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ABSTRACT The purpose of this study was to identify the
fragment of the hen egg-white lysozyme (HEL) molecule pre-
sented by macrophages to helper T cells. This was investigated
by using T-cell hybridomas and macrophages prefixed in par-
aformaldehyde. We previously had shown that such prefixed
macrophages could present a tryptic digest of HEL. The tryp-
tic peptides were separated by HPLC and tested for their abili-
ty to stimulate the T-cell hybridomas. Only one tryptic peptide
was found to be immunogenic. This immunogenic peptide was
identified as the tryptic peptide T-8, containing amino acids
46—61. The precise determinant on the peptide T-8 being rec-
ognized was further defined by testing the response of the two
T-cell hybridomas to human lysozyme. Neither clone respond-
ed to human lysozyme. From the amino acid sequence of hu-
man lysozyme, the determinant was localized to the four ami-
no-terminal residues. Cleavage of the immunogenic peptide
with either chymotrypsin or protease V-8 completely abolished
the immunogenicity. This suggested that the T-cell determi-
nant is located in the hydrophilic amino-terminal residues and
that it must be associated with a hydrophobic stretch of amino
acids, which allows the peptide to associate with the macro-
phage plasma membrane.

The requirement for an antigen-presenting cell in the induc-
tion of an immune response has been well established (1-3).
Helper T cells must recognize a protein antigenic determi-
nant presented by an accessory cell that also expresses the
class II polypeptides encoded in the I region of the major
histocompatibility complex of the species (the Ia antigens).
The nature of the antigenic determinant recognized by T
cells is not known, although a substantial number of studies
suggest that T cells are recognizing denatured determinants
of linear sequences of amino acids rather than native deter-
minants (4-6). In contrast, the majority of the B-cell re-
sponse is directed against native or conformational determi-
nants (4-8). Thus, the initial study of Gell and Benacerraf
showed that guinea pigs immunized with ovalbumin (Ova)
were triggered by delayed-type hypersensitivity by either de-
natured or native Ova, while only native Ova was capable of
inducing anaphylaxis (9). This basic phenomenon later was
shown to apply to many other antigens and in better defined
systems such as T-cell proliferation or helper T-cell activity
(5, 6). Recently, the fine studies of Chesnut et al. with Ova
demonstrated that T cells that recognized denatured Ova
were the same cells that recognized native Ova, indicating
that the native molecule must eventually be altered and rec-
ognized as denatured (4). In contrast, the B-cell product, the
antibody molecule, that recognizes native Ova does not
crossreact with denatured Ova.

Studies directly testing for antigen processing were per-
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formed in our laboratory when we examined the handling by
macrophages of the bacteria Listeria monocytogenes, using
a T-cell binding assay (10, 11). We were able to demonstrate
conclusively that an intracellular processing step was re-
quired for antigen presentation and that the processing step
was inhibited by the lysosomotropic agents chloroquine or
ammonia. Furthermore, we showed that the macrophage
plasma membrane was the site of recognition of the antigen
by T cells: paraformaldehyde-treated macrophages that had
processed Listeria bound the Listeria-specific T cells as ef-
fectively as live macrophages (12). Subsequently, these find-
ings involving antigen-processing have been confirmed by
using other antigens (13) particularly Ova in Grey’s labora-
tory (14). They demonstrated that an antigen-handling step
sensitive to chloroquine applied to Ova. This indicated that a
processing event was also required for soluble proteins.

