
The Major Histocompatibility 
Complex of the Mouse 

There are so many aspects of MHC re- 
search that it would be impossible in one 
article to discuss them all. Instead, I 
have selected a few topics that I consider 
most pertinent to interpreting the MHC's 
role in the immune response. 

Genetic Organization 

Jan Klein 

When a vertebrate recognizes a for- 
eign substance as nonself, it initiates a 
complex reaction against it, summarily 
referred to as the immune response. Un- 
til recently, the most important class of 
molecules involved in this response ap- 
peared to be immunoglobulins, and im- 

species have different names (HLA in the 
human, Rt-l in the rat, B in the chicken, 
and so on [see (2)]. The generic name 
for the complexes of different species is 
the major histocompatibility complex 
(MHC). This name reflects the fact that 
there are many other (minor) histo- 

Summary. Like physicists striving to develop a unified field theory, immunologists 
are attempting to bring order to the microcosmos of defense reactions. Indications are 
that one of the most important constants in this microcosmos is the major 
histocompatibility complex (MHC) of the species. A test of any interpretation of the 
MHC's role in immunity is how well it explains this system's polymorphism. One of the 
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munology, to a large degree, had been 
the science of immunoglobulins. How- 
ever, in the last decade the suspicion has 

grown steadily that there might be a sec- 
ond class of molecules, perhaps as im- 

portant as immunoglobulins and cer- 
tainly as interesting. These molecules 
were first discovered in the mouse by the 

Englishman Peter A. Gorer (1), but later 
other investigators found similar mole- 
cules in many other vertebrates (2). The 
molecules could be recognized for two 
reasons: first, because one could make 
antiserums against them and study them 

serologically; and second, because cells 
and tissues carrying them were de- 

stroyed (rejected) when introduced into 
an individual whose corresponding mole- 
cules were not exactly the same as those 
introduced. Because of the latter proper- 
ty, a property governing tissue compati- 
bility, Gorer, Lyman, and Snell (3) desig- 
nated the molecules as histocompatibili- 
ty antigens and gave them a serial num- 
ber-2. They designated the gene coding 
for the antigens as H-2 (histocompatibili- 
ty 2). When later research proved that 
the H-2 consists of not one, but a series 
of genes, immunologists became accus- 
tomed to denoting this series as the H-2 
complex (4). Similar complexes in other 

compatibility systems which to immu- 

nologists-at this time at least-seem to 
be less important (5). 

Originally, immunologists were inter- 
ested in the MHC only because it pre- 
sented a formidable obstacle to organ 
transplantation by controlling the strong- 
est antigens against which the recipient 
mounted severe immune response, lead- 

ing to rapid graft rejection. They thought 
that by studying the MHC they might 
come across ways of avoiding graft re- 

jection and thus accomplishing success- 
ful organ transplantation. In that respect 
they failed. Although they were able to 
somewhat improve organ-transplant sur- 
vival rates by matching, as closely as 

possible, MHC molecules of donor and 
recipient, they have not yet solved the 

rejection problem. But their interest in 
the MHC has paid off in a totally unex- 
pected way. For during their studies, im- 
munologists gradually realized that the 
MHC plays some important role in the 
immune response to antigens in general. 
The question remaining to be answered 
is: What exactly is this role? In recent 

years immunology has come tantalizing- 
ly close to answering this question. The 
situation is like that before the opening 
of a mystery play: The stage is ready, 
the spectators are filled with expecta- 
tion-someone has just to lift the cur- 
tain. 
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The H-2 complex is located in the 
middle portion of chromosome 17, one of 
the shortest mouse chromosomes (Fig. 
1). In the same chromosome, three other 
groups of loci have been identified: loci 
controlling embryonic differentiation 
(T,t, Kb, Fu, and qk); loci controlling 
hair growth (th and thf); and loci coding 
for isozymes (Pgk-2, Ce-2, Apl, Glo-1, 
and Map-2). At least some of these 
groups (in particular the T,t group) might 
form functional complexes similar to H- 
2. 

The H-2 complex (Fig. 2) is between 
0.3 and 1.5 centimorgans long, depend- 
ing on which loci one counts as belong- 
ing to the complex. Originally, the com- 
plex's borders were demarcated by the 
H-2K locus at the centromeric and the 
H-2D locus at the noncentromeric (telo- 
meric) ends. These two loci are 0.3 cM 
apart. However, more recent studies in- 
dicate that several loci to the right of H- 
2D are functionally and biochemically 
related to at least some of the H-2 loci, 
and could, therefore, be considered as 
part of the complex (6). In this extended 
version of the H-2 map, the H-2 borders 
are demarcated by H-2K and Tla, two 
loci which are some 1.5 cM apart. 

