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Fifteen T-cell clones were derived from BALB/c or DBA/2 mice immunized with a synthetic peptide
corresponding to the C-terminal 24 residues (residues 305 to 328) of the HA, chain of H3 subtype influenza
virus hemagglutinin. All of the clones proliferated when the peptide was presented in association with I-Ed. By
using shorter homologs, it was shown that the T-cell response was focused predominantly on the region at the
N-terminal end of the peptide encompassed by residues 306 to 319. Individual clones recognizing this region
differed in their absolute requirements for residues at the extremities of the site and also in their patterns of
efficiency of recognition of shorter homologs. One particular clone defined another site of T-cell recognition
within residues 314 to 328. The response of the clones to peptide analogs identified certain residues within the
sites that were critical for recognition, with the substitution Gln-31 1- Ser having a differential effect on clones
responding to the N-terminal site. Only one of the clones responded well to influenza virus itself. This clone also
required relatively low concentrations of the parent peptide for optimum stimulation and was suppressed by
higher concentrations. The data demonstrate striking heterogeneity in the T-cell response even to a short
synthetic peptide, with different T-cell clones recognizing slightly different but overlapping areas of the
molecule.

In a previous study (4), we determined that the murine

class 1I-restricted T-cell response to influenza virus, H3
subtype, was predominantly directed towards a particular
region of the viral hemagglutinin (HA) molecule (site E) but
that individual T cells recognizing this site differed markedly
in their fine specificities. A total of 14 T-cell clones specific
for site E were divided into at least four groups according to
their patterns of reactivity with different naturally occurring
strains of influenza virus and with monoclonal antibody
(MAb)-selected escape mutants. All of these clones recog-

nized antigen presented in association with I-A'. Heteroge-
neity of the T-cell response to a particular site has also been
reported by others (1, 2, 17, 21, 24, 33) and has been
interpreted by Cease et al. (7) as representing recognition by
the receptors on different T-cells of distinct "views" of a

single conformation of the antigen presented by the class II

molecule, rather than reflecting multiple conformations or

binding sites.
The site E-specific T-cell clones were thought to recognize

overlapping epitopes, although the exact nature of these
epitopes has not yet been precisely determined within this
complex region of HA. Site E consists of two antiparallel
beta chains with a carbohydrate attachment site on one

strand and, in particular strains and escape-mutants, a

potential attachment site on the other strand, possibly af-
fecting the processing and presentation of the site (4). In
order to investigate the heterogeneity of the T-cell response
to a particular region in greater detail, we used for the
present study a less complex antigen in the form of a short
synthetic peptide. This synthetic peptide, H3 HA1(305-328),
representing the C-terminal 24 amino acid residues of the

* Corresponding author.

heavy chain (HA1) of A/Memphis/1/71 (Mem 71) influenza
virus HA (H3 subtype), has been used by us as a model
antigen in an ongoing study of the physical and functional
relationships between epitopes recognized by B cells and T
cells (6, 18, 31, 35). The amino acid sequence of the region of
HA represented by this peptide is generally conserved
within each subtype. Peptide H3 HA,(305-328) is not recog-

nized by antiviral antibody. It does, however, elicit antibod-
ies in rabbits and mice without the need for coupling to a

carrier protein, and these antibodies bind to influenza viruses

of the H3 subtype but not to viruses of other subtypes (26).
Mice of the H-2" haplotype are high responders to peptide

H3 HA,(305-328) (6), producing antibodies to three distinct
sites on the peptide (31). The primary response is directed
principally to the site 314 to 318, whereas the secondary
response after a boost is predominantly directed to site 320
to 328. The third site, 305 to 314, elicits only a small fraction
of the total antibody (6). The ability of mice to mount an

antibody response and a T-cell proliferative response to the
peptide requires the presence of I-E". Polyclonal T cells
from mice primed to H3 HA,(305-328) do not recognize a

peptide corresponding to the equivalent region of the H2
virus A/Japan/305/57 (Jap 57) [H2 HA,(305-328)] or a peptide
analog in which residues 311 to 315 have been replaced with
the corresponding residues of the H2 sequence (6).

