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Physical Maps of the Mouse and Human
Immunoglobulin-like Loci

ERIC LAL* RICHARD K. WILSON, AND LEROY E. HOOD

Division of Blology
California Institute of Technology
Pasadena, California 91125

I. Introduction

The vertebrate immune system protects the host organism from disease-
causing microorganisms, such as bacteria and viruses, and from cancer
cells. The immune system is highly complex and consists of many dif-
ferent cell types each carrying out their unique function. The primary
task of the immune response is to distinguish between self and foreign
antigens. This function is mediated by cell-surface receptors located on
two major types of lymphocytes, T cells and B cells. B cells constitute
the humoral pathway of the immune system, which defends primarily
against acute bacterial and viral infections. The cell-surface antigen
receptor of B cells is a membrane-bound immunoglobulin (Ig) of the
IgM class. Immunoglobulins are composed of two chains, heavy (H) and
light (L). Following protein synthesis, the heavy chain combines with
one of two types of light chain, A or ». The cellular pathway of the
immune system is mediated by T cells, which are most effective against
fungi, parasites, cancer cells, and foreign tissue as well as cells which
have been infected by viruses. The cell-surface antigen receptor of T cells
may be composed of @ and 8 chains or, perhaps less commonly, v and
0 chains. Like immunoglobulins, the o and 8 or y and & chains associate
following protein synthesis to form a heterodimeric receptor molecule.
The molecules encoded by the genes of the Major Histocompatibility
Complex (MHC) also play an important role in the vertebrate immune
response. These proteins present foreign peptide antigens to the «/f8
T cell receptors, thus facilitating the ability of T cells to identify and
respond to foreign antigens. Furthermore, MHC-encoded antigens allow
T cells to distinguish between self-antigens and non-self-antigens.

The immunoglobulins, T cell receptors, and MHC-encoded proteins
all are members of a large family of structurally related molecules,

*Present address: Department of Pharmacology, The University of North Carolina, Chapel
Hill, North Carolina 27514.
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2 ERIC LAI ET AL.

constructed from an immunoglobulin homology unit. In this review, we
will group these gene families as immunoglobulin-like loci, since they
are molecular families which are constructed based on the
immunoglobulin homology unit. Each immunoglobulin homology unit
is approximately 110 amino acids in size, and has several conserved amino
acids and a centrally placed cysteine disulfide bridge usually spanning
60-75 amino acids. The tertiary structure of the homology unit is highly
conserved and composed of two sheets of three to four antiparallel §-
pleated strands (Amzel and Poljak, 1979). The tertiary structure of one
homology unit appears to facilitate interactions with a second homology
unit to form a functional domain. This is illustrated by the interactions
of the immunoglobulin light and heavy chains, the T cell receptor o
and B or v and § chains, and the membrane proximal region of the
MHC class I polypeptide with 8g-microglobulin.

In addition to their structural similarities, these molecules all are
encoded by discontinuous gene segments which are organized on the
chromosomes as discrete loci. During the course of cellular differentia-
tion and development, gene segments in these loci are rearranged and
joined to produce the final coding sequence. Since most of the discon-
tinuous gene segments exist as multiple-member pools, the combina-
tion of different sequences gives rise to a high degree of diversity in the
final protein product. Since all of the immunoglobulin-like loci share
similar patterns of organization and mechanisms of rearrangement and
expression, it is likely that they all arose from a common primordial
genetic ancestor. The initial molecular characterization of these loci has
revealed many of these mechanisms, and has presented clues as to the
evolutionary pathways of immunoglobulin-like loci. In order to fully
understand the evolution of the antibody and T-cell receptor repertoires,
a detailed characterization of all of the immunoglobulin-like loci will
be necessary. These characterizations will include physical mapping of
each locus using a combination of cytogenetic and molecular techniques.

Physical maps represent the actual distances between genes along a
chromosome. There are many techniques currently available for con-
structing physical maps, with each technique yielding a different level
of resolution. Inherent in each mapping method is a trade off between
the level of detail, or resolution, in the map and the extent to which
the map provides a convenient overview of the chromosome or DNA
region of interest. Low-resolution physical maps can be obtained from
the distinctive pattern of bands that are observed along each chromosome
after staining (George, 1970). Genes can then be assigned to particular
bands of a specific chromosome by #n situ hybridization experiments.
The banding technique is important because it allows the average
chromosome to be divided into 10 to 20 distinct regions to which genes



MAPS OF IMMUNOGLOBULIN-LIKE LOCI 3

may be assigned. This provides an excellent starting point for the
generation of a physical map of a chromosome and allows approximate
localization of any gene on a chromosome. However, using in situ
hybridization, the exact physical location of a given gene can only be
estimated to within a few thousand kilobases. Physical maps of higher
resolution are obtained by DNA cloning and restriction enzyme analysis.
This latter method provides detailed maps of smaller regions, but con-
nectivity (linkage) between the smaller regions is often difficult, and it
is impossible to distinguish between nonoverlapping clones that are close
to another on the same chromosome and clones derived from different
chromosomes. In this article we will summarize the methods that are
currently available for generating physical maps and discuss the advan-
tages and disadvantages of each method.

1l. Methods for the Generation of Physical Maps

The chromosomal location of a given gene can be determined by a
number of techniques. One of the most commonly used methods involves
the use of somatic hybrid cell lines from one species (i.e., hamster) that
contain a single chromosome from a different species (i.e., human). With
a panel of cell lines that each contain a different human chromosome,
the assignment of any given gene can be made by the consistent
coexistence of the gene and presence of a particular chromosome.
The most direct method for chromosomal assignment is 7n situ hybridiza-
tion of condensed chromosomes using a DNA probe specific for the gene
of interest. Chromosomal location also can be determined if chromosomal
translocation involving the gene of interest has occurred.

The relative order of a number of genes along a region of the
chromosome can be determined by a number of techniques, including
the use of deletion mutants, and the analysis of chromosomal recombi-
nation points and translocations. In the immunoglobulin and T-cell
receptor gene families, synthesis of a functional messenger RNA may
require the joining of as many as three distinct gene segments. These
gene segments, variable (V), joining (J), and diversity (D), are dis-
continuous in the germ line DNA and are brought together upstream
from a constant (C) region gene by DNA rearrangement during develop-
ment (Sakano et al., 1979, 1980; Chien et al., 1984a; Siu et al., 1984a,b;
Hayday et al., 1985a,b; Winoto et al., 1985). This DNA rearrangement
is mediated by specific rearrangement signals located directly 5’ and
3’ to the gene segments (see below). The mechanisms of rearrangement
include looping-out and chromosomal deletion, sister chromatid
exchange, and inversion (Kronenberg et al., 1985; Malissen et al., 1986;
Lai et al., 1987; Linsten et al., 1987). Looping-out and chromosomal



4 ERIC LAI ET AL.

deletion have been found to be the most frequently employed mechanisms
(Kronenberg et al., 1985). When two gene segments are brought together
by the looping-out mechanism, all of the gene segments that are
located between the two rearranging gene segments will be deleted and
lost from the genome. Therefore, the examination of many cell lines
with different rearranged gene segments allows the generation of an
ordered deletion map.

The fine structure and organization of a gene family is determined
by analysis of cloned DNA using a battery of restriction enzymes coupled
with Southern blot hybridization. There are a number of cloning vectors
available for this purpose, and each vector system has advantages and
disadvantages. The most widely used cloning vectors for genomic DNA
are derivatives of bacteriophage A (Murray and Murray, 1974; Thomas
et al., 1974; Blattner et al., 1977). This is due mainly to the high cloning
efficiency of these vectors and the relative ease with which the recombi-
nant clones may be stored, transported, and screened. The most signifi-
cant advantage of N vectors is the stability of the recombinants, since
any alteration in the size of the insert will render the recombinant mole-
cule unable to be packaged and replicated. The only limit of this class
of vectors is the relatively small maximum insert size of 20 kilobases (kb).

Inserts larger than 20 kb in size routinely have been cloned in cosmid
vectors (Hohn and Murray, 1977). Cosmids are plasmids that contain
bacteriophage \ cos site sequences, thus enabling in vitro packaging of
recombinant DNA molecules. Depending on the size of the vector, DNA
inserts in the range of 30 to 44 kb can be packaged and cloned. This
represents a twofold decrease in the number of clones required to span
a given region of the genome as compared to cloning with A vectors.
However, because of the larger insert size and the absence of size selec-
tion during subsequent replication, genomic regions containing
recombination-prone sequences are not stably maintained. Thus, it is
not uncommon to use A clones to fill gaps between regions which have
been cloned in cosmids.

Burke et al. (1987) have reported the use of yeast artificial chromosome
(YAC) cloning vectors for cloning DNA inserts as large as 500 kb. In
addition, their data suggest that these cloned fragments are relatively
stable despite their large size, and no cloning artifacts have been noted
so far. The current limitation of the YAC cloning system is the difficulty
associated with the screening procedure wherein each clone must be
picked individually before screening. Presently, YAC libraries contain-
ing only a few thousand clones have been constructed and not many
of them have been well characterized. From the limited data that are
available on the YAC clones, it appears that this system might provide
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a method of cloning genomic regions that are underrepresented in cosmid
libraries. Undoubtedly, the YAC system will represent an important
cloning method in the future when the difficulties associated with screen-
ing can be diminished. Recently, a cloning system based on bacteriophage
P1 also has been reported (N. Sternberg, personal communication). This
system has the advantage of being able to package and clone DNA inserts
as large as 100 kb.

As discussed above, chromosomal mapping using cytogenetic tech-
niques provides broader information but at low resolution (10,000 kb).
In contrast, high-resolution mapping using cloned DNA can yield data
only from a small region (50 to 500 kb). Recent developments in DNA
separation methods such as pulsed-field gel electrophoresis (Schwartz
and Cantor, 1984) have provided the means of bridging the gap between
cytogenetic data and detailed physical maps. Recently, a restriction map
of the Escherichia coli 4.7-megabased (Mb) genome has been constructed
using infrequently cutting enzymes, followed by separation of DNA
fragments using pulsed-field gel electrophoresis (Smith et al., 1987).
Using this method, DNA molecules as large as 12.5 Mb, which is approxi-
mately one-fourth the size of the smallest human chromosome, can be
resolved (Orbach et al., 1988). Using pulsed-field gel electrophoresis,
separation of Schizosaccharomyces pombe chromosomes (3, 5, and
6.5 Mb) recently has been achieved in 24 hours (Clark et al., 1988). This
suggests that further improvements in pulsed-field technology may fill
the gap in providing physical maps which can be used to relate cloned
DNA regions and chromosomes.

There are a number of problems inherent to DNA cloning that are
independent of the choice of a cloning vector. One of the fundamental
problems often is due to the source of starting DNA. In mice, there are
many different strains with very diverse genetic backgrounds. For
example, in SJL, C58, and C57L mice, almost half of the T cell receptor
B-chain variable region gene segments are missing (Behlke et al., 1986).
Genomic libraries made from these mice thus will contain only half of
the variable gene segments. Genetic variations are evident even in
substrains of mice that have been separated for no more than 20 years.
This problem is even more complicated in humans, in which genetic
polymorphism is common and each gene locus is potentially hetero-
geneous due to the nature of the diploid genome. Haploid cell lines
prepared from hydatid mole tissue have been used as a source of human
DNA in an effort to simplify the complexities of the library (Berman
et al., 1988). However, the use of DNA prepared from mole or other
continuous-growing, transformed cell lines raises the question of whether
the resulting library is indeed representative of a “normal” human
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genome because of the deletions and chromosomal translocations that
can be associated with permanent cell lines. Therefore, the safest course
of action is to construct human genomic libraries from DNA prepared
from sperm or nontransformed primary fibroblast cells.

Hl. Chromosomal Locations of the Immunoglobulin.like Loci

The chromosomal locations of immunoglobulin-like loci have been
determined by the cytogenetic techniques discussed above. The results
of these studies are summarized in Table I. In both the mouse and human
immunoglobulin and T cell receptor gene families, all of the data are
consistent with chromosomal linkage of V and C genes. A number of
immunoglobulin-like V genes have been localized on a chromosome dif-
ferent from the one with the corresponding C genes, but all have been
shown to be processed pseudogenes and thus could not be functionally
rearranged. In both mice and humans, the functionally related T cell
receptor o- and §-chain gene families are located on the same
chromosome (see below), although such close linkage of gene loci does
not always imply a functional relationship. Although the immunoglobulin
x light chain and the T cell receptor 3-chain gene families both are
located on mouse chromosome 6, this is not an essential feature of the
organization of these loci. In humans, these loci are located on
chromosome 2 and chromosome 7, respectively. In the human genome,
two sets of two unlinked loci are located on the same chromosome. The
immunoglobulin heavy chain and the T-cell receptor a- and §-chain
loci both are found on chromosome 14. There is no simple explanation
for the association of these loci, since the homologous genes are found
on different chromosomes in the mouse. However, the relatively close

TABLE I
CHROMOSOMAL LOCATIONS OF THE IMMUNOGLOBULIN-LIKE LOCI

Loci Mouse Human

Immunoglobulin

Heavy (H) chain 12 14q32

Kappa (x) chain 6 2pl2

Lambda (M) chain 16 22qll
T cell receptor

Alpha («) and Delta (8) chains 14C-D 14q11-12

Beta (8) chain 6B 7q32-35

Gamma (v) chain 13A2-3 7pl5

Major Histocompatibility Complex 17 6p21
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linkage of these loci and their similar rearrangement mechanism may
lead to the frequent observation of chromosome 14 inversion in leukemias.
Similarly, the human T cell receptor 8 and vy chains both are located
on chromosome 7. Since the 8- and +-chain loci are located on separate
chromosomes in the mouse, it appears that chromosomal proximity of
the various immunoglobulin-like loci is not an essential feature and does
not have any functional significance. Chromosomal rearrangements with
breakpoints that are close to the immunoglobulin-like loci are commonly
observed in leukemias. In leukemias for which the breakpoints have been
characterized, most of the rearrangements actually occur within one of
the immunoglobulin-like loci. This suggests that immunoglobulin-like
loci may be especially prone to chromosomal translocations due to the
frequency of normal gene rearrangements in these loci.

IV. Structure and Organization of Immunoglobulin Loci

Immunoglobulin molecules are made up of two identical heavy and
two identical light polypeptide chains. Each chain is composed of an
N-terminal variable region and a C-terminal constant region. The
variable (V) regions of both the heavy (H) and light (L) chains are
assernbled from discrete gene segments (Sakano et al., 1979, 1980, 1981;
Early et al., 1980). The heavy chain variable region is assembled from
three different gene segments: the variable segment (Vy), which encodes
for approximately 98 N-terminal amino acids; the diversity segment
(Dy), which encodes the next 1 to 15 amino acids; and the joining
segment (Ji;), which encodes the final 12 to 17 amino acids. These gene
segments are located in separated clusters along the chromosome. A func-
tional heavy chain variable region gene is generated by the joining of
the Vy, Dy, and Jy during B cell development. There are two types
of light chains, » and \. The variable regions of the light chain are
encoded by the V(, ) and J ) gene segments. No D gene segments
are involved in the assembly of the light chain variable region.

The variable regions of immunoglobulins have been shown to contain
hypervariable segments in their light (Milstein, 1967; Kabat, 1967;
Wu and Kabat, 1970) and heavy (Kabat and Wu, 1971; Kehoe and Capra,
1971) chains. Three hypervariable segments were delineated from a
statistical examination of amino acid sequences and these segments were
hypothesized (Wu and Kabat, 1970; Kabat and Wu, 1971) to be the
complementarity-determining regions (i.e., CDR1, CDR2, and CDR3)
containing amino acid residues which make contact with cognate
antigens. The rest of the V region constitutes the framework (i.e., FRI,
FR2, FR3, and FR4), with the three CDRs separating the four FRs. This
has been verified by X-ray diffraction studies (Davies and Metzger, 1983).
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A. Mouse A CHAIN

In the mouse, 5% of immunoglobulin light chains is encoded by the
genes of the N\-chain locus (Hood et al., 1967; Cotner and Eisen, 1978).
A functional M light chain variable region is encoded by two gene
segments, V and J. No D gene segments have been found in the A-chain
locus.

Amino acid analysis of A light chain proteins isolated from myeloma
tumors has indicated that there are three A subtypes: A1 (Weigert et al.,
1970; Appella, 1971; Cesari and Weigert, 1973), A2 (Schulenberg et al.,
1971; Dugan et al., 1973), and A3 (Azuma et al., 1981). Each subtype
is defined by a distinctive constant (C) region amino acid sequence and
is encoded by separate J-C pairs (see Fig. 1). The nomenclature of the
J-C gene segments follows the numbering system of the A subtype proteins.
Cl differs from C2 and C3 by 39 and 40 amino acid residues out of 104,
respectively. C2 and C3 are more homologous to each other, differing
by only 5 out of 104 amino acids. The J4C4 gene segment pair appears
to be a pseudogene and is not expressed due to the lack of a proper
RNA splice site in J4 and a 2-basepair (bp) deletion from the 5’ heptamer
sequence of J4 that is required for V-] rearrangement (Miller ez al., 1982;
Blomberg and Tonegawa, 1982). In most mouse strains, A1 accounts for
about 80-90% of all A chains (Cotner and Eisen, 1978).

Three V region gene segments, V1, V2 (Brack et al., 1978), and VX
(Sanchez et al., 1987; Dildrop et al., 1987), have been found. The V1
and V2 gene segments encode the first 97 amino acids of the A chain
and the VX gene segment is 6 amino acids longer due to an insertion
in the third hypervariable (CDR3) region. There are four ] gene segments
with a single J located 5’ to each of the four C region gene segments.
The ] gene segments encode 11 amino acids. In addition, there is
another constant region gene segment (C5), which encodes a putative

% % G .J4*c4 Vi g,8,0
s—af e P te 2t

1 kb
ol

FiG. 1. Physical map of the mouse A\-chain locus; ¥ denotes pseudogenes.
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nonantibody protein that is selectively expressed in pre-B cells (Sakaguchi
and Melchers, 1986; Sakaguchi et al., 1986; Kudo et al., 1987; Mami
et al., 1988).

Organization of the Mouse \-Chain Locus

The mouse A-chain genes have been found to occur in clusters:
VX(?)-V2-]J2C2J4C4-V1-J3C3JIC1’ (Miller et al., 1981; Blomberg et al.,
1981; Selsing et al., 1982; Sanches et al., 1987). These gene segments
are all located on chromosome 16 (D’Eustachio et al., 1981); however,
their order is unknown and the two J-C clusters have not been physically
linked to each other or to the V gene segments. The chromosomal loca-
tion of C5 is not known.

The observation that both the rearranged and germ line forms of the
V1 and V2 gene segments can occur in the same cell line suggests that
V1 is associated with the J3C3JICl cluster and that V2 is upstream of
the J2C2J4C4 cluster (Blomberg et al., 1981). In addition, the associa-
tion pattern of the V and V-C gene segments appears to be highly
restricted; when a V gene segment rearranges, it recombines almost
exclusively with a particular J-C gene segment pair (Reilly et al., 1984).
Analysis of the rearrangement pattern of 74 \ chains reveals 39 V1-J1Cl1
rearrangements, 19 V2-J2C2 rearrangements and 13 V1-]J3C3 rear-
rangements. There were only three unusual rearrangements observed,
all involving the V2 gene segment; two of these rearrangements were
V2-]JIC1 and one was V2-]J3C3. Assuming that looping out and dele-
tion is the rearrangement mechanism used in the N-chain locus, these
data strongly suggest the gene order shown in Fig. 1. This indicates that
a V gene segment will almost always rearrange with a ] gene segment
in the nearest downstream J-C cluster. The location of VX is based on
the finding that expressed A chains containing VX utilize the J2C2 gene
segment pair. Since rearrangement of a downstream V to an upstream
constant region has not been observed in the A-chain locus, it is assumed
that VX is located 5’ of the J2C2 cluster. However, the relative order
of V2 and VX is not known.

As indicated in Fig. 1, the distances between the J and C gene segments
are almost identical in all four constant regions, and the distance between
C2J4 and C3J1 is similar. In addition, examination of the J-C introns
and comparison of the C2 and C3 gene segments showed high homology
between the two constant region clusters. These relationships suggest
that the N locus may have arisen from a primordial JC gene segment
pair which duplicated to an ancestral JCx-]JCy gene cluster at about the
time of the first mammal. The data further suggest that the JCx-JCy
gene cluster duplicated after the mammalian radiation that separated
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mouse and man, with JCx the precursor of J2C2 and J3C3, and Cy the
precursor of JIC1 and J4C4. The pseudogene, C4, probably became
inactive at about the time of duplication of the ancestral JCx-]JCy gene
cluster.

The percentage of amino acid replacement is approximately the same
for V1-V2 as for C3-C2, implying that the ancestral V gene segment
was duplicated at the same time as, and possibly together with, the
JCx-]JCy gene cluster. The third A V gene segment, VX, is only 30-33%
homologous to V1 and V2 at the amino acid level and about 50%
homologous at the nucleotide level. Thus, it appears that the VX gene
segment diverged long ago from the ancestral A\-chain gene segment that
eventually gave rise to V1 and V2.

B. THE HuMAN A-CHAIN GENE FaMiLy

In humans the ratio of immunoglobulin x to A light chains is approxi-
mately 2 : 1 (Hood et al., 1967; Fu et al., 1979). This is in contrast to
the mouse, for which the x and A ratio is 20 : 1 and thus indicates that
the A chain contributes extensively to the diversity of human
immunoglobulin light chains. This therefore suggests the existence of
a much larger repertoire of human V, gene segments. As found with
the mouse A chain, a functional human A light chain V region is encoded
by two gene segments, V), and J5. No D gene segment has been found
for the N\ chain. The A\ locus has been mapped to the long arm of
chromosome 22 at band 11 by examining somatic cell hybrids (Erikson
et al., 1981; McBride et al., 1982a) and chromosomal translocations in
leukemias (Goyns et al., 1984), and by in situ hybridization (Emanuel
et al., 1984). The chromosomal orientation of the A locus was found
to be centromere-V-]J-C (Emanuel et al., 1985).

The finding that large amounts of human immunoglobulin light
chains can be obtained as homogeneous Bence-Jones proteins aided in
the early characterization of the A chain. Immunochemical and amino
acid sequence analysis showed that there are three nonallelic forms of
human M chains which can be localized structurally to the constant
region. One form, designated Oz (Ein and Fahey, 1967; Ein, 1968), is
characterized by the presence of a lysyl residue (Oz*), instead of an
arginyl residue (Oz~), at position 190 (Appella and Ein, 1967). The
second form, designated Kern (Ponstingl et al., 1968; Hess et al., 1971),
is associated with the substitution of a glycyl (Kern*) for a seryl (Kern™)
residue at position 156. The third form was based on amino acid
sequencing of the \ Bence-Jones protein Mcg (Fett and Deutsch, 1974,
1975). Mcg-type proteins differ from non-Mcg proteins by the substitu-
tion of asparagine for alanine at position 116, threonine for serine at
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position 118, and lysine for threonine at position 167. The demonstra-
tion that all of these forms can be found within an individual’s light
chain pool (Ein, 1968; Gibson et al., 1971; Fett and Deutsch, 1975)
indicated that the nature of these factors is isotypic rather than allotypic.
There are four known isotypes based on the classification of the factors
discussed above, Mcg, Kern~ Oz, Kern~ Oz™*, and Kern*Oz~. Each
of these isotypes has been found to be encoded by a separate constant
region gene segment (see below).

The structure of the V) gene segments was obtained mainly from
amino acid sequence analysis. Kabat et al. (1987) characterized the A V
regions into six subgroups. Very little is known about the structure of
the V), gene segments, since DNA clones containing V) gene segments
were not isolated until 1984 (Anderson et al., 1984). Since then, a number
of genomic clones corresponding to some of the existing subgroups have
been isolated (Tsujimoto and Croce, 1984; Anderson et al., 1985) and
a new V), subgroup has been found (Anderson et al., 1984).

Organization of the Human \-Chain Locus

The constant region of the human A locus contains a cluster of six
C gene segments (Hieter et al., 1981a) arranged within a 40-kb frag-
ment, all of which have been sequenced (Hieter et al., 198la; Dariavach
et al., 1987). The six C gene segments were found to be regularly spaced
along the chromosome at approximately 5-kb intervals (Fig. 2).
Nucleotide sequencing of the six C gene segments has shown that they
are extremely homologous and suggests that they are the result of recent
gene duplications. Duplication of the C2-C3 region also has been
observed in some individuals (Taub et al., 1983). Two of the gene
segments, C4 and C5, were shown to be pseudogenes and the remain-
ing gene segments, Cl, C2, C3, and C6, have been shown to encode
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FIG. 2. Physical map of the human \-chain locus. C\4 and C)\5 are pseudogenes.
No J has been isolated from Cy4 and Cy5 so far, although hybridization experiments

suggest that there are J-like sequences contained in these regions. The isotypic forms
of A chains are labeled below the C gene.
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the Mcg, Kern~0z~, Kern~Oz*, and Kern* Oz~ isotypes, respectively
(Heiter et al., 1981b; Dariavach et al., 1987). C4 is a pseudogene, has
a stop codon in the third exon, and has three deletions that correspond
to codons 5 through 7, 21, and 64. C5 is nonfunctional because of an
11-bp deletion (codons 41-44), which results in a frameshift. There is
at least one functional J, gene segment located 1.3 or 1.5 kb upstream
of each functional Cy gene segment (Chang et al., 1986; Sun et al.,
1985; Dariavach et al., 1987; Udey and Blomberg, 1987). Additionally,
Southern blot hybridization experiments using a mouse J) gene segment
as a probe suggested that there is at least one ], gene segment located
upstream of Cy4 and C)5 (Udey and Blomberg, 1987). However,
sequence analysis of these regions did not reveal the presence of any
residues indicative of J) gene segments (Dariavach et al., 1987). The
organization of the human immunoglobulin A-chain locus therefore is
very similar to the organization of the mouse A\ locus in that each Cy
gene segment is preceded by a single ], gene segment.

Very little is known about the organization of the V) gene segments
corresponding to the protein subgroups which have been described
(Tsujimoto and Croce, 1984; Anderson et al., 1984; Dariavach et al.,
1987). From Southern blot experiments, it was found that DNA probes
specific for each subgroup hybridized to an average of 10 bands. This
suggests that there are about 70 V), gene segments, consistent with other
estimates of a total repertoire of 50 to 100 human V) gene segments.

Several groups have reported the presence of a number of Cy-like
genes in man. A pseudogene which appears to have been derived from
processed mRINA has been reported by Hollis and co-workers (1982) and
is not located on chromosome 22, where Cy1-Cy\6 are located. Chang
et al. (1986) reported three Cy-like gene segments outside the cluster
discussed above. One of these Cy-like genes appears to be a pseudogene,
since it does not have an associated ], gene segment, and has
accumulated multiple mutations which render it nonfunctional. The
other two Cy-like genes have associated ]\ gene segments and open
reading frames, and are 86-89% homologous to the known N genes.
However, it is not known if these new Cy-like genes are expressed, since
they do not encode for any constant region described at the protein level
and are not located on chromosome 22.

C. THE MoUSE x-CHAIN GENE FAMILY

The x chain represents 95% of the immunoglobulin light chain found
in most inbred mouse strains (Hood et al., 1967; Cotner and Eisen, 1978).
Therefore, initial amino acid sequence analysis of immunoglobulin light
chains focused on x-chain polypeptides (Hood et al., 1970, 1973). Amino
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acid sequencing of x» chains revealed that there are many V, sequences,
but only a single C, sequence, in accord with the later finding that there
are many V, gene segments and only a single C, gene segment (Seidman
et al., 1978). Like the N chain, a functional immunoglobulin x light
chain V region is encoded by two gene segments, V, and J,, which
become linked by a rearrangement that joins V, to J, during B cell
development. No D gene segments have been found in the » chain locus.
The x gene segments have been mapped to chromosome 6 using somatic
cell hybrids (Hengartner et al., 1978; Swan et al., 1979).

Five J, gene segments have been found in the » locus based on
nucleotide sequence analysis. Four of these ], gene segments correspond
to amino acid sequences found in myeloma light chains. J,3 appears
to be a pseudogene, since it contains alterations in three invariant amino
acid positions (i.e., 99, 103, and 108) that are found in all expressed
x chains. In addition, J,3 lacks a functional RNA splicing signal and
has been shown to be incapable of recombining with a V, gene segment
(Nishi et al., 1985). The four functional J, gene segments encode the
13 carboxyl-terminal amino acids of the variable region.

Since immunoglobulin light chain diversity occurs mainly in the
% chain, the number of V, gene segments in the locus must be very
high. Using the amino acid sequences obtained from myeloma » chain
proteins, Potter (1977) classified x chains into subgroups based on partial
sequence to the first invariant cysteine (Cys23). All of the available
x chain sequences were compared to a common hypothetical sequence,
and any sequences that differed from the others by three or more residues
were arbitrarily assigned to a new subgroup. Using this system, Potter
(1977) proposed that there were at least 26 » subgroups. As more x pro-
teins were sequenced, the classification was revised to the first invariant
tryptophan (Trp35). Twelve substitutions were used as a basis for defin-
ing subgroups based on the known number of substitutions that are found
in V, 21 proteins (Potter et al., 1982). V,21 proteins were used as a model
because these proteins had been extensively studied and several complete
amino acid sequences had been determined (McKean et al., 1978; Weigert
et al., 1978). By this criteria, there are 18 subgroups in the Trp35 dendro-
gram. A number of Cys23 subgroups were not included in the Trp35 den-
drogram because of incomplete sequences (i.e., 6, 7, 14, 16, 17, and 18),
and seven Cys23 subgroups were condensed into three Trp35 subgroups:
V.1, V, 3, and V,26 became V,1; V,12 and V, 13 were grouped as V,12;
V, 15 and V, 19 were condensed as V,15. This classification system seems
to correlate reasonably well with molecular cloning studies in which DNA
probes from different subgroups do not cross-hybridize under normal
stringency conditions (i.e., less than 80% homology).
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Organization of the Mouse x-Chain Locus

As discussed above, there are five ], gene segments and a single C,
gene segment in the x-chain constant region (see Fig. 3a). All five J,
gene segments are located upstream from the C, region gene (Sakano
et al., 1979; Max et al., 1979), and the most distal J,5 gene segment
is only 2.4 kb from C,. The ], gene segments are regularly and closely
spaced with the following distances: ], 1-310 bp-J,2-245 bp-]J,3-268
bp-J,4299-],5 (see Fig. 3a).

Deletion analysis of myeloma cell lines suggested that the V, gene
segments are located upstream of the constant region (Seidman et al.,
1980; Selsing and Storb, 1981). The exact number of V, gene segments
is not known but it has been estimated that there are 100 to 300 V, gene
segments (Rabbitts, 1977; Cory et al., 1981; Zeelon et al., 1981; Briles
and Carrol, 1981; Gibson, 1984; Nishi et al., 1985). The organization
of the V, gene segments has been examined using recombinant mouse
strains and restriction fragment length polymorphism in inbred mouse
strains. Existing data allow the x locus to be divided into eight clusters—
seven V, clusters and the constant region (D’Hoostelaere and Gibson,
1986; D’'Hoostelaere et al., 1988) (see Fig. 3c). The gene order within
a cluster is not known, and interspersion of subgroups within a region
is possible since human V, subgroups have been found to be interspersed
(see below).
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FIG. 3. Physical maps of the mouse x-chain locus. (a) Organization of the mouse
x genes; Y indicates a joining pseudogene segment. (b) Organization of the mouse V, 21
gene segment genomic clusters. (c) Organization of the mouse V, locus. The variable
gene segments are represented by their subgroup numbers. The relative order of V,
gene segments shown within parentheses has not been determined.
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The V, 21 subgroup has been studied extensively by both amino acid
sequencing and genomic DNA cloning. Heinrich et al. (1984) isolated
10 V, 21 gene segments and linked the gene segments into three regions
by chromosomal walking (see Fig. 3b). Southern blot hybridization
analysis of two cell lines provided evidence for the tentative order of the
regions. The 21-kb region containing the 1.6-kb V, was placed at the
5’-most end. A cluster of six V, 21 gene segments is located in a 90-kb
region downstream from the 21-kb region. All six gene segments are in
the same transcriptional orientation, and the order of these gene segments
is shown in Fig. 3b. A 30-kb region containing three more V,21 gene
segments is located further downstream. The three regions have not been
linked to each other. Based on these genomic data, the average distance
between V, gene segments was calculated to be 10 to 12 kb. If the V,
gene segments are equally spaced on the chromosome, this would imply
the size of the x locus to be 1000 to 3000 kb. Recent mapping experiments
using pulsed-field and two-dimensional gel electrophoresis (Woolf et al.,
1988) suggested that most V, subgroups are clustered (E. Lai, unpub-
lished results).

D. THE HuMAN x-CHAIN GENE FaMiILy

Immunoglobulin x light chains constitute about 60% of the light chains
found in human serum (Milstein, 1965; Hood et al., 1967). Over 180
human x proteins have been sequenced (Kabat et al., 1987) and may
be divided into six distinct subgroups on the basis of amino acid sequence.
In contrast, mouse x chains comprise at least 18 subgroups (see above).

This probably reflects a greater usage of x-chain genes in the mouse,
since x chains constitute almost the entire mouse light chain repertoire.
Similar to mouse and human \ light chains, an active x light chain is
formed by the joining one of a number of V, gene segments to a ], gene
segment located 5’ to the constant region during B cell differentiation.
No D gene segments have been observed for the x chain. The »-chain
locus has been mapped to the short arm of chromosome 2 in in situ
hybridization (Malcolm et al., 1982) and somatic cell hybrids (McBride
et al., 1982b). The chromosomal order of the human x-chain locus was
found to be centromere-V-J-C.

Five functional J, gene segments have been found in the human
» locus based on nucleotide sequence analysis (Hieter et al., 1982)
(Fig. 4a). This is in contrast to the mouse J, region, where one of the
Jx gene segments, J,3, is a pseudogene. Heteroduplex and DNA
sequence analyses indicated that the mouse J,3 pseudogene segment is
not present in humans. In addition, the human J,5 does not appear
to have a counterpart in the mouse (Konkel et al., 1979). As in the mouse,
there is only a single human C, gene segment.
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Due to the presence of large amounts of homogeneous light chains
from Bence-Jones proteins, much of the characterization of the V,
region has been obtained from amino acid sequence. Genomic clones
containing V, gene segments specific for each subgroup have been
isolated and it has been shown that protein subgroup classifications
correlate well with the division of gene segments into subfamilies based
on nucleotide homology of greater than 75%. The human V, gene
segments which had been isolated initially by cross-hybridization with
mouse V, probes represent subgroup V,I (Bentley and Rabbitts, 1980;
Jaenichen et al., 1984). Human V, gene segments corresponding to
subgroups V,II (Klobeck et al., 1984, 1985a; Weir and Leder, 1986),
and V,III (Bentley, 1984; Klobeck et al., 1985b; Marsh et al., 1985) also
have been isolated. In addition, a V, gene segment that does not cor-
relate with any of the four known subgroups has been reported (Stavnezer
et al., 1985). The V, gene segments are distinguished from gene
segments in the other light chain loci by a much longer intron within
the leader sequence—over 400 bp as compared to an average of
120-200 bp. Southern blot hybridization experiments indicated that there
could be as many as 25 bands for each of the V,I, V,II, and V,III
subgroups (Bentley and Rabbitts, 1981; Klobeck et al., 1985a). However,
V,I gene segment probes appear to cross-hybridize with members of the
V,III and V, IV subfamilies under nonstringent hybridization conditions.
Subgroup V,IV contains only a single member at stringent hybridiza-
tion conditions (Klobeck et al., 1985b; Marsh et al., 1985). This sug-
gested that the number of human V, gene segments is at least 50, i.e.,
significantly less than the estimated number of the mouse V,, genes (see
above). Presently, over 70 human V, gene segments have been identified
on genomic clones (see below).

Organization of the Human x-Chain Locus

The human x-chain region consists of five functional J, gene
segments located approximately 2.5 kb 5 to a single C, gene segment
(see Fig. 4a). The five J, gene segments are closely and regularly spaced
at about 300-bp intervals (Hieter et al., 1982).

Zachau and co-workers have extensively characterized the organiza-
tion of the human x-chain locus by cosmid cloning. Over the past 4 years,

FiG. 4. Physical maps of the human x-chain locus. (a) Organization of the region
containing the J, gene segments and the C, gene. (b) Physical maps of the eight V,
regions. Subgroup numbers are indicated for each V, gene segment. Pseudogenes are
designated by y. (c) Physical linkage of V,, gene segments with the C, gene. Transcrip-
tional orientation (arrows) is indicated for each gene element. (d) Organization of the
human x-chain locus. Three regions representing at least 2.5 Mb have been mapped.
(e) Dispersion of V,-like gene segments on other chromosomes.
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they have cloned over 1200 kb of genomic DNA in cosmids and
characterized 70 germ line V, gene segments (see Fig. 4b). A number
of important features of the x-chain locus have been deduced from this
data. First, the V, subgroups are highly interspersed in the locus.
Second, 23% (16 out of 70) of the genes are pseudogenes and these are
spread throughout the locus, interspersed with functional gene segments.
This is in contrast with the existing deletion data on the organization
of the mouse x-chain locus, which suggested that the subgroups appear
to be clustered on the chromosome. Similarly, Vi gene segments are
interspersed in the human, whereas they are clustered in the mouse.
Third, almost all V,-containing regions have been duplicated. These
duplications involve large sections of DNA from 30 to 50 kb. Fourth,
in most cases, all of the V, gene segments are in the same transcrip-
tional orientation in the same cluster. However, other gene segments have
been observed to be in different transcriptional orientations. This sug-
gests that both deletion and inversion rearrangement mechanisms are
utilized in the x-chain locus. Fifth, the distances between gene segments
range from 1 to 15 kb. These results indicate that estimations of the
number of gene segments and the size of an immunoglobulin-like locus
by methods based on hybridization can be regarded only as a guideline.

The single-member subgroup V,IV was found to be located in the
B region together with a V,III gene segment (Lorenz et al., 1987)
(Fig. 4c). Klobeck et al. (1985b) have observed that this gene segment
was frequently deleted or aberrantly rearranged in a large number of
lymphoid cell lines and they suggested that this may be a consequence
of specialized function and/or novel structural organization. Pulsed-field
gel electrophoresis data showed that the V,IV gene segment and the
constant region gene segments both hybridized to a 220-kb Sall frag-
ment, and the distance between these genes was estimated to be less than
150 kb. This result suggests that chromosomal walking would be a feasible
method to link the two regions. Klobeck et al. (1987) found that the
distance between the V,IV gene segment and the J, gene segments was
23 kb. The transcriptional orientation of the V,IV gene segment was
found to be opposite of that of the constant region. This finding con-
firms the notion that inversion is a required rearrangement mechanism
for the assembly of some V, genes in the human x-chain locus.

The arrangement and the distances between the cloned x-chain regions
was investigated by pulsed-field gel electrophoresis (Lorenz et al., 1987)
(Fig. 4d). Regions 4 and O were found to be physically linked. A 1-Mb
Notl fragment containing regions Lb, 4a, and Oa (a total of 31 gene
segments) was located at the 5’ end of the locus. This fragment is followed
by a 250-kb NotI fragment containing regions Wb and Wa (a total of
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10 gene segments). A 1.3-MB Notl fragment containing regions Ob, Ab,
La, B, and the constant region (a total of 32 V, gene segments) was
mapped to the telomeric side of the locus. No V, gene segments were
found on the 3’ side of the constant region (Klobeck et al., 1987). All
of the V, gene segments located on the 1.3-Mb NotlI fragment, except
for those immediately adjacent to the J, gene segments, are arranged
in the same transcriptional orientation as the constant region genes. All
of the V, gene segments on the 1-Mb fragment also are in the same
transcriptional orientation, although their orientation is opposite of the
3'V, gene segments. Since the V, gene segments on the 1-Mb fragment
have been shown to rearrange by inversion, their transcriptional polarity
must be opposite to that of the constant region. The location and the
orientation of the Wa and Wb region (250-kb NotI fragment) is
hypothetical since it has not been linked to the other two regions. Six
of the nine V, gene segments located on the 250-kb NotI fragment have
been sequenced and all appear to be pseudogenes. The size of the human
x-chain locus is at least 2.5 Mb. This is based on the assumption that
the 1- and 1.3-Mb fragments are contiguous, and that within these
fragments the mapped regions are arranged in maximal proximity. If
the W regions are located as shown in Fig. 4d, the size of the x-chain
locus would be much larger. The number of human V, gene segments
is now estimated to be slightly more than 80 members (Lorenz et al., 1987).

