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Summary

We have analyzed the structural and genetic basis for T cell recognition of the complex formed
between antigen and class II products of the major histocompatibility complex by performing
sequence analysis of T cell receptors (TCRs) induced in response to the helper T cell site 1 of
the influenza virus hemagglutinin. The results demonstrate, first, that structurally highly diverse
TCRs can be utilized in recognition of the same antigen/I-Ed complex: 12 of 13 TCRs utilize
unique Vor/ V3 gene segment combinations, suggesting that ~70 different Vat/ VB combinations
‘are available to BALB/c mice in response to this determinant. Second, comparison of these sequences
with the ability of each hybridoma to recognize a panel of peptide analogues suggests that «
and B chains of these TCRs frequently determine specificity for the NH;-terminal and the
COOH terminal portions, respectively, of the site 1 determinant.

he specificity of T cell responses is mediated through

the clonally distributed, surface membrane-bound o/8
heterodimer of the TCR, and is directed toward recognition
of complexes formed between partially degraded protein an-
tigens and self-MHC molecules (1, 2). Molecular character-
ization has identified three basic mechanisms, termed germ-
line, combinatorial, and junctional diversity, by which TCRs
with diverse specificities and unique structures can be gener-
ated (reviewed in references 3-5). Previous structural anal-
yses of TCRs generated in response to defined antigen/class
I MHC complexes have generally identified a limited number
of different V regiongerm-line gene segments among TCRs
with the same specificity (6-14). Since TCRs that utilized
the same V gene segments in recognition of a common de-
terminant often express very similar junctional sequences, these
studies have suggested an important role for particular junc-
tional sequences in the formation of specificity for individual
antigen/class I MHC complexes (9, 10, 15, 16). However,
because of the structurally restricted nature of these responses,
how the V gene repertoire contributes to the specificity of
TCRs for different antigen/class Il MHC complexes has been
unclear.

Previous studies of the antigenicity of the influenza virus
A/PR/8/34 (PR8)! hemagglutinin (HA) have identified
several immunodominant Th determinants recognized by
BALB/c mice (17). One such determinant, termed site 1, com-

! Abbreviations used in this paper: HA, hemagglutinin; PRS, influenza virus
A/PR/8/34.

prises amino acids 110-120 of the HA1 subunit, and elicits
Th responses that are I-Ed restricted (17-19). Each site
1-specific Th hybridoma analyzed thus far has been found
to exhibit a distinct pattern of fine specificity for a panel of
20 different analogue peptides of the site 1 determinant,
demonstrating that there exists extensive functional diver-
sity in the Th response to the site 1/I-E¢ complex (20). We
wished to investigate how the germ-line gene segments and
somatically assembled junctional regions interact to form
TCRs with these distinct specificities for the site 1 deter-
minant. Sequence analysis indicates that a substantial propor-
tion of the available germline V and J gene repertoires are
expressed by TCRs that recognize the site 1/1-E¢ complex.
Comparison of the TCR sequences with the ability of the
hybridomas to recognize the panel of peptide analogues
demonstrates that the expression of different gene elements
forms the basis for the functional diversity of the response
to the site 1 determinant. This comparison further suggests
that the TCR « chain and 8 chain play important roles in
recognition of the NH;-terminal and COOH-terminal por-
tions, respectively, of the site 1 determinant.