Although bulk cultures of BALB/c (H-2") and CBA (H-2k)
T cells primed to H3 viruses do not respond to peptide H3
HAI(305-328) (25; unpublished data) and BALB/c T cells
primed to H3 HA,(305-328) show only weak reactivity with
the intact virus (6), this same peptide contains the immuno-

dominant site of recognition for human T cells primed to H3
influenza virus (19). The corresponding region of the HI
subtype also contains one of the three sites on the HA
recognized by Hi virus-primed BALB/c T cells (17).
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In this study we investigated the recognition of peptide H3
HA1(305-328) by H-2" T cells at the clonal level; here we
describe the heterogeneity of the response. The ability of
individual T-cell clones to recognize virus was also exam-
ined.

MATERIALS AND METHODS

Viruses. Influenza viruses used in this study were reassor-
tants bearing the Ni neuraminidase of A/Bellamy/42 and
either the H3 HA of Mem 71 or A/Duck/Ukraine/1/63 or the
H2 HA of Jap 57. The H3N2 virus A/Philippines/2/82 was
also used. The viruses were grown for 2 days in the allantoic
cavity of 10-day embryonated hen eggs, harvested, and then
stored at -70°C. Purified Mem 71 virus was obtained from
Alan Hampson (Commonwealth Serum Laboratories,
Parkville, Victoria, Australia).

Mice. All of the mice used were females between 6 and 8
weeks old. BALB/c and D2.GD strains were obtained from
the animal facility of this department, and DBA/2 mice were
obtained from the Walter and Eliza Hall Institute of Medical
Research, Parkville, Victoria, Australia.

Immunizations. DBA/2 mice were immunized intraperito-
neally with 25 p.g of peptide H3 HA1(305-328) in complete
Freund adjuvant. After 3 months the mice were given a
boost with the same dose of peptide in complete Freund
adjuvant, and 4 days later, the spleens were removed for
culture. BALB/c mice were inoculated in the hind footpad
with 25 plg of H3 HA1(305-328) in complete Freund adjuvant,
and 7 days later, popliteal and inguinal lymph nodes were
removed for culture.

Production of T-cell clones. The immune spleen or lymph
node cells were cultured (5 x 106/ml) with 4 FLM peptide H3
HA1(305-328) for 5 days. Subsequent passages followed a
regimen of 5 days of culture in the presence of 2 FM peptide
and gamma-irradiated (2,200 R) syngeneic normal spleen
cells (2 x 106/ml) as a source of antigen-presenting cells
(APC) alternated with 7 days in medium containing interleu-
kin 2, which was prepared from concanavalin A-stimulated
BALB/c spleen cells as previously described (4). At each
passage the cells were reseeded at 2 x 105/ml. These T-cell
lines were cloned by limiting dilution (5); clones were
expanded only from wells in which the T-cell number used
yielded less than 30% of replicate wells positive for growth.

T-cell proliferation assay. T-cell proliferation assays were
performed as described previously (4) with microcultures
containing 104 T cells, 3 x 105 APC, and various concentra-
tions of peptide or virus. Proliferation was measured by
[3H]thymidine incorporation.

Culture medium. RPMI 1640 (Commonwealth Serum Lab-
oratories, Parkville, Victoria, Australia) was supplemented
with 10% heat-inactivated (56°C, 30 min) fetal calf serum, 2
mM L-glutamine, 2 mM sodium pyruvate, 0.1 mM 2-mercap-
toethanol, 100 IU of penicillin per ml, 100 jig of streptomycin
per ml, and 30 jig of gentamicin per ml.

Synthetic peptides. The synthetic peptides H3 HA1(305-
328) and H2 HA1(305-328), which represent the C-terminal
24 amino acid residues of the HA1 polypeptides of the HA of
Mem 71 and Jap 57 viruses, respectively, together with
analog A and analog B (Fig. 1), were synthesized by using an
Applied Biosystems Inc. Synthesizer 430A as previously
described (18). Briefly, assembly was carried out in the solid
phase with a 1% cross-linked phenylacetamidomethyl poly-
styrene resin and t-butyloxycarbonyl derivatives of the
amino acids. Peptides were cleaved from the resin with
hydrogen fluoride containing 10% anisole. After cleavage,

305 310 315 320 325
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FIG. 1. Amino acid sequences, in single-letter code, of the
synthetic peptide H3 HA,(305-328), representing the C-terminal 24
residues of the HA1 chain of Mem 71 virus (subtype H3) and of
analogs and homologs of this peptide. The amino acid differences in
the peptide H2 HA1(305-328), which represents the equivalent
region of the HA1 of Jap 57 virus (subtype H2), are shown in boxes.
The substituted amino acids in synthetic analogs A through E are
also boxed. Amino acids in common with the H3 HA1(305-328)
sequence in analogs and homologs are shown as a line.

