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GENETIC CONTROL OF IMMUNE RESPONSE TO SPERM WHALE
MYOGLOBIN IN MICE

II. T Lymphocyte Proliferative Response to the Synthetic Antigenic Sites'

KENJI OKUDA, SALLY S. TWINING, CHELLA S. DAVID, anp M. ZOUHAIR ATASSI
From the Department of Immunology, Mayo Clinic and Medical School, Rochester, Minnesota 55901

The genetic control of T lymphocyte proliferative re-
sponse to the five synthetic antigenic sites of myoglobin,
two synthetic nonantigenic control peptides, and one
“nonsense” peptide was determined in independent and
recombinant strains of mice. In all the strains examined,
the nonantigenic control peptides and the “nonsense”
peptide did not invoke a response in myoglobin-primed
mice. Further, when mice were not primed with whole
myoglobin, no response was obtained with any of the
antigenic sites. Haplotypes H-29, H-2', and H-2° are
higher responders to sites 1 and 2, whereas haplotypes
H-2¢ and H-2° are high responders to site 5. Response to
site 3 may be controlled by a non-H-2-linked gene. Site
4 can stimulate H-2° and H-2* haplotypes that are non-
responders to the whole myoglobin. Studies with the
recombinant strains suggested that Ir genes to sites 1
and 2 map in the I-A subregion and I-C subregion and
were designated Ir-Mb-1,2(A) and Ir-Mb-1,2(C). Ir genes
to sites 4 and 5 mapped only in the I-A subregion and
were designated Ir-Mb-4(A) and Ir-Mb-5(A). These stud-
ies suggest that individual antigenic sites in a molecule
are controlled by unique Ir genes.

Studies in a variety of species have revealed that the immune
response to various antigens are under control of immune
response {Ir)’ genes (1-4). Immune response to thymus-depend-
ent antigens are controlled by genes in the I region of the major
histocompatibility complex (MHC) of mice (1). The specificity
of Ir gene control for synthetic antigens and native proteins can
be distinguished at the primary sequence level of the antigen
(5~-8). Ir-gene defects may be expressed on macrophages and B
cells as well as T cells (9). Most of the antigens studied to date
for Ir-gene control have been synthetic polymers of a few amino
acids. Only recently, genetic studies were extended to include
several natural protein antigens such as staphylococcal nuclease
(10), myoglobin (11, 12}, and cytochrome ¢ (13).
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In our laboratories we have initiated studies on the genetic
control of the immune response in mice to sperm whale myo-
globin and to the antigenic sites on this protein, Sperm-whale
myoglobin is made up of a single polypeptide chain (14) (153
residues, m.w. 17,816), and its entire antigenic structure has
been determined (15). The native protein has five antigenic
sites located in exposed conformationally sensitive continuous
portions of its polypeptide chain (Fig. 1). The five antigenic
sites occupy the following regions: Site I: sequence 15 through
22; Site 2: sequence 56 through 62; Site 3: sequence 94 through
99; Site 4. sequence 113 through 119; Site 5: sequence 145
through 151 (15). These antigenic sites were determined by
using antibodies made against whole sperm whale myoglobin in
rabbits and goats. We wanted to know whether mice would
recognize the same antigenic sites. If they do, the availability of
congenic and recombinant strains of mice would enable us to
more definitively study and map the gene(s) controlling the
immune response to individual antigenic sites.

In previous studies, we found that T lymphocyte proliferative
response to the intact myoglobin molecule was under H-2-
linked Ir-gene control (12). We identified at least two genes
mapping in I-A and I-C subregions. Our present experiments
revealed that different mouse strains recognize different deter-
minants on the molecule, and the T cell proliferative responses
to sites 1, 2, 4, and 5 are controlled by genes mapping in the I-
A subregion. Additional Ir genes for sites 1 and 2 also mapped
in the I-C subregion. This study does not rule out the possibility
that mice might recognize antigenic sites in other parts of the
molecule not recognized by rabbit or goats. However, prelimi-
nary studies have shown that the antibodies to myoglobin made
in three strains of mice (H-2%, H-2°, and H-2Y) bind to the
expected antigenic sites. The total binding activity of the react-
ing sites accounted for almost 100% of the mouse antimyoglobin
antibody (Twining et al., in preparation).

