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Summary  
An immunological basis has been postulated for the strong association between at least five subtypes 
of the HLA-B27 allele (B27.01, .02, .04, .05, and .06) and ankylosing spondylitis, namely that 
cytotoxic T lymphocyte (CTL) responses are induced against an "arthritogenic" peptide that 
these different subtypes can all present. This requires a degree of overlap between the peptide 
binding repertoires of different B27 molecules. The present work, using CTL responses to Epstein- 
Barr virus (EBV) as a model system in which to identify B27-restricted epitopes, provides the 
first direct evidence that different disease-related alleles can present the same immunodominant 
peptide. We first noted that EBV-specific CTL clones, whether from B27.05-, B27.02-, or B27.04- 
positive donors, were largely subtype-specific in their restriction, recognizing only EBV-transformed 
B cell lines of the relevant B27 subtype. However, when tested against targets expressing individual 
EBV proteins from recombinant vaccinia virus vectors, all B27.05-restricted, all B27.02-restricted, 
and a proportion of B27.04-restricted clones were reactive to the same viral nuclear antigen, 
Epstein-Barr nuclear antigen (EBNA)3C. In subsequent peptide sensitization assays, all the 
EBNA3C-specific clones tested and also the EBNA3C-specific component within polyclonal CTL 
preparations from B27.05-, B27.02-, or B27.04-positive donors recognized the same immuno- 
dominant viral peptide RRIYDLIEL (EBNA3C residues 258-266). This sequence accords well 
with the proposed B27.05 peptide motif and clearly must be accommodated within the different 
peptide binding grooves of B27.05, B27.02, and B27.04 molecules. Clonal analysis revealed a 
second component of the B27.04-restricted response that was not shared with other subtypes. 
This was directed against an EBV latent membrane protein LMP2 epitope whose sequence 
RRRWR, RLTV satisfies some but not all requirements of the B27.05 peptide motif. We conclude 
that there is indeed a degree of functional overlap between different B27 subtypes in their selection 
and presentation of CTL epitopes. 

T he role of HLA class I molecules is to bind peptide frag- 
ments of endogenously synthesized cellular or viral pro- 

teins and to present these as HLA-peptide complexes at the 
cell surface for recognition by CTLs (1-4). Stability of the 
complex requires a high affinity interaction between the pep- 
tide and the peptide binding groove (5). Because the precise 
structure of the groove is affected by HLA polymorphism 
(6), any one particular class I allele will present a particular 
selection of peptides (7). The concept is best illustrated with 
reference to the HLA-B27.05 molecule, for which a detailed 
x-ray crystallographic structure is now available (8, 9) and 
where elution and microsequence analysis of naturally pro- 
cessed peptides has identified certain shared features of a B27.05 
allele-specific peptide motif (10). In this motif, the consis- 
tent presence of an arginine at position 2 can be understood 
in terms of the high affinity of this amino acid's side chain 

for the "B" pocket in the B27.05 peptide binding groove. 
Likewise, other structural constraints appear to favor the pres- 
ence of hydrophobic residues at position 3 and of positively 
charged amino acids at the NH2- and COOH-terminal po- 
sitions 1 and 9 (8-10). 

HLA-B27.05 is the most common of seven distinct sub- 
type alldes (B27.01-B27.07) which together make up the 
serologically defined HLA-B27 family of class I molecules. 
These subtypes differ from one another in a limited number 
of amino acid residues occupying defined positions in the 
c~-hdical sides or B-pleated sheet floor of the peptide binding 
groove (11, 12). Interest in the B27 family stems from its 
very strong linkage with ankylosing spondylitis and related 
spondyloarthropathies (13, 14). This represents by far the 
dearest example of an HLA-linked disease in humans, and, 
indeed, there are strong grounds for believing that HLA- 
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B27 molecules are directly involved in the disease process (15), 
probably as targets of an immunopathological response. Of  
several mechanisms proposed in this regard (16), one of the 
most interesting postulates a role for CTL responses directed 
against an "arthritogenic" peptide, of cellular or microbial 
origin, which is selectively presented by HLA-B27 (17). In 
this context, at least five of the above B27 subtypes are known 
to be disease linked. These are the widespread B27.05 sub- 
type, the B27.01 and B27.02 subtypes found in Caucasian 
populations, and the B27.04 and B27.06 subtypes found in 
South East Asian populations (16, 18). The implication is, 
therefore, that all five B27 subtype molecules must be capable 
of binding and presenting the same arthritogenic peptide de- 
spite differences in the structure of their peptide binding 
grooves. 

Leaving aside the specific question of the identity of such 
an arthritogenic peptide, here we address the more general 
question that this interpretation raises, namely, is there demon- 
strable overlap between the range of peptide antigens presented 
as CTL epitopes by different B27 molecules? The model system 
we have used for this purpose involves CTL responses to EBV, 
a herpesvirus widespread in human populations and carried 
by all previously infected individuals as a latent infection of 
B lymphoid tissues (19). All healthy virus carriers possess 
memory CTLs to EBV, and these can be reactivated by ap- 
propriate in vitro stimulation with the autologous EBV- 
transformed B lymphoblastoid cell line (LCL) 1 (20). The 
present work identifies the dominant viral target epitopes 
presented by three different B27 subtypes, B27.05, B27.02, 
and B27.04, each of which is disease linked. Remarkably, 
despite the number of viral proteins available for recognition 
in this herpesvirus system, all three B27 subtypes present the 
same immunodominant viral peptide. 

