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Ever since the major histocompatibility complex (MHC)-linked immune re- 
sponse genes (/r-genes) were described by McDevitt and Benacerraf in mice and 
guinea pigs (McDevitt and Chinitz, 1969; Benacerraf and McDevitt, 1972; McDevitt 
and Benacerraf, 1969), it has been widely assumed that the HLA linked/r-genes 
or HLA-linked immune suppression genes (/s-genes) exist in humans. Actually a 
series of studies on a statistical association between HLA and immune responses 
to particular antigens in vitro was reported (Greenberg et al., 1975; Spencer et al., 

1976; de Vries et al., 1977; Sasazuki et aI., 1978; Sasazuki et aL, 1980a; Kato et al., 
1978) suggesting the presence of the HLA-linked Ir- or/s-genes in man. This un- 
proved hypothesis has been used by many investigators to explain the strong asso- 
ciations between HLA and diseases (Svejgaard et al., 1975; Dausset and Svejgaard, 
1977; Sasazuki et al., 1977; McMichael and McDevitt, 1978). 

The aim of this paper is to demonstrate the existence of the HLA-linked Is- 

gene and to show its crucial role in autoimmune disease and allergy in man. 

Genetic control o f  immune response in man 
Numerous attempts have been made to demonstrate the existence of Ir-or Is- 

genes in man by using a series of antigens such as streptokinase and streptodornase 
(Greenberg et al., 1975), influenza A (Spencer et al., 1976), vaccinia (de Vries et al., 

1977), tetanus toxoid (Sasazuki et al., 1978), schistosomal antigen (Sasazuki et aL, 
1980a), and rubella vaccine (Kato et al., 1978). All such studies demonstrated the 
statistical associations between HLA and immune responsiveness to these antigens, 
and Sasazuki et al. (1978, 1980a) first described the strong association between im- 
mune response and a particular antigen e.ncoded for by the HLA-D region which 
is comparable to the murine H-2 I-region where Ir- and /s-genes were mapped 
(Doff, 1981). 

However, in order to identify the HLA-tinked I t -  or/s-genes, family analysis 
was essential. Immune responsiveness to streptococcal cell wall (SCW) antigen was 
therefore investigated in 84 members of 18 helathy families. Forty-six members of 
another ten families were added to the analysis for correlation of immune response 
between siblings. The SCW antigen was purified from the type 12 streptococci 
strain Ss 95/12 by a method described elsewhere (Sasazuki et al., 1980b). Immune 
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response of the family members to the SCW antigen was determined by the antigel~ 
specific T cell proliferation in vitro (Sasazuki et al., 1980b). Histogram for the 
distribution of the immune response of 84 family members to SCW antigen showed 
a clear bimodality, as is evident from analysis of the cumulative frequency distribu- 
tion (Fig. 1). By these analyses the cut off point to divide the family members into 
high and low responders was determined at natural logarithm counts per minute 
(ln cpm)=  9.6. Segregation of the high and low responders to the SCW antigen. 
assigned by this criterion among 18 families is summarized in Table 1. 

The mode of inheritance for the immune responsiveness to the SCW antigen 
was analyzed by the maximum likelihood scoring method (Morton, 1959) using 
the informative fourteen families. All of these families were completely ascertained 
and penetrance of the gene controlling immune responsiveness to the SCW antigert 
was assumed to be complete. 
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Fig. 1. 
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IMMUNE RESPONSIVENESS TO SCW ANTIGEN (LN ~cPM) 
Analysis of the distribution of the immune responsiveness to SCW antigen among 
family members. Abscissa indicates the classes of the immune responsiveness 
expressed by In Acpm and ordinate indicates the cumulative distribution frequ- 
ency (~). Distribution can be divided into two groups with a mode around In 
Acpm = 9.6. 
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Table 1. 
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Summary of observed phenotypes for immune responsiveness to SCW antigen 
in 18 families. H is high responder, and L is low responder. 
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Phenotypes of parents Phenotypes of children Number of families 