MATERIALS AND METHODS

Mice. The inbred strains, the recombinants, and the F; hy-
brids used in this study were produced in our immunogenetics
mouse colony at Mayo Clinic. Some of the inbred strains were
purchased from Jackson Laboratories, Bar Harbor, Maine. All
mice used in these experiments were between 8 and 16 weeks
of age at the start of immunization.

Antigens. Myoglobin used in these studies was the major
chromatographic component No. 10 (MbX) obtained by chro-
matography of the crystalline protein on CM-cellulose (16).
MbX was homogeneous by starch gel and by polyacrylamide
disc electrophoresis. The peptides synthesized and studied in
the present work are shown in Table I. They comprise the five
antigenic sites of myoglobin (15), two reference or control
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Figure 1. A schematic diagram showing the mode of folding of Mb
and its antigenic structure. The solid black portions represent segments
which have been shown to comprise accurately entire antigenic sites.
The striped parts, each corresponding to one amino acid residue only,
can be part of the antigenic site with some antisera. The dotted portions
represent parts of the molecule which have been shown exhaustively to
reside outside antigenic sites. (From Atassi (15); reproduced with per-
mission from Pergamon Press).

peptides representing nonantigenic parts of the myoglobin mo}-
ecule (15), and a control “nonsense” peptide whose sequence
was designed so that it does not resemble any part of the
myoglobin molecule, even at the dipeptide level. The synthesis
and purification of the myoglobin peptides 15 through 22 (17),
56 through 62 (18}, 94 through 99 (19), 113 through 120 (20),
and 145 through 151 (21) have already been described in detail.
The control nonantigenic peptide 1 through 8 was synthesized
and purified as previously described (19). Synthesis and purifi-
cation of the control nonantigenic peptide 121 through 127 and
of the “nonsense” peptide were performed by similar proce-
dures. All peptides used in this work were homogeneous in
heavily loaded peptide “maps” showing purity of 99% or better.
The amino acid composition of each peptide was in excellent
agreement with that expected from its structure (Fig. 1). Puri-
fied protein derivative of tuberculin (PPD) was purchased from
Connaught Medical Research Labs., Willowdale, Ontario, Can-
ada.

Immunization. Dose response studies were first initiated to
determine the optimum amount of myoglobin for priming. A
dose of 50 ug gave an optimum proliferative response (12). Eight
mice of each strain were immunized with 50 ug of myoglobin
mixed 1:1 in complete Freund’s adjuvant containing 1 mg/ml of
Microbacterium tuberculosis, strain H37Ra (Difco Labs., De-
troit, Mich.). The mixture was injected in the two hind foot/
pads, and the animals were sacrificed 3 weeks later.

Cultures. The preparation of peritoneal exudate T-lympho-
cyte-enriched cells (PETLES) and their in vitro culture have
been described in detail by Schwartz et al. (22). In brief,
thioglycolate-induced peritoneal exudate cells were passed
through nylon-wool columns. The cells were cultured at 2.5 X
10° per well in U-type microtiter plates in 0.2 ml of a modified
Eagles-Hanks” media (23) containing 10% heat-inactivated fetal
calf serum for 72 hr in the presence or absence of antigen at the
final concentration of 40 pg/ml. The stimulation was assessed
by measuring the incorporation of a 2 uCi pulse of tritiated
thymidine (specific activity 1.9 Ci/mM, New England Nuclear,

Boston Mass.) 16 hr before termination of the cultures. Each
PETLES experiment was run in triplicate culture wells and the
PETLES assay on each strain was tested three to six times.
The data are expressed as mean counts per minute {cpm) plus
or minus standard deviation (S.D.).

RESULTS

Dose-response studies. Studies with whole myoglobin showed
that 50 ug of the protein with Freund’s complete adjuvant was
the optimum dose for the T lymphocyte proliferative response
(12). The stimulation indices obtained with this optimum dose
were, however, only a fraction of that obtained with PPD. The
dose of each site that would optimize the proliferative response
of sensitized PETLES in the culture wells was also determined.
Strains BALB/c (H-2%), B10.K (H-2"), B10.S (H-2°), and B10.M
(H-2%) were challenged with each site at the dosage level of 10,
20, 40, 80, and 160 pug/ml. The stimulation was measured at 48,
72, and 96 hr. The results on BALB/c and B10.K are shown in
Figures 2 and 3. All our experiments represent a 72-h culture
period since the 96-hr cultures gave high backgrounds. Varying
the whole myoglobin dose 1/200th to % on a molar basis relative
to that of the peptide did not significantly change the cpm.