In addition to the x-chain gene segments on chromosome 2, there
are a number of V, gene segments that have been found dispersed on
other chromosomes. Lotscher et al. (1986) have mapped two solitary V,
gene segments and a cluster of three V, gene segments to chromosomes
1, 15, and 22, respectively (Fig. 4e). Three of these gene segments were
sequenced and determined to be nonprocessed pseudogenes. The
dispersed V, gene segments on chromosome 22 are located at 22qll, the
same chromosomal band as the human A locus, and are centromeric
to the \ genes (Adolph et al., 1988). This finding is relevant to the estima-
tion of the size of the repertoire of any immunoglobulin-like locus, since
Lotscher et al. (1986) estimate about 10% of the V, gene segments are
located outside of chromosome 2. Other examples of dispersed genes
include those of the major histocompatibility complex and the human
heavy and light chain constant region gene segments.

E. THE MoustE HEavy CBAIN GENE FAMILY

There are eight classes of heavy chains (u, 8, v1, ¥2b, y2a, v3, €, )
that are defined by their constant region. Two types of recombination
are required for the production of the heavy chain protein. During B
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cell development, the first recombination creates a complete Vi region
by joining a germ line Vy, a Dy, and a Jy gene segment. The com-
pleted Vy chain then can be expressed as functional polypeptide
because the Cy gene segment is located immediately 3’ to the Ji; gene
segments (see below). Later in the course of differentiation, the same
rearranged Vy gene segment is recombined and expressed with a dif-
ferent Cy gene segment. This mechanism, called heavy chain class
switching, is mediated by nucleotide sequences located at the 5' side
(switch region) of every Cy gene segment except Cs.

There are four functional and one pseudo-Ji; gene segments located
5' to the C, gene segment (Newell et al., 1980; Sakano et al., 1980)
(Fig. 5a), and three subfamilies of Dy gene segments have been iden-
tified in the mouse (Kurosawa and Tonegawa, 1982). The first Dy sub-
family, DSP2, consists of nine members, each 17 bp long. The second
subfamily, DFL16, consists of two members, one 23 bp long and the other
17 bp long. The third subfamily, DQ52, contains a single 10-bp member.
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FiG. 5. Physical maps of the mouse heavy chain locus. (a) Organization of the Dy,
Ju, and C region genes. The DyQ52 gene segment is represented by an open circle.
DySP2 subfamily members are represented by solid circles and DyFL16 subfamily
members are represented by open triangles. (b) Organization of the heavy chain locus
is shown for several mouse strains. Dashed lines indicate identity with the general map
(top). The brackets under the gene segments represent interspersion of subfamilies.
V10 has been mapped 5° to Q52 and 7183.
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The number of Vi gene segments has been estimated to be between
100 (Brodeur and Riblet, 1984) and 1000 (Livant et al., 1986). The Vy
gene segments have been grouped into subgroups based on amino acid
sequences (Dildrop, 1984; Dildrop et al., 1985; Kabat et al., 1987) or
into subfamilies based on nucleotide sequence homology (Brodeur and
Riblet, 1984; Brodeur et al., 1984). Ten Vg subfamilies have been
classified and are summarized in Table II. One important feature of
the heavy chain locus is the high percentage of pseudogenes found.
Several studies have indicated that as many as 40% of Vi gene segments
may be pseudogenes (Bothwell et al., 1981; Huang et al., 1981; Givol
et al., 1981; Rechavi et al., 1983; Loh et al., 1983; Schiff et al., 1985).
J558 is the most extensively characterized Vy subfamily and 16 of the
52 known germ line J558 members appear to be pseudogenes (Blanken-
stein et al., 1987). This may be a consequence of extensive duplication
of gene segments and the price paid for maintaining such a large reper-
toire of genes.

Organization of the Mouse Heavy Chain Locus

The finding that thousands of genetic crosses (Herzenberg, 1964; Potter
and Lieberman, 1967) did not give rise to a recombinant between the
eight Cy gene segments suggested that they are tightly linked on
chromosome 12 (Hengartner et al., 1978). The chromosomal orienta-
tion of the heavy chain was found to be centromere-C-J-D-V (Erikson
et al., 1985). Hybridization kinetic analysis using DNA probes has shown
that the order of the constant region is C,-C;-C,3-C,1-C,2b-C,2a-
C.-C, (Honjo and Kataoka, 1978). This order was confirmed by
physical mapping of the locus. Initial cloning experiments succeeded
in linking C,3 to C,1, C,2b, C,2a, C,, and C;s (Nishida et al., 1981;
Shimizu et al., 1981; Roeder et al., 1981) and Jy to C, and C; (Liu
et al., 1980; Moore et al., 1981). In 1982, Shimizu et al. reported the
complete linkage of the constant region gene segments. The distances
of the gene segments were found to be 5'-Jy-6.5-kb-C,-4.5-kb-
Cs-55-kb-C,3-34-kb-C,1-21-kb-C,2b-15-kb-C,2a-14-kb-C,-12-kb-C,
(Fig. 5a). The locations of the 12 known Dy gene segments were
mapped by Wood and Tonegawa (1983) and they are found to be within
80 kb of the 5"most Jy gene segments with the closest Dy, DQ52, only
about 700 bp from the Jy gene segments (Sakano et al., 1981). The
5’-most Dy gene segment belongs to the two-member VpFLI16 subfamily.
The other member of the DyFL16 subfamily was found to be
interspersed with the DySP2 subfamily. All of the gene segments in the
constant region are in the same transcriptional orientation, and the



TABLE I1
Vi SUBFAMILIES

Kabat et al. Dildrop (1984); Brodeur and Riblet Winter et al. Kofler
Subfamily (1987) Dildrop et al. (1985) (1984) (1985) (1988)
3609(V3I) IB 8 V3609 V3l —
J558 IIA, HIB, IVD, VB 1 VH]558 — —
J606 IIC, IIIC 6 ViJ606 — —
VGAMS3-8 ITIA 9 — GAM3-8 —
5107 ITIA 7 VuS107 — —
3660 IA 3 Vy36-60 — —
X24 II1B 4 VuX24 — -
Q52 IB 2 VuQ52 — —
7183 — 5 VH7183 — —

— - — — MRL-DNA4

VH10
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distance from the 5’ -most Dy gene segment to C, is about 260 kb (see
Fig. 5a). Unlike the organization of the A\ light chain, where there is
a J gene segment 5’ of each C gene segment, the four Ji gene segments
located 5’ of C, are the only J gene segments that exist in the heavy
chain constant region (Shimizu et al., 1982). In addition, no Cy gene
duplication or pseudogenes have been found in the mouse heavy chain
locus. This is in sharp contrast to the human heavy chain locus, where
extensive gene duplications, pseudogenes, and dispersed Cy gene
segments have been found (see below).

The organization of the mouse immunoglobulin heavy chain was deter-
mined by analysis of Vi gene segment deletions in B cell lines (Rathbun
et al., 1987), and by restriction fragment length polymorphism analysis
of recombinant-inbred strains (Brodeur et al., 1984; Blankenstein et al.,
1987). Both of these techniques have shown that subfamilies seem to
be arranged in discrete clusters on the chromosome. This is supported
by genomic cloning experiments which suggest that two Vy gene
segments found linked on the same clone belong to the same subfamily
(Schiff et al., 1985). However, details of the relative order of Vy gene
segment subfamilies differ between deletion and recombination analysis.
By recombinant-inbred strain analysis, the map order of subfamilies
within the locus was found to be (3609, J606, 3660, X24)-
J558-S107-Q52-7183-constant region. The organization of the heavy
chain locus produced by deletion mapping is shown in Fig. 5b. The ]J558
subfamily maps 5’ of J606, and 3660 maps 3’ of S107. The deletion
map data, shown in Fig. 5b, are more consistent with Vg rearrange-
ment frequencies, thereby suggesting preferential utilization of Dy-
proximal Vy gene segments.

The organization of the heavy chain locus also differs among inbred
mouse strains, and interspersion of some subfamilies is observed in some
strains. Analysis of cell lines from NIH/Swiss and NFS/N inbred strains
indicated that several members of the Q52 subfamily lie 3’ to the majority
of the 7183 subfamily members, with some members of the two sub-
families actually interspersed (Kleinfield et al., 1986; Reth et al., 1986).
In C57BL/6 mice, the majority of the relatively small 3609 subfamily
is situated 3’ of the J558 subfamily, and a Q52 gene segment is
interspersed into the 5’ J558 cluster. Deletional data also indicated that
at least one 3609 gene segment is interspersed and located 3’ of the 3660
subfamily in A/J mice, and that the 3609 and ]J558 subfamilies may
overlap in BALB/c mice (Rathbun et al., 1987). These results suggest
that at least some Vi subfamilies are organized into irregular clusters.
These data better correlate with the organization of the human heavy
chain locus, where subfamilies are totally interspersed throughout the
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locus (see below). The exact size of the heavy chain locus is not known.
Pulsed-field gel analysis indicated that the most proximal Vy gene
segment (81X) is at least 300 kb away from the Jy gene segments
(Taussig, 1987).

F. Tue HumaN Hravy CHAIN GENE FAMILY

In humans, nine immunoglobulin heavy chain isotypes can be detected
in normal serum. Eleven Cy gene segments, including two pseudogenes,
have been cloned in the human heavy chain locus (Takahashi et al.,
1982; Krawinkel and Rabbitts, 1982; Max et al., 1982) (see Fig. 6a).
This is in contrast to the mouse, in which only eight Gy gene segments
are found, with no pseudogenes present. In addition, two C, gene
segments are present in the human. Most of the genomic Cy gene
segments have been sequenced: C,1 (Ellison et al., 1982), C,2 (Ellison
and Hood, 1982), C,3 (Huck et al., 1986), C/4 (Ellison et al., 1981),
C.1 (Flanagan and Rabbitts, 1982a; Max et al., 1982; Nishida et al.,
1982), C.2 (Max et al., 1982), and C,1 and C,2 (Flanagan et al., 1982).
The constant region is encoded by four separate exons which correspond
to functional domains Cyl, hinge, Cy42, and Cyx3 (Takahashi et al.,
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FIG. 6. Physical map of the human heavy chain locus. (a) Organization of the Dy,
Ju, and C region genes. The Dy subregion is shown enlarged below; ¢ indicates a
pseudogene. DLR1 and D1, D21/0.5 (DXP1), and D21/7 (DXP'1) represent identical
gene segments isolated from different laboratories. (b) Organization of the heavy chain
locus is shown in five noncontiguous blocks. The relative order of the gene segments
within the brackets has not been determined.
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1982; Krawinkel and Rabbitts, 1982). The C,3 gene is unique in that
it possesses four separate hinge-coding segments (Takahashi et al., 1982;
Krawinkel and Rabbitts, 1982; Huck et al., 1986). The four C, gene
segments were found to have a high degree of homology (greater than
95% at the nucleotide level), and there is a C, pseudogene which lacks
an acceptor RNA splice site.

There are nine human Jy gene segments located 5’ to the constant
gene segments (Ravetch et al., 1981). Six of the Jy gene segments are
functional and three are pseudogene segments (only functional J; gene
segments are shown in Fig. 6a). The pseudo-Jy gene segments are
interspersed with active Jiy gene segments. The pseudo-Jy gene segment
found in the mouse corresponds to one of the pseudo-Ji; gene segments
observed in the human locus, and its nucleotide sequence has drifted
far from an active Jy gene segment. This suggests that this pseudo-Jy
gene segment is the oldest pseudogene and may have become inactive
before mammalian radiation exposure. The other two human pseudo-
Ju gene segments have no homologues in the mouse.

Nucleotide sequence comparison of the most distal mouse Dy gene
segment (DyQ52) to the region 5’ of the human Jj; region revealed one
homologous human Dy gene segment (Ravetch et al., 1981). Presently,
12 functional and one pseudo-Dy gene segments have been identified
by cloning and sequencing (Siebenlist et al., 1981; Ichihara et al., 1988;
Buluwela et al., 1988) (see Fig. 6a).

The human Vy gene segments were initially divided into three
subgroups (I, II, and III) based on amino acid sequences (Kabat et al.,
1987). Genomic clones containing nucleotide sequences corresponding
to each of these subgroups have been reported. Genes from subgroups
I and III have been isolated using homologous mouse Vy probes
(Matthyssens and Rabbitts, 1980; Rechavi et al., 1982, 1983), and a Vy
gene segment belonging to subgroup II was isolated from an EBV-
transformed human cell line (Takahashi et al., 1984). Since 1987, Vy
gene segments that are less than 65% homologous to members of the
three known subgroups have been isolated from DNA libraries. These
novel Vy gene segments were designated as VHIV (Lee et al., 1987;
Berman et al., 1988), V4V (Shen et al., 1987; Humphries et al., 1988;
Berman et al., 1988), and VL VI (Schroeder et al., 1987; Berman et al.,
1988), consistent with the existing classification system.

Organization of the Human Heavy Chain

The constant region gene segments of the human heavy chain locus
were determined to be closely linked on chromosome 14 by analysis of
somatic cell hybrids (Croce et al., 1979). Further studies on somatic cell
hybrids and ¢n situ hybridization experiments showed that the locus is
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localized to chromosome band 14q32.3 (Cox et al., 1982; Kirsch et al.,
1982; McBride et al., 1982b). The human heavy chain locus was found
to have the same chromosomal order as that of the mouse: centromere-
Cx-Ju-Du-Vy (Erikson et al., 1982). Linkage analysis using restriction
fragment length polymorphisms indicated that the Vg and Cy gene
regions are located within 4000 kb of each other (Johnson et al., 1984).

Figure 6a summarizes the organization of the Cy region as derived
by deletion analysis (Migone et al., 1984) and molecular cloning
(Takahashi et al., 1982; Flanagan and Rabbitts, 1982b). The order of
the human Cy gene segments is similar to that in the mouse, in which
the C,, G5, and C,3 gene segments are located on the 5’ side and the
C. and C, gene segments reside on the 3’ end (see Figs. 5a and 6a).
However, it appears that a large multigene segment of the human con-
stant region has been duplicated. Two gene clusters of similar organiza-
tion can be observed. One cluster containing C,3-C,1-C2-C,l is
located 5' to the second cluster, which contains C,2-C,4-C.1-C,2
(Flanagan and Rabbitts, 1982b). Duplication of C,2 is also observed at
a relatively high frequency in normal individuals (Bech-Hansen and Cox,
1986). In addition to the two C, gene segments located on chromosome
14, a third C,-like gene has been found and located on chromosome 9
(Battey et al., 1982). The C.-like gene segment appears to be a pro-
cessed pseudogene because it contains sequences homologous to the func-
tional C.1 gene segment but lacks introns.

The Jy cluster is located 5’ of the constant gene segments, with the
most distal functional Jy gene segment about 6 kb upstream of the C,
gene segment. A Dy gene segment homologous to the mouse DQ52 gene
segment is located just upstream of the Ji; region. Siebenlist ez al. (1981)
isolated a family of Dy gene segments (D1, D2, D3, and D4) (Fig. 6a)
and found that Dy gene segments are tandemly arranged in repeating
units of 9 kb. Ishihara ez al. (1988) sequenced one of the 9-kb repeating
units and identified five Dy gene segments (DM1, DA1, DXP1, DXP'1,
and DN1). DAl may be a pseudogene because the rearrangement hep-
tamer and nonamer sequences are poorly recognizable. Additional Dy
gene segments have been identified and mapped by analysis of
chromosomal translocation of the heavy chain in Burkitt’s lymphoma
cell lines (Buluwela et al., 1988). Overlapping cosmid clones contain-
ing the genomic region from D4 to C, have been isolated (Matsuda
et al., 1988).

A Dy gene segment, D5, with several unusual features has been
isolated (Buluwela et al., 1988; Matsuda et al., 1988). The D5 gene
segment has been physically linked to a pseudo-VyIII gene segment
located within 18 kb on the chromosome, and rearrangement or deletion
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of the D5 gene segment has not been observed in any B cell lines. This
suggests that the D5 gene segment is located on the distal side of the
Vy locus and is interspersed with the Vy gene segments (Fig. 6b).

In the mouse, V, and Vy gene subfamilies are thought to be
organized in clusters along the chromosomes (see above). However, the
organization of the human V, gene subfamilies is interspersed (see
above), and a similar interspersed organization is found for the human
heavy chain locus (Kodaira et al., 1986; Berman et al., 1988; Humphries
et al., 1988). Kodaira et al. (1986) isolated 23 cosmid clones containing
61 Vy gene segments which span approximately 1000 kb of genomic
DNA. Vy gene segments of different subgroups were found to be present
in the same clone. Detailed restriction enzyme analysis of these cosmid
clones revealed that Vi subgroups are highly interspersed. One of these
cosmid clones contained two Vyl, two VyII, and three VLZIII gene
segments (Kodaira et al., 1986). Berman et al. (1988) confirmed these
results and showed that VIV gene segments also are interspersed with
the other subgroups. The transcriptional orientation of the Vy gene
segments within one of the clusters has been determined by nucleotide
sequencing and was found to be in the same direction (Kodaira et al.,
1986).

Pulsed-field gel electrophoresis has been used to estimate the distances
between the heavy chain gene segments and the size of the entire locus.
Surprisingly, VyVI and C, probes were found to hybridize to the same
90-kb Spel fragment. Further analysis using partial and double restric-
tion enzyme digestions confirmed that the Vi VI gene segment is located
within 90 kb of the C region (Berman et al., 1988). Cosmid cloning has
physically linked the Vy{VI gene segment to 20 kb 5’ of the D4 gene
segment, and the VyVI gene segment has the same transcriptional
orientation as the constant region (Sato et al., 1988). Recently, a pseudo-
VylII gene segment also has been isolated and mapped to a location
105 kb 5’ of the C, gene segment (Buluwela et al., 1988). The size of
the heavy chain locus has been estimated by cosmid cloning to be at
least 1000 kb (Kodaira et al., 1986). Estimation of pulsed-field gel elec-
trophoresis with restriction enzymes NotI (Berman et al., 1988) and Mlul
(Matsuda et al., 1988) indicated that the size of the locus is approxi-
mately 2000 to 3000 kb, assuming that the restriction fragments are
arranged contiguously. The organization of the human heavy chain locus
is summarized in Fig. 6b. Since the detailed organizations of each sub-
region have not been determined, each restriction fragment is shown
with the unordered Vy subgroup members which it contains.

It has been estimated that in the mouse heavy chain locus, up to 40%
of the Vy gene segment repertoire may be pseudogenes (see above).
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Nucleotide sequencing of germ line Vi gene segments reveals that 13
out of 38 (34%) Vy gene segments appeared to be nonfunctional
(Kodaira et al., 1986; Lee et al., 1987; Berman et al., 1988; Humphries
et al., 1988). This suggests that the percentage of pseudo-Vy gene
segments is similar in mice and humans. However, the distribution of
pseudogenes does not appear to be random among the subgroups, and
no pseudogene has been found in the Vy4IV subgroup (Lee et al., 1987).

V. Structure and Organization of the Major Histocompatibility
Complexes

The Major Histocompatibility Complex, the H-2 locus in mouse and
HLA locus in human, has been divided into class I, II, and III genes
on the basis of structural and functional similarities (Klein, 1975; Klein
et al., 1983; Schwartz, 1985; Steinmetz and Hood, 1983). The class I
and class IT molecules are integral membrane proteins involved in the
immune recognition reactions that permit T cells to distinguish between
self and nonself. Class I molecules are present on the surface of all cell
types (Klein, 1975), whereas class II molecules are expressed only on
the surface of cells of lymphatic origin, such as B cells, macrophages,
dentritic cells, and certain epithelial cells. Class III genes encode several
components of the classical complement pathway, factor B of the alter-
nate complement pathway, and an enzyme involved in steroid bio-
synthesis, 21-hydroxylase. The Major Histocompatibility Complexes have
been divided into discrete regions and subregions on the chromosome.
Each region contains one or more class I, II, or III genes. Regions which
contain class I genes are K, D, Qa, and Tla in mice and HLA-A, HLA-
B, HLA-C, and HLA-E in humans. Class II genes are located in the
I region in mice and HLA-D region in humans. Class III genes are located
in the § region in mice and between the HLA-D and HLA-B regions
in humans. The structure and expression of these genes have been exten-
sively reviewed (Steinmetz and Hood, 1983; Flavell et al., 1985;
Whitehead and Sackstein, 1985; Flavell et al., 1986; Giles and Capra,
1985; Auffray and Strominger, 1986) and will be discussed only briefly
in this review. Instead, we will summarize the physical map of the two
loci with the latest data obtained from pulsed-field gel electrophoresis.

A. MoustE H-2 COMPLEX

The class I molecules that are expressed on the surfaces of all cell
types are encoded by genes in the K, D, and L regions. These molecules
are highly polymorphic and serve as the restriction elements for cytotoxic
T cells (Klein, 1975). In contrast, protein products of the Qa and Tla
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regions are less polymorphic (Yokoyama et al., 1981) and their expres-
sion is limited to certain tissues (Flaherty, 1981; Coligan et al., 1981).
In addition, these molecules are probably not involved in recognition
by T cells and their function is unknown. Other genes that have mapped
telomeric to Qa and are similar in structure to the class I genes have
also been described (Singer et al., 1988).

The class II molecules I-A and I-E are encoded by genes 4, 4g, E,,
and Eg of the I region (Jones et al., 1978). These class II molecules func-
tion as presenting and restricting elements for the regulatory T cells
(helper), and govern the immune responsiveness to certain foreign
antigens (Benacerraf and McDevitt, 1972). There are two additional 3-
related sequences, Ag2 and Eg2, the functions of which are unknown
(Braunstein and Germain, 1985; Larhammer et al., 1985a). A pseudo-
gene, Ag3, is located aproximately 90 kb distal to the K gene (Widera
and Flavell, 1985).

The murine S region codes for the following class III proteins: the
C2 and C4 components of the classical complement pathway (Chaplin
et al., 1983), factor B of the alternate complement pathway (Chaplin
et al., 1983), sex-limited protein (SLP), a hemolytically inactive C4-like
serum protein found in males of certain strains (Shreffler, 1982), and
21-hydroxylase (White et al., 1984).

The organization of the H-2 complex of BALB/c mice is shown in
Fig. 7. Two class I genes have been found in the K region; the K gene
encodes the class I H2-K protein. Distal to the K region lies the I region,
which encodes the class II proteins. The K and I regions have been
physically linked on cosmid clones (Steinmetz et al., 1986). The distance
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FiG. 7. Physical map of the mouse H-2 Major Histocompatibility Complex. The
orientations of the genes are shown as arrows above the genes. The distance between
§ and D has not been determined.
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between the I and S regions was estimated by pulsed-field gel electro-
phoresis to be 430 kb (Miiller et al., 1987b). The transcriptional orien-
tation of the S region genes are the same as the K region genes, but
opposite to that of the D region. Miiller et al. (1987a) have found that
tumor necrosis factor (TNF-a) and lymphotoxin (TNF-() are located
within the H-2 complex and map close to the D region (see Fig. 7). The
transcriptional orientation of the TNF-« and -8 genes is opposite to that
of the class I H2-D genes. The exact distance between the § and D regions
has been estimated to be at least 420 kb by pulsed-field gel electrophoretic
experiments (Miiller et al., 1987b). The D and Qa regions have been
cloned and mapped by Stephan ez al. (1986). There are five D and eight
Qa class I genes in this region. The D and L genes encode the H2-D
and H2-L proteins, respectively. The Tla regions have been mapped distal
to the Qa region by restriction fragment length polymorphism (Winoto
et al., 1983). There are two clusters of Tla genes which probably arose
from duplication (Hammerling et al., 1985). The distances between the
Tla and Qa regions have not been determined; however, recent data
suggested that the Tla cluster containing 71 through T11I is located within
500 kb of the Qa region, and the two Tla clusters are within 250 kb
(E. Straus, S. Hunt, E. Lai, and L. Hood, unpublished results). These
data suggested that the H-2 complex spans at least 2500 kb on the
chromosome.

It appears that the organization of the H-2 complex is variable among
different inbred mouse strains. While five D class I genes have been found
in the BALB/c mouse, only one has been found in AKR and C57BL/10
mice (Weiss et al., 1984). Thus, the D2, D3, and D4 genes are not essen-
tial, and whether they are functional remains to be determined. There
are only 8 Qa genes in BALB/c mice, in contrast to 10 genes in the
C57BL/6 Qa region. The Q3 gene is missing in the BALB/c strain, and
the Q8 and Q9 genes have been fused into a Q8/Q9 hybrid gene (Weiss
et al., 1984). The greatest differences among the C57BL/10 and BALB/c
mice are in their Tla regions. The 71 through 710 cluster is present
in both C57BL/10 and BALB/c, but the second cluster, TII through
T17, is absent in C57BL/10 mice (Weiss et al., 1984). It appears that
part of the Tla region has been duplicated in the BALB/c genome.

B. HumaN HILA CoMPLEX

The human HLA complex has been localized to the short arm of
chromosome 6 (Lamm et al., 1974; van Someren et al., 1974; Francke
and Pellegrino, 1977). Morton et al. (1984) determined the chromosomal
orientation of the HLA complex to be centromere-class II-class I by
in situ hybridization, and located the HLA complex to band p21.3. In
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addition to the HLA-linked genes, a number of structurally related
molecules have been found which are not mapped to chromosome 6
(Calabi and Milstein, 1986).

The human class I molecules which have been detected serologically
are encoded by genes located in the HLA-A, B,C regions which correspond
to the murine H-2-K,D,L antigens. Southern blot hybridization and
cloning experiments have shown that there are 20 to 30 class I genes
in the HLA, and individual HLA-A,B,C genes have been identified by
gene transfer experiments and nucleotide sequence analysis (Srivastava
et al., 1985, 1987). Recently, another class I gene, HLA-E, which is
expressed in resting T cells, has been isolated and mapped between the
HLA-A and HLA-C loci (Carroll et al., 1987; Koller et al., 1988)
(Fig. 8a). Similar to the mouse Qa and Tla region class I genes, the
function and expression of most of the non-HLA-A,B,C genes are not
yet characterized.

The class IT molecules are encoded by genes in the HLA-D region
and, based on serological experiments, can be subdivided into three
families: DR, DQ and DP. The DQ and DR molecules correspond to
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FIG. 8. Physical maps of the human HLA Major Histocompatibility Complex.
(a) General organization of the locus. (b) Detail of the organization of the HLA-D sub-
region. The specificities of the gene products are shown below the genes. (c) Detail of
the organization of the class III subregion. There are two copies of the C4 and
21-hydroxylase genes.
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the murine I-A and I-E antigens, respectively. No known homologue
of the DP molecule has been found in the mouse. Four genes have been
cloned that belong to the DR family (Spies et al., 1985). The DR gene
is characterized by an almost complete lack of sequence variability among
humans (Rask et al., 1985), and combines with one of the two func-
tional DR genes to form the DR antigen. One of the DR genes appears
to be a pseudogene (Larhammar et al., 1985b; Spies et al., 1985). An
additional DR pseudogene has been isolated from an individual with
the DR4 haplotype (Andersson et al., 1987). The DQ region contains
two a (DQ and DX) and two 8 (DQ and DX) genes. In contrast with
the DR« gene, both DQa and DX« genes are extremely polymorphic
(Chang et al., 1983; Trowsdale et al., 1983; Auffray et al., 1984; Schen-
ning et al., 1984; Spielman et al., 1984; LeGall et al., 1985). The DQ«
and DQg genes encode the DQ antigens that are detected by serological
methods. Analysis of the nucleotide sequences of the DXco and DX} genes
has not revealed any pseudogene features that would prevent their expres-
sion (Auffray et al., 1984; Okada et al., 1985a; Jonsson et al., 1987).
However, neither mRINA nor protein products derived from the DX genes
have been identified. Similar to the DQ region, there are two o and
two 3 genes in the DP region (Auffray et al., 1984; Trowsdale et al.,
1984; Okada et al., 1985b). One set of o and 3 genes encodes the DP
antigen (Roux-Dosseto et al., 1983; Gustafsson et al., 1984; Kappes et al.,
1984; Auffray et al., 1984), and the second set of o and B consists of
pseudogenes (Boss et al., 1985; Servenius et al., 1985). Two more genes,
DZ« (Trowsdale and Kelly, 1985) and DOS (Inoko et al., 1984; Tonelle
et al., 1985; Servenius et al., 1987), have been described and mapped
to the class II region (Fig. 8b).

Like that of the mouse, the human class III region contains genes
which encode C2, C4, factor B (Carroll et al., 1984), and 21-hydroxylase
(Carroll et al., 1985; White et al., 1985), all of which are in the same
orientation within the region (Fig. 8c). The class III region has been
mapped in between the class I and class II regions by analysis of dele-
tional cell lines (Whitehead et al., 1985).

The organization of the human HLA locus is shown in Fig. 8a. The
class I regions, A, B, C, and E, are located in the distal end of the locus.
This is in contrast to that of the murine H-2 locus, where the class I
regions are found on both sides of the locus. The murine H2-K region
may have been translocated to the 5’ side of the MHC locus after the
mammalian radiation event. Clusters of cosmid clones containing class I
genes have been isolated, but linkage of these clusters has not been deter-
mined (Barbosa et al., 1982; Malissen et al., 1982; Orr and DeMars,
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1983). Analysis by pulsed-field gels has indicated that the class I genes
may span over 1500 kb (Lawrance et al., 1987; Carroll et al., 1987).

The class II region has been mapped to the centromeric side of the
locus by deletion analysis (Levine e al., 1985) and #n situ hybridization
experiments (Morton et al., 1984). The class II regions are present on
the centromeric side of the locus and are arranged in the order 5'-DP-
DQ-DR-3’ (Fig. 8a and b). Genes in the DR (Spies et al., 1985; Rollini
et al., 1985; Andersson et al., 1987), DQ (Auffray et al., 1984; Okada
et al., 1985a; Jonsson et al., 1987), and DP (Auffray et al., 1984;
Trowsdale et al., 1984; Okada et al., 1985b; Roux-Dosseto et al., 1983;
Gustafsson et al., 1984, 1987; Boss et al., 1985; Servenius et al., 1985)
subregions have been isolated as genomic clones. However, efforts to link
these subregions have been unsuccessful because of the large size of the
locus and the frequency of repeat sequences, both of which make
chromosomal “walking” difficult. The development of pulsed-field gel
electrophoresis has permitted the rapid mapping and ordering of these
subregions on the chromosome. Hardy et al. (1986) reported the first
successful use of the pulsed-field technology to map the order and
distances of the human class II subregions (Fig. 8a and b). The DR«
gene is located 3’ of the three DR genes, and the DR subregion is most
telomeric (i.e., 3'). The DQ region is centromeric (i.e., 5’) to the DR
subregion, with the DX« and DX genes 5’ to the DQo and DQJ pairs.
DOB is 5’ to DQ, and DZ« is 5' to DO but 3’ to DP. The DP
pseudogenes form the centromeric ends of the HLA locus. These results
have been confirmed by Carroll et al. (1987).

The class III region has been isolated as clusters of overlapping cosmid
clones by a number of groups (Carroll et al., 1984, 1985; White et al.,
1985; Dunham et al., 1987). The region spans about 100 kb and con-
tains the genes which encode the second (C2) component and two copies
of the fourth (C4A and C4B) component of complement, factor B, and
two copies of the gene for steroid 21-hydroxylase (Fig. 8c). The orienta-
tion of the class III region with respect to the DR region has been deter-
mined by pulsed-field gel electrophoresis. The 21-hydroxylase B gene
was found to be on the centromeric side and is about 300 kb distal to
the DRa gene (Dunham et al., 1987; Lawrance et al., 1987; Carroll
et al., 1987) (Fig. 8a).

Similar to what has been found in the mouse, genes for TNFo and
TNF( have been isolated and mapped to the HLA locus between the
DR and HLA-A regions (Spies et al., 1986). Long-range physical mapping
has shown that TNFa and TNFS genes are located between the class III
and class I regions. The distance between the C2 gene and TNFa is
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about 350 to 390 kb, and the HLA-B gene lies approximately 200 to
250 kb distal to the TNFS gene (Dunham et al., 1987; Carroll et al.,
1987; Ragoussis et al., 1988) (Fig. 8a).

Taken together, these data indicate that the human Major Histo-
compatibility Complex spans about 3500 kb (Lawrance et al., 1987;
Dunham et al., 1987; Carroll et al., 1987) (see Fig. 8a). The estimated
total size of the human HLA locus is thus almost twice that of the mouse
H-2 locus (see above). The most significant difference in size was between
the class I regions, where the homologous region in the mouse was about
one-third that of man, despite the fact that genes homologous to Qa
and Tla have not yet been found in humans. The organization of the
human Major Histocompatibility Complex is very similar to that of the
mouse except for the translocation of the murine H-2K region. The loca-
tion and transcriptional orientation of the class III genes also are the
same in mouse and human.

VI. Structure and Organization of T-Cell Receptor Gene Loci

The T cell antigen receptor (TcR) is a 90-kDa disulfide-linked
heterodimeric membrane-bound glycoprotein composed of o and 8
(Meuer et al., 1983) or v and 6 chains (Brenner et al., 1986, 1987). Like
immunoglobulins, the T cell receptor is encoded by discontinuous
variable, diversity, and joining gene segments which rearrange upstream
to the constant gene during the course of T cell development, creating
the immense diversity of receptor molecules required for T cells to
respond to a virtually limitless universe of foreign antigens. The T cell
receptor functions as an activating mechanism which triggers T cell
response to cognate antigen only in the context of cell-surface molecules
encoded by the genes of the MHC (Zinkernagel and Doherty, 1974; Rosen-
thal and Shevach, 1978; Katz et al., 1973; Kindred and Screffler, 1972).
The mechanism by which this dual specificity operates is still not clear.
The a-8 T cell receptor is present on the majority of mature CD4*
and CD87 lymphocytes in association with the monomorphic CD3
complex. A second receptor, the -6 heterodimer, is present on CD4~,
CD8~ T lymphocytes, some thymocytes, and dendritic epidermal cells
(Brenner et al., 1986, 1987; Weiss et al., 1986; Lanier et al., 1987; Lew
et al., 1986; Koning et al., 1987).

Since the initial molecular characterization of T cell receptor-specific
cDNAs (Yanagi et al., 1984; Hedrick et al., 1984; Saito et al., 1984a,b;
Chien et al., 1984a), much has been learned about the germ line
organization and repertoire of the «, 8, and vy chain gene families in
mice and humans (reviewed in Kronenberg et al., 1986; Wilson et al.,
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1988). More recently, gene segments encoding the mouse and human
0 chains have been characterized and are located within the a-chain
locus (Chien et al., 1987a; Hata et al., 1987; E. Y. Loh et al., 1987).

A. -CHAIN GENE FAMILIES

Functional mouse and human T cell receptor 3-chain variable regions
are encoded by Vg, Dg, and Jg gene segments. The Vj gene segments
consist of two exons separated by an intron of 90 to 400 bp. The first
exon encodes a small hydrophobic leader peptide of 16 to 29 amino acids.
The second exon is approximately 250 to 350 bp and encodes the
remainder of the variable domain. The Dg and Jg gene segments are
quite small, encoding 4 to 6 and 15 to 16 amino acids, respectively. Unlike
immunoglobulin Dy gene segments, the Dg gene segments may be
translated in all three reading frames (Goverman et al., 1985; Barth
et al., 1985; Toyonaga et al., 1985). The mouse and human Cg region
genes are composed of four exons that, unlike the immunoglobulin
C genes, do not represent the four presumed functional domains of the
constant region. The extracellular domain and the first few amino acids
of the connecting peptide are encoded within the large first exon. The
complete human Cg region contains 173 amino acids. The T cell recep-
tor 3-chain polypeptide contains two intrachain disulfide linkages; one
spans 63 to 69 residues of the variable region, and a second spans 60
residues in the extracellular domain of the constant region. Further-
more, many of the amino acids thought to be important in the forma-
tion of the immunoglobulin homology unit and in stabilizing heavy and
light chain interactions in immunoglobulins are conserved in the T cell
receptor 8 chain.

1. Organization of the Mouse §-Chain Locus

The mouse 3-chain gene family is located at chromosomal position
6B (Caccia et al., 1984; Lee et al., 1984) (Table I). As shown in Fig. 9,
the mouse (3-chain locus extends over 700 kb. The Dg and Jg gene
segments and Cg genes are arranged in tandem clusters located
downstream from the 3'-most V gene segment. Each cluster contains
one Dg gene segment, seven Jg gene segments, and one Cg gene
(Gascoigne et al., 1984; Malissen et al., 1984; Siu et al., 1984a; Kavaler
et al., 1984). Nearly 100 rearranged Vg genes have been analyzed to
date and these represent 22 unique V3 gene segments (Wilson et al.,
1988). Statistical analyses have indicated that there are probably no more
than 30 V3 gene segments in the mouse (Patten et al., 1984; Barth
et al., 1985; Behlke et al., 1985). The 22 known Vg gene segments may
be grouped into 17 different subfamilies, with each subfamily generally
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Fi6. 9. Physical map of the mouse T cell receptor 3-chain locus. The Vg and Cg
gene elements are indicated by solid boxes; the D and ] gene segment clusters are indicated
by lines. Transcriptional orientation is indicated for all Vg gene segments; Vg5.3* is
a pseudogene. The region of the 3-chain locus that is deleted in SJL mice is indicated
by ASJL. The V33.2 gene segment is 76% homologous to Vg3.1 and thus should belong
to the Vg3 subfamily; V3.2 has also been referred to as Vgl7a (Kappler et al., 1987).
A Vg gene segment isolated by Singer et al. (1986) has been renamed as Vgl7 in agree-
ment with the existing nomenclature.

defined as a set of V gene segments sharing greater than 75% nucleotide
homology (Wilson et al., 1988).

The mouse §-chain family is unique among the immunoglobulin-like
loci in that most of the subfamilies contain only a single member. The
organization of the (3-chain locus has been determined by deletional
analysis of T cell lines, pulsed-field gel electrophoresis, and restriction
mapping of cosmid clones (Chou et al., 1987a,b; Lai et al., 1987; Linsten
et al., 1987; Lee and Davis, 1988). The distance between the 3’-most
V; gene segment and the constant region has been estimated to be from
100 (Lai et al., 1987) to over 250 kb (Chou et al., 1987b; Linsten et al.,
1987; Lee and Davis, 1988). It appears that the distance probably is closer
to 250 kb, and two comigrating fragments of identical sizes were detected
in L cells with Vg3 and Cg probes (E. Lai, unpublished results).
Members of the three multigene subfamilies were found to be located
close to each other. The two three-member subfamilies, Vgh and Vg8,
have their members interspersed along the chromosome. Thus, the
organization of the mouse 8 chain closely resembles that of the human
IgH and TcR B loci, and not the mouse IgH. In SJL, C58, and C57L
mice, almost half of the 8 gene segments have been deleted from the
genome and it appears that a single deletion event has occurred in these
strains.

2. Organization of the Human B-Chain Locus

The human §-chain gene family is located at chromosomal position
7q32-35 (Table I). The overall organizations of the human and mouse
B-chain loci are quite similar, and it appears that the relative order of
homologous V3 gene segments is conserved (Lai et al., 1988). DNA
sequence analysis has identified 79 unique Vg gene segments that may
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be grouped into 21 subfamilies, with 15 subfamilies containing a single
member (Ikuta et al., 1985; Leiden and Strominger, 1986; Tillinghast
et al., 1986; Concannon et al., 1986; Kimura et al., 1986a; reviewed
in Wilson et al., 1988). A physical map of the human §-chain locus is
shown in Fig. 10. Using deletional analysis of T cell leukemia DNA, long-
range restriction mapping by field-inversion gel electrophoresis, and fine-
restriction mapping of cosmid clones, over 40 V; gene segments were
mapped to a 600-kb Sall restriction fragment. In contrast to the mouse
-chain locus, all of the human Vg gene segments mapped to date lie
5’ to the constant region genes.

The V gene segments of the human $-chain locus appear to have
evolved by a process of duplication and subsequent divergence since the
time of the mammalian radiation event (Lai et al., 1988; Wilson et al.,
1988). In some cases, tandem duplications of Vg gene segments have
led to the interspersion of small clusters of nonhomologous Vg gene
segments. An example of this is the Vgb, 6, 13 cluster, of which four
are found scattered across the locus. Other tandem duplication events
appear to have served only to increase the number of members in an
individual Vg gene segment subfamily. An example of this is the closely
spaced grouping of Vg8 subfamily members.

Comparison of the human and mouse 3-chain loci reveals that both
species have a similar number of V3 gene segment subfamilies. However,
the average number of members per subfamily is about four in humans
versus mostly single-member subfamilies in mice. This is reflected in
the size of the two loci. All known mouse Vz gene segments and the con-
stant region genes have been mapped to approximately 700 kb of DNA,
whereas in humans, a 600-kb region of DNA contains only about half
of the known Vg gene segments. Despite the difference in size, the
organization of the 8-chain loci appears to be well conserved in human
and mouse (Lai et al., 1988).
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Fi1G. 10. Physical map of the human T cell receptor 8-chain locus. The Vg and Cg
gene elements are indicated by solid boxes. Unordered Vg gene segments are enclosed
by brackets. Two pseudogenes, Vg8.4 and 8.5 are indicated with an asterisk. Transcrip-
tional orientation is indicated where known.
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B. y-CHAIN GENE FAMILIES

Functional mouse and human T cell receptor y-chain variable regions
are encoded by V, and J, gene segments. Like the Vg gene segments,
V., gene segments are encoded by two exons separated by a small intron.
The ], gene segments add an additional 15 to 25 amino acids to the
v-chain variable region.