Materials and Methods 
B27-positive Donors. Six B27-positive individuals, all previously 

infected by EBV, were used in this work: SC (HLA-A2, A2, B27.05, 
B27.05), RT (HLA-A2, A24, B27.05, B35), EN (HLA-A1, A2, 
B18, B27.05), LY (HLA-A1, A24, B27.02, B35), DH (HLA-A2, 
All, B27.04, B40), and DW (HLA-A2, A24, B13, B27.04). 

Target Cells. EBV (B95.8 strain)-transformed LCLs were es- 
tablished from each of the above donors by in vitro infection of 
PBMC; other LCLs from donors of known B27 subtype were kindly 
provided by Professor A. J. McMichael (University of Oxford, Ox- 
ford, UK), Dr. L. MacLean (Northwick Park Hospital, London, 
UK), Dr. B. S. Breur-Vriesendorp (Central Laboratory of Nether- 
lands Red Cross, Amsterdam, The Netherlands), and Dr. A. Lopez 
de Castro (University of Madrid, Madrid, Spain). EBu 
target ceils included PHA-stimulated T lymphoblasts maintained 
in IL-2-conditioned medium and used in CTL assays from 14 d after 
stimulation, and fibroblasts established from skin biopsies and main- 
tained in standard monolayer culture. 

Generation ofEBVspecific CTL. PBMC from the above donors 
were cocultivated with "/-irradiated cells of the autologous EBV 
(B95.8)-transformed LCL (responder to stimulator ratio of 40:1), 
and the resultant EBV-specific polyclonal CTL preparations main- 
tained in IL-2-conditioned medium as described (21). EBV-specific 

1 Abbreviations used in this paper: EBNA, Epstein-Barr nuclear antigen; 
LCL, lymphoblastoid cell line; LMP, latent membrane protein. 

CTL clones were generated from cocultures at day 4 after stimula- 
tion by seeding in semi-solid agarose as described (22). After estab- 
lishment, clones were maintained by weekly refeeding in medium 
containing 20 U/ml rlL2 (kindly provided by Glaxo Ltd., London, 
UK) and 20% vol/vol supernatant of the IL-2-producing MLA- 
144 cell line, and by weekly stimulation with ~/-irradiated autolo- 
gous LCL cells. 

Vaccinia Virus Recombinants. The generation of vaccinia virus 
recombinants encoding the EBV latent proteins (Epstein-Barr nu- 
clear antigens [EBNAs] 1, 2, 3A, 3B, 3C, LP, and latent mem- 
brane proteins [LMP]I and 2) has been described previously (23, 
24). All coding sequences for EBV latent proteins were of B95.8 
strain origin (25). 

Synthetic Peptides. Peptides were synthesized using fluorenyl- 
methoxycarbonyl chemistry by Dr. J. Fox (Alta Bioscience, Univer- 
sity of Birmingham). Peptides were dissolved in DMSO and as- 
sayed for protein concentration by a modification of the Biuret assay 
(26) before storage at -20~ 

Cytotoxicity Assays. Effector CTLs from each donor were 
screened in a standard 4-h 51Cr-release assay. E/T ratios were be- 
tween 2:1 and 8:1 for CTL clones and between 5:1 and 15:1 for 
polyclonal CTL preparations. The use of recombinant vaccinia 
virus-infected fibroblasts in cytotoxicity assays has been described 
previously (24). Briefly, monolayer cultures of fibroblasts were ex- 
posed to recombinant vaccinia virus (multiplicity of infection 10) 
for 2 h, then additional culture medium added for 16 h. Infected 
cultures were then harvested by trypsinization, labeled for 1 h with 
SlCrO4, washed three times, and used as targets in the standard 
CTL assay. 

In peptide sensitization assays, PHA blasts were labeled with 
S1CrO, for 2 h, washed twice, then incubated with peptide at a 
concentration of either 40/~g/ml for 15-mer peptides or 4/xg/ml 
for 10/9-mer peptides in a volume of 100 pl. After 1 h, CTLs were 
added in a 100-/~1 volume to give final peptide concentrations of 
20 and 2/~g/ml, respectively for the duration of the assay. 

Results 
B27 Subtype Restriction of EBV-specific CTL Responses. An 

initial series of experiments asked to what extent EBV-specific 
CTLs reactivated in vitro from donors of known B27 sub- 
type were capable of recognizing EBV-positive LCL targets 
of other subtypes. Since the B27-positive donors to be studied 
shared certain other HLA class I alleles, it was necessary to 
analyze their B27-restricted effectors as clones rather than 
within polyclonal CTL populations. Clones showing opera- 
tional specificity for EBV (i.e., recognizing the autologous 
LCL but not autologous PHA blasts) and B27 restriction (i.e., 
recognizing a B27 subtype-matched LCL) in initial screening 
assays were expanded and tested against a panel of LCL targets 
expressing one of six different B27 subtypes, B27.01-B27.06. 

Fig. 1 shows data from representative dones derived from 
a 827.05-positive donor SC, a B27.02-positive donor LY, and 
a B27.04-positive donor DH. All the B27.05-positive SC 
clones (SCc2 and SCc39 are representative of 10 clones tested) 
were entirely subtype-specific in their restriction, showing 
char recognition of B27.05 LCL targets but not of any other 
LCLs in the B27 pand. Similar results were obtained with 
five CTL clones analyzed from a second B27.05-positive donor 
RT (data not shown). Of  the B27.02-positive LY dones tested 
7/33 (e.g., LYe21) were also subtype specific, recognizing only 
B27.02 LCL targets. However, another 26 LY clones (e.g., 
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Figure 1. B27 subtype restriction of EBV-speci- 
fic CTL responses. Representative B27-restricted 
CTL clones from B27.05-positive donor SC (A2, 
B27.05), B27.02-positive donor LY (A1, A24; 
B27.02, B35), and B27.04-positive donor DH (A2, 
All;  B27.04, B40) were tested against a panel of 
I_CL targets (including the autologous I.CL) re- 
presenting the six B27 subtypes B27.01-B27.06. 
E/T ratios were between 2:1 and 8:1. Results are 
expressed as percent specific lysis and are illustra- 
tive of those in several repeated assays. 

