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Immunodominant T-Cell Epitopes of Rubella Virus Structural
Proteins Defined by Synthetic Peptides
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Sets of overlapping synthetic peptides containing predicted T-cell epitope motifs were designed from the
murine monoclonal antibody-defined map of linear B-cell epitope domains within each of the structural
proteins of rubella virus (RV). The peptides represented well-defined subsequences of two capsid domains (C1
to C29 and C64 to C97), of a domain of glycoprotein El containing neutralizing determinants (El202 to E12.3),
and of a domain of glycoprotein E2 (E231 to E2105). With the exception of peptides representing C64 to C97, each
set of peptides stimulated varied but individually specific lymphoproliferative responses in peripheral blood
mononuclear cells from 25 to 50%o of a representatively large number of normal, RV-immune human donors
with diverse human leukocyte antigen (HLA) backgrounds. Responses were mediated by CD4+ T cells in
association with HLA class II antigens, though lymphoproliferative responses to a given peptide were usually
not HLA-DR allele specific. Correlation analysis of responses to overlapping peptides suggests that there is an
immunodominant T-proliferative epitope within C14 to C29 recognized by approximately 50%o of the donor
population. However, limiting-dilution analysis indicated much variability between individuals in lymphocyte
recognition of this T-cell determinant, even within similar HILA-DR contexts. Thus, the fine specificity of
relatively immunodominant T-cell epitopes may vary from individual to individual. Synthetic peptides with
predicted T-cell motifs have proved to be useful probes of the molecular determinants of cellular immunity to
RV and should expand the rational basis for the design of synthetic RV vaccines.

Understanding the determinants of human immunity to
rubella virus (RV) is a necessary first step to effective
prevention of an infection which may have catastrophic
immunopathological consequences, including the congenital
rubella syndrome, progressive rubella panencephalitis, dia-
betes mellitus, or arthritis (51, 52). RV is the sole member of
the Rubivirus subgroup of the togaviruses. The virion con-
tains three structural proteins: two glycoproteins designated
El and E2, and a nonglycosylated, phosphorylated capsid
(C) protein surrounding a message-sense RNA genome. The
complete nucleic acid sequence and derived primary struc-
ture of the virus are known (11). Available structural and
functional data suggest that El is the dominant surface
molecule of the virus and the main target for the host's
humoral immune response (reviewed in reference 52). An-
ti-E2 and anti-C immunoglobulin G are also found in the
majority of immune normal subjects (9) but in lower relative
proportions (35). Linear domains containing B-cell epitopes
have been defined for all of the RV structural proteins on the
basis of murine monoclonal antibody (MAb) mapping under
protein-denaturing conditions (53). These domains could be
represented by synthetic peptides (SPs) of approximately 30
amino acids or less. Similar linear B-cell epitopes have been
identified within SPs representing subsequences of measles
virus glycoproteins (37) and respiratory syncytial virus pro-
teins (43, 48, 49), among others, and may have potential as
immunogenic vaccines. SPs containing linear B-cell deter-
minants within the N-terminal region of the RV capsid (Cl to
C29) were immunogenic in BALB/c mice and induced a
vigorous humoral immune response cross-reactive with in-
tact RV antigen (26). However, polyclonal antibody gener-

* Corresponding author.
t Present address: Department of Neurology, University of Mi-

ami School of Medicine, Miami, FL 33151.

ated by RV-infected BALB/c mice reacted with intact RV
antigen but not with capsid SPs of 21 or fewer residues (27).
Slightly longer SPs within this region (31 residues) have been
reported to bind mouse antisera to whole capsid protein or
RV antigen (36).

RV-specific cellular immune responses measured in vitro
include lymphocyte proliferation, lymphocyte-mediated cy-
totoxicity, and lymphokine secretion (5, 16, 46). These
responses persist at low levels in immune individuals. While
the lymphoproliferative response to RV antigen is restricted
by major histocompatibility complex (MHC) class II anti-
gens, little is known about the specific determinants of
cellular immunity to the structural proteins of this virus.
Using a nested set of overlapping SPs comprising the capsid
protein, Ou et al. (36) identified one relatively immunodom-
inant sequence within the RV capsid that was recognized by
a small group of MHC-diverse, RV-immune human donors.
This sequence, C255 to C280, included a four-amino-acid
T-cell epitope motif predicted by an algorithm which recog-
nizes T-cell epitopes within amphipathic a helices (41).
Similar strategies using SPs with predicted motifs have
identified T-cell epitopes in human immunodeficiency virus
glycoproteins (3, 4), varicella-zoster virus glycoproteins II
and IV (14), measles virus fusion protein (38), and influenza
virus hemagglutinin and matrix proteins (40).