H • H (H,H)  1 

H x L (H) 1 

(H,H) 1 

(H.L) I 

(H,H,L) 1 

(H,L,L) 1 

(L,L,L) 2 

(H,H,H,L) 1 

(L,L,L,L) 1 

L•  (H,L) 3 

(L,L) 2 

(L,L,L) 1 

(H,L,L,L) 2 

The hypothesis that the low responsiveness is controlled by a single recessive 
gene should be discarded because many high responder children were segregated 
from the matings of low responders; moreover there was a significant difference 
between observation and expectation (p <0.05) in seven informative backcross fami- 
lies (Table 2). Six informative backcross families were then analyzed under the 
hypothesis of a single recessive gene for high responsiveness to the SCW antigen. 
There were no significant differences between observation and expectation in segre- 
gation of high responsiveness to the SCW antigen in these families (p > 0.45) indicat- 
ing that the hypothesis of a single recessive gene for the high responsiveness to the 
SCW antigen probably can not be ignored (Table 3). This hypothesis also can not 
be discarded by the analysis of five informative intercross families (p>0.37) (Table 
4). All of these data support simple recessive inheritance for high responsiveness 
or simple dominant inheritance for low responsiveness to the SCW antigen in man. 

One hundred and thirty family members of twenty-eight families were typed for 
HLA to investigate the correlation of immune responsiveness to the SCW antigen 
between siblings. The correlation of the phenotypes of immune responsiveness 
(high or low responsiveness) between HLA-identical siblings was complete (corre- 
lation coefficient = 1.0). Those between HLA-haploidentical or nonidentical siblings 
were 0.59 or - 0 . 46  respectively. The correlation for the immune responsiveness 
expressed by In cpm between HLA-identical siblings was very high (r=0.911, p <  
0.001) (Fig. 2), whereas that between HLA-haploidentical siblings was decreased to 
0.460 (p<0.01) (Fig. 3). There was no correlation at all between HLA-nonidentical 
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Table 2. Analysis of the mode of inheritance for immune responsiveness to SCW antigen in 
vitro by the maximum likelihood scoring method of Morton, under the hypothesis 

of a single recessive gene for low responsiveness to SCW antigen 
in seven informative backcross families. 

Backcross (L • H) 

Number 
Sib size of low Observed Expected ~2 

responders 

1 1 0 0 0 

2 1 1 0.67 0. 17 

2 2 0 0. 33 0. 33 

3 1 1 1.71 0. 30 

3 2 1 1.71 0. 30 

3 3 2 0. 57 3.57 

4 1 1 0. 53 0.41 

4 2 0 0. 80 0. 80 

4 3 0 0. 53 0. 53 

4 4 1 0. 13 5. 63 

Total 7 6. 98 12. 04 
(D.F.=5)  
p<0.05 

Table 3. Analysis of the mode of inheritance for immune responsiveness to SCW antigen in 
vitro by the maximum likelihood scoring method of Morton, under the hypothesis 

of a single recessive gene for high responsiveness to SCW antigen 
in six informative backcross families. 

Backcross (L • H) 

Number 
Sib size of high Observed Expected •2 

responders 

1 1 1 1.0O - -  

2 1 1 1.33 0. 08 

2 2 1 0. 67 0. 17 

3 1 01 0.86 0.02 

3 2 1 0. 86 0, 02 

3 3 0 0. 29 0. 29 

4 1 0 0, 27 0. 27 

4 2 0 0. 40 0, 40 

4 3 1 0.27 2. 02 

4 4 0 0. 07 0. 07 

Total 6 6.02 3.34 
(D.F. =4)  
p>0.45 
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Table 4. Analysis of the mode of inheritance for immune responsiveness to SCW antigen in 
vitro by the maximum likelihood scoring method of Morton, under the hypothesis 

of a single recessive gene for high responsiveness to SCW antigen 
in five informative intercross families. 
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Intercross (L x L) 

