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In the past 3 years fundamental new
insights into the structure, organization,
and evolution of the genes of the major
histocompatibility complex (MHC) in
mouse and man have resulted from the
cloning and characterization of these
genes. The molecules encoded by the
MHC genes play a critical role in the
rejection of organ transplants and the
control of the immune response. The
molecular mechanisms of these func-
tions are being studied by means of
DNA-mediated gene transfer into cells
and embryos.

Major Histocompatibility
Complex in Mouse and Man

Three families of genes. The MHC
appears to be present in all vertebrates.
Because there are allelic forms of the
genes of the MHC it has been possible to
produce alloantisera that identify the
gene products of three families of MHC
genes in mouse and man (/). These three
families are denoted class I, class II, and
class III. The class I and class II mole-
cules, typified by transplantation anti-
gens and the Ia (I-region associated) anti-
gens, respectively, are integral mem-
brane proteins involved in the recogni-
tion reactions that permit the immune
system to distinguish between self and
nonself. The class III family encodes
several components in the activation
pathway of complement and will not be
discussed further.

Serological analyses of recombinant
MHC chromosomes in mice and man
have been used to construct genetic
maps for the murine and human MHC’s
(Fig. 1). The MHC, also known as the H-
2 complex, is located on chromosome 17
and spans about 2 centimorgans of DNA
which corresponds to approximately
4000 kilobase pairs (kbp) of DNA. The
complex is divided into six regions called
K, I, S, D, Qa, and Tla. The classical H-
2 complex comprises the genes of the K
through the D regions and encodes the
class I transplantation antigens K, D,
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and L, the class II and the class III
molecules. At least three molecules, de-
noted Qa-1, Qa-2, and TL, which are
structurally closely related to the class I
transplantation antigens are encoded by
genes located to the right of the H-2
complex (2). The two categories of class
I molecules are distinguished by their
tissue distributions in that the transplan-
tation antigens are present on virtually
all somatic cells of the mouse, whereas
the Qa antigens are preferentially ex-
pressed on B cells and T cells and the TL
antigen on thymocytes and certain leuke-
mia cells. The two categories are further-
more distinguished by the fact that the
genes encoding transplantation antigens
are extremely polymorphic with more
than 50 different alleles present at the K
and at the D loci, whereas the Qa and TL

I genes differ from their mouse counter-
parts in genetic organization in that the
A, B, and C genes are contiguous to
one another, whereas in the mouse the K
gene is separated from the other class I
genes by the class II and class III gene
families (Fig. 1). Possible human homo-
logs to the mouse Qa and TL antigens
have been characterized serologically
and biochemically but their genes have
not yet been mapped (4). Three distinct
types of human class II molecules have
been described which are designated
DR, DC, and SB (5). ,

Class I and class II molecules. Struc-
tures of the class I and class II molecules
are similar (Fig. 2) (6, 7). The class I
polypeptide contains three external do-
mains, each about 90 residues in length,
a transmembrane region, and a cytoplas-
mic domain. The third external domain is
noncovalently associated with ,-micro-
globulin, a small polypeptide that shows
homology to the constant region do-
mains of immunoglobulins and is not
encoded in the MHC. The class II mole-
cules are composed of two noncovalent-
ly associated polypeptide chains, denot-
ed « and B, both of which are encoded in
the MHC. Each of these polypeptides
has two external domains that are of
similar size as for class I molecules, a
transmembrane region, and a small cyto-
plasmic domain.