peptides were extracted into 50% acetic acid. Shorter pep-
tides were synthesized manually with 9-fluorenylmethoxy-
carbonyl derivatives of amino acids in place of t-butyloxy-
carbonyl derivatives by using either a Cambridge Research
Biochemicals flow synthesizer or a DuPont Rapid Multiple
Manual Peptide Synthesizer system. Composite polydimeth-
ylacrylamide-Kieselguhr support (Pepsyn K) was used as the
resin for flow syntheses (10), and 2,4-dimethoxybenzhydryl-
amine-polystyrene (Rapidamide) was used as the support for
Rapid Multiple Manual Peptide Synthesizer-based synthe-
ses. Synthetic peptides were purified by reverse-phase chro-
matography with a PepRPC column (1 by 10 cm) in a fast
protein liquid chromatography (Pharmacia South Seas Pty.
Ltd.) system. The purity of the final product was monitored
by amino acid analysis.
MAbs. Ascitic fluids containing MAbs to H-2d gene prod-

ucts were used in blocking assays. Hybridoma cell line
14-4-4 (anti-I-Ekd; specificity, la.7) (27) was obtained from
I.F.C. McKenzie (University of Melbourne), and lines 34-
2-12S (anti-Dd) and 34-1-2S (anti-KdDd) (28) were from N.
Koch (Walter and Eliza Hall Institute, Melbourne). MAb
34-5-3S (anti-I-Ad) (28) was purchased as ascitic fluid from
Litton Bionetics (Charleston, S.C.).

RESULTS

Reactivity of T-cell clones with synthetic homologs of influ-
enza peptide H3 HA,(305-328). T-cell lines were prepared
from lymph node or spleen cells of BALB/c (lines 7 and 8)
and DBA/2 (lines 3 and 4) mice immunized with peptide H3
HA1(305-328). After 2 weeks in culture, each line prolifer-
ated in response to H3 HA1(305-328), and in addition, one
DBA/2 line showed reactivity to Mem 71 virus (H3 subtype).
T cells from these lines were subsequently cloned in the
presence of H3 HA1(305-328). DBA/2 line 4 was also cloned
with Mem 71 virus as the stimulating antigen, and the
resulting clone, 4.51, was maintained in culture with virus.

Proliferation of each of the clones in response to shorter
homologs of the parent peptide H3 HA1(305-328) is shown in
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TABLE 1. Proliferative response of T-cell clones to synthetic homologs of H3 HA1(305-328)

% Proliferative response of T-cell clone"
Peptide

8.1" 3.23" 4.27" 4.28" 8.6 3.21 4.5 4.4 7.2 7.6 3.33" 7.5 7.11" 8.2 4.51

305-328 100.0 100.0 100.0 100.0' 100.0' 100.0 100.0 100.0'' 100.0'' 100.0'' 100.0'' 100.0(' 100.0'' 100.0'' 100.0"
306-328 0.3 423.3 206.0 44.6 16.0 66.6' 57.5 51.6 48.1 46.2 70.7' 99.7 89.2 113.8' 84.2 "

308-328 0.1 0.3 0.6 0.0 0.0 0.3 0.4 0.0 0.2 13.1 69.5 111.5 107.4' 123.5'' 136.9'
311-328 0.0 0.0 0.0 0.1 0.3 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.4 0.2 0.0
314-328 40.5 0.0 1.0 0.1 0.2 0.1 0.0 0.0 0.1 0.0 0.3 0.0 0.1 0.3 0.0
317-328 0.0 0.0 0.3 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.2 0.0
306-321 0.0 174.6 109.5 29.4 16.0 103.6 67.3 76.3 32.8 39.6 73.0 77.6 140.4 126.6' 125.8"
306-319 0.0 87.0 60.4 28.9 70.0 83.1 282.5 163.5" 84.4' 104.0 78.9 130.4 122.8 85.5 178.6"
307-319 0.0 0.0 7.1 2.7 36.2 15.2 192.3 52.8 44.1 60.0 1.5 134.0 156.2' 106.0 180.2"
308-319 0.0 0.0 0.0 0.0 0.4 0.2 3.2 0.0 0.1 17.2 0.5 83.9 104.0 100.5' 145.3'
305-316 0.0 0.0 3.2 0.0 0.5 0.2 0.4 2.6 5.4 64.0 0.4 0.0 0.2 0.6 2.8
306-316 0.0 0.0 0.3 0.3 0.8 0.1 0.2 28.4 21.7 65.5 0.3 0.0 0.2 0.8 45.2

