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Abstrac t t 

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

Introductio n n 

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

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

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

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

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

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

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

aa manner similar to murine memory cells after acute infection. 

Material ss  & Method s 

Subjects Subjects 

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

PBMCs PBMCs 

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

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

TetramericTetrameric complexes 

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

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

IntracellularIntracellular perforin and Bcl-2 staining 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

andand one of two with CMV reactivation. 

CMVV A2 NLV CMV B7 TPR EBV A2 GLC FLU A2 GIL 

Healthy y 
Donorr 1 

0  .0 ' 

2.9I87.6 6 
3.6ll 5.8 

10ss ^  10 

EBVV B7 RPP EBV B8 RAK FLU A1 CTE RSV A1 YLE 

Healthy y 
Donorr 2 c2' 

100--

«« 90 

11 80 
oo 70 

60 0 
50 0 
40 0 
30 0 
2 0 --
10 0 
0 0 

00 I70.B 
1£|27.9 9 

00 7169 3 
Z3I27.0 0 

ss. . 

, -- • 

0IB7.9 9 
JI12.1 1 

w w 
| | 

00 194.9 
, ^12 .5 5 

<';£fP ' ' 
0  IS' N ** 1Ó3 «oJ 

CD27--

* " V V * * 

££ v Q--
Q_ _ 

oo or 
CMM f ^ 
<< CD 
> > 

G!! 2 oo o 

>> > > 
CDD CD 0D CD ü ü t U L U L U U J U - U . . 

_ ii  Q. 
>-- Z 

<< CD 

>> > 
C/55 CO 

FigureFigure  2: Expression  of  IL-

7Ra7Ra differs  between  T cells 

specificspecific  for  various  viruses. 

(A)(A) Dot plots of two 

representativerepresentative healthy persons 

inin whom T cells with different 

specificitiesspecificities could be visualized. 

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

CD8*CD8* T cells (black). Numbers 

indicateindicate percentages within 

virus-specificvirus-specific cells in the 

correspondingcorresponding quadrants. (B) 

PercentagesPercentages of IL-7Ra* cells 

withinwithin the virus-specific cells 

measuredmeasured in healthy persons 

withwith different tetramers. 

HorizontalHorizontal lines indicate the 

medianmedian values. 

StatisticalStatistical Analysis 

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

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

consideredd statistically significant. 
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Result s s 

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

expressexpress IL-7Ra 

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

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

CMV-seronegativee recipients of kidney transplants who received organs from 

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

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

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

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

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

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

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

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

Duringg pos PCR, % 

11 yr after Tx, % 

>2yraf ter 'Tx,, % 

Donorr 1 

Tetr* * 

1.8 8 

0.3 0.3 

0.9 9 

IL-7Rcc* * 

0.4 4 

7.8 8 

17.2 2 

Donorr 2 

Tetr* * 

4.9 9 

2.3 3 

NA A 

IL-7RcT T 

0.4 4 

3.9 9 

NA A 

Donorr 3 

Tetr* * 

0.7 7 

0.5 5 

NA A 

lL-7Ra* * 

1.1 1 

2.2 2 

NA A 

Donorr 4 

Tetr* * 

0.6 0.6 

0.5 5 

NA A 

IL-7Ra* * 

2.2 2 

4.9 9 

NA A 

Donorr 5 

Tetr* * 

6.4 4 

4.0 0 

2.9 9 

IL-7Ro* * 

1.5 5 

7.5 5 

10.1 1 

.. Donor 6: 

Tetr* * 

1.0 0 

0.5 5 

2.0 0 

IL-7Ra* * 

1,1 1 

3.9 9 

4.9 9 

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

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

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

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

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

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

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

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

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

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

Somee patients who are seropositive for CMV before transplantation experience a 

reactivationn of CMV after transplantation caused by start of immunosuppression 

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

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

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

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

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

expressionn (Fig. 1C, lower panels). 

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

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

whoo received standard immunosuppression therapy that could possibly have influenced 

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

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

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

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

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

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

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

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

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

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

distinguishingg marker between T cell populations specific for persistent viruses and 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

totall CD8+ T cell population. 

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

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

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

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

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

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

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

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

thethe acute phase 

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

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

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

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

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

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

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

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

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

onlyy mild or no detectable reactivation at all. 

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

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

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

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

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

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

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

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

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

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

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

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

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

peptidee C 

200 10 5 2.5 1.25 0.625 20 10 5 2.5 1.25 0.625 
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•• FLU-specific cells A CMV-specific cells 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Discussio n n 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

frequentt reactivation. 

Acknowledgement s s 

Wee thank the patients and the healthy volunteers for their blood donations, Berend 

Hooibrinkk (Department of Cell Biology and Histology) for sorting the different cell 

populations,, technicians from the Department of Clinical Virology for performing CMV 

andd EBV PCR and serology, and Jessica van der Sluijs-Videler for performing IL-7 

ELISA.. In addition we thank Drs. E. John. Wherry, Robert M. Hoek, Kris A. Reedquist, 

Amberr van Stijn, and Hans L. Zaaijer for critical reading of the manuscript and useful 

discussions. . 

