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Abstrac t t 

Howw functionall y distinc t sets of virus-specifi c memor y CD4+ T cell s develo p in 
human ss is largel y unknown . Early in primar y cytomegaloviru s (CMV)-infection , 
IFNy-producin gg CMV-specifi c CD4+ T cell s are foun d wherea s durin g the latenc y 
phase ,, CMV-specifi c CD4+ T cell s can also have a CD28 , granzym e B+ (grB ) 
phenotype .. We here sho w that CD4+CD28 T cell s are capabl e of CMV-specifi c 
lysi ss  in a clas s II dependen t manner . Next, we determine d whethe r thes e cytotoxi c 
CMV-specifi cc  CD4+CD28 T cells , whic h appear onl y after cessatio n of the CMV-
vira ll  load , differentiate d fro m the early CMV-specifi c CD4+ T cells . Analysi s of the 
TCRR Vp repertoir e reveale d that this was more restricte d in the late CD4+CD28 T 
cell ss  as compare d to the early CMV-specifi c population , sinc e fro m the CD4+CD28 
TT cell s onl y a few Vp familie s coul d be retrieved . Second , spectratypin g showe d 
thatt  thi s restrictio n was substantial , sinc e in the late CMV-specifi c CD4+CD28 T 
cell ss  per Vp famil y generall y onl y one or two differen t CDR3 length s were present . 
Finally ,, sequenc e analysi s of the specifi c CDR3 region s of both population s 
demonstrate dd that onl y in a very low frequency , T cell clone s that were abundantl y 
presen tt  in the late CD4+CD28 populatio n coul d be detecte d in the early CMV-
specifi cc  CD4+ T cells . Thus , mos t of the CMV-specifi c CD4+ T cell s foun d durin g 
latenc yy are not clonall y derive d fro m the CMV-specifi c CD4+ T cell s early in 
infection .. This implie s that after resolvin g primar y CMV-infection , stron g selectio n 
off  the TCR repertoir e takes plac e and new CMV-specifi c T cell s are primed . 

Introductio n n 

CD4++ T cells play a central role in several arms of the adaptive immune system. CD4+ 

helperr T cells are important in guiding naive B cells to become plasma cells that secrete 
highh affinity antibodies1"3. Moreover, CD4+ T cells can activate antigen-presenting cells 
whichh in turn can prime naive CD8+ T cells4. Recent studies have shown that CD4+ T 
cellss are essential for the development and maintenance of fully functional memory CD8+ 
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TT cells5"8. Furthermore, a cytotoxic function has also been attributed to CD4+ T cells 
themselves9. . 
Forr the analysis of human virus-specific CD4+ T cells, we are mostly dependent on 
functionall assays since HLA-tetramers are not widely available yet for class II. The most 
commonlyy used method to measure virus-specific CD4+ T cells is by ex-vivo antigen-
specificc stimulation followed by intracellular cytokine staining for IFNy10. In this way, 
humann cytomegalovirus (CMV)-specific CD4+ T cells have been investigated both during 
theirr development in primary CMV-infection and during the latency phase. We have 
studiedd primary CMV-infection in CMV-seronegative renal transplant recipients of a 
CMV-seropositivee donor. Typically, the CMV-viral load as measured by quantitative PCR 
increasedd around 25 days after transplantation. In asymptomatic patients, CMV-specific 
IFNy-producingg CD4+ T cells could be detected around 10 days after the first positive 
PCR,, whereas in symptomatic patients this period was prolonged to around 40 days1112. 
Detailedd analysis of these early CMV-specific IFNy-producing CD4+ T cells revealed that 
theyy were highly activated and proliferating as judged from high CD38 and Ki67 
expression.. Concerning their phenotype, they were CD45RA+ and simultaneously 
expressedd high levels of CD45R0, around 50% expressed CD27 whereas they were all 
CD28+.. The cytotoxic molecule granzyme B <grB) was only present in a minority of the 
earlyy CMV-specific CD4+ T cells (11 and unpublished data van Leeuwen). Late after 
primaryy infection the percentage of IFNy-producing CMV-specific CD4+ T cells is much 
lowerr and the cells are resting (low CD38 and Ki67) and have a more differentiated 
phenotypee as they are all CD27" and for the large majority CD28~ and grB+11;13. 
CD4+CD28"grB++ cells only emerged after cessation of the viral load during primary CMV-
infection13.. CD4+CD28" T cells showed specific proliferation and cytokine production 
uponn CMV-stimulation which confirmed that these cells are indeed CMV-specific. 
Nott so much is known yet on the development of CD4+ T cell memory in humans. From 
murinee studies it can be deduced that after acute infection, in contrast to CD8+ T cells, 
numberss of CD4+ memory T cells decline in time14. For CD8+ T cells in persistent viral 
infectionn it is known that the hierarchy of immunodominant epitopes during the late 
persistencee phase is completely altered, compared to the acute phase of the infection15" 
18.. Furthermore it has been shown that also during the latency phase virus-specific cells 
cann still be primed and develop into memory cells19. Combining these findings, one could 
hypothesizee that the supposed disappearance of memory CD4+ T cells is caused by a 
shiftt in the virus-specific CD4+ T cells. Specifically, during acute infection different types 
off CD4+ T cell may be needed compared to the phase of viral persistence since the virus 
iss not actively replicating anymore and T cell function shifts from eliminating infected 
cellss towards surveillance. Moreover, different viral antigens may be presented to the T 
cellss during the persistence phase which can contribute to shaping the clonality of the 
memoryy T cell population. 

