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B

T lymphocytes, in contrast to antibodies, appear to recognize primarily a limited
number of antigenic sites on any given antigenic protein. We find that a single site
can so dominate the T-cell repertoire that the presence or absence of a response to one
immunodominant site can make the difference between a high responder and a low
responder, even though low responders respond to other sites almost as well as high
responders. Besides interaction with major histocompatibility complex (MHC)
molecules, the mode by which the antigen is processed into fragments for T-cell
recognition also determines which sites are seen. The products of natural processing
of the protein appear to be larger than the synthetic peptides and contain structures
which hinder binding to certain MHC molecules or to the T-cell receptor. A third
factor in immunodominance is the intrinsic structure of the antigenic site. We have
shown that amphipathic helices have a higher than random chance of being
immunodominant, and have developed a computer program to locate such structures
in protein amino acid sequences. We prospectively predicted sites in the malaria
circumsporozoite protein and found that the four most widely recognized sites in an
endemic area of West Africa were all predicted. Similarly, we identified two helper
T-cell sites from the HIv (AIDS virus) envelope, and have now shown that
immunization with these elicits enhanced antibody responses to the whole envelope
when injected into monkeys. These sites are also recognized by human T cells from
volunteers who had been immunized with a recombinant vaccinia virus expressing
the HIv envelope. Also, because cytotoxic T lymphocytes (cTLs) may play a critical
role in defence against Amps, we have used a recombinant vaccinia virus and
transfectants expressing the Hiv envelope gene to induce specific cTLs against the HIv
envelope. Using synthetic peptides, we were able to identify the first cTL recognition
site in the Ams virus. These results may contribute to the rational design of
vaccines.
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INTRODUCTION

In contrast to antibodies that bind antigen free in solution and often only in the native
conformation (Benjamin et al. 1984 ; Berzofsky 19854a), T cells recognize antigen only on the
surface of another cell, and, for native proteins, only after they have been ‘processed’ by
proteolysis or at least unfolding (Unanue 1984 ; Berzofsky 19854, 1987; Allen 1987). Resulting
processed fragments associate with molecules encoded by the Major Histocompatibility
Complex (MHC) of the cell ‘presenting’ the antigen to the T cell, and the T-cell receptor
appears to recognize this complex (Benacerraf 1978 ; Rosenthal 1978 ; Babbitt ef al. 1985 ; Buus
et al. 1987). This complex mechanism leads to the immunodominance of a few antigenic sites
in each protein (Berzofsky 1986, 1988). We have observed that immunodominance depends
on the mode of processing and intrinsic features of the site as well as binding to the muc
molecule. An understanding of the principles that lead to immunodominance may contribute
to the rational design of vaccines, in which these immunodominant T-cell antigenic sites should
play a major role.
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THE IMPORTANCE OF IMMUNODOMINANCE

The structural genes of the MHC have been determined to be the functional genes described
originally as Immune Response (Ir) genes on the basis of their ability to control the level of
immune response to individual antigens (reviewed in Berzofsky 1987). In the case of multi-
epitope protein antigens, high responders were found to respond to more epitopes than
intermediate or low responders, at both the antibody and T-cell level, and the responses to
different epitopes on the same protein were controlled by potentially distinct Ir genes
(Berzofsky et al. 1979; Kohno & Berzofsky 1982). This led to the notion that level of
responsiveness was in part related to the number of epitopes recognized. However, this concept
needs to be modified in that not all epitopes carry equal weight in this equation. We have
recently found by a limiting dilution analysis of the frequency of T-cell clones specific for
different epitopes of myoglobin, that the overall three-to-fourfold difference in the total
frequency of clones responding to myoglobin in association with high- or low-responder muc
types can be accounted for largely by the frequency of clones specific for one single epitope
(Kojima et al. 1988). This epitope, comprising residues 102-118, appears to be the major
immunodominant site in two high-responder haplotypes, H-2° and H-2°, and to be
unrecognized by two low-responder haplotypes, H-2* and H-2" (Berkower et al. 1982, 1984,
1985; Kojima et al. 1988). In this study, high responders and low responders were found to
have nearly equal frequencies of clones responding to other regions of the molecule, such as sites
in the 1-55 fragment, but in the low responders, these constitute the bulk of the response. The
responses to these other sites never compensate for the lack of responsiveness to the
immunodominant site 102—-118. Thus the presence or absence of the response to a single site
can make the difference between high and low responsiveness. We also conclude that there
must be something special about this immunodominant site.