Even after this demonstration of an obligatory intracellu-
lar processing step, the precise steps involved in antigen-
processing are largely unknown. To further delineate the
steps, we chose to examine the handling and processing of a
single antigenic determinant on the hen egg-white lysozyme
(HEL) molecule. HEL is a well-defined protein both bio-
chemically and immunologically, which makes it an ideal
antigen to study (15-17). Initially, we generated T-cell hy-
bridomas reactive against HEL to use as our functional
probes of a single determinant. With live macrophages as
antigen-presenting cells, two clones responded to all three
forms of antigen—the native HEL, the intact denatured car-
boxymethylated HEL (CM-HEL), and a tryptic digest (TD).
Shimonkevitz et al. have just reported the ability of prefixed
antigen-presenting cells to present fragmented Ova, but not
native Ova to Ova-specific T-cell hybridomas (18). We con-
firmed and extended these findings, using the two HEL-spe-
cific T-cell hybridomas (19). When prefixed macrophages
were used, neither clone responded to native HEL, while
both clones responded to the TD. A differential response
was seen using CM-HEL with the T-cell line 2A11 not re-
sponding, in contrast to the line 3A9, which did respond.
These results with prefixed macrophages precisely correlat-
ed with the processing requirements for the three forms of
HEL as determined by sensitivity of the live macrophages to
treatment with chloroquine, (i.e., the live macrophages
treated with chloroquine would not present HEL but would
present the TD).

In this paper we report on the identification of a single
determinant on HEL recognized by these two T-cell hybrids.
We first identified the tryptic fragment that stimulated both
clones and then further defined the determinant by using ly-

sozymes from other species and subfragments of the tryptic
peptide.

Abbreviations: Ova, ovalbumin; HEL, hen egg-white lysozyme;
CM-HEL, carboxymethylated hen egg-white lysozyme; IL-2, inter-
leukin 2; TD, tryptic digest of HEL; T-8, tryptic fragment of HEL
containing amino acids 46-61.
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FiG.1. The separation of the tryptic fragments of HEL by HPLC. Samples from the 23 indicated peaks were then tested for their immunoge-
nicity.

MATERIALS AND METHODS

Mice. CBA/J mice (The Jackson Laboratory) were used
between ages 12 and 20 wk.

Antigens. The preparation of HEL, CM-HEL, and TD has
been described (19). Human lysozyme was purchased from
Alpha Therapeutics (Los Angeles, CA) and was used with-
out further purification.

Enzymatic Digestions. Digestion of the immunogenic tryp-
tic peptide T-8 was done as follows: 100 ug of T-8 was resus-
pended in 0.05 M Tris (pH 8.0), TLCK-treated chymotrypsin
(Sigma) was added (1 ug), and the solution was incubated at
37°C for 20 hr. Also in another digestion, 100 ug of T-8 was
resuspended in 0.1 M sodium phosphate buffer (pH 7.8).
Protease from Staphylococcus aureus strain V-8 (Miles) was
added (1 ug), and the solution was incubated at 37°C for 20
hr.

Culture Conditions. The generation, characterization, and
assay conditions of HEL-specific T-cell hybridomas have
been described (19). Briefly, 10° peritoneal macrophages

elicited by peptone from Listeria monocytogenes-infected
mice were adhered in a microtiter well (Costar, 3596). The
macrophages were left viable or fixed with 1% paraformalde-
hyde. T-cell hybridomas (10°) were added to the macro-
phages along with antigen and cultured at 37°C for 22-24 hr.
The culture supernatant was then assayed for the presence
of interleukin 2 (IL-2) by tritiated thymidine incorporation
into the IL-2-dependent CTLL cell line.

Amino Acid Analysis. Samples were hydrolyzed in 6 M
HCI containing 0.1% phenol at 105°C for 24 hr (20). The ami-
no acid content was then determined by using a Durrum D-
500 automated amino acid analyzer.

HPLC. The tryptic fragments of HEL were separated by
reverse-phase HPLC by using a Waters HPLC system con-
sisting of model 6000A pumps, WISP automatic sample in-
jector, and model 720 system controller. A 250 mm X 4.6
mm Altex Ultrasphere IP Column (5 um, C,g) was used with
buffers A (0.1 M NaClO,4/0.1% H3PO,, pH 2.3) and B (75%
CH;CN) (21); 20 nmol of the TD was chromatographed by
using a 60-min linear gradient from 3%-70% B. The column