Analysiss of T cell repertoires is an important tool to analyze the dynamics of T cell 
responsess to viral infections. In the T cell receptor (TCR) (3-chain, the complementarity-
determiningg region 3 (CDR3) interacts with peptide presented by MHC-molecules. CDR3 
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iss generated by somatic recombination of the TCR variable (V), diversity (D) and joining 

(J)) gene segments and further N-region diversification. As a result the length of the TCR 

p-chainn can vary between TCRs and the CDR3 sequence defines a unique TCR 

clonotypee that acts as a molecular fingerprint. The spectrum of size differences across 

thee CDR3 region is known as the spectratype and analysis of the distribution of CDR3 

lengthss provides information about the clonal expansions within a T cell pool, as an 

increasee in a certain clone will be reflected by a higher peak size20. More detailed 

informationn can be obtained by sequencing the CDR3 region which will identify individual 

cloness by their specific sequence. 

Byy studying CMV-specific CD4+ T cells during primary CMV-infection we had the 

opportunityy to learn whether the CMV-specific CD4+ T cells found early in infection 

differentiatedd and acquired the features of the late CMV-specific cells, or, alternatively, 

thatt new CMV-specific CD4+ T cells emerged after acute infection and replaced the early 

cells.. By analysis and comparison of the TCR Vp CDR3 regions of the different early and 

latee CMV-specific CD4+ T cell populations, we unraveled the interrelationship between 

thee virus-specific cells. 

Material ss  & Method s 

Subjects Subjects 
PBMCss were isolated form healthy volunteers and renal transplant recipients. Patients were 
treatedd with basic immunosuppressive therapy consisting of cyclosporine A (at dosages guided 
byy trough levels aimed at 100 ng/ml), prednisolone (10 mg daily) and mycophenolate mofetil 
(10000 mg twice daily). All subjects gave written informed consent, and the local medical ethics 
committeee approved the study. 

ImmunofluorescentImmunofluorescent staining and flow cytometry 
PBMCss were washed in PBS containing 0.01% (w/v) NaN3 and 0.5% (w/v) bovine serum albumin. 
0.5*1066 PBMCs were incubated with fluorescent-labeled mAbs (concentrations according to 
manufacturer'ss instructions) for 30 minutes at , protected from light. For analysis of 
expressionn of surface markers, the following antibodies were used in different combinations: CD4 
PerCPP Cy5.5 (BD Biosciences, San Jose, USA), CD28 FITC (Sanquin, Amsterdam, 
Netherlands),, CD158b PE (Coulter Immunotech, Fullerton, USA). Cells were washed and 
analyzedd using a FACSCaliber flow cytometer and CellQuest software {BD Biosciences). 

TransductionTransduction of LCL 
EBV-transformedd lymphoblastoid cellines (LCL) were transduced with a retroviral vector 
expressingg just GFP (LCL) or GFP plus the gene product of pp65 (LCL pp65), an 
immunodominantt protein of human CMV, as described21. The transduction procedure used was 
basedd on the use of recombinant human fibronectin fragments CH-29622 and has been described 
previously23.. In brief, 106 LCL cells were cultured on CH-296-coated 24-well nonculture-treated 
platess (Falcon) together with 1 ml thawed retroviral supernatant for 6 h washed, and transferred 
too 24-well tissue culture plates. Before use, transduced cells were sorted based on GFP 
expression. . 
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CMVCMV peptides and antigen 
CMVV antigen (Microbix Biosystems, Toronto, Canada) and HLA-DR4-binding CMV pp65-derived 
peptidee IIKPGKISHIMLDVA (Li Pira, int immunol 2004) and HLA-A201-binding CMV pp65-
derivedd peptide NLVPMVATV (both peptides: IHB-LUMC peptide synthesis library facility, Leiden, 
Thee Netherlands) were used stimulate PBMCs either directly or loaded on LCL. 

IntracellularIntracellular cytokine staining 
CMV-specificc CD4+ and CD8+ T cells were analyzed by intracellular cytokine staining after 
antigen-specificc stimulation. Briefly, 0.5*106 freshly isolated PBMCs were incubated for 6 hours in 
thee presence of 100,000 control LCL, LCL pp65, LCL pulsed with CMV antigen or CMV-DR4 
peptidee or just CMV antigen (10^1/ml, Microbix Systems, Toronto, Canada), CMV A2 peptide 
(10jag/ml)) or as a positive control Staphylococcus aureus enterotoxin B (SEB; 2 ng/mL, 
ICN/Fluka,, Buchs SG, Switzerland). Very late activation antigen 4 beta (CD29; clone TS2/1624) 
mAbb was added at 1 p.g/ml (final concentration) in a final volume of 1 ml/tube RPMI 1640 with L-
Glutaminee (Life Technologies, Rockville, MD) containing 10% heat-inactivated FCS, penicillin, 
andd streptomycin. For the final 5 hours of culture, brefeldin A (Sigma Chemical, St. Louis, USA) 
wass added to the culture in a final concentration of 10 \ig/m\. Cells were fixed in FACS lysing 
solutionn (BD Biosciences), permeabilized followed by (intracellular) staining with different 
combinationss of IFNy-FITC, CD3 PerCP Cy5.5, CD4 PerCP Cy5.5, CD4 APC, CD8 PerCP 
Cy5.5,, CD8 APC, CD28-PE, CD69 PE (all from BD Biosciences) and CD69-APC (Caltag), and 
analysiss by FACS. 