LYc38) were capable of recognizing not only B27.02, but also 
B27.05 LCLs. All B27.04-positive DH clones assayed on the 
same panel (DHcl and DHc50 are representative of 23 clones 
tested) were specific for B27.04 LCL targets only. 

EBV Target Antigen Specificity of B27-restricted CTL Re- 
sponses. Viral antigen expression in EBV-transformed LCLs 
is thought to be limited to eight latent proteins. These are 
EBNAs 1, 2, 3A, 3B, 3C, and -LP, and LMPs 1 and 2 (27). 
In a recent study, we mapped the viral antigens being recog- 
nized by polyclonal EBV-specific CTL populations by using 
recombinant vaccinia virus vectors to express these latent pro- 
teins individually in appropriate target cells (24). Adopting 
the same approach here, as many as possible of the above B27- 
restricted CTL clones were then assayed on autologous fibro- 
blast targets infected with the recombinant vaccinias. 

The results are illustrated in Fig. 2, again using data from 
the same representative clones. All 8 B27.05-posifive SC clones 
tested in this way (e.g., SCc2, SCc39) recognized targets ex- 
pressing the EBNA3C viral protein, whereas lysis of all other 
vaccinia-infected targets remained at background levels. A 
similar result was obtained with four clones from a second 

B27.05-positive donor RT (data not shown). Furthermore 
all 15 B27.02-positive LY clones tested, whether they dis- 
played subtype-specific restriction (e.g., LYc21) or B27.02/ 
B27.05 restriction (e.g., LYc38), also mapped to the EBNA3C 
target antigen. Assays on 35 B27.04-positive DH clones pro- 
duced two patterns of results. Four clones (e.g., DHcl) again 
mapped to EBNA3C, whereas another 31 clones (e.g., DHcS0) 
recognized a different viral protein, LMP2. 

Identification of B27-restricted Peptide Epitopes in EBNA3C. 
Since EBNA3C appeared to be a common target protein for 
CTL responses restricted through three different B27 sub- 
types, we sought to determine the epitope specificity of these 
responses using synthetic peptides. In an initial series of ex- 
periments, we screened a panel of 15-mer peptides (each over- 
lapping by 10 amino acids and spanning the entire 938 amino 
acid sequence of EBNA3C) for their ability to sensitize au- 
tologous PHA blast targets to CTL recognition. Because of 
the requirement for large numbers of effectors, these assays 
used polyclonal CTL preparations from B27 subtyped donors 
that were known to contain a dominant B27-restricted com- 
ponent and to recognize EBNA3C by recombinant vaccinia 
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Figure 2. Analysis of EBV target antigens recognized by 
the same representative B27-restricted CTL clones from donors 
SC, LY, and DH as used in Fig. 1. Individual clones were 
tested against autologous fibroblasts either uninfected (uninJ) 
or preinfected with recombinant vaccinia viruses (Vacc-) ex- 
pressing the individual EBV latent proteins EBNAs 1, 2, 3A, 
3B, 3C, -LP, and LMPs 1 and 2. E/T ratios were between 
2:1 and 8:1. Results are expressed as percent specific lysis and 
are illustrative of those seen in several repeated assays. 



virus mapping (24). We found that CTL preparations of this 
kind from the B27.05-positive donor RT, the B27.02-positive 
donor LY, and the B27.04-positive donor DH all gave 
significant killing against one particular 15-mer peptide, 
EBNA3C residues 256-270 (data not shown). 

The result was confirmed and extended in subsequent ex- 
periments where the CTL preparations were screened against 
an independent panel of 10-met peptides representing all pos- 
sible EBNA3C sequences with an arginine residue at posi- 
tion 2, i.e., all peptides satisfying the primary requirement 
of the B27.05 peptide motif (10). Fig. 3 shows the overall 
results expressed as mean target cell lysis + SD from six to 
eight such assays per donor, in each case involving effector 
CTLs from at least three independent activations from pe- 
ripheral blood. Significant levels of lysis above the general 
background were observed for two overlapping 10-met pep- 
tides (EBNA3C residues 257-266 and 258-267) with all three 
effector populations, i.e., with B27.05-positive RT CTLs, 
with B27.02-positive LY CTLs and with B27.04-positive DH 
CTLs. Polyclonal CTLs from two other B27.05-positive 
donors, SC and EN, also showed reactivity only against the 
above two peptides (data not shown). Significantly, these over- 
lapping sequences both lay within the particular 15-mer pep- 
tide (EBNA3C residues 256-270) identified in the initial 
screening experiments. None of the other 10-met peptides 
gave reproducible lysis above background with any of the 
CTL preparations tested, with the single exception of 
EBNA3C residues 249-258. This sequence was recognized 
by some but not all polyclonal CTL preparations from the 
B27.05 donor RT, though not by any other donor. 