In this study, sets of overlapping SPs containing predicted
T-cell epitope motifs were designed from the murine MAb-
defined map of linear B-cell epitope domains within each of
the RV structural proteins (53). The SPs were then used to
probe the molecular determinants of the cellular immune
response to RV in an MHC-diverse, normal adult human
population. This work expands the definition of the pattern
of dominant T-cell epitopes active in normal human RV
immunity and supports the rational basis for the design of
synthetic RV vaccines.
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MATERIALS AND METHODS

SPs. The SPs initially were designed as short sequences
(20 to 35 amino acids) within linear B-cell epitope-containing
domains of El, E2, or C as defined by MAb studies (53). The
sequences for the SPs were further selected for the occur-
rence of predicted T-cell epitope motifs by the algorithm of
Rothbard and Taylor (41). On the basis of these analyses,
sets of overlapping SIs containing putative T- and/or B-cell
epitopes were fabricated. As previously reported in detail
(53), peptides were synthesized in milligram quantities in
C-terminal-to-N-terminal direction by Merrifield solid-phase
methodology based on standard tert-butyloxycarbonyl
(tBOC) amino acid protocols, using an automated peptide
synthesizer. Analytical quantities of peptides were gener-
ated from 10-mg peptide-resin aliquots removed after every
coupling step. For release and deblocking of peptide, a
micro-trifluoromethanesulfonic acid (TFMSA) cleavage
method was used to generate a set of nested SPs at progres-
sive stages of synthesis at the N-terminal end (33). This
strategy provides a means to "walk down" the N-terminal
primary sequence and identify critical residues for T-cell
function in a small number of donors. However, the yield of
peptide from such stepwise synthesis was insufficient to
screen the entire immune donor population. To account for
the effects of amino acid substitutions on overall peptide
conformation, molecular dynamics using the CHARMM
program was applied as a searching algorithm for conforma-
tional exploration and comparison of peptides (39).
Normal donors. Heparinized blood samples were obtained

from members of a panel of individuals who regularly donate
blood on a rotating basis to provide normative data on
histocompatibility type matching for the Histocompatibility
and Immune Evaluation Laboratory of The University of
Texas Health Science Center at Houston. All donors were in
good health, without any remarkable medical history or
chronic illness. The panel of normal adult donors assayed
included 58 females and 47 males of diverse ethnic back-
grounds and MHC types. MHC class I and DR (MHC class
II) types were determined by microcytotoxicity (21). Ninety-
eight percent (103 of 105) of these individuals have immuno-
globulin G antibody to RV, as measured by enzyme-linked
immunosorbent assay (ELISA) using previously detailed
methods (34), and 90% show in vitro lymphoproliferation to
intact RV antigen with a stimulation index (SI) of 22 (see
below). By history, immunity was acquired through natural
infection in childhood and/or vaccination. Two individuals
lacked both humoral and cellular markers for RV immunity,
as measured by the ELISA and in vitro lymphoproliferation
assays.

Prepgration of PBMCs and lymphoproliferative assay.
Fresh peripheral blood mononuclear cells (PBMCs) were
isolated on one-step Ficoll-sodium metrizoate (Lym-
phoprep; Nycomed AS, Oslo, Norway) gradients. Washed
cells were resuspended in RPMI 1640 medium with 10%
pooled, heat-inactivated human AB serum (RPMI-AB) and
plated at 105 cells in 0.2 ml per well in 96-well round-bottom
tissue culture plates (Corning Glass Works, Coming, N.Y.).
The presence of low amounts of anti-RV antibody in the
human AB serum did not affect the lymphoproliferative
responses to either RV or the SPs (data not shown). SP (20
Fg/ml), or UV-irradiated RV (25) hemagglutinating units per
ml) grown in Vero cells and purified on discontinuous
sucrose gradients (50), was added to quadruplicate PBMC
cultures; controls consisted of cultures without added anti-
gen. Cultures were incubated for 5 days at 37°C in a

humidified 10% CO2 atmosphere, and cell proliferation was
then assayed by [3H]thymidine (4 ,Ci/ml) uptake over 18 h.
Cultures were harvested onto glass fiber filter disks in a
semiautomated multiwell harvester (Cambridge Technology,
Watertown, Mass.). Dried filter disks were counted in Uni-
versol (ICN Biochemicals, Irvine, Calif.) scintillation cock-
tail in a Beckman LS 1800 scintillation counter. The average
counts per minute (cpm) of quadruplicate samples was
calculated for each culture condition. Data were recorded as
change in uptake (cpm [antigen-stimulated] - cpm [control])
or SI (cpm [antigen-stimulated]/cpm [control]). To determine
a baseline for nonspecific proliferation, the mean counts per
minute plus 2 standard deviations was calculated from
quadruplicate samples of control cultures. We found this
number to be consistently less than an SI of 2, thus setting
our lower limit for designating a positive lymphoproliferative
response to an SP as an SI of 22. For data review and
statistical analysis, computer-based data files were main-
tained with Complete'Statistical Systems software (Statsoft,
Tulsa, Okla.).

Limiting dilution analysis. Limiting dilution cultures were
prepared in 96-well round-bottom tissue culture plates.
PBMCs were seeded at 1 x 105, 5 x 10", 2 x 104, 1 X 104,
or 1 x 103 viable cells per well in replicates of 12 wells.
Irradiated (3,000 rads) autologous PBMCs were mixed with
viable cells to maintain a constant total cell number of 105
cells per well. Parallel cultures were then incubated with SP
at 20 ,g/ml or without added antigen for 7 days at 37°C in a
humidified 10% CO2 atmosphere prior to assay of cell
proliferation by [3H]thymidine uptake as described above.
The SP-containing responder wells were those with total
[3H]thymidine counts per minute greater than the mean
counts per minute plus 2 standard deviations in parallel
antigen-free control wells containing the same number of
viable cells. Data were plotted as percent nonresponder
wells versus the number of viable cells per well. Precursor
cell frequency was calculated from the x intercept at 37%
nonresponder wells (23).