2411

10,000

5000}

1000}

2HIThymidine incorporation, cpm

FIG. 2. The testing of the 23 HPLC peaks for their ability to stimulate the T-cell hybridomas. Peritoneal exudate cells (10°) were adhered in a
microtiter well and then fixed with 1% paraformaldehyde. Samples from each of the peaks were then added to the wells along with either 2A11
or 3A9 T cells. At the end of 24 hr, supernatants were assayed for the presence of IL-2. The values represent the mean of duplicate values. The
standard deviation of these values never exceeded 20%.
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effluent was monitored at 206 nm (LKB 2138 Uvicord S) and
254 nm (Waters M440) and 0.5-min fractions were collected.
[We also separated the tryptic fragments by using volatile
buffers for buffers A (0.1% trifluoroacetic acid) and B (75%
CH;CN/0.09% trifluoroacetic acid). We could identify a sin-
gle peak that contained the reactivity; however, further ex-
amination of this peak showed that it contained at least three
different peptides.]

RESULTS AND DISCUSSION

We first wanted to determine which tryptic fragment of HEL
was recognized by each of the clones. The tryptic fragments
of HEL were separated by using reverse-phase HPLC. A
typical separation is shown in Fig. 1. Samples from 23 of the
peaks were then tested for their ability to stimulate either the
2A11 or 3A9 T-cell hybridomas. Aliquots from each peak
were dried, resuspended in culture medium, and then added
to microtiter wells containing 10° prefixed macrophages and
10° T-cell hybridoma cells. The results (Fig. 2) were un-
equivocal in that peptide 19 was the only fragment capable of
stimulating the T-cell hybridomas. To identify the tryptic
fragment contained in peak 19, a sample was subjected to
amino acid analysis (Table 1). The amino acid composition
of peak 19 fits exactly with the known composition of tryptic
fragment T-8, first described by Canfield, which consists of
amino acid residues 46-61 (22). Thus, using reverse-phase
HPLC, we were able to purify in one step and to identify a
single tryptic fragment containing residues 46-61, which was
recognized by both T-cell hybridomas 2A11 and 3A9.

To further identify the determinant that the T-cell hybri-
domas were recognizing, we compared the sequence of the
HEL peptide 4661 to the corresponding sequence in mouse
lysozyme. Peritoneal macrophages synthesize and secrete
large amounts of lysozyme (23). Neither of the cell lines re-
sponded to peritoneal macrophages in the absence of anti-
gen. This indicated that the cell lines were not autoreactive,
and they must be recognizing a determinant unique to HEL
and not found in mouse lysozyme. A comparison of the se-
quence between HEL and mouse lysozyme reveals that
there are five amino acid differences in the T-8 peptide: Asn-
46, Thr-47, a deleted Gly between positions 47 and 48, Gly-
49, and Leu-56 (24) (Fig. 3). The known amino acid sequence
of human lysozyme shows that it differs from HEL in the T-8
peptide region in four residues, three of which are located in
the amino terminus (Fig. 3) (25). We then tested the ability of
both cell lines to respond to human lysozyme, using live
macrophages (Table 2). No detectable response was seen
with human lysozyme even when a 10- to 100-fold excess of
antigen was used.

To further define the precise determinant recognized by
the T-cell hybridomas, the T-8 peptide was cleaved with ei-
ther chymotrypsin or protease V-8. The fragments were sep-
arated by using reverse-phase HPLC, identified by amino
acid analysis, and then tested for their ability to stimulate the

Table 1. Amino acid analysis of peak 19

No. of Tryptic peptide
residues T-8 (46-61)

Asp 3.58 4

Thr 1.88 2

Ser 1.73 2

Glu 1.04 1

Gly 1.9 2

Ile 1.85 2

Leu 1.00 1

Tyr 0.98 1

Arg 1.00 1

The number of residues was based on one arginine residue.
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46 50 55 60
HEN  ASN-THR- O -ASP-GLY-SER-THR-ASP-TYR-GLY-1LE-LEU-6LN-ILE-ASN-SER-ARG

MOUSE  ASP-ARG-GLY——GLN PHE.