The position of each H-2 locus on the 
map is determined by typing recombi- 
nants derived from heterozygous parents 
in which two chromosomes 17 have bro- 
ken and rejoined (have undergone cross- 
ing-over) in a particular position within 
the H-2 complex. To give an example: If 
one were to designate alleles at individ- 
ual H-2 loci of one chromosome (hap- 
lotype) k k k k k k k k k (taking into ac- 
count only loci from H-2K to H-2D, see 
Fig. 2), and alleles at loci of another hap- 
lotype d d d d d d d d d, then a haplotype 
k k k k k k k k d would represent an H-2 
recombinant, in which the left-hand por- 
tion of H-2 is derived from one and the 
right-hand portion from another parental 
chromosome. In this particular new hap- 
lotype, designated H-2al, the crossover 
break has occurred between loci H-2G 
and H-2D. The recombinant haplotype 
might then become involved in another 
recombinational event with another hap- 
lotype, for example s s s s s s s s s, and a 
new recombinant, s k k k k k k k d, might 
arise, which might be traced back to 
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three different chromosomes. In this 
way, multiple consecutive recombina- 
tions can convert H-2 chromosomes into 
two-dimensional patchworks of the type 
shown in Table 1. These patchworks 
have become one of the most important 
immunological tools for the elucidation 
of gene-function relationships. The avail- 
ability of more than 60 H-2 recombinants 
is the main reason why knowledge of the 
H-2 system has progressed so rapidly in 
recent years. 

Two loci separated by recombination 
can be either adjacent to each other or 
set apart by one or more loci that we may 
have no notion of. Because of this uncer- 
tainty about the number of loci in a par- 
ticular chromosomal segment, immuno- 
geneticists use the term "region" to des- 
ignate a segment occupied by at least one 
but possibly more loci. A region in which 
several presumably related loci have 
been identified can be divided into "'sub- 
regions" occupied by these loci. How- 
ever, the distinction between regions and 
subregions is so subtle and so ambigu- 
ous, that it is probably best to abandon it 
and use only the term region. 

The current H-2 map (Fig. 2) is divided 
into six regions (K, I, S, G, D, and T), 
with the I region divided into five sub- 
regions (A, B, J, E, and C). These region 
designations originally had historical 
connotations, but for new regions they 
are introduced in more or less alphabeti- 
cal order. The T-region designation is in- 
troduced here for the chromosomal seg- 
ment defined by the Tla locus. 

To date, 18 H-2 loci have been 
counted but some of these loci might, in. 
fact, be identical. Thus in the I region, 
the current H-2 map lists five loci, only 
two or three of which are definitely es- 
tablished as distinct. The Ia-l locus is 
clearly distinct from H-2K and other I- 
region loci, and at least one other Ia 
locus in addition to Ia-I exists between 
the A and S regions. The exact position 
of this last locus has not yet been agreed 
on, since some investigators map two 
loci within this region (Ia-3 and Ia-5), 
and it is not clear who is dealing with 
what locus (7). One other I-region locus, 
Ia-4, also maps in the same chromosom- 
al segment, but its separateness from Ia- 
3 and Ia-5 is, at least functionally, well 
documented. The fifth locus, Ir-lB, is the 
least firmly established of the five, since 
there is only one recombinant to support 
its existence. 

The Ss and Sip loci are shown as sepa- 
rate on the H-2 map in Fig. 2, but this 
separateness is supported so far by only 
tentative biochemical data (8); no re- 
combinant separating the two loci is 
known. The existence of an H-2G locus 
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Fig. 1. Genetic map of chromosome 17. The loci, from left to right are: centromere (i), 
brachyury (T), quaking (qk), hybrid sterility-1 (Hst-1), low (Low), fused (Fu), anury (t6), 
tufted (tf), histocompatibility-39 (H-39), knobbly (Kb), kidney catalase (Ce-2), histocompati- 
bility-33 (H-33), histocompatibility-2K (H-2K), histocompatibility-2D (H-2D), Q antigen (Qa), 
thymus-leukemia antigen (Tla), phosphoglycerate kinase-2 (Pgk-2), retinal degeneration-slow 
(rds), plasma protein (Plp), complement component 3-1 (C3-1), scopolamine modification of ex- 
ploratory activity (Sco), acid phosphatase-liver (Apl), glyoxylase-1 (Glo-1), a-mannosidase 
processing-2 (Map-2), thin fur (thf), immune response-5 (Ir-5), erythrocyte antigen-2 (Ea-2). 
Brackets indicate that the order of loci within the bracket is unknown; segments indicate that 
the locus has not been mapped precisely and can lie anywhere within the limits of the segment. 
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Fig. 2. Genetic map of the H-2 complex. Brackets indicate that the order of loci within the 
bracket is unknown. 

