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Abstract t 

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

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

Introductio n n 

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

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

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

thee composition of the pre-existing memory T cells. 

Material ss  & Method s 

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

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

CMV-- CMV- primary CMV 
seropositivee seronegative infection 

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

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

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

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

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

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

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

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

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

Result s s 

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

Previouss studies from our group showed that immunocompromised renal transplant 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

B). . 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

BB C 

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

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

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

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

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

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

beforee transplantation but comparable to CMV-seropositive patients after transplantation 

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

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

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

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

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

PhenotypicPhenotypic changes of virus-specific CD8* T cells 

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

CD45RAA and CCR7 was analyzed. 

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

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

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

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

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

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

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

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

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

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

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

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

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

displaye dd a CCR7~CD27+IL-7Ra+,XD45RA~ phenotype . 
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patientspatients (same as in Fig. 1) show expression of CD27 and IL-7Ra on the virus-specific CDS* T 
cells.cells. Plots are gated on virus-specific CD8* T cells. Numbers indicate the percentages within the 
correspondingcorresponding quadrants. (B) Graphs show frequencies of CD27* or  (C) IL-7Rot virus-specific 
CD8*CD8* T cells before and one year after transplantation. *=significant difference, p<0.05 

99 9 



Chapterr 6 

Here,, in CMV-seropositive individuals, the expression of IL-7Ra increased in 8 out of 11 

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

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

p=0.566 respectively, data not 

shown). . 

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

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

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

changess during the course of transplantation. 
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CMVCMV also affects the phenotype of the total CD8+ T cell population 

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

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

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

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

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

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

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

resembledd CMV-seronegative patients before transplantation and CMV-seropositive 

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

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

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

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

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

coursee of transplantation (Fig. 6C). 

CytokineCytokine production by virus-specific T cells 

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

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

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

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

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

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

increasee after transplantation in CMV-seropositive patients despite their increased 

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

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

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

CD8++ T cells, a decrease in EBV-fytic specific IFN-y production was observed after 

transplantationn in CMV-seropositive patients and patients with a primary CMV-infection 

(Fig.. 7A). Also upon FLU-specific peptide stimulation, in CMV-seropositive patients IFN-y 

productionn by CD8+ T cells significantly decreased after transplantation (p=0.04, data not 

shown).. IFN-y production by RSV-specific CD8+ T cells was very low but decreased in 4 

outt of 7 CMV-seropositive patients (data not shown). Although also frequencies of EBV-

latentt specific CD8+ T cells decreased in CMV-seropositive patients, no changes in IFN-y 

productionn by these cells were found (data not shown). 

Sincee class II tetramers are not widely available yet, frequencies of virus-specific CD4+ T 

cellss are usually measured by intracellular cytokine staining after stimulation with viral 

antigen.. Since this assay is based on functionality it will most likely underestimate the 

actuall number of virus-specific cells. Additionally it is impossible to determine whether a 

decreasee in cytokine production represents a decline in virus-specific CD4+ T cell 

numberss or a decrease in their capacity to produce the cytokine analyzed. 
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Inn 9 out of 12 CMV-seropositive patients, IFN-y production upon CMV-antigen 

stimulationn decreased but this was not significant (p=0.19, data not shown). FLU-specific 

CD4++ T cell IFN-y production declined after transplantation irrespective of the CMV 

serostatuss of the patient (Fig. 7B). Hardly any IFN-y production after RSV-antigen 

stimulationn could be measured and EBV antigen was not available so no results were 

