-105]. Virus-infected cells with downmodulated MHC class I expression could be 
renderedd susceptible to attack by NK cells, similar to tumor cells, because the inhibitory NK 
receptorss for MHC class I are no longer engaged (Fig. 2) [106,107]. NK cells may therefore 
nott only play an important role in the initial stages of infection, but also as a back-up 
mechanismm in the immune response to herpesviruses. The importance of functional NK cells 
inn controlling herpesvirus infections has been demonstrated in the past [108]. Furthermore, 
thee severe inherited immunodeficiency disorder termed X-linked lymphoproliferative disease 
(XLP)) is characterized by critical mutations in the gene encoding SAP, which is normally 
boundd to the cytoplasmic tails of the NK cell coreceptors 2B4 and NTB-A [109-111]. The 
ligandd for 2B4 is CD48, a broadly expressed protein whose expression is significantly 
upregulatedd on EBV-transformed B cells. Instead of activation, the NK cells are inactivated 
duee to the mutated SAP and patients frequently die of fulminant infectious mononucleosis 
(70-80%% mortality) upon exposure to EBV [109]. 
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IL-155 and IL-21 in differentiatio n and maintenanc e of NK cell s and CD8+ T cell s 

AA network of cytokines is involved in directing the immune response. In the past years, it 
becamee clear that two of the common 7c cytokines, IL-15 and IL-21, are critical for 
differentiationn and maintenance of NK cells and CD8+ T cells. IL-15 shares homology with IL-
2,, but -in contrast to IL-2- is hardly detectable in T cells, but produced by a variety of tissues, 
monocytess and DCs. The cytokine is mainly involved in maintenance of CD8+ T cell memory, 
apartt from its role in naïve CD8+ T cell development or survival [112-114]. IL-15 can not only 
inducee T cell proliferation, as well as co-stimulate TCR-mediated proliferation, but also 
mediatee T cell survival [115,116]. Furthermore, IL-15 is an important factor for the generation 
andd survival of NK cells [117], since mice lacking IL-15 or its unique receptor component (i.e. 
IL-15ot)) are highly deficient for NK cells [114,118]. 

IL-211 is produced by activated CD4* T cells and shares significant homology with IL-2, IL-4 
andd IL-15 [119]. Its receptor is expressed on lymphoid tissues, DCs, macrophages, and 
endotheliall cells [119-121]. The widespread lymphoid distribution of IL-21 R suggests that IL-
211 may potentially play a substantial role in immune regulation. Indeed, IL-21 has pleiotropic 
roless in the lymphoid lineages, including co-stimulation of T cell proliferation, and the 
inhibitionn of IgE production in B cells [119,122-124]. Within the NK cell lineage, IL-21 
promotess expansion and differentiation of NK cells from bone marrow progenitors in vitro in 
synergyy with Flt3 ligand and IL-15, and enhances lytic effector function against target cells in 
lysiss assays, but it also limits ongoing NK cells expansion as demonstrated in mouse models 
[119,122,125]. . 

IMMUNITYY UNDER IMMUNOCOMPROMISED CONDITIONS 

Sincee clearance of primary herpesvirus infections and maintenance of latency seem to be 
criticallyy dependent on the intact immune system, it is not surprising that these viruses can 
causee severe clinical problems in immunocompromised patients. Reduced functioning of the 
immunee system may result from immunosuppressive drug treatment after bone marrow or 
solidd organ transplantation, chemotherapy, inherited disorders, or HIV-infection. In this thesis 
wee focussed on complications from VZV and EBV infections in the immunocompromised 
patients,, whereas other herpesviruses such as CMV and HSV also form a threat to these 
patientss [126,127]. 

Complication ss of VZV infection 

Althoughh varicella is considered to be a benign and self-limiting disease, complications may 
occur.. VZV affected about 4 million children every year in the United States before the 
vaccinee was introduced. The disease burden attributable to primary VZV infection included 
hospitalizationn of 5 per 1000 cases and a case fatality rate of 0.7 per 100.000 in the 1- to 4-
yearr age group [128]. Varicella morbidity and mortality are associated most often with 
invasivee group A Streptococcus and Staphylococcus aureus infections, neurological 
syndromes,, including encephalitis and cerebellar ataxia, pneumonia, and hepatitis [129,130]. 
Thesee complications are rare in otherwise healthy children, whereas the incidence of 
morbidityy and mortality are highly increased in case of primary infection of the fetus in utero 
(congenitall varicella syndrome), neonates (perinatal varicella), adults and immuno-
compromisedd children [128]. 
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EBV-induce dd lymphoproliferatio n 

Withh the growing number of powerful anti-rejection medications available, it is important to 
recognizee that these drugs predispose transplant recipients to the risk of opportunistic 
infections.. These infections can be a major cause of mortality and morbidity after 
transplantation.. The link between sustained immunosuppression of transplant recipients and 
increasedd evidence of posttransplant lymphoproliferative disease (PTLD), has long been 
apparentt and the association with EBV is now widely recognized [131,132]. PTLD 
encompassess a range of lesions, from polyclonal, polymorphic B lymphoproliferation to 
monoclonall B cell lymphomas, which arise because of inadequate T cell control of latent EBV 
infectionn [131,133,134]. One major factor influencing PTLD risk, the intensity of T-cell 
suppression,, underlies most of the differences seen in PTLD incidence in different 
transplantationn settings. A second major influence on PTLD risk is the patient's EBV status at 
thee time of transplantation. A 20-fold higher incidence is observed in EBV-seronegative 
recipientss [135], explaining why young children are at particular risk [136-140]. 

Treatmen tt  of herpesviru s infectio n 
Thee vast majority of primary herpesvirus infections are asymptomatic, with the exception of 
varicella.. Therefore, these infections generally remain untreated. However, in case of 
complicatedd courses of primary infection or reactivation, anti-viral treatment can be 
administered.. Broad-spectrum immunoglobulins, and nucleoside analogues such as acyclovir 
andd gancyclovir may inhibit viral replication and spread. 

Preventio nn of herpesviru s illnes s 
Antivirall therapy has to be administered upon each viral contact or shortly after the onset of 
thee disease. Prevention of severe courses of disease due to herpesvirus infection in the 
immunocompromisedd may be pursued by induction of immunity upon vaccination which 
shouldd provide long-term protection. In particular in case of oncological treatment, the anxiety 
off patients and their parents in case of exposure will be significantly reduced. Currently, the 
onlyy vaccine approved to prevent illness from herpesvirus infection is varicella vaccine. In the 
earlyy 1970's, wild-type Oka strain was isolated from a patient and attenuated using the 
empiricc approach of growth in non-human cells, taking advantage of the fact that VZV 
replicatess in guinea pig embryo fibroblasts. Subcutaneous inoculation of V-Oka did not cause 
illnesss in children, indicating that viremia did not occur or was subclinical, and seroconversion 
waswas elicited reliably [141]. The vaccine was approved by the Food and Drug Administration in 
19955 for routine use in healthy persons older than one year of age who are susceptible to 
varicella.. Japan, Korea and the USA included varicella vaccination in their routine schedule. 
Sincee the implementation of VZV vaccination, the USA has seen a marked decline in the 
numberr of cases of varicella and a trend towards less hospitalizations due to chickenpox 
[142]. . 
Prelicensuree clinical studies in the USA demonstrated that V-Oka elicited adaptive immunity 
whenn administered subcutaneously to healthy children [143]. One dose induced humoral and 
cell-mediatedd immunity in more than 95% of vaccine recipients. The vaccine was less 
immunogenicc in children more than 12 years old and in adults, but a two-dose regimen 
inducedd humoral and cellular responses to VZV comparable to those observed in younger 
childrenn given a single dose. The vaccine was protective in about 85% of children evaluated. 
Thee severity of disease is usually modified when vaccinated children and adults develop 

16 6 



Generall Introduction 

breakthroughh varicella after exposure to wild-type VZV [144,145]. Susceptibility to 
breakthroughh varicella was associated with low or undetectable VZV-IgG antibody titers at 6 
weekss after immunization [143]. Several other studies showed that the vaccine induces long-
termm humoral and cellular immunity in children and adults [146,147]. Efficacy of the vaccine 
inn leukemic patients was investigated in another prelicensure study, a collaborative study of 
immunizationn of approximately 600 varicella-susceptible American and Canadian children 
withh leukemia in remission; extensive and prolonged severe varicelliform or zosteriform skin 
reactionss due to the Oka strain were infrequent [148-150]. The clinical markers of V-Oka 
attenuationn are that vaccine-associated rashes, either at the site of injection or at distant 
sites,, occur in only about 5% of healthy children and adults and the replication of V-Oka is 
restrictedd in vaccinees who have leukemia or other immunosuppressive conditions that would 
predisposee them to life-threatening pneumonia, hepatitis, and encephalitis with wild-type VZV 
infectionn [143,151]. 

SCOPEE OF THE THESIS 

Immunocompromisedd individuals are often incapable to protect themselves from developing 
severee courses of disease upon herpesvirus infections. Not only primary infections are 
dangerouss to these individuals, but also reactivation of the viruses from latency. The social 
andd economical problems associated with herpesvirus infections in this particular patient 
groupp may be underestimated. The scope of this thesis is to acquire knowledge on the 
factorss important to control primary infection, re-infection and latency of herpesvirus 
infectionss in children with impaired immunity due to transplantation or chemotherapeutic 
treatment.. These insights will help us to identify patients at risk for developing severe 
coursess of disease, as well as to provide patient-tailored treatment strategies. 

Itt is well established that CD8+ T cells are pivotal in anti-viral immunity. More insight into 
virus-inducedd CD8* T cell development and functional properties of the respective CD8+ T 
celll subpopulations will be of great meaning to clinical diagnostics in viral disease. In healthy 
individuals,, a high degree of variation in the subset composition of the circulating CD8+ T cell 
populationn is observed. Although the way in which this variability is generated is unknown, 
recentt studies have suggested that particular viruses may preferentially be associated with 
certainn phenotypes of virus-specific T cells in latency [152]. In Chapte r 2 we determined in a  a 
largee cohort of children whether the presence of particular circulating CD8* T cell subsets 
couldd be correlated to previous herpesvirus infections such as CMV, EBV, and VZV, or to 
MMRR vaccination. 
Nott only primary infection, but also latent EBV infection is controlled by virus-specific 
cytotoxicc CD8+ T cells. Without these cells, EBV-infected B cells would proliferate in an 
unlimitedd fashion, resulting in lymphoproliferative disorders [153]. In transplant recipients who 
receivee immunosuppressive drugs, the balance between host immunity and viral replication 
iss disturbed. Given the high EBV genome levels that develop in the PBMCs of 
immunosuppressedd patients, it becomes important to know whether increasing loads might 
bee used as a prognostic indicator of PTLD risk [154,155-159]. The interaction between EBV 
andd host immune factors can be evaluated by assessing spontaneous EBV transformation of 
BB cells [160]. In Chapte r 3 we designed a prospective study in a cohort of pediatric renal 
transplantt patients on different regimens of immunosuppressive drugs to evaluate the value 
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off the spontaneous EBV B cell transformation (SET) assay as a monitor of EBV-specific 
immunityy in pediatric recipients of kidney allografts. 
Althoughh antiviral strategies may be applied in the immunocompromised upon contact with 
herpesvirusess to prevent the development of complications, it would be of great benefit to 
vaccinatee patients at risk in order to prevent -rather than treat- serious disease. Varicella 
vaccinationn is nowadays administered to the majority of children in the USA and Japan. This 
vaccinee has not been implemented in the standard vaccination program in The Netherlands. 
Althoughh malignancies are contra-indications for the vaccine, we describe in Chapte r 4 the 
safetyy and protective potential of varicella vaccination in a cohort of pediatric oncology 
patients.. These studies have been performed before, with the vaccine administered either 
beforee the start of chemotherapeutic treatment, or during maintenance therapy. The required 
delayy of chemotherapeutic treatment of the malignancy in these children could have a 
negativee effect on the clinical outcome. Furthermore, patients are at highest risk during their 
chemotherapyy and administration of the vaccine during maintenance therapy may simply be 
tooo late. We therefore administered the vaccine in a relatively early phase of treatment and 
studiedd the efficacy of varicella vaccination. 

Thee existence of typical childhood diseases is based on immunological memory. Re-
infectionss usually occur asymptomatic, due to the memory response that ensures a stronger 
andd faster control of the virus. The role of antigenic stimulation (boosting) in maintenance of 
immunologicall memory remains controversial. In Chapte r 5 we provide a detailed analysis of 
aa human memory response to a herpesvirus infection (VZV) in comparison to the primary 
immunee response. 
Herpesviruss infections may give rise to severe, and sometimes life-threatening problems in 
immunocompromisedd patients. Therefore, these patients are highly controlled and 
immediatelyy treated upon known contacts with herpesviruses in order to reduce the severity 
off the disease. However, severe to life-threatening courses of disease also occur in 
otherwisee healthy children. Intensive immunophenotyping in these cases may lead to the 
identificationn of important factors determining the outcome of the disease, upon which new 
treatmentt strategies can be based. In Chapte r 6 we describe five otherwise healthy children 
whoo developed life-threatening varicella. In Chapte r 7 we describe a 4-year-old boy with no 
knownn immunodeficiency with a chronic course of varicella. 

NKK cells are key players in the control of herpesvirus infections. Until recently, NK cells were 
consideredd to be a homogeneous population. It is now clear that human NK cells can be 
dividedd into two functional subsets by the differential expression of CD56 (Fig. 3) [161,162]. 
However,, little is known on the differentiation and migration of NK cells, or special 
characteristicss that may be linked to protection from severe infection. Since CD27 has been 
shownn to discriminate functional T cell subsets [163], we investigated in Chapte r 8 whether 
thiss TNF-receptor could also be used to identify functional NK cell subsets. 
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FigureFigure  3 Schema  of  human  NK cell  subsets.  CDS^"9"' NK cells produce high levels of cytokines 
followingfollowing stimulation with monokines. This subset is CDld0W and exhibits potent lymphokine-activated 
killerkiller (LAK) activity. CDö^9"' NK cells have high-level expression of the inhibitory CD94/NKG2A 
complexcomplex but have low-level expression of KIRs. This NK cell subset expresses a number of cytokine 
andand chemokine receptors constitutively, including the high-affinity IL-2R (IL2-RaP)j, c-kit, CCR7 and L-
selectin.selectin. By contrast, CDöff'"1 NK cells produce low levels of NK-derived cytokines but are potent 
mediatorsmediators of ADCC, LAK activity and natural cytotoxicity, and have more granular morphology than 

C D 5 6 * n g ww NK cells The CD56d«n NK cell subset fe KIR"9*. These cells have distinct expression of 
cytokinecytokine and chemokine receptors. CD56dlr" NK cells lack L-selectin but highly express PSGL-1. 
AdaptedAdapted from Cooper et al. [161]. 
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Abstrac t t 

Vira ll  infection s may caus e seriou s diseas e unles s the adaptiv e immun e syste m is able 
too clear the vira l agent s throug h its effecto r arms . Recent identificatio n and functiona l 
characterizatio nn of subpopulation s of huma n CD8+ T cell s has set the stag e to stud y 
thee correlatio n betwee n the appearanc e of particula r subset s and commo n vira l 
infection ss durin g childhood , i.e., EBV, CMV, varicella-zoste r viru s (VZV)> and the 
attenuate dd measles-mumps-rubell a (MMR) vaccin e strains . In a cohor t of 220 health y 
children ,, we analyze d lymphocyte s and subpopulation s of CD4* and CD8+ T cells . The 
presenc ee of the cytolyti c CD45RA*CD27~ subse t of CD8* T cell s correlate d to prio r CMV 
infectio nn as define d by seroconversio n (F<0.0001). The numbe r of thi s CD8+ T-cel l 
subse tt  remaine d stabl e durin g follow-u p over 3 years in 40 children . The 
CD45RA+CD27""  subse t of CD8+ T cell s firs t appeare d durin g acut e CMV infection  and 
subsequentl yy  stabilize d at an individua l set-poin t define d by age and 
immunocompetence .. The functiona l importanc e of thes e cell s in CMV surveillanc e 
wass reflecte d by thei r increase d number s in immunosuppresse d pediatri c kidne y 
transplan tt  patients . Preferentia l expansio n of CD8+CD45RA+CD27"  cytolyti c T cell s 
seemss uniqu e for CMV. 

Introductio n n 

Inn response to viral infection, naive CD8*, MHC class l-restricted, virus-specific T cells 
expandd clonally and differentiate into effector cells that eliminate or neutralize the virus and 
memoryy cells that provide enhanced immunity on re-infection [1-3]. CD8+ T cells are the 
primaryy mechanism of the adaptive immune system to cope with the many viral diseases that 
aree encountered during a lifetime, many of which occur during childhood. A better 
understandingg of virus-induced CD8+ T cell development and functional properties of the 
respectivee CD8+ T cell subpopulations will thus be of great meaning to clinical diagnostics in 
virall disease. 
Functionallyy distinct CD8+ T cell subsets can be distinguished by use of combinations of 
phenotypicc markers such as CD45RA/CD45R0, the costimulatory receptors CD28 [4], CD27 
[5],, and the chemokine receptor CCR7 [6]. Naïve CD8+ T cells express CD45RA (but not 
CD45R0)) as well as CD27, CD28 and CCR7. Viral infection induces a massive expansion of 
specificc CD8+ cells and rapid up-regulation of the cytolytic molecules perforin and granzyme 
BB [7]. During acute infection these cells express CD45R0, CD38 and HLA-DR, CD27 and 
CD28,, whereas later in infection CD27 and CD28 may become down-regulated [8]. In healthy 
individuals,, two prevalent types of resting primed (memory) T cells can be discerned. 
CD45R0+CD28+CD27++ T cells that have the ability to secrete IL-2, IFN-y, TNF-a, and IL-4 
andd contain virus-specific CTL precursors [9]. A second primed population can be 
characterizedd by CD45RA expression with concomitant absence of the costimulatory 
moleculess CD27 and CD28 and of CCR7. This CD8+CD45RA+CD27" population can secrete 
IFN-yy and TNF-a but not IL-2 or IL-4, abundantly expresses CD95-ligand, perforin, granzyme 
B,, and shows high cytolytic activity without in vitro prestimulation [10]. In healthy individuals, 
aa high degree of variation in the subset composition of the circulating CD8* T-cell population 
iss observed. Although the way in which this variability is generated is unknown, recent 
studiess have suggested that particular viruses may preferentially be associated with certain 
phenotypess of virus-specific T cells in latency [11]. 
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CD8++ T-cell subsets and viral infection 

Too directly address this question, the relationship between CD8* T-cell subset composition 
andd common viral infections during childhood, i.e., EBV, CMV, varicella-zoster virus (VZV), 
andd measles-mumps-rubella (MMR) vaccinations was studied. Both EBV and CMV are 
herpesvirusess that infect the vast majority of humans, following a bimodal pattern of infection 
withh peaks during early childhood and late adolescence, being defined to a large extent by 
socio-economicc factors [12,13]. In the Netherlands, a cross-sectional serum study performed 
inn 1991 had shown that 40% is EBV-seropositive at 10 years of age increasing to 98% at 30 
years,, while CMV immunity is detected in -30% and -50%, respectively [14]. Infection with 
thesee viruses early in life is most often asymptomatic, while infection later in life is a self-
limitingg disease more often associated with clinical symptoms [12]. On the other hand, 
chickenpoxx (varicella) is a common disease during childhood, caused by primary infection 
withh VZV, a highly contagious herpesvirus with attack rates of >85% in susceptible contacts 
inn the temperate climate under 7 years of age [15-17]. Varicella vaccine is not presently in 
usee in The Netherlands. However, live attenuated measles, mumps, and rubella virus are 
usedd for routine MMR vaccination in The Netherlands with a coverage of >98% of the young 
childrenn and high seroconversion rates regardless of intercurrent infections or fever [18-22]. 
Ourr analyses show that CMV is the main, if not only, factor responsible for the expansion of 
cytolyticc CD8+CD45RA+CD27" T cells. 

Material ss  and Method s 
StudyStudy design 
Childrenn and young adolescents under the age of 18 being routinely analyzed for pre- or peri-operative 
proceduress were included in the study (n-220; control cohort; Table 1). We also included patients with 
aa diagnosis of a (sub) acute viral infection and those tested or admitted for a suspected viral infection 
off the upper and lower respiratory, gastrointestinal, or urogenital tract (n=58). Those with an acute 
CMVV infection were asked for consent to be followed-up with regular blood tests (n=16). In 10 families 
alll members who underwent venipuncture for HLA-typing in a search for an HLA-identical family donor 
forr a related sibling (not included in the pedigrees) were also tested for viral serology against various 
commonn viruses after written consent was obtained. Data for infants under the age of 6 months were 
nott included to avoid the interference of (low titer) maternal Abs in our study. In each age category 
-15-30%% of the healthy controls were of African, Caribbean, or Mediterranean origin. The remainder 
weree of Caucasian origin. Informed consent for the research purpose described was obtained from the 
parentss of the children included in the studies as approved by the institutional medical ethical 
committee. . 
Inn addition, a pediatric cohort of 21 renal transplant patients was prospectively followed. 
Immunosuppressivee medication consisted of prednisone (7.5 mg/m2), cyclosporin (plasma trough 
range,, 100-150 ng/ml), and either azathioprine (1-2 mg/kg), or myeophenolate mofetil (1.2 g/m2/day in 
twoo doses). 
Immunophenotypingg of PBMC fractions from the blood from individuals was performed as described 
below.. In the same blood samples, T cell proliferation tests were performed to define functional activity 
inin vitro and thus exclude unforeseen immune dysfunction. Serology was performed in blood obtained 
att the same moment as the immune tests. 

LaboratoryLaboratory tests for EBV, CMV, VZV and MMR serology 
Specificc IgM and IgG against the EBV-viral capsid Ag was determined by indirect immunofluorescence 
andd Abs to Epstein-Barr nucleic acid by anticomplement immunofluorescence (Gull Laboratories, Salt 
Lakee City, UT). Specific IgG Abs to CMV and rubellavirus were defined by Imx assays (Abbott 
Diagnostics,, Amstelveen, The Netherlands). IgM to CMV and IgG to VZV were defined by VIDAS tests 
(Biomerieux,, Lyon, France). Specific IgG to measles and mumps was defined by ELISA (Virotech, 
Russelheim,, Germany). All tests were performed following the instructions of the manufacturers. 
Serologyy data for EBV, CMV, VZV, measles, mumps, and rubella in the control individuals are 
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summarizedd in Table 1. The serologic characteristics of the cohort are in agreement with previous 
studiess [14]. 

LymphocyteLymphocyte subsets and enumeration of cytolytic effector cells 

Thee numbers of B cells (CD19+), T cell (CD2\ CD3+, CD4\ CD8+) subsets, and NK cells (CD2+/CD3~, 
CD16+,, CD56+) were determined by standard FACScan procedures with mAbs being produced by 
CLBB (Amsterdam, The Netherlands). For determination of subpopulations within the CD8+ T cell 
fraction,, FITC- and PerCP-conjugated CD3, CD8, and CD27 were all purchased from BD Biosciences 
(Sann Jose, CA). CD45RA-PE was obtained from Coulter Immunology (Hialeah, FL). Biotinylated CD27 
wass manufactured at CLB. Using these mAbs for triple staining, gating on CD8+ lymphocytes allowed 
furtherr subtyping into naive resting cells (CD45RA+CD27+) and functional distinct subsets of primed 
cells,, i.e., noncytolytic CD45RA"CD27+ (memory-type) and cytolytic CD45RA+CD27" T cells (effector-
type),, as extensively characterized previously [6,7]. 

TableTable  1 Seropositivity  as percentage  of  age in  the controls  tested 
Agee category3 

0.5-11 year (n=19) 
1-22 year (n=17) 
2-33 year (n=16) 
3-44 year (n=12) 
4-55 year (n=16) 
5-66 year (n=15) 
6-77 year (n=10) 
7-88 year (n=13) 
8-100 year (n=19) 
10-122 year (n=14) 
12-144 year (n=28) 
14-166 year (n=19) 
16-188 year (n=22) 
>18yearr (n=28) 

CMV V 
36.5 5 
19.4 4 
25.2 2 
23.3 3 
25.0 0 
33.3 3 
35.4 4 
53.8 8 
52.6 6 
35.8 8 
64.2 2 
73.6 6 
68.8 8 
74.5 5 

Seropositivityy ( 
EBV V 
15.3 3 
11.8 8 
31.2 2 
30.0 0 
43.8 8 
73.3 3 
60.0 0 
76.9 9 
57.9 9 
57.1 1 
71.4 4 
68.4 4 
70.0 0 
76.8 8 

%% of total no. tested)0 

VZVV MMR (compl)c 

5.2 2 
54.7 7 
59.0 0 
66.7 7 
90.2 2 
86.6 6 
93.4 4 
92.3 3 
94.7 7 
100 0 
100 0 
100 0 
91.2 2 
88.7 7 

0 0 
52.9 9 
81.3 3 
91.7 7 
93.8 8 
93.3 3 
99.8 8 
96.8 8 
100 0 
100 0 
100 0 
100 0 
100 0 
93.4 4 

TheThe first age category comprises controls from 6-12 months only, to exclude 
interferenceinterference of maternal Ab as much as possible. The categories consist of 2-year groups 
fromfrom the age of 8 years, apart from the category >18 years. 
bb The number tested per age category was always >80% of the total number of controls 
includedincluded in each category. 
cc MMR compi, complete seroconversion for all three MMR vaccine components, 
determineddetermined as IgG positivity above the standard cut-off levels for the three different 
components'components' test Ag. Incomplete MMR seroconversion against one or two viral Ag was 
detecteddetected in 8% of the cases; these were considered negative in the calculations shown. 

GenerationGeneration of HLA-A2.1/CMVpp65(NLVPMVATV) and HLA-B7/CMVPP65(TPRVTGGGAW tetrameric complexes 
Tetramericc complexes were generated essentially as described by Altman et al. [23]. In brief, purified 
HLA-A2.11 and HLA-B7 heavy chains and p2 microglobulin were synthesized using a prokaryotic 
expressionn system (pET; Novagen, Milwaukee, Wl). The heavy chains were modified by deletion of 
thee transmembrane/cytosolic tail and COOH-terminal addition of a sequence containing the BirA 
enzymaticc biotinylation site. The HLA-A2.1 binding CMV pp65-derived peptide NLVPMVATV and the 
HLA-B77 binding CMV pp65-derived peptide TPRVTGGGAM were used for refolding. The refolded 
productss were isolated using HPLC, biotinylated by BirA (expressed using the pET expression system, 
purifiedd using cobalt beads (Clontech, Palo Alto, CA)) in the presence of biotin (Molecular Probes, 
Eugene,, OR), ATP (Sigma-Aldrich, St. Louis, MO) and MgCI. The biotinylated products were 
separatedd from free biotin by gel filtration using HPLC [24]. Streptavidin-PE or streptavidin-
allophycocyaninn conjugate (Molecular Probes) was added in a 1/4 molar ratio. 
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ImmunofluorescentImmunofluorescent staining and fiowcytometry 
Freshlyy isolated or thawed PBMCs were resuspended in RPMI containing 10% FCS and antibiotics. 
PBMCss (n=200,000) were incubated with fluorescent label-conjugated mAbs (concentrations in 
accordancee with manufacturer's instructions) and an appropriate concentration of tetrameric 
complexess in a small volume for 30 min at , protected from light. Cells were washed in PBS 
containingg 0.01% (w/v) NaN3 and 0.5% (w/v) BSA. Analyses consisted of allophycocyanin-conjugated 
tetramerss and CD8-PerCP in combinations with CD45RA-FITC and CD27-PE (all BD Biosciences). 
Analysiss of cells for the expression of cell surface markers was performed using a FACSCalibur flow 
cytometerr and CellQuest software (BD Biosciences). 

Statistics Statistics 
Student'ss f test and ANOVA were applied for normally distributed data, and the Wilcoxon two-sample 
testt and the Kruskal-Wallis test were used for nonnormalty distributed data. Fisher's exact test was 
usedd for statistical analysis of symptoms in the cohorts of controls and patients. 

Result s s 

FrequenciesFrequencies of cytolytic CD8*CD45RA*CD27~ T cells correlate to prior CMV infection 

Cohortss of patients are often compared with historic and/or presumably healthy controls, 

disregardingg the potential impact of their infectious history. An additional problem arises 

becausee of the differences in lymphocyte numbers and lymphocyte subset distribution 

dependingg on age [25,26]. W e performed an extensive immunophenotyping of PBMCs from 

healthyy children to define normal levels of predefined CD4* and CD8+ T-cell subpopulations 

inn various age cohorts. In most of the children, serology (IgM and IgG) against EBV, CMV, 

VZV,, and MMR was simultaneously performed. In this way, we had the opportunity to 

analyzee the relation between viral infections and immunization in the past, on the one hand, 

andd the number of T cell subsets, on the other. 

TableTable  2 Correlation  coefficients  of  seropositivity  for  various  viruses  with  the 
CD8*CD45RA*CD27-CD8*CD45RA*CD27- T cells  in  all  healthy  controls  tested 
Cellularr immune parameter Antiviral IgG Ab (seropositivity)8 

CMVV EBV VZV MMR (compl)b 

(n=214)) (n=198) (n=176) (n=188) 
%% of CD8+CD45RA+CD2r T cells 0.780 0.140 -0.072 -0.068 
off total CD8+ T cells (P< 0.0001) 

Abs.. no. of CD8+CD45RA+CD2r T cells 0.697 0.102 -0.134 -0.146 
(P<0.01) ) 

Abs.. no. of CD8+CD45RA*CD2r T cells 0.728 0.144 -0.055 -0.060 
dividedd by total no. of CD3* T cells (P< 0.005) 
SerumSerum responses were positive or negative according to the standard cut-off values described in 

"Materials"Materials and Methods" for the various serology tests applied in accordance with the manufacturer's 
instructions.instructions. The qualitative seroreactivity was con-elated to the quantitative number of cytotoxic T 
cells.cells. The CD45RA* CD2T cells were considered as the percentage of total CD8* T cells, as an 
absoluteabsolute cell number (percentage x 0.01 x absolute CD8* T cell count x 1000/ml), or as this absolute 
CD8*CD8* CD45RA* CD2T celt count divided by the absolute number of total CD3* T cells. 
bb See note 3 of the legend of Table 1. Incomplete MMR seroconversion against 1 or 2 viral antigens 
waswas detected in 8% of the cases; these were considered negative in the calculations shown. When the 
partiallypartially incomplete seroconversion samples were considered seropositive instead, the result was still 
notnot significant in the calculation of the correlation coefficient (not shown). 

Absolutee numbers of CD3* lymphocytes, CD3 (CD16+CD56+) NK cells, CD4+CD45RA+ and 

CD4+CD45R0** T cells did not show a correlation of any kind with the serology findings 

againstt the viruses tested. However, a highly significant correlation was found between the 
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percentagee as well as the absolute number of circulating CD8+CD45RA+CD27" cytolytic T 

cellss and CMV seropositivity in healthy individuals (Table 2). Representative histograms of a 

CMV-seronegativee and an age-matched CMV-seropositive individual (left and right panels, 

respectively)) are shown in Fig. 1. 
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FigureFigure  1 Extensive  immunophenotyping  of  CD8* T cells  according  to  CD45RA and CD27 
subsetssubsets  in  two  healthy  controls,  8 years  of  age. The left dot plot represents CMV IgG-seronegative 
individualsindividuals (A), and the right dot plot represents CMV IgG-seropositive individuals (B). Both controls 
werewere positive for EBV, VZV, measles, mumps, and rubella IgG Abs. The subpopulation of 
CD8*CD45RA*CD27~CD8*CD45RA*CD27~ T cells (upper left quadrant) was detectable in CMV-seropositive individuals, but 
waswas almost absent in CMV-seronegative controls. Dot plots are gated on CD8* T cells. The data 
shownshown are representative for >200 controls (see text). 

Ass expected, the CMV-seropositive and CMV-seronegative population differed in age (Table 

3),, but not in gender or racial background (data not shown). Moreover, the percentage and 

absolutee number of CD45RA+CD27" cells within the CD8+ T cell fraction were different 

betweenn the two groups. To avoid the impact of background staining variability in routine 

immunophenotypingg procedures, the cut-off for a positive result in the number of 

CD8+CD45RA+CD27~~ T cells was set at 0.02x106/ml blood as a minimum. Absolute cell 

countss above that number strongly correlate to prior CMV infection (odds ratio, 229.5; 95% 

confidencee interval: 69.6-757.2; see Table 3). When arbitrarily set at 0.01 x106 cells/ml, 

absolutee numbers of cytolytic CD8+ T cells remained highly predictive (odds ratio, 81.2; 95% 

confidencee interval, 18.9-348.7). The number of CD8+CD45RA+CD27~ T cells remained 

surprisinglyy constant over a period of 2-4 years in a series of 40 controls who were checked 

att a regular base for other than infectious reasons (data not shown). 

TableTable  3 CMV status  in  relation  to  the number  of  CD8*CD45RA*CD27~ T cells 
CMV-positive e 

(n=106)a a 
CMV-negative e 

(n=100) ) 
P-Value e 

Meann age in (months) + SD 

%% CD8+CD45RA+CD27~ T cells of 
totall CD8+ T cell number  SD 

Abs.. no. of CD8+CD45RA+CD27" T 0.08! 0 0071 
cellss (10B/ml; mean  SD) 

No.. of patients with 
>0.02x1066 CD8* cytolytic T cells/ml 

1055 9 
(8.77 years)" 

21.66 0 

08477  0.0071 

102 2 

755  60.7 
(6.22 years)b 

1.33 + 0.98 

0.00411  0.0040 

10 0 

<0.003 3 

<0.00001 1 

<0.00001 1 

Oddss ratio: 229.5 
<0.0001 1 

SerumSerum responses were positive or negative according to the standard cut-off values described in 
MaterialsMaterials and Methods for the CMV serology test. 

MeanMean in years is in parentheses. 
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CD8*CD45RA*CD27~CD8*CD45RA*CD27~ T cells rise during acute CMV infection 

Childrenn without a known immune disorder of any kind who came to our attention because of 

acutee CMV disease (n=16) were studied. From two patients, blood samples were available 

fromm a time point before the start of CMV disease (Fig. 2 B and C). Acute disease was 

definedd by positive cultures, CMV IgM serology, and, when performed, the presence of CMV 

DNAA in whole blood as detected by a quantitative PCR technique [27]. A progressive rise in 

CD8+CD45RA+CD27~~ T cell numbers was observed starting within 3-4 weeks after diagnosis, 

whichh is in agreement with our recent observations in adult patients receiving allo-kidney 

grafts.. Within 2 months a plateau was reached, with stable numbers of CD8+CD45F<A+CD27" 

TT cells for the following months of follow-up (Fig. 2 A-C). Although in principle unselected, 

somee bias in patient inclusion because of the presence of clinical symptoms of acute CMV 

diseasee at presentation cannot be excluded at this point. The variety of symptoms was 

diverse;; some patients were admitted, while others were followed at the out-patient care unit. 
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FigureFigure  2 Increase  in  CD8*CD45RA*CD2T T cells  after  primary  CMV infection,  as shown  for 
threethree  separate  individuals.  The absolute numbers (106/ml) of CD8* T cells (m) and 
CD8*CD8* CD45RA* CD2T T cells (a) are compared with the CMV DNA concentration expressed as copies 
perper milliliter of whole blood  Patient A was an infant treated with gancyclovir because of respiratory 
failurefailure due to CMV pneumonitis; patients B and C were an untreated infant and young child with 
symptomssymptoms of vomiting and a temporary growth failure due to CMV-hepatitis. Time zero represents 
retrospectivelyretrospectively defined blood samples, once collected and preserved for other reasons. Data are 
representativerepresentative for 16 patients in total. 