CytotoxicityCytotoxicity assay 
Exx vivo cytotoxicity was assessed by incubating 51Cr-labeled (50jal, 30p.g 51Cr/ml, 500|aCi/mg for 
11 h at , 5% C02; Amersham Pharmacia, Little Chalfont, UK) autologous LCL empty or pulsed 
withh CMV antigen or CMV DR4 peptide with PBMC at effector- target (E/T) ratios of 1:1, 
calculatedd based on absolute numbers IFNy-producing CD4+ T cells, for 4 hours in 96-well 
nonculture-treatedd plates (Falcon). HLA Class II blocking antibody R3E2 was used (ascitis, 25 
ul/ml).. Percentage specific lysis was calculated from the formula: percentage specific release = 
((experimentall release-spontaneous release)/(maximum release-spontaneous release)) * 100%. 

IsolationIsolation of IFNy-producing CD4* cells for RNA isolation 
IFNy-producingg CD4+ cells were isolated using IFNy Secretion Assay Detection Kit (PE) (Miltenyi 
Biotec,, Amsterdam, The Netherlands) according to manufacturer's conditions. In short, PBMCs 
weree stimulated for 16 hours with CMV antigen {10^1/ml). As a positive control SEB, and as a 
negativee control unstimulated PBMCs were used. PBMCs were then washed with a cold buffer 
(phosphatee buffered saline pH 7.2, containing 0.5% bovine serum albumin and 2mM EDTA), 
incubatedd with IFNy Catch Reagent for 5 min at . Immediately hereafter warm culture medium 
wass added and PBMCs were incubated for 60 minutes under slow continuous rotation using a 
MACSmixx (Miltenyi Biotec) at . After incubation the cells were put on ice, washed with cold 
bufferr en incubated with IFNy Detection Antibody (PE), CD4 APC (BD Pharmingen, San Diego, 
USA)) in cold buffer for 10 minutes. Cells were washed twice with cold buffer and subsequently 
IFNy-producingg CD4+ cells were sorted fraction using FACsARIA (BD). 

133 3 



Chapterr 8 

CloningCloning and Sequencing 
RNAA from sorted cells was isolated using GenElute™ Mammalian Total RNA Miniprep Kit 
(Sigma-Aldrichh Chemie BV, Zwijndrecht, The Netherlands). Extracted RNA was subjected to 
templatee switch-anchored RT-PCR by using Super Smart™ PCR cDNA Synthesis Kit (BD 
Biosciencess Clontech, Palo Alto, USA). Amplicons were subjected to vp PCR as previously 
described25.. As constant p primers the 6-carboxy-fluorescein (FAM)-labeled primers 
(5'CAGGCACACCAGCAGTGTGGCC and 5'AGATCTCTGCTTCTGATGGCTC; Invitrogen Life 
Technologies,, Carlsbad, CA, USA) were used. Vp PCR products were visualized on a 1% 
agarosee gel. For the spectratyping, aliquots of positive samples were mixed with Genescan-500 
ROXX size standards and run on an ABI 3100 capillary sequencer (Applied Biosystems, 
Warrington,, UK) in Genescan mode. Data were analyzed with Genescan software packages 
(Appliedd Biosystems). Vp PCR products were purified using the Zymoclean Gel DNA Recovery 
Kitt (Zymo Research, Orange, USA) and subsequently ligated into pGEM-T Easy vector 
(Promega,, Madison, USA) and cloned by transformation of competent DH5a E. coli. Selected 
coloniess were amplified by PCR with M13 primers (M13 forward 5'CAGGAAACAGTATGAC, M13 
reversee 5'GTAAAACGACGGCCAG; Invitrogen Life Technologies) and then sequenced with the 
ABII PRISM Big Dye Terminator V1.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems) 
withh a M13 forward primer and subsequently analyzed on a ABI 3100 capillary sequencer 
(Appliedd Biosystems) in Sequence mode. 

JunctionalJunctional region specific PCR 

Sequencee specific primers were designed based on jp and nDn sequence found in the Vp8 of 

thee CD4+CD28" T cells (wk 36) from patient 1 to determine whether this could be traced back in 

earlyy IFNy-producing CD4+ T cells (wk 9) as shown. 
: :: 2:: a: *o so eo TO 

prime xx  TE E »».-«,„., « „-.-„-..«„ -  „^„„„„v, .  ~„„„.,,.._..».. ,  «,~-~»»AGf e AGGCTCTiSG CTGACC 
W13«« V M TSC77CTGTS CCAGCASAUt  XCA&GAGACC GGSGASCTSI  "TÏTTGGAS H &3GCTCTASG QZihZZGZKZ TS G 
priae zz  CDR ~  ~  -  TTTTGTG CCAGCASAAA &C A 
Wk99 Vb S -«vTTCTGT S CCAGCS.GSAA ACASGAGAZC GGSGASCTGT TT7TTSGM& AGGCTCTA95 CTGACC 

PCRR products were visualized on a 2% agarose gel and positive bands were confirmed by 
cloningg and subsequent sequencing. 

