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GENERAL INTRODUCTION 
 
T cells are well known to play a key role in the adaptive immune response to 
pathogens. Some pathogens, such as viruses, (myco-) bacteria, and parasites infect the 
host intracellularly, whereas worms, fungi, other parasites and bacteria do not enter 
cells and remain extracellularly. Both scenarios require a different response. Defence 
against extracellular pathogens depends upon T helper 2 cells and a strong B-cell 
response, where antibodies coat the pathogen, allowing for recognition and killing by 
phagocytosis, or activation of the complement pathway. Antibodies also play a role in 
intracellular infections by neutralisation of viruses and blocking viral entry. In 
addition, a T helper 1 cell response is required to control intracellular pathogens by 
inducing CD8+ T cells that recognise the infected cells, and either kill by CTL-
mediated cell death or inhibit for instance viral replication by production of cytokines, 
such as TNFα and IFNγ.  
 
Cytomegalovirus infection 
Human cytomegalovirus (CMV) is a double stranded DNA virus of the β-herpes virus 
family [1]. Depending on socio-economic circumstances, 50 to 100% of the human 
population is infected. Primary infection is established most likely in mucosal 
epithelial cells through saliva, but can also occur through blood contact. Since the 
virus uses many immune evasion strategies, it gets eliminated rarely, if ever [2]. The 
virus disseminates throughout the body, and remains latently present in many tissues 
and cell types of the host, most importantly in bone marrow precursors of monocytic 
peripheral blood cells [3]. Although asymptomatic in immunocompetent hosts, CMV 
(re-) infection or reactivation can cause serious clinical complications in case of 
congenital infection, and in immunocompromised individuals such as human 
immunodeficiency virus (HIV)-infected subjects and transplant recipients. The 
possible clinical presentation of CMV end-organ disease is diverse, ranging from 
retinitis, gastrointestinal disease, pneumonitis, meningo-encephalitis, 
radiculomyelitis, to a severe life-threatening illness with multi-organ failure 
(reviewed by Pass et al [3]).  
 
T-cell immunity to CMV 
Cellular immunity is thought to play a crucial role in controlling cytomegalovirus 
replication and prevention of disease [3]. With the development of class I HLA-
peptide tetrameric complexes [4-6] and cytokine flow cytometry-based methods [7,8] 
to quantitate virus-specific CD8+ and CD4+ T-cell frequencies, together with the 
identification of highly immunodominant proteins and peptides [9,10], it became 
possible to study CMV-specific T-cell responses, and their role in protection from 
disease in detail. Stimulation with CMV lysate in vitro is widely used to measure 
IFNγ-producing CMV-specific CD4+ T cells [11]. Recent developments in class II 
HLA-peptide tetrameric complexes will further enable detailed analysis of the CD4+ 
T-cell response to CMV [12-15]. To further characterise T cells, various cell-surface 
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molecules have been proposed as phenotypic markers with a link to differentiation 
state and functional properties. CD45RA and CD45RO (isoforms of leukocyte 
common antigen CD45) are being used in most models, in combination with a 
number of receptors involved in co-stimulation, activation or lymphocyte homing [16-
20]. A commonly used combination is CD45RA or RO in combination with co-
stimulatory receptor CD27, a member of the TNFα super family. T-cell activation 
induces a shift from CD45RA to CD45RO expression that can be reversed under 
certain conditions. Since research described in this thesis focused on chronic CMV 
infection, we chose to use CD45RO. CD27 expression becomes down regulated 
irreversibly after interaction with its ligand CD70. Based on these two markers, CD8+ 
T cells can be divided into naive CD45RO–CD27+, memory CD45RO+CD27+, 
memory/effector CD45RO+CD27– and effector CD45RO–CD27– CD8+ T cells 
[16,21]. CD4+ T-cell nomenclature differs from CD8+ T-cell subsets in that the 
CD4+CD45RO+CD27– subset is defined as the effector population [22], and the fully 
differentiated CD4+CD45RO–CD27– is a rarely observed subset in healthy 
individuals. Although pathways of T-cell differentiation have been studied 
extensively, their lineage relationship is still not fully understood. Several models 
have been proposed based on linear or divergent pathways, and pathways with 
formation of different memory (and effector) T-cell subsets (reviewed in [23]). 
During chronic viral infections in human, based on the CD45RO/CD27 nomenclature, 
T cells have been reported to differentiate from memory towards effector phenotype 
[21]. 
 
CMV in healthy individuals 
The immune response to CMV appears to be dominated by the pp65 lower matrix 
protein, and in HLA-A2 individuals by the NLVPMVATV epitope of the pp65 lower 
matrix protein specifically [9,10,24]. In combination with CMV lysate, which is 
known to express high levels of pp65, the CD8+ and CD4+ T cell-response against 
CMV can be analysed. In healthy CMV-seropositive individuals, numbers of CMV-
specific CD8+ T cells can be readily detected. They have been shown to be 
heterogeneous for the capability to express IFNγ and perforin [25]. In addition, it has 
been shown that there is a considerable variability over time in both CMV-specific 
IFNγ+CD8+ and IFNγ+CD4+ T-cell responses [26]. Interestingly, a correlation has 
been shown between IFNγ-producing CMV-specific CD4+ versus CD8+ T-cell 
frequencies in healthy donors, but not in asymptomatic CMV-seropositive renal 
transplant recipients who are on standard immunosuppressive drug therapy [27]. In 
addition, CMV-specific tetramer+CD8+ T cells are mainly of CD45RO+CD27+ 
memory phenotype in the majority of healthy donors and patients before renal 
transplantation, although some individuals express predominantly a CD45RO–CD27– 
effector phenotype [27]. Another study has shown that CMV-specific IFNγ-producing 
CD8+ T cells however, are found mainly in CD45RO+CD27– memory/effector or 
CD45RO–CD27– effector subsets [28]. 
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CMV in transplantation 
CMV-specific immune responses are studied in transplantation settings and during 
HIV infection, because it is in these particular conditions that CMV retinitis or other 
end-organ disease occurs mostly. In CMV-seronegative renal transplant recipients, 
specific CD8+ cytotoxic T cells do develop upon primary CMV infection (through a 
CMV-seropositive donor organ), regardless the presence or absence of clinical signs 
and symptoms. However, unlike asymptomatic patients, the CMV-specific IFNγ-
producing CD4+ T cell response does not precede the specific CD8+ T-cell response 
in symptomatic patients, but is delayed until after commencing antiviral therapy [29]. 
During CMV reactivation in immunosuppressed transplant recipients, percentages of 
CMV-specific CD8+ T cells are higher and increased over time, shifting to the 
CD45RO–CD27– effector subset [27]. In CMV-seropositive stem cell transplantation 
patients, it has been described that the presence of a larger fraction of dysfunctional 
CMV-specific CD8+ T cells, and not lower absolute numbers nor frequencies of CD8+ 
or CD4+ T cells, is associated with the risk of CMV-related complications [30].  
 
CMV in HIV-infected patients 
In the natural course of HIV infection, CMV retinitis and/or other end-organ disease 
as an AIDS-defining illness [31,32] occurs particularly when CD4+ T-cell counts fall 
below 50 cells/µl. CMV-specific CD4+ T cells can be detected at higher numbers in 
HIV+ compared to HIV– subjects, and show a Th1-type response [8]. Higher T-cell 
proliferative responses to CMV antigen are associated with decreased risk of CMV 
retinitis [33,34]. CMV-specific CD8+ T cells are also present in high numbers, a large 
proportion expresses effector cytokines [35,36], and they are mainly CD45RO– (+) 
CD27– CD28– CCR7– perforin+ [37-39]. It is still a point of discussion, whether in 
humans CD4+ T-cell help is associated with the activity of cytotoxic T lymphocytes 
(CTLs), as has been shown in animal models and suggested in human studies [37-39]. 
Although CMV-related morbidity and mortality was a major problem in individuals 
progressing to AIDS before the development of highly active anti-retroviral therapy 
(HAART), at the time the experimental work of this thesis started, little was known 
about the CMV-specific immune response. In particular progression to CMV end-
organ disease in HIV-infected individuals who are not treated with HAART, and 
receive no CMV medication, was poorly understood. This thesis provides new 
insights in CMV-specific T-cell responses in these clinical settings. 
 
Scope of the thesis 
In this thesis we aimed to determine immunological factors that may contribute to 
progression to AIDS with CMV end-organ disease. To this end, we analysed 
dynamics of CMV-specific CD8+ and CD4+ T cells in terms of number, function and 
phenotype in the natural course of HIV-1 infection. In chapter 2, dynamics of CMV-
specific CD8+ T cells, studied longitudinally in terms of numbers, and the expression 
of functional molecules IFNγ  as well as perforin and granzyme B, are presented. In 
parallel, analyses of CMV-specific CD4+ T-cell response, with IFNγ production as a 
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read-out, and the measurements of intracellular CMV load in PBMC are described. 
HIV-infected individuals, who progressed to AIDS with CMV end-organ disease, 
were compared to progressors to AIDS without CMV end-organ disease and long-
term asymptomatics in order to determine which cells may play important roles in 
protection from disease progression. Chapter 3 describes the results of continued 
studies of the CD8+ CMV-specific T-cell response in more detail by analysis of a 
panel of frequently used phenotypical markers in order to test if impaired maturation 
of CMV-specific CD8+ T cells contributed to disease development. In addition, we 
aimed to define the phenotype of the total CD4 T-cell population in these HIV-
infected patients to determine what happens to CMV-driven shaping of the immune 
response, as described in HIV-negative CMV-seropositive individuals without CMV 
end-organ disease. Chapter 4 describes the synthesis of MHC class II tetramers in the 
context of HLA-DR3. Two epitopes from different pathogens were covalently linked 
to the HLA-DRB1*0301 β-chain and transfected in Drosophila Schneider cells for 
expression and subsequent protein purification. Since CMV-specific CD4+ T cells 
may play an important role in progression to CMV end-organ disease, the CMV-
specific CD4+ T-cell response was analysed in detail as described in chapter 5. For the 
first time CMV-specific HLA-DR3 tetrameric molecules were used in parallel with 
proliferative capacity, cytokine production (i.e. IFNγ and IL-2) and phenotypic 
analyses. In chapter 6, we present the CMV-specific IFNγ-producing T-cell response 
phenotypically in HIV-infected children with or without continuous CMV shedding. 
In these children, expansions of the total CD45RA+CD27– effector CD8+ T cell 
population correlates with CMV seropositivity as well as CMV shedding. We aimed 
to define if this expansion was due to CMV-specific CD8+ effector T-cell expansions. 
Chapter 7 presents a longitudinal analysis of HIV-, Epstein-Barr virus (EBV)- and 
CMV-specific CD8+ T cells in rapid (i.e. progressors to AIDS) and slow progressors to 
AIDS (i.e. long-term asymptomatics), in order to compare virus-specific CD8+ T-cell 
differentiation. Expression of the phenotypic molecule CD27 as well as the effector 
molecules perforin and granzyme B were measured in relation to viral load. Finally, in 
chapter 8, the results from the different chapters are discussed in the context of 
current literature, culminating in some final concluding remarks.  
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ABSTRACT 
 
Objectives: Since CMV infection can cause serious clinical complications in 
immunocompromised individuals, we assessed cellular immune requirements for 
protection against CMV end-organ disease in HIV-1 infection. 
Methods: Longitudinal samples from HIV-1-infected patients in the Amsterdam 
cohort were analysed. Dynamics of CMV-specific CD8+ and CD4+ T-cell responses 
were analysed by four-colour fluorescence analysis using MHC class I CMV-peptide 
tetramers, and intracellular staining for perforin, granzyme B, and IFNγ after 
stimulation with CMV-specific stimuli. In parallel, CMV load was measured. 
Results: In progressors to AIDS with CMV end-organ disease, CMV-specific 
IFNγ+CD4+ T cells disappeared in the year before onset of CMV end-organ disease. 
This was accompanied by a sharp increase of CMV load prior to onset of disease. 
Despite increasing numbers of CMV-specific CD8+ T cells, decreasing numbers of 
CMV-specific IFNγ-producing CD8+ T cells were found over time. In contrast, the 
fraction of CMV-specific CD8+ T cells that contained perforin and granzyme B 
increased.  
Conclusions: Our data indicate that insufficient help of CD4+ T cells may cause loss 
of IFNγ+CD8+ T cells and loss of control of CMV dissemination. Increasing numbers 
of CMV-infected cells in the face of high numbers of CMV-specific 
perforin+granzyme B+ CD8+ T cells may explain immune pathology characteristic for 
CMV disease. 
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INTRODUCTION 
 
Human cytomegalovirus (CMV) is a persistent β-herpes virus, which infects over 
50% of the human population. After infection, the virus disseminates and remains 
latently present in many tissues of the host [1]. Although asymptomatic in 
immunocompetent hosts, CMV (re)infection or reactivation can cause serious clinical 
complications leading to CMV end-organ disease (CMV-EOD) in 
immunocompromised individuals such as HIV-infected subjects. Cellular immunity is 
thought to play a crucial role in controlling virus replication and prevention of disease 
[1]. In healthy CMV-seropositive individuals, numbers of CMV-specific CD8+ T cells 
can be readily detected that are heterogeneous for the capability to express IFNγ and 
perforin [2]. In addition, it has been shown that there is a considerable variability over 
time in both CMV-specific IFNγ+CD8+ and IFNγ+CD4+ T-cell responses [3].  

In the natural course of HIV infection, CMV-EOD as an AIDS-defining 
illness [4] occurs particularly when CD4+ T-cell counts fall below 50 cells/µl. CMV-
specific CD8+ T cells are present in high numbers, and a large proportion expresses 
TNFα and IFNγ effector cytokines [5,6]. In addition, CMV-specific CD4+ T cells can 
be detected at higher numbers in HIV+ compared to HIV– subjects, and show a Th1-
type response [7]. Higher T-cell proliferative responses to CMV antigen are 
associated with decreased risk of CMV retinitis [8,9]. It has been shown in animal 
models and suggested in human studies that CD4+ T-cell help is associated with the 
activity of cytotoxic T lymphocytes (CTLs) [10]. Komanduri et al [6] have shown an 
association between a decline in CMV-specific CD4+ T-cell frequencies and the 
inability to sustain high levels of CMV-specific CD8+ T cells in patients on potent 
combination antiretroviral therapy. In this study, CMV-specific CD8+ T-cell as well 
as CD4+ T-cell responses were analysed longitudinally in parallel to CMV load in 
both long-term asymptomatics and progressors to AIDS, with or without CMV-EOD 
in the absence of HIV and CMV treatment. These data provide new insights into the 
dynamics of CMV-specific T cells in relation to disease progression.  
 
 
METHODS 
 
Study population 
This study was performed on longitudinal peripheral blood mononuclear cell (PBMC) 
samples from participants of the Amsterdam Cohort Studies on HIV-1 infection and 
AIDS among homosexual men. Informed consent was obtained from all patients, and 
human experimentation guidelines of our institution were followed in the conduct of 
clinical research. All individuals were selected according to their HLA-type (HLA-
A2), which is widespread in the Caucasian population. Ten of the 19 HIV-
seropositive individuals were defined as progressors to AIDS with CMV retinitis 
and/or other end-organ disease (AIDS-CMV), 4 as progressors to AIDS with 
opportunistic infections other than CMV (AIDS-OI), and 5 as long-term 
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asymptomatics with more than 7 years of asymptomatic follow-up and CD4 counts > 
400/µl (classification of the Centres for Disease Control 1993). None of the 
individuals received anti-(retro)viral therapy during the study period. For the AIDS-
CMV group, time points were studied from just after HIV seroconversion or study 
entry up to CMV diagnosis. The earliest time point studied in the AIDS-OI and the 
long-term asymptomatics groups was between 1 and 2 years after HIV 
seroconversion. The latest time point studied for AIDS-OI was on average 5 years 
(around the time of AIDS diagnosis) and for long-term asymptomatics 10 years after 
HIV seroconversion. Characteristics of the study participants are summarised in Table 
1.  
 
HLA-class I tetramer staining in parallel with intracellular IFNγ staining after 
antigen-specific stimulation 
It has been well characterised that the immune response to CMV in HLA-A2 
individuals is dominated by the NLVPMVATV (NLV) epitope of the pp65 lower 
matrix protein [11,12]. HLA-A2 NLVPMVATV peptide-tetrameric complexes were 
produced, and four-colour fluorescence analysis was performed as described 
previously [13]. Briefly, PBMC were stained with HLA-A2-NLV tetramers. After 
fixation and permeabilisation (Becton Dickinson reagents, hereafter BD, San José, 
California, USA), cells were stained (intracellularly) with fluorochrome-conjugated 
monoclonal antibodies (mAb) against CD8, perforin (BD) and granzyme B (Sanquin 
Reagents, Amsterdam, the Netherlands). In parallel, PBMC were stimulated either 
with 10 µg/ml of NLVPMVATV peptide, or with CMV lysate (BioWhittaker, 
Walkersville, USA; 60 µl/ml or Microbix Biosystems, Toronto, Canada; 10 µl/ml) in 
the presence of 2 µg/ml anti-CD28 (Sanquin Reagents) and CD49d (BD) mAb at 
37°C for 6 hours. After 1.5 hours, 5% (w/v) monensin was added [13]. As a positive 
control for the capacity of PBMC to produce IFNγ, phorbol myristate acetate (PMA) 
and ionomycin (Sigma-Aldrich, Zwijndrecht, the Netherlands; 5 ng/ml and 1 µg/ml 
respectively) were added. Unstimulated cells were used as a negative control. Cells 
were placed at 4ºC overnight, after which they were stained as described above with 
mAb against CD8, and IFNγ (BD), or CD4, CD3 (BD), and IFNγ. Cells were fixed in 
Cellfix (BD), and up to 400,000 events acquired using a FACSCalibur flow cytometer 
(BD). Lymphocytes were gated by forward-sideward scatter, and data were analysed 
using the software programme CELL Quest 3.3 (BD). In case of IFNγ measurements, 
the number of responding T cells was calculated after subtracting negative control 
values. Data are expressed in absolute numbers per µl blood, to take into account that 
during HIV infection and progression to AIDS, total CD4+ T-cell numbers drop 
dramatically. 
 
Viral load determination 
CMV viral load was determined in PBMC with the COBAS AMPLICORTM CMV 
MONITOR KIT (Roche Diagnostics, Almere, the Netherlands) as described 
previously [14]. In short, PBMC in lysis buffer were added to the lysis reagent that
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contained a quantitation standard. DNA was precipitated with isopropanol, and 
pelleted by centrifugation. The pellet was washed, and resuspended in specimen 
diluent. The extracted sample was added to PCR Master Mix and placed in the 
COBAS AMPLICOR instrument for automated amplicification, detection and 
quantification of CMV DNA. The detection limit is 100 copies. Copy numbers 
between 1 and 100 are considered to be positive, but cannot be quantitated.  
 
Statistical analysis 
Wilcoxon signed rank tests were performed to compare values at early and late time 
points, within patient groups. Differences between the patient groups were analysed 
using the Mann-Whitney test. Correlations were tested using the Spearman’s non-
parametric correlation test. All statistical analyses were performed using the software 
programme SPPS 10.00 (SPSS Inc., Chicago, Illinois, USA). 
 
 
RESULTS 
 
Numbers of CMV-specific CD8+ T cells increase over time prior to onset of 
CMV-EOD 
HLA-A2-NLV tetramers were used to determine CMV-specific CD8+ T-cell 
numbers. Figure 1 shows the results of all time points in the AIDS-CMV group. To be 
able to analyse the data, early time points as defined as the earliest time point after 
HIV seroconversion or study entry, and late time points, on average 10 years after 
HIV seroconversion for long-term asymptomatics, 5 years after HIV seroconversion 
for progressors to AIDS-OI, and time points between 5 and 11 months before CMV 
end-organ disease for progressors to AIDS-CMV were analysed (Figure 2).  

In long-term asymptomatics (Figure 2a), numbers of A2-NLV-tetramer+CD8+ 
T cells were readily detected, which increased significantly during follow-up (median 
8.51 to 49.33/µl; p=0.043*, Wilcoxon). Progressors to AIDS-OI (Figure 2a) had 
relatively low and stable numbers of A2-NLV-tetramer+CD8+ T cells (median 0.73 to 
1.39/µl; p=1.000, Wilcoxon). Interestingly, in progressors towards AIDS-CMV 
(Figures 1a and 2a), like in long-term asymptomatics, A2-NLV-tetramer+CD8+ T cells 
were detected at high and increasing numbers (median 8.77 to 21.58/µl; p=0.093, 
Wilcoxon). Both long-term asymptomatics and progressors to AIDS-CMV contained 
more A2-NLV-tetramer+CD8+ T cells than the progressors to AIDS-OI early 
(p=0.050* and p=0.024* respectively, Mann-Whitney) and late (p=0.014* and 
p=0.005* respectively, Mann-Whitney) in HIV infection.  
 
Lack of IFNγ-producing CMV-specific CD8+ T cells within progressors to AIDS-
CMV 
To investigate responsiveness of the CMV-specific CD8+ T cells, the number of 
IFNγ-producing CD8+ T cells was measured using intracellular IFNγ staining, after 
stimulation with NLV peptide. In long-term asymptomatics (Figure 2b), IFNγ+CD8+ 
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Figure 1. Dynamics of CMV-
specific CD8+ T cells, CD4+ T 
cells and CMV load in the course 
of HIV-1 infection in progressors 
to AIDS-CMV. T-cell responses 
were analysed in progressors to 
AIDS-CMV. Patient samples were 
analysed for a) numbers of A2-
NLV-tetramer+CD8+ T cells/µl 
blood; b) numbers of IFNγ+CD8+ T 
cells/µl blood after stimulation with 
NLV peptide; c) percentage of 
perforin+granzyme B+ cells within 
A2-NLV-tetramer+CD8+ T cells; d) 
numbers of IFNγ+CD4+ T cells/µl 
blood after stimulation with CMV 
lysate; and e) CMV load in 
copies/106 PBMC (dotted line 
represents detection limit). X-axis 
indicates time in months. Due to the 
variation with respect to the time to 
CMV end-organ disease (e.g. light 
blue versus green line in Figure 1a), 
the data is plotted retrospectively 
from the time of onset of CMV end-
organ disease. Each colour 
represents the same patient in 
different analyses. 
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Figure 2. Comparison of early and late time points of CMV-specific T-cell responses 
between groups. Early and late time points from the longitudinal data of long-term 
asymptomatics (left column), progressors to AIDS-OI (middle column) and progressors to 
AIDS-CMV (right column) were compared using the Wilcoxon test. The two-tailed p-values 
are depicted in the upper right or left corner of the graphs. Depicted are a) numbers of A2-
NLV-tetramer+CD8+ T cells/µl blood; b) numbers of IFNγ+CD8+ T cells/µl blood after 
stimulation with NLV peptide; c) percentage of IFNγ+ cells within A2-NLV-tetramer+CD8+ T 
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cells; d) percentage of perforin+granzyme B+ cells within A2-NLV-tetramer+CD8+ T cells; and 
e) numbers of IFNγ+CD4+ T cells/µl blood after stimulation with CMV lysate. In long-term 
asymptomatics, the upper graph is depicted with a scale from 0 to 80 cells/µl blood and the 
lower graph with a scale from 0 to 6 cells/µl, like the other graphs of AIDS-OI and AIDS-CMV, 
for better comparison. Dots represent individual patients and the median is shown as a bar. 
 
 
T cells could be detected (median 2.82 to 17.22/µl; p=0.138, Wilcoxon), whereas 
IFNγ+CD8+ T cells in progressors to AIDS-OI (Figure 2b) were present at low 
numbers (median 0 to 0.68/µl; p= 0.109, Wilcoxon). In progressors to AIDS-CMV 
(Figures 1b and 2b), IFNγ+CD8+ T-cell numbers increased towards, but dropped 
before the time of CMV event (median 0 to 2.25/µl; p=0.327, Wilcoxon). In the 
cumulative data from all individuals, correlations were found between the number of 
A2-NLV-tetramer+CD8+ T cells and IFNγ+CD8+ T cells both early (ρ=0,826, p<0.01*, 
Spearman’s) and late (ρ=0.787, p<0.01*, Spearman’s; data not shown).  

As depicted in Figure 2c, percentages of IFNγ-producing cells within A2-
NLV-tetramer+CD8+ T cells were lowest at the late time point in progressors to 
AIDS-CMV (median 6%) compared to long-term asymptomatics (median 28%) or 
progressors to AIDS-OI (median 58%), and differed at the late time point between 
long-term asymptomatics and progressors to AIDS-CMV (p=0.019*, Mann-Whitney). 
Thus, despite high numbers of CMV-specific A2-NLV-tetramer+CD8+ T cells before 
onset of CMV-EOD, a relatively low proportion of these cells was able to produce 
IFNγ after stimulation with peptide. 
 
Percentage of perforin and granzyme B expressing CMV-specific CD8+ T cells 
increases to high levels in progressors to AIDS-CMV 
To investigate potential cytotoxic capacity of the CMV-specific A2-NLV-
tetramer+CD8+ T cells, perforin and granzyme B expression within these cells was 
analysed. In all patient groups, percentages of single perforin+ T cells were low, 
whereas single granzyme B+ T cells were detected abundantly in the CMV-specific 
CD8+ T cells (data not shown). In addition, perforin–granzyme B– T cells could be 
detected in all groups. In long-term asymptomatics (Figure 2d), high percentages of T 
cells expressing both perforin and granzyme B were detected (median 24.40 to 
43.75%; p=0.138, Wilcoxon). In progressors to AIDS-OI (Figure 2d) these 
percentages were lower and stable (median 19.45 to 19.89%; p=1.000, Wilcoxon). 
For progressors to AIDS-CMV (Figures 1c and 2d), the fraction of these cells started 
at similar percentages as the progressors to AIDS-OI, and increased towards onset of 
CMV-EOD (median 22.75 to 54.73%; p=0.080, Wilcoxon). Within all individuals, 
the number of A2-NLV-tetramer+CD8+ T cells and perforin+granzyme B+ A2-NLV-
tetramer+ T cells correlated significantly (early, ρ=0,990, p<0.01*, Spearman’s; late, 
ρ=0.884, p<0.01*; data not shown). Interestingly, at the late time point, progressors to 
AIDS-OI had significantly lower percentages of perforin+granzyme B+ CMV-specific 
CD8+ T cells compared to progressors to AIDS-CMV (p=0.050*, Mann-Whitney). 
Thus, even though in progressors to CMV-EOD a relatively low fraction of CMV-
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specific CD8+ T cells was capable of producing IFNγ, expression of the cytotoxic 
molecules perforin and granzyme B was not impaired. 
 
IFNγ-producing CMV-specific CD4+ T cells are lost in the year before the first 
CMV-associated clinical event 
CMV-specific CD4+ T cells were studied using intracellular IFNγ expression after 
stimulation with CMV lysate. In long-term asymptomatics (Figure 2e), IFNγ+CD4+ T 
cells were readily detected (range 0 to 75.58/µl), and stable (median 0.88 to 0.11/µl, 
p=0.893, Wilcoxon). In progressors to AIDS-OI (Figure 2e), IFNγ+CD4+ T cells 
could be detected though at lower numbers (median 0.08 to 0.51/µl, p=0.285, 
Wilcoxon). Remarkably, in progressors to AIDS-CMV (Figures 1d and 2e), even 
though IFNγ+CD4+ T-cell numbers could be detected early in infection (range 0 to 
2.71/µl), they dropped significantly over time from a median of 0.30 to 0/µl 
(p=0.028*, Wilcoxon). However, no correlation could be found in the HIV+ data 
between numbers of IFNγ+CD8+ T cells and IFNγ+CD4+ T cells. Also, absolute CD4+ 
T-cell number and number of IFNγ+CD8+ T cells did not correlate. 

The disappearance of IFNγ+CD4+ T cells in progressors to AIDS-CMV could 
not be explained by an absolute lack of responsiveness of CD4+ T cells, since 
stimulation with PMA and ionomycin readily induced IFNγ expression by CD4+ T 
cells both in absolute numbers and percentages (data not shown). Thus, the 
disappearance of IFNγ-producing CMV-specific CD4+ T cells in progressors to 
AIDS-CMV was associated specifically with the development of CMV disease. 
 