Too investigate the phenotype of CD8+ T cells with confirmed CMV specificity, studies with 

CMV-specificc tetramers were performed. On 50 blindly selected healthy individuals in our 

study,, HLA-genotyping was performed regardless of the CMV serology or number of 

CD8+CD45F?A+CD27~~ T cells. From these blindly selected individuals, 23 were CMV 
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seropositive,, and 27 CMV seronegative at that time. HLA-A2 and/or HLA-B7 were present 

uponn HLA-typing in seven individuals with prior CMV infection, as defined by positive anti-

CMVV IgG titers. False-positive findings of CMV-specific tetramer binding to HLA-A2+ and/or -

B7++ T cells were not observed in the absence of prior CMV infection (0 of 22), or vice versa in 

thee case of prior CMV-infection but absence of the correct HLA-A2 and/or B7-haplotype (0 of 

16).. In agreement with previous findings [28,29], tetramer-positive, CMV-specific cells were 

neverr detected in the naive (CD45RA+CD27bri9ht) subset of CD8+ T cells (Fig. 3 A and B). 

Enrichmentt of CMV peptide-specific T cells was particularly observed in the CD27" pool of 

CD8++ T cells as well as in the CD27du" fraction (Fig. 3B) [8,11]. The percentage of tetramer-

positivee T cells ranged from 0.8-4.9 % of total CD8+ T cells. It is likely that the Ag specificity 

withinn the pre-activated CD27" cytolytic cell fraction is much broader than to the single CMV 

peptidee tested. Coinciding with the increase in pre-activated CD8+CD45RA+CD27" T cells, we 

observedd a rapid appearance of the CMV-specific CD8+ T cells in an HLA-A2* child with 

acutee CMV hepatitis. These CMV-tetramer positive CD8+ T cells progressively increased 

beforee stabilization over a period of 12 months of follow-up (Fig. 3C). 
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FigureFigure  3 Tetramer  staining  of  CMV peptide-specific  CD8* T cells.  Tetramer-positive cells were 
detecteddetected in CD8* T cells as a distinct set of T cells (A), primarily detected within the CD27-dull or -
negativenegative CD8* T cell subset (B) (total CD8* T cells plotted in gray, and CMV-specific CD8* T cells 
plottedplotted in black). The time course in acute CMV disease is shown for a 2-year-old HLA-A2* girl tested 
forfor CMV-specific T cells and number of CD8* CD45RA* CD2T T cells. (C) The absolute numbers 
(10(10ee/ml)/ml) of CD8* T cells (m) and CD8* CD45RA* CD2T T cells (u) are compared with the percentage of 
tetramer-positivetetramer-positive (tet*) CD8* T cells (k). 

IndividualIndividual set-point in the formation of CD8*CD45RA*CD27', cytolytic T cells: family 

segregation? segregation? 

AA genetic correlation with the absolute number of CD4+ and CD8+ T cells has been previously 

documentedd [30]. The number at which a person's CD8+ cytolytic T cells stabilize was 

investigated.. Ten family pedigrees were tested for a pattern of segregation and gene 

inheritancee (HLA class I and class II typing). As shown for three representative families (Fig. 

4,, A-C), the presence of CD8+CD45RA+CD27" T cells was unrelated to any of the viruses 

testedd other than CMV, without a pattern of parental HLA haplotype inheritance (data not 

shown).. Offspring from parents with high numbers of these cytolytic cells did not all show 

highh numbers (Fig. 4B). Vice versa, children with high CD8+CD45RA+CD27" T cell numbers 

cann have parents with low cytolytic T cell numbers (Fig. 4C). In some families one of the 

parentss (mostly fathers (Fig. 4B and C); rarely mothers (Fig. 4A)) was still CMV seronegative 

andd did not have cytotoxic CD8+ T cells, whereas his/her partner and children showed 

positivee reactivity. 
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FigureFigure  4 Pedigrees  of  three  representative 
familiesfamilies  on the segregation  of  CMV 
seropositivityseropositivity  and the number  or 
percentagepercentage  of  CD8*CD45RA*CD27~ T cells 
withinwithin  the total  CD8* T cell  pool.  The number 
(10(1066/ml)/ml) and percentage of these cells are 
indicatedindicated next to the individual. The month and 
yearyear of birth are indicated. +, Presence of IgG 
toto the tested viruses. 

IndividualIndividual set-point of CD8*CD45RA*CD27~ T cells: a matter of immune competence ? 

Thee set-point of CD8+CD45RA+CD27" T cells was only weakly related to age, whereas 

clinicall symptoms during CMV infection, prior viral infections, racial background, and sex did 

nott show any relation to the set-point (data not shown). When the two groups most separated 

inn age were compared, a more direct age effect seemed apparent. Young children (age, 0-4 
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years;; n=23) and young adolescents {age, 15-18; n=23) differed significantly in number and 
percentagee of CD8+ cytolytic T cells, also when the increased absolute number of CD8+ T 
cellss at young age was taken into account (Table 4). 
Immunosuppressedd renal transplant patients who were infected with CMV after 
transplantationn had significantly higher CD8+CD45RA+CD27~ T cell numbers than those who 
weree CMV IgG-positive before transplantation or non-immunosuppressed, age-matched 
controlss (for whom we do not know at which age CMV was contracted; Fig. 5). 

TableTable 4 Age in relation to CD8*CD45RA*CD2T~ T cells in CMV-positive controls' 
Agee 0-4 Years Age 15-18 Years P-Value 

(n=23)) (n=23) 
%% of CD8+CD45RA+CD27"T cells of total CD8+ 26.3 7 19.0 1 <0.01 
TT cells  SD 

Absolutee no. of CD8+CD45RA+CD27" T cells 0.407  0.264 0.144  0.207 <0.0001 
(106 ) ) 

Absolutee no. of CD8+CD45RA+CD27" T cells 0.114 3 0.078 + 0.069 <0.05 
dividedd by total no. of CD3* T cells 
aa Serum responses were positive or negative according to the standard cut-off values described in 
MaterialsMaterials and Methods for the CMV serology test. 

Discussio n n 

Extensivee T cell phenotyping has become common practice as a relevant immuno-diagnostic 
tool.. Previously, our group ascribed direct ex vivo cytotoxicity to a defined subset of 
CD8+CD45RA+CD27~~ T cells, which, without prior activation, express not only perforin and 
granzyme,, but also CD95 ligand [5,10], We tested >200 healthy children for T cell subset 
distributionss in relation to the serologic proof of acute or past infection with CMV, EBV, or 
VZVV or immunization with attenuated MMR strains. The presence of cytolytic 
CD8+CD45RA+CD2rr T cells strongly correlated to CMV infection (p < 0.000001), but 
importantlyy not with other viruses (Table 2). 
Thee role of CMV in the selective expansion of particular CD8+ T cell subsets had been 
suggestedd [18,31,32]; however, further phenotypic (apart from CD57) and functional 
characterizationn is lacking [31,32]. Moreover, the studies were performed in small cohorts of 
patientss without long-term follow-up. It is unclear whether CD8+CD57+ T cells represent a 
uniquee and homogeneous subset with distinct functions. Using CD8+ T cells isolated from 
patientss at various times after allogeneic bone marrow transplantation, high numbers of 
CD8+CD57++ T cells correlated to diminished killing of CMV-infected targets [33]. Such a 
reducedd cytotoxic capacity would support a functional relationship between immune 
competencee (age, immunosuppression) and the number of CD8+CD45RA+CD27" cytolytic T 
cellss (Fig. 5), of which most coexpress CD57 [9]. In allogeneic transplants CD8+CD57+ T 
effectorr cells did not produce any TNF-oc or IFN-y after anti-CD3 stimulation [33], whereas 
isolatedd CD8+CD45RA+CD27" T cells from healthy controls did [5]. Moreover, the vast 
majorityy of resting CD8+ T cells capable of rapid induction of TNF-oc and IFN-y synthesis in 
responsee to CMV peptides were found in a subset with intermediate to high expression of 
CD57,, low CD27, and reversal of the classical memory CD45R0 to the CD45RA phenotype 
[34].. This subpopulation probably includes the fully differentiated effector-type cells 
responsiblee for long term suppression of the virus and avoidance of disease from CMV 
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reactivation.. Using tetramer staining we found that these cells are generated at a relatively 
shortt time (2 months) after primary CMV infection in children (Fig. 3C). 
Ass we now demonstrate, CMV infection is the major trigger for the selective expansion of the 
CD8+CD45RA+CD27~~ T cell subset to an individual set-point at which the number of these 
CD8++ T cells stabilizes for the following years (Fig. 2 and 3). Of the various factors studied 
(suchh as race, sex, inheritance, coinfections (prior EBV, VZV, or MMR)), young age or 
immunosuppressionn at the onset of acute CMV infection determines to a large extent this 
individuall set-point. An independent genetic impact on the number of T cells has been 
suggestedd [30]. Yet, an inherited set-point for CD8+ cytolytic T cells after CMV infection was 
nott supported by a study in 10 families, although the confounding factor age at onset of CMV 
infectionn was unknown for the families tested. 

 CD8+T cells 

 CD8*CD45RA*CD27- T cells 

CMVV CMV TxCMV Tx CMV Tx CMV 
negativee positive negative primary react. 

FigureFigure  5 Individual  set-points  of  stable  CD8*CD45RA*CD2r  T cell  numbers  (106/ml)  in  pediatric 
kidneykidney  transplant  patients  depend  on the moment  of  primary  CMV infection:  prior  to  or  after 
transplantation.transplantation.  Significance is indicated when P<0.05. Left, Age-matched controls (seropositive, 
n=28;n=28; seronegative, n=23); right, recipients of a kidney transplant (Tx, n=21; seronegative, n=6; 
infectedinfected under immunosuppression, n=8; pre-Tx seropositive CMV reactivation, n=7). Reactivation of 
CMVCMV was defined as renewed IgM-seropositivity, positive cultures, and/or a detectable CMV DNA load 
inin whole blood while negative in the past. 

Speculationss can be made about development of the cytotoxic CD8+ T cell subset. Although 
CD8+CD45RA+CD27~~ T cells are detected in all CMV-infected individuals, their numbers 
increasee in clinical situations of immunosuppression (Fig. 5) [11]. In immunosuppressed 
patients,, CMV reactivation could still occur under relatively normal conditions (here evaluated 
byy CD4+ T cell number and proliferation tests) during follow-up, allowing adaptive responses 
off the CD8* T cell subsets to increased levels of viral antigen. Possibly CMV antigen not only 
inducess further expansion of virus-specific cells, but also their development into 
CD8+CD45RA+CD27"" T cells [28]. The bulk of fully differentiated CD8+ T effector-type cells 
may,, in fact, be different in specificity or binding avidity from the most potent cytotoxic T cells 
generatedd during CMV infection. CMV immunity in humans is focussed on two 
immunodominantt proteins, i.e., pp65 and, to a lesser extent, IE1 [35]. Using the pp65 
peptide-containingg tetramer to detect CMV-specific T cells, we found that most of the CMV-
tetramerr positive cells (50-60%) were present in the CD8+CD45RA+CD27~ T cell fraction, 
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representingg <10% of the total CD8+CD45RA+CD27~ T cells (data not shown). Confirming 
dataa from adults [11], EBV-tetramer-positive cells (80-90%) predominated in CD45R0+CD27+ 

(memory-type)) CD8+ T cell fraction (not shown). The restriction of EBV- and HlV-derived 
peptide-specificc CD8+ T cells in adult patients to this type may very well represent a normal 
phenomenonn [29]. 
Thee use of tetramers has, in just 4 years, transformed our understanding of the immune 
responsess against HIV, human T lymphotropic virus 1, hepatitis B and C virus, CMV, and 
EBV,, and holds promise in a number of areas where quantitative analysis of the antiviral 
responsee in terms of both number and function is critical. Nevertheless, the technique 
remainss limited in terms of suitability of the HLA background as well as availability of 
reagentss to cover a more complete spectrum of protein-derived peptides involved in 
immunity.. These techniques, however, leave open the question by which mechanism or 
protein(s)) CMV induces the expansion of CD8+CD45RA+CD27" T cells. 
Inn conclusion, we show that not only may CMV-specific cells preferentially have a 
CD8+CD45RA+CD27"" phenotype, but, importantly, CMV is the predominant factor that 
determiness the presence of these T cells in peripheral blood. Age at onset of CMV infection 
or,, in more general terms, immunocompetence determines to a great extent the level or set-
pointt at which an individual's number of cytolytic cells stabilizes. The mechanism by which 
CMVV induces a large number of uniquely expanded CD8+ cytolytic T cells warrants further 
studyy as an intriguing facet of the interplay between CMV and the immune system. 
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Abstrac t t 

Durin gg immunosuppressiv e medication , Epstein-Bar r viru s (EBV) infectio n is 
associate dd wit h a ris k of developin g posttransplan t lympho p rol iterativ e diseas e 
(PTLD).. The appropriatenes s of a spontaneou s EBV B cel l transformatio n (SET) assay 
ass a monito r of EBV-specifi c immunit y was evaluate d to investigat e if it safel y allow s 
reducin gg immunosuppressiv e medication , thereb y decreasin g the ris k of developin g 
PTLD.. PBMCs were isolate d longitudinall y fro m 20 pediatri c renal allograf t recipient s 
treate dd wit h prednison e and cyclosporin e combined  wit h eithe r azathioprin e or 
mycophenolat ee mofetil . Most significantly , EBV-peptide-specifi c CD8+ T cell s were 
detectabl ee in bloo d fro m patient s wit h negativ e SET assays , coincidin g wit h 
significantl yy  lowe r EBV loads , wherea s thes e cell s were less frequen t in the bloo d 
fro mm patient s wit h positiv e SET assays . Reducin g the level s of immunosuppressio n 
resulte dd in normalizatio n of the SET assays . Therefore , the SET assay is a reflectio n of 
thee interactio n betwee n vira l replication , transformatio n of B cells , and EBV-specifi c 
immunit yy  in  vivo  and henc e a valuabl e screening  test fo r EBV-drive n lympho -
proliferativ ee phenomen a in allograf t recipients . 

Introductio n n 

Thee remarkable improvement in the survival rates of solid organ transplant patients is to a 
largee extent due to the increased use of immunosuppressive medication. Most significantly, 
thee introduction of the immunosuppressive agent cyclosporine has led to the increased 
successs of allograft function over longer time ranges. Intensified use of immunosuppression 
hass however concomitantly resulted in an increase of the complications from infectious 
diseasee in allograft recipients during primary infections and in reactivation of latent viruses of 
thee Herpesviridae. 

Inn the setting of immunosuppressive medication, both primary Epstein-Barr virus (EBV) 
infectionn and, to a lesser extent, EBV reactivation, are associated with the risk of developing 
post-transplantt lymphoproliferative disease (PTLD) [1]. PTLD is a constellation of various 
potentiallyy fatal diseases, ranging from polyclonal B-cell proliferation, which regresses when 
immunosuppressionn is stopped, to the aggressive monoclonal B-cell lymphomas that usually 
appearr to be resistant to therapy [2,3]. 
Insightt into the mechanism of viral reactivation is rudimentary. While reactivation of herpes 
simplexx virus (HSV)-type 1 and varicella-zoster virus (VZV) may occur as oro-labial disease 
orr shingles during an acute bacterial infection or moments of severe physical or emotional 
stress,, reactivation of EBV and cytomegalovirus (CMV) occur only rarely, if ever, in healthy 
individualss [4]. Cytotoxic CD8+ T lymphocytes (CTLs) are thought to be essential for 
suppressionn of the viral replication and dissemination of viral agents [5]. Without these CTLs, 
EBV-infectedd B cells would proliferate in an unlimited fashion, inducing the B cells to produce 
theirr own growth factors among which are IL-6 or (viral) IL-10 [6]. 

Thee interaction between EBV and host immune factors can be evaluated by assessing 
spontaneouss EBV transformation of PBMCs [7]. We designed a prospective study in a cohort 
off renal transplant patients on different regimens of immunosuppressive drugs to evaluate 
thee value of the spontaneous EBV B-cell transformation (SET) assay as a monitor of EBV-
specificc immunity in pediatric recipients of kidney allografts. 
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Material ss  and Method s 

StudyStudy design 
Fromm January 1998 onward, we enrolled 20 patients with a renal allograft. Informed consent for a 2-
monthlyy blood check for immune parameters was obtained from the parents of the children enrolled in 
thee studies, as is required by the institutional medical ethical committee, in accordance with the ethical 
standardss laid down in the 1964 Declaration of Helsinki. 
Thee patients were all under immunosuppressive regimens of prednisone (7.5 mg/m2) and cyclosporine 
(plasmaa trough levels range: 100-150 ng/ml); or tacrolimus, when cyclosporin-related side-effects were 
found),, and either azathioprine (AZA: 1-2 mg/kg), or mycophenolate mofetil (MMF: 1.2 g/m2/day in two 
doses).. The choice among the regimes was arbitrary and non-randomized. EBV-reactivation was 
definedd by serology: i.e. at least a fourfold increase in titer of anti-early antigen (EA) in the absence or 
disappearancee of anti-Epstein-Barr virus-encoded nuclear antigen (EBNA)-1 antibodies in immune 
(anti-virall capsid antigen (VCA) IgM negative, anti-EA antibody negative, and anti-EBNA1 antibody 
positive)) individuals [8]. 

LaboratoryLaboratory tests for EBV infection 
Specificc IgM and IgG antibodies against EBV-VCA and EBV-EA were determined by indirect 
immunofluorescence.. Antibodies to EBNA1 were determined by anticomplement immunofluorescence 
(Gulll Laboratories, Salt Lake City, USA) ELISA. 

QuantificationQuantification of EBV load 
Inn a limited number of samples, their was sufficient material to retrospectively quantify the virus 
concentrationn of EBV in blood, using an adaptation of the previously reported quantitative PCR for 
EBV-DNAA [9], combined with the electrochemiluminescence assay as described before by R. Boom 
andd coworkers [10]. Viral loads were determined as number of copies per ml blood. 

LymphocyteLymphocyte subsets 
Absolutee numbers of B cells (CD19+) and T cells (CD3+, CD4\ CD8+) were determined longitudinally 
byy standard FACScan procedures on a FACScan (BD Biosciences, San Jose, CA); the MoAbs were 
producedd by Sanquin Research (Amsterdam, The Netherlands). 

SpontaneousSpontaneous EBV B cell transformation (SET) assay 
Afterr standard purification steps and several washes, PBMCs were cultured in two 96-well plates at 
1x1055 PBMCs per well for 4 to 6 weeks. At least 60 wells were plated per patient (range 60-248, 
mediann 114). By the use of this low cell number per well, spontaneous transformation of PBMCs in 
healthyy seropositive controls cannot observed, as described before [7]. 
Proliferationn of B cells was in no cases observed in PBMCs from individuals with acute EBV (lgM+, 
EBV-DNAA load >10,000 copies/ml blood; n=5), healthy EBV-seropositive (VCA lgG+/EBNA1 lgG+; 
n=20),, and seronegative donors (VCA lgG7EBNA1 IgG"; n=20). The outgrowth of B cell blasts of 
thesee healthy individuals was only observed when infected in vitro by exogenous EBV, prior to the 
additionn of PHA. In the standard SET assay, positive controls (exogenous EBV added) were included 
inn each experiment. Culture medium containing PHA (1 ug/ml) was refreshed weekly. PHA was added 
too the cultures to exhaust T cells in these long-term cultures and thereby exclude the influence of 
cytotoxicc T cells on the lymphoproliferation in vitro to ensure that the outcome of the SET assay is 
purelyy a reflection of the capacity of EBV to transform B cells in vivo [11]. As shown in Fig. 1, B-cell 
numberss remained constant over time, with no difference between the MMF- or AZA-treated patients. 
Thee number of positive wells were scored by light microscopy after 4-8 weeks of culture and 
expressedd as a percentage of total wells. Resulting B ceil lines were tested for clonaltty using IgH DNA 
rearrangementt [12]. Toxic effects of AZA or MMF per se on B-cell transformation and outgrowth 
capacityy was excluded in this assay by the positive EBV transformation result upon addition of 
exogenouss infectious virus. 
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B-cellss (AZA) 

Lymphocytess (AZA) 

B-cellss (MMF) 

Lymphocytess (MMF) 

188 20 22 24 

FigureFigure  1 The absolute 
numbernumber  of  total 
lymphocyteslymphocytes  and CD19* 
BB cells  in  pediatric  renal 
transplanttransplant  patients. 
ThereThere was no significant 
difference,difference, neither in 
absoluteabsolute CD4* nor in 
CD8*CD8* T-cell sub-
populationspopulations between the 
AZA-AZA- and MMF-
subgroups.subgroups. Furthermore, 
B-cellB-cell numbers remained 
constantconstant over time. 
NumbersNumbers are expressed 
asas mean  SD (106 

cells/ml)cells/ml) over time. 
Timee (months) 

EnumerationEnumeration of cytotoxic effector cells 
HLA-typingg information of the allograft recipients as performed prior to transplantation was used to 
definee the HLA-A*0201-positive (n=8) and HLA-B8 positive (n=1) patients in our cohort. None of the 
HLA-A*02011 individuals were HLA-B8 positive and vice-versa. In HLA-A*0201 positive individuals, 
EBV-specificc CD8+ T cells were quantified by use of an APC-labeled tetramer (kind gift from dr. D. van 
Baarle)) containing HLA-A*0201, p2-microglobulin and the peptide GLCTLVAML, which is derived from 
thee lytic protein BMLF-1. BMLF-1-specific CD8+ T cells can be detected with this tetramer during acute 
infectionn as well as during latency [13]. In the same manner, the EBV-specific CD8* T cells of the HLA-
B8-positivee individual were quantified by use of a tetramer containing the peptide RAKFKQLL, derived 
fromm the lytic protein BZLF1. PBMCs from an HLA-A*0201+/HLA-B8+ seropositive healthy donor were 
includedd in each experiment to standardize the assay. To identify CD8+ T cell subsets, cells were 
subtypedd by use of a combination of CD45RA and CCR7 MoAbs. For staining with the mouse anti 
humann CCR7 mAb, a three step staining protocol was performed consisting of incubation with the 
CCR77 antibody (Pharmingen, San Diego, CA) for 30 min, washing, incubation with biotinylated goat 
antii mouse IgM (Pharmingen) for 30 min, followed by incubation with streptavidin-PE (BD 
Biosciences).. Next, PBMCs were incubated with 10% (v/v) normal mouse serum (Sanquin), directly 
conjugatedd mAbs and tetrameric complexes for 30 min. 

DeterminationDetermination of functionality of the EBV-specific CD8* T cells 

Functionalityy of EBV-specific CD8+ T cells as defined by production of IFN-y was determined by 
enzyme-linkedd immunospot assay (ELIspot) (Mabtech, Nacka, Sweden). Thawed PBMCs of HLA-
A*02011 positive donors were resuspended in RPMI, containing 10% FCS and antibiotics. For the EBV-
specificc ELIspot, resuspended PBMCs isolated from HLA-A*0201 positive donors were stimulated with 
thee HLA-A*0201 restricted peptide GLCTLVAML (10 ug/ml), as well as with the HLA-B8 restricted 
peptidee RAKFKQLL (negative control) (10 ug/ml) at C and 5% C02 in a-hlFN-y precoated silent 
screenn 96-wells plates (Nalge Nunc, Rochester, NY). In the same manner, resuspended PBMCs 
isolatedd from the HLA-B8 positive donor were stimulated with the HLA-B8 restricted peptide 
RAKFKQLLL (10 ug/ml), as well as with the HLA-A*0201 restricted peptide GLCTLVAML (negative 
control)) (10 ug/ml). PBMCs were cultured in final amounts of 250000, 125000 and 62500 PBMC/well. 
Afterr 18 h, cells were removed by washing with PBS and wells were incubated with biotin-labeled a-
hlFN-yy for 3 h at RT. Thereafter, the wells were incubated with streptavidin conjugated alkaline 
phosphatasee (ALP) for 2 h at RT. Finally, spots were visualized by incubation with 5-bromo-4-chloro-3-
indolyll phosphate/nitro blue tetrazolium (BCIP/NBT; Sigma Chemical, St. Louis, MO). Spots were 
quantifiedd by the AELVIS ELIspot reader and software (AELVIS, Hannover, Germany). Results are 
expressedd as spot forming units (SFU) per 106 CD8* T cells (mean of duplicate cultures) after 
correctionn for background staining. All peptides used in this study were purchased from the IHB-LUMC 
peptidee synthesis library facility (Leiden, The Netherlands). The peptides were generated by standard 
Fmocc techniques and purified by ether precipitation and HPLC techniques. The peptides were 
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dissolvedd in dimethylsulfoxide (DMSO; Merck, Darmstadt, Germany) in a concentration of 5 mg/mL 
PBMCss from an HLA-A*02017HLA-B8+ seropositive healthy donor were included in each experiment 
too standardize the assay. 

Statistics Statistics 
Student'ss t test and ANOVA were applied for normally distributed data, and the Wilcoxon two-sample 
testt and Kruskal-Wallis test for non-normally distributed data. Fisher's exact test was used for 
statisticall analysis of symptoms in the patient cohorts. 

Result s s 

ClinicalClinical description of the study groups 
Thee study groups were formed according to the immunosuppressive regimen of the 
participants.. In addition to the formerly standard of corticosteroids with cyclosporine (or 
tacrolimuss (FK506) in case of cyclosporine toxicity), patients received either (1) azathioprine 
(A2A),, or (2) mycophenolate mofetil (MMF). Both groups' members were of similar age and 
receivedd the same duration of follow-up (Table 1). Although five patients had a primary EBV 
infectionn after undergoing transplantation, episodes of symptomatic EBV infection during the 
periodd of sequential monitoring occurred only once. Symptoms were acute fever, hepatitis, 
andd EBV-related biopsy-proven acute rejection of the allograft (AZA#2). The number of 
patientss suspected of EBV-reactivation in our cohort by serological criteria was seven in total 
(35%),, of whom five were in the AZA-group and two in the MMF-group (Table 1). 

TableTable 1 Study population 
nn Mean age Mean duration of Primary EBV EBV reactivation1 

(months)) follow-up (months) infection 

AZAA 10 160 + 33.2 54 5 3 5 
MMFF 10 177 8 56 4 2 2 
77 EBV reactivation is defined as at least a fourfold increase in titer ofanti-EA in the absence 
oror disappearance of anti-EBNA-1 antibodies in immune individuals 

DetectionDetection of EBV-specific immunity by the SET assay 
Thee use of the SET assay was evaluated as a measurement of the potential infectious 
activityy of EBV in direct relation to the cytotoxic potential of PBMCs to suppress EBV-induced 
BB cell infection and transformation in vivo. The SET assay is both sensitive and specific. The 
SETT assays remained negative in healthy seropositive controls and recently infected 
individualss ([14], P.A. Baars, unpublished). All individuals turned positive after in vitro 
infectionn by exogenous EBV, prior to the addition of PHA. Furthermore, reproducibility of the 
SETT assay is high. For example, PBMCs from three donors, each obtained 2 days apart, 
resultedd in SET positivities of 6.9 and 7.6%, 1.2 and 1.4% and twice 0%, respectively. An 
illustrationn of the value of this assay in the follow-up of immunosuppressive medication is 
shownn in Fig. 2. In this patient (AZA#1) with the highest positive SET assay results measured 
overr 6 consecutive months (outgrowth of PBMCs was detected in up to 74% of the wells), a 
decreasee in positive wells only occurred after reduction of the immunosuppressive 
medicationn (Fig. 2). 

Inn the AZA group, five patients were found with outgrowth of B cell lymphoblasts (B-LCL), 
versuss two in the MMF group (Table 2). Some remained positive over several months, while 
otherss were positive during short periods of 2-4 months. The B-LCL of these six patients 
showedd an oligoclonal pattern that changed over time, thus making early development and 
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detectionn of persistent PTLD less likely (not shown). A weak correlation between positive 

SETT assay and negative EBNA-serology (and vice-versa) in EBV-positive patients was 

observedd in our cohort (r=-0.40) (Table 2). 

100 0 

m m 

Timee (months after Tx) 

FigureFigure  2 Spontaneous  outgrowth  of 
endogenouslyendogenously  infected  EBV-transformed  B 
cellscells  (SET assay)  in  relation  to  immuno-
suppression.suppression.  After a long period of positive 
SETSET assays in a patient (AZA#1), AZA 
treatmenttreatment was stopped and the dose of 
cyclosporincyclosporin was reduced (see arrow). 
LymphocyteLymphocyte counts (open diamonds) are 
expressedexpressed as absolute counts in 106/ml; results 
ofof the SET assay (closed circles) are expressed 
asas % of positive wells. Tx - transplantation. 

Also,, when anti-EBNA1 and anti-EA serology versus outcome of the SET assays were 

analyzedd longitudinally after EBV infection, no definite correlation was observed (Fig. 3). This 

iss best illustrated in the same patient with the strongly positive SET assays (AZA#1, see also 

Fig.. 2); anti-EBNA1 remained negative, anti-EA became positive at the moment the SET 

assayss normalized (Fig. 3A). Another patient with negative anti-EBNA1 serology and rising 

titerss of anti-EA (AZA#9) -who could be serologically expected to have incomplete EBV 

clearancee and potential reactivation ([8]; see Materials & Methods)- remained negative in the 

SETT assays over time (Fig. 3B). The results of the SET assay seemed to correspond to the 

plasmaa levels of cyclosporine. In four patients, the spontaneous outgrowth disappeared when 

lowerr plasma levels of cyclosporine were accepted (data not shown). However, no 

correlationn could be observed between the use of ATG as induction therapy and the positivity 

off SET assays (data not shown). 

TableTable  2 Correlation  of  EBV reactivation  defined  by serology  and defined  by spontaneous  EBV-
BB cell  transformation 

AZA# # SET3 3 Anti-EA A Anti-EBNA A MMFF # SETa Anti-EAA Anti-EBNA 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 

+ + 
--
+ + 
+ + 

_ _ 
--
+ + 
+ + 
_ _ 
_ _ 

+ + 

_ _ 
_ _ 
_ _ 
+ + 
+ + 
+ + 
+ + 

_ _ 

--

+ + 
+ + 
+ + 

--
--
--
+ + 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 

+ + 
+ + 
+ + 

+ + 

+ + 
+ + 
+ + 
+ + 

'' -= no positive wells detected in SET assay; + = positive wells detected in SET assay 
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FigureFigure  3 Anti-EBNA1  and anti-EA 
longitudinallylongitudinally  after  EBV infection, 
SETSET assays  and EBV reactivation 
positivepositive SET assays (AZA#1), anti-
momentmoment the SET assays normalized, 
titerstiters of anti-EA (AZA#9), who could 
potentialpotential EBV reactivation, remained 

serologyserology  versus  outcome  of  the SET assays  were measured 
toto  study  a possible  correlation  between  the outcome  of  the 
asas defined  by classical  serology.  (A) In a patient with strongly 
EBNA1EBNA1 remained negative and anti-EA became positive at the 
(B)(B) Another patient with negative anti-EBNA 1 serology and rising 

bebe serologically expected to have incomplete EBV clearance and 
negativenegative in the SET assays over time. 

EBV-specificEBV-specific T-cell immunity 

Sincee reactivation defined by serology correlated only weakly to the outcome of the SET 

assay,, EBV-specific CD8+ T cell immunity was determined by both tetramer staining and by 

productionn of IFN-y after stimulation with virus-specific peptides. An example of the 

enumerationn of EBV-specific T cells by tetramer staining is shown in Fig. 4. EBV-specific 

CD8++ T cells could be detected in only one of three HLA-A*0201 positive patients with 

positivee SET assays, whereas these EBV-specific CD8* T cells could be detected in all of the 

HLA-A*02011 or HLA-B8 patients with negative SET assays (Table 3). The frequencies of 

EBV-specificc CD8+ T cells were significantly different between the two groups (0.12 + 0.21 for 

SET++ vs. 0.42  0.13 for SET-; P=0.04). The detection of EBV-specific CD8+ T cells in the 

patientt with a positive SET assay appeared to be of minor significance in terms of immunity, 

sincee EBV-specific CD8+ T cells were detected only at one single moment in a series of 7 

timee points studied (data not shown). Representative time curves of patients with negative 

andd positive SET assays are shown in Fig. 5. Data of all patients analyzed are summarized 

inn Table 3. After EBV infection, EBV-peptide-specific CD8+ T cells were found in the blood 

fromm the patient with negative SET assays up to a frequency of 0.6% of total CD8+ T cells. 

Thesee EBV-specific T cells were mainly CCR7". Furthermore, IFN-y producing EBV-specific 

CD8++ T cells could be detected in all patients with tetramer-positive cells. The numbers of 

IFN-yy producing EBV-specific CD8+ T cells as measured by ELIspot analysis were 

significantlyy different between the two groups (92  19 for SET+ vs. 1416 + 1704 for SET-; 

P=0.02). . 

Finally,, significantly higher EBV viral loads (up to 92,580 copies/ml blood) were detected in 

patientss with positive outcomes of the SET assays than in patients with negative outcomes of 

thee SET assays (25,327  34,859 vs. 3,387  4,820 resp., P=0.03; calculated as mean of 

highestt EBV viral load detected in patients during follow-up) (Table 3). 
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TableTable 3 Parameters of EBV immunity in SET- vs. SET* patients 
patient t peakk EBV load 

(copies/mll blood)3 
peakk % tetramer pos. CD8 

TT cells 
peakEUspot(SFU/10D D 

CD8** T cells) 

SET--

SETT + 

SET-- (mean
SET++ (mean

P-value e 

SD) ) 
SD) ) 

AZA#2 2 
AZA#5 5 
AZA#6 6 
AZA#9 9 
AZA#10 0 
MMF#2 2 
MMF#3 3 
MMF#4 4 
MMF#5 5 
MMF#7 7 
MMF#8 8 
MMF#9 9 
MMF#10 0 

AZA#1 1 
AZA#3 3 
AZA#4 4 
AZA#7 7 
A2A#8 8 
MMF#1 1 

16000 0 
3274 4 
340 0 

8700 0 
6600 0 
5302 2 
3704 4 

0 0 
0 0 
0 0 

115 5 
0 0 
0 0 

92580 0 
6305 5 
2119 9 
721 1 

29954 4 
20286 6 

33877 0 
256200 9 

0.03 3 

0.45 5 
0.59 9 
n.d. . 
0.44 4 
n.d. . 
n.d. . 
n.d. . 
0.47 7 
0.21 1 
0.38 8 
n.d. . 
n.d. . 
n.d. . 

0.00 0 
n.d. . 
0.36 6 
n.d. . 
n.d. . 
0.00 0 

0.422 + 0.13 
0.122 + 0.21 

0.04 4 

1316 6 
888 8 
n.d. . 
233 3 
n.d. . 
n.d. . 
n.d. . 

4796 6 
328 8 
937 7 
n.d. . 
n.d. . 
n.d. . 