In studying the specificity of T-cell clones for this site, we found that different clones see it
in slightly different ways, as assessed by their responses to overlapping and nested series of
peptides (Cease et al. 1986a). Similar conclusions were reached by E. E. Sercarz’s laboratory
(Manca et al. 1984 ; Shastri ef al. 1985) and by Allen et al. (1985) for lysozyme, and similar
observations were made for ovalbumin (Shimonkevitz ¢t al. 1984) and cytochrome ¢ (Schwartz
et al. 1985). On the one hand, we may hypothesize from these results that this focusing of a
multiplicity of clones on a single site contributes to the frequency of clones specific for that site
and therefore its immunodominance, although this does not explain the reason for this
focusing. Also, we do not yet know whether similar focusing occurs for non-immunodominant
sites. On the other hand, this result also implies that immunodominance is not caused by the
pre-emption of the response by a single clone of T cells, and, indeed, is independent of any
single clone of T cells responding. We must therefore look outside the T cell for the reasons for
immunodominance of a given site.

In principle, we can divide the factors that determine immunodominance into those intrinsic
to the structure of the antigenic site itself, and those extrinsic to the antigenic site, such as
factors in the host making the immune response.
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EXTRINSIC FACTORS IN IMMUNODOMINANCE

The requirement for binding of antigenic peptide to the Mmuc molecule for T-cell recognition
clearly plays a major role in selecting which sites will be immunodominant in any given MHG
haplotype (Rosenthal 1978; Benacerraf 1978 ; Berzofsky 1986, 1988). This binding has been
studied extensively (Babbitt et al. 1985; Buus et al. 1987; reviewed in Berzofsky 1987, 1988).
In the case of myoglobin, we observed that one site is immunodominant with I-A% but that
if I-E% is the only presenting element available, then another site, 132-146, isimmunodominant
(Berkower et al. 1985 ; Kojima et al. 1988). The major competing hypotheses for the mechanism
of Ir-gene control are, indeed, the ability of the relevant peptide to bind to the MHC molecule
of the animal in question, and the presence of T cells with the appropriate specificity in the
repertoire of that animal (Berzofsky 1987).

However, we have observed that other factors such as antigen processing can play a major
role in the determination of immunodominance and therefore Ir-gene control. For example,
H-2* mice fail to produce T cells responding to the 102-118 site of equine myoglobin when
immunized with the whole molecule, and yet when immunized with the synthetic 102-118
peptide, they produce T cells responding perfectly well to 102-118 in association with I-A*
(Brett et al. 1988). The antigenic site 102118 can therefore bind to I-A¥, and there are T cells
in the repertoire of these mice that can see that site. Thus neither of the conventional
mechanisms of Ir-gene defects appears to be able to explain these results. A clue comes from
the fact that the T cells elicited by immunization with the peptide fail to cross react with the
native protein. It therefore appears that the natural product of processing of the native protein
and the synthetic peptide do not cross react in this strain of mice, even though they do in mice
of another muc haplotype (H-2%). As the strains of mice differ only in MHC, one would imagine
that the same peptide fragments are produced by processing in both. To test for muc-linked
processing differences as the cause, we took advantage of the fact that we had T-cell clones of
both haplotypes that saw essentially the same epitope. F, hybrid-presenting cells that could
process and present the native protein to H-2° T cells specific for 102-118 must be able to
produce a fragment containing the epitope. However, the same F,-presenting cells failed to
present this epitope to H-25 T cells when the native antigen was used. Thus the results are not
due to an H-2-linked failure to produce a fragment containing the appropriate epitope, but
rather to production of a fragment in presenting cells of either MHG type or the F, that can
interact with I-A® but not I-A¥. Also, as we see the same result with single T-cell clones the
results cannot be due to the presence of suppressor 'E cells that react with other sites on the
whole protein. We therefore presume that the product of natural processing of myoglobin is
larger than the synthetic 102-118 peptide, and includes structures that hinder binding to
I-A* but not to I-A® (Brett ef al. 1988).

A similar conclusion can also be drawn from the observation that a T-cell clone that responds
to sperm whale but not equine myoglobin when the native proteins are used responds to the
synthetic peptides 102-118 from both species (Brett et al. 1988). Here it appears that the
product of natural processing of equine myoglobin cannot be seen by this clone, whereas those
of sperm whale myoglobin can, even though the antigenic site is present on both and can be
seen equally well if the appropriate synthetic peptide is made. Similar results were found for
lysozyme by Gammon et al. (1987). We conclude from all these studies that processing can play
a very significant role in determining which antigenic sites are immunodominant. Antigenic
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sites, which alone could bind to the appropriate MHC molecules and be seen by appropriate
T-cell receptors, may fail to be recognized because of structures outside the actual antigenic
site but associated with it by the mechanisms of processing.

INTRINSIC FACTORS IN IMMUNODOMINANCE

Extrinsic factors discussed above, such as MHG interaction and processing, as well as others
such as self-tolerance to homologous self-protein epitopes, all select from a repertoire of
potential immunodominant antigenic sites. Therefore, one can ask, are there features intrinsic
to the structure of these antigenic sites that favour them to be immunodominant, independent
of the extrinsic factors that vary from host to host? If there are such factors, these would operate
at a different level, on which the extrinsic factors would then be superimposed.