CMV load can be detected a few months prior to the onset of CMV-EOD 
To investigate the role of CMV replication, CMV load was measured in a large 
number of PBMC samples. No CMV load was detectable in long-term 
asymptomatics. In progressors to AIDS-OI, CMV load was detected in a few samples 
at the later time points, but too low to be quantified (data not shown). In all 
progressors to AIDS-CMV, CMV load was detectable. In 8 out of 10 individuals, 
CMV load could be quantified in samples obtained in the year before the onset of 
CMV-EOD, and ranged from 148 to 18184 copies per 106 PBMC (median 439 copies 
per 106 PBMC; Figure 1e). Although CMV load did not correlate with the CMV-
specific CD8 or CD4 response, it did relate to disease progression, since only in 
progressors to AIDS-CMV, load could be detected in quantifiable amounts.  
 
 
DISCUSSION 
 
In this study, longitudinal samples from long-term asymptomatics, progressors to 
AIDS-OI, and progressors to AIDS-CMV were analysed in terms of CMV-specific 
CD8+ and CD4+ T-cell responses in parallel to CMV load in PBMC in order to 
investigate which factors might contribute to CMV-associated disease progression.  
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Staining with HLA-A2-NLV tetramers clearly showed that CMV-specific A2-
NLV-tetramer+CD8+ T cells were present in all individuals, and increased over time 
both in long-term asymptomatics and progressors to AIDS-CMV. These increasing 
numbers of CMV-specific T cells may be induced by episodes of CMV reactivation. 
CMV load was indeed detectable and much increased in the AIDS-CMV group prior 
to CMV diagnosis. This may suggest that long-term asymptomatics are successful at 
keeping the CMV load below detection limits during follow-up, whereas progressors 
to AIDS-CMV fail to control CMV replication. Progressors to AIDS-OI were shown 
to have low numbers of CMV-specific T cells, which fits the low numbers of virus-
specific T cells in general [15,16]. This may be explained by a lower capacity to 
proliferate in response to viral antigens as has been shown for HIV-specific CD8+ T 
cells [17]. As very low levels of CMV DNA were detectable at some of the later time 
points, and no clinical CMV-related symptoms were observed, this suggests that 
CMV reactivation may simply be less severe despite the low numbers of CMV-
specific CD8+ T cells.  

We used IFNγ as a functional read-out, and showed in progressors to AIDS-
CMV much lower percentages of IFNγ+CD8+ T cells within A2-NLV-tetramer+CD8+ 

T cells compared to progressors to AIDS-OI and long-term asymptomatics, 
suggesting CMV-specific CD8+ T-cell dysfunction. Indeed, in three HIV-1-infected 
individuals with low or no CD4+ T cells at all, also dysfunction of HIV and CMV-
specific CD8+ T cells was shown [18]. Likewise, this has been described for HIV-
specific CD8+ T-cells in individuals progressing to AIDS [19], and for EBV-specific 
CD8+ T-cells in HIV-1-infected individuals progressing to AIDS-related non-
Hodgkin lymphoma [15]. In contrast, the percentages of perforin and granzyme B 
double positive CMV-specific CD8+ T cells were highest in progressors to AIDS-
CMV, indicating that these individuals do have a substantial number of CTLs with 
cytotoxic capacity [5].  

Low numbers of IFNγ-producing CMV-specific CD8+ T cells in combination 
with high numbers of both perforin and granzyme B expression, indicates that in 
CMV-specific T cells, IFNγ release and perforin and granzyme B expression are not 
necessarily linked [20]. As CMV is a typical cytopathic virus [1], that has been shown 
to depend more on the antiviral effect of cytokines like IFNγ and TNFα, than on the 
perforin-dependent granule exocytosis pathway [21], the decreased IFNγ-producing 
capacity of the CMV-specific cells may well be crucial.  

The most conspicuous observation in this study was that in the progressors to 
AIDS-CMV, CMV-specific IFNγ+CD4+ T cells disappeared in the year before onset 
of CMV-EOD suggesting that CMV-specific IFNγ+CD4+ T cells could play an 
important role in protection from CMV-EOD. Dysfunction of CTL (in terms of IFNγ  
and memory B cells was shown to be associated with SIV-induced impairment of 
CMV-specific CD4+ T helper cells in rhesus macaques [22], and CMV-specific IFNγ 
has been shown to act as an immunological predictor of CMV control [23]. However, 
no correlation was found between numbers of IFNγ-producing CD8+ and CD4+ T 
cells as has been shown in healthy donors, but not in asymptomatic CMV-seropositive 



Chapter 2 
_____________________________________________________________________ 

28 

renal transplant recipients who are on basic immunosuppressive drug therapy [24]. 
Possibly, the IFNγ produced by the CMV-specific CD4+ T cells may well have a role 
in controlling CMV directly, like IFNγ produced by the CD8+ T cells. 

In conclusion, our data show that progressors to AIDS-CMV lose CMV-
specific IFNγ+CD4+ T cells in the year before onset of CMV-EOD, in parallel with a 
sharp increase in load. CMV-specific CD8+ T cells remain in high numbers, with a 
high proportion of these cells expressing perforin and granzyme B, and a low 
proportion producing IFNγ. The decrease in IFNγ production in the CD8 
compartment may be due to insufficient CD4 Th1 cells, and may allow for CMV 
dissemination. High viral load leads to high numbers of virus-infected cells and 
induces high numbers of perforin+granzyme B+A2-NLV-tetramer+CD8+ T cells. 
These high numbers of cytotoxic T cells in combination with the large numbers of 
infected cells, may lead ultimately to disease in the organ(s) infected, irrespective of 
the type of CMV-EOD (data not shown). Our data suggests that the balance between 
CD4+ T cells, CD8+ T cells, IFNγ and perforin/granzyme B is very important to 
control CMV replication and prevent virus-associated immune pathology.  
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ABSTRACT 
 
Since CMV-specific T cells have been shown to generally express an advanced state 
of differentiation, we investigated whether these mature CMV-specific T cells are 
sustained in HIV-infected patients, who are not treated with HAART, receive no 
CMV medication, but do progress to AIDS with CMV end-organ disease (AIDS-
CMV). CD8+ and CD4+ T-cell phenotype was studied in these patients in comparison 
with long-term asymptomatic HIV-infected individuals, progressors to AIDS without 
CMV end-organ disease as well as CMV-seropositive HIV-negative controls. CMV-
specific CD8+ T cells from progressors to AIDS-CMV expressed markers typical of 
highly differentiated effector T cells, being CCR7–, CD27– CD45RO+/–, with high 
CD57 expression and increased Ki67 expression, compatible with functional effector 
cell capabilities. In addition, CD4+ T cells with the characteristic CD27–CD28– 
phenotype previously shown to be induced by CMV infection specifically, were 
found in very high numbers in the HIV+ individuals, but the highest in progressors to 
AIDS-CMV just before onset of disease. Also the normally rare CD45RO–CD27–

CD4+ subset increased significantly, whereas the CD45RO–CD27+CD4+ subset 
decreased. Our data show that in patients progressing to AIDS-CMV, CMV-specific 
CD8+ T cells have expanded and are fully differentiated to mature functional effector 
T cells. These cells are not protective apparently, but may contribute to tissue-
associated immunopathology characteristic of these clinical conditions. 
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INTRODUCTION 
 
Cytomegalovirus (CMV) infection can lead to serious disease when the virus 
reactivates in immunocompromised individuals such as HIV-infected patients. CD8+ 
T cells are thought to play an important role in control of CMV reactivation (reviewed 
by [1]), and can be classified by functional and phenotypic characteristics. A widely 
accepted model uses the expression of CD27 and CD45RO to define naive 
(CD27+CD45RO–), memory (CD27+CD45RO+), memory/effector (CD27–CD45RO+) 
and effector (CD27–CD45RO–) CD8+ T cells [2,3]. Recently, however, other 
molecules have been studied extensively in this context, such as CC-chemokine 
receptor 7 (CCR7), a marker for migration to the lymph nodes [4,5], CD57, a marker 
implied in late memory, replicative senescence, but also antigen-induced apoptosis [6-
-8], CD28, a co-stimulatory molecule [9], and the proliferation marker Ki67 [10]. 
This led to proposals of more extended and complex models to define various CD8+ 
T-cell subsets [4,11-13]. CD4+ T-cell nomenclature differs from CD8+ T-cell subsets. 
In CD4+ T cells, the CD27–CD45RO+ subset is defined as the effector population 
[14], and can be divided in T helper 1 (Th1) and Th2 cells based on their cytokine 
production profiles [15].  

There has been speculation about different T-cell maturation pathways for 
different viruses [12,16], as well as impaired maturation leading to dysfunction of T 
cells and subsequent clinical complications [17-19]. CMV-specific T cells have been 
shown to differentiate to CD45RO–CD27–CCR7–, whereas for other viruses such as 
HIV, EBV and HCV, it has been suggested that they consist mainly of 
CD45RO+CD27+CCR7– T cells [11,12,20], suggesting that different viruses induce T 
cells with different phenotypes. In contrast, HIV-specific CD8+ T cells have been 
shown to be more differentiated in long-term non-progressors [21] and individuals 
controlling viral replication [22], and EBV-specific CD8+ T cells display a less 
mature phenotype in individuals progressing to EBV-related malignancies [21]. These 
data suggest that the expression pattern of phenotypic markers is associated with 
progression to disease [13].  

CMV seropositivity has been shown to be related to expansion of 
CD45RA+CD27–CD8+ T cells both in healthy as well as in HIV+ children [23] 
(Bekker et al, submitted). Likewise, expansions of CD57+CD28–CD8+ T cells in 
healthy and HIV+ adults have been related to CMV seropositivity [24-26], as were 
expansions of CD28–CD4+ T-cell populations in renal transplant recipients [27] as 
well as in RA patients [28]. These findings suggest that CMV is responsible for 
shaping the T-cell population in a particular fashion.  

To clarify if impaired maturation of CMV-specific CD8+ T cells could play a 
role in disease development, we investigated whether the advanced state of 
differentiation generally observed for CMV-specific T cells is reached in HIV-
infected patients who are not treated with HAART, receive no CMV medication, but 
do progress to AIDS with CMV end-organ disease. In addition, we related our 
findings to the CD27–CD28–CD4+ T-cell population within the settings of HIV and 
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CMV co-infection. Comparing T-cell phenotypes in this unique group of patients to 
long-term asymptomatic HIV-infected individuals and progressors to AIDS without 
CMV end-organ disease as well as CMV-seropositive HIV-negative controls enabled 
us to characterise CMV-specific T cells in the natural course of HIV infection and 
progression to CMV-related disease.  
 
 
METHODS 
 
Study population 
This study was performed on longitudinal peripheral blood mononuclear cell (PBMC) 
samples from participants of the Amsterdam Cohort Studies on HIV-1 infection and 
AIDS among homosexual men. In comparison, 10 HIV-seronegative, CMV IgG-
seropositive individuals were analysed cross-sectionally. All individuals were selected 
according to their HLA-type (HLA-A2). Six of the 16 HIV-seropositive individuals 
were defined as progressors to AIDS with CMV retinitis and/or other end-organ 
disease (AIDS-CMV), 5 as progressors to AIDS, but without CMV end-organ 
disease, and 5 as long-term asymptomatics (LTA) with more than 7 years of 
asymptomatic follow-up and CD4 counts > 400/µl (classification of the Centres for 
Disease Control 1993), and without CMV end-organ disease. None of the individuals 
received anti-(retro)viral therapy during the study period. For the AIDS-CMV group, 
an early time point just after HIV seroconversion or study entry was compared with a 
late time point between 5 to 8.5 months before CMV diagnosis. The early time point 
studied in the progressor and LTA groups was between 1 and 2 years after HIV 
seroconversion. The late time point studied was on average 5 years (around the time 
of AIDS diagnosis) in progressors, and 10 years after HIV seroconversion for LTA. 
Group characteristics of the study participants are summarised in Table 1.  
 
HLA-class I tetramer staining in combination with phenotypic markers 
It has been well characterised that the immune response to CMV in HLA-A2 
individuals is dominated by the NLVPMVATV epitope of the pp65 lower matrix 
protein [29-31]. HLA-A2 NLVPMVATV peptide-tetrameric complexes were 
produced, and four-colour fluorescence analysis was performed as described 
previously [32,33]. Briefly, PBMC were stained with HLA-A2-NLV tetramers. 
Subsequently, cells were stained extracellulary with fluorochrome-conjugated 
monoclonal antibodies (mAb) against CD8 (Becton Dickinson, hereafter BD, San 
José, California, USA) and combinations of CD45RO (DAKO cytomation Inc, 
Carpinteria, California, USA), CD27, CD57 (BD) (followed by fluorochrome-
conjugated anti-mouse IgM; Southern Biotech), CCR7 (BD), CD27, CD45RA 
(Sanquin Reagents, Amsterdam, the Netherlands), or, after fixation and 
permeabilisation (BD reagents), cells were stained intracellularly with fluorochrome-
conjugated monoclonal antibodies (mAb) against Ki67 (DAKO). In parallel, PBMC 
were stained with CD4, CD28 (BD), CD45RO (DAKO) and CD27-biotin (Sanquin 
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Reagents) followed by streptavidin-APC (BD). Cells were fixed in Cellfix (BD), and 
at least 300,000 events were acquired using a FACSCalibur flow cytometer (BD). 
Lymphocytes were gated by forward-sideward scatter, and data were analysed using 
the software programme CELL Quest (BD). 
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Statistical analysis 
Wilcoxon tests were performed to compare values at early and late time points, within 
patient groups. Differences between the patient groups were analysed using the 
Mann-Whitney test. Correlations were tested using the Spearman’s non-parametric 
correlation test. All statistical analyses were performed using the software programme 
SPPS 11.5 (SPSS Inc., Chicago, Illinois, USA).  
 
 
RESULTS 
 
Ki67 expression within CMV-specific CD8+ T cells increases over time prior to 
onset of CMV end-organ disease 
Staining with HLA-A2-NLV tetramers (Figure 1A) confirmed our previous findings 
[34] that CMV-specific CD8+ T cells increase over time prior to onset of CMV end-
organ disease in progressors to AIDS-CMV (median 1.07 to 4.80%; Figure 1A), and 
in LTA (median 1.98 to 3.17%). Progressors to AIDS without CMV end-organ 
disease were generally low (median 0.19 to 0.17%).  

To study whether increases in CMV-specific CD8+ T cells are associated with 
increased proliferation, Ki67 expression was measured intracellularly. Within the 
tetramer+CD8+ T cells, the highest increase in Ki67 expression (Figure 1B; see also 
Figure 2 and Table 2) was found in the progressors to AIDS-CMV (median 3.42 to 
8.86%; p=0.028*, Wilcoxon), which fits with the highest increase of CMV-specific T 
cells found in the progressors to AIDS-CMV in Figure 1A. In LTA, the percentage of 
Ki67 remained constant (median 2.56 to 3.07%; p=0.686, Wilcoxon), despite an 
increase in tetramer+CD8+ T cells. Progressors to AIDS without CMV end-organ 
disease also showed an increase in Ki67 expression (median 3.11 to 6.58%; p=0.043*, 
Wilcoxon), but this was not reflected in significantly higher percentages of CMV-
specific CD8+ T cells. In comparison, Ki67-expressing CMV-specific CD8+ T cells 
could also be detected in the HIV-negative control group with a median of 5.44%. 
Ki67 expression in the total CD8+ T-cell population could also be clearly detected 
(Figure 1C) and might well be related to the chronic immune activation observed in 
HIV-infected individuals [35]. Overall, it is clear that in the AIDS-CMV group, the 
large expansion of CMV-specific CD8+ T cells was accompanied by significantly 
increased Ki67 expression. 
 
CMV-specific CD8+ T cells are CCR7– and downregulate CD27 over time prior 
to onset of CMV end-organ disease 
To study differentiation and maturation of CMV-specific CD8+ T cells, we 
investigated CMV-specific CD8+ T cells for the expression of CCR7 as well as CD27 
and CD45RO (Figures 2A and B and Table 2). Percentages of CCR7-expressing 
CMV-specific CD8+ T cells were very low in all individuals, including progressors to 
AIDS-CMV (median 1.64 to 0.54% CCR7+). This indicates that CMV-specific CD8+  
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Figure 1. Early and late CMV-specific CD8+ T-cell responses. T-cell responses were 
analysed cross-sectionally in healthy HIV-negative donors (left column). Early and late time 
points from the longitudinal data of LTA (middle left column), progressors to AIDS without 
CMV end-organ disease (middle right column) and progressors to AIDS-CMV (right column) 
were compared. Depicted are a) percentages tetramer+ within CD8+ T cells; b) percentages 
Ki67+ within tetramer+CD8+ T cells; c) percentages Ki67+ within total CD8+ T cells; d) 
percentages CD27– within tetramer+CD8+ T cells. Dots represent individual patients and the 
median is shown as a bar. The p-values from Wilcoxon tests are depicted in the upper left 
corner of the graphs. 
 
 
T cells in HIV infection are of the effector memory phenotype, capable of homing to 
tissues to exert their effector functions. 
 In LTA, CD27 was downregulated already early in HIV infection (median 
68.78 to 72.18% CD27–; p=0.080, Wilcoxon; Figure 1D). In progressors to AIDS 
without CMV end-organ disease, the CD27 expression overall remained higher (54.49 
to 59.65% CD27–; p=0.138, Wilcoxon). In progressors to AIDS-CMV, CD27 was 
downregulated significantly to levels similar to the LTA group (median 44.24 to 
75.19% CD27–; p=0.028*, Wilcoxon).  
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Figure 2. FACS analysis of CMV-specific CD8+ and total CD4+ T-cells. PBMC of a 
progressor to AIDS with CMV end-organ disease were stained with HLA-A2 tetrameric 
complexes loaded with CMV immunodominant NLV peptide, mAb to CD8; and either: mAbs 
to CD45RO and CD27; CD27 and CD57; CD45RO and CCR7; CD45RO and CD45RA; and 
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Ki67 and CD57 respectively in order to analyse the percentages of subsets within 
tetramer+CD8+ T cells at an early (A) and late (B) time point; Simultaneously, these same 
PBMCs were stained for total CD4+ T-cell subsets, with mAbs to CD27, CD45RO and CD28, 
again at an early (C) and late (D) timepoint. Numbers indicate percentages of CMV-specific 
CD8+ T cells or CD4+ T cells respectively in the four quadrants. Note: in CMV-specific CD8+ 
T-cell subsets based on CD45RO and CD27, naive CD45RO–CD27+ bright T cells are depicted 
in the lower right quadrant, memory CD45RO+CD27+ T cells in the upper right quadrant, 
memory/effector CD45RO+CD27– T cells in the upper left quadrant and effector CD45RO–

CD27– T cells in the lower left quadrant.  
 
 

CMV-specific CD8+ T cells in the progressors to AIDS-CMV progressed from 
mainly a CD45RO+CD27+ memory phenotype towards a CD45RO+CD27– 
memory/effector and CD45RO–CD27– effector phenotype (Figures 2A and B), 
whereas the progressors to AIDS without CMV end-organ disease progressed no 
further than the CD45RO+CD27– memory/effector phenotype (data not shown). This 
was reflected in the percentages of the CD45RO–CD27– effector CD8+ T-cell subset, 
which decreased in both LTA and progressors to AIDS without CMV end-organ 
disease (median 52.80 to 48.70% in LTA; median 32.12 to 20.23% in progressors), 
whereas these showed a significant increase in progressors to AIDS-CMV (median 
28.78 to 38.43%; p=0.028*, Wilcoxon; data not shown). Thus, CMV-specific CD8+ T 
cells do seem to be able to differentiate to a fully mature effector phenotype in 
progressors to AIDS-CMV. 
 
High CD57 expression on CMV-specific CD8+ T cells 
Since CD57 has been implied as a marker for replicative senescence, but also as a 
marker for antigen-induced apoptosis of CD8+ T cells in chronic persistent viral 
infections, we aimed to investigate CD57 expression on CMV-specific CD8+ T cells. 
Interestingly, in progressors to AIDS without CMV end-organ disease, the highest 
percentages of CD57-expressing cells were seen in HIV infection, both early and late 
(median 77.94 to 84.87% CD57+; Table 2). CMV-specific CD8+ T cells from the LTA 
and AIDS-CMV group generally showed lower CD57+ percentages (median 55.55 to 
60.63% CD57+ in LTA; median 61.33 to 65.70% CD57+ in AIDS-CMV), as 
compared to the HIV-negative controls (around 60.26% CD57-expressing cells).  

Within the CD27– CMV-specific CD8+ T-cell subset, median percentages of 
CD57-expressing cells seemed slightly higher in HIV-negative controls (median 
68.91%), progressors (median 82.61 to 84%), and LTA (median 57.14 to 62.16%). 
Even though percentages of CD57 expression within CD27– CMV-specific CD8+ T 
cells in the AIDS-CMV group seemed to start of slightly higher, like the other groups, 
at the late time point percentages of CD57 expression did remain stable or decreased 
(median 72.74 to 66.55% CD57+; data not shown). These data thus suggest that in 
progressors to AIDS-CMV, CMV-specific CD8+ T cells had not become replicative 
senescent to a greater extent as in the LTA and other progressors. 
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As expected, CD57 expression was significantly higher in the CD27– subset 
compared to the CD27+ subset, (early: median 68.92 vs. 49.98%; p=0.000, Wilcoxon; 
late: median 65.54 vs. 61.71%; p=0.004, Wilcoxon; Figure 3A). Analysis of Ki67 



Differentiation of T cells in CMV end-organ disease 
_____________________________________________________________________ 

41 

expression within CD57+ or CD57– CMV-specific CD8+ T-cell subsets, indicated that 
both subsets expressed Ki67, thus suggestive of cells in division. At the late time 
point Ki67 expression was significantly higher in the CD57– versus the CD57+ subset 
(early: 4.87 vs. 2.02%; p=0.115, Wilcoxon; late: 13.25 vs. 3.84%; p=0.000; Figure 
3B). Surprisingly, in HIV-negative healthy controls, Ki67 expression was enhanced in 
the CD57+ versus the CD57– subset in 8 out of 10 individuals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. CD57 and Ki67 expression within subsets of CMV-specific CD8+ T cells. A) 
Percentages CD57+ cells within either CD27+ or CD27– tetramer+CD8+ T cells, either the early 
or late timepoint, or only in HIV-negative healthy controls. B) Percentages Ki67+ cells within 
either CD57+ or CD57– tetramer+CD8+ T cells, either the early or late timepoint, or only in HIV-
negative healthy controls. Dots represent individual patients: black circles represent LTA, 
grey circles represent progressors to AIDS without CMV end-organ disease, white circles 
represent progressors to AIDS-CMV, and triangles represent HIV-negative healthy controls. 
The p-values from Wilcoxon tests are depicted above the graphs. 
 
 
Expansions of CD27–CD45RO– and CD27–CD28– CD4+ T cells prior to onset of 
CMV end-organ disease 
Since CMV infection has been implicated in shaping of the CD4+ T-cell pool, we 
investigated CD4 subsets within the setting of HIV and CMV co-infection (Figures 
2C and D). In HIV-negative CMV-seropositive healthy controls, percentages of 
CD27–CD28–CD4+ T cells were around 2.90% (Figure 4A). In LTA, the percentages 
of CD27–CD28– within the total CD4 population increased over time in 4 out of 5 
patients (median 9.07 to 30.10% CD27–CD28–; p=0.080, Wilcoxon). In progressors, 
the percentages increased as well but to a much lesser extent (median 3.83 to 9.96%; 
p=0.080, Wilcoxon). Remarkably, percentages of CD27–CD28– increased the most in 
progressors to AIDS-CMV (median 5.44 to 43.99%; p=0.028*, Wilcoxon).  
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In addition, we found relatively high percentages of CD45RO–CD27– CD4+ T 
cells in all HIV+ individuals, which are rare within the CD4+ T-cell population in 
healthy individuals. In LTA, the percentages tended to increase over time (median 
3.22 to 9.87%; p=0.080, Wilcoxon; Figure 4B) whereas in progressors they remained 
stable (median 2.96 to 2.52%; p=0.225, Wilcoxon). In line with the CD27–CD28– 
data, progressors to AIDS-CMV significantly increased in percentages of CD45RO–

CD27– ”effector” CD4+ T cells (median 2.86 to 20.58%; p=0.028*, Wilcoxon). The 
increase in this normally rare CD4+ subset was paralleled by a decrease in naive CD4+ 
T cells in almost all HIV+ individuals. In LTA, the percentages dropped from a 
median of 39.55 to 18.62% (p=0.043*, Wilcoxon; Figure 4C), while these remained 
relatively high at 33.74% in progressors without CMV end-organ disease. In 
progressors to AIDS-CMV however, the percentages decreased sharply from a 
median of 37.98 to only 6.72% (p=0.028*, Wilcoxon). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Early and late total CD4+ T-cell responses. T-cell responses were analysed 
cross-sectionally in healthy HIV-negative donors (left column). Early and late time points from 
the longitudinal data of LTA (middle left column), progressors to AIDS without CMV end-
organ disease (middle right column) and progressors to AIDS-CMV (right column) were 
compared. Depicted are a) percentages CD27–CD28– within CD4+ T cells; b) percentages 
CD45RO–CD27– within CD4+ T cells; c) percentages CD45RO–CD27+ within CD4+ T cells. 
Dots represent individual patients and the median is shown as a bar. The p-values from 
Wilcoxon tests are depicted in the upper left corner of the graphs. 
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As CMV seropositivity was suggested to leave a fingerprint in both the CD8+ 
and CD4+ T-cell population, we investigated whether there was a correlation between 
the phenotype of total CD8+ and CD4+ T-cell populations. When plotting percentages 
CD27– within the total CD8+ versus percentages CD27– within the total CD4+ T-cell 
population, there was a positive correlation within the HIV+ individuals, which was 
most pronounced late in infection (ρ=0.700 and p=0.003; Spearman’s; Figure 5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Correlation between CD27– in total CD8+ T cells and CD27– in total CD4+ T 
cells early and late. Percentages CD27– within total CD8+ T cells on the y-axis and 
percentages CD27– within total CD4+ T cells on the x-axis. Black circles represent LTA, grey 
circles represent progressors to AIDS without CMV end-organ disease, white circles 
represent progressors to AIDS-CMV, and triangles represent HIV-negative healthy controls. 
Spearman’s ρ is the correlation coefficient. The ρ and p-values are depicted in the upper left 
corner of each graph. 
 
 
DISCUSSION 
 
In this study, we aimed to define whether the characteristic advanced stages of 
differentiation typically observed for CMV-specific T cells could be reached even in 
patients who do progress to AIDS with CMV end-organ disease. Therefore, HIV+ 
individuals with different clinical end-points were analysed longitudinally in terms of 
phenotype of CMV-specific CD8+ T cells.  
 Confirming our previous data [34], CMV-specific CD8+ T cells increased over 
time in progressors to AIDS-CMV. Just before onset of CMV end-organ disease, 
higher percentages of CMV-specific CD8+ T cells were present, compared to other 
virus-specific CD8+ T cells such as HIV and EBV [17,19]. Analysis of Ki67 
expression within CMV-specific T cells revealed that CMV-specific CD8+ T cells had 
significantly increased Ki67 expression during the course of HIV infection. This 
increase in dividing T cells may be associated with expansions of CMV-specific T 
cells. In addition, the Ki67 expression excludes the possibility that individuals 
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progress to AIDS-CMV because of a proliferation defect in their CMV-specific CD8+ 
T cells as has been suggested for HIV-specific T cells [36,37]. In progressors to AIDS 
without CMV end-organ disease, Ki67 expression was also increased. However, this 
did not correlate with increased numbers of CMV-specific T cells. Since CD57 
expression, implied in replicative senescence but also in antigen-induced apoptosis, 
was highest in this group, it may suggest that these CMV-specific T cells are further 
differentiated and more prone to apoptosis.  

Our observations that a substantial fraction of CD27+ cells could express 
CD57, and on the other hand that CD57+ cells could still express Ki67, are not 
compatible with the idea that CD57 is an absolute marker of replicative senescence 
[8]. However, since Ki67 is found in all stages of cell cycle [10], its expression does 
not equate to cell division. Although we cannot conclude from our data that CD57 is a 
marker for replicative senescence, it may relate to diminished expansion through 
antigen-induced apoptosis compatible with the low numbers of CMV-specific T cells 
in progressors to AIDS without CMV end-organ disease. 

