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ABSTRACT T 

Inn order to detect epitope-specific CD4+ T cells in mycobacterial or viral infections in 
thee context of human class II major histocompatibility complex protein HLA-DR3, 
twoo novel HLA-DR3 tetrameric molecules were produced successfully. One 
containedd an immunodominant, HLA-DR3 -restricted T-cell epitope derived from the 
655 kDa heat shock protein of Mycobacterium tuberculosis, peptide 1-13. For the other 
tetramer,, we identified a new HLA-DR3-restricted T-cell epitope derived from 
cytomegaloviruss pp65 lower matrix protein, peptide 510-522, which induced high 
levelss of IFNy-producing CD4+ T cells in three out of four HLA-DR3-positive 
cytomegalovirus-seropositivee individuals up to 0.87% of CD4+ T cells by intracellular 
cytokinee staining. In PBMC from Mycobacterium tuberculosis-exposed, M. bovis 
BCG-vaccinatedd or cytomegalovirus-seropositive individuals, we were able to 
directlyy detect with both tetramers epitope-specific T cells up to 0.62% and 0.45% of 
thee CD4+ T-cell population reactive to Mycobacterium tuberculosis and CMV, 
respectively.. After a six-day culture with peptide p510-522, the frequency of CMV-
specificc tetramer-binding T cells was expanded up to 9.90% tetramer+CFSElow cells 
withinn the CD4+ T-cell population, further confirming the specificity of the tetrameric 
molecules.. Thus, HLA-DR3/peptide tetrameric molecules were shown to be 
promisingg clinical tools to investigate HLA-DR3-restricted antigen-specific CD4+ T-
cellss in clinical disease or following vaccination in detail. 
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INTRODUCTION N 

Inn mycobacterial and viral infections T-cell immunity plays an important role in 
protectingg an individual from disease. Specific immune recognition by T cells is 
mediatedd by HLA molecules, which present mycobacterial or viral peptides to the T-
celll  receptor (TCR). To investigate pathogen-specific CD8+ T cells, a large number of 
methodss became available during the 1990s. Identification of immunodominant 
epitopess for CD8+ T-cell responses and the development of MHC class I tetrameric 
moleculess [1-3] have enabled the enumeration of T cells specific for a given epitope 
andd can be combined with (intracellular) FACS analysis to identify phenotype and 
functionn of epitope-specific T cells [4-9]. CD4+ T-cell responses are more difficult to 
studyy than CD8+ T-cell responses, because generally numbers are much lower, which 
complicatess the detection [10]. Also, HLA class II tetramer technology has proven to 
bee more difficult. For expression, various methods have been explored that were more 
orr less successful, such as production of class II molecules in E. coli or insect cells, 
peptidess loaded externally or covalently linked to one of the MHC class II chains, and 
differentt ways to tetramerise or "multimerise" the HLA class II molecules [11-17]. 
Evenn though CD4+ T-cell analysis using several types of HLA class II tetrameric 
moleculess has been applied successfully, both in mice and human [12,13,16,18-22], 
thee number of studies and the number of laboratories using this technology are still 
limited. . 

Tuberculosiss (TB) and leprosy are major public health problems in the 
developingg world. A third of the world's population is infected with Mycobacterium 
tuberculosistuberculosis (M tuberculosis), and around 2 million individuals suffer from leprosy 
[23].. Protective immunity to mycobacteria is strongly dependent on CD4+, MHC class 
II-restrictedd T helper cells and type-1 cytokines [24]. The widely used tuberculosis 
vaccinee strain M. bovis BCG remains among the most controversial vaccines today 
becausee its protective efficacy against tuberculosis varies widely in different trials. There 
iss a general consent that novel strategies are needed for the prevention of tuberculosis, 
includingg the design of more effective vaccines. An essential requirement for effective 
vacciness in tuberculosis, therefore, is the induction of efficient CD4+ Thl immunity. 
HLAA class 11/ peptide tetramers thus would be efficient tools to analyse the efficacy and 
phenotypee of protective T-cell responses induced by vaccination as well as during the 
coursee of natural infection. 