Result s s 

CD4*CD28CD4*CD28 T cells are not cross-reactive to class I epitopes 

Severall reports have described CD4+ T cells that are class l-restricted2627. Therefore, we 

wantedd to asses whether the cytotoxic CD4+CD28 T cells9 were genuine class II-

restricted,, CMV-specific cells. CD4+CD28" T cells do have some characteristics mainly 

attributedd to CD8+ T cells. Specifically, a variable percentage of CD4+CD28" T cells from 

healthyy individuals showed staining with the antibody GL183, which recognizes the KIRs 

CD158MM (KIR2DL2), CD158b2 (KIR2DL3) and CD158J (KIR2DS2) (Fig. 1A). Analysis of 

sortedd CD4+CD28 T cells by a specific PCR for KIR2DL2 or 3 showed a positive signal 

andd a PCR for KIR2DS2 was negative whereas a PCR recognizing several short KIRs 

wass positive, indicating that at least long inhibitory KIRs are present but that a short KIR 

cann also be detected (data not shown). Additionally, CD4+CD28" T cells expressed the 

NK-receptorss NKB1, CD94 (dim) and NKG2D but not CD158a (data not shown and 28). 
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Thiss corresponds to the finding that KIR+ CD4+ T cells can be detected in peripheral 

bloodd of most individuals and that these are antigen-primed cells that can produce IFNy 

andd mostly lacked expression of CD28, CD27 and CCR729. 

Wee previously showed that a fraction of CD4+CD28~ T cells produced cytokines upon 

stimulationn with CMV but not other antigens. To test whether the CMV-specific 

CD4+CD28~~ T cells would cross-react to class I epitopes, we made use of autologous 

EBV-transformedd lymphoblastoid cell lines (EBV-LCL) that were transduced with a 

retrovirall vector expressing either just GFP (LCL) or GFP plus the gene product of pp65 

(LCLL pp65), an immunodominant protein of human CMV. As can be seen in Figure 1B, 

CD4++ T cells do not produce IFNy upon stimulation with LCL pp65 whereas CD8+ T cells 

fromm the same donor do produce significantly more IFNy than when stimulated with the 

controll LCL. This showed that the transduction of the LCL induced presentation of pp65 

peptidess in HLA-class I but that these were not recognized by CD4+ T cells. 
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control.control. Numbers indicate the percentage of CD69*IFNy cells within total CD4* or CD8* T cells 
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CD4*CD28~CD4*CD28~ T cells are able to specifically lyse CMV-loaded target cells 

Wee subsequently analyzed if CD4+CD28~ T cells were capable of killing cells that 

presentt CMV peptides in class II molecules. We first assessed whether CD4+CD28~ T 

cellss would respond to autologous EBV-LCLs that had been loaded with CMV antigen 

overnight.. As shown in Figure 2A, from the total CD4+ T cell population, especially the 

CD4+CD28"" T cells produced high amounts of IFNy when stimulated with EBV-LCL 

pulsedd with CMV antigen. Recently, a CMV pp65-derived peptide has been described 

(IIKPGKISHIMLDVA)) that was recognized by CD4+ T cells from HLA-DR4 typed 

individuals30.. Responsiveness of CD4+ T cells to this peptide was tested in the same way 

andd very high quantities of IFNy were produced upon stimulation with EBV-LCL loaded 

withh this peptide. CD4+CD28+ T cells did not produce IFNy higher than background levels 

too this peptide (Fig. 2A). Concerning CD8+ T cells, no IFNy was produced upon either 

CMVV antigen or DR4-peptide loaded EBV-LCL (data not shown). 
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loadedloaded autologous LCL as target cells. The second bar shows the percentage of lysis of CMV 
antigenantigen loaded autologous LCL in the presence of a class II blocking antibody 
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Noww that it was determined that CD4+ T cells and specifically the CD4+CD28" T cells 

recognizedd EBV-LCL presenting CMV-epitopes, a chromium release cytotoxicity assay 

wass performed. Target cells consisting of EBV-LCL loaded with CMV antigen were 

efficientlyy lysed and this could be blocked by adding a HLA-class II blocking antibody, 

confirmingg that the killing was executed by CD4+ T cells (Fig. 2B). Also loading of the 

EBV-LCLL with the DR4-peptide resulted in lysis of the target cells. These data 

demonstratee that CD4+CD28" T cells can lyse in a class ll-restricted, CMV-specific 

manner. . 

EarlyEarly virus-specific CD4* T cells have a much broader TCR Vp repertoire than late virus-
specificspecific cells. 

Thee next question to be answered was whether these cytotoxic CD4+CD28~ CMV-

specificc T cells, appearing late during primary CMV-infection, were clonally derived from 

thee IFNy-producing CMV-specific CD4+ T cells found early in primary CMV-infection. To 

comparee early and late CMV-specific CD4+ T cell populations, we longitudinally analyzed 

twoo patients who experienced a primary CMV-infection. The schematic overviews of the 

twoo patients showing the kinetics of the viral load and of the CMV-specific IFNy-

producingg and CD28" CD4+T cells are depicted in Figure 3; the arrows indicate the time 

pointss at which we isolated the cells. 

r ll 50000 

Patientt 1 

Patientt 2 

00 10 20 30 40 50 60 
wkss after Tx 

100 20 30 40 50 60 
wkss after Tx 

FigureFigure 3: Kinetics of CMV-viral load and CMV-specific CD4* T cell populations in two 
patientspatients experiencing a primary CMV-infection. Upper panels: patient 1, lower panels: patient 
2.2. In the left panels, kinetics of CMV-viral load as measured by quantitative PCR (right y-axis) are 
plottedplotted together with the percentage of CMV-specific IFNy-producing CD4* T cells (left y-axis). In 
thethe right panels the CMV-viral load is plotted plotted together with the percentage of CD4*CD28~ T cells 
(left(left y-axis). On the x-axes, the time is indicated as weeks after transplantation. The arrows 
indicatedindicated the time points at which CMV-specific IFNy-producing or CD28' CD4* T cells were 
isolated. isolated. 