CD27 downregulation has been generally accepted to be associated with 
differentiation to an effector T-cell phenotype in terms of cytokine expression and/or 
cytotoxic capacity [2]. We observed a strong downregulation of the CD27 molecule 
on CMV-specific CD8+ T cells in progressors to AIDS-CMV, and an increase in the 
CD45RO–CD27– subset, whereas the CD45RO–CD27– subset was decreased in both 
LTA and progressors to AIDS without CMV end-organ disease. So, in contrast to 
what has been observed for HIV- and EBV-specific T cells in individuals progressing 
to AIDS and AIDS with Non-Hodgkin Lymphoma respectively [12,17,19], there is no 
block in CMV-specific T-cell differentiation in progressors to AIDS-CMV in the 
course of HIV infection. This is in line with our earlier findings that CMV-specific 
CD8+ T cells from progressors to AIDS-CMV express high percentages of both 
perforin and granzyme B [34], which is associated with a CD45RO–CD27– effector 
phenotype. 

The observed high percentages of cells lacking CCR7 expression are 
agreement with other studies who describe CCR7– cells as an important subset in the 
CMV-specific CD8+T cells [12,38,39]. It seems that for CMV-specific T cells, the 
lymph nodes are not an important location for the effector immune response to take 
place. Indeed, CMV end-organ disease is not typically located in the lymph nodes, but 
in several other organs. In addition, this confirms that CCR7 expression is not a useful 
marker for T-cell differentiation status, but provides insights in migration and homing 
of the virus-specific T cells [13].  

As it was suggested that CMV seropositivity shapes the T-cell subset 
distribution in both healthy donors and renal transplant patients with CMV 
seropositivity, we investigated the phenotype of the CD4+ T-cell population. In 
healthy CMV-seropositive individuals, a median percentage of 2.90% CD28–CD27– 
CD4+ T cells was found, which is in the range of percentages found by Van Leeuwen 
et al [27]. In HIV-infected individuals, percentages early in infection were in the 
range of the percentages observed in healthy individuals, and interestingly, they 
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increased in the course of HIV infection. Progressors to AIDS-CMV showed the 
highest increase up to a median of 44%. Also marked increases in the percentages of 
CD45RO–CD27– “effector” CD4+ T cells were observed, which was accompanied by 
decreases in the naive CD45RO–CD27+ CD4+ T cells. Although very common in 
CD8+ T cells, this “effector” subset is rare in CD4+ T cells. We observed a median 
percentage as high as 20.58% just before onset of CMV end-organ disease. Together 
these data imply that there is a clear CMV-driven maturation in the polyclonal CD4+ 
T-cell population over time in the context of HIV infection, which is strongest in 
progressors to AIDS-CMV. This is compatible with our previous findings where high 
CMV load, indicative of active CMV replication, was only observed in patients who 
progressed to AIDS-CMV just before onset of symptomatic disease [34]. 

Our data show clearly that in progressors to AIDS with CMV end-organ 
disease CMV-specific CD8+ T cells show a phenotypic expression pattern typical of 
fully differentiated T cells, being CCR7–, CD27– CD45RO+/–, related to functional 
effector capabilities. Also the characteristic CD27–CD28– phenotype within the total 
CD4+ T-cell population induced by CMV infection specifically, was found in very 
high numbers in the HIV+ individuals, interestingly highest in the progressors to 
AIDS-CMV just before onset of disease. Therefore it seems that despite a strong 
immune response, these individuals progressed to AIDS-CMV. It may be that this 
expanded CMV-specific T-cell population is associated with pathology instead of 
protection from disease.  
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ABSTRACT 
 
In order to detect epitope-specific CD4+ T cells in mycobacterial or viral infections in 
the context of human class II major histocompatibility complex protein HLA-DR3, 
two novel HLA-DR3 tetrameric molecules were produced successfully. One 
contained an immunodominant, HLA-DR3-restricted T-cell epitope derived from the 
65 kDa heat shock protein of Mycobacterium tuberculosis, peptide 1-13. For the other 
tetramer, we identified a new HLA-DR3-restricted T-cell epitope derived from 
cytomegalovirus pp65 lower matrix protein, peptide 510-522, which induced high 
levels of IFNγ-producing CD4+ T cells in three out of four HLA-DR3-positive 
cytomegalovirus-seropositive individuals up to 0.87% of CD4+ T cells by intracellular 
cytokine staining. In PBMC from Mycobacterium tuberculosis-exposed, M. bovis 
BCG-vaccinated or cytomegalovirus-seropositive individuals, we were able to 
directly detect with both tetramers epitope-specific T cells up to 0.62% and 0.45% of 
the CD4+ T-cell population reactive to Mycobacterium tuberculosis and CMV, 
respectively. After a six-day culture with peptide p510-522, the frequency of CMV-
specific tetramer-binding T cells was expanded up to 9.90% tetramer+CFSElow cells 
within the CD4+ T-cell population, further confirming the specificity of the tetrameric 
molecules. Thus, HLA-DR3/peptide tetrameric molecules were shown to be 
promising clinical tools to investigate HLA-DR3-restricted antigen-specific CD4+ T-
cells in clinical disease or following vaccination in detail. 
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INTRODUCTION 
 
In mycobacterial and viral infections T-cell immunity plays an important role in 
protecting an individual from disease. Specific immune recognition by T cells is 
mediated by HLA molecules, which present mycobacterial or viral peptides to the T-
cell receptor (TCR). To investigate pathogen-specific CD8+ T cells, a large number of 
methods became available during the 1990s. Identification of immunodominant 
epitopes for CD8+ T-cell responses and the development of MHC class I tetrameric 
molecules [1-3] have enabled the enumeration of T cells specific for a given epitope 
and can be combined with (intracellular) FACS analysis to identify phenotype and 
function of epitope-specific T cells [4-9]. CD4+ T-cell responses are more difficult to 
study than CD8+ T-cell responses, because generally numbers are much lower, which 
complicates the detection [10]. Also, HLA class II tetramer technology has proven to 
be more difficult. For expression, various methods have been explored that were more 
or less successful, such as production of class II molecules in E. coli or insect cells, 
peptides loaded externally or covalently linked to one of the MHC class II chains, and 
different ways to tetramerise or “multimerise” the HLA class II molecules [11-17]. 
Even though CD4+ T-cell analysis using several types of HLA class II tetrameric 
molecules has been applied successfully, both in mice and human [12,13,16,18-22], 
the number of studies and the number of laboratories using this technology are still 
limited.  
 Tuberculosis (TB) and leprosy are major public health problems in the 
developing world. A third of the world’s population is infected with Mycobacterium 
tuberculosis (M. tuberculosis), and around 2 million individuals suffer from leprosy 
[23]. Protective immunity to mycobacteria is strongly dependent on CD4+, MHC class 
II-restricted T helper cells and type-1 cytokines [24]. The widely used tuberculosis 
vaccine strain M. bovis BCG remains among the most controversial vaccines today 
because its protective efficacy against tuberculosis varies widely in different trials. There 
is a general consent that novel strategies are needed for the prevention of tuberculosis, 
including the design of more effective vaccines. An essential requirement for effective 
vaccines in tuberculosis, therefore, is the induction of efficient CD4+ Th1 immunity. 
HLA class II/ peptide tetramers thus would be efficient tools to analyse the efficacy and 
phenotype of protective T-cell responses induced by vaccination as well as during the 
course of natural infection. 
 Cytomegalovirus (CMV) is a β-herpes virus that infects 50 to 100% of the 
human population depending on socio-economic circumstances [25]. Although 
asymptomatic in immunocompetent individuals, infection with CMV can cause serious 
clinical complications in immunosuppressed transplant recipients or 
immunocompromised HIV-1-infected patients. CD8+ T-cell immunity plays an 
important role in protection from CMV end-organ disease and recently studies have 
shown that CMV-specific IFNγ-producing CD4+ T cells are important as well [26-30]. 
HLA class II/ peptide tetramers would enable us to study these cells in more detail.  
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As previously reported, human HLA-DR3-restricted T cells frequently recognise 
a 65 kDa heat shock protein (hsp65) of M. tuberculosis that only contains one HLA-
DR3-restricted T-cell epitope, notably peptide 1-13 (p1-13) [31]. In TB and leprosy 
patients as well as in M. bovis BCG vaccinees, this epitope is immunodominantly 
recognised in the context of HLA-DR3. In contrast to the CD4+ T helper cell epitopes 
of these mycobacterial antigens, such epitopes are not well defined for viruses such as 
CMV. Epitope-mapping using a number of overlapping peptide pools encoding the 
complete sequence of a protein antigen is costly and time-consuming. We therefore 
predicted HLA class II-restricted epitopes derived from CMV pp65 lower matrix 
protein using HLA-peptide-binding motifs. In this study, we show for the first time 
human class II HLA-DR3 tetramer production and use this to detect human T cells 
that specifically recognise mycobacterial and CMV-derived T-cell epitopes in both 
mycobacteria-exposed and CMV-seropositive individuals, respectively. 
 
 
MATERIALS AND METHODS 
 
Identification of HLA-DR3-restricted epitopes specific for the pp65 antigen of 
CMV 
Peptide selection and synthesis. Candidate HLA-DRB1*0301 binding peptides in CMV 
pp65 protein were selected using MOTIFS software [32] adjusted for HLA-DR3 using 
previously detected binding motifs [33]. Positive scores were given for each potential 
anchor residue found in the peptide, and negative scores were given to inhibitory 
residues. The overall peptide score was the sum of the scores for individual anchor and 
inhibitor residues.  

Synthetic peptides. Peptides (Table 1) were synthesized by simultaneous 
multiple peptide synthesis as described earlier. Homogeneity was confirmed by 
analytical HPLC and, for most peptides, by mass spectrometry [34].  

ELIspot assay for single cell IFNγ release. IFNγ-producing, epitope-specific T 
cells were enumerated using IFNγ-specific ELIspot assays as described previously 
[6,7]. After activation with ethanol, 96-well MAIP N45 plates (Millipore, Bedford, 
MA, USA) were coated overnight at 4°C with 50 µl of 5 µg/ml of anti-IFNγ 
monoclonal antibodies (mAb), 1-D1K (MABTECH, Stockholm, Sweden) in PBS. 
After blocking with 10% FCS RPMI medium, PBMC were incubated overnight at 
37°C in triplicate wells at 1 x 105 cells/well in the presence of 10 µg/ml of a predicted 
peptide, or 10 µl/ml CMV lysate (Microbix Biosystems, Toronto, Canada). Co-
stimulation was provided by adding 2 µg/ml anti-CD28 (Sanquin Reagents, 
Amsterdam, the Netherlands) and CD49d (Becton Dickinson (BD), San José, 
California, USA) mAb. As a positive control, phytohemoagglutinin (PHA) (Murex 
Diagnostics, Dartford, UK) was added and medium alone was used as a negative 
control. After 16 hours, cells were removed and the wells incubated with anti-IFNγ-
biotin coupled mAb (7-B6-1-biotin; (Mabtech, Sweden) followed by poly-streptavidin 
HRP (Sanquin Reagents). Plates were developed with TMB substrate (Sanquin 
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Reagents). Individual cytokine-producing cells were detected as dark spots, which 
were counted using the AELVIS ELIspot reader (Automated ELISA-Spot Assay 
VIdeo Analysis Systems, Sanquin Reagents). The number of specific T-cell responses 
was calculated after subtracting negative control values. 
 
Table 1. Predicted epitopes for pp65 in the context of HLA-DR3 

abold amino acids are anchor residues. 

 
 
MHC class II tetramers 
The procedure we followed to produce MHC class II tetrameric molecules is based on 
a Drosophila Schneider 2 cell expression system and transfection through calcium 
phosphate precipitation with 3 cDNA constructs, modified from Schepers et al [16]. 
This system was used because HLA class II molecules have poor refolding activity in 
vitro, and insect cells produce and secrete these molecules, properly folded, in their 
culture supernatant. One construct contains the extracellular domain of the α-chain of 
MHC class II, another the extracellular domain of the β-chain. The α- and β-chains 
are kept together through complementary leucine zippers [35,36]. The third construct, 
pS2neo plasmid, contains the neomycin resistance gene to allow for selection on 
geneticin (G418). 
 Constructs for tetramers. The α-chain is identical in all MHC Class II 
variants. The construct contains an inducible metallothionein promotor, followed by 
the natural leader sequence and the DRA1*0101 α-chain without the membrane 

Peptides Amino acid sequences of 

peptides used in this study 

Predicted epitopes for pp65 

in the context of HLA-DR3a 

Score 

1 TRATKMQVIGDQYVKVYLES QVIGDQYVK 30 

KLFMHVTLGSDVEEDLTMTR TLGSDVEED 30 2 

DVEEDLTMT 30 

KPGKISHIMLDVAFTSHEHF HIMLDVAFT 30 3 

DVAFTSHEH 27 

4 LPVADAVIHASGKQMWQARL VIHASGKQM 27 

5 GSDSDEELVTTERKTPRVTG ELVTTERKT 27 

6 RHRQDALPGPCIASTPKKHR CIASTPKKH 27 

7 QYTPDSTPC QYTPDSTPC 24 

8 SFCEDVPSG SFCEDVPSG 24 

9 LFFFDIDLL LFFFDIDLL 24 

10 FFDIDLLLQ FFDIDLLLQ 24 

11 AAQGDDDVW AAQGDDDVW 24 

12 EFFWDANDI EFFWDANDI 24 

p510-522 (CMV pp65) YQEFFWDANDIYR   

p1-13                 

(M. tuberculosis hsp65) 

MAKTIAYDEEARR MAKTIAYDEEARR 30 
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spanning and intracellular region but with an acid leucine zipper. A His-tag is situated 
at the end of the zipper to allow for purification of the MHC class II molecules on 
Cobalt beads (see Figure 1a for schematic representation of the final α-construct).  
 
 
 
 
 
 
 
 
Figure 1. MHC Class II constructs. Schematic representation of a MHC Class II HLA-DRα-
chain with the acid leucine zipper and His-tag (A). The HLA-DR3β-chain with the base leucine 
zipper and biotinylation domain (B). 
 
 
The construct was cloned through PCR with overhanging primers (described in Table 
2) to introduce the appropriate restriction sites. Primers used on the DRA*0101 
construct were DRαEcoR1fw introducing an EcoR1 site at the beginning of the leader 
sequence, and DRαBamH1rev introducing a BamH1 site at the end of the 
extracellular domain within the linker to the acid leucine zipper. Primers for the acid 
leucine zipper construct were DRαBamH1fw introducing a BamH1 site within the 
linker to the acid zipper, and DRαSal1rev introducing a SalH1 site at the end of the 
His-tag. These were cloned in a pRMHa3-derived vector.  
 
Table 2. Primers used for the HLA-DRA1*0101 and HLA-DRB1*0301 
constructs 

aunderlined sequences are restriction sites. 
bbold sequences are the epitopes used in the HLA-DR3 tetramer. 

Primers Nucleotide sequences of primers used in this studya, b 

DRαEcoR1fw 5’CGGAATTCTCCAGCATGGCCATAAGTGGAGTCC-3’ 

DRαBamH1rev 5’GAGGATCCACCGTTCTCTGTAGTCTCTGGGAG-3’ 

DRαBamH1fw 5’GAGGATCCGGTGGTTCCGCGCAGCTGG-3’ 

DRαSal1rev 5’ACGCGTCGCTTAGTGGTGGTGGTGGTGGTGACC-3’ 

DR3βEcoR1fw 5’CGGAATTCTCCAGCATGGTGTGTCTGAGGCTCC-3’ 

DR3βCMVrev 5’CGGGATCCGCGGTAGATGTCGTTGGCGTCCCAGAAGAACTCCTGGTAGGAACCAGC

CAAAGCCAGTGGGG-3’ 

DR3βMTBrev 5’CGGGATCCGCGACGGGCCTCTTCGTCGTACGCAATTGTCTTGGCCATGGAACCAGC

CAAAGCCAGTGGGG-3’ 

DR3βBamH1fw 5`CGGGATCCGGTGGTAGCGGCGGCTCCGGGGACACCAGACCACG-3’ 

DR3βBglIIrev 5’GAAGATCTTGCTCTCCATTCCACTGTGAGAGGGC-3’ 

DR3βBglIIfw 5’GAAGATCTGAATCTGCACAGAGCAAGGGCGGCTCCGGTGGTAGCGCCCAGC-3’ 

DR3βSal1rev 5’ACGCGTCGACTTAGTGCCATTCGATTTTCTG-3’ 

Bgl IIBamH1EcoR1 Sal1

PROMOTOR LEADER DR3 β − CHAIN ZIPPEREPITOPE BIO

Sal1EcoR1 BamH1

PROMOTOR LEADER DR α − CHAIN HZIPPERA

B 
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The β-chain construct consists of the same metallothionein promotor, 
followed by the natural leader sequence, a specific epitope plus a linker to the 
extracellular domain of HLA-DRB1*0301 β-chain and a base leucine zipper with a 
biotinylation domain at the end to be able to biotinylate the monomer and produce 
tetramers with streptavidin (see Figure 1b for schematic representation of the final β-
construct). Similar to the α-construct, an EcoR1 site was introduced before the leader 
with primer DR3βEcoR1fw. Simultaneously, an epitope was cloned in with a BamH1 
site in the linker between epitope and mature HLA-DR3 β-chain using primers 
DR3βCMVrev for CMV or DR3βMTBrev for M. tuberculosis. A BamH1 site was 
introduced before the mature HLA-DR3 β-chain with primer DR3βBamH1fw. Near 
the end of the extracellular domain of the HLA-DR3 β-chain, a BglII site was created 
by a silent mutation with primer DR3βBglIIrev. Before the base leucine zipper, a 
BglII was introduced followed by the remaining HLA-DR3 β-chain sequences, on to 
the linker to the base leucine zipper (not containing a BamH1 site) with primer 
DR3βBglIIfw. The other primer for the base leucine zipper construct was 
DR3βSal1rev introducing a Sal1 site behind the biotinylation domain. Due to the 
restriction sites in the pRMHa3-derived vector, which was used as the final vector 
into which the sequences were cloned, we cloned the mature HLA-DR3 β-chain 
(BamH1 to BglII) and zipper (BglII to Sal1) first into the pGEMTeasy vector, and 
subsequently cloned the BamH1 to Sal1 HLA-DR3 β-chain and zipper part into the 
pRMHa3-derived vector followed by the EcoR1-BamHI leader and epitope part. This 
last part can be swopped easily to put in a different epitope each time. 
 Transfection and expression in Schneider 2 cells. Schneider 2 (S2) cells 
(Invitrogen, Groningen, the Netherlands) were transfected through CaPO4 
precipitation (Invitrogen) with three cDNA constructs: the DRα-chain construct (9.5 
µg), and the appropriate HLA-DR3β-chain construct containing a specific epitope 
(9.5 µg) and the resistance gene construct for selection (1 µg). The S2 cells were 
cultured in SDM medium (Invitrogen) containing 10% FCS and 2 mg/ml G418 for 4 
weeks to select for stable transfectants. After large-scale culture, cells were induced 
with SDM medium containing 1% FCS and 1 mg/ml G418 in the presence of 500 µM 
CuSO4 for 4 to 5 days. At that point, the supernatant was collected (approx. 1 litre) 
and concentrated in an Amicon filter system (Millipore; cut-off 30kDa). The 
concentrated supernatant was incubated with Cobalt beads (“talon metal affinity 
resin”, Clontech, USA), which bind the His-tag. After washing the beads, and 
removing aspecifically bound proteins with 5 mM imidazole, the Cobalt binding 
molecules were eluted with 100 mM imidazole. After purification on the Cobalt 
beads, and overnight biotinylation with BirA of the sample, monomers were purified 
by FPLC. Expression was confirmed on SDS-page gel and Western blot at several 
stages during the purification process. A small sample of the biotinylated monomer 
was run on gel filtration (FPLC, monoQ column, separation by charge) to separate the 
monomeric complexes from the endogenous protein and determine their ratio. The 
appropriate amount of streptavidin-APC (Molecular Probes, Leiden, the Netherlands) 
required for tetramerisation was calculated and added to the monomer fraction in a 
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stepwise process (to ensure tetramer formation [37] even when streptavidin would be 
added in excess). This was subsequently purified by FPLC. The tetrameric fractions 
were collected and stored in 150 mM NaCl/20 mM TRIS pH8 supplemented with 
0.5% BSA at 4°C or frozen with glycerol for longer periods of storage.  
 
Human donors 
This study included TB patients, individuals with documented purified protein 
derivative of M. tuberculosis (PPD) skin test conversion after exposure to M. 
tuberculosis, BCG-vaccinated persons, and PPD-negative, non-BCG-vaccinated 
subjects. In addition, participants of the Amsterdam Cohort Studies on HIV-1 
infection and AIDS among homosexual men, and HIV-negative CMV-seropositive as 
well as seronegative healthy blood bank donors. All subjects gave permission for 
blood sampling after written information was provided and the study protocol was 
approved by the Medical Ethics Committee.  
 
HLA-DR3 tetramer staining of human cells 
The HLA-DR3-restricted CD4+ T-cell clone, Rp15 1-1, that specifically recognises 
p1-13 of hsp65 of M. tuberculosis [38] was used to test staining with MHC class II 
tetramers. The clone was either used in its pure form or mixed in varying ratios with 
PBMC from an HLA-DR3+ healthy donor that did not recognise hsp65 p1-13. Cells 
were incubated with M. tuberculosis-specific HLA-DR3 tetramer at either 4°C, room 
temperature (RT) or 37°C, for 30 minutes up to 2.5 hours. Subsequently, cells were 
stained with fluorochrome-conjugated mAb against CD4, and CD3 (BD) for 20 
minutes at RT. Cells were fixed in Cellfix (BD), and at least 200,000 events were 
acquired using a FACSCalibur flow cytometer (BD). Propidium Iodide (PI) was 
added to distinguish between dead and life cells. Lymphocytes were gated by 
forward-sideward scatter, and data were analysed using the software programme 
CELL Quest (BD). Tetramer staining was optimal in terms of high mean fluorescence 
and minimal background when used at 37°C for 1 hour (data not shown). These 
settings were used to examine PBMC from different HLA-DR3+ or HLA-DR3– 
individuals, who were either unexposed healthy blood bank donors, TB patients, BCG 
vaccinees, or PPD converted individuals as well as CMV+ healthy blood bank donors, 
or CMV+ HIV+ individuals from the Amsterdam Cohort studies.  
 
Antigen-specific proliferation assay 
In vitro T-cell proliferation was measured using CFSE (5,6-carboxyfluorescein 
diacetate succinimidyl ester) (Molecular Probes) according to the manufacturer’s 
protocol. Briefly, PBMC were labelled with CFSE and incubated with 5 µg/ml 
peptide in the presence of 2 µg/ml anti-CD28 and CD49d mAb at 37°C for 6 days. As 
a positive control, anti-CD3 and anti-CD28 was added and medium alone was used as 
a negative control. At day 6, cells were stained and analysed as described above.  
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RESULTS 
 
Epitope prediction leads to one HLA-DR3-restricted CMV-specific epitope 
The lower matrix protein appears to be the immunodominant protein in the T-cell 
response to CMV infection. Our epitope prediction for pp65 in the context of HLA-
DR3 (DRB1*0301; DR17) resulted in 14 possible DR3-restricted T-cell epitopes (see 
Table 1). The first eight peptides that had the highest score for HLA-DR3-peptide 
binding were the most likely epitopes to be presented and recognised in HLA-DR3. 
Six slightly longer peptides, containing these eight peptides, were synthesised to 
increase solubility. These were tested in an IFNγ ELIspot assay on PBMC from 
healthy donors who were HLA-DR3+ and CMV+ or not. As shown in Figure 2a, 
control stimulation with CMV lysate showed responses in most CMV+ and not in 
CMV– donors. The magnitude of the responses varied between the donors. Overall, 
the responses to the first eight predicted peptides were low with a highest median of 
37 spots / 100,000 PBMC. None of the responses, however, were clearly detected by 
intracellular cytokine staining on the FACS (data not shown).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. T-cell recognition of predicted HLA-DR3-restricted epitopes within CMV pp65. 
In A, number of T cells producing IFNγ upon recognition of specific epitopes in 4 HLA-DR3+ 
CMV+ healthy individuals (   ), 3 HLA-DR3– CMV+ healthy individuals (   ), and 4 HLA-DR3+ 
CMV– healthy controls (    ) are shown after stimulation of PBMC with predicted epitopes in an 
IFNγ ELIspot assay. On the y-axis, number of spots per 100,000 PBMC, corrected for the 
number of spots observed with medium alone, is depicted. Dots represent individual patients 
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and the median of the HLA-DR3+ CMV+ healthy individuals is shown as a bar. Arbitrary 
values based on wells containing too many spots leading to underestimations in the number 
of spots are indicated by an asterisk (*). The cut-off for background staining was determined 
by the highest number of spots in HLA-DR3+ CMV– individuals responding to CMV lysate 
(depicted by the dashed line). In B, a representative intracellular cytokine staining of an HLA-
DR3+ CMV+ healthy individual after stimulation with CMV lysate, peptide p510-522, or peptide 
2 is shown. Numbers indicate percentages of IFNγ+ cells within CD4+ T cells. 
 
 

We therefore synthesised and tested the remaining six epitopes as well, 
including a slightly longer CMV pp65-derived peptide, similar to epitope 12, which 
was reported by Kern et al [39] to be well recognised by CD4+ T cells. This epitope 
was identified by using overlapping peptide pools, but its HLA-DR restriction was not 
clearly defined. Coincidently, peptide 510-522 (p510-522), was the only peptide that 
was able to induce a high IFNγ response in three out of four HLA-DR3+ CMV+ 
individuals after overnight stimulation in an ELIspot assay (Figure 2a). This response 
was also clearly detectable by intracellular IFNγ staining after 6-hour stimulation 
(0.87% of the CD4+ T-cell population; Figure 2b), whereas T-cell responses induced 
by other peptides were not detectable by intracellular cytokine staining on the FACS 
(Figure 2b and data not shown). Therefore this CMV pp65-derived T-cell epitope was 
chosen to be covalently linked to the HLA-DR3 tetramer.  
 
Expression HLA-DR3 molecules in Schneider cells 
Schneider (S2) cells were co-transfected with the appropriate expression vectors and 
we verified whether monomeric HLA-DR3 complexes and corresponding tags were 
expressed and secreted into the culture supernatant (data not shown). Samples of all 
steps during the purification process were checked on SDS-page gel (Figure 3a and 
data not shown). In the concentrated supernatant fraction (lane 2), the α- and β-chains 
were detected at their predicted mass of approximately 40 kDa and 31 kDa, 
respectively. Shown are the results from M. tuberculosis-specific HLA-DR3 
monomers; CMV-specific HLA-DR3 monomers showed similar results. After 
incubation with Cobalt beads, monomeric complexes were eluted from the beads with 
100 mM imidazole as shown in lane 7. The other bands, at approximately 75 kDa, 
showed endogenous protein that interacted with Cobalt beads. After biotinylation of 
the 100 mM imidazole fraction, it was separated by gel filtration (FLPC, hiload 1660 
column, separation by size; Figure 3b). The monomeric complex was detected in the 
highest peak and coincided with an endogenous protein (data not shown). In samples 
of the three earlier eluting peaks, both α- and β-chains could be detected (fractions 6, 
12 and 15; data not shown), presumably derived from aggregated molecules. 
Fractions containing the biotinylated monomer were collected. Gel filtration (1660 
hiload column) showed that subsequent multimerisation had been successful (Figure 
3d). The high peak (around fraction 41) consisted of the endogenous protein (data not 
shown). The first peak (fraction 9 till 14) most likely consisted of tetrameric 
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complexes, whereas the lower shoulder was composed of trimers and/or dimers. As 
indicated in Figure 3d, fractions 9 to 14 were collected for further experimental use.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Production of M. tuberculosis-specific HLA-DR3 monomeric molecules. In A, 
Coomassie Brilliant Blue stained SDS-page gel with samples of the concentration and 
purification on Cobalt beads of M. tuberculosis-specific HLA-DR3 (lane 1: flow through, 2: 
concentrated supernatant, 3: supernatant after incubation with Cobalt beads, 4 and 5: wash 
with buffer, 6: wash with 5 mM imidazole, 7: elution with 100 mM imidazole); In B, FPLC 
pattern of the biotinylated 100mM imidazole fraction with the monomer peak. In C, FPLC 
pattern of the tetramerisation with the tetramer and trimer peaks as well as the peak of the 
endogenous protein.  
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M. tuberculosis-specific HLA-DR3 tetramer staining on human PBMC 
The purified M. tuberculosis-specific APC labelled HLA-DR3 tetramers could detect 
successfully  HLA-DR3-restricted  CD4+ T-cells  (clone Rp15 1-1)  specific for the 
p1-13 epitope of hsp65 of M. tuberculosis [38]. The CD4+ T-cell clone was either 
used undiluted or mixed in varying ratios with PBMC from an HLA-DR3+ healthy 
donor that did not recognise this specific epitope (data not shown). Most optimal 
staining conditions were found to be 60 minutes at 37˚C, where 11% tetramer+CD4+ T 
cells were found when a 1:10 ratio CD4+ T-cell clone and donor PBMC was stained 
(Figure 4a) with the lowest background and highest specific mean fluorescence (data 
not shown). The tetramer+CD4+ T cells could still be detected clearly in a ratio of 
1:1000 CD4+ T-cell clone in PBMC (Figure 4a).  