Cytomegaloviruss (CMV) is a P-herpes virus that infects 50 to 100% of the 
humann population depending on socio-economic circumstances [25]. Although 
asymptomaticc in immunocompetent individuals, infection with CMV can cause serious 
clinicall  complications in immunosuppressed transplant recipients or 
immunocompromisedd HIV-1-infected patients. CD8+ T-cell immunity plays an 
importantt role in protection from CMV end-organ disease and recently studies have 
shownn that CMV-specific IFNy-producing CD4+ T cells are important as well [26-30]. 
HLAA class 11/ peptide tetramers would enable us to study these cells in more detail. 
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Ass previously reported, human HLA-DR3-restricted T cells frequently recognise 
aa 65 kDa heat shock protein (hsp65) of M. tuberculosis that only contains one HLA-
DR3-restrictedd T-cell epitope, notably peptide 1-13 (pl-13) [31]. In TB and leprosy 
patientss as well as in M. bovis BCG vaccinees, this epitope is immunodominantly 
recognisedd in the context of HLA-DR3. In contrast to the CD4+ T helper cell epitopes 
off  these mycobacterial antigens, such epitopes are not well defined for viruses such as 
CMV.. Epitope-mapping using a number of overlapping peptide pools encoding the 
completee sequence of a protein antigen is costly and time-consuming. We therefore 
predictedd HLA class II-restricted epitopes derived from CMV pp65 lower matrix 
proteinn using HLA-peptide-binding motifs. In this study, we show for the first time 
humann class II HLA-DR3 tetramer production and use this to detect human T cells 
thatt specifically recognise mycobacterial and CMV-derived T-cell epitopes in both 
mycobacteria-exposedd and CMV-seropositive individuals, respectively. 

MATERIAL SS AND METHODS 

Identificatio nn of HLA-DR3-restricted epitopes specific for  the pp65 antigen of 
CMV V 
PeptidePeptide selection and synthesis. Candidate HLA-DRB 1*0301 binding peptides in CMV 
pp655 protein were selected using MOTIFS software [32] adjusted for HLA-DR3 using 
previouslyy detected binding motifs [33]. Positive scores were given for each potential 
anchorr residue found in the peptide, and negative scores were given to inhibitory 
residues.. The overall peptide score was the sum of the scores for individual anchor and 
inhibitorr residues. 

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

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

Tablee 1. Predicted epitopes for  pp65 in the context of HLA-DR 3 

Peptide s s Amin oo acid sequence s of 

peptide ss used in thi s stud y 

Predicte dd epitope s for pp65 Score 

inn the contex t of HLA-DR3 a 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

TRATKMQVIGDQYVKVYLE S S 

KLFMHVTLGSDVEEDLTMT R R 

KPGKISHIMLDVAFTSHEH F F 

LPVADAVIHASGKQMWQAR L L 

GSDSDEELvTTERKTPRvT G G 

RHRQDALPGPCIASTPKKH R R 

QYTPDSTPC C 

SFCEDVPSG G 

LFFFDIDLL L 

FFDIDLLL Q Q 

AAQGDDDVW W 

EFFWDANDI I 

QVIGDQYVK K 

TLGSDVEED D 

DVEEDLTMT T 

HIMLDVAFT T 

DVAFTSHEH H 

V1HASGKQM M 

ELVTTERKT T 

CIASTPKK H H 

QYTPDSTPC C 

SFCEDVPSG G 

LFFFDIDLL L 

FFDIDLLL Q Q 

AAQGDDDVW W 

EFFWDANDI I 

30 0 

30 0 

30 0 

30 0 

27 7 

27 7 

27 7 

27 7 

24 4 

24 4 

24 4 

24 4 

24 4 

24 4 

p510-522(CMVpp65 ) ) YQEFFWDANDIYR R 

p1-13 3 

(M.. tuberculosi s hsp65 ) 

abol dd amin o acids are ancho r residue s 

MAKTIAYDEEAR R R MAKTIAYDEEAR R R 30 0 

MHCC class II  tetramers 
Thee procedure we followed to produce MHC class II tetrameric molecules is based on 
aa Drosophila Schneider 2 cell expression system and transfection through calcium 
phosphatee precipitation with 3 cDNA constructs, modified from Schepers et al [16]. 
Thiss system was used because HLA class II molecules have poor refolding activity in 
vitro,vitro, and insect cells produce and secrete these molecules, properly folded, in their 
culturee supernatant. One construct contains the extracellular domain of the a-chain of 
MHCC class II, another the extracellular domain of the fi-chain. The a- and P-chains 
aree kept together through complementary leucine zippers [35,36]. The third construct, 
pS2neoo plasmid, contains the neomycin resistance gene to allow for selection on 
geneticin(G418). . 

ConstructsConstructs for tetramers. The a-chain is identical in all MHC Class II 
variants.. The construct contains an inducible metallothionein promotor, followed by 
thee natural leader sequence and the DRA1*0101 a-chain without the membrane 
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spanningg and intracellular region but with an acid leucine zipper. A His-tag is situated 
att the end of the zipper to allow for purification of the MHC class II molecules on 
Cobaltt beads (see Figure la for schematic representation of the final a-construct). 