Response of independent haplotypes. The T lymphocyte
proliferative response to individual antigenic sites was tested in
mouse strains of all independent haplotypes. The mice were
primed in vivo with the whole myoglobin and then challenged
in vitro with each of the synthetic peptides of the antigenic
sites 1 through 5, the two control sites, and the “nonsense”
peptide. PPD was included in each experiment, and response in
each strain varied between 15,000 to 130,000 cpm. The data are
not included in the table to conserve space. Each strain was
tested approximately six times in the PETLES assay. Since
occasionally we obtained either no stimulation or extremely
high stimulation, the lowest and highest counts were discarded.
Experiments involving very low PPD responses were repeated.
The data shown represent the median cpm and stimulation
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Figure 2. Dose response curve of T-lymphocyte proliferative re-
sponse to myoglobin antigenic sites. BALB/c by PETLES sensitized
with whole myoglobin were cocultured with each concentration of
antigenic sites; site 1 (O-.---0); site 2 (O-----Q); site 3 (A——A), site
4 (N-----{), site § {(X----- X) and nonsense peptide (X——Xx} as well as
whole molecule (@——@®). Each point represents the mean of three
replicates.
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Figure 3. Dose response curve of T-lymphocyte proliferative re-
sponse to myoglobin antigenic sites. B10. K PETLES sensitized with
whole myoglobin were cocultured with whole myoglobin (O-----O), site
1 {X—X), site 2 (X-----X}, and site 4 (@——@). Each point represents
the imean of three replicates,

TABLE I
Sequence of synthetic peptides
Synthetic Antigenic Sites

15 22
Site 1 Ala-Lys-Val-Glu-Ala-Asp-Val-Ala

56 62
Site 2 Lys-Ala-Ser-Glu-Asp-Leu-Lys

94 100
Site 3 Ala-Thr-Lys-His-Lys-lle-Pro

113 120
Site 4 His-Val-Leu-His-Ser-Arg-His-Pro

145 151
Site 5 Lys-Tyr-Lys-Glu-Leu-Gly-Tyr

Synthetic Control Non-Antigenic Regions

1 [
Control 1 Val-Leu-Ser-Glu-Gly-Glu

121 127
Control 2 Gly-Asn-Phe-Gly-Ala-Asp-Ala

Synthetic “Nonsense” Peptide
Glu-Ser-Ser-Gly-Thr-Gly-Ile

index of the middle four values and the range of stimulation
indices. Stimulation indices were calculated by equating the
response to “nonsense” peptide as 1.00. A strain was classified
as a responder if the cpm was twice as much as seen with the
nonsense peptide.

As shown in Tables I, II, and III, of the H-2" haplotype
strains tested (B10, B6, and A.BY), B10 gave a weak response
to the whole myoglobin whereas B6 and A.BY did not respond
at all. Among the sites, site 4 stimulated, whereas sites 1, 2, and
5 failed to stimulate, in all three H-2° haplotypes. Even though
the SI for site 4 in H-2° haplotypes was not very high, this was
highly repeatable and confirmed in several other strains (B6-
K1, B6-K2, B6(TL+), and AKR-H-2%). Among the H-2¢ hap-
lotypes, B10.D2, BALB/c, and DBA /2 responded substantially
to the whole myoglobin as well as sites 1, 2, and 5. None of the
H-2% mice tested responded to site 4. BALB/c gave a substantial
response to site 3 whereas DBA/2 gave only a weak response.
The H-2' haplotype mice of strain B10.M responded to the
whole molecule as well as sites 1, 2, and 3, but failed to respond
to sites 4 and 5. The H-2* haplotype strains, B10.BR and B10.K,

TABLE II
T-lymphocyte proliferative response in independent haplotypes to myoglobin antigenic sites {Cpm (mean + S.D.)]*
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2 About ten mice of each strain were injected with 50 ug of Mb with complete Freund’s adjuvant in footpads. After 19 days, 2.5 X 10° PETLES were cultured with Mb and its antigenic sites at the final concentration of 40