Summary. The genes of the major histocompatibility complex code for cell-surface
molecules that play an important role in the generation of the immune response.
These genes and molecules have been studied intensively over the last five decades
by geneticists, biochemists, and immunologists, but only recently has the isolation of
the genes by molecular biologists facilitated their precise characterization. Many
surprising findings have been made concerning their structure, multiplicity, organiza-

tion, function, and evolution.

antigens are much less polymorphic. In
addition, alleles at the K and D loci are
very difféerent from each other, whereas
Tla alleles appear to be much more ho-
mologous (3). Individual alleles are de-
noted by a capital letter for the gene and
a superscript for the H-2 genotype (also
called haplotype) of the inbred strain, for
example, the K¢ and DY genes of the
BALB/c mouse. Two distinct types of Ia
molecules, I-A and I-E, have been iden-
tified. The Ia molecules have limited
tissue distribution—primarily on B cells,
macrophages, and T cells. The Ia mole-
cules also exhibit extensive serological
polymorphisms.

The human MHC, also referred to as
the HLA complex, is contained on chro-
mosome 6 and encompasses about 3 cen-
timorgans of DNA extending perhaps
over 6000 kbp of DNA. The human class

Functions of class I and class 11 mole-
cules. Transplantation antigens restrict
the recognition of foreign antigens by
cytotoxic T cells (8). For example, when
cells of mouse or man are infected with a
virus, foreign viral antigens often are
expressed on the cell surface. In order
for cytotoxic T cells to destroy these
infected cells, the T-cell receptor must
interact with the foreign antigen and with
a transplantation antigen. Thus the T cell
recognizes the viral antigen in the con-
text of a particular transplantation anti-
gen, a process called H-2 restriction.
Cells expressing the same viral antigen
but a different transplantation antigen
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will not be killed by the same cytotoxic T
cells. The functions of the Qa and TL
antigens are unknown.

The class II molecules also function as
restricting elements, but for regulatory T
cells, which have the capacity to help or
suppress a cellular or humoral immune
response against foreign antigens (9). As
we shall see subsequently, the isolation
of class I and class II genes has given us
the tools to begin to dissect the interac-
tions between the restricting element,
the foreign antigen, and the T-cell recep-
tor.

Class I Genes

Structure. Class 1 complementary
DNA (cDNA) clones were isolated by
hybrid selection, primer extension, and
cross-hybridization with cDNA’s from a
different species (6). The class I cDNA’s
then were used to screen genomic librar-
ies constructed in lambda and cosmid
vectors. The typical structure of a mouse
class I gene is given in Fig. 3. All mouse
class I genes that have been completely
sequenced [K® (10), K9 (11), K¥ (12), LY
(13, 14), and the Qa gene 27.1 (15)] are
split into eight exons. The exons corre-
late with the structural domains of the
transplantation antigen. The first exon
encodes the leader or signal peptide;
exons 2, 3, and 4 encode the three exter-
nal domains; exon 5 encodes the trans-
membrane region; and exons 6, 7, and 8
encode the cytoplasmic domain. At least
three different patterns of RNA splicing
occur at the 3’ end of mouse class I genes
(6, 11). First, for the LY gene the last
intron is 139 base pairs (bp) long and is
located between positions 1 and 2 of the
last sense codon. Second, for the K¢ arid
K" genes the acceptor splice site in this
intron is located 27 nucleotides upstream
from the site used for LY. Third, a cDNA
clone, pH-2II, has been isolated which
derives from a class I messenger RNA
(mRNA) that has retained this last intron
entirely.

The class I proteins encoded by these
differentially spliced mRNA’s will there-
fore differ at their carboxyl terminals. It
is not known whether a single class I
gene can also be spliced in two or more
alternative ways. In this regard, it is
interesting that the two human class I
genes analyzed to date have the same
exon-intron organization as the mouse
genes but contain only two cytoplasmic
exons (/6).

Organization. Compared to the limited
number of class I molecules identified
serologically, it was surprising to find
that the mouse contains about 40 class I
genes. Thirty-six distinct class I genes
have been isolated from a cosmid library
constructed from DNA of the inbred
BALB/c mouse strain (/7). These genes
have been ordered into 12 class I gene
clusters which range in size from 40 to
215 kbp of DNA and contain between
one and eight class I genes (/8). A similar
screen of a C57B1/10 cosmid library has
yielded seven clusters ranging in size
from 40 to 120 kb with a total of about 20
class I genes (/9). From a comparison of
genomes examined by the Southern blot-
ting technique it is unlikely that there is a
twofold difference in class I genes be-
tween BALB/c and C57B1/10 mice.