83 3 
n.d. . 
79 9 
n.d. . 
n.d. . 
113 3 

1416+1704 4 
922 + 19 

0.02 2 

afterafter seroconversion 
n.a.n.a. = not applicable 
n.d.n.d. = not done; patient was HLA-A*0201~/B8~ 

Discussio n n 

Thee development and evaluation of techniques for early detection and prevention of life-
threateningg lymphoproliferative diseases has become indispensable with the increased risk 
off PTLD associated with EBV infection due to the use of more potent immunosuppression. 
Thee effect of immunosuppressive medication on immune parameters relevant for EBV 
reactivationn was prospectively studied in a cohort of pediatric renal allograft recipients. 
Serologicc definition of EBV-reactivation was compared with an assay system in which 
spontaneouss proliferation and outgrowth of EBV-transformed B cell lines were determined. 
Wee presume that in this SET assay, the test result is a reflection of the in vivo balance 
betweenn infectious EBV, B cells, and cytotoxic lymphocytes (consisting of natural killer cells 
andd CTL function) in the blood. The relevance of the SET assay was demonstrated by the 
factt that immunosuppression seemed to be directly linked to B-LCL generation in vitro, as 
illustratedd by a patient in whom reduction of medication resulted in a complete normalization 
off the subsequent SET assays (Fig. 2). 
Ass shown in this study, EBV-specific CD8+ T cell immunity could be detected more frequently 
inn the patients who did not show spontaneous outgrowth of B cells in the SET assays in 
comparisonn to the patients with positive SET assays (Table 3), which correlated to IFN-y 
productionproduction upon virus-specific stimulation and significantly lower EBV loads in the blood, 
reflectingg the ability of these CD8+ T cells to control the virus. This correlation of the outcome 
off the SET assay with EBV-specific T cell immunity (Fig. 5) is stronger than the correlation -if 
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any-- with EBV reactivation as defined by classical serology (Fig. 3). In the latent phase of 

virall infection, at least three different virus-specific memory populations can be discriminated: 

1)) CD45RCT CD27+ CCR7+; 2) CD45RO+ CD27+ CCR7"; and 3) CD45RA+ CD27" CCR7" 

[15,16].. These subsets have important characteristics. Cytotoxic potential increases with loss 

off CD27 and the expression of CD27 appears to differ between CD8+ T cells directed to 

differentt viruses [17]. The EBV-specific CD8+ T cells detected in the patients were mainly 

CCR7",, which typifies them as effector-memory and effector-like CD8+ T cells [16]. EBV is a 

lymphocytotropicc virus that resides largely in the lymph nodes. Although the loss of CCR7 

correlatess to high cytotoxic potential and increased IFN-y production [16,18] these CCR7" 

cellss have lost the capacity to re-enter secondary lymphoid organs by ligation to the ligands 

MIP3PP (CCL19) and SLC (CCL21). This loss would impede their ability to cope with EBV-

infectedd cells. However, it cannot be excluded that the virus-specific lymphocytes, e.g. EBV-

specificc T cells, detected in blood are part of different subsets than the virus-specific cells 

withinn the secondary lymphoid organs. Furthermore, during EBV reactivation, effector-type T 

cellss regain expression of CCR7 [19] and are thereby facilitated to re-enter secondary 

lymphoidd organs such as lymph nodes and tonsillar tissue, which are the target sites of these 

EBV-specificc cells [20]. 

AA B CD8+/EBV-tet+ C CD8+T cells 
TT cells 

Q Q 
O O 

CD88 CCR7 CCR7 

FigureFigure  4 Characterization  of  EBV-specific  CD8* T cells.  (A) Approximately 0.45% of the CD8* T 
cellscells were specific for the EBV GLC-epitope derived from BMLF-1, as shown by tetramer staining 
gatedgated on lymphocytes. (B) The EBV-specific CD8* T cells of this patient were CCR7~, and mainly of 
thethe effector memory phenotype (i.e. CCRT/CD45RA). The summarized data of the characterization 
ofof the EBV-specific CD8* T cells of the HLA-A*0201 positive patients is shown in Table 3. (C) Both 
CCR7*CCR7* and CCR7' populations were detected in total CD8* T cells from the patient. 

MMFF has been reported to be very potent in its immunomodulating effects to prevent acute 

renal,, lung and heart allograft rejection without many side-effects [21-23]. Although its use 

mayy imply stronger immunosuppression, its in-vivo effects can be positively judged, as is 

alsoo reflected by our findings related to EBV. A difference in the incidence of reactivation of 

EBV,, either defined by serology or SET assay, was established between the two subgroups 

inn our cohort, which differed only in the immunosuppressive medication that was prescribed 

(AZAA versus MMF) (Table 2). The SET assays remained largely negative in the MMF group. 

Moreover,, the effect of MMF on EBV reactivation does not seem to be specific for EBV, since 

thee number of CMV reactivations was also reduced in the MMF-group (data not shown). It 

hass been presumed that MMF inhibits antibody production [24] and this could influence the 

determinationn of EBV reactivation by classical serology. However, anti-EBNA antibodies as 

welll as anti-VCA antibodies could be detected in the patients treated with MMF without 

significantt differences in titers (Table 2). Some reports even suggest potentiating anti-viral 
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effectss of MMF [25,26]. Yet, since dissemination of reactivated VZV and CMV have been 

reportedd in patients treated with MMF [27,28], we do not think that MMF has a general anti-

virall effect. In our cohort an almost fatal primary VZV infection occurred in an MMF-treated 

patientt resulting in multi-organ failure and acute allograft rejection (MMF#6). Thus, a 

profoundd explanation for this phenomenon is still lacking. Larger study cohorts are needed to 

determinee the significance of the differences in lymphoproliferative disorders between 

patientss treated with MMF or AZA. 
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FigureFigure  5 EBV-specific  CD8* T cell immunity  in  relation  to  spontaneous  EBV-transformed  B cell 
outgrowthoutgrowth  (SET). (A) Significantly higher EBV viral loads were present in the blood from patients with 
positivepositive SET assays (SET +), compared with EBV viral loads in the blood from patients with negative 
SETSET assays (SET -) (25,328 + 34,859 vs. 3,387  4,820 resp., P<0.05). (B) Accordingly, higher 
amountsamounts of EBV-specific CD8* T-cells (up to 0.6% of CD8* T cells) (circles) could be detected in the 
patientspatients with negative SET assays, reflecting the capability of these cells to control viral replication. 
TheseThese cells exhibited effector functions, demonstrated by IFN-y release in the EBV-peptide specific 
ELIspotELIspot assay (open squares). Data on time curves are derived from two representative patients. t=0 
representsrepresents time of EBV infection. 

Inn conclusion, the SET assay is a valuable overall screening test for lymphoproliferative 

phenomenaa driven by EBV in allograft recipients. The absence of EBV-specific CD8+ T cells 

stronglyy correlated to spontaneous outgrowth of EBV-transformed B cells and high EBV 

loads,, and vice versa. Furthermore, reducing the levels of immunosuppression resulted in 

normalizationn of the SET assays. Therefore, the SET assay indeed appears to reflect the 

interplayy between viral replication and transformation of B cells, and EBV-specific immunity 

off the host in vivo. PCR-based quantification of EBV concentrations in blood must be 

evaluatedd in larger studies to fully understand its prognostic potential [29-31]. Determination 

off EBV viral load to predict the risk of development of PTLD is probably only indicative in 

combinationn with data on EBV-specific T-cell immunity [31]. After all, the final goal is to find 

applicablee parameters to reduce immunosuppressive medication in a patient-tailored 

approach.. The present study is a step toward such an approach. 
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Abstrac t t 

Thee incidenc e of morbidit y and mortalit y fro m primar y varicella-zoste r viru s (VZV) 
infectio nn is increase d in immunocompromise d children . Vaccinatio n of VZV-
seronegativ ee cance r patient s wit h liv e attenuate d varicell a vaccin e has prove n to be 
safee and effective . However , alt vaccinatio n program s performe d so far in thi s grou p of 
patient ss require d the interruptio n of chemotherapy . This is the firs t cohor t of pediatri c 
oncolog yy patient s who receive d the liv e attenuate d varicell a zoste r vaccin e in an early 
phas ee of the chemotherap y withou t interruptin g chemotherapy . Eleven patient s wit h 
eithe rr  a hematologica l malignanc y (n=8) or a soli d tumo r (n=3) were vaccinate d wit h 
VZV-vaccin ee durin g chemotherapy . Seroconversio n occurre d in 8 of the 11 patient s 
(72.7%)) after one vaccination . The onl y advers e effect s consiste d of a mil d rash (10-50 
lesion ss n=2), a moderat e vesico-papula r rash (50-200 lesion s n=1), mil d gastro -
intestina ll  symptom s (n=1), and mil d respirator y complaint s (n=1). Althoug h VZV-
specifi cc  CD4+ T cell s coul d not be detecte d by intracellula r IFN-ystainin g durin g 
follow-up ,, adaptiv e immunit y was induce d sinc e seroconversio n was observe d in the 
majorit yy  of patients . This stud y demonstrate s that it is feasibl e to administe r VZV-
vaccin ee in an early stag e of chemotherap y withou t interruptio n of treatment . 

Introductio n n 

Varicellaa (chickenpox) is a highly infectious, usually self-limiting disease caused by the oc-
herpesviruss family member varicella-zoster virus (VZV). Children generally develop mild 
disease,, manifested by fever, a vesicular rash and mild constitutional symptoms. However, in 
immunocompromisedd children such as children with a malignancy, the incidence of 
complicationss and mortality due to VZV infection is highly increased. The complication-rate in 
thesee children is approximately 30% and the mortality-rate approaches 20% in untreated 
casess [1]. Antiviral therapy has improved the outcome considerably but the overall mortality 
ratee in the immunocompromised patient remains 7% [1,2]. The most common complication is 
acutee bacterial skin infection, caused by Staphylococcus aureus and Streptococcus 
pyogenes.pyogenes. The incidence of bacterial superinfections is increased in children under 5 years of 
age,, and this complication may lead to a streptococcal toxic shock syndrome [3]. 
Furthermore,, neurologic complications are more often observed in the immunocompromised. 
Postinfectiouss cerebellar ataxia usually resolves without further complications, whereas 
meningo-encephalitiss has a much less favorable outcome. The mortality rate from this latter 
complicationn ranges from 5-25% and neurologic sequelae are seen in 20% of patients [4]. 
Lesss frequent complications include pneumonia, visceral complications (including hepatitis 
andd severe gastro-intestinal symptoms) and hematological complications (e.g. 
thrombocytopenia,, pancytopenia) and the development of hemorrhagic varicella. 
Ass awareness of the morbidity and mortality due to VZV infection became established, the 
interestt in the live attenuated vaccine was increased. The vaccine was developed in Japan in 
thee early 1970's from a viral strain (Oka-strain) isolated from an infected patient and 
attenuatedd by passage through cell cultures [5]. The vaccine was approved by the Food and 
Drugg Administration in 1995 for routine use in healthy persons older than one year of age 
whoo are susceptible to varicella. Japan, Korea and the US are including varicella vaccination 
inn their routine schedule. The vaccine induces long-term humoral and cellular immunity in 
childrenn and adults [6,7]. Since the implementation of VZV vaccination, the US has seen a 
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markedd decline in the number of cases of varicella and a trend towards less hospitalizations 
duee to chickenpox [8]. 
Sincee the incidence of complications of VZV infection is increased in immunocompromised 
patientss as compared with otherwise healthy individuals, it would be of great benefit to 
vaccinatee VZV-seronegative oncology patients. In the past, 575 children with leukemia in 
remissionn were immunized in the Varicella Vaccine Collaborative Study [9]. All children were 
inn continuous remission for more than one year, and had more than 7007mm3 circulating 
lymphocytes.. Chemotherapy was stopped 1 week before and 1 week after immunization in 
thee majority of these children. Recommendations included withdrawal of steroids for 2 weeks 
afterr immunization. The varicella vaccine proved to be safe immunogenic and effective. The 
majorr adverse reaction was a varicelliform rash, which could be treated in most cases with 
orall acyclovir. Seroconversion to VZV occurred in 82% of vaccinees after 1 dose and in 95% 
afterr 2 doses. In addition, the incidence of clinical reactivation (herpes zoster) in vaccinated 
leukemicc children is lower than in unvaccinated leukemic children. Although it is believed that 
cell-mediatedd immunity is elicited less reliably in leukemic children after varicella vaccination 
thann in their healthy counterparts [10], this study indicated that administration of VZV vaccine 
underr these conditions is extremely beneficial to leukemic patients [9]. 
Becausee of the great benefits for the patients, VZV vaccination should be extended to other 
oncologyy patients and preferably in an earlier phase of treatment. One study on vaccination 
off patients before the start of chemotherapy resulted in seroconversion in 10 out of 13 
vaccinatedd children (77%) [11]. Mild side-effects were observed in 12.5% of the patients 
consistingg of a varicelliform rash and feverr [11]. Since only mild side-effects were observed in 
thee patient group, it seemed safe to administer the vaccine. 

Inn both of these studies, chemotherapeutic treatment was delayed in order to safely 
vaccinatee these children. Although it is clear that the risk of developing complicated varicella 
uponn VZV infection is decreased, the required delay of chemotherapeutic treatment of the 
malignancyy in these children could have a negative effect on the clinical outcome. In Japan in 
thee 80's, the vaccine was administered without stopping chemotherapy but not respecting the 
criteriaa of stopping steroids 14 days before vaccination and one week after vaccination, 
havingg an adequate number of lymphocytes (>700/mm3), and not having bulky disease at the 
timee of vaccination. This led to an unacceptably high incidence of complications and severity 
off rashes [12-15]. 
Thee aim of our study was to investigate the efficacy of VZV vaccination of seronegative 
pediatricc oncology patients without interrupting chemotherapy and introducing the vaccine in 
ann early phase (within three months after the start of chemotherapy), respecting the rules 
thatt the use of steroids, a low number of circulating lymphocytes, and active hematologic 
malignanciess can lead to more severe complications using this vaccine. 

Material ss  & Method s 
PatientPatient selection 
Newlyy diagnosed pediatric oncology patients who were seronegative for VZV were included in this 
study.. Eligibility criteria included patients on chemotherapy, who had circulating lymphocyte counts of 
>7007mm3,, had no bulky disease and were not septic at the time of vaccination. Before and after 
vaccinationn no steroids were given in the regimen for at least one week. The study was performed in a 
singlee pediatric oncology unit and approved by the local medical ethical committee. Written informed 
consentss were obtained from the parents of the patients and from the patient if >12 years of age. 
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TableTable  1 Patient  characteristics 
Patient t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 

Sex x 

F F 
M M 
F F 
M M 
M M 
M M 
M M 
F F 
F F 
M M 
M M 

Agee at vaccination 
(years) ) 

4 4 
16 6 
3 3 
3 3 
2 2 
3 3 
4 4 
5 5 
5 5 
5 5 
2 2 

Diagnosis s 

NHR-ALL L 
NHR-ALL L 
NHR-ALL L 
NHR-ALL L 
HR-ALL L 
HR-ALL L 
HR-ALL L 
HR-ALL L 

Medulloblastoma a 
Nephroblastoma a 
Nephroblastoma a 

Att start chemotherapy -
vaccination n 

9 9 
7 7 
6 6 
7 7 
7 7 
8 8 
6 6 
11 1 
13 3 
11 1 
8 8 

(weeks) ) 
## lymphocytes 

/uLL (t=0)a 

4700 0 
2580 0 
6830 0 
5600 0 
2200 0 
1280 0 
1180 0 
774 774 
798 8 
780 780 

2700 0 
t=0:t=0: time point of varicella vaccination 

NHR-ALL:NHR-ALL: non-high-risk acute lymphoblastic leukemia 
HR-ALL:HR-ALL: high-risk acute lymphoblastic leukemia 

VaccinationVaccination protocol 

Varicellaa vaccine (Varilrix, GlaxoSmithKline UK, Uxbridge, UK) containing the live attenuated VZV 
Oka-strainn was administered subcutaneously to the eligible patients (day 0). The time point of 
vaccinationn varied among the different protocols and clinical situations. Clinical scores were registered 
bothh on basis of questionnaires, and physical examination on day 0, 7, 14, 21, 28 and 3 months after 
vaccination.. Parameters recorded by the questionnaires included: fever (>39  C), headache, vomiting, 
diarrheaa (defined as >6 loose stools a day), coughing, and pain, rash or induration at the injection-site. 
Parameterss recorded on physical examination included: temperature, organomegaly (upon 
vaccination),, skin lesions, and signs of infection. Standard laboratory tests were concomitantly 
performed,, consisting of a full blood count, determination of levels of creatinin, LDH and liver enzymes 
(ASAT,, ALAT). Furthermore, peripheral blood samples were drawn from the patients at each visit, and 
throat-swabss were taken (twice a week) to determine the development of an immunological response 
too the virus, as well as contagiousness of the vaccinated patients. Peripheral blood mononuclear cells 
(PBMCs)) were isolated from blood samples using standard density gradient centrifugation techniques 
byy use of Lymphoprep (Nycomed, Pharma, Oslo, Norway). PBMCs were cryopreserved until use and 
thawedd in accordance with standard procedures. 

LaboratoryLaboratory parameters for VZV infection 

Virall culture of vesicle fluids or scrapings was performed by cocultivation with human embryo lung 
fibroblastt cells and microscopic examination of VZV-specific cytopathological effects. Confirmation was 
donee by immunofluorescent staining of cells with murine monoclonal anti-VZV immunoglobulin M (IgM) 
(BioWhittakerr Inc., Walkersville, Md.). VZV IgM and IgG titers were determined in plasma as described 
elsewheree by use of the miniVidas (Biomerieux, Marcy I'Etoile, France) [16]. Results are expressed as 
arbitraryy units/ml serum. 
Quantitativee PCR to determine VZV viral load was performed in plasma samples as well as in throat 
swabss described elsewhere [16]. The electrochemiluminescence (ECL) signal was measured by an M-
88 analyzer (IGEN, Oxford, UK). 

DeterminationDetermination of VZV-specific CD4* T cells by intracellular cytokine staining 
VZV-specificc CD4+ T-cell frequencies were determined as described previously [17]. In brief, PBMCs 
weree resuspended in RPMI, containing 10% fetal calf serum (FCS) and antibiotics, and stimulated for 
66 hours with VZV-antigen (20 uJ/ml; Microbix Biosystems, Toronto, Canada), the final 5 hours in 
presencee of brefeldin-A (10 ug/ml). VZV antigen is a lysate of VZV-infected cells, containing a broad 
rangee of virus-derived peptides. PBMCs were costimulated by CD28 (2 pg/ml; CLB 15E8) and CD49d 
(11 ug/ml; BD Biosciences (BD), San Jose, CA). Cells were permeabilised using the BD-FACS 
intracellularr cytokine staining kit (in accordance with the manufacturer's instructions) and stained for 
IFN-^FITC,, CD4-PerCPCy5.5 (all BD) and CD69-APC (Caltag Laboratories, Buriingame, CA). The 
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CD4+CD69+IFN-y++ T cells were designated antigen-specific CD4+ T cells. Negative controls consisted 
off stimulation with medium, and positive controls of stimulation with Staphylococcus Aureus 
enterotoxinn B (SEB; Sigma, St Louis, MO). 

ImmunofluorescentImmunofluorescent staining and flowcytometry 
Wholee blood samples were used to determine the absolute numbers and percentages of CD4+ and 
CD8++ T cells, B cells and NK cells by use of the Multi Test IMK kit (BD). 20 uJ of multiset antibody mix, 
eitherr CD3/CD8/CD45/CD4 or CD3/CD16CD56/CD45/CD19 were added to 50 uJ blood in two different 
TruCountt tubes (BD). Samples were vortexed thoroughly and incubated for 30 min. at room 
temperaturee (RT), protected from light. Next, 10x diluted lysis buffer was added to the samples. After 
vortexing,, samples were incubated for 15 min at RT, protected from light. Absolute numbers and 
percentagess of lymphocyte cell populations were determined by the Multiset program (BD) on a 
FACSCaliburr (BD). Controls were included in each experiment. 

Statistics Statistics 
Thee main findings of the study are described descriptively. Where applicable, differences between 
meanss were tested by Student f test. 

Result s s 

PatientPatient characteristics 
Elevenn VZV seronegative pediatric oncology patients were included in this study from 
Februaryy 2002 until November 2003. Eight of these patients had a hematological malignancy 
(NHR-ALL;(NHR-ALL; n=4, HR-ALL; n=4), whereas the other three had a solid tumor {Table 1). The age 
att vaccination (5.5  4.6 vs. 4.2 + 1.9 years, resp.), and the time between start of 
chemotherapyy and vaccination (8.1  1.6 vs. 11.2  2.6 weeks, resp.) did not differ 
significantlyy between the two groups of malignancies at the time of varicella vaccination 
(Tablee 1). Of note, chemotherapy was not stopped or delayed because of the varicella 
vaccinationn in any of these patients. 

TableTable  2 Laboratory  test  results  on day  0 of vaccination 
Patient t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 

Hb b 
(mmol/L) ) 

6.7 7 
7.6 6 
6.8 8 
6.6 6 
6.2 2 
6.5 5 
6.9 9 
7.1 1 
7.3 3 
5.5 5 
7.1 1 

Neutrophils s 
(cells/uL) ) 

3500 0 
2500 0 
3000 0 
858 8 
1800 0 
4650 0 
770 770 
3354 4 
2180 0 
3082 2 
1450 0 

Lymphocytes s 
(cells/uL) ) 

1500 0 
6830 0 
2580 0 
5600 0 
2200 0 
1280 0 
1180 0 
774 774 
798 8 
780 780 

2700 0 

Thrombocytes s 
(cells/uL) ) 

290 290 
243 3 
350 0 
360 0 
326 6 
440 0 
492 2 
335 5 
235 5 
286 6 
222 2 

Liverr enzyme 

4xx normal* 
normal l 

5xx normal* 
normal l 
normal l 

2xx normal* 
2xx normal* 

normal l 
normal l 
normal l 
normal l 

*patients*patients with leukemia received high-dose methotrexate i.v. 

LaboratoryLaboratory results 

Onn the day of vaccination, the mean Hb was 6.8 mmol/L (range 5.5-7.6 mmol/L), which 
remainedd stable during follow-up (Table 2). The mean white blood cell count (wcc) was 5.8 
x109/LL (range 2.2-10.2x109/L) at day 0. The mean neutrophil count was 2422 cells/uL (range 
770-46500 cells/uL). The mean lymphocyte-count was 2674 cells/uL (range 774-6830 
cells/uL).. Raised liver enzymes were observed in 4 patients, which increased further in the 
nextt two weeks after vaccination (data not shown). These patients, however, were patients 
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withh leukemia receiving high dose intravenous methotrexate, which could well explain the 

disturbancee in liver enzymes. Liver enzymes normalized in all patients within three months 

afterr vaccination. 
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FigureFigure  1 Absolute  numbers  of  white  blood  cells,  lymphocytes  and neutrophils  on day of 
vaccination.vaccination.  No statistical significant differences in the absolute numbers of white blood cells, 
neutrophilsneutrophils and lymphocytes could be detected on day 0 between the patients with a hematological 
malignancymalignancy and those with a solid tumor. 

Noo significant differences in the numbers of circulating white blood cells, lymphocytes or 

neutrophilss was detected between the patients with a hematological malignancy and those 

withh a solid tumor (Fig. 1). Fluctuations in the levels of circulating white blood cells, 

lymphocytess or neutrophils during follow-up could not be correlated to varicella vaccination 

(dataa not shown). 

TableTable  3 Adverse  effects 
Patient t 

1 1 

2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 

injectionn site 

painn day 7 

painn day 7 

painn day 7 

--
--
--
--
--

rash h 
(## lesions) 

50-200 0 

0 0 
10-50 0 

0 0 
10-50 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

treatment t 

ivv acyclovir 
andd famcyclovir 

famcyclovir r 

famcyclovir r 

_ _ 
_ _ 
_ _ 
_ _ 
--

Fever r 

dayy 7-10 

--

dayy 7-14 

_ _ 
_ _ 
_ _ 
_ _ 
--

Vazquez z 
score e 

2 2 

0 0 
1 1 
0 0 
2 2 
0 0 
0 0 
0 0 
1* * 
0 0 
1* * 

** pt. 9 had mild respiratory complaints, and pt. 11 had mild gastro-intestinal complaints, 
scoredscored as 1 according to the Vazquez score [18] 

LowLow incidence of adverse effects 

Inn five of the patients (45.4%), mild adverse effects were observed (Table 3). In the first week 

afterr vaccination, patient (pt.) 1 had a painful injection site and developed a rash. Vesicles 

weree observed on the skin starting from the first week (10-50), which increased in the second 

weekk (50-200). Treatment consisted of intravenous acyclovir, later followed by oral 

famcyclovir.. Pt. 3 developed 10-50 lesions on her skin during the second week after 

vaccination,, which was treated by oral famcyclovir. Pt. 5 developed a rash at the injection site 

inn the second week after vaccination. An exanthem was observed on his skin starting from 

thee first week after vaccination, which reduced to 10-50 lesions within the second week. 
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Treatmentt consisted of oral famcyclovir. Two of these patients (pt. 1 and 5) developed a 
feverr within the second week after vaccination, which continued for 2 weeks. Pt. 9 developed 
mildd respiratory complaints, between the second and fourth week after vaccination. Mild 
gastro-intestinall symptoms were observed in pt. 11 between the first and the second week 
afterr vaccination. Other adverse effects were not observed in our cohort. According to the 
clinicall score of Vazquez et al. [18], all patients scored <7 points (max 2 points) and were 
consideredd to have mild disease (Table 3). 
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seroconversion n 
FigureFigure 2 Correlation of seroconversion to possible risk factors. Seroconversion did not correlate 
toto the age at vaccination, the time between start of chemotherapy, nor to the number of circulating 
lymphocyteslymphocytes at the time of varicella vaccination. 

EfficacyEfficacy of vaccination 
VZV-specificc IgG could be detected upon vaccination in 8 of the 11 patients (72.7%) after a 
singlee dose of vaccination (Table 4). Seroconversion occurred within 6 weeks after varicella 
vaccinationn in 6 of the seroconverting patients (75%). In the other 2 seroconverting patients, 
seroconversionn occurred within 3 months after vaccination (25%). Three of the patients did 
nott seroconvert upon varicella vaccination. One of these patients was diagnosed as NHR-
ALL,, one as HR-ALL, and one had a nephroblastoma. Seroconversion did not correlate to 
thee age at vaccination, the time between start of chemotherapy and vaccination, or with the 
numberr of circulating lymphocytes at the time of vaccination (Figure 2). The patients that did 
nott seroconvert upon varicella vaccination are scheduled for booster vaccination. 
Householdd contacts to wild-type VZV were documented in two of the patients. The first 
patientt (pt. 10) showed no clinical signs of varicella upon contact and was therefore not 
treated.. Seroconversion could not be observed in this patient after vaccination, or after 
exposuree to the wild-type virus. The second patient (pt. 3), who seroconverted within 6 weeks 
afterr varicella vaccination, developed a varicellaform rash (50-200 lesions) and high fever 
withinn 3 days after contact (6 months after vaccination). She had a Vazquez-score of 13 and 
appearedd moderately ill. She recovered rapidly after start of iv acyclovir. She did not have an 
extremee high viral load (max. VZV DNA load in whole blood of 12000 copies/ml at day 5 after 
contact).. She did not develop secondary complications of varicella and fully recovered. 
Althoughh this patient was moderately ill, she most likely experienced a mitigated course of 
varicellaa (as compared with unvaccinated oncology patients). 

Virology Virology 
Inn three of the eleven patients (pt. 1, 2, 11), VZV DNA loads were detectable upon 
vaccinationn in peripheral blood (median of peak values 7,500 copies/ml, range 40-10,000 
copies/ml),, within 6 weeks after vaccination (Table 4). No household exposures to the wild-
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typee virus were documented for these patients during this period. These three patients all 
seroconvertedd in response to the vaccine. 
Too determine whether the patients were contagious after varicella vaccination, a quantitative 
PCRR was performed on throat swabs. Two patients had positive throat swabs (Table 4). The 
nasopharyngeall cultures remained negative, indicating that the VZV DNA as detected in 
throatt swabs of two of the patients did not result from infectious virus, but rather from VZV-
infectedd lymphocytes residing in the throat. Most importantly, this demonstrated that the 
vaccinatedd patients did not shed any infectious virus and were therefore not contagious. 

TableTable 4 Virology 
Patientt VZV DNA VZV DNA Seroconversion 

(throatt swabs) (peak copies / ml 
blood) ) 

11 - 7,500 (week 4) + 
22 + 10,000 (week 3) + 
33 - - + 
44 - - -
55 + - + 
66 - -
77 + 
88 + 
99 + 
100 -
111 - 40 (week 1) + 

DeterminationDetermination of VZV-specific CD4* T cells 
VZV-specificc CD4+ T cells can be detected by intracellular cytokine staining, as we showed 
duringg memory responses of parents of children who experienced chickenpox as well as in 
somee patients experiencing primary VZV infection [17]. Using this technique, we determined 
frequenciess of VZV-specific CD4+ T cells in peripheral blood from the patients after varicella 
vaccination,, by upregulation of CD69 and production of IFN-y upon stimulation with VZV 
lysatee (VZV ag). Virus-specific CD4+ T cells could not be detected in these children upon 
varicellaa vaccination, irrespective of seroconversion (Fig. 3A). Remarkably, these cells could 
nott be detected upon vaccination-associated rash (Fig. 3B; n=3), whereas they were clearly 
detectablee upon development of varicella after encounter of subsequent wild-type VZV (Fig. 
3C;n=1). . 

Discussion n 

Thiss is the first cohort of pediatric oncology patients who receive the live attenuated varicella 
vaccinee in a relative early phase of chemotherapy, without interrupting chemotherapy. The 
criteriaa that no steroids are given one week before and one week after vaccination, 
lymphocytee counts should be >700/mm3, and that the child has no bulky disease, were all 
met.. Previous studies described the safety, immunogenicity and efficiency of the varicella 
vaccinee in a large cohort of patients with leukemia in remission [9]. 

Remarkably,, adverse effects of vaccination were limited in our cohort to a mild rash observed 
inn three patients, accompanied by fever in two patients, mild gastro-intestinal problems in one 
patient,, and mild respiratory complaints in one patient. The patients with prolonged rash were 
treatedd with acyclovir or famcyclovir resulting in resolution of the rash. The occurrence of 
adversee effects in these patients did not correlate to the number of circulating lymphocytes at 
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dayy 0 (data not shown). Seroconversion rates after one dose of vaccine were lower in our 
cohortt than in the LaRussa cohort (73% vs. 82%). This may indicate that vaccination of 
oncologyy patients at an early stage of chemotherapy is less efficient than vaccination of 
patientss in remission. The induction of adaptive immunity may be hindered by chemotherapy. 
However,, withdrawal of steroids during the period of vaccination most likely reduces this 
hindrance.. More importantly, vaccination in such an early phase of treatment significantly 
increasess protection from severe disease in this susceptible population. Seroconversion did 
nott correlate to the age of the patients, the time between start of chemotherapy and 
vaccination,, or with the number of circulating lymphocytes. 
Thee protective effect of varicella vaccination to VZV infection most likely depends on the 
inductionn of VZV-specific cellular and humoral immune responses. Antibody responses 
observedd in 73% of patients in our cohort clearly indicated that humoral immune responses 
weree induced upon vaccination. The detection of VZV-specific cellular immune responses is 
limitedd to the detection of VZV-specific CD4+ T cells, since the analysis of VZV-specific CD8+ 

TT cell responses is not possible due to the unavailability of valid VZV-derived 
immunodominantt peptides for MHC class-l. Although VZV-specific CD4+ T cells were 
undetectablee by our assay upon vaccination, we believe that these cells were induced by 
vaccinationn since VZV-specific antibodies could be detected in the majority of these patients, 
whichh is dependent on help from virus-specific CD4+ T cells [19]. We further excluded that 
thee absence of VZV-specific CD4+ T cells is an artifact of our assay due to the absence of 
immunodominantt epitopes for CD4+ T cells, since VZV antigen is a lysate of VZV infected 
cellss and contains a broad range of VZV-specific peptides. 
Varicellaa vaccination protected one of the two patients with documented household exposure 
too wild-type VZV completely from developing varicella, and the other one from severe 
disease.. Interestingly, the completely protected patient did not respond to varicella 
vaccinationn or to natural VZV infection, as classically defined by seroconversion. In our 
experience,, as well as has been previously described in literature [20,21], unvaccinated 
cancerr patients can develop severe courses of varicella upon household exposure. In the 
patientt with household exposure who developed a mitigated course of varicella, virus-specific 
cellss were clearly induced within 14 days after appearance of the exanthem. These data 
suggestt a suboptimal induction of adaptive immunity upon immunization, rather than primary 
vaccinee failure. Most likely, VZV-specific CD4+ T cells are induced on vaccination, but their 
frequenciess are too low to be detected in our assay. In this respect, it would be interesting to 
determinee whether VZV-specific CD4+ T cells can be detected in healthy children upon 
vaccination,, since it has been known that leukemic patients develop less pronounced VZV-
specificc T-cell responses upon VZV infection [22] and therefore the expected frequencies of 
thesee cells would be higher in the healthy children than in our patients. VZV vaccination is 
nott implemented in the Dutch vaccination program and it is therefore not possible for medical 
ethicalethical reasons to perform these control experiments. The incidence of herpes zoster still has 
too be determined in our cohort during follow-up, since in immunized children with leukemia, a 
previouss rash correlates to eventual development of zoster [23]. 

Speciall precautions were taken on vaccination of these immunocompromised children to 
preventt infection of other children at risk. Although VZV DNA could be detected at borderline 
levelss in only two sequential throat swabs of two patients in our total total cohort, the cultures were 
negative.. This indicates that these patients are not contagious after vaccination, which is in 
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accordancee with the finding that v-Oka cannot be cultured from respiratory secretions [24]. 

However,, the vaccinated patients that develop cutaneous lesions are infectious [24]. 

Thiss study is promising in administering varicella vaccine during treatment without stopping 

chemotherapy.. Administration of the vaccine in an early phase of treatment will largely 

reducee the incidence of severe varicella during the complete course of chemotherapy. Larger 

cohortss of pediatric oncology patients will be required to determine the benefit of this strategy 

comparedd with the strategies studied so far. 
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FigureFigure  3 VZV-specific  CD4* T cell  responses  in  relation  to  seroconversion.  VZV-specific CD4* T 
cellscells (CD69*IFN-f) could not be detected in the follow-up of vaccinated patients who did generate 
VZV-specificVZV-specific IgG antibodies (n=8) (A). These cells could also not be detected in the follow-up of 
vaccinatedvaccinated patients who developed a vaccine-related rash (n=3) (B), whereas they were clearly 
detectabledetectable within 14 days ("d.228") after appearance of the exanthem in a breakthrough case of 
naturalnatural chickenpox after exposure to wild-type VZV (n=1) (C). Where applicable, data shown are from 
oneone representative donor. Dot-plots are gated on CD4* T cells. Numbers indicate percentages of 
CD69*IFN-fCD69*IFN-f cells (i.e. VZV-specific CD4* T cells) within the CD4* T cell gate. Control: in vitro 
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Abstrac t t 

Immunit yy  to childhoo d disease s is maintaine d for decade s by mechanism s that , at 
present ,, are stil l unclear . We longitudinall y studie d immun e response s in 16 adult s 
expose dd to childre n experiencin g varicell a (chickenpox) . None of the individual s 
showe dd clinica l sign s of infectio n and varicella-zoste r viru s (VZV) DNA coul d not be 
detecte dd in periphera l bloo d or culture d fro m nasopharyngea l swabs . Exposur e to 
VZV,, however , induce d expansio n of antigen-specifi c CD4+ T cell s in periphera l bloo d 
wit hh concomitan t change s in cytotoxi c CD8* T cell s and natura l kille r cells . VZV-
specifi cc  memor y CD4+ T cell s were uniforml y CD45RA* and enriche d for CD27~ cells . 
Thee virus-specifi c cell s produce d IFN-y, TNF-a, and IL-2. These memor y response s to 
VZVV were compare d wit h the primar y immun e respons e of childre n experiencin g 
varicella .. VZV-specifi c memor y CD4+ T cel l response s largel y resembl e the primar y 
immun ee respons e to VZV. 