In order to analyse the frequency of HLA-DR3-restricted T cells that are 
specific for the p1-13 epitope, PBMC from HLA-DR3+ TB patients, BCG vaccinees 
or PPD converters were stained directly with tetramer, resulting in detection of M. 
tuberculosis-specific CD4+ T cells ranging from 0.03 up to 0.62% tetramer+ cells 
within the CD4+ T-cell population (median 0.19%; Figures 4b and 5a). Tetramer 
staining was restricted through HLA-DR3, as HLA-DR3– PPD converters hardly 
showed tetramer staining (median 0.06%; Figures 4b and 5a). Moreover, HLA-DR3+, 
healthy control individuals who had not been exposed to M. tuberculosis, M. bovis 
BCG, or M. leprae did not show any p1-13 specific CD4+ T cells (median 0.03%; 
Figures 4b and 5a).  
 
CMV-specific HLA-DR3 tetramer staining on human PBMC 
To measure the frequency of HLA-DR3-restricted T cells that are specific for p510-
522 of CMV pp65, PBMC from HLA-DR3+ CMV+ individuals, were stained directly 
with CMV-specific HLA-DR3 tetramer, resulting in detection of tetramer+CD4+ T 
cells ranging from 0.05 up to 0.45% CMV-specific CD4+ T cells (median 0.11%; 
Figures 4c and 5b). Tetramer staining was restricted through HLA-DR3, as HLA-
DR3– CMV+ individuals did not show tetramer staining (range 0.02 to 0.13%; median 
0.06%). Similarly, HLA-DR3+ CMV– healthy donors who had not been exposed to 
CMV, did not show any tetramer+CD4+ T cells (range 0.03 to 0.08%; median 0.05%). 

Since the CMV-specific HLA-DR3 tetramer positivity was often low, PBMC 
were labelled with CFSE and stimulated with p510-522 peptide for 6 days to confirm 
specificity. Cells were stained with the tetramer and the results were expressed in 
percentages of tetramer+CFSElow cells within the CD4+ T-cell subset. This resulted in 
substantially higher percentages in 3 out of 4 HLA-DR3+ CMV+ individuals (ranging 
from 0.05 to 9.90%; median 0.76%; Figures 4d and 5c) and no detection in HLA-
DR3+ CMV– and HLA-DR3– CMV+ individuals, respectively (range 0 to 0.03%; 
median 0%) confirming again that the staining is specific.  
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Figure 4. FACS staining using HLA-DR3 tetramers on human PBMC. In A, staining with 
the M. tuberculosis-specific HLA-DR3 tetramer and anti-CD4 on a sample with HLA-DR3-
restricted clonal CD4+ T-cells (clone Rp15 1-1 specific for M. tuberculosis hsp65 p1-13), and 
a sample with 1:10 and 1:1000 ratio of the CD4+ T-cell clone and donor PBMC (not 
responsive to M. tuberculosis hsp65 p1-13), respectively. In B, representative staining with 
the M. tuberculosis-specific HLA-DR3 tetramer on a HLA-DR3+ healthy control, HLA-DR3– 
exposed individual and HLA-DR3+ treated TB individual. In C, representative staining with the 
CMV-specific HLA-DR3 tetramer on a HLA-DR3+ CMV– healthy control, HLA-DR3– CMV+ 
healthy individual and HLA-DR3+ CMV+ healthy individual. Numbers in the upper right-hand 
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corner indicate percentages of tetramer+ cells within CD4+ T cells. In D, representative 
staining with the CMV-specific HLA-DR3 tetramer on CFSE labelled PBMC, six days after 
stimulation with CMV pp65 p510-522 peptide on HLA-DR3+ CMV– healthy controls, HLA-
DR3– and HLA-DR3+ CMV+ individuals. Numbers in the upper left-hand corner indicate 
percentages of tetramer+CFSElow cells within CD4+ T cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Percentages of M. tuberculosis- and CMV-specific T cells detected with 
tetramer staining. Staining with the M. tuberculosis-specific HLA-DR3 tetramer on HLA-
DR3+ PPD– healthy controls (   ), HLA-DR3– PPD+ (   ) and HLA-DR3+ PPD+ (   ,    ,    ) 
individuals (A); circles represent PPD converters, squares treated TB patients, and triangles 
BCG vaccinees. Staining with the CMV-specific HLA-DR3 tetramer on HLA-DR3+ CMV– 
healthy controls (   ), HLA-DR3– (   ,    ) and HLA-DR3+ (   ,    ,    ) CMV+ individuals (B); circles 
represent HIV– healthy donors, squares HIV+ individuals, and triangles HIV– homosexual 
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men. Staining with the CMV-specific HLA-DR3 tetramer on CFSE labelled PBMC, six days 
after stimulation with CMV pp65 p510-522 peptide on HLA-DR3+ CMV– healthy controls (   ), 
HLA-DR3– (   ) and HLA-DR3+ (   ) CMV+ individuals (C); all individuals in graph C are HIV– 
healthy donors.  
 
 
DISCUSSION 
 
In this study we have shown successful production of novel HLA-DR3 tetrameric 
molecules. Two epitopes from two different pathogens, namely M. tuberculosis - one 
of the most pathogenic mycobacteria, causing tuberculosis - and CMV - a herpes 
virus causing CMV end-organ disease in immunocompromised individuals - were 
covalently linked to the HLA-DR3 β-chain. MHC class II tetrameric molecules 
containing the HLA-DRA1*0101 α-chain and the respective HLA-DRB1*0301 β-
chain specifically stained antigen-specific CD4+ T cells in chronic M. tuberculosis 
and CMV carriers. Directly ex vivo observed tetramer+CD4+ T cells could be 
expanded during 6 days of culture with the corresponding peptide, further confirming 
specificity of these tetrameric molecules.  

HLA-DR3 is associated with susceptibility to a considerable number of 
autoimmune diseases, such as insulin-dependent diabetes mellitus (IDDM), Graves' 
disease, systemic lupus erythematosus (SLE), Sjögren's syndrome and myasthenia 
gravis, and allergic diseases [40] as well as with susceptibility to tuberculoid leprosy and 
with strong mycobacterial delayed-type hypersensitivity (DTH) activity in in vivo skin 
tests in several ethnic populations [41]. HLA-DR3 molecules are structurally slightly 
unusual HLA molecules, since the 25 to 38 and the 67 to 74 hyper variable regions of 
the HLA-DR3β1 product more closely resemble β3 products than other DRβ1 allelic 
products. HLA-DR3 consists of two subtypes, namely HLA-DR17 and HLA-DR18. The 
most common HLA-DR3-subtype, HLA-DR17, occurs in almost 20% of the human 
population, and HLA-DR18, is present in about 50% of HLA-DR3+ American Blacks. 
In this study, we have focused on the most common subtype, HLA-DR17. 

CD4-dependent epitopes have been well characterised in the case of the 
mycobacterial diseases tuberculosis and leprosy. Peptide p1-13 of hsp65 of M. 
tuberculosis, M. leprae as well as M. bovis BCG is an immunodominant T-cell 
epitope that is uniquely recognised in the context of HLA-DR3(17). This renders it a 
useful model epitope in vaccination studies. For CMV, CD4-dependent T-cell 
epitopes are poorly defined, as is their HLA restriction. Therefore, we tried to predict 
CMV pp65-specific epitopes in the context of HLA-DR3, and were able to define 12 
candidates. Unfortunately, many of the epitopes were unable to induce sufficiently 
high IFNγ responses after overnight stimulation of PBMCs. The p510-522 epitope 
that has been described by Kern et al [39], was slightly longer than our 12th epitope, 
and interestingly, induced good responses in some individuals. Although it remains to 
be determined whether this is an immunodominant epitope, it certainly gave the best 
result in our analysis. Therefore, this epitope was covalently linked to the HLA-DR3 
β-chain construct to produce a second HLA-DR3 tetramer, similarly to the M. 
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tuberculosis-specific tetramer containing hsp65 p1-13. Recently, Pelte et al [42] have 
described that epitope prediction programmes are not always successful in predicting 
epitopes, for instance when predicting CD8-dependent epitopes for CMV pp65. 
According to their findings, overlapping peptide pools though costly and time-
consuming, are more accurate read-outs when defining in vivo T-cell responses. This 
implies that certain epitopes may have been overlooked in our study. Furthermore, the 
p510-522 epitope may be able to bind more HLA-types, because PBMC from a HLA-
DR3– CMV+ individual responded to this epitope as well.  

The fact that we could detect both M. tuberculosis and CMV-specific CD4+ T 
cells without restimulation will allow studies where the CD4+ T-cell population in 
disease settings or vaccination trials can be analysed in great detail. In addition to 
proliferation with CFSE labelling [13,16,43], one could study phenotypical and 
functional characteristics of these pathogen-specific CD4+ T cells. We stained one of 
our CMV+ donors intracellularly for IFNγ production after 6-hour stimulation with 
the same peptide as contained in the HLA-DR3 tetramer and compared percentages of 
IFNγ+CD4+ T cells and tetramer+CD4+ T cells. Surprisingly, we observed that the 
percentage of tetramer+CD4+ T cells was lower than the percentage of IFNγ+CD4+ T 
cells (unpublished data). This is in contradiction with what we expected after our 
studies on CD8+ T cells where dysfunction of CMV-specific CD8+ T cells could be 
observed [30,44], but never functional, non-tetramer recognising CD8+ T cells. This 
could be explained by lower affinity and/or avidity of the class II tetramer-peptide and 
CD4+ T-cell interaction [15,45,46]. Some studies however, showed higher or equal 
tetramer staining compared to intracellular cytokine staining in CD4+ T cells 
[10,17,20], pointing to an epitope-specific effect. With lower affinity epitopes, one 
could consider to use higher levels of multimerisation in order to enhance avidity and 
thereby specificity.  

In conclusion, HLA-DR3 tetrameric molecules were shown to be promising 
clinical tools that can be used to investigate HLA-DR3-restricted antigen-specific 
CD4+ T cells in vaccination studies with M. bovis BCG concerning protection against 
TB, as well as patient studies on CMV infection and reactivation in HIV-infected 
individuals and transplant recipients where CMV can cause serious clinical 
complications. With the identification of additional HLA-restricted CD4-dependent 
T-cell epitopes, a greater number of epitope-specific HLA-DR1, DR3 and DR4 
tetrameric molecules can be developed to perform patient studies or vaccination trials 
in much more detail in the context of HLA polymorphism. 
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ABSTRACT 
 
Objectives: To define function and phenotype of CMV-specific CD4+ T cells in HIV-
infected individuals with different clinical end-points to identify which factors might 
be related to progression to CMV end-organ disease. 
Design: Longitudinal analysis of CMV-specific CD4+ T cells in progressors to AIDS 
with CMV end-organ disease (AIDS-CMV) compared to long-term asymptomatics 
(LTA) and progressors to AIDS with opportunistic infections (AIDS-OI). 
Methods: Production of IFNγ and IL-2, phenotype, and proliferative capacity of 
CMV-specific CD4+ T cells were analysed after stimulation of PBMC with CMV 
lysate.  
Results: Numbers of CMV-specific IFNγ-producing CD4+ T cells were higher than 
IL-2-producing CD4+ T cells. In LTA and progressors to AIDS-OI, numbers of IFNγ-
producing CD4+ T cells remained detectable during follow-up, but decreased sharply 
in individuals progressing to AIDS-CMV a year before onset of CMV end-organ 
disease. In parallel, CMV-specific IL-2 production and proliferative capacity were 
lost in progressors to AIDS-CMV. Most CMV-specific cytokine-producing CD4+ T 
cells were of the CD27– phenotype. Initially, the majority of the IFNγ+CD4+ T cells 
were of the CD45RO+CD27– effector subset, but during progression to AIDS-CMV a 
shift in phenotype to the highly differentiated CD45RO–CD27– subset was observed.  
Conclusions: Our data indicate that loss of CMV-specific cytokine production and 
proliferative capacity is associated with progression to AIDS-CMV. Accumulation of 
CD4+ T cells with a CD45RO–CD27– phenotype suggests that persistent antigen 
exposure drives differentiation of CMV-specific CD4+ T cells towards a non-IL-2-
producing, poorly proliferating, and highly differentiated “effector” subset, which 
eventually also fails to produce IFNγ in patients developing AIDS-CMV. 
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INTRODUCTION 
 
Even though cytomegalovirus (CMV) infection normally does not lead to 
symptomatic disease, it can cause serious clinical complications in 
immunocompromised individuals. Recent studies have shown that in CMV infection 
next to CD8+ T cells, CD4+ T cells play an important role in protection from clinical 
complications. CMV-seronegative transplant recipients receiving a CMV-seropositive 
organ are likely to undergo primary CMV infection. This does not lead to 
symptomatic disease in individuals who mount a normal immune response. However, 
in patients who showed a delayed IFNγ+CD4+ T-cell response, symptoms were 
apparent [1]. Similarly, CMV reactivation in CMV-seropositive transplant recipients 
was associated with the absence of IFNγ+CD4+ T cells in the blood [2]. In HIV-
infected individuals, loss of IFNγ+CD4+ T cells was observed prior to onset of 
symptomatic disease only in individuals who progressed to AIDS-CMV [3], further 
suggesting an important role for these CD4+ T cells in preventing disease progression.  
 In addition to the apparent importance of CMV-specific IFNγ+CD4+ T cells, 
HIV-specific IL-2+CD4+ T cells that have proliferative properties have been 
associated with low viral load and long-term non-progressing HIV-1-infected 
individuals [4,5]. Furthermore, Zaph et al [6] recently showed that presence of such 
IL-2+CD4+ T cells were protective in Leishmania major infection in mice.  

CD4+ T cells can be classified into different subsets based on the production 
of cytokines [7], or on the expression of differentiation markers [8-10]. Based on the 
molecules CD45RO and CD27, the CD4+ T-cell population can be divided in 
CD45RO–CD27+ naive; CD45RO+CD27+ memory; and CD45RO+CD27– effector 
CD4+ T cells [8,11,12]. In another frequently used model CD4+ T cells are divided 
into CD45RO+CCR7+ central memory, CD45RO+CCR7– effector memory and 
CD45RO–CCR7– terminally differentiated T cells based on CCR7 expression [9]. IL-
2 production and proliferative capacity are features of (central) memory CD4+ T cells, 
whereas IFNγ production at the site of infection and decreased proliferative capacity 
are characteristics of effector (memory) CD4+ T cells [13,14]. Highly differentiated 
CD45RO–CD27– CD4+ T cells are rarely detected in healthy individuals [13] but can 
be observed in chronic viral disease settings such as CMV, EBV and HIV-1 infection 
[15,16].  

To study the role of CMV-specific CD4+ T cells in progression to CMV end-
organ disease, we selected a group of HIV-infected individuals, who were not 
receiving treatment for HIV nor CMV, and were either long-term asymptomatics, or 
progressors to AIDS with or without CMV end-organ disease. IFNγ and IL-2 
production, proliferative capacity and phenotype of CMV-specific CD4+ T cells were 
determined. In addition, we used novel HLA-DR3 tetrameric molecules containing a 
DR3-restricted CMV-derived epitope in order to study epitope-specific CD4+ T cells. 
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METHODS 
 
Study population 
This study was performed on longitudinal peripheral blood mononuclear cell (PBMC) 
samples from participants of the Amsterdam Cohort Studies on HIV-1 infection and 
AIDS among homosexual men. Eight (4 HLA-DR3+) of the 25 HIV-seropositive 
individuals were defined as progressors to AIDS with CMV retinitis and/or other end-
organ disease (AIDS-CMV), 9 (4 HLA-DR3+) as progressors to AIDS with 
Opportunistic Infections, but without CMV end-organ disease (AIDS-OI), and 8 (3 
HLA-DR3+) as long-term asymptomatics (LTA) with more than 7 years of 
asymptomatic follow-up, CD4 counts > 300/µl (classification of the Centres for 
Disease Control 1993), and no history of CMV end-organ disease. None of the 
individuals received anti-viral therapy during the study period, except HLA–DR3+ 
LTA 0164 who had started highly active anti-retroviral therapy (HAART) at the late 
time point and was therefore excluded from group analyses in this study.  

For the AIDS-CMV group, an early time point around one year after HIV 
seroconversion or study entry was compared with a late time point between 9 to 12 
months before CMV diagnosis. In case follow-up was longer than 5 years, also a 
middle time point around 5 years after HIV seroconversion was included. For the 
HLA-DR3-positive individuals in the AIDS-CMV group, a time point between 12 to 
20 months before CMV diagnosis was chosen as the late time point. The early time 
point studied in the progressors to AIDS-OI and LTA groups was around 1 year after 
HIV seroconversion. The late time point studied was around 5 years (around the time 
of AIDS diagnosis) in progressors to AIDS-OI, and 10 years after HIV 
seroconversion for LTA. Group characteristics of the study participants are 
summarised in Table 1.  
 
Intracellular cytokine staining after antigen-specific stimulation 
Four-colour fluorescence analysis was performed as described previously [17,18]. 
Briefly, PBMC were stimulated with 10 µl/ml CMV lysate (Microbix Biosystems, 
Toronto, Canada) in the presence of 2 µg/ml anti-CD28 (Sanquin Reagents, 
Amsterdam, the Netherlands) and CD49d (Becton Dickinson (BD), San José, 
California, USA) monoclonal antibodies (mAb) at 37°C for 6 hours. After 1 hour, 1 
µl/ml Brefeldin A (“GolgiPlug”, BD) was added. As a positive control for the 
capacity of PBMC to produce cytokines, phorbol myristate acetate (PMA) and 
ionomycin (Sigma-Aldrich, Zwijndrecht, the Netherlands; 5 ng/ml and 1 µg/ml 
respectively) were added. Unstimulated cells were used as a negative control. 
Subsequently, cells were placed at 4ºC overnight, after which they were stained 
extracellularly with fluorochrome-conjugated mAb against CD45RO (Pharmingen, 
San Diego, California, USA). After fixation and permeabilisation (BD reagents), cells 
were stained (intracellularly) with fluorochrome-conjugated mAb against IFNγ and/or 
IL-2, CD4, CD3 (BD), CD27 (Sanquin Reagents). Cells were fixed in Cellfix (BD), 
and 100,000 up to 300,000 events were acquired using a FACSCalibur flow 
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cytometer (BD). Lymphocytes were gated by forward-sideward scatter, and data were 
analysed using the software program CELL Quest (BD). In case of intracellular IFNγ 
and IL-2 measurements, the number of responding T cells was calculated after 
subtracting negative control values. Percentages of CD45RO+CD27+, 
CD45RO+CD27– and CD45RO–CD27– CD4+ T cells in Figure 3c were expressed as 
percentages within these three T-cell subsets. Data are expressed in absolute numbers 
per µl blood, to take into account that during progression to AIDS, total CD4+ T-cell 
numbers drop dramatically. 
 
 
Table 1. Characteristics of the study population 

1 CMV = cytomegalovirus; CMV disease = CMV other end-organ disease than retinitis; LTA = long-term 
asymptomatic. 
2 PCP = Pneumocystis carinii pneumonia; KS = Kaposi sarcoma; C. meningitis = Cryptococcal 
meningitis.  
‡ CD4 counts are in absolute numbers/µl. 
* = HLA-DR3-positive individual.  
# At this time point individual 0164 had started HAART, and was therefore excluded from data analyses. 

Subject Classification1 AIDS defining 
illness2 

Months 
AIDS 
free 

CD4 
count 
early‡ 

CD4 
count 

middle‡ 

CD4 
count 
late‡ 

Age at 
AIDS 

diagnosis 

8001 CMV disease CMV disease, 
Candidiasis, KS 

36 630 - 70 44 

8332 CMV disease CMV disease 84 470 210 60 46 
0594 CMV retinitis KS 72 940 430 50 31 
0026 CMV retinitis Toxoplasmosis 95 370 270 50 45 
1112* CMV retinitis CMV retinitis 66 360 - 30 45 
0199* CMV disease Candidiasis > 54 600 - 20 46 
0186* CMV retinitis PCP 42 850 - 300 33 
0019* CMV retinitis C. meningitis >99 630 620 100 41 

0057 LTA - >168 680 - 470 >53 
0126 LTA - >170 550 - 460 >53 
0044 LTA - >170 470 - 370 >49 
1171 LTA - >156 770 - 470 >40 
0658* LTA - > 146 980 - 700 >49 
0545* LTA - >101 460 - 390 >56 
0164* LTA - >97 330 - 240# >46 
1160* LTA - >128 575 - 370 >46 

0208 Progressor PCP 54 790 - 40 35 
0656 Progressor Cryptosporidiasis 73 240 - 120 35 
1211 Progressor C. meningitis 70 700 - 180 31 
0159 Progressor PCP 32 590 - 210 48 
1234 Progressor PCP 67 460 - 380 36 
1215* Progressor Candidiasis 71 320 - 300 28 
0547* Progressor PCP 65 1155 - 390 45 
0748* Progressor Microsporidiosis 67 300 - 150 34 
0224* Progressor PCP 60 530 - 210 33 
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Antigen-specific proliferation assay 
In vitro T-cell proliferation to CMV lysate was measured using CFSE (5,6-
carboxyfluorescein diacetate succinimidyl ester) (Molecular Probes, Leiden, The 
Netherlands) according to the manufacturer’s protocol. Briefly, PBMC were labelled 
with CFSE and incubated with 10 µl/ml CMV lysate at 37°C for 6 days. As a positive 
control, 0.4 µg/µl anti-CD3 and 4 µg/µl anti-CD28 (Sanquin Reagents) were added 
and medium alone was used as a negative control. At day 6, cells were stained 
extracellularly with fluorochrome-conjugated mAb against CD4 and CD3 (BD). Cells 
were fixed in Cellfix (BD), and 60,000 up to 300,000 events were acquired using a 
FACSCalibur flow cytometer (BD). Stimulation indices (SI) were calculated by 
dividing the percentage proliferation of CD3+CD4+ T cells after stimulation by the 
percentage proliferation of unstimulated cells.  
 
HLA-class II tetramer staining directly ex vivo and after expansion 
In the context of HLA-DR3 (HLA-DRB1*0301), peptide p510-522 from CMV lower 
matrix protein pp65 was defined as a CD4-dependent epitope and used to produce 
HLA-DR3 tetrameric molecules (Bronke et al, submitted). Briefly, Drosophila 
Schneider cells were used to produce HLA-DR3 monomeric molecules, which consist 
of the extracellular domain of the α-chain of HLA-DRA1*0101, an acid leucine 
zipper, and His-tag, and the extracellular domain of the β-chain of HLA-DRB1*0301 
(plus p511-522 epitope covalently linked), a complementary basic leucine zipper and 
biotinylation domain. His-tag allowed for the purification of the monomeric 
molecules expressed and excreted in culture supernatant, and the biotinylation domain 
to form tetramers through streptavidin binding.  

PBMC from HLA-DR3+ HIV-infected individuals were incubated with CMV-
specific HLA-DR3 tetramer at 37°C for 1 h. In parallel, PBMC were also labelled 
with CFSE as described above, and incubated with 5 µg/ml p510-522 peptide in the 
presence of 2 µg/ml anti-CD28 and CD49d mAb at 37°C for 6 days. At day 6, cells 
were incubated with tetramer at 37°C for 1 h. Subsequently, cells were stained at RT 
for 20 minutes with fluorochrome-conjugated mAb against CD4 and/or CD3 (BD). 
Finally, cells were fixed in Cellfix (BD), and 60,000 up to 300,000 events were 
acquired using a FACSCalibur flow cytometer (BD). Propidium iodide (PI) was 
added to distinguish between dead and life cells.  
 
Statistical analysis 
Wilcoxon tests were performed to compare values at early and late time points, within 
patient groups. Differences between the patient groups were analysed using the 
Mann-Whitney test. All statistical analyses were performed using the software 
programme SPPS 11.5 (SPSS Inc., Chicago, Illinois, USA).  
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RESULTS 
 
CMV-specific CD4+ T cells mainly produce IFNγ and some IL-2, and loose both 
during progression to AIDS-CMV 
Stimulation with CMV lysate and intracellular cytokine staining was used to analyse 
CMV-specific T cells. As shown in Figure 1, IFNγ-producing as well as IL-2-
producing CMV-specific CD4+ T cells could be detected in all individuals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Early and late CMV-specific cytokine-producing CD4+ T-cell responses. Early 
and late time points from the longitudinal data of LTA (left column), progressors to AIDS-OI 
(middle column) and progressors to AIDS-CMV (right column) were compared. Depicted are 
a) numbers of CMV-specific single IFNγ+CD4+ T cells/µl blood; b) numbers of IFNγ+IL-2+ 
double positive CD4+ T cells/µl blood; c) numbers of single IL-2+CD4+ T cells/µl blood after 
stimulation of PBMC with CMV lysate. Dots represent individual patients and the median is 
shown as a bar. The two-tailed p-values from Wilcoxon tests comparing early and late time 
points are depicted in the upper right corner of the graphs. 
 
 

In LTA, single IFNγ+CD4+ T cells were readily detected and their number 
increased in 3 out of 5 individuals (median 1.67 to 5.81/µl; p=0.144, Wilcoxon). 
Progressors to AIDS-OI (Figure 1a) initially had similar numbers of single 
IFNγ+CD4+ T cells but they decreased in 5 out of 7 individuals (median 6.26 to 
1.32/µl; p=0.176, Wilcoxon). Interestingly, in progressors towards AIDS-CMV 
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(Figure 1a), single IFNγ+CD4+ T cells were detected in 4 out of 5 individuals initially, 
but they decreased to hardly detectable levels in all individuals a year before onset of 
CMV end-organ disease (median 6.05 to 0.63/µl; p=0.080, Wilcoxon). In all groups, 
the number of IL-2-producing CD4+ T cells was lower than the number of IFNγ-
producing CD4+ T cells (Figures 1b and c; note different y-axis scale).  

In LTA and progressors to AIDS-OI, single IL-2+CD4+ T cells (median 0.01 
to 0.05/µl, LTA; and median 0.315 to 0.036/µl, AIDS-OI; Figure 1b) as well as 
IFNγ+IL-2+ CD4+ T cells (median 0.14 to 0/µl, LTA; and median 0.644 to 0.114/µl, 
AIDS-OI; Figure 1c) could be detected at both time points. In progressors to AIDS-
CMV, similar to single IFNγ+CD4+ T cells, both single IL-2+ as well as IFNγ+IL-2+ 
CD4+ T cells decreased significantly to hardly detectable levels in all individuals a 
year before onset of CMV end-organ disease (median 0.144 to 0.01/µl IL-2+; 
p=0.043, Wilcoxon, Figure 1b; median 0.828 to 0/µl IFNγ+IL-2+; p=0.043, Wilcoxon; 
Figure 1c). Thus, in progressors to AIDS-CMV, CMV-specific CD4+ T cells 
produced mainly IFNγ and both IFNγ-producing and IL-2-producing CD4+ T cells 
were lost during progression to CMV end-organ disease.  
 