Congenic mice, a series of inbred
strains with different MHC’s superim-
posed on the same genetic background,
and recombinant congenic mice, ob-
tained from intra-MHC recombinant
strains, have permitted the class I gene
clusters to be assigned to one of the four
MHC regions, K, D, Qa, and Tla, which
encode class I molecules (Fig. 4). By
using single- or low-copy probes from
each of the gene clusters, restriction
enzyme site polymorphisms could be
identified in various inbred strains and
correlated with corresponding serologic
polymorphisms for the four regions in
recombinant congenic mice (19, 20).
Four significant observations emerged
from this analysis. First, all 36 class I
genes isolated from BALB/c DNA map
to the MHC of the mouse (20). This is

surprising because most other multigenic
families have pseudogenes that have
been translocated to other chromosomal
regions. Second, only 5 of the 36 class I
genes from BALB/c and only 3 from the
20 class I genes from C57BI/10 map to
the H-2 complex of the MHC (19, 20).
Indeed, it is likely that only three of the
five BALB/c genes and only two of the
three C57Bl1/10 genes are functional as
restricting elements. In contrast, 31 of
the 36 BALB/c genes and 17 of the 20
C57BI1/10 genes map to the Qa and Tla
regions and hence the vast majority of
the class I genes are located distal to the
classical H-2 complex.

Third, a great deal of polymorphism in
the flanking regions has been noted in
the three BALB/c gene clusters con-
tained in the H-2 complex, whereas very
little polymorphism has been noted in
these sequences in nine BALB/c gene
clusters contained in the Qa and Tla
regions (20). This restriction site poly-
morphism in the flanking sequences of
class I genes correlates with the corre-
sponding sequence diversity and the
polymorphism of the genes contained in
these respective gene clusters. It also
explains why only limited differences are
seen when different haplotypes are com-
pared by Southern blot analysis with
class I probes. Since most of the class I
genes detected map to the Qa and Tla
regions which show limited sequence
variability, it appears that the restriction
enzyme site polymorphism is primarily
generated by just the five class I genes
mapping to the H-2 complex. Thus, the
MHC contains areas that show high se-
quence divergence and other areas that
are more conserved. This will be an
important point in the discussion of the I
region genes. Fourth, the single- and
low-copy probes from the BALB/c gene
clusters have been used to count ho-
mologous fragments in the DNA’s from
various inbred strains of mice (20).
These types of analyses suggest that the
number of fragments detected can vary
by approximately 25 percent, thus sug-
gesting that in various inbred strains of
mice the corresponding class I genes
may expand or contract in number, pre-
sumably by unequal crossing-over. Most
of the expansion or contraction appears
to occur in the Qa and Tla regions.

Although much less information is
available about the organization of class
I genes in humans, it is generally con-
cluded from Southern blot analyses as
well as from cloning studies that humans
have 20 to 40 class I genes. Of these,
only two genes have been completely
sequenced, both of which appear to be
pseudogenes (/6). Well-characterized
human recombinants together with their



parental haplotypes are not avaiable, but
x-ray—induced deletion mutants which
have lost various portions of the HLA
complex on chromosome 6 have been
used for the mapping of the human
genes. In fact, a recent analysis of such a
deletion mutant with class I DNA probes
has shown that some human class I
genes map distal to the A locus to a
region corresponding to the mouse Qa
and Tla regions (21).

Polymorphic restriction fragments an-
alyzed by Southern blots and correlated
with certain HLA genes can be used for
HLA typing (22). In addition, polymor-
phic restriction sites will allow us to
study the association between HLA type
and susceptihility to certain diseases.