Isolation of T cells. T-cell-enriched lymphocyte suspen-
sions were obtained by nylon wool fiber (Polysciences, Inc.,
Warrington, Pa.) column filtration of PBMCs (18). To isolate
lymphoblasts after antigen-specific activation, PBMCs were
centrifuged through five-step discontinuous Percoll density
gradients (90/60/50/40/30%; density range, 1.035 to 1.103
g/ml). Lymphoblasts were recovered from the 30/40% and
40/50% interfaces, pooled, washed in Hanks' basic salts
solution, and resuspended in RPMI-AB. Cell phenotype
analysis was performed by immunofluorescent labeling of
cell surface antigen markers with specific fluorescent MAbs
(Becton Dickinson, Mountain View, Calif.) and by flow
cytometry (FACScan flow cytometer; Becton Dickinson).
MAb blocking studies. Hybridoma cell culture supematant

fluid containing MAbs to monomorphic determinants of the
HLA class II protein (L243), to human CD4 antigen (OKT4),
or to human CD8 antigen (OKT8) were added at 37%
(vol/vol) to antigen-stimulated PBMC cultures or their con-
trols at the time of initiation of the culture. Hybridoma cell
lines (ATCC HB55 for L243, ATCC CRL8002 for OKT4,
and ATCC CRL8014 for OKT8) were obtained from the
American Type Culture Collection. Inhibition of antigen-
stimulated proliferation by MAbs was calculated as % inhi-
bition = {1-[(cpm with peptide plus MAb)-(cpm with
MAb)]/[(cpm with peptide)-(cpm with medium)]} x 100
(24).
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CAPSID aa 1-29
Peptide Capsid
SPi 1-18
SP2 14-29
SP8 9-29
SP1 4 9-22
SP16 11-29
SP19 11-29*

Sequence
MASTIPITMEDLQKALEA

KALEAQSRALRAELAA
MEDLQKALEAQSRALRAELAA
MEDLQKALEAQSRA

DLQKALEAQSRALRAELAA
DLQKSLEAQSRALRAELAA

CAPSID aa 64-97
Peptide Capsid

SP9 78-97
SP1O 64-97

Sequence

PPPPEERQETRSQTPAPKPS

El aa 202-283
Peptide El Sequence

SPi 1 202-225 pLVEYIMNYTGNQQSRWGLGSPNC
SP15 208-239 MNYTGNQQSRWGLGSPNCHGPDWASPVCQRHS
SP12 226-247 HGPDWAPVCQRHSPDCSRLVG
SP7 243-266 SW.MATPERPRLRLVDADDPLLR
SP13 262-283 DPLLRTAPGPGEWW[PVIGSQ

E2 aa 31-105
Peptide E2 Sequence

SP21 31-55 QLPFLGHDGHHGTJ.RVGQHYRNAS
SP22 51-75 YRNASDVLPGHWLQGGWGCYNLSDW
SP23 81-105 VCHTKHMDFWCVEHDRPPPATPTPL
FIG. 1. SPs representing overlapping subsequences of RV structural protein domains. Underlined sequences are predicted T-cell motifs

(41).

RESULTS

SP design. The initial set of peptides (Fig. 1) included SP1,
SP2, and SP8 within C1 to C29 plus SP9 and SP10 within C64
to C97. The SP8 (C9 to C29) peptide had previously been
shown to bind MAbs (C-1, C-2, and C-8) specific for the
N-terminal capsid region, while SP10 binds MAb C-9 (53).
Next, SP16 (C1l to C29) was designed from MAb-binding
studies of micro-TFMSA cleavage peptides that further
defined the N-terminal ends of the linear B-cell epitopes
within C1 to C29 at C13 and C12 (55). Two additional peptides
were designed on the basis of T-cell motif predictions. One,
SP14 (C9 to C22), was designed to truncate a predicted T-cell
motif within C21 to C24 (RALR) at its C-terminal end. The
other, SP19 (C1l to C29), was designed with an Ala-*Ser
substitution at C15 which disrupts a predicted T-cell motif
within C14 to C17. The predicted helical conformation of
sequence C1l to C29 was analyzed by computer-based algo-
rithms and was not altered by the Ala- 'Ser substitution at
C15 (data not shown). The El peptides, SP7, SP11, SP12,
SP13, and SP15, represent overlapping sequences within
E1202 to E1283, a linear B-epitope domain that binds neutral-
izing MAbs El-18 and El-20 (53). Of note, SP15 is a peptide
that contains domains for binding both murine and human
neutralizing antibody (32, 56). A later additional set of
peptides was developed from sequences within a 116-residue
domain at the amino terminus of E2: SP21 (E231 to E255),
SP22 (E251 to E275), and SP23 (E281 to E2105). This domain
contains linear B-cell determinants recognized by six MAbs
designated E2-1 through E2-1 through E2-6 (53). Peptides
SP21 and SP22 each contain predicted T-cell motifs, while
SP23 contains an antibody-combining site (E293 to E298)
predicted by hydrophilicity index (17).