PROMOTOR R DRR a-CHAIN 

UEADPRR ' .  | EPITOPE~| || ZIPPER [jjj g DR33 0 - CHAIN 

EcoR11 BamH1 Bgl II Sail 

Figuree 1. MHC Class II cons t ruc ts . Schematic representation of a MHC Class II HLA-DRa-

chainn with the acid leucine zipper and His-tag (A). The HLA-DR3p-chain with the base leucine 

zipperr and biotinylation domain (B). 

Thee construct was cloned through PCR with overhanging primers (described in Table 
2)) to introduce the appropriate restriction sites. Primers used on the DRA*0101 
constructt were DRaEcoRlfw introducing an EcoRl site at the beginning of the leader 
sequence,, and DRaBamHlrev introducing a BamHl site at the end of the 
extracellularr domain within the linker to the acid leucine zipper. Primers for the acid 
leucinee zipper construct were DRaBamHlfw introducing a BamHl site within the 
linkerr to the acid zipper, and DRaSallrev introducing a SalHl site at the end of the 
His-tag.. These were cloned in a pRMHa3-derived vector. 

Tablee 2. Primers used for  the HLA-DRA1*0101 and HLA-DRB1*0301 
constructs s 
Primers s Nucleotidee sequences of primers used in this study ' 

DRaEcoRlfww 5'CGGAATTCTCCAGCATGGCCATAAGTGGAGTCC-3' 

DRaBamHII rev 5'GAGGATCCACCGTTCTCTGTAGTCTCTGGGAG-3' 

DRaBamm H1 fw 5'GAGGATCCGGTGGTTCCGCGCAGCTGG-3' 

DRoSaMM rev 5ACGCGTCGCTTAGTGGTGGTGGTGGTGGTGACC-3' 

DR3pEcoR1fww 5'CGGAATTCTCCAGCATGGTGTGTCTGAGGCTCC-3' 

DR3pCMVrevv 5'CGGGATCCGCGGTAGATGTCGTTGGCGTCCCAGAAGAACTCCTGGTAGGAACCAGC 

CAAAGCCAGTGGGG-3' ' 

DR3pMTBrevv 5'CGGGATCCGCGACGGGCCTCTTCGTCGTACGCAATTGTCTTGGCCATGGAACCAGC 

CAAAGCCAGTGGGG-3' ' 

DR3pBamH1fww 5'CGGGATCCGGTGGTAGCGGCGGCTCCGGGGACACCAGACCACG-3' 

DR3pBglllrevv 5'GAAGATCTTGCTCTCCATTCCACTGTGAGAGGGC-3' 

DR3pBglllfww 5'GAAGATCTGAATCTGCACAGAGCAAGGGCGGCTCCGGTGGTAGCGCCCAGC-3' 

DR3pSal11 rev 5'ACGCGTCGACTTAGTGCCATTCGATTTTCTG-3' 

underlinedd sequences are restriction sites. 
bboldd sequences are the epitopes used in the HLA-DR3 tetramer. 
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Thee 0-chain construct consists of the same metallothionein promotor, 
followedd by the natural leader sequence, a specific epitope plus a linker to the 
extracellularr domain of HLA-DRB 1*0301 p-chain and a base leucine zipper with a 
biotinylationn domain at the end to be able to biotinylate the monomer and produce 
tetramerss with streptavidin (see Figure lb for schematic representation of the final (3-
construct).. Similar to the a-construct, an EcoRl site was introduced before the leader 
withh primer DR3pEcoRlfw. Simultaneously, an epitope was cloned in with a BamHl 
sitee in the linker between epitope and mature HLA-DR3 P-chain using primers 
DR3pCMVrevv for CMV or DR3pMTBrev for M. tuberculosis. A BamHl site was 
introducedd before the mature HLA-DR3 p-chain with primer DR3PBamHlfw. Near 
thee end of the extracellular domain of the HLA-DR3 P-chain, a Bglll site was created 
byy a silent mutation with primer DR3pBglIIrev. Before the base leucine zipper, a 
Bgllll  was introduced followed by the remaining HLA-DR3 p-chain sequences, on to 
thee linker to the base leucine zipper (not containing a BamHl site) with primer 
DR3pBglIIfw.. The other primer for the base leucine zipper construct was 
DR3pSallrevv introducing a Sail site behind the biotinylation domain. Due to the 
restrictionn sites in the pRMHa3-derived vector, which was used as the final vector 
intoo which the sequences were cloned, we cloned the mature HLA-DR3 p-chain 
(BamHll  to Bglll ) and zipper (Bglll to Sail) first into the pGEMTeasy vector, and 
subsequentlyy cloned the BamHl to Sail HLA-DR3 p-chain and zipper part into the 
pRMHa3-derivedd vector followed by the EcoRl-BamHl leader and epitope part. This 
lastt part can be swopped easily to put in a different epitope each time. 