Introductio n n 

Immunologicall memory is the key feature of the adaptive immune system and provides 
improvedd protection on re-infection. This is not due to only an increased frequency of 
antigen-specificc T and B lymphocytes, but also the adaptation of these cells to particular 
pathogenss [1,2]. Maintenance of immunological memory is the basis for the existence of 
typicall "childhood diseases". The viruses that cause these diseases are generally highly 
infectious,, and the majority of the population is infected at young age. Protection against 
thesee viruses is usually maintained throughout life. 
Duringg acute infection, CD4+ T cells expand and differentiate from naive to effector and 
memoryy cells [3,4]. The differentiation of virus-specific CD4+ T-helper (Th) cells can be 
definedd in two ways. First, on the basis of the expression of isoforms of CD45, effector cells 
(CD45RA+CD45R0+)) and memory cells (CD45RA"CD45R0+) are defined [3]. Second, 
productionproduction of cytokines distinguishes Th1 cells (synthesizing IFN-y and TNF-a) from Th2 
cellss (synthesizing IL-4, IL-5, IL-10 and IL-13) [5]. During primary infection, virus-specific 
CD8++ T cells differentiate from naive (CD45RA+CD27+CCR7+) to effector cells (CD27+CCR7) 
[6-8],, with a concomitant massive expansion [9,10]. During the latency stage, virus-specific T 
cellss may have distinct phenotypes, ranging from CD27+CCR7" to CD27CCR7" [11], 
Currentt hypotheses on the requirements for maintenance of immunological memory are 
largelyy based on experimental mouse models and postulate homeostatic proliferation, 
boostingg by antigens, or cross-reactivity as key factors [12-16]. Data from mouse models 
showedd that the frequency of virus-specific memory cells is proportional to the initial clonal 
burstt size [17,18]. The numbers of memory CD4+ T cells seem to decline, whereas numbers 
off memory CD8+ T cells remain constant over time [19]. Virus-specific memory T cells appear 
too be partially maintained through cytokine-driven homeostatic proliferation. Memory CD8+ T 
cellss require IL-15 to persist, whereas the cytokines required for memory CD4+ T cells are still 
nott defined [20-24]. In addition, efficient memory responses depend on production of 
immunoglobulinn by long-lived plasma cells (located in the bone marrow) and memory B cells 
[25,26].. Virus-specific IgG may persist because of regular contact of memory B cells with 
immunee complexes on the surface of follicular dendritic cells in germinal centers [15]. 
Littlee is known about maintenance of long-term immunological memory in humans. Memory 
responsess studied in mice as early as 30 days after primary infection are, at best, only 
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partiallyy comparable to memory responses in humans, which last for decades. The classic 
examplee of individuals on the Faeroe Islands, who were protected from measles virus 
infectionn >65 years after primary infection [27], led to the hypothesis that memory can be 
maintainedd in an antigen-independent manner. Nonetheless, recent data suggest that 
measless virus may exist in a crippled form in the host and, thus, may restimulate measles-
specificc T cells [28]. 

Varicella-zosterr virus (VZV) is a highly contagious a-herpesvirus that causes chickenpox 
(varicella)) during primary infection. After primary infection, the virus develops latency in 
sensoryy ganglia, from where it can reactivate later in life, causing herpes zoster (shingles). 
Healthyy individuals are protected from clinical symptoms of varicella on re-infection for a 
lifetime.. We studied the VZV-specific memory response in latently infected adults on 
subclinicall exposure to antigen through contact with children with varicella. Comparison of 
secondaryy VZV-specific CD4+ T cell responses with primary immune responses in children to 
VZVV revealed, remarkably, great similarities in kinetics of virus-specific cells. 

Material ss  & Method s 
Donors Donors 
Too study secondary immune responses to VZV, 16 VZV-IgG seropositive adult donors were selected 
fromm healthy laboratory workers and from parents of patients of the Emma Children's Hospital of the 
Academicc Medical Center. All donors were selected on basis of household exposure to their (grand-) 
childd with acute-stage varicella. Donor characteristics are shown in Table 1. All donors had 
experiencedd varicella at least 20 years before enrollment in the study. Heparinized peripheral blood 
sampless were longitudinally obtained from these donors. The first blood sample was obtained within 3 
weekss after the appearance of the exanthem in their child (index case). A single heparinized blood 
samplee was obtained from 10 healthy adult control donors, to compare levels of VZV-specific CD4+ T 
cellss on re-exposure with the levels observed during latency. 
Too study primary immune responses to VZV, we selected children experiencing varicella who were 
admittedd to the hospital. They were admitted because of suspected dehydration or prolonged fever. 
Sincee children experiencing varicella without underlying immunodeficiencies are seldom hospitalized, 
onlyy 4 children experiencing primary VZV infection could be selected. At least 3 blood samples were 
obtainedd from each donor, up to 1 year after the clinical course of varicella in the index case. 
Peripherall blood mononuclear cells (PBMCs) were isolated by use of standard density-gradient 
centrifugationn techniques with Lymphoprep (Nycomed, Pharma, Oslo, Norway). PBMCs were 
cryopreservedd until use and thawed in accordance with standard procedures. All longitudinal samples 
fromm each donor were analyzed simultaneously. The study was approved by the local medical ethical 
committee,, and written, informed consent was obtained from the children or their parents. 

TableTable 1 Donor  characteristics 
NN Sex (F:M) Mean agea  SD 

Parentss 15 9:6 35 4 
Grandparentt 1 1:0 71 
Primaryy infection 4 2|2 3  1 

aa Age (in years) at entry of the study 

DeterminationDetermination of VZV-specific CD4* T cells by intracellular cytokine staining 
VZV-specificc and tetanus-specific CD4+ T cell frequencies were determined as described elsewhere 
[29].. In brief, PBMCs were stimulated for 6 hours with VZV antigen (20 uJ/ml; Microbix Biosystems, 
Toronto,, Canada), or tetanus toxoid (TT) (17.6 Lf/ml; RIVM, Bilthoven, The Netherlands), the final 5 
hourss in presence of brefeldin-A (10 u.g/ml). PBMCs were costimulated by CD28 (2 ug/ml; CLB 15E8) 
andd CD49d (1 ug/ml; BD Biosciences, San Jose, CA). Next, cells were stained for CD4-PerCPCy5.5 in 
combinationn with either CD27-PE or CD45RA-PE (all BD Biosciences), permeabilised by use of the 
BD-FACSS intracellular cytokine staining kit and stained for IFN-y-FITC (BD Biosciences) and CD69-
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APCC (Caltag Laboratories, Burlingame, CA). The CD4+CD69+IFN-y+ T cells were designated "antigen-
specific"" CD4+ T cells. The production of TNF-a and IL-2 by VZV-specific CD4+ T cells derived from re-
exposedd individuals was determined in the donors after re-exposure, by intracellular staining for IL-2-
FITCC or TNF-a-FITC (BD Biosciences) as described above for IFN-y-FITC. Production of IL-2 and 
TNF-aa by VZV-specific CD4+ T cells could not be determined in the children experiencing primary 
infection,, because of the limited amount of material that could be obtained. Negative controls 
consistedd of stimulation with medium, and positive controls of stimulation with Staphylococcus Aureus 
enterotoxinn B (SEB; Sigma, St Louis, MO).To quantify VZV-specific CD4+ T cells, background levels of 
stainingg were subtracted from the VZV-stimulated samples. 

DeterminationDetermination of VZV-specific CD4* T cells by use of IFN-y ELIspot analysis 

VZV-specificc CD4* T cells, as defined by production of IFN-y, were determined by use of ELIspot 
(Mabtech,, Nacka, Sweden). PBMCs were resuspended in RPMI 1640 medium containing 10% FCS 
andd antibiotics. For the VZV-specific ELIspot, PBMCs were stimulated with VZV antigen (20 uJ/ml), 
mediumm (negative control) or phytohemagglutinin (PHA, positive control; 20 ug/ml, Murex Diagnostics, 
Dartford,, UK) at C and 5% C02 in ct-human IFN-y precoated silent screen 96-wells plates (Nalge 
Nuncc Int., Rochester, NY). PBMCs were cultured in final amounts of 250000, 125000 and 62500 
PBMCs/well.. After overnight stimulation, cells were removed by washing with PBS, and wells were 
incubatedd with biotin-labeled a-human IFN-y (Mabtech) for 3 hours at RT. Next, the wells were 
incubatedd with streptavidin conjugated alkaline phosphatase (ALP) for 2 hours at RT. Finally, spots 
weree visualized by incubation with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium 
(BCIP/NBT;; Sigma). Spots were quantified by use of the AELVIS ELIspot reader and software 
(AELVIS,, Hannover, Germany). 

ImmunofluorescentImmunofluorescent staining and flowcytometry 
PBMCss were resuspended in RPMI medium containing 10% FCS and antibiotics. A total of 200,000 
PBMCss were incubated with fluorescent label-conjugated monoclonal antibodies (mAbs) 
(concentrationss in accordance with the manufacturer's instructions). Natural killer (NK) cells were 
detectedd by staining with CD3-FITC (BD Biosciences), CD16-PE and CD56-APC mAbs (Beekman 
Coulter,, Miami, FL). CD4+ T cell and CD8+ T cell subsets were defined by combinations of CD4-PerCP 
orr CD8-APC with CD45RA-FITC and CD27-PE (all BD Biosciences). 
Intracellularr granzyme B (GrB) and perforin stainings were performed by incubating 500,000 PBMCs 
withh fluorescent label-conjugated mAbs to CD8 and CD27 (BD Biosciences), washing them once, 
fixingg them with 50 uJ of buffered formaldehyde acetone solution, and subsequently permeabilising 
themm by washing with 0.1% saponin 50 mM D-glucose. Cells were then incubated with anti-GrB 
(Sanquin,, Amsterdam, the Netherlands) and anti-perforin antibodies (Hölzel diagnostika, Köln, 
Germany)) in accordance with the manufacturer's instructions. Analysis of cells was performed by use 
off a FACS Calibur flowcytometer and CellQuest software (BD Biosciences). 

VZV-PCR VZV-PCR 
Quantitativee PCR was performed in plasma samples, as described elsewhere [30]. The 
electrochemiluminescencee (ECL) signal was measured by use of an M-8 analyzer (IGEN, Oxford, UK). 

Anti-VZVIgG Anti-VZVIgG 
Anti-VZVV IgG titers were determined in plasma, as described elsewhere [30]. VZV antigen was 
obtainedd from Virion (Cham, Switzerland). Results are expressed as arbitrary units per milliliter of 
serum. . 

Statistics Statistics 
Thee fraction of VZV specific CD4+ T cells of the total CD4+ T cell count was plotted against the fraction 
off CD27" cells within the VZV specific CD4+ T-cell compartment and was analyzed by use of linear 
regression.. The Student's f test was used to determine the significance of differences between study 
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groups.. P<0.05 was considered statistically significant. All analyses were performed using SPSS 

(versionn 11.5; SPSS, Chicago). 
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FigureFigure  1 Visualization  of  peripheral  blood  VZV-specific  T cells.  IFN-y producing T cells could be 
detecteddetected by ELIspot analysis after restimulation by VZV antigen in vitro, at relatively high frequencies 
inin peripheral blood samples from donors who had contact with varicella (B), whereas they were not 
detectabledetectable in peripheral blood samples from donors who did not have contact with varicella (A). Donor 
VVVV was the mother of a child with varicella. Donor KM was a pediatrician who had regular contact with 
varicella-infectedvaricella-infected children. (C) VZV-specific CD4* T cells (i.e. CD69*IFN-f) could also be visualized by 
intracellularintracellular cytokine staining, after restimulation with VZV antigen in vitro, in blood samples from 
immuneimmune donors but not in umbilical cord blood (n=3). Numbers indicate the percentage of CD69*INF-y 
cellscells within the CD4+ T cell gate. (D) Increased percentages of virus-specific cells were detected 
duringduring the early phase after re-exposure in boosted individuals, compared with the levels observed in 
controlcontrol individuals without documented re-exposure (n=10) (0.32 + 0.25 vs. 0.04  0.02; P=0.02). 
ControlControl = in vitro stimulation with medium; VZV antigen = in vitro stimulation with VZV antigen. 
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VZV-specificVZV-specific T cells are clearly detectable in re-exposed healthy subjects 

Onn validation of a method analyzing VZV-specific CD4+ T cell frequencies after natural VZV 

infection,, PBMCs derived from 10 healthy laboratory workers were tested. In 8 of these 

donors,, VZV-specific T cells were detectable at very low frequencies in IFN-y ELIspot 

analysiss after stimulation with VZV antigen, which is in accordance with the results of a study 

showingg that VZV-specific memory T cells were hardly detectable in healthy VZV-

seropositivee donors [31] (Fig. 1 A). By contrast, VZV-specific T cells were clearly detectable in 

22 donors: a mother of a child experiencing acute varicella and a pediatrician who had regular 

contactt with varicella patients (Fig. 1B). We therefore postulated that (intimate) contact with a 

VZV-infectedd child results in boosting of the VZV-specific response and could, therefore, be 

usedd to study childhood disease-specific memory responses in humans, taking household 

contactt as the most certain way of viral contraction. 
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FigureFigure  2 Kinetics  of  boosting  of  a human  CD4* T cell  memory  response.  VZV-specific CD4* T 
cellscells (CD69*IFN-f) could be visualized in peripheral blood by intracellular cytokine, staining after in 
vitrovitro restimulation with VZV antigen. (A) From the first time point studied, these cells were detected at 
relativelyrelatively high frequencies in 11 of 16 donors, reaching peak levels within 4 weeks after the 
appearanceappearance of the exanthem in the index case. Thereafter, frequencies declined and slowly decreased 
furtherfurther during the next months. Data shown are representative of 11 donors. The first graph represents 
thethe grandparent included in the present study. (B) In 5 out of 16 donors, boosting of VZV-specific CD4* 
TT cells could not be observed by the assay measuring production of IFN-y. Data shown are 
representativerepresentative of 5 donors. (C) Similar kinetics of VZV-specific CD4* T cells were observed in 2 
childrenchildren experiencing a typical primary VZV infection. Longitudinal analyses could not be performed for 
thethe other 2 patients experiencing primary infection. 
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KineticsKinetics of VZV-specific CD4* T cells 
Infectedd children are already highly contagious (by nasopharyngeal shedding) during the last 
44 days of the incubation period, before the appearance of the vesicular exanthem. None of 
thee donors showed any clinical symptoms of varicella during the course of the study, in 
contrastt to the child experiencing varicella. VZV load was undetectable in the plasma of 
thesee donors at all time points studied, indicating that the virus is cleared before 
disseminationn to the periphery, as is seen in primary infection, can take place. To standardize 
observationss in the present study, the appearance of the exanthem in the index case was 
chosenn as time 0. Since it is impossible to predict which individuals will be re-infected with 
VZV,, donors were selected after household contact with a child experiencing varicella; thus, 
timee points before re-infection were not available. After household contact with a child 
experiencingg varicella, all donors tested (n=16) had VZV-specific CD4+T cells detectable, as 
aa clear population of CD69+IFN-y+ cells, within the CD4+ T cell population in peripheral blood, 
afterr 6 h of in vitro restimulation with viral antigen (Fig. 1C). By contrast, this population could 
nott be observed in naive T cells (i.e. umbilical cord blood derived CD4+ T cells). Levels of 
VZV-specificc CD4+ T cells were significantly increased in the group of individuals who were 
re-exposedd to VZV (n=16) compared with the levels in donors that were not re-exposed 
(n=10)) (mean  SD, 0.34  0.26 vs. 0.04  0.02; P=0.02; Fig. 1D). 

Att early time points after the appearance of the exanthem in the index case, VZV-specific 
CD4++ T cells were present at relatively high frequencies (0.21% - 0.87%) in 11 of the 16 
donorss (Fig. 2A & 3A). Peak levels were reached within 4 weeks, followed by an early, steep 
contraction,, up to week 6, and a slow decrease during the next months. One year later, VZV-
specificc CD4+ T cells were detectable in all donors tested, at levels of -0.08% of the total 
numberr of CD4+ T cells. By contrast, percentages of tetanus-specific CD4+ T-cells remained 
stablee at all time points studied (Fig 4). The kinetics of these memory responses resembled 
thosee of VZV-specific CD4+ T cell responses, as studied longitudinally in 2 of the children 
withh a primary infection (Fig. 2C). High frequencies of VZV-specific CD4+ T cells were 
observedd in all 4 donors with a primary VZV infection, within 4 weeks after the appearance of 
thee exanthem, which ranged from 0.10% to 0.23%. 

Inn 5 (31%) of the 16 donors, boosting of VZV-specific CD4+ T cell responses could not be 
detectedd by use of production of IFN-y as a readout (Fig. 2B). Although a clearly distinct 
populationn of VZV-specific CD4+ T cells was present in peripheral blood samples from these 
individuals,, the frequencies of this population remained stable at all time points studied 
(<0.13%% of the total number of CD4+ T cells). 

BoostedBoosted VZV-specific CD4* T cells have a memory T cell phenotype 
Duringg a memory response, the VZV-specific CD4+ T cells were highly enriched for CD45RA" 
cellss (mean  SD, 84%  10%; range 67%-92%) (Fig. 3A, third panel) and for CD27" cells 
(meann + SD, 13% + 9%; range 5-39%) (Fig. 3A, fourth panel), compared with bulk CD4+ T 
cellss (data not shown). During acute VZV infection, a larger proportion of VZV-specific CD4+ 

TT cells express CD45RA (Fig 3B, third panel), whereas these VZV-specific CD4+ T cells have 
aa similar expression of CD27 (Fig. 3C, fourth panel). Data could be obtained from only 1 child 
experiencingg varicella. Because of limited availability of material, analysis of the phenotype of 
VZV-specificc CD4+ T cells could only be performed for 2 of the children with a primary VZV 
infection. . 
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Peakk levels of VZV-specific CD4+ T cells for the re-exposed donors (or the levels of these 
cellss at the first time point for those donors who did not show boosting) were plotted against 
thee fraction of CD27~ cells within this population. The higher the percentages of VZV-specific 
CD4++ T cells, the higher the proportion of CD27" T cells within this population (r=0.81; P= 
0.0001)) (Fig. 3C). Furthermore, mean fluorescence intensity of CD27 on the virus-specific 
cellss was decreased in 7 (44%) of 16 donors. As suggested by previous studies of our group, 
thee down-modulation of CD27 on the virus-specific CD4+ T cells is a result of recent 
interactionn with the cellular ligand CD70 [32,33]. During latency (1 year after re-exposure or 
primaryy infection), the VZV-specific CD4+ T cells returned to a CD27+ phenotype (i.e. they 
showedd levels of expression of CD27 to those of the bulk of CD4+ T cells; Fig. 3A & B, right 
panels). . 

VZV-specificVZV-specific T cells produce IFN-y, TNF-a and IL-2 
Duringg anti-viral immune responses, CD4+ T cells produce a range of cytokines. We analyzed 
thee cytokine profile of VZV-specific memory CD4+ T cells, by measuring IFN-y, TNF-a, and 
IL-2.. VZV-specific production of IFN-y, TNF-a, and IL-2 could be detected in CD4+ T cells 
fromm all donors (Fig. 5). The production of the different cytokines showed similar kinetics on 
re-exposuree (i.e. relatively high shortly after re-exposure and declining thereafter). Data from 
peakk responses of all re-exposed donors are summarized in Table 2. Because of limited 
availabilityy of material, TNF-a and IL-2 staining of VZV-specific CD4+ T cells could not be 
performedd on PBMCs from children experiencing primary VZV infection. 
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FigureFigure  3 Phenotypic  characterization  of  VZV-specific  CD4* T cells  during  a memory  and 
primaryprimary  response.  (A) Boosting of VZV-specific CD4* T cells (CD69"IFN-y) could be detected by use 
ofof the intracellular cytokine staining assay. Numbers in the first two panels indicate percentages of 
CD69*IFN-yCD69*IFN-y cells within the CD4* T cell gate. The third panel shows the profile of CD45RA on 
CD4*CD69*CD4*CD69* T cells on stimulation with VZV antigen. Numbers indicate the proportion of CD45RA* and 
CD45RA'CD45RA' cells within the VZV-specific (i.e. IFN-f) CD4* T cells. The majority of VZV-specific cells 
duringduring the memory response were CD45RA', as compared with bulk CD4* T cells (data not shown). 
TheThe fourth panel shows the profile of CD27 on CD4*CD69* T cells on stimulation with VZV antigen. 
NumbersNumbers indicate the proportion of CD27* and CD2Tcells within the VZV-specific (i.e. IFN-f) CD4* T 
cells.cells. The VZV-specific CD4* T cells were enriched for a CD2T phenotype during the early phase 
afterafter re-exposure, compared with bulk CD4* T cells (data not shown). Graphs are longitudinal samples 
fromfrom 1 donor, representing 11 donors. Weeks (wks) after appearance of the exanthem in the index 
casecase are indicated. (B) During acute VZV infection, virus-specific CD4* T cells were enriched for a 
CD2TCD2T phenotype and CD45RA, whereas a larger proportion were enriched for CD45RA*. Graphs are 
longitudinallongitudinal samples from 1 child experiencing primary VZV infection. Insufficient material was 
availableavailable to perform this analysis on the other children experiencing a primary infection. (C) For each 
re-exposedre-exposed donor, the peak level of VZV-specific CD4* T cells on re-exposure was plotted against the 
proportionproportion of CD2T cells within this VZV-specific population. Peak levels of VZV-specific CD4* T cells 
correlatedcorrelated to the percentage of CD2T cells within this VZV-specific population. 
ControlControl = in vitro stimulation with medium; VZV antigen = in vitro stimulation with VZV antigen. 

CD8*CD8* T cells and NK cells show kinetics similar to those of virus-specific CD4* T cells 

AA comprehensive analysis of VZV-specific CD8+ T cell responses is hampered by the 

unavailabilityy of valid VZV-derived immunodominant peptides for MHC class-l. However, 

whenn markers for cytotoxicity of CD8+ T cells (i.e. expression of perforin and GrB) were 

studiedd longitudinally in our cohort, these cells showed similar kinetics to those of the VZV-

specificc CD4+ T cells, on re-exposure, in the donors with VZV-specific CD4+ T cell boosting 

(Fig.. 6A, one representative donor), which also held true for NK cells. Peak levels of GrB-

expressingg cells within the CD8+ T cell fraction ranged from 10% to 65%, whereas peak 

levelss of perforin-expressing cells within this fraction ranged from 17% to 48%. Peak levels of 

NKK cells (expressed as the proportion of CD16+ or CD56+cells within the CD3" cell fraction) 

rangedd from 2 1 % to 77%. In addition, the same results were obtained when cells from the 

childrenn with a primary infection were studied (Fig. 6C). Peak levels of GrB-expressing cells 

withinn the CD8+ T cell fraction ranged from 20% to 79%, whereas peak levels of perforin-

expressingg cells ranged from 23% to 65%. Peak levels of NK cells ranged from 10% to 48%. 

Boostingg of cytotoxic CD8+ T cells and NK cells could not be observed in the donors without 

VZV-specificc CD4+ T cell boosting (Fig. 6B). The similar kinetics during the early phase after 

re-exposuree strongly suggests a role for these cytotoxic cells in the VZV-specific primary and 

memoryy responses. 
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FigureFigure  4 Antigen-specific  boosting  of 
VZV-specificVZV-specific  CD4* T cells  on re-
exposure.exposure.  Re-exposure to VZV may 
resultresult in boosting of VZV-specific CD4* T 
cellscells by antigen-specific mechanisms, 
sincesince boosting of tetanus toxoid-specific 
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tetanus-specifictetanus-specific CD4* T cells could be 
detected.detected. Dot-plots are gated on CD4* T 
cells.cells. Numbers indicate percentages of 
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FigureFigure  5 Cytokine  production  of  VZV-specific  CD4* T cells.  VZV-specific CD4* T cells were 
detecteddetected longitudinally in donors on re-exposure to VZV. Weeks (wks) after appearance of the 
exanthemexanthem in the index case are indicated. Virus-specific CD4* T cells could be detected by expression 
ofof IFN-y, TNF-a, and IL-2. Data shown are from 1 donor, representing all re-exposed donors. 
SummarizedSummarized data from all donors are shown in Table 2. Numbers indicate percentages of 
CD69*CD69* cytokine* cells within the CD4* T cell gate. 
ControlControl = in vitro stimulation with medium; VZV antigen = in vitro stimulation with VZV antigen. 
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AntibodyAntibody titers 
Alll donors in the present study were VZV-IgG positive at enrollment. As shown elsewhere, 
-64%% of individuals show a >4-fold increase or decrease in VZV-specific IgG titers on re-
exposuree to VZV [34]. In our cohort, in 8 (50%) of 16 donors, increases or decreases of at 
leastt 1.0 AU in VZV-IgG levels (boosting) were observed on re-exposure (Table 3). VZV-
specificc IgG levels measured in these donors ranged from 0.65 to 5.52 AU. Peak levels of 
VZV-IgGG did not correlate to peak responses of VZV-specific CD4* T cell responses (data not 
shown).. However, boosting of VZV-IgG tended to be more common in the donors who also 
showedd boosting of VZV-specific CD4+ T cells (donors 1-11; Table 3). VZV-specific IgG 
levelss measured in the children experiencing a primary VZV infection ranged from 1.34 to 
4.600 AU. 

TableTable 2 Boosted VZV-specific CD4* T cells are 
detectabledetectable by expression oflFN-y, TNF-gand IL-2 

Donor33 IFN-V TNF-gb IL-2D 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 

88 Donors 1-11 showed boosting of VZV-specific CD4+ 

TT cells 
bb Percentages of VZV-specific CD69+cytokine* cells 

withinwithin the CD4* T-cell fraction are derived from 
intracellularintracellular cytokine staining experiments 

Discussion n 

Thee present study has provided a detailed analysis of a human virus-specific memory 
response.response. Boosting of VZV-specific CD4+ T cells was observed after re-exposure of immune 
adultss through household contact with children experiencing varicella. The detection of high 
levelss of these cells on re-exposure is probably a combination of proliferation and 
redistributionn from regional lymph nodes at the site of infection to the blood. This 
phenomenonn is antigen-specific and is not simply due to bystander-driven proliferation. 
Thee majority of the VZV-specific CD4+ T cells in the secondary response, as detected by 
productionproduction of IFN-y, had a memory T cell phenotype. During acute infection, a larger 
proportionn of these cells express CD45RA, which has also been described to occur in CMV 
infectionn [3]. It is believed that the CD45RA* cells are the first cells to appear in peripheral 
bloodd after primary infection, reflecting early migration from lymph nodes to target sites. The 
enrichmentt of CD27" cells within the VZV-specific CD4* T cell population and the 
concomitantt down-modulation of CD27 on the CD27+ cells, indicate recent interaction of this 

0.87 7 
0.78 8 
0.66 6 
0.47 7 
0.37 7 
0.32 2 
0.31 1 
0.26 6 
0.24 4 
0.23 3 
0.21 1 
0.13 3 
0.10 0 
0.10 0 
0.08 8 
0.07 7 

0.77 7 
0.80 0 
0.61 1 
0.39 9 
0.42 2 
0.31 1 
0.29 9 
0.21 1 
0.26 6 
0.19 9 
0.15 5 
0.17 7 
0.08 8 
0.11 1 
0.07 7 
0.05 5 

0.69 9 
0.64 4 
0.53 3 
0.27 7 
0.24 4 
0.21 1 
0.26 6 
0.28 8 
0.16 6 
0.17 7 
0.14 4 
0.15 5 
0.07 7 
0.07 7 
0.11 1 
0.09 9 
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TNF-receptorr with its ligand, CD70, acting as a costimulus and providing signals for 

expansionn and differentiation [35]. After the peak response, the proportion of virus-specific 

CD27"" CD4+ T cells diminished. This could be a result of migration of these cells from the 

bloodd to target organs in the periphery or, alternatively, may reflect apoptosis of these cells 

afterr control of the virus. Finally, the VZV-specific CD4+ T cells may have re-expressed CD27 

ass a consequence of CD70 down-regulation on clearance of the antigen. Phenotypic 

characteristicss of the VZV-specific cells, the majority being CD45RA"CD27*, resembled those 

off EBV- and HCV-specific CD4+ memory T cells [36,37]. 
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FigureFigure 6 Kinetics of cytotoxic cells on re-exposure to VZV. Data shown are from 1 donor, 
representingrepresenting all donors. (A) Frequencies of cytotoxic CD8* T cells (perf/GrB*; right y-axis) showed 
similarsimilar kinetics to VZV-specific CD4* T cells (left y-axis) in boosted individuals, which also held true for 
NKNK cells (right y-axis). (B) Cytotoxic CD8* T cells and NK cells remained at unchanged levels in the 
donorsdonors showing no boosting of VZV-specific CD4* T cells. (C) Comparable results were obtained with 
cellscells derived from a child experiencing a typical primary immune response to VZV. 

Similaritiess in the kinetics of GrB+ and perforin* CD8+ T cells and NK cells to VZV-specific 

CD4++ T cells suggest a role for these cells in controlling the virus. Questionnaires were used 

too exclude subsequent contact with an individual experiencing varicella during follow-up, as 

welll as contact with the most obvious intercurrent viral diseases, although previous 

asymptomaticc contacts cannot be excluded. 

Inn 5 of the re-exposed donors studied, boosting of VZV-specific CD4+ T cells could not be 

detectedd by our assays. These assays are limited to the production of cytokines, which is 

onlyy one functional aspect of virus-specific CD4+ T cells and, hence, may lead to an 

underestimationn of the true frequencies of these cells. Factors such as recent re-exposures 
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too VZV outside of the household cannot be absolutely excluded. Thus, definite conclusions 
cannott be drawn. 
Inn contrast to blood samples from the children experiencing varicella, VZV DNA was 
undetectablee in blood samples from the re-exposed adults at all time points studied, and the 
viruss could not be cultured from nasopharyngeal swabs. During the memory response, the 
concertedd action of neutralizing antibodies, primed virus-specific T cells and NK cells may 
clearr the virus in the respiratory mucosa and regional lymph nodes before it can disseminate 
too liver and spleen. This memory response is still effective at old age, since, in the present 
study,, no differences in the responses of the grandparent were observed (see left graph, Fig. 
2A). . 
Inn contrast to experimental mice kept under pathogen-free conditions and infected and re-
infectedd within 30 days with a particular virus, humans are infected with viruses early in life 
andd are often re-exposed >2 decades later. Furthermore, humans are subjected to sequential 
infectionss with a variety of viral pathogens. The clearest indication that maintenance of 
memoryy T cells may be antigen independent is their survival after adoptive transfer in mouse 
modelss [13,14]. However, these mice are immunodeficient and, hence, provide indefinite 
spacee without competition for resources [15]. By contrast, when memory cells were 
transferredd at physiological frequencies, to hosts capable of repopulation from primary 
lymphoidd tissue, in the absence of antigen, these cells became undetectable within a few 
weekss [15]. This latter mouse model may be more representative of humans, in whom 
survivall factors are limited and competition between memory cells of different specificities will 
occur. . 
Boostingg of memory responses to VZV, which is valuable on re-exposure to the virus, may 
alsoo control reactivating virus from latency. Reactivation of VZV from sensory ganglia (herpes 
zoster)zoster) occurs, in particular, in individuals with waning immunity, such as elderly or 
immunosuppressedd individuals. [38]. During latency, virus-specific memory CD4+ T cells are 
detectablee at stable frequencies in peripheral blood. Frequencies of memory CD4+ T cells 
varyvary between viruses and individuals. The mean frequencies of memory CD4+ T cells specific 
forr VZV and herpes simplex virus (HSV), as determined by production of IFN-y in healthy 
immunee donors, are low (<0.1% and 0.2%, resp.) [31, and the present study], compared with 
thee mean frequencies of CMV-specific memory CD4+ T cells (0.5%) [39]. The site of latency 
andd episodes of reactivation may determine the differences between the usual frequencies of 
virus-specificc memory T cells in peripheral blood. CMV develops latency in the 
monocyte/macrophagee lineage and endothelium [40], whereas VZV (or HSV) persists in 
immunoprivilegedd sites, resulting in low frequencies of memory T cells against VZV, which 
probablyy depend more on exogenous boosting. The importance of regular boosting by 
specificc antigen to maintain the memory pool and protect the individual from reactivation, has 
beenn suggested, in an epidemiological study, by Thomas et al. [41], which is in accordance 
withh a hypothesis postulated by Hope-Simpson in 1965 [42]. The importance of exogenous 
re-exposuree is of prime importance to the debate whether VZV vaccination should be 
includedd in national vaccination programs. By vaccinating children with live attenuated VZV, 
exogenouss re-exposures will become limited, since natural infections will be rare. Increased 
numberss of herpes zoster cases will probably develop in unvaccinated individuals who 
experiencedd a natural infection in the past without subsequent re-exposure. Further studies 
off the role that re-exposure to exogenous antigen plays in the maintenance of immunological 
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memoryy are crucial for the development of vaccination strategies and the timing of booster 

responses. . 

TableTable 3 Correlation of VZV-specific antibody responses and virus-
specificspecific CD4* T cells 

Donor3 3 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 

max. . 
CD4 4 

VZV-specific c 
++ T cells (%)b 

0.87 7 
0.78 8 
0.66 6 
0.47 7 
0.37 7 
0.32 2 
0.31 1 
0.26 6 
0.24 4 
0.23 3 
0.21 1 
0.13 3 
0.10 0 
0.10 0 
0.08 8 
0.07 7 

max x VZV-IgGG titer 
(arbitraryy units) 

3.66 6 
2.12 2 
5.26 6 
5.07 7 
2.45 5 
3.29 9 
3.89 9 
4.86 6 
1.74 4 
5.52 2 
2.54 4 
1.39 9 
3.06 6 
1.85 5 
4.45 5 
0.88 8 

VZV--
boost t 

--
--
+ + 
+ + 
+ + 
--
+ + 
+ + 
+ + 
+ + 
--
--
+ + 
--
--
_ _ 

88 Donors 1-11 showed boosting of VZV-specific CD4 T cells 
bb Percentages are derived from intracellular cytokine staining experiments 
cc VZV-IgG boosting is defined as an increase or decrease of at least 1.0 AU 
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Abstrac t t 

Fivee pediatri c patient s wit h no histor y of immunodeficienc y experience d a life -
threatenin gg cours e of varicella . Strikingly , NK cell s were absen t fro m the circulatio n in 
alll  patient s and in spit e of activ e vira l infection , up to 98% of the CD8+ T-cell s were 
naive .. Primar y immunodeficiencie s were exclude d sinc e NK cell s and prime d CD8+ T-
cell ss  re-appeare d in the circulation , granzyme s were detectabl e in plasm a early in 
infection ,, and no abnormalitie s coul d be detecte d in the functio n of the IL15-receptor . 
Ourr  data indicat e that  varicella-zoste r viru s (VZV) has a uniqu e capabilit y to seclud e 
prime dd CD8+ T-cell s and NK cell s fro m the circulatin g lymphocyt e pool . This seclusio n 
mayy be the consequenc e of an overwhelmin g immun e respons e to VZV, influence d by 
factor ss suc h as infectiou s dose , age, and presenc e of materna l antibodie s durin g 
infancy .. Sinc e bot h homozygou s twin-sister s include d in thi s stud y develope d a 
sever ee cours e of varicella , particula r geneti c factor s may contribut e to the 
developmen tt  of sever e varicella . 

