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Abstrac t t 

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

Introductio n n 

Ann efficient adaptive immune response depends on the interactions between 

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

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

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

productionn of chemokines and changes in expression of different chemokine receptors 

leadss to controlled migration of all participants in the immune response12 

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

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

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

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

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

secondaryy lymphoid organs where the naive cells can be primed by DCs presenting 
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Functionall upregulation CCR7 upon antigenic stimulation 

antigen34.. The biological importance of CCR7 is shown in mice lacking expression of 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

migratoryy properties in vivo. 

Material ss  & Method s 

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

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

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

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

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

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

Results s 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

antigenicc stimulation in vitro, which was dependent on the cytokines provided. 

aÖk, , 

29.514.1 1 
60.44 I 6.0 

'  ; i 

ÉÉ É 

24.5112.0 0 
50.8M2.7 7 

|Sr r 

--
£" " 

0 0 s^MffirC C 

29.55 44.6 
22.911 3.0 

jgÈmk jgÈmk 

'm. 'm. 

13.88 58.3 
16.11 h 1.8 

W. W. 

££ "2 

.;,.„.; ; 

31.11 0.3 
61.3|| 7.3 

ft ft 
3*SEJ J 

28.66 1.3 
54.9M5.2 2 

S W W 

25.911 0.5 
60.0I22.6 6 

42 2 



Functionall upregulation CCR7 upon antigenic stimulation 

unstimulated d 

: : 
:

36.99 0.2 
62.011 0.9 

10'' 10^ 10-

peptide+Agg __ peptide+IL-2 

L L 
r r 

,1,,1,

if f 
43.713.6 6 45.411 7.3 

j>eptide+IL-155 Tpeptide+IL-21 

CM M 
CDD s 

Q Q 
OO 2 

L L 
1 1 
p!'v' ' 

10  1 

'-'1 1 
'' 35.410.7 

58.911 5.0 
11 102 I 0 3 10 

'V V 

°-°-
ft»"' ft»"' 

:''  *!>
"ff "ff 

58.612.7 7 
37.111.6 6 

CD62L L 
peptide+IL-15 5 
peptide+Ag g 
peptide+Ag+IL-15 5 

CMV-- tetramer 

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

CCR7CCR7 expression on activated CMV-specific cells is functional 

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

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

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

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

polymerizedd actin, the levels of which transiently increase following chemokine 

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

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

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

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

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

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

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

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

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

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

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

ActivatedActivated CMV-specific cells specifically migrate towards a chemokine gradient 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Discussio n n 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

off limited use. 
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