" Values represent the maximum proliferative responses over the dose range, which, unless indicated, occurred at 10 pLM. Data are expressed as mean counts
per minute of triplicate cultures containing antigen minus counts per minute in the absence of antigen and are given as a percentage of the value obtained for T
cells stimulated by H3 HA,(305-328).
"Tested at 10 and 2 pLM only. All other clones were tested at 10. 2. 0.2, and 0.02 p.M.
"Maximum proliferation occurred at 2 p.M.
"Maximum proliferation occurred at 0.02 ,uM.
Maximum proliferation occurred at 0.2 puM.

Table 1. These results indicate that the T-cell response was

directed predominantly to the N-terminal region of the
peptide; with the exception of clone 8.1, which proliferated
in response to peptide 314-328, the clones did not react to
peptides 311-328, 314-328, or 317-328. Within the N-terminal
region, peptide 306-319 stimulated all of the clones, again
with the exception of 8.1. The dose response data indicated
that this 14-residue peptide was, in the majority of cases,
able to stimulate the clones as efficiently as did H3 HA1(305-
328).
Even though the region 306 to 319 contains the informa-

tion necessary for recognition by 14 of the 15 clones,
different residues are critical for different clones. Compared
with the response to peptide 306-319, the proliferation of
some clones (3.23, 4.27, and 4.28) was dramatically reduced
in response to peptide 307-319, whereas the absence of
residue 306 in this peptide caused only a partial loss of
activity of clones 8.6, 3.21, 4.5, 4.4, 7.2, and 7.6. Clones 7.5,
7.11, 8.2, and 4.51 were efficiently stimulated by peptide
308-319, as well as by peptide 307-319. Clone 3.33 had an

unusual reactivity pattern; it responded well to peptides
308-328 and 306-319 but not to 307-319 or 308-319 within the
dose range tested. The shortest peptide capable of stimulat-
ing a response was 306-316, which induced proliferation of
clones 4.4, 7.2, 7.6, and 4.51 at the highest concentration of
peptide only.
These results indicate that there is a focusing of the T cells

toward a particular site, with heterogeneity of this response

displayed by the absolute requirement for different residues
at the extremities of the site and by differences in the relative
efficiency of recognition of the various peptide homologs.

Reactivity of T-cell clones with synthetic analogs of H3
HA,(305-328). We have previously shown that bulk cultures
of H-2" T cells raised to H3 HA1(305-328) do not respond to
a peptide representing the C-terminal 24 residues of HA1 of
the H2 subtype (6). The results in Table 2 show that this
subtype specificity was also manifested by individual T-cell
clones. Only clone 4.51 responded to H2 HA1(305-328) but
required >500-fold more of this peptide than H3 HA1(305-
328) for maximum proliferation (discussed below).
The H2 HA1(305-328) peptide differs in sequence from the

H3 peptide by only nine residues (Fig. 1). One or more of
these residues must therefore be critical to the reactivity of
the T cells. This was examined further by testing the ability
of each clone to respond to synthetic analogs in which
particular residues unique to the H3 subtype were replaced
by those of the H2 subtype (Fig. 1). The clones recognizing
the N-terminal region of the H3 HA1(305-328) responded
equally well to the parent peptide and to analog B, in which
residues 320, 325, 326, 327, and 328 were replaced by those
characteristic of the H2 subtype (Table 2). Analog A, which
has substitutions at residues 311, 312, 313, 315, and 320,
failed to stimulate the majority of these clones. Clone 8.2
recognized this analog but did so very inefficiently. Clone
4.51 showed a good proliferative response to analog A, but
as with its response to H2 HA1(305-328), this was apparent

TABLE 2. Proliferative response of T-cell clones to analogs of peptide H3 HA,(305-328)

% Proliferative response of T-cell clone"
Peptide

8.1 3.23 4.27 4.28 8.6 3.21 4.5 4.4 7.2 7.6 3.33 7.5 7.11 8.2 4.51

H3 HA1(305-328) 100.0 100.0 100.0 100.0" 100.0"1 100.0 100.0 100.01" 100.01" 100.0", 100.0" 100().0" 100.0"/ 100.0", 100.0'
H2 HA1(305-328) 0.1 0.0 0.4 0.3 0.0 0.2 0.0 0.0 0.1 0.3 0.3 (.0 0.4 0.2 40.6
Analog A 0.2 0.0 1.6 0.0 0.3 0.7 0.0 0.0 0.1 0.5 2.7 0.8 0.0 12.0 146.7
Analog B 0.0 157.3 170.0 102.3 124.0 84.0 76.3 120.1 87.9 147.0) 78.9 104.0 100.5" 77.4" 87.4"

' Values represent the maximum proliferative responses over the dose range (0.02 to 10 pM). which, inless indicated, occurred at 1i) p.M. Data are expressed
as mean counts per minute of triplicate cultures containing antigen minus counts per minute in the absence of antigen and are given aIs at percentage of the value
obtained for T cells stimuIlated by H3 HAI(305-328).