For myoglobin, we noted that both of the immunodominant sites 102-118 and 132-146 were
amphipathic helices in the native protein, i.e. helices with one side hydrophobic and one side
hydrophilic (Berkower et al. 1986 ; Cease ¢t al. 1986a). Only about half of the a-helices in native
proteins in the crystal structure database are amphipathic (Cornette et al. 1987). This property
seemed potentially important because we could locate critical antigenic residues on the
hydrophilic side of the helix (Berkower et al. 1985, 1986 ; Cease ¢t al. 19864), and yet our studies
of antigen processing suggested that the purpose of processing was to unfold the molecule to
expose residues that are not normally exposed in the native protein (Streicher et al. 1984;
Berzofsky 19854). In these latter studies, it was found that an unfolded form of the intact
protein molecule behaved like the short peptide and did not need processing. A similar result
was found for denatured lysozyme (Allen & Unanue 1984). What these unfolded structures
have in common is that they expose residues on the hydrophobic side of the helix that are not
exposed in the native molecule. We hypothesized that exposure of these hydrophobic residues
may be important for interaction with some structure on the surface of the antigen-presenting
cell, such as the muc molecule or the membrane itself. If both the hydrophobic and hydrophilic
side were important, each could serve a different function, such as binding to the T-cell
receptor and to the MHC molecule. A similar model with two subsites for these two functions had
been proposed for cytochrome ¢ (Heber-Katz et al. 1983), but in that case the sites were thought
to be separated along the linear sequence of the molecule, rather than interdigitated but
separated in space by the helical folding as for the myoglobin amphipathic helices. We
therefore hypothesized that this type of amphipathic helical structure might be a favoured
structure for T-cell recognition (DeLisi & Berzofsky 198g). This idea is also consistent with the
notion that because the T cell sees only short peptides cleaved from the protein, all the
necessary information has to be in local primary and secondary structure, and not in tertiary
structure.

To see whether this concept might be applicable to many proteins for which immuno-
dominant T-cell epitopes had been identified, we developed a computer algorithm to look
for such structures in protein sequences (De Lisi & Berzofsky 1985; Margalit ef al. 1987). This
algorithm is. based on the idea that for a helix to be amphipathic, every time one moves full
turn from a hydrophilic residue one wants to come to another hydrophilic residue, and
similarly, a hydrophobic residue should be one full turn from a hydrophobic residue.
Therefore, the hydrophobicity (where hydrophilic is the negative of hydrophobic) of the amino
acids along the sequence should oscillate with a periodicity similar to the structural periodicity
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of the helix. Accordingly, the algorithm searches for regions of sequence with a periodicity of
hydrophobicity such that if the sequence were folded as a helix, the helix would be
amphipathic. A moving window of overlapping 11-residue segments, shifted just one residue
at a time along the sequence, is tested for best-fit frequency of a sinusoidal function by a Fourier
transform or least-squares best fit. For short sequences such as this 11-residue window, we have
found that the least-squares method works best (Cornette et al. 1987 ; Margalit et al. 1987). By
this approach, we analysed the sequences of 12 proteins for which 23 immunodominant class
IT muc-restricted T-cell antigenic sites had been defined in the literature. Eighteen of the 23
were found to fall in regions of the protein sequence which, if folded as an a- or 3,,-helix, would
be amphipathic (Margalit et al. 1987). This correlation, compared with the rest of the
sequences of the same proteins, was highly significant (p < 0.001). The analysis has now been
extended to a larger database of 48 sites, and the correlation remains significant (about 719,
have such structures; p < 0.003). Although only a limited number of sites seen with class I muc
molecules have yet been defined (Townsend et al. 1986; Maryanski et al. 1986; Gotch
et al. 1987), most also have this property. However, the database of class I-restricted sites is too
small to determine statistical significance. It should be noted that there are clearly other ways
of making immunodominant T-cell antigenic sites, as 25-30 9, of the known sites would not
fold to make amphipathic helices. Nevertheless, this seems to be a favoured structure, and so
may be a clue to the chemistry of the interaction as well as of practical importance in vaccine
development. It should also be noted that not all of these sequences correspond to helices in the
native proteins, in some of the cases where crystal structures are available. However, because
the T cell does not see the native protein, but only a short peptide cut from the constraints of
the native molecule, what matters may be the ability of that peptide to fold appropriately when
placed in the right environment. An anisotropic environment, which has a hydrophobic and
hydrophilic region, would stabilize a helix if that helix were amphipathic, because the helix
would allow the hydrophobic residues to interact with the hydrophobic region of the
environment and the hydrophilic residues with the hydrophilic regions. Indeed, peptides that
have this periodicity were found to take on significant helical structure in the membrane
mimetic environment of detergent micelles, as determined by circular dichroism (Sanza et al.
1987).