T-cell proliferative responses to peptides. Peptide-specific
lymphoproliferation was initially assayed at peptide concen-

trations of 10, 20, 50, 75, and 100 ,ug/ml. Lymphoprolifera-
tive responses increased with peptide concentration to a
maximum at 20 ,g of peptide per ml (data not shown). The
magnitude of proliferative responses to peptides or RV
antigen, as measured by SI values, varied among donors.
However, the SI values obtained for peptide-stimulated or
RV-stimulated responses from an individual donor were
similar, and donor specific response patterns were reproduc-
ible over time. Individuals who had positive lymphoprolifer-
ative responses to specific peptides were identified after
multiple trials (Tables 1 to 3). There were no significant
peptide-specific lymphoproliferative responses from either
of the two donors who lacked both humoral and cellular
immune markers to RV (data not shown). There were some
individuals who consistently had lymphoproliferative re-
sponses with an SI of .4 to certain peptides. These individ-
uals were arbitrarily designated high responders. Data from
high responders to several of the El SPs are illustrated in
Fig. 2.

Several individuals showed lymphoproliferative responses
to one or more of the El peptides SP7, SP11, SP12, and/or

TABLE 1. Proportions of RV-immune individuals with positive
lymphoproliferative responses to capsid SPs

No. responding/no. assayed

SPi SP2 SP8 SP14 SP16 SPl9 Any C1-C29

>2 16/73 20/72 20/61 2/49 9/23 6/12 37/73 (50)
.4 4/73 6/72 8/61 1/49 4/23 2/12 14/73 (19)

a Assignment is based on the median SI of three or more trials or the
average of two trials for all individuals. For a given peptide, those individuals
with an SI of .4 constitute a subset of those with an SI of .2.

GNRGRGORRDWSRAPPPPEEROETRSOTPAPKPS
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TABLE 2. Proportions of RV-immune individuals with positive
lymphoproliferative responses to El SPs

No. responding/no. assayed

SP7 SP1l SP12 SP13 SP15 A El SP

22 15/72 14/45 7/44 7/46 1/35 27/72 (38)
>4 5/72 3/45 1/44 0/46 0/35 7/72 (10)

a See Table 1, footnote a.

SP13, but only one individual showed a positive but low
response to SP15 (Table 1). All five high responders to SP7
had HLA DR3 or its associated allele DRw17. Among all
responders to SP7, the frequency of DR3 was 0.75. This is a
statistically significant increase in the frequency of the DR3
type, which in the entire donor population had a frequency
of 0.23 (high responders, x2 = 12.55, P < 0.005; among all
responders, x2 = 8.36, P < 0.04). There were also multiple
responders to the set of overlapping peptides within C1 to
C29 with the exception of SP14, the capsid peptide truncated
within a predicted T-cell motif. Only 2 individuals among 47
tested had a consistent lymphoproliferative response to SP10
(C64 to C97), a sequence which lacks any predicted T-cell
motif. Neither of these individuals showed lymphoprolifer-
ative responses to SP9, which contains the C-terminal half of
SPlO (C78 to C97). Multiple responders to E2 peptides SP21,
SP22, and SP23 were identified. The frequency of high
responders to the E2 domain represented by these SPs (12%)
was lower than the frequency of high responders to the
capsid (19%) and approximately the same as to the El (10%)
domains (Table 2). No statistically verifiable MHC restric-
tion of in vitro lymphoproliferative responses to capsid or E2
SPs emerged.
To determine the relative importance of T and B cells to

the proliferative response observed, peptide-stimulated pro-
liferation was reassayed with T-cell-enriched and B-cell-
enriched lymphocyte samples. Cells used in these assays
were prepared by nylon wool filtration of PBMCs from

donors 3, 109, and 38. By flow cytometry, the T-cell-
enriched fraction contained 96 to 99% CD2+ T cells, while
the B-cell-enriched fraction contained 50 to 70% Leu 12+ B
cells and 30 to 40% T cells. Autologous irradiated PBMCs
were added back to the assay cultures as antigen-presenting
cells. These assays confirmed that specific proliferation
observed with PBMCs derived principally from the T-cell
population. All peptide-stimulated B-cell-enriched cultures
showed an SI of <2, while the pattern of peptide-specific
proliferation in T-cell-enriched cultures paralleled that of the
unseparated PBMC cultures (data not shown).

Phenotype and MHC restriction of T cells responding to
peptides. To assess the importance of T-cell surface antigens
in mediating peptide-specific lymphoproliferation, lympho-
cytes from high responders were incubated with peptides in
the presence of MAb to CD4, to CD8, or to monomorphic
determinants of HLA-DR (Fig. 3). When CD4 determinants
were blocked by MAb OKT4, peptide-specific proliferation
was inhibited by =80%. Blockade of CD8 determinants by
MAb OKT8 did not significantly inhibit (-2 to 15%) capsid
peptide-specific proliferation. OKT8 inhibited SP7-specific
proliferation by 40% in one of two high responders tested but
stimulated such proliferation by a moderate amount (-70%)
in the second high responder (data not shown). This effect
may have been due to blocking of SP7-primed suppressor or
cytotoxic activity seen with lymphocytes from some high
SP7 responders (29). Blockade of HLA-DR with MAb L243
inhibited peptide-specific proliferation by -80 to 90%.
Phenotype analysis of [ H]thymidine-labeled lymphocytes

was performed to determine which cells proliferated in
cultures stimulated by SPs. Peptide-stimulated and control
cultures were labeled on day 5 with [3H]thymidine for 16 h.
Cells were then centrifuged through Percoll density gradi-
ents to separate the dividing cells that were differentially
labeled with thymidine. Peptide-stimulated cultures yielded
a distinct broad peak of [ H]thymidine label with a mean
density of -1.06 g/ml (data not shown). No such radiola-
beled peak was present in gradients prepared from [3H]thy-
midine-labeled control cultures. Cell phenotype analysis of

80,000
DONOR #22 DONOR #52

-o

0
o 60,000 -- - - -
0

C.)