Reference s s 

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

2.. Murali-Krishna K, Altman JD, Suresh M et al. Counting antigen-specific CD8 T cells: a 
reevaluationn of bystander activation during viral infection. Immunity. 1998;8:177-187. 

3.. Busch DH, Pamer EG. T cell affinity maturation by selective expansion during infection. J 

Expp Med. 1999;189:701-710. 

4.. Bachmann MF, Barner M, Viola A, Kopf M. Distinct kinetics of cytokine production and 
cytolysiss in effector and memory T cells after viral infection. Eur J Immunol. 1999;29:291-
299. . 

5.. Swanson BJ, Murakami M, Mitchell TC, Kappler J, Marrack P. RANTES production by 
memoryy phenotype T cells is controlled by a posttranscriptional, TCR-dependent process. 
Immunity.. 2002;17:605-615. 

6.. Veiga-Fernandes H, Walter U, Bourgeois C, McLean A, Rocha B. Response of naive and 
memoryy CD8+ T cells to antigen stimulation in vivo. Nat Immunol. 2000;1:47-53. 

85 5 



Chapterr 5 

7.. Kaech SM, Ahmed R. Memory CD8+ T cell differentiation: initial antigen encounter triggers 
aa developmental program in naive cells. Nat Immunol. 2001;2:415-422. 

8.. van Stipdonk MJ, Lemmens EE, Schoenberger SP. Naive CTLs require a single brief 
periodd of antigenic stimulation for clonal expansion and differentiation. Nat Immunol. 
2001;2:423-429. . 

9.. Badovinac VP, Porter BB, Harty JT. Programmed contraction of CD8(+) T cells after 
infection.. Nat Immunol. 2002;3:619-626. 

10.. Janssen EM, Lemmens EE, Wolfe T et al. CD4+ T cells are required for secondary 
expansionn and memory in CD8+ T lymphocytes. Nature. 2003;421:852-856. 

11.. Shedlock DJ, Shen H. Requirement for CD4 T cell help in generating functional CD8 T cell 
memory.. Science. 2003;300:337-339. 

12.. Sun JC, Bevan MJ. Defective CD8 T cell memory following acute infection without CD4 T 
celll help. Science. 2003;300:339-342. 

13.. Sun JC, Williams MA, Bevan MJ. CD4+ T cells are required for the maintenance, not 
programming,, of memory CD8+ T cells after acute infection. Nat Immunol. 2004;5:927-933. . 

14.. Kaech SM, Tan JT, Wherry EJ et al. Selective expression of the interleukin 7 receptor 
identifiess effector CD8 T cells that give rise to long-lived memory cells. Nat Immunol. 
2003;4:1191-1198. . 

15.. Huster KM, Busch V, Schiemann M et al. Selective expression of IL-7 receptor on memory 
TT cells identifies early CD40L-dependent generation of distinct CD8+ memory T cell 
subsets.. Proc Natl Acad Sci U S A. 2004;101:5610-5615. 

16.. Madakamutil LT, Christen U, Lena CJ et al. CD8alphaalpha-mediated survival and 
differentiationn of CD8 memory T cell precursors. Science. 2004;304:590-593. 

17.. Lau LL, Jamieson BD, Somasundaram T, Ahmed R. Cytotoxic T-cell memory without 
antigen.. Nature. 1994;369:648-652. 

18.. Murali-Krishna K, Lau LL, Sambhara S et al. Persistence of memory CD8 T cells in MHC 
classs l-deficient mice. Science. 1999;286:1377-1381. 

19.. Schluns KS, Kieper WC, Jameson SC, Lefrancois L. lnterleukin-7 mediates the 
homeostasiss of naive and memory CD8 T cells in vivo. Nat Immunol. 2000;1:426-432. 

20.. Becker TC, Wherry EJ, Boone D et al. Interleukin 15 is required for proliferative renewal of 
virus-specificc memory CD8 T cells. J Exp Med. 2002;195:1541-1548. 

21.. Zhang X, Sun S, Hwang I, Tough DF, Sprent J. Potent and selective stimulation of memory-
phenotypee CD8+ T cells in vivo by IL-15. Immunity. 1998;8:591-599. 

22.. Kieper WC, Tan JT, Bondi-Boyd B et al. Overexpression of interleukin (IL)-7 leads to IL-15-
independentt generation of memory phenotype CD8+ T cells. J Exp Med. 2002;195:1533-
1539. . 

23.. Schluns KS, Lefrancois L. Cytokine control of memory T-cell development and survival. Nat 
Revv Immunol. 2003;3:269-279. 

24.. Appay V, Dunbar PR, Callan M et al. Memory CD8+ T cells vary in differentiation 
phenotypee in different persistent virus infections. Nat Med. 2002;8:379-385. 