ug/ml. After 4 days, "H-thymidine-incorporated cells were harvested. PPD (40 ug/ml) response of each strain was between 15,000 ~ 130,000 cpm.
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like the H-2° haplotype strains, failed to respond to the whole
myoglobin and to sites 1, 2, 3, and 5, but did give a significant
response to site 4. This was again confirmed in other H-2*
strains (C3H, CBA, C58, B6-H-2*, AKR, and BRVR). Strains
B10.WB (H-2%, B10.P (H-2"), B10.G (H-29), and B10.RIII (H-
2") failed to respond to the whole myoglobin as well as to any
of the sites. The H-2° haplotype strains B10.S and ASW re-
sponded to the whole myoglobin as well as sites 1, 2, and 5.
Strain ASW, in addition, responded to site 3. The results
obtained on the independent haplotypes indicate that: 1) hap-
lotypes H-29, H-2', and H-2° are high responders to site 1 and
2. In addition, haplotypes H-2¢ and H-2* are also high respond-

ers to site 5; 2) response to site 3 may be controlled by a non-H-
2 linked gene; and 3) site 4 can stimulate H-2* and H-2*
haplotypes, which are nonresponders to the whole myoglobin.

In all the strains examined, the nonantigenic peptides did not
stimulate a T lymphocyte proliferative response in myoglobin-
primed mice. Unprimed mice did not give T lymphocyte prolif-
erative response when challenged with any of the antigenic
sites.

Response in H-2 recombinants. In order to map the genes
controlling immune responses to individual antigenic sites of
sperm whale myoglobin, we tested selected H-2 recombinants
involving high and low responder strains (Table IV). Strain

TABLE III
Stimulation indices of independent haplotypes to myoglobin antigenic sites”
Strain B10 Bé A.BY | B10.D2 (BALB/cBY| DBA/2 | B10.M | B10.WB | B10.BR | B10.K | B10.P | B10.G |[B10.RIII| B10.S | ASW
Haplotype b b b d d d f j k k p q r s 8
Nonsense 1.0 1.0 1.0 10 10 1.0 1.0 10 10 1.0 1.0 1.0 10 10 1.0
Whole Mb 18 0.9 1.5 4.3 11.6 26 5.0 1.7 1.0 1.3 1.6 1.2 1.5 34 4.8
(1.5-2.7} | (0.5-1.3) | (1.0-2.0) | (2.4-6.3}| (11.4-12.0) | (2.2-2.9) | {2.6-9.7) | {1.5-2.3) | {0.8-1.2) | (1.1-1.7) | (1.3-1.7) |{1.2-1.3) | (1.4-1.8) | {2.1-4.4) | (3.9-5.8)
Site 1 1.1 1.0 1.1 4.5 4.6 3.4 2.3 16 10 1.0 14 Lo 1.2 4.3 3.3
(0.9-1.5)| (0.7-1.1)| (1.1-1.3) | (3.0-5.6)| (4.1-4.9) |(2.5-4.3) | (1.6-3.1)| (1.0-2.6) | (0.8-1.1) | (0.8-1.2) | (1.2-1.7) [(0.9~1.1) | (0.9-1.6) | (0.7-9.5) | (2.6-4.1)
Site 2 0.9 0.9 09 54 43 32 24 1.3 1.1 14 1.3 1.3 1.1 3.9 3.3
(0.5-1.1)| (0.6-1.3) | (0.8-1.1) | (1.8-9.8); (1.2-5.8) |(2.9-3.5)| (1.2-2.7)| (1.0-1.9) | (0.9-1.5) | (1.2-2.0) | (0.9-1.5) |(1.3~1.4) | (0.8~1.4) | (1.5~6.5) | (2.6-3.9)
Site 3 0.8 16 13 42 3.8 2.3 20 1.7 09 1.3 1.2 08 11 1.8 38
(0.7-1.0)| (0.9-2.0}| (1.0-1.5) | (2.3-8.0)| (3.2-4.2) [(1.4-3.3)( (1.6-2.7)| (1.0-2.6) | (0.7-1.3) | (0.6-2.1) | (0.6-1.5) | (0.7-1.5) | (0.9~1.2} | (1.6~2.6) | (0.7-3.7)
Site 4 22 2.0 2.0 0.8 14 11 11 14 2.0 24 13 08 1.1 14 1.7
{(L.7-3.1)} (1.5-2.5) | (1.7-2.3) | (0.7-0.8)} (1.0-16) |{L1-1.2)| (0.6-1.5)| (0.8-2.3) ; {1.7-2.1) ; {2.0-3.2) | {1.0-1.4) | (0.6-1.0) | {0.9-1.2) | {0.7-1.8) ; (1.2-2.3)
Site 5 0.7 0.8 13 2.5 5.2 4.6 0.8 11 1.0 14 1.0 1.2 1.0 2.1 2.5
(0.6-0.7)) (0.7-1.1})} {1.1-14) | (14-43)] 4.1-72) | {4.5-4.7)] {0.5-1.0}| {06-1.8) | (0.9-1.1} | (1.1-2.1) | {0.8-1.2) | (1.1-1.3) | (0.9-1.2} | (1.0-3.1} | (1.0-3.5)
Control 1 0.7 1.0 0.9 0.7 1.0 1.1 0.8 0.8 0.8 1.1 - 09 1.2 1.2 1.0 0.9
(0.7-0.7)| (0.6-1.6) | (0.7-1.7) | (0.6-0.8)| (0.7-1.2) [{1.1-1.2)} (0.7-0.9)} (0.6-1.5) | (0.7-1.0) | (0.9-1.3) | (0.6-1.4) | (1.0-1.4) | {1.0-1.4} | (0.7-1.3) | (0.9-0.9)
Control 2 1.0 1.0 11 08 1.0 1.1 0.7 1.3 0.8 1.3 0.9 1.2 08 14 0.9
(0.9-1.1)| (0.7-1.2)| (1.1-1.2) | (0.4-1.2)| (0.9-1.1) [(1.0-1.2)[ (0.7-0.7)| (0.6-2.0) | (0.6-0.8) [ (0.7-2.3) | (0.7-1.2) [ (1.1~1.3) | (0.6-1.0} | (1.0~1.4) | (0.7-1,0)