obtainedd on RSV- and EBV-specific CD4+ T cells. 
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ProliferationProliferation of virus-specific CD8+ T cells 
Anotherr important function of memory T cells is the ability to proliferate upon antigenic 
stimulation.. By labeling with CFSE, cell divisions can be visualized and precursor 
frequenciess can be calculated, defined as the proportion of the original T cell population 
thatt has divided. Combining tetramer staining and CFSE labeling, we investigated the 
capacityy of different virus-specific CD8+ T cells to proliferate upon peptide stimulation 
alonee or in combination with antigen. Because EBV antigen was not available, we used 
IL-22 to mimic antigen stimulation. 
Cellss cultured in medium alone did not proliferate (data not shown). Stimulation with 
peptidee alone occasionally resulted in limited division of CMV- and EBV-specific cells 
andd no changes in proliferative capacity after transplantation could be observed (data 
nott shown). However, stimulation with virus-specific peptide and antigen or IL-2 together 
resultedd in strong proliferation of virus-specific cells. Overall, no differences in 
proliferativee capacity were observed after transplantation, although large inter-individual 
changess were observed (data not shown). 
Ass it is known that memory T cells need IL-7 and/or IL-15 for survival and homeostatic 
proliferation,, cells were cultured in the presence of these homeostatic cytokines. Only a 
smalll fraction of CMV-specific CD8+ T cells proliferated when cultured in the presence of 
IL-77 but the precursor frequency upon IL-15 stimulation was higher in 4 out of 5 patients 
(dataa not shown). In line with their slightly higher IL-7Ra expression (p=0.04), EBV-latent 
specificc CD8+ T cells proliferated better upon IL-7, but also IL-15, than EBV-lytic CD8+ T 
specificc cells. In concordance with their respective changes in IL-7Ra expression after 
transplantation,, IL-7 stimulation induced higher proliferation of EBV-lytic specific CD8+ T 
cellss but lower proliferation of EBV-latent specific CD8+ T cells one year after 
transplantationn (data not shown). Because of low frequencies of FLU- and RSV-specific 
CD8++ T cells reliable precursor frequencies could not be calculated. 
Inn the total CD8+ T cell pool we were able to study the proliferation induced by IL-7 and 
IL-15.. No differences in precursor frequencies were detected before and after 
transplantationn as the changes were inconsistent between individuals, some showing an 
increasedd and others a decreased proliferation (data not shown). 

Discussio n n 

Becausee of the availability of a large cohort or renal transplant recipients, we had the 
opportunityy to study the changes that occur in virus-specific memory T cells during the 
firstt year after transplantation. In this period, the immune system has to adapt to the new 
situationn in which immunosuppressive drugs are taken. This has especially 
consequencess for immune control of persistent viruses as a new balance has to be 
formedd between the host immune system and the latent virus. We already showed 
before,, that CMV-specific T cells are found in higher frequencies in renal transplant 
recipientss compared to healthy individuals16. In this study we analyzed, next to CMV-
specificc cells, EBV-, FLU- and RSV-specific cells before and one year after 
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transplantation.. Indeed we found a significant increase in both percentages and absolute 
numberss of CMV-specific CD8+ T cells. In contrast, CD8+ T cells specific for EBV, FLU 
andd RSV decreased in these patients. However, in CMV-seronegative patients, this 
decreasee was not observed and there EBV-specific CD8+ T cells even increased in most 
patients.. Therefore we concluded that the decline in virus-specific cells other than CMV 
inn CMV-seropositive donors was not a direct consequence of the changed 
immunocompentencee of the donor but rather a result of the increase in CMV-specific 
CD8++ T cells. The existence of a kind of competition between virus-specific T cells was 
confirmedd in patients experiencing a primary CMV-infection where EBV- and FLU-
specificc CD8+ T cell frequencies dropped as soon as CMV-specific CD8+ T cells 
appearedd in the circulation and did not return to their original values. 
Thesee data resemble findings in murine studies where new infections also resulted in 
permanentt loss of pre-existing memory T cells (reviewed in12). Similar studies have not 
beenn performed in humans as these can not deliberately be infected and primary 
infectionn is often hard to recognize. In humans it has been shown that both CMV- and 
EBV-specificc CD8+ T cells increase with age but that the increase in EBV-specific CD8+ 