Number 
Sib size of high Observed Expected Z 2 

responders 

1 1 0 0 0 

2 1 3 2. 57 0. 07 

2 2 0 01 43 0. 43 

3 1 0 0 0 

3 2 0 0 0 

3 3 0 0 0 

4 1 2 1.23 0. 48 

4 2 0 0.62 0. 62 

4 3 0 0. 14 0. 14 

4 4 0 0. 01 0. 01 

Total 5 5. 00 1.75 
(D.F.=2)  

p>0.37 

Fig. 2. 
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ELDER SIBLING (LNAcPM) 

Correlation of the immune response to SCW antigen between HLA-identical 
siblings. Abscissas is the tn Acpm of the elder sibling and the ordinate is that of the 
younger sibling. The dotted lines show the cut off point for low and high respon- 
siveness. The correlation coefficient for immune responsiveness between HLA 
identical siblings, expressed by In Acpm, is 0.911 (p<0.001). 
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Fig. 3. 
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Correlation of the immune response to SCW antigen between HLA-haploidentical 
siblings. The correlation coefficient for the immune responsiveness is 0.460 (p < 
0.01). 

Fig. 4. 
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ELDER SIBLING (LN~CPM) 

Correlation of the immune response to SCW antigen between HLA-nonidentical 
siblings. The correlation coefficient for the immune responsiveness is --0.282. 

siblings ( r = - 0 . 2 8 2 )  (Fig. 4). These observations indicate that HLA has a crucial 
role in controlling the immune responsiveness to the SCW antigen. 

To test the linkage between H L A  and immune responsiveness to the SCW anti- 
gen by Morton 's  sequential linkage test (Morton, 1957), four representative kindreds 
were examined for immune responsiveness to the SCW antigen and H L A  genotypes 
(Pedigrees and data in Fig. 5). In each family, the low responders shared at least 
one specific HLA haplotype underlined in Fig. 5, which was not found in any of the 
high responders. This observation suggested that the dominant gene for low re- 
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6 
A/D B/D 

A: Aw24, Bw52, Cw-, 

B: Aw33, Bw44, Cw-, 

C: Aw24, Bw51, Cw-, 

D: A26 , Bw46, Cwl, Cw3, D- 

OH ~amilv 

6% 
A/D A/D 

Dwl2 , DR2 

DEn , DRw6 

D- , DR- 

, DRw6 

A-B/~ B/D A/~ 

A: A2 , B40 , Cw3, DR4 

B: Aw31, Bw51, Cw-, DR5 

C: A l l  , Bw54, Cwl, DRw8 

D: A2 , Bw54, Cw3, DR- 

NA ~mm~Iv 

B/c BID A_/C AID B_/s B_/C B/C 
A: Aw24, Bw35, Cw3, DR- 

B: Aw24, Bw51, Cw-, DR4 

A: Aw24, Bw52, Cw3, DwI2 , DR2 

B: Aw24, BI3 , Cw3, D- , DR- 

C: Aw24, Bw35, Cw3, D- , DRw6 C: Aw24, B7 , Cw-, DR1 

D: Aw31, B40 , Cw3, D- , DRw6 D: Al l  , BI5 , Cw4, DR4 

Fig. 5. Four representative pedigrees showing HLA genotypes and phenotypes of low or 
high immune responsiveness to SCW antigen. A, B, C and D are HLA haplo- 
types; [] or O, high responders; and [] or 0 ,  low responders. In each family, 
low responders shared an HLA haplotype which was not shared by high respond- 
ers and are underlined. 

Table 5. Lod score for linkage between HLA and low responsiveness to SCW antigen 
calculated from nine informative families by Morton's sequential linkage tests. 
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Recombination fraction (0) 
Family 

0. 00 0.01 0. 02 0. 03 0. 04 0. 05 

KA 0. 125 0. 116 0. 108 0. 100 0. 093 0. 086 
YA 0. 125 0. 116 0. 108 0. 100 0. 093 0. 086 
KO 0. 301 0. 292 0. 284 0. 275 0. 266 0. 258 
SO 0. 301 0. 292 0. 284 0. 275 0. 266 0. 258 
NA 0. 375 0. 374 0. 373 0. 371 0. 368 0. 365 
HA 0. 375 0. 374 0. 373 0. 371 0. 468 0. 365 
KI 0. 602 0. 589 0. 576 0. 562 0. 549 0. 535 
OH 0. 602 0, 589 0. 576 0. 562 0. 549 0. 535 
AR 0. 903 0. 886 0. 868 0. 850 0. 832 0. 814 