TransfectionTransfection and expression in Schneider 2 cells. Schneider 2 (S2) cells 
(Invitrogen,, Groningen, the Netherlands) were transfected through CaPC>4 
precipitationn (Invitrogen) with three cDNA constructs: the DRa-chain construct (9.5 
Hg),, and the appropriate HLA-DR3 p-chain construct containing a specific epitope 
(9.55 \xg) and the resistance gene construct for selection (1 ^g). The S2 cells were 
culturedd in SDM medium (Invitrogen) containing 10% FCS and 2 mg/ml G418 for 4 
weekss to select for stable transfectants. After large-scale culture, cells were induced 
withh SDM medium containing 1% FCS and 1 mg/ml G418 in the presence of 500 uM 
Q1SO44 for 4 to 5 days. At that point, the supernatant was collected (approx. 1 litre) 
andd concentrated in an Amicon filter system (Millipore; cut-off 30kDa). The 
concentratedd supernatant was incubated with Cobalt beads ("talon metal affinity 
resin",, Clontech, USA), which bind the His-tag. After washing the beads, and 
removingg aspecifically bound proteins with 5 mM imidazole, the Cobalt binding 
moleculess were eluted with 100 mM imidazole. After purification on the Cobalt 
beads,, and overnight biotinylation with BirA of the sample, monomers were purified 
byy FPLC. Expression was confirmed on SDS-page gel and Western blot at several 
stagess during the purification process. A small sample of the biotinylated monomer 
wass run on gel filtration (FPLC, monoQ column, separation by charge) to separate the 
monomelicc complexes from the endogenous protein and determine their ratio. The 
appropriatee amount of streptavidin-APC (Molecular Probes, Leiden, the Netherlands) 
requiredd for tetramerisation was calculated and added to the monomer fraction in a 
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stepwisee process (to ensure tetramer formation [37] even when streptavidin would be 
addedd in excess). This was subsequently purified by FPLC. The tetrameric fractions 
weree collected and stored in 150 mM NaCl/20 mM TRIS pH8 supplemented with 
0.5%% BSA at 4°C or frozen with glycerol for longer periods of storage. 

Humann donors 
Thiss study included TB patients, individuals with documented purified protein 
derivativee of M, tuberculosis (PPD) skin test conversion after exposure to M. 
tuberculosis,tuberculosis, BCG-vaccinated persons, and PPD-negative, non-BCG-vaccinated 
subjects.. In addition, participants of the Amsterdam Cohort Studies on HIV-1 
infectionn and AIDS among homosexual men, and HIV-negative CMV-seropositive as 
welll  as seronegative healthy blood bank donors. All subjects gave permission for 
bloodd sampling after written information was provided and the study protocol was 
approvedd by the Medical Ethics Committee. 

HLA-DR 33 tetramer staining of human cells 
Thee HLA-DR3-restricted CD4+ T-cell clone, Rpl5 1-1, that specifically recognises 
pi-133 of hsp65 of M. tuberculosis [38] was used to test staining with MHC class II 
tetramers.. The clone was either used in its pure form or mixed in varying ratios with 
PBMCC from an HLA-DR3+ healthy donor that did not recognise hsp65 pi-13. Cells 
weree incubated with M. tuberculosis-specific HLA-DR3 tetramer at either 4°C, room 
temperaturee (RT) or 37°C, for 30 minutes up to 2.5 hours. Subsequently, cells were 
stainedd with fluorochrome-conjugated mAb against CD4, and CD3 (BD) for 20 
minutess at RT. Cells were fixed in Cellfix (BD), and at least 200,000 events were 
acquiredd using a FACSCalibur flow cytometer (BD). Propidium Iodide (PI) was 
addedd to distinguish between dead and life cells. Lymphocytes were gated by 
forward-sidewardd scatter, and data were analysed using the software programme 
CELLL Quest (BD). Tetramer staining was optimal in terms of high mean fluorescence 
andd minimal background when used at 37°C for 1 hour (data not shown). These 
settingss were used to examine PBMC from different HLA-DR3+ or HLA-DR3" 
individuals,, who were either unexposed healthy blood bank donors, TB patients, BCG 
vaccinees,, or PPD converted individuals as well as CMV+ healthy blood bank donors, 
orr CMV* HIV* individuals from the Amsterdam Cohort studies. 