The four mouse C, region genes each are encoded by three exons. The
first exon is quite large, encoding 110 amino acids (Garman et al., 1986).
The second exon encodes 10 to 15 amino acids and the third exon encodes
46 amino acids. The C,2 gene appears to be a pseudogene and has a
defective 5’ splice site bordering the second exon (Garman et al., 1986).
The C,1 and C,3 genes are over 96% homologous at the level of amino
acid sequence. However, the C,1 gene contains a 15-bp insertion in exon
2 which encodes five additional residues (Garman et al., 1986).

1. Organization of the Mouse y-Chain Locus

The genes for the mouse T cell receptor v chain are located at
chromosomal position 13A2-3 (Table I) and span at least 280 kb. The
organization of the mouse v-chain locus is quite different from the other
T cell receptor loci and contains interspersed V and J gene segments
as shown in Fig. 11. This organization pattern is similar to that of the

Fig. 11. Physical map of the mouse T cell receptor y-chain locus. The sizes of
various exons and the relative distances between them are not drawn to scale. The
transcriptional orientations of the V., gene segments are shown as horizontal arrows.
For exons included in brackets, the orientation has not been determined relative to the
rest of the v genes.
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mouse immunoglobulin A light chain locus (Eisen and Reilly, 1985) and
the shark immunoglobulin heavy chain locus (Hinds and Litman, 1986).
A limited number of V., gene segments are located 5’ to a single ], gene
segment and a single C, gene in four apparent clusters. At least one
of these clusters appears to be in reverse translation orientation relative
to the others (Woolf et al., 1988). Rearrangement of V, and J, gene
segments tends to occur within the immediate cluster (Garman et al.,
1986; Iwamoto et al., 1986; Kranz et al., 1985; Kronenberg et al., 1989).
For example, V,5,V,2, V.4, and V,3 predominantly rearrange to JL
V,L.1 predominantly rearranges to J,4, and V,1.2 predominantly re-
arranges to J,2 (Iwamoto et al., 1986; Kronenberg et al., 1989). An
exception to this pattern has been reported for one chromosome of the
T lymphoma BW5147, which contains a V.5 to J,4 rearrangement that
has deleted all of the intervening v gene segments (Pelkonen et al., 1987).
A simplified nomenclature for mouse V., gene segments, based on
nucleotide sequence homology, is proposed in Table III.

2. Organization of the Human y-Chain Locus

The human v-chain locus is found at chromosomal position 7pl5 as
shown in Table I. Compared to the mouse y-chain locus, the genes
encoding the human T cell receptor v chain are organized in a manner
similar to the human and mouse 3-chain loci, and are contained in a
160-kb region of DNA (Strauss et al., 1987). The physical map of the
human T cell receptor y-chain locus is shown in Fig. 12. To date, 14
human V,, gene segments, including four pseudogenes, have been iden-
tified and mapped within the locus (LeFranc et al., 1986; Forster et al.,
1987; Huck et al., 1988; Kimura et al., 1987b; Strauss et al., 1987). In
an effort to simplify the nomenclature of the human V., gene segments,
we propose the numbering system listed in Table IV. This numbering
system groups the V. gene segments into subfamilies, based on
nucleotide sequence homology. The human +v-chain locus also includes

V.S & cy| & cyz
Mivia avaMEMIVB S MW VIOl Wit KRR IR AR ¥}
P h B L
—+ } -

}
T T LI —

10 kb
[

Fic. 12. Physical map of the human T cell receptor vy chain. The whole locus is
contained within 150 kb. The exact distances between the V,, gene segments and from
V., to J, are not known. V,1.6, 1.7, 1.8, VA, and VB are pseudogenes ).



TABLE III

CORRESPONDENCE BETWEEN THE DIFFERENT MOUSE V., GENE NOMENCLATURES

Hayday et al. Traunecker et al. Garman et al. Heilig and Iwamoto et al. Pelkonen et al.
Gene (1985a) (1986) (1986) Tonegawa (1986) (1986) (1987)
V,11 V10.8B v2 V1.1 Vi V1 A%~
v,1.2 V10.8A V1 V1.2 V2 Ve V1
V,1.3 V5.7 A VL3 V3 V3 V3
V.2 — V4 V2 V4 V6 V4.3
v,3 — — V3 V5 V4 V4.2
V.4 — — V4 — V5 V4.1
V.5 — — — — — V4.4




MAPS OF IMMUNOGLOBULIN-LIKE LOCI 41

TABLE IV
CORRESPONDENCE BETWEEN THE DIFFERENT HUMAN V., GENE NOMENCLATURES

LeFranc et al. (1986);
Forster et al. (1987);

Gene Huck et al. (1988) Kimura et al. (1987b) Strauss et al. (1987)
V1.1 V1 V1 1.1
V1.2 V2 V2 1.2
VL3 V3 V3 1.3
V14 V4 V4 1.4
V1.5 V5 — -
V1.6 V5 V5 1.5
V1.7 V6 Vé 1.6
V1.8 \'%} \'%} 1.7
V1.9 \'%] \'4 1.8
vz V9 V9 v2
V38 V10 V10 V3
V4 vil vil V4
VA VA V9 —
VB VB VB —

five ], gene segments and two C,, genes that are arranged in two clusters
approximately 50 kb distal to the 3-most V, gene segment (Strauss
et al., 1987). The first cluster contains three and the second cluster con-
tains two ], gene segments. The J,-C, clusters span slightly more than
30 kb of DNA. Like most of the other immunoglobulin-like loci, there
are no V., gene segments located 3’ of the constant region genes.

C. a- AND §-CHAIN GENE FAMILIES

Functional mouse and human T cell receptor a-chain variable regions
are encoded by V, and ], gene segments. Like the Vg and V, gene
segments described above, V,, gene segments consist of a small leader
exon and a large second exon separated by an intron of 100 to 400 bp.
An additional 16 to 25 amino acids of the «-chain variable domain are
encoded by the J, gene segments. The single C, region gene is com-
posed of four exons that, like the Cg, do not reflect separate functional
domains. Furthermore, the extracellular domain of the C, polypeptide
is relatively short and the fourth exon encodes only 3’ untranslated
sequences. The complete human C,, region contains 112 amino acids.
Similar to the § chain, the T cell receptor «-chain polypeptide also con-
tains variable and constant domain-spanning intrachain disulfide
linkages.

The most recently discovered T cell receptor gene family encodes the
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&-chain polypeptide and is located completely within the o-chain locus
in both mice and humans (Chien et al., 1987b; Hata et al., 1987; D. Loh
et al., 1987). Functional mouse and human §-chain variable regions are
encoded by V;, D;, and J; gene segments. Preliminary studies have
indicated that the T cell receptor & chain also can utilize at least one
V, gene segment (Chien et al., 1987b; Gugliemi et al., 1988). Further-
more, the two mouse D; gene segments may, like their Dg counterparts,
be read in all three reading frames. This may also be true of the human
germ line D; gene segments. Unlike the other T cell receptor genes, the
0-chain variable region may be assembled from the novel combination
of four (V, Dsl, D52, and J;5) gene segments (Chien et al., 1987a; Boehm
et al., 1988). This novel joining results in additional diversity of the final
0-chain variable region.

1. Organization of the Mouse a- and 6-Chain Loci

The mouse «- and 6-chain gene families are located at chromosomal
position 14C-D as summarized in Table I. The physical map of these
loci is shown in Fig. 13. DNA sequence analysis has identified 35 unique
V, gene segments, which may be grouped into 13 subfamilies, all of
which have multiple members, ranging from 2 to 10 (Becker et al., 1985;
Arden et al., 1985; Wilson et al., 1988). In contrast, only 3 of 17 mouse
Vg gene segment subfamilies have multiple members. Preliminary data
indicate that V, gene segment subfamily members may be interspersed
as previously observed for the mouse B-chain locus (K. Wang,
M. Kronenberg, and E. Lai, unpublished results). However, in contrast
to the mouse B-chain locus, it also appears that some V,, gene segments
have been duplicated over as much as 100 kb of DNA. This type of long-
range duplication also has been observed in the human §-chain locus
(Lai et al., 1988). The repertoire of J, gene segments has been estimated
at 50, although only 32 have yet been sequenced (Becker et al., 1985;
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F1G. 13. Physical map of the mouse &/ locus. [For details on J, sequences, see
Arden et al. (1985), Winoto et al. (1985) (all numbers), Dembic et al. (1986) (JNat2
and Natl), and Hochgeschwender et al. (1987) (11.2, 14.4).]
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Arden et al., 1985). The structure of the ], gene segments is different
than the Jg and immunoglobulin J gene segments in that the J, gene
segments are substantially longer. However, the ], gene segments contain
many of the conserved residues that are present in the Jg and
immunoglobulin J gene segments.

As shown in Fig. 13, all of the identified genes which encode the mouse
T cell receptor 6 chain are contained within the a-chain locus. This
small locus, which spans at least 30 kb, ends approximately 75 kb
upstream from the C, gene and is oriented in the same transcriptional
direction as the majority of the -chain gene segments. Included in the
0 locus are a limited number of V gene segments, two Dj gene segments,
two J5 gene segments, and the 4-chain constant region gene, which is
composed of four exons (Chien et al., 1987b). As discussed above, the
mouse & chain has been observed to use at least one V, gene segment
to produce a functional 6-chain polypeptide (Chien et al., 1987a). This
would seem to suggest that the ¢ chain has available a very large reper-
toire of V gene segments; however, such diversity among 6 chain cDNAs
has not been observed. Similar to the mouse 3-chain locus, at least one
V5 gene segment is located 3’ to the C;s gene in reverse transcriptional
orientation (Iwashima et al., 1988). This indicates that the 3-chain locus
employs both looping out and deletion and inversion rearrangement
mechanisms (Davis and Bjorkman, 1988). The 6 chain genes undergo
rearrangement early in development, well before c:-chain rearrangement
and expression can be detected (Chien et al., 1987a). If the d-chain genes
are unproductively rearranged in a developing thymocyte, then the sur-
rounding a-chain genes may be rearranged, thereby deleting the entire
region of DNA containing the §-chain locus (Chien et al., 1987a).
Similarly, the immunoglobulin x light chain locus is often deleted in
cells that have successfully rearranged X light chain genes, although these
loci are not linked on the same chromosome (Hieter et al., 198la).
However, since the expressed T cell receptor § chain must pair with the
product of the §-chain locus, unsuccessful rearrangement of the y chain
may lead to progressive rearrangement of the «-chain genes and subse-
quent deletion of the §-chain locus (Chien et al., 1987b).

2. Organization of the Human a- and 6-Chain Loci

The human «- and §-chain gene families are found at chromosomal
position 14qll1-12 (Table I). The physical map of these loci is shown in
Fig. 14. The «-chain locus contains 58 identified V,, gene segments, 47
identified J, gene segments, and a single constant region gene (Yoshikai
et al., 1985, 1986; Klein et al., 1987; Kimura et al., 1987b; Baer et al.,
1987a,b, 1988; Mengle-Gaw et al., 1987; Pircher et al., 1987; Wilson
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Fig. 14. (a) Physical map of the human «/é constant region. J, sequences and loca-
tions are surnmarized from the work of Yoshikai et al. (1985), Baer et al. 1987a,b, 1988),
Mengle-Gaw et al. (1987), Finger et al. (1986), and Isobe et al. (1988). Identical J, gene
segments that have been named by different laboratories are shown by two names above
a single ], gene segment. (b) Organization of the /8 locus. The numbers above the
line represent the subfamilies. The solid lines separating the subfamilies represent pulsed-
field gel electrophoresis-separated DNA fragments and the dotted lines represent
rearrangement breakpoints.

et al., 1988). The V, gene segments may be grouped into 22 subfami-
lies, with 15 subfamilies containing a single member. Preliminary
mapping studies with field-inversion gel electrophoresis have indicated
that the V, gene segments are scattered across over 800 kb, with the
entire a-chain locus spanning more than 1000 kb (Griesser et al., 1988;
Roth et al., 1988; E. Lai, unpublished data). All of the V, gene
segments mapped to date are in the same transcriptional polarity, with
their 5’ ends oriented toward the centromere. The ], gene segments are
located throughout an 80-kb region 5’ to the C, gene. The most distal
Ja gene segment is approximately 5 kb from C, and the distance from
C, to the nearest V, gene segment is within 200 kb (Griesser et al.,
1988; Roth et al., 1988). Ordering of the V, gene segments by deletional
analysis of T cell leukemia DNA indicates a much higher rate of re-
arrangement in the a-chain locus as compared to the (§-chain locus
(P. Concannon, R. Wilson, and E. Lai, unpublished data). As discussed
below, this may be due to the presence of the §-chain gene family within
the locus.

As in the mouse, the gene family that encodes the human T cell recep-
tor § chain is located entirely within the a-chain locus (Hata et al., 1987;
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Isobe et al., 1988). Isolation of overlapping bacteriophage \ clones con-
taining the 3 “most end of the a-chain locus has shown that the é-chain
constant region is located approximately 81 kb upstream from the C,
gene (Isobe et al., 1988). As shown in Fig. 14a, this 110-kb region con-
tains all of the ] gene segments and C genes for both the o and 6 chains.
The organization of the C, and C; genes is very similar and suggests
that they may have arisen by duplication (Takahari et al., 1988). Similar
to the mouse 6 chain, the human 6 chain has been observed to re-
arrange productively to at least one V,, gene segment, a member of the
V6 subfamily (Gugliemi et al., 1988). Although this is suggestive of a
vast V region repertoire, the three v-4-expressing T-cell clones studied
to date (Loh et al., 1987; Hata et al., 1987; Gugliemi et al., 1988) have
been observed to utilize only two unique V gene segments in productive
-chain rearrangements. DNA sequence analysis revealed the existence
of at least two Ds gene segments (Loh et al., 1987; Hata et al., 1987;
Gugliemi et al., 1988; Boehm et al., 1988). The two J5 gene segments
are located approximately 7 and 13 kb proximal to the §-chain constant
region gene, respectively (Gugliemi ez al., 1988; Isobe et al., 1988). The
two Ds gene segments are located approximately 1 and 10 kb 5’ to the
Js1 gene segment (Takahari et al., 1988).

The mechanism of rearrangement of the §-chain locus appears to play
a role in the genesis of reciprocal chromosomal translocations involved
in human T cell malignancies. Southern blot analysis of T cell DNA
from a patient with acute lymphoblastic leukemia (T-ALL) carrying a
t(8; 14)(q24; qll) translocation revealed that the 5 “most J; gene segment
was the site of translocation (Isobe et al., 1988). Similar results were
obtained from analysis of DNA from T-:ALL cells carrying a t(11; 14)(pl3;
qll) translocation (Boehm et al., 1988). In this translocation, Ds-Dj-]s
or Ds-Dj joins were observed in three out of four breakpoint regions.
As mentioned above, the immunoglobulin-like loci appear to be prone
to deleterious chromosomal translocation and deletion events because
of the frequency of normal gene rearrangement in these loci (Croce et al.,
1985; Taylor, 1982; Isobe et al., 1985, 1988; Murre et al., 1985). Since
the 6-chain locus is contained within the «-chain locus, this particular
region of DNA may be a hot spot for cytogenetic aberrations.

VIl. Mechanisms for the Evolution, Recombination, and Diversification
of the Immunoglobulin-like Loci

The immunoglobulin-like loci are a model class of gene families for
the study of genomic evolution, organization, and regulation. The pro-
teins that they encode serve a vital function in protecting the host
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organism from disease. The efficiency with which immunoglobulins and
T cell receptor molecules accomplish this task is directly related to the
unique ability of these genetic loci to create a remarkable degree of
molecular diversity. In a similar manner, the genes of the Major
Histocompatibility Complex provide host cells with the ability to present
antigen to T cells and consequently serve as markers to permit the
immune system to distinguish between self and nonself.

Studies of the genomic organization of the immunoglobulin-like loci,
as we have described here, have allowed the characterization of novel
mechanisms of gene duplication and rearrangement that are important
for both genetic evolution and expression. Physical differences among
loci, such as the mouse T cell receptor -chain and «-chain gene fami-
lies, as well as differences among analogous loci in different species, such
as mice and humans, reveal the development of similar mechanisms with
a singular final objective of creating molecular diversity. In all of the
immunoglobulin-like loci, a set of discontinuous gene segments is selected
from two to three pools containing from 1 to 100 members; these segments
are then joined by DNA rearrangement to produce the final coding
sequence. This mechanism is known as combinatorial diversity. As we
have discussed above, the organization of the members of these gene
segment pools may play a major role in the expression of a particular
immunoglobulin or T cell receptor molecule.

Specific examples of restricted gene segment rearrangement are
evidenced by both the mouse T cell receptor y-chain locus and the mouse
immunoglobulin A light chain locus. In both of these gene families, the
association pattern of V and J gene segments is highly restricted. The
organizations of these loci indicate that they most likely arose from
duplications of ancestral V-]-C clusters. Furthermore, both of these loci
have a very limited repertoire of V gene segments. This limited reper-
toire is reflected by the relatively minor (5%) contribution of A\-chain
polypeptides to the light chain pool in the mouse, as well as the limited
diversity of mouse y-8 T cell receptors. In contrast, the human X light
chain locus, which contains a much larger repertoire of V gene segments,
contributes approximately 33% of the total immunoglobulin light chains.

As discussed above, the mouse and human X light chain loci are also
interesting because they provide a good model of the divergence of
immunoglobulin-like loci over the course of evolution. As shown in Figs. 1
and 2, mice have two and humans have six Cy genes, all of which are
arranged in clusters together with a 5’ ] gene segment. This suggests
the occurrence of multiple duplications of Jy-Cy clusters since the time
of the mammalian radiation event. Similarly, conservation of the relative
order of homologous V gene segments in the mouse and human T cell
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receptor 3-chain gene families suggests that multiple gene duplications
occurred across large distances over the course of $-chain evolution.

Simple gene segment duplication, with an end result of increasing
the number of members in any given gene segment subfamily, appears
to have occurred in virtually every immunoglobulin and T cell receptor
locus. Specific examples of this are found in the immunoglobulin heavy
chain and x light chain loci, and possibly the A light chain locus and
the T cell receptor & and B chain loci.

In mammalian immune systems such as those of the human and the
mouse, it appears that somatic recombination is a necessary step for the
generation of a functional molecule, and is an important mechanism
for the generation of diversity. Not all species however, appear to use
somatic recombination as a means of generating diversity in their immune
systems. Studies of the immune system of a phylogenetically primitive
shark revealed that each IgH chain is encoded by single Vy, Dy, Ju,
and Cy genes that are linked closely together (Hinds and Litman, 1986).
The sequences of Cy genes differ from one another in all exons, and
each Vy gene segment may be associated with a single, unique Cy gene
(Kokubu et al., 1988). There may be more than 100 individual Cy genes
in this species (Kokubu et al., 1987). These data suggest that com-
binatorial joining does not play a role in the generation of diversity in
this lower vertebrate.

A very unusual molecular mechanism for the generation of diversity
is found in the chicken A light chain. The chicken A-chain locus has
been found to contain a single Cy, gene, a single J) gene segment located
1.9 kb upstream, and a functional V)1 gene segment (Reynaud et al.,
1985). Twenty-five pseudo-V) gene segments lie within 20 kb upstream
from the V)1 gene segment. Despite the fact that the chicken does not
have a restricted immune response, it has been found that the V) gene
segment is joined to the J) gene segment in almost all of the B cells in
the bursa of fabricius. It appears that the diversity of the chicken \-chain
polypeptide is generated by a gene conversion mechanism between the
Vi1 gene segment and the homologous V), pseudogene segments located
5’ of V)\1 (Reynaud et al., 1985; Weill and Reynaud, 1987; Thompson
and Neiman, 1987).
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I. Introduction

Sustained humoral and/or cellular autoimmune responses of suffi-
cient magnitude are currently thought to be the primary cause or sec-
ondary contributors to a wide spectrum of human and animal disorders
(1). As in any disease entity, inbred animal models with a consistent spon-
taneous incidence of a given autoimmune disease have been sought to
better understand the etiology of these diseases and to devise appropriate
new therapeutic measures, and a few have been identified. Of these
models, the murine models of lupus/arthritis are among the best suited
for study, because their serologic, histopathologic, cellular, and other
abnormalities closely match the corresponding human disorders (2).

Below, we will briefly describe these strains and outline the basic con-
clusions derived from conventional immunopathologic studies. Details
in these areas can be found in a previously published review (2). In this
article, we will primarily focus on more recent work related to the
molecular genetic aspects of these mice, with particular emphasis on
B and T cell antigen receptor genes.

Il. The Lupus Strains

There are three main types of lupus mice (Table I): New Zealand mice
(NZB, NZW, and their hybrids) are of unknown derivation (3,4), whereas
MRL mice have a complex genome composed of LG (75%), AKR
(12.6%), C3H (12.1%), and C57BL./6 (0.3%), and BXSB mice have been
derived from a single cross between C57BL/6 and SB/Le (5-7). In each
of these mice, the genetic background predisposes to a late-life disease
that becomes clinically manifest and then fatal in the second year of
life. In each of these mice, however, there can be a unique accelerating
factor that, when acting on the lupus-prone genetic background, causes
conversion of the late-life disease to an early-life disease clinically apparent
in the first few months of life and fatal within 5-7 months. These
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TABLE 1
DERIVATION, H-2, ACCELERATING FACTORS, AND SURVIVAL RATE OF LUPUS MICE

Strains Derivation H-2 Accelerators 509 survival
NZB Unknown d — 15 months
NZW Unknown z — 22 months
(NZB X W)F; d/z Female hormones Females, 9 months;
males, 13 months
MRL LG (75%) k lpr gene {pr/lpr, 4-5 months;
AKR (12.6%) + /4, 16-18 months
C3H (12.1%)
C57BL/6 (0.3%)
BXSB SB/Le (50%) b Y chromosome Males, 5 months;

C57BL/6 (50%)

associated

females, 21 months
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accelerators are a Y chromosome-associated gene in BXSB contributed
from the SB/Le parent; the single-locus autosomal recessive lympho-
proleferation (Ipr) gene, which, in a homozygous state, causes a massive
lymphoid organ enlargement and expansion of an unusual T cell subset
(see further below) that is responsible for severe autoimmunity in
MRL-lpr/lpr mice, and, apparently, female hormones in (NZB X W)F,
mice (reviewed in Ref. 2).

Since the time of its original description in MRL mice, the /pr gene
has been transferred to a number of other standard inbred strains,
establishing congenic AKR-, C3H/HeJ-, C57BL/6-, C57BL/10-,
BALB/c-, and SJL-Ipr/Ipr mice (8-10). These normal background lpr
homozygous mice similarly develop lymphadenopathy, but of varying
degrees (increasing rank order of lymph node size: AKR-, C57BL/6-,
SJL-, MRL-, and C3H-Ilpr/lpr), hypergammaglobulinemia, and diverse
autoantibodies. Importantly, it has been documented that the severity
and associated pathology of [pr-induced disease varies considerably on
different strain backgrounds. Thus, in contrast to lupus-background
(MRL) lpr homozygous mice, the normal-background Ipr congenics
exhibit minimal histopathologic manifestations of autoimmune disease.
It has generally been considered that while the expanded Ipr cells induce
the production of diverse autoantibodies, the background genome on
which the /pr gene acts has profound effects on the quantitative or, more
likely, qualitative characteristics of these autoantibodies (e.g., Ig isotype,
epitopic specificity, timing of isotype switching from IgM to IgG) and,
consequently, on the nature and severity of the induced autoimmune
response. Differential effects of genetic backgrounds have been demon-
strated with other inducers or accelerators of autoimmune responses,
such as bacterial lipopolysaccharide (LPS), whereby autoimmune disease
is hastened in lupus-background mice, but fails to appear in normal-
background mice despite the induction of autoantibodies in both types
of mice (11). The numbers and identity of background genes affecting
these processes remain to be determined.

With regard to localization of the /pr gene, chromosomal mapping
has been unsuccessful thus far despite the fact that approximately 47%
of the autosomal genome of the MRL mouse has been tested using 27
linkage markers, including H-2 (5,6). Similarly, the [pr gene product
is unidentified, and its molecular cloning has therefore remained elusive.

A more recently described autosomal recessive mutation, generalized
lymphoproliferative disease (gld), arose in unmanipulated C3H/HeJ mice
(12). C3H-gld/gld mice also develop early-onset hypergammaglob-
ulinemia, autoimmune humoral responses, and massive lymphoid
hyperplasia; however, as expected from the normal background, few
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C3H-gld/gld mice develop significant lupuslike nephritis, and none has
vascular disease. The gld gene has recently been mapped to chromosome
1, in close association with this chromosome’s distal At-3 gene (13). Addi-
tional mouse strains with the gld mutation have also recently been devel-
oped, including C57BL/6-, SJL-, AKR.C3H-, CBY.C3H-, and
MRL.C3H-gld/gld. Although the /pr and gld mutations were determined
to be independent, most, if not all, phenotypic characteristics identified
with the atypical lpr cells (described in a subsequent section) are
applicable to gld cells as well, i.e., expanded T cells from these two types
of mutants are phenotypically indistinguishable (14).

The natural history and histopathologic, serologic, cellular, virologic,
and genetic abnormalities, as well as other aspects, of these mice have
been detailed elsewhere (2). Suffice it to say that these conventional
analyses have allowed four main conclusions to be reached that, to a
large extent, form the foundation upon which current etiologic and
molecular studies are based. They are as follows:

1. There is a genetic predisposition toward the disease, and this
predisposition, as shown by transplantation experiments (15-17), can be
traced to the hematopoietic stem or lymphoid precursor cell. Thus,
lethally irradiated lupus mice reconstituted with histocompatible normal
stemn cells do not develop disease and, conversely, lethally irradiated
normal recipients of lupus stem cells do develop lupus disease. The
similarity in disease pace in mice transplanted with lupus bone marrow
or spleen cells obtained at the prediseased and diseased stages suggests
that lupus is not caused by an accumulation of defects at the stem cells,
which appear equally abnormal throughout the life of the animals.

2. As a cardinal characteristic, there is a generalized B cell hyper-
activity leading to hypergammaglobulinemia and the production of a
wide spectrum of autoantibodies. Considerable debate exists as to whether
this B cell activation is polyclonal in nature or autoantigen driven, and
supportive evidence for each concept and combinations thereof have
been provided (18).

3. In vivo and in witro studies have clearly shown that T cells are
an absolute prerequisite for autoantibody production and disease develop-
ment. Neonatally thymectomized MRL-{pr/lpr mice (19,20) and New
Zealand mice rendered homozygous for the nu mutation (21) failed to
develop lupus. Furthermore, treatment of (NZB X NZW)F; and MRL-
{pr/lpr lupus mice with anti-L3T4 antibodies abrogated the disease
(22,23), and isolated lupus B cells did not produce autoantibodies unless
helper T cells or accessory T cell factors were added to the culture (24,25).

4. Finally, a variety of genetic and nongenetic factors (bacterial, viral
infections) can independently accelerate or induce the autoimmune
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process, but, as stated above, the background genome is the determining
factor on the pathogenicity of the autoimmune responses induced, i.e.,
lupus-background, but not normal-background, mice allow or complement
expression of such pathogenicity (nephritis, arteritis, and arthritis) (11).

Following these observations and the recent advances in molecular
immunology, it became apparent to us and others that the time was
ripe to begin to address lupus at the molecular genetic level. Because
of the enormous complexities of these disorders, several avenues of
investigation have been pursued, but our main emphasis at present has
been placed on the molecular genetics of B and T cell antigen receptor
genes. These genes, together with Major Histocompatibility Complex
(MHC) genes, constitute the tripartite system that is of paramount impor-
tance in antigen recognition and presentation, tolerance induction,
idiotypic regulation, and diversification of the immune system. Polymor-
phic states of these genes as well as their abnormal regulation and expres-
sion may affect these processes, thus leading to autoimmune
manifestations.

lll. Immunoglobulin Germ Line and Autoantibody Genes

Antibodies with specificity for a variety of self-antigens, including
nucleic acids, nuclear proteins, and Ig, are one of the hallmarks of
systemic lupus erythematosus (SLE) and other generalized autoimmune
disorders in man and mouse. These so-called autoantibodies persist at
high titers and form circulating immune complexes that deposit in various
organs, leading to tissue damage and disease. While most of the disease
symptoms can thus be readily explained by immune complex-mediated
mechanisms, the causes underlying the high-level autoantibody expres-
sion typically associated with these disorders are not understood. As
indicated above, cell transfer studies have documented that the murine
disease defect resides within the hematopoietic stem cells (15-17). However,
in spite of extensive investigations, the exact cellular and molecular abnor-
malities leading to B cell hyperactivity and autoantibody production
remain largely unknown. Several, not necessarily exclusive, possibilities
can be entertained: Autoantibody expression in the afflicted individuals
or strains of mice may be caused by defects in the complex mechanisms
generating the antibody repertoire (reviewed in Ref. 26), including abnor-
mal Ig germ line genes, formation of unusual variable, diversity, and/or
joining (V, D, ]) gene segment rearrangements, or excessive somatic muta-
tions. Alternatively, the potential to generate lupus-causing auto-
antibodies may not be unique to lupus-prone individuals; such antibodies
may represent normal components of the immune system that, under
physiologic conditions, remain unstimulated or suppressed. Their
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high-level expression in lupus could result from abnormal response of
B cells to regulatory stimuli, defective immunoregulatory capacity of
T cells, or stimulation by exogenous or endogenous antigens or polyclonal
B cell activators. Other possibilities include the theory that high levels
of autoantibodies and pathogenic accumulation of immune complexes
might be consequential to the increased biological half-life of such com-
pounds and/or reduced rate of immune complex clearance. Of course,
combinations of these concepts are also conceivable.

To further address the above possibilities, we have first attempted to
define the genetic origin of, and somatic mechanisms generating, disease-
associated autoantibodies from murine models of generalized auto-
immune disorders. These and similar studies from other laboratories
have been facilitated by advances in cell fusion and molecular cloning
techniques, and by unraveling the basic principles of Ig germ line gene
organization and generation of antibody diversity in exogenous responses
of normal mice. In the first section of this article, we review current studies
focusing on an understanding of the genetic origin of autoantibodies
at the molecular level with particular emphasis on, but not restricted
to, work performed in our laboratory. These studies have addressed the
organization of Ig germ line gene heavy and x light chain gene loci in
lupus mice, defined the primary structure and Ig gene segments encoding
a variety of lupus-associated autoantibodies, investigated the extent of
somatic mutations in autoantibody V genes, and provided estimates
for the number of B cell clonotypes participating in autoantibody
production.

A. Ig GERM LINE GENES IN MURINE Lupus

1. Ig Heavy Chain Locus

Murine Ig heavy chain variable (Vy) genes are organized in at least
10 multigene families with related members that exhibit extensive genetic
polymorphism among inbred strains of mice defining several Ig heavy
chain variable region gene (Igh-V') haplotypes (27-29). The complexity
of individual families varies considerably, with a single family (J558)
comprising the majority of the entire repertoire (30). To address possi-
ble Vi germ line gene defects or Igh-V haplotype associations with
autoantibody production and lupus disease, we analyzed restriction frag-
ment length polymorphisms (RFLPs) in DNA from all major lupus
strains, mice carrying the lpr gene, their respective ancestors, and
nonautoimmune controls using DNA probes corresponding to all known
Vy gene families (31-33). This analysis, examples of which are given
in Fig. 1, defined the Igh-V haplotypes of all major lupus strains (Table II)



MOLECULAR GENETICS OF MURINE LUPUS MODELS 67

TABLE II
Igh AND Igx HAPLOTYPES OF LUPUS MICE AND THEIR ANCESTORS?®
Lupus strain Igh Igx Ancestors Igh Igx
MRL b a LG 7 h
AKR d a
C3H J c
C57BL/6 b c
BXSB b c C57BL/6 b c
SB/1e b ¢
NZB d b Unknown — —
NZIw a c Unknown — —

aJgh and Igx haplotypes according to Refs. 27 and 50, respectively.

and revealed that murine lupus is not associated with a particular Igh-V
haplotype. Furthermore, in lupus mice with known genetic derivation
(MRL and BXSB), and in mice congenic for the lpr gene, the Igh-V
loci were transmitted apparently unaltered from their nonautoimmune
ancestral strains. NZW and NZB lupus mice, with unknown genetic
derivation, have Igh-V loci almost indistinguishable from those of
nonautoimmune AKR mice. These observations strongly suggested that
the Vy germ line gene repertoires of lupus mice may be normal, a con-
clusion also drawn by Treppicchio and Barrett (34) and subsequently
by others (35).

Because murine lupus shows a good correlation between disease onset
and switch of polyclonal and autoantibody Ig from predominantly IgM
to predominantly IgG, and because IgG autoantibodies have an excellent
predictive value for disease expression and are found in eluates from
diseased kidneys, we investigated the genomic organization of Ig heavy
chain switch regions of the various murine Ig isotypes by RFLP analysis
with appropriate probes. No evidence for gross abnormalities was detected
(86), suggesting that enhanced switching may occur under the influence
of abnormal levels of, or in response to, T cell-derived factors, as we
have already suggested (24,37,38). To investigate the possibility of subtle,
but functionally significant, abnormalities in Ig regulatory sequences
that may have escaped detection by RFLP analyses, we cloned and
sequenced the Igh enhancer region in two strains that develop lupus
early in life (BXSB and MRL-lpr/Ipr) (36). The reference BALB/c
sequence was identical to that of BXSB, and the MRL-I{pr/lpr Igh
enhancer differed by a single nucleotide. This possibly allelic difference
resides outside of the enhancer core regions (39,40) and is, therefore,
probably functionally irrelevant.
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2. Ig » Light Chain Locus

The organization and complexity of the murine Igx gene complex
is less well defined than that of the Igh locus. Based on amino acid
similarity, 24 V, groups have been distinguished (41) but additional V,
groups exist (42-44). The number and complexity of corresponding V,
gene families are not known and estimates vary considerably (44-46).
The murine Igx locus is polymorphic (44,47-49), albeit possibly to a
lesser extent than the Igh locus. We recently initiated extensive RFLP
analyses of the Igsx locus in a large number of mouse strains using DNA
probes corresponding to 16 V, protein groups (V,1, 2, 5, 8, 9, 10, 11,
12-13, 14, 19, 21, 22, 23, 24, and 28 and a novel V,, group termed V,RF)
(50). This study, which extends previous analysis of the V, locus by
others (44,45,51), estimates the complexity of the investigated V, fami-
lies (from 1 to over 30 members) and reveals the presence of eight Igx
haplotypes in inbred mice.

In this analy51s (presented in part in Ref. 32), we included all major
lupus strains and mice congenic for the lpr, gid, motheaten (me), and
tight skin (tsk) genes, all of which induce autoimmune disease and/or
autoantibody expression on various genetic backgrounds. Congenics for
other genes of immunologic interest and various mutant strains were
also tested. As exemplified in Fig. 2 for V,1, 2, 5, 8, 9, 10, 12-13, 19,
21, 22, 24, and 28 gene families, the V, loci of autoimmune mice with
known genetic derivations appear essentially identical to their nonauto-
immune ancestral strains, i.e., MRL and BXSB lupus mice derived their
Vi locus essentially unaltered from their AKR (haplotype a) and
C57BL/6 or SB (both haplotype c) progenitors, respectively. NZW mice
with unknown genetic derivation share their V, locus with normal mice
of the Igk¢ haplotype (such as BALB/c and C57BL/6). Among lupus
mice, only NZB revealed an unusual, possibly recombinant, Igx
haplotype, termed Igx®: 10 of their analyzed V, families (V,5, 8,
10, 12-13, 14, 19, 21, 22, 23, and 28), as well as the Jk/Ck complex,
belong to the ¢ haplotype, whereas the remaining loci (V,/1, 2, 9, 11,
24, and V,RF) are very similar to, but not always identical with, the

FiG. 1. Autoradiographs of restriction enzyme-digested, size-separated liver DNA
from several lupus and other inbred strains of mice probed with [32P]DNA correspond-
ing to nine murine Vy gene families. The strains have been organized according to their
Igh-V haplotypes (indicated by lowercase letters between bars above strain designations).
The restriction enzyme used for digestion and the Vy gene family probed are indicated
on the left, and size markers are on the right side of each blot. Arrows in the
autoradiography corresponding to the Q52 family highlight an additional band in all
three NZ strains that is not present in the Ighd prototype strain, AKR.
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corresponding loci in C58 mice (haplotype d). The extent, if any, to
which the NZB Igx haplotype contributes to disease etiology in this strain
remains to be determined, since nonautoimmune strains such as LG and
C58 also exhibited unique Igx haplotypes.

Our study contrasts with a similar analysis performed by Bona (52),
who found RFLPs between MRL and AKR, and between C57BL/6 and
the congenic C57BL/6-tsk strains with V,1, V,10, and V,19 DNA
probes. Bona concluded that the V, genes, which are preferentially used
by autoantibodies (see below), might derive from a set of germ line genes
present only in autoimmune-prone mouse strains. The reasons for these
significant differences are presently unexplained; however, close scrutiny
of fragment patterns obtained in the two laboratories shows one major
additional fragment in the MRL and C57BL/6-tsk (as well as in
nonautoimmune C3H and LG) lanes that is present at approximately
the same molecular weight in three of their blots (V, 1, V, 10, and V,19),
but that is absent from corresponding lanes on our blots. Although other
explanations might exist, this suggests that the unique fragments might
be artifacts resulting from, for example, plasmid contaminations in the
respective DNA preparations.

The above studies (except Ref. 52), in concert with previous classical
genetic analyses (53,54) and the observation that lupuslike symptoms
and/or autoantibodies can be induced in normal-background mice by
a variety of means (8-11,55-57), strongly suggest that (1) defects within
the Ig heavy and x light chain loci are unlikely primary causes for murine
SLE, and (2) that there are no simple associations of Igh and Igx
haplotypes with murine lupus.

B. Ig GENE SEGMENTS ENCODING AUTOANTIBODIES

1. Autoantibody-Specific Genetic Elements

Although the above evidence suggests normal Ig germ line genes in
lupus mice, autoantibodies may still be encoded by unique V (or D)
gene segments that are not rearranged or used in response to exogenous
antigens. To investigate such a possibility, which might suggest a defect
in the control of V-(D)-] rearrangement in lupus disease, we cloned and

FIG. 2. Autoradiographs of restriction enzyme-digested, size-separated liver DNA
from several lupus and other inbred strains of mice probed with [32P]DNA probes
corresponding to several V, gene families. Lowercase letters above strain designations
denote their Igk-V haplotypes as defined by RFLPs. The 1-kb pair size markers are given
on the left and the V,, gene probe is given on the right of each blot. Shown are HzndIII
digests except for V,10 and V,28 (both Pst I), and V19 (BamHI). Corresponding results
were obtained with additional restriction enzymes and probes for V,11, V,14, V,23,
and V,RF gene families.
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sequenced mRNAs encoding heavy and light chains from 12 monoclonal
autoantibodies. Table III summarizes the characteristics of these
monoclonals and the structural genetic elements (V, D, and ] gene
segments) encoding them. The respective sequences for most of them have
been reported (32,43,50,58,59). While J and constant (C) gene segments
(Cp and Cx were sequenced from a representative autoantibody) (58) were
identical or almost identical to those of BALB/c mice, some D segments
could not be classified. However, novel D segments are frequently seen
in antibodies to exogenous antigens and can be ascribed to alterations
occurring during V/D/] joining, additional uncharacterized D families
in the murine genome, allotypic differences, and a novel mechanism for
D segment inversion. Of interest, all unassigned D segments were clearly
different, and the three FL16.1 D segments shared by (B X W)F,; anti-
DNAs were used in two reading frames and in context with different N-
region sequences, resulting in quite different primary structures of the
third complementarity-determining regions (CDR-3). Furthermore, the
CDR-3 length, which is considered important for antigen and antiidiotype
recognition, was not conserved among these autoantibodies with different
specificities. Almost all V genes investigated could be unambiguously
assigned to existing V gene families. The only exceptions were the MRL-
DNA4 Vi gene (32) and the MRL-RF24 V, gene (43), which define new
Vy and V, families, termed V410 (29) and V,-RF (50), respectively.
However, the organization of corresponding germ line genes in lupus and
normal mice of the same haplotype are indistinguishable by RFLP analysis
(82,33), and V410 genes are also expressed in hybridomas from LPS-
stimulated splenocytes of nonautoimmune mice (R. Dildrop, personal
communication). Many of the autoantibody V genes were very similar,
and in one instance even identical, to those encoding antibodies to
exogenous antigens in normal mice (60). Other investigators have reported
additional nucleic acid sequences of anti-DNA (61-66), anti-bromelaine-
treated red blood cells (BrRBCs) (67), and rheumatoid factor (RF)
antibodies (68-70) from autoimmune and normal mice. With the excep-
tion of the Vy gene encoding anti-BrRBC antibodies, all Vg and V,
sequences were closely related to V genes used in exogenous responses
and/or belonged to known V gene families. The evidence available at
present, therefore, strongly suggests that autoantibodies do not employ
unique Ig gene segments but are encoded by the same (or at least an
overlapping) germ line gene repertoire used by antibodies to exogenous
antigens. This conclusion, which has recently been reached for human
RF autoantibodies as well (71), is in full agreement with a major postulate
for generation of antibody diversity, i.e., that an individual V gene par-
ticipates in the generation of different specificities.