Having used polydonal CTLs in these initial peptide 
screening assays, we then tested the CTL clones for their ability 
to recognize the two 10-mer peptides 257-266 and 258-267 

and the shared 9-met 258-266 (sequence RRIYDLIEL). Of 
the B27-restricted clones that had been mapped to the 
EBNA3C target protein in recombinant vaccinia experiments, 
all of those that were still available for testing in peptide sen- 
sitization experiments proved to be specific for the 258-266 
epitope. Fig. 4 shows the results obtained when the same 
representative panel of B27.05, B27.02, and B27.04-positive 
CTL clones used in Figs. 1 and 2 were assayed on PHA blasts 
of the three different B27 subtypes preexposed to EBNA3C 
peptides 257-266, 258-267, and 258-266. All five B27.05- 
positive SC clones tested in this way (e.g., SCc2) recognized 
the 258-266 epitope on B27.05-positive blasts but not on the 
other two subtypes. Furthermore, three CTL clones from 
the second B27.05-positive donor RT gave the same result 
(data not shown). Interestingly, all 13 B27.02-positive LY 
clones tested, whether entirely B27.02 restricted (e.g., LYc21) 
or B27.02/B27.05 restricted (e.g., LYc38) in the earlier anal- 
ysis (see Fig. 1), were able to recognize the 258-266 epitope 
when presented on B27.02 and B27.05 blast cells. Finally, 
two B27.04-positive DH clones showing EBNA3C specificity 
(e.g., DHcl) likewise recognized the 258-266 epitope but only 
when presented on a B27.04 background. Included as con- 
trols in the above experiment were three other EBNA3C pep- 
tides (79-88, 254-263, and 255-264) whose sequences matched 
the B27.05 peptide motif as closely as the 258-266 epitope 
itself. These peptides never mediated significant lysis by B27- 
restricted effectors. 

We also had access to a limited number of cryopreserved 
lymphocytes from a second B27.04-positive donor, DW, who 
in earlier studies had been found to generate a B27.04-restricted 
EBV-specific CTL response (28). Cloning experiments from 
this lymphocyte sample yielded a single B27.04-restricted CTL 
clone and this also mapped to the same EBNA3C 258-266 
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Figure 3. Peptide epitopes recognized by 
EBNA3C-specific, B27-restricted polyclonal 
CTLs. Selected 10-mer peptides from the 
EBNA3C sequence were screened for their 
ability to sensitize PHA blast targets to au- 
tologous EBV-specific polyclonal CTL prep- 
arations from the B27.05-positive donor RT 
(A2, A24; B2Z05, B35), from the B27.02- 
positive donor LY (A1, A24; B2Z02, B35), 
and from the B27.04-positive donor DH 
(A2, All; B2Z04, B40). Results are a com- 
pilation of data from three independent 
polyclonal CTL activations from each donor 
and are expressed as the mean percent 
specific lysis (_+SD) observed in a total of 
six to eight replicate assays per donor. E/T 
ratios were between 5:1 and 15:1. For all 
three CTL donors, average levels of back- 
ground tysis up to 10% were observed for 
control PHA blast targets not exposed to 
peptides. Peptides are identified by numbers 
indicating their position in the EBNA3C 
primary sequence (42). The panel includes 
all possible EBNA3C peptides with an ar- 
ginine residue at position 2. 
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Figure 4. Peptide epitopes recognized by EBNA3C-specific, 
B27-restricted CTL clones. Representative B27-restricted, 
EBNA3C-specific CTL clones from donors SC, LY, and DH 
(as in Fig. 1) were tested against the 10-mer peptides 257- 
266,258-267, and their shared 9-mer 258-266. Other 10-met 
peptides 79-88, 254-263, and 255-264 were included as nega- 
tive controls. These peptides (along with the 258-266 sequence) 
show the best correlations within EBNA3C with the pro- 
posed B27.05 peptide motif (10). All CTL clones were tested 
on PHA blast targets representing the three B27 subtypes, 
B27.05, B27.02, and B27.04. E/T ratios were between 2:1 
and 8:1. Results are expressed as percent specific lysis and are 
illustrative of those seen in several repeated assays. 

peptide when screened on PHA blast targets from the B27.04- 
matched donor DH (data not shown). A summary of results 
from the analysis of EBNA3C-specific CTL responses in B27- 
positive donors is presented in Table 1. 

Identification of B27.04-restricted Epitope in LMP2. A final 
series of experiments sought to determine the peptide epi- 
tope specificity of the B27.04-restricted DH CTL clones that 
had recognized LMP2 rather than EBNA3C in the original 
recombinant vaccinia experiments (see Fig. 2). In this case, 
we screened all available clones against a panel of 16 selected 
peptides from the LMP2 sequence, namely all possible 9-mers 
with an arginine residue at position 2. All 17 DH clones tested 
in this way showed clear reactivity against a single 9-mer 
representing LMP2 residues 236-244 (sequence RRRWKR-  
LTV); none of the other LMP2 peptides were recognized. 
Data from two representative clones (DHc37, DHc50) are 
shown in Fig. 5 from assays in which the LMP2 9-met pep- 

tides were presented on autologous B27.04-positive PHA blasts 
and also on B27.05 and B27.02-positive PHA blasts. The 
B27.04 restriction apparent in earlier experiments on LCL 
targets was again in evidence, reactivity against the cognate 
peptide 236-244 only being observed on B27.04-positive target 
cells. This LMP2 epitope is included in the overall summary 
of B27-restricted CTL responses shown in Table 1. 