Antigen-specificc proliferatio n assay 
InIn vitro T-cell proliferation was measured using CFSE (5,6-carboxyfluorescein 
diacetatee succinimidyl ester) (Molecular Probes) according to the manufacturer's 
protocol.. Briefly, PBMC were labelled with CFSE and incubated with 5 u,g/ml 
peptidee in the presence of 2 jig/ml anti-CD28 and CD49d mAb at 37°C for 6 days. As 
aa positive control, anti-CD3 and anti-CD28 was added and medium alone was used as 
aa negative control. At day 6, cells were stained and analysed as described above. 
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RESULTS S 

Epitopee prediction leads to one HLA-DR3-restricted CMV-specific epitope 
Thee lower matrix protein appears to be the immunodominant protein in the T-cell 
responsee to CMV infection. Our epitope prediction for pp65 in the context of HLA-
DR33 (DRBP0301; DR17) resulted in 14 possible DR3-restricted T-cell epitopes (see 
Tablee 1). The first eight peptides that had the highest score for HLA-DR3-peptide 
bindingg were the most likely epitopes to be presented and recognised in HLA-DR3. 
Sixx slightly longer peptides, containing these eight peptides, were synthesised to 
increasee solubility. These were tested in an IFNy ELIspot assay on PBMC from 
healthyy donors who were HLA-DR3+ and CMV+ or not. As shown in Figure 2a, 
controll  stimulation with CMV lysate showed responses in most CMV+ and not in 
CMV~~ donors. The magnitude of the responses varied between the donors. Overall, 
thee responses to the first eight predicted peptides were low with a highest median of 
377 spots / 100,000 PBMC. None of the responses, however, were clearly detected by 
intracellularr cytokine staining on the FACS (data not shown). 

oo 160 
m m 
Q-- 140 

120 0 

-- 100 
E E 
a a 
a a 
B B 

80 0 

60 0 

88 9 10 0 
p510-- CMV 
5222 lysate 

B B CMVV lysate pS10-522 2 Peptidee 2 
2.13 3 

& & 

0.87 7 0.10 0 

->> CD4 

Figur ee 2. T-cel l recognitio n of predicte d HLA-DR3-restricte d epitope s withi n CMV pp65. 
Inn A, number of T cells producing IFNy upon recognition of specific epitopes in 4 HLA-DR3* 
CMV** healthy individuals , 3 HLA-DR3" CMV* healthy individuals (O ), and 4 HLA-DR3* 
CMV"" healthy controls (  ) are shown after stimulation of PBMC with predicted epitopes in an 
IFNyy ELIspot assay. On the y-axis, number of spots per 100,000 PBMC, corrected for the 
numberr of spots observed with medium alone, is depicted. Dots represent individual patients 
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andd the median of the HLA-DR3+ CMV+ healthy individuals is shown as a bar. Arbitrary 
valuess based on wells containing too many spots leading to underestimations in the number 
off spots are indicated by an asterisk (*). The cut-off for background staining was determined 
byy the highest number of spots in HLA-DR3* CMV" individuals responding to CMV lysate 
(depictedd by the dashed line). In B, a representative intracellular cytokine staining of an HLA-
DR3++ CMV+ healthy individual after stimulation with CMV lysate, peptide p510-522, or peptide 
22 is shown. Numbers indicate percentages of IFNy+ cells within CD4+ T cells. . 

Wee therefore synthesised and tested the remaining six epitopes as well, 
includingg a slightly longer CMV pp65-derived peptide, similar to epitope 12, which 
wass reported by Kern et al [39] to be well recognised by CD4+ T cells. This epitope 
wass identified by using overlapping peptide pools, but its HLA-DR restriction was not 
clearlyy defined. Coincidently, peptide 510-522 (p510-522), was the only peptide that 
wass able to induce a high IFNy response in three out of four HLA-DR3+ CMV+ 

individualss after overnight stimulation in an ELIspot assay (Figure 2a). This response 
wass also clearly detectable by intracellular IFNy staining after 6-hour stimulation 
(0.87%% of the CD4+ T-cell population; Figure 2b), whereas T-cell responses induced 
byy other peptides were not detectable by intracellular cytokine staining on the F ACS 
(Figuree 2b and data not shown). Therefore this CMV pp65-derived T-cell epitope was 
chosenn to be covalently linked to the HLA-DR3 tetramer. 