“ Each strain was tested at least three times. The median stimulation index and the range for each strain is shown. The stimulation indices were calculated by

test anti
5L ANUBEN P ST with PPD varied between 15 and 100.

making the cpm for nonsense peptides as 1.00. SI = -
nonsense peptide cpm

TABLE IV
Stimulation indices of selected recombinants and F, to myoglobin antigenic sites®
Strain B10.A B10.A B1oS Blo.A B10.S {(B10.S X | (B6x
Hzhaplo-| ATL | ATH | BIOHTT) D2GD | BIOA | “or)" | ‘cR) | ®R) | «R) | ©R) |C¥HLOLIATERS Bl0BRIF, BIOKF,
type h2 i5 as h4 t4 P sxk b % k
Nonsense 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 10 1.0 1.0 1.0 1.0
Whole Mb 11 30 71 3.0 34 2.8 3.9 1.3 1.8 8.0 3.1 3.2 2.5 1.1
(1.0-1.2) | (2.1-3.7) | (3.5-11) |(2.3-4.2) | (1.4-4.7) | (2.7-2.9) | 22-5.7) | (1.0-1.9) [ (1.5-1.8) | (3.2-11.2) | (2.6-3.8) | (2.6-4.7)| (2.0-2.7) | (1.0-1.2)
Site 1 11 28 36 2.2 2.1 2.5 5.0 1.3 1.5 4.0 20 3.1 31 1.2
(0.9-1.3) | (1.6-3.0) | (1.0-7.3) | (1.6-3.0) | (1.5-2.4) | (1.8-3.6) | (3.3-8.9) | (0.8-1.7) | (L.3-1.6) | (1.6-6.1) |(1.7-2.4) | (1.7-4.5)] (2.0-4.5) | (1.0-1.5)
Site 2 1.0 2.5 32 33 2.7 2.4 1.9 14 14 49 24 32 2.7 1.2
(1.0-1.0) { (1.0-3.0) | {1.5-6.3) | (1.7-5.4) | {1.2-5.3) | (1.7-3.5) | {1.2-2.4) | (0.6-2.3) | (1.3-1.5) | {(34-7.9) {(1.2-2.9) | (1.9-64)] (1.8-4.5) | (1.0-14)
Site 3 1.1 11 11 11 22 1.7 2.8 X 1.2 1.3 16 2.4 29 2.4 1.0
(1.0-1.2) | (0.8-1.4) | (1.0-1.2) [ {1.0-1.3) | (1.2-4.0) | (L.1-2.7) | {1.7-39) | {0.7-1.8) | (L3-1.4) | (0.8-2.3) [(2.0-3.0) | (20-4.3)] (21-8.2) | (0.9-1.0}
Site 4 2.9 11 1.0 0.9 2.4 2.5 2.1 3.0 22 0.6 1.6 13 2.3 2.0
(1.7-3.0) | (0.9-1.4) | (0.9-1.0) | (0.8-1.1) | {1.5-3.3) | (1.7-8.5) ; (1.2-2.7)| (L1-5.3) | (2.0-24) | {0.6-0.7) | (0.9-2.2) | {1.1-1.8}} (1.9-3.0) } (1.9-2.2}
Site 5 0.8 22 29 2.6 1.0 0.9 1.2 1.2 1.7 3.0 2.6 1.1 3.0 1.4
(0.6-0.9) | (1.9-2.4) | (1.6-4.6) | (1.0-4.0) | (0.7-14) | (0.8-0.9) | (1.0-2.9) | (0.8-1.6) | (1.3-2.0) | (0.7-5.6) |(2.1-3.3) | (0.9-1.3)| (2.2-3.6) | (0.8-1.7)
Control 1 1.0 1.0 13 11 11 11 11 08 1.3 1.2 16 14 1.3 1.0
0.8-1.1) | (1.0-1.0) | (0.6-1.4) { (0.9-1.2) | (0.5-1.7) | (0.7-1.5) | (1.0-1.2) | (0.7-1.0) | (1.2-1.3) | (0.6-2.2) | (0.9-2.7) | (1.1-2.0)| (1.0-1.6) | (0.8-1.4)
Control 2 11 14 1.0 1.3 11 1.2 14 1.1 14 1.3 1.6 1.3 11 11
{0.9-1.2) | (1.3-1.4) | (0.9-1.2) | (0.9-2.0) | (0.8-1.6) | {0.9-1.6) | {(L.1-1.7) ] (0.7-1.3) | (1.1-1.6) | (0.9-1.6) | (1.2-2.6) | (0.9-1.5)] (1.0-1.2) { (1.0-1.1)