separate from Ss and Sip is also uncer- 
tain, for the same reason (9). The exis- 
tence of two loci in the D region, H-2D 
and H-2L, is well documented, but 
again, no crossover event between them 
has been discovered (10). Finally, the as- 
signment of loci to the T region must be 
considered as very tentative. In particu- 
lar, the identity of the H-2T and Qa-l loci 
is questionable (6). 

Thus a conservative H-2 map consists 
of ten loci; a nonconservative map con- 
tains at least 18 loci. Some investigators 

Table 1. Representative H-2 recombinants and th 
types. Symbols: ., allele not determined; x, alle 
known origin; I, position of crossing-over. 

Paren- 
H-2 tal Alleles at re 

Strain hap- H-2 
haplo- 

type KABJEC type haplo- K A B J E C 

A/J a k/d k k k k k d 
A.AL al kid k k k k k k 
HTG g d/b d d d d d d 
D2.GD g2 d/b d d dlb b b 
HTH h a/b k k k k k d 
B1O.A(1R) hi a/b k k k k k d 
B10.A(2R) h2 a/b k k k k k d 
B10.A(4R) h4 a/b k kl b b b b 
HTI i b/a b b b b b b 
B1O.A(3R) i3 b/a b b b blk d 
B10.A(5R) i5 b/a b b blk k d 
AKR.M m k/q k k k k k k 
C3H.OL ol d/k d d d d d dl 
C3H.OH o2 d/k d d d d d d 
A.TL tl s/al sl k k k k 
B10.S(7R) t2 s/a s s s s s s 
B10.HTT t3 s/tl s s s sl k k 
B10.S(9R) t5 s/a s sl .1 k k d 
B10.AQR yl q/a qlk k k k d 
B1O.T(6R) y2 q/a q q q q q q 

have suggested that each region might, in 
fact, contain a cluster of many loci, of 
which only one would be expressed (11). 
At present, however, there is no experi- 
mental evidence to support such a hy- 
pothesis (12). 

Phenotypic Expression 

According to their phenotypic ex- 
pression, H-2 loci can be grouped into at 
least three classes, with loci within each 

class more closely related than 
loci of two different classes. 

eir geno- These classes can be desig- 
le of un- nated arbitrarily by Roman 

numerals I through III (13). 
Class I loci (H-2K and H- 

gions 2D) code for membrane- 
bound glycoproteins with a 

S GD T molecular weight of 44,000 
(5). The glycoprotein mole- 

d d d x cule consists of a single poly- 
k kl d d peptide chain some 350 amino 
dl.I b b 
b b b b acids long, to which two car- 
dl.l b b bohydrate side chains are at- 
dl .1 b b tached (14, 15) (Fig. 3). In the 
dl.1 b b membrane, the molecule is 
b b b b noncovalently associated with bl.I d x 
d d d x a shorter polypeptide, 100 
d d d x amino acids long (molecular 
k kl q x weight of 12,000) and encoded 
k k k b by a gene that is not part of 

k k d d the H-2 complex. This shorter 
s sl d x chain also exists in the serum 
k k d d and some other fluids as a free 
d d d x molecule of /3 microglobulin 
d d d x (16). The amino acid sequence ql.ldx of human /2 microglobulin is 
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known (17) and the sequencing of the 
44,000-dalton chain is nearing completion 
(15) (Table 2). The H-2K and H-2D mol- 
ecules show a strong homology in their 
primary structure-a homology as strong 
as that between two alleles at the H-2K 
or H-2D loci (18, 18a). Clear-cut homol- 
ogy also exists among class I molecules 
of different species (18, 18a, 19) (Table 
2), pointing to a common evolutionary 
origin for the corresponding genes. 

Class I molecules can be detected 
serologically by producing antibodies 
against them, or histogenetically by gen- 
erating lymphocytes that are cytotoxic 
for H-2K- or H-2D-bearing target cells 
(4, 5). 

Class II genes are of two types, Ia and 
Ir. The two well-defined Ia genes-one 
in the A region and the other in either the 
E or the C regions-code for membrane- 
bound glycoproteins consisting of two 
noncovalently associated polypeptide 
chains, a (molecular weight of 35,000) 
and /3 (molecular weight of 28,000), and 
an unknown number of carbohydrate 
chains (20). 