Discussion 

The existence of allelic polymorphism within the serolog- 
ically defined HLA-B27 family was first highlighted by work 
on alloreactive and virus-specific CTL responses (29-32), and 
many of the different subtype molecules thus identified proved 
to be distinguishable in isoelectric focusing studies (33, 34). 
The ability ofT cells to discriminate between targets expressing 
different B27 subtypes is best documented for allo-CTL clones, 

Table 1. Summary of EBV-coded CTL Epitopes Presented by B27 Subtypes 

B27 Effector Epitope Epitope 
Donor Subtype CTLs location sequence 

SC 27.05 Polyclonal + clones EBNA3C 258-266 RRIYDLIEL 
EN 27.05 Polyclonal EBNA3C 258-266 KKIYDLIEL 
RT 27.05 Polyclonal + clones EBNA3C 258-266 RRIYDLIEL 

Polyclonal EBNA3C 2 4 9 - 2 5 8  LRGKWQRRYR* 

LY 27.02 Polyclonal + clones EBNA3C 258-266 RRIYDLIEL 

DW 27.04 CTL clone EBNA3C 258-266 RRIYDLIEL 
DH 27.04 Polyclonal + clones EBNA3C 258-266 KKIYDLIEL 

CTL clones LMP2 2 3 6 - 2 4 4  RRRWRRLTV 

* Minimal epitope not yet defined. 
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Figure 5. Peptide epitopes recognized by LMP2-specific, 
B27.04-restricted CTL clones. Representative B27.04-restric- 
ted, LMP2-specific CTL clones from donor DH (A2, All, 
B27.04, B40) were tested on all possible 9-mer peptides from 
the LMP2 sequence containing an arginine residue at posi- 
tion 2. Peptides are again identified by their position in the 
LMP2 primary sequence (43). Clones were tested on PHA 
blast targets representing the three B27 subtypes, B27.05, 
B27.02, and B27.04. E/T ratios were between 4:1 and 8:1. 
Results are expressed as percent specific lysis and are illustra- 
tive of those seen in several repeated assays. 

and by these criteria, none of the natural B27 mutations is 
immunologically silent (32; for a review see reference 11). 
Work to date on B27 molecules as restriction elements for 
antiviral CTL responses leads to a similar conclusion (29-31), 
although some crossrecognition between B27.05 and B27.02 
(35) and between B27.05 and B27.03 (36) has been reported 
using polyclonal influenza-specific CTL populations. Through- 
out the above studies, however, there was always a very clear 
distinction between the B27.01/B27.02/B27.05 group and 
the B27.04/B27.06 group of alleles, apparently reflecting a 
key role for the identity of a polymorphic residue at position 
152 in the a2 helix of the peptide binding groove (32). In 
the present work, we have used as probes EBV-specific CTL 
clones from B27.05-, B27.02-, and B27.04-positive donors. 
As shown in Fig. 1, the majority of such cells were subtype 
specific in their restriction, the only exception being a subset 
of B27.02-positive clones that could recognize EBV in the 
context of B27.05 as well as B27.02. The effectors in this 
viral system are therefore at least as sensitive to B27 subtype 
polymorphism as allospecific or influenza-specific CTLs. This 
established, we went on to examine the EBV antigen specifidty 
of these subtype-restricted responses. 

Some of the CTL donors used here (SC and RT, B27.05; 
LY, B27.02; DH, B27.04) had been subjects in an earlier survey 
(24) where the dominant B27-restricted component within 
polyclonal CTL populations had mapped to the viral nuclear 
antigen EBNA3C. In the present work, all of the B27.05- 
positive, all of the B27.02-positive, and a subset of the B27.04- 
positive CTL clones established from these same donors like- 
wise mapped to EBNA3C (Fig. 2). Detailed analysis of the 
above responses at the peptide level gave striking evidence 
of epitope sharing between the different B27 subtypes. Thus 
polyclonal and/or clonal CTLs from three B27.05-positive 

donors, KT, SC, and EN, from one B27.02 positive donor 
LY, and from two B27.04-positive donors DH and DW, all 
recognized the same peptide EBNA3C residues 258-266. This 
clearly must be the immunodominant epitope within 
EBNA3C since it was identified not only from a selected panel 
of 10-mer peptides representing all those sequences that 
satisfied the primary requirement for B27.05 binding, namely 
an arginine at position 2, but also from a complete panel of 
EBNA3C 15-mer synthesized without any bias towards the 
B27.05 peptide motif. Note that these screening assays were 
conducted at relatively high peptide concentrations, in the 
10-5-10 -6 M range, in order to identify all possible CTL 
epitopes of whatever affinity (37). However, more recent ex- 
periments (data not shown) indicate that the 258-266 pep- 
tide can effectively sensitize B27 targets to CTL lysis at con- 
centrations down to at least 10-9 M, again emphasizing the 
efficiency with which this epitope is recognized. 

The epitope sequence RKIYDLIEL conforms well to the 
proposed B27.05 peptide motif in having an arginine at posi- 
tion 2, a positively charged amino acid at position 1, and 
a hydrophobic residue at position 3. The presence of a hydro- 
phobic residue at position 9, rather than the preferred posi- 
tively charged amino acid, has been noted in certain other 
B27.05-associated peptides (10). The ability of this peptide 
to bind and be presented as an immunodominant CTL epi- 
tope not only by B27.05, but also by B27.02 and B27.04 
is very significant in view of the known differences between 
these subtypes in the structure of their peptide binding grooves 
(11). On the one hand, conservation of the unique B pocket 
throughout the B27 family of alleles strongly suggests that 
the absolute requirement for arginine at position 2 will be 
maintained in all B27-binding peptides (38). On the other 
hand, relative to B27.05, there are amino acid changes in 
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B27.02 (affecting positions 77, 80, and 81 in the or1 helix 
of the groove) and in B27.04 (affecting positions 77 in the 
or1 helix and 152 in the c~2 helix) which would be antici- 
pated to alter peptide/HLA contacts involving residues in 
the COOH-terminal region of the peptide. From the CTL 
data, however, it is clear that these subtype changes do not 
preclude binding of the RRIYDLIEL sequence. In fact, mo- 
lecular modeling of the B27.05, B27.02, and B27.04 peptide 
binding grooves suggests that this EBNA3C peptide is ligated 
in an almost identical manner in all three situations (Thorpe, 
C. J., D. S. Moss, J. M. Brooks, A. B. Rickinson, and 
P.J. Travers, manuscript in preparation), with the effects of 
B27 subtype polymorphism being largely negated by move- 
ment within the bed of water molecules known to be present 
within the B27.05 crystal structure (9). 