Expression. DNA-mediated gene
transfer of class I genes into cells of a
different genetic background has permit-
ted the identification of most of the sero-
logically defined gene products using
specific monoclonal antibodies. Thus,
the K" (23), K™ (24), K (25), KX (12),
D® (19), DY (25, 26), L¢ (25, 26), Qa-2
(25), and two Tla genes (25) have been
identified. Moreover, the observation
that the concentrations of endogenously
expressed transplantation antigens in
mouse L cells remain approximately the
same before and after class I gene trans-
fer permitted the use of an assay for cell-
surface B,-microglobulin to determine
whether class I gene products for which
there are no available serologic reagents
were being expressed (25). It appears
that at least 15 unidentified class I genes
in the BALB/c mouse can be expressed
and thus may increase levels of {,-
microglobulin upon transfer into mouse
L cells. All 15 of these novel genes are
found in the Qa and Tla regions (Fig. 4).
Thus, there may be a large number of
class I antigens that are perhaps, like the
Qa and TL antigens, preferentially ex-
pressed on distinct subsets of lympho-
cytes and indeed in the future these gene
products may be useful in identifying
functional subsets of lymphocytes. Sev-
eral laboratories are now in the process
of preparing specific antisera to the nov-
el gene products in order to determine
their patterns of expression. Other class
I genes that do not increase levels of 3,-
microglobulin on the cell surface might
encode secreted (27), cytoplasmic, or
pseudo class I molecules.

Human class I genes have also been
transfected into mouse L cells and suc-
cessfully expressed in association with
mouse {;-microglobulin. These analyses
have permitted the A2, A3, B7, B40, and
CW3 class I genes to be identified (28).

Generation of diversity. Protein and
DNA sequence analyses of alleles of the
transplantation antigens have demon-
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Fig. 2. Structures of class I and class II
molecules. These models emphasize the
structural homologies between class I and
class II molecules. S-S indicates disulfide
bridges in external domains of class I and
class II molecules and B,-microglobulin

(B2m).

strated that most of the sequence varia-
tion between alleles occurs in the first
and second external domains (6). The
variation found within these two poly-
morphic domains between alleles is up to
20 percent at the amino acid sequence
level. Within these domains there appear
to be at least three regions (positions 62
to 83, 92 to 121, and 135 to 157) that are
“hypervariable’” (Fig. SA). The func-
tional implications of these allelic differ-
ences are unknown.

The origin of this diversity is un-
known. An ideal system for analyzing
mechanisms for generating diversity is

that of the mutant transplantation anti-
gens at the K locus of the b haplotype
mouse. A series of 12 K® mutants has
been analyzed biochemically with sever-
al surprising results (29). First, seven of
the mutants exhibit multiple amino acid
substitutions rather than the single res-
idue substitutions so characteristic of
other mutant proteins such as hemoglo-
bin and cytochrome c¢. Second, these
multiple substitutions are generally tight-
ly clustered in a single location. Third,
several independently derived but identi-
cal mutants have been observed. Recent-
ly, the KP™! mutant gene has been ana-
lyzed at the DNA level (24). The striking
observation is that the mutant gene is
identical to its wild-type counterpart,
apart from seven nucleotide substitu-
tions which occur within a span of 13
bases (Fig. 5B). Furthermore, it has been
shown that there is a distinct class I gene
in the Qa region of the b haplotype that
contains the mutant sequence at the
same place where it is identical in se-
quence to KP™' over a stretch of 51
nucleotides (30). Presumably this second
gene interacted with the K® gene through
a gene conversion event to generate the
bm1l mutant gene. Thus, it is attractive to
speculate that a fundamental mechanism
for rapidly generating the extensive vari-
ability characteristic of class I alleles is
gene conversion from one class I gene to
a second in the gene family. The many
class I genes located in the Qa and Tla