Only limited amino acid sequence 
data are available for Ia molecules 
(18a, 21) (Table 3). The data allow one 
to draw certain tentative conclusions 
about the homology relationships of the 
various Ia genes. First, no homology has 
been found among the four chains and 
between the class I and class II chains. 
Second, the /3 chains appear to be more 
variable than the a chains among the dif- 
ferent alleles. Third, the a chain encoded 
by the E/C-region locus shows strong ho- 
mology to the so-called p34 molecules 
encoded by the human HLA complex; 
the / chain shows moderate homology 

NH2 
1 2 -Microglobulin 

S 

c^I 

't 

Membrane 

- H-2 
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Fig. 3. An artist's view of a membrane-bound 
H-2 molecule. 

with the human p29 molecule and with 
the guinea pig MHC molecule carrying 
antigens 4 and 5. However, because of 
the limited data available, these con- 
clusions must be viewed with caution. It 
is possible that hitherto unrevealed ho- 
mology relationships exist in other parts 
of the Ia molecules for which no data are 
available. Also, the Ia gene-Ia molecule 
relationship is unclear. It remains to be 
established whether both chains in the 
two molecules are controlled by the lI-2 
complex and, if so, how many genes in 
what region of the complex code for the 
individual polypeptides. 

Although Ia gene products were origi- 
nally detected serologically with anti- 
bodies, they were later shown to be re- 
sponsible for the activation of lympho- 
cytes in mixed lymphocyte culture (22) 
and the generation of cytotoxic lympho- 
cytes (23). 

The Ir genes regulate immune re- 
sponse as measured by antibody produc- 
tion, delayed-type hypersensitivity, or 
proliferation of thymus-derived (T) lym- 
phocytes in vitro (24). These genes can 
either enhance or suppress the response. 
In a typical case, one mouse strain can 
be shown to produce high levels and an- 
other strain can be shown to produce low 
levels of antibody to a given antigen. 
When the two strains are crossed and 
segregating populations analyzed, one 
finds, in the simplest case, that the anti- 
body level is controlled by one or two 
genes mapping in the I region. Four Ir 
genes have been described, three en- 
hancing and one suppressing immune re- 
sponse. The enhancing genes map in the 
A, B, C, or E regions; the suppressor 
gene maps in the J region. These genes 
are quite specific in that the same gene 
can apparently distinguish between two 
closely related antigens and effect a high 
response to one and a low response to 
the other antigen. 

The relation between Ia and Ir genes is 
unclear. The two types of gene map in 
the same positions, and all attempts to 
find an Ir gene product distinct from Ia 
gene products have failed. 

Class III genes code for serum pro- 
teins Ss (serum serological) and Slp [sex- 
limited protein (25)]. Both the Ss and Slp 
proteins have a molecular weight of 
200,000 and consist of three covalently 
linked polypeptide chains, a (87,000), / 
(78,000), and y (33,000). These mole- 
cules are the C4 component of the classi- 
cal complement pathway. The three 
chains are derived by cleavage from a 
single precursor chain and are thus pre- 
sumably encoded by a single gene. Small 