" Maximum proliferation occurred at 2 p.M.
Maximum proliferation occurred at t).02 puM.
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FIG. 2. Proliferative response of T-cell clones 3.21, 7.11, and 4.5
to analogs of peptide 306-319. Data are expressed as the mean

counts per minute incorporated in triplicate cultures containing
peptide 306-319 (a), analog C (*), analog D (c), or analog E (O)
minus mean counts per minute in the absence of antigen.

only at relatively high concentrations of peptide. Clone 8.1,
which was unique in its ability to recognize peptide 314-328,
failed to respond to analog A or B.
To investigate the contribution of individual residues

within the N-terminal half of the peptide, analogs of peptide
306-319 were constructed. Analog C contained the amino
acid substitution Gln-311--Ser, analog D had Asn-312---Glu,
and analog E had all four of the substitutions that occur in
this region of the H2 subtype (Fig. 1). Figure 2 shows the
response of selected clones to these analogs. None of the
clones responded to analog E or analog D, which was
substituted at residue 312. The clones differed in ability to
tolerate the substitution of residue 311 in analog C. Clones
3.23, 4.28, 3.21, and 4.4 were not stimulated by this analog
(for example, see Fig. 2, clone 3.21), clone 7.11 did respond
but only weakly, whereas clone 4.5 efficiently recognized
this analog. From these data and the data in Table 1, it can
be seen that the clones not responding to analog C were also
relatively inefficient in their recognition of peptide 307-319,
whereas the clones that could recognize this analog also gave
a good proliferative response to the 307-319 homolog.

Virus-reactive T-cell clones. As noted above, not all of the
T-cell lines were able to proliferate when presented with
whole virus. Only 2 of the 15 clones in this study, 4.51 and
8.2, were able to recognize the parent virus Mem 71 when
tested in the range of 1 to 100 hemagglutinating units per

TABLE 3. Proliferative response of antipeptide T-cell
clones to virus

Proliferative response of T-cell clone"
Antigen

8.2 4.51 4.28

H3 HA1(305-328) 6.340 9,309 58,072
Mem 71 virus (H3) 541 40,741 0
A/Duck/Ukraine/1/63 560 31,077 0

virus (H3)
A/Philippines/2/82 638" 34,088 0

virus (H3)
Jap 57 virus (H2) 0 0 0

" Data represent the mean counts per minute of triplicate cultures contain-
ing antigen minus counts per minute in the absence of antigen, and each value
is the maximum obtained over the following ranges: peptide, 0.2 to 10 ,uM;
virus, 1 to 100 hemagglutinating uinits per culture. Background incorporation
in the absence of antigen was 38 cpm for 8.2 (23 cpm in separate experiment),
265 cpm for 4.51, and 93 cpm for 4.28.

" Separate experiment.

culture (Table 3). Two other viruses of the H3 subtype,
A/Duck/Ukraine/1/63 and A/Philippines/2/82, were also able
to stimulate these two clones, even though these viruses
each have a single amino acid change in the region between
residues 306 and 319; A/Duck/Ukraine/1/63 has Val-309--Ile
(36), and A/Philippines/2/82 has Lys-307--*Arg (R. S. Dan-
iels, personal communication). The H2 subtype virus, Jap
57, was unable to stimulate any of the clones.