Fig. 3. H-2K® gene
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Fig. 4. The location of 36 class I genes in the MHC of the BALB/c mouse ({7, 20). Regions of
the MHC are shown with the class I gene clusters (labeled 1 to 13) that have been mapped to
them. Clusters 1 and 9 have recently been shown to overlap (18). Clusters 5 and 12 map either to
the Qa or Tla region. Class I genes (squares) encoding serologically defined molecules are
labeled accordingly; those that encode molecules which associate with B,-microglobulins at the
cell surface are indicated by asterisks. 27.1 is a class I gene that has been sequenced and

mapped into the Qa region (/5).



regions therefore might constitute a res-
ervoir of donor sequences that can be
used to alter the class I genes of the K
and D loci. Such unidirectional gene
conversion events affecting short DNA
sequences (smaller than 50 bp) could
indeed generate a large number of differ-
ent class I sequences (3/). It will be
interesting to determine whether gene
conversion is a fundamental mechanism
for the diversification of other multigene
families as well.

Function. Virus-specific cytotoxic T
cells can be generated that recognize
cells that have been infected with differ-

ent viruses. These Kkiller T cells can then
be used to analyze class I restricting
elements in mouse L cells transformed
with various cloned class I genes and
infected with the appropriate virus. With
killer T cells prepared against lympho-
cytic choriomeningitis virus (LCMV),
vesicular stomatitis virus (VSV), or in-
fluenza virus and mouse L cells trans-
formed individually with cloned class I
genes, several interesting observations
have been made. First, only the LY gene
product works as a restricting element in
LCMYV infections (32). The same is true
for the VSV infection (33). In contrast,
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Fig. 5. (A) Sequence diversity between mouse and human class I alleles. Amino acid sequences
are compared between the H-2K® (10) and H-2K¢ (1) antigens, between the H-2DP (63) and H-
214 (13) antigens which are presumably encoded by alleles (6), between the HLA-A2 and HLA-
A28 antigens (64), and between the HLA-B7 and HLLA-B40 antigens (65). Solid lines indicate
identity to the first sequence in a group of alleles; the dot indicates a deleted residue; asterisks
correspond to nonassigned positions; and arrows mark the locations of introns in the K® gene.
The portion of the molecules that appears to span the membrane is indicated by vertical lines.
The single-letter code has been used for amino acids: A, alanine; C, cysteine; D, aspartic acid;
E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine,
M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V,
valine; W, tryptophan; Y, tyrosine; Z, glutamic acid or glutamine. (B) Comparison of the K°
and K®™! nucleotide sequences (24). The K°™! sequence is identical to the KP sequence except
for seven nucleotides in the second external domain. '

with influenza virus infection it appears
that in BALB/c mice both the K¢ and L
(34) and in C57B1/10 mice both the K"
and D® molecules (35) function as re-
stricting elements. Second, exon shuf-
fling experiments, in which hybrid genes
were constructed between the LY and D¢
genes, have led to the conclusion that
only the first or second (or both) external
domains participate in the restricted rec-
ognition of antigen by the T-cell recep-
tor. This is true for virus-specific cyto-
toxic T cells, directed against LCMV
(36), VSV (36, 37), and influenza virus
(34), and allospecific cytotoxic T lym-
phocytes (36, 37). In contrast, some allo-
specific antibodies will also recognize
the third external domain (36, 38). Third,
in LCMV or VSV infections the LY mol-
ecule may have its cytoplasmic domain
deleted or altered and still be capable of
functioning as a restriction element in T
cell-mediated cytotoxic killing (39). It
appears therefore that the cytoplasmic
domain does not serve as an important
binding site for viral cell-surface antigens
(at least in the system described above)
and that it is not required for the lysis of
the cell. The function of the cytoplasmic
domain of the class I molecules remains
uncertain.