CMV-specific CD4+ T cells loose proliferative capacity a year before onset of 
CMV end-organ disease 
To determine proliferative capacity of the CMV-specific CD4+ T cells, PBMC were 
labelled with CFSE dye and stimulated for 6 days with CMV lysate (Figures 2a, b and 
c). Cell division results in dilution of the CFSE dye. Stimulation indices (SI) were 
determined by dividing the percentage proliferation of CD3+CD4+ T cells after 
stimulation by the percentage proliferation of unstimulated cells. Proliferation 
remained relatively stable in LTA (median stimulation index (SI) 3 to 5.4; p=0.917, 
Wilcoxon; Figures 2a and c) as well as in progressors to AIDS-OI (median SI 13.4 to 
8.4; p=0.893, Wilcoxon; Figure 2c). In progressors to AIDS-CMV, however, CMV-
specific CD4+ T-cell proliferation decreased significantly in all individuals towards 
progression to CMV end-organ disease (median SI 2.8 to 1.4; p=0.043, Wilcoxon; 
Figures 2b and c). One of the progressors to AIDS-CMV showed a peak in 
proliferation around 5 years after HIV seroconversion, but well before onset of CMV 
end-organ disease. Interestingly, this same individual showed a peak in the number of 
IFNγ and IL-2 co-producing CD4+ T cells at this time point as shown in Figure 1b, 
illustrating that IL-2 production and proliferation may be linked. Thus, in progressors 
to AIDS-CMV loss of proliferative capacity was observed, which paralleled the loss 
of cytokine-producing CMV-specific CD4+ T cells.  
 
CMV-specific IFNγ-producing CD4+ T cells are preferentially of the CD45RO–

CD27– phenotype a year before onset of CMV end-organ disease 
IFNγ-producing CD4+ T cells were stained with the cell surface markers CD45RO 
and CD27 to determine the phenotype of these CMV-specific CD4+ T cells. Figure 3a 
shows FACS analysis of a representative progressor to AIDS-CMV at an early and 
late time point. IFNγ+CD4+ T cells were readily detected in most individuals and the  
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Figure 2. Proliferative capacity of CMV-specific CD4+ T cells. In a) FACS analysis after 6 
days of stimulation with CMV lysate of CFSE-labelled PBMC of a representative LTA at the 
early (left) and late (right) time point; and in b) a representative progressor to AIDS-CMV at 
the early and late time point. Numbers indicate percentages of CFSElowCD4+ T cells that were 
used to calculate stimulation indices. In c) early and late time points from the longitudinal data 
of LTA (left column), progressors to AIDS-OI (middle column) and progressors to AIDS-CMV 
(right column) were compared. Proliferative capacity as indicated by stimulation index is 
shown on the y-axis. Dots represent individual patients and the median is shown as a bar. 
The two-tailed p-values from Wilcoxon tests early and late time points are depicted in the 
upper left corner of the graphs. 
 
 
three major subsets (CD45RO+CD27+, CD45RO+CD27–, and CD45RO–CD27–) are 
depicted in Figure 3c. In LTA, most IFNγ+CD4+ T cells resided in the 
CD45RO+CD27– effector subset both early and late in HIV infection (median 65.2 to 
73.4%; p=0.465, Wilcoxon). In progressors to AIDS-OI, also most of the cells were 
found in the CD45RO+CD27– effector subset, which remained stable during HIV 
infection (median 77.2 to 81%; p=0.600, Wilcoxon). In progressors to AIDS-CMV, 
initially the majority of the IFNγ+CD4+ T cells were of the CD45RO+CD27– effector 
subset, but during progression to AIDS-CMV a shift in phenotype to the CD45RO–



Chapter 5 
_____________________________________________________________________ 

82 

CD27– subset was observed (median 67.6 to 23% CD45RO+CD27– versus median 
18.5 to 73% CD45RO–CD27–; p=0.068 for both subsets, Wilcoxon). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Phenotype of CMV-specific total IFNγ- or IL-2-producing CD4+ T cells. In a) 
IFNγ-producing CD4+ T cells and phenotype of a representative progressor to AIDS-CMV at 
the early (upper) and late (lower) time point; and in b) IL-2-producing CD4+ T cells and 
phenotype of the same individual. Numbers in the upper right-hand corner indicate 
percentages of IFNγ+ within CD4+ T cells and percentages of the 4 quadrants, respectively. In 
c), early and late time points from the longitudinal data of LTA (left column), progressors to 
AIDS-OI (middle column) and progressors to AIDS-CMV (right column) were compared. 
Percentages of CD4+ T cells in a particular subset are shown on the y-axis. Memory 
CD45RO+CD27+ T cells  are depicted  by black (    ), effector CD45RO+CD27– T cells as grey 
(   ), and fully differentiated CD45RO–CD27– T cells as white (   ) circles. Dots represent 
individual patients and the median is shown as a bar.  
 
 

IL-2-producing CD4+ T cells were also characterised phenotypically in cases 
where enough IL-2-producing T cells were present. We were able to analyse all 
progressors to AIDS-OI, 1 out of 4 progressors to AIDS-CMV (Figure 3b) and 2 out 
of 6 LTA. Interestingly, the largest subset of IL-2-producing CD4+ T cells was of the 
CD45RO+CD27+ memory phenotype (median 54.2 to 34.4%; p=0.500, Wilcoxon), 
followed by CD45RO+CD27– effector (median 42 to 29.3%) and CD45RO–CD27– 
(median 5.6 to 0%) CD4+ T cells (data not shown). Overall, CD45RO+CD27+ 
memory cells were significantly more abundant in IL-2-producing compared to IFNγ-
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producing CD4+ T cells, early (median 51.38 versus 4.3%; p=0.008, Wilcoxon) and 
late (median 33.3 versus 5.5 %; p=0.093, Wilcoxon) in HIV infection. 

Thus, CMV-specific IFNγ-producing CD4+ T cells had differentiated towards 
the highly differentiated CD45RO–CD27– phenotype during progression towards 
AIDS-CMV. In addition, the majority of IFNγ+CD4+ T cells were found in the 
CD45RO+/– CD27– subset, whereas the majority of IL-2+CD4+ T cells were found in 
the memory subset. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. MHC class II tetramer 
staining of an epitope of CMV 
pp65 in the context of HLA-DR3. 
In a), ex vivo tetramer staining on 
PBMC of an LTA at the early (upper) 
and late (lower) time point, and 
tetramer staining on CFSE-labelled 
PBMC after stimulation with peptide 
for 6 days of the same individual 
(middle left), a progressor to AIDS-
OI (middle right) and a progressor to 
AIDS-CMV (right). In b), ex vivo 
tetramer staining on PBMC of an 
LTA  at  the  early  (upper)  and  late  

(lower) time point, and tetramer staining on CFSE-labelled PBMC after stimulation with 
peptide for 6 days of the same individual. This individual had started HAART at the late time 
point. Numbers in the upper right-hand corner indicate percentages of tetramer+ within CD4+ 
T cells and in the upper left-hand corner percentages of tetramer+CFSElow cells within CD4+ T 
cells. 
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Detection of CMV-specific CD4+ T cells using HLA-DR3 tetrameric molecules 
specific for an epitope from CMV pp65 
Epitope-specific CD4+ T cells were analysed using HLA-DR3 tetrameric molecules 
containing an epitope (peptide 511-522) from pp65. We identified 11 HLA-DR3+ 
individuals, who could be classified in either group of LTA (n=3), progressors to 
AIDS-OI (n=4) or AIDS-CMV (n=4). In one LTA patient, reasonable numbers of 
tetramer+CD4+ T cells could be detected directly ex vivo (0.47 to 0.49/µl (i.e. 0.10 to 
0.13%) tetramer+ in CD4+ T-cell population; Figure 4a LTA). In addition, these 
tetramer+CD4+ T cells could be expanded by in vitro stimulation with the specific 
peptide. After 6 days of culture of CFSE-labelled PBMC, 2.4% to 0.13% 
tetramer+CFSElow cells were detected in the CD4+ T-cell population (Figure 4a), 
confirming the observed direct tetramer staining in this individual. This individual 
clearly showed a decline in tetramer+CFSElow cells. In another LTA, tetramer+CD4+ T 
cells could be detected only after stimulation. Furthermore, we were able to detect 
tetramer+CD4+ T cells after stimulation in one progressor to AIDS-CMV at an early 
time point, but not at the late time point (2.88 to 0.05% tetramer+CFSElow in the CD4+ 
T-cell population; Figure 4a AIDS-CMV). In progressors to AIDS-OI, however, no 
CMV-specific CD4+ T cells could be detected even after stimulation (median 0.03 to 
0.04% tetramer+CFSElow in the CD4+ T-cell population; Figure 4a, a representative 
AIDS-OI patient). Thus, CMV-specific HLA-DR3 tetramer+CD4+ T cells can be 
detected in HIV-1-infected individuals during the course of HIV infection both ex 
vivo and after 6-day expansion by in vitro stimulation with the peptide of interest. 

Interestingly, in one LTA (who had been excluded from this study, since he 
had already started HAART at the late time point), tetramer+CFSElow cells could be 
detected clearly late in infection (Figure 4b), suggestive of restoration of CMV-
specific proliferative capacity after HAART.  
 
 
DISCUSSION 
 
The aim of this study was to define function and phenotype of CMV-specific CD4+ T 
cells in HIV-infected individuals with different clinical end-points to identify which 
factors might be related to progression to CMV end-organ disease. Therefore we 
studied long-term asymptomatic HIV+ individuals (LTA), progressors to AIDS with 
opportunistic infections (AIDS-OI), and progressors to AIDS with CMV disease 
and/or retinitis (AIDS-CMV) in the natural course of HIV infection, longitudinally.  

In all individuals, numbers of CMV-specific IFNγ-producing were found to be 
substantially higher compared to IL-2-producing CD4+ T cells, and especially the 
number of single IL-2-producing CMV-specific CD4+ T cell was very low. These 
observations are compatible with another study in which HIV-1-infected individuals 
with various patient characteristics were analysed [15]. In primary CMV infection and 
during CMV latency in transplantation patients, CMV-specific CD4+ T cells have 
been reported to produce IFNγ and TNFα, but no IL-2 or IL-4 [2]. Even though 
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Harari et al [5] did report a relatively equal distribution of IFNγ and/or IL-2-
producing CMV-specific CD4+ T-cell populations, single IFNγ+ numbers were still 
shown to be higher than IFNγ+IL-2+ numbers, which were in turn higher than single 
IL-2+CD4+ T-cell numbers.  

In progressors to AIDS-CMV, a sharp decline was observed in IFNγ-
producing CD4+ T cells a year before onset of CMV end-organ disease. This finding 
is in line with our previous work [3], where we showed that IFNγ+CD4+ T cells were 
lost during progression to CMV end-organ disease. In addition to the decline in IFNγ-
producing cells, CMV-specific IFNγ+IL-2+ as well as the already scarce single IL-
2+CD4+ T cells decreased to non-detectable levels. These data suggest that during 
progression to AIDS-CMV, CMV-specific cytokine-producing CD4+ T-cell responses 
are lost. However, not only the cytokine production of CD4+ T cells were lost, but 
also their proliferative capacity was impaired. This impaired proliferation may be 
linked directly to the loss in IL-2 production. IL-2 is a strong inducer of T-cell 
proliferation, and other studies have suggested that lack of proliferation of HIV-
specific CD4+ T cells is indeed caused by their inability to produce IL-2 [4,5]. 

Several studies have implied that infection with CMV could have a dominant 
effect on shaping the T-cell immune response [19-21]. In progressors to AIDS-CMV, 
CD45RO–CD27–CD4+ and CD28–CD27–CD4+ T cells have been shown to 
significantly increase over time within the CD4+ T-cell population as a whole [16]. 
Collectively these data implied that there is a CMV-driven maturation in the 
polyclonal CD4+ T-cell population over time in HIV infection that is strongest in 
progressors to AIDS-CMV. Here, we extended our study of CMV-specific IFNγ-
producing CD4+ T cells by analysing these cells phenotypically. Remarkably, within 
the IFNγ+CD4+ T cells in progressors to AIDS-CMV we observed a striking shift 
from CD45RO+CD27– effector to the CD45RO–CD27– subset during progression to 
AIDS-CMV. In LTA and progressors to AIDS-OI, IFNγ+CD4+ T cells were mainly 
found within the CD45RO+CD27– effector subset during the course of HIV infection. 
Antigenic load has been associated with antigen-specific CD4+ (and CD8+) T-cell 
differentiation [4,22-24] and loss of IL-2+ CD45RO+CCR7+ central memory cells. 
CMV replication may well play a role in the shift in differentiation status of CMV-
specific T cells, not only because of its high antigenic properties but also since high 
CMV load (indicative of active CMV replication) could be detected in PBMC just 
before onset of symptomatic disease [3]. 

Harari et al recently reported that memory (i.e. the ability to mount an 
accentuated response to antigen re-encounter) of an immune response can be found in 
different phenotypic subsets depending on antigen persistence and antigen load, 
which is different for different viral infections [23]. For HIV-specific CD4+ T cells, 
IL-2-production has been identified to be associated with protective immunity, i.e. 
low viral load and a long-term asymptomatic clinical course, and is now considered a 
better marker for disease progression, whereas HIV-specific single IFNγ+CD4+ T cells 
were shown to increase in progressors to AIDS [5]. CMV-specific immunity may not 
resemble HIV-specific immunity. Memory CMV-specific CD4+ T cells may also 
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produce IFNγ and express a slightly more differentiated phenotype, possibly due to 
repetitive antigen exposure [23]. IFNγ-producing CMV-specific CD4+ T cells remain 
associated with progression to AIDS-CMV and seem important in preventing CMV 
end-organ disease. Indeed, IFNγ-producing CMV-specific CD4+ T-cell numbers are 
more abundant than IL-2-producing cells. Moreover, both populations were lost in 
progression to AIDS-CMV.  

A number of HLA-DR3+ HIV-1-infected individuals were identified, who 
could be analysed with our novel CMV-specific HLA-DR3 tetrameric molecules in 
order to determine whether the observed loss of cytokine-producing CD4+ T cells 
could be due to physical depletion. Despite focussing only on T cells specific for a 
single epitope, we were able to detect CMV-specific CD4+ T cells in several of the 
HLA-DR3+ patients. Interestingly, tetramer+CD4+ T-cell numbers tended to decline 
over time in LTA. Only in one LTA, tetramer+CD4+ T cells could be detected late in 
infection, which was in fact a time point after this individual had started HAART. 
Unfortunately, in patients who progressed to AIDS-CMV we were not able to detect 
DR3-restricted CD4+ T cells late in infection. This could indicate that fewer of these 
cells were present in progressors to CMV end-organ disease. Also after 6-day 
stimulation, no DR3-restricted, p511-522-specific CD4+ T cells were detected. Since 
in progressors to AIDS-CMV, proliferative capacity of the CMV-specific CD4+ T 
cells was impaired, detection of these cells after expansion seems therefore unlikely. 
Furthermore, we used a CMV pp65-derived epitope, p511-522, which we have 
defined in the context of HLA-DR3. Although our previous work (Bronke et al, 
submitted) did clearly identify this HLA-DR3 epitope, there may be non-DR3 
restricted epitopes that are more immunodominant. Moreover, not in all individuals is 
pp65 the immunodominant protein for the CMV-specific CD4+ T-cell response [25]. 
Therefore we cannot exclude the possibility that we might have missed a response. 

In conclusion, IFNγ- and IL-2-producing CMV-specific CD4+ T cells as well 
as CMV-specific proliferative capacity were lost in progressors to AIDS-CMV before 
onset of CMV end-organ disease. CMV-specific IFNγ-producing CD4+ T cells shifted 
towards highly differentiated CD45RO–CD27– phenotype during progression towards 
AIDS-CMV, and eventually disappeared. Antigenic presence could play an important 
role in driving the differentiation of the CMV-specific CD4+ T cells towards the 
CD45RO–CD27– phenotype. Probably, loss of these CMV-specific IFNγ+CD4+ T 
cells (and IFNγ+CD8+ T cells) allows uncontrolled dissemination of the virus and 
subsequent immunopathology. Especially in HIV infection, where chronic immune 
activation seems to exhaust immune responses in general, this could play an important 
role.  
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ABSTRACT  
 
Objective: We analysed the absolute lymphocyte numbers of various subsets of CD8+ 
T cells, to study the effect of viral co-infections on immune reconstitution under 
HAART in HIV-1-infected children under the age of 18. 
Results: Prior CMV infection correlated with an increased number of CD8+ effector T 
cells (i.e. CD45RA+CD27–) at baseline (CMV-seropositive versus seronegative 
patients; p=0.009), as well as an increased state of T-cell activation as defined by 
HLA-DR and CD38 expression. The expansion of effector CD8+ T cells persisted 
over time, independent of the HIV response to HAART. Numbers of CD8+ effector T 
cells were significantly higher in patients with CMV replication, as reflected by 
persistent urinary CMV shedding and periodic CMV DNAemia (p=0.02). These 
patients also showed an increase in CMV-specific antibodies, compared to those 
without CMV shedding (p=0.007). The number of CMV-specific IFNγ-producing 
CD8+ T cells was lower in children who persistently shed CMV compared to those 
who did not (p=0.02). In contrast, CMV-specific CD4+ T-cell responses were detected 
at similar levels in both groups.  
Conclusions: Our findings demonstrate that, in HIV-1-infected children, CMV 
infection correlates with the outgrowth of CD8+CD45RA+CD27– effector T cells. 
Activation of the immune system by persistent CMV secretion resulted in increasing 
CMV-specific IgG and higher numbers of CD8+ effector T cells. Despite these 
increases, the CMV-specific IFNγ-producing CD8+ T-cell response is diminished, 
which could explain the inability to suppress CMV completely in 41% of HIV-1-
infected children. 
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INTRODUCTION 
 
Human immunodeficiency virus type 1 (HIV-1) infection causes a progressive and 
severe immunodeficiency. Since 1997 HIV-1-infected children in the Netherlands are 
treated with highly active antiretroviral therapy (HAART). HAART suppresses HIV 
replication, followed by immune reconstitution. Compared to adults absolute CD4+ T-
cell numbers in children recover more rapidly, whereas CD8+ T-cell numbers do not 
change over time during treatment with HAART [1].  
  CD8+ cytotoxic T lymphocytes (CTL) are recognised as important cells to 
fight intracellular infections, such as viruses. Using a combination of phenotypic 
markers CD8+ T cells can be divided into different subsets. For this study we have 
chosen CD27, which is downregulated upon interaction with its ligand CD70. Using 
this functional molecule combined with CD45RA, CD8+ T cells can be divided into 4 
different subsets: CD8+CD45RA+CD27+ naive, CD8+CD45RA–CD27+ memory, 
CD8+CD45RA–CD27– memory/effector and CD8+CD45RA+CD27– effector T cells 
[2]. Although the sequential development of CD8+ T cells during primary infection in 
mouse was shown to go from naive to effector and then to memory [3] during chronic 
viral infections in humans, a sequential maturation pattern has been suggested to go 
from naive to memory and via memory/effector to effector [4].  

Herpes viruses, such as cytomegalovirus (CMV), Epstein-Barr virus (EBV) 
and varicella zoster virus (VZV), establish latency after initial infection. These latent 
infections have the potential to reactivate, which is accompanied by low levels of 
transient viral replication. CMV is a frequent infection in HIV-1-infected children 
[5,6]. In the pre-HAART era, children infected with both CMV and HIV-1 were more 
likely to have disease progression, than children who were HIV-1-seropositive, but 
CMV-seronegative [7]. Even in the era of HAART, CMV is associated with an 
increased risk of disease progression to AIDS and decreased survival [8,9].  

In a healthy paediatric population in the Netherlands, CMV-seroprevalence at 
the age of 18 years was found to reach 75% [10]. In this control-population it has 
been shown that CMV infection is associated with the outgrowth of 
CD8+CD45RA+CD27– effector T cells. Since we and others have found that CMV-
specific cytotoxic CD8+ T cells are preferentially of the CD45RA+CD27– phenotype 
[4,10-12], it seems likely that CMV relates to these CD8+ effector T-cell expansions. 
In the present study, we have analysed the effect of CMV infection and replication on 
CD8 T-cell differentiation in HIV-1-infected children under HAART. To our 
knowledge this is the first study to describe CMV-related immune reactivity in HIV-
infected children associated with persistent CMV replication. 
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METHODS 
 
Patients 
The Amsterdam paediatric HIV-1 cohort consists of children and young adolescents 
under the age of 18. Since 1997, patients received HAART consisting of at least 1 
protease inhibitor and 2 nucleoside-analogue reverse-transcriptase inhibitors. For the 
present study we selected all children who started therapy between 1997 and 2002. 
The Medical Ethical Committee approved this study. All caregivers gave written 
informed consent. 
 
Blood samples 
Blood and urine samples were obtained at each visit at intervals of 2-4 months. 
Serology for CMV, EBV and VZV was performed at start of HAART. If positive, the 
test was repeated at least 48 weeks thereafter. If negative, serological analysis was 
performed upon each visit until seroconversion.  
 
Serology 
Specific IgM and IgG against EBV viral capsid antigen (EBV-VCA) and specific IgG 
to Epstein-Barr nuclear antigen (EBNA) were determined by enzyme immunoassay 
(EIA) (Biotest, Dreieich, Germany). Specific antibodies to VZV were determined by 
Vidas tests (Biomerieux, Lyon, France). CMV antibodies were defined by Axsym 
assays (Abbott Diagnostics, Amstelveen, the Netherlands), expressed as Arbitrary 
Units. All tests were performed following the instructions of the manufacturers. 
Seropositivity was defined by the presence of a positive specific IgG after the age of 
12-18 months or by CMV IgG remaining positive during follow-up in order to 
exclude the confounding contribution of maternal antibodies in the very young. 
 
CMV culture 
Patient urine was co-cultivated with human diploid fibroblasts for culture of CMV 
according to standard procedures. Repeated cultures were done prospectively in 32 
CMV-seropositive children. Prolonged CMV shedding was defined as the presence of 
at least two positive CMV cultures after more than 36 weeks on HAART. A patient 
was defined as definitively negative if two urine cultures were negative at an interval 
of 2 months after more than 36 weeks on HAART, while secreting CMV at the start 
of HAART. 
 
Lymphocyte subsets and enumeration of cytotoxic effector cells 
Numbers of B cells (CD19+), T cells (CD3+) and subsets (CD3+CD4+, CD3+CD8+) 
were determined by Standard FACScan procedures. Activation and maturation of the 
CD4+ and CD8+ T cells were determined using monoclonal antibodies against CD4, 
CD8, HLA-DR (Becton Dickinson (BD), San José, CA, USA), CD38, CD45RA 
(Coulter Immunology, Haleah, FL, USA) and CD27 (Sanquin Reagents). Similar to 
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our study in healthy children [10], the cut-off for a positive result in 
CD8+CD45RA+CD27– effector T-cells was set at 20 cells/µL.  
 
Flow cytometry and intracellular IFNγ staining after antigen-specific stimulation 
PBMCs were stimulated either with 2 µg/ml of a 15-mer 11 amino acids overlap 
CMV-derived pp65 peptide pool, a similar overlapping EBV-derived BZLF-1 peptide 
pool (Jerini AG, Berlin, Germany), or with CMV lysate (Microbix Biosystems, 
Toronto, Canada; 10 µl/ml) in the presence of anti-CD28 (Sanquin Reagents) and 
CD49d (BD) for 6 hours at 37°C. Phorbol myristate acetate and ionomycin were used 
as a positive control, and unstimulated cells as a negative control. After 1 hour, 
Brefeldin A was added. Cells were placed at 4ºC overnight, washed and stained with 
anti-CD27 (BD) and CD45RO (DAKO, Carpinteria, California, USA), and either 
CD8 in case of peptide pools or CD4 in case of CMV lysate. After fixation and 
permeabilisation (BD reagents), cells were stained intracellularly with anti-IFNγ 
(BD). Cells were fixed in Cellfix (BD), and 200,000 to 400,000 events were acquired 
using a FACSCalibur flow cytometer (BD). For clarity of interpretation we 
considered CD45RO+ and CD45RO– as CD45RA– and CD45RA+, respectively. In 
case of intracellular IFNγ measurements, the number of responding T cells was 
calculated after subtracting negative control values.  
 
Plasma HIV-1 RNA determination 
Plasma HIV-1 RNA concentration was determined either using Nuclisens HIV-1 
RNA QT (Biomérieux, Boxtel, the Netherlands) or Versant HIV-1 RNA 3.0 (Bayer, 
Tarrytown, NY, USA). All tests were performed according to the instructions of the 
manufacturers. All HIV-1-RNA below 400 copies/mL were considered as 
undetectable. 
 
Statistical analyses 
Statistical analyses were performed using SPSS for Windows version 11.5 (SPSS, 
Chicago, USA). All p-values were two-tailed. P-values smaller than 0.05 were 
considered statistically significant. Continuous data were analysed using a Mann-
Whitney-U test. Categorical data were compared with a Fisher’s exact test. A paired 
sample t-test was used to analyse differences between baseline and 48 weeks of 
follow-up. Correlation was tested using the Spearman’s correlation test. Univariate 
and multivariate logistic regression models were used to identify independent factors 
associated with T-cell numbers above or under the median of the group, using a 
stepwise backward model.  
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RESULTS 
 
Population characteristics and virologic and immunologic response to HAART 
Fifty-two HIV-1-infected children started HAART between 1997 and 2002. All 
children had completed a follow-up of 48 weeks on treatment at the time of analysis. 
Table 1 shows baseline characteristics of the cohort. Plasma HIV-1 RNA 
concentration was initially suppressed below detection levels in 49 of 52 children in a 
median period of 9.1 weeks (inter-quartile range (IQR) 3.4-18.9). After 48 weeks, 44 
children still had undetectable HIV RNA. Median CD4+ T-cell numbers subsequently 
increased from 480 to 1185 cells/µL during 48 weeks of follow-up (p<0.001).  
 
 
Table 1. Baseline characteristics of study patients at start HAART  
Number of patients, n 52 
Median age, years (range) 5.0 (0.8-17.9) 
Race/ethnicity, n (white vs. non-white) 5/47 
Sex, n (female/male) 29/23 
Mode of transmission (vertically vs. sexually) 43/9 
CDC-classification, n*  
                 Non C  29 
                 C 23 
Prior treatment  
                 None 37 
                 Mono/Duotherapy 15 
CD4 cell number (cells/µL), median (IQR) 480 (175-835) 
CD8 cell number (cells/µL), median (IQR) 1230 (763-2203) 
CD4 percentage, median (IQR) 17.0 (11.0-24.0) 
CD8 percentage, median (IQR) 49.0 (33.5-60.0) 
Plasma HIV-1 RNA, median log copies /mL (IQR) 4.95 (4.25-5.78) 
Median follow-up, weeks (IQR) 192 (103-271) 
CMV IgG (Number positive) 37 
EBV IgG (Number positive) 45 
VZV IgG (Number positive) 27 
 
*Clinical categories as defined by the US Centres for Disease Control and Prevention (CDC).[30] 
 
 
CMV infection and CD8+ T-cell differentiation 
Since CMV infection seems to be associated with faster progression to AIDS and was 
found to be associated with the outgrowth of CD8+ effector T cells, CMV-
seropositive children in our cohort were compared with seronegative children. 

Thirty-seven children had contracted CMV before initiation of HAART. Three 
patients seroconverted during treatment and all others remained seronegative during 
follow-up. Median age at baseline did not differ between CMV-seropositive and 
seronegative children (4.7 vs. 4.8 years, p=0.5), as was the case for sex (male patients 
43% vs. 47%, p=1.0). Plasma HIV-1 RNA concentration at initiation of HAART did 
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not differ between CMV-seropositive and seronegative children (5.0 vs. 4.6 log 
copies/mL, p=0.12). Furthermore, children not able to suppress HIV replication 
during 48 weeks on HAART were equally present in the CMV-seropositive and 
seronegative (5/37 vs. 1/12, p=0.54). In Table 2A, immunophenotypic comparisons of 
CMV-seropositive versus seronegative children are listed. The absolute number of 
CD8+ effector T cells (i.e. CD45RA+CD27–) was higher in CMV-seropositive 
compared to seronegative children at initiation of HAART (p=0.009), which persisted 
after 48 weeks (p<0.001), and was still present after 96 weeks on HAART (median 
406 vs. 53 cells/µL, p=0.001; data not shown). Comparing the fraction of each of the 
subsets shows that in CMV-seropositive children at baseline only 
CD8+CD45RA+CD27– effector T cells were higher (Table 2B). After 48 weeks on 
HAART also the CD8+CD45RA–CD27– memory/effector T cells were higher. In 
contrast, the naive CD8+CD45RA+CD27+ T cells were lower in CMV-seropositive 
children. There was no difference in CD8+CD45RA–CD27+ memory T cells.  
 