Total 3. 709 3. 628 3.550 3.466 3. 384 3. 302 
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sponsiveness to the SCW antigen was linked to HLA haplotypes shared by the low 
responders. A maximum lod score (3.709) was obtained at 0=0.00 (Table 5) 
showing very close linkage between HLA and low responsiveness to the SCW anti- 
gen. Thus an HLA-linked gene controlling low responsiveness to SCW antigen 
was identified. 

By analyzing immune response to measeles, streptococcal antigen or synthetic 
polypeptide chain, (T, G)-A--L, in families, three groups claimed the existence of 
HLA-linked/r-genes (Haverkorn et al., 1975; Greenberg et al., 1980; Hsu et aL, 
1981) which controlled high responsiveness to those antigens. None of the groups, 
however, studied the cellular mechanisms of those genetic regulations. 

Immune response of peripheral blood lymphocytes to the SCW antigen is mon- 
ocyte dependent T cell proliferation. Recently we have noted the existence of 
genetic restriction by HLA-DR antigen but not by HLA-D nor by HLA-DR super- 
typic (MT) antigen of the cooperative interaction between T cells and monocytes 
in the immune response to the SCW antigen in vitro. T cells from high responders 
exhibited a proliferative response with monocytes from low responders but T cells 
from low responders failed respond even in the presence of monocytes from high 
responders which shared at least one HLA-DR antigen with T cell donor. This 
may be taken to indicate that the gene controlling low responsiveness to the SCW 
antigen was expressed at the T cell level but not at the monocyte level. Further- 
more we observed by using anti-human T cell monoclonal antibodies that the pro- 
liferative response to the SCW antigen was carried by the Leu-2a negative, Leu-3a 
positive helper T cells, and low responders have the Leu-2a positive, Leu-3a negative 
suppressor T cells which suppressed the proliferative response of autologous, HLA- 
DR ~ identical, or HLA-DR haploidentical helper T cells from high responders 
(unpublished observation). The single dominant gene for low responsiveness to 
the SCW antigen is, therefore, analogous to the murine immune suppression gene 
which controls the low responsiveness by inducing suppressor T cells (Debr6 et aL, 
1975; Benacerraf and Dorf, 1977). It is conceivable that these /s-genes contribute 
to the normal state of tolerance to self-antigen or many allergens. If so, the ab- 
sence of such genes in the homozygous individuals may predispose to immune re- 
lated diseases such as autoimmune diseases and allergy. 

Genetic control of disease susceptibility 
There has been an accumulation of evidence showing that genes in the HLA 

system have a makred effect on susceptibility to a wide variety of diseases (Svejgaard 
et aL, 1975; Dausset and Svejgaard, 1977; Sasazuki et al., 1977; McMichael and 
McDevitt, 1978). Most of the studies were, however, done at the population level, 
and family analysis is again indispensable for identifying the disease susceptibility 
genes. 

Multiplex family with Graves' disease was analysed by the sib-pair method 
described by Penrose (1935). The disease-associated haplotypes of HLA and ira- 
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munoglobulin allotypes (Gm) were identified in each family by determining the 
haplotypes shared by two affected siblings (Uno et al., 1981). The aim was to de- 
termine if all the affected siblings shared the disease-associated haplotypes of both 
HLA and Gm. One affected sibling used to determine the disease-associated haplo- 
types of HLA and Gm in each family was excluded from the calculation. 