TABLE III
GENETIC ELEMENTS ENCODING MURINE LUPUS-ASSOCIATED AUTOANTIBODIES

Heavy chain Light chain

Monoclonal Ab

code Strain Specificity Isotype Vyt D Ju Vb Jx
BXW-DNA7 (NZB X W)F; ssDNA IgM J558 DFLI16.1 Jul n.d.c n.d.
BXW-DNAM4 (NZB X W)F; ssDNA IgM J558 DFL16.1 Ju2 V,2 Jx1
BXW-DNAI16 (NZB X W)F; ssDNA IgM J558 DFLI16.1 Ju2 V,9 Jx2
MRL-DNAIO MRL-lpr ssDNA IgM 1558 n.a.d Ju3 V1 Tk
MRL-DNA4 MRL-lpr ssDNA 1gGs, Vyl0 n.a. Ju3 V,1 Jx2
MRL-DNA22 MRL-lpr ssDNA,dsDNA IgM J558 n.a. Ju4 V5 Jx4
MRL-RF7 MRL-lpr 1gGop,ssDNA IsM J558 n.a. Jul V, 22 Jx4
MRL-RF14/9 MRL-lpr 1gGaa IgsM J558 n.a. Ju4 V,28 Jxl
MRL-RF24 MRL-lipr 1gG1.9a.3 IgM J558 Q52 Jud V,RF Tl
MRL-RF28 MRL-ipr IgGza,b IgM n.d.¢ n.d. nd. V,28 Il
MRL-RF33 MRL-lpr IgGy IgM nd. n.d. n.d. V,23 Jx5
MRL-Histone7 MRL-lpr Histones IgGs Sm?7 SP2 Jud Vi5 Jxb

@Vy gene family designations according to Refs. 27-29. Sm7 is a potential new Vy gene family formerly included in the large
J558 family.

bV, groups according to Ref. 41. The MRL-RF24 V, sequence could not be assigned to any known V,, group and represents the
prototype of a new, single-member V,, gene family, provisionally termed V,RF (43,50).

°n.d., Not determined.

dn.a., Not assigned.
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2. Genetic Restriction among Autoantibodies

Common structural genetic elements among autoantibodies with dif-
ferent specificities might point toward common inducing agents, provide
a structural explanation for how these molecules cicumvent antiidiotypic
or other forms of immunologic regulation, and possibly establish a basis
for specific therapeutic interventions using antiidiotypes. Preferential
usage of Vy genes by autoantibodies with different specificities has
indeed been suggested, particularly of those of the 7183 Vy gene family
(72), and it was concluded that autoimmune disease may be related to
a defective control of Vy gene expression (73). However, as reviewed
recently (74), numerous studies have clearly shown that autoantibodies
can be encoded by all known Vy gene families, and the proposed
7183 Vy gene overrepresentation, particularly with respect to auto-
antibodies from spontaneously autoimmune mice, can be questioned
(Table IV). Moreover, 7183 Vy genes can be found in many exogenous
responses, clearly showing that this family is in no way specifically or
exclusively expressed in self-reactive antibodies. More recently, preferen-
tial use of V, gene families (V,1, V, 10, and V,19) by autoantibodies has
been suggested (52). As in the case of heavy chain genes, the respective
gene families are also encoding exogenous responses, one of them (V,1)
even at an unusually high frequency (75), and many other V, gene fami-
lies have been found to encode autoantibodies (Table V). In this context,
it is worth mentioning that an apparent nonrandom representation of
Vi and V, gene families in collections of hybridoma autoantibodies
should be interpreted with caution, because neither the precise V germ
line gene number nor the expression frequency is known. Moreover,
skewed representation might be due to small sample size, nonrandom
representation of autoantibody specificities, and, if RNA hybridization
analyses (RNA dot blotting; Northerns) are being used, technical reasons,
as discussed in detail elsewhere (74). The majority of current data sug-
gests that the overall murine lupus-associated anti-self response shows
little, if any, genetic restriction.

Of course, this does not exclude genetic restriction among auto-
antibodies of a given specificity, although this kind of restriction is more
likely related to the structural requirements for generation of a particular
binding site than to possible defects in V gene usage. Genetic restric-
tion is common among antibodies against defined haptens and epitopes
on complex exogenous antigens (76,77), and has also been suggested for
several autoantibody specificities. The strongest example of restrictive
use of structural genetic elements by autoantibodies of a given specificity
was observed in anti-BrRBC antibodies; all six monoclonals analyzed
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TABLE 1V
Vy GENES ENCODING 174 MURINE MONOCLONAL AUTOANTIBODIES FROM
AUTOIMMUNE AND NONAUTOIMMUNE MICE?

Strains of MAb origin

VH gene All Autoimmune Nonautoimmune Estimated

families® (174) 113) (61) complexity
Vul (J558) 52.3 56.6 44.3 60-1000
Vu2 (Q52) 5.2 2.7 9.8 15
Vu3 (36-60) 5.2 6.2 3.3 5
V4 (X-24) 1.2 1.8 0 2
Vyb (7183) 19.5 11.5 34.4 12
Vi6 (J606) 2.3 2.7 1.6 10
Vu7 (5107) 1.7 2.7 0 4
Vu8 (8609) 1.2 0.9 1.6 9
Vu9 (VGAMS3-8)° 0 0 0 5
V10 (DNA4) 1.2 1.8 0 3
VuBrRBC 3.4 2.7 4.9 ?
a.a.¢ 5.7 8.8 0 —
n.a.t 1.2 1.8 0 —

2Vy gene use is expressed as a percentage of the total number of monoclonal auto-
antibodies in a given collection (indicated in parentheses). For comparison, the column
at the right shows the estimated genomic complexity in absolute numbers of the various
Vu gene families (27-30).

bVy gene family designations according to Refs. 27-29. VyBrRBC is a possibly new
Vi gene family expressed in autoantibodies to BrRBCs (67).

¢ After completion of the study from which this table is taken (74), several IgG MRL-
lpr/lpr RF autoantibodies encoded by V9 genes were observed (69).

da.a., Ambiguous assignment.

°n.a., Not assigned.

(three each from NZB and CBA mice) apparently used the same Vy,
D, Ju, V., and J, segments (67). Restricted V, gene usage (V,1, V,8,
V,19, and V,24) was reported for induced monoclonal RFs from
nonautoimmune mice (78), however, this form of genetic restriction may
not apply to spontaneous RFs from MRL-lpr/lpr mice, which serve as
a model for rheumatoid arthritis (43,59,69). Arant et al. suggested that
MRL-lpr/lpr and MRL-+/+ anti-Igs are preferentially encoded by
36-60 Vi genes (79), a conclusion that is in contrast to reports from
our (59,80) and another laboratory (69) showing only 1 of over 50 RFs
being encoded by a 36-60 Vy gene, with the majority deriving from
J558 and the remainder from S107, V49, and Sm?7 (a possible new Vy
gene family formerly included in J558). The reasons for these strikingly
different results are unclear, but may reflect differences in fine specificity,



76 ARGYRIOS N. THEOFILOPOULOS ET AL.

TABLE V
V, GENE UTILIZATION BY 51 MURINE
MONOCLONAL AUTOANTIBODIES?

Specificity
V, family? RF DNA Others Percentage
Vil 3 3 0 11.8
V2 0 1 0 2.0
V4 2 0 ] 3.9
V5 0 1 1 3.9
V.8 8 1 1 19.6
V,9 0 1 6 18.7
V,19 8 8 0 31.4
V,21 0 1 0 2.0
Vy23 2 0 0 3.9
V,24 2 0 0 3.9
V28 1 0 0 2.0
VyRF 1 0 0 2.0

4Shown is the number of autoantibodies, grouped by
specificity {RF, DNA, others (RNA, histone, BrRBC,
multispecific)], encoded by gene(s) of the indicated V, fami-
lies. The column at the right indicates relative frequency at
which the respective gene family was observed.

bV, families according to Ref. 41. V,RF is a tentatively new
V, family defined by the MRL-RF24 V, gene (43,50) that could
not be assigned to known V, families.

because the anti-Igs of Arant et al. reacted with Fab or intact Ig, but
not with Fc. The third group of self-specificities, anti-DNA antibodies,
analyzed in greater detail, can be encoded by a large number of dif-
ferent Vy and V, gene families and, hence, this group shows little, if
any, genetic restriction (32,58,61-66,81). Human anti-DNAs can also
be encoded by quite diverse Vi genes (82), however, this response may
be more restricted in man than in mice (83). The relatively large number
of different genetic elements that fulfill the criteria for generation of
Ig and nucleic acid binding sites is consistent with multiple and diverse
epitopes recognized on these antigens.

C. SomATic MUTATION

The question of whether autoantibodies are germ line encoded or result
from somatic mutations in antibodies originally directed against
exogenous antigens is important because it defines the developmental
stage at which a given B cell clone acquires self-specificity and escapes
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tolerance induction. As will be discussed below, the presence and distribu-
tion of somatic mutations in various portions of the V region sequence
may further provide useful hints regarding autoantibody-inducing agents.
Finally, autoimmunity might result from disturbed regulation of the
mechanisms responsible for somatic mutation in the maturation of
normal immune responses. Based on suggestive evidence in the literature,
two entirely different models can been proposed: (1) autoantibodies may
be somatic mutants of “normal” antibodies (84) that, in lupus disease,
escape regulation and/or are generated at an abnormal rate due to
pathologically increased somatic mutations; (2) unmutated germ line
genes may encode anti-self specificity that is lost during somatic muta-
tions physiologically associated with maturation of antibody responses
(85). In the latter scenario, the inability to mutate Ig sequences might
contribute to the high levels of autoantibodies typical of such disorders.

In lupus mice, only a single germ line gene (the Vy11 germ line gene
of the S107 family; Ref. 65) has been isolated thus far, limiting direct
evaluation of somatic mutations considerably. However, additional
indirect evidence has been obtained by analysis of clonally related auto-
antibodies (based on identical V/D/J and V,/J, junction sequences and
Ig gene rearrangements), independent isolation of identical V genes from
different sources, and identity of autoantibody V genes with germ line
genes in the literature. For example, one of our IgM anti-DNAs expresses
a V, gene identical to the BALB/c V,1-A germ line gene (86), and
another IgM anti-DNA V, sequence is identical to that encoding an
antidextran antibody (87). Moreover, two clonally unrelated IgM anti-
DNAs (32) and two clonally unrelated IgM RFs (unpublished data) share
identical Vy gene-encoded regions, respectively, strongly suggesting that
unmutated V germ line genes can be expressed in murine lupus-
associated autoantibodies.

Although spontaneous lupus autoantibodies may be encoded by V
genes in germ line configuration, such antibodies do not have to be devoid
of somatic mutations, particularly after class switch. Thus, several muta-
tions have been identified in IgG,, anti-DNAs from a phosphocholine-
immunized (NZB X W)F; mouse (65). Moreover, clonally related IgG
and IgA MRL-lpr/lpr RFs and IgG anti-DNAs (63,69), and IgG
(NZB X W)F; anti-DNAs (62), show clear evidence for somatic muta-
tions and, hence, resemble antibodies to exogenous antigens in which the
frequency of somatic mutations is also associated with class switch (88).
Therefore, gross abnormalities (complete lack of or abnormally increased
somatic mutation in Ig genes) appear unlikely causes for the high-level
autoantibody expression observed in these autoimmune disease models.
A similar conclusion has also been reached for the human system (71).
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D. INDUCING AGENTS AND CLONOTYPIC RESTRICTION

Whether lupus-associated anti-self responses are triggered by the cor-
responding autoantigens, result from polyclonal B cell activation, or are
induced by cross-reactive exogenous antigens (“antigenic mimickry”) has
yet to be resolved. Certain molecular characteristics of the anti-self
response may be useful to distinguish between the above possibilities.
Polyclonal responses are genetically and clonotypically unrestricted, may
or may not undergo class switch, and any somatic mutations that might
be present can be expected to be random. In contrast, (auto)antigen-
driven responses may be genetically restricted, may show clonotypic con-
vergence (i.e., reduced number of clonotypes after class switch), and
exhibit selection for productive mutations in complementarity-
determining regions of their V genes.

Although the large number of V, D, and ] gene segments engaged
in autoantibody formation suggests polyclonal activation, this cannot
be taken as proof because complex (auto)antigens may elicit a similarly
diverse response. Moreover, there is increasing evidence in the literature
to support an (auto)antigen-driven origin of autoantibodies. While the
majority of monoclonal IgM RFs and all IgM anti-DNAs studied in our
laboratory were clonally unrelated (32,59), corresponding specificities
of the IgG and IgA isotypes analyzed by others showed clonotypic
relatedness (62,63,69), suggesting that these responses may exhibit
clonotypic convergence. Further support for an antigen-driven model
is provided by the increased frequency of productive mutations in
complementarity-determining regions as opposed to mutations in
framework regions that were observed among clonally related hybridoma
IgG and IgA RFs and IgG anti-DNAs from MRL-Ipr/lpr and related
mice (63,69).

IV, Genomic and Expressed T Cell Antigen Receptor Repertoire

Several studies in animal models have clearly documented the primary
role of T cells in the pathogenesis of systemic and organ-specific auto-
immune diseases, either in the form of helper activities required for auto-
antibody production or self-reactive cytotoxic T cells. Thus, as stated
above, neonatally thymectomized MRL-{pr/Ipr mice do not exhibit the
lymphoid hyperplasia and early-life severe lupus seen in control animals
(19,20), and (NZB X NZW)F; nu/nu mice do not develop autoimmune
disease unless a syngeneic thymus is engrafted (21). The involvement of
T cells in the induction of autoimmune syndromes has also been sup-
ported by cell transfer experiments (89-92) and by the inhibitory or



MOLECULAR GENETICS OF MURINE LUPUS MODELS 79

ameliorating effects of administered anti-L.3T4 (CD4) antibodies in spon-
taneous models of autoimmunity, such as murine strains with lupus
(22,23), and in the NOD mouse with insulin-dependent diabetes (93,94),
as well as models of experimentally induced autoimmune syndromes such
as collagen arthritis (95), allergic thyroiditis (90), experimental allergic
encephalomyelitis (EAE) (96), and myasthenia gravis (97). In fact,
preliminary evidence has suggested that an allelic variant of the T cell
antigen receptor (TcR) V36 gene is necessary for the development of
experimental collagen arthritis in mice (98). Moreover, a limited set of
TcR Vo-Ja and VB-JB genes has been identified in T helper clones
specific for the encephalitogenic portion of mouse myelin basic protein
(MBP), and a monoclonal antibody recognizing the product of one of
these genes was found to block T helper clone recognition of the specific
encephalitogenic MBP peptide #n vitro and to significantly reduce the
susceptibility of appropriate mice to peptide-induced EAE (99-101).

For the reasons cited above, we and others believe that a detailed
investigation into the genomic composition and expression of TcR genes
in mice predisposed to autoimmunity will be paramount to our efforts
to determine why tolerance to self is circumvented. Significant TcR
genomic polymorphisms may be identified that could correlate with the
autoimmune predisposition. Furthermore, aberrant TcR expression pat-
terns might emerge that will indicate either selective activation of certain
clones or abnormalities in thymic selection and maturation processes
in these diseases. Below, we summarize the current understanding of
TcR gene biology and describe our recent studies on the genomic com-
position and expressed repertoire of these genes in several autoimmune
and normal mouse strains.

A. TcR GENE D1veRrsITY AND T CELL MATURATION

The two types of murine TcR heterodimeric structures («:8 and v:5)
and their corresponding genes have been well defined (reviewed in
102-104), with the a:8 structure found on the majority (~98%) of
mature peripheral helper (CD4*8~) and cytotoxic (CD8*4~) MHC
class II- or class I-restricted T cells, respectively. The v:8 is found on
a small (~2%) but distinct population of peripheral T cells, on the
majority of dendritic T cells in the skin, and on intraepithelial gut lym-
phocytes; the function of the y:5-bearing cells remains unknown. Both
heterodimers are independently expressed on the cell surface of these
T cell populations in a noncovalent association with the multichain (five
chains; v, 6, €, {, n) invariant CD3 complex.

The mouse B-chain locus (chromosome 6) consists of an estimated
20-30 V genes, arranged in a minimum of 17 one- to three-member
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subfamilies, and two C-region genes, each with a single upstream D
element and six functional J elements (Fig. 3). Strains of mice (SJL,
SWR, C57L, and C57BR) have been identified that have deleted a large
fraction (~50%) of these V3 segments, yet appear immunologically
normal (105). The murine a-chain locus (chromosome 14) consists of
perhaps 100-150 V genes arranged in 15-20 subfamilies, each consisting
of 1-10 members and a single C-region gene with a large number (~50%)
of upstream ] elements (no Da gene element has been identified). The
0 locus (chromosome 14) is unique in that it is located between the V
and ] segments of the o gene and is deleted in o:(-bearing T cells.
Although there is some overlap in V region usage, the V gene segments
used for o and § chains are largely distinct, with only approximately
seven V segments identified for the § chain. Finally, the TcR v locus
(chromosome 13) is less diverse, with three different functional Jy-Cy
loci and approximately seven Vv gene segments. TcRs appear to diver-
sify primarily by recombination of their various genetic elements, but
not by somatic hypermutation, which occurs for Ig genes.

Although there is no complete consensus among the prevailing views,
it is reasonably established that the normal pathway of T cell differen-
tiation involves the following steps (reviewed in Refs. 106-109; Fig. 4):
(1) emigration of precursor T cells (CD4~-8~, TcR~) from the bone
marrow to the thymic cortex; (2) transcription of the genes encoding
the multichain CD3 complex; (3) rearrangements of the y and 6 loci,
initial rearrangements of the 8 locus, and acquisition of surface v:6
dimeric structures together with CD3 in a few such cells; (4) in the
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majority of CD4~8~ cells where +,6 rearrangements are nonproduc-
tive, continued maturation, with further 8-chain gene rearrangements
and mRNA expression, followed by acquisition of CD4 and CD8 accessory
molecules (CD4*8* or double-positive cells), with CD8 appearing prior
to CD4; (5) the subsequent rearrangement of a-chain genes and the
appearance of surface CD3 together with «:8 dimeric structures on
~50% of these cells; (6) the so-called positive (110-112) and negative
(113-117) selection processes, i.e., positive selection for cells having TcRs
that will recognize antigen fragments only if presented by self-MHC,
and negative selection against cells having TcRs that would confer
autoreactivity in the mature T cells; and, finally (7) the development
of some of these cells into mature CD4*8~ (helper) or CD8%4~
(cytotoxic) thymocytes and their eventual exit to the periphery. It is
generally thought that positive selection precedes negative selection,
primarily because positive selection seems to involve an interaction
between the TcR and MHC molecules expressed on thymic cortical
epithelial cells (109,118), the thymic cortex being the site at which double-
positive thymocytes are found. Similarly, negative selection requires the
presence of cells derived from bone marrow (macrophages, dentritic cells)
(109,119), which are believed to be found primarily in the thymic medulla,
a site occupied by more mature thymocytes. It is far from clear, however,
what the actual sequence of events is, because several studies suggest,
somewhat paradoxically, that both positive and negative selections begin
at the double-positive stage (107,120,121). Janeway (107) has offered several
plausible scenarios for these events; Sprent and Webb (109) have sug-
gested that, to the contrary, negative selection of cells displaying TcRs
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with intermediate to high anti-self-MHC affinity precedes positive selec-
tion of cells displaying TcRs with low anti-self-MHC affinity; Marrack
and Kappler (108) suggested that these events are related to the different
spectrum of self-peptides bound to thymic epithelial cells (positive selec-
tion) and self-peptides bound to bone marrow-derived cells (negative
selection). Whichever model of thymic selection is correct, it is now clear
that positive selection determines the CD4/CD8 phenotype of the develop-
ing thymocyte (110-112), this determination being based on whether the
TeR has reactivity for self class I (CD8 selected) or class IT (CD4 selected).
Although the exact mechanism of this selection process has not been
delineated, it clearly leads to a down-regulation of the unselected CD4
or CD8 accessory molecule, presumably the result of either a
preprogrammed event or, alternatively, through delivery of an active
negative signal (107), giving rise to single-positive CD8*t4~ or CD4*8~
cells, with the CD4* 8~ subset appearing first. A portion of these cells,
selected for low anti-self-MHC reactivity, are then exported to the
periphery where they form the pool of self-MHC-restricted helper
(CD4%87) and cytotoxic (CD8*%4~) T cells. Out of the >50 X 108
T cells produced in the thymus per day, only 1-2 X 106 per day are
exported as mature functional T cells (108,109). Thus, the majority of
T cells die intrathymically, presumably because (1) their TcR gene re-
arrangements are not productive, (2) their TcRs do not exhibit reac-
tivity for self-MHC so as to be positively selected, or (3) they are eliminated
by negative selection.

In addition to the CD4* 8~ and CD81t4~ TcR a:87 cells, a minor
subset of CD4-8~ TcR a:8* cells consisting ~2-30% of CD4-8~
thymocytes (themselves representing ~5% of the total thymocytes) has
been identified (106,122-125), but its origin remains enigmatic. This
subset appears relatively late in ontogeny (between birth and day 5 of
life, increasing to ~20-30% of double-negative thymocytes in 2- to
4-week-old mice) and thus, unlike immature double-negative cells, cannot
be the precursor to the TcR a:8* single-positive cells already present
at birth. Furthermore, this double-negative TcR o:8* subset, in con-
trast to immature CD4 =8~ cells, is unable to recolonize thymuses, nor
can it give rise to medullary T cell types, further substantiating its late
developmental stage (124). As is postulated later herein, these cells,
exhibiting many phenotypic characteristics similar to the abnormally
expanded T cells of autoimmune mice homozygous for the Ipr or gld
mutations, may represent a heterogeneous population derived from
(1) cells that never express CD4 and CD8, (2) cells that have failed to
be selected, and (3) moderately self-reactive cells that have escaped clonal
deletion but have down-regulated their accessory molecules.
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From the foregoing discussion, it becomes apparent that TcR genomic
modifications (allelic variants, genomic deletions), alterations imposed
during thymic positive and negative selection, and oligoclonal restric-
tions in autoaggressive T cells might be important in the pathogenesis
of autoimmune disorders. Aspects of our investigations in these areas
are outlined below.

B. GErM LINE TcR o AND 3 GENES IN AUTOIMMUNE STRAINS

At least two situations can be envisioned in which the germ line TcR
genes could contribute to autoimmunity: (1) autoimmune strains could
exhibit alterations in TcR genomic organization (deletions or duplica-
tions of certain VDJC elements) which would alter the repertoire and
may lead to autoreactivity through immunoregulatory imbalances, and
(2) autoimmune strains could have unique allelic variants of TcR V genes,
including one or more V genes predisposing to the development of
autoreactive T cells. Mutations in promoter regions or in the heptamer-
nonamer rearrangement signals might also affect the ability to transcribe
or rearrange, respectively, certain gene segments.

1. Ca and CB Genes

In an intial structural analysis of the TcR locus (126), we screened
genomic DNAs of classical autoimmune strains along with additional
ancestral strains for gross alterations in TcR Car and Cf genes. Hybridiza-
tion of the a-chain C-region probe to EcoRI-digested DNA identified
genomic DNA fragments (4.4 and 6.8 kb) encoding the Ca gene, but
revealed no polymorphisms among the strains tested. Hybridization of
BamHI-digested DNA with a TcR $-chain (CDJ) probe also disclosed
nonpolymorphic DNA fragments (6 and 10 kb) in 16 of the 18 strains
tested. The two exceptions were NZW mice, in which only one hybridiza-
tion band (9 kb) was detected, and (NZB X NZW)F,, which had the
expected composite NZB and NZW profiles (6, 9, and 10 kb). Consider-
ing the published restriction map for the TcR 3 gene locus, additional
digests, and actual cDNA cloning and sequencing of the NZW DJC
elements (126), we concluded that this profile was caused by an ~ 8.8-kb
deletion beginning at the first exon of CG1 and extending to the begin-
ning of the first exon of CB2, thereby creating a CB locus lacking the
Cfl1, DB2, and JB2 segments (Fig. 5).

A meiotic recombination event can be evoked to explain this dele-
tion, with an unequal crossing over between the precisely aligned first
exon of the CSl gene on one chromatid and the C(32 gene on its
homologue. Based on Southern blot analysis only, Kotzin et al. (127)
independently derived similar conclusions. Due to this deletion, only
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FIG. 5. A schematic representation of the TcR 8-chain deletion identified in NZW
mice. Dashed lines denote breakpoint regions as determined by sequence analysis.

Dp1-]JB1, and not DB2-JB2 or DB1-]B2, joinings are possible in NZW
mice; thus, these mice may be able to generate considerably less TcR
B-chain diversity than other strains. In spite of this seemingly dramatic
impairment, the effects on T cell responses of these mice are not readily
apparent. Furthermore, despite the contrary claims (128), our studies
with (NZB X NZW)F; mice (129) and those of Kotzin and Palmer (130)
with NZB X NZW backcrosses to NZB have not disclosed any primary
role for this deletion in the development of autoimmune manifestations
in these mice.

2. VB Haplotypes

We first used a complete set of 17 V{3 subfamily probes (i.e., VB1-17,
according to nomenclature in Ref. 131) to analyze genomic blots con-
taining DNA from a number of normal, autoimmune-susceptible or
autoimmune-contributing murine strains not previously characterized
in the literature, including autoimmune BXSB, MRL, NZB, NZW, and
NOD (non-obese diabetic) mice and their ancestors (when known) (132).
Using EcoRI, HindIll, and BamHI, we detected no new RFLPs beyond
those previously described (105) defining the two V@ haplotypes, i.e.,
the V32 haplotype that includes the above-described V3-deleted strains
(SWR, SJL, C57L, and C57BR with deletions in V@35, 8, 9, 11, 12, and
13), and the VP haplotype that includes all other non-V3 deleted
strains.
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3. Va Haplotypes

When genomic blots of various strains were hybridized with nine Vo
subfamily probes (Vodl, 2, 4, 5, 6, 7, 8, 9, and 11), numerous RFLPs
were detected (Fig. 6), identifying four distinct haplotypes, which we
have designated Vo2, Vab, Vac, and Vad (132). Specific RFLPs were
detected for each haplotype and for all of the Vo subfamilies analyzed,
in most cases regardless of which restriction enzyme was used. In con-
trast to the situation in the murine V8 locus, no Vo haplotypes were
found in which one or more entire subfamily had been deleted; however,
deletions of some specific genes or gene sets within some subfamilies were
detected (data not shown). )

Table VI lists the strain distribution among the four Va haplotypes.
The larger group carries the Va? haplotype, including a number of
normal laboratory strains (BALB/c, CBA, and A/]), the autoimmune
MRL mouse and its major progenitor strains (LG, AKR, and C3H),
and the autoimmunity-contributing strain (SB/Le). The C57 strains carry
the Vab haplotype (or a subtype thereof), as does the autoimmune-
prone BXSB mouse, which is a cross between the C57BL/6 and SB/Le
parental strains. SJL and SWR, on the other hand, are Va¢, as are
NZB, PL/], and NOD mice. Finally, Vad is carried only by NZW mice
of all the strains tested. No apparent relationship of MHC with Vo
haplotype emerged from these studies.
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FiG. 6. RFLPs distinguishing murine TcR Vo haplotypes. Lanes a-d correspond
to Vo haplotypes Vo2, Va®, Vo, and Ved. Genomic DNAs were obtained from strains
BALB/c (lane a), BXSB (lane b), NZB (lane c), and NZW (lane d). Vo4 and Vab panels
are BamHI digests; all others are HindIII digests. Size markexs (in kilobases, kb) are
indicated (for blots Val, Va2, Va7, Va8, and Va9 at the left, and for blots Vo4, Va5,
Va6, and Vall at the right).



86 ARGYRIOS N. THEOFILOPOULOS ET AL.

TABLE VI
STRAIN DISTRIBUTION AMONG THE
Four TcR Va HAPLOTYPES

Vo haplotype Strains
a BALB/c, AKR, C3H, CBA, A/],
LG, SB/Le, MRL
b C57BL/6, C57BL./10, BXSB,
C57L, C57BR (subtypes)
c SJL, SWR, NZB, PL/], NOD
d NZw

Based on these findings, it can be stated that in murine models of
systemic autoimmunity, correlations with Vo haplotype were not clearly
apparent. Thus, the prototypic lupus models were distributed in all four
Va haplotypes. In addition, on the basis of the nine Va subfamilies
analyzed in this study, autoimmune MRL and BXSB mice are shown
to have Va and MHC haplotypes (i.e., Va2/H-2% and VaP/H-2b,
respectively) identical to at least one of their normal progenitor strains.
It therefore seems unlikely that disease expression in these lupus models
is caused by abnormalities encoded in a particular Vo (or V) haplotype
per se or by novel combinations of Vo haplotypes with MHC alleles.
However, these examples do not preclude the possibility that, in par-
ticular cases, an otherwise normal Vo haplotype may nonetheless con-
tribute to the unique constellation of factors allowing the autoimmune
response to occur. Of interest in this regard, the Vac¢ haplotype was
found to be common to a diverse group of autoimmune-prone or
autoimmune-contributing strains, but whether this association is for-
tuitous or relevant to the disease process remains to be investigated.

C. ExprEsSSED TcR V3 REPERTOIRE IN AUTOIMMUNE MODELS

Following the genomic studies outlined above, we examined the expres-
sion patterns of TcR V@3 genes in primary lymphoid organs of auto-
immune and other types of mice in an attempt to identify unique
expression patterns or abnormalities in T cell maturation and selection
phenomena, particularly in tolerance-related clonal deletions.

1. Multiprobe TtR V3 RNase Protection Assay

To define TcR gene expression characteristics of autoimmune and
normal mice, we adapted and modified an RNase protection assay
(132,1383) whereby the quantity and quality of a mRNA species in the
total cellular RNA from any tissue source can be analyzed.
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In this assay, diagrammatically depicted in Fig. 7, a single-stranded
antisense radioactive RNA probe of defined length, complementary to
the mRNA sequence to be quantitated, is hybridized in solution to the
target mRNA under conditions of probe excess and high Rot value, such
that essentially all target mRINA present becomes hybridized to the probe.
After hybridization, the excess probe is removed by RNase digestion,
leaving the hybridized probe:mRNA duplex intact (i.e., protected). The
protected probe is electrophoresed on polyacrylamide sequencing gels
and identified as a specific band by autoradiography or other means
(e.g., densitometry). The strength of the radioactive signal or densito-
metric peak in a given band is directly proportional to the quantity of
protected probe corresponding to that band, and hence to the quantity
of target mRNA present in the original RNA sample.

With a goal of having an accurate and rapid assay for determining
the entire TcR V gene usage at the RNA level, we modified this basic
assay into what can be described as a fingerprinting method, or
multiprobe RNase protection assay. Briefly, cDNA probes correspond-
ing to all known Vg3 genes (and several Va genes) have been made
through recombinant DNA techniques into defined-length fragments
(from ~40 to ~360 bp long) and then subcloned into pGEM, a

VB inserts
of defined length
Urea~PAGE
Transcribe
VB-anlisense - Band intensities
RNA probes Indicate relative
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s MRNA levels
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A A e
Saturation Hybridization to q Digest unhybridized RNA

cellular mRNA in solution

FIG. 7. A schematic representation of the multiprobe RNase protection assay for
the analysis of expressed TcR repertoires in lymphoid cells (see text).
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riboprobe vector. Importantly, the probe design has been made in such
a way that the size of a given protected band uniquely identifies a single
VB (or Ve) gene. The fingerprinting or ladder RNase protection assay
for analyzing multiple genes simultaneously works as follows: Several
radiolabeled individual antisense riboprobes (a probe set), each of a
defined length recognizing different V8 (or Vo) mRNAs, together with
an aliquot of the RNA preparation to be analyzed, are hybridized in
a single tube, are digested with RNase A + TI, and are then run on
a single lane of a polyaccrylamide sequencing gel. High and low
molecular weight probes for C8 are also included in each V3 probe set
to normalize for total TcR mRNA from lane to lane. In the final auto-
radiography (or densitometric profile), intensities of different bands cor-
respond to the level of the TcR V gene mRNAs present, thus creating
a V gene fingerprint for the relevant T cell population. The use of probe
sets over individual probes increases the information that can be obtained
from a given amount of RNA, and increases the accuracy of the results,
because the relative levels of the individual probes within a probe set
are internally controlled. Good band definition of Vs can currently
be performed with six to eight probes/probe set. V(3 expression patterns,
using the above-outlined approach on total mouse thymocytes and
double-positive thymocyte RNAs, are shown in Fig. 8, where the reference
prototype template with four probe sets is also shown. As expected, the
profiles of total thymocytes and double-positive cells (consisting of ~80%
of the total thymocytes that, in their majority, have not yet undergone
thymic selection, but highly transcribe V3 genes) are identical.

2. Genomic Impositions on TR V§ Gene Expression

When unselected thymocytes (sorted CD3~ thymocytes) of the two
VB haplotypes (V32 deleted and VB® nondeleted) were compared with
regard to their V3 gene expression, it became apparent that the genomic
deletions in the former haplotype had affected TcR repertoire expres-
sion among the various V@ genes. Thus, for compensatory reasons, and
not unexpectedly, most of the residual V3 genes of a V3-deleted mouse
exhibited a higher expression in this population than did the correspond-
ing genes of V3-nondeleted mice. Exceptions to this general rule were,
however, noted. For example, the V315 gene was, to the contrary,
underexpressed in the V3-deleted haplotype compared to the V-
nondeleted haplotype, and VP16 was overexpressed to a greater extent
than can be explained by compensatory expression. Differences in V3
gene expression within a V3 haplotype were also observed; for example,
in the VB-nondeleted haplotype, there was a generally lower expression
of the VB39 and VpB17 genes. Moreover, the VB17a (V(33.2) gene was
expressed only in the Vf(-deleted haplotype, confirming previous
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F1G. 8. Results obtained by the RNase protection assay with unseparated total
thymocytes (left) and double-positive (CD4+8%) thymocytes (center), and the cor-
responding, diagrammatically depicted, prototypic template (right) with four probe
sets (A, B, C, and D) encompassing most of the known murine V{3 genes; nt, nucleotide.
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immunofluorescence studies with an anti-V317a antibody (113). Recent
studies (134) have indicated that this gene is present in the genome of
both V@ haplotypes, but in the V3 nondeleted haplotype, because of
a single base substitution resulting in a termination codon, the level of
mRNA from this gene is low either due to the instability of nonfunc-
tional mRNA or to the lack of positive T cell selection with these re-
arrangements in the thymus. In addition, allelic polymorphisms of V{1,
3, 6, and 10, previously noted at the genomic level (105), were also
detected in RNASs of the two V3 haplotypes. Recent preliminary studies
(98), cited above, suggested that the V(36 allele of the VP haplotype
is necessary for responses to collagen and development of arthritis in
mice of the appropriate H-29 background. Further studies on the rela-
tionship of these Vf (and V) allelic variants to responsiveness against
foreign and self-molecules and to the development of diseases, including
autoimmune diseases, are therefore warranted, as is the definition of
their primary structure.

3. Tolerance- or Negative Selection-Related
TtR V@ Repertoire Modifications

Because the germ line T (and B) cell repertoire is immense and,
therefore, capable of recognizing essentially any antigenic determinant,
negating mechanisms must be in place by which highly self-reactive
lymphocyte clones are eliminated, inactivated, or otherwise suppressed
to create a tolerant state. With regard to B cells, recent studies (135)
with double transgenic mice expressing a neo-self-antigen (hen egg
lysozyme) and a high-affinity antilysozyme antibody have suggested that
B cell tolerance is primarily mediated by an antigen receptor inactiva-
tion process. In contrast, more recent studies (135a), using H-2k X H-2d
transgenic mice expressing an IgM anti-H-2¥ MHC class I antibody,
have suggested that autospecific B cells can be controlled by clonal dele-
tion. With regard to T cells, in spite of the extensive literature on sup-
pressor cells and immunologic networks, there has been persistent support
for the notion that there is a major censorship function exercised in the
thymus. This censorship or negative selection prevents autoaggressive
(high-affinity antiself) T cells from maturing and migrating, but allows
cells with the capacity to recognize a foreign antigen in association with
an MHC restriction element to pass this barrier.

Definitive evidence for the clonal deletion of T cells expressing pro-
ducts of certain V3 genes exhibiting high reactivity to self-I-E and/or
Mis determinants has recently been obtained by utilizing monoclonal
anti-V specific antibodies to demonstrate that T cells expressing self-
reacting receptors are absent from the pool of medullary thymocytes and
peripheral T cells, but are present among cortical, as yet unselected,
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thymocytes. Thus, I-E-restricted (probably associated with an unknown
B cell-specific self-peptide) thymic clonal elimination of mature T cells
expressing the Vf17a (V(33.2) gene product was initially documented
by Kappler et al. (113) in certain types (V32 haplotype, I-E*) of mice
(C57BR) that encompass this gene in their germ line repertoire. Further
tolerance-related clonal eliminations of V36- (115) and V(38.1-expressing
(114) mature T cells were subsequently identified in I-E* mice bearing
Mis* determinants.

The Mls antigens (reviewed in Refs. 136,137), primarily expressed on
B cells, are defined by their ability to stimulate unidirectional strong primary
T cell proliferative responses in mixed lymphocyte reactions involving MHC-
identical strains. They appear to be encoded by at least two loci, Mis-1
and MIs-2. The MIs-1 locus is on chromosome 1 and has two alleles, the
a (active) and the b (null) allele. The chromosomal location of Mis-2 locus
is unknown, but it also contains two alleles, the a (active, formerly designated
Mis®) and the b (null) allele. Strains expressing both Mls? and MIs¢ have
previously been referred to as Misd. In general, Mis® T cells respond to
each of the three other Mis types, but do not stimulate any of these cells.
In contrast, Mlsd cells stimulate T cells of each of the other Mls types,
but do not respond to any Mis type. Finally, only one combination of mutual
stimulation is seen between MIs? and MIs¢, although in all cases, Mis¢ reac-
tivity is weaker. The Mls genes and their products are unknown.

Utilizing the above-described multiprobe RNase protection assay, we
verified the above findings at the RNA level, thus further documenting
clonal deletion as a means of tolerance induction. Thus, as depicted
in Fig. 9A, V(17a-specific mRNA is present in spleens of the I-E~ SJL,
C57L, and SWR strains, but is absent in spleen RNAs of the I.E*
C57BR strain. Furthermore (Fig. 9B), no protected V36 bands are seen
in spleen mRNAs of strains such as AKR (MIs%) or NZB and DBA/2
(Mlsd), and this phenomenon is dominantly expressed in crosses of Misd
mice (NZB or DBA/2) with an Mils¢ (NZW) mouse. Moreover, V38.1
mRNA is lacking in spleens of the Mls® AKR mouse, but is present in
spleens of Mis® (MRL and C57BL/6) or Mis¢ (C3H) mice (Fig. 9C).

Following the above confirmation, we then proceeded to utilize our
four-probe set RNase protection assay and RNAs of thymocytes and
spleen cells of various murine strains; we hoped to identify abnormalities
or additional tolerance-related phenomena that might be relevant to
the expression of autoimmune syndromes. The results with probe set
A (VB15, 7, 3.1, 2, and 14) indicated the absence or significant reduc-
tion of V33.1 mRNAs in spleens of NZB, NZW, and C3H mice, and
of V37 mRNAs in NZB and AKR mice (Fig. 10A). With probe set B
(Vp5.1, 16, and 6), the expression of V35.1 and V16 was found to be
very low or absent in spleen RNAs of MRL, NZB, and C3H mice as
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FIG. 9. Confirmation by the RNase protection assay of the tolerance-related clonal
deletions of splenocytes expressing VB17a (V33.2) (I-E related) (A), VB6 (I-E/Mis?
related) (B), and V8.1 (I-E/Mlis? related) (C) (see text).

well as in the (NZB X NZW)F, and (NZW X DBA/2)F; crosses, but
was present in spleen RNAs of a number of other strains tested (Fig. 10B).
Finally, the results with probe set C + D (V@10, 11, and 12; data not
shown), indicated that in addition to the genomically imposed complete
deletions of VB11 and VB12 in SJL and SWR mice, partial reduction
of VB11 and V12 expression was detected in NZW and two of its crosses,
as well as in a number of other laboratory strains. Additional studies
indicated deletion of VB9-expressing cells in Mils? (AKR) or Misd
(DBA/2) mice (data not shown in Fig. 10).