Expressionn HLA-DR 3 molecules in Schneider  cells 
Schneiderr (S2) cells were co-transfected with the appropriate expression vectors and 
wee verified whether monomeric HLA-DR3 complexes and corresponding tags were 
expressedd and secreted into the culture supernatant (data not shown). Samples of all 
stepss during the purification process were checked on SDS-page gel (Figure 3a and 
dataa not shown). In the concentrated supernatant fraction (lane 2), the a- and p-chains 
weree detected at their predicted mass of approximately 40 kDa and 31 kDa, 
respectively.. Shown are the results from M. tuberculosis-specific HLA-DR3 
monomers;; CMV-specific HLA-DR3 monomers showed similar results. After 
incubationn with Cobalt beads, monomeric complexes were eluted from the beads with 
1000 mM imidazole as shown in lane 7. The other bands, at approximately 75 kDa, 
showedd endogenous protein that interacted with Cobalt beads. After biotinylation of 
thee 100 mM imidazole fraction, it was separated by gel filtration (FLPC, hiload 1660 
column,, separation by size; Figure 3b). The monomeric complex was detected in the 
highestt peak and coincided with an endogenous protein (data not shown). In samples 
off  the three earlier eluting peaks, both a- and p-chains could be detected (fractions 6, 
122 and 15; data not shown), presumably derived from aggregated molecules. 
Fractionss containing the biotinylated monomer were collected. Gel filtration (1660 
hiloadd column) showed that subsequent multimerisation had been successful (Figure 
3d).. The high peak (around fraction 41) consisted of the endogenous protein (data not 
shown).. The first peak (fraction 9 til l 14) most likely consisted of tetrameric 
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complexes,, whereas the lower shoulder was composed of trimers and/or dimers. As 
indicatedd in Figure 3d, fractions 9 to 14 were collected for further experimental use. 

250 0 
150 0 
100 0 
755 - * — i 

• • 

500 1 

37 7 

25 5 

•.. . • • ; - • • : - • a-chain n 
p-chain n 

B B 

„ i n nn ii i i i i i i i i i i i i i i i i i i i i i i inii i i i i i i 
|l[:|3]4|s^[7|88 9in 12 I i g W J B a M J C a i O 32 34 36 38 «0 42 44 46 g » 

tetramer r 

Figuree 3. Production of M. tuberculosis-specific HLA-DR3 monomeric molecules. In A, 
Coomassiee Brilliant Blue stained SDS-page gel with samples of the concentration and 
purificationn on Cobalt beads of M. tuberculosis-specific HLA-DR3 (lane 1: flow through, 2: 
concentratedd supernatant, 3: supernatant after incubation with Cobalt beads, 4 and 5: wash 
withh buffer, 6: wash with 5 mM imidazole, 7: elution with 100 rtiM imidazole); In B, FPLC 
patternn of the biotinylated 100mM imidazole fraction with the monomer peak. In C, FPLC 
patternn of the tetramerisation with the tetramer and trimer peaks as well as the peak of the 
endogenouss protein. 

61 1 



ChapterChapter 4 

M.M. tuberculosis-specific HLA-DR 3 tetramer staining on human PBMC 
Thee purified M. tuberculosis-specific APC labelled HLA-DR3 tetramers could detect 
successfullyy HLA-DR3-restricted CD4+T-cells (clone Rpl5 1-1) specific for the 
pl-133 epitope of hsp65 of M. tuberculosis [38]. The CD4+ T-cell clone was either 
usedd undiluted or mixed in varying ratios with PBMC from an HLA-DR3+ healthy 
donorr that did not recognise this specific epitope (data not shown). Most optimal 
stainingg conditions were found to be 60 minutes at 37°C, where 11% tetramer+CD4+ T 
cellss were found when a 1:10 ratio CD4+ T-cell clone and donor PBMC was stained 
(Figuree 4a) with the lowest background and highest specific mean fluorescence (data 
nott shown). The tetramer+CD4+ T cells could still be detected clearly in a ratio of 
1:10000 CD4+ T-cell clone in PBMC (Figure 4a). 

Inn order to analyse the frequency of HLA-DR3-restricted T cells that are 
specificc for the pl-13 epitope, PBMC from HLA-DR3+ TB patients, BCG vaccinees 
orr PPD converters were stained directly with tetramer, resulting in detection of M. 
tuberculosis-specifictuberculosis-specific CD4+ T cells ranging from 0.03 up to 0.62% tetramer+ cells 
withinn the CD4+ T-cell population (median 0.19%; Figures 4b and 5a). Tetramer 
stainingg was restricted through HLA-DR3, as HLA-DR3" PPD converters hardly 
showedd tetramer staining (median 0.06%; Figures 4b and 5a). Moreover, HLA-DR3+, 
healthyy control individuals who had not been exposed to M. tuberculosis, M. bovis 
BCG,, or M. leprae did not show any pl-13 specific CD4+ T cells (median 0.03%; 
Figuress 4b and 5a). 