All affected siblings in 14 families with Graves' disease shared the disease-asso- 
ciated haplotypes of HLA and Gm. However, siblings who shared the disease- 
associated haplotypes did not necessarily suffer from the disease (Fig. 6). This 
genetic association between the development of Graves' disease and particular HLA 
and Gm haplotypes in each family was statistically significant (p< 6.0 x 10 -4) (Table 
6). The association was strong and significant in female siblings (p<6.0x 10-4), 
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1 

Fig. 6. A family affected with Graves' disease. �9 II, Graves' disease, a, HLA-A26, 
Bw54, Cwl; b, HLA-A2, Bw54, - - ;  c, HLA-Al l ,  Bw39, - - ;  d, HLA-A2, , ; 
p, Gm (1, 13, 15, 16, 17); q, Gm (1, 17, 21); r, Gm (1, 3, 5, 13, 23); s, Gm (1, 13, 
15, 16, 17). 

Table 6. Association between Graves' disease and HLA- and Gm-haplotypes 
in 14 informative families. 

Disease-associated haplotypes 
of HLA and Gm allotype 

Positive ~ Negative b 

P 

Total sib (n=43) Affected 16 0 
~ 6 . 0  x 10 -4 

Unaffected 14 13 

Female sib (n = 32) Affected 13 0 
<6. 0 • I0 -4 

Unaffected 8 11 

Male sib (n = 11) Affected 3 0 
NS 

Unaffected 6 2 

One affected sibling used to determine disease-associated haplotypes in each family was excluded 
from this analysis. The P value was calculated by Fisher's exact method. 
NS, not significant, a Positive for disease-associated HLA and Gm haplotypes, b Negative for 
either or both disease-associated HLA haplotype and Gm haplotype. 
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but not significant in male siblings, probably due to the small number of  male 
patients in these families. The strong association between the development of  
Graves '  disease and H L A  and G m  haplotypes indicated that there might be two 
genes linked to HLA and Gin, respectively, which had major effects on the devel- 
opment of  Graves'  disease. Fourteen siblings who had the disease-associated haplo- 
types were from 12 to 49 year old (mean age 27.6 year). Because the age of onset 
of  Graves'  disease varies widely, they may possibly develop the disease later in life. 

Mode of inheritance and gene frequency of the HLA-linked disease suscepti- 
bility gene was inferred by using the affected sib-pair method developed and utilized 
by Cudworth et al. (1975), Day and Simons (1976), Thomsen and Bodmer (1977) 
and Svejgaard and Ryder (1981). 

Fifteen affected sibpairs could be unequivocally assigned as sharing either 2 
or 1 HLA haplotypes identical by descent. Out of  15 affected sibpairs 8 shared 2 
H L A  haplotypes and 7 shared 1 HLA haplotype which differed significantly from the 
random ratio ( 1 : 2  : 1 for sharing 2, i or 0) (p<0.025) (Table 7). Analysis of  
haplotype distribution of affected sibpairs showed that the minimum chi square for 
the recessive model was 1.39 with a frequency of the HLA-linked gene of 0.30 an indi- 
cation that we can not exclude the recessive model. An even lower chi square (0.07) 

was obtained for the dominant model with the frequency of HLA-linked gene 0.00. 
The frequency 0.00 for a disease susceptibility gene does not make sense, but we 
can obtain an appreciable gene frequency (0.08) under the dominant model at a chi 
square=  1.34, which was comparable to the minimum chi square for the recessive 
model. At this stage, given the small sample size (n=15),  it is not possible to rule 
out the dominant model simply because the minimum chi square was obtained at a 
gene frequency=0.00 (Sasazuki et al., 1982). However, the dominant model was 
clearly rejected if the current data were analyzed together with those of  Farid and 
Bear (1982) of  43 affected sib-pairs, 27 shared two, 14 shared one and two shared 
zero HLA haplotypes (Fig. 7). I t  was thus possible to identify the HLA-linked 
recessive gene which has a major effect on the development of Graves'  disease. 

Table 7. Tests for genetic hypotheses of Graves' disease based on HLA haplotype assortment data. 