TT cells is abolished in CMV-seropositive individuals26. The question arises why 
specificallyy CMV-specific cells seem to overrule CD8+ T cells with different specificities. 
CMVV is a persistent virus and it has been described that these type of viruses cause the 
mostt profound memory T cells loss and that this is a continuously ongoing process13. 
Indeedd in murine CMV-infection virus-specific CD8+ T cells continued to accumulate over 
time.. However, EBV is also a persistent virus and still EBV-specific CD8+ T cells seem to 
bee subordinate to CMV-specific cells. An explanation could be that EBV and CMV, 
althoughh both persistent viruses, differ in the type of persistence they establish in the 
host.. EBV is a virus that becomes latent and reactivates only periodically resulting in 
limitedd T cell stimulation. In contrast, CMV causes a more smoldering infection with 
ongoingg low-level viral replication. Another factor that could be involved is that CMV is a 
viruss with strong immune-evasive properties and during evolution there have been 
mutuall adaptations between the virus and the human immune system2728. Therefore it 
cann be imagined that the immune system has to put more effort in the control of CMV 
comparedd to other viruses. A final reason could be the quite large reservoir of CMV 
duringg the latency stage, as CMV establishes latency in cells of the myeloid lineage and 
inn endothelial cells which are both abundantly present. Consequently, T cells will 
regularlyy come into contact with CMV-antigens, not only because the virus undergoes 
continuouss low-level replication but also because of its abundant spread in the body. 
Whenn we investigated the total CD8+ T cell population this showed an increase during 
thee first year of transplantation only in CMV-seropositive donors. It is unknown whether 
thiss reflects the increase in CMV-specific T cells only, but there are a few reasons 
supportingg this hypothesis. First, we showed that T cells specific for EBV, FLU and RSV 
aree definitively not involved. Second, to measure CMV-specific CD8+ T cells we used 
tetramerss containing just one peptide of CMV and despite this restriction quite high 
frequenciess could be detected. Furthermore, next to the T cells we studied, specific for 
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thee immunodominant pp65 epitope of CMV, T cells specific for other proteins of CMV, 

likee Immediate Early 1, also contribute significantly to the CMV-specific immune 

response29.. This all suggests that CMV-specific cells are responsible for the changes 

seenn in the total CD8+ T cell pool. Also phenotypic analysis supports this, since in CMV-

seropositivee patients total CD8+ T cells are enriched for CD27"IL-7Rct CD45RA+ cells 

(Fig.. 6) and this phenotype is most prominent within CMV-specific CD8+ T cells16120. It 

hass been described before that CMV-infection induces this population within CD8+ T 

cells255 and we now showed that this even increased in renal transplant recipients during 

immunosuppressionn as was also described in HIV-patients30. 

InIn a previous study, we showed that in CMV-seropositive renal transplant patients who 

experiencedd a CMV-reactivation, the percentage of CMV-specific CD8+ T cells increased 

andd that these cells acquired a more differentiated CD27" phenotype31. In the cohort we 

noww studied, no more apparent changes in CMV-specific CD8+ T cells were observed in 

patientss experiencing CMV-reactivation than in patients without reactivation (data not 

shown).. This implies that the level of viral replication below the detection of our PCR is 

sufficientt to induce the increase and differentiation of the CMV-specific cells. 

Concerningg the cytokine production, no increase was found in the percentage of CMV-

specificc CD8+ T cells that produced IFN-y. This suggests that CMV-specific CD8+ T cells 

newlyy formed under immunosuppression are less capable of producing IFN-y. The 

decreasee in frequencies of EBV-lytic and FLU-specific CD8+ T cells was reflected in 

lowerr IFN-y production. The decline in IFN-y producing FLU-specific CD4+ T cells in all 

patientss can be explained by the notice that in general CD4+ memory T cells are not 

maintainedd as well as CD8+ memory T cells32. Moreover, FLU-specific T cells have been 

describedd to deteriorate in elderly individuals2633 and as all the changes we observed 

duringg the first year after transplantation resemble those during aging, this might be 

similarr too. 

Withh respect to the proliferative capacity of the virus-specific memory T cells no changes 

weree observed in the response to antigenic stimulation despite start of 

immunosuppressivee medication. The changes in proliferation of virus-specific cells upon 

stimulationn with IL-7 were directly correlated to the changes in expression of the IL-7Ra. 

Thee lower the expression of the receptor on a cell population, the fewer cells started to 

dividee after stimulation, as showed before21. This was not found for the total CD8+ T cell 

populationn however, as precursor frequencies remained unchanged after transplantation 

althoughh the percentage of IL-7Ra+ CD8+ T cells decreased. 

Inn conclusion, we here show that during the first year after renal transplantation the 

homeostasiss of virus-specific memory T cells changes since CMV-specific CD8+ T cells 

expandd at the cost of memory T cells with different specificities. Whether this competition 

iss due to limited physical space, availability of homeostatic cytokines or both is unclear. 
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