O 40,000 .*--- .

C

,20,000 .. . ..... ..

0
SP1I SP15 SP12 SP7 SP13 RV MED SP1I SP15 SP12 SP7 SP13 RV MED

FIG. 2. Lymphoproliferative responses of two high responders to overlapping SPs within E1202 to E1283 or to intact RV antigen (RV).
MED, spontaneous proliferation in cultures incubated with medium only. The data shown represent the mean ± standard deviation of
quadruplicate samples from a single experiment. The patterns of proliferation in this peptide panel are representative of several independent
experiments with cells from these donors obtained several months apart.
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TABLE 3. Proportions of RV-immune individuals with positive
lymphoproliferative responses to E2 SPs

No. responding/no. assayed

SP21 SP22 SP23 Any E2 SP

.2 2/17 1/17 4/17 6/17 (35)
>4 1/17 0/17 1/17 2/17 (12)

a See Table 1, footnote a.

gradient peaks from four peptide-stimulated high-responder
cultures indicated that the predominant cell type in the
gradient peak was the CD3+ T lymphocyte (ao65 to 75%),
with lesser proportions of CD16+ natural killer cells (=1%)
and CD19+ B-cells (-10%). Gradient peaks contained vari-
able proportions of T lymphocytes expressing the CD4
marker (15 to 50%) or the CD8 marker (3 to 40%). However,
more than 80% of CD4+ lymphocytes from the gradient peak
also expressed the activation marker HLA-DR (Ia). Approx-
imately half of these CD4+ Ia+ lymphocytes expressed
CDw29 (4B4), a marker for memory T cells that have been
activated by prior exposure to antigen (6, 7). The predomi-
nant phenotype in parallel fractions from the control cul-
ture's gradient was the CD3+ T lymphocyte (o70 to 90%),
with lesser proportions of CD16+ natural killer cells (=3%)
and CD19+ B cells (=14 to 30%). Approximately 35% or less
of CD4+ lymphocytes from the control gradient fractions
also expressed the Ia activation marker.
Frequency of T cells responding to peptides. Limiting-

dilution analyses of lymphoproliferation were performed to
determine whether peptide-specific T-cell proliferation fol-
lowed single-hit kinetics that suggest the expansion of a

single T-cell clone presumed specific for a single T-determi-
nant sequence in the peptide (22, 23). Limiting-dilution
analyses were not uniform among the 10 high responders
tested. In some cases, data fit a simple linear regression
analysis (Fig. 4), with near overlap of data from limiting-
dilution cultures stimulated by SP2, SP8, and/or SP16 (Fig.
4, donor 29). In other cases, data did not fit a linear analysis
(data not shown).

In those cases in which limiting-dilution analysis followed

100
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o
SP16: C -C*1129

* OKT4 E OKT8 S 1243

SP2:C14

FIG. 3. MAbs to CD4 (OKT4) and to class II MHC (L243) block
lymphoproliferative responses of high-responder donor 59 to over-

lapping peptides SP16 and SP2 within C11 to C29. MAb to CD8
(OKT8) did not significantly block the peptide-stimulated response.
Proliferation and inhibition of proliferation were calculated as de-
scribed in Materials and Methods.

B
100 b 1>
75 _.eD25 ..

7.E

SP7 SPilI

DONOR #52

0 2 4 6 8 10 12

10 viable cells per well

FIG. 4. Limiting-dilution analyses of lymphoproliferative re-
sponses of donor 29 to overlapping SPs within Cg to C29 (A) and of
donor 52 to nonoverlapping SPs within E1202 to E1266 (B). Both
donors are high responders to their respective set of peptides.
Regression lines were calculated by the method of least squares.

linear or single-hit kinetics, peptide-specific T-cell precursor
frequency was approximated from the linear regression data.
Precursor values ranged from 1:10,000 to 1:80,000. For
example, the precursor frequency of T cells specific for C14
to C29 (SP8) in donor 29 was estimated at 1:20,000 after
correcting for background (23). In donor 52, the precursor
frequency of T-cells specific for E1243 to E1266 (SP7) was
estimated at 1:36,000. The limiting-dilution analyses showed
much variability between individuals in lymphocyte recog-
nition of T-cell determinants present in SPs, even within
similar HLA-DR contexts. Donors 38 and 52 both express
HLA-DR3 alleles, but limiting-dilution analysis suggests, at
least to a first approximation, that only T cells from donor 52
recognize an epitope in SP7 in a clonal fashion. However,
the similarity of limiting-dilution analyses for SP2, SP8, and
SP16 in a given donor among multiple trials suggests that
whatever the T-cell response to this region, single hit or
multitarget (23), there is a T-cell determinant in common
among these overlapping SPs.
Deducing minimum T-determinant sequences on SPs. Hav-

ing established that SPs stimulate T-cell activation and
proliferation of lymphocytes from RV-immune normal hu-
man donors, we attempted to deduce the minimum amino
acids delimiting the T-cell epitopes on these peptides. Since
the peptides are overlapping, one would expect that compar-
ison of lymphoproliferative responses to similar peptides
would help delineate the amino acids necessary to drive the
response. We used correlation analysis (8) to compare and
correlate responses to overlapping or contiguous peptides
within the capsid and El peptide responder populations
(Tables 4 and 5). The comparatively small number of E2
peptide responders (six) and low number of trials performed
precluded our obtaining statistically significant correlations
for E2 SP responses.
Response correlations among capsid peptides fell into two