Another type of statistical analysis of immunodominant T-cell antigenic sites, using Monte
Carlo computer techniques, has also indicated that amphipathic helices occur more frequently
than by chance in the database of proteins with known immunodominant T-cell epitopes
(Spouge et al. 1987, 1989). Indeed, a-helices themselves also occur more frequently than by
chance alone. Helical tendency was found to be important for one particular epitope of
cytochrome ¢ studied in depth (Pincus et al. 1983; Schwartz 1985). Matching techniques
demonstrate that these two significant correlations are independently significant; that is,
neither one is significant merely because it'is correlated with the other. In addition, a
surprisingly high frequency of lysine residues near the carboxy terminus was found. These were
more significant than could be accounted for simply by their helix-stabilizing tendency.
Moreover, the random coil conformation was anticorrelated ; i.e. lack of such coil tendency in
the Garnier et al. (1978) parameters was significant. No significant association with
B-conformations or B-amphipathicity was found.

Several possible explanations have been considered for the enhanced probability of
amphipathic helical segments to be immunodominant T-cell antigenic sites. One is that helices
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fit snugly into the groove at the surface of the Mmac molecule, based on the recent crystal structure
of a class I mac molecule (Bjorkman et al. 1987a,b) and the predicted model structure of a class
IT molecule (Brown et al. 1988). Moreover, the floor of the groove, although not completely
hydrophobic, is more hydrophobic than the sides of the groove. Therefore, the amphipathicity
may serve to orient the peptide helix rotationally in the groove, ensuring that the hydrophilic
side is exposed to the T-cell receptor. Another possibility is based on the fact that amphipathic
helices are known to be able to intercalate into membranes (Kaiser & Kézdy 1984). Because
of the low affinity of peptide for muc (Babbitt ¢t al. 1985; Buus et al. 1986), we suggest that a
peptide that can associate with the membrane for a longer period of time, and accumulate at
a higher concentration, would have a greater chance of binding to the Muc molecule (Cease
et al. 1986 b; Berzofsky et al. 1987). Indeed, this idea led to the suggestion that the presenting
cell membrane may serve as a reservoir or short-term memory of peptides from proteins
recently encountered. These would be constantly sampled by mMuHC molecules so that if the
appropriate T cell came along, it would bind, stabilize the complex, and itself be activated
(Berzofsky et al. 1986, 1987). This idea has also been proposed by Falo et al. (1987). A third
possibility is that amphipathic helices tend to be in less protruding portions of native proteins
and so are less susceptible to proteases involved in processing. Regions that survive processing
may be more likely to be available for T-cell recognition (O. Werdelin and J. Rothbard,
personal communications).

A sequence pattern found by Rothbard & Taylor (1988) to be associated with T-cell
antigenic sites for both class I and class II MHC molecule-restricted T cells, interestingly is
consistent with one turn of an amphipathic helix. This finding may therefore have a mechanism
in common. Also, another approach for searching protein sequences for amphipathic helices
has been reported by Stille et al. (1987).

PRACTICAL APPLICATIONS TO VAGCINES

Whatever the mechanism by which amphipathic helices seem to be favoured as
immunodominant T-cell antigenic sites, this correlation may have practical application to
vaccine development. As helper T cells are central to both antibody and cytotoxic T-cell
immunity, and can secrete protective lymphokines such as interferon y themselves, it is
obviously important for a vaccine to contain epitopes that will be immunodominant for helper
T-cell recognition. This amphipathicity approach may allow us to find such sites more
efficiently than by large-scale screening.

Prospectively, we have predicted successfully four helper T-cell sites of the malaria
Plasmodium falciparum circumsporozoite protein recognized by both murine and human T cells
(Good et al. 1987, 19884,b), and have coupled one of these to the major neutralizing antibody
epitope to produce a synthetic construct that elicits immunity in mice that do not respond to
the antibody epitope alone (Good et al. 1987). This type of construct, containing both a helper
T-cell epitope and an antibody epitope from the same protein, may be useful in priming both
T- and B-cell memory to allow an anamnestic response when the recipient is exposed to the
pathogen in nature, as opposed to use of a foreign carrier protein that would not elicit T-cell
memory for the pathogen. The four most widely recognized T-cell sites of the P. falciparum
circumsporozoite protein in an endemic area of West Africa were all predicted, and only one
strongly predicted site was not seen by this population (Good et al. 1988a).
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We have also identified prospectively three proliferative T-cell sites of the envelope of the
human immunodeficiency virus (H1v) recognized by murine T cells, one of which can be used
to immunize mice to elicit T cells that respond to the native envelope protein (Cease et al.
1987; Hale et al. 1989). Immunization with these peptides elicits enhanced antibody responses
to the whole envelope when injected into monkeys (Hosmalin et al. 1989). Two of these sites
tested are also recognized by human T cells from volunteers who had been immunized with a
recombinant vaccinia virus expressing the HIv envelope (Berzofsky et al. 1988). Indeed, one of
the sites (env 428-443) was seen by T cells from eight of 11 outbred HLA-diverse individuals
that had been boosted 44 days before the test. Significantly for vaccine development, we
observed in this study that those human volunteers who were boosted with antigen—antibody
complexes of soluble protein fragment from the HIv envelope bound to a monoclonal antibody
gave significantly higher proliferative T-cell responses than those who were boosted with
soluble protein fragment alone (Berzofsky et al. 1988). We have also identified one
immunodominant site for murine cytotoxic T-cell recognition of the Hiv envelope
(Takahashi ef al. 1988), using a recombinant vaccinia virus and transfectants expressing the
HIv envelope gene to induce specific cTLs against the HIv envelope in mice. However, we
observed that such sites are very limited, and of five different class I MmHC molecules in two MHC
haplotypes that could have presented HIv envelope sites, only one appeared to be used
(Takahashi et al. 1988).