HUMAN ——ALA-6LY——ARG PHE

Fi1G. 3. The amino acid sequence of the T-8 tryptic fragment of
HEL and the corresponding peptides in mouse and human lyso-
zymes. The amino acid numbers refer to the residues in the HEL.
Mouse and human lysozyme have an additional Gly between resi-
dues 47 and 48. Homologous residues are indicated by a solid line.

T-cell hybridomas with prefixed macrophages. Fig. 4 depicts
the fragments that were purified and subsequently tested.
The fragments failed to stimulate the T-cell hybridomas,
even when used at concentrations in excess of those neces-
sary to see stimulation with the whole TD (Table 3). The
failure of any of these fragments to stimulate either clone
indicated that the intact peptide of 16 residues, or at least a
peptide larger than 8 residues, was required to stimulate the
T-cell hybridomas when prefixed macrophages were used.

We have shown that the intact 16-residue peptide is re-
quired for stimulation of the two T-cell hybridomas. This 16-
amino-acid peptide has two distinct regions. The amino-ter-
minal region, residues 46-50, contains hydrophilic amino ac-
ids and the residues that we have identified as being different
from mouse and human lysozyme, which we believe are rec-
ognized by the T cells. A second region, residues 53-58, is
hydrophobic, containing the hydrophobic residues Tyr-53,
Ile-55, Leu-56, and Ile-58. Rose has calculated the hydro-
phobicity profile for HEL, and these two regions are easily
identified (26). The region 46-50 is one of the most hydro-
philic regions of the molecule and actually corresponds to a
peptide chain turn, while the profile for the region 51-61
contains a hydrophobic peak centering on Leu-56. When the
16-amino-acid peptide is cleaved in half at residue Tyr-53 by
chymotrypsin, neither fragment is able to stimulate the T-
cell hybridomas (Table 3). We suggest that the determinant
recognized by the T cells is present in the fragment 46-52,
but that the hydrophobic region is also required. The pres-
ence of this hydrophobic region could allow the intact pep-
tide to associate with the macrophage plasma membrane,
and then the amino-terminal hydrophilic region could be
available to be recognized by the T cells. An alternative ex-
planation is that the amino acid differences in peptide 46-53
between mouse/human lysozyme and HEL are reflected in
changes in peptide 54-61. These differences may influence
the reactivity of the entire T-8 peptide with the T-cell recep-
tor and/or membrane-anchoring structure.

Table 2. Lack of reactivity against human lysozyme

[*H]Thymidine incorporation,

Antigen
concentration, cpm
T-cell line pg/ml HEL Human lysozyme
2A11 2.5 146 (27) 100 @)
7.9 702 (218) 139 (46)
25 2,939 (112) 100 (25)
79 7,278 (941) 104 (14)
250 9,678 (382) 62 (4)
3A9 2.5 8,390 (2490) 57 (24)
7.9 11,517 (3864) 62 (13)
25 11,666 (2169) 62 (19)
79 10,677 (2040) 47 (5)
250 11,815 (2299) 75 (19)

Peritoneal macrophages (10°) were adhered in a microtiter well.
Either HEL or human lysozyme were added along with 2A11 or 3A9
T cells. After 24 hr the supernatant was removed and assayed for the
presence of IL-2 by [*H]thymidine incorporation into the CTLL cell
line. The values are the mean (standard deviation) of triplicate wells.
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Fi16. 4. The tryptic fragment T-8 was treated with either chymotrypsin or protease V-8. The resulting fragments were purified by HPLC and
identified by amino acid analysis. The fragment V-3 contained the residues 46-52. Most likely the protease V-8 cleaved after the Asp-48,
yielding the two fragments 46—48 and 49-52; however, we did not separate these two fragments.