Clone 4.51, which gave a very strong response to virus,
was examined in more detail. While the other clones in this
study, represented in Fig. 3 by 4.4, proliferated best in
response to the higher concentrations of peptide tested (2 to
20 F.M), clone 4.51 showed maximum response to H3
HA1(305-328) at 0.02 FM. At higher concentrations of pep-
tide, inhibition of the response was observed, a phenomenon
previously described by Lamb et al. (20) for human clones
responding to this peptide.
The dose response of 4.51 to analog B was indistinguish-

able from its response to H3 HA1(305-328), while analog A
induced proliferation only at 1,000 times the concentration
(Fig. 3). Peptides 306-319 and 307-319 stimulated the clone to
maximum proliferation at 0.2 F.M, 10-fold more than re-
quired for the parent peptide. A further 10-fold increase in
peptide concentration was required in the absence of residue
307 (peptide 308-319).
The results of testing 4.51 and 4.4 with purified Mem 71

virus over a wide range of concentrations are shown in Fig.
4. Clone 4.4 failed to respond to virus even at concentrations
at least 10-fold greater than that producing maximum prolif-
eration by the equivalent molar amount of peptide. Clone
4.51, however, was stimulated by virus at concentrations
corresponding to 0.6 nM to 0.6 p.M HA1 C terminus, with the
peak response occurring at a concentration similar to that
obtained with peptide.
H-2 restriction of the proliferative response of the clones.

All of the clones used in this study responded only when
peptide was presented in association with I-Ed. This was
deduced from their inability to proliferate when peptide was
presented on APC from D2.GD mice, which bear I-Ad and
no I-E molecule (data not shown). Confirmation of I-Ed
restriction was obtained by blocking the proliferative re-
sponse to H3 HA1(305-328) with anti-I-Ed MAbs. The pro-
liferation of clone 8.2 was inhibited 99% by the addition of
anti-I-Ed, with little or no blocking by MAbs against other
H-2 gene products (Fig. 5A).

J. VIROL.
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FIG. 3. Proliferative response of T-cell clones 4.51 and 4.4 to

selected short homologs and analogs of peptide H3 HA1(305-328).
Data are expressed as the mean counts per minute in triplicate
cultures containing H3 HA,(305-328) (H), H2 HA1(305-328) (O),
analog A (*), analog B (O), 306-319 (A), 307-319 (A), or 308-319 (0)
minus mean counts per minute in the absence of antigen.

Clone 4.51 was also tested in this way, and as expected, at
a peptide concentration of 0.2 ,uM, proliferation was inhib-
ited by the anti-I-Ed MAb (Fig. 5B). However, at a 100-
fold-greater concentration of peptide, the very low level of
proliferation was actually enhanced (by approximately
550%) by addition of the anti-I-Ed MAb (Fig. 5C). None of
the other MAbs had this ability to increase the response.

DISCUSSION

The T-cell response of mice primed to the peptide H3
HA1(305-328) is focused predominantly on an antigenic
region encompassed by residues 306 to 319. Within this
region, a number of overlapping epitopes were revealed by
the distinct reactivity patterns of individual clones with
shorter homologs and analogs of the parent peptide. Some
clones had an absolute requirement for residue 306, while
others could proliferate in the absence of 306 and even 307.
Substitution of residue Gln-311--Ser also had a differential
effect on the response of the clones. All of the clones
recognized their respective epitopes presented by the class
II molecule I-Ed.

Heterogeneity of the T-cell response to a particular anti-
genic site may be considered in two ways. First, the proc-
essed antigen, in the form of a peptide, may bind the class II
molecule in different places or in different orientations, each

recognized by a different population of T cells. Second,
processed antigen may be presented in a single orientation,
but different clones ofT cells may recognize slightly different
regions of the antigen-class II molecule complex (7). If the
structure of the class II molecule resembles that of the class
I molecule (3), this would involve binding of the peptide in a
particular conformation within the groove of the binding site,
thus creating a single surface of residues from the antigen
and from the class II molecule; T cells of different fine
specificities may recognize overlapping areas of this surface.
The first of these hypotheses would imply that within the
antigenic site there are several different agretopes, that is,
particular sets of residues capable of interacting with the
class II molecule (32), while the second hypothesis predicts
that only one agretope is necessary.
The data in the present study can be interpreted to mean

that different T-cell receptors recognize different views of
the 306- to -319 region of peptide H3 HA1(305-328) presented
in combination with I-Ed. For example, the clones whose
reactivity was dependent on residues 306 and 311 were
probably interacting with a part of the antigen-class II
molecule surface different from, yet overlapping, the part
that interacts with clones not dramatically influenced by
these residues. In fact, the many different fine specificities of
the receptors on the T cells described here may indicate
several different views of this surface; the 14 clones respond-
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FIG. 5. Proliferative response of T-cell clones 8.2 and 4.51 in the presence of anti-major histocompatibility complex MAbs. Clones were

tested with a stimulating dose of peptide H3 HA1(305-328): 2 ,uM for 8.2 (A) and 0.2 F.M for 4.51 (B). Clone 4.51 was also tested with a
supraoptimal dose (20 F.M) (C). MAbs 34-5-3S (anti-I-A), 14-4-4 (anti-I-E), 34-1-2S (anti-KD), and 34-2-12S (anti-D) were present at a final
dilution of 10-2 for the entire culture period. Results were calculated as the mean counts per minute of triplicate cultures and expressed as
a percentage of the response in the absence of antibody.