Other malaria sites from the blood stage (Kabilan et al. 1988), as well as sites on the
acetylcholine receptor recognized by peripheral blood T cells from patients with myasthenia
gravis (Hohlfeld ef al. 1988) have also been identified prospectively by the amphipathicity
algorithm. Identification of such sites and construction of synthetic molecules containing helper
T-cell, cytotoxic T-cell and antibody epitopes may help in the rational design of synthetic or
recombinant vaccines. The hope is to improve on natural antigens in vaccines by making
molecules that are more immunogenic and that exclude sites that might induce suppressor cells
or that might lead to unwanted immune responses, such as enhancing antibodies that might
actually increase viral uptake.

REFERENCES

Allen, P. M. 1987 Antigen processing at the molecular level. Immunol. Today 8, 270-273.

Allen, P. M., McKean, D. J., Beck, B. N., Sheffield, J. & Glimcher, L. H. 1985 Direct evidence that a class II
molecule and a simple globular protein generate multiple determinants. J. exp. Med. 162, 12641274
Allen, P. M. & Unanue, E. R. 1984 Differential requirements for antigen processing by macrophages for lysozyme-

specific T cell hybridomas. J. Immunol. 132, 1077-1079. .

Babbitt, B. P., Allen, P. M., Matsueda, G., Haber, E. & Unanue, E. R. 1985 The binding of immunogenic
peptides to Ia histocompatibility molecules. Nature, Lond. 317, 359-361.

Benacerraf, B. 1978 A hypothesis to relate the specificity of T lymphocytes and the activity of I region-specific Ir
genes in macrophages and B lymphocytes. J. Immunol. 120, 1809-1812.

Benjamin, D. C., Berzofsky, J. A., East, I. J., Gurd, F. R. N., Hannum, C., Leach, S. J., Margoliash, E., Michael,
J. G, Miller, A., Prager, E. M., Reichlin, M., Sercarz, E. E., Smith-Gill, S. J., Todd, P. E. & Wilson, A. C.
1984 The antigenic structure of proteins: a reappraisal. A. Rev. Immunol. 2, 67-101.

Berkower, I. J., Buckenmeyer, G. K. & Berzofsky, J. A. 1986 Molecular mapping of a histocompatibility-restricted
immunodominant epitope with synthetic and natural peptides: implications for T cell antigenic structure.
J. Immunol. 136, 2498-2503.

Berkower, I., Buckenmeyer, G. K., Gurd, F. R. N. & Berzofsky, J. A. 1982 A possible immunodominant epitope
recognized by murine T lymphocytes immune to different myoglobins. Proc. natn. Acad. Sci. U.S.A. 79,
4723-4727.

Berkower, I. J., Kawamura, H., Matis, L. A. & Berzofsky, J. A. 1985 T cell clones to two major 'I' cell epitopes
of myoglobin: effect of I-A/I-E restriction on epitope dominance. J. Immunol. 135, 2628-2634.

[ 91 ]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

542 J- A.BERZOFSKY

Berkower, I., Matis, L. A., Buckenmeyer, G.K., Gurd, F.R.N., Longo, D. L. & Berzofsky, J. A. 1984
Identification of distinct predominant epitopes recognized by myoglobin specific T cells under the control of
different Ir genes and characterization of representative T cell clones. J. Immunol. 132, 1370-1378.

Berzofsky, J. A. 19854 Intrinsic and extrinsic factors in protein antigenic structure. Science, Wash. 229,
932-940.

Berzofsky, J. A. 19856 The nature and role of antigen processing in T cell activation. In The year in immunology
1984-85 (ed. J. M. Cruse & R. E. Lewis Jr), vol. 1, pp. 18-24. Basel: Karger.