A
100

50
e0
3) 25
3.10)
Cu

0~ 10
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TABLE 4. Correlations among lymphoproliferative responses to
capsid SPs by Spearman's rank correlation coefficient

Correlation witha:
Peptide

SPi SP2 SP8 SP14 SP16 SP19

SPi 1.0 0.202 0.185 0.548 -0.119 -0.161
SP2 0.202 1.0 0.709 0.090 0.595 0.469
SP8 0.185 0.709 1.0 0.190 0.571 0.534
SP14 0.548 0.090 0.190 1.0 0.021 -0.011
SP16 -0.119 0.595 0.571 0.021 1.0 0.741
SP19 -0.161 0.469 0.534 -0.011 0.741 1.0
a An r value of >0.5 indicates significant rank correlation at 0.1% (P <

0.001) for all peptides except SP19, for which there were fewer trials. For
SP19, an r value of >0.5 corresponds to significant correlation at 1% (P <
0.01). Data in boldface type indicate r >0.5.

groups: SP2, SP8, SP16, and SP19 in one group, and SP1 and
SP14 in the second group. Highest correlations (r > 0.7)
were between SP2 and SP8 and between SP16 and SP19.
Among El SPs, the response to SP7 did not correlate with
that to the other El SPs, despite overlap with SP12 on the
N-terminal end of SP7 and with SP13 on the C-terminal end
of SP7. By contrast, responses to SP11, SP12, and SP13
showed pairwise correlation, despite lack of overlap among
these peptides. The correlation analyses suggest that re-
sponders recognized a T-cell determinant common to SP2
(C14 to C29), SP8 (C9 to C29), and SP16 (C1l to C29) but not
present in SP14 (C9 to C22). The Ser--Ala substitution at C15
in SP19 does not affect lymphoproliferative responses in
most responders. Thus, at least the C-terminal end of the
minimum T-cell determinant must be within C23 to C29, and
the N-terminal end of the determinant must be within C14 to
C29. Correlation analyses suggest that a second group of
responders recognized a T-cell determinant common to SP1
(C1 to C18) and SP14 (C9 to C22), thus locating the minimum
T-cell determinant within C9 to C18.

Within the El SPs, the correlation analyses are complex,
perhaps in part because of detectable HLA-DR restriction of
some responses. The lack of positive correlation between
responses to SP15 and SP11 or SP12 is interesting in light of
the extensive overlap among these peptides. There was only
one significant responder to SP15 in our HLA-diverse,
RV-immune population, although a predicted T-cell motif
exists within the region of overlap between SP15 and SP12
(E1226 to E1239). Several responders to SP11 or SP12 were
identified. The SP12 responders may have recognized deter-
minants C terminal to the region of overlap with SP15, i.e.,
within E1240 to E1247. Similarly, SP11 responders may have
recognized determinants N terminal to the region of overlap
with SP15, i.e., within E1202 to E1207. Given the lack of
response correlations with other El peptides, SP7 respond-

TABLE 5. Correlations among lymphoproliferative responses to
El SPs by Spearman's rank correlation coefficient

Correlation witha:
Peptide

SP7 SP1l SP12 SP13 SP15

SP7 1.0 0.017 0.008 -0.059 0.118
SPil 0.017 1.0 0.534 0.501 0.098
SP12 0.008 0.534 1.0 0.620 0.218
SP13 -0.059 0.501 0.620 1.0 0.193
SP15 0.118 0.098 0.218 0.193 1.0

a See Table 4, footnote a.
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FIG. 5. Lymphoproliferative responses of PBMCs to nested SPs
obtained by micro-TFMSA cleavage. (A) Cells from donor 10, a high
responder to SP10 (C64 to C97), were incubated with peptides
encompassing C64 to C89 and having common C-terminal residue C89
while differing sequentially in N-terminal capsid residue as indi-
cated. (B) Cells from donors 59 and 109, two high responders to
SP23 (E281 to E2105), were incubated with peptides encompassing
E281 to E2105 and having common C-terminal residue E2105 while
differing sequentially in N-terminal E2 residue as indicated. Re-
sponses measured as SI were calculated from [3H]thymidine uptake
as described in Materials and Methods.

ers may have recognized T-cell determinants within E1248 to
E1261, a sequence unique to SP7. This sequence contains
two predicted T-epitope motifs.