Table 2. The NH2-terminal amino acid sequences of class I molecules of different species [compiled from (15, 18, 18a, 19)]. Symbols: ., not 
determined; -, amino acid shared with Kb; ( ), uncertain assignment. 

~~~~~~~Species ~~Mole- Amino acid position 
Species Mole- 
(MHC) cule 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

Kb - ro His Ser Leu Arg Tyr Phe Val Thr Ala Val Ser Arg Pro (Gly) Leu (Gly)(Glu) Pro Arg Tyr Met Glu Val Gly Tyr Val 

Kd Met . Leu- . Leu (Phe) . . 
Mouse Val Val 

(H-2) Kk, Kq (Gly)--- His . . Lys - Phe . 
D Met . --Val --Thr . Phe . . - Tyr . 
Dd . .Leu . . Tyr .. 

Rat 
(Rt-1) B4 .Leu --Tyr . . . . . . Phe Ile Ala- . -Val 

Ile 
A2 Gly Ser -- Met -Phe- Ser Ser Arg - Glu - Arg Phe Ile Ala 

- 
- 

Man B7 Gly Ser -- Met - Tyr-Ser Ser -- Arg - Glu - Pro Phe Ile Ala- . 

(HLA) B12 Gly Ser . -Met---- Tyr-- Ala Ser - . Glu . . Phe Ile Ala . 
B14 Gly Ser . -Met -- Tyr -Ser- Ser - . Glu (Ser)Asx Phe 

Guinea 
pig 
(GPLA) B.I . . . Leu - Tyr . Ala . . - . Phe Val . 

Chicn 9 . Leu- . Leu-- Ile Phe . Ala . . . (Pro) . Leu . . Phe Val . 
Chcken 1 Leu . Leu -- Ile . . Ala . . . . . . Phe Val . 

(B) 2 . . . Leu-- Phe Tyr . Ala- . . . . Phehe Val . 
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Table 3. The NH,-terminal amino acid sequences of class II (la) molecules of different species [compiled from (19, 21)]. Symbols: ., not deter- 
mined; ( ), uncertain assignment. 

o~~~~~~~Species M*~ole- ?Amino acid position Species Mole- 
cule 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 

Ab . . . Ile . Ala . . . . . Tyr . . . Val Tyr . .. . Tyr 
Aak . . Ile . Ala . (Val) . . Tyr . . . Val Tyr . .. . Tyr 
Ab . . . . Arg . Val Tyr . . . . Tyr . . .. Tyr 

Mouse Ak . .Val . Tyr .Tyr 
EC,d Ile Ile le . Ala . Phe Tyr Leu Leu . .Phe . Phe . Phe 
EC,,k Ile . Ile Ile . Ala . Phe Tyr Leu Leu 
EC,d Val . . . . Pro .Phe Leu . Tyr Val . . (Leu) . . Phe Tyr ... (Val) . Phe 
ECok Val .. Phe (Leu) . Tyr . . . . . . Phe Tyr . .. (Tyr) 

Ile 
p34 Ile Lys Glu Glu Arg Val Ile 

e Glu Ala Glu Phe Tyr Leu Asn Tyr Asp Phe Gin Gly. 
Man Leu 

p29 Gly Asp Thr Pro Glu Arg Phe Leu Glu Gin Val . . . . . . .. 
Guinea 4,5 Ile Tyr . Pro . . Phe Leu Phe . Phe . 

pig 

differences in the y chain of the Ss pro- 
tein (detected by a rabbit antiserum to 
mouse serum) and the Slp (detected with 
an alloantiserum) have recently been re- 
ported (8) suggesting that the two pro- 
teins might be controlled by two genes. 

More recently, genes coding for other 
complement components have also been 
shown to be linked to the MHC in vari- 
ous species: C3 in the mouse (26), Bf in 
the guinea pig (27), man (28), the rhesus 
monkey (29), and C2 in man (30). 

Very little is known about the ex- 
pression of the other H-2 genes which 
cannot be classified into one of the three 
classes described above. For this reason, 
I will not consider these genes further. 

Polymorphism 

One of the most remarkable properties 
of H-2 loci is their genetic polymor- 
phism, that is, the existence in a popu- 
lation of several alleles at individual H-2 
loci in frequencies that cannot be ex- 
plained by recent mutations. In this 
property, the H-2 loci differ sharply from 
almost all other genes. For example, if 
one screens mouse populations for genes 
controlling allozymes (isozymes), one 
finds that about 60 percent of the loci are 
invariant (monomorphic), that is, only 
one allele can be found in a population at 
each of these loci (31). The remaining 40 
percent of loci are polymorphic in that 
two, very rarely three, alleles can be 
found at these loci. Usually one of the 
three alleles is considerably more fre- 
quent than the other two. Most mice are 
homozygous at the polymorphic loci 
(that is, they carry the same allele at the 
two genes in the homologous chromo- 
somes); usually less than 10 percent are 
heterozygous at these loci. 

With the H-2 loci, the situation is dras- 
tically different. In our studies of class I 
9 FEBRUARY 1979 

loci in wild mice captured in Michigan or 
Texas (32), we found that the two popu- 
lations contained at least 20 alleles at 
each of the two loci (there were probably 
more alleles, but we could detect only 
those coding for antigens that we could 
identify with our battery of reagents; the 
frequency of the "blanks" that did not 
react with any of our antiserums was 20 
percent and it is unlikely that all the 
blanks were encoded by the same allele). 
The most frequent class I locus allele 
present in the wild population was found 
in only 12 percent of the mice. Most oth- 
er alleles were present in frequencies of 
less than 2 percent. Corresponding to 
this high polymorphism among wild mice 
was a high degree of heterozygosity. 
Homozygotes at the class I loci were ex- 
tremely rare; more than 90 percent of the 
mice were heterozygous (33). 

Some of the alleles found among wild 
mice closely resembled-in terms of 
serological reactivities-those found 
among inbred strains of laboratory mice. 