Materials and Methods

Nucleotide Sequence Analysis. The hybridomas were generated
by a variety of protocols after immunization either with whole
virus or purified HA protein as described previously (17-21). The
following paits of oligonucleotide primers, which are complemen-
tary to adjacent positions at the 5 end of & and f chain C region
mRNA, were used to direct sequence analysis of the hybridoma
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TCR variable regions: Cal, 5dATCTTTTAACTGGTACACY;
Ca2, 5'dGGTGCTGTCCTGAGACCG?3'. In some cases, sequence
analysis was performed using a modification of the PCR (22) as
follows. Primers Cor2 and Cf82 wete 5' end labeled with y-[P]ATP
and used to prime the synthesis from 10 ug of poly(A)-selected
hybridoma RNA of full-length cDNA copies of o and B chain
V regions, which were synthesized and isolated from 5% poly-
acrylamide-urea gels as described (23). Approximately 10-20 G
residues were added to the 3’ end of the cDNAs by incubation
with terminal transferase (24), and the products were purified by
phenol extraction and ethanol precipitation. Tailed DNA was an-
nealed to 1 ng of the oligonucleotide 5'dGATCATGGTCCTAC-
ATTGC103' by heating to 65°C followed by slow cooling to 10°C
in a 20-ul volume of 20 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA,
pH 7.5. Second-strand synthesis was carried out by the addition
of 1 u1 0.2 M MgCl, 2 ul 0.1 M dithiothreitol, 2 ul 0.5 mM each
dNTP and 1 pl Sequenase (United States Biochemical Corp., Cleve-
land, OH) followed by incubation at room temperature and then
37°C for 15 min each. Reaction mixtures were boiled, 100 ng each
of the oligonucleotide 5'dGATCATGGTCCTACATTG?' and either
the Cal or CB1 primer was added, and reactions were diluted to
100 p1 and subjected to 30 cycles of amplification using Tagl DNA
polymerase (Perkin Elmer Cetus, Norwalk, CT) under standard
conditions (22). Full-length reaction products were isolated by elec-
trophoresis in a 3% Nusieve GTG (FMC Bioproducts, Rockland,
ME) gel and purified by phenol extraction and ethanol precipita-
tion. 1/10 of the product was then subjected to 10 further rounds
of amplification under the same conditions, and the reaction prod-
ucts were once more gel purified. A quarter of this material was
then used for dSDNA sequence analysis using Sequenase and either
the Carl or CB1 oligonucleotide to prime synthesis. In cases where
a mixed sequence that included the o or § chain V region sequence
of the BW5147 fusion partner was obtained, the reaction products
obtained after the first round of amplification were digested with
a restriction enzyme (usually Pstl of Pvull) that cleaves the BW5147-
specific dsSDNA but does not cleave the T cell-specific DNA. This
prevented reamplification of the BW5147-specific DNA and allowed
a single sequence to be obtained. The remaining TCR sequences
were determined after cloning of the V region sequences in A GT11.
The Co:2 and CB2 primers were phosphorylated and used to prime
the synthesis of cDNA from 10 pg of poly(A)-selected hybridoma
RNA! This was converted to dsDNA and packaged into A GT11
using standard methods (25). Replicate filters were screened using
32P-labeled Caxl and CB1 oligonucleotides, and also with the oli-
gonucleotides BW o 5'dCCCCATAAAGGGTCACTG3' and BWD
5dGGTTACTAGTTATCTGGCTGS’ which identified clones de-
rived from the o and B V regions of the fusion partner.

* Lymphokine Secretion Assay. Lymphokine secretion assays were
performed as described previously (20). Briefly, 2 x 10* T cell hy-
bridomas/well were cultured with 4 x 10° irradiated syngeneic

splenocytes/well (2,200 rad) and various concentrations of synthetic
peptides (0.00025-25 uM) in a total volume of 0.2 ml. These cul-
tures were incubated in flat-bottomed microtiter plates at 37°C,
7% CO;. Supernatants were harvested after 48 h, and the pres-
ence of IL:3 was determined by bioassay using the IL-3-dependent
cell line DA-1. DA-1 viability was determined by a colorimetric
assay using the dye 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenylte-
trazolium bromide, as originally described by Mossman (26). For
every T cell, the concentration of each analogue required for 50%
of the maximal stimulation achieved with the parental site 1 pep-
tide (SFERFEIFPKE) was determined from the dose-response
curves. These values were then normalized against that obtained
with the parental site 1 peptide to give the relative potency of the
peptides in stimulating individual T cells.

Results and Discussion

Sequence analysis of TCR o and 8 V regions from 13 site
1-specific hybridomas was performed after either molecular
cloning into A GT11 (25) or one-sided amplification in the
PCR (27-29). Several of the Va and V{3 chains were ana-
lyzed by both methods, and in all such cases, identical se-
quences were obtained. The nucleotide and deduced amino
acid sequences of the site 1-specific hybridoma Vo and V3
chains are shown in Fig. 1 A and B, respectively. Where pos-
sible, Vet, Ja, V3, and JB sequences have been assigned to
previously described families. The TCR gene segment usage,
o and 8 chain junctional amino acid sequences, and site 1
analogue fine specificity analysis are summarized in Fig. 2.