In the capsid region C64 to C97 represented by peptides
SP9 (C78 to C97) and SP1O (C64 to C97) and in the E2 region
E231 to E2105 represented by SP21 (E231 to E255), SP22 (E251
to E275), and SP23 (E281 to E2105), there were few individ-
uals with positive peptide-specific lymphoproliferative re-
sponses. Therefore, it was difficult to use statistical methods
such as correlation analysis to deduce the minimum molec-
ular determinants of a T-cell epitope. Thus, the nested
peptides obtained by micro-TFMSA cleavage provided an
alternative strategy to better define the T determinants of the
proliferative response stimulated by SP10 or by SP23 in high
responders (Fig. 5). The nested set of peptides within C64 to
C89 differed sequentially in the N-terminal residue but had a
common C-terminal residue. Peak lymphoproliferative re-
sponses (SI range, -10 to 20) were stimulated by peptides
having N-terminal residues within C64 to C67. As peptides
were shortened downstream of C67 on their N-terminal ends,
lymphoproliferative responses diminished rapidly. This cap-
sid domain is of potential pathogenetic interest in that it
binds antibody cross-reactive with a domain on the 52-kDa
molecule of rat pancreatic islet tumor cells (20). A propor-
tion of human sera from patients with type I diabetes
mellitus react with the 52-kDa protein (19). Congenital
rubella patients with diabetes express an increased fre-
quency of HLA-B8 and DR4 (42), alleles expressed by this
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normal high responder to SP10. Thus, this capsid domain
may mediate a known immunopathologic complication of
rubella, diabetes, mellitus, through a relatively MHC re-
stricted molecular mimicry.
The nested set of peptides within SP23 (E281 to E2105)

obtained by micro-TFMSA cleavage had a common C-ter-
minal residue but differed sequentially on the N-terminal
end. With two HLA-diverse SP23 responders, peak lym-
phoproliferative responses (SI range, =2 to 5) were stimu-
lated by peptides having N-terminal residues within E281 to
E284 (Fig. 5). Responses diminished rapidly as peptides were
shortened downstream of E284 on their N-terminal ends.

DISCUSSION

In this study, synthetic peptides representing well-defined
subsequences of RV structural proteins identified potential
determinants of human cellular immunity to the virus. These
immunoreactive peptides were initially defined by their
proximity to conformationally independent (linear) B-cell
determinants and by their content of predicted T-cell epitope
motifs (41). The peptides studied stimulated varied but
individually specific proliferation responses in PBMCs from
a representatively large number of normal, RV-immune
human donors with diverse HLA backgrounds. These re-

sponses were mediated largely by CD4+ T cells in associa-
tion with HLA class II proteins. Structural blocking of either
of these cell surface antigens by specific MAb binding
markedly inhibited the peptide-stimulated proliferative re-

sponse. Moreover, the increased coexpression of the CD4
and CDw29 markers among responder T cells suggests that
the SP-driven response is associated with immunologic
memory (1, 6, 7).
Each set of SPs based on discrete regions of the three RV

structural proteins stimulated moderate lymphoproliferative
responses (SI between 2 and 4) in 25 to 50% of the donor
population. A smaller proportion (10 to 19%) of donors (high
responders) displayed robust SP-driven lymphoproliferative
responses (SI of 24). The robust in vitro lymphoprolifera-
tion of high responders to a number of SPs was comparable
in thymidine uptake to that observed with intact RV antigen.
Moreover, limiting-dilution analysis revealed single-hit or
linear kinetics of lymphoproliferative responses of some high
responders to N-terminal capsid SPs or to El SPs that may
reflect a clonal response of these responders to a single
T-cell proliferative epitope encoded within the SP. How-
ever, limiting-dilution kinetics showed considerable variabil-
ity among individuals in lymphocyte recognition of T-cell
determinants present in SPs, even within similar HLA-DR
contexts. Some individuals did not recognize a peptide
sequence in a single-hit fashion, implying that the processing
or recognition of the peptide was more complex than the
expansion of a single sequence-specific T-cell clone. The
limiting-dilution analyses suggest that the fine specificity of
epitopes recognized by T-cell clones vary from individual to
individual. Thus, a slight increase in peptide length beyond
the minimum determinant may be necessary to build agre-
typic diversity into a peptide sequence to render it more

effective in a diverse MHC context. Such peptides could
assume related but nonidentical conformations with different
MHC alleles (15).
The finding of varied patterns of peptide-specific lym-

phoproliferative responses in this MHC-diverse population
is consistent with the presumed role of MHC class II
molecules in mediating the response. Nevertheless, more

often than not a high response to a given SP was not DR

allele specific, the notable exception being the 100% associ-
ation of robust response to SP7 (E1243 to E1266) with
HLA-DR3. Likewise, the relative lack of lymphoprolifera-
tive responses to certain sequences, notably SP15 (E1208 to
E1239) and SPlO (C64 to C97), was not DR allele specific.
Thus, those SPs which effectively drive in vitro lymphopro-
liferation may contain sequences with sufficient agretypic
diversity for immunologic recognition by this outbred (hu-
man) donor population.
Ou et al. (36) recently reported that a single SP containing