Introductio n n 

Primaryy infection with varicella-zoster virus (VZV), an a-herpesvirus, results in varicella 
(chickenpox),, a highly contagious disease which is characterized by fever, malaise and a 
generalizedd vesicular rash (exanthem). After primary infection, the virus remains latent in 
dorsall root ganglia. In countries of temperate climates where VZV vaccination is not 
implementedd in routine childhood vaccinations, such as The Netherlands, more than 95% of 
childrenn have been infected before the age of 5 years. Although varicella will lead to 
discomfort,, it is usually a benign and self-limiting illness. Nonetheless, complications of 
varicellaa may be observed in otherwise healthy children, such as bacterial superinfection of 
thee cutaneous lesions with S. aureus or S. pyogenes, VZV pneumonia, cerebellar ataxia and 
virall encephalitis [1]. In immunocompromised individuals, the risk of these complications 
duringg primary VZV infection is highly increased [1J. 

Priorr to the appearance of the vesicular exanthem, abundant VZV replication is initially 
suppressedd by the innate immune system. However, the innate immune system by itself is 
incapablee of containing the virus completely. The adaptive immune response is subsequently 
activatedd by clonal expansion of VZV-specific T and B cells that interfere with viral replication 
andd spread of the virus. VZV-specific CD4+ T cells secrete cytokines such as interleukin (IL)-
22 and interferons (IFN), and may exhibit MHC class ll-restricted cytotoxicity [2-4]. So far, 
VZV-specificc CD8+ T cells could not be detected, due to paucity of experimental tools. 
Nevertheless,, CD8+ T cells are thought to constitute one of the main effector arms in the 
immunee response, being responsible for viral clearance and protection on re-encounter. 
Studiess on other persistent viruses have shown that during primary infection, CD8* T cells 
expandd and differentiate. CD8+ T cells can be subdivided into functional subsets by markers 
suchh as CD45RA, the co-stimulatory molecule CD27 [5], and CCR7 [6], a chemokine 
receptorr involved in lymphocyte migration to the lymph nodes. During acute infection, virus-
specificc CD8+ T cells show a CD45RA~CD27+CCR7~ phenotype and abundantly express 
perforinn and proteases such as granzymes [7], 

Besidee CD4+ and CD8+ T cells, natural killer (NK) cells, which are part of the innate immune 
system,, are also believed to be important in herpesvirus infections [8,9]. Biron et al. 
describedd a female patient with a severe course of VZV infection accompanied by a complete 
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absencee of NK cells, which persisted after resolution of the infection [10]. NK cells normally 
constitutee up to 15% of circulating human lymphocytes and are defined by the expression of 
CD56,, and lack of CD3 surface antigens. Development of NK cells is dependent on cell-cell 
contactt between their progenitors and bone marrow stromal cells, as well as on cytokines 
suchh as IL-15, and growth factors like Flt3 ligand (FL) and stem cell factor (SCF) [11]. 
Althoughh the precise mechanisms of activation of NK cells are as yet unresolved, it appears 
thatt the regulation of NK cell activity is the result of a balance between signals from activating 
andd inhibitory receptors on the cell, the latter being dominant in steady-state [12,13], 
Wee here describe five children with a severe course of varicella with symptoms including 
generalizedd varicella, skin infection, pneumonitis, hepatitis, or encephalitis. None of these 
childrenn had a history of recurrent infection or known immunodeficiency. Due to the severity 
off their disease, four of these children were admitted to the Pediatric Intensive Care Unit 
(PICU).. After more than four to twelve weeks of intensive treatment because of their clinical 
condition,, four of the children recovered, whereas the fifth child died of multi-organ failure (pt. 
3).. We studied functions and phenotypes of T and NK cells to investigate the incapability of 
thesee children to control the virus adequately. 

Material ss  & Method s 
TableTable 1 Characteristics of the patients 
Patientt Sex Age at onset Admission 

off varicella 
Symptoms s Severity y 

scoreb b 
Therapy y 

Pt.. 1 

Pt.2 2 

Pt.3 3 

Pt.4c c 

Pt.Pt. 5C 

M M 

M M 

F F 

F F 

F F 

88 months 

100 months 

55 years, 
f w k 6 6 

111 months 

111 months 

4 4 

7 7 

5 5 

2 2 

1 1 

vesicularr rash, 
pneumonitis, , 

hepatitis, , 
encephalitis s 

vesicularr rash, 
pneumonitis, , 

hepatitis s 

vesicularr rash, 
encephalitis, , 

multi-organn failure 

vesicularr rash, 
pneumonitis, , 

hepatitis s 

vesicularr rash, 
pneumonitis s 

30 0 

25 5 

30 0 

24 4 

16 6 

acyclovir,, IVIG, 
clindamycin n 

acyclovir,, IVIG, 
clindamycin n 

acyclovir,, IVIG, 
clindamycin n 

acyclovir,, clindamycin 

acyclovir r 

daysdays after onset of rash; number of lesions remained <500 in all cases 
bb according to Vazquez et al. [14]: mild disease when <7 points, moderately severe when 8-15 points, 
severesevere when >16 points on a scale to assess severity of varicella. 

cc homozygous twins 
IVIGIVIG = intravenous immunoglobulins 

Patients Patients 
Fivee patients with a severe course of varicella were admitted to the Emma Children's Hospital at the 
Academicc Medical Center (AMC). Four of these patients (pt. 1-4) were admitted to the PICU because 
off respiratory and circulatory failure. The cohort included one female homozygous pair of twins, of 
whichh one child was admitted to the PICU (pt. 4), whereas the other child was admitted experiencing a 
severe,, yet not life-threatening course of varicella (pt. 5). The patients differed in age and sex (Table 
1).. According to the clinical scoring system of Vazquez et al. [14], the variables rash (number of 
lesions),, character of the lesions (macular, vesicular, hemorrhagic), height of fever, systemic signs 
(abdominall pain, interstitial pneumonia, encephalitis) and a subjective assessment of the patient's 

85 5 



Chapterr 6 

appearancee (not, moderately or severely ill), assess the severity of varicella. The total score of points 
inn each of these patients allowed categorization as "severe disease" caused by VZV: i.e. >16 points 
(Tablee 1). Treatment of the patients consisted of intravenous acyclovir with or without intravenous 
immunoglobulins,, beside the medication for respiratory and circulatory support. Peripheral blood 
sampless were drawn from the patients at "early" (within 10 days) and "late" (4-6 weeks) time points 
afterr appearance of the exanthem. These patients are referred to as index patients. 
Ass controls for our index patients, we included three patients experiencing varicella who were admitted 
too the PICU because of respiratory and circulatory failure due to complications (bacterial 
superinfections;; n=3). One of these three children had <50 vesicles and suffered from epiglottitis (age 
44 months). Bacterial cultures were positive for Haemophilus influenzae type b (HiB); she was 
vaccinatedd once for HiB in the past. The second child (age 11 months) had bilateral lobar pneumonia; 
bloodd cultures were positive for Streptococcus pneumoniae. The third child (age 2 years) was admitted 
withh a blood culture-positive septic shock due to group A p-hemolytic Streptococci spreading from 
impetiginizedd vesicles. These three patients had a rash of <200 vesicles and looked severely ill. All 
threee patients had a severity score of 14 and had "moderately severe disease" [14]. A second group of 
controlss (diagnosed and followed at the outpatient care unit) consisted of children experiencing mild 
varicellaa with a severity score of 6.2 (n=8; mean age: 3.8 years) [14]. Blood samples of these controls 
weree collected and stored when allowed by parental consent. 

DeterminationDetermination of VZV-specific CD4* T cells by intracellular cytokine staining 
PBMCss were isolated using standard density gradient centrifugation techniques by use of Lymphoprep 
(Nycomed,, Pharma, Oslo, Norway). PBMCs were cryopreserved until use and thawed in accordance 
withh standard procedures. VZV-specific CD4+ T-cell frequencies were determined as described 
previouslyy [4]. In brief, PBMCs were stimulated for 6 hours with VZV-antigen (20 uj/ml; Microbix 
Biosystems,, Toronto, Canada), the final 5 hours in presence of brefeldin-A (10 ug/ml; Sigma 
Chemical,, St. Louis, MO). PBMCs were costimulated with anti-CD28 (2 ug/ml; CLB 15E8; Sanquin, 
Amsterdam,, The Netherlands) and anti-CD49d (1 ug/ml; BD Biosciences, San Jose, CA). Next, the 
cellss were incubated with FACS lysing solution and thereafter with FACS permeabilisation solution (BD 
Biosciences).. The cells were stained for CD4-PerCPCy5.5, IFN-y-FITC (both BD Biosciences), and 
CD69-APCC (Caltag Laboratories, Burlingame, CA). The CD4+CD69+IFN-y* T cells were designated 
antigen-specificc CD4+ T cells. Negative controls consisted of stimulation with medium, and positive 
controlss of stimulation with Staphylococcus aureus enterotoxin B (SEB; Sigma, St Louis, MO). 
Percentagess of VZV-specific CD4+ T cells were corrected for background staining. 

oo controls 

 pt. 1 

 pt. 3 

AA pt. 4 

 pt. 5 

FigureFigure  1 VZV load  in  blood  during  the course  of  VZV infection.  High VZV loads were detected in 
bloodblood from pt. 3 during the early phase of infection (within 10 days after appearance of the vesicular 
rash),rash), which remained high throughout the infection. Normal VZV loads were observed in blood from 
pt.pt. 1, 4, and 5, as compared with controls consisting of pediatric patients with a mild course of 
varicella.varicella. No data were available for pt. 2. Early = within  10 days after the appearance of the rash. Late 
== 4-6 weeks after the appearance of the rash. Differences in VZV loads between the patient groups 
werewere not statistically significant. 

oo 100000 -

^^ 10000 -

oo 1000 -
Q. . 
O O 
-SS 100 -

< < 
QQ 10 -
> > 
NN 1 -I 
> > 

Oo o 

8 8 OCT T 
0 0 

early y 

o o 

0
8 8 

oo o 

late e 
controls s 

AA

• • 

 A 

ll l 

earlyy late 
patients s 

86 6 



Absencee of NK cells and primed CD8* T cells in severe VZV 

VZVV Polymerase Chain Reaction (PCR) 
Quantitativee PCR was performed in blood samples as described elsewhere [15]. For comparison, VZV 
DNAA loads were also determined in blood samples from pediatric controls experiencing mild to 
moderatee varicella. The electrochemiluminescence (ECL) signal was measured by an M-8 analyzer 
(IGEN,, Oxford, UK). 

ImmunofluorescentImmunofluorescent staining and flow cytometry 
Thawedd PBMCs were resuspended in RPMI, containing 10% fetal calf serum (FCS) and antibiotics. 
Cellss were washed in phosphate-buffered saline (PBS) containing 0.01% (w/v) NaN3 and 0.5% (w/v) 
bovinee serum albumin. A total of 200,000 PBMCs were incubated with fluorescent-labeled conjugated 
monoclonall antibodies (mAbs; concentrations in accordance with manufacturer's instructions) for 30 
minutess at . Different combinations of mAbs were used to analyze lymphocyte subsets: CD3-FITC, 
CD4-PerCP,, CD8-PerCP, CD8-APC, CD16-PE, CD27-PE, CD45RA-FITC, and CD56-APC (all BD 
Biosciences).. Analysis of cells was performed using a FACS Calibur flowcytometer and CellQuest 
softwaree (BD Biosciences). 

CytokineCytokine production 
Thawedd PBMCs were stimulated with PMA (2 ng/ml; Sigma) and ionomycin (1 ug/ml; Sigma) for 4.5 
hours,, of which 3.5 hours in presence of the protein-secretion inhibitor Brefeldin A (10 ug/ml). After 
stimulation,, cells were washed and incubated with FACS lysing solution and thereafter with FACS 
permeabilisationn solution (BD Biosciences). Cells were stained with IFN-y-FITC, IL-2-PE, IL-4-PE, 
CD4-PerCP,, and CD8-APC (all BD Biosciences). Intracellular detection of the cytokines was analyzed 
usingg a FACSCalibur flow cytometer and Cellquest software (BD Biosciences). 

CFSECFSE labeling and cell culture 
Thawedd PBMCs were resuspended in PBS at a final concentration of 5-10x 106 cells/ml. PBMCs were 
labeledd with 5-(and-6)-CarboxyFluorescein diacetate Succinimidyl Ester (CFSE, 2.5 \iM; Molecular 
Probes,, Europe BV, Leiden, The Netherlands) in PBS for 8 minutes while shaking at . Labeling 
wass stopped by addition of IMDM supplemented with 10% FCS. Cells were washed and subsequently 
resuspendedd in IMDM supplemented with 10% human pool serum (HPS), antibiotics and 3.57 x 10^% 
(v/v)) p-mercapto ethanol (Merck) {culture medium). CFSE labeled cells were cultured for five days in 
244 wells plates at a concentration of 0.5-1 x106 cells/ml in culture medium in presence or absence of 
IL-155 (10 ng/ml: R&D systems, Abingdon, UK) for 5 days. Analysis of cells was performed using a 
FACSCaliburr flowcytometer and CellQuest software (BD Biosciences). 

GranzymeGranzyme ELISA 
Cell-freee plasma samples were collected from heparin-anticoagulated blood from the patients. ELISA's 
too measure the levels of granzyme A and B were performed as described elsewhere [16]. 

NKNK cell cytotoxicity assay 
Targett cell line K562, a human leukemic cell line that is highly sensitive to killing by NK cells, was 
preparedd by labeling these cells with 51Cr (Amersham Pharmacia Biotech, Buckinghamshire, UK) for 1 
hh at , 5% C02.51Cr-labeled target cells were then incubated in triplicates with NK cells at various 
effectontargett ratios for 4 h at , 5% C02. Spontaneous release was determined by incubation of 
labeledd target cells with medium. Maximal release was determined by culturing labeled target cells 
withh NP40 solution. Supematants were harvested and counted in a y-radiation detector. Percentage 
specificc lysis was calculated from the formula "percentage specific lysis = ((experimental release -
spontaneouss release) / (maximal release - spontaneous release)) x 100%". 

Statistics Statistics 
Wheree applicable, differences in means between groups were determined by a Student's f test. 
P<0.055 was considered statistically significant. All analyses were done using SPSS version 11.5 
(SPSS,, Chicago). 
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Result s s 
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F/gur ee 2 Disturbed  pattern  of  NK cells  and primed  CD8* T cells  in  peripheral  blood  from  the 
patients.patients.  During the early phase of infection ("early"), NK cells (A, gated on CD3~ lymphocytes; 
numbersnumbers indicate % of CDTCD56* cells within the total lymphocyte pool) and primed CDS* T cells (B, 
gatedgated on CD8* T cells) were absent from peripheral blood from the patients, despite acute viral 
infection,infection, whereas these cells appeared in peripheral blood during the late phase of infection ("late"), 
NKNK cells and primed (i.e. CD45RA~CD27*, CD45RA~CD27', or CD45RA*CD2T) CD8* T cells were 
detectabledetectable in peripheral blood at all time points after VZV infection in one of the representative 
pediatricpediatric controls, who experienced a mild course of varicella. (C) By contrast, CD4* T cells were 
normallynormally distributed throughout the infection. For patients "early" refers to within 10 days, and "late" to 
4-64-6 weeks after the appearance of the vesicular exanthem. Since controls experiencing mild varicella 
resolvedresolved the infection within one week, "early" refers to 0-3 days and "late" to 7-10 days after 
appearanceappearance of the rash in these children. 
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ViralViral load in blood samples 
Quantitativee PCR analysis to determine VZV DNA loads in the blood from the patients 
showedd that VZV loads of patients 1, 4 and 5 during the early phase of infection were within 
thee range of loads observed in pediatric patients experiencing a mild to moderate course of 
varicellaa (Fig. 1). The loads declined during the course of infection to background levels 
similarr to those observed in controls after resolution of the infection (Fig. 1). By contrast, the 
VZVV load of pt. 3 was high during the early phase of infection and although the load 
decreased,, it remained high throughout the infection. VZV loads were not determined in 
seriall blood samples of pt. 2. Taken together, the differences between the index patients and 
thee control children suffering from mild to moderate VZV infection did not reach statistical 
significance. . 

DisturbedDisturbed distribution of CDS* T cells and NK cells in peripheral blood during the early phase 
ofof VZV infection 
Concerningg humoral immunity, Ig spectra were normal. Moreover, the patients had 
developedd normal antibody responses to childhood vaccinations (DTP-Polio-Hib at 2, 3, 4, 
andd 11 months of age (all patients), or Mumps-Measles-Rubella (MMR) at 14 months of age 
(pt.. 3). Regarding varicella, IgM and IgG antibodies to VZV could be detected in the blood 
fromm the patients at admission (prior to treatment with immunoglobulins) and 3-4 months after 
reconvalescencee of varicella (data not shown). 

Sincee T cells and NK cells play a key role in the control of VZV infection, the presence and 
differentiationn of these cells was studied. Significantly lower levels of NK cells were found in 
thee five index patients as compared with the three patients admitted to the PICU because of 
circulatoryy and respiratory failure due to bacterial super-infection during the episode of acute 
varicellaa (Table 2; P=0.001 (absolute numbers); P=0.02 (percentages)). Furthermore, NK 
cellss can be detected in children experiencing a mild course of varicella (Fig. 2A). The levels 
off NK cells in the index patients normalized during reconvalescence (Table 2). 

TableTable 2 NK cells in VZV-induced life-threatening varicella compared with varicella complicated 
byby bacterial super- or co-infection 

SeveritySeverity scorec 

Acute e 
-- NK cells (per u.L) 

-- NK cells (% lympho) 

Reconvalescent t 
-- NK cells (per

-- NK cells (% lympho) 

Severee VZV 
disease e 

(n=5) ) 
22 2 

200 0 

0.99  0.6 

2300  90 

6.55  3.6 

Complicatedd VZV 
disease e 
(n=3)a a 

14 4 

510510 0 

10.22 4 

Agee controls0 

(<11 year) 
(n=34) ) 

5200  320 

10.11 1 

Agee controls0 

(1-44 years) 
(n=18) ) 

4800  290 

10.88 6 

P-value e 

0.001 1 

0.020 0 

0.06 6 

0.35 5 
patientspatients (n=3) suffering from epiglottitis, pneumococcal pneumonia and GABHS septicemia, 
respectively respectively 

bb the controls <12 months and of 1-4 years of age were of mixed racial background 
cc severity score according to Vazquez et al. [14]: mild disease <7, moderate 8-15, and severe >16 

Althoughh the index patients experienced an acute viral infection, the majority of CD8+ T cells 
inn the early phase of infection were of the naive subset (i.e. CD45RA+CD27+). Significantly 
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lowerr levels of primed CD8+ T cells were detectable in the index patients, compared with the 

controll PICU patients (Table 3). Furthermore, in control patients experiencing a mild course 

off varicella, CD8+ T cells showed a primed phenotype (i.e. CD45RA~CD27+, CD45RAXD27", 

orr CD45RA+CD27 ) and were already detectable in peripheral blood within 5 days after onset 

off the vesicular rash (Fig. 2B) [5]. In the index patients a naive phenotype in the CD4+ T cells 

wass present during the early phase of infection and seemed to persist, although this 

distributionn of narve and primed CD4+ T cells was variable (Fig. 2C & Table 3). 

Duringg the late phase of infection, NK cells appeared in peripheral blood from the index 

patientss (Fig. 2A & Table 2), and primed CD8+ T cells with memory and effector phenotypes 

weree found in the circulation (Fig. 2B & Table 3) [5]. Primed and narve CD4+ T cells and B 

celll numbers remained stable (Table 3 & data not shown). At all time points studied, 

circulatingg CD4+ and CD8+ T cells were able to secrete IFN-y, IL-2 and IL-4 upon PMA/iono 

stimulationn (data not shown). 

TableTable  3 T cell  subsets  in  VZV-induced  life-threatening  varicella  compared  with  varicella 
complicatedcomplicated  by bacterial  super-  or  co-infection 
meann  SD Acute severe Reconvalescent Complicated VZV Age controls 

VZVV disease8 VZV disease3 diseaseb (<1 year)0 

Naivee (CD45RA+ 27+) 

Memm (CD45RA" 27+) 

Eff/memm (CD27") 

CD8CD8+ + 

Naivee (CD45RA+ 27+) 

Memm (CD45RA" 27+) 

Eff/memm (CD27) 

89.66  3.3 

9.55  3.5 

1.22 5 

92.66  3.4 

5.00 6 

1.8  1.6 

88.44  6.4 

10.66 2 

1.44 1 

75.00 0 

17.66 6 

4.88  3.6 

78.00 5 
(P=0.005) ) 

18.77 0 
(P^O.01) ) 

3.33 5 
(P=0.02) ) 

70.00  5.6 
(P=0.0003) ) 

23.00  6.6 
(P=0.0008) ) 

6.99  3.2 
(P=0.0001) ) 

80.88  5.0 
(P=0.003) ) 

16.66 7 
(P=0.01) ) 

2.44 4 
(P=0.12) ) 

74.88  14.9 
(P=0.009) ) 

13.99 9 
(P=0.01) ) 

12.66 3 
(P=0.09) ) 

indexindex patients (n=5) 
bb patients (n=3) suffering from epiglottitis, pneumococcal pneumonia and GABHS septicemia, 

respectively;respectively; P-values are derived from Student's t test on acute severe VZV disease vs. 
complicatedcomplicated VZV disease 

cc age controls <12 months, n=16; mixed racial background; P-values are derived from Student's t test 
onon acute severe VZV disease vs. age controls (< 1 year) 

HighHigh levels ofgranzymes in plasma 

Granzymess A and B are produced by cytotoxic T cells and NK cells and are important 

mediatorss of cytolysis of virus-infected cells. The level of GrA in plasma was relatively high 

duringg the early phase of infection in pt. 1, whereas the level of GrB was relatively high in pt. 

11 and 4. The levels of these granzymes detected in the other patients were within the range 

off pediatric controls experiencing mild to moderate varicella (Fig. 3). The granzyme levels 

normalizedd during the course of infection to levels as observed in controls after resolution of 

VZVV infection (data not shown). Since granzymes A and B were detectable both during the 

earlyy and late phase of infection, we believe that primed CD8+ T cells and NK cells were 
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presentt throughout the infection and were functional in vivo, even though they could not be 

detectedd in peripheral blood in the early phase of infection. During early and late infection, 

thee values of granzymes between the two patient groups did not show any statistically 

significantt difference on comparison. 
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FigureFigure  3 Secretion  of  granzymes  A and B in  plasma.  During the early phase of VZV infection, all 
patientspatients secreted granzymes A and B in plasma. High levels of these cytolytic proteins were detected 
inin plasma of pt. 1, as compared with the pediatric controls experiencing mild varicella. The levels of 
granzymegranzyme secretion normalized in these patients during the course of infection. Early = within 10 days 
afterafter the appearance of the vesicular exanthem. Late = 4-6 weeks after the appearance of the rash. 
DottedDotted horizontal line = detection limit of ELISA. At both the early and late time point the differences in 
granzymegranzyme concentrations between the patient groups were not statistically significant. 

DelayedDelayed appearance of VZV-specific CD4* T cells in peripheral blood 

Thee VZV-specific immune response of these patients was studied with a functional assay in 

whichh VZV-specific CD4+ T cells were detected by upregulation of CD69 and production of 

IFN-yy after 6 hours of stimulation with a VZV lysate (VZV antigen) [4]. Only very low 

frequenciess of VZV-specific CD4+ T cells could be detected in peripheral blood from three of 

thee patients during the early phase of infection by this assay, whereas these cells were 

absentt from the circulation in the other two patients (Table 4). Increased frequencies of virus-

specificc CD4+ T cells were detected during the late phase of infection, after treatment with 

antivirall therapy (Table 4). By contrast, these cells were already detectable in the early phase 

off VZV infection in peripheral blood from pediatric patients experiencing a mild course of 

varicella. . 

TableTable  4 VZV-specific  CD4* T cells 
Indexx patients 
Pt.. 1 
Pt.. 2 
Pt.. 3 
Pt.4 4 
Pt.. 5 
Mildd VZV patients 
Controll 1 
Controll 2 

Early y 
0.02% % 
0.03% % 
0.00% % 
0.02% % 
0.00% % 
Early y 

0.23% % 
0.13% % 

Late e 
0.10% % 
0.06% % 
0.05% % 
0.06% % 
0.02% % 
Late e 

0.05% % 
0.03% % 

NumbersNumbers indicate the percentages of specific IFN-y/CD69* 
TT cells within the CD4* T cell population. From two controls 
serialserial samples were available at identical time points as 
testedtested in the index patients. 
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ProperProper function of the IL-15 receptor 
Signalingg of IL-15 through the IL-15 receptor is important in the maturation and differentiation 
off NK cells and CD8+ T cells. We therefore tested the functionality of this receptor on our 
patients.patients. CD8+ T cells were able to proliferate upon stimulation with IL-15 as demonstrated by 
dilutionn of CFSE on day 5 of culture, whereas no proliferation was detected when stimulated 
withh medium (Fig. 4A). CD8+ T cells collected at the late phase of infection exhibited 
increasedd proliferative capacity upon IL-15 stimulation than CD8+ T cells collected during the 
earlyy phase of infection. Furthermore, NK cells (only detectable during the late phase of 
infection)) proliferated upon stimulation with IL-15 (Fig. 4B). 

FigureFigure  4 Proliferation  of  CD8* T cells 
AA Control Early Late and NK cells uPon  / L " Ï 5 stimulation. 

(A)(A) Stimulation with IL-15 resulted in 
proliferationproliferation of CD8* T cells on day 5 of 
cultureculture (thick line), whereas CD8* T 
cellscells cultured in medium only (thin line) 
diddid not proliferate. CD8* T cells in 
peripheralperipheral blood during the late phase 

BB Late of infection ("late") exhibited increased 
proliferativeproliferative potential as compared with 

mediumm CD#* T cells during the early phase of 
infectioninfection ("early"). (B) NK cells that 

IL"155 appeared in peripheral blood from the 
patientspatients during the late phase of 
infectioninfection proliferated upon stimulation 
withwith IL-15. Data from one 
representativerepresentative patient (pt. 3) are 
shown. shown. 

NKNK cell cytotoxicity 
Cytotoxicityy of the NK cells appearing in peripheral blood from the patients during the late 
phasee of infection was determined by lysis of target cell line K562. As shown in Fig. 5, NK 
cellss of all patients were capable of lysing target cell line K562, at levels comparable to NK 
cellss derived from pediatric controls (data from one representative control are shown). 

Discussio n n 

Wee here describe the immunological response of five patients experiencing a life-threatening, 
andd in one case fatal course of chickenpox. Most strikingly, NK cells and primed CD8+ T cells 
weree nearly absent from the circulation during the early phase of primary VZV infection, 
whereass these cells could be detected in control patients experiencing varicella, who were 
admittedd to the PICU because of bacterial super- or co-infection. The absence of these cell 
populations,, which are believed to be crucial in the antiviral defense [7,8,17,18], might be the 
resultt of a primary defect in the development or differentiation of these cells. Several 
observationss excluded a severe primary defect in the generation and maintenance of these 
celll populations in our patients. First, CD8+ T cells as well as NK cells of the patients 
proliferatedd upon stimulation with IL-15, a key factor in the differentiation and homeostasis of 
thesee cells [19-24], excluding defects in the IL-15Ra, IL-2Rp, the common y-chain (CD132), 
orr signaling molecules coupled to this receptor [25]. Second, plasma granzymes A and B 
weree detectable in the patients during the early phase of infection, which suggested that 

CD8** T cells 

NKK cells 
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primedd CD8* T cells and NK cells were present and were functional. Third, primed CD8+ T 
cellss and NK cells re-appeared in the circulation during reconvalescence. 
Alternatively,, the absence of these cytotoxic cells from the circulation could be the 
consequencee of their redistribution to target sites. A major caveat of studies of viral infections 
inn humans is the limitation of compartments that can be studied, being largely restricted to 
thee circulating pool of immune cells. The majority of NK cells and primed T cells express 
chemokinee receptors such as CCR5 and CXCR3, whereas they do not express the 
secondaryy lymphoid homing receptor CCR7 [6,7,26]. This pattern of chemokine receptor 
expressionn enables them to migrate from the circulation to inflamed tissue to eliminate virus-
infectedd cells [27-30]. Due to this migration, the distribution of virus-specific cells in peripheral 
bloodd may differ from their distribution in target sites [31,32]. Indeed, several studies 
suggestedd that primed cells may be secluded from the circulation during viral infection. Virus-
specificc T cells were present at higher frequencies in non-lymphoid tissue than in lymphoid 
tissuee during acute infection in murine models [31,33]. In addition, a few studies on hepatitis 
BB virus (HBV) and hepatitis C virus (HCV) infections in humans, showed that the percentages 
off virus-specific T cells are higher in the liver, being the major target site for these viruses, 
thann in the circulation [34-36]. 

Ass our study showed, significantly less primed CD4+ T cells were observed in the early phase 
off infection in the index patients. A low number of VZV-specific CD4+ T cells appeared in the 
circulationn after intensive antiviral treatment. The appearance of virus-specific CD4+ T cells 
wass delayed compared with patients experiencing mild varicella. These data are consistent 
withh observations from human cytomegalovirus (CMV) infection and human 
immunodeficiencyy virus (HIV) infection, which showed that during the acute phase of HIV and 
symptomaticc CMV infection, virus-specific CD4+ T cells are kept out of the circulation, and 
onlyy appear upon control of the virus by antiviral therapy [37,38]. 
Thee absence of primed CD8+ T cells and NK cells from the circulation during life-threatening 
varicellaa in our patients, seems at present unique for VZV, since in CMV- and HIV-infection 
primedd CD8+ T cells are detectable in the circulation, regardless of therapeutic intervention 
[37,39].. Whereas the targeting of CD4+ T cells by CMV, HIV and VZV from the circulation 
probablyy only involves virus-specific CD4+ T cells, all primed CD8+ T cells were absent from 
thee circulation in the early phase of these severe courses of varicella, but not during mild 
coursess of varicella. We therefore suggest that in some cases, VZV might be able to seclude 
primedd CD8+ T cells and NK cells from the circulation. 
Thee patients described in this study probably suffered from an overwhelming immune 
responsee to VZV. The ongoing infection may induce high levels of chemokines at the 
inflamedd sites, leading to targeting of cytotoxic cells at these sites. Since chemokine 
receptorss that enable migration to target sites, are not only present on VZV-specific CD8+ T 
cellss but on the majority of primed CD8+ T cells, cytotoxic cells of broad antigenic specificities 
mayy be secluded from the circulation. Only upon normalization of the chemokine levels due 
too spontaneous recovery or intervention with antiviral therapy, these cells might be enabled 
too return to the circulation. In addition, the ongoing infection may lead to the exhaustion of 
primedd CD8* T cells and NK cells, due to a disturbed balance between the generation of 
thesee cells and apoptosis [40-42]. NK cells were not only absent from the circulation during 
thee early phase of infection, but also from bone marrow (<100 per 105 cells (n=3) compared 
withh 2480  960 per 105 cells in bone marrow from pediatric controls (n=7)), whereas they 
couldd be cultured from CD34* selected hematopoietic stem cells in vitro for the patients from 
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whomm sufficient bone marrow was obtained (pt. 1 and 3; H. Spits, unpublished observation). 

Althoughh never described, the infection of NK cells by VZV may induce apoptosis of these 

cells.. However, granzymes were secreted, indicating the presence of functional NK cells. 

Furthermore,, the restriction of this phenomenon to NK cells seems implausible. 

Severee courses of varicella are rare in otherwise healthy children. Primary VZV infection at 

infancyy has been defined as one of the risk factors for developing complicated chickenpox 

[43],, which may partly explain the severity of the disease in four of our patients. In addition, 

infectiouss viral dose, duration of antigen exposure, and passive protection by maternal 

antibodiess in infancy may influence the induction of the antiviral immune response and 

therebyy the severity of the course of varicella. Furthermore, genetic factors may contribute to 

thee outcome of VZV infection, since both homozygous twin-sisters included in this study 

developedd a complicated course of varicella. 
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Abstrac t t 

Inn immunocompeten t childre n wit h primar y varicella-zoste r viru s (VZV) infection , peak 
vira ll  load s are detecte d in periphera l bloo d near the onse t of the vesicula r rash . VZV 
DNAA concentration s normall y diminis h and becom e undetectabl e withi n thre e weeks 
afterr  the appearanc e of the exanthem . We here presen t a previousl y healthy , HIV-
negative ,, 4-year-ol d boy admitte d wit h sever e varicella . High vira l load s (>340,000 
copies/ml )) were foun d in his blood , whic h remaine d hig h for at least 1.5 years . Clinica l 
recover yy precede d complet e clearanc e of the virus . General and VZV-specifi c immun e 
reactivit yy  were intact . NK cell s and CD8+ T cell s were activate d durin g acut e infection , 
andd VZV-specifi c CD4+ T cell s were detecte d at hig h frequencies . VZV DNA was 
initiall yy  detecte d in B cells , NK cells , and bot h CD4* and CD8+ T cells . By contrast , 
durin gg the chroni c phas e of VZV DNA detectio n the vira l DNA was primaril y locate d in 
CDS'""  T cells . For the firs t time , we describ e the persisten t detectio n of VZV DNA in a 
previousl yy  health y child . 

Introductio n n 

Childrenn experiencing primary infection with varicella-zoster virus (VZV) develop chickenpox 
(varicella).. Symptoms include fever and a generalized vesicular rash, which normally resolve 
withinn one to two weeks. Complications such as pneumonia, secondary bacterial infection of 
thee lesions, and encephalitis are rare in otherwise healthy children, whereas the incidence of 
complicationss and mortality is increased in immunocompromised children. 
Resolutionn of acute varicella is critically dependent on the coordinated action of natural killer 
(NK)) cells and VZV-specific T cells [1,2]. Both CD4+ and CD8+ T cells are believed to exhibit 
killingg of infected target cells [3-8]. VZV DNA concentrations in peripheral blood are on 
averagee ~1600 copies/ml on day 2 (range 0-10) after onset of the rash [9], and can be 
detectedd until approximately week 3 after the onset of disease [10]. It is generally assumed 
thatt viremia during VZV infections is cell-associated, although viral DNA can also be detected 
inn plasma and serum from a large proportion of patients with acute varicella [9,11]. Viral DNA 
hass been previously described to be equally detected in B cells, CD4+ T cells, CD8+ T cells, 
andd monocytes/macrophages during acute infection [12]. 