A large number of different Vo, Vf, Ja, and J8 gene seg-
ments were identified among the site 1~specific hybridomas.
10 distinct Vo gene segments drawn from six different fami-
lies and five different V3 gene segments drawn from four
different families were found. Similarly, 11 different o gene
segments and seven different J3 gene segments were isolated.
These different gene segments were used in many unique com-
binations. For example, the V[38.3 gene segment was used
in conjunction with six different Vo genes, as well as with
four different J3 gene segments, and each of the Vo4 family
members associated with a different V3 gene segment. With
the exception of 7/6AH1 and 1E10 (both of which express
Val10b and V38.3), each of the site 1-specific hybridomas
expresses a unique combination of Vo and V3 gene segments.
Despite this overall diversity, particular o and 8 chain gene
segments and gene segment combinations were repetitively
observed. For example, the V[38.3/J81.3 combination was
expressed by 4 of the 13 hybridomas (Fig. 2). Three members

Figure 1. V region sequences of site 1-specific TCRs. The nucleotide and deduced amino acid sequences of the 13 site 1-specific hybridomas are
shown. Gaps, denoted by dotted lines, have been introduced to maintain alignment of certain residues that are conserved among all TCRs. Members
of the same family are shown relative to one of the V gene sequences; dashed lines denote identity with that sequence. Unassigned nucleotides and
amino acids are indicated by ?. The amino acid position numbering is based on the NH;-terminal Cys residue being assigned to positions 22 and
23 for the o and B chains, respectively. (4) o chain V region sequences. Va region sequences are assigned to families described by Arden et al. (35)
based on the sharing of >75% homology with sequences previously assigned to these families. The Vax gene sequence isolated from hybridoma 2B11
displays no significant homology to any of these sequences; however, it is very similar to a recently described family (VaP14A.1) (36). Jox gene segments
were assigned to previously described Jo gene segments (4, 37) if they displayed continuous identity that included >18 nucleotides 5' to the largely
conserved J region motif Phe-Gly-X-Gly (37, 38). Those Jas that display no significant homology with previously described Ja gene segments were
given the hybridoma designation. (B) 8 chain V region sequences. The V(3 gene segments are assigned to families described by Wilson et al. (4);
the JB sequences are assigned to 1 of the 12 defined functional germ-line gene segments (38, 39). These sequence data have been submitted to the

GenBank database and assigned accession numbers M34194-M34219.
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FINE SPECIFICITY
GENE SEGHMENT
ol o |mle]| v [e|]r]= JUNCTIONAL SEQUENCES  |EXP.
-l - -1 - - -l -]~ ASS I GNNENT
S| E RI|F E jI|FI{P
HYBRIDONA|-|p g ajkely EiD 6 LiLiy ElA W]Vel Je IIVBIJIB | o« JUNCTIONS || B JUNCTYIONS
7/6AH1 10b|cTHa2]{8.3 | 1.3 | CAMGUSGSFNKL . . TF || CRSSUGSGNTL. .YF | 1
1E10 10b] 2B4 [18.3]| 1.3 [CAMARTGGNNKL .. TF || CASSUGSGNTL. .YF | 2
P iD3A6 10al 2B4 83| 1.3 |CAMEATGGNNKL . .TF || CRSSAGAGNTL ..YF | 3
LD1 TA31||8.3| 1.3 | CAUSHDGNEK! ... TF || CASSUGSGNTL . .VF | 4
LD3 . H J2¢ |[8.3]1.2 [CAARSTGFASAL .. TF || CARSPTGNTDY. .TF | 5
2811 . . 2811 ||8.3]| 2.4 |CATETGNTRKH. . . IF || CASRRQGPSQNTLYF | 6
nTi-7 bl ¢5 ||8.3] 2.6 | CALSOKTGANTGKLTF || CASSURVWGPEQ.YF | ¢
MTi-6 4a]TR61 ]| 2 | 2.4 |CALSDRGTNTGKL .TF || CSAGTGGATNTL .YF | ¢
v2.1 4a| 284 ||8.21 2.1 |CALSGGNNKL ... .TF || CASGGGRGSYREQFF | 8
MT1-27 4b|1-27][10 | 2.1 [cALRSNvAL . .... 14_|| CASSYRTPPYAEQFF | ¢
NTi-14 - bl1-14 (| 4 12 4 |CALSDQRGKL....|F || CASSPKTRANTL.VF | 7
[(nmi-3s” WM T M W T T T I T T [eclvasoI] 4 | 1.4 [CALANTGGADAL . .TF || CANSKRANERL .FF | 7
[CPiF12cs | nd. [8ac] e5 8.2 1.1 [CALSERSGANTGKLTF || CASGARQANTEV.FF [ 9