The overall structures of these B27-EBNA3C peptide com- 
plexes must nevertheless be subtly different since they can 
be distinguished by TCR molecules. Thus both B27.05- 
positive CTL clones and B27.04-positive CTL clones only 
recognize target cells expressing their own B27 subtype. This 
is true whether the peptide epitope is generated in target cells 
from an endogenously expressed EBNA3C protein or is 
provided exogenously as synthetic peptide (Figs. 1 and 4). 
Interestingly, on LCL targets, some B27.02-positive CTL 
clones were capable of recognizing the B27.05 subtype, 
whereas other clones were entirely B27.02 restricted (Fig. 
1). However, when optimal concentrations of peptide were 
supplied exogenously, both sets of clones were able to recog- 
nize B27.02 and B27.05 targets (Fig. 4). In a similar way, 
overexpression of EBNA3C from a recombinant vaccinia virus 
in B27.05-positive fibroblasts also allowed crossrecognition 
by CTL clones such as LYc21 which display B27.02 restric- 
tion on LCL targets (data not shown). We presume that such 
crossrecognition involves a low affinity interaction that re- 
quires higher numbers of B27-peptide complexes to be 
presented on the cell surface before target cell lysis can be 
achieved. 

The identification of an additional B27.04-restricted CTL 
epitope, which is apparently not recognized by B27.05- or 
B27.02-positive donors, is very interesting. Thus, whereas 
the dominant EBV-specific reactivity within polyclonal CTL 
preparations from the B27.04-positive donor DH was against 
the EBNA3C epitope (24; Fig. 3, and data not shown), sev- 
eral independent clonings from this donor yielded a majority 
of CTL clones mapping to an epitope within LMP2. The 

sequence of this LMP2 epitope, RRRWRRLTV, is on the 
one hand compatible with the proposed B27.05 peptide motif 
at conserved positions 1, 2, and 9, but incompatible at posi- 
tion 3 where arginine replaces the expected hydrophobic res- 
idue. Molecular modeling indicates that this LMP2 peptide 
can indeed be stably accommodated within the peptide binding 
groove of B27.04, but not of B27.02 or B27.05. This reflects 
the importance of the valine to glutamate substitution at po- 
sition 152 in the B27.04 groove, which allows hydrogen 
bonding between the glutamate side chain and guanidinium 
groups in the side chains of arginine residues at positions 3 
and 5 in the LMP2 peptide (Thorpe, C. J., et al., manuscript 
in preparation). The presence of a valine residue at position 
152 in B27.02 and B27.05 molecules precludes this type of 
interaction. We would suggest therefore that all three sub- 
types can bind peptides strictly adhering to the proposed 
B27.05 motif, but that B27.04 can in addition bind variants 
that contain arginine at positions 3 and 5. 

The present results are particularly significant in relation 
to the very strong linkage that exists between the HLA-B27 
family of alleles and ankylosing spondylitis. Thus, it has been 
argued that CTL responses to an arthritogenic peptide 
presented only by B27 molecules might underlie disease patho- 
genesis. This implies that all the B27 subtypes known to be 
disease linked (1327.01, .02, .04, .05, and .06) must be capable 
of presenting the same peptide. Before the present study, the 
only evidence for such epitope sharing between B27 subtypes 
was indirect and came from crossrecognition by rare allospecific 
CTL clones where the identity of the presumed peptide epi- 
tope was not known (39). Here we show in a model system, 
studying CTL responses to a known human pathogen EBV, 
that at least three of the above B27 subtypes (B27.02, .04, 
and .05) do indeed present the same immunodominant viral 
peptide. Such convergence is remarkable given the extensive 
coding potential of this virus and the range of proteins against 
which, on other HLA backgrounds, EBV-induced CTL re- 
sponses can be directed (24, 40). In light of these results, 
it will be interesting to extend the present approach to in- 
clude CTL donors of other B27 subtypes. One might, for 
instance, anticipate similarities between B27.01 and the closely 
related B27.02 allele, and between B27.06 and the closely 
related B27.04 allele (11). It will be particularly important 
to analyze CTL epitope choice by the B27.03 subtype which, 
though closely related to B27.05, may not show the same 
disease linkage (41). 

We are grateful to Deborah Williams for excellent secretarial help. 

This work was supported by the Medical Research Council (London, UK). M. G. Kurilla is a Scholar 
of the Lucille P. Markey Charitable Trust. 

Address correspondence to Professor A. B. Rickinson, Department of Cancer Studies, Cancer Research 
Campaign Laboratories, University of Birmingham, Birmingham B15 2TJ, UK. 

Received for publication 7 April 1993 and in revised form 2 June 1993. 

885 Brooks et al. 



References 

1. Townsend, A.R.M., J. Rothbard, F.M. Gotch, G. Bahadur, 
D. Wraith, and A.J. McMichael. 1986. The epitopes of influenza 
nucleoprotein recognised by cytotoxic T lymphocytes can be 
defined with short synthetic peptides. Cell. 44:959. 

2. Bjorkman, P.J., M.A. Saper, B. Samraoui, W.S. Bennett, J.L. 
Strominger, and D.C. Wiley. 1987. Structure of the human 
class I histocompatibility antigen, HLA-A2. Nature (Lond.). 
329:506. 

3. Bjorkman, P.J., M.A. Saper, B. Samraoui, W.S. Bennett, J.L. 
Strominger, and D.C. Wiley. 1987. The foreign antigen binding 
site and T cell recognition regions of class I histocompatibility 
antigens. Nature (Lond.). 329:512. 