The location of the determinant on HEL that we have de-
scribed is consistent with the findings of Sercarz and his col-
leagues (6). They have shown that H-2¥ strain T cells recog-
nize determinants on HEL that are present in the large cy-
anogen bromide fragment L2, which is comprised of amino
acids from 13 to 105. The determinant we have identified
is clearly contained in this L2 fragment. Katz et al. have
reported mapping the determinant recognized by a long-term
T-cell clone (27) by using live antigen-presenting cells. They
ascertained that the tryptic fragment T-11, residues 74-96,
contained the determinant. Thus, it appears that in H-2¢
mice, several determinants on HEL are recognized by helper
T cells, including one in the T-8 peptide and one in the T-11
peptide.

It was surprising that both T-cell hybridomas appeared to
recognize the same tryptic peptide of HEL. We had previ-
ously shown that the two T-cell hybridomas differed in their
reactivity to CM-HEL when prefixed macrophages were
used (19). The most likely explanation for this paradox in-
volves the nature of the T-cell receptors on the two T-cell
hybridomas. Perhaps the explanation lies in the affinity of
the receptor of the two clones for the 46—61 peptide, reflect-
ing a difference in recognition of critical amino acids of the
T-8 peptide. The precise conformation of CM-HEL is not
known, but it has been determined that it is unfolded in wa-
ter and has no enzymatic activity (28). Perhaps, in this un-
folded state, the residues 46-50 are in a conformation that
allows them to be recognized by T cells with high-affinity

Table 3. Fragments of T-8 fail to stimulate either
T-cell hybridoma

[*H]Thymidine incorporation,

Amount, cpm
Antigen pmol 3A9 2A11

T-8 fragments

C20 20 35 4) 40 1)

C21 54 41 (@) 38 %)

C38 61 49 (23) 32 )

V3 34 31 1) 32 )]

V41 18 55 (13) 31 1)

TD 1.1 70 ®) 43 ?)

3.5 582 (29 55 @)

11.1 2,606 (109) 543 (246)

35 7,762 (740) 2,622 (405)

111 16,637 (3,917) 19,134 (4,269)

350 21,281 (1,454) 23,734 (5,792)

To a macrophage monolayer, fragments of the T-8 peptide or TD
in the number of picomoles indicated were added along with either
2A11 or 3A9 T cells. After 24 hr, the amount of IL-2 in the superna-
tant was determined by [*Hl]thymidine incorporation into the CTLL
cell line. The values represent the mean (standard deviation) of trip-
licate cultures.

receptors, such as 3A9 cells, while T cells with lower affinity
receptors could not be stimulated by the determinant in its
present conformation. When the determinant is generated by
live macrophages or extracellular processing by trypsin, the
determinant is in a conformation that then can be recognized
by both clones. There is some evidence that the 3A9 T-cell
receptor may be of higher affinity than the 2A11 T-cell re-
ceptor because 3A9 cells require a lower concentration of
antigen for maximal stimulation (Table 2). (It was possible
that, in our CM-HEL preparation, there were some low mo-
lecular weight breakdown products and that the differential
response to CM-HEL of the two T-cell hybridomas was
merely a reflection of the response to the contaminating pep-
tides. We have analyzed our CM-HEL preparation by
NaDodSO,/PAGE, dialysis, and column chromatography
and have found no low molecular weight products. There-
fore, we believe that the 3A9 clone is recognizing a determi-
nant present on the intact denatured CM-HEL molecule.)

Our current model for the processing of HEL has HEL
entering the macrophage, where it is then processed in a step
sensitive to chloroquine in an endosome or lysosome. Dur-
ing the processing, the native HEL is proteolytically
cleaved, and fragments that include the critical determinants
are then transported to the plasma membrane, where they
are then recognized in the context of an Ia molecule by a T
cell. Very little is known about the shuttling of the immuno-
genic peptides to the plasma membrane, but the system we
have developed with functional and biochemical probes
against HEL will allow us to examine this transport process
in detail.

The authors thank Karen E. Kassap, N. Hanley, and N. Sarkis-
sian for their excellent technical assistance and Mary Jane Tawa for
her secretarial assistance. We are grateful to Dr. J. Riordan for his
advice and guidance. The animals used in this study were main-
tained in accordance with the guidelines of the Institute of Labora-
tory Animal Resources, National Research Council. This research
was supported by The National Institutes of Health Grants Al
14732, CA 14732, and CA 09130.