C1 to C30 failed to stimulate lymphoproliferative responses in
any of six normal RV-immune adults tested, but the SP
detected B-cell responses in all six individuals. They were
able to show modest responses to other 28-residue subse-
quences of the capsid by restimulating T-cell lines selected
by lymphoproliferative stimulation with UV-inactivated RV
antigen. These capsid peptide-reactive T-cell lines were
restricted to HLA-DR alleles 1, 4, 7, and w9. Our set of
shorter SPs (20 or fewer residues) within C1 to C29 elicited
positive proliferative responses directly from PBMCs in
-50% of a much larger population of RV-immune adults (105
individuals) but failed to bind human immune sera from even
the most robust T-proliferative responders to these SPs (28).
There was no significant HLA-DR restriction of the anticap-
sid lymphoproliferative responses even among high respond-
ers in our donor population.
The high frequency of T responders to the N-terminal

region of the capsid suggests an immunodominant role for
this protein in rubella immunity. However, we observed
variability in the fine specificity of T-proliferative epitopes in
the N-terminal sequence, suggesting that it may be neces-
sary to screen a moderately large population of immune
donors to detect consistent peptide-specific lymphoprolifer-
ative responses. This could explain why Ou et al. failed to
detect such responses among six individuals presented with
C1 to C30. Alternatively, the slightly shorter subsequences
used in our study may stimulate lymphoproliferation more
efficiently. While agretypic diversity of a peptide sequence
may be enhanced by residues extending beyond the mini-
mum T determinant, additional residues at a distance could
adversely affect the functional expression of an immun-
odominant sequence (44). Why the N-terminal capsid se-
quence of RV should be of importance in immunity is
unclear. It is possible that this domain provides T-cell help
for neighboring B-epitope domains on the capsid or even
remote B-epitope domains on RV glycoproteins. The poten-
tial of a T-cell epitope to provide help for a distant B-cell
epitope domain is illustrated by the demonstration of func-
tioning chimeric immunogens combining T- and B-cell
epitopes from discrete viral proteins of hepatitis B virus (30),
respiratory syncytial virus (25), and other pathogens.
The starting point for the design of this set of SPs was the

location of B-cell epitopes on RV structural proteins, spe-
cifically the conformationally independent or linear epitopes
defined by murine MAbs (53). Most likely, the human
humoral response to the N-terminal RV capsid protein (C1 to
C30) is predominantly directed to conformationally depen-
dent epitopes not present in our subsequences of the region
but simulated by the entire domain (36). The BALB/c mouse

antibody response to RV infection which originally gener-
ated our set of defining MAbs (53) suggests that linear
determinants are present in the immune repertoire, though in
trace proportions. We suspect that the same is true for the
human response to RV infection. Future studies with human
MAbs to this region should better define the linear B
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determinants of the human repertoire and their analogy with
that of the mouse.

This study supports the usefulness of predicting immuno-
reactive peptides with an algorithm for T-epitope motifs (41).
Of the 13 SPs with predicted T epitopes used, only 2 (SP15
and SP22) failed to stimulate significant lymphoproliferative
responses in cells from at least 2 normal RV-immune indi-
viduals out of 17 or more tested at least twice. Correlation
analysis suggested that the minimum sequence within SP1
(C1 to C18) that determines lymphoproliferation is within Cg
to C18, which includes several amino acid residues immedi-
ately N-terminal to a predicted motif at C14 to C18. This
analysis either suggests an alternate location for the motif or

reflects the influence of molecular context on the functional
expression of a T epitope (12, 44, 45). Two SPs, SP10 (C64 to
C97) and SP23 (E281 to E2105), lacked predicted T-epitope
motifs but did stimulate lymphoproliferative responses from
a more limited though MHC-diverse subset of donors. The
proportion of donors stimulated by SP23 (4 of 17, or 24%) is
comparable to the proportion stimulated by several SPs
containing predicted T-cell epitope motifs. Thus, the Roth-
bard-Taylor algorithm sometimes failed to predict relevant
T-cell epitopes recognized by our RV-immune population.
An additional useful locator of relevant T-cell epitopes

could be their linear proximity to B-determinant domains.
Our study identified immune-specific determinants of MHC-
diverse human T-lymphoproliferative responses in close
linear proximity to linear B determinants on all three struc-
tural proteins of RV, including a domain on El which may
mediate virus-cell interaction. Both SP10 and SP23 contain
B-determinant motifs predicted by hydrophilicity (17). The
N-terminal residues of the T determinants recognized by the
responders (Fig. 5) are in both cases adjacent to predicted B
determinants at C68 to C73 and E293 to E298, respectively.
Moreover, murine MAb-binding domains have been defined
within E286 to E2105 (54). However, using 31-residue SPs
spanning the entire RV capsid protein, Ou et al. (36) defined
discrete T- and B-cell determinants recognized by human
immune sera, but they were more often on distinct SPs.
Thus, there may be additional T-cell epitopes within the
RV-immune repertoire that are distant from B determinants.
Nevertheless, proximity of T- and B-epitopes has been
previously found on influenza virus surface proteins (2, 13),
on hepatitis B surface antigen (31), and on herpes simplex
virus gD (10). Such proximity suggests that viral immunity
elicits B-cell and MHC class II-restricted T-cell repertoires
focused about common antigenic sites. If this is generally
true, then identification of immunodominant helper T-cell
determinants could lead to the identification of nearby B-cell
determinants within relatively short, accessible sequences of
viral structural proteins and vice versa, greatly facilitating
the rational design of new synthetic vaccines against RV and
other agents. Moreover, with the recent demonstration that
peptide fragments can mediate class I-restricted cytotoxic
lymphocyte responses (47), there is now further rationale for
incorporating selected cytotoxic T determinants into peptide
immunogens. Such determinants may be important to
achieve effective immune-mediated elimination of the pre-
dominant cell-associated phase of the RV replicative cycle.
Synthetic peptides are currently being used to define the
determinants of cytotoxic anti-RV immunity in further stud-
ies with our MHC-diverse human population.
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