“ Each strain was tested at least three times. The median stimulation index and the range for each strain is shown. The stimulation indices were calculated by

" ;
est aNUBEN CPM__ o1 with PPD varied between 15 and 100.

king the cpm for nonsense tid 1.00. SI = -
making Lhe cp no pepuides as nonsense peptide cpm
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A.TL responded only to site 4 as did the H-2* haplotype,
whereas A.TH strain mice responded to sites 1, 2, and 5 as the
H-2* haplotype. Since A.TL and A.TH differ only between H-
2K and H-2D the Ir genes for myoglobin sites 1, 2, 4, and 5 map
in 1, S, or G regions. Strain B10.HTT, which carries the high
responder H-2° alleles in I-A, I-B, and I-J, responded to sites 1,
2, and 5. Since B10.S(9R) (I-J*) also gave similar results,
mapping of Ir genes for sites 1, 2, and 5 was further narrowed
down to the I-A and/or I-B subregions. The gene controlling
responses to site 1, 2, and 5 specifically mapped to the I-4
subregion since recombinant D2,GD responded to these sites
similarly to H-2¢ haplotype. D2.GD carries the H-2" haplotype
genes to the right of I-A, and mice of this haplotype do not
respond to these sites. Since D2.GD failed to respond to site 4
to which H-2° responds; the Ir gene to site 4 can also be mapped
to the I-A subregion. Recombinants B10.A, B10.A(2R), and
B10.A(5R) responded to sites 1 and 2, whereas B10.A (4R) and
B10.S(8R) failed to respond. Since H-2* haplotype also does
not respond to sites 1 and 2, a second Ir gene to sites 1 and 2
can be mapped between the I-E subregion and the H-2D
subregion. The recombinants C3H.OL and C3H.OH, which
express the S and G regions from low and high responders,
respectively, gave similar responses to sites 1 and 2; the influ-
ence of these regions must be minimal. On the basis of these
recombinants, a second Ir gene to myoglobin sites 1 and 2 can
be tentatively mapped to the I-C subregion. The results with
the H-2 congenic strains suggested that the Ir genes to myoglo-
bin site 3 might be associated with non-H-2 linked gene. Among
the recombinants, B10.A and B10.A(5R) responded to site 3,
whereas B10.A(2R) failed to respond. This suggests that re-
sponse to site 3 may be influenced by some genes mapping in
the TL region.

Several F; crosses were made involving combination of re-
sponders and nonresponders. Crosses between responders and
nonresponders always responded to the whole myoglobin as
well as to the sites suggesting dominant Ir-gene control. In
matings involving two nonresponder strains, we did not see any
evidence for complementation of Ir genes for response to the
antigenic sites.