4. Townsend, A., and H. Bodmer. 1989. Antigen recognition 
by class I-restricted T lymphocytes. Annu. Rev. Immunol. 7:601. 

5. Cerundolo, V., T. Elliott, J. Elvin, J. Bastin, H.-G. Rammensee, 
and A. Townsend. 1991. The binding affinity and dissociation 
rates of peptides for class I histocompatibility complex mole- 
cules. Eur. J. Immunol. 21:2069. 

6. Bjorkman, P.J., and P. Parham. 1990. Structure, function, and 
diversity of class I major histocompatibility molecules. Annu. 
Rev. Biochem. 59:253. 

7. Falk, K., O. R6tzschke, S. Stevanovic, G. Jung, and H.-G. 
Rammensee. 1991. Allele-specific motifs revealed by sequencing 
of self-peptides eluted from MHC molecules. Nature (Lond.). 
351:290. 

8. Madden, D.R., J.C. Gorga, J.L. Strominger, and D.C. Wiley. 
1991. The structure of HLA-B27 reveals nonamer self-peptides 
bound in an extended conformation. Nature (Lond.). 353:321. 

9. Madden, D.R., J.C. Gorga, J.L. Strominger, and D.C. Wiley. 
1992. The three-dimensional structure of HLA-B27 at 2.1A 
resolution suggests a general mechanism for tight peptide 
binding to MHC. Cell. 70:1035. 

10. Jardetsky, T.S., W.S. Lane, R.A. Robinson, D.R. Madden, 
and D.C. Wiley. 1991. Identification of self-peptides bound to 
purified HLA-B27. Nature (Lond.). 353:326. 

11. Lopez de Castro, J.A. 1989. HLA-B27 and HLA-A2 subtypes: 
structure, evolution and function. Immunol. Today. 10:239. 

12. Choo, S.Y., L.-A. Fan, andJ.A. Hansen. 1991. A novel HLA- 
B27 allele maps B27 allospecificity to the region around posi- 
tion 70 in the cr domain. J. Immunol. 147:174. 

13. Brewerton, D.A., F.D. Hart, A. Nicholls, M. Caffrey, D.C.O. 
James, and R.D. Sturrock. 1973. Ankylosing spondylitis and 
HL-A27. Lancet. 1:904. 

14. Schlosstein, L., P.I. Terasaki, R. Bluestone, and C.M. Pearson. 
1973. High association of an HL-A antigen, W27, with 
ankylosing spondylitis. N. Engl. J. Med. 288:704. 

15. Hammer, R.E., S.D. Maika, J.A. Richardson, J.-P. Tang, and 
J.D. Tautog. 1990. Spontaneous inflammatory disease in trans- 
genic rats expressing HLA-B27 and human 32m: An animal 
model of HLA-B27-associated human disorders. Cell. 63:1099. 

16. MacLean, L. 1992. HLA-B27 subtypes: implications for the 
spondyloarthropathies. Ann. Rheum. Dis. 51:929. 

17. Benjamin, R., and P. Parham. 1990. Guilt by association: HLA- 
B27 and ankylosing spondylitis, lmmunol. Today. 11:137. 

18. Breur-Vriesendorp, B.S., A.J. Dekker-Saeys, and P. Ivanyi. 1987. 
Distribution of HLA-B27 subtypes in patients with ankylosing 
spondylitis: the disease is associated with a common deter- 
minant of the various B27 molecules. Ann. Rheum. Dis. 46:353. 

19. Yao, Q.Y., P. Ogan, M. Rowe, M. Wood, and A.B. Riekinson. 
1989. Epstein-Barr virus-infected B cells persist in the circula- 
tion of acyclovir-treated virus carriers. Int. J. Cancer. 43:67. 

20. Rickinson, A.B. 1986. Cellular immunological responses to 
infection by the virus. In The Epstein-Barr Virus: Recent Ad- 
vances. M.A. Epstein and B.G. Achong, editors. William 
Heinemann Medical Books Ltd., London. 75-125. 

21. Wallace, L.E., M. Rowe, J.S.H. Gaston, A.B. Rickinson, and 
M.A. Epstein. 1982. Cytotoxic T cell recognition of Epstein- 
Barr virus-infected B cells. III. Establishment of HLA-restricted 
cytotoxic T cell lines using interleukin 2. Eur. J. Immunol. 
12:1012. 

22. Moss, D.J., I.S. Misko, S.R. Burrows, K. Burman, R. 
McCarthy, and T.B. Sculley. 1988. Cytotoxic T cell clones dis- 
criminate between A and B type Epstein-Barr virus transfor- 
mants. Nature (Lond.). 331:719. 

23. Murray, R.J., M.G. Kurilla, H.M. Griffin, J.M. Brooks, M. 
Mackett, J.K. Arrand, M. Rowe, S.R. Burrows, D.J. Moss, 
E. Kieff, and A.B. Kickinson. 1990. Human cytotoxic T cell 
responses against Epstein-Barr virus nuclear antigens demon- 
strated using recombinant vaccinia viruses. Proc. Natl. Acad. 
Sci. USA. 87:2906. 

24. Murray, R.J., M.G. Kurilla, J.M. Brooks, W.A. Thomas, M. 
Rowe, E. Kieff, and A.B. Rickinson. 1992. Identification of 
target antigens for the human cytotoxic T cell response to 
Epstein-Barr virus (EBV): implications for the immune con- 
trol of EBV-positive malignancies. J. Exp. Med. 176:157. 

25. Baer, R., A.T. Bankier, M.D. Biggin, P.L. Deininger, P.J. Far- 
rell, T.G. Gibson, G. Hatfull, G.S. Hudson, S.C. Satchwell, 
C. S6guin, et al. 1984. DNA sequence and expression of the 
B95-8 Epstein-Barr virus genome. Nature (Lond.). 310:207. 