137 7 



Chapterr 8 

Fromm both patients we sorted the early IFNy-producing CMV-specific CD4+ T cells at the 

peakk of the response at week 9 after transplantation. From the first patient, we isolated 

bothh late CMV-specific CD4+ populations: the IFNy-producing cells (wk 53) and the 

CD4+CD28"" cells (wk 36). From the second patient we could only isolate the late 

CD4+CD28~~ cells at wk 52 after transplantation. 

Afterr sorting of the specific cell-populations, total RNA was isolated and amplified, cDNA 

wass made and the TCR Vp repertoire was analyzed. As can be seen in Figure 4, the 

repertoiree of the early CMV-specific IFNy-producing CD4* T cells was very broad in both 

patients.. In the first patient (Fig. 4A), the number of Vp families was extremely restricted 

inn the late IFNy-producing CD4+ T cells and even more in the CD4+CD28~ T cell 

population,, only 10 and 2 Vp families could be detected respectively. In the second 

patientt (Fig. 4B), the repertoire of the CD4+CD28~ T cells was less broad than that of the 

earlyy CMV-specific cells but did not differ that much, as just five Vp families were 

undetectable. . 

A A 
vp p 

IFNy* * 
Wk9 9 

CD28 8 
Wk366 w i . | 

IFNy+ + 

Wk53 3 

B B 

IFNy+ + 

Wk9 9 

CD28--
Wk52 2 

22 4 5.3 6.2 
11 3 5.1 6.1 7 

122 14 16 18 21 23 
111 13 15 17 20 22 24 FigureFigure 4: The Vp repertoire 

ofof early CMV-specific CD4* 
TT cells is much broader 
thanthan from CMV-specific 
cellscells found late after 
primaryprimary CMV-infection. (A): 
patientpatient 1, (B): patient 2. 
PicturesPictures show the bands on 
gelgel retrieved after PCRs for 
thethe different V/3 families 
mentionedmentioned on top of the 
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afterafter amplification of total 
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mentionedmentioned on the left side. Arrows on the right side indicate the height at which the specific bands 
forfor the Vji families can be found. Smaller bands at the bottom of the picture are primer dimers 
andand should therefore not be considered specific. 

Subsequently,, spectratyping was performed from the Vp families that were present both 

inn the early and in one of the late cell populations of the two patients (Fig. 5). This clearly 

revealedd that although all Vp families could be detected in the early IFNy-producing cells, 

clonall diversity was restricted, as the length analysis did not show the Gaussian 

distributionn that can be seen when a complete repertoire is present. Furthermore, it now 

becamee evident that the late CMV-specific populations were very restricted in their 
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repertoire.. Often only one or two peaks could be distinguished, meaning that there is 

hardlyy any variation in the lengths of the CDR3 regions. 

vis s 

IFNy* * 
Wk9 9 

CD28--
Wk36 6 

IFNy* * 
Wk53 3 

vp p 

IFNy* * 
Wk9 9 

CD28--
Wk36 6 

IFNy* * 
Wk53 3 

L L 
13 3 

N.D. . N.D. . 

LL Jl 
16 6 

.... . 

JJ  j . 

JLL . 

21 1 

N.D. . 

22 2 

A A 
N.D. . N.D. . N.D. . N.D. . 

J J 

N.D. . N.D. . 

. . 

24 4 

N.D. . 

FigureFigure 5A: Spectratyping 
ofof the V/3 families found in 
bothboth early and late CMV-
specificspecific cells. Results of 
thethe spectratype of Vp 
familiesfamilies of patient 1, which 
werewere found in both early and 
latelate CMV-specific CD4* T 
cellcell populations. Each peak 
representsrepresents a CDR3 region 
withwith a certain length spaced 
byby 3 nucleotides, less peaks 
correspondcorrespond to a more 
restrictedrestricted TCR repertoire. 
NumbersNumbers indicate the 
correspondingcorresponding vp, on the 
leftleft side the different cell 
populationspopulations are mentioned. 
N.D.:N.D.: not detectable in that 
cellcell population. 

OnlyOnly a minority of the late CMV-specific cells is derived from the early CMV-specific cells 

AA single peak in the spectratyping of any Vp profile may represent either a monoclonal 

expansionn of a single TCR clonotype or an oligoclonal expansion of different TCR 

clonotypes.. Therefore, the relationship between the early and late IFNy-producing and 

thee late CD4+CD28~ T cell populations can only really be proven or disproved by 

sequencee analysis of the CDR3 regions. We started by sequencing Vp 6.1 from the first 

patientt since the repertoire of the late CMV-specific cells in this patient was very 

restrictedd and this Vp was the only found in all three populations. Although extensive 

sequencingg did reveal an overlap between the two late populations, not one similar 

sequencee could be found between the early and the late cells (Table 1A). The overlap 