ing to peptide 306-319 (Table 1) display 12 different reactivity
patterns their abilities to recognize different homologs and
the relative efficiency of this recognition. The number of
subtle differences in the fine specificities of T cells is
analogous to the differences in specificities described for
MAbs binding to a particular antigenic site (12). It is not
improbable that the repertoires of T-cell receptors and
antibodies have a similar degree of diversity, even though
the mechanisms used to generate this diversity are not
identical (22).
The 306- to -319 region contains a sequence pattern found

by Rothbard and Taylor (30) to be common to many T-cell
epitopes. In fact, a slightly shorter version of this same

peptide (306-318 in the numbering of Mem 71 used here) was
recently used by Rothbard et al. (29) in a study with two
human DR1-restricted T-cell clones, one specific for this
region of HA and the other specific for a peptide of influenza
virus matrix protein. When the HA and matrix peptides were
modeled on a helical wheel, in both cases the residues that
comprise the allele-specific sequence pattern were found to
be aligned on one face of the wheel. These residues, which
are postulated to form the agretope of the peptides that
interacts with DR1, can be exchanged from one peptide to
the other, with the resulting hybrid peptides being presented
by DRI and recognized by the appropriate T-cell clone. In
the HA peptide, the residues postulated by Rothbard et al. to
be involved in binding to DR1 are 310, 313, 314, and 317. In
the present study, analogs in which residues 311 and 312
were replaced by those in the corresponding position of the
Jap 57 HA sequence were tested for their ability to stimulate
the clones. The substitution at residue 311 was tolerated by
some clones that recognize the 306- to -319 region but not by
others. If each clone responding to this region recognizes
antigen bound to I-Ed via the same agretope, as we predict,
then a change in an agretope residue might be expected to
influence the response of all of the clones. Residue 311 is
therefore likely to be within the epitope recognized by the T
cells that do not tolerate this substitution, rather than part of
the agretope. In contrast, the change at residue 312 was not
tolerated by any of the T cells, and therefore this is a critical
residue within either the agretope or the epitope recognized
by each of the clones or is necessary for correct folding of
the processed antigen. The fact that analog D, which is
substituted at residue 312, fails to block presentation of the
parent peptide 306-319 to the T-cell clone 4.51 even when it

is present in the cultures at 200-fold molar excess (data not
shown) suggests that residue 312 may be important for
interaction of the peptide with the I-E' molecule.
One T-cell clone, 8.1, does not recognize peptide 306-319.

Of all the shorter homologs of H3 HA1(305-328) tested, this
clone responded only to peptide 314-328, indicating the
presence of a second site of T-cell recognition on the parent
peptide. The lack of recognition by this clone of longer
homologs that include the stimulatory region is similar to the
pattern of response of clones observed in other systems (16,
24) and may possibly be explained by conformational con-
straints imposed by the additional residues. The fact that this
clone failed to respond to analogs A or B suggests that the
Met-*Leu substitution at residue 320, which is common to
both these analogs, may be responsible for the lack of
reactivity, although it is equally possible that the Lys-
315-WVal substitution in analog A and the substitution of
residues 325 to 328 in analog B are independently capable of
abrogating activity. Despite the unique specificity of clone
8.1, this clone, like all the others in the panel, is I-Ed
restricted. Peptide H3 HA1(305-328) may therefore have
another agretope capable of interacting with this class II

molecule in addition to the one used in the presentation of
antigen to T cells specific for residues 306 to 319. It is also
possible, however, that all clones recognize a peptide bound
via an agretope within residues 314 to 319.
T cells from Mem 71 virus-primed BALB/c mice show no

detectable response to peptide H3 HA1(305-328) (unpub-
lished data), even though, as shown in the present study, T
cells capable of responding to this peptide are present in the
repertoire of BALB/c mice. This phenomenon is unlikely to
be due to competition for class II molecules to present the
region of HA corresponding to the peptide, because the
immunodominant response to Mem 71 virus is composed of
T cells restricted by I-Ad rather than I-Ed (4). Furthermore,
the majority of peptide-specific clones in this study did not
proliferate in culture with virus at the doses tested. This lack
of cross-reactivity may point to a difference in processing of
the C-terminal 24 residues of HA1 in the two forms of
antigen. When virus is processed by murine splenic APC,
this region, and residues 306 to 319 in particular, may not be
fragmented in a manner appropriate for efficient presentation
to T cells. This would be unlike the processing by human
APC that can present the 306- to -318 region of HA1 from
virus via DRI (29).