1. Rosenthal, A. S. & Shevach, E. M. (1973) J. Exp. Med. 138,
1194-1212.

2. Schwartz, R. H. & Paul, W. E. (1976) J. Exp. Med. 143, 529-
540.

3. Unanue, E. R. (1981) Adv. Immunol. 31, 1-136.

4. Chesnut, R., Endres, R. & Grey, H. M. (1980) Clin. Immunol.
Immunopathol. 15, 397-408.

5. Ishizaka, K., Okudaira, H. & King, T. P. (1975) J. Immunol.
114, 110-115.

6. Maizels, R. A., Clarke, J. A., Harvey, M. A., Miller, A. &

Sercarz, E. E. (1980) Eur. J. Immunol. 10, 509-515.

Goetzl, E. J. & Peters, J. H. (1972) J. Immunol. 108, 785-799.

Schirrmacher, V. & Wigzell, H. (1972) J. Exp. Med. 136, 1616—

1630.

%~



10.
11.
12.
13.
14,

15.
16.

17.

18.

Imimunology: Allen et al.

Gell, P. G. & Benacerraf, B. (1959) Immunology 2, 64-70.
Ziegler, H. K. & Unanue, E. R. (1979) J. Exp. Med. 150,
1143-1160. ] )

Ziegler, H. K. & Unanue, E. R. (1982) Proc. Natl. Acad. Sci.
USA 79, 175-178.

Ziegler, H. K. & Unanue, E. R. (1981) J. Immunol. 127, 1869
1875.

Lee, K. C., Wong, M. & Spitzer, D. (1982) Transplantation
34, 150-153.

Chesnut, R. S., Colon, S. M. & Grey, H. M (1982) J. Immu-
nol. 129, 2382-2388.

Atassi, M. (1978) Immunochemistry 15, 909-936.

Adorini, L., Harvey, M., Miller, A. & Sercarz, E. E. (1979) J.
Exp. Med. 150, 293-306.

Phillips, D. C. (1974) in Lysozyme, eds. Osserman, E. F., Can-
field, R. E. & Beychok, S. (Academic, New York), pp. 9-30.
Shimonkevitz, R., Kappler, J., Marrack, P. & Grey, H. M.
(1983) J. Exp. Med. 188, 303-316.

19.
20.
21.
22.
23.
24.
25.

26.
27.

28.

Proc. Natl. Acad. Sci. USA 81 (1984) 2493

Allen, P. M. & Unanue, E. R. (1984) J. Immunol. 132, 1077-
1079.

Sanger, F. & Thompson, E. O. P. (1963) Biochim. Biophys.
Acta 71, 468—471.

Meek J. L. (1980) Proc. Natl. Acad Sci. USA 77, 1632-1636.
Canfield, R. E. (1963) J. Biochem. (Tokyo) 238, 2691-2697.
Gordon, S., Todd, J. & Cohn, Z. A. (1974) J. Exp. Med. 139,
1228-1248.

Riblet, R. (1974) in Lysozyme, eds. Osserman, E. F., Canfield,
R. E. & Beychok, S. (Academic, New York), pp. 89—93
Canfield, R. E., Kammerman, S., Sobel, J. H. & Morgan,
F. J. (1971) Nature (London) New Blol 232, 16-17.

Rose, G. D. (1978) Nature (London) 272, 586-590.

Katz, M. E., Miller, A., Krzych, U., Wicker, L., Maizels, R.,
Clarke, J., Shastn, N., Oki, A. & Sercarz, E. (1982) in Ir
Genes, Past Present and Future, eds. Pierce, C. W., Cullen,
S. E., Kapp, J. A., Schwartz, B. D. & Shreffler, D. C. (Hu-
mana, Clifton, NJ), pp. 311-316.

Lee, C. L. & Atassi, M. Z. (1973) Biochemistry 12, 2690-2695.