However, many new alleles were also 
found among wild mice. Since the allelic 
products of class I loci differ by many 
amino acid substitutions (Table 3), they 
cannot be derived each from another by 
a single mutation. Thus, the presence of 
such highly diverse alleles among wild 
mice represents a true polymorphism 
that cannot be explained by a transient, 
local appearance of recent mutations. 

In total, 56 alleles at the H-2K locus 
and 45 alleles at the H-2D locus have 
been found so far in the house mouse 
(34). This number of alleles at the two 
loci can occur in 2500 combinations and 
the indications are that most of these 
combinations do exist among wild mice. 
Considering the high degree of H-2 het- 
erozygosity and the fact that there are 
many more loci in the H-2 complex, the 
variability of natural populations at this 
complex is extraordinary. 

Our studies concerning the poly- 
morphism of the class II (Ia) loci indicate 
that these loci indeed contribute consid- 
erably to the overall variability of the H- 
2 complex (35). Although individual Ia 
antigens appear to be somewhat more 
frequent among wild mice than are class 
I antigens (Ia antigens detected with the 
most specific of our antiserums occur 
with frequencies of about 15 percent, 
which is higher than the frequency of the 
most frequent private class I antigen), 
the occurrence of different combinations 
of these antigens indicates the presence 
of a large number of alleles. However, 
there seems to be a conspicuous dif- 
ference in the degree of polymorphism 
between the Ia loci of the A and E/C re- 
gions. While Ia of the A region appears 
to be as polymorphic as the class I loci, 
we have found only five alleles at the E/C 
region Ia locus. Whether this difference 
is real or merely an artifact of the sero- 
logical methods used in this study re- 
mains to be determined. 

Formally, the polymorphism of the H- 
2 loci can be explained in one of two 
ways: It is so high either because it is tol- 
erated by the species (that is, the dif- 
ferent alleles provide neither selective 
advantage nor disadvantage for the ani- 
mals) or because natural selection favors 
the presence of so many alleles in the 
population. The former is the neutralist, 
the latter the selectionist view of the H-2 
polymorphism. Which view is correct is 
not known, but to argue that the spec- 
tacular multitude of H-2 alleles in nature 
has no functional meaning does not seem 
very sensible. (Among other things, such 
an argument would lead to the supposi- 
tion that there is no other neutral gene 
system in nature, since no other system 
is as polymorphic as H-2.) More likely, 
H-2 polymorphism exists because it is 
needed for H-2 to do whatever it does in 
the cell. What does the H-2 do? 
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Function 

Despite (or perhaps because of) the 
broad pleiotropism of the complex [more 
than 60 traits are affected by H-2 loci, 
see (12)], clues to the function of H-2 are 
rare. The strongest clue was discovered 
by Zinkernagel and Doherty 4 years ago 
(36). The essence of their discovery is 
this. 

When infected by certain viruses [for 
example, vaccinia or lymphocytic cho- 
riomeningitis (LCM) virus], mice gener- 
ate effector lymphocytes which can de- 
stroy-either in vivo or in vitro-virus- 
infected cells. This destruction is virus- 
specific, meaning that effector lympho- 
cytes generated in vaccinia-infected 
mice destroy vaccinia-, but not LCM-in- 
fected cells, and vice versa. Zinkernagel 
and Doherty discovered a second level 
of effector-cell specificity, controlled by 
class I H-2 genes. Thus an effector lym- 
phocyte sensitized against vaccinia-in- 
fected H-2a cells destroys vaccinia-in- 
fected H-2a cells but not, for example, 
vaccinia-infected H-2b cells. In other 
words, cell killing by effector lympho- 
cytes is restricted by the H-2 system, 
and more precisely by the H-2K and H- 
2D loci, since genetic mapping studies 
have shown that other H-2 loci do not re- 
strict effector cell specificity. 

The explanation put forward for this 
restrictive killing is that a maturing ef- 
fector lymphocyte learns to recognize 
viral antigens in association with (or in 
context of) H-2K and H-2D molecules of 
the sensitizing (antigen-presenting) cell. 
But when does this learning occur? Can 
any cell in the body teach a lymphocyte 
what antigens to recognize and in what 
context? Or, is there a special organ-a 
sort of "school" for lymphocytes-in 
which this teaching occurs? The answer 
is that the learning occurs-as Niels 
Jerne predicted several years ago (37)- 
in the thymus, the bilobal, pyramid- 
shaped organ resting on the pericardium 
beneath the breast bone and above the 
trachea. 

The thymus consists of two main 
structural components: the epithelial re- 
ticular cells derived from the epithelium 
of the third branchial pouch, and lym- 
phocytes derived from the bone marrow 
(or, in the earlier stages of life, from the 