Afterr acute infection, the virus develops latency in neuronal cells within trigeminal or dorsal 
roott ganglia as shown by detection of VZV DNA at these sites [13-16]. Unlike herpes-simplex 
viruss (HSV)-1, viral protein expression has been demonstrated during latency, particular the 
ORF633 transcript [17-20]. The exact mechanism of establishing and maintaining latency are 
stilll largely unresolved [21-23]. Upon waning cellular immunity, the virus may reactivate and 
causee herpes zoster (shingles) characterized by a painful vesicular rash usually confined to 
onee or more sensory dermatomes [13,24-26]. 
Wee here present a 4-year-old, HIV-negative, and previously healthy boy with persistent VZV 
DNAA concentrations in peripheral blood samples for up to 1.5 years after admittance because 
off severe varicella. Extensive immunologic evaluation did not reveal abnormalities in humoral 
immunity,immunity, in the numbers and activation of NK cells, CD4+ and CD8* T cells, nor in the 
expressionn of MHC class I and II. During the chronic phase of DNA detection, VZV DNA was 
predominantlyy detected in the CD8+ T cells, which may have resulted from the development 
off latency in immune cells. 
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Patient ,, Materials , and Method s 

CaseCase report 
AA healthy, HIV-negative, Caucasian boy from non-consanguineous parents was admitted to the 
hospitall at 4 years of age with a severe VZV infection since 2-3 days. He was known with a history of 
runningg ears (1-3 times yearly) and non-allergic bronchial hyper-reactivity for which he had used 
inhalationn therapy in the past. He had not used any medication during the last 7-8 months prior to 
admission.. The boy was not known with a bleeding tendency or prior signs of imperfect wound healing, 
ass indicated by an uneventful adenoidectomy at the age of 2 years. The family history was uneventful. 
AA younger sibling experienced a mild course of VZV shortly afterwards. 
Att presentation he had a skin rash of more than 200 vesicles, high fever, signs of dehydration due to 
vomitingg and diarrhea, and symptoms of coughing and dyspnea compatible with pneumonitis. Apart 
fromm the vesicles, the boy had approximately 20 large hemorrhagic blisters on his head and trunk. 
PCRR analysis revealed a high VZV DNA load (>340,000 copies/ml). Liver enzymes ASAT and ALAT 
weree maximal at admission at 564 U/ml and 324 U/ml respectively. The level of CRP was 33 mg/l. He 
wass re-hydrated and treated with acyclovir intravenously for 10 days (30 mg/kg/day) in adjunct with 
flucloxacillinee under suspicion of impetiginization and bacteremia. Oxygen support could be stopped 
afterr 48 hours of antiviral treatment. Blood cultures remained negative and after 5 days antibiotics 
weree stopped. One day later he was discharged (CRP level < 3 mg/l). The levels of liver enzymes 
normalizedd within two weeks. 

Duringg follow-up the boy had various (sub-) febrile episodes lasting 1-2 weeks before full clinical 
recovery,, which did not require hospitalization. During all these periods, bacterial pathogens or viral 
agentss could not be detected by direct immunofluorescence tests, culture, serology or PCR, whereas 
VZVV DNA was detectable in his blood for up to 1.5 years. At 6 weeks after discharge he developed an 
upperr respiratory tract infection with suspected bronchitis and received broad-spectrum antibiotics for 
100 days. A chest X-ray excluded pulmonary infiltrates. C-reactive protein (CRP) normalized from 100 
mg/ll to <3 mg/l within the following 2 weeks. Five months after discharge the boy showed a 
reactivationn of CMV with positive cultures of saliva and urine, but negative CMV-PCR in whole blood. 
Inn the presence of a persistent VZV DNA load, he was treated for 3 weeks with valacyclovir. He still 
hadd large crustae on his head and trunk, some of which were surrounded by a vesicular rim. Bacterial 
culturee of the vesicular fluid revealed Staphylococcus aureus. VZV culture and PCR on vesicular fluid 
weree negative and yeast or fungi could not be detected. The vesicles did not respond to the re-
institutedd antiviral medication. Healing of the skin lesions only occurred after initiation of antibiotic 
medication,, consisting of 7 days of oral flucloxacilline, followed by intense and continuous local 
antibioticc treatment with mepiracine 0.1% cremor during three months. 

IsolationIsolation ofPBMC 
Heparinizedd peripheral blood samples from the patient were collected longitudinally over a period of 2 
years.. Peripheral blood mononuclear cells (PBMCs) were isolated using standard density gradient 
centrifugationn techniques by use of Lymphoprep (Nycomed, Pharma, Oslo, Norway). PBMCs were 
cryopreservedd until use and thawed in accordance with standard procedures. All longitudinal samples 
weree analyzed simultaneously. A control group consisting of 7 children experiencing a mild course of 
varicellaa was included. 

DeterminationDetermination of VZV-specific CD4* T cells by intracellular cytokine staining 
VZV-specificc CD4+ T-cell frequencies were determined as described elsewhere [27]. In brief, PBMCs 
weree stimulated for 6 hours with VZV-antigen (20 ul/ml; Microbix Biosystems, Toronto, Canada), the 
finall 5 hours in the presence of brefeldin-A (10 ug/ml). PBMCs were costimulated with CD28 (2 ug/ml; 
CLBB 15E8) and CD49d (1 ug/ml; BD Biosciences, San Jose, CA). Cells were permeabilized using the 
BD-FACSS intracellular cytokine staining kit (in accordance with the manufacturer's instructions) and 
stainedd for IFN-^FITC, CD4-PerCPCy5.5 (all BD Biosciences) and CD69-APC (Caltag Laboratories, 
Buriingame,, CA). The CD4+CD69+IFN-y+ T cells (background levels subtracted) were designated VZV-
specificc CD4+ T cells. Negative controls consisted of CD4+ T cells stimulated with medium, and 
positivee controls of CD4+ T cells stimulated with Staphylococcus aureus enterotoxin B (SEB; Sigma, St 
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Louis,, MO). Analysis of cells was performed using a FACS Calibur flowcytometer and CellQuest 
softwaree (BD Biosciences). 
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FigureFigure  1 VZV virology.  (A) VZV DNA loads (copies/ml) were determined in blood samples from the 
patientpatient at various time points after onset of the rash (squares), as well as as in blood from control patients 
experiencingexperiencing acute varicella (circles) (n=7; mean load  SD). Periods of anti-viral treatment are 
indicatedindicated (i.v. = intravenously; p.o. = per os). (B) VZV-specific IgG titers of the patient were determined 
andand expressed in arbitrary units. 

ImmunofluorescentImmunofluorescent staining and flowcytometry 

AA total of 200,000 PBMCs were incubated with fluorescent label conjugated monoclonal antibodies 
(mAbs)) (concentrations in accordance with the manufacturer's instructions). Phenotyping of T cells 
waswas performed by staining with CD4-PerCPCy5.5 and CD8-APC in combination with FITC- or PE-
labeledd CD27, CD38, CD45RA, and HLA-DR (all BD Biosciences). B cells were detected by a 
combinationn of CD3-FITC and CD19-PE (BD Biosciences). Phenotyping of NK cells was performed by 
stainingg with CD3-PerCPCy5.5 and CD56-APC in combination with FITC- or PE-labeled CD16 
(Sanquin,, Amsterdam, The Netherlands), CD158a (KIR2DL1/KIR2DS1), CD158b 
(KIR2DL2/KIR2DL3/KIR2DS2),, NKp44, NKp46 (all Beekman Coulter, Marseille, France), NKB1 
(KIR3DL1),, CD94 (BD Biosciences), or APC-labeled NKG2D (R&D Systems, Abingdon, UK). 

IntracellularIntracellular granzyme B and perforin staining 
Intracellularr granzyme B (GrB) and perforin stainings were performed by incubating 500,000 PBMCs 
withh CD8-FITC (BD Biosciences), washing them once, fixing them with 50 pi of buffered formaldehyde 
acetonee solution and subsequently permeabilising them by washing with 0.1% saponin 50 mM D-
glucose.. Cells were then incubated with anti-GrB (Sanquin, Amsterdam, The Netherlands) and anti-
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perforinn antibodies (Hölzel diagnostika, 
instructions. . 

Köln,, Germany) in accordance with the manufacturer's 

CellCell fractions 
Too determine in which cells VZV DNA was localized, PBMCs from 4 different time points during follow-
upp were fractionated by incubation with a combination of fluorescent labeled CD3, CD4, CD8, or CD3, 
CD19,, CD56 mAbs (all BD Biosciences) for 30 minutes at . Cells were washed, and sorted by use 
off a FACSAria (BD Biosciences) into CD3+CD4+ (i.e. CD4+ T cells), CD3+CD8+ (i.e. CD8+ T cells), 
CD33 CD19* (i.e. B cells), CD3CD56* (i.e. NK cells) populations. VZV DNA loads were quantified in 
eachh cell fraction as described elsewhere [9]. Results are expressed as number of DNA copies per 105 

cells. . 

VZV-specificVZV-specific virology 
VZV-IgMM was determined by indirect immunofluorescence and VZV-IgG titers were determined in 
plasmaa as described by the use of miniVidas (Biomerieux, Marcy I'Etoile, France) [9]. Results are 
expressedd as arbitrary units/ml serum. Quantitative PCR was performed in peripheral blood and cell 
fractionss as described elsewhere [9]. The electrochemiluminescence (ECL) signal was measured by 
ann M-8 analyzer (BIOVERS, Oxford, UK). 

Results s 
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FigureFigure  2 Lymphocyte  subsets  in  peripheral  blood.  (A) Absolute numbers ofNK cells (circles), CD8* 
TT cells (triangles up), CD4* T cells (triangles down), and B cells (diamonds) were determined during 
follow-up.follow-up. Reference values (x106 cells/ml blood) for children aged 2-10 years are 0.09-1.0 (NK cells), 
0.3-1.80.3-1.8 (CD8* T cells), 0.3-2.4 (CD4* T cells), and 0.2-2.1 (B cells). (B) Activation status of CD4* T 
cellscells (squares) and CD8* T cells (triangles), determined by the co-expression of HLA-DR and CD38. 
(C)(C) Intracellular detection of perforin (squares) and granzyme B (triangles) in CD8* T cells. 
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Virology Virology 
Att the time of admission, >340,000 VZV DNA copies/ml were detected in the blood from the 
patient,, whereas on average only 6,000 VZV DNA copies/ml were detected at day 1-2 after 
onsett of the rash in children experiencing mild varicella (n=7) (Fig. 1A). This in accordance 
withh previously reported data using the same quantitative PCR for VZV DNA measurement 
[15].. Upon intravenous anti-viral therapy a steady but slow decline in the VZV DNA levels 
waswas observed early during follow-up, in contrast to the rapid clearance of the virus in the 
controls,, who cleared the virus within 3 weeks. Remarkably, VZV loads in blood from the 
patientt remained high for over 1,5 years. 

HumoralHumoral immunity and specific anti-VZV response 
Inn order to identify or exclude an immune defect responsible for the clinical presentation and 
highh viral load on admission, various immunological tests were performed. Immunoglobulins, 
IgGG subclasses, complement activity (CH50/AP50), serum opsonizing activity against 
StaphylococcusStaphylococcus aureus, as well as specific antibodies of the IgG isotype to prior vaccinations 
(measles,, mumps, rubella, tetanus toxoid) were all within the normal ranges (data not 
shown).. After acute infection, VZV-specific IgM disappeared within 3 weeks, followed by a 
risee in VZV-specific IgG antibodies that remained positive during follow-up (Fig. 1B). Titers of 
VZV-specificc IgG were within the range found in otherwise healthy, immunocompetent 
childrenn who controlled the virus within two to three weeks after appearance of the 
exanthem.. VZV-specific IgM could not be detected in the patient's blood samples during 
follow-upp (data not shown). 

TT cell immunity and immunophenotypic changes 
Absolutee numbers of lymphocyte subsets were determined. The numbers of NK cells and 
CD4** T cells in peripheral blood were high early after infection in comparison with age-
matchedd controls, and normalized during follow-up (Fig. 2A). Characterization of circulating 
CD4** and CD8+ T cells using CD45RA and CD27 as markers revealed progressive CD8+ T 
celll differentiation over time (data not shown) [28], MCH class I and class II were expressed 
att normal levels, and the HLA-type was A1/A1, B57/B62, Cw7/Cw7, DR17/DR13, DQ2/DQ6. 
Thee CD8+ T cell pool, and to a lesser extent the CD4+ T cell pool of the patient contained a 
highh proportion of activated T cells during the early phase of infection, as shown by co-
expressionn of HLA-DR and CD38 (Fig. 2B). The levels of activated cells normalized during 
follow-up.. During acute infection, the majority of the patient's CD8+ T cells contained the 
cytolyticc mediators perforin and granzyme B, which progressively diminished during follow-up 
(Fig.. 2C). In the first week of acute disease the proliferative capacity of lymphocytes against 
PHA,, CD2/28 and CD3/28 was decreased to 7,000, 8,530, and 12,200 cpm respectively. 
Fourr months later these values were normal (>17,000 cpm, for all stimuli) (data not shown). 
CTLL toxicity in a redirected killing of anti-CD3-preincubated P815 targets showed normal 
cytotoxicityy in routine test systems described before (data not shown) [29,30]. 

ImmunophenotypicImmunophenotypic changes and cytotoxic capacity ofNK cells 
Inn the past, NK cells have been shown to play a pivotal role in the early host defense against 
VZVV [31]. We investigated the expression of activating and inhibiting receptors on the 
patient'ss NK cells. The lymphocyte pool was highly enriched for CD3"CD56+ NK cells (up to 
35%% of total lymphocytes). During acute infection, the natural cytotoxicity receptor (NCR) 
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NKp444 could be detected directly ex vivo on a small fraction of circulating NK cells from our 
patient,, in particular on the CD56bright NK cell subset (Fig. 3A). The expression of the receptor 
declinedd during the chronic phase, but could be detected again after 25 weeks of infection, 
concomitantt with the CMV reactivation. 
Virtuallyy all NK cells expressed CD16 (FcyRIIIA) (Fig. 3B). The majority of NK cells 
expressedd CD158b, whereas CD158a and NKB1 were expressed on a minority of cells (Fig. 
3B).3B). CD94, a member of the c-type lectin family, associated with inhibitory NKG2A or 
activatingg NKG2C [32], was expressed on nearly all NK cells; the activating receptor NKG2D 
wass detected on a substantial proportion of NK cells (Fig. 3B). The fraction of NK cells 
expressingg NKp46 was high during acute infection, but diminished during the chronic phase 
(Fig.. 3B). Functional cytotoxicity of the patient's NK cells against the NK cell sensitive cell 
linee K562 was normal compared with age-matched controls (data not shown). 
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VZV-specificVZV-specific T cell response 
Normall T cell helper activity was already indicated by the normal IgM to IgG switch in VZV-
specificc antibodies, and the early presence and subsequent disappearance of anti-VZV 
antibody-mediatedd complement-binding reaction (CBR) in the presence of the usual rise in 
totall anti-VZV antibody titers over time (data not shown). In support of an intact CD4+ T cell 
response,, VZV-specific CD4+ T cells (i.e. CD69+IFN-y+) were detected at high frequencies 
(upp to 1.55% of total CD4+ T cells) during the acute phase of infection, which returned to 
backgroundd levels during the chronic phase of VZV (Fig. 4). Because class l-restricted VZV 
epitopess have yet to be determined, we were unable to detect circulating VZV-specific CD8+ 

TT cells. 
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LocalizationLocalization of VZV in different immune cells 
Too localize VZV DNA in the different types of peripheral blood mononuclear cells over time, 
wee performed cell fractionation and subsequent VZV DNA detection. Lymphocytes were 
sortedd into B cell (CD3"CD19+), NK cell (CD3"CD56+), CD4+ T cell (CD3+CD4+) and CD8+ T 
celll (CD3+CD8+) fractions with >95% purity at various time points after the acute infection. 
Duringg the early phase of the infection, VZV DNA (week 5: 15.000 copies/ml in whole blood) 
wass present in all lymphocyte populations, with the highest viral DNA load per cell in B cells 
(Fig.. 5). At later time points, viral DNA was predominantly present in CD8+ T cells (Fig. 5). A 
controll sample derived from a pediatric individual with a mild course of varicella and normal 
clearanceclearance of VZV from the blood within two weeks, showed that VZV DNA could be detected 
inn limited amounts in CD4+ T cells and CD8+ T cells (Fig. 5). 
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Discussion n 

Wee here describe, for the first time, persistent VZV DNA detection following a severe primary 
VZVV infection in an immunocompetent child. In normal courses of varicella, VZV DNA is 
detectablee in the first two weeks after the onset of varicella, after which the virus is cleared 
fromm blood, and develops latency in neurons of the dorsal root ganglia [10,15,33]. VZV 
reactivationn from latency is known as herpes zoster (shingles), which is limited to one or 
moree dermatomes as mostly observed in elderly or in patients taking immunosuppressive 
medication,, or may even generalize in the severely immunocompromised patients. In 
addition,, recurrence of VZV infection of chronic nature with verrucous manifestations have 
beenn reported in patients with documented immunosuppression, most commonly HIV/AIDS 
[34,35].. Often the course of the infection, either due to wild-type VZV or the vaccine-derived 
OKAA strain, is indolent due to the underlying disease or development of thymidine kinase 
mutationss causing acyclovir-resistence [36,37]. Cultures may remain negative in such 
patientss whereas VZV DNA can be detected in blood. 
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Onn admission, high viral loads were detected in the patient's blood (>340,000 copies/ml). 
Afterr start of intravenous acyclovir for 14 days, cultures from throat swabs became negative 
andd remained so. In clinical terms, our patient showed episodic fever and non-healing ulcers 
butt no verrucous lesions, neurologic or mental changes, or postherpetic pain syndrome. No 
abnormalitiess in expression of MHC class I and II, nor in lymphocyte functions and 
phenotypess could be detected. The patient's CD4+ T cells were activated and high 
frequenciess of VZV-specific CD4+ T cells were detectable. CD8+ T cells were also activated 
inn the acute phase of infection and expressed high levels of the cytolytic mediators granzyme 
BB and perforin. Serology data showed a normal VZV-specific IgM to IgG switch and titers that 
weree within the normal range. NKp44 was expressed on a proportion of NK cells, indicating 
thatt these cells were activated [38]. The patient's NK cells were capable of lysing the NK cell 
sensitivee cell line K562. 

Thee persistence of detectable VZV DNA in peripheral blood for up to 1.5 years is 
extraordinary.. We investigated in which cells VZV resided during acute and chronic infection. 
AA study by Ito and co-workers showed that VZV DNA can be equally detected in B cells, and 
CD4++ and CD8+ T cells in otherwise healthy children experiencing varicella [12]. Also in our 
patient,, during acute infection, VZV could be detected in the patient's B cells, CD4+ and CD8* 
TT cells, and in NK cells, with highest viral load in B cells. By contrast, the virus was 
predominantlyy localized within CD8+ T cells during chronic infection, in agreement with data 
obtainedd after infection of monkeys with simian varicella virus (SVV) [39]. 
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FigureFigure  5 VZV DNA loads  in  PBMCs fractions.  PBMCs were fractionated into pure B cells (i.e. 
CD3CD19*),CD3CD19*), NK cells (i.e. CD3~CD56*), CD4* T cells (i.e. CD3*CD4*), and CD8* T cells (i.e. 
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Severall explanations can account for the observations in our patient. First, the virus might 
continuouslyy infect new cells, providing a dynamic reservoir, for which infectious virus is 
needed.. The patient did show several (sub-) febrile episodes during follow-up, but typical 
clinicall symptoms of varicella (or herpes zoster) were not detected during this period. VZV 
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infectionn without skin manifestations has been described as a clinical entity [40,41]. 
Nevertheless,, cultures from throat swabs remained negative for VZV. Moreover, (virus-
specific)) CD4+ T cells, CD8+ T cells and NK cells were activated during the early phase of 
infection,, whereas signs of activation were no longer present during the chronic phase of 
viruss detection. Finally, the patient did not respond to treatment with valacyclovir with respect 
too the levels of VZV DNA in his blood, which was administered for 3 weeks at 6 months of 
follow-up.. Together these observations make it unlikely that the persistence of VZV DNA in 
bloodd represents productive replication of an infectious virus. 

Alternativelyy the detection of VZV DNA during the chronic phase may be the result of the 
developmentt of latency in the different immune cells. The precise mechanism that 
determiness whether the virus will undergo productive replication or switch to a latent infection 
iss not known. Infectious virus can be recovered from ganglia during acute infection [42-44] 
indicatingg that infection of neural cells does not necessarily result in latency, and the 
developmentt of latency may not be specific for the cell-type infected. The development of the 
latentt state may be a stochastic process, initiated by a percentage of the cells infected. It is 
thereforee not unlikely that in case of a severe infection in which many viral particles are 
involved,involved, a proportion of infected cells will support the development of latency, even so in 
immunee cells. As long as the cells survive, the virus remains detectable. The observation that 
VZVV DNA could be detected primarily in CD8+ T cells during long-term follow-up, may be the 
resultt of different decay rates of CD8+ T cells, CD4+ T cells, B cells and NK cells, 
respectively.. We propose that infected CD8+ T cells survive for a longer period than CD4+ T 
cells,, B cells and NK cells. It has previously been calculated from mouse models that naive 
CD8++ T cells have a half-life of approximately 162 days, whereas CD4+ T cells have a half-life 
off 78 days [45]. Furthermore, memory CD8+ T cells survive much longer than memory CD4+ 

TT cells [46,47]. The expression of particular genes only during latency and not during acute 
infectionn would enable us to determine whether the virus present during long-term follow-up 
iss in a latent state. Unfortunately, these genes have not been described yet. 
Thee use of quantitative PCR allowed us to describe for the first time a novel entity of 
persistentt VZV DNA in immune cells. Although the persistent VZV DNA detection in this 
patientt is abnormal, the relation to the clinical course is unclear and an immune dysregulation 
cannott be fully excluded. 
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Abstrac t t 

Functiona ll  huma n NK cel l subset s have been previousl y define d based on the 
differentia ll  expressio n of CD56. We here describ e the tumo r necrosi s facto r (TNF)-
recepto rr  CD27 as a marke r to discriminat e huma n NK cel l subsets . The majorit y of 
circulatin gg NK cell s was CD27". These cell s were largel y CD56dim , expresse d inhibitor y 
andd activatin g NK receptors , containe d hig h level s of perfori n and granzym e B, and 
hadd hig h cytotoxi c potential . Circulatin g CD27+ NK cell s were CD56dlm/bri9 W and 
expresse dd hig h level s of activatin g but no inhibitor y NK receptor s and showed  low 
cytotoxicity .. Lymphoi d organ s were enriche d for CD27+ NK cells , the majorit y bein g 
CDSe*'9*.. The phenotyp e and functio n of matur e NK cell s appear s to be unde r contro l 
off  cytokines , sinc e stimulatio n of periphera l bloo d derive d NK cell s wit h IL-15 induce d 
hig hh number s of cytotoxi c CD27"  NK cells , expressin g NKp44, wherea s stimulatio n 
wit hh IL-21 resulte d in low number s of CD27+ NK cells , whic h lacke d the activatin g 
recepto rr  NKp44. A combinatio n of bot h cytokine s led to the formatio n of NK cell s wit h 
intermediat ee phenotypes . Thus , the loca l cytokin e milie u in whic h NK cell s are 
activate dd may modulat e thei r phenotyp e and function . 

Introductio n n 

Naturall killer (NK) cells are key mediators in the first line of defense of the innate immune 
responsee against invading pathogens, and act before the induction of the adaptive immune 
response.response. NK cells, characterized by the expression of CD56 and lack of CD3 antigens, 
comprisee approximately 15% of human peripheral blood lymphocytes. The activation of NK 
cellss appears to be tightly regulated by a balance between inhibitory signals provided by 
interactionn of inhibitory receptors and their ligands, mostly belonging to the MHC (-like) class 
II family [1 j , and activating signals provided by binding of ligands to activating receptors, such 
ass members of the recently described family of natural cytotoxicity receptors (NCRs) and 
NKG2DD [2,3]. The ligands for the activating NK cell receptors may be upregulated on target 
cellss in response to infection, cellular activation, or stress [4-6]. Downmodulation of MHC 
classs I on infected cells by members of the herpesvirus family renders these cells sensitive to 
killingg by NK cells, similar to tumor cells [7]. NK cells may therefore play a pivotal role in the 
innatee immune response against these viruses [8]. Killing of target cells by NK cells is 
accomplishedd by a variety of effector mechanisms, including release of granules containing 
perforinn and granzymes [9], and ligation of FasL to its receptor on the target cell [10]. In 
additionn to their role in clearance of infected cells, NK cells are able to secrete 
immunoregulatoryy cytokines such as IFN-yand TNF-pt [11]. 
Untill recently, NK cells were considered to be a functionally homogeneous population. It is 
noww clear that human NK cells can be divided into functional subsets by the expression of 
CD566 [12,13]. CD56di,n NK cells comprise approximately 90% of peripheral blood NK cells 
andd express moderate to high levels of FcyRIIIA (CD16) and perforin and have high cytotoxic 
capability.. On the other hand, non-cytolytic, CD56bri9ht NK cells do not express CD16 and 
probablyy function as immunoregulatory NK cells by secretion of cytokines [14]. In contrast to 
circulatingg NK cells, which are predominantly CD56dim, NK cells within lymph nodes are 
enrichedd for the CD56bright phenotype. This localization may be the consequence of the 
expressionn pattern of homing receptors on NK cell subsets, since CD56dim NK cells express 
homingg markers for inflamed peripheral sites, whereas CD56bn8M NK cells display homing 
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markerss for secondary lymphoid organs [15]. Due to the lack of suitable markers for murine 

NKK cells, NK cell subset generation, differentiation and migration have not been studied yet 

inin vivo. 

TT cell subsets can be discriminated by a variety of markers, including the tumor necrosis 

factorr (TNF)-receptor CD27. Loss of CD27 on circulating CD8+ T cells is concomitant with 

increasedd cytotoxic capacity [16]. Little is known on the role of this receptor on NK cells. We 

heree show that also for NK cells, lack of CD27 is associated with immediate effector function. 

Moreover,, the phenotype and function of NK cells was found to be subject to regulation by IL-

155 and IL-21, which suggests that properties of NK cells in vivo may depend on 

environmentall factors. 

Material ss  & Method s 

CellCell preparation 

Peripherall blood mononuclear cells (PBMCs) were isolated from heparinized peripheral blood samples 
obtainedd from healthy laboratory personnel using standard density gradient centrifugation techniques 
byy use of Lymphoprep (Nycomed, Pharma, Oslo, Norway). Bone marrow samples were obtained from 
patientss who were initially suspected of hematological malignancies but in whom no abnormalities 
couldd be detected. Tonsils were obtained from patients who underwent tonsillectomy (n=3). For the 
analysiss of splenic NK cells, small parts of spleen, containing both red and white pulp that had been 
obtainedd from organ transplant donors (n=6), were obtained from the tissue typing laboratory. Splenic 
partss and tonsil parts were minced and then rubbed over a 70 pm gauze. Lymphocytes were isolated 
ass described above for PBMCs. The cells were suspended in IMDM with 10% FCS, 10% TNC 
(trisodiumcitrate,, 3.8% solution), antibiotics and p-mercaptoethanol before density gradient 
centrifugation.. According to paragraph 13 from the Dutch Law for Organ Donation, these specimens 
couldd be used for scientific research. The study was approved by the local medical ethical committee 
andd written informed consents were obtained (where applicable). 

ImmunofluorescentImmunofluorescent staining and flowcytometry 
AA total of 200,000 PBMCs were incubated with fluorescent label conjugated monoclonal antibodies 
(mAbs)) (concentrations in accordance with manufacturer's instructions). Phenotyping of NK cells were 
performedd by staining with CD3-PerCPCy5.5 and CD56-APC (BD Biosciences, San Jose, CA) in 
combinationn with FITC- or PE-labeled CD27, CD38, CD45RA, HLA-DR (all BD Biosciences), CD16 
(Sanquin,, Amsterdam, The Netherlands), and CCR7 (BD Biosciences). NK receptor expression was 
detectedd by staining of PBMCs with CD3-PerCPCy5.5 and CD56-APC in combination with CD27-FITC 
(home-made;; clone 3A12) and PE-labeled CD158a (KIR2DL1/KIR2DS1), CD158b 
(KIR2DL2/KIR2DL3/KIR2DS2),, NKp44, NKp46 (all Beekman Coulter, Marseille, France), NKB1 
(KIR3DL1),, CD94 (BD Biosciences), or APC-labeled NKG2D (R&D Systems, Abingdon, UK). For 
stainingg with the mouse anti-human monoclonal antibody CD70 (home-made; clone 2F2 [17]) a two-
stepp protocol was performed consisting of incubation with the CD70 antibody for 30 minutes, washing, 
incubationn with FITC conjugated anti-mouse lgG1 antibodies, washing, incubation with 10% (v/v) 
normall mouse serum followed by incubation of directly conjugated mAbs. Analysis of cells was 
performedd using a FACS Calibur flowcytometer and CellQuest software (BD Biosciences). 

IntracellularIntracellular granzyme B and perforin staining 

Intracellularr granzyme B (GrB) and perforin stainings were performed by incubating 200,000 PBMCs 
withh CD27-FITC, CD3-PerCP Cy5.5 and CD56-APC mAb, washed once, then fixed with 50 uJ of 
bufferedd formaldehyde acetone solution and subsequently permeabilised by washing with 0.1% 
saponinn 50 mM D-glucose. Cells were then incubated with anti-GrB (Sanquin) and anti-perforin (Hölzel 
diagnostika,, Köln, Germany) antibodies. 

111 1 



Chapterr 8 

PurificationPurification of CD2T and CD27* NK cell subsets 
Celll suspensions were enriched for NK cells by negative depletion of CD3+, CD14+ and CD19* cells. In 
brief,, PBMCs were incubated for 30 minutes at C with monoclonal antibodies to CD3 (home-made; 
clonee 16A9T), CD14 (home-made; clone 8G3) and CD19 (home-made; clone 11G1). After washing, 
thee cells were incubated with goat-anti-mouse IgG Dynabeads (Dynal Biotech ASA, Oslo, Norway) for 
300 minutes at . After incubation, a magnetic field induced depletion of CD3+, CD14" and CD19+ 

cellss from the suspension. The NK cell-enriched cell suspension was subsequently incubated with 
CD3,, CD56 and CD27 antibodies for 30 minutes at , washed, and sorted on a FACSAria (BD 
Biosciences)) into CD27~ and CD27* NK cell fractions. These sorted cell fractions were either used in 
cytotoxicityy assays, or cytokine-induced cultures as described below. 

CFSECFSE labeling 
PBMCss were resuspended in PBS at a final concentration of 5-10 x 106 cells/ml and labelled with 2.5 
uMM (final concentration) of 5-(and-6)-CarboxyFluorescein diacetate Succinimidyl Ester (CFSE; 
Molecularr Probes, Eugene, OR) in PBS for 8 minutes shaking at . Cells were washed and 
subsequentlyy resuspended in IMDM supplemented with 10% Human Pool Serum (HPS), antibiotics 
andd 3.57x10"*% (v/v) p-mercapto ethanol (Merck, Darmstadt, Germany) (culture medium). 

FigureFigure  1 CD27 as a marker  of  NK cell  subsets.  (A) Expression of CD3 and CD56 on lymphocytes 
(upper(upper dot-plot), CD27 and CD45RA on NK cells (CD3'CD56\ left dot-plot), and on T cells (CD3*, 
rightright dot-plot). (B) Expression of CD27 in relation to CD56 (left dot-plot) and in relation to CD16 (right 
dot-plot)dot-plot) on CD3CD56* NK cells. Numbers indicate the percentages of cells in the respective 
quadrants.quadrants. Data shown are representative for 10 donors. 

TableTable  1 Relation  between  CD56 or  CD27 
expressionexpression  on circulating  NK cell  subsets 

CD56dimm CD56bri9h' 

~CD2TT 94%  3% 6%  3% 
0027** 56% % 44% 1 

StimulationStimulation of the cells 
Cellss were cultured in 24 wells plates at a concentration of 0.5-1x106 cells/ml in culture medium in 
presencee or absence of IL-15 (10 ng/ml; R&D Systems), IL-21 (25 ng/ml: kindly provided by 
ZymoGenetics,, Seattle, WA) or the combination of these cytokines for 5-12 days. To investigate 
whetherr the observed phenotypes of NK cell subsets were stable phenotypes, PBMCs were pre-
stimulatedd with IL-15 (10 ng/ml) or IL-21 (25 ng/ml) for 8 days. Cells were harvested and washed and 
cellss from each stimulation were divided in two wells. These wells were stimulated for another 5 days 
withh either IL-15 (10 ng/ml), or IL-21 (25 ng/ml). The effects of blocking CD27-CD70 signaling were 
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studiedd by stimulation of PBMCs with IL-15 (10 ng/ml) in presence or absence of oc-CD70 (40 ug/ml) 
forr 8 days. For each culture condition the stimulation index (SI) was calculated by dividing the number 
off recovered NK cells at the end of the culture period by the amount of input ceils. 

NKNK cell cytotoxicity assay 
K562,, a human leukemic cell line that is highly sensitive to killing by NK cells, was prepared by 
labelingg these cells with 51Cr (Amersham Pharmacia Biotech, Buckinghamshire, UK) for 1 h at , 
5%% C02 . 51Cr-labeled target cells were then incubated in triplicates with effector cells (PBMCs) at 
variouss effector:target (E:T) ratios for 4 h at , 5% C02 . Spontaneous release was determined by 
incubationn of labeled target cells with medium. Maximal release was determined by culturing labeled 
targett cells with NP40 solution. Supernatants were harvested and counted in a y-radiation detector. 
Percentagee specific lysis was calculated from the formula "percentage specific lysis = ((experimental 
releasee - spontaneous release) / (maximal release - spontaneous release)) x 100%". 

StatisticalStatistical analysis 
Thee two-tailed Mann-Whitney test was used for analysis of differences between groups. P<0.05 were 
consideredd statistically significant. 

Result s s 

CD27CD27 is expressed on a minority of circulating NK cells 

Sincee functional T cell subsets can be discriminated on basis of the expression of CD27 and 

CD45RAA [18], we determined whether these markers could also be used to discriminate NK 

celll subsets. In contrast to T cells (CD3+), the majority of peripheral blood NK cells 

(CD3CD56*)) were CD27" and CD45RAbri9ht (Fig. 1A). It has previously been shown that 

humann NK cell subsets can be separated in CD56dim and CD56bri9ht populations (Fig. 1A). 

Thee vast majority of CD27~ NK cells was CD56dim, whereas CD27* NK cells were either 

CD56dimm or CDöe1*91" (Fig. 1B; gated on CD3CD56* NK cells & Table 1 (n=10)). CD56dim NK 

cellss were CD16+ [12] and the highest expression of this FcyRIIIA was detected on CD27" NK 

cellss (Fig. 1B; gated on CD3CD56* NK cells (n=10)). These data indicated that CD27" NK 

cellss were largely contained within the CD56dimCD16bri9M NK cell subset. 

LymphoidLymphoid organs are enriched for CD27* NK cells 

Onn average, 7 . 1 %  2.5% of human peripheral blood (PB) NK cells expressed CD27 (Fig. 

2A).. Lymphoid organs are markedly enriched for CD56bfl8ht NK cells [19], indicating that the 

phenotypee of NK cells varies with their localization. Significantly higher frequencies of CD27* 

NKK cells were detected in spleen and tonsil (Fig. 2A; 52.9%  14.2% and 37.9%  7.5%, 

resp.),, the majority being CDSe^9*11 (69%  10%). The frequencies of CD27* NK cells in bone 

marroww (BM) (Fig. 2A; 17.5%  3.4%), which is the predominant site of their generation in 

adultt life [20], were comparable to those observed in peripheral blood. 