As discussed above, the studies of Kappler et al. (113) demonstrated
that the VB17a (V33.2) clonal deletion is I-E mediated, and the studies
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Fi1G. 10. Clonal deletion of V87 and V3.1 (A) and V5.1, V16, and V(36 (B) iden-
tified by the RNase protection assay (see text).

of McDonald et al. (115) and Kappler et al. (114) demonstrated that the
VB6 and V38.1 deletions, respectively, are I-E/Mis? related. The cor-
relations with I-E and Mls of the new deletions (V33.1, 5.1, 7, 9, 11,
12, and 16) identified in our studies were therefore investigated.

As depicted in Table VII, based on published Mis typings and inferred
Mls typings derived from this and the above-cited tolerance-related clonal
deletion studies, it appears that the V33.1 deletion is most likely mediated
by recognition of self-I-E in conjunction with Mis¢. Thus, all I-E* /MIs¢
(or I-E*/MIs?) mice analyzed failed to express V3.1 in their peripheral
(spleen) T cells, whereas I-E~/MIs¢ mice, such as A.SW, did not exhibit
this clonal deletion. However, a group of I-E~/MIs¢ strains that have
in common an H-2b allele at the I-E locus (NOD, SB/Le, BXSB,
C3H.SW, BALB.B, D2.GD) can exhibit partial deletion of V33.1. On
the other hand, V37 and V39 deletions appear to be I-E/MIs? related
(like V36 and 8.1). Moreover, deletions of V35.1, 11, 12, and 16 occur
in a large number of, but not all, I-E* strains (data not shown). These
latter observations indicate that clonal modifications imposed by self-1-
E recognition extend beyond the originally described V317a deletion in
the C57BR mouse, and are therefore of broader significance.
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TABLE VII
CORRELATION OF Vf33.1 DELETION WITH MIs¢ AND OF
V37 AND VB39 DELETIONS WITH Mis?

Mls* Expression of
Strain H-2 I-E a b ¢ V33.1 VB7 and VB39

DBA/2 d + + + - -
NZB d + + + - -
BALB/c d + + - ++
C3H/He] k + + - ++
NZw z + + - ++
PL/J u + + - ++
C57BR k + + +++ ++
C57L b - + +++ ++
SJL s - + ++ ++
SWR q - + ++ ++
AKR k + + ++ -
MRL-+/+ k + + ++ ++
C57BL/6 b - + ++ ++
BI0.S s - + ++ ++
A.SW s - + + ++

* Mls typings derived from the literature or inferred from Vg clonal deletions.

The deletions of anti-self-TcR-expressing cells have been considered
to occur at the double-positive stage of thymic differentiation. This con-
clusion is based on the fact that cells bearing TcRs that confer auto-
reactivity to class I MHC ligands (such as V317a for self-I-E and V(36
or V(8.1 for self-1-E/MIs?) are deleted not only from the class I MHC-
specific CD4%8~ subset, but also from the class I MHC-specific
CD8%4~ subset (115,120,121). However, we detected V(311 and V12
deletions in the CD4* 8, but not in the CD8*4~, thymocyte subset,
suggesting that negative selection might continue after conversion of the
double-positive cells to the single-positive type, presumably commen-
surate to increased avidity of TcR-MHC interactions associated with
acquisition of higher TcR density.

4. Origin of lpr and gld Cells

The Ipr and gld autosomal recessive mutations are prime examples
of single-gene defects associated with a massive expansion of a unique,
phenotypically and functionally similar (Table VIII) lymphocyte subset
that appears to be responsible for the heightened polyclonal and auto-
immune responses observed in mice of varying genetic backgrounds
homozygous for these mutations (reviewed in Ref. 2). The appearance
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TABLE VIII
PHENOTYPIC AND FUNCTIONAL CHARACTERISTICS OF lpr/gld CELLS

Surface phenotype
Thy-1*, CD3"%, TeR a:fl°%, CD4~8~, CD5lov, 1y-5* (B220), Ly-6¢c*, Ly-22+,
Ly-24% (Pgp-1), PC.1%, JIld* (830% of cells), IL2-R~, £ K* channelshigh
Functional phenotype
Low proliferative response to mitogens, alloantigens, and anti-CD3, anti-TcR or anti-
Ly-6¢ antibodies; low cytotoxic responses; deficient agonist-induced phosphoinositide
hydrolysis and constitutive phosphorylation of CD3-{ chain; high spontaneous pro-
duction of B cell differentiation factors

of this expanded population has been shown to be thymus dependent
(19,20). Initial immunofluorescent and cytotoxicity studies demonstrated
that >90% of the cells in the enlarged lymph nodes of ipr or gid
homozygous mice are positive for Thy-1 antigen and express low levels
of the Ly-1 (CD5) antigen. Additional studies (reviewed in Ref. 2) demon-
strated that the expanded /pr and gld Thy-1*, dull CD5* lymph node
cells were negative for both T cell subset markers CD4 and CD8, but
expressed other cell surface antigens, including Ly-5 (B220), Ly-6¢, Ly-22,
Ly-24 (Pgp-1), PC.1, and an abundance of the so-called / K+ channels.
Some of the proliferating lymph node cells (30-40%) also express one
of the heat-stable antigens (HSAs) detected by the monoclonal antibody
Juid, but they are IL-2-R~. These double-negative (CD4~8 ) cells also
show rearrangement and significant expression of full-length TeR o~ and
B-chain transcripts and bear surface TcR «:8 and CD3, but at reduced
density compared to normal T cells. Finally, Southern blotting (138-140)
and analysis of cDNA clones (141) have indicated the polyclonal nature
of the Ipr and gld cells, with a predominant expression (65% of cDNA
clones) of V38.2 and V[38.3 gene products (141). A striking feature that
has emerged from these combined findings is that the lpr/gld cells express
both mature (TctR «:f) and immature (CD4-8~, CD5%) T cell
markers. Because of this, the relationship of these cells to the known
normal T cell subsets has been difficult to establish.

Recognition of the thymic differentiation pathways and of the I-E/Mis-
related clonal deletions outlined above has provided a valuable new
population-level marker for monitoring the critical selection-related
events in thymocyte maturation and, moreover, offers a unique oppor-
tunity to further address the issue of Ipr and gld cell origin. The concept
we tested was whether these abnormally expanded double-negative TcR
o:3-bearing cells had been subjected to the I-E/Mis-imposed T cell reper-
toire modifications, as outlined above. RNA, extracted from sorted
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populations of CD4 -8~ T cells taken from the enlarged lymph nodes
of the AKR-, MRL-, C3H-, and C57BL/6-lpr/lpr mice and C3H-gld/gld
mice, was characterized for V3 mRNA expression by protection analysis.
The results of this analysis (Table IX) were unambiguous, revealing essen-
tially the identical set of tolerance-related clonal deletions found in
mature peripheral (spleen) T cells of the respective non-lpr/gld congenic
strains (deletions of V@36, 7, 8.1, and 9 in I-E*/MIls? mice; V(3.1 in
I-E* /Mls¢ mice; and low expression of V5.1, 11, 12, and 16 in all I-E*
mice).

These findings, taken together with evidence indicating the require-
ment for CD4 participation in I-E- (120) and I-E/MIs?-induced (121)
clonal deletions as well as for CD8 participation in class I-restricted clonal
deletions (142), point strongly to the existence of a previously unrecognized
pathway of late thymlc differentiation. Simply stated, thymocytes destined
for the lineage giving rise to Ipr/gld (and probably to a subset of the
heterogeneous normal double-negative TcR «:3* cells) have at least
passed through the double-positive stage in which tolerance-related clonal
deletions occur and, subsequently, are in some way induced to down-
regulate their accessory molecules, thereby effectively becoming “secon-
dary” double-negative, but TcR a:8*, cells. The derivation of these cells
through a CD4/CD8 loss pathway is further supported by a recent report
(Ref. 23, cited above) in which #n vivo treatment of MRL-Ip7/lpr mice
with anti-CD4 antibody inhibited accumulation of the abnormal
CD4-8, TcR a:8™" cells.

We can envisage two possible mechanisms by which down-regulation
of accessory molecules can occur in these cells, as was depicted diagram-
matically in Fig. 4: (1) if programmed down-regulation of CD4/CD8

TABLE IX
I-E/Mls TOLERANCE-RELATED CLONAL DELETIONS IN
SPLEEN/LYMPH NODE CELLS OF lpr/gld CONGENIC STRAINS

1-E/Mls I-E

Strain H-2 I-E Mis V8 deletions VB deletions
AKR k + a 6, 7, 8.1 5.1, 11, 12, 16
AKR-Ipr/lpr 6,7, 8.1 5.1, 11, 12, 16
C3H k + c 3.1 5.1, 11, 12, 16
C3H-lpr/lpr 3.1 5.1, 11, 12, 16
CSH-gld/gld 3.1 5.1, 11, 12, 16
MRL-+/+ k + b — 5.1, 11, 12, 16
MRL-lpr/lpr 5.1, 11, 12, 16
C57BL/6 b - b — -

C57BL/6-lpr/Ipr
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is the rule for nonpositively selected CD4* 8% cells (followed by cell
death), then double-negative TcR o:8 7 cells could represent a short-
lived intermediate cell type in this process; (2) a second possiblity, which
we currently favor, and which is supported by some highly suggestive,
although indirect, evidence, is the involvement of a novel back-up form
of tolerance induction, perhaps directed at some thymocytes expressing
moderately autoreactive TcRs. Such moderately autoaggressive cells might
be present at the double-positive stage and converted to double-negative
cells via the so-called “primary” negative selection process, wherein the
highly autoaggressive clones are deleted. Alternatively, such cells might
be generated during a postulated “secondary” negative-selection process
exerted on single-positive cells that changed via maturation and higher
receptor level expression from low to moderate/high-affinity autoreactive
cells; the highly reactive cells will be eliminated, while some of the
moderately reactive cells may escape deletion but will still down-regulate
their CD4/CD8 molecules. The recently reported findings of Kisielow
et al. (142) using transgenic mice expressing a self-reactive TcR specific
for the male HY antigen suggest that CD4/CD8 loss may indeed be such
a tolerance-related event. In this investigation, the peripheral transgene-
expressing T cell population in male (i.e., autoreactive) mice, but not
in female (nonautoreactive) mice, was found to be composed almost
entirely of cells that had lost the CD8 accessory molecule required for
efficient HY antigen recognition; most of these cells (58 %) were of the
double-negative phenotype, with the remainder being CD4 * 8% (35%)
or CD4%8~ (7%). We interpret such cells to represent probable
escapees from clonal elimination that were secondarily “tolerized” by
accessory molecule down-regulation before being allowed to exit to the
periphery. The presence of such high numbers of these cells is presumably
an artifact of the transgene system, in which the capacity of the clonal
elimination process is likely to be overwhelmed. An alternative explana-
tion, i.e., that these cells represent expansion of a TcR o:3* subset that
never expressed CD4/CD8, must also be considered, but is generally not
supported by current evidence, indicating that such a subset probably
does not exist (106). Moreover, even if such cells existed, it is not clear
why they would be positively selected and expanded in the absence of
CD8 accessory molecules.

Based on the above scheme, the /pr and gld cells would represent
a magnified and otherwise modified version of a distinct, posttoleri-
zation subset of the heterogeneous normal double-negative TeR a:3*
thymocytes. In the normal setting, the moderately self-reactive cells from
this pathway that escape clonal deletion will be subjected to tolerance-
induced accessory molecule down-regulation and slowly accumulate
in the thymus to constitute a portion of the minor late-appearing
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double-negative TcR «:B8*% population. Some of these cells might
migrate to the periphery (see below), but the majority would be expected
to eventually die intrathymically due to their lack of accessory molecules
and resultant inability to efficiently fulfill their function. In contrast,
lpr and gld mice, due to undefined modifications introduced by these
mutations, produce a high number of such cells in the thymus, a large
proportion of which leak into the periphery, populate lymph nodes and
spleen, and continue to proliferate.

In advancing this concept, it might therefore be suggested that double-
negative TcR a:8+ Ipr/gld cells (and a subset of normal double-negative
TeR a:3% cells) have essentially autoreactive TcR specificities. If such
cells are exported in large numbers into the periphery, as in /pr and
gld homozygous mice, autoimmune manifestations can clearly ensue.
For example, such double-negative cells might retain sufficient auto-
reactivity in spite of their lack of CD4/CD8, and induce or accelerate
autoimmunity by secretion of appropriate B cell differentiation/promoting
lymphokines (37). Alternatively, a portion of these cells may reacquire
accessory molecules and become fully functional and autoreactive.
Indeed, acquisiton of accessory molecules by /pr and normal double-
negative T cells cultured in vitro has been demonstrated (143-146).

The above-postulated autoreactive potential for double-negative TcR
o:3% cells is further supported by several other studies. Thus, double-
negative splenic T cells isolated from normal (BALB/c, DBA/2) mice
upon concanavalin A (Con A) activation acquired CD4 and, in con-
trast to other Con A-stimulated T cell subsets, induced syngeneic B cells
to proliferate and differentiate into Ig-secreting cells at high levels (146),
a situation not unlike that seen spontaneously with the constitutively
activated /pr cells (87). Such activated peripheral double-negative TcR
o:8% normal lymphocytes also proliferated upon incubation with
syngeneic dentritic cells and were inhibited by anti-class-II antibodies,
further documenting their autoreactive potential (145,146). Induction
of autoimmune disease by transfers of double-negative, Thy-1+-Ly-1low
spleen cells from normal BALB/c mice (147), or thymic cells from
cyclosporin-treated mice (148,149) severely depleted of CD4*8~ and
CD8%4~ cells, into syngeneic nude mice has also been documented.
Furthermore, in (NZB X W)F; lupus mice (25), and in humans with
lupus (S.K. Datta, personal communication), helper ¢n wiro activity for
anti-DNA production was found not only in CD4*8~ but also, surpris-
ingly, at an equal if not higher degree in CD4- 8~ spleen and
peripheral T cells, respectively. Interestingly, studies in mice suggest that
the frequency of double-negative TcR o:8* cells in thymuses and
spleens differ in various genetic backgrounds (106,146,150) and thus may
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be genetically controlled. Such genetically imposed expansions of these
bona fide autoreactive double-negative TcR a:3* cells may contribute
in an important way to the induction of murine and even human systemic
autoimmune diseases.

V. Conclusions

To summarize, the above studies addressing the Ig germ line gene
organization in lupus-prone strains of mice suggested that the disease
can develop in different Ig heavy and light chain haplotypes, and that
the Ig germ line genes in lupus mice are probably normal. Analyses of
the Ig gene segments expressed in monoclonal autoantibodies from
autoimmune mice revealed that similar, and in some instances even iden-
tical, gene segments are expressed in autoantibodies and in antibodies
to exogenous antigens, and that antiself and antiforeign responses are
encoded by the same, or at least an overlapping, germ line gene reper-
toire. A large variety of Ig V, D, and J gene segments can encode auto-
antibodies with different specificities, and both germ line genes and
somatically mutated genes can be expressed in such antibodies. As in
responses to certain exogenous antigens, autoantibodies with a given
specificity may exhibit varying degrees of genetic restriction. Evidence
has been obtained that, in an individual lupus mouse, the number of
autoantibody-secreting clonotypes decreases after class switch, while that
of productive mutations increases, suggesting that antiself responses might
be (auto)antigen-driven responses, but this conclusion should be con-
sidered tentative.

In addition, studies addressing the TcR germ line and expressed reper-
toire of autoimmune and other laboratory mice indicated, as with Ig
genes, that there is no unique autoimmunity-associated TcR o or 3 gene
haplotype, and the germ line TcR repertoire in autoimmune mice is
similar to that in normal mice. The inherent program of V3 gene expres-
sion in unselected thymocytes is related to VB genomic organization and
imparts a significant skewing effect on the V{3 repertoire that, in general,
persists in the mature T cell population. Furthermore, all readily detect-
able tolerance-related V{3 clonal elimination phenomena can apparently
be attributed to either I-E or I-E/Mis reactivity, including deletion of
clones expressing V33.2 (17a) in V32 haplotype I-E* mice, deletion of
clones expressing V36, 7, 8.1, and 9 in I-E*+ /Mis? mice, deletion of cells
expressing V3.1 in I-E* /MIs¢ mice, and deletions of V35.1, 11, 12, and
16 in I-E* strains. Lupus-prone mice show no generalized defect in the
expression of these major tolerance-related clonal eliminations.

Finally, based on our investigations of I-E and Mis tolerance-related
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V@B clonal deletions, we propose that the abnormally proliferating,
autoimmunity-inducing/enhancing double-negative TcR a:8% Ipr and
gld cells are not related to immature CD4~ 8~ thymocytes, but instead
are derived from CD4%8* precursors through a process resulting in
down-regulation of both accessory molecules. Suggestive evidence sup-
ports the concept that such CD4/CD8 down-regulation may be the result
of a novel negative selection mechanism acting on thymocytes with
moderately autoreactive TCRs that escape conventional clonal elimina-
tion. These cells are similar to a subset of the heterogeneous double-
negative TcR «:8 minor normal T cell population. Exportation and
expansion of these cells in the periphery may be important in the develop-
ment of systemic autoimmunity.
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l. Introduction

Since the discovery that cell-surface antigen differences among T cells
(24,44) allowed the separation of cytotoxic T lymphocytes (CTLs) from
T helper (Th) cells, several lines of evidence have suggested that further
subdivisions exist within the Th cell population. Although functional
evidence using mixed cell populations suggested different types of
Th cells, the lack of discriminatory cell-surface markers has hampered
efforts to clearly define the different subtypes. The development of
in vitro T cell clones led in 1985 to the description of four types of helper
T cell clones (94), and in 1986 two types of Th clones (Thl and Th2)
were defined on the basis of different patterns of cytokine secretion (125).
These patterns have been confirmed in several panels of Th clones, and
this is currently the most clear-cut criterion for separation of mouse
Th subtypes. Because the two types differ in the synthesis of many
cytokines, and the cytokines have a major role in the regulation of
immune responses, the two types of Th cells have markedly different
functions. Although the Thl and Th2 cytokine patterns are the major
recognized phenotypes of long-term mouse T cell clones, there is mount-
ing evidence that other cytokine secretion patterns exist and that the
Thl and Th2 phenotypes may represent mature stages of Th cells. In
this review, we describe the properties of Thl and Th2 clones, the func-
tions of the cells and their cytokines, their contributions to immune
regulation, and the existence and properties of precursor Th cells.

1Il. T Cell Cytokine Secretion Patterns

Because cytokine functions are complex and overlapping, the develop-
ment of precise, monospecific bioassays and enzyme-linked immuno-
sorbent assays (ELISAs) was essential before a clear picture of T cell
cytokine synthesis could be obtained (reviewed in Refs. 126 and 127).
The first description of Thl and Th2 cytokine differences (125) showed

1
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that mouse Th cells synthesizing and secreting interleukin 2 (IL-2) and
interferon v (IFN-v) could be distinguished from clones secreting IL-4
[identified by its activities as T cell growth factor (TCGF), mast cell
growth factor, and enhancement of synthesis of IgE and Major Histo-
compatibility Complex (MHC) class II antigens by B cells]. Lymphotoxin
(LT) was synthesized coordinately with IFN-vy (197), and these results
were confirmed and extended by mRNA analysis, additional bioassays,
and monoclonal antibodies (27). IL-5 and a cDNA clone of unknown
function, P600, were expressed only by Th2 clones (27,173), and
preliminary results indicate that IL-6 is also expressed by Th2 but not
by Thl clones [T. R. Mosmann and F. Lee, unpublished (66)]. Several
other cytokines or cytokine-like molecules were expressed by both Thl and
Th2 clones, but in significantly greater amounts by Thl clones, including
granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor
necrosis factor (TNF), and three more cDNA clones of unknown func-
tion, TY5, P500, and H400 (18,27). In contrast, Th2 clones expressed
relatively larger amounts of preproenkephalin (ppENK), the precursor
of several enkephalin hexapeptides (221). IL-3 was expressed by all clones
at widely differing levels. The current information on the mouse Thl and
Th2 cytokine synthesis patterns is shown in Table I. Although human
Thl-like and Th2-like clones have been described, most human ¢n vitro
T cell clones express mixed patterns of cytokine secretion (110,139,201).
This apparent discrepancy between mouse and human Th clones is
discussed in more detail in Section IX, and most of the following discus-
sion refers mainly to mouse T cells.

CTLs also produce cytokines when stimulated by antigen-presenting
cells (APCs), particularly some of the Thl cytokines, such as IL-2, GM-
CSF, and IFN-vy (91,148). We recently examined a panel of alloreactive
CD8* T cell clones and found that they secrete the same pattern of
cytokines as do Thl clones (Table I; T. A. T. Fong and T. R. Mosmann,
unpublished). The only exception was the synthesis of IL-2, which
occurred in some clones but not in others, as reported previously (91).
This could represent a real division among CD8 clones, or it could be
an extreme form of the instability of IL-2 expression in Thl clones. In sttu
mRNA hybridization studies of normal CD8 cells (116) showed that a
majority of these cells could express IL-2 mRNA when stimulated with
calcium ionophore and phorbol ester, although only transient expres-
sion was obtained using milder stimulation conditions. Most of our CD8
clones were cytotoxic, and we found no positive or negative correlation
between cytotoxicity and IL-2 secretion in our panel of long-term CD8
clones.

Recently, another group of T cells has been described; these express
a different T cell antigen/ MHC receptor consisting of a 6 dimer (14)
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TABLE I
PROPERTIES OF MOUSE T CELL CLONES
Feature CTL Thl Th2
Surface markers
L3T4 - + +
Lyl - + +
LYT2 + - -
Cytokines®
Interferon-y ++ ++ -
Interleukin 2 +/-b + + -
Lymphotoxin + ++ -
GM-CSF ++ ++ +
Tumor necrosis factor + + + +
TY5 + + + + +
P500 ++ ++ +
H400 ++ +
Interleukin 3 + + + + +
Met-enkephalin + + + +
Interleukin 4 — - + +
Interleukin 5 - - + +
Interleukin 6 - — ++
P600 - - + +
B cell help
IgM, IgG;, IgA + + +
IgGe, ++ +
IgE - ++
Delayed-type hypersensitivity ++ -
Macrophage activation ++ ++ +

¢Cytokine expression was evaluated by bioassays, ELISAs, and
RNA hybridization.
bSome but not all CTL clones produce IL-2.

instead of the a8 dimer expressed on CTLs and Th cells. The 4 cells
do not express either the CD8 antigen (found on CTLs) or the CD4
antigen (found on Th cells) (101). One subtype of 6 cells, the dendritic
T cells, expresses a limited diversity of v and 6 chains (14) and is found
in the epidermis, whereas T cells of another subtype express different
V, and V; genes and are associated with the gut (13). One type of
dendritic 46 T cell expressed the Thl pattern of cytokines (R. Tigelaar
and T. R. Mosmann, unpublished), but it is not yet known if other
cytokine patterns exist within the vy population.

In vitro, some mast cell lines synthesize IL-4 (19) and other cytokines
of the Th2 pattern in response to cross-linking of surface IgE (M. Plaut
and W. E. Paul, personal communication). So far, this is the only non-
T cell type that has been reported to synthesize IL-4 or IL-5. This is
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particularly interesting because Th2 cells and their cytokines are
implicated in strong allergic responses. If normal mast cells synthesize
Th2 cytokines, this may represent an amplification mechanism for
allergic responses.

HI. Functions of Th1 and Th2 Cytokines

A. Thl-Speciric CYTOKINES

IL-2 was initially discovered by its ability to stimulate proliferation
of T cells ¢n vitro. Although for several years IL-2 and TCGF were con-
sidered to be synonymous, we now know that IL-4 (125) and P40 (203,206)
are also TCGFs, although the details of their action on different cell
types may vary (see Section VI). IL-2 also has additional functions,
including the induction of differentiation of CTL precursors and pro-
liferation and differentiation of B cells (108,132,161). IL-2 is produced
by Thl cells and some CTLs.

Because the antiviral activity of IFN-y was discovered at an early stage,
this cytokine was termed an interferon, although some of its other
activities may be more significant than is its antiviral activity. Activities
on macrophages include activation of increased expression of Ia antigens
and Fc receptors for IgG (212), increased killing of intracellular parasites,
and increased antibody-dependent cell-mediated cytotoxicity (ADCC)
(129,130,133,138,153). IFN-vy also has a variety of effects on B cells,
including induction of proliferation (41), inhibition of proliferation (121),
preferential induction of IgGg, synthesis by B cells (179), and
antagonism of all of the activities of IL-4 on B cells (33,120,121,151).
Th2 but not Thl proliferation is inhibited by IFN-vy (47,53) and IFN-vy
synergizes with LT/ TNF to inhibit proliferation (117) and cause differen-
tiation of myeloid cell lines (200). In addition to Thl and CTLs, IFN-y
is synthesized by natural killer (NK) cells (87).

LT and TNF bind to the same receptor with similar affinities and
thus probably have similar biological activities. Synthesis of the two
cytokines differs, however — LT is produced by Thl clones and CTLs,
whereas TNF is produced by Thl clones, CTLs, Th2 clones, and
especially macrophages (9). TNF and LT have a very wide spectrum
of activities, including cytotoxicity, induction of differentiation of
granulocytes, fever induction, and inhibition of lipid uptake, leading
to cachexia (reviewed in Refs. 9 and 114). Lymphotoxin can kill B cells
during interaction of Thl cells with B cells presenting antigen (197),
although under other circumstances LT and TNF can act as B cell growth
factors (90).
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B. Thl-PREFERENTIAL CYTOKINES

GM-CSF stimulates growth and differentiation of several cell types
in the myeloid lineage, particularly granulocytes and macrophages and
their precursors (reviewed in Ref. 31). In addition to its production by
Thl, Th2, and CTLs in response to antigen, GM-CSF may be produced
by other cells, such as keratinocytes (98) and bone marrow stromal cells
(157). The activities of GM-CSF in hemopoiesis may thus be regulated
by normal bone marrow elements during steady-state hemopoiesis, and
T cells may provide an additional source during strong immune responses
in which it is likely that hemopoietic cells will need to be replenished,
as well as provide a local source to enhance myeloid cell differentiation
and function in the vicinity of the infection.

TNF, although produced mainly by macrophages and Thl cells, is
also expressed by Th2 cells, at least at the mRNA level (27). In other
respects, TNF has very similar properties to LT.

Several cDNA clones have been isolated from a Th2 cDNA library
(218) on the basis of their expression in abundant amounts only after
stimulation of the T cells (18,221). Three of these cDNAs, TY5, P500,
and H400, are expressed by all T cell clones, but are expressed more
abundantly in Thl than in Th2 clones (18,27). P500 has also been isolated
independently and was named TCA3 (22). The function of the proteins
corresponding to these cDNAs is not yet known, but their sequences are
consistent with secreted proteins, and TY) has been identified as a major
secreted protein of activated T cells (18). These three cDNAs have
moderate homology with one another and with other genes in mouse
and human (18). They comprise a family of at least five members, and
one of the members, macrophage inflammatory protein, is a mediator
of inflammatory responses (214). Because this family of genes is expressed
at higher levels in the Thl cells that mediate inflammation (Section I'V),
it will be important to test the T cell members of this gene family for
inflammatory functions. This family of five “inflammatory” proteins is
also distantly related to another family of proteins, including platelet
basic protein and neutrophil-activating factor (18).

C. Th2-SpeciFic CYTOKINES

IL-4 has a large number of biological activities on various cell
types (reviewed in Ref. 128) and as a result was originally described by
several names, including B cell differentiation factor v, B cell growth
factor, B cell stimulatory factor-1, and macrophage fusion factor (54).
In addition to being a cofactor for proliferation of B cells (69), IL-4
induces activation (152) and increased Ia (134,160) and Fce receptor (71)
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expression on resting B cells, and increased Ia expression on macrophages
(219). B cells are also induced to undergo immunoglobulin class switch-
ing to IgG; (75,209) and IgE (8,33,35,103). IL-4 is also a cofactor for pro-
liferation of mast cells (57,124,125,178), T cell clones (46,57,124,125,178),
CTL precursors (144), mature T cells (70), and thymocytes (220).
Hemopoietic cells respond in a complex manner to IL-4, such that IL-4
enhances the effects of some colony-stimulating factors and inhibits colony
growth in other cases (142,156). Many cell types bear receptors for IL-4
(109,187), and so there may be more effects of IL-4 still undiscovered.
IL-4 is synthesized by the Th2 subset of T cells (27,125) and also by some
mast cell lines #n witro (19).

IL.-5 was originally identified as a B cell growth factor that stimulated
activated B cells to proliferate (183). When the recombinant cDNA clone
for IL-5 was isolated (136,217), two other activities of IL-5 were con-
firmed, i.e., eosinophil growth and differentiation factor (172) and killer
helper factor (188). IL-5 also enhances the secretion of IgA by B cells
stimulated with lipopolysaccharide (LPS) (12,37,131). IL-5 is synthesized
by the Th2 subset of T cells (27) and also by some mast cell lines
(M. Plaut and W. E. Paul, personal communication).

IL-6 has a large number of activities and was originally identified by
a number of bioassays and given several names. Only when cDNA clones
encoding IL-6 were isolated did it become clear that all of these effects
were mediated by a single molecule (30,59,64). IL-6 stimulates prolifera-
tion of plasmacytomas and hybridomas (204,207), thymocytes (66), and
hemopoietic progenitor cells (30). IL-6 also induces mature CTLs from
thymocytes (117,187), secretion of acute-phase proteins by hepatocytes
(55), and stimulates B cells to produce antibody (64).

D. Th2-PREFERENTIAL CYTOKINES

One of the major induction-specific proteins synthesized by Th2 cells
is the precursor of the met-enkephalin neuropeptides (ppENK) (221).
This was initially discovered by isolating and sequencing one of the
abundant clones in a Th2 cDNA library; the functions of ppENK syn-
thesized by T cells are not yet known. It is possible that ENK is used
to communicate between the immune and nervous systems, e.g., by
reducing pain during inflammatory reactions. Alternatively, ENK may
have quite separate functions in each system, because the nervous and
immune systems are generally separate. In this regard, ENK has been
reported to stimulate natural killer cells (216). Finally, the extent of
cleavage of the precursor by T cells is not known, and so it is conceivable
that the ppENK precursor has functions that are not shared with the
enkephalin hexapeptides.

IL-3 is synthesized by all T cells that we have tested, including Thl,
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Th2, and CTL clones. The amounts made by different clones vary widely,
and in a panel of Thl and Th2 clones both types synthesized similar
amounts (125), although results from a larger panel of clones suggest
that Th2 cells may synthesize more than Thl cells. IL-3 stimulates pro-
liferation and differentiation of a wide variety of hemopoietic progenitors
and induces the formation of in vitro colonies containing cells of the
erythroid, myeloid (macrophages and granulocytes), megakaryocyte, and
mast cell lineages (reviewed in Ref. 123). IL-3 appears to be produced
by T cells but not by bone marrow stromal cells, and may thus repre-
sent an “emergency’ regulator of hemopoiesis that is used to enhance
the generation of more leukocytes during strong immune responses, when
the hemopoietic system is likely to be depleted.

IV. Functions of Th1 and Th2 Cells

A. DELAYED-TYPE HYPERSENSITIVITY (DTH)

When injected simultaneously with antigen into the footpads of naive
mice, Thl clones cause an antigen-specific and MHC-restricted inflam-
matory reaction that peaks at about 24 hours (26). Th2 clones do not
produce a swelling reaction under these conditions (26). One of the essen-
tial mediators of this DTH response is IFN-y, which is responsible for
some but not all of the antigen-specific swelling reaction induced by
most Thl clones (5la). IFN-+ has also been implicated in the migration
of lymphocytes into inflammatory sites (76), and other Thl cytokines
that may be involved in DTH reactions are LT and GM-CSF, which also
have effects on macrophages and granulocytes.

The DTH responses in several species can be separated into two types.
Tuberculin-type DTH is characterized by a mononuclear cell infiltrate,
slow kinetics (peaking at about 48 hours), and substantial induration
(45,210). In contrast, Jones-Mote DTH involves more granulocytes in
the infiltrate, more rapid kinetics (peaking at about 24 hours), and causes
softer swelling, with more edema than cellular infiltration (85,158). By
these critiera, DTH induced by Thl clones resembles the Jones-Mote
form of DTH (51a). If further experiments confirm this similarity, it will
be important to determine the cell type(s) that are responsible for
tuberculin-type DTH. Possibilities include Thl cells in conjunction with
Th2 cells, Thl and other accessory cells, or a hitherto-undiscovered type
of T cell.

B. HevLper FunctioNs oF Thl anp Th2 CELLS

One of the major functions of helper T cells (the one for which
they are named) is to provide signals for activation, proliferation, and
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differentiation to B cells that have encountered an antigen. Consider-
ing the differences in cytokines produced by the murine Thl and Th2
subsets, it is not surprising that there are significant differences in this
complex and multistep function. Indeed, each of the four Th products
that play an important role in B cell help (IL-2, IL-4, IL-5 and IFN-y)
are subset specific. The mechanisms of T cell help and the roles of
cytokines and Th subsets in that process have been the subject of several
extensive recent reviews (1,36,78,126,208), and the reader is referred to
these for a more thorough treatment of the subject and for a more com-
plete bibliography.

Several strategies have been employed for studying the functions of
mouse Th clones in witro and for analyzing the roles of specific
Th products in these functions. One approach is to use Th clones as
the carrier-specific population providing antigen-specific, Ia-restricted
help for B cell antihapten responses. However, the frequency of antigen-
specific B cells is quite low, even in primed B cell populations, and much
of the immunoglobulin produced often comes from antigen-nonspecific
bystander responses (R. L. Coffman, unpublished). For this reason, it
is necessary to use detection methods that are antigen specific, such as
hemolytic plaque assays or antigen-specific ELISA or radioimmunoassays.
The low number of responding cells also means that the response of
minor isotypes is quite small and difficult to quantitate accurately,
especially in primary responses. These limitations can be overcome by
using B cell populations that are highly enriched for hapten-specific
B cells (181).

A second strategy is to use Th clones specific for molecules on the
surface of all B cells, such as Ia, Mls, or H-Y antigens, thus rendering
the response effectively polyclonal yet still antigen specific and MHC
restricted. A significant refinement of the polyclonal approach is the
use of clones specific for rabbit Ig and of rabbit antimouse Ig antibodies
as the antigen. The antibodies bind to all B cells with high affinity, and
processing and presentation of the rabbit antibody by the B cell are
required for T cell activation (28,198). This system, therefore, appears
to involve the same sequence of events as any other antigen-specific
response, but it results in the stimulation of a majority of B cells (103).

The initial step in T cell-mediated differentiation of resting B cells
is their activation to enter cell cycle. In most but not all cases (104,105),
this function requires direct T-B cell contact and cannot be mediated
by secreted products of Th cells, either singly or in combination
(95,102,135,180,213). Both subsets appear, in general, to be capable of
delivering this cell-mediated activation signal to unfractionated B cell
populations (36,94) and to purified small B cells (93,195,199). Boom
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et al., however, have isolated a small, dense population of splenic B cells
which can be activated by a Th2 clone but not by a Thl clone (15).

1. Helper Functions of Th2 Cells

The ability of many Th2 clones to provide efficient help for B cell
growth and differentiation has been demonstrated in a number of
laboratories (15,36,42,93,94,181,196,198,199). Th2 clones can stimulate
significant clonal expansion and Ig secretion by 50-80% of splenic B cells
in limiting dilution cultures (103) and can stimulate purified popula-
tions of small, resting B cells. IL-4 and IL-5 appear to be the principal
soluble mediators involved in the helper function of Th2 clones (15,36)
(R. L. Coffman, unpublished). The addition of neutralizing monoclonal
antibodies to IL-4 causes relatively little inhibition of total Ig produc-
tion in Th2-stimulated B cell cultures (15,36), whereas the addition of
anti-IL-5 antibody causes quite substantial inhibition of Ig production
(15,155,173). The combination of anti-IL-4 and anti-IL-5 leads to even
greater inhibition than anti-IL-5 alone. Several recent experiments
demonstrate that Th and B cells form stable conjugates as a consequence
of specific antigen recognition by the Th cell (96,97,170,171) and that
cytokines may be secreted preferentially near the portion of the Th cell
that receives activation signals (145). It seems possible (but difficult to
prove) that a fraction of the cytokines produced by the Th cell is deliv-
ered to the B cell across this area of close contact and that this fraction
is protected from inhibition by anticytokine antibodies. Thus, the use
of anticytokine antibodies to study helper functions may result in an
underestimation of the importance of individual cytokines. The impor-
tance of IL-4 and IL-5 has also been shown in experiments in which
Th2 products are used to promote the proliferation and differentiation
of B cells that have been activated by direct contact with a Thl clone
(36). In this system, both IL-4 and IL-5 act as growth and differentia-
tion factors and the combination of both cytokines stimulates growth
and differentiation as effectively as does a Th2 supernatant. The excep-
tion to this general conclusion is the IgE response, which requires IL-4
and appears unaffected by IL-5 (see below).

Large B cells can proliferate and secrete Ig directly in response to IL-5,
whereas purified small B cells require the contact-mediated Th signal
to become responsive to IL-5 (63,155). IL-5 thus appears to be the factor
responsible for the factor-mediated bystander responses induced by Th2
clones (155). This stimulation of large B cells is relatively weak com-
pared to stimulation by a polyclonally activating Th clone or by LPS
(R. L. Coffman, unpublished). This could mean either that IL-5 is an
inefficient stimulus for large B cells or that only a subpopulation of large
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B cells is responsive. Young NZB/NZW F; mice, which later in life
develop a lupuslike autoimmune disease, have an increased proportion
of IL-5-responsive B cells, and in vitro culture of these cells with IL-5
induces production of substantial amounts of autoantibody (63).

2. Helper Functions of Thl Cells

The ability of the Thl subset to function as helpers for B cells is con-
siderably more controversial. Thl clones have been reported to provide
help for antigen-specific responses from primed B cells (36,42,56) and
for primary responses from hapten-purified unprimed B cells (181). In
other laboratories, Thl clones fail to provide help for primary responses
either to specific antigens (93,94) or in the rabbit Ig polyclonal system
(15). We have tested a panel of Thl clones for their ability to stimulate
T cell and antigen-dependent polyclonal responses (36) (R. L. Coffman,
unpublished). These clones were nearly as efficient at promoting pro-
liferation of both small and large B cells, but were far less efficient at
stimulating Ig production than were Th2 clones with similar specificities.
Additional proliferation and substantial Ig production could be obtained
from these cultures by adding IL-2 or, in many cases, a mixture of IL-4
and IL-5. Further enhancement of Ig production could often be achieved
by inhibiting much of the IFN-+y activity with an anti-IFN-vy antibody.
Thus, in this culture system, IL-2 levels appear to be too low, and
IFN-v levels too high, for optimum helper function. These results do
show, however, that a substantial level of B cell help can be mediated
entirely by Thl cells and their products. These observations may explain
some of the apparent differences in Thl function observed in different
laboratories. For example, some Th clones produce little or no IL-2,
especially after long periods of time in culture (27,215).

Although Thl clones can provide helper activity under certain cir-
cumstances, they also have the potential to inhibit B cell responses that
have been stimulated by either subset of Th cell. IFN-v at low concen-
trations acts as a specific antagonist of IL-4-mediated effects on B cells
(33,35,120,179) and, at higher concentrations, acts as an inhibitor of
B cell growth and differentiation (33,126). At higher T to B ratios, Thl
clones can even be directly cytotoxic for activated B cells. Thl clones
have, in fact, been shown to be inhibitory for responses stimulated by
Th2 clones (6,17,52), and much of this inhibition can be blocked with
anti-IFN-vy antibodies (R. L. Coffman, unpublished).

C. IsoryPE REGULATION BY Th CLONES

Thl and Th2 clones differ consistently in their ability to stimulate
IgGo, and IgE responses. Hapten-purified unprimed B cells make a
significant IgGg, response to haptenated carrier when help is provided
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by a Thl clone, but not by a Th2 clone (181). Similarly, polyclonal
stimulation with Thl clones, but not with Th2 clones, leads to substan-
tial IgGy, responses if exogenous IL-2 is added to the cultures (36)
(R. L. Coffman, unpublished). Several lines of evidence suggest that
IFN-v is required for this IgG,, response, such as the enhancement of
IgGs, in LPS-stimulated B cell cultures (179) and the enhancement or
inhibition of IgGy, responses in vivo with IFN-vy or anti-IFN-v, respec-
tively (48). This has not been confirmed directly in Th-stimulated
cultures; neither the addition of anti-IFN-v to Thl-stimulated cultures
nor the addition of IFN-vy to Th2-stimulated cultures significantly affects
IgGy, responses (36,181).