fetal liver, spleen, and yolk sac). In a se- 
ries of experiments, Zinkernagel and his 
co-workers have demonstrated that it is 
the thymus epithelium that dictates the 
H-2 context of antigen recognition by 
lymphocytes (38). Thus in a chimeric 
mouse whose thymus epithelium is of an 
H-2a type and whose bone marrow (the 
source of immature lymphocytes) is of 
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an H-2b type, lymphocytes learn to rec- 
ognize virus-infected cells in association 
with H-2a, and not in association with H- 
2b. The great debate in contemporary im- 
munology is whether this recognition oc- 
curs via two receptors (one for the viral 
antigens and another for the H-2 mole- 
cules) or via a single receptor which rec- 
ognizes both the viral antigens and the 
H-2 molecules at the same time. Since no 
solid data exist to tip the balance of argu- 
ment one way or the other (the debate 
probably will not be resolved decisively 
until someone actually isolates and char- 
acterizes the receptor or receptors) and 
since the debate is not directly pertinent 
to the questions discussed in this article, 
I shall not discuss it here further. 

Studies of chimeric mice have led to 
another important discovery, namely, 
that effector lymphocytes probably do 
not act alone (39). At some stage of their 
functional activity, these cells require 
the help of other cells-appropriately re- 
ferred to as helper lymphocytes. These 
cells also learn, from thymus epithelium, 
how to recognize viral antigens in an H-2 
context, but, in contrast to effector cells, 
the helper lymphocytes are restricted by 
class II (that is, I-region) molecules. 
Thus a cooperation in the restriction of 
the specificity of lymphocytes involved 
in cellular immune response to viral in- 
fections occurs between H-2 loci: class I 
(H-2K and H-2D) loci restrict the speci- 
ficity of effector lymphocytes and class 
II (I-region) loci restrict the specificity of 
helper lymphocytes. Almost nothing is 
known about the nature of this coopera- 
tion, but one can postulate that the class 
II molecules provide-through the help- 
er cells-a specific proliferative signal 
necessary for the expansion of the ef- 
fector-lymphocyte population, and class 
I molecules then provide the effector sig- 
nal leading to target-cell lysis. 

Interpretation 

How can these new findings be used to 
develop a coherent interpretation of the 
H-2 system? The main stumbling block 
to a unifying H-2 hypothesis has been the 
apparent specificity of Ir genes. This 
block can now be removed if we extend 
the interpretation of associative recogni- 
tion to cover the events occurring during 
B (bone marrow-derived) lymphocyte 
activation. Two facts have been known 
for some time: First, that antibody syn- 
thesis requires participation of T lym- 
phocytes (helper cells), and second, that 
the interaction of helper and B lympho- 
cytes is somehow controlled by Ir genes. 
Several pieces of evidence now indicate 

that this interaction occurs on the same 
principle as the interaction between ef- 
fector and helper cells in the generation 
of a lytic cellular response. One can 
therefore speculate that helper cells in- 
volved in antibody response are restrict- 
ed in their specificity by class II mole- 
cules (40). In other words, they are 
taught by the thymus epithelium to rec- 
ognize antigens in the context of class II 
molecules and when they then interact 
with B lymphocytes their activity is re- 
stricted by these molecules. The speci- 
ficity of Ir genes is then a result of this 
restriction. According to this hypothesis, 
there are no special Ir genes in the H-2 
complex, distinct from Ia. Ia genes are 
the Ir genes, and the specificity of the Ir 
genes reflects the fact that a class II 
molecule is recognized together with an 
antigen. Because of this restriction, indi- 
viduals differ in the receptor repertoire 
of their helper-cell populations. And be- 
cause this repertoire is dictated, to a 
large extent, by class II molecules, indi- 
viduals carrying different class II mole- 
cules have different T-cell-receptor rep- 
ertoires (41). 

The restriction by class II molecules 
means that there will be some antigens 
for which a given individual will not have 
the necessary receptors or will have only 
receptors with low affinity. Such an indi- 
vidual will then appear as a low respond- 
er to a given antigen. Another individual, 
with different class II molecules, and 
hence a different T-cell-receptor reper- 
toire, might have the appropriate recep- 
tors and would therefore be a high re- 
sponder to this antigen. Since the dif- 
ference in T-cell-receptor repertoires will 
be dictated by class II molecules, the re- 
sponse itself will appear to be controlled 
by the class II (Ia) genes. 

This interpretation thus provides an 
answer to the question posed in the sum- 
mary of this article. If there were no H-2 
polymorphism, all individuals in a given 