ExpressionExpression of NK cell receptors differs between circulating NK cells and NK cells residing in 

lymphoidlymphoid organs 

Differencess in NK cells obtained from the circulation and lymphoid organs were not limited to 

thee expression of CD27, but also included the expression of NK cell receptors, the major 

determinantss of NK cell activation. On average, 25% of peripheral blood derived NK cells 

expressedd CD158a, 32% expressed CD158b, and 22% expressed NKB1 (Table 2a). The 

fractionn of NK cells expressing either of these receptors was lower in spleen and minute in 

tonsill (Table 2a). Not only the fraction of NK cells expressing these receptors differed 
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betweenn the locations, but also the expression of a per cell basis, indicated by the high mean 

fluorescencee intensity (MFI) on circulating NK cells and low MFI on NK cells derived from 

spleenn and tonsil (Table 2b). NKp44 could not be detected on circulating NK cells but in 

increasingg amounts on splenic and tonsil NK cells, respectively (Fig. 2B & Table 2). By 

contrast,, the expression of CD94 and NKp46 did not vary with the localization of NK cells. 

NKG2DD was expressed by the majority of circulating and splenic NK cells, and by a 

proportionn of tonsil derived NK cells. 

Consideringg NK cell subsets defined by CD27 expression, the majority of peripheral blood 

CD27++ NK cells did not express CD158a, CD158b and NKB1, whereas these molecules were 

expressedd by a large proportion of CD27" NK cells (Fig. 2B & Table 2a (n=10)). This 

distinctionn between CD27" and CD27+ NK cells was less strict in spleen and tonsil. 
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FigureFigure  2 Localization  and pheno-
typetype  of  NK cell  subsets.  (A) 
FrequenciesFrequencies of CD27* NK cells in 
peripheralperipheral blood (PB), spleen, tonsil 
andand bone marrow (BM). (B) 
ExpressionExpression of NK cell receptors on 
CD27~CD27~ and CD27* NK cell subsets 
derivedderived from peripheral blood, 
spleen,spleen, and tonsil. Numbers indicate 
thethe proportion of positive cells within 
thethe CD27~ and CD27* fractions, 
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NKB1,NKB1, NKG2D, and NKp44), or 
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withinwithin the CD27' and CD27* 
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Furthermore,, the majority of circulating and splenic CD27+ NK cells expressed the activating 
receptorr NKG2D, a member of the c-type lectin superfamily (Fig. 2B & Table 2). CD27+ NK 
cellss were 0 0 9 4 ^ , whereas CD27" NK cells were CD94dir,1/b^iflh, (Fig. 2B & Table 2b (n=4)). 
CD27"" NK cells were primarily NKp46dim/bri9ht, whereas their CD27+ counterparts were 
exclusivelyy N K p ^ Ö ^ F i g . 2B & Table 2b (n=5)). 

TableTable 2a Expression ofNK cell receptors (%) 

CD158a a 
CD158b b 
NKB1 1 
CD94 4 
NKG2D D 
NKp46 6 
NKp44 4 

Peripherall blood 
total l 

255 0 
322 8 

222 + 13 
82+14 4 
700 8 
755 3 

1 1 

CD2r r 
26+10 0 

8 8 
222 + 12 
811 5 
700 8 
911 1 
11 1 

CD27* * 
2 2 
1 1 
3 3 

922 4 
755 7 

911 0 
1 1 

total l 
3 3 
2 2 
8 8 

855 1 
711 6 
599 0 

6 6 

Spleen n 
CD2T CD2T 

6 6 
5 5 
6 6 

800 9 
655 0 
399 7 

8 8 

CD27+ + 

3 3 
122 2 

2 2 
888 1 
800 8 
655 9 

5 5 

total l 
1 1 
4 4 
1 1 

800 7 
300 3 

4 4 
422 8 

Tonsil l 
CD27" " 

1 1 
3 3 
1 1 

699 4 
233 5 
755 5 
477 7 

CD27+ + 

2 2 
5 5 

1 1 
1 1 

466 3 
911 1 

333 0 

TableTable 2b Expression ofNK cell receptors on subsets (MFI) 
Peripherall blood Spleen Tonsil 

CD158a a 
CD158b b 
NKB1 1 
CD94 4 
NKG2D D 
NKp46 6 
NKp44 4 

CD2r r 
3 3 

7122 3 
2511 6 
1288  91 

2 2 
1522 0 
766 7 

CD27+ + 

2344 7 
6355  262 
2700 2 
2899 8 

266 4 
4588 8 

922 5 

CD27--
655 + 38 
1588 8 

1899 1 
3488 3 
222 3 3 

1844 1 
1011 7 

CD27+ + 

399 1 
955 9 
633 7 

4722 5 
233 2 

1811 6 
911 2 

CD27--
233 6 

1433 6 
6 6 

2455 8 
200 0 
1266 7 

2222  31 

CD27+ + 

377 4 
530530  285 
600 3 

4944 9 
222 1 

2233  28 
1577 8 

CirculatingCirculating CD27* NK cells have low direct cytotoxicity 

Wee next investigated whether CD27" and CD27+ NK cell subsets differed in their cytolytic 
function.. Killing of target cells by NK cells is in part accomplished by the coordinated release 
off cytotoxic granules containing perforin and granzymes, which induce apoptosis of the target 
cell.. CD27" NK cells contained high levels of these cytolytic molecules (86%  9% and 80%
5%,, resp.), in contrast to their CD27+ counterpart (48%  20% and 29%  8%, resp.) (Fig. 
3A).. This difference in expression of cytolytic mediators was reflected by a four-fold higher 
cytotoxicityy of sorted CD27" NK cells ex vivo towards the NK cells sensitive cell line K562 on 
aa per cell basis, compared with CD27+ NK cells (Fig. 3B). The difference between CD27~ and 
CD27++ NK cells is in accordance with previously published data since CD27" NK cells largely 
residee within the cytolytic CD56dim fraction [12]. 

TheThe phenotype and function ofNK cells is influenced by cytokines 
Too investigate whether the phenotype of NK cells could be influenced by cytokines, PBMCs 
fromm two donors were enriched for NK cells and sorted into CD27" (Fig. 4A, "CD27^, left 
panels)) and CD27+ NK cell fractions (Fig. 4A, "CD27*", right panels) of 99% and 90% purity 
respectively.. These sorted fractions were stimulated for 8 days with IL-15 or IL-21, since 
thesee cytokines are important for the generation and maintenance of NK cells [21-25]. 
Stimulationn with IL-15 of either CD27" or CD27+ sorted fractions resulted in high numbers of 
NKK cells (stimulation index (SI) 6), which were CD27" (Fig. 4B, thick line) and highly cytotoxic 
(dataa not shown). IL-15 stimulated cells had strongly upregulated the expression of CD56, 
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NKp444 and NKp46 (Fig. 4C, thick lines). By contrast, stimulation with IL-21 of either CD27" or 
CD27++ sorted fractions resulted in low numbers of NK cells (SI 1). A small fraction of sorted 
CD27"" NK cells expressed CD27 upon stimulation with IL-21 (Fig. 4B, thin line). IL-21 
stimulatedd cells expressed low levels of CD56, did not express NKp44 (Fig. 4C, thin lines), 
andd had low killing capacities in vitro (data not shown). Stimulation of CD27" and CD27+ 

sortedd fractions with a combination of IL-15 and IL-21 resulted in CD27 NK cells with an 
intermediatee phenotype regarding NKp44 and NKp46 expression (Fig. 4B & C, dotted lines). 
Thee expression of NKp44 and NKp46 was highest on the sorted CD27+ NK cells which were 
stimulatedd with IL-15 (Table 3). 

AA B 

perforin n granzymee B 

CD27--

CD27+ + 

FigureFigure  3 Circulating  CD2T~ NK cells  are highly  cytotoxic  directly  ex vivo.  (A) Detection of 
intracellularintracellular perforin and granzyme B in circulating CD2T (solid line) versus CD27* NK cells (dashed 
line).line). (B) Chromium release assay of K562 by sorted CD27' (closed squares) and CD27* (open 
squares)squares) NK cell fractions at different effector.target (E:T) ratios. Data shown are representative for 
fourfour donors. 

BlockingBlocking of CD27-CD70 interaction results in maintenance of CD27* NK cells 
Thee induction or downregulation of CD27 expression on NK cells might be the consequence 
off interaction with its ligand CD70 as has been observed for T cells [26]. CD70 was induced 
onn NK cells upon stimulation with IL-15, whereas NK cells stimulated with IL-21 did not 
expresss this molecule (Fig 5A). Blocking of CD27-CD70 interaction was performed by 
stimulationn of PBMCs with IL-15 in presence of a-CD70 mAb. As shown in Fig. 5B, addition 
off the blocking antibody resulted in a substantial proportion of CD27+ NK cells. Interestingly, 
blockagee resulted in a fraction of NKp44low NK cells in the most divided population (i.e. 
CFSE|0W)) (Fig. 5C). 

PhenotypicPhenotypic and functional changes induced by cytokines are reversible 
Too investigate whether NK cells have stable phenotypes, PBMCs were first stimulated with 
eitherr IL-15 (Fig. 6, "IL-15", left panels) or IL-21 (Fig. 6, "IL-21", right panels) for 8 days. Cells 
weree washed, split into two wells and subsequently stimulated for 5 days with either IL-15 or 
IL-21,, resulting in 4 different conditions of stimulation ("IL-15" + IL-15, "IL-15" + IL-21, "IL-21" 
++ IL-15, and "IL-21" + IL-21). As observed with stimulation of sorted NK cell subsets, 
stimulationn of total NK cells with "IL-15" + IL-15 resulted in CD27" NK cells only (Fig. 6A, left 
panels,, thick line) whereas stimulation with "IL-21" + IL-21 resulted in a substantial fraction of 
NKK cells that expressed CD27 (Fig. 6A, right panel, thin line). Remarkably, the 
downregulationn of CD27 after pre-stimulation with IL-15 was reversible by subsequent 
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stimulationn with IL-21 (Fig. 6A, left panel, thin line), and vice-versa (Fig. 6A, right panel, thick 

line).. Furthermore, the upregulation of NKp44 after pre-stimulation with IL-15 was reverted 

uponn subsequent stimulation with IL-21 (Fig. 6B, left panel, thin line), and vice-versa (Fig. 6B, 

rightt panel, thick line). Dotted lines indicate the expression of CD27, CD56, NKp44, and 

NKp466 after 8 days of pre-stimulation with either IL-15 (Fig. 6, left panels) or IL-21 (Fig. 6, 

rightt panels). The expression of NKp44 and NKp46 was highest on the cells continuously 

stimulatedd with IL-15 (Table 4). IL-15 seemed to promote NK cell proliferation and/or survival 

whereass IL-21 had opposing effects, resulting in stimulation indexes of 26, 8, 8, 0.5 for "IL-

15"" + IL-15, "IL-15" + IL-21, "IL-21" + IL-15, and "IL-21" + IL-21, respectively. NK cells 

continuouslyy stimulated with IL-15 showed the highest cytotoxic potential towards the NK cell 

sensitivee cell line K562 on a per cell basis, whereas NK cells stimulated continuously with IL-

211 had only low cytotoxic potential (Fig. 6C). Subsequent stimulation with the other cytokine 

resultedd in intermediate levels of cytotoxicity. The amount of cytotoxicity could not be 

correlatedd to the expression of perforin and granzyme B, since all activated cells had high 

intracellularr contents of these cytolytic mediators (data not shown). By contrast, the 

expressionn level of NKp44 seemed to have a relation with the levels of cytotoxicity observed 

(Tablee 4). 

AA "CD27-" "CD27+ + "CD27-" " "CD27* * 

CD27 7 

"CD27-- "CD27+ + 

NKp444 -

CD27" " 

IL-15 5 

IL-21 1 

IL-155 + IL-21 NKD466 -

FigureFigure  4 The phenotype  and function  of  NK cells  is  influenced  by cytokines.  (A) Peripheral blood 
NKNK cells were sorted into CD2T (left panels) and CD27* fractions (right panels). (B) Expression of 
CD27CD27 upon stimulation of sorted CD27~ (left panels) and CD27* (right panels) fractions with IL-15 
(thick(thick lines), or IL-21 (thin lines) or a combination of these cytokines (dotted lines). (C) Expression of 
CD56,CD56, NKp44, and NKp46 upon stimulation of sorted CD27' (left panels) and CD27* (right panels) 
fractionsfractions with IL-15 (thick lines), or IL-21 (thin lines) or a combination of these cytokines (dotted lines). 
AllAll histogram plots are gated on CD3~CD56* NK cells. Data shown are representative for two donors. 
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TableTable 3 Expression of CD56, NKp44  and NKp46  on stimulated CD2T 
andand CD27* sorted NK cell fractions (MFI) 

CD56 6 
NKp44 4 
NKp46 6 

IL-15 5 
290 290 
267 7 
91 1 

'CD27" " 
IL-21 1 
69 9 
12 2 
41 1 

"CD27*" " 
IL-15 5 
487 7 
531 1 
205 5 

IL-21 1 
76 6 
21 1 
86 6 

Discussio n n 

Onlyy recently human NK cells were found to be functionally heterogeneous. This study 

showss that the TNF receptor CD27 is a marker for functionally distinct human NK cell 

subsets.. In contrast to most T cells, only a minority of circulating NK cells expressed CD27. 

NKK  cell subsets defined by CD27 overlap partially with subpopulations classified on basis of 

CD566 expression: the majority of CD27" NK cells were CD56d'm, whereas a large proportion 

off CD27+ NK cells were CD56br'9h'. Furthermore, the expression of activating and inhibitory 

NKK receptors as well as the expression of cytolytic proteins revealed that CD27 and CD27+ 

NKK cells are separate entities. 
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FigureFigure 5 Blocking of CD27-CD70 interaction results in maintenance of CD27* NK cells. (A) 
ExpressionExpression of CD70 on NK cells stimulated with IL-15 (solid line) or IL-21 (dashed line). (B) Expression 
ofof CD27 on divided NK cells stimulated with IL-15 in absence (left panels), or presence (right panels) 
ofof a CD70 blocking antibody. Numbers indicate the percentage of CD27* NK cells. (C) Expression of 
NKp44NKp44 and NKp46 on divided NK cells stimulated with IL-15 in absence (left panels), or presence 
(right(right panels) of a CD70 blocking antibody. Numbers indicate the percentages of NKp44' and NKp46~ 
NKNK cells. The histogram and dot-plots are gated on CD3~CD56* NK cells. 

Substantiall numbers of CD56bri9ht NK cells have been detected in secondary lymphoid organs 

[19,27].. In analogy with T cell subsets, the circulating pool of NK cells may not reflect the 

distributionn of NK cell subsets in lymphoid organs, due to migration of specific subsets to 

thesee organs and inflamed tissue [28-30]. In fact, it has been proposed that the enrichment of 

CD56brightt NK cells in these organs might be a consequence of the expression of secondary 

lymphoidd homing markers such as CCR7 [15]. In line with the partial overlap between CD56-

andd CD27-defined subsets, significantly higher frequencies of CD27+ NK cells were found in 

secondaryy lymphoid organs (53%  14%), and in tonsils (38%  7%). The majority of these 

cellss were CD56bright. 
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Inn addition to distinctions in homing properties, phenotype and function of NK cells appear to 

bee modulated by the local cytokine environment. Stimulation of peripheral blood NK cells with 

IL-155 in vitro resulted in NK cells which largely resembled circulating CD27" NK cells in vivo, 

whereass stimulation with IL-21 in vitro resulted in NK cells with resemblance to circulating 

CD27++ NK cells. The balance between these cytokines may thus substantially contribute to 

thee phenotype of NK cells. IL-15 is a central cytokine for NK function regulating not only 

expansionn but also effector function. Concerning IL-21, studies in mice have revealed a more 

complexx role of this cytokine in regulating NK cells. Whereas IL-21 promotes cytokine 

productionn and cytotoxic activity of activated NK cells, it does not promote their survival and 

thereforee limits NK activity in vivo [31]. Our studies in the human system appear to confirm 

thatt IL-21 has no major effect on NK cell expansion and in addition indicate that the cytotoxic 

capacityy of the NK cells is reduced as a consequence of the downregulation of activating 

NCR.. Yet, recent studies in murine tumor models for melanoma and fibrosarcoma, have 

shownn that IL-21 gene therapy induced a potent, NK-dependent, anti-tumor effect in vivo 

[32].. Thus, it may be so that IL-21-stimulated NK cells require additional signals to expand 

andd acquire cytotoxic function. 
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FigureFigure  6 Phenotypic  and functional  changes  induced 
byby  cytokines  are reversible.  PBMCs were pre-stimulated 
withwith IL-15 ("IL-15", left panels) or IL-21 ("IL-21", right 
panels)panels) for 8 days (dashed lines). These pre-stimulated 
cellscells were subsequently stimulated with IL-15 or IL-21, 
resultingresulting in four different conditions of stimulation ("IL-15" + 
IL-15,IL-15, "IL-15" + IL-21, "IL-21" + IL-15, and "IL-21" + IL-21). 
(A)(A) Expression of CD27 on IL-15 pre-stimulated NK cells 
subsequentlysubsequently stimulated with IL-15 (left panel, thick line) or 
IL-21IL-21 (left panel, thin line), and on IL-21 pre-stimulated NK 
cellscells subsequently stimulated with IL-15 (right panel, thick 
line)line) or IL-21 (right panel, thin line). (B) Expression of 
CD56,CD56, NKp44, and NKp46 on IL-15 pre-stimulated NK cells 
subsequentlysubsequently stimulated with IL-15 (left panel, thick line) or 
IL-21IL-21 (left panel, thin line), and on IL-21 pre-stimulated NK 
cellscells subsequently stimulated with IL-15 (right panel, thick 
line)line) or IL-21 (right panel, thin line). (C) Chromium release 
assayassay of K562 by IL-15 pre-stimulated ("IL-15", squares) or 
IL-21IL-21 pre-stimulated ("IL-21", circles) NK cells subsequently 
stimulatedstimulated with IL-15 (closed symbols) or IL21 (open 
symbols).symbols). Data shown are representative for two donors. 
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TableTable 4 Expression of CD56, NKp44  and NKp46  on pre-stimulated NK 
cellscells upon subsequent stimulation with IL-15 or IL-21 (MFI) 

IL-15prestimulatedd IL-21 prestimulated 
++ IL-15 + IL-21 + IL-15 + IL-21 

CD566 167 109 191 146 
NKp444 620 168 313 39 
NKp466 135 132 213 204 

Att this moment we do not know how CD27" and CD27+ NK cell subsets develop but different 
scenarioss can be envisaged. First, it could be that CD27" and CD27+ NK cells differentiate 
fromm a common CD27" NK cell precursor. This situation would resemble the expression of 
CD277 during B cell development. The expression pattern of homing receptors such as CCR7 
onn these early NK cells may direct the cells to different compartments, such as lymph nodes 
(CCR7++ NK cells) or tissue (CCR7- NK cells). Activation by the local cytokine environment in 
thee secondary lymphoid organs will induce CD27 expression resulting in NK cells residing at 
thesee sites. Second, all NK cells develop from a CD27* NK cell precursor. Analogous for 
whatt has been found on T cells, the interaction with CD70 will downmodulate CD27. Since 
CD700 is regulated by immune activation in vivo, the finding that the majority of NK cells within 
umbilicall cord lacks CD27 (data not shown) argues against this hypothesis. Third, CD27" and 
CD27++ NK cell subsets may be derived from different precursor cells. CD27" NK cells remain 
inn the periphery, whereas CD27* NK cells migrate to lymph nodes. Within the lymph nodes, 
CD27++ NK cells may interact with CD70 provided by activated dendritic cells (DC) or B cells 
[17,33].. On this interaction, CD27+ NK cells become activated and in this process may 
transientlyy downmodulate the expression of CD27 [34-36]. These activated CD27" NK cells 
thatt are then phenotypically indistinguishable from true CD27" NK cells may enter the 
circulationn and perform effector functions. Still, one could anticipate that on changing 
cytokinee stimulation or blocking CD70 these cells may re-acquire CD27 expression. In line 
withh this assumption we observed that a small, but reproducible, fraction of CD27" NK cells 
expressess CD27 upon culture in the presence of IL-21, or during IL-15 stimulation in the 
presencee of CD70 mAb. 

CD277 has been found on the majority of splenic murine NK cells and moreover the 
interactionn between CD27 and CD70 has been shown to promote NK cells activation both in 
vitrovitro and in vivo [34-36]. Still, the lack of murine markers of NK cell subsets hampers in vivo 
studiess on the generation, maintenance and migratory properties of these NK cell subsets 
[12].. The potential use of CD27 as a marker of NK cell subsets enables in vivo studies in 
mousee models and will greatly improve our knowledge on the generation, differentiation and 
migrationn of NK cell subsets. 
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SUMMARYY AND GENERAL DISCUSSION 

Thee vast majority of clinical problems with primary and reactivated herpesvirus infections 
arisee in immunocompromised patients who cannot adequately contain herpesviruses by 
themselves,, resulting in a high incidence of morbidity and mortality. Primary or acquired 
defectss of the immune system may lead to inadequate immunity to herpesviruses. In this 
thesis,, we have focused on children receiving immunosuppressive medication, either after 
solidd organ transplantation, or in the course of anti-cancer treatment. The scope of this thesis 
iss to reveal factors that contribute to impaired immunity to herpesviruses in 
immunocompromisedd children. To understand the specific deficits in immune responsiveness 
too herpesviruses in these patients, we need to know how the immune system deals with 
thesee viruses under physiological circumstances both in the acute phase of infection and 
duringg latency. These insights will help to predict which patients are at risk to develop severe 
herpesvirus-inducedd disease as well as to provide preventive and therapeutic patient-tailored 
strategies. . 

Containmentt of herpesviruses is critically dependent on the concerted action of NK cells, B 
cellss and virus-specific CD4+ and CD8+ T cells [1-4]. T cells can be divided into functional 
subsetss by specific surface markers, such as CD27, CCR7, CD45RA, and CD45R0 [5-8]. 
CD45RA+CD27"" CD8+ T cells were considered to be terminally differentiated T cells [9,10]. In 
HIVV infection, HIV-specific T cells bearing this phenotype could not be detected and the 
conclusionn was drawn that skewed maturation of CD8+ T cells would account for the 
incapabilityy of infected patients to control the virus [9,11]. The study described in Chapte r 2 
showss that a highly significant correlation was found between the percentage as well as the 
absolutee number of circulating CD8+CD45RA*CD27" cytolytic T cells and CMV seropositive 
inn healthy individuals. This was not observed for EBV or VZV (and measles, mumps, or 
rubella).. The number of CD8+CD45RA+CD27" T cells remained surprisingly constant when 
studiedd longitudinally for 2-4 years. The expansion of CD8+CD45RA+CD27" T cells in 
peripherall blood was clearly triggered by CMV infection, since the numbers of these cells 
increasedd during acute CMV infection in children without known immune disorders, starting 
withinn the first month after diagnosis. Within 2 months a plateau was reached with stable 
numberss of CD8*CD45RA+CD27" T cells for the following years. In agreement with previous 
findingss [12,13], CMV-specific cells were never detected in the naive (i.e. CD45RA+CD27bri9ht) 
subsett of CD8* T cells. Enrichment of the CMV peptide-specific T cells was particularly 
observedd in the CD27"pool of CD8+ T cells, as well as in the CD27du" fraction [14,15]. 
Thee mechanism whereby CMV induces a large number of uniquely expanded CD8+ cytolytic 
TT cells warrants further study as an intriguing facet of the interplay between CMV and the 
immunee system. Interactions between CD27 and CD70 may provide a clue. CD27 is down-
regulatedd on interaction with its cellular ligand, CD70. Induction of CD70 may vary in distinct 
virall infections explaining the different phenotypes of virus-specific CD8+ T cells with regard 
too CD27 expression [16]. Further to this we recently found that CMV not only influences the 
compositionn of CD8+ T cell subsets, but also of CD4+ T cell subsets, since a high frequency 
off CD4+ CD28" T cells can exclusively be detected in CMV-seropositive individuals [17]. 
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Resolutionn of primary EBV infection and protection from reactivation is to a large extent 
dependentt on control by virus-specific CD8+ T cells. Because of immunosuppressive 
medicationn which is widely used in transplant patients, primary infection and reactivation of 
EBVV are associated with development of posttransplant lymphoproliferative disease (PTLD) 
[18,19],, The interplay between EBV and host immune factors can be evaluated by assessing 
"spontaneous"" EBV transformation of B cells [20]. In Chapte r 3, we designed a prospective 
studyy in a cohort of pediatric renal transplant patients on different regimens of 
immunosuppressivee drugs to evaluate the use of the SET assay (i.e. "spontaneous" EBV B 
celll transformation-assay) as a measurement of the potential infectious activity of EBV in 
facee of the anti-viral activity of the T cell system. 
Mostt importantly, EBV-specific CD8* T cells were detectable in blood from patients with 
negativee SET assays (i.e. no proliferation of cells), coinciding with significantly lower EBV 
loads,, whereas these cells were less frequent in blood from patients with positive SET 
assays.. The relevance of the SET assay was demonstrated by the fact that 
immunosuppressionn seemed to be directly linked to B-LCL generation in vitro, as illustrated 
byy a patient in whom reduction of medication resulted in a complete normalization of the 
subsequentt SET assays. We therefore believe that the SET assay is a reflection of the 
interplayy between viral replication, transformation of B cells, and EBV-specific immunity in 
vivovivo and hence a valuable screening test for EBV-driven lymphoproliferative phenomena in 
allograftt recipients. Current PCR assays to quantify viral load do not discriminate between 
infectiouss virus and DNA fragments. Therefore, determination of viral DNA to predict the risk 
off development of PTLD is probably only indicative in combination with data on EBV-specific 
T-celll immunity [21]. The SET assay enables physicians to reduce immunosuppressive 
medicationn in a patient-tailored approach. 
Nott only EBV infection, but herpesvirus infections in general are a threat to 
immunocompromisedd patients. Vaccination of patients at-risk, such as children with a 
malignancy,, may protect these children from development of serious disease. Currently, 
varicellaa vaccine is the only approved vaccine to prevent illness from herpesvirus infections. 
Thee incidence of morbidity and mortality from primary varicella-zoster virus (VZV) infection is 
increasedd in immunocompromised children. Vaccination of VZV-seronegative cancer patients 
withh live attenuated varicella vaccine has proven to be safe and effective [22-26]. However, in 
thesee studies the vaccine was administered either before the start of chemotherapy, or 
duringg maintenance therapy. Postponing chemotherapy can have its impact on clinical 
recovery,, whereas vaccination during maintenance therapy may simply be too late. In 
Chapterr 4 we describe the efficacy of a single dose of VZV vaccine administered to eleven 
seronegativee pediatric oncology patients without interrupting chemotherapy and introducing 
thee vaccine in an early phase (within three months after the start of chemotherapy). 
Seroconversionn was detected in 8 of the patients (72.7%) after vaccination. Seroconversion 
didd not correlate to the age at vaccination, the time between start of chemotherapy and 
vaccination,vaccination, nor with the number of circulating lymphocytes at the time of vaccination. Mild 
adversee effects were observed in five of the patients (45.4%). According to the clinical score 
off Vazquez et al. [27], all patients scored maximal 2 points and were considered to have mild 
disease.. The efficacy of vaccination was demonstrated upon household contact to wild-type 
VZV,, as documented for two of the patients. Varicella vaccination protected one of the 
patientss completely from development of varicella. Interestingly, seroconversion could not be 
observedd in this patient after vaccination, neither after exposure to the wild-type virus. The 
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otherr patient was protected from developing severe disease, as historically observed in 
unvaccinatedd patients. 
Inn three of the patients, VZV DNA loads were detectable after vaccination in peripheral blood 
andd in throat swabs of two of the patients within 6 weeks after vaccination. No household 
exposuress to the wild-type virus were documented for these children during this period. The 
nasopharyngeall cultures remained negative, which demonstrates that the vaccinated 
patientss did not shed any infectious virus and were therefore not contagious. Virus-specific 
CD4** T cells could only be detected after exposure to the wild-type virus, but not in case of 
seroconversionn or vaccination-associated rash. Altogether, the data suggest a suboptimal 
inductionn of adaptive immunity upon immunization, rather than primary vaccine failure. Since 
itt has not been known so far whether VZV-specific CD4+ T cells are induced at all on 
vaccinationn (for example in healthy children), firm conclusions cannot be drawn at this point. 
Anotherr interesting aspect of VZV vaccination is the question whether the virus develops 
latencyy and may reactivate to cause herpes zoster. If the vaccine-strain is able to establish 
latency,, herpes zoster cases may be more common in vaccinated immunocompromised 
patients,, than in vaccinated healthy children. However, probably only those children that 
developedd a rash upon vaccination, enabling retrograde axonal transport of the virus to the 
dorsall root ganglia, are at risk of developing herpes zoster [26]. Long-term follow-up of our 
patientss will provide more insight in this matter. Moreover, larger cohorts of pediatric 
oncologyy patients will be required to determine the benefit of our vaccination strategy 
comparedd with the strategies studied so far. 

Thee ultimate goal of vaccination is the induction of immunological memory, a hallmark of 
adaptivee immunity. On re-infection, a faster and adapted immune response ensures quick 
controll of the virus, often without development of the typical symptoms associated with 
primaryy infection. Maintenance of immunological memory is the basis for the existence of 
typicall "childhood diseases". The study described in Chapte r 5 provides a detailed analysis 
off a human virus-specific memory response. Boosting of VZV-specific CD4+ T cells was 
observedd after re-exposure of immune adults upon household contact with children 
experiencingg chickenpox. The detection of high levels of these cells probably results from a 
combinationn of proliferation and redistribution from regional lymph nodes at the site of 
infectionn to the blood. Phenotypic characteristics of the VZV-specific cells, the majority being 
CD45RA"CD27+,, resembled those of EBV- and HCV-specific CD4+ memory T cells [28,29]. 
Effectivee memory responses to VZV were maintained for decades, since the grandparent 
includedd in this study was protected from developing disease on re-exposure to VZV by her 
grandchild.. Regular boosting by specific antigen may be of prime importance to maintain the 
memoryy pool. Boosting of memory responses to VZV may not only be valuable upon re-
exposuree to the virus, but also to control virus reactivating from latency. The decline in VZV-
specificc T cell-mediated immunity that occurs with increasing age strongly correlates to the 
strikingg increase in frequency and severity of herpes zoster in the elderly [30-34]. The 
importancee of boosting to protect the individual from reactivation, has been suggested by an 
epidemiologicall study of Thomas et al. [35], which is in accordance with a hypothesis 
postulatedd by Hope-Simpson in 1965 [36], stating that cases of herpes zoster were less 
frequentt in individuals with documented exposures to VZV for the last decade. 
Inn most instances, the immune response induced on primary VZV infection is capable of 
containingg the virus. The classical symptoms of varicella, such as a vesicular rash and fever 
disappearr within 1 week after the onset of the disease. Although it has been recognized that 
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primaryy VZV infection may result in severe courses of varicella in the immunocompromised, 
littlee is known on the development of severe courses of varicella in otherwise healthy 
children.. The vast majority of otherwise healthy children experience an uncomplicated course 
off varicella. However, we describe in Chapte r 6 five otherwise healthy children with a life-
threateningg course of varicella. After more than 4-12 weeks of intensive treatment because of 
theirr clinical condition, four of the children recovered, whereas the fifth child died of multi-
organn failure. 
Mostt strikingly, NK cells and primed CD8+ T cells, two key players in immune responses to 
herpesviruss infections [1,37], were nearly absent from the circulation during the early phase 
off primary VZV infection. For several reasons such as detection of granzymes, proliferation 
onn IL-15 stimulation, and appearance of the cells during the late phase, we concluded that 
thee absence of these cell populations was not the result of a severe primary defect in the 
generationn or maturation of these cells. We believe that the absence of these cytotoxic cells 
fromm the circulation may be the consequence of their redistribution to target sites. The 
expressionn of chemokine receptors on the majority of NK cells and primed T cells (e.g. 
CCR5+CXCR3+CCR7")) enables them to migrate from the circulation to inflamed tissue to 
eliminatee virus-infected cells [7,38-43]. This migration may lead to seclusion of these cells 
fromm the circulation, as suggested by several other studies in mouse models, and on hepatitis 
BB and C virus infections in humans [14,44-48]. Secretion of high levels of chemokines at the 
inflamedd sites due to an overwhelming immune response to VZV in these patients, may have 
ledd to migration of cytotoxic cells from the blood towards these sites. In addition, the ongoing 
infectionn may have disturbed the balance between generation of these cells and apoptosis 
leadingg to the exhaustion of the cells [49-51]. 