Recombination. Truncated or partial
class 1 genes can be introduced into
mouse L cells by DNA-mediated gene
transfer generating hybrid genes with the
frequency of one to a few percent of that
of a transfection by intact class I genes,
presumably by double recombination or
gene conversion (40). A series of truncat-
ed L9 genes has been constructed. From
virtually any starting combination of ex-
ons, class I antigens could be expressed
containing the L¢ serological determi-
nants provided that the exon encoding
the second external domain was present.
The observation that truncated genes
may be reconstituted in the class I gene
family stands in striking contrast to the
efforts to reconstitute partial genes in a
variety of other examples. The question
arises as to whether the ability to recon-
stitute truncated genes is unique to the
class I gene family, is a property of most
complex multigene families, or is in fact
a feature of all eukaryotic genes and
could be detected with appropriately
sensitive assay systems. If indeed the
last explanation is correct, insertion of
particular genes into specific regions of
the eukaryotic chromosome may be pos-
sible. Efforts are now under way to char-
acterize the hybrid class I genes and
their products to see what types of mech-
anisms are compatible with their gen-
eration. Recently, the reconstitution of
truncated genes was confirmed with hu-
man class I genes (41).



Class II Genes

Structure. Techniques similar to those
described for the class I genes have been
used to isolate class II cDNA’s (6).
These cDNA’s have been used to screen
genomic libraries for the isolation of
class II genes.

The DNA sequences are known for
the mouse A0 (42), A 43), Ag® (44,
45), Agk (44), Ag® (44, 46), E,* (47), E.*
(48), and EBd (49) genes as well as for the
human DC, (50), DCg (51), DR, (52),
and DR (53) genes. Sequence compari-
sons demonstrate that the human DR
genes are analogous to the mouse I-E
genes and the human DC genes are the
counterparts to the mouse I-A genes. So
far the mouse homologs to the human SB
genes have not been identified, although
the SBy gene appears to cross-hybridize
best with the mouse Eg, gene described
in the next section (54).

The mouse E, and the human DR,
genes are split into five exons, whereas
the mouse Ag and Eg genes are split into
six exons (Fig. 6). As for the class I
genes, there is a correlation between
exon-intron organization and domain
structure of the class II genes and pro-
teins. The structural difference between
the o and B genes occurs at the 3’ end: a
genes have only one intervening se-
quence in the 3’ untranslated region
whereas the Ag and Eg genes show two
intervening sequences located in the cy-
toplasmic region but no intervening se-
quence in the 3" untranslated region. It is
interesting that the DCy gene—the hu-
man homolog to the mouse Ag gene—
has lost exon 5 encoding part of the
cytoplasmic domain probably because of
a nonfunctional splice acceptor site (57).
Mouse and human class I and class II
genes show similar structural variations
at their 3’ ends. It is not clear whether
these changes are important for different
effector functions of the molecules and
for distinct interactions with cytoskeletal
proteins or whether they simply reflect
evolutionary variations of a nonfunction-
al carboxyl terminus.

Organization. The organization of the
class II genes in the I region of the
BALB/c mouse has been studied by
chromosomal ‘‘walking’’ procedures
(55). In brief, a DR, cDNA clone was
used to isolate four overlapping cosmid
clones containing the homologous mouse
E, gene. Restriction fragments free of
repetitive DNA sequences were then iso-
lated from the ends of the cloned region
and were used to screen the cosmid
library a second time to obtain additional
clones at either end of this region. This
process was then carried out repeatedly
and led to the isolation of about 270 kb of

DNA from the I region of the BALB/c
mouse (Fig. 7). All of the serologically
defined class II genes of the mouse are
contained within this region—E, and Eg
as well as A, and Ag. In addition, two
more class II genes were found, Ag, and
Eg,. The Ag, gene appears to be a single
isolated exon (46) and accordingly might
be a pseudogene, although it has not
been ruled out that the missing coding
sequences are located further upstream
and downstream but are only distantly
related to the class II sequences cloned
so far. Northern blot hybridization ex-
periments with the DNA sequences
around the Ag, gene should clarify this
point. The Eg, gene appears to be a
similar situation.