species would carry the same repertoire 
of T-cell receptors. Consequently, they 
would all have the same "blind spots" in 
their repertoires, that is, they would all 
be unresponsive to certain antigens. If 
these antigens happened to be carried by 
some pathogenic organism, the end re- 
sult would be that the entire population 
would be defenseless against this orga- 
nism. The very existence of the species 
would thus be endangered. H-2 poly- 
morphism prevents the occurrence of 
such a catastrophe. It assures the exis- 
tence in a population of at least some in- 
dividuals with the right H-2 alleles and 
the right T-cell repertoire to enable acti- 
vation of defense reactions to any patho- 
gen. H-2 polymorphism thus provides a 
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means of generating diversity in the im- 
mune response at the population level, in 
addition to the diversity generated at the 
cellular level within an individual. 

This method of diversity generation, in 
fact, was probably used by most lower 
organisms before the development of 
more sophisticated defense mechanisms 
by vertebrates (13). An important ques- 
tion then arises: Why does the system of 
associative recognition exist at all? 
Would it have not been simpler for an or- 
ganism to develop a system recognizing 
antigens directly and independently of 
other molecules (as is, in fact, the case 
with the antibody molecules and the B- 
cell receptors)? One possible explana- 
tion for the existence of associative rec- 
ognition is that the system provides a 
linkage between recognition and effector 
mechanisms and thus engenders a speci- 
ficity in effector function (42). If one 
were to assume that class I molecules are 
the source of a lytic (destructive) signal 
and class II molecules the source of a 
regulatory signal, then, to assure the 
specificity of these signals, it might be 
necessary for the effector (regulatory) 
cell to recognize the antigen in the con- 
text of such molecules. 

The mysterious presence in the MHC 
of genes coding for some complement 
components may also be tied to this 
speculation. Mediation of cell destruc- 
tion might have been the original func- 
tion of the ancestral H-2 genes. This abil- 

ity has apparently been preserved in all 
MHC genes, although some of the genes 
(class II) do not use it under physiologi- 
cal conditions. The linkage of com- 
plement genes would be, according to 
this interpretation, a relict of the past. 
Some of the class III genes remain linked 
to MHC because of their origin and not 
because this linkage has any functional 
meaning. These genes have become spe- 
cialized to secrete effector molecules 
that were originally membrane-bound. 
Through this process, they have lost 
their dependence on T-cell receptors and 
have linked up with a different set of re- 
ceptor molecules-the secreted immuno- 
globulins. Because of the conditions in 
which they carry out their effector func- 
tion, they have become free from their 
original involvement in recognition and, 
as a result, have lost their strict specifici- 
ty. 

Conclusion 

I began this article by comparing the 
situation of contemporary immunology 
to that of modem physics. I close with a 
quotation from one of the creators of 
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modern physics, Max Planck. In 1933, in 
his "Where is science going?" Planck 
wrote (43): "We are living in a very sin- 
gular moment of history. It is a moment 
of crisis, in the literal sense of the word. 
In every branch of our spiritual and ma- 
terial civilization we seem to have ar- 
rived at a critical turning point.... 
Many people say that these symptoms 
mark the beginnings of a great renais- 
sance but there are others who see in 
them the tidings of a downfall to which 
our civilization is fatally destined.... 
Formerly it was only religion... that 
was the object of sceptical attack. Then 
the iconoclast began to shatter the ideals 
and principles that had hithertho been 
accepted in the province of art. Now he 
has invaded the temple of science. There 
is scarcely a scientific axiom that is not 
nowadays denied by somebody. And at 
the same time almost any nonsensical 
theory that may be put forward in the 
name of science would be almost sure to 
find believers and disciples somewhere 
or other. In the midst of this confusion it 
is natural to ask whether there is any 
rock of truth left on which we can take 
our stand and feel sure that it is unassail- 
able and that it will hold firm against the 
storm of scepticism raging around it." If 
one were to substitute the word "civ- 
ilization" in this quotation with "immu- 
nology"-what a perfect description of 
the current situation in biology these 
words would constitute! Yet, it is pre- 
cisely this feeling of living in a "singular 
moment of history" which makes even 
the present chaos so exciting! 
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