Berzofsky, J. A. 1986 Structural features of protein antigenic sites recognized by helper T cells: what makes a site
immunodominant? In The year in immunology 1985-86 (ed. J. M. Cruse & R. E. Lewis Jr), vol. 2, pp. 28-38.
Basel: Karger.

Berzofsky, J. A. 1987 Ir genes: antigen-specific genetic regulation of the immune response. In: The antigens (ed.
M. Sela), vol. 7, pp. 1-146. New York: Academic Press.

Berzofsky, J. A. 1988 Immunodominance in T lymphocyte recognition. Immunol. Lett. 18, 83-92.

Berzofsky, J. A., Bensussan, A., Cease, K. B., Bourge, J. F., Cheynier, R., Lurhuma, Z., Salaiin, J.-J., Gallo, R. C,,
Shearer, G. M. & Zagury, D. 1988 Antigenic peptides recognized by T lymphocytes from AIDs viral envelope-
immune humans. Nature, Lond. 334, 706-708.

Berzofsky, J. A., Cease, K. B., Berkower, I. J., Margalit, H., Cornette, J. & DeLisi, C. 1986 Immunodominance
of amphipathic peptides and their localization on the cell surface for antigen presentation to helper T cells. In
Progress in immunology, vol. 6 (ed. B. Cinader & R. G. Miller), pp. 255-265. New York: Academic Press.

Berzofsky, J. A., Cease, K. B., Cornette, J. L., Spouge, J. L., Margalit, H., Berkower, I. J., Good, M. F., Miller,
L. H. & DeLisi, C. 1987 Protein antigenic structures recognized by T cells: potential applications to vaccine
design. Immunol. Rev. 98, 9-52.

Berzofsky, J. A., Richman, L. K. & Killion, D. J. 1979 Distinct H-2-linked Ir genes control both antibody and
T cell responses to different determinants on the same antigen, myoglobin. Proc. natn. Acaa' Sci. U.S.A. 76,
4046-4050.

Bjorkman, P. J., Saper, M. A., Samraoui, B., Bennett, W. S., Strominger, J. L. & Wiley, D. C. 1987a Structure
of the human class I histocompatibility antigen, HLA-A2. Nature, Lond. 329, 506-512.

Bjorkman, P. J., Saper, M. A, Samraoui, B., Bennett, W. S., Strominger, J. L. & Wiley, D. C. 19875 The foreign
antigen binding site and T cell recognition regions of class I histocompatibility antigens. Nature, Lond. 329,
512-518.

Brett, S. J., Cease, K. B. & Berzofsky, J. A. 1988 Influences of antigen processing on the expression of the T cell
repertoire: evidence for MHc-specific hindering structures on the products of processing. J. exp. med. 168,
357-373.

Brown, J. H., Jardetzky, T., Saper, M. A., Samraoui, B., Bjorkman, P. J. & Wiley, D. C. 1988 A hypothetical
model of the foreign antigen binding site of class II histocompatibility molecules. Nature, Lond. 332,
845-850.

Buus, S., Sette, A., Colon, S. M., Jenis, D. M. & Grey, H. M. 1986 Isolation and characterization of antigen—Ia
complexes involved in T cell recognition. Cell 47, 1071-1077.

Buus, S., Sette, A., Colon, S. M., Miles, C. & Grey, H. M. 1987 The relation between major histocompatibility
complex MHC restriction and the capacity of Ia to bind immunogenic peptides. Science, Wash. 235,
1353-1358.

Cease, K. B., Berkower, L., York-Jolley, J. & Berzofsky, J. A. 19864 T cell clones specific for an amphipathic alpha
helical region of sperm whale myoglobin show differing fine specificities for synthetic peptides: a multi-view/
single structure interpretation of immunodominance. J. exp. Med. 164, 1779-1784.

Cease, K. B., Buckenmeyer, G., Berkower, I., York-Jolley, J. & Berzofsky, J. A. 19865 Immunologically relevant
peptide antigen exists on the presenting cell in a manner accessible to macromolecules in solution. J. exp. Med.
164, 1440-1454.

Cease, K. B., Margalit, H., Cornette, J. L., Putney, S. D., Robey, W. G., Ouyang, C., Streicher, H. Z Flschlnger,
P.J, Gallo, R. C. DeLlsl, C. & Berzofsky, J A 1987 Helper T cell antigenic site 1dent1ﬁcat10n in the AIDs
virus gp120 envelope protein and induction of immunity in mice to the native protein using a 16-residue
synthetic peptide. Proc. natn. Acad. Sci. U.S.A. 84, 4249-4253.

Cornette, J. L., Cease, K. B., Margalit, H., Spouge, J. L , Berzofsky, J. A. & DeLisi, C. 1987 Hydrophobicity scales
and computatlonal techmques for detectmg amphlpathlc structures in proteins. J. molec. Biol. 195, 659-685.