Two affected sibs shared Recessive Dominant Random 
haplotypes 

Ob Exa(z2) Ex b (Z 2) Exc (Z ~) 

Two (x=0.533) 8 8.82 (0. 08) 7. 50 (0. 03) 3.75 (4. 82) 
One (y=0.467) 7 5. 37 (0. 50) 7.50 (0. 03) 7. 50 (0. 03) 

None (z=0.000) 0 0. 82 (0. 82) 0. 00 (0. 00) 3.75 (3.75) 

Total 15 (1.39) (0.07) (8.60)* 

* 0.01 <p<0.025. 
a Based on an estimated gene frequency of 0.30~0.10. b Based on a gene frequency 0.00 estimated 
by maximum likelihood, e Based on random ratio 1 : 2 : 1. 
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Inference of mode of inheritance and gene frequency for Graves' disease by 
affected sib-pair method. 
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Table 8. Association between Graves' disease and HLA. 

Graves' Control 
HLA-antigens disease group Chi-square Pc RR 

(n=30) (n=80) 

DR5 9 (30.0~) 4 ( 5 . 0~ )  13 .08  <3.0•  -3 8.14 

DRw8 11 (36.7~) 13 (16. 3~) 5. 82 NS 3. 07 

DR5 and DRw8 were determined using 11 and 5 sera, respectively, from the 8th International Histo- 
compatibility Workshop. 
Pc: P multiplied by the number of HLA-DR antigens studied. RR: relative risk. NS: not sig- 
nificant. 

In a study of 30 unrelated probands in these families with Graves'  disease, the 
antigen frequency of HLA-DR5 was significantly increased to 30 .0~ (9 out of 30), 
compared with 5 .0~  (4 out of  80) in a control group (p <3.0 x 10 -z, relative r i sk=  
8.14) (Table 8). The association between Graves'  disease and HLA-DR5 implied 
that the HLA-linked disease susceptibility gene was in strong linkage disequilibrium 
with HLA-DR5.  There was, on the other hand, no significant association between 
Graves'  disease and any particular immunoglobulin allotype in these probands, 
suggesting the absence of significant linkage disequilibrium between G m  and the 
Gm-linked disease susceptibility gene. 

Two loci plus environmental factors involved in disease was also proposed by 
Thomson (1980) to explain the genetic mechanism of juvenile onset insulin depend- 
ent diabetes mellitus, even though they could not identify the second locus by any 
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specific genetic markers. In Graves' disease, the two locus model was verified by 
the clear demonstration of the closely linked loci, HLA or Gm, for each locus. 

What would be the disease susceptibility genes linked to HLA-DR and Gm? 
The HLA-D region is assumed to be comparable to the I-region of the murine H-2 
complex, in which immune response genes (/r-genes) and immune suppression genes 
(Is-genes) are mapped. As mentioned earlier an HLA-linked Is-gene which con- 
trols the low or non-responsiveness to the streptococcal cell wall (SCW) antigen in 

vitro was clearly demonstrated in man. In this situation, the high responsiveness 
to the SCW antigen is a recessive trait. Since the HLA-linked disease susceptibility 
locus for Graves' disease seems to be recessive, an HLA-linked Is-gene controlling 
the high immune responsiveness of  the recessive homozygous state is an attractive 
candidate for the gene. Indeed an HLA-linked Is-gene was proposed to be the 
best candidate for the HLA-linked recessive locus which was identified by the family 
analysis including the affected sib-pair method and sequential linkage test in ceder 
pollenosis (allergy to the ceder pollen antigens). The patients with ceder pollenosis 
produced IgE antibody to the ceder pollen antigens whereas the healthy family 
members did not respond to the antigen. The low responsiveness to ceder pollen 
antigen is a dominant trait controlled by an HLA-linked Is-gene which governs the 
generation of suppressor T cells. In the case of allergy it was thus possible to 
conclude that the HLA-linked Is-gene is the disease susceptibility gene because the 
antigen directly involved in the pathogenesis of allergy is well characterized. In 
similar way the elucidation of the antigen(s), the environmental factor(s), involved 
in the pathogenesis of Graves' disease will, in turn, make it possible to identify the 
HLA-linked/s-gene controlling the susceptibility to Graves' disease. 

It is, thus, evident that HLA governs the susceptibility to certain diseases by 
controlling the immune responsiveness to particular antigens. 
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