betweenn the late IFNy-producing and the CD28~ CMV-specific CD4+ T cells was 

expectedd since part of the CD4+CD28~ T cells also produced IFNy upon antigenic 

stimulation13. . 
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vp p 

IFNy* * 
Wk9 9 

CD28 8 
Wk52 2 

vp p 

IFNy* * 
Wk9 9 

CD28 8 
Wk52 2 

22 3 

ILL J|N 

5.3 3 6.11 8 

11 JL_ 

FigureFigure 5B: Spectratyping of the Vp 
familiesfamilies found in both early and late 
CMV-specificCMV-specific cells. Results of the 
spectratypespectratype of Vp families of patient 2, 
whichwhich were found in both early and 
latelate CMV-specific CD4* T cell 
populations.populations. Each peak represents a 
CDR3CDR3 region with a certain length 
spacedspaced by 3 nucleotides, less peaks 
correspondcorrespond to a more restricted TCR 
repertoire.repertoire. Numbers indicate the 
correspondingcorresponding Vp, on the left side the 
differentdifferent cell populations are 
mentioned.mentioned. N.D.: not detectable in that 
cellcell population. 
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vp p 

IFNy* * 
Wk9 9 

CD28 8 
Wk52 2 

12 2 

vp p 

IFNy* * 
Wk9 9 

CD28 8 
Wk52 2 

J J 

17 7 

J J 
Thiss analysis showed that early CMV-specific T cells have a very broad repertoire and 

thatt an identical clone as in the late populations could only have been present at an 

extremelyy low frequency. In first instance, sequence analysis of Vp 3, 8 and 22 also did 

nott reveal related sequences between the early and the late CMV-specific cells. We 

thenn took a different approach and designed primers based on the V08 CDR3 sequence 

thatt was found in all clones from the CD4+CD28~ T cells. Via this way we could check 

withh a direct PCR whether this product could be retrieved from the early IFNy-producing 

cells.. Using this method, a positive band could be detected, although at a very low 
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frequency.. Sequencing confirmed that we identified the same sequence as in the late 

CD4+CD28~~ cells (* in Table 1A). 

TabelTabel 1A: Overview of the 
CDR3CDR3 sequences retrieved 
fromfrom the different CMV-
specificspecific CD4* T cell 
populations,populations, patient 1. From 
leftleft to right are indicated the 
specificspecific Vp family, the amino 
acidacid sequence of the retrieved 
CDR3CDR3 sequence, the 

correspondingcorresponding JfS, the 
frequencyfrequency in which the 
specificspecific sequence was found 
inin proportion to the total 
numbernumber of clones analyzed for 
thatthat specific cell population. 
GreyGrey marked sequences are 
similarsimilar in different cell 
populations.populations. * = similar 
sequencesequence found in early CMV-
specificspecific cells after specific 
PCRPCR based on sequence 
foundfound in the late CD4*CD28~ 
cells. cells. 

vp p 
3 3 
3 3 
3 3 
3 3 
3 3 

6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 
6.1 1 

8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 

22 2 
22 2 
22 2 
22 2 
22 2 
22 2 
22 2 
22 2 
22 2 
22 2 

CDR3 3 

CASSPTSNWGGWTEAFF F 
CASSLFGLASTDTQYF F 
CASSLGPAGLAKNIQYF F 
CASRRGKETQYF F 
CASKAPLGEQYF F 

CASSKVDTEAFF F 
CASSTRQGGTEAFF F 
CASSFGGGGTEAFF F 
CASSIRGGTLNTEAFF F 
CASSVRTLDGNTEAFF F 
CASSPRGASIYF F 
CASSLARSISGNTIYF F 
CASSLVGWGQPQHF F 
CASSLGWGDPNQPQHF F 
CASSPRTGGSPLHF F 
CASSMTGELRSPLHF F 
CASSPGLPGANEQFF F 
CASSVETGELFF F 
CASSLPIGTSGGQNIQYF F 
CASSSQSYEQYF F 
CASSREVAGGTTSEQYF F 
CASSLEGGVGRNYEQYF F 
CASSSQSYEQYF F 

CASCWRDQYF F 
CASFGREHYF F 
CASSAQILDTEAFF F 
CASGSGPQGYYGYTF F 
CASSPGTSGSRGEQFF F 
CASRKQETGELF F F 
CATGGRASQNTGELFF F 
CASITVPNTGELFF F 
CASSLEETQYF F 
CASSEDTNEQYF F 

CASSPDRGLNYGYTF F 
CASSERQGLGYGYTF F 
CASSIREKSSQPQHF F 
CASRRLEPDQPQHF F 
CASREGLAGGNEQFF F 
CASSGLAGGEDEQFF F 
CASRVGLWNTDTQYF F 
CASSEGTGGSGANVLTF F 
CASGQGAIFGSYEQYF F 
CASRMDNYEQYF F 

JB B 

1.101 1 
2.301 1 
2.401 1 
2.501 1 
2.701 1 

1.101 1 
1.101 1 
1.101 1 
1.101 1 
1.101 1 
1.301 1 
1.301 1 
1.501 1 
1.501 1 
1.602 2 
1.602 2 
2.101 1 
2.201 1 
2.401 1 
2.701 1 
2.701 1 
2.701 1 
2.701 1 

1.101 1 
1.101 1 
1.101 1 
1.201 1 
2.101 1 
2.201 1 
2.201 1 
2.201 1 
2.701 1 
2.701 1 

1.201 1 
1.201 1 
1.501 1 
1.501 1 
2.101 1 
2.101 1 
2.301 1 
2.601 1 
2.701 1 
2.701 1 