Most Th2 clones provide help for quite respectable IgE responses,
whereas Thl clones stimulate no detectable IgE under normal condi-
tions (36) (R. L. Coffman, unpublished). The Th2-mediated IgE
response is quite dependent upon IL-4 and can be totally inhibited by
anti-IL-4 or IFN-y. This is consistent with earlier studies that demon-
strated that IL-4 is required for IgE production in LPS-stimulated B cell
cultures and that this was inhibitable by IFN-y (33-35,106,179). The
differences in the expression of IL-4 and IFN-v seen in Thl and Th2
clones fully explain their different abilities to stimulate IgE. Thl clones
can stimulate IgE production if IL-4 and anti-IFN-vy antibodies are added
to the cultures (R. L. Coffman, unpublished). Stimulation of hapten-
purified B cells with a Th2 clone also stimulates a much larger IgG,
response than does a Thl clone, and this response is largely sensitive
to anti-IL-4 and IFN-vy (181). In vivo, anti-IL-4 can almost totally inhibit
both polyclonal (49) and antigen-specific primary and secondary (50)
IgE responses, and IFN-y can also inhibit polyclonal IgE responses (48).

D. HumaN Th CLONES

The cytokine expression patterns of human CD4* Th clones do not
fall clearly into different subsets. Large panels of clones have only been
tested for IL-2, IL-4, and IFN-vy expression, and clones expressing all
of the possible combinations of these cytokines have been observed
(43,110,139,141,164,201). Similar diversity also exists among CD8" clones
(110,139). A majority of the CD4™" clones of each type can stimulate IgM
and/or IgG production (110,141,164,201). In contrast, all clones that
stimulate IgE production belong to subsets that express IL-4
(43,110,141,201). Some clones produce both IL-4 and IFN-y and among
these clones there is an inverse correlation of IFN-vy production and IgE
helper function (43,141). As in the mouse, this is consistent with obser-
vations that IgE production by human B cells requires IL-4 and can
be inhibited by IFN-+v (140). The roles played by IL-2, IL-4, and IFN-vy
in the other helper functions of these clones have not been clearly
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elucidated as yet; however, both IL-2 and IFN-+y have potent B cell growth
and differentiation activities in a variety of mitogen-stimulated B cell
culture systems (84). Maggi et al. report IgG helper function in a majority
of the CD4* clones that do not secrete detectable levels of IL-2, 11.-4,
or IFN-vy (110).

E. MACROPHAGE ACTIVATION

Both Thl and Th2 clones produce cytokines that activate macro-
phages, although Thl clones are much more effective. IFN-v activates
macrophages to kill intracellular parasites more effectively and to increase
synthesis of Ia antigens and Fcy receptors, and synergizes with LT to
activate ADCC. GM-CSF also enhances the production of macrophages
and their migration to the site of an immune reaction, so that it may
act in concert with the macrophage-activating factors to increase
macrophage function at a local site. Activation of macrophages by IL-4
has also been reported for Ia expression and intracellular killing (40,219),
although in both cases these functions may be induced by IL-4 much
less effectively than by IFN-vy (40,153). In addition to the cytokine effects,
Th cells also deliver cell-mediated activation signals to macrophages,
and, as in the case of T-B interactions, both Thl and Th2 are able
to deliver the cell-mediated signals (182a).

V. Precursors of Th1 and Th2 Differentiation States

A. EVIDENCE FROM BULK CULTURES

When CD4* spleen T cells from normal mice are stimulated with
various polyclonal or antigen-specific reagents, the cytokine pattern that
is produced does not match either the Thl or Th2 pattern, nor any
mixture of these types (N.E. Street, J. H. Schumacher, and T. R.
Mosmann, unpublished). In unseparated spleen cell populations, signifi-
cant levels of IFN-y may be contributed by CD8* lymphocytes, while
CD4* cells produce only small amounts of IL-4, IL-5, or IFN-v, and
express IL-2 at high levels. In other studies, only IL-2 and
IFN-vy could be detected in supernatants from mitogen-stimulated normal
spleen cells (184). It is not clear if these discrepancies are due to
differences in the balance of Thl and Th2 activation in the mouse
colonies, or in the sensitivities of the assays used. The cytokine pattern
could still be explained by Thl and Th2 cells if it were postulated that
IL-4, IL-5, and IFN-vy, but not IL-2, were subject to considerable
negative regulation. In contrast, experiments designed to test the
existence of suppression of cytokine synthesis have shown that IL-2
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synthesis is subject to considerable suppression in normal spleen cell
populations, whereas suppression of IFN-+, IL-4, and IL-5 synthesis was
only seen rarely (N. E. Street, J. H. Schumacher, and T. R. Mosmann,
unpublished). This means that the balance between the cytokines is even
more difficult to reconcile with the Thl and Th2 patterns, and so it
is very unlikely that normal spleen cells consist merely of a mixture of
Thl and Th2 cells, and much more likely that at least one precursor
stage exists, synthesizing IL-2.

B. EvVIDENCE FROM CLONES

The Thl and Th2 cytokine synthesis patterns have been found in
panels of long-term mouse T cell clones in a variety of laboratories.
However, other cytokine secretion patterns exist, especially among short-
term clones in tissue culture (92) (A. Glasebrook, personal communi-
tion; N. E. Street, H. Bass, D. F. Fiorentino, T. A. T. Fong, J. Leverah,
and T. R. Mosmann, unpublished). In particular, clones exist which
synthesize both Thl and Th2 cytokines. We recently followed the cytokine
secretion patterns of a large number of T cell clones at early times after
establishment in tissue culture (e.g., 2-8 weeks) and found that the
distinct Thl and Th2 phenotypes were seen most readily with cells from
mice that had been immunized with antigens that stimulate a strong
Thl or Th2 response zn vivo. T cell clones from mice that had not been
deliberately immunized tended to make lower quantities of cytokines
and showed mixed cytokine patterns, although clear Thl or Th2 clones
could develop in these populations at later times. These experiments
suggest the existence of precursors of Thl and Th2 phenotypes, but do
not yet prove whether the precursors are committed to a particular
phenotype before expressing the mature cytokine secretion phenotype,
or whether a common precursor can be induced to differentiate into
either Thl or Th2 cells. Since both responder and stimulator cells were
obtained from strongly immunized mice, the commitment to Thl or
Th2 phenotypes could have occurred #n vivo or in vitro.

C. CELL-SURFACE ANTIGEN EXPRESSION

Since cell-surface markers have been so useful in separating func-
tionally distinct lymphocyte populations, it is important to consider the
available surface markers on Th cells. Several monoclonal antibodies
(MAbs) have been described that subset mouse, rat, and especially human
CD4* T cells (5,10,11,16,122,191). Some of these MAbs recognize deter-
minants on various isoforms of the CD45 protein (leukocyte common
antigen, T200/B220). The expression of this molecule varies among
lymphocytes, and three introns near the N-terminus are variably
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expressed by alternate splicing (192). Of the eight isoforms theoretically
possible, at least three are expressed by different lymphocytes. Some MAbs
recognize determinants on the nonvariant part of the CD45 polypeptide,
whereas others recognize determinants on one of the three variably
expressed exons. The determinants recognized by the latter group are
collectively referred to as CD45R (i.e., CD45 restricted) determinants,
although this nomenclature does not distinguish between determinants
located on different exons. MAbs 2H4 and HBI11 (122,191) recognize deter-
minants encoded by exon A of human CD45, while OX22 and 16A
recognize exon B of rat and mouse CD45, respectively (5) (K. Bottomly,
personal communication), and UCHLI (10) is expressed reciprocally with
HB11/2H4.

The expression of various CD45R determinants distinguishes func-
tionally different subsets of CD4* T cells in mouse, man, and rat, but
it is not yet determined if these markers distinguish different stages of
cells in the same lineage, different lineages, or, perhaps most likely, a
combination of both possibilities. The human HB11* /2H4t cells lose
expression of the 2H4 determinant after activation (2,32,175,191), and
activated rat and mouse T cells similarly lose expression of the OX22
antigen (147) and the 23G2 epitope (11), respectively. This evidence all
suggests that some CD45R epitopes are lost after activation, and so a
particular CD45 molecule is not expressed uniformly on a particular
lineage of cells.

There are also data that could be interpreted as evidence for the expres-
sion of different epitopes by different lineages of CD4 T cells. Arthur
and Mason (5) showed that IL-2 is produced mainly by the OX22*
subset, while B cell help was mediated by the OX22~ cells. Mouse
CD4" 16AM cells produced I1-2, whereas 16Al° cells produced IL-4 (16).
However, this observation is complicated by the fact that in vitro T cell
clones showed reversed patterns, i.e., IL-4-producing Th2 clones express
higher 16A epitope levels. It is also possible that a particular popula-
tion of cells, e.g., recently stimulated T cells, may contain a dispropor-
tionate amount of either Thl or Th2 cells, depending on the type of
stimulation administered to the animal. In such cases, the subpopula-
tion in question might appear to define either Thl or Th2 cells, although
in reality the subpopulation would be defined by its activation state.

Taken together, the evidence suggests that CD45 epitopes may be both
activation and lineage markers, and that these determinants may only
be useful for defining functional lineages within a carefully defined subset
of CD4* T cells in the same activation state, but not in normal mixed
populations. For example, OX22~ cells may comprise activated
Thl cells as well as nonactivated Th2 cells or their precursors. This raises
the possibility that double-antibody studies using CD45R reagents in
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conjunction with activation markers (e.g., Pgpl) may be able to clearly
define functional subsets. The results of Hayakawa and Hardy (60) are
interesting in this regard, since they have used two MAbs (recognizing
determinants that have not yet been defined) to separate out four sub-
populations of CD4* T cells. Populations I and III expressed cytokines
and functions similar to Thl and Th2 cells, respectively, whereas popula-
tion II had intermediate properties and may be related to the precur-
sors identified in cloning experiments (see above). The extension of this
approach to additional pairs of MAbs may help to resolve the current
rather confusing picture. Several additional MAbs that do not recognize
CD45 determinants (10) may also be useful, although it is possible that
Thl and Th2 cells do not express simple lineage markers that are
uniquely associated with one lineage, such as the CD4 and CD8 markers,
which are such useful lineage markers on helper and cytotoxic T cells.

The Pgpl cell surface marker is expressed on subsets of CD4" and
CD8* T cells. In both cases, the Pgpl ~ cells appear to correspond to
virgin, unstimulated T cells, and the memory cells that have been
previously exposed to antigen are found in the Pgpl™ population (20).
The Pgpl* and Pgpl ~ populations both express similar levels of IL-2
after stimulation, but the Pgpl™ cells express much higher levels of IFN-
v (21). This suggests that the precursors of both CTLs and Thl cells
produce IL-2 but not IFN-v, in accordance with the evidence discussed
above. In preliminary experiments, the Pgplt population is also respon-
sible for the majority of the IL-4 and IL-5 production (R. C. Budd,
J. H. Schumacher, and T. R. Mosmann, unpublished).

D. OT1HER TyYPES OF Th HETEROGENEITY

Several studies of normal T cell function have suggested that
heterogeneity exists in the helper T cell compartment. The T1 and T2
subpopulations (3,4,86,177) probably correspond to precursors and
mature T cells rather than to Thl and Th2 subtypes. T1 cells are short-
lived, as evidenced by rapid disappearance after thymectomy, resistant
to antithymocyte serum administered #n vivo, and include precursors
but not effectors of DTH and B cell help. These may correspond to the
IL-2-producing precursors discussed above and to the Pgpl ~ T cells
described in the preceding paragraph. In contrast, T2 cells are relatively
long-lived, sensitive to antithymocyte antiserum, and include the effec-
tor cells for B cell help. These cells may correspond to a mature effec-
tor population that has previously been exposed to antigen, including
Thl and Th2 cells and also Pgpl* cells.

Limiting dilution experiments showed that two different types of
T helper cell could be defined—those that helped a single cell,
presumably involving cell contact, and those that could help bystander
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cells (72,112,211). These populations are unlikely to be equivalent to Thl
and Th2 cells, since Thl and Th2 can provide both cognate and non-
cognate help to B cells (see above). One or both of the helper types
defined in limiting dilution cultures may be included in the
IL-2-synthesizing precursor cell population, especially since the majority
of T cells that help B cells in limiting dilution cultures synthesize I1L-2
(146). Since we know neither the number of differentiation states that
precede the Thl and Th2 phenotypes nor their ability to provide B cell
help, we cannot yet decide the relationship of the Thl, Th2, and
precursor cell types to the functional types of helper T cells defined in
limiting dilution cultures.

T helper cells have also been subdivided on the basis of the expres-
sion of cell-surface determinants recognized by alloantisera raised against
MHC I region differences (185,186). These two subsets were effective at
different stages of a B cell response, and only the Ia* cells bound to
a nylon-wool column (186). The determinant recognized by the anti-/
region antisera has not been fully characterized, and these populations
are difficult to reconcile with any of the other types of T cell heterogeneity
described above.

E. HyroTHETICAL MODEL OF T' CELL PHENOTYPES

Attempting to bring together some of the evidence in this section,
we propose the model of T cell heterogeneity shown in Fig. 1. Th pre-
cursors (Thp) are Pgpl~, are present in the Tl population, and
synthesize IL-2 but few or no other cytokines. After activation by antigen,
Thp secrete IL-2 and start to differentiate into more mature cells secreting
additional cytokines. Before differentiation into Thl and Th2 cells, the
Th cells progress through a stage (Th0) in which they secrete cytokines
characteristic of both Thl and Th2 cells. There may be other inter-
mediate stages (indicated as “?”) between the Th precursors and the Thl
and Th2 mature phenotypes. If the antigen stimulation is strong and
sustained, the cells are driven to differentiation into the final Thl and
Th2 phenotypes. These mature cells may be analogous to the memory
cells of the B lineage, which are committed to a particular Ig isotype.
We emphasize that the intermediate stages, between Thp and Thl/2
cells, may have functional attributes that are different from either Thl
or Th2 cells, and these possible intermediates may play an important
role in normal immune responses. After an immune response has suc-
cessfully eliminated the foreign organism, the T cells remain Pgpl* and
enter a long-term resting, memory pool. These T cells may or may not
retain their Thl and Th2 phenotypes on subsequent stimulation.

Although this model is able to account for much of the data described
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FiG. 1. Possible relationships of Th subpopulations. The branch point into the Thl
and Th?2 lineages could also occur at an earlier stage than the Tho cell, e.g., the Thp
or earlier. Cells marked “?” indicate that additional differentiation states may exist.
The Thl and Th2 states may represent activated cells, and these phenotypes may or
may not be retained in the memory cell population.

in previous sections, there are obviously several other models that are
still tenable, and we have proposed the model in Fig. 1 as a working
hypothesis to provide a framework for future experiments. In particular,
it is still possible that the Thl and Th2 precursors are precommitted
before exposure to antigen, or that several complex cytokine secretion
patterns exist, controlled by environmental factors as well as the dif-
ferentiation state of the Th cell.

V1. Differential Induction of Thl and Th2

A number of immunogens provoke responses which appear to involve
predominantly one of the two Th subsets. Because it is not yet possible
to clearly assay these subsets #n vivo, virtually all of the evidence for the
involvement of specific subsets is inferred from the nature of the response.
Thus, responses composed largely of DTH, either with very low antibody
production or antibodies mostly of the IgGs, isotype, may be regarded
as Thl-mediated responses. Examples of antigens that appear to stimulate
predominantly Thl responses include fixed Brucella abortus (48) and
many viruses (39). Responses consisting of large antibody responses,
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including significant production of IgE, and weak or absent DTH are
regarded as being mediated by Th2 cells with minimal involvement of
Thl cells. Examples of antigens which can provoke these responses include
goat antimouse IgD and many helminth parasites (49-51). There are
several well-documented examples of antigens or pathogens that induce
either a predominant Thl or a predominant Th2 response, depending
upon the strain of inbred mouse used, including human type IV collagen
(194), human fibrinopeptide B (194), and the protozoan parasite
Leishmanza major (61).

At least two distinct classes of explanation can be envisioned for the
preferential response to certain antigens. One is that Thl and Th2 cells
have at least partially different specificity repertoires. Peterson et al. (143)
have shown in B10.Br mice that the fine specificity of Th cells which
proliferate #n vitro in response to human fibrinopeptide B [presumably
Thl cells (78)] is different than the fine specificity of functional helper
cells responding to this peptide (presumably mostly Th2 cells). These
fine specificity differences may be related to inherently different variable
(V) region repertoire expression in Thl and Th2 cells, or to different
modes of presentation of different antigens, such that the final, selected
repertoires are different. At present, there are few additional data
pertinent to the expression of different repertoires and it will not be
discussed further. The second class of explanation is that the stimuli
required for proliferation and effector function are qualitatively and/or
quantitatively different for the two subsets.

There are at least three different possibilities that need to be con-
sidered in the establishment of a Thl- or Th2-biased response. First,
the bias may be achieved either by selective activation/growth of Thl or
Th2 cells, or by driving the differentiation of uncommitted precursors
to Thl or Th2 phenotypes. Second, the selective activation or regula-
tion may occur at the levels of precursor Th stages rather than at the
“mature” Thl and Th2 cell stages. Third, cross-regulation of Th subsets
(Section VII) may modify the Th populations subsequent to the dif-
ferential activation step.

Considering the possibility that Thl and Th2 cells are induced by
different antigens, one basis for this differential activation could be dif-
ferences in the type of antigen-presenting cell required by each Th subset.
A variety of quite different cell types can process and present antigen,
including B cells (29), macrophages (202), dendritic cells (74),
Langerhans cells (65,73,176), Kupffer cells (165), astrocytes (189), and
endothelial cells (65). With this diversity of APC types, it seems plausible
that some of these cells can preferentially activate one Th subset. Splenic
dendritic cells, for example, have been shown to present antigen to T cells
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that can proliferate n vitro in response to antigen (Thl), but not to func-
tional B cell helpers (Th2), whereas splenic and peritoneal macrophages
can present antigen to both subsets (154). In general, however, attempts
to discern the pattern of such preferences by reinterpreting the existing
literature have given complex answers:

1. Antigen-specific B cells appear to be the principal APCs in murine
lymph nodes (80,100,111,163). Depletion of B cells in vivo by anti-y treat-
ment leads to defects in the priming of T cells that can transfer DTH
(62) and proliferate in vitro (62,80,162,163). Both types of assay suggest
a defect in the generation of Thl cells in B-depleted lymph nodes, and
have been used to support the idea that B cells present preferentially
to Thl cells (78). However, T cells that transfer B cell help are also primed
10- to 40-fold less efficiently in B-depleted lymph nodes (163) and this
population presumably includes many Th2 cells. In contrast, B cell deple-
tion does not seriously affect antigen presentation in the spleen, and
both helper (79,80,162) and DTH (62) T cells can be primed in
B-depleted spleens.

2. Mice expressing a transgene-encoded Ea on most APCs except
for B cells produce normal antibody levels to an E-restricted antigen,
but cannot be primed for in vitro T cell proliferation to the same antigen
(205). However, transgenic mice expressing the Ea on B cells, but not
on some other types of APCs, are defective in the #n vivo priming of
both T cell functions. This suggests that certain types of APCs may
preferentially stimulate Th2 cells, but the patterns of expression of these
transgenes are too complex to draw more specific conclusions.

3. Young SJL mice are defective in the priming of DTH to hepatitis
virus, although they produce normal antibody responses (113,182). This
defect can be corrected by injection of macrophages from older SJL mice,
which have normal DTH responses. The simplest interpretation of these
experiments is that Thl cells are more dependent upon macrophages
than are Th2 cells.

4. The type of Th response of BALB/c mice to infection with L.
major can be radically altered by varying the number of CD4" T cells
present at the time of infection. The response of BALB/c mice to
L. major is almost entirely a Th2 response, but it can be shifted to a Thl
response by depleting most Th cells with anti-L3T4 antibody (61,168).
Similarly, BALB/c nude mice develop resistance (requiring a Thl
response) to L. major if reconstituted with small numbers of T cells prior
to infection, but develop a strong Th2 response to the same infection
if reconstituted with larger numbers of Th cells (119). Thus, the type
of response produced by infection depends in some way on the number
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of Th present, rather than on any obvious difference in antigen presen-
tation. These results may depend more on cross-regulation between Th
subsets (Section VII) than on preferential activation/differentiation. These
apparently contradictory observations suggest that the rules for preferen-
tial stimulation of different Th subsets, or for specific differentiation
of these subsets from a common precursor, may be quite complex.

Janeway has proposed that the density of presented antigen is a critical
factor, with low-density presentation leading to stimulation of the
Th2 subset and high-density presentation being required for stimula-
tion of Thl cells (78). This model is consistent with the observations
that many intracellular pathogens, the antigens of which should be
presented at high density by infected cells, elicit strong Thl responses,
including DTH, IgGy, antibody, in vitro-proliferating T cells, and
IFN-y production. The model also predicts that, for soluble antigens,
antigen-binding B cells will present the appropriate antigen at high
density and preferentially stimulate Thl cells, whereas phagocytic cells
will present much less antigen and preferentially stimulate Th2 cells.
Another factor which may be important in preferential stimulation is
the requirement of Th subsets for factors elaborated by the APCs.
Th2 cells require IL-1 as a cofactor for growth and express IL-1 receptors,
whereas Thl cells do not require IL-1 and do not express detectable IL-1
receptors (58,99,107,190). Thus IL-1-producing APCs should stimulate
Th2 cells better than APCs that do not produce IL-1 (e.g., B cells),
although B cells can stimulate Th2 clones effectively if exogenous IL-1
or macrophages are added to the culture (159). Thus the distinction
between IL-1-producing and -nonproducing APCs may be important
in vivo only when systemic or local IL-1 concentrations are limiting.

VI. Cross-Regulation of Th1 and Th2 Differentiation States

Although IL-2 is the major growth factor for most or all T cell clones,
there are several complexities in the proliferative responses of Thl and
Th2 clones to different cytokines (47,58,99). IL-2 is a strong growth factor
for both types, and IL-4 is able to stimulate growth, to a lesser extent,
at short times after antigen stimulation. At later times, Th2 clones still
respond to both cytokines, while Thl clones respond to IL-2 only,
although IL-2 and IL-4 can still synergize to stimulate Thl growth. IL-1
is required by Th2 but not Thl clones as a costimulant for the induc-
tion of growth factor responsiveness by antigen and APCs.

Several features of immune responses suggest that Thl and Th2 cells
are mutually inhibitory and that at least some of these effects are
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mediated by soluble cytokines. This inhibition may operate at the levels
of effector function, cytokine synthesis, and proliferation. Thl effector
function and IL-2 and IFN-v synthesis are inhibited during a strong
Th2 response (T. A. T. Fong, N. E. Street, and T. R. Mosmann, unpub-
lished). In addition to the different requirements for stimulation of pro-
liferation, Thl and Th2 clones exhibit different responses to inhibitory
cytokines. IFN-vy inhibits the growth of Th2 but not Thl clones in
response to either IL-2 or IL-4. A Th2-derived inhibitor of Thl pro-
liferation can be inferred from the experiments described in Ref. 67,
using recent information to reinterpret some of the results.

Since there were several lines of evidence suggesting Th2 inhibition
of Thl function, we have recently examined Th2 supernatants for
inhibitory cytokines effective on Thl cells, and we have partially purified
a cytokine that inhibits the synthesis of cytokines by Thl clones (D. F.
Fiorentino, M. W. Bond, and T. R. Mosmann, unpublished). This
cytokine synthesis inhibitory factor (CSIF) is distinct from interleukins
1 through 7, IFN-y, GM-CSF, and TGFf, and may represent a novel
cytokine that is involved in the mutual inhibition of Thl and Th2 cells.
This cytokine may also be important for the B cell helper function of
Thl clones. As described above, Thl clones are often poor B cell helpers
unless the quantities of various cytokines are adjusted to optimal levels.
It is possible that the Th2-derived CSIF may effect this change in mixed
populations of cells, so that most Thl cells would be excellent helpers
in the presence of even a small Th2 response but would not help effec-
tively in the absence of Th2 activation. This might explain the puzzling
discrepancy between the effective help provided by some Thl clones
in vitro, contrasted with the inhibition of antibody production seen in
the presence of a strong DTH (presumably Thl) response (89). The
various cytokine contributions to Thl and Th2 growth and function are
diagrammed in Fig. 2.

Although the cytokine cross-inhibitory effects may account for the
reciprocal regulation of Thl and Th2 cells in strong immune responses,
this does not explain how the immune system is returned to a state of
balance after the infection is resolved. The regulatory properties of certain
isotypes of antibody may be related to the restoration of balance
(38,149,150,128a). IgG,, antibodies, expected to be produced during a
preferentially Thl response, lead to inhibition of DTH reactions and
enhancement of antibody production, whereas IgG; antibodies,
expected to be more abundant during a Th2 response, have the opposite
effects. Thus the cytokine effects, which should occur within hours of
the infection and persist only until antigen is removed, result in enhance-
ment of like responses and inhibition of unlike responses. In contrast,
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FiG. 2. Interregulation of Thl and Th2 cells. Solid arrows indicate positive effects
(e.g., enhancement of proliferation), and stippled arrows indicate negative effects.
Left, Thl response; right, Th2 response.

antibody effects would be expected to occur later, when antibody levels
rise a few days after the response is initiated, and would tend to counteract
the bias imposed by the cytokines.

It is also intriguing to speculate on the role of CTLs in this process.
Since CTLs produce the Thl cytokine pattern, activation of CTLs would
be expected to influence the overall balance of a response in favor of
Thl cells, with corresponding effects on antibody synthesis. We have
proposed (126) that early activation of CTLs during viral infection may
result in a preferential Thl helper cell response, which could explain
the tendency of viral immune responses to produce more IgGg, than
IgG; when compared to protein antigen responses (39).

An extra layer of complexity is added by the realization that there
are probably other types of Th cells in addition to Thl and Th2, and
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that these precursor cell stages may have different responses to the
regulatory agents described here. Regulation may influence both the
function and proliferation of the precursors, as well as affecting their
differentiation into Thl and Th2 cells.

Viil. Contributions of Th1 and Th2 to immune Responses

During an immune response that involves Thl but not Th2 cells
(Fig. 3A), several predictions can be made about effector functions. DTH
should be strongly induced, but B cell activation would probably not
occur due to the inhibitory effects of an excess of IFN-y and LT pro-
duced in an overwhelming Thl response without Th2 involvement.
Macrophage functions would be strongly induced by IFN-y, LT, and
GM-CSF, and so intracellular parasites would be effectively killed. If
a strong Thl response was accompanied by a moderate Th2 response
(Fig. 3B), several features might change. The dilution of the Thl
cytokines, the positive effects of IL-4, IL-5, and IL-6, and the modify-
ing effects of Th2-derived CSIF (see above) may all combine to render
the Thl cells effective B cell helpers, leading to good antibody produc-
tion with a bias toward IgGg, (because of IFN-y production). DTH may
be inhibited by the Th2 cells, by CSIF, or by other mechanisms. In
general, the activation of Thl cells leads to several effector functions
causing cytotoxicity (Fig. 4), and so Thl activation may be most
appropriate for dealing with intracellular parasites such as viruses and
intracellular bacteria and protozoans.

A strong Th2 response accompanied by a moderate Thl response
(Fig. 3C) would be expected to lead to strong antibody production,
because of IL-4, IL-5, and IL-6 production, with a possible bias away
from IgGg, toward IgG,;, induced by IL-4. IgE should not be promi-
nent, since IFN-y would still be present. DTH should be weak or absent,
since Th2 cells appear to inhibit this Thl function. Finally, in a strong
Th2 response without Thl activation (Fig. 3D), high antibody levels
would be expected, with no detectable DTH. In particular, IgE would
be expected in the presence of high levels of IL-4 and the absence of
IFN-vy. High IL-5 levels may result in eosinophilia and macrophage func-
tion may be partially activated by IL-4, but not to the same extent as
during a Thl response. Mast cells may also be expanded by the actions
of IL-3 and IL-4, and so the Th2 response would induce several features
of an allergic response, including IgE and the cells that use IgE as a
surface receptor to recognize antigens (Fig. 5).

Because CTLs produce the Thl set of cytokines, any response that
involves strong CTL activation should give a strong selective advantage
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high and low cytokine secretion levels, respectively. A, high Th1l response; B, high Thi, low Th2 response;
C. low Thl, high Th2 response; D, high Th2 response.
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to the activation and growth of Thl helpers. As a result, we would expect
that CTL responses would be preferentially associated with Thl responses
and that a pure Th2 response, with high IgE levels, would not involve
CTL activation. This model also leads to the interesting prediction that
Thl and CTLs may have similar regulatory properties, especially with
regard to their susceptibility to Th2-derived inhibitors such as CSIF.

In addition to the involvement of Thl and Th2 cells in normal
responses, it is very likely that the precursors described in Fig. 1 are also
functional. The very early precursor, Thp, may correspond to the T1 cell
that is not immediately functional (3), but intermediate stages, such
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as the proposed ThO cell, may produce high cytokine levels and have
good functional capabilities. Some suggestion of this comes from limiting
dilution studies of B cell helpers, in which most of the early helpers pro-
duced IL-2 (146). These may correspond to an IL-2-, IL-4-, and
IL-5-secreting cell that is quite common early in T cell cloning
experiments. In addition to strong helper function, this cell might also
strongly enhance T cell growth, because of the production of two T cell
growth factors but no inhibitor. This cell would be useful early in an
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immune response, when vigorous clonal expansion is necessary, whereas
more tightly regulated functions are required later in the response.

Normal, short-term responses may be very complex, since the final
Th effector function will be a composite of the functions of Thl, Th2,
and various precursors. In general, they may fall into categories B and C
(Fig. 3). With our present level of understanding, the extreme responses
(A and D, Fig. 3) often seen against various chronic parasite infections
or infestations may be more easily interpreted. Similarly, certain adjuvants
may have chronic effects that eventually result in simple, extreme
responses. It is possible that only a long-term response will drive dif-
ferentiation far enough so that the complete cross-regulation of Thl and
Th2 can occur, and severely biased Thl and Th2 responses can be
obtained. In addition to the parasite responses described below, adjuvants
such as Freund’s complete adjuvant (FCA) and Brucella abortus (BA)
tend to result in antibody responses biased toward IgG,,, and sometimes
DTH, while IgE is not induced. In contrast, alum/Bordetella pertussis
(ABP) immunizations tend to produce high IgE levels. Interactions
between adjuvants are complex, depending on the timing of administra-
tion of the two agents (77), which could be explained by the opposing
effects of cytokine and antibody regulatory effects (Section VT).

The infestation of rodents with the intestinal helminth Néppostrongylus
brasiliensis (Nb) provokes the three responses that are characteristic of
the mammalian response to many metazoan parasites: eosinophilia, mast
cell hyperplasia in mucosal tissues, and substantially increased IgE levels
(7,23,82,83). All three responses are T cell dependent and are largely
absent in nude or T-depleted mice (81,88,115,118,166). This pattern of
responses suggests a strong preferential Th2 response with minimum
involvement of Thl cytokines, especially IFN-y. The findings that the
IgE response to Nb can be completely inhibited by anti-IL-4 (49) and
that blood and tissue eosinophilia can be totally inhibited by anti-IL-5
(37a) provide strong support for this interpretation. Each cytokine én vivo
mediates the specific functions suggested by its in vitro activities, and
anti-IL-4 causes no inhibition of eosinophilia, nor does anti-IL-5 inhibit
IgE production. Thus, these two responses appear to be coordinately
regulated by the same Th subset but by two different subset-specific
cytokines. Further support for the role of Thl and Th2 cytokine pat-
terns in this response comes from studies in which the ability of T cells
to synthesize IL-4 and IL-5 was greatly enhanced in spleen and mesenteric
lymph nodes from Nb-infested mice, while IL-2 and IFN-v syntheses
were suppressed (N. E. Street and T. R. Mosmann, unpublished).

The infection of mice with the intracellular protozoan parasite
L. major provides the clearest example of the different consequences
of a Thl or a Th2 response to a pathogen. Infection of a susceptible
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mouse strain such as BALB/c with L. major induces a strong antibody
response with little or no DTH to L. major antigens (68). This response
exerts little effective control of parasite growth and the infection soon
spreads beyond the initial lesion with fatal consequences. Several types
of evidence support the interpretation that Th2 cells are preferentially
activated in BALB/c mice. Lymphoid organs from infected mice have
significant levels of IL-4 mRNA but no detectable IFN-y mRNA, and
these mice have marked elevations in serum IgE, which can be abrogated
by treatment of the mice with anti-IL-4 antibodies (61). In addition,
enhanced susceptibility can be transferred to these mice by an L. major-
specific Th clone (174). The response of resistant strains, such as C57BL/6
and C3H, presents a sharp contrast. This response is characterized by
strong DTH, little or no antibody production and strong IFN-y produc-
tion (68,168,169). These mice develop a localized lesion which heals rapidly
and they are immune to reinfection. Such mice have low serum IgE levels
(61) and substantial amounts of IFN-y mRNA but undetectable IL-4
mRNA in their spleens and lymph nodes (61,168), and their T cells
generate large amounts of IFN-y when challenged with antigen #n witro
(169). IFN-y appears to be the most significant component of this response
and has been shown to activate macrophage killing of Leishmania in vitro
(129,183). Transfer of L. major-specific Thl clones into infected BALB/c
mice confers complete resistance to the infection (174).

These two very different responses closely resemble two forms of
leishmaniasis in man. Visceral leishmaniasis (kala-azar) is characterized
by rapidly disseminating and ultimately fatal disease, high antibody levels,
little or no DTH, and defective IFN-y and IL-2 production in response
to antigen #n wvitro (25,167). In contrast, patients with cutaneous
leishmaniasis or even normal individuals in endemic areas have strong
DTH but minimal antibody to Leishmania antigens, and produce signifi-
cant IL-2 and IFN-y levels zn vitro (25,167). Thus, the type of Th response
which predominates in response to Lezshmania infection can have pro-
found consequences for the outcome of the disease.

IX. Human Helper T Cell Subsets

In spite of the clear dichotomy of mouse Thl and Th2 clones, and
the accumulating evidence for their involvement in normal immune
responses, human T cells do not appear to segregate into two clear
subsets. Many human T cell clones secrete both Thl and Th2 cytokines
(110,139), although Thl and Th2 clones can be found (110,201). Recent
evidence (described above) that precursor stages exist for mouse T cells,
secreting both Thl and Th2 cytokines, suggests that the two species may
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be more similar than was first thought, if it is suggested that mouse clones
in vitro tend to differentiate into either Thl or Th2 clones, whereas
human T cell clones tend to be more stable as the earlier, mixed cytokine
secretion phenotype. Another reason for proposing that the two species
are quite similar is that the cytokine functions are very similar in mouse
and human immune systems. Further evidence for Thl-like and Th2-like
functions in humans is obtained from immune responses to parasites,
which often exhibit properties similar to those seen in the mouse responses
in which Thl and Th2 cells have been implicated, and from general
features of the immune system, such as the tendency for DTH and IgE
responses to be mutually exclusive. In the future, improvements in sub-
setting techniques for mouse and human Th cells, and the ability to
assess cytokine production by single cells, may help to resolve the apparent
species differences.
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I. Introduction

Cellular adhesion and recognition mechanisms are among the most
basic requirements for the evolution of multicellular organisms. During
the development of an embryo, cellular adhesion proteins can impart
position-specific information which guides cell migration, localization,
and the transfer of information between cells. As cells are triggered to
differentiate to form tissues or organs, adhesion proteins help to main-
tain the organization and integrity of the body. The immune system is
composed of a network of cells in which cellular recognition mechanisms
have been highly specialized. The function of the immune system is to
distinguish self from nonself and to eliminate the latter. Two major protein
families, the integrin family and the immunoglobulin superfamily, have
evolved to guide cell-extracellular matrix and cell-cell interactions for
both developmental processes and immune function. The immuno-
globulin superfamily, which includes the polymorphic antigen-specific
receptors of lymphocytes, has recently been reviewed (Williams and
Barclay, 1988). This review will focus on the molecular biology of the
leukocyte integrins, LFA-1, Mac-1, and pl50,95, and on their role in
mediating inflammation.

Three recent developments have underscored the importance of the
leukocyte integrins as adhesion receptors of the immune system: (1) The
recognition that the leukocyte integrins are evolutionarily related to other
integrins, such as the fibronectin receptor and platelet glycoprotein
IIb/111a, which guide cell localization during embryogenesis and wound
healing; the leukocyte integrins provide a similar mechanism in the
immune system for guiding leukocyte localization during inflammation.
(2) Identification of intercellular adhesion molecule-1 (ICAM-1), a ligand
for LFA-1, which is induced during inflammation and may regulate
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leukocyte migration and localization; this receptor-ligand pair
demonstrates the first known interaction between a member of the
integrin family (LFA-1) and a member of the immunoglobulin super-
family (ICAM-1). (3) Discovery and characterization of immunodeficiency
patients who are genetically deficient in their expression of the leukocyte
integrins; leukocytes from these patients fail to mobilize during inflam-
mation, and as a consequence these patients suffer from recurrent life-
threatening bacterial and fungal infections.

A. NOMENCLATURE

LFA-1 is an acronym for lymphocyte function-associated antigen-1.
Mac-1 is an abbreviation for macrophage antigen-1 and is also called
Mo-1, OKM-1, and complement receptor type-3 (CR3). In some reports
pl150,95 is called complement receptor type-4 (CR4) and Leu M5. The
Third International Workshop on Human Leukocyte Differentiation
Antigens (McMichael, 1987) has designated the o subunits of LFA-1,
Mac-1, and pl50,95 to be CDlla, b, and c, respectively, and the common
B subunit to be CDIS.

The LFA-1, Mac-1, and pl50,95 family has been called the LFA-1
family, leukocyte adhesion proteins, LeuCAM, and the leukocyte
integrins. The homology of this family to other integrin receptors makes
the latter name preferable.

B. INITIAL CHARAGCTERIZATION OF LFA-1, Mac-1, anD p150,95

Mac-1 was first defined by monoclonal antibodies (M Abs) as a marker
for myeloid cells (Springer et al., 1979). In contrast, LFA-1 was iden-
tified independent of Mac-1 by screening MAbs for the ability to inhibit
cytotoxic T lymphocyte (CTL)-mediated killing of tumor cell targets
(Davignon et al., 1981a). Further analysis showed that the LFA-1 MAbs
prevent the Mg?* -dependent conjugate formation step, rather than the
actual killing event (Davignon et al., 1981b). Mac-1 and LFA-1 antigens
are both high-molecular-weight o8 heterodimers (Kiirzinger et al., 1981).
Detailed immunochemical and physiochemical comparison of the two
antigens showed that the o subunits of LFA-1 and Mac-1 are unique,
but that the 8 subunit is identical in both proteins (Trowbridge and
Omary, 1981; Kiirzinger and Springer, 1982; Sanchez-Madrid et al.,
1983b). The remarkable structural similarity of LFA-1 and Mac-1 led
to the hypothesis that Mac-1 would also function in adhesion. A func-
tion for Mac-1 was discovered when Mac-1 MAbs were found to inhibit
Mg?+-dependent binding of the C3bi fragment of complement by
mouse and human myeloid cells, thus defining Mac-1 as the comple-
ment receptor type-3 (CR3) (Beller et al., 1982; Wright et al., 1983).
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Analysis with a §-subunit-specific MAD led to the identification of a
third heterodimeric protein, p150,95, which shares the common 3 subunit
(Sanchez-Madrid et al., 1983b).

Expression of all three leukocyte integrins is restricted to immune cells.
LFA-1 is expressed by virtually all immune cells (Kiirzinger and Springer,
1982; Krensky et al., 1983), with the exception of some tissue
macrophages (Kiirzinger et al., 1981; Strassmann et al., 1985). Mac-1
has a more limited distribution (Springer and Unkeless, 1984); it is found
on monocytes, macrophages, granulocytes, large granular lymphocytes,
and immature and CD5* B cells (de la Hera et al., 1988). The pl50,95
protein has a similar distribution to Mac-1, although it is also expressed
on some activated lymphocytes and is a marker for hairy-cell leukemia
(Schwarting et al., 1985; Miller et al., 1986).

C. LEUKOCYTE ADHESION DEFICIENCY (LAD) DISEASE

Since 1974, a number of investigators have identified a class of
immunodeficient patients who suffer from recurrent, life-threatening
bacterial and fungal infections and who have neutrophils deficient in
chemotaxis and phagocytosis (Anderson and Springer, 1987; Todd and
Freyer, 1988; Fischer et al., 1988; Anderson et al., 1988; Kishimoto and
Springer, 1988). Infected, necrotic lesions in these patients contain few
leukocytes, despite the observation that these patients have chronic
leukocytosis. One of the earliest reports described a possible actin dysfunc-
tion (Boxer et al., 1974)." However, Crowley et al. (1980) showed that
neutrophils from these patients were deficient in a high-molecular-weight
surface protein. They further proposed that defects in chemotaxis and
phagocytosis were secondary to a defect in adhesion. In 1984, several
groups used MAbs to demonstrate that the missing glycoprotein was
actually the LFA-1, Mac-1, and p150,95 complex (Anderson et al., 1984;
Springer et al., 1984; Beatty et al., 1984; Dana et al., 1984). In every
case studied, expression of all three leukocyte integrins was found to be
deficient. More recently, we have shown that LAD is due to heterogenous
defects in the common § subunit (Kishimoto et al., 1987b). Although
LAD is a rare disease, the analysis of this disease has greatly increased
our understanding of the biology of the leukocyte integrins and their
role in inflammatory responses.