Figure 2. Site 1-specific hybridoma fine specificity analysis and TCR structure. The ability of the hybridomas to recognize analogues of the site.
1 determinant has previously been described (20). Briefly, for each hybridoma, filled squares indicate a relative stimulation potency (see Materials and
Methods) of the indicated peptide analogue that fall between 10-fold less and 10-fold greater than that of the native site 1 determinant; open squares
indicate <1/10 relative stimulatory potency; filled squares with a central H indicate heteroclitic potency, i.e., >10 times the stimulatory potency of
the native ite 1 determinant. The amino acid substitutions are shown relative to the native site 1 sequence, SFERFEIFPKE, and in each case involve
single amino aci¢ interchanges. The $110 analogue represents removal of the NHj-terminal serine from the site 1 determinant. Analogues of positions
111, 119, ahd 120 are not shown because each of the site 1-specific hybridomas exhibit identical recognition properties for these peptides (20). The

hybridoma « and B chain gene segment assignments are shown. Since multiple family members were obtained from the Vard, Va8, and Va:10 families,

these have arbitrarily been denoted a, b, or c. Also shown in the single-letter code are the junctional amino acid sequences of the o and 8 chains.

The displayed sequences are those that include the invariant Cys residue present near the 3' end of Vo and VB segments, and the largely invariant

Phe residue of the Phe-Gly-X-Gly motif that is present in the middle of most Jor and JB sequences (38, 39). Dots are introduced to facilitate alignment

of the sequences. Experiment number indicates the donor mouse from which hybridomas derive.

of the V38.3/J81.3-expressing group (7/6AH1, 1E10, and
LD1) display identical entire § chains, including junctionally
encoded amino acid residues. The fourth member, P1ID3A6,
expresses a 3 chain that differs only by two conservative junc-
tional amino acids. These examples of identical, and in one
case highly related, VB chains include junctional amino acids
that must, in part, be encoded by N nucleotide addition, sug-
gesting an important role for the 8 chain junctional sequences
in the formation of specificity for the site 1/I-E¢ complex.
The coselection of specific junctional sequences in the con-
text of common V gene elements has previously been ob-
served in the responses to cytochrome ¢ (15, 16) and myelin
basic protein (9, 10). Because of the large number of different
gene segment combinations that were utilized in the site 1
response, however, the repetitive isolation of specific junc-
tional sequences is not a prominent feature of formation of
specificity for this determinant.

The structural diversity of these TCRs is reflected by the
unique pattern of reactivity that each hybridoma displays to-
ward peptide analogues of the site 1 determinant (Fig. 2).
Among the hybridomas from the V38.3/J31.3 group that
express identical (or in one case, very similar) 8 chains, the
differences in specificity for the peptide analogues occur be-
cause of differences in the TCR. o chains. Moreover, since
these hybridomas differ in their specificity only for analogues
at positions 110-113, the results demonstrate that the « chain
is making important contacts with the NH;-terminal por-

1647 Taylor et al.

tion of the site 1 determinant. It is, furthermore, interesting
that the identical specificities of these hybridomas for ana-
logues at positions 114-118 are unique to and characteristic
of hybridomas that express the V38.3/J831.3 combination;
none of the other hybridomas show this reactivity pattern,
including those that express V/38.3 in conjunction with other
JB gene segments. As noted above, the V(38.3/J81.3 hybrid-
omas utilize identical (or nearly identical) 8 chain junctional
sequences, the presence of which implies that these 8 chains
have precise and closely related structural requirements for
recognition of the site 1-I-E¢ complex. In conjunction with
the clear contribution made by the a chain in recognition
of positions 110-113, the association between the expression
of identical B chains and shared specificity for analogues at
positions 114-118 suggests that these TCR £ chains play an
important role in recognition of the COOH-terminal half
of the site 1 determinant.