Results of experiments testing several other recombinant
strains confirmed the mapping of Ir genes to the myoglobin
antigenic sites. B10.HTG and B10.BDR (I%) gave results similar
to the H-2° haplotype mice. B10.A(18R), B10.A(21R),
B10.BAR(5), BI10.D2(R106), B10.D2(R107), A-BTR-l,
B10.F(14R), and HTI (I®) gave results similar to the H-2°
haplotype mice, in that they responded only to site 4.
B10.M(17R) and B10.AQR (I*?) gave results similar to the H-
2* haplotype. A.TFR-1 (I), A.AL, A.AKR, B10.AM, and
B10.AKM responded to site 4 similar to A.TL. B10.M(11R) and
ATFR-5 (I gave results similar to the H-2' haplotype.
B10.T(6R) (I9) gave results similar to H-2? haplotype, and
B10.S(7R) and B10.S(24R) (I*) gave results similar to H-2°
strains. All the mutants that were typed gave results that were
characteristic of the parental strains. For example, B6-H-2,
B6-H-2"", and B10.M505 responded to site 4 similar to the B6
(H-2%). M504 gave results similar to B10.D2 (H-29%), and M523
responded to site 4 similar to H-2* haplotypes.

DISCUSSION

The present studies clearly showed that T lymphocyte pro-
liferative response to sperm whale myoglobin and four of the
five antigenic sites are under control of H-2-linked Ir genes. In
Table V, we have used the key strains to summarize the

[voL. 123
TABLE V
Summary of response to myoglobin antigenic sites in selected
recombinants
Strain K A B J E € 8 G D Response
B10 b b b b b b b b b 4
B10.D2 d d 4d d d d d d d 1,2,35
D2.GD d d b b b b b b b 1,2,5
C3H.OL d d d d d d k k k 1,2,3,5
B10.K k k k k k k k k k 4
ATL s k k k¥ kK k k k d 4
B10.A k k kK kK k d d4 d d 1,234
B10.A(2R) k k¥ k¥ k k d d ? b 1,2,4
B10.A(5R) b b b k k d d d d 1,234
B10.S s & s s & 8 S§ 8§ 8 1,2,5
B10.S(9R) s s ? k k d4d d4d d d 1,2,5
B10.HTT s s s s k k k k d 1,2,5
B10.S(8R} k k ? ? s s s s s 4
H-2 Gene Complex Non-H-2
Site KABJECSGD
1.2 — —t
3 —
4 —t
5 —

Figure 4. Ir gene mapping for individual antigenic sites of sperm
whale myoglobin.

mapping of the Ir genes to myoglobin antigenic sites. Figure 4
depicts the mapping of these Ir genes. So far, we have been
unable to separate the Ir genes to sites 1 and 2, which have
always been expressed together. The Ir genes to the myoglobin
sites will be designated as follows: 1) Ir-Mb-1,2(A) for the gene
responding to sites 1 and 2, mapping in the I-A subregion; 2) Ir-
Mb-1,2(C) for the gene responding to sites 1 and 2 mapping in
the I-C subregion; 3) Ir-Mb-3 for the gene(s) responding to site
3, which is non-H-2-linked; 4) Ir-Mb-4(A) for the gene respond-
ing to site 4, mapping in the I-A subregion; and 5) Ir-Mb-5(4)
for the gene responding to site 5, mapping in the I-A subregion.
One interesting point is the response of recombinant B10.S(8R),
which carries the I-C subregion from H-2° haplotype, a high
responder, failed to respond to sites 1, 2, and 5. This suggests
that H-2% haplotype expresses both Ir-Mb-1,2(A) and Ir-Mb-
1,2(C),whereas H-2° haplotype expresses only the Ir-Mb-1,2(A).
The I-E/I-C gene products have not been detected in H-2°
haplotype.