 
Table 2A. T-cell phenotype (median cells/µL) CMV-seropositive (n=30) versus 
CMV-seronegative patients (n=12) 
 

 At baseline p-value 48 weeks p-value 
   CMV+ vs. CMV−     CMV+ vs. CMV− 

CD4+, total 585 vs. 400 0.29 1125 vs. 1150 0.66 
CD8+, total 1280 vs. 1230 0.22 1530 vs. 1130 0.09 
   CD45RA+CD27+ 472 vs. 369 0.41 724 vs. 773 0.98 
   CD45RA−CD27+ 452 vs. 186 0.20 348 vs. 328 0.62 
   CD45RA−CD27− 154 vs. 69 0.03 83 vs. 18 <0.001 
   CD45RA+CD27− 369 vs. 101 0.009 323 vs. 41 <0.001 
   CD27−   
      (CD45RA+ & CD45RA−) 

605 vs. 158 0.02 423 vs. 59 <0.001 

CD4+ HLA-DR+CD38+ 82 vs. 35 0.02 112 vs. 99 0.59 
CD8+ HLA-DR+CD38+ 640 vs. 308 0.07 347 vs. 192 0.20 

 
 
Table 2B. T-cell phenotype (median %) CMV-seropositive (n=30) versus CMV-
seronegative (n=12) patients  

 At baseline p-value 48 weeks p-value 
  CMV+ vs. CMV−    CMV+ vs. CMV− 

CD8+     
   CD45RA+CD27+ 28 vs. 48 0.2 47 vs. 65 <0.001 
   CD45RA−CD27+ 31 vs. 38 0.6 20 vs. 26 0.2 
   CD45RA−CD27− 10 vs. 7 0.2 6 vs. 2 <0.001 
   CD45RA+CD27− 22 vs. 5 0.006 23 vs. 3 <0.001 
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CMV-associated outgrowth of effector T cells and chronic immune activation 
To test whether CMV infection is associated with chronic activation of the immune 
system, we analysed the activation markers HLA-DR and CD38 on CD4+ and CD8+ T 
cells. CD4+HLA-DR+CD38+ T cells at start of HAART were higher in CMV-
seropositive than in seronegative children (p=0.02). CD8+HLA-DR+CD38+ T cells 
were nearly significantly increased in CMV-seropositive versus seronegative 
individuals at start of HAART (p=0.07) (Table 2A). Differences in both CD4+ and 
CD8+ compartments disappeared during follow-up.  

At baseline, absolute numbers of CD4+ T cells were correlated with absolute 
numbers of CD8+ effector T cells (r=0.45, p=0.005). Interestingly, there was also a 
correlation between these CD8+CD45RA+CD27– effector T cells and activated (i.e. 
HLA-DR+CD38+) CD8+ and CD4+ T cells at baseline (r=0.82, p<0.001 and r=0.71, 
p<0.001, respectively) and with activated CD8+ T cells after 48 weeks (r=0.61, 
p<0.001). This suggests that the expansion of CD8+ effector T cells is associated with 
chronic immune activation. However, age, absolute CD4+ T-cell counts and HIV load 
did not correlate with the number of CD8+ effector T cells (p=0.51, p=0.90 and 
p=0.79, respectively).  
 
Primary CMV infection during HAART 
In our cohort, 3 girls seroconverted for CMV during treatment with HAART. In 
patient A and B, the number of CD8+CD45RA+CD27– T cells increased and stabilised 
at a level above baseline (Figures 1A and B). Patient C developed acute CMV 
infection, when she only had 6 CD4+ T cells/µL. The number of 
CD8+CD45RA+CD27– T cells did not increase above the cut-off of 20 cells/µL 
(Figure 1C). She was treated with gancyclovir. Hepatic dysfunction and cachexia 
progressed, and she developed a fatal, multi-drug-induced liver failure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Primary CMV infection during treatment with HAART. Absolute CD4+ (white 
squares), CD8+ (white circles) and CD8+CD45RA+CD27− (black diamonds or triangles) T-cell 
numbers in 3 patients seroconverting for CMV. Arrows indicate time of seroconversion. 
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CMV serology and CMV shedding in urine during latency  
After infection, CMV remains dormant in the kidneys. Urinary shedding is a marker 
of CMV replication. After congenital infection it can be found for up to 10 years [13]. 
In healthy asymptomatic children and adolescents, urine samples are intermittently 
positive for CMV up to 30 weeks after primary infection [14].  

Based on this report an extended period of 36 weeks as arbitrary cut-off for 
persistent CMV shedding was chosen. Regular urine tests for CMV were 
prospectively performed in 32 of 37 CMV-seropositive children. The patients with 
persistent CMV shedding (n=13, 41%) consisted of 11 boys and 2 girls, in contrast to 
the group with negative urine cultures (n=19, 59%) with 3 boys and 16 girls 
(p<0.001). Median age of the secretors was 1.0 year at start of HAART, that of non-
secretors 5.3 years (p=0.001) (Figure 2A). This difference in age and gender was also 
present when only vertically HIV-1-infected children were analysed (n=27, p=0.007 
and p=0.002, respectively). Furthermore, CMV IgG increased in CMV secretors and 
stabilised in non-secretors (median 73.3 vs. 0.00 Arbitrary Units/mL; p=0.02) (Figure 
2B). Among patients with prolonged viral secretion, 5 patients were positive for CMV 
DNA as measured by quantitative PCR on whole blood, compared to none in non-
secretors. Apart from the single patient mentioned earlier in Figure 1C, none of the 
patients developed clinical CMV-related disease that needed treatment under 
HAART, irrespective of persistent secretion or periodic detection of low 
concentrations of CMV DNA in blood.  
 
CMV shedding in the urine and T cells 
At start of HAART, the total numbers of CD4+, CD8+ T cells, and CD8+ effector T 
cells were not different between secretors and non-secretors (Figure 2C, left panel). In 
contrast, 36 weeks after the initiation of HAART, CMV-secreting patients had a 
higher number of total CD4+ T cells (p=0.01). This was also true for total CD8+ T 
cells (p=0.003), CD8+CD45RA+CD27– effector T cells (p=0.01) (Figure 2C, right 
panel) and CD8+CD45RA+CD27+ naive T cells (median 1067 vs. 484 cells/µL, 
p=0.006) in CMV secretors versus non-secretors. These differences persisted until 96 
weeks of follow-up (data not shown).  

The relative fractions of each of the subsets within the CD8+ T cells were not 
different between secretors and non-secretors, both at baseline and 36 weeks on 
HAART (data not shown). This finding underscores the idea that continuous 
replication is associated with absolute numbers of effector T cells instead of relative 
changes in subset distribution. 

The median number of CD8+CD45RA+CD27– T cells at week 36 for all 
CMV-seropositive children (421 cells/µL) was used to define a binary variable, 
denoting a high or low number of CD8+CD45RA+CD27– T cells. In a univariate 
analysis, prolonged CMV shedding (Odds Ratio (OR) 7.9 [95% CI 1.1-56.1]; p=0.04) 
and male gender (OR 7.5 [95% CI 1.3-43.0], p=0.02) were associated with a higher 
chance of increased numbers of CD8+CD45RA+CD27– T cells. In contrast, age at start 
of HAART, HIV RNA concentration at 36 weeks, CDC classification at presentation, 
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and prior VZV or EBV infection gave no higher chance of CD8+CD45RA+CD27– 
numbers above 421 cells/µL. A multivariate regression model showed that CMV 
secretion was the only predictor of having a high number of CD8+ effector T cells at 
week 36 (OR 7.9; p=0.04). No two-way interaction was found between gender and 
CMV secretion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Age, differences in CMV IgG, and T-cell subsets in relation to CMV shedding. 
In A, age at start of therapy and CMV secretion (years), horizontal lines represent median of 
the groups (non-secretors vs. secretors; median 5.3 vs. 1.0; p=0.001). In B, differences in 
CMV IgG between time before start with HAART and minimal 48 weeks on HAART (median 
73.3 vs. 0.00; p=0.02), horizontal lines represent medians of the groups. In C, absolute 
numbers of T-cell subsets in CMV non-secretors (−) (n=14) and secretors (+) (n=11) at week 
0 (left panel) and week 36 (right panel). Shown are median cells/µL (IQR and range). Higher 
numbers of total CD4+ T cells (median 1535 vs. 630 cells/µL, p=0.01), activated CD4+HLA-
DR+CD38+ T cells (median 168 vs. 64 cells/µL, p=0.049), total CD8+ T cells (median 2365 vs. 
1310 cells/µL, p=0.003), CD8+CD45RA+CD27− effector T cells (median 650 vs. 270 cells/µL, 
p=0.01) and CD8+CD45RA+CD27+ naive T cells (median 1067 vs. 484 cells/µL, p=0.006) was 
found in the CMV secretors versus non-secretors at 36 weeks after the start of HAART. 
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Naive CD8+ T-cell numbers were also higher in CMV secretors. Again the 
median number of CD8+CD45RA+CD27+ T cells at week 36 for all CMV-
seropositive children (710 cells/µL) was used to define a binary variable for high or 
low numbers of naive CD8+ T cells. In a univariate analysis, male gender (OR 5.1 
[95% CI 1.0-26.8]; p=0.06) and age (OR 0.8 [95% CI 0.6-0.9]; p= 0.007) were 
associated with a higher number of naive CD8+ T cells and not CMV shedding, which 
is in direct contrast to the aforementioned multivariate regression analysis for CD8+ 

effector T cells. In a multivariate analysis, age was the only independent predictor of 
the number of naive CD8+ T cells (OR 0.6 [95% CI 0.3-0.9]; p=0.03). Thus, in 
contrast to CD8+ effector T cells, high naive CD8+ T cells were independently 
associated with younger age. The same association was found in a multivariate 
analysis for the total (p=0.03), naive (p=0.04) and memory (p=0.04) CD4+ T cells at 
36 weeks.  
 
CMV-specific T-cell responses 
The number of IFNγ-producing T cells can be used as a measure of the number of 
virus-specific T cells present in the blood. To study CMV-specific T-cell immunity, 
IFNγ production by CD4+ and CD8+ T cells was measured after stimulation with 
either CMV lysate or a peptide pool derived from the immunodominant pp65 antigen 
in 16 CMV-seropositive children, 8 secretors and 8 non-secretors. Neither absolute 
numbers nor percentages of CMV-specific IFNγ-producing CD4+ T cells were 
different in secretors versus non-secretors (Figure 3A, and data not shown). In 
contrast to the increased total CD8+ T-cell numbers and its CD45RA+CD27– effector 
subset in CMV secretors, the numbers of CMV-specific IFNγ-producing CD8+ T cells 
were lower in CMV secretors compared to non-secretors (median 6.1 vs. 13.6 
cells/µL, p=0.02) (Figure 3A). Also, lower numbers of IFNγ-producing 
CD8+CD45RA+CD27– effector T cells were found in CMV secretors compared to 
non-secretors (median 1.0 vs. 3.8 cells/µL, p=0.04) (Figure 3B). This held also true 
for the CD8+CD27– T cells within the IFNγ-responsive T cells in children with 
prolonged CMV shedding (median 2.0 vs. 6.0 cells/µL, p=0.01). Whereas equally 
detected in the CD27+ (median 53.5%) as in the CD27– subset (median 46.8%) in 
patients with complete CMV suppression, patients with persistent CMV shedding 
showed a difference in favour of the CD27+ over the CD27– subset (median 62% and 
36.7%, respectively; both p=0.04) (Figure 3C). Age was not associated with the 
number of IFNγ-producing CD8+CD45RA+CD27– T cells. Together, these findings 
may suggest an incomplete functional differentiation of CMV-specific CD8+ T cells 
despite a higher frequency of total CD8+ T cells with an effector phenotype. 

As a control, we compared the EBV-specific CD8+ T-cell responses in the 
same patients upon stimulation with an EBV-lytic antigen derived BZLF-1 peptide 
pool. The EBV-specific IFNγ-producing CD8+ T-cell numbers were not different 
between the 2 groups. The distribution of the cells over the different subsets 
characterised for CD45RA and CD27 (data not shown) was not different either.  
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Fig. 3. CMV-specific IFNγ production in CD4+ and CD8+ T cells. In A, absolute numbers of 
IFNγ-producing CD4+ and CD8+ T cells in CMV non-secretors (–) (n=8) and secretors (+) 
(n=8). Shown are median cells/µL (IQR and range). In B, absolute numbers of 
CD8+CD45RA+CD27− T-cells within the IFNγ-producing CD8+ T cells in CMV non-secretors 
and secretors. Shown are median cells/µL (IQR and range). In C, proportions of CD27+ and 
CD27− cells within IFNγ-producing CD8+ T cells in CMV non-secretors and secretors. Shown 
are median, IQR and range. In D, representative FACS analyses of CD27 and CD45RO 
staining of CD8+ T cells of a secretor (right panel) and a non-secretor (left panel) are shown. 
Total CD8+ T cells are depicted in the upper graphs, CMV-specific T cells as defined by 
tetramer staining in the lower graphs. Naive CD45RO−CD27+ bright T cells are depicted in the 
upper left quadrant, memory CD45RO+CD27+ T cells in the upper right quadrant, 
memory/effector CD45RO+CD27− T cells in the lower right quadrant and effector 
CD45RO−CD27− T cells in the lower left quadrant. Numbers indicate percentages of CMV-
specific CD8+ T cells in the four quadrants. 
 
 
DISCUSSION 
 
In the present study the kinetics of CD8+CD45RA+CD27– effector T cells were 
analysed in HIV-1-infected children treated with HAART. In healthy children, a 
significant association between the number of circulating CD8+CD45RA+CD27– T 
cells and CMV seropositivity was found [10]. In HIV-infected children we now 
demonstrate that the outgrowth of these CD8+ effector T cells is similarly related to 
CMV, as is further exemplified by the kinetics of these cells in patients with acute 
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CMV infection under HAART. The expansion of CD8+ effector T cells was triggered 
by acute CMV infection, reaching a plateau with stable numbers in two months.  

In our cohort there was no difference in CD4+ or CD8+ T-cell numbers at 
baseline and during follow-up between the CMV-seropositive and seronegative 
group, although CD4+ and CD8+ T cells were more activated in children with prior 
CMV infection as indicated by CD38 and HLA-DR expression. This difference in 
activation-state between these 2 groups disappeared after initiation of HAART. A 
correlation between activated CD8+ T cells and CD8+ effector T cells was found both 
at baseline and after 48 weeks of follow-up. These data demonstrate that in HIV-1-
infected children, apart from the effects of HIV itself, ongoing CMV replication may 
contribute to chronic alteration of the immune system. The HIV load at baseline and 
during follow-up was not different between the groups, suggesting that the differences 
found in the T-cell compartment are not solely a reflection of HIV disease, but may 
be influenced by additional factors such as prior CMV infection. 

In this respect, it is interesting that CMV-seropositive otherwise healthy 
children were found to have a median of 67 CD8+ effector T cells/µL (mean 85 
cells/µL [10]), which is much lower than the median of 369 cells/µL at baseline and 
323 cells/µL after 48 weeks HAART found in our cohort of HIV-1-infected children. 
In the same study it was found that children who had primary CMV infection prior to 
organ transplant had a median of 74 CD8+ effector T cells/µL. In contrast children 
who had primary CMV infection during treatment with immunosuppressive therapy 
had a median of 413 CD8+ effector T cells/µL. This suggests that the ability of the 
immune system to suppress CMV is inversely correlated with the number of CD8+ 
effector T cells. This is in line with our finding that HIV-1-infected CMV-
seropositive children have higher numbers of CD8+ effector T cells and part of them 
shows continuing replication of CMV and mucosal shedding, associated with the 
outgrowth of this subset.  

Of the prospectively tested HIV-1-infected children, 41% showed persistent 
CMV secretion in the urine for more than 36 weeks after start of HAART, 
irrespective of their HIV load at baseline or after 48 weeks. CMV replication is 
reflected by prolonged and persistent secretion of CMV in the urine, as well as by the 
finding of periodic CMV DNA in the peripheral blood of patients. Furthermore, CMV 
secretors showed increasing titers of CMV-specific IgG and increased numbers of 
CD8+ effector T cells while CMV-specific IFNγ-producing CD8+ T cells were 
reduced, when compared with non-secreting patients in our cohort. These data suggest 
inadequate cellular immunity to CMV in children with prolonged secretion. Tu et al 
found that in very young children after CMV infection CD4+ T-cell responses were 
diminished in a selected group that secreted CMV after 1-2 years, while CD8+ T-cell 
responses were comparable to adults [15]. In contrast, our results in HIV-1-infected 
children show that, in both absolute and relative terms, CMV secretion is associated 
with a decreased number of functional CMV-specific IFNγ-producing CD8+ T cells in 
the presence of equal numbers of CMV-specific IFNγ-producing CD4+ T cells.  
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There are several explanations possible for our findings. First, reduced 
numbers of CMV-specific CD8+ T cells can be explained by differences in 
distribution of these cells over the various anatomical compartments. CMV-specific 
cells may have become trapped in the target organs and draining lymph nodes, 
whereas the increase in CD8+ effector T cells could represent an epiphenomenon. 
However, CMV-specific T cells are preferentially found in the peripheral blood 
instead of extravascular tissues [16], and redistribution does not seem to affect (CMV-
specific) CD4+ effector T cells in our study. Moreover, CMV-specific IFNγ-
producing CD8+ effector T cells are not able to suppress CMV replication completely. 
An alternative explanation would relate to CMV specificity and responsiveness per 
se. The number of responsive CMV-specific T cells, as measured by the number of 
IFNγ-producing T cells upon stimulation with CMV-derived pp65 peptide pool, was 
significantly lower in children with prolonged CMV shedding. Despite a higher 
frequency of CD8+ effector T cells, incomplete functional differentiation of CMV-
specific CD8+ T cells may be present [17]. This is in line with the finding that in HIV-
1-infected male adults, progressors to AIDS with CMV end-organ disease showed 
increased CMV-specific tetramer+CD8+ T cells, but dysfunction of CMV-specific 
CD8+ T cells in terms of IFNγ. In addition, loss of CMV-specific IFNγ-producing 
CD4+ T cells occurred in the year before onset of CMV end-organ disease. This was 
paralleled by detection of CMV DNA in PBMC [18].  

Since HLA-typing precluded the use of the standard tetramer (i.e. HLA-A2, 
B7) staining to enumerate CMV-specific CD8+ T cells in our cohort, a functional 
read-out for CMV-specific activity was used instead. Therefore, we cannot 
discriminate between the possibilities of an increase in CMV-related CD8+ T cells 
with a virus-specificity different from CMV-pp65, an increased number of 
dysfunctional CMV-pp65-directed T cells, or an indirect bystander phenomenon, 
being CMV-related yet with little or no CMV specificity. Other cellular functions 
remain to be studied. On the other hand, in functional assays it was found that after 
stimulation with virus-specific peptides in vitro the IFNγ production correlated with 
cytotoxicity against target cells loaded with the same peptides [19]. We describe for 
the first time that numbers of functional CMV-specific CD8+ T cells are reduced in 
CMV-shedding children compared to children suppressing CMV replication 
successfully. 

Recent experimental studies [20-23] revealed that ability of “unhelped” 
memory CD8+ T cells to produce IFNγ when restimulated was strongly reduced 
compared with “helped” memory CD8+ T cells. These experimental studies also 
demonstrated that restored CD4+ help (as seen under HAART) of previously 
“unhelped” memory CD8+ T cells did not remedy the defective CD8+ T-cell response 
[20-25]. If CMV-specific CD4+ T cells were defective before HAART, the CD8+ T-
cell response starts to fail and viral replication returns. In such a scenario, the 
increased antibody response in secretors may act to contain replication [24].  

Apart from CD8+ effector T cells, also the naive CD8+ T cells (i.e. 
CD45RA+CD27+) total, memory and memory-effector CD4+ T cells seemed to 
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expand more strongly in CMV secretors than in non-secretors. Multivariate analysis 
demonstrated that this association was, in contrast to CD8+ effector T cells, 
confounded by age and not related to CMV shedding. The expansion of naive T cells 
upon HAART is assumed to be largely antigen-independent in which cytokines may 
play a role, such as IL-7 and, to a lesser extent, IL-15 [26-29]. Whether CMV 
infection and prolonged shedding results in an increase of cytokines or different 
cellular sensitivity to these cytokines, hence affecting selectively the outgrowth of 
certain T-cell subsets such as the CD8+ effector T cells, remains to be determined.  

In conclusion, our findings demonstrate that, similar to healthy age-matched 
controls [10], in HIV-1-infected children CMV infection is associated with the 
outgrowth of CD8+CD45RA+CD27– effector T cells, and neither one of the other 
herpes viruses tested, nor to HIV-1 itself. Endogenous stimulation of the immune 
system by persistent CMV secretion results in progressively increasing CMV-specific 
IgG and higher numbers of CD8+ effector T cells. Despite these increases, the CMV-
specific IFNγ-producing CD8+ T-cell response is diminished, which could explain the 
inability to suppress CMV completely in 41% of HIV-infected children, irrespective 
of HIV RNA and immune reconstitution under HAART. 
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ABSTRACT  
 
Studies in humans have provided evidence that CD8+ T cells exhibit distinct 
phenotypical and functional properties dependent on virus specificity. It is not known 
how these T-cell phenotypes develop over the course of infection. Dynamics and 
properties of T cells specific for human immunodeficiency virus (HIV), 
cytomegalovirus (CMV) and Epstein-Barr virus (EBV) in HIV infection were 
investigated in relation to viral load. In rapid progressors, HIV-specific CD8+ T cells 
were less differentiated early in infection and did not develop a more differentiated 
phenotype. In slow progressors, perforin expression of HIV-specific CD8+ T cells 
slightly increased over time. HIV and EBV load was detectable in all individuals, 
while CMV load could not be detected. Thus, in individuals with progressive HIV 
infection, HIV-specific T cells are less differentiated already early in infection. This 
apparent block in differentiation may be partly caused by chronic viremia or lack of 
CD4+ T-cell help.  
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INTRODUCTION 
 
CD8+ cytotoxic T lymphocytes (CTL) may be able to control human immunodeficiency 
virus (HIV) for some time, but eventually, this control fails leading to progression to 
AIDS [1]. In contrast, infection with other persistent viruses like cytomegalovirus 
(CMV) and Epstein-Barr virus (EBV) is controlled for life in most people. After 
exposure to antigen, CD8+ CTL are activated and can induce death of infected targets via 
several mechanisms [2]. They can produce cytokines like TNFα and IFNγ, capable of 
inhibiting viral replication [3]. Another mechanism to induce cell death is the Fas-FasL 
pathway, via activation of the caspase cascade [4,5], but the main mechanism by which 
CD8+ CTL are able to induce death of their targets is the granule exocytosis pathway that 
is mediated by the pore-forming protein perforin and granzyme B [6,7]. Granzyme B, 
the principle granzyme in CTL mediated apoptosis [8,9], belongs to the family of the 
neutral serine proteases and induces apoptosis by triggering activation of caspases within 
target cells [10]. Granzymes and perforin induce target-cell apoptosis cooperatively [11]. 

Upon antigen recognition, naive CD8+ T cells differentiate into memory and 
effector T cells. In humans, this is most likely mediated by a linear differentiation 
process that eventually results in the formation of fully differentiated effector T cells 
[12,13]. Different stages of CD8+ T-cell differentiation [14] can be characterised based 
on the expression of TNF-receptor family members like CD27 [15,16]. Expression of 
this molecule is irreversibly lost upon differentiation to CD8+ effector T cells. 

Although HIV-, EBV- and CMV-specific T cells are present in high numbers 
during chronic infection [17-20], they are not always capable of controlling viral 
infection. For example, in HIV infection, immune control is lost in individuals 
progressing to AIDS, despite high numbers of HIV-specific T cells during the course 
of infection [21]. We have shown that EBV-specific CD8+ T-cell numbers are 
maintained in HIV-infected individuals who develop AIDS-related non-Hodgkin 
lymphoma (AIDS-NHL), whereas the number of EBV-specific IFNγ-producing cells 
decreases [22]. Several groups have studied the effector phenotype of virus-specific T 
cells and showed that functional impairment may be a consequence of either impaired 
maturation [23-25] or anergy [2,26]. However, until now, results have been 
inconclusive and contradictory. Recently, we showed that in the course of HIV 
infection, in transsectional studies in general, a lack of differentiation of HIV-specific 
but not of EBV-specific CTL can be observed. However, in HIV-infected individuals 
who develop AIDS-NHL, EBV-specific CTL remain of the CD27+ phenotype. This 
indicates that the block in differentiation is not specific for HIV-specific CTL but may 
be related to disease progression. Furthermore, a correlation between the percentage 
CD27– T cells and high IFNγ production by virus-specific T cells was found [27].  

In cross-sectional analyses, it is difficult to establish a relation between numbers 
of HIV-specific CD8+ T cells, their differentiation status, high viremia and progressive 
disease [28,29]. Longitudinal studies in which expression of CD27, perforin and 
granzyme B by different virus-specific T cells was analysed during HIV infection have 
not been reported so far. Here, a detailed longitudinal analysis of HIV-, EBV- and 
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CMV-specific CD8+ T cells was performed in the course of HIV infection to investigate 
the role of T-cell differentiation and expression of effector molecules for the different 
viruses in control of viral infection. Both differentiation and effector phenotypes of 
virus-specific CD8+ T cells against HIV, EBV and CMV were investigated during HIV 
infection in rapid and slow progressors to AIDS. 
 
 
MATERIALS AND METHODS 
 
Study population 
This study was performed on samples from participants of the Amsterdam Cohort on 
HIV-1 infection and AIDS. HIV-seropositive male individuals were selected for HLA 
types corresponding to available MHC-tetramers. Only HLA-A2- or B8-positive 
individuals were included, one individual was positive for HLA-A2 and B8. Peripheral 
blood mononuclear cells (PBMC) were cryopreserved according to a standard protocol 
in a computerised freezing device. Longitudinal PBMC samples from 13 individuals 
were analysed. Six of these individuals were defined as rapid progressors based on 
progression to AIDS within six years of infection and CD4 counts of < 300/µl during the 
fourth year of follow-up. One individual progressed to AIDS within six years despite 
CD4 counts of > 300 cells per µl. This individual is also included as rapid progressor.  
 
 
Table I. Characteristics of the study participants  

a CD4+ and CD8+ T cell counts at time points analysed in this study. Early: 1 year after seroconversion; 
late: around AIDS diagnosis or in the case of slow progressors on average 10 years after seroconversion. 
For definitions of slow and rapid progressors, see Material and Methods. 

 

Subject Classification 
progressors 

HLA 
type 

Months 
AIDS 
free 

CD4 T-cells 
(cells/µl) 

CD8 T-cells 
(cells/µl) 

early latea early late
57 slow A2 197 990 330 3640 1890
490 slow A2 123 870 100 810 990 
658 slow A2 177 750 400 700 960 
1081 slow A2 98 960 150 330 530 
545 slow A2 149 460 740 430 1400 
1171 slow B8 137 770 430 1690 1170 
1160 slow B8 128 840 440 540 800 
208 rapid A2 54 760 60 950 530 
547 rapid A2 53 1290 380 850 430 
1234 rapid A2 68 460 380 880 1650 
6088 rapid A2 60 690 220 1300 1350 
1215 rapid A2, B8 72 230 200 400 590 
656 rapid B8 73 300 140 440 790 
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The group of slow progressors consists of seven individuals, characterised by a period of 
more than 7 years of asymptomatic follow-up and CD4 counts of > 400/µl during the 
seventh year of follow-up. Individuals were analysed both early (1 to 2 years after HIV 
seroconversion) and late (around AIDS diagnosis or in the case of slow progressors on 
average 10 years after seroconversion). None of these individuals received anti-retroviral 
therapy during the study period. From all participants of the Amsterdam Cohort studies 
on HIV infection and AIDS informed written consent was obtained, and this study has 
been approved by the Medical Ethical Committee. Characteristics of these HIV-
infected individuals are summarised in Table 1.  
 