A second major group of four hybridomas shares in com-
mon the expression of one of two genes from the Vor4 family,
and utilizes highly diverse 8 chains derived from four different
VB gene families. This group is characterized by shared
specificity for analogues at positions 110-112; each of the hy-
bridomas displays a unique specificity for analogues at posi-
tions 114-118. Since this group does not contain any examples
of hybridomas whose TCRs differ only in the o or 8 chain,
it is not possible to make precise assignments of the role of
each chain in determining specificity for the different ana-



logues. It is nevertheless noteworthy that this group of hy-
bridomas is consistent with the V38.3/J81.3 group, in as
much as there is an association between the sharing of common
« or 8 chain sequences, and shared specificity for the NH;-
terminal and COOH-terminal portions, respectively, of the
site 1 determinant.

The extensive V and ] gene segment diversity of the site
1-specific TCRs is in contrast to many previous studies (6-14),
which demonstrated that TCRs induced in response to cer-
tain antigen/class Il MHC complexes utilized a limited number
of germ-line gene elements. Based on the sample obtained
here, the total number of different gene segments that are
expressed in recognition of the site 1/I-E¢ complex can be
estimated from the frequency with which individual Vo, V3
Jo, and JB gene segments were repetitively observed among
the site 1-specific hybridomas (Table 1). For the V8 and J8
gene segments, the most likely estimate is that five different
VB and eight different JB gene segments are utilized in the
formation of TCRs that recognize the site 1/I-E¢ complex,
closely resembling the actual number observed. For Vo and
Jot gene segments, the most likely estimates are that 22 different
Va and 35 different Ja gene segments are utilized in TCRs
with this specificity. This analysis suggests, then, that ap-
proximately one-fifth each of the total Vo and Vi, and greater
than one-half of the total Jor and JB germ-line repertoires,
are utilized by the BALB/c mouse in response to this deter-
minant. Because both positive and negative selection act on
developing thymocytes to influence the repertoire that is ex-
pressed by peripheral T cells (30, 31), the available repertoire
does not constitute a random expression of the germ-line reper-
toire. These projections are based on the assumption that each
species is randomly drawn from the available repertoire; ac-
cordingly, the proportion of the available, peripheral germ-
line gene repertoire that is utilized cannot be assessed.

It is also possible to estimate the number of different Va/ V3
gene segment combinations that are utilized to recognize the

site 1/1-E¢ complex (Table 2). Among 13 TCRs, there is one
pair of hybridomas (7/6AH1 and 1E10) that expresses the
same Vor/ V3 gene segment combination. Based on this re-
peat expression of a single Va/ Vg pair, the most likely esti-
mate is that the BALB/c mouse utilizes 74 different Vao/ V3
combinations in recognition of the site 1/I-E¢ complex.
Since this estimate is based on the identification of only a
single Vo/V3 pair, there is a considerable amount of error
associated with it. Although the most likely estimate is that
74 different combinations are utilized, the lower 95%
confidence bound predicts that 20 different combinations are
used. Even this lower limit greatly exceeds similar estimates
of the number of different Var/VB combinations that are
utilized by TCRs specific for other Th determinants (Table
2). Interestingly, this number of potential Var/ V8 combina-
tions is approximately equal to the number of different
Vu/V, combinations that can similarly be estimated to be
utilized in the BALB/c antibody response to the antigenic
site Cb of the PR8 HA. Site Cb-specific antibodies recog-
nize overlapping epitopes on the HA, which are abolished
by amino acid substitutions in a linear stretch of six amino
acids on the surface of the HA (32). The structure of this
antigenic site resembles models of the structure of antigen/class
I MHC complexes, which propose that T cells recognize
the antigenic peptide found in a cleft on the surface of the
class Il molecule (3, 33). Comparison of the response to these
determinants is interesting in view of the requirement as noted
above that T cells undergo processes of positive and negative
selection that eliminate many thymocytes and restrict the avail-
able TCR repertoire to those that can recognize foreign an-
tigens in the context of the host’s particular MHC molecules
(30, 31). There is no equivalent bias introduced into the gener-
ation of the B cell repertoire; nevertheless, similar numbers
of V gene combinations are estimated to be utilized by B
and T cells in recognition of these presumably comparable
antigenic structures.