DeLisi, C. & Berzofsky, J. A. 1985 T-cell antigenic sites tend to be amphipathic structures. Proc. natn. Acad. Sci.
U.S.A. 82,7048-7052.

Falo, L. D. Jr, Haber, S.I., Herrmann, S., Benacerraf, B. & Rock, K. L. 1987 Characterization of antigen
association with accessory cells: specific removal of processed antigens from the cell surface by phospholipases.
Proc. natn. Acad. Sci. U.S.A. 84, 522-526.

Gammon, G., Shastri, N., Cogswell, J., Wilbur, S., Sadegh-Nasseri, S., Krzych, U Miller, A. & Sercarz, E. 1987
The ch01ce of T- cell epitopes utilized on a protein antigen depends on multlple factors distant from, as well
as at the determinant site. /mmunol. Rev. 98, 53-73.

Garnier, J., Osguthorpe, D. J. & Robson, B. 1978 Analysis of the accuracy and implications of simple methods
for predicting the secondary structure of globular proteins. J. molec. Biol. 120, 97-120.

[ 92 ]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

STRUCTURAL FEATURES OF T-CELL RECOGNITION 543

Good, M. F., Maloy, W. L., Lunde, M. N., Margalit, H., Cornette, J. L., Smith, G. L., Moss, B., Miller, L. H. &
Berzofsky, J. A. 1987 Construction of a synthetic immunogen: use of a new T-helper epitope on malaria
circumsporozoite protein. Science, Wash. 235, 1059-1062.

Good, M. F., Pombo, D., Quakyi, I. A, Riley, E. M., Houghten, R. A., Menon, A., Alling, D. W., Berzofsky,
J. A. & Miller, L. H. 19882 Human T cell recognition of the circumsporozoite protein of Plasmodium
falciparum. Immunodominant T cell domains map to the polymorphic regions of the molecule. Proc. natn. Acad.
Sci. U.S.4. 85, 1199-1203.

Good, M. F., Pombo, D., Maloy, W. L., de La Cruz, V. F., Miller, L. H. & Berzofsky, J. A. 19885 Parasite
polymorphism present within minimal T-cell epitopes of Plasmodium falciparum circumsporozoite protein.
J. Immunol. 140, 1645-1650.

Gotch, F. M., Rothbard, J., Howland, K., Townsend, A.R. M. & McMichael, A.]J. 1987 Cytotoxic T
lymphocytes recognize a fragment of influenza virus matrix protein in association with HLA-A2. Nature, Lond.
326, 881-882.

Hale, P. M., Cease, K. B., Houghten, R. A., Ouyang, C., Putney, S., Javaherian, K., Margalit, H., Cornette,
J. L., Spouge, J. L., DeLisi, C. & Berzofsky, J. A. 1989 T-cell epitope regions in the human immunodecficicncy
virus envelope: towards overcoming the problem of major histocompatibility complex restriction. (In
preparation.) )

Heber-Katz, E., Hansburg, D. & Schwartz R. . 1983 'The Ia molecule of the antigen-presenting ccll plays a
critical role in immune response gene regulation of T cell activation. J. molec. cell. Immunol. 1, 3-14.

Hohlfeld, R., Toyka, K. V., Miner, L. L., Walgrave, S. L. & Conti-Tronconi, B. M. 1988 Amphlpathlc segment
of the nicotinic receptor alpha- subumt contains epitopes recognized by T-lymphocytes in myasthenia gravis.
J. clin. Invest. 81, 657-660.

Hosmalin, A. M., Nara, P. L., Zweig, M., Cease, K. B., Gard, E., Markham, P. D., Putney, S. D., Danicel, M. D.,
Desrosiers, R C. & Berzofsky,] A. 1989 Enhancement of an antibody response to the envelope glycoproteln
of Hiv-1 in primates by priming with helper T-cell epitope peptides. In Vaccines 89 (ed. R. Channock, F. Brown,
R. Lerner & H. Ginsberg). Cold Spring Harbor. (In the press.)

Kabilan, L., Troye-Blomberg, M., Perlmann, H., Anderson, G., Hégh, B., Petersen, E., Bjorkman, A. & Perlmann,
P. 1988 Proc. natn. Acad. Sci. U.S.A. 85, 5659-5663.

Kaiser, E. T. & Kézdy, F.J. 1984 Amphiphilic secondary structure: design of peptide hormones. Science, Wash.
223, 249-255.

Kohno, Y. & Berzofsky, J. A. 1982 Genetic control of the immune response to myoglobin. V. Antibody production
in vitro is macrophage and T cell-dependent and is under control of two determinant-sepcific Ir genes.
J. Immunol. 128, 2458-2464.

Kojima, M., Cease, K. B., Buckenmeyer, G. K. & Berzofsky, J-A. 1988 Limiting dilution comparison of the
repertoires of high and low responder MHc-restricted T cells. J. exp. Med. 167, 1100-1113.