120 -

z 100-
0
H( 80-
cc
LU 60-
lL

O 40-

L- 20-
0-0

0

J. VIROL.

 on July 14, 2017 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


T-CELL CLONES TO A PEPTIDE OF INFLUENZA VIRUS HEMAGGLUTININ 3093

Two peptide-specific clones did, however, respond to
virus; clone 8.2 gave a very poor response to virus, while
4.51 appeared to recognize virus as efficiently as the isolated
peptide. One possibility is that any differences in the proc-
essing of the C-terminal region of HA1 of the whole virus and
that of peptide H3 HA1(305-328) are irrelevant to recognition
by the T-cell receptor of clone 4.51. An alternative possibil-
ity takes into account the observation made by Hackett et al.
(13, 14) that the stimulation efficiency of peptide 111-119 of
A/PR/8 (Hi) HA for virus-specific or peptide-specific T-cell
clones recognizing this region was 106- to 107-fold less than
that of viral HA. This was later shown (11) to be due to the
much more efficient presentation of the virus due to its
specific focusing onto APC via interaction with sialic acid
residues on the surface of the cell. If this is a general truth for
presentation of influenza virus, then clone 4.51 is recogniz-
ing virus approximately 106-fold less efficiently than ex-
pected. This would suggest that the 306- to -319 region as it
is seen in H3 HA1(305-328) is not a normal product of
processing or presentation of H3 virus by BALB/c APC.
Only the high affinity of clone 4.51, as evidenced by its
ability to recognize lower concentrations of peptide H3
HA1(305-328) than the other clones, would allow this clone
to detect a small amount of antigen that may be presented in
the required form.
The fact that clone 4.51 could be stimulated at low antigen

concentrations allowed examination of the response under
supraoptimal conditions. As found by Matis et al. (23) with
T-cell clones to cytochrome c, high antigen concentrations
were inhibitory and this high-dose suppression could be
overcome by addition of antibody against the relevant class
II molecule. Suppression was thought to result from block-
age of the mitogenic signal delivered by interleukin 2 due to
restimulation of the activated T cells 20 h after initial
stimulation (34). In those studies, suppression was observed
with a 65- and a 21-residue fragment but not with a 14-
residue synthetic peptide having full antigenic potency,
suggesting that size was a critical factor. Synthetic peptides
of 12, 13, and 14 residues can inhibit proliferation of clone
4.51 (Fig. 3).

In a previous study (31), the epitopes recognized by
BALB/c antibodies on peptide H3 HA1(305-328) were iden-
tified. Antibodies directed to the B-cell epitope 314-LKLAT-
318 dominated the primary response, whereas antibodies to
320-MRNVPEKQT-328 were predominant during the sec-
ondary response (6). The immunodominant site of recogni-
tion by T-cell clones, residues 306 to 319, encompasses
LKLAT, while the 314- to -328 region recognized by clone
8.1 encompasses both of the major epitopes recognized by B
cells. Celada and Sercarz (8) have proposed that T-cell-
B-cell cooperation for antibody production is not random but
that the B cell selects the T cell with which to cooperate.
This selection is postulated to take place at the level of
antigen processing and presentation by the B cell. The B cell
binds antigen via its immunoglobulin receptors, and then the
antigen-receptor complex is internalized and the antigen is
processed for presentation to T cells. The region of the
antigen bound by the paratope of the immunoglobulin may
be protected from enzymatic degradation during processing
and thus will be presented intact. Therefore the residues
recognized by the receptor on a B cell may overlap those
recognized by the T cell with which the B cell interacts, as
found in the present study. In this study the T-cell clones
were derived after a primary immunization or very soon
after a booster. It will be of interest to determine whether T
cells obtained late in the secondary response to H3 HA1(305-

328) have a specificity different to those of the T cells
described here, possibly with an increased frequency of
clones such as 8.1 that recognize the C-terminal end of the
peptide, which is associated with the B-cell epitope 320 to
328.
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