D. LFA-1, Mac-1, aAND pl50,95 ARE MEMBERS
OF THE INTEGRIN FAMILY

LFA-1, Mac-1, and pl50,95 are evolutionarily related to the integrin
receptors that mediate cell adhesion to the extracellular matrix during
development and wound healing (Fig. 1). There are three subfamilies
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of integrins, each defined by a common g subunit which shares multi-
ple distinct o subunits (Hynes, 1987; Kishimoto et al., 1987a; Ruoslahti
and Pierschbacher, 1987). The three 8 subunits are designated 1, 32,
and 3. The 81 and 3 subfamilies include receptors for extracellular
matrix (ECM) components. The (81 subunit is shared by at least six VLA
antigens (VLA-1-VLA-6) (Hemler, 1988), which include the fibronec-
tin receptor (VLA-5). VLA-3 has fibronectin and laminin-binding
activity, while VLA-2 has recently been shown to be identical to platelet
glycoprotein Ialla, a collagen-binding receptor. The $2 subunit is shared
by the leukocyte integrins, LFA-1, Mac-1, and p150,95. The (33 subunit
is shared by the vitronectin receptor and platelet glycoprotein IIbIIIa.

The integrin family is ancient in origin. Homologous structures, termed
position-specific (PS) antigens, have been implicated in guiding
Drosophila development (Bogaert et al., 1987; Wilcox and Leptin, 1985).
The structure, function, and primary sequence of the integrins have
been highly conserved in evolution. The integrins involved in cell
matrix interactions recognize a sequence, Arg-Gly-Asp (RGD), which
is embedded in numerous, unrelated matrix components (Ruoslahti and
Pierschbacher, 1987). The ECM receptor integrins can show exquisite
specificity for one matrix component or broad reactivity to multiple
ligands. The leukocyte integrins are the first integrins known to mediate
cell-cell interactions. The name integrin denotes that these are mem-
brane receptors that integrate the extracellular environment (extracellular
matrix or other cells) with the intracellular cytoskeletal network. The
evolutionary and functional significance of LFA-1, Mac-1, and pl150,95
as integrin proteins will be discussed.

tl. Structural Features of the Leukocyte Integrins

A. Basic STRUCTURE

The leukocyte integrins are «;B3;, heterodimers (Kiirzinger and
Springer, 1982), in which the o subunit is noncovalently associated with
the 8 subunit. The o subunits of LFA-1, Mac-1, and p150,95 are 180,000,
170,000, and 150,000 Da, respectively. The « subunits have been shown
to be distinct by MAD reactivity, antigen-preclearing studies, and tryptic
peptide mapping. In contrast, the 8 subunit, M, = 95,000, has been
shown to be identical in all three proteins by the same criteria (Trowbridge
and Omary, 1981; Kiirzinger and Springer, 1982; Sanchez-Madrid et al.,
1983b). Deglycosylation of the LFA-1, Mac-1, and p150,95 « subunits
and the common § subunit reveal polypeptide backbones of 149,000,
137,000, 132,000, and 78,000 Da, respectively (Miller and Springer, 1987;
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Kishimoto et al., 1987b; Sastre et al., 1986). Heterogeneity in the
glycosylation of LFA-1 has been reported. N-Linked oligosaccharides
of LFA-1 on T cells but not B cells or macrophages are sulfated (Dahms
and Hart, 1985). Moreover, sialyation patterns of LFA-1 on B and T cells
differ, with LFA-1 on B cells being more acidic (Takeda, 1987). Finally,
only a subset of leukocyte integrins on neutrophils contain a lacto-N-
fucopentaose II oligosaccharide moiety (Skubitz and Snook, 1987). The
functional significance of this heterogeneity is unknown.

B. BIOSYNTHESIS

The « subunits of LFA-1, Mac-1, and pl150,95 and the common 3
subunit are synthesized as distinct precursors of 165,000, 160,000,
146,000, and 89,000 Da, respectively (Sanchez-Madrid et al., 1983b;
Sastre et al., 1986; Miller and Springer, 1987). The newly synthesized
precursors contain high-mannose N-linked oligosaccharides (Sastre et al.,
1986). Association of the o subunit precursor and the 8 subunit precur-
sor is required for further processing to complex-type N-linked oligo-
saccharides (Ho and Springer, 1983; Springer et al., 1984). This
oligosaccharide modification occurs in the Golgi apparatus (Kornfeld
and Kornfeld, 1985) and is evident by a decrease in the electrophoretic
mobility of the mature polypeptide and resistance to endoglycosidase
H digestion. The mature proteins are then transported to the cell surface
or, in some cases, to intracellular granules (Todd ez al., 1984; Miller
et al., 1987; Bainton et al., 1987).

C. PRIMARY STRUCTURE

1. B Subunit Structure

a. 8 Subunit cDNA. The cDNA encoding the common § subunit
was isolated and characterized by us (Kishimoto et al., 1987a) and
independently by Law et al. (1987). The deduced 769-amino acid
sequence (Fig. 2) has the characteristic features of an integral mem-
brane protein, with a 677-amino acid extracellular domain containing
six potential N-glycosylation sites, a 23-amino acid transmembrane
domain, and a 46-amino acid cytoplasmic domain. A striking feature
of the 8 subunit is the high cysteine content (7.4%, overall). A cysteine-
rich (20%) region of 186-amino acid contains a fourfold repeat of an
unusual cysteine motif. The high cysteine content is predicted to give
the B subunit a very rigid tertiary structure.

Northern blot analysis, Southern blot analysis, and peptide sequence
data from the 3 subunit isolated independently from purified LFA-1,
Mac-1, and pl50,95 confirm immunochemical evidence that a single
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FIG. 2. Schematic representation of primary structure of the LFA-1, Mac-1, and
p150,95 o subunits and common § subunit. Black lollipops and circles represent N-linked
glycosylation and cysteines, respectively.

gene encodes the 3 subunit of all three leukocyte integrins (Kishimoto
et al., 1987a).

b. Homology to Other Integrin 3 Subunits. The three 3 subunits,
which define the three integrin subfamilies, share 37-45% amino acid
identity, with particularly high conservation of the cytoplasmic domain,
the transmembrane domain, and a stretch of 241 amino acids in the
extracellular domain (70, 47, and 64%, respectively) (Tamkun et al.,
1986; Kishimoto et al., 1987a; Law et al., 1987; Fitzgerald et al., 1987).
All 56 cysteine residues are conserved in each of the three 8 subunits,
including the fourfold repeat of the unusual cysteine motif, first described
for the chick (1 subunit (Tamkun et al., 1986). This high cysteine content
probably gives the 8 subunits similar tertiary structures and may account
for the observed differences in mobility in reducing versus nonreducing
gels (Leptin, 1986; Ruoslahti and Pierschbacher, 1987). Interestingly,
Bl (Tamkun et al., 1986) and 33 (Fitzgerald et al., 1987) have a con-
sensus tyrosine phosphorylation sequence in the cytoplasmic domain,
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which is not found in the leukocyte 32 subunit (Kishimoto et al., 1987a;
Law et al., 1987).

2. o Subunit Structures

a. a Subunit cDNAs. cDNAs encoding the o subunits of pl50,95
(Corbi et al., 1987), Mac-1 (Corbi et al., 1988b; Pytela, 1988; Arnaout
et al., 1988), and more recently LFA-1 (Larson et al., 1989) have been
cloned and characterized. The deduced amino acid sequences (Fig. 2)
define homologous integral membrane proteins with a long extracellular
domain (aX, 1081 amino acids; oM, 1092 amino acids; oL, 1063 amino
acids), a hydrophobic transmembrane domain (aX, 26 amino acids;
oM, 26 amino acids; L, 29 amino acids), and a short cytoplasmic
domain (@X, 29 amino acids; M, 19 amino acids; oL, 53 amino acids).
Although the polypeptide backbones are of similar size, the differences
in apparent molecular weight of the mature polypeptides may be due,
in part, to differences in the number of potential N-glycosylation sites
(aX, 10 potential sites; oM, 19 potential sites; oL, 12 potential sites).

A striking feature of the « subunits is that each contains three
homologous repeats that have putative divalent cation-binding sites which
are similar to the Ca2?t-binding “EF-hand loop” sequences of
calmodulin, troponin C, and parvalbumin. These putative metal-binding
sites may account for the Mg2?* dependency of leukocyte integrin-
mediated adhesion. The concept that exogenous divalent cations stabilize
the interaction of integrin o and 8 chains (Jennings and Phillips, 1982)
has been used in the immunopurification of leukocyte integrins in func-
tional form (Dustin and Springer, 1989; S. A. Stacker, M. S. Diamond,
and T. A. Springer, unpublished). The stabilizing effect of Mg?* and
Ca?™ on leukocyte integrins is the most direct evidence for binding of
divalent cations by these heterodimers.

The Mac-1 and pl50,95 o subunits share 63% amino acid identity
with each other but only 359% identity with the LFA-1 o subunit. The
transmembrane domain and the three homologous repeats containing
putative divalent cation-binding sites are the most highly conserved
regions (88 and 87% amino acid identity, respectively, between Mac-1
and pl50,95).

b. Homology to the Extracellular Matrix Receptor Integrins. The a
subunits of the three subfamilies of integrins share 25-63% amino acid
identity (Corbi et al., 1987, 1988b; Pytela, 1988; Arnaout ef al., 1988;
Larson et al., 1989; Argraves et al., 1987b; Poncz et al., 1987; Suzuki
et al., 1987). The evolutionary relationships among integrin « subunits
can be assessed by percent amino acid sequence identity (Fig. 3). The
integrins may be divided into two functional groups, those which bind
extracellular matrix ligands (ECM receptors) and those involved in cell-cell
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FiG. 3. Evolutionary relationship of integrin o« subunits. A pathway of evolution
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interactions and expressed on leukocytes (the leukocyte integrins). The
ECM receptor integrins utilize both 81 and 33 subunits whereas the
leukocyte integrins use the 2 subunit. The « subunits of the leukocyte
integrins are more similar to each other (x = 47% identity) than to those
of the ECM receptor integrins (8 = 279%, identity). Moreover, the ECM
receptor integrin « subunits are more related to one another (X = 42%
identity) than to the leukocyte integrins. The « subunits of the ECM
integrins, VLA-3, VLA-5 (fibronectin receptor), vitronectin receptor,
and glycoprotein IIb/Illa (gplIlb/IIla) share a sequence in the
extracellular domain which is posttranslationally cleaved, with resulting
fragments bridged by a disulfide bond (Ruoslahti and Pierschbacher,
1987). This sequence is not found in the « subunits of leukocyte integrins
(Corbi et al., 1987, 1988b; Pytela, 1988; Arnaout et al., 1988; Larson
et al., 1989). This explains the increased electrophoretic mobility in
reducing gels observed for the « subunits of the ECM receptor integrins
but not the leukocyte integrins (Ruoslahti and Pierschbacher, 1987). The
regions of highest conservation are the transmembrane domain and the
putative metal-binding domains. Like leukocyte integrins, the ECM
receptor integrins are dependent upon divalent cations for activity;
however, the metal specificity is for Ca%*, Mg2?*, or Mn?*. Radioactive
calcium has been shown to bind directly to the o subunit of gpIlb/IIIa
(Fujimura and Phillips, 1983) and the fibronectin receptor (Gailit and
Ruoslahti, 1988).

¢. I Domain. All three leukocyte integrin « subunits have a 200-amino
acid segment in the extracellular domain which has a counterpart in
only one of five known ECM receptor integrin a subunit sequences
(Takada and Hemler, 1989). This domain, termed the I domain for
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inserted/interactive domain, is homologous to the three A domains of
von Willebrand factor (vWF), to a domain in the complement cascade
proteins C2 and factor B, and to two domains in the cartilage matrix
protein (CMP) (Corbi et al., 1988b; Arnaout et al., 1988; Larson et al.,
1989; Pytela, 1988).

The relationships among the o subunits suggest the evolutionary scheme
depicted in Fig. 3. A primordial « integrin gene duplicated and gave
rise to at least two branches of integrin o subunits, the leukocyte integrins
and the ECM receptor integrins. The primordial leukocyte integrin o
subunit gene, containing an I domain, then duplicated and gave rise to
LFA-1 and Mac-1/pl50,95 primordial & subunit genes. Further duplica-
tion of the Mac-1/pl50,95 primordial gene gave rise to the Mac-1 and
p150,95 o subunits.

d. Expression. As a first step to uncover the structural basis for the
adhesive activities displayed by LFA-1, Mac-1, and p150,95, their cor-
responding cDNAs (o« and § subunits) have been inserted in the vector
CDMS8 (Seed, 1987) to obtain transient expression of the three hetero-
dimers. After DEAE-dextran mediated cotransfection of & and 8 cDNA,
LFA-1, Mac-1, and p150,95 a/3 complexes have been detected on the
surface of COS cells by immunofluorescence (Larson et al., 1990).
Immunoprecipitation studies have demonstrated that the o and 8
subunits of LFA-1, Mac-1, and pl50,95 are noncovalently associated.
Moreover, the LFA-1 and Mac-1 heterodimers expressed by the transfected
cells were functional. COS cells expressing LFA-1 bound to purified
ICAM-1 absorbed to plastic, and this binding was inhibited by anti-LFA-1,
anti-ICAM-1, and EDTA (R. S. Larson and T. A. Springer, unpublished).
COS cells expressing Mac-1 specifically bound to erythrocytes sensitized
with human or mouse C3bi, and this was inhibited with anti-Mac-la
OKMI10 MAD and anti-3 60.3 MAb (A. L. Corbi and T. A. Springer,
unpublished).

D. RELATION OF STRUCTURE TO LIGAND BINDING

The three-dimensional structure of the leukocyte integrins and the
individual contributions of the o and 3 subunits to ligand binding remain
to be determined. The ECM receptor integrins recognize the RGD
sequence and related sequences such as KQAGD within their ligands
(Ruoslahti and Pierschbacher, 1986; Ruggeri et al., 1986). Because the
integrins within a given subfamily share the same 8 subunit but have
distinct ligand-binding specificity, it seems reasonable to propose that the
o subunits impart this specificity. The a subunits may influence recognition
by changing the conformation of the 8 subunit to recognize different con-
formations of the RGD sequence present in different matrix proteins, or
by binding to further sites on the matrix protein. Complementation
studies with fragments of fibronectin suggest that a second site distinct
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from RGD is required for binding to the fibronectin receptor (Obara
et al., 1988).

Chemical cross-linking studies show that although radiolabeled RGDS
tetrapeptide binds predominately to a highly conserved region of the
8 subunit of gplIb/IIla, there is significant labeling of the « subunit
as well (D’Souza et al., 1988). The RGD binding site of the 8 subunit
maps to the N-terminal portion of a highly conserved 241-amino acid
segment of the extracellular domain. The RGD binding site of the «
subunit has not been determined. One model is that divalent cations
held in the metal-binding domains of the o subunits may help to stabilize
interaction with the RGD sequence (Corbi et al., 1987). X-Ray
crystallography of the Ca2* -binding EF-hand loops shows that amino
acids with oxygen-containing side groups form the coordination axes
for ligating the metal (Szebenyi et al., 1981). The putative metal-binding
domains of all integrins differ from these classical EF-hand loops in that
a glutamic acid in the -Z position of the coordination axes is missing
from the former. This may leave the metal free to coordinate in the -Z
position with a residue on the ligand. It is tempting to speculate that
the metal bound to the receptor may coordinate with the aspartic acid
(D) of the RGD recognition sequence. This sequence appears suited for
metal binding because GD and DG sequences appear frequently both
in the EF-hand loop and in the metal-binding domains of the integrins.

The I domain appears as a functional unit in diverse proteins. The
Al domain of vWF binds glycoprotein Ib and heparin, while both Al
and A% domains are involved in binding collagen (Girma et al., 1987).
Partial sequence data from the cartilage matrix protein reveals two I
domainlike repeats separated by an epidermal growth factorlike sequence
(Argraves et al., 1987a). The I domainlike region in factor B and C2
is clearly demarcated on the N-terminal side by the cleavage site that
gives the active Bb factor, and on the C-terminal side by the serine pro-
tease domain (Bently, 1986). Interestingly, both factor B and the
homologous protein C2 bind C3b, whereas Mac-1 and p150,95 are recep-
tors for the C3bi fragment of C3. It is tempting to speculate that the
I domains of Mac-1 and p150,95 contribute to this specificity. The ECM
integrins which recognize RGD do not contain I domains. The I domain
may impart distinctive and additional recognition specificities to
leukocyte integrins.

Ill. Chromosomal Localization

A. 8 SuBUNIT GENE ON CHROMOSOME 21

The gene encoding the common B subunit was first mapped to
chromosome 21 by gene complementation in somatic cell hybrids (Marlin
et al., 1986; Suomalainen et al., 1983; Akao et al., 1987). With the



160 TAKASHI K. KISHIMOTO ET AL.

availability of the 3 subunit cDNA, the gene has been further localized
to band 21q22 by #n situ hybridization to metaphase chromosomes (Corbi
et al., 1988a). More recently, the 8 subunit has been shown to be the
most distal marker known on the long arm of chromosome 21 (21q22.3)
by hybridization to a panel of chromosome 21 deletion mutants and
linkage of restriction fragment length polymorphisms (Gardner et al.,
1988). The 8 subunit gene may be a very useful marker for analysis of
trisomy 21 in Down’s syndrome. In addition, band 21q22 has been iden-
tified as a breakpoint in chromosomal translocations [t(3;21)(q25;q22)]
associated with the blast phase of chronic myelogenous leukemia (CML)
(Rubin et al., 1987). Hematopoietic progenitor cells in CML show abnor-
mal adhesive interactions with bone marrow stroma (Gordan et al., 1987).
Further studies are required to determine if the 8 subunit gene is involved
in this translocation and contributes to the progression of CML.

B. « SUBUNIT GENE CLUSTER ON CHROMOSOME 16

The LFA-1 o subunit gene has been mapped to chromosome 16 by
gene complementation in somatic cell hybrids (Marlin et al., 1986).
Subsequent Southern blot analysis of DNA from LFA-1 o hybrid cells
containing human chromosome 16 has shown that the genes encoding
Mac-1 and p150,95 are on the same chromosome (Corbi et al., 1988a).
Furthermore, #n situ hybridization data show that all three o subunit
genes are clustered between bands pl1-pl3.1 on chromosome 16, defin-
ing a gene cluster involved in cell adhesion (Corbi et al., 1988a). The
close proximity of the « subunit genes provides further support for their
evolution by gene duplication.

Inversions [inv(16)(p13q22)] and translocations [t(16;16)(pl3;q22)]
involving this region of chromosome 16 are frequently observed in patients
with acute myelomonocytic leukemia (Le Beau et al., 1985). Further
investigation is required to determine if the genes encoding the leukocyte
integrin o subunits are involved in these rearrangements.

IV. The Leukocyte Integrins in Inflammation

A. THE ROLE oF LEUKOCYTES IN THE INFLAMMATORY PROCESS

The acute inflammatory reaction provides a rapid host defense response
to contain and eliminate infectious agents in extravascular tissues. The
peripheral blood leukocytes constitute the recruitable force which
infiltrates the infected tissues. Neutrophils and monocytes migrate in
response to chemotactic factors released at the infection site. Chemotactic
stimulation causes leukocyte cell polarization, granule release, and
increased adhesiveness. Diapedesis requires the ability of leukocytes to
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bind vascular endothelial cells, cross the basement membrane, and enter
the infected tissues. Regulation of the inflammatory response must be
exquisite, so that leukocytes only enter the infected area and do not
damage healthy tissues. Until recently, the molecular mechanisms which
regulate and mediate leukocyte extravasation have been largely unknown.
The role of the leukocyte integrins in this process has been elucidated
by the characterization of human leukocyte adhesion deficiency disease.

B. INSIGHTS FROM THE STUDY OF LEUKOCYTE ADHESION DEFICIENCY

The clinical hallmarks of LAD are recurrent necrotic and indolent
infections of soft tissues, such as the skin, mucous membranes, and
intestinal tract (Anderson and Springer, 1987). The infectious microbes
include a wide spectrum of fungi and bacteria, but most commonly
staphylococcal or gram-negative enteric bacteria. A key feature of LAD
is that infected skin lesions are largely devoid of granulocytes, despite
chronic peripheral blood leukocytosis (5-20 times normal levels). This
failure of leukocytes to mobilize is also observed in Rebuck skin window
assays. Transfused normal leukocytes are capable of mobilization to the
infected tissues (Bowen et al., 1982). Adhesion-independent responses,
such as cell polarization in response to chemotactic factors, fMLP-
binding, and respiratory burst from soluble stimuli, are normal. These
observations demonstrate a direct involvement of the leukocyte integrins
in the extravasation of leukocytes during an inflammatory response.

In vitro, neutrophils and monocytes from LAD patients show pro-
found defects in adhesion-related functions (Anderson and Springer,
1987). Mac-1 and p150,95 are deficient both on the cell surface and in
intracellular granules. Chemoattractants induce granule mobilization,
but not up-regulation of leukocyte integrin expression or homotypic cell
aggregation. Neutrophils and monocytes fail to adhere and spread on
artificial substrates, such as glass and plastic, and on endothelial cell
monolayers. As a consequence, leukocytes have impaired directed motility
in response to chemoattractants. C3bi-coated particles fail to induce
phagocytosis or subsequent respiratory burst. Antibody-dependent
cellular cytotoxicity mediated by granulocytes and monocytes is also
abnormal (Kohl et al., 1984, 1986).

C. FUNCTIONAL STUDIES
1. LFA-1 Function

LFA-1 serves to mediate cellular adhesion events in a wide spectrum
of both antigen-dependent and antigen-independent interactions of
immune cells (Springer et al., 1987, Martz, 1986). The role of LFA-1
in conjugate formation during CTL- and NK-mediated cytolysis has been
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extensively reviewed (Springer et al., 1987; Martz, 1986) and will not
be discussed here. Lymphocyte localization to lymphoid organs, sites of
inflammation, and grafts is dependent upon specific interaction with
the vascular endothelium. T lymphocyte adherence to endothelial cells
(Mentzer et al., 1986b; Haskard et al., 1986; Dustin and Springer, 1988),
fibroblasts (Dustin et al., 1986), epidermal keratinocytes (Dustin et al.,
1988), synovial cells (Mentzer et al., 1988), and hepatocytes (Roos and
Roossien, 1987) is inhibitable partially or totally by LFA-1 MAb. Typically
adherence is greatly increased by stimulation of the nonhematopoietic
cells with cytokines such as TNEF, LPS, IFN-v, and IL-1 and by activa-
tion of the lymphocytes.

T lymphocyte and lymphoblast adherence to cultured endothelial cells
has both LFA-1-dependent and LFA-l-independent components (Haskard
et al., 1986; Dustin and Springer, 1988). Both pathways are increased
upon stimulation of the endothelial monolayer with cytokines. LFA-1~
lymphoblasts from LAD patients exhibit the LFA-1-independent pathway,
but not the LFA-1-dependent pathway (Dustin and Springer, 1988). The
impaired primary responses of LAD lymphocytes to specific antigen,
but near-normal secondary responses (Krensky et al., 1985; Mentzer
et al., 1986a), may reflect selective involvement of LFA-1-independent
and LFA-1-dependent pathways. LAD patients display essentially normal
delayed-type hypersensitivity responses. Inflammatory tissues, which are
devoid of granulocytes, do contain lymphocytes. The nature of the
LFA-l-independent pathway of adhesion to endothelium is unknown,
but does not appear to be the CD2/LFA-3 pathway. In the case of
lymphocyte binding to high endothelial venules of lymphoid organs,
adherence is partially inhibitable by LFA-1 MAb (Hamann et al., 1988);
however, organ specificity is mediated by lymphocyte homing receptors
(Butcher, 1986).

An n vitro model of LFA-1-dependent adhesion is the homotypic
aggregation of lymphocytes and lymphoid cell lines in response to phorbol
ester stimulation (Patarroyo et al., 1985; Mentzer et al., 1985; Rothlein
and Springer, 1986). Time-lapse videomicroscopy (Rothlein and Springer,
1986) shows that phorbol ester-activated peripheral blood lymphocytes
are motile and show uropod formation and extensive membrane ruffl-
ing. Contact between pseudopodia of adjacent cells leads to adhesion,
followed by mass aggregation. This aggregation event is both inhibitable
and reversible by LFA-1 MAbs. Moreover, cells from patients who are
genetically deficient in LFA-1 expression do not aggregate (Rothlein and
Springer, 1986). Although phorbol ester-induced aggregation is an in
vitro phenomenon, it has been a useful model to study the cell biology
of LFA-1 function and probably correlates with adhesion events in vivo.
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The requirements for aggregation are remarkably similar to the adhe-
sion phase of CTL conjugate formation. Both events are Mg? ™, energy,
and temperature dependent and require an intact cytoskeleton (Martz,
1977; Patarroyo et al., 1983; Rothlein and Springer, 1986). Aggregation-
like cluster formation is also observed shortly after T helper cell
activation by antigen presentation (Werdelin, 1980). Homotypic aggre-
gation of activated lymphocytes may be an important step in extrava-
sation of lymphocytes.

Improved isolation procedures have allowed functional studies on puri-
fied LFA-1 (Dustin and Springer, 1989). LFA-1 purified in the presence
of Mg?* remains associated in an o3 complex and is functional because
it mediates adhesion of several human cell lines when reconstituted
into planar membranes or absorbed directly to plastic. This binding
is blocked by pretreatment of cells with ICAM-1 MAbs, pretreat-
ment of the monolayer with LFA-1 MAbs, and removal of divalent
cations. The major difference between LFA-1-ICAM-1 mediated cell-
cell adhesion and adhesion of cells to purified LFA-1 is that the former
requires high temperature and metabolic activity, while the latter does
not. In contrast, binding of cells to ICAM-1 monolayers is temperature
and energy dependent (Marlin and Springer, 1987). This suggests that
the energy and temperature requirements are met on the LFA-1-bearing
cell side of the interaction, consistent with cellular regulation of
LFA-1 avidity for its ligand.

2. Mac-1 Function

A functional role for Mac-1 was first demonstrated by the ability of
Mac-1 MAbs to inhibit monocyte and granulocyte binding of C3bi-coated
erythrocytes (Beller et al., 1982). Thus Mac-1 is equivalent to the com-
plement receptor type-3. Mac-1 can mediate phagocytosis and lysis of
C3bi-coated erythrocytes (Rothlein and Springer, 1985) and contributes
to elevated natural killer (NK) activity against C3bi-coated target cells
(Ramos et al., 1988). Mac-1 has also been implicated in the ability of
macrophages to bind Leishmania promastigotes (Mosser and Edelson,
1985; Russell and Wright, 1988), Escherichia coli (Wright and Jong,
1986), and Histoplasma capsulatum (Bullock and Wright, 1987).

Recent evidence suggests that Mac-1, like LFA-1, may play a more
general role in mediating adhesive interactions of myeloid cells. Activated
neutrophils, like phorbol ester-stimulated lymphocytes, form homotypic
aggregates in vitro. Neutrophil aggregation is inhibitable by Mac-1 MAbs,
and not by LFA-1 MAbs (Anderson et al., 1986). Neutrophil and
monocyte chemotaxis (Anderson et al., 1986; Dana et al., 1986) and
adherence to glass and plastic (Anderson et al., 1986; Dana et al., 1986)
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and to endothelial (Wallis et al., 1986) and epithelial (Simon et al., 1986)
monolayers also involve Mac-1. Differential MAb blocking of CR3 activity
and general adhesion suggest that Mac-1 may be a multifunctional recep-
tor (Anderson et al., 1986; Dana et al., 1986).

3. p150,95 Function

A role for p150,95 as a complement receptor was first discovered when
both Mac-1 and pl50,95 were found to elute specifically from a C3bi
affinity column (Micklem and Sim, 1985; Malhotra et al., 1986). The
physiological relevance of this finding was tested with p150,95 on intact
cells. The contribution of p150,95 to C3bi binding by neutrophils and
monocytes could only be assessed after antibody blockade of CR1 and
Mac-1, which are expressed in 10-fold excess of p150,95. The remaining
C3bi-binding activity on these antibody-treated cells could be blocked
with the p150,95 MAbs. These results suggest that pl50,95, like Mac-1,
may have some C3bi-binding activity, and it has thus been designated
as CR4 (Myones et al., 1988). However, p150,95 expressed in COS cells
does not bind C3bi (J. Garcia-Aguilar, A. L. Corbi, and T. A. Springer,
unpublished).

pl150,95, like Mac-1, probably has a broad role as a general adhesion
protein. Anderson et al. (1986) showed that p150,95 MAbs could par-
tially inhibit the adhesion of neutrophils to substrates. However, Mac-1
appears to have a more important role. In contrast, Figdor and his col-
leagues reported that p150,95 is a major component of peripheral blood
monocyte adhesion to substrates and endothelial cells, phagocytosis of
latex particles, and chemotaxis (Keizer et al., 1987b; te Velde et al.,
1987). These results were somewhat unexpected, because pl50,95 is
expressed only at low levels on blood monocytes but at high levels on
tissue macrophages (Schwarting et al., 1985).

Recently pl50,95 expression has been reported on some activated lym-
phocytes and lymphocytic cell lines (Miller et al., 1986; Keizer et al.,
1987a). The p150,95 MAb was found to inhibit conjugate formation by
cytotoxic T lymphocytes (CTL) expressing comparable amounts of
pl50,95 and LFA-1 equally as well as LFA-1 MAbs (Keizer et al., 1987a).
The inhibitory effects of the p150,95 MAb and LFA-1 MAD are additive.
One group (Lanier et al., 1985) reported no effect of the p150,95 MAb
on CTL activity. This discrepancy may reflect differences in pl50,95
expression by CTL clones.

D. FUNCTIONAL REDUNDANCY AMONG THE LEUKOCYTE INTEGRINS

All three leukocyte integrins appear to function as general adhesion
proteins for immune cell function. MAbs directed to the « subunits have
provided powerful tools to dissect the functions of the individual proteins.
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While the relative importance of LFA-1, Mac-1, and p150,95 may vary
with different systems, there is clearly some redundancy, particularly
with neutrophil and monocyte functions. Comparative studies have shown
that all three leukocyte integrins contribute to neutrophil and monocyte
adhesion to endothelial cells and artificial substrates (Anderson et al.,
1986; te Velde et al., 1987). These results are consistent with the finding
that MAbs to the common 3 subunit are often the most potent inhibitors
of adhesion-related functions. Moreover, none of the leukocyte adhesion
deficiency patients examined to date have been found to have a selective
deficiency in the expression of only one of the leukocyte integrins (reviewed
in Anderson and Springer, 1987), suggesting that the immune systemn might
be able to compensate for the loss of one but not all three proteins.

E. ANiMaL MODELS

Whereas the study of human LAD has provided tremendous insight
into the role of the leukocyte integrins in inflammation, the next stage
of investigation —experimental manipulation n v/vo —requires a suitable
animal model. One possibility is a canine LAD model (Giger et al., 1987),
which appears completely analogous to human LAD. A serious limita-
tion is the difficulty and expense of maintaining a stable colony.

A second approach has been to mimic the LAD state by #n vivo
administration of MAbs directed against the leukocyte integrins. An
anti-@ subunit MADb given intravenously to rabbits inhibits leukocyte
extravasation and leukocyte-dependent plasma leakage in response to
intradermal administration of chemotactic agents fMLP, leukotriene B4,
and Cba (Arfors et al., 1987). Intravital microscopy of the rabbit
tenuissimus muscle revealed that the MAb inhibited adherence of
leukocytes to the vascular endothelium but not rolling of leukocytes along
the venule wall (Arfors et al., 1987). In another system, mice given an
intravenous injection of Mac-1 MAb fail to mobilize monocytes in response
to thioglycolate-induced inflammation of the peritoneum (Rosen and
Gordon, 1987). These results suggest that of the three leukocyte integrins,
Mac-1 may play the major role in myeloid cell extravasation.

F. POTENTIAL THERAPEUTIC VALUE OF LEUKOCYTE INTEGRIN MADb

Inflammation is an integral part of the host defense to infection and
injury of extravascular tissue. However, an inappropriate or uncontrolled
inflammatory response may contribute to the pathogenesis of chronic
disease states, such as arthritis, and acute ischemic shock followed by
reperfusion. Leukocytes are thought to be a major culprit in promoting
tissue damage following ischemia-reperfusion injury, perhaps by
generating reactive oxygen metabolites, proteases, and phospholipases.
Animals depleted of peripheral blood leukocytes show significantly
reduced damage from myocardial ischemia and reperfusion.
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Two recent studies have investigated the use of leukocyte integrin MAbs
to reduce ischemia-reperfusion injury. In a dog model of myocardial
infarction, arterial flow is interrupted, then reestablished. Reperfusion
injury, measured as infarct size as a percentage of area at risk, was reduced
twofold by ¢n vivo administration of Mac-1 MAbs (Simpson et al., 1988).
Histological studies show that Mac-1 MAb-treated dogs had fewer
neutrophils in the myocardium. A rabbit model of hemorrhagic shock
and resuscitation showed similar protective effects of an anti-g8 subunit
MAD against liver and gastrointestinal injury but not lung injury (Vedder
and Harlan, 1988). All MAb-treated animals survived 5 days, compared
to a 29% survival rate among control animals. These results suggest
potential therapeutic value for leukocyte integrin MAbs in controlling
tissue and organ injury following myocardial infarction, hemorrhagic
shock, and other trauma that cause ischemia and are followed by
reestablishment of normal circulatory flow. Of particular relevance is
treatment of myocardial infarction with streptokinase or tissue
plasminogen activator (TPA), both of which dissolve clots and allow circu-
lation to be reestablished in affected areas of the heart. Administra-
tion of leukocyte integrin MAbs or ICAM-1 MAbs together with
anticlotting agents promises to significantly reduce the amount of
damaged cardiac tissue.

G. REGULATION OF EXPRESSION AND FUNCTIONAL ACTIVITY

1. De novo Synthesis

Cell-surface leukocyte integrin expression is regulated both by de novo
biosynthesis and by up-regulation of preformed material. Change in
biosynthetic rate is a relatively slow and inefficient means of respond-
ing to rapid changes in the environment, such as in an infection, and
is primarily associated with immune cell differentiation. LFA-l is
expressed during the differentiation of hematopoietic stem cells. In the
B cell and myeloid lineages, LFA-1 expression is first detected in the
cytoplasmic p-chain-positive pre-B cells and late myeloblasts, respectively
(Campana et al., 1986). Mac-1 expression is associated with committed
granulocyte and monocyte precursors in the bone marrow (Miller et al.,
1985). These observations concur with the in vitro differentiation of the
promyeloblastic cell line HL-60. Undifferentiated HL-60 expresses only
LFA-1. Differentiation to the monocytic lineage, induced with phorbol
esters, or to the granulocytic lineage, induced with retinoic acid, results
in expression of both Mac-1 and pl50,95 (Miller et al., 1986; Corbi et al.,
1987, 1988b). Peripheral blood monocytes express high levels of Mac-1
and low levels of p150,95. However, upon extravasation and maturation
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to tissue macrophages, the pattern of expression is reversed to low levels
of Mac-1 and high levels of p150,95 (Schwarting et al., 1985). Work in
the murine system shows that many peripheral monocytes lose expres-
sion of LFA-1 after differentiation to tissue macrophages (Kiirzinger and
Springer, 1982; Strassmann et al., 1985). These results suggest some role
for p150,95 in tissue macrophage function.

2. Mobilization of an Intracellular Pool

In contrast to the slow time course for up-regulation by de novo syn-
thesis, Mac-1 (Todd et al., 1984; Berger et al., 1984; Springer et al.,
1984; Miller et al., 1987a) and p150,95 (Lanier et al., 1985; Springer
et al., 1986; Miller et al., 1987) expression on phagocytic cells can be
dramatically up-regulated in a matter of minutes. Most of the Mac-1
and pl150,95 proteins are stored in intracellular pools of neutrophils (Todd
et al., 1984; Miller et al., 1987; Bainton et al. 1987) and monocytes
(Miller e¢ al., 1987). Electron microscopy shows that leukocyte integrins
are associated with peroxidase-negative granules (Miller et al., 1987;
Bainton et al., 1987). This latent pool is mobilized in response to
chemotactic factors, including fMLP, Cba, and leukotriene B4, and
results in up to a 10-fold increase in surface expression of Mac-1 and
pl50,95. LFA-1 is up-regulated twofold in monocytes and none in
neutrophils, Up-regulation presumably aids in the rapid mobilization
of monocytes and neutrophils to inflammatory sites.

3. Receptor Activation

The regulation of the functional activity of leukocyte integrins is more
complex than changing the gross level of surface expression. Peripheral
blood lymphocytes express LFA-1, but do not spontaneously adhere to
each other. Phorbol ester stimulation induces a rapid homotypic aggrega-
tion event. Aggregation is inhibitable by MAbs against LFA-1 (Patar-
royo et al., 1985; Mentzer et al., 1985; Rothlein and Springer, 1986)
and ICAM-1, an LFA-1 ligand (Rothlein et al., 1986). Aggregation is
not associated with quantitative changes in the surface expression of either
LFA-1 or ICAM-1. These results suggest that cell activation induces some
change in either LFA-1 or ICAM-1 molecules.

Mac-1 functional activity appears to be similarly regulated on
neutrophils. Neutrophils also form homotypic aggregates upon stimula-
tion. Buyon et al. (1988) were able to dissociate up-regulation of the
latent pool of Mac-1 from the homotypic aggregation event. Mac-1 MAbs
can effectively block neutrophil aggregation. Freshly isolated neutrophils
were pretreated with Mac-1 MAbs to coat surface Mac-1, washed, and
then activated. Precoating the surface Mac-1 did not affect up-regulation
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and expression of the latent pool; however, it did effectively inhibit
neutrophil aggregation. Furthermore, up-regulation and aggregation
were dissociated kinetically and pharmacologically. In contrast, Vedder
and Harlan (1988) found that treating neutrophils with an anion channel-
blocking agent, 4,4"diisothiocyanostilbene-2,2"disulfonic acid (DIDS),
inhibited both Mac-1 up-regulation and neutrophil aggregation.
Interestingly, DIDS did not inhibit Mac-1-dependent binding of
neutrophils to endothelial cells.

Phorbol esters have a biphasic effect on the C3bi-binding activity of
Mac-1 that is independent of up-regulation (Wright and Meyer, 1986).
First, a rapid increase in C3bi-binding activity is observed. However,
after 1 hour, binding activity is reduced below resting levels, despite the
increased expression of Mac-1. Interferon-y depressed C3bi-binding
activity without affecting Mac-1 expression. Binding activity is restored
by adherence to fibronectin-coated surfaces (Wright et al., 1986). These
results suggest that qualitative changes in Mac-1 are important for func-
tional activity. The quantitative changes as a result of up-regulation of
intracellular pools may augment the response.

a. Activation Epitopes. The molecular mechanisms which regulate
functional activity are not clear. The simplest explanation is a confor-
mational change which unmasks the ligand binding site. However most
MADbs that block adhesion of activated cells also bind to leukocyte
integrins on resting cells. One MAb against a novel epitope of LFA-1
has been shown to induce homotypic aggregation of lymphoid cells, which
is inhibitable by other LFA-1 MAbs (Keizer et al., 1988). This and several
other MAbs appear to define activation epitopes on LFA-1 (Pircher et al.,
1986; Morimoto et al., 1987).

b. Interaction with Other Receptors. Interaction of the leukocyte
integrins with other membrane proteins may also influence binding
activity. Pytowski et al. (1988) recently raised a MAD against a 157,000-Da
cell-surface protein on neutrophils, which specifically inhibits the C3bi-
binding activity of Mac-1. The antigen is distinct from the leukocyte
integrins and is expressed on cells from LAD patients. Another report
suggests that a subset of Mac-1 on monocyte cell surfaces is associated
with the Fc receptor and shows no lateral diffusion in the membrane
(Brown et al., 1988). Antibody against the nondiffusable Mac-1 blocks
IgG-mediated phagocytosis.