The expression of either Ir-Mb-1,2(A) or Ir-Mb-1,2(C) is
sufficient for response to sites 1 and 2. This suggests that
individual Ir genes can respond to distinct antigenic sites on the
molecule. Gene complementation could occur by additive re-
sponse of two Ir genes responding to different sites on the
molecule. In the parent strain, response generated by one of
the Ir genes may not reach the threshold value to be classified
as a responder. Another area of interest is the response of H-2*
and H-2° haplotypes to site 4, although they failed to respond
to the whole myoglobin molecule. There are two possible ex-
planations: 1) Dosage effect: when the primed lymphocytes of
H-2* and H-2" haplotypes are challenged in vitro with the site
4, they are exposed at optimum dose to approximately 18 times
more antigen compared to challenge with the whole molecule.
If this were true, increasing the dosage of myoglobin 10- to 20-
fold during challenge should make H-2° and H-2* high respond-
ers. It is significant that these strains remained low responders
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when the myoglobin dose was varied from 1/200th to % relative
to that of the peptide. Thus the dosage effect may be ruled out.
2) Suppressive site: there might be a site on the myoglobin
molecule that gives suppressive signals in H-2* and H-2" hap-
lotypes. When the mice are exposed to site 4 only, in the
absence of this putative suppressive signal, they are able to
proliferate. This hypothesis can also be experimentally verified
by challenging with couplets of site 4 and the other sites.
Studies with the sites in the priming process might also reveal
some interesting information.

The entire antigenic structure of sperm whale myoglobin was
determined originally by Atassi on the basis of the antibody
response in rabbits and goats. An initial question was whether
the mice would recognize the same antigenic sites. The T cell
proliferation studies indicate that the mice recognize the same
sites. We also considered the possibility that the mice might
recognize additional sites on the molecule, However, prelimi-
nary studies have also shown that the antibodies to myoglobin
made in three strains of mice bind to the expected antigenic
sites, The total binding activity of the reacting sites accounted
for almost 100% of the mouse antimyoglobin antibody (T'wining
et al., in preparation).

Studies with synthetic amino acid polymers have suggested
that Ir-gene control at the T cell level was carrier dependent.
However, the present studies suggest that this need not be
necessarily true and that the recognition could be at the anti-
genic site level. Presumably Ir-gene control can be mediated
through several avenues. Even though studies with amino acid
polymers have yielded very important information on the im-
mune response gene phenomena, there are also certain pitfalls.
For example, synthetic amino acid polymers prepared from N-
carboxy-amino acid anhydrides would be expected to differ
from one preparation to another, and also a given preparation
does not represent a discrete molecular species. These chemical
differences would lead to changes in the antigenic properties of
the molecule and the mechanism by which it is recognized.
Studies with protein antigens should generate new information
on the Ir-gene mechanisms.

The T cell proliferation and the antibody response to the
whole molecule gave similar results. Studies in several labora-
tories (24-26) have suggested that T cells recognize different
determinants from those recognized by B cells. The T cell
responses are believed to be specific for amino acid sequence
on fragments of native protein antigens, whereas antibodies are
directed against the tertiary structure of the antigenic sites on
the native antigen. It is therefore significant to point out that
the control synthetic peptides, representing nonantigenic parts
of the molecule, consistently failed to stimulate a T cell prolif-
erative response in all the numerous strains examined. It would
be interesting now to see whether the antibody response to the
free synthetic sites (which would be expected to be completely
unfolded in solution) in appropriate strains would give similar
results as shown in this paper for the T cell proliferation. Can
antibodies be produced to the synthetic antigenic sites in the
high responder mice by immunization with each of these sites
or is the tertiary structure required for antibody production?
Of course, it should not be ruled out that binding receptors
could induce the free peptide into the appropriate conformation
as do antibodies (15). Further, at the antigenic determinant
level, are the T cell repertoire and B cell repertoire similar or
different? These are questions that can be answered by doing
antibody-binding assays and the T cell proliferative assays in
the same strains of mice by using the synthetic antigenic sites.

Unanue and Cerottini (27) have established that macro-

phages phagocytize antigens and put out antigen fragments
that bind to their surface membranes. Recently, Benacerraf
(28) has proposed that specific Ir-gene function dictates the
ability of the Ia molecule on macrophages and B cells to interact
specifically with unique amino acid sequences on the antigen
concerned. This would generate the determinants specific for T
cell recognition and would suggest that the Ia molecules possess
binding sites that are complementary to an antigen segment of
a specific amino acid sequence. Applying this idea to our studies,
it would mean that the Ia molecules generated by genes coded
in the I-A subregion of H-2% haplotype can bind to sites 1, 2,
and 5, whereas the Ia molecule from H-2* haplotype have
complementary surface structure for binding only site 4. This
hypothesis is being experimentally tested in our laboratories.
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