26. Doumas, B.T. 1975. Standards for total serum protein assays- a 
collaborative study. Clin. Chem. 21:1159. 

27. Kieff, E., and D. Liebowitz. 1990. Epstein-Barr virus and its 
replication. In Virology. B.N. Fields and D.M. Knipe, editors. 
Raven Press, Ltd., New York. 1889-1920. 

28. Rooney, C.M., M. Rowe, L.E. Wallace, and A.B. Rickinson. 
1985. Epstein-Barr virus-positive Burkitt's lymphoma cells not 
recognised by virus-specific T cell surveillance. Nature (Lond.). 
317:629. 

29. Breuning, M.H., C.J. Lucas, B.S. Breur, M.Y. Engelsma, C.G. 
de Lange, A.J. Dekker, W.E. Biddison, and P. Ivanyi. 1982. 
Subtypes of HLA-B27 detected by cytotoxic T lymphocytes 
and their role in self-recognition. Hum. Immunol. 5:259. 

30. Toubert, A., G. Gomard, F.C. Grumet, B. Amor, J.Y. Muller, 
and J.P. Levy. 1984. Identification of several functional sub- 
groups of HLA-B27 by restriction of the activity of antiviral 
T killer lymphocytes. Immunogenetics. 20:513. 

31. Vega, M.A., L. Wallace, S. Rojo, R. Bradado, P. Aparicio, and 
J.A. Lopez de Castro. 1985. Delineation of functional sites in 
HLA-B27 antigens. Molecular analysis of HLA-B27 variant 
Wewak I defined by cytolytic T lymphocytes. J. Immunol. 
135:3323. 

32. Calvo, V., S. Rojo, D. Lopez, B. Galocha, and J.A. Lopez de 
Castro. 1990. Structure and diversity of HLA-B27-specific T 
cell epitopes. Analysis with site-directed mutants mimicking 
HLA-B27 subtype polymorphism. J. Immunol. 144:4038. 

33. M61ders, H.H., M.H. Breuning, P. Ivanyi, and H.L. Ploegh. 
1982. Biochemical analysis of variant HLA-B27 antigens. Hum. 
Immunol. 6:111. 

34. Choo, S.Y., P. Antonelli, B. Nisperos, G.T. Nepom, and J.A. 
Hansen. 1986. Six variants of HLA B27 identified by isoelec- 
tric focusing. Immunogenetics. 23:24. 

35. Pazmany, L., S. Rowland-Jones, S. Huet, A. Hill, J. Sutton, 

886 Cytotoxic T Lymphocyte Epitopes for HLA-B27 Subtypes 



R. Murray, J. Brooks, and A. McMichael. 1992. Genetic modu- 
lation of antigen presentation by HLA-B27 molecules.J. Exp. 
Med. 175:361. 

36. Breur-Vriesendorp, B.S., J. Vingerhoed, K.C. Kuijpers, A.R. 
van der Horst, L.P. de Waal, F. Kievits, and P. Ivanyi. 1990. 
Effect of a Tyr-to-His point-mutation at position 59 in the 
alpha-1 helix of the HLA-B27 class-I molecule on allospecific 
and virus-specific cytotoxic T-lymphocyte recognition. Stand. 
J. Rheumatol. Suppl. 87:36. 

37. Gavioli, R., M.G. Kurilla, P.O. de Campos-Lima, L.E. Wal- 
lace, R. Dolcetti, R.J. Murray, A.B. Rickinson, and M.G. 
Masucci. 1993. Multiple HLA-All-restricted cytotoxic T-lym- 
phocyte epitopes of different immunogenicities in the Epstein- 
Barr virus-encoded nuclear antigen 4. J. Virology. 67:1572. 

38. Buxton, S.E., R.J. Benjamin, C. Clayberger, P. Parham, and 
A.M. Krensky. 1992. Anchoring pockets in human histocom- 
patibility complex leukocyte antigen (HLA) class I molecules: 
analysis of the conserved B ("45") pocket of HLA-B27.J. Exp. 
Med. 175:809. 

39. Lopez, D., S. Rojo, V. Calvo, andJ.A. Lopez de Castro. 1992. 

Peptide-presenting similarities among functionally distant HLA- 
B27 subtypes revealed by alloreactive T lymphocytes of un- 
usual specificity, j. Immunol. 148:996. 

40. Khanna, R., S.R. Burrows, M.G. Kurilla, C.A. Jacob, I.S. 
Misko, T.B. Sculley, E. Kieff, and D.J. Moss. 1992. Localiza- 
tion of Epstein-Barr virus cytotoxic T cell epitopes using recom- 
binant vaccinia: implications for vaccine development. J. Exl~ 
Med. 176:169. 

41. Hill, A.V.S., C.E.M. Allsopp, D. Kwiatkowski, N.M. Anstey, 
B.M. Greenwood, and A.J. McMichael. 1991. HLA class I 
typing by PCK: HLA-B27 and an African B27 subtype. Lancet. 
337:640. 

42. Sample, J., L. Young, B. Martin, T. Chatman, E. Kieff, A. 
Rickinson, and E. Kieff. 1990. Epstein-Barr virus type 1 (EBV-1) 
and 2 (EBV-2) differ in their EBNA-3A, EBNA-3B and 
EBNA-3C genes. J. Virol. 64:4084. 

43. Sample, J., D. Liebowitz, and E. Kieff. 1989. Two related 
Epstein-Barr virus membrane proteins are encoded by separate 
genes. J. Virol. 63:933. 

887 Brooks et al. 