IFNy* * 
Wkk 9 
1/4 4 

1/4 4 
1/4 4 
1/4 4 

6/60 0 
2/60 0 
11/60 0 

1/60 0 
13/60 0 

2/60 0 
9/60 0 

6/60 0 
5/60 0 
1/60 0 
3/60 0 
1/60 0 

1/15 5 
1/15 5 
1/15 5 
1/15 5 
4/15 4/15 

* * 
1/15 5 
1/15 5 
2/15 5 
3/15 5 

1/8 8 

3/8 8 
1/8 8 
1/8 8 
1/8 8 

1/8 8 

CD28 8 
Wkk  36 

2/23 3 
9/23 3 

6/23 3 

1/23 3 

5/23 3 

10/10 0 

IFNy* * 
Wk53 3 

7/7 7 

3/10 0 

7/10 0 

4/9 9 
1/9 9 

2/9 9 

2/9 9 

Inn the second patient we sequenced Vp8 to try to find a comparable sequence as in the 

firstt patient since they did have similar HLA-DR alleles. Furthermore, we sequenced 

CDR33 regions of Vp 9, 12 and 14 because these showed a very restricted pattern in the 

lengthh analysis of the late CD4+CD28~ cells. With this sequence analysis, both in Vp i2 

andd 14 a sequence could be detected that was present in both the early IFNy-producing 
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andd the late CD28 CMV-specific cells (Table 1B). Additionally, in the Vp 8 and 9 again 

onlyy dissimilar sequences were found, which emphasizes the high variety in CDR3 

regionss and thus CMV-specific T cell clones especially at the early time point. 

Altogether,, these findings imply that only a very small fraction of the late CMV-specific 

CD4++ T cells are clonally derived from the CMV-specific CD4+ T cells found early in 

primaryy CMV-infection and that new clones have emerged during latency. 

vp p 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 

9 9 
9 9 
9 9 
9 9 
9 9 

12 2 
12 2 
12 2 
12 2 
12 2 

14 4 
14 4 
14 4 
14 4 
14 4 

CDR3 3 

CASSLRGGPAEAFF F 
CASSRGRIGTEASF F 
CASSRGRINTEAFF F 
CASKRDAEAFF F 
CASSRGPFYGYTF F 
CASSRSVGTGIYGYTF F 
CASSSEPLREKLFF F 
CASGLVTGFSSPLHF F 
CASSLARQEEFF F 
CASSFFLNTGELFF F 
CASSLRTGTTDTQYF F 
CASSPRGRTFQYF F 
CASTRIDTSGANVLTF F 

CASSQVGGQPQHF F 
CASSPGGPVGNEQFF F 
CASSKLAGGRTGELFF F 
CASSLLDANTQYF F 
CASSQEAGQYEQYF F 

CAITPGQGGGDTQYF F 
CAISPGGTGAEQYF F 
CAIMAGGSCYEQYF F 
CAIMGGGSSYEQYF F 
CAISPGGTSAEQYF F 

CASSLGDTNQPQHF F 
CASSLGDSNQPQHF F 
CASSAGQERKPQH F F 
CASSSAGAQGQPQHF F 
CASSPQGADSPLHF F 

Jp p 
1.101 1 
1.101 1 
1.101 1 
1.101 1 
1.201 1 
1.201 1 
1.401 1 
1.601 1 
2.101 1 
2.201 1 
2.301 1 
2.401 1 
2.601 1 

1.501 1 
2.101 1 
2.201 1 
2.301 1 
2.701 1 

2.301 1 
2.701 1 
2.701 1 
2.701 1 
2.701 1 

1.501 1 
1.501 1 
1.501 1 
1.501 1 
1.601 1 

IFNy* * 
Wk9 9 
3/32 2 

1/32 2 
1/32 2 
12/32 2 
3/32 2 
4/32 2 

8/32 2 

3/23 3 
5/23 3 

15/23 3 

14/16 6 
2/16 6 

15/20 0 
2/20 0 
3/20 0 

CD28" " 
Wk52 2 

11/26 6 
1/26 6 
2/26 6 
2/26 6 

1/26 6 

9/26 6 

1/8 8 
7/8 8 

5/8 8 
1/8 8 
1/8 8 
1/8 8 

1/9 9 
6/9 9 
2/9 9 

TabelTabel 1B: Overview of the CDR3 
sequencessequences retrieved from the different 
CMV-specificCMV-specific CD4* T cell populations. 
patientpatient 2. From left to right are indicated 
thethe specific Vf) family, the amino acid 
sequencesequence of the retrieved CDR3 
sequence,sequence, the corresponding J/1, the 
frequencyfrequency in which the specific sequence 
waswas found in proportion to the total 
numbernumber of clones analyzed for that 
specificspecific cell population. Grey marked 
sequencessequences are similar in different cell 
populations. populations. 