86 6 



IL-7Raa expression on human virus-specific T cells 

25.. Gamadia LE, Rentenaar RJ, Baars PA et al. Differentiation of cytomegalovirus-specific 
CD8(+)) T cells in healthy and immunosuppressed virus carriers. Blood. 2001 ;98:754-761. 

26.. Lundin J, Kimby E, Bjorkholm M et al. Phase II trial of subcutaneous anti-CD52 monoclonal 
antibodyy alemtuzumab (Campath-1H) as first-line treatment for patients with B-cell chronic 
lymphocyticc leukemia (B-CLL). Blood. 2002;100:768-773. 

27.. Hibberd PL, Tolkoff-Rubin NE, Cosimi AB et al. Symptomatic cytomegalovirus disease in 
thee cytomegalovirus antibody seropositive renal transplant recipient treated with OKT3. 
Transplantation.. 1992;53:68-72. 

28.. Boom R, Sol C, Weel J et al. A highly sensitive assay for detection and quantitation of 
humann cytomegalovirus DNA in serum and plasma by PCR and electrochemiluminescence. 
JJ Clin Microbiol. 1999;37:1489-1497. 

29.. He X, Janeway CA, Jr., Levine M et al. Dual receptor T cells extend the immune repertoire 
forr foreign antigens. Nat Immunol. 2002;3:127-134. 

30.. Rentenaar RJ, Gamadia LE, van der Hoek N et al. Development of virus-specific CD4(+) T 
cellss during primary cytomegalovirus infection. J Clin Invest. 2000;105:541-548. 

31.. Gamadia LE, Remmerswaal EB, Weel JF et al. Primary immune responses to human CMV: 
aa critical role for IFN-gamma-producing CD4+ T cells in protection against CMV disease. 
Blood.. 2003;101:2686-2692. 

32.. Gamadia LE, van Leeuwen EM, Remmerswaal EB et al. The size and phenotype of virus-
specificc T cell populations is determined by repetitive antigenic stimulation and 
environmentall cytokines. J Immunol. 2004;172:6107-6114. 

33.. Hamann D, Baars PA, Rep MH et al. Phenotypic and functional separation of memory and 
effectorr human CD8+ T cells. J Exp Med. 1997;186:1407-1418. 

34.. Park JH, Yu Q, Erman B et al. Suppression of IL7Ralpha transcription by IL-7 and other 
prosurvivall cytokines: a novel mechanism for maximizing IL-7-dependent T cell survival. 
Immunity.. 2004;21:289-302. 

35.. De Bree GJ, Heidema J, van Leeuwen EM et al. RSV-specific CD8+ T-cell responses in the 
elderly.. J Infect Dis. In press. 

36.. Vella AT, Dow S, Potter TA, Kappler J, Marrack P. Cytokine-induced survival of activated T 
cellss in vitro and in vivo. Proc Natl Acad Sci USA. 1998;95:3810-3815. 

37.. Goldrath AW, Sivakumar PV, Glaccum M et al. Cytokine requirements for acute and Basal 
homeostaticc proliferation of naive and memory CD8+ T cells. J Exp Med. 2002; 195:1515-
1522. . 

38.. Wills MR, Okecha G, Weekes MP et al. Identification of naive or antigen-experienced 
humann CD8(+) T cells by expression of costimulation and chemokine receptors: analysis of 
thee human cytomegalovirus-specific CD8(+) T cell response. J Immunol. 2002;168:5455-
5464. . 

39.. van Leeuwen EM, Gamadia LE, Baars PA et al. Proliferation requirements of 
cytomegalovirus-specific,, effector-type human CD8+ T cells. J Immunol. 2002; 169:5838-
5843. . 

40.. Wallace DL, Zhang Y, Ghattas H et al. Direct measurement of T cell subset kinetics in vivo 
inn elderly men and women. J Immunol. 2004;173:1787-1794. 

87 7 



Chapterr 5 

41.. Foxwell BM, Taylor-Fishwick DA, Simon JL, Page TH, Londei M. Activation induced 
changess in expression and structure of the IL-7 receptor on human T cells. Int Immunol. 
1992;4:277-282. . 

42.. Mackus WJ, Frakking FN, Grummels A et al. Expansion of CMV-specific 
CD8+CD45RA+CD27-- T cells in B-CLL. Blood. 2003;102:1057-1063. 

43.. van Leeuwen EM, Remmerswaal EB, Vossen MT et al. Emergence of a CD4+CD28-
Granzymee B+, Cytomegalovirus-specific T cell subset after recovery of primary 
cytomegaloviruss infection. J Immunol. 2004;173:1834-1841. 

44.. Wherry EJ, Barber DL, Kaech SM, Blattman JN, Ahmed R. Antigen-independent memory 
CD88 T cells do not develop during chronic viral infection. Proc Natl Acad Sci U S A . 
2004;101:16004-16009. . 

88 8 