CMV-specificc HLA-DR 3 tetramer staining on human PBMC 
Too measure the frequency of HLA-DR3-restricted T cells that are specific for p510-
5222 of CMV pp65, PBMC from HLA-DR3+ CMV* individuals, were stained directly 
withh CMV-specific HLA-DR3 tetramer, resulting in detection of tetramer+CD4+ T 
cellss ranging from 0.05 up to 0.45% CMV-specific CD4+ T cells (median 0.11%; 
Figuress 4c and 5b). Tetramer staining was restricted through HLA-DR3, as HLA-
DR3""  CMV* individuals did not show tetramer staining (range 0.02 to 0.13%; median 
0.06%).. Similarly, HLA-DR3+ CMV" healthy donors who had not been exposed to 
CMV,, did not show any tetramer+CD4+ T cells (range 0.03 to 0.08%; median 0.05%). 

Sincee the CMV-specific HLA-DR3 tetramer positivity was often low, PBMC 
weree labelled with CFSE and stimulated with p510-522 peptide for 6 days to confirm 
specificity.. Cells were stained with the tetramer and the results were expressed in 
percentagess of tetramer+CFSElow cells within the CD4+ T-cell subset. This resulted in 
substantiallyy higher percentages in 3 out of 4 HLA-DR3+ CMV* individuals (ranging 
fromm 0.05 to 9.90%; median 0.76%; Figures 4d and 5c) and no detection in HLA-
DR3**  CMV" and HLA-DR3' CMV* individuals, respectively (range 0 to 0.03%; 
mediann 0%) confirming again that the staining is specific. 
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Figuree 4. FACS staining using HLA-DR3 tetramers on human PBMC. In A, staining with 
thee M. tuberculosis-specific HLA-DR3 tetramer and anti-CD4 on a sample with HLA-DR3-
restrictedd clonal CD4+ T-cells (clone Rp15 1-1 specific for M. tuberculosis hsp65 p1-13), and 
aa sample with 1:10 and 1:1000 ratio of the CD4* T-cell clone and donor PBMC (not 
responsivee to M. tuberculosis hsp65 p1-13), respectively. In B, representative staining with 
thee M. tuberculosis-spec\f\c HLA-DR3 tetramer on a HLA-DR3" healthy control, HLA-DR3" 
exposedd individual and HLA-DR3* treated TB individual. In C, representative staining with the 
CMV-specificc HLA-DR3 tetramer on a HLA-DR3* CMV" healthy control, HLA-DR3" CMV+ 

healthyy individual and HLA-DR3* CMV* healthy individual. Numbers in the upper right-hand 
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cornerr indicate percentages of tetramer+ cells within CD4+ T cells. In D, representative 
stainingg with the CMV-specific HLA-DR3 tetramer on CFSE labelled PBMC, six days after 
stimulationn with CMV pp65 p510-522 peptide on HLA-DR3* CMV" healthy controls, HLA-
DR3"" and HLA-DR3* CMV* individuals. Numbers in the upper left-hand corner indicate 
percentagess of tetramer+CFSEl0W cells within CD4+ T cells. 
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Figuree 5. Percentages of M. tuberculosis- and CMV-specific T cells detected with 
tetramerr staining. Staining with the M. tuberculosis-specific HLA-DR3 tetramer on HLA-
DR3** PPD" healthy controls ( • ), HLA-DR3" PPD* (O) and HLA-DR3+ PPD* ( • , • , • ) 
individualss (A); circles represent PPD converters, squares treated TB patients, and triangles 
BCGG vaccinees. Staining with the CMV-specific HLA-DR3 tetramer on HLA-DR3* CMV" 
healthyy controls (• ) , HLA-DR3" (O.D) and HLA-DR3+ ( • , • ,A ) CMV* individuals (B); circles 
representt HIV" healthy donors, squares HIV* individuals, and triangles HIV" homosexual 
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men.. Staining with the CMV-specrfic HLA-DR3 tetramer on CFSE labelled PBMC, six days 
afterr stimulation with CMV pp65 p510-522 peptide on HLA-DR3* CMV healthy controls {%), 
HLA-DR3"" (O) and HLA-DR3* ( • ) CMV+ individuals (C); all individuals in graph C are HINT 
healthyy donors. 