Discussio n n 

Inn this paper we show that the subset of CD4+CD28~ T cells found in peripheral blood of 

CMV-seropositivee individuals does not recognize class I epitopes of the 

immunodominantt CMV-protein pp65. Although we cannot exclude this for other CMV-

proteins,, such as Immediate Early-1, it certainly implies that CD4+CD28~ T cells are 

classs II restricted. Furthermore, we show that CD4+CD28~ T cells are able to kill CMV-

loadedd target cells in a class II restricted manner. They contain high amounts of grB and 

perforinn and, as shown before, the perforin-pathway is the method of choice for these 

cytotoxicc CD4+ T cells9;31. The CD4+CD28~ T cell population emerges after primary CMV 
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infectionn and is clearly specific for CMV concerning proliferation, cytokine production and 
cytotoxicityy {13 and this paper). However, increased percentages of these cells have also 
beenn reported in patients with unstable angina or rheumatoid arthritis3233. Although 
CMV-infectionn is associated with both disorders, thus far it is unclear what exactly the 
relationshipp is between the presence of CD4+CD28" T cells, these diseases and CMV-
infectionn (discussed in 13). The existence of cytotoxic CD4+ T cells has not been 
appreciatedd since long, especially because early reports on the lytic capacity of CD4+ T 
cellss were mainly based on T cell clones or cell lines which contain the risk to be 
functionallyy modulated by in vitro culture34"36. More recently however, cytotoxic CD4+ T 
cellss have been described directly ex vivo but their physiological role remained indistinct 
(reviewedd in 37). CMV is a strong immunomodulatory virus and, among other things, 
expressionn of MHC class I molecules is down-regulated in infected cells to escape 
immunee recognition by CD8+ T cells38;39. In such a situation, cytotoxic CMV-specific 
CD4++ T cells could take over, especially since it has been reported that CMV can induce 
MHCC class II expression on CMV-infected endothelial cells4041. A second possibility is 
thatt CMV-specific cytotoxic CD4+ T cells lyse class II expressing monocytes which 
containn the main reservoir of CMV during latency. The third option is that antigen-
presenting-cellss harboring CMV peptides in their MHC class II molecules are lysed 
resultingg in some kind of negative feedback loop to prevent exaggerated responses, as 
hass been described for CD8+ T cells42. 

Inn this paper we addressed the development of cytotoxic CMV-specific memory CD4+ T 
cellss during primary infection. Specifically, we wanted to clarify whether these late 
emergingg cytotoxic CD4+CD28 T cells originated and differentiated from the IFNy-
producingg CD4+ T cells found early in primary CMV-infection. Longitudinal analysis of the 
TT cell repertoire allows tracking of virus-specific CD4+ T cells found after primary 
infection.. We determined that CMV-specific clones retrieved at later time points were 
onlyy for a very minor part identical to the clones isolated early in CMV-infection. This 
findingg leads to the conclusion that only few of the early virus-specific T cell clones 
survivee after the acute response whereas other virus-specific T cells recognizing 
differentt epitopes arise in this phase. 
Ass far as we know, detailed analysis of the changes in TCR usage of virus-specific CD4+ 

TT cells during primary infection in humans has not been performed before. This can be 
attributedd to the difficulty to trace primary viral infections in humans and the low 
frequenciess of virus-specific CD4+ T cells that are not easily visualized. 
Thee clonotypic structure of IFNy-producing CMV-specific CD4+ T cells has however been 
studiedd during the latency phase43. Analogous to our findings late after primary CMV-
infection,, CMV-specific CD4+ T cells were extremely restricted in their TCR Vp usage in 
thesee individuals that most likely have been infected with CMV for decades. No changes 
weree observed in the TCR Vp in these individuals over a period of 25 months, implying 
thatt the changes we observed occur only shortly after primary infection when latency is 
beingg established. Also the T cell repertoire of herpes simplex virus (HSV)-specific CD4+ 
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TT cells has been investigated in patients with recurrent HSV-infections . Oligoclonal 

CDR33 length distribution was demonstrated for HSV-specific CD4+ T cells and some 

cloness were detected at several time points whereas others were only retrieved once. 

Thee two studies described above did analyze virus-specific CD4+ T cells but only in 

subjectss that were already latently infected so changes could not be observed compared 

too the acute response after primary infection. Other investigators had the opportunity to 

studyy primary HIV-infection in children, but only total CD4+ T cell populations without 

knownn antigen-specificity were investigated45. Analysis of the TCR p-chain of CD4+ T 

cellss at several time points during primary HIV-infection showed transient expansions of 

certainn Vp families. More detailed analysis by sequencing demonstrated that, in contrast 

too CD8+ T cell clones, no CD4+ T cell clones with identical sequences could be detected 

bothh at late time points and early in HIV-infection. 

Severall studies have been performed following virus-specific CD8+ T cells after primary 

infection,, in humans, especially concerning Epstein-Barr virus (EBV)-specific CD8+ T 

cells.. These data show that the TCR repertoire of EBV-specific CD8+ T cells is also very 

restrictedd and, moreover, that some clones can be found both in the early and the late 

phasee whereas others cannot174647. EBV, HIV and CMV are persistent viruses and 

severall studies have demonstrated that the development of memory T cells during 

persistentt infection differs from the generation of memory T cells after a virus has been 

clearedd (reviewed in 48;49). Studies in mice showed that in case of acute viral infections, 

noo further selection occurs after the virus has been cleared, such that the antigen-

specificc T cell repertoire present at the time of antigen clearance is maintained for the 

lifetimee of the host in the absence of immune system challenge5051. Persistent antigenic 

stimulationn however, induces further selection of the T cell repertoire during re-exposure 

too the antigen5253. 

Wee here for the first time delineate the relationship between virus-specific CD4+ T cells 

foundd early and late after primary viral infection in humans. We conclude that selection of 

humann virus-specific CD4+ T cells in persistent infections, like CMV, is a continuous 

processs and that virus-specific CD4+ T cells found during latency do not represent a 

genuinee memory population that survived the contraction phase after initial clonal 

expansionn in primary infection. 
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