Flow cytometry and tetramer staining 
MHC class I tetramers complexed with virus-specific peptides were produced as 
previously described [21,30]. Immunodominant peptides from HIV [31,32], EBV 
[33,34] and CMV [35] were selected (Table 2) and synthesised (Netherlands Cancer 
Institute, Amsterdam, the Netherlands). Refolded HLA-peptide complexes were 
biotinylated and subsequently tetramerised by the addition of allophycocyanin 
streptavidin. Four-colour flow cytometry analysis was performed. Briefly, PBMC were 
thawed and 1.5 x 106 cells were stained in PBS supplemented with 0.5% (v/v) bovine 
serum albumin (PBA) with MHC class I tetramers and fluorochrome-conjugated 
monoclonal antibodies CD8 and CD27 (Becton Dickinson (BD), San José, California, 
USA; Sanquin Reagents, Amsterdam, the Netherlands). After fixation and 
permeabilisation (BD reagents), cells were stained intracellularly with fluorochrome-
labelled monoclonal antibodies against the effector molecules perforin (BD) and 
granzyme B (Sanquin Reagents). Next, cells were fixed in Cellfix (BD) and at least 
250,000 events were acquired using a FACSCalibur flow cytometer (BD). Lymphocytes 
were gated by forward and sideward scatter. Data were analysed using the software 
program CELL Quest (BD). 
 
Table 2. Immunodominant peptides used in tetramer formation  

Virus Epitope Protein HLA
HIV SLYNTVATL Gag A2

 FLKEKKGL Nef B8 
EBV GLCTLVAML BMLF-1 A2 

 RAKFKQLL BZLF-1 B8 
CMV NLVPMVATV pp65 A2 

 
 
Viral load determination 
HIV RNA load was quantitated in serum using NASBA (Organon Teknika, Boxtel, the 
Netherlands), with a detection limit of 1,000 copies/ml. EBV load was determined by 
real-time quantitative PCR amplification as described previously [36,37], using 1 x 
105 PBMC in duplicate. The detection limit of this assay is 50 copies. CMV viral load 
was determined in 1 x 106 PBMC with the COBAS AMPLICORTM CMV MONITOR 
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KIT (Roche Diagnostics, Almere, the Netherlands) [38,39]. The detection limit is 100 
copies. Copy numbers between 1 and 100 are considered to be positive but cannot be 
quantitated. 
 
Statistical analyses 
Nonparametric statistical tests were used to avoid assumption of normally distributed 
data sets. Differences between the virus-specific CD8+ T cells were initially analysed by 
Kruskal-Wallis tests. If significant differences were observed, Mann-Whitney tests 
between two groups were performed. Differences between slow and rapid progressors 
were analysed using Mann-Whitney tests. Wilcoxon tests were performed to determine 
differences within virus-specific T cells in time. Correlations were tested using the 
Spearman’s non-parametric correlation test. All statistical analyses were performed 
using the software program SPSS 11.5 (SPSS Inc., Chicago, Illinois, USA). 
 
 
RESULTS 
 
HIV-, EBV- and CMV-specific CD8+ T-cell numbers in the course of HIV infection 
in slow and rapid progressors to AIDS  
To enumerate virus-specific CD8+ T cells in the course of HIV infection, PBMC from 
HIV-infected individuals were stained early and late in infection using HLA-A2 
tetrameric complexes loaded with immunodominant peptides derived from HIV, EBV or 
CMV (Table 2). Two groups of HIV-infected individuals with a known date of 
seroconversion were selected based on disease progression. A representative staining 
using the different tetramers in a slow and rapid progressor at a time point late in 
infection (Figure 1) shows that virus-specific T cells for all three viruses were readily 
detectable during HIV infection. In the course of HIV infection, in slow progressors, the 
median percentage of CMV-specific T cells within CD8+ T cells increased from 2.27% 
(range 0.3-2.8) to 4.2% (range 0.7-6.6), p=0.08, Wilcoxon. The median percentage of 
EBV-specific T cells remained constant during HIV infection (early 0.2% (range 0.12-
0.25); late 0.2% (range 0.03-0.38), p=1.0). The median percentage of HIV-specific CD8+ 
T cells decreased from 0.46% (range 0.1-1.2) to 0.20% (range 0.1-2.85), p=0.04. In 
individuals who progressed rapidly to AIDS no changes in median percentages of HLA-
A2-restricted virus-specific CD8+ T cells were observed during HIV infection. Late in 
infection frequencies of HIV- and EBV-specific HLA-A2-restricted CD8+ T cells in 
rapid progressors were similar to frequencies in slow progressors. However, frequencies 
of HLA-A2-restricted CMV-specific CD8+ T cells were increased (median 4.2% (range 
0.7-6.6), p=0.02, Mann-Whitney).  
 
Effector phenotypes, as determined by the expression of perforin, granzyme B and 
CD27 in HIV-, EBV- and CMV-specific CD8+ T cells in the course of HIV infection 
To investigate possible differences in expression of CD27 and the effector molecules 
perforin and granzyme B by CD8+ T cells specific for HIV, EBV or CMV the  
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Figure 1. Representative staining of virus-specific CD8+ T cells in a slow and rapid 
progressor to AIDS. PBMC were stained using HLA-A2 tetrameric complexes loaded with 
immunodominant peptides derived from HIV (A, D), EBV (B, E) and CMV (C, F). Virus-
specific CD8+ T cells of slow progressors (upper panel) and rapid progressors (lower panel) 
are shown, analysed at a time point late in infection. Numbers in the upper right quadrant 
indicate the percentage of tetramer-positive CD8+ T cells. 
 
 
expression of the different molecules was analysed within the tetramer-positive CD8+ T-
cell populations in 5 slow and 5 rapid progressors. Figure 2 shows a representative 
staining of a slow progressor (A) and a rapid progressor to AIDS (B) at a time point late 
in infection. Results of analyses of effector molecules in all HLA-A2+ individuals (n=10) 
in this study are shown in Figure 3. In rapid progressors, early in infection, significantly 
more CD27– T cells were found within the CMV-specific CD8+ T cells (median 52.9%) 
compared to both HIV- (median 23.7%, p=0.03, Mann-Whitney) and EBV-specific 
CD8+ T cells (median 29.9%, p=0.03). In the course of HIV infection, the fraction of 
CD27– CMV- and EBV-specific CD8+ T cells tended to increase to, respectively, 61.5% 
(p=0.35, Wilcoxon) and 43.2% (p=0.07), while expression of CD27 by HIV-specific 
CD8+ T cells remained stable (23.5%, p=0.89). This resulted in significant difference in 
CD27 expression between CMV- and HIV-specific CD8+ T cells late in infection 
(p=0.01, Mann-Whitney), which has been reported in cross-sectional studies before 
(Figure 3F). 

The median percentage of CMV-specific CD27– CD8+ T cells in slow 
progressors increased from 68.5 to 85.6% (p=0.08, Wilcoxon), the percentage of EBV-
specific CD27– CD8+ T cells slightly increased, although not significant, from 32.1 to 
48.1% (p=0.50). Similar results were found for the percentage of HIV-specific CD27– 
CD8+ T cells (median early 18.2%, late 31.6%, p=0.35). No differences in CD27 
expression were found between HIV-, EBV- and CMV-specific CD8+ T cells, although 
the latter showed a trend towards less CD27 expression compared to EBV-specific CD8+ 
T cells (early p=0.06; late p=0.10, Mann-Whitney) (Figure 3C).  
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Figure 2. Representative staining of virus-specific CD8+ T cells for the differentiation 
marker CD27 and the effector molecules perforin and granzyme B. PBMC of a slow 
progressor (upper panel) and an individual progressing to AIDS (lower panel) were stained 
late in infection for CD27, perforin and granzyme B in combination with different HLA-A2 
tetramers. Numbers indicate the percentage positive cells within the tetramer+ CD8+ 
population. 
 
 

Perforin showed a similar expression pattern as CD27. In rapid progressors, the 
perforin expression of CMV- and EBV-specific CD8+ T cells slightly increased in the 
course of HIV infection from, respectively, 15.6 and 14.8% (early) to 22.5 and 20.4% 
(late) (p=0.14 and p=0.14, respectively, Mann-Whitney) while the expression of HIV-
specific CD8+ T cells remained constant (median early 6.5%, late 5.7%, p= 0.69). This 
resulted in a slightly higher perforin expression of CMV-specific CD8+ T cells compared 
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to HIV-specific CD8+ T cells (p=0.10, Mann-Whitney) (Figure 3D). Interestingly, in 
slow progressors, the expression of perforin tended to increase in all virus-specific CD8+ 
T cells during HIV infection from, respectively, 27.6 to 65.8 % (CMV, p=0.14, 
Wilcoxon), 16.3 to 56.8% (EBV, p=0.14) and 17.8 to 41.9% (HIV, p=0.14) (Figure 3A). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Differences in expression of CD27 (A, D), perforin (B, E) and granzyme B (C, 
F) in HIV-infected individuals. A longitudinal analysis was performed on PBMC of slow 
progressors (left panel) and individuals more rapidly progressing to AIDS (right panel). Cells 
were stained for CD27, perforin and granzyme B in combination with different HLA-A2 
tetramers. Within each box, the median is indicated by a bar. Whiskers represent minimum 
and maximum values. Significant differences (p<0.05, Mann-Whitney) are indicated by 
asterisks. 
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In both rapid and slow progressors, granzyme B expression within HIV-specific 
CD8+ T cells increased from, respectively, 47.2 to 66.3% (p=0.04, Wilcoxon) and 45.1 
to 59.8 % (p=0.04), resulting in similar levels of granzyme B expression in individuals 
with different disease progression (Figures 3 B and E). 

B8-restricted T cells specific for HIV and EBV showed a similar expression of 
granzyme B and CD27 as A2-restricted CD8+ T cells in both slow and rapid progressors. 
However, in individuals with a slow disease progression, perforin expression in B8-
restricted virus-specific T cells was much lower (median early 2.1% (0.9-3.2) (HIV) and 
0.94% (0.6-1.3) (EBV); median late 1.0% (0.6-1.5) (HIV) and 3.1% (1.9-4.3) (EBV), 
data not shown). 

Thus, early in infection HIV-specific CD8+ T cells in rapid progressors express 
more CD27 and less perforin compared to EBV- and CMV-specific CD8+ T cells. 
Furthermore, in the course of HIV infection, no decrease in CD27 and increase in 
perforin expression within HIV-specific CD8+ T cells are observed in rapid progressors. 
This is in contrast with the decreased expression of CD27 and increased expression of 
perforin within EBV- and CMV- specific CD8+ T cells over time and the increase in 
perforin expression of HIV-specific CD8+ T cells in slow progressors. Interestingly, an 
increase in granzyme B expression within HIV-specific CD8+ T cells during follow-up 
was observed both in rapid and slow progressors.  
 
CD8+ T-cell phenotype and viral load 
To investigate possible influences of viral load on the differentiation of virus-specific 
CD8+ T-cell populations, viral load of HIV (in serum), EBV (on PBMC) and CMV (on 
PBMC) was determined (Table 3). Late in infection, HIV load in rapid progressors 
tended to be higher compared to slow progressors (median 64,000 copies/ml vs. 1,000 
copies/ml, p=0.06, Mann-Whitney). No differences in EBV load were found between 
slow and rapid progressors (median 1,724 copies/106 PBMC vs. 170 copies/106 PBMC, 
p=1.00, Mann-Whitney). Interestingly, CMV load could only be detected in one rapid 
progressor, although the amount of virus was too low to quantify. Thus, differentiation 
status of virus-specific CD8+ T cells could not only be explained by differences in viral 
load. 
 
Higher expression of perforin and granzyme B in more differentiated CD27– virus-
specific CD8+ T cells 
We then investigated the effect of differentiation on the expression of the effector 
molecules perforin and granzyme B in more detail, regardless patient groups or time 
points. In some individuals, not enough tetramer-positive events were gated to 
distinguish between CD27+ and CD27– perforin or granzyme B expressing CD8+ T 
cells, and these individuals were excluded from these analyses. As shown in Figure 
4A, the CD27– population contained significantly more perforin-positive cells than the 
CD27+ population in both HIV- (median CD27+ 8.4% vs. CD27– 15%, p=0.05), EBV- 
(median CD27+ 14.1% vs. CD27– 44.35%, p=0.02) and CMV- (median CD27+ 16.5% 
vs. CD27– 34.55%, p=0.002, Mann-Whitney) specific T cells. In both HIV- and EBV-
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specific T cells significantly higher granzyme B expression was observed in CD27– 
versus CD27+ T cells (HIV median 66.5% vs. 47.5%, p=0.001, Mann-Whitney; EBV 
median 54.25% vs. 30.3%, p=0.004). Granzyme B expression in CD27– CMV-specific 
CD8+ T cells also tended to be higher (median CD27– 74.4% vs. median CD27+ 56.7%, 
p=0.10,  Mann-Whitney) (Figure 4B).  

Furthermore, a strong negative correlation was found between the expression of 
CD27 and perforin (R= – 0.71, p<0.001, Spearman’s test). Correlations were also found 
between the expression of granzyme B and the percentage of CD27– cells (R=0.56, 
p=0.002, Spearman’s test), and between the expression of perforin and granzyme B 
(R=0.61, p=0.001, Spearman’s test) (results not shown).  
 
Table 3. Viral load data of slow and rapid progressors  

a HIV load in copies/ml; median (range). Load was determined in 6 slow progressors and 5 rapid 
progressors. 
b EBV load in copies/million PBMC; median (range), samples of 3 slow progressors and 5 rapid 
progressors. 
c CMV load was measured in 4 slow progresors and 5 rapid progressors. 
d Load was detectable in one rapid progressor, but too low to quantify. nd: not detectable. 

 
 
Co-expression of perforin and granzyme B in virus-specific CD8+ T cells  
Co-expression of perforin and granzyme B of HLA-A2-restricted virus-specific CD8+ T 
cells was analysed in 5 slow and 5 rapid progressors to AIDS. In slow progressors, as 
shown in Figure 5A, the majority of the virus-specific T cells was either granzyme B+ 

(HIV range 17.9-40.7%; EBV range 27-54.7%; CMV range 32.7-47.6%), 
perforin+granzyme B+ (HIV range 11.2-24.9%; EBV range 10.4-33.5%; CMV range 
19.7-44.8%), or perforin–granzyme B– (HIV range 42.4-50.5%; EBV range 33.9-49%; 
CMV range 5.2-14.5%). Only a small percentage of the cells (up to 4%) was single 
perforin+. In individuals rapidly progressing to AIDS (Figure 5B) a similar pattern of 
expression could be observed as in slow progressors, and no significant differences 
between the different virus-specific T cells were detectable. 

In the course of HIV infection, EBV- and CMV-specific T cells in slow 
progressors showed an increase in co-expression (early median EBV 10.4%, CMV 
28.2%; late median EBV 33.5%; CMV 44.8%) compared to HIV-specific CD8+ T 
cells (early median 29.1%, late 24.9%). However, this was not significant. 

                  EARLY                   LATE 
 HIVa EBVb CMVc HIV EBV CMV 

Slow progressors 17000 
(1000-41500) 

311 
(17-847) 

ndd 1000 
(400-74000) 

1724 
(21-2531) 

nd 

Rapid progressors 12000 
(5700-220000) 

974 
(84-1554) 

nd 64000 
(21000-250000) 

170 
(119-2586) 

nd 
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Figure 4. Differences in perforin and granzyme B expression in CD27+ CD8+ T cells 
compared to CD27– CD8+ T cells. To investigate the effect of differentiation on the 
expression of effector molecules, the expression of perforin and granzyme B was determined 
in CD27+ versus CD27– HLA-A2-restricted CD8+ T cells specific for HIV, EBV and CMV. As 
we were interested in the overall characteristics of CD27+ versus CD27– CD8+ T cells, early 
and late samples of both slow and rapid progressors were combined. In some individuals, not 
enough tetramer-positive events were gated to distinguish between CD27+ and CD27– 
perforin or granzyme B expressing CD8+ T cells. These individuals were excluded from the 
analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Co-expression of perforin and granzyme B. Co-expression of perforin and 
granzyme B was analysed in HLA-A2-restricted virus-specific CD8+ T cells during HIV infection 
in 5 slow progressors (A) and in 5 individuals who rapidly progress to AIDS (B). H indicates 
HIV; E, EBV; C, CMV. 
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DISCUSSION 
 
In this study, differences in differentiation and expression of effector molecules were 
investigated longitudinally for CD8+ T cells specific for HIV, EBV and CMV in relation 
to control of viral infection. For this purpose, CD8+ T cells specific for immunodominant 
epitopes of HIV, EBV and CMV were investigated in slow progressors and in 
individuals progressing more rapidly to AIDS.  

During HIV infection, no increase in the number of HLA-A2-restricted HIV- 
and EBV-specific T cells was observed, in line with our earlier finding that functional 
properties but not the number of virus-specific T cells may be a determinant of HIV- and 
EBV-associated disease progression [21]. In contrast, the number of HLA-A2-restricted 
CMV-specific T cells increased in time despite a lack of detectable viremia in the blood, 
which may be related to CMV replication at different anatomical sites or by periodical 
reactivation of the virus. Recently, this increase in time of CMV-specific T cells has also 
been described in mice infected with murine CMV, despite undetectable viral replication 
in the blood [40].  

Early in infection, HIV-specific CD8+ T cells in rapid progressors were 
already less differentiated, as reflected by less expression of perforin and a lower 
fraction of CD27– CD8+ T cells. In the course of HIV infection, the fraction of HIV-
specific CD27– CD8+ T cells did not increase, nor did their perforin expression. In 
contrast, EBV- and CMV-specific CD8+ T cells developed a more differentiated 
phenotype. This suggests that the impaired maturation as observed in HIV-specific 
CD8+ T cells [23-25] is established very early in infection. Interestingly, in slow 
progressors, perforin expression of HIV-specific CD8+ T cells tends to increase 
during HIV infection, while the expression of CD27 remains constant. This may 
imply that partial differentiation of HIV-specific CD8+ T cells (increase in expression 
of effector molecules) is possible in some individuals during HIV infection. In both 
rapid and slow progressors, granzyme B expression of HIV-specific CD8+ T cells also 
increased during follow-up. Although this increase was not paralleled by a decrease in 
HIV load, it may be an indication that, even in individuals with progressive disease, 
HIV-specific CD8+ T cells are not completely anergic, as was suggested previously 
[2,26]. The lack of perforin expression of HIV-specific CD8+ T cells has been reported 
before [24,41]. Our data suggest that, in individuals who slowly progress to AIDS, a 
slight increase in perforin expression of HIV-specific CD8+ T cells may occur, although 
to a lesser extend than the increase and expression level within EBV and CMV-specific 
CD8+ T cells. Interestingly, late in infection, the expression of granzyme B did not differ 
between the virus-specific CD8+ T cells and was much higher than the expression of 
perforin. Similar results have been reported for granzyme A [41]. A possible explanation 
for the higher levels of granzyme B may be that the expression of this molecule is less 
tightly regulated. As perforin plays an important role in both killing and immune 
regulation [42], it may be required that its expression is more tightly controlled to avoid 
immunopathology.  
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With regards to co-expression of perforin and granzyme B, few single perforin-
positive cells were observed. This was in contrast with the high number of cells that 
express only granzyme B. These results are in agreement with findings in healthy 
individuals where only 6 ± 2% is perforin-positive compared to 27 ± 8% of the cells that 
is granzyme A-positive [41,43]. All virus-specific T cells contained a fraction of cells 
that co-expressed perforin and granzyme B. However, during HIV infection, EBV- and 
CMV-specific T cells in slow progressors showed a small increase in the percentage of 
cells that co-expressed both effector molecules, while the percentage in HIV-specific T 
cells remained fairly constant. Considering the fact that the granule exocytosis pathway 
acts mainly by the dual action of perforin and granzyme [6,44], it may be that, because 
of higher co-expression, CMV- and EBV-specific CTL are more capable of killing, 
resulting in more efficient anti-viral immunity. Although perforin by itself may be an 
important mediator in the clearance of viral infections [24,45,46], this appears to be 
dependent on the type of virus. Granzyme B seems to be less required for clearing viral 
infections [10], however, the exact function of this molecule is not clear. Smyth et al 
[47] have demonstrated in five different tumour models that granzyme A and B clusters 
are not essential for CTL-mediated rejection of spontaneous and experimental tumours. 
However, mice lacking both the granzyme A and granzyme B clusters have been 
demonstrated to be as susceptible to ectromelia virus infection as perforin-deficient mice 
[48]. Furthermore, an indispensable role for granzymes was observed in controlling 
acute murine cytomegalovirus infection [49]. These results suggest that the role of 
granzyme B in the absence of perforin may depend on the nature of the pathogen-host 
interaction.  

When CD27– and CD27+ cells are compared with regard to their expression of 
perforin and granzyme B, it was shown that, during differentiation, the expression of the 
effector molecules perforin and granzyme B increased. This effect was strongest in HIV-
specific T cells, suggesting that in principle HIV-specific CD8+ T cells are not 
completely impaired in maturation to a more differentiated effector phenotype. A 
possible explanation for the largest increase in expression of effector molecules with 
differentiation of HIV-specific T cells may be that perforin and granzyme B expression 
in these cells is the lowest compared to CD27+CD8+ T cells specific for the other 
viruses. Furthermore, we found a negative correlation between the expression of CD27 
and the expression of both perforin and granzyme B. It has already been shown that 
down-modulation of CD27 correlates with perforin expression on CD8+ T cells [50], and 
here we showed that this is true for CD8+ T cells specific for three different viruses. 
Furthermore, this correlation could also be demonstrated for the expression of granzyme 
B and CD27. Moreover, a correlation between perforin and granzyme B was observed.  

Our data suggest a possible influence of viral load on the differentiation state of 
EBV- and HIV-specific CD8+ T cells, in that chronic high load in the blood 
compartment may be associated with an enrichment of CD8+ T cells with a less 
differentiated phenotype. Viremia may result in a decrease in proliferative capacity and 
IL-2 production of virus-specific T cells as has been reported by Migueles et al [51]. 
This may subsequently lead to a decreasing number of virus-specific CD8+ T cells and a 
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diminished effector function. Interestingly, CMV-specific CD8+ T cells express less 
CD27, have more perforin and granzyme B, while no CMV load could be detected in the 
blood. It has been reported that CMV-specific CD4+ T-cell responses are stronger than 
HIV-1-specific CD4+ T-cell responses [29,52] compatible with the higher differentiation 
state of CMV-specific compared to HIV-specific CD8+ T cells. No differences in EBV 
load were observed between rapid and slow progressors. This may be due to the small 
sample size, however, in a previous study where we investigated EBV load in a large 
group of non-progressors and progressors, no differences in EBV load between the two 
groups of HIV-infected individuals were found [53].  

In conclusion, in individuals who rapidly progress to AIDS, HIV-specific 
CD8+ T cells are already early in infection less differentiated compared to EBV- and 
CMV-specific CD8+ T cells. This block in differentiation may be partly caused by the 
prolonged presence of high amounts of virus. However, other factors like CD4+ T-cell 
help probably play an important role the induction and maintenance of an efficient 
CD8+ T-cell response.  
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GENERAL DISCUSSION 
 
Although often asymptomatic, cytomegalovirus (CMV) infection can lead to serious 
clinical complications and even death. Particularly in individuals who are 
immunocompromised or immunosuppressed, CMV reactivation or (re)infection can 
lead to overt disease. CD8+ and CD4+ T cells are playing a key role in the defence 
against viral infections such as CMV. Progression to disease has therefore been 
suggested to be caused by a defective immune response such as dysfunction of T cells 
or physical loss of virus-specific T cells. On the other hand, it has been hypothesised 
that a strong cellular immune response against CMV can also lead to pathology, 
characteristic of CMV end-organ disease. In this thesis, we describe a number of 
studies in which CMV-specific CD8+ and CD4+ T cell responses were analysed in 
detail in the natural course of human immunodeficiency virus (HIV)-1 infection, to 
identify immunological parameters that may determine why some patients progress to 
CMV end-organ disease. To this end, HIV-1-infected individuals selected from the 
“Amsterdam Cohort Studies on HIV-1 infection and AIDS among homosexual men”, 
who either remain long-term asymptomatic, or progress to AIDS with or without 
CMV end-organ disease were studied.  
 
Dysfunction of CMV-specific CD8+ T cells in terms of IFNγ production despite a 
highly differentiated effector phenotype in progression to CMV end-organ 
disease 
Since CD8+ T cells are important in defence against viral infections, we studied the 
CMV-specific CD8+ T-cell response in terms of number, function, and phenotype, 
using HLA-A2 tetrameric molecules presenting the immunodominant NLVPMVATV 
epitope to analyse CMV-specific CD8+ T cells in number. In terms of function, IFNγ 
production, after stimulation with peptide, or perforin and granzyme B double 
expression was used as a read-out. Staining with tetramers in combination with 
phenotypic markers determined differentiation characteristics of these cells. We 
showed that CMV-specific CD8+ T cells are abundantly present and increase during 
the course of HIV infection in individuals progressing to AIDS with CMV end-organ 
disease (i.e. AIDS-CMV; chapter 2). This differs from observations in progressors to 
AIDS-related non-Hodgkin lymphoma (AIDS-NHL) and progressors to AIDS where 
numbers of Epstein-Barr virus (EBV)-specific CD8+ T cells and HIV-specific CD8+ T 
cells, respectively, remained stable during follow-up [1,2]. In general, CMV-specific 
CD8+ T cells were found in higher numbers compared to HIV- and EBV-specific 
CD8+ T cells (chapter 7). CMV-specific IFNγ-producing CD8+ T-cell numbers were 
low in individuals progressing to AIDS-CMV, suggesting that CMV end-organ 
disease is associated with dysfunction rather than physical loss of CMV-specific 
CD8+ T cells. Also, EBV- and HIV-specific CD8+ T cells were shown to become 
progressively dysfunctional in progressors to AIDS-NHL and progressors to AIDS, 
respectively. In contrast, EBV- and HIV-specific CD8+ T cells were also shown to 
have an immature phenotype, whereas CMV-specific CD8+ T cells were observed to 
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be highly differentiated effector T cells with lack of CD27 expression and high levels 
of perforin and granzyme B co-expression (chapters 2, 3, and 7; [3-6]). Even in 
progressors to AIDS-CMV, perforin and granzyme B double expressing CD8+ T cells 
were abundantly present, and were also shown to be fully differentiated CD45RO+/–, 
CD27–, CCR7– T cells (chapters 2 and 3). This suggests that the lack of IFNγ 
production is not due to a block in maturation, and that, in contrast to EBV- and HIV-
specific T cells [7,8], CMV end-organ disease develops in the face of highly 
differentiated CMV-specific effector CD8+ T cells. The observation that IFNγ release 
and perforin and granzyme B expression - both potentially powerful antiviral 
mechanisms - are not linked, has been reported previously [9,10]. With CMV being a 
typical cytopathic virus [11], which have been reported to depend more on IFNγ and 
TNFα for control [12], the decreased IFNγ-producing capacity of the CMV-specific 
CD8+ T cells may well play a crucial role in progression to CMV end-organ disease. 
 