DISCUSSION N 

Inn this study we have shown successful production of novel HLA-DR3 tetrameric 
molecules.. Two epitopes from two different pathogens, namely M. tuberculosis - one 
off  the most pathogenic mycobacteria, causing tuberculosis - and CMV - a herpes 
viruss causing CMV end-organ disease in immunocompromised individuals - were 
covalentlyy linked to the HLA-DR3 fi-chain. MHC class II tetrameric molecules 
containingg the HLA-DRA1*0101 a-chain and the respective HLA-DRB 1*0301 0-
chainn specifically stained antigen-specific CD4+ T cells in chronic M. tuberculosis 
andd CMV carriers. Directly ex vivo observed tetramer+CD4+ T cells could be 
expandedd during 6 days of culture with the corresponding peptide, further confirming 
specificityy of these tetrameric molecules. 

HLA-DR33 is associated with susceptibility to a considerable number of 
autoimmunee diseases, such as insulin-dependent diabetes mellitus (IDDM), Graves' 
disease,, systemic lupus erythematosus (SLE), Sjogren's syndrome and myasthenia 
gravis,, and allergic diseases [40] as well as with susceptibility to tuberculoid leprosy and 
withh strong mycobacterial delayed-type hypersensitivity (DTH) activity in in vivo skin 
testss in several ethnic populations [41]. HLA-DR3 molecules are structurally slightly 
unusuall  HLA molecules, since the 25 to 38 and the 67 to 74 hyper variable regions of 
thee HLA-DR3P1 product more closely resemble p3 products than other DRpU allelic 
products.. HLA-DR3 consists of two subtypes, namely HLA-DR17 and HLA-DR18. The 
mostt common HLA-DR3-subtype, HLA-DR17, occurs in almost 20% of the human 
population,, and HLA-DR18, is present in about 50% of HLA-DR3+ American Blacks. 
Inn this study, we have focused on the most common subtype, HLA-DR17. 

CD4-dependentt epitopes have been well characterised in the case of the 
mycobacteriall  diseases tuberculosis and leprosy. Peptide pi-13 of hsp65 of M. 
tuberculosis,tuberculosis, M. leprae as well as M. bovis BCG is an immunodominant T-cell 
epitopee that is uniquely recognised in the context of HLA-DR3(17). This renders it a 
usefull  model epitope in vaccination studies. For CMV, CD4-dependent T-cell 
epitopess are poorly defined, as is their HLA restriction. Therefore, we tried to predict 
CMVV pp65-specific epitopes in the context of HLA-DR3, and were able to define 12 
candidates.. Unfortunately, many of the epitopes were unable to induce sufficiently 
highh IFNy responses after overnight stimulation of PBMCs. The p510-522 epitope 
thatt has been described by Kern et al [39], was slightly longer than our 12th epitope, 
andd interestingly, induced good responses in some individuals. Although it remains to 
bee determined whether this is an immunodominant epitope, it certainly gave the best 
resultt in our analysis. Therefore, this epitope was covalently linked to the HLA-DR3 
P-chainn construct to produce a second HLA-DR3 tetramer, similarly to the M. 
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tuberculosis-specifictuberculosis-specific tetramer containing hsp65 pi-13. Recently, Pelte et al [42] have 
describedd that epitope prediction programmes are not always successful in predicting 
epitopes,, for instance when predicting CD8-dependent epitopes for CMV pp65. 
Accordingg to their findings, overlapping peptide pools though costly and time-
consuming,, are more accurate read-outs when defining in vivo T-cell responses. This 
impliess that certain epitopes may have been overlooked in our study. Furthermore, the 
p510-5222 epitope may be able to bind more HLA-types, because PBMC from a HLA-
DR3~~ CMV* individual responded to this epitope as well. 

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

Inn conclusion, HLA-DR3 tetrameric molecules were shown to be promising 
clinicall  tools that can be used to investigate HLA-DR3-restricted antigen-specific 
CD4++ T cells in vaccination studies with M. bovis BCG concerning protection against 
TB,, as well as patient studies on CMV infection and reactivation in HIV-infected 
individualss and transplant recipients where CMV can cause serious clinical 
complications.. With the identification of additional HLA-restricted CD4-dependent 
T-celll  epitopes, a greater number of epitope-specific HLA-DR1, DR3 and DR4 
tetramericc molecules can be developed to perform patient studies or vaccination trials 
inn much more detail in the context of HLA polymorphism. 
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