The o and B genes have opposite ori-
entations to one another. This suggests
that the B-B-a group was an evolutionary
subunit which duplicated once in the
case of the mouse to give the I-A and I-E
subregion genes and perhaps twice in the
case of humans to give the DR, DC, and
SB sets of genes. It should be pointed
out that the organization of the class II
genes in a second mouse strain, the AKR
mouse, from which this region has been’
cloned (55), is the same as that of the
BALB/c mouse.

The organization of the human class II
o and B genes is not known to the same
extent as in the mouse. It is currently
believed that there are five or six genes
(one DR, three or four DC,-related, and
one SB,) and seven B genes (three DRg,
two DCg, and two SBg) (53, 56).

The I-J paradox. The I-J subregion has
been mapped by serological analyses of
intra-I region recombinant strains to a
position between the I-A and I-E subre-
gions (Fig. 7). The I-J subregion is of
functional interest because it appears to
encode I-J polypeptides which are sub-
units of T cell suppressor factors. How-
ever, a molecular analysis of this region
suggests that the I-J polypeptides proba-
bly are not encoded here.

Comparison of the molecular map of
the I region of the mouse with the genetic
map has confirmed the location of A,
and Ag genes in the I-A subregion and
the location of the E, gene in the I-E
subregion (Fig. 7). The Eg gene, howev-
er, is located with its 5’ end in the I-A
subregion and with its 3’ end in the I-E
subregion. A region of 2 kb which spans
part of the long intervening sequence
between exons B1 and B2 and part of the
B2 exon has so far not been assigned to
either the I-A or I-E subregion (57). In
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Fig. 7. Organization of the class II genes in the I region of BALB/c and AKR mice (55). The
vertical bar shows the approximate location of a breakpoint between two regions of high and
low restriction enzyme site variability. The gap in the AKR map indicates a region that is not
represented in the isolated cosmid clones. The cloned portion of the I region has so far not been
linked to the K region to the left and the S region to the right. The recombination separating the
I-A from the I-E subregion has occurred in the middle of the Eg gene (see text). Note that in our
previous map (55) a portion of the restriction map was inadvertently exchanged between the
BALB/c and AKR mouse.



theory, this region could encode the anti-
genic determinants of the I-J polypep-
tide. Serological analyses of a suppres-
sor factor secreted by suppressor T cells
specific for lactate dehydrogenase B has
revealed the presence of Eg and I-J de-
terminants on the same polypeptide
chain suggesting that the I-J polypeptide
is encoded by a differentially spliced Eg
mRNA (58). Northern blot experiments,
however, carried out under highly sensi-

tive conditions, have failed to identify
RNA transcripts from the Eg gene region
in a variety of I-J positive suppressor T
cells (59). DNA sequence analysis of the
Eg gene region in intra-I region recombi-
nant mouse strains which encode sero-
logically distinguishable I-J polypeptide
chains will help to resolve the I-J para-
dox. Such analyses are now under way.

Expression. Mouse and human class II
genes have been introduced into mouse
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Fig. 8. Sequence diversity between mouse and human class II alleles. Amino acid sequences are
compared between the Ad (42) and AX (43) alleles; between the ES (47) and EX (48) alleles;
between four DR, alleles from a DR4,w6 B cell line, Maja cells, an untyped individual, and a
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and between two DRj alleles from a DR4,w6 (53) and a DR2,2 (66) B cell line. Location of
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L cells and successfully expressed at the
cytoplasmic and cell-surface levels (60).
A third polypeptide, denoted the invari-
ant (Ii) chain, has been found associated
with class II polypeptides in the cyto-
plasm and has been postulated to be
involved in the transport of class II poly-
peptides from the cytoplasm to the cell
surface (67). It is unlikely that this hy-
pothesis is correct because mouse L
cells express very little of the invariant
chain compared to B cells where class II
genes are normally expressed. L cells
transformed with human class II genes
have been isolated which express as
much human Ia antigens on the cell
surface as B cells. Furthermore, co-
transfer of mouse class II genes and the
gene for the invariant chain into mouse L
cells does not increase the relatively low
cell-surface concentration of Ia antigens

.on the surface of some transformed cells

although the Ii gene is transcribed at high
levels. Recently, cell-surface expression
levels in mouse L cells comparable to
those seen in mouse B cells have been
obtained with the transformed A, and Ag
genes (60). These transformed L cells
also are capable of presenting antigen to
T-helper cell hybridomas (60). The suc-
cessful expression of class II genes after
gene transfer will now permit dissection
of the function of Ia antigens by muta-
genesis in vitro.