Manca, F., Clarke, J. A., Miller, A., Sercarz, E. E. & Shastri, N. 1984 A limited region within hen egg-white
lysozyme serves as the focus for a diversity of T cell clones. J. Immunol. 133, 2075-2078.

Margalit, H., Spouge, J. L., Cornette, J. L., Cease, K. B., DeLisi, C. & Berzofsky, J. A. 1987 Prediction of
immunodominant helper T cell antigenic sites from the primary sequence. J. Immunol. 138, 2213-2229.
Maryanski, J. L., Pala, P., Corradin, G., Jordan, B. R. & Cerottini, J.-C. 1986 H-2-restricted cytolytic cells specific

for HLA can recognize a synthetic HLA peptide. Nature, Lond. 324, 578-579.

Pincus, M., Gerewitz, F., Schwartz, R. H. & Scheraga, H. A. 1983 Correlation between the conformation of
cytochrome ¢ peptldes and their stimulatory activity in a T- lymphocyte proliferation assay. Proc. natn. Acad. Sci.
U.S.4. 80, 3297-3300.

Rosenthal, A. S. 1978 Determinant selection and macrophage function in genetic control of the immune response.
Immunol. Rev. 40, 136-156.

Rothbard, J. B. & Taylor, W. R. 1988 A sequence pattern commbn to T cell epitopes. EMBO J. 7, 93-100.

Sanza, L.R., Berzofsky, J. A., Buckenmeyer, G. K., Cease, K.B., Ouyang, C.S. & Gierasch, L M. 1988
Formation of amphipathic secondary structure is correlated to T-cell antigenicity in a series of synthetic
peptides from sperm whale myoglobin. In Peptides: chemistry and biology (ed. G. R. Marshall), pp. 549-550.
Leiden: ESCOM Science Publishers. )

Schwartz, R. H., Fox, B. S., Fraga, E., Chen, C. & Singh, B. 1985 The T lymphocyte response to cytochrome c.
V. Determination of the minimal peptide size required for stimulation of T cell clones and assessment of the
contribution of each residue beyond this size to antigenic potency. J. Immunol. 135, 2598-2608.

Shastri, N., Oki, A., Miller, A. & Sercarz, E. E. 1985 Distinct recognition phenotypes exist for T cell clones specific
for small peptide regions of proteins. Implications for the mechanisms underlying major histocompatibility
complex-restricted antigen recognition and clonal deletion models of immune response gene defects. J. exp.
Med. 162, 332-335.

Shimonkevitz, R., Colon, S., Kappler, J. W., Marrack, P. & Grey, H. 1984 Antigen recognition by H-2-restricted
T cells. II. A tryptic ovalbumin peptide that substitutes for processed antigen. J. Immunol. 133,

2067-2074.

Spouge, J. L., Guy, H. R., Cornette, J. L., Margalit, H., Cease, K. , Berzofsky, J. A. & DeLisi, C. 1987 Strong
conformatlonal propensmes enhance T cell antigenicity. J. Immunol 138, 204-212.

[ 93]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

544 J - A.BERZOFSKY

Spouge, J. L., Guy, H.R., Cease, K.B. & Berzofsky, J. A. 1989 A matched statistical analysis of the
conformational and biochemical properties of helper T cell antigenic sites. (In preparation.)

Stille, C. J., Thomas, L. J., Reyes, V. E. & Humphreys, R. E. 1987 Hydrophobic strip-of-helix algorithm for
sclection of T cell-presented peptides. Molec. Immunol. 24, 1021-1027.

Streicher, H., Berkower, I. J., Busch, M., Gurd, F. R. N. & Berzofsky, J..A. 1984 Antigen conformation determines
processing requirements for T-cell activation. Proc. natn. Acad. Sci. U.S.A. 81, 6831-6835.

Takahashi, H., Cohen, J., Hosmalin, A., Cease, K. B., Houghten, R., Cornette, J., DeLisi, C., Moss, B., Germain,
R.N. & Berzofsky, J. A. 1988 An immunodominant epitope of the HIV gp160 envelope glycoprotein
recognized by class I MHC molecule-restricted murine cytotoxic T lymphocytes. Proc. natn. Acad. Sei. U.S.A. 85,
3105-3109. :

Townsend, A. R. M., Rothbard, J., Gotch, F. M., Bahadur, G., Wraith, D. & McMichael, A. J. 1986 The epitopes
of influenza nucleoprotein recognized by cytotoxic T lymphocytes can be defined with short synthetic peptides.
Cell 44, 959-968.

Unanue, E. R. 1984 Antigen-presenting function of the macrophage. A. Rev. Immunol. 2, 395-428.

[ 94 ]


http://rstb.royalsocietypublishing.org/