Loss of CMV-specific cytokine-producing CD4+ T cells in progression to CMV 
end-organ disease 
CD4+ help seems to be important in different stages of the CD8+ T-cell immune 
response (reviewed in [13,14]). In parallel with CD8+ T-cell measurements, we 
analysed the dynamics of CMV-specific IFNγ-producing CD4+ T cells after 
stimulation with CMV lysate (chapter 2). In HIV-infected individuals who progress to 
AIDS with CMV end-organ disease, these cells were lost in the year before onset of 
clinical disease, suggesting that CMV-specific IFNγ+CD4+ T cells play an important 
role in protection from CMV-associated disease. The importance of these IFNγ+CD4+ 
T cells has also been shown in transplantation patients, where acute symptomatic 
CMV-associated disease was only observed in patients who lacked an IFNγ+CD4+ T-
cell response [15,16]. Possibly, these cells could play a role in the observed 
dysfunction of CTL (in terms of IFNγ), and in controlling CMV directly, through the 
antiviral effect of IFNγ. To elucidate the role of CMV-specific CD4+ T cells further, 
we continued to analyse the CD4+ T-cell response in terms of both IFNγ and IL-2 
production, proliferation, and phenotype of cytokine-producing CMV-specific CD4+ 
T cells (chapter 5). Recent studies have described that HIV-specific IL-2-producing 
central memory (i.e. CCR7+CD45RA–) CD4+ T cells are associated with low load and 
long-term non-progression towards AIDS [17] and recovered partly after prolonged 
anti retroviral therapy (ART) [18]. Furthermore, Zaph et al [19] have shown that 
Leishmania major-specific IL-2-producing, central memory CD4+ T cells provided 
protection against disease in mice. The observed lack of CMV-specific IFNγ and/or 
IL-2-producing CD4+ T cells as well as their proliferative capacity during progression 
towards AIDS-CMV points to the importance of these cells in protection from 
disease. (Central) memory CD4+ T cells have been suggested to be IL-2-producing 
cells with proliferative properties that are able to differentiate to IFNγ-producing, 
effector (memory) CD4+ T cells that are less capable of proliferation. However, 
Harari et al [20] have recently published a report describing that memory (i.e. the 
ability to mount an accentuated response to antigen re-encounter) antigen-specific 
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CD4+ T cells express heterogeneity in both function and phenotype and depend 
strongly on antigen persistence and antigen load. In chronic CMV infection, memory 
CD4+ T cells were found to be of a mixed phenotype, namely both IFNγ- and IL-2-
producing subsets expressing CCR7+/– CD45RA+/– phenotypes. This is in line with 
our observations that most CMV-specific CD4+ T cells produce IFNγ and/or some IL-
2, and express a CD45RO+CD27– phenotype as expected in infection with repetitive 
antigen exposure. During progression to AIDS-CMV, these cells shifted towards a 
fully differentiated CD45RO–CD27– “effector” phenotype, probably associated with 
antigenic drive.  
 Of course one can never exclude the possibility that these CMV-specific CD4+ 
T cells have all migrated to the site(s) of infection. Moreover, it is highly likely that 
CMV-specific CD4+ T cells do go to the site(s) of infection, to play a “helper” role, as 
well as a direct role in controlling the virus. However, the absolute lack of CMV-
specific cytokine-producing CD4+ T cells in progressors to CMV end-organ disease 
and the active CMV replication with high levels of CMV load in PBMC, suggests that 
loss of CMV-specific CD4+ T cells plays an important role. 
 
CMV-specific HLA-DR3 tetrameric molecules detect CMV-specific CD4+ T cells 
in CMV infection 
To measure CMV-specific CD4+ T cells directly ex vivo without in vitro 
manipulation, we developed HLA-DR3 tetrameric molecules specific for a single 
epitope. Using these novel MHC class II tetrameric molecules (chapter 4), we were 
able to detect CMV-specific CD4+ T cells in CMV-seropositive individuals in the 
context of HLA-DR3. One of our questions was whether, in individuals progressing 
to CMV end-organ disease, the CMV-specific CD4+ T cells were lost altogether, or 
whether they remained present but were rendered dysfunctional. Although we were 
able to detect HLA-DR3-restricted CMV-specific pp65 p511-522 CD4+ T cells early 
in infection in a few individuals, in general numbers were low and difficult to detect. 
Specific expansion was needed to confirm our direct ex vivo analyses. However, as 
proliferation of CD4+ T cells is affected - especially in progressors to AIDS-CMV - 
this complicates detection of CMV-specific CD4+ T cells using CMV-specific HLA-
DR3 tetrameric molecules, making it difficult to answer the question regarding 
depletion or dysfunction with the current data. Future studies with additional epitopes, 
and/or other clinical settings - or methods to overcome impaired proliferation - could 
circumvent the issue of potentially difficult staining of virus-specific CD4+ T cells 
with class II tetrameric molecules, and provide an answer. 
 
CMV load and CMV end-organ disease 
During acute infection, for instance in transplantation patients, the virus multiplies 
and CMV load can be detected in PBMC. T-cell immunity is induced and the viral 
load decreases to undetectable levels [15]. In chronically infected, healthy individuals, 
CMV DNA levels in PBMC cannot be detected normally. In chronically infected 
transplant recipients on immunosuppressive therapy, however, CMV load can be 
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detected during reactivation or re-infection [16]. To study what happens to the virus 
in HIV-1-infected individuals, we measured CMV load levels in PBMC (chapter 2). 
In most HIV+ individuals, CMV load was not detectable at the time points we selected 
for our longitudinal study. However, in progressors to AIDS-CMV, high CMV load 
was detected in the year before onset of symptoms, indicating that CMV load can be 
used as a marker for progression to CMV end-organ disease. Indeed, it has been 
shown previously that increased CMV load in plasma, whole blood or urine in 
advanced HIV-1-infected patients was a reliable marker for progression to AIDS as 
well as mortality, and that effective pre-emptive therapy against CMV could improve 
survival chances [21-23].  

Besides CMV DNA levels in the blood, presence of CMV in the urine is a 
measure for persistent viral replication. In chapter 6, HIV-1-infected paediatric 
patients who are on highly active anti-retroviral therapy (HAART) were followed, 
and a proportion of these patient showed CMV shedding in their urine. Shedding is an 
indication that these individuals are not as successful in controlling the virus 
compared to non-shedding patients. Similar to HIV-1-infected adults who progress to 
AIDS-CMV (chapter 2), CMV-specific IFNγ-producing CD8+ T cells were 
significantly lower in these HIV-1-infected CMV-shedding children compared to non-
shedding patients (chapter 6). IFNγ-producing CD4+ T-cell numbers were lower in 
CMV-shedding patients but this was not significant. Still, the fact that CMV-shedding 
individuals apparently are not successful in controlling viral replication indicates that 
these CMV-shedding patients are at higher risk of developing CMV end-organ 
disease. However, the patients are on HAART and the incidence of CMV end-organ 
disease in AIDS patients dropped dramatically since the introduction of HAART [24]. 
Komanduri et al [25] have shown an association between a decline in CMV-specific 
CD4+ T-cell frequencies and the inability to sustain high levels of CMV-specific 
CD8+ T cells in patients on potent combination antiretroviral therapy. Furthermore, 
patients on HAART with a recurrence of CMV retinitis do not show reconstitution of 
CMV-specific CD4+ T cells, although these might be restored after anti-CMV therapy 
[26-28].  
 
CMV-dependent shaping of the cellular immune response 
CMV infection somehow induces T cells to fully differentiate to effector T cells 
during progression to CMV end-organ disease (chapters 3 and 5). Moreover, a 
number of studies have suggested that CMV is also the driving force in shaping the T-
cell immune response in general [29,30]. These studies have shown that the CD8+ T-
cell population is enriched in effector CD8+ CD45RA+CD27– T cells [31], and the 
CD4+ T-cell subset in CD4+CD28– T cells [32]. We have shown that CMV shedding 
in the urine is implicated in further enrichment (compared to healthy CMV-
seropositive individuals) of the effector CD8+ T-cell pool in HIV-infected children 
(chapter 6). In addition, in subjects progressing to CMV end-organ disease who have 
higher occurrence of CMV-reactivation, also the CD4+ CD27–CD28– T-cell pool is 
enlarged (chapter 3). The first paper to associate changes in T-cell subsets with age 
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and CMV status was published in 1999 [33,34]. Even though both age and CMV 
status influence the number of T cells, here they describe that increased numbers of 
CD4+CD28– and CD8+CD28– T cells are primarily associated with CMV status, and 
only secondarily with age. This is in line with the later studies, because CMV status 
influences CD8+ and CD4+ T-cell subset outgrowth both in adults and children. How 
CMV might shape the immune response is not clear yet. One explanation could be 
that the observed effect is due to large expansions of CMV-specific T cells, which 
express a relatively high differentiated phenotype. This highly differentiated 
phenotype is indeed observed in CMV-specific T cells. However, the magnitude of 
the observed effect makes it unlikely that CMV-specific T-cell expansions are solely 
responsible for the observed shaping of the immune response as a whole. Therefore, 
the explanation that CMV drives a bystander effect as well, contributing to the 
observed general outgrowth, is more likely. 
 
Pathogenesis of CMV end-organ disease in HIV infection 
Based on the results presented in this thesis and current literature, one could propose 
the following simplified model for CMV-related disease development in HIV 
infection (Figure 1). Infection with CMV in humans leads to persistent infection, 
usually without symptomatic disease. After primary CMV infection, CMV may 
establish latency but periodic reactivation is likely to occur. CMV reactivation or (re-) 
infection can lead to serious clinical complications, when it occurs in 
immunocompromised individuals. In HIV-infected individuals, especially in those 
who are progressing towards AIDS, CD4+ T-cell numbers decrease and their immune 
system appears to be chronically activated. CMV end-organ disease is a late-stage, 
AIDS-defining event and generally occurs when CD4+ T-cell numbers are below 50 
CD4+ T cells/µl. In progressors to AIDS-CMV, CMV-specific CD4+ T cells can be 
detected initially. Substantially higher numbers of CMV-specific CD4+ T cells 
produce much more IFNγ with respect to IL-2 and some T cells produce both. The 
IFNγ-producing CMV-specific CD4+ T cells are mainly of the CD45RO+CD27– 
effector phenotype, in line with repetitive antigen exposure characteristic of CMV. 
During progression to CMV end-organ disease, these IFNγ-producing CD4+ T cells 
shift towards fully differentiated CD45RO–CD27– “effector” T cells with lack of IL-2 
production and proliferative capacity. Antigenic drive by CMV and thereby 
exhaustion of CMV-specific T cells might play an important role in HIV-infected 
individuals, since immune activation and exhaustion in general is a characteristic of 
HIV infection. Eventually the CMV-specific CD4+ T cells also fail to produce IFNγ. 
Lack of IL-2 may also play a role in causing insufficient help to sustain CMV-specific 
IFNγ-producing CD8+ T cells, which decreased during progression to CMV end-organ 
disease. The loss of these IFNγ-producing CD8+ (and probably CD4+) T cells leads to 
loss of control and CMV dissemination, as reflected by increased CMV DNA levels 
in PBMC. The many CMV-infected cells are prone to cell lysis not only because of 
the cytopathic properties of CMV, but also due to the killing by perforin and 
granzyme B expressing CMV-specific CD8+ T cells that are detected in large 
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quantities. This leads to the severe immunopathology, i.e. tissue destruction, 
characteristic of CMV end-organ disease. 
 

 
 
Figure 1. Schematic representation of CMV-related disease development in HIV 
infection. 
 
 
 A factor in progression to CMV end-organ disease that should not be excluded 
is CMV itself. Differences in strains of the virus are likely to influence progression to 
disease. CMV is a virus with a broad scala of immune evasion strategies. In theory the 
virus has all the genes to be able to remain invisible to the immune system (e.g. MHC 
I and II down modulation, cytokine homologues such as IL-10). However, cellular 
immunity does seem to play an important role in controlling infection and apparently, 
there is a balance in healthy individuals between the virus and its host.  
 
Future studies 
Most studies, including research described in this thesis, have studied the immune 
response directed against pp65, the lower matrix protein of CMV. However, as CMV 
expresses many proteins at different stages during infection, responses to other 
proteins may well play a role. For example, the immediate early antigen-1 (IE-1), 
another protein of CMV, has been reported to play an additional role to pp65. 
Furthermore, not many epitopes have been identified making the HLA-A2 
NLVPMVATV T-cell response the most studied one to date. Nowadays, there are 
overlapping peptide pools for both pp65 and IE-1. It is likely that more epitopes will 
be identified through epitope mapping with these pools. Especially for CMV-specific 
CD4+ T-cell responses, more defined immunodominant epitopes should provide 
helpful tools to better understand the complexity of the immune response.  

CMV 
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Furthermore, HLA-DR3 tetrameric molecules seem promising clinical tools 
that can be used to investigate HLA-DR3-restricted antigen-specific CD4+ T cells. 
MHC class II tetrameric molecules offer another way to detect CD4+ T cells in for 
example infectious disease studies. With the identification of more HLA-restricted 
CD4-dependent immunodominant T-cell epitopes, a greater number of epitope-
specific class II tetrameric molecules can be developed to perform patient studies or 
vaccination trials in much more detail with inclusion of a more varied HLA-type. 
Finally, since CMV-specific CD4+ T cells seem to play an important role in addition 
to CD8+ T cells in progression to CMV end-organ disease, these class II tetrameric 
molecules could provide helpful tools in adoptive T-cell therapy, potentially allowing 
restoration of deficient responses in for example immunocompromised individuals 
such as HIV-infected patients.  
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SUMMARY 
 
Human cytomegalovirus (CMV) is a DNA virus of the β-herpes virus family. 
Depending on socio-economic circumstances, 50 to 100% of the human population is 
infected. Although asymptomatic in immunocompetent hosts, CMV infection, 
reinfection or reactivation can cause serious clinical complications in 
immunocompromised subjects such as HIV-infected individuals. Cellular immunity is 
thought to play a crucial role in controlling CMV replication and prevention of 
disease. The aim of the studies presented in this thesis was to determine 
immunological factors that may contribute to progression to AIDS with CMV end-
organ disease. To this end, dynamics of CMV-specific T-cell responses in terms of 
number, function and phenotype were analysed in the natural course of HIV-1 
infection.  
 
In a longitudinal study, CMV-specific CD8+ and CD4+ T-cell responses were studied 
in parallel to CMV load in both long-term asymptomatics and progressors to AIDS 
with or without CMV end-organ disease (chapter 2). In the year before onset of CMV 
end-organ disease, CMV-specific IFNγ+CD4+ T cells were lost in progressors to 
AIDS with CMV end-organ disease. Although CMV-specific CD8+ T-cell numbers 
remained high, only a low proportion produced IFNγ, probably due to insufficient 
CD4 help. Control of CMV dissemination was lost and CMV load increased sharply. 
Remarkably, a high proportion of CMV-specific CD8+ T cells expressed perforin and 
granzyme B. Since we were intrigued by these CMV-specific CD8+ T cells, we 
continued our studies of these cells in more detail by analysis of a panel of frequently 
used phenotypical markers (chapter 3). In progressors to AIDS with CMV end-organ 
disease, highly differentiated CMV-specific CD8+ T cells were detected, which were 
CD45RO+/–, CD27–, CCR7–, with high CD57 expression and increased Ki67 
expression. This phenotype is compatible with effector capabilities, such as killing 
through perforin and granzyme B mediated-cytotoxicity. Increasing numbers of 
CMV-infected cells despite the abundance of CMV-specific perforin+granzyme B+ 
CD8+ T cells suggested that these cells are not protective, but may contribute to 
tissue-associated immune pathology characteristic for CMV disease.  
 
To try and understand better what role CD4+ T cells might play in progression to 
disease, function, in terms of IFNγ as well as IL-2, and phenotype of CMV-specific 
CD4+ T cells were further defined (chapter 5). Interestingly, CMV-specific IFNγ-
producing CD4+ T cells expressed a CD45RO+CD27– effector phenotype and shifted 
towards the highly differentiated CD45RO–CD27– phenotype during progression 
towards CMV end-organ disease, while loosing their proliferative capacity and 
function in terms of both IL-2- and IFNγ. Antigenic presence could play an important 
role in driving the differentiation and phenotype of the CMV-specific CD4+ T cells 
towards the fully differentiated phenotype. Especially in HIV infection, where chronic 
immune activation seems to exhaust immune responses in general, this could play an 
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important role. Furthermore, CMV-specific class II tetrameric molecules were used 
for the first time (chapter 4 describes the synthesis of these novel class II tetramers). 
We were able to detect CMV-specific tetramer+ CD4+ T cells in two long-term 
asymptomatics and one progressor to AIDS with CMV end-organ disease. 
Interestingly, tetramer+ CD4+ T-cell numbers decreased during the course of infection 
in LTA and seemed to “disappear” in the progressor to AIDS-CMV. However, 
proliferative capacity was lost as well so we cannot draw preliminary conclusions if 
indeed CD4+ T cells were physically lost.  
 
In addition to the advanced state of differentiation observed in CMV-specific T cells, 
we analysed the CD4+ T-cell population as a whole to determine what happens to 
CMV-driven shaping of the immune response as described in HIV-negative CMV-
seropositive adults and children (chapter 3). CD4+ T cells with the characteristic 
CD27–CD28– phenotype, previously shown to be induced specifically by CMV 
infection, were found in very high numbers in all HIV+ individuals, and even in 
higher numbers in individuals progressing to AIDS-CMV. Also the normally rare, 
fully differentiated CD45RO–CD27–CD4+ subset increased significantly in 
progressors to AIDS-CMV. Not surprisingly, the suggested CMV-driven shaping of 
the immune response was clearest in individuals with overt CMV end-organ disease. 
CMV-driven shaping of the immune response does play a role as well in HIV-infected 
children with or without continuous CMV shedding (chapter 6). Expansions of the 
CD45RA+CD27– effector CD8+ T-cell population correlated with CMV seropositivity 
and CMV shedding. We investigated CMV-specific IFNγ-producing T-cell responses 
in these children in order to define whether this observation was due to an expansion 
of the CMV-specific CD8+ effector T-cell population. Although CMV-specific IgG 
and numbers of CD8+ effector T cells progressively increased in children who 
continuously shedded CMV, their CMV-specific IFNγ-producing CD8+ T-cell 
response as well as its CD8+ CD45RO–CD27– effector subset was diminished 
compared to non-shedding children. This might well explain the inability to suppress 
CMV completely as evidenced by the CMV shedding in these children.  
 
In the last chapter (7), we describe a study in which HIV-, EBV- and CMV-specific 
CD8+ T cells were analysed longitudinally in rapid (i.e. progressors to AIDS) and slow 
progressors to AIDS (i.e. long-term asymptomatics) in order to compare virus-specific 
CD8+ T-cell differentiation. Percentages of CMV-specific CD8+ T-cells increased in 
contrast to HIV- and EBV-specific T-cells. CMV-specific T cells were also more 
differentiated as reflected by higher fractions of CD27– and double positive perforin 
and granzyme B expressing CD8+ T-cells. Although disease progression does 
influence phenotype and function of virus-specific T cells, it seems likely that CMV 
is a “special” virus that is very immunogenic and induces strong immune responses.  
 
In conclusion, chronic CMV infection seems to be associated with highly 
differentiated CMV-specific CD8+ and CD4+ T cells. CMV seems to shape the 
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immune response in general too. In immunocompromised individuals, differentiation 
of T cells may be driven further possibly due to repetitive antigen exposure. The 
antiviral effect of IFNγ seems to play a crucial role. If IFNγ-producing functional 
CMV-specific CD4+ T cells disappear and CMV-specific IFNγ+CD8+ T cells 
decrease, CMV replication may no longer be controlled and the virus disseminates. 
The cytopathic nature of cytomegalovirus as well as high numbers of 
perforin+granzyme B+ CMV-specific CD8+ T cells may explain severe 
immunopathology characteristic of CMV end-organ disease.  
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SAMENVATTING 
 
Het cytomegalovirus (CMV) is een DNA virus dat behoort tot de β-herpes virus 
familie. Afhankelijk van de sociaal-economische omstandigheden, is 50-100% van de 
bevolking geïnfecteerd met dit virus. Hoewel het niet symptomatisch is in dragers met 
een goed werkend immuun systeem, kan CMV infectie, herinfectie of reactivatie 
leiden tot serieuze klinische complicaties in immunodeficiente personen, zoals 
mensen die met HIV geïnfecteerd zijn. Een cruciale rol is toebedeeld aan de cellulaire 
immuniteit in het voorkomen van CMV replicatie en ziekte. Het doel van de in dit 
proefschrift gedocumenteerde studies was om te bepalen welke immunologische 
factoren bijdragen aan progressie naar AIDS met CMV-gerelateerde ziekte. Daarom 
werd de dynamiek van aantal, functie en fenotype van CMV-specifieke T cellen 
geanalyseerd tijdens het natuurlijke verloop van de HIV-1 infectie. 
 
CMV-specifieke CD8+ en CD4+ T-cel responsen werden bestudeerd in een 
longitudinale studie, in parallel met de hoeveelheid CMV in het lichaam in zowel 
langdurig asymptomatische patienten, als patienten die progressie naar AIDS lieten 
zien, al of niet met CMV-gerelateerde ziekte (hoofdstuk 2). In het jaar voordat CMV-
gerelateerde ziekte begint, verloren patienten met progressie naar AIDS en CMV-
gerelateerde ziekte hun CMV-specifieke IFNγ+CD4+ T cellen. Hoewel er hoge 
aantallen CMV-specifieke CD8+ T cellen in hun lichaam aanwezig bleven, 
produceerde alleen een klein gedeelte van deze cellen IFNγ, waarschijnlijk omdat er 
onvoldoende CD4+ T helper cellen aanwezig waren. Tegelijkertijd werd de controle 
over de verspeiding van CMV verloren en nam de hoeveelheid CMV aanwezig in het 
lichaam fors toe. Opmerkelijk was dat in een groot gedeelte van de CMV-specifieke 
CD8+ T cellen perforine en granzyme B aanwezig was. Om dit verder te onderzoeken 
werd de expressie van een panel vaak gebruikte fenotypische merkers geanalyseerd 
(hoofdstuk 3). In patienten met progressie naar AIDS en CMV-gerelateerde ziekte 
werden zeer gedifferentieerde CMV-specifieke CD8+ T cellen gedetecteerd, die 
CD45RO+/–, CD27–, CCR7– waren en hoge CD57 expressie en verhoogde Ki67 
expressie hadden. Dit fenotype komt overeen met effector eigenschappen, zoals het 
doden van een geïnfecteerde cel door middel van perforine en granzyme B 
gemedieerde cytotoxiciteit. De stijgende aantallen CMV-geïnfecteerde cellen, 
ondanks de ruime aanwezigheid van CMV-specifieke perforine+granzyme B+ CD8+ T 
cellen, suggereren dat deze cellen niet beschermend werken, maar mogelijk bijdragen 
aan weefsel-geassocieerde immunopathologie, karakteristiek voor CMV ziekte. 
 
Om beter te begrijpen welke rol CD4+ T cellen mogelijk spelen in de progressie naar 
ziekte, werden zowel de functie, in termen van IFNγ en IL-2, als het fenotype van 
CMV-specifieke CD4+ T cellen verder gedefinieerd (hoofdstuk 5). CMV-specifieke 
IFNγ-producerende CD4+ T cells lieten een CD45RO+CD27– effector fenotype zien 
en veranderden naar het zeer gedifferentieerde CD45RO–CD27– fenotype tijdens 
progressie naar CMV-gerelateerde ziekte, terwijl hun proliferatieve capaciteit en de 
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productie van zowel IL-2- en IFNγ verloren ging. Aanwezigheid van antigeen kan een 
belangrijke rol spelen in het aansturen van de differentiatie van de CMV-specifieke 
CD4+ T cellen naar een zeer gedifferentieerde fenotype. Dit kan een belangrijke rol 
spelen, vooral in HIV infectie, waar chronische immuun activatie de immuun 
responsen in het algemeen lijkt uit te putten. Tevens werden in dit onderzoek voor het 
eerst CMV-specifieke klasse II tetramerische moleculen gebruikt (hoofdstuk 4 
beschrijft de synthese van deze nieuwe klasse II tetrameren). CMV-specifieke 
tetrameer+ CD4+ T cellen konden worden gedetecteerd in twee langdurig 
asymptomatische patienten en in een patient met progressie naar AIDS en CMV-
gerelateerde ziekte. Opmerkelijk was dat de tetrameer+ CD4+ T-cel aantallen afnamen 
gedurende het verloop van de infectie in langdurig asymptomatische patienten en 
leken te “verdwijnen” in de patient met progressie naar AIDS en CMV-gerelateerde 
ziekte. Echter, door de simultane afname in proliferatieve capaciteit, kan de conclusie 
dat CD4+ T cellen daadwerkelijk fysiek verloren gingen nog niet worden getrokken.  
 
Behalve de geavanceerde staat van differentiatie zoals geobserveerd in CMV-
specifieke T cellen, werd ook de gehele CD4+ T-cel populatie geanalyseerd om te 
bepalen wat er gebeurt met de door CMV-geïnduceerde ontwikkeling van de immuun 
respons zoals beschreven in HIV-negatieve, CMV-seropositieve volwassenen en 
kinderen (hoofdstuk 3). CD4+ T cellen met het karakteristieke CD27–CD28– fenotype 
(waarvan eerder is aangetoond dat deze specifiek door CMV infectie wordt 
geïnduceerd) werden in hoge aantallen aangetroffen in alle HIV+ personen, en zelfs in 
nog hogere aantallen in patienten die AIDS met een CMV-gerelateerde ziekte 
ontwikkelden. Ook het onder normale omstandigheden zeldzame, geheel 
gedifferentieerde CD45RO–CD27– CD4+ fenotype nam significant toe in patienten die 
AIDS met een CMV-gerelateerde ziekte ontwikkelden. Het is dan ook niet verbazend 
dat de gesuggereerde CMV-geïnduceerde ontwikkeling van de immuun respons het 
duidelijkst was in patienten met CMV-gerelateerde ziekte. CMV-geïnduceerde 
ontwikkeling van de immuun respons speelt ook een rol in HIV-geïnfecteerde 
kinderen met of zonder regelmatige uitscheiding van CMV in de urine (hoofdstuk 6). 
Expansie van de CD45RA+CD27– effector CD8+ T-cel populatie bleek gecorreleerd 
aan CMV seropositiviteit en uitscheiding van CMV in de urine. CMV-specifieke 
IFNγ-producerende T-cel responsen in deze kinderen werden onderzocht om te 
bepalen of deze waarneming veroorzaakt werd door een CMV-specifieke CD8+ 
effector T-cel toename. Hoewel de CMV-specifieke IgG waardes en aantallen van 
CD8+ effector T cellen in toenemende mate stegen in kinderen die regelmatig CMV 
uitscheidden, was zowel hun CMV-specifieke IFNγ-producerende CD8+ T-cel 
respons als de bijbehorende CD8+ CD45RO–CD27– effector deelpopulatie verlaagd 
vergeleken bij niet-uitscheidende kinderen. Dit zou goed het falen om CMV compleet 
te onderdrukken kunnen verklaren zoals bewezen door de CMV uitscheiding door 
deze kinderen. 
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In het laatste hoofdstuk (7), wordt een studie beschreven waarin HIV-, EBV- and 
CMV-specifieke CD8+ T cellen longitudinaal werden geanalyseerd in patienten met 
snelle (d.w.z. patienten met progressie naar AIDS) en langzame progressie naar AIDS 
(d.w.z. langdurig asymptomatische patienten) om virus-specifieke CD8+ T-cel 
differentiatie te vergelijken. Percentages van CMV-specifieke CD8+ T cellen namen in 
de loop van de HIV infectie toe, in tegenstelling tot de percetages van HIV- and EBV-
specifieke T-cellen die onveranderd bleven. CMV-specifieke T cellen lieten ook een 
verder gedifferentieerd fenotype zien wat gereflecteerd werd door hogere fracties 
CD27– en perforine+granzyme B+ CD8+ T cellen. Hoewel progressie naar ziekte het 
fenotype en de functie van virus-specifieke T cellen beïnvloed, lijkt het waarschijnlijk 
dat CMV een “speciaal” virus is dat zeer immunogeen is en een zeer sterke immuun 
respons induceert en tevens een sterke invloed heeft op het totale immuun systeem.  
 
Samenvattend laat het onderzoek beschreven in dit proefschrift zien dat chronische 
CMV infectie geassocieerd lijkt te zijn met zeer gedifferentieerde CMV-specifieke 
CD8+ en CD4+ T cellen. Tevens lijkt CMV de immuun respons in het algemeen te 
beïnvloeden. In personen met verminderde immuniteit, lijkt de differentiatie van T 
cellen zich verder te hebben voortgezet, mogelijk door herhaaldelijke bloodstelling 
aan antigeen. Het antivirale effect van IFNγ lijkt een cruciale rol te spelen. Als IFNγ-
producerende functionele CMV-specifieke CD4+ T cellen verdwijnen en CMV-
specific IFNγ+CD8+ T cellen afnemen, lijkt CMV replicatie niet langer onder controle 
en kan het virus zich verspreiden. Het cytopathische karakter van CMV en de hoge 
aantallen van perforine+granzyme B+ CMV-specifieke CD8+ T cellen kunnen de 
ernstige immunopathologische karakteristieken van CMV-gerelateerde ziekten 
verklaren.  
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