Polymorphism. Serological, biochemi-
cal, and more recently DNA sequence
analyses have shown that the mouse A,,
Ag, and Eg genes and the human DC,,
DCg, and DRg genes are polymorphic,
whereas the mouse E, and the human
homolog, DR,, are conserved (7). Se-
quence comparisons reveal that the al-
leles of polymorphic class II loci—like
those for class I alleles—are very differ-
ent from each other (Fig. 8). These dif-
ferences are mainly found in the ol and
B1 domains (10 to 23 percent sequence
divergence at the protein level) whereas
the a2, B2, transmembrane, and cyto-
plasmic domains are conserved. Espe-
cially interesting is the observation that
the transmembrane domain between the
mouse A, and E, chains (43), the human
DC, and DR, chains (50), and the DCq
and DRy chains (53) are more conserved
than the Ig-like a2 and B2 domains (Fig.
8). The opposite appears to be true for
class I genes (Fig. 5A) (6). Perhaps the
transmembrane region of class II mole-
cules is conserved because it exerts im-
portant molecular interactions, either be-
tween the o and B chains or with other
transmembrane proteins (7, 50).

Comparison of the restriction maps of
the 1 region from two mouse inbred
strains (BALB/c and AKR) has revealed
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that the allelic variability of the A,, Ag,
and Eg loci correlates with restriction
site differences in this region whereas the
restriction map around the conserved E,
locus shows very little variation between
the two strains (Fig. 7). Southern blot
analyses of other inbred strains confirm
that the I region can be split into areas of
high and low restriction site variability
(55). Taken together with the variability
of restriction sites around class I genes
(20), it appears that the MHC can be
divided into chromosomal domains that
are highly divergent (K region, I-A sub-
region, D region) and chromosomal do-
mains that are relatively conserved (I-E
subregion, Qa, and Tla regions) (62).
Increased frequencies of mutation in cer-
tain chromosomal areas therefore appear
to have contributed to the exceptional
diversity of the class I, K, and D alleles
and the alleles of the class I Ag, A,, and
Eg loci. As discussed above, a mecha-
nism for diversifying coding regions in
class I genes appears to be gene conver-
sion. Whether gene conversion events
are also important for diversifying class
II genes is not clear.

An analysis of the nine intra-I region
recombinants has demonstrated that all
nine recombination events have oc-
curred within a distance of 8 kb or less at
the Eg gene locus (55). This hot spot of
recombination correlates approximately
with the boundary between the con-
served and divergent domains (Fig. 7).
One wonders whether there is a connec-
tion between the propensity for recombi-
nation in this region and the transition
from a conserved to a variable chromo-
somal domain. Perhaps certain aspects
of chromosomal structure can promote
or suppress the genetic mechanisms re-
sponsible for generating sequence diver-
sity and focus recombination to a con-
fined region on the chromosome.

Evolution of MHC Genes

The external domains closest to the
cell membrane of the class I and class II
molecules are homologous to one anoth-
er, to B,-microglobulin, and to the con-
stant region domains of immunoglob-
ulins (6). These homologies suggest that
the genes encoding the class I, class II,
B,-microglobulin, and antibody gene
families were derived from a common
ancestor. One wonders whether addi-
tional gene families encoding cell-surface
antigens will be discovered that also

18 NOVEMBER 1983

show homology to the genes of the MHC
and the immunogiobulins. It is possible
that the genes encoding the T-cell recep-
tor molecules are also members of this
supergene family.
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