Table 1. Estimated TCR Gene Segment Repertoires Utilized for Recognition of Site 1/I-E¢ Complex

Site 1-specific hybidomas

Most likely
site 1-specific
Most likely Estimated total repertoire/estimated
No. of species/ site 1-specific germ-line total germ-line
sample size repertoire repertoire repertoire
Va 10/13 22 100 0.22
v 5/13 5 25 0.20
Ja 11/13 35 50 0.70
18 7/13 8 12 0.66

The most likely number of different species (n) is calculated by finding the value that maximizes the formula (40): S(r,d)3d!/n"; where S(r,d) are
Stitling’s numbers of the second kind, and d is the number of different species observed among a sample of size r. This statistic estimates the most
likely number of different species that exist in a population from which the observed number of different species was randomly drawn. The predicted
number of different @ and 3 chain gene segments that are used in the recognition of the site 1/I-E4 complex is shown. The estimated total germ-line
repertoire (3) and the ratio of the predicted number of species to the estimated germ-line repertoire are also shown.
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Table 2. Estimated TCR Va/V8 Combinations Utilized
Sfor Recognition of Defined Antigenic Determinants

No. of species/  Estimated total

Sample sample size ~ Va/Vf repertoire
a. Site 1 12/13 74
b. Cytochrome ¢ 6/10 8
¢. Cytochrome c¢* 4/15 4
d. Aclt 6/12 7
e. Myelin basic protein’ 2/8 2
f. Myelin basic protein 4/33 4
g. Cbl 20/23 77

The estimated number of different V gene combinations that are used
in recognition of individual determinants is indicated. The number of
different Vor/ VB combinations that are expressed in recognition of (a)
the site 1/I-E4 complex; (b) the COOH-terminal determinant of pigeon
cytochrome ¢ induced in B10.A mice (7); (c) the COOH-terminal deter-
minant of pigeon cytochrome ¢ induced.in. B10.A mice (7); () the COOH-
terminal determinant of pigeon cytochrome ¢ induced in B10.A mice,
from Sorger et al. (6); (d) residues 12-26 of the A virus repressor protein
¢l induced in A/J mice (8); (¢) the NHz-terminal determinant of mye-
lin basic protein (10); (f) the NHz-terminal determinant of rat myelin
basic protein induced in B10.PL mice (9). Also shown (g) is the esti-
mated number of different V,,/V, combinations that are used in recog-
nition of the antigenic site Cb on the HA (32).

* Based on Southern blot analysis, two hybridomas from this panel, E2
and 2C2, could not be unambiguously assigned to a particular Var11 fa-
mily member, and therefore were not included in the present analysis;
the Va1l family member assignments for hybridomas B10, C557, and
2B4 are from reference 7; the Var11 family member assignment for C8
is from reference 41.

# Since the VA8 family member assignments were not determined for

It is not clear why the degree of structural diversity of
the site 1-specific TCRs differs so dramatically from that ob-
served in response to other antigen/class I MHC complexes.
It is possible that there is substantial variability in the number
of different gene segments and gene segment combinations
that can be expressed in response to individual antigen/MHC
complexes. This might in part account for differences in the
immunodominance of particular antigenic determinants (20,
34). Alternatively, the considerable structural diversity of the
response to the site 1 determinant might reflect the phylo-
genetic distance between the HA and the proteins of the
mouse. The more structurally restricted responses to deter-
minants such as cytochrome ¢ and myelin basic protein might
be a consequence of the requirement for self-tolerance and
the close relationship between these proteins and the corre-
sponding self-determinants of the responding animal. By this
model, however, it is unclear why the murine response to
A phage repressor protein cI also shows limited structural
diversity. The analysis of the genetic basis for the generation
of TCR:s that recognize other determinants of the HA might
allow these issues to be resolved.

hybridomas 47IV and 391, these hybridomas were not included in the
present analysis.

$ Six of these hybridomas were induced in PL/J mice, and two were in-
duced in (PL/] x SJL) F1 mice; either rat- or bovine-derived myelin basic
protein determinants were used to induce these hybridomas.

I Based on reference 42. This estimate excludes an unusual set of anti-
bodies that dominates the primary response to the site Cb, and includes
some additional antibody sequences (Caton, A. J., unpublished obser-
vations).
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