Thee absence of primed CD8* T cells and NK cells from the circulation during life-threatening 
varicellaa as observed in our patients seems at present a unique property of VZV, since in 
acutee CMV- and HIV-infection primed CD8+ T cells are detectable in the circulation [52,53]. In 
similarityy to observations in CMV and HIV infection, the appearance of virus-specific CD4+ T 
cellss was delayed compared with patients experiencing mild varicella and appeared in the 
circulationn upon control of the virus by antiviral therapy [52,54]. 
Anotherr example of an unusual course of varicella infection observed in an otherwise healthy 
childd is described in Chapte r 7. In immunocompetent children, peak viral loads during 
primaryy VZV infection can be detected in peripheral blood near the onset of the typical 
vesicularr rash. VZV DNA concentrations normally diminish over time and become 
undetectablee within three weeks after the appearance of the exanthem. The boy described in 
thiss study was admitted with severe varicella, consisting of a generalized vesicular rash, high 
fever,, signs of dehydration, and clinical symptoms compatible with pneumonitis. Abnormally 
highh viral loads (>340,000 copies/ml) were found in his blood [55,56]. The DNA 
concentrationss in our patient remained high for at least 1,5 years, whereas regularly VZV 
DNAA is detectable during the first two weeks after the onset of varicella, where after the virus 
iss cleared from blood while developing latency in neurons of the dorsal root ganglia [56-58]. 
Duringg follow-up, the patient suffered from recurrent (sub-) febrile episodes and non-healing 
skinn ulcers for months after discharge. Clinical recovery preceded complete clearance of the 
virus.. NK cells and CD8+ T cells were activated during the acute infection, and VZV-specific 
CD4++ T cells were detected at high frequencies. Cellular fractionation of PBMCs over time 
indicatedd that VZV DNA was initially detected in B cells, NK cells, and both CD4+ and CD8* T 
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cells,, as also described by Ito et al. [59]. By contrast, the virus was primarily located in CD8+ 

TT cells during the chronic phase of VZV DNA detection. 
Too our knowledge, chronic VZV following a severe primary VZV infection in an 
immunocompetentt child, based on the abnormal persistence of viral loads in peripheral blood 
iss a new entity of VZV infection. In rare instances when viral loads are high, the virus may 
developp an aberrant state of latency in immune cells, in which the localization of the virus in 
differentt cell types during follow-up may be a reflection of their half-lives. If latency-specific 
geness would exist, micro-array analysis could reveal whether the virus developed a state of 
latencyy in the immune cells of our patient. Unfortunately, these genes have not been 
identifiedd and described so far. 
Att this point, we cannot provide a clear-cut answer as to why some children develop such a 
severee and unusual course of varicella. The course of the disease may be dependent on the 
combinationn of multiple factors, such as age, infectious dose, duration of antigen exposure, 
andd genetic factors. The genes encoding a large part of the NK cell receptors are clustered in 
thee so-called natural killer gene complex (NKC). Scalzo et al. found that the NKC-linked 
autosomall dominant genetic locus known as Cmv1 is responsible for the genetic resistance 
off certain mouse strains to MCMV infections [60,61]. Cmv1 was shown to encode the NK cell 
receptorr Ly49h in the C57BL/6 mice [62-64]. Therefore, functional polymorphisms in the NKC 
geness may account for differences in susceptibility to infection in humans. 
Wee know that NK cells play a pivotal role in the immune responses to herpesviruses 
[1,37,65].. However, knowledge on the generation, maturation and precise activation or 
functionn of these cells is still quite primitive in comparison with what has been known for 
examplee for T cells. New insights may be helpful in clinical diagnostics of the innate immune 
response.. Recently, two functional human NK cell subsets based on the differential 
expressionn of CD56 have been described [66,67]. Since CD27 has been shown to 
discriminatee functional T cell subsets [38], we investigated in Chapte r 8 whether this TNF-
receptorr could also be used to identify functional NK cell subsets. In contrast to most T cells, 
onlyy a minority of circulating NK cells expressed CD27. NK cell subsets defined by CD27 
partiallyy overlap with subpopulations classified on basis of CD56 expression and the 
expressionn of NK cell receptors as well as the expression of cytolytic proteins revealed that 
CD27"" and CD27+ NK cells are separate entities. 
Thee distribution of NK cell subsets in peripheral blood may differ from that in lymphoid 
organs,, as observed for T cell subsets [14,44,46]. In line with the partial overlap between 
CD56-- and CD27-defined subsets, significantly higher frequencies of CD27+ NK cells were 
foundd in secondary lymphoid organs (53%  14%), and in tonsils (38%  7%) and the 
majorityy of these cells were CD56bri9ht. Furthermore, the local cytokine environment may 
influenceinfluence the composition of NK cells. Stimulation of peripheral blood NK cells with IL-15 in 
vitrovitro resulted in NK cells which largely resembled circulating CD27~ NK cells in vivo, whereas 
stimulationn with IL-21 in vitro resulted in NK cells with resemblance to circulating CD27+ NK 
cells.. The balance between these cytokines may thus substantially contribute to the 
phenotypee of NK cells. 
Differentt scenarios on the development of CD27" and CD27+ NK cells can be envisaged, as 
depictedd in Figure 1. We know that the expression of CD27 is differentially regulated on 
lymphocytes.. Early B cells are CD27", whereas early T cells are CD27+. B cells start to 
expresss this TNF-receptor during differentiation, whereas T cells loose the expression of this 
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receptor.. In analogy with B cells, NK cell subsets can derive from a common CD27" NK cell 

precursorr (Fig. 1A). The expression of homing receptors such as CCR7 on these early NK 

cellss may direct the cells to different compartments, such as lymph nodes (CCR7+ NK cells) 

orr tissue (CCR7~ NK cells), where the local cytokine environment influences the expression 

off CD27 ("Cytokine-induced differentiation"). In analogy with T cells, all NK cells may develop 

fromm a CD27* NK cell precursor (Fig. 1B). Interaction with activation-induced CD70 can 

downmodulatee CD27 expression [68,69] ("Ligand-induced differentiation"). This scenario is 

lesss plausible, since the majority of NK cells within umbilical cord blood lack CD27. 

Alternatively,, CD27" and CD27+ NK cell subsets may be derived from different precursor 

cellss (Fig. 1C). In such a scenario CD27" NK cells largely remain in the periphery, whereas 

CD27++ NK cells migrate to lymph nodes. Within the lymph nodes, CD27+ NK cells may 

interactt with CD70 provided by activated dendritic cells (DC) or B cells [70,71], leading to 

activationn and transient downmodulation of the expression of CD27 [72-74]. These activated 

CD27~~ NK cells that are then phenotypically indistinguishable from true CD27" NK cells, may 

enterr the circulation and perform effector functions ("Dichotomous differentiation"). 

AA Cytokine-induced differentiation BB Ligand-induced differentiation 

II CD27* I 

OO " ^ ( \ 
II CD27* ) I CD27+ J 

CC Dichotomous differentiation 

periphery periphery 

0 0 
-  lymph nodes (( j 

FigureFigure  1 Models  of  NK cell  subset  differentiation.  (A) CD27~ and CD27* NK cells may differentiate 
fromfrom a common CD27~ NK cell precursor. Expression of homing receptors such as CCR7 on these 
earlyearly NK cells may direct the cells to different compartments, such as lymph nodes (CCRT NK cells) 
oror tissue (CCR7~ NK cells). Activation by the local cytokine environment will influence CD27 
expression.expression. (B) All NK cells may develop from a CD27* NK cell precursor. Interactions with its ligand, 
CD70,CD70, will downmodulate CD27. (C) CD27' and CD27* NK cell subsets may be derived from different 
precursorprecursor cells. CD27~ NK cells remain in the periphery, whereas CD27* NK cells migrate to lymph 
nodes.nodes. Within the lymph nodes, CD27* NK cells may interact with CD70 provided by activated 
dendriticdendritic cells or B cells resulting in downmodulation CD27. 

129 9 



Chapterr 9 

Thee interaction between CD27 and CD70 has been shown to promote NK celt activation both 
inin vitro and in vivo [72-74]. Still, the lack of murine markers of NK cell subsets hampers in 
vivovivo studies on the generation, maintenance and migratory properties of these NK cell 
subsetss [66]. The potential use of CD27 as a marker of NK cell subsets enables in vivo 
studiess in mouse models and will greatly improve our knowledge on the generation, 
differentiationn and migration of NK celll subsets. 

Concludin gg remark s 

Immunocompromisedd children are at risk of developing severe complications on primary, 
secondaryy and reactivating herpesvirus infections. Still, seemingly healthy children may die 
fromm these infections, as we demonstrated in this thesis for primary VZV infection. Large-
scalee vaccination may protect all children from developing severe courses of infection. This 
strategyy is assumed to be cost-effective and varicella vaccination has been implemented in 
regularr childhood vaccination schemes in the USA and Japan. The ultimate goal of VZV 
vaccinationn is abandoning the virus from the community, as has been achieved for smallpox. 
Wee (chapter 5) and others propose that maintenance of immunological memory is dependent 
onn regular antigen-specific boosting. Large-scale vaccination will significantly reduce the 
frequencyy of natural infections [75]. Although vaccinated children are protected from 
developingg complicated courses of infection, other generations which were infected up to 
decadess ago with wild-type virus, will not be re-exposed to the virus anymore. Since virus-
specificc memory may not only be crucial for protection on re-exposure, but also for controlling 
latentt infection, we predict that this vaccination strategy may lead to an increase in the 
numberr of herpes zoster cases in the older individuals. Repeated vaccination of all 
individualss may be necessary, regardless whether memory responses were induced by 
vaccinationn or infection with the wild-type virus (Figure 2). 

Large-scalee VZV 
vaccination n 

W . . protectt individual from 
disease e 

(for(for how long?) 

noo natural 
infections s 

© © 
Reactivation n 

(herpess zoster) 

noo boosting of 
previouslyy infected 

individuals s 

FigureFigure  2 Consequences  of  large-scale  varicella  vaccination.  (1) Large-scale varicella vaccination 
willwill protect individuals from developing varicella upon exposure to VZV. At this moment, it has not 
beenbeen known how long this protective effect may last. The number of natural infections will be severely 
reduced.reduced. This leads to less spread of the virus within the community and thus previously infected 
individualsindividuals are not boosted by re-exposure. Since we believe that immunological memory is 
maintainedmaintained by regular antigenic boosting, this may lead to a higher incidence of reactivating VZV 
whichwhich may lead to herpes zoster in the older individuals who were infected with the wild-type virus. (2) 
Therefore,Therefore, in this vaccination strategy individuals who were infected decades ago by the wild-type 
virusvirus should also receive the vaccine on a regular basis, to provide boosting of the memory response. 

Furthermore,, large-scale vaccination may shift the susceptibility from children to adults, 
whosee symptoms are usually moderate to severe. Cost-effectiveness of large-scale varicella 
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vaccinationn will have to be re-analysed. In addition, abandoning the virus from the community 
willl take a lot of effort and time and meanwhile previously vaccinated individuals will be 
exposedd to the wild-type virus. It is therefore important to know how long the protective effect 
off vaccination is maintained. Limited available data on this subject show that although 
vaccine-inducedd immunity persists for 10-20 years, the effectiveness of the vaccine 
decreasess over time [75,76]. We therefore propose to only vaccinate people at risk for 
developingg severe courses of disease upon infection, under strict surveillance. 
Furthermore,, vaccines that protect individuals from developing EBV- and CMV-related 
disorderss (a.o.) will have to be developed. This will lead to a marked reduction in the number 
off hospitalizations. However, as we showed in this thesis, we cannot predict in all cases 
whichh children are at risk of developing a complicated course of disease. Otherwise healthy 
childrenn may develop life-threatening courses of varicella. General practitioners will have to 
recognizee early symptoms of severe varicella and send these children to the hospital 
immediately.. Upon admission, antiviral therapy should be initiated, concomitant with an 
extensivee study on phenotype and function of NK cell and T cell subsets. When NK cells 
and/orr primed CD8+ T cells cannot be detected in the circulation, iL-15 therapy might help 
thesee children to combat the virus. 

Inn recent years, much effort has been put into the elucidation of the mechanism of activation 
off NK cells. Activation receptors such as NCRs have been identified. Many of these 
activationn receptors are still orphan receptors. The discovery of their ligands may help us to 
explainn why certain healthy children are unable to cope with their virus infection. NK cell 
activationn may be diminished in these children because of the absence of the ligands for NK 
celll activation receptors. Alternatively, VZV may have developed strategies to circumvent 
killingg of infected cells by NK cells as has been observed for murine CMV. Murine CMV gp40 
downregulatess H-60, a high-affinity ligand for NKG2D receptors, and thereby inhibits NK cell 
activationn [77]. 
Att this point, CD8* T cell responses to VZV cannot be studied properly. The analysis of virus-
specificc CD8+ T cells requires identification of immunodominant peptides. These peptides 
havee been identified for CMV and EBV, but not for VZV. A strategy to determine the 
sequencee of the peptides that can be used to detect virus-specific CD8+ T cells has been 
describedd by Kern et al. [78]. Overlapping multimers are generated from immunodominant 
proteins.. These peptides are then pooled and examined for their ability to induce IFN-y by 
CD8++ T cells. This "checkerboard analysis" is expensive and we were unable to perform such 
aa strategy in our setting. Proteins of interest for such an analysis are (in case of VZV) IE62 
[79],, IE63 [80], and gE [81]. Recently, an attempt to identify epitopes by this laborious 
strategyy was made by the group of Ann Arvin and they identified an HLA-A*0201-restricted 
immunodominantt epitope derived from IE62 [82]. However, data presented in the paper were 
questionablee and in our hands the peptide could not be used for detection of VZV-specific 
CD8++ T cells in HLA-A2* individuals. 

Fromm a purely clinical point of view, the ability to investigate VZV-specific CD8+ T cells will 
providee more insight into the exact mechanism of VZV-specific immunity and may answer 
questionss such as why certain seemingly healthy children develop life-threatening courses of 
varicella.. Hopefully, the scientific community jointly with pharmaceutical industry will 
recognizee the need for identification of CD8+ and CD4+ T cell epitopes in order to develop 
DNAA vaccines against the various herpesviruses that can be safely administered to 
immunocompromisedd patients, to prevent serious courses of disease on infection. 
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Hett  immuunsystee m 
Hett immuunsysteem is het afweermechanisme dat ons lichaam beschermt tegen 
ziekteverwekkerss (pathogenen) zoals virussen en bacteriën. Het afweermechanisme is 
grofwegg in te delen in twee takken: de niet-specifieke, aangeboren afweer (innate immunity) 
enn de specifieke, verworven afweer (adaptive immunity). De aangeboren afweer zorgt voor 
eenn directe, eerste algemene bescherming tegen de binnendringer zodat verspreiding 
beperktt blijft. De verworven afweer komt wat langzamer op gang, maar kan gerichter 
optredenn tegen de boosdoener door herkenning van het virus of de bacterie en zorgt 
daarmeee voor het opruimen van het pathogeen. 
Dee witte bloedcellen zijn belangrijke soldaten in ons leger tegen ziekteverwekkers. De groep 
vann witte bloedcellen bestaat uit verschillende celtypes, zoals de natural killer cellen (NK 
cellen)) en de T-cellen, die onderscheiden kunnen worden aan de hand van bepaalde 
moleculenn op het celoppervlak. Hoewel al deze cellen hun eigen specialiteit hebben zullen ze 
moetenn samenwerken als een team om het lichaam optimaal te kunnen beschermen tegen 
binnendringers. . 

Herpesvirusse n n 
Virussenn zijn onderverdeeld in families waarvan de leden erg op elkaar lijken. Eén zo'n 
familiee is de familie van herpesvirussen, die al vele miljoenen jaren bestaat. Hiertoe behoren 
onderr andere de veroorzaker van waterpokken en gordel roos (varicella-zoster virus (VZV)), 
dee veroorzaker van de ziekte van Pfeiffer (Epstein-Barr virus (EBV)), en het cytomegalovirus 
(CMV).. Deze virussen kunnen voor veel problemen zorgen in individuen met een verstoorde 
afweer,, wat verschillende oorzaken kan hebben. Transplantatie-patiënten krijgen langdurig 
medicatiee toegediend die ervoor moet zorgen dat het getransplanteerde orgaan niet wordt 
afgestotenn door de eigen afweer die het nieuwe orgaan als "vreemd" beschouwd. Een 
bijwerkingg van deze medicatie is een algehele verlaging van de immuniteit. Ook 
chemotherapie,, wat gegeven wordt aan kankerpatiënten, kan leiden tot een vermindering 
vann de weerstand. Blootstelling van deze personen aan herpesvirussen (bv. via hun 
omgeving)) kan leiden tot ernstige lichamelijke problemen waarbij ziekenhuisopname 
noodzakelijkk is. Ook hebben herpesvirussen de eigenschap om achter te blijven in het 
lichaamm in een soort slaaptoestand (latentie). Normaal gesproken merk je niet dat je deze 
virussenn bij je draagt. Pas bij verminderde weerstand "ontwaken" deze virussen en kunnen 
zee van binnenuit voor problemen zorgen (bv. een koortslip of gordelroos). 

Doell  van het proefschrif t 
Aann de hand van de studies beschreven in dit proefschrift willen we vaststellen welke 
factorenn bijdragen aan de verslechterde immuniteit tegen herpesvirussen in kinderen met 
eenn verstoorde afweer. Niet alleen een eerste aanraking met het virus (primaire infectie) 
vormtt een gevaar, maar ook het ontwaken van een eerder opgelopen herpesvirus 
(reactivatie).. De sociale en economische gevolgen van herpesvirus infecties in 
immuungecompromiteerdee kinderen zijn waarschijnlijk onderschat. Om te kunnen begrijpen 
waaromm deze kinderen zo moeilijk in staat zijn om zich te verdedigen tegen aanvallen van 
herpesviruss infecties zullen we eerst moeten weten hoe de verdediging in gezonde kinderen 
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inn elkaar steekt. Met deze kennis kunnen we beter voorspellen welke patiënten risico lopen 
opp een ernstige infectie en zijn we niet alleen in staat om preventieve maatregelen te treffen, 
maarr ook om de beste therapie per patiënt te bepalen. 

TT cellen zijn onder te verdelen in CD4+ en CD8* T cellen. CD4+ T cellen zijn vooral 
gespecialiseerdd in het aanbieden van hulp aan andere cellen (onder meer de CD8+ T cellen), 
hett produceren van hulpzame stoffen (cytokines) en het recruteren van andere cellen op de 
plaatss van infectie. CD8+ T cellen zijn van groot belang in de strijd tegen een virus. De CD8+ 

TT cellen zijn een heterogene groep, bestaande uit de zogenaamde naïeve T cellen, 
geheugenn T cellen en killer T cellen. De verschillende subtypes hebben elk een eigen 
specialisatie.. In het verleden is aangetoond dat je met behulp van de moleculen CD45RA en 
CD27,, die zich op het oppervlak van de T cel kunnen bevinden, kunt bepalen tot welke groep 
eenn CD8+ T cel behoort. Naar verwachting zou elke infectie moeten leiden tot een activatie 
vann de killer T cellen, omdat dit de cellen zijn die het best in staat zijn om het virus 
daadwerkelijkk op te ruimen. Met het onderzoek beschreven in hoofdstu k 2 tonen we aan dat 
dee killer T cellen (CD45RA*CD27~) in gezonde kinderen eigenlijk alleen geïnduceerd worden 
doorr infectie met CMV, terwijl deze kinderen ook prima tegen andere virussen beschermd 
waren.. De data zijn van groot belang voor de klinische diagnostiek. Tevens lijkt de wens om 
doorr vaccinatie deze killer cellen te induceren tegen bijvoorbeeld VZV of EBV niet haalbaar 
enn zal waarschijnlijk bijgesteld moeten worden. 

CD8++ T cellen spelen niet alleen een grote rol in het bestrijden van primaire EBV infectie, 
maarr ook in het "in slaap houden" van het virus binnen de gastheer. Zonder deze cellen 
kunnenn EBV-geïnfecteerde cellen ongelimiteerd delen en resulteren in lymfoproliferatieve 
aandoeningen,, die worden samengevoegd onder de noemer PTLD. De balans tussen het 
viruss en de aanwezige virus-specifieke CD8+ T cellen in het lichaam bepaalt of deze 
aandoeningenn kunnen ontstaan. Transplantatie-patiënten krijgen afweeronderdrukkende 
medicatiee en daarmee wordt de balans verstoord en krijgt het virus de kans om problemen te 
veroorzaken.. Verlaging van de immuunsuppressiva kan echter leiden tot afstoting van het 
transplantaat.. In hoofdstu k 3 staat de evaluatie beschreven van test waarmee de arts 
gemakkelijkerr kan bepalen of de hoeveelheid immuunsuppressiva moet worden aangepast 
zodatt de patiënt beter beschermd is tegen het virus. 

PrimairePrimaire infectie met een ander herpesvirus, VZV, kan leiden tot waterpokken. Hoewel 
waterpokkenn als onschuldige kinderziekte wordt beschouwd, blijken 5 op de 1000 gevallen te 
leidenn tot opname in het ziekenhuis en sterven 7 op de miljoen kinderen in de 1-4 jaar groep 
aann deze ziekte. Complicaties komen zelden voor bij gezonde kinderen. Echter, primaire 
infectiee van een foetus in de baarmoeder, een pasgeborene, een volwassene, of een 
immuungecompromiteerdd kind gaat vaak gepaard met ernstige complicaties, zoals -in geval 
vann VZV- longontsteking, bacteriële superinfectie van de blaasjes op de huid, of 
neurologischee afwijkingen. Deze patiënten worden behandeld met antivirale middelen (o.a. 
aciclovirr en ganciclovir). Preventie van ernstige waterpokken en complicaties door middel 
vann vaccinatie is wenselijk. Het vaccin wordt al op grote schaal gegeven aan vrijwel alle 
kinderenn in de Verenigde Staten en Japan. In Nederland is vaccinatie tegen de waterpokken 
niett opgenomen in het Rijksvaccinatie programma. Hoewel het vaccin eigenlijk niet gegeven 
magg worden aan kinderen met een verzwakte afweer omdat het bestaat uit een levend-
verzwaktt virus dat problemen kan veroorzaken, hebben wij dit in hoofdstu k 4 -onder strikte 
controlee van de arts- wel gedaan. Juist deze groep kinderen loopt een verhoogd risico op 
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eenn ernstig verloop van de waterpokken en zijn het meest gebaat bij vaccinatie. Uit onze 
studiee blijkt dat kinderen die behandeld worden tegen kanker en daardoor een verzwakte 
afweerr hebben, prima in staat zijn om afweer op te bouwen tegen het virus. Na VZV infectie 
doorr bijvoorbeeld een broertje of zusje met waterpokken blijken ze slechts een milde vorm 
vann waterpokken te ontwikkelen, dit in tegenstelling tot de niet-gevaccineerde kinderen. 
Vaccinatiee van risicogroepen is gewenst, mits onder strikte controle van een arts die direct 
kann ingrijpen wanneer het mis dreigt te gaan. 

Kinderziektess worden zo genoemd omdat ze voornamelijk in kinderen voorkomen. Eenmaal 
doorgemaaktt ben je beschermd voor de rest van je leven. Dit is gebaseerd op de opbouw 
vann het immunologische geheugen tegen een bepaald virus. Bij een volgende infectie kan 
hett immuunsysteem sneller en beter reageren waardoor het virus minder kans krijgt om te 
verspreidenn en symptomen uit blijven. In hoofdstu k 5 geven we een gedetailleerde analyse 
vann een geheugenrespons door verschillende cellen van het immuunsysteem over de tijd te 
vervolgenn in volwassenen die in aanraking zijn gekomen met het waterpokkenvirus (VZV) 
doordatt hun kind de waterpokken had. We tonen aan dat virus-specifieke T cellen tijdens een 
geheugenn ("memory") respons snel in aantal toenemen en dat verschillende celtypes hierbij 
betrokkenn zijn. Deze geheugenrespons lijkt niet alleen van belang bij de bescherming tegen 
virussenn van buitenaf, maar ook tegen het ontwaken van de virussen die wij bij ons dragen, 
duss onder meer tegen gordelroos. Geregelde prikkeling van het immunologische geheugen 
doorr blootstelling aan kinderen met waterpokken resulteert in een betere bescherming. 
Vaccinatiee van ouderen, en daarmee prikkeling van de memory respons, kan resulteren in 
eenn verlaging van het aantal ouderen met gordelroos. 

Hoewell we weten dat herpesvirus infecties voor grote problemen kunnen zorgen in kinderen 
mett een verstoorde afweer blijken ook ogenschijnlijk gezonde kinderen complicaties te 
ontwikkelen,, wat zelfs de dood tot gevolg kan hebben. In de hoofdstukke n 6 en 7 
beschrijvenn we in totaal zes kinderen met een ernstig verloop van de waterpokken waarbij 
opnamee op de intensive care noodzakelijk was. De kinderen beschreven in hoofdstuk 6 
blekenn allemaal een verstoring te hebben in het aantal cellen dat belangrijk is in de afweer 
tegenn het waterpokkenvirus. Een vroege constatering van deze afwijking in de 
immuunresponss in kinderen met gecompliceerde waterpokken vergemakkelijkt de 
verstrekkingg van specifieke therapieën die erop gericht zijn om deze cellen te induceren en 
zoo bescherming te kunnen bieden tegen het virus. In hoofdstuk 7 beschrijven we een 
vierjarigg jongetje dat ernstige waterpokken ontwikkelde. Normaal gesproken is het virus 
ongeveerr 2-3 weken aanwezig in het bloed. In dit jongetje bleef het virus voor lange tijd 
aanwezigg in het bloed, tot zelfs anderhalf jaar na zijn infectie. Ondanks intensieve 
bestuderingg van zijn immuun respons tegen het virus weten we nog niet waarom het virus 
detecteerbaarr bleef in het bloed van dit jongetje. De beschrijving van deze ongewone 
gevallenn van waterpokken zijn van groot belang om het bewustzijn bij artsen te verhogen 
waardoorr mogelijk meerdere gevallen kunnen worden opgespoord en het onderzoek naar de 
oorzaakk vergemakkelijkt wordt. 

Niett alleen T cellen, maar ook natural killer cellen (NK cellen) blijken van grote waarde in de 
beschermingg tegen herpesvirussen. Op dit moment is er weinig bekend over deze cellen. In 
hoofdstu kk 8 hebben we gezocht naar additionele markers waarmee we NK cellen kunnen 
onderverdelen.. Het blijkt dat CD27 (een bepaalde receptor die ook voorkomt op een 
subgroepp van T cellen) onderscheid kan maken tussen CD27+ NK cellen die goed zijn in het 
producerenn van hulpstoffen (cytokines), en CD27" NK cellen die de geïnfecteerde cellen om 
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zeepp kunnen helpen. Met deze gegevens kan er in de kliniek bekeken worden of een patiënt 
voldoendee CD27" NK cellen ontwikkelt en daardoor beter uitgerust is om het virus op te 
ruimen.. Zo niet, dan kan er een behandeling gestart worden die gericht is op het induceren 
vann deze belangrijke NK cellen. 

Concluderendd geven de data beschreven in dit proefschrift meer inzicht in de herkenning van 
kinderenn met een verhoogd risico op complicaties veroorzaakt door herpesvirussen. Deze 
kinderenn zijn gebaat bij vaccinatie tegen de verschillende herpesvirussen. Op dit moment is 
alleenn tegen het waterpokkenvirus een vaccin beschikbaar. De ontwikkeling van nieuwe 
vaccinss is van cruciaal belang in de bescherming van deze kinderen tegen ernstige infecties. 
Daarnaastt draagt de definiëring van cellen die van groot belang zijn in de bescherming tegen 
herpesvirussenn bij aan de totstandkoming van nieuwe therapieën die het aantal en de functie 
vann deze cellen kunnen verbeteren. 
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Zoalss iedere AIO aan het eind van zijn/haar promotie-onderzoek, moet ook ik erkennen dat 
dee afgelopen jaren van pieken en dalen nooit mogelijk waren geweest zonder de praktische 
enn -niet te onderschatten- morele support van heel veel mensen. 
Ikk wil alle donoren bedanken die meegewerkt hebben aan de studie maar waar ik de naam 
niett van bekend mag maken (zowel al mijn lekgeprikte collega's als de patientjes)... Zonder 
henn had dit proefschrift hier nu niet gelegen! 
Mijnn promotores dank ik voor de mogelijkheid en begeleiding die zij mij gegeven hebben om 
ditt onderzoek uit te kunnen voeren. Taco, af en toe werd ik helemaal gek van je 
onuitputtelijkee energie en enthousiasme. Ladingen bloed kreeg ik over me heen... "Zullen we 
eenss kijken naar..?" "En wat zou er gebeuren als we nu...?" Gelukkig werkte dit meestal juist 
aanstekelijk.. We hebben toch met z'n allen heel wat mooie hoofdstukken bij elkaar bedacht. 
René,, ik moet toegeven dat we het lang niet altijd met elkaar eens waren. Beiden zijn we niet 
opp ons mondje gevallen, dus de gemoederen liepen wel eens hoog op. Ik heb je vaak 
genoegg "hou nou eens je mond!" horen zeggen... en ik dacht dat alleen maar... Juist deze 
levendigee discussies hebben tot mooie oplossingen geleid. Beiden hartelijk dank voor het 
geduldd dat jullie toonden als ik weer met twintigduizend (overigens prachtige) figuren tegelijk 
opp de werkbespreking verscheen. We hebben er toch iets moois van gemaakt! 
Waarr zou ik zijn zonder mijn paranimfen, Mi-Ran en Sofie? Mi-Ran, ontzettend bedankt voor 
jee inzet en al het werk wat je voor me hebt gedaan. Die eindeloze dagen in het lab, lekker 
Piekeren.... Ik heb heel veel plezier met je beleefd. Na een minder prettige ervaring met een 
niett nader te noemen analiste was het een verademing om met jou te mogen samenwerken. 
Sofie,, onze vriendschap gaat "way-back": van het zingen in het kinderkoor, het berichtjes 
naarr elkaar schrijven in onze natuurkundeschriften, tot aan het getuige zijn op jullie bruiloft. 
Weess niet bang, ik heb geen plannen om te emigreren! Dank je wel voor je eeuwig luisterend 
oor.. Bovendien zou dit boekje er een stuk saaier uit hebben gezien zonder jouw hulp en 
trouble-shootingg "je spreekt met help-desk Sofie", en natuurlijk die van Marco. Was toch wel 
leukk hè, die zondagavond waarop alles fout leek te gaan maar uiteindelijk het resultaat daar 
was?!! By the way, wanneer gaan we weer BBQ-en? 

Eenn bijzondere plek in dit dankwoord verdienen mijn ex-kamergenootjes, Laila, Ester, ("Ha") 
Godelieve,, Else, en Nuno. Ik heb een geweldige tijd gehad in ons daglichtloze hok. Naast de 
werk-gerelateerdee discussies (ja. ook die worden in G1-133 gevoerd) hebben we vooral veel 
gelachen.. Laila, ik heb ontzettend veel aan jou te danken, zoals je hulp bij het opstarten van 
ditt project. Je bent en blijft mijn vraagbaak ("oh Mireille, weet je dan echt niets zelf?!"). Dat 
samenwerkingsverbandd gaat heus nog wel komen. Moet jij niet iets met griepvaccins gaan 
doen?? Ester, Godelieve en Else, bedankt voor alle gesprekken, praktische tips, 
bezigheidstherapie,, ontspanning buiten het lab, "het woord van de dag", en vooral de morele 
supportt in de eindfase. Helaas vrees ik dat de verhalen uit het "domme-dingen-boekje" nu 
ookk bij een groter publiek bekend gaan worden... Ik zal jullie gezelligheid voor altijd missen! 
Nuno,, thank you for our discussions about the actions of IL-15 and IL-21, which were really 
helpfull to me. Unfortunately, this chickenpox chick has definately left the AMC... Thanks for 
alll your jokes (who turned off the light/put my chair down/locked me up in my room??) and of 
coursee the excellent idea of a couch at your place so we can talk about our problems (while 
you'ree in another room)... 
Veell succes met jullie carrières! 

145 5 



Dee afdeling Experimentele Immunologie is te groot geworden om iedereen hier persoonlijk te 
bedanken,, hoewel ik dat eigenlijk wel zou willen. Een paar mensen wil ik toch noemen. Ik 
hebb het de dames van de cellulaire diagnostiek (Karla, Annette, Jessica, Nanja, Andrea) niet 
altijdd makkelijk gemaakt... "Alweer waterpokkenbloed?!" Ik hoop dat jullie met dit boekje in de 
handd beseffen dat het toch ergens goed voor was. Bedankt! Ester R, Si-La, Frank en Ineke, 
bedanktt dat jullie me in het begin een beetje wilden adopteren en voor alle interesse en hulp 
diee ik van jullie heb gekregen bij dit project. Alle anderen bedankt voor het gekeuvel in de 
koffiekamerr (ik mis de Privé en de Makro-krantjes...), op het lab en in de trein (jarnmer dat 
wee later allebei met de auto gingen, Tamara). Dianne, bedankt voor je ondersteuning bij het 
afrondenn en versturen van mijn boekje. Alle mede-(ex-)AIO's: bedankt voor het kunnen 
spuienn van mijn frustraties en blije momenten... Altijd fijn om te weten dat er meer mensen in 
hetzelfdee schuitje zitten. En Mark, bedankt voor alle promotietips. Veel succes met jullie 
eigenn promoties! 

Maarten,, Paul, Marijke, en Debbie, hartelijk dank voor het prettige samenwerken en de 
paperss die daaruit voortgekomen zijn. Marianne (en de andere kinderartsen), bedankt voor 
hett altijd weer motiveren van de patientjes en de ouders om aan dit onderzoek mee te 
werken!! Hoofdstuk 4 is het tastbare bewijs van onze samenwerking die als een rode draad 
doorr dit proefschrift loopt. Nelia, bedankt voor het verzorgen van alle logistiek van de 
vaccinatiestudie.. Berend, bedankt voor alle tijd die je in de sorts hebt gestoken voor die 
rottigee 100.000 cellen-
Grotee dank ook aan de harde werkers van de afdeling virologie (in het bijzonder Jan, 
Pauline,Pauline, Menno, Alex en Paul). Ik heb van jullie niet alleen veel intellectuele input gekregen, 
maarr ook alle resultaten van de PCRs en serologische assays die in dit boekje vermeld 
staan.. Ik denk dat dit proefschrift een mooi voorbeeld is van een prima samenwerking tussen 
dee afdeling Experimentele Immunologie en Virologie. 

All dat bloed van die zielige kindjes werd voor het goede doel steeds maar weer afgenomen 
doorr de mensen van de kinderdagbehandeling en de prikpoli ("daar heb je dat (water-) 
pokken-meisjee weer!"). Zonder jullie was dit onderzoek nooit mogelijk geweest. Bedankt! 
Gelukkigg heb ik ook nog tijd gehad voor een leven buiten het lab. Al mijn vrienden wil ik 
bedankenn voor de interesse, een luisterend oor, en heel veel broodnodige ontspanning! Ik 
hebb nu eindelijk weer wat meer tijd om leuke dingen te gaan doen. 
Eenn andere uitlaatklep werd mogelijk gemaakt door de meiden van mijn softbalteam. Wat 
wass het heerlijk om na een dag vol frustraties die bal naar de maan te mogen slaan! En daar 
ookk nog met zijn allen ontzettend veel lol aan te beleven. Vanaf nu hoop ik weer vol energie 
opp de trainingen en wedstrijden te kunnen verschijnen. 
Mijnn schoonfamilie wil ik bedanken voor alle getoonde interesse en gezelligheid. Grote 
zussenn en broer, Monique, Roland en Chantal, bedankt dat jullie het je kleine zusje niet altijd 
evenn gemakkelijk hebben gemaakt, waardoor ik heb geleerd om mijn mannetje te staan. Pa 
enn ma, bedankt voor alle kansen en liefde die jullie me gegeven hebben. We waren het niet 
altijdd eens over mijn plan-de-campagne, maar het resultaat is er! 
Enn Jochem -last but not least- bedankt voor je eindeloze geduld en vertrouwen en vooral... je 
relativeringsvermogen.. Jag alskardej! 
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Dee auteur van dit proefschrift werd geboren op 24 februari 1976 te Beverwijk. Zij behaalde in 
19944 het gymnasium diploma aan het Augustinus College te Beverwijk. In hetzelfde jaar 
begonn zij aan de studie Medische Biologie aan de Vrije Universiteit te Amsterdam. Tijdens 
haarr eerste stage op de afdeling Moleculaire Pathologie van het VU Medisch Centrum 
voerdee zij een variant analyse van Humaan Papillomavirus type 16 uit, onder begeleiding van 
Prof.. Dr. J.M.M. Walboomers en drs. M.V. Jacobs. Haar tweede stage voerde zij uit op de 
afdelingg Immunologie van het Nederlands Kanker Instituut te Amsterdam. Daar werkte zij 
aann het induceren van melanoom-specifieke T cellen, onder begeleiding van Dr. H. Spits en 
Dr.. E. Hooijberg. Daarna vertrok zij voor 7 maanden naar Stockholm (Zweden) om aan het 
Karolinskaa Instituut te werken aan de rol van humaan cytomegalovirus in de pathogenese 
vann HCMV-gerelateerde ziektes, onder begeleiding van Prof. Dr. E. Möller en Dr. C. 
Söderberg-Nauclér.. In 1999 behaalde zij haar doctoraal diploma. In januari 2000 begon zij 
aann haar promotieonderzoek in het Academisch Medisch Centrum, Universiteit van 
Amsterdam,, te Amsterdam onder begeleiding van Prof. Dr. T.W. Kuijpers (Emma 
Kinderziekenhuis)) en Prof. Dr. R.A.W. van Lier (Afd. Experimentele Immunologie). Hier 
verrichttee ze het onderzoek beschreven in dit proefschrift. 

Sindss mei 2004 is zij werkzaam als onderzoeksleider binnen de Preclinical Drug Validation 
Unitt van Solvay Pharmaceuticals B.V. te Weesp. 
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