¢. Receptor Clustering. Binding activity may also be regulated by
cross-linking of receptors. Phorbol ester-induced C3bi-binding activity
of Mac-1 correlates with aggregation of Mac-1 in small clusters on the
cell surface. Prolonged exposure to phorbol myristate acetate (PMA)
reverses C3bi-binding activity and results in dispersal of the Mac-1 clusters
(Detmers et al. 1987).
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d. Phosphorylation. Receptor activity is likely to be regulated by intra-
cellular events. Phorbol esters, which induce homotypic aggregation, are
known to activate protein kinase C. Phosphorylation of the LFA-1 8 subunit
is induced by phorbol ester stimulation of peripheral blood lymphocytes
(Hara and Fu, 1986). Neutrophils loaded with thiophosphate, which
renders phosphorylated proteins resistant to phosphatases, show enhanced
C3bi-binding activity upon phorbol ester stimulation. Moreover,
thiophosphate-loaded neutrophils do not display the characteristic deacti-
vation of C3bi-binding activity after prolonged exposure to phorbol esters
(Wright and Meyer, 1986). These results suggest that phosphorylation
may play an important role in regulating leukocyte integrin function.

e. Interaction with the Cytoskeleton. Cell activation may also induce
association of the leukocyte integrins with cytoskeletal elements.
LFA-1-dependent adhesion is disrupted by cytochalasin B (Rothlein and
Springer, 1986). Furthermore, LFA-1 and actin filaments colocalize to
the site of contact between NK cells and target cells (Carpen et al., 1986).
More interestingly, the fibronectin receptor, an evolutionarily related
integrin, has been shown to interact directly with talin, a cytoskeletal
protein (Horwitz et al., 1986). LFA-1 and talin also colocalize in activated,
but not resting, lymphocytes (Burn et al., 1988), and redistribute to sites
of adhesion with specific antigen-bearing cells (Kupfer and Singer, 1988).
Redistribution of LFA-1 and talin is one of the earlier events, preceding
redistribution of the T cell antigen receptor and reorientation of the
Golgi and microtubule organizing center. Redistribution of LFA-1 may
be triggered by initial antigen receptor engagement, a mechanism earlier
proposed to regulate adhesion strengthening via LFA-1 based on
experiments with phorbol esters (Rothlein and Springer, 1986; Springer
et al., 1987). An unglycosylated intracellular protein of 86,000 Da has
been found in association with cell-surface LFA-1 (van Agthoven et al.,
1985). The functional significance is unknown, although this protein
may be part of a cytoskeletal linkage. Association and disassociation of
the leukocyte integrins with the cytoskeleton would provide a mecha-
nism for rapid adhesion and deadhesion events, as required for CTL-
mediated cytolysis and other immune functions.

V. Ligand Molecules for the Leukocyte Integrins

A. LFA-1 LiGANDS

1. ICAM-1

a. Identification and Characterization of an LFA-1 Ligand. Phorbol
ester-induced homotypic aggregation of lymphoid cells is an LFA-1-
dependent phenomenon. Rothlein and Springer (1986) showed that
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LFA-1~ cells from LAD patients do not form homotypic aggregates;
however, LFA-1* control cells can form aggregates with LFA-1~ cells
from LAD patients. These results suggested that LFA-1 binds a ligand
distinct from itself, and that cells from LAD patients should express
the ligand. Rothlein et al. (1986) raised MAb against LFA-1~ cells from
LAD patients and screened them for the ability to inhibit
LFA-1-dependent homotypic aggregation, in the hopes of identifying the
putative LFA-1 ligand. One MADb (RR1/1) defined a 76,000- to 114,000-Da
heavily glycosylated molecule, ICAM-1, which fit these criteria.

The receptor-ligand relationship of LFA-1 and ICAM-1 was formally
proved with purified ICAM-1 incorporated into planar lipid mem-
branes (Marlin and Springer, 1987) and by gene transfection (Simmons
et al., 1988). All of these systems can mediate LFA-1-dependent adhe-
sion of lymphoblasts, which is inhibitable by pretreatment of the
lymphoblast with LFA-1 MAbs or pretreatment of the ICAM-1 surface
with ICAM-1 MAbs. Moreover, LFA-1~ cells from LAD patients
do not bind to purified ICAM-1 (Marlin and Springer, 1987). Confirm-
ing studies with ICAM-1 cross-linked to artificial substrates extended
these findings and demonstrated that three independent MAbs defined
ICAM-1, one of which had been used to map it to chromosome 19
(Makgoba et al., 1988b).

Reciprocal studies have been done using purified LFA-1 (Dustin and
Springer, 1989). Binding of some cell types to purified LFA-1 in planar
membranes was inhibited by ICAM-1 MAbs. Furthermore, purified LFA-1
binds to purified ICAM-1 when ICAM-1 is presented in planar mem-
branes, confirming that LFA-1-dependent adhesion can be accounted
for by direct interaction of LFA-1 with ICAM-1 and other ligands
(see below).

ICAM-1 is a widely distributed molecule whose expression is highly
regulated. Basal ICAM-1 expression on nonhematopoietic cells is nor-
mally low, but can be up-regulated by a variety of cytokines, including
interleukin-1, tumor necrosis factor, and interferon-y (Dustin et al., 1986,
1988; Pober et al., 1986, 1987; Dustin and Springer, 1988). ICAM-1
expression is prominent on cytokine-activated endothelial cells during
inflammation (Dustin et al., 1986; Cotran et al., 1988). Increased
ICAM-1 expression correlates directly with increased LFA-1-dependent
adhesion of lymphoblasts to induced cells (Dustin et al., 1986, 1988;
Dustin and Springer, 1988). These results suggest that ICAM-1 provides
dynamic ‘“‘position-specific’ information to guide lymphocyte and
leukocyte localization during the course of the immune response. ICAM-1
is expressed only weakly on resting peripheral blood leukocytes, but
expression is increased upon cell activation. A molecule identical to
ICAM-1 (Makgoba et al., 1988b) was defined as a B cell activation
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molecule (Clark et al., 1986). The LFA-1/ICAM-1 adhesion pathway has
been implicated in lymphocyte adhesion to endothelial cells (Dustin and
Springer, 1988), fibroblasts (Dustin et al., 1986), epidermal keratinocytes
(Dustin et al., 1988), synovial cells (Mentzer et al., 1988), and other lym-
phoid cells (Rothlein et al., 1986; Makgoba et al., 1988a).

ICAM-1 has been reported to localize to uropods of the T cell line
HSB-2 (Dougherty et al., 1988). By indirect immunofluorescence,
ICAM-1 expressed in COS cells (D. E. Staunton and T. A. Springer,
unpublished) and endothelial cells (Smith et al., 1989) demonstrates a
punctate staining. This localized cell membrane distribution may
facilitate initial interaction with LFA-1. Spreading of cells on surfaces
coated with extracellular matrix components or adhesion ligands is an
indication of cytoskeletal association. A Reid-Sternberg cell line express-
ing high levels of ICAM-1 spreads dramatically on LFA-1 bearing planar
membranes. This raised the possibility that at least in some cells,
ICAM-1 is associated with the cytoskeleton. A truncated form of ICAM-],
which completely lacks a cytoplasmic tail was generated by oligo-
nucleotide mutagenesis (Staunton et al., unpublished). The truncated
protein immunoprecipitated from transfected COS cells demonstrates
a mobility on SDS-PAGE which is consistent with its predicted 3-kDa
reduction in molecular weight. Resistance to cleavage by a phosphatidyl
inositol (PI)-specific phospholipase C suggests that it does not acquire
a PI membrane anchor. This truncated form of ICAM-1 still demon-
strates its characteristic cell-surface localization. Thus, if localization
is through cytoskeletal interaction, this must occur in the ICAM-1
transmembrane region, or by association of the extracellular domain
with an anchored protein.

b. Gene Cloning. ICAM-1, which has recently been cloned and
sequenced (Simmons et al., 1988; Staunton et al., 1988), has been shown
to be a member of the immunoglobulin superfamily, with its closest rela-
tionship being to the neural cell adhesion molecule (NCAM) and myelin-
associated glycoprotein (MAG), another neural adhesion protein. All
three proteins contain five immunoglobulin domains. Interestingly,
NCAM has been shown to participate in homophilic (like-like) inter-
actions (Edelman, 1986), whereas ICAM-1 participates in heterophilic
interactions. LFA-] is the only known member of the integrin superfamily
which binds to a member of the immunoglobulin superfamily. Members
of the other two integrin subfamilies bind a conserved Arg-Gly-Asp (RGD)
sequence in unrelated extracellular matrix proteins. ICAM-1 does not
have an RGD sequence (Simmons et al., 1988; Staunton et al., 1988)
and neither does ICAM-2 (see Section V,A,2; Staunton et al., 1989),
suggesting that leukocyte integrin binding specificity has diverged from
that of other integrins. Preliminary results from mutational studies reveal
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that at least two sites in ICAM-1 are involved in binding LFA-1 (Staunton
et al., unpublished).

2. Other Ligands

There is evidence that ICAM-1 is not the only ligand for LFA-1. Phorbol
ester-induced homotypic aggregation of the SKW3 T cell line is inhibited
by LFA-1 MAbs but not by ICAM-1 MAbs (Makgoba et al., 1988a).
Similarly, some heterotypic cell interactions, such as CTL adhesion to
B lymphoblastoid cell lines, is inhibitable by LFA-1 MAbs but not
by ICAM-1 MAbs (Makgoba et al., 1988b). LFA-1-dependent T cell
adherence to endothelial cells has both an ICAM-1-dependent and an
ICAM-independent component (Dustin and Springer, 1988). The
ICAM-1-dependent pathway is inducible with cytokines, such as tumor
necrosis factor (TNF), whereas the ICAM-1-independent pathway is unaf-
fected. These results suggest that multiple ligands may serve to mediate
distinct adhesion requirements of lymphocytes during different stages
of the immune response. Cell binding to purified LFA-1 in glass-supported
planar membranes or immobilized directly on plastic also suggests the
presence of other ligands. The most striking example of this is the T cell
line SKW3, which expresses virtually no ICAM-1 yet binds strongly to
purified LFA-1. This binding is blocked by LFA-1 MAbs but not by any
single ICAM-1 MADb or combination of ICAM-1 MAbs (Dustin and
Springer, 1989). Other cell lines show different degrees of inhibition with
ICAM-1 MAbs, depending on the LFA-1 density of purified LFA-1 on
the monolayer. With these cell lines, ICAM-1 MAbs are inhibitory at
low LFA-1 density but not at high LFA-1 density, whereas LFA-1 MAbs
are inhibitory at all densities. These results suggest that both ICAM-1
and the alternative LFA-1 ligand are present on these cells, and that
interaction is stronger with ICAM-1 than with the alternative ligand.
The only nonhematopoietic cells we have encountered that express
ICAM-1 in the absence of other LFA-1 ligands are epithelial cells from
several tissues and dermal fibroblasts (Dustin et al., 1986, 1988). The
existence of multiple ligands for a single integrin is not unprecedented.
Other integrins, such as platelet glycoprotein IIb/IIla, have as many
as four distinct ligands.

Recently, a second LFA-1 ligand, designated ICAM-2, was cloned based
on its functional properties (Staunton et al., 1989). A cDNA expression
library was screened for ability to confer on COS cells the ability to bind
to purified LFA-1 coated on Petri dishes. Screening was in the presence
of ICAM-1 MAb. ICAM-2 has two Ig-like domains, in contrast to ICAM-1,
which has five, and these are 359 identical to the first two domains
of ICAM-1. ICAM-1 and ICAM-2 are much more similar to one another
than to other members of the Ig superfamily, and thus represent an Ig
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subfamily specialized to interact with LFA-1. The functional cDNA
isolation approach should have wide application for identifying other
adhesion counterstructures.

B. Mac-1 anD pl50,95 LIGANDS

1. C3b:

Both Mac-1 and pl50,95 bind the C3bi fragment of complement
(Micklem and Sim, 1985). A peptide fragment of C3bi which contains
an RGD sequence binds to macrophages in a Mac-1 MAb-inhibitable
fashion (Wright et al., 1987). However, it is not clear whether the RGD
sequence is critical for binding.

2. Other Ligands

The ability of Mac-1 to mediate a number of cell-cell interactions
in which C3bi is not involved, such as neutrophil aggregation, suggests
putative cell surface ligand(s) for Mac-1. The epitopes on Mac-1 involved
in C3bi-binding activity and general adhesion have been distinguished
by MAb-inhibition studies (Anderson et al., 1986; Dana et al., 1986;
Sanchez-Madrid et al., 1983a; Beatty et al., 1983, 1984). Some MAbs
show differential effects on neutrophil homotypic aggregation and adhe-
sion to endothelial monolayers as compared to C3bi binding, while other
MADbs block both.

V1. Molecular Basis of Leukocyte Adhesion Deficiency Disease

A. EARLY STUDIES

Every LAD patient analyzed to date has been found to be deficient
in the expression of all three leukocyte integrins (Anderson and Springer,
1987). The simplest hypothesis is that a defect in the common (8 subunit
could account for LAD. This hypothesis was tested in biosynthesis and
human X mouse lymphocyte hybridization experiments.

Biosynthesis experiments utilized Epstein-Barr virus (EBV)-
transformed B lymphocyte and mitogen-stimulated T lymphocyte cell
lines, which, in healthy individuals, synthsize the LFA-1 a(aL) subunit
and the common (8 subunit and express the LFA-1 o8 complex on cell
surfaces. Early studies showed that patient cell lines synthesize an
apparently normal oL subunit precursor, but that the oL precursor does
not undergo carbohydrate processing, does not associate in an «f
complex, and neither subunit is expressed on the cell surface (Springer
et al., 1984; Lisowska-Grospierre et al., 1986). In these studies, the use
of available anti-# subunit monoclonal antibodies (MADb) did not allow
for the immunoprecipitation of 3 subunit precursors from either control
cells or LAD patient cells.



174 TAKASHI K. KISHIMOTO ET AL.

In human X mouse lymphocyte hybrids, human LFA-1 « and
subunits from normal cells were shown to associate with mouse LFA-1
subunits to form interspecies o8 complexes. Surface expression of the
a but not the 8 subunit of patient cells can be rescued by the formation
of interspecies complexes (Marlin et al., 1986). These studies showed
that the LFA-1 « subunit in genetically deficient cells is competent for
surface expression in the presence of an appropriate mouse 8 subunit.
Taken together, these results suggest that leukocyte adhesion deficiency
is secondary to a defect in the common § subunit.

B. IDENTIFICATION OF HETEROGENEOUS MUTATIONS
IN THE COMMON 3 SUBUNIT

The acquisition of two molecular probes, the 8 subunit cDNA
(Kishimoto et al., 1987a; Law et al., 1987) and a rabbit antiserum that
recognizes the precursor form of the 8 subunit (Kishimoto et al., 1987b;
Dana et al., 1987), allowed analysis of the 8 subunit from LAD patients.
Five phenotypes of 8 subunit expression and structure were identified by
Kishimoto et al (1987b). One class of mutations resulted in no detectable
mRNA or protein precursor. Southern analysis of genomic DNA from
these patients showed no gross deletions of the 8 subunit gene. A second
class of mutation is represented by a moderately deficient patient, whose
cells synthesized trace amounts of the 8 subunit precursor and low levels
of mRNA message. Dimanche et al. (1987) studied two patients with no
apparent 3 subunit precursor synthesis, and this may fall into one of these
two classes; however, further analysis at the RNA level is required.

Two other classes of mutations affect the structure of the common
@ subunit. In one, the patient synthesizes an aberrantly large 8 subunit
precursor. However, after endoglycosidase H digestion, the protein
backbone appears about normal in size. One hypothesis is that a point
mutation causes an amino acid change, which creates a novel consensus
N-glycosylation site (Asn-X-Ser/Thr). In the other class of mutation,
four moderately deficient patients, who are all related, synthesized an
aberrantly small precursor that was degraded. The pedigree analysis
of 14 members of this kindred show that inheritance of the aberrant
precursor correlates with the expected disease state and surface expres-
sion of LFA-1. Endoglycosidase H digestion of N-linked carbohydrates
from the precursor shows that the defect is in the protein backbone rather
than in glycosylation.

Finally, three unrelated patients studied by us (Kishimoto et al.,
1987b), a group of four patients studied by Dana et al. (Dana et al.,
1987), and one patient studied by Dimanche et al. (Dimanche et al.,
1987), synthesized both a normal size 8 subunit precursor and a normal
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size o subunit precursor. Neither subunit was processed or transported
to the cell surface. Although it is likely that there is a point mutation
in the 8 subunit, we cannot exclude the possiblity of « subunit mutations.

C. MOLECULAR BASIS OF THE SEVERE AND MODERATE
DEFICIENCY PHENOTYPES

Heterogeneity in the defect causing LAD disease was first observed
in the extent of the leukocyte integrin deficiency at the cell surface.
Patients are classified as severely deficient (<0.5% normal levels of
expression) and moderately deficient (3-10% normal levels of expres-
sion) (Anderson et al., 1985). Survival of LAD patients is greatly
influenced by the extent of deficiency of the leukocyte integrins. Severely
deficient patients often die in the first 2 years of childhood, while
moderately deficient patients are less prone to life-threatening infections
and can survive to adulthood. However, even those patients who survive
to adulthood can suddenly die of complications from severe infections.

The molecular basis for this heterogeneity is unclear. In the case of
deficiency of 8 subunit mRNA and protein precursor, the extent of defi-
ciency correlates with moderate and severe phenotype (Kishimoto et al.,
1987b). Two severely deficient patients had no detectable 8 subunit
mRNA expression or protein precursor synthesis, while one moderately
deficient patient had low levels of mRNA expression and precursor syn-
thesis (Kishimoto et al., 1987b). Apparently, this low level of expression
is sufficient to account for the moderate phenotype and less severe clinical
complications. However, among 13 patients synthesizing normal quan-
tities of mRINA and protein precursor, it has been unclear why some
are of the moderate and some of the severe deficiency phenotype
(Kishimoto et al., 1987b; Dimanche et al., 1987; Dana et al., 1987)
(Wardlaw and T. A. Springer, unpublished).

We have analyzed four related patients with the moderate deficiency
phenotype (Kishimoto et al., 1989). The predominant form of the 8
subunit precursor synthesized by these patients is several thousand daltons
smaller than normal and is degraded before transport to the Golgi
apparatus. However, 1251 cell-surface labeling shows that the small
amount of LFA-1 that reaches the surface contains a normal size 3
subunit. At the RNA level, SI nuclease protection studies define a 90-nt
deletion in the § subunit message from these patients. The Taq
polymerase chain reaction (PCR) was adapted to amplify the aberrant
mRNA. Sequence analysis shows an in-frame 90-nt deletion in the region
encoding the extracellular domain. This 90-bp region is also shown to
be encoded on a separate exon in both the normal and patient genome.
Sequence analysis of genomic DNA from these patients shows a single
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G-to-C substitution in the sequence of the 5’ splice site, suggesting aber-
rant RNA splicing. A small amount of normally spliced message, detected
by S1 nuclease protection analysis and Taq PCR, encodes a normal size
8 subunit and accounts for the low levels (3% of normal) of cell-surface
expression of the leukocyte integrins observed in these patients, hence
the moderate deficiency phenotype. The 30 amino acids encoded by the
deletion region share 63% amino acid identity with the corresponding
region of the fibronectin receptor. The high conservation suggests some
functional significance of this region, perhaps in a8 subunit association.

VIl. Future Avenues of Research

The first leukocyte integrin to be functionally characterized was LFA-1,
in 1981 (Davignon et al., 198la). Rapid progress in recent years in the
study of leukocyte adhesion reflects an ever-increasing appreciation of
the diverse functions of leukocyte integrins. The leukocyte integrins, like
other members of the integrin superfamily, play a dynamic role in
transmitting positional information and linking the extracellular environ-
ment with intracellular processes. The interaction of LFA-1 and ICAM-1
represents one of the few defined heterotypic receptor-ligand relation-
ships of cell-surface molecules. LFA-1-dependent adhesive interactions
are exquisitely regulated at both the level of receptor and ligand. We
have an understanding of the role of leukocyte integrins 7n vivo in both
immune and nonimmune inflammatory responses. The recent advances
hold promise for many new avenues of research.

Precise structure-function relationships of the leukocyte integrins and
ICAM-1 can now be directly tested by in witro mutagenesis of the
appropriate cDNAs. Domain-swapping among the leukocyte integrin
« subunits may allow dissection of LFA-1, Mac-1, and p150,95 functional
specificity. Domains that are defined as functionally important can be
synthesized and tested both in witro and ¢n vivo. Similar mutagenesis
approaches may reveal how integrin receptor activation occurs, what
kinds of signals are transmitted to the cell by leukocyte integrins, and
the nature of cytoskeletal interaction. In addition, the acquisition of
the leukocyte integrin and ICAM-1 cDNAs allows analysis of the basis
for gene regulation by a variety of cytokines.

There is also substantial evidence that other ligands for LFA-1, Mac-1,
and pl50,95 exist. Rational strategies must be designed to identify these
ligands and to assess their contributions in different phases of the immune
response. Multiple ligands may provide quite distinct signals and posi-
tional information to leukocytes.

The answers to these questions of structure, function, and regulation
of receptor activity have profound therapeutic implications, as suggested
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by recent animal models of ischemia and reperfusion injury. The control
of pathologic tissue damage by neutrophils during inflammation can
be approached by inhibition of receptor activation, modulation of
ICAM-1 expression, or by using MAbs or fragments of leukocyte integrins
or their ligands to block acute adhesive events.

REFERENCES

Akao, Y., Utsumi, K. R., Naito, K., Ueda R., Takahashi, T., and Yamada, K. (1987).
Somat. Cell Mol. Genet. 13, 273-278.

Anderson, D. C., and Springer, T. A. (1987). Annu. Rev. Med. 38, 175-194.

Anderson, D. C., Schmalstieg, F. C., Arnaout, M. A., Kohl, S., Tosi, M. F., Dana,
N., Buffone, G. J., Hughes, B. J., Brinkley, B. R., Dickey, W. D., Abramson, J. S.,
Springer, T., Boxer, L. A., Hollers, J. M., and Smith, C. W. (1984). J. Clin. Invest.
74, 536-551.

Anderson, D. C., Schmalstieg, F. C., Finegold, M. J., Hughes, B. J., Rothlein, R., Miller,
L.]., Kohl, S., Tosi, M. F., Jacobs, R. L., Waldrop, T. C., Goldman, A. S., Shearer,
W. T., and Springer, T. A. (1985). J. Infect. Dis. 152, 668-689.

Anderson, D. C., Miller, L. J., Schmalstieg, F. C., Rothlein, R., and Springer, T. A.
(1986). J. Immunol. 137, 15-27.

Anderson, D. C., Smith, C. W., and Springer, T. A. (1989). In “Metabolic Basis of
Inherited Disease” (J. B. Stanbury, J. B. Wyngaarden, and D. S. Frederickson, eds).
McGraw-Hill (in press).

Arfors, K.-E., Lundberg, C., Lindborm, L., Lundberg, K., Beatty, P. G., and Harlan,
J. M. (1987). Blood 69, 338-340.

Argraves, W. S., Deak, F., Sparks, K. J., Kiss, I., and Goetinck, P. F. (1987a). Proc.
Natl. Acad. Sci. US. A. 84, 464-468.

Argraves, W. S., Suzuki, S., Arai, H., Thompson, K., Pierschbacher, M. D., and
Ruoslahti, E. (1987b). J. Cell Biol. 105, 1183-1190.

Arnaout, M. A., Gupta, S. K., Pierce, M. W., and Tenen, D. G. (1988). J. Cell Biol.
106, 2153-2158.

Bainton, D. F., Miller, L. J., Kishimoto, T. K., and Springer, T. A. (1987). J. Exp. Med.
166, 1641-1653.

Beatty, P. G., Ledbetter, J. A., Martin, P. J., Price, T. H., and Hansen, J. A. (1983).
J- Immunol. 131, 2913-2918.

Beatty, P. G., Harlan, J. M., Rosen, H., Hansen, J. A., Ochs, H. D., Price, T. D., Taylor,
R. F, and Klebanoff, S. J. (1984). Lancet 1, 535-537.

Beller, D. 1., Springer, T. A., and Schreiber, R. D. (1982). J. Exp. Med. 156, 1000-1009.

Bently, D. R. (1986). Biochem J. 239, 339-345.

Berger, M., O’Shea, J., Cross, A. S., Folks, T. M., Chused, T. M., Brown, E. J., and
Frank, M. M. (1984). J. Clin. Invest. 74, 1566-1571.

Bogaert, T., Brown, N., and Wilcox, M. (1987). Cell 51, 929-940.

Bowen, T. J., Ochs, H. D., Altman, L. C., Price, T. H., Van Epps, D. E., Brautigan,
D. L., Rosin, R. E., Perkins, W. D., Babior, B. M., Klebanoff, S. J., and
Wedgewood, R. J. (1982). J. Pediatr 101, 932-940.

Boxer, L. A., Hedley-Whyte, E. T., and Stossel, T. P. (1974). N. Engl. |. Med. 291,
1093-1099.

Brown, E. J., Bohnsack, J. F.,, and Gresham, H. D. (1988). J. Clin. Invest. 81, 365-375.

Bullock, W. E., and Wright, S. D. (1987). J. Exp. Med. 165, 195-210.

Burn, P, Kupfer, A., and Singer, S. J. (1988). Proc. Natl. Acad. Sci. U.S.A4. 85, 497-501.

Butcher, E. C. (1986). Curr. Top. Microbiol. Immunol. 128, 85-122.



178 TAKASHI K. KISHIMOTO ET A4L.

Buyon, J. P., Abramson, S. B., Philips, M. R., Slade, S. G., Ross, G. D., Weissman,
G., and Winchester, R. J. (1988). J. Immunol. 140, 3156-3160.

Campana, D., Sheridan, B., Tidman, N., Hoffbrand, A. V., and Janossy, G. (1986).
Eur. J. Immunol. 16, 537-542.

Carpen, O., Keiser, G., and Saksela, E. (1986). Int. Congr. Immunol., 6th, Toronto
315, b72.

Clark, E. A., Ledbetter, J. A., Holly, R. C., Dinndorf, P. A., and Shu, G. (1986). Hum.
Immunol. 16, 100-113.

Corbi, A. L., Miller, L. J., O’Connor, K., Larson, R. S., and Springer, T. A. (1987).
EMBO J. 6, 4023-4028.

Corbi, A. L., Larson, R. S., Kishimoto, T. K., Springer, T. A., and Morton, C. C.
(1988a). J. Exp. Med. 167, 1597-1607.

Corbi, A. L., Kishimoto, T. K., Miller, L. J., and Springer, T. A. (1988b). J. Biol. Chem.
263, 12403-12411.

Cotran, R. S., Pober, J. S., Gimbrone, M. A., Jr., Springer, T. A., Wiebke, E. A., Gaspari,
A. A., Rosenberg, S. A., and Lotze, M. T. (1988). J. Immunol. 140, 1883-1888.

Crowley, C. A., Curnutte, J. T., Rosin, R. E., Andre-Schwartz, J., Gallin, J. I., Klemp-
ner, M., Snyderman, R., Southwick, F. 8., Stossel, T. P., and Babior, B. M. (1980).
N. Engl. J. Med. 302, 1163-1168.

D’Souza, S. E., Ginsberg, M. H., Burke, T. A., Lam, S. C-T., and Plow, E. F. (1988).
Science 242, 91-93.

Dahms, N. M., and Hart, G. W. (1985). J. Immunol. 134, 3978-3986.

Dana, N., Todd, R. F,, III, Pitt, J., Springer, T. A., and Arnaout, M. A. (1984). J. Clin.
Invest. 73, 153-159.

Dana, N., Styrt, B., Griffin, J., Todd, R. F, III, Klempner, M., and Arnaout, M. A.
(1986). J. Immunol. 137, 3259-3263.

Dana, N., Clayton, L. K., Tennen, D. G., Pierce, M. W,, Lachmann, P. J., Law, S. A,,
and Arnaout, M. A. (1987). J. Clin. Invest. 79, 1010-1015.

Davignon, D., Martz, E., Reynolds, T., Kiirzinger, K., and Springer, T. A. (1981a). Proc.
Natl. Acad. Sci. US.A. 78, 4535-4539.

Davignon, D., Martz, E., Reynolds, T., Kiirzinger, K., and Springer, T. A. (1981b).
J. Immunol. 127, 590-595.

de la Hera, A., Alvarez-Mon, M., Sanchez-Madrid, F.,, Martinez-A, C., and Durantez, A.
(1988). Eur. J. Immunol. 18, 1131-1134.

Detmers, P. A., Wright, S. D., Olsen, E., Kimball, B., and Cohn, Z. A. (1987). J. Cell
Biol. 105, 1137-1145.

Dimanche, M. T., Le Deist, F., Fischer, A., Amaout, M. A., Griscelli, C., and Lisowska-
Grospierre, B. (1987). Eur. J. Immunol. 17, 417-419.

Dougherty, G. J., Murdoch, S., and Hogg, N. (1988). Eur. J. Immunol. 18, 35-39.

Dustin, M. L., and Springer, T. A. (1988). J. Cell Biol. 107, 321-331.

Dustin, M. L., and Springer, T. A. (1989). Submitted.

Dustin, M. L., Rothlein, R., Bhan, A. K., Dinarello, C. A., and Springer, T. A. (1986).
J. Immunol. 137, 245-254.

Dustin, M. L., Singer, K. H., Tuck, D. T., and Springer, T. A. (1988). J. Exp. Med.
167, 1323-1340.

Edelman, G. M. (1986). Annu. Rev. Cell Bzol. 2, 81-116.

Fischer, A., Lisowska-Grospierre, B., Anderson, D. C., and Springer, T. A. (1988).
Immunodef. Rev. 1, 39-54.

Fitzgerald, L. A., Steiner, B., Rall, S. C,, Jr.,, Lo, S., and Phillips, D. R. (1987). J. Biol.
Chem. 262, 3936-3939.

Fujimura, K., and Phillips, D. R. (1983). Thromb. Haemostasis 50, 25la.



THE LEUKOCYTE INTEGRINS 179

Gailit, J., and Ruoslahti, E. (1988). J. Biol. Chem. 263, 12927-12932.

Gardner, K., Watkins, P., Munke, M., Drabkin, H., Jones, C., and Patterson, D. (1988).
Somat. Cell Mol. Genet. 14, 623-638.

Giger, U., Boxer, L. A., Simpson, P. J., Lucchesi, B. R., and Todd, R. F,, III (1987).
Blood 69, 1622-1630.

Girma, J.-P., Meyer, D., Verweij, C. L., Pannekoek, H., and Sixma, J. J. (1987). Blood
70, 605-611.

Gordan, M. Y., Dowling, C. R., Riley, G. P, Goldman, ]J. M., and Greaves, M. F. (1987).
Nature (London) 328, 342-344.

Hamann, A., Westrich, D. J., Duijevstijn, A., Butcher, E. C., Baisch, H., Harder, R.,
and Thiele, H. G. (1988). J. Immunol. 140, 693-699.

Hara, T., and Fu, S. M. (1986). In “Leukocyte Typing II. Vol. 3 Human Myeloid and
Hematopoietic Cells” (E. L. Reinherz, B. F. Haynes, L. M. Nadler, and 1. D. Bern-
stein, eds), pp. 77-84. Springer-Verlag, New York.

Haskard, D., Cavender, D., Beatty, P., Springer, T., and Ziff, M. (1986). J. Immunol.
137, 2901-2906.

Hemler, M. E. (1988). Immunol. Today 9, 109-113.

Ho, M.-K., and Springer, T. A. (1983). J. Biol. Chem. 258, 2766-2769.

Horwitz, A., Duggan, K., Buck, C., Beckerle, M. C., and Burridge, K. (1986). Nature
(London) 320, 531-533.

Hynes, R. O. (1987). Cell 48, 549-554.

Jennings, L. K., and Phillips, D. R. (1982). J. Biol. Chem. 257, 10458-10466.

Keizer, G. D., Borst, J., Visser, W., Schwarting, R., de Vries, J. E., and Figdor, C. G.
(1987a). J. Immunol. 138, 3130-3136.

Keizer, G. D., te Velde, A. A, Schwarting, R., Figdor, C. G., and de Vries, J. E. (1987b).
Eur. J. Immunol. 17, 1317-1322.

Keizer, G. D., Visser, W., Vliem, M., and Figdor, C. G. (1988). J. Immunol. 140,
1393-1400.

Kishimoto, T. K., and Springer, T. A. (1989). Curr. Prob. Derm. 18, in press.

Kishimoto, T. K., O’Connor, K., Lee, A., Roberts, T. M., and Springer, T. A. (1987a).
Cell 48, 681-690.

Kishimoto, T. K., Hollander, N., Roberts, T. M., Anderson, D. C., and Springer, T. A.
(1987b). Cell 50, 193-202.

Kishimoto, T. K., O’Connor, K., and Springer, T. A. (1989). /. Biol. Chem. In press.

Kohl, S., Springer, T. A., Schmalstieg, F. C., Loo, L. S., and Anderson, D. C. (1984).
J. Immunol. 133, 2972-2978.

Kohl, S., Loo, L. 8., Schmalstieg, F. C., and Anderson, D. C. (1986). J. Immunol. 137,
1688-1694.

Kornfeld, R., and Kornfeld, S. (1985). Annu. Rev. Biochem. 54, 631-664.

Krensky, A. M., Sanchez-Madrid, F., Robbins, E., Nagy, J., Springer, T. A., and
Burakoff, S. J. (1983). J. Immunol. 131, 611-616.

Krensky, A. M., Mentzer, S. ]J., Clayberger, C., Anderson, D. C., Schmalstieg, F. C.,
Burakoff, S. J., and Springer, T. A. (1985). J. I'mmunol. 135, 3102-3108.

Kupfer, A., and Singer, S. J. (1989). Annu. Rev. Immunol. 7, 309-338.

Kiirzinger, K., and Springer, T. A. (1982). J. Biol. Chem. 257, 12412-12418.

Kirzinger, K., Reynolds, T., Germain, R. N., Davignon, D., Martz, E., and Springer,
T. A. (1981). J. I'mmunol. 127, 596-602.

Lanier, L. L., Arnaout, M. A., Schwarting, R., Warner, N. L., and Ross, G. D. (1985).
Eur. J. Immunol. 15, 713-718.

Larson, R. S., Corbi, A. L., Berman, L., and Springer, T. A. (1989). J. Cell Biol. 108,
708-712.



180 TAKASHI K. KISHIMOTO ET AL.

Larson, R. S., Hibbs, M. L., Corbi, A. L., Luther, E., Garcia-Aguilar, J., and Springer,
T. A. (1990). In “Leukocyte Typing IV” (W. Knapp et al., eds.). Oxford University
Press, Oxford (in press).

Law, S. K. A., Gagnon, ., Hildreth, J. E. K., Wells, C. E., Willis, A. C., and Wong,
A. J. (1987). EMBO J. 6, 915-919.

Le Beau, M. M., Diaz, M. O., Karin, M., and Rowley, ]J. D. (1985). Nature (London)
313, 709-711. '

Leptin, M. (1986). Nature (London) 321, 728.

Lisowska-Grospierre, B., Bohler, M. Ch., Fischer, A., Mawas, C., Springer, T. A., and
Griscelli, C. (1986). Eur. J. Immunol. 16, 205-208.

McMichael, A. J., ed. (1987). “Leukocyte Typing III: White Cell Differentiation
Antigens.” Oxford Univ. Press, London and New York.

Makgoba, M. W., Sanders, M. E., Ginther-Luce, G. E., Gugel, E. A., Dustin, M. L.,
Springer, T. A., and Shaw, S. (1988a). Eur. J. Immunol. 18, 637-640.

Makgoba, M. W., Sanders, M. E., Luce, G. E. G., Dustin, M. L., Springer, T. A.,
Clark, E. A., Mannoni, P., and Shaw, S. (1988b). Nature (London) 331, 86-88.

Malhotra, V., Hogg, N., and Sim, R. B. (1986). Fur. J. Immunol. 16, 1117-1123.

Marlin, S. D., and Springer, T. A. (1987). Cell 51, 813-819.

Marlin, S. D., Morton, C. C., Anderson, D. C., and Springer, T. A. (1986). J. Exp.
Med. 164, 855-867.

Martz, E. (1977). Contemp. Top. Immunobiol. 7, 301-36l.

Martz, E. (1986). Hum. Immunol. 18, 3-37.

Mentzer, S. J., Gromkowski, S. H., Krensky, A. M., Burakoff, S. J., and Martz, E. (1985).
J. Immunol. 135, 9-11,

Mentzer, S. J., Bierer, B. E., Anderson, D. C., Springer, T. A., and Burakoff, S. J. (1986a).
J. Clin. Invest. 78, 1387-1391.

Mentzer, S. J., Burakoff, S. J., and Faller, D. V. (1986b). J. Cell. Physiol. 126, 285-290.

Mentzer, S. J., Rothlein, R., Springer, T. A., and Faller, D. V. (1988). J. Cell. Physiol.
137, 173-178.

Micklem, K. J., and Sim, R. B. (1985). Biochem. J. 231, 233-236.

Miller, B. A., Antognetti, G., and Springer, T. (1985). J. Immunol. 134, 3286-3290.

Miller, L. J., and Springer, T. A. (1987). J. Immunol. 139, 842-847.

Miller, L. J., Schwarting, R., and Springer, T. A. (1986). J. Immunol. 187, 2891-2900.

Miller, L. J., Bainton, D. F., Borregaard, N., and Springer, T. A. (1987). J. Clin. Invest.
80, 535-544.

Morimoto, C., Rudd, C. E., Letvin, N. L., and Schlossman, S. F. (1987). Nature (London)
330, 479-482.

Mosser, D. M., and Edelson, P. J. (1985). J. Immunol. 135, 2785-2789.

Myones, B. L., Dalzell, J. G., Hogg, N., and Ross, G. D. (1988). J. Clin. Invest. 82,
640-651.

Obara, M., Kang, M. S., and Yamada, K. M. (1988). Cell 53, 649-657.

Patarroyo, M., Jondal, M., Gordon, J., and Klein, E. (1983). Cell. Immunol. 81, 373-383.

Patarroyo, M., Beatty, P. G., Fabre, J. W., and Gahmberg, C. G. (1985). Scand. J.
Immunol. 22, 171-182.

Pircher, H., Groscurth, P, Baumbhiitter, S., Aguet, M., Zinkernagel, R. M., and Hengart-
ner, H. (1986). Eur. J. Immunol. 16, 172-181.

Pober, ]. S., Gimbrone, M. A,, Jr., Lapierre, L. A., Mendrick, D. L., Fiers, W., Rothlein,
R., and Springer, T. A. (1986). J. Immunol. 137, 1893-1896.

Pober, J. S., Lapierre, L. A., Stolpen, A. H., Brock, T. A., Springer, T. A., Fiers, W,
Bevilacqua, M. P., Mendrick, D. L., and Gimbrone, M. A, Jr. (1987). J. Immunol.
138, 3319-3324.



THE LEUKOCYTE INTEGRINS 181

Poncz, M., Eisman, R., Heidenreich, R., Silver, S. M., Vilaire, G., Surrey, S., Schwartz,
E., and Bennett, J. S. (1987). J. Biol. Chem. 262, 8476-8482.

Pytela, R. (1988). EMBO J. 7, 1371-1378.

Pytowski, B., Easton, T. G., Valinsky, J. E., Calderon, T., Sun, T., Christman, J. K.,
Wright, S. D., and Michl, J. (1988). J. Exp. Med. 167, 421-439.

Ramos, O. F,, Kai, C., Yefenof, E., and Klein, E. (1988). J. Immunol. 140, 1239-1243.

Roos, E., and Roossien, F. F. (1987). J. Cell Biol. 105, 553-559.

Rosen, H., and Gordon, S. (1987). J. Exp. Med. 166, 1685-1701.

Rothlein, R., and Springer, T. A. (1985). J. Immunol. 135, 2668-2672.

Rothlein, R., and Springer, T. A. (1986). J. Exp. Med. 163, 1132-1149.

Rothlein, R., Dustin, M. L., Marlin, S. D., and Springer, T. A. (1986). J. Immunol.
137, 1270-1274.

Rubin, C. M., Larson, R. A, Bitter, M. A., Carrino, ]. J., Le Beau, M., Diaz, M. O.,
and Rowley, J. D. (1987). Blood 70, 1358-1343.

Ruggeri, Z. M., Houghten, R. A., Russell, S. R., and Zimmerman, T. S. (1986). Proc.
Natl. Acad. Sci. U.S.A. 83, 5708-5712.

Ruoslahti, E., and Pierschbacher, M. D. (1986). Cell 44, 517-518.

Ruoslahti, E., and Pierschbacher, M. D. (1987). Science 238, 491-497.

Russell, D. G., and Wright, S. D. (1988). J. Exp. Med. 168, 279-292.

Sanchez-Madrid, F., Simon, P., Thompson, S., and Springer, T. A. (1983a). J. Exp.
Med. 158, 586-602.

Sanchez-Madrid, F., Nagy, J., Robbins, E., Simon, P., and Springer, T. A. (1983b).
J. Exp. Med. 158, 1785-1803.

Sastre, L., Kishimoto, T. K., Gee, C., Roberts, T., and Springer, T. A. (1986).
J. Immunol. 137, 1060-1065.

Schwarting, R., Stein, H., and Wang, C. Y. (1985). Blood 65, 974-983.

Seed, B. (1987). Nature (London) 329, 840-842.

Simmons, D., Makgoba, M. W., and Seed, B. (1988). Nature (London) 331, 624-627.

Simon, R. H., DeHart, P. D., and Todd, R. F,, III (1986). J. Clin. Invest. 78, 1375-1386.

Simpson, P. J., Todd, R. E, III, Fantone, J. C., Mickelson, J. K., Griffin, ]J. D., Luc-
chesi, B. R., Adams, M. D., Hoff, P., Lee, K., and Rogers, C. E. (1988). J. Clin.
Invest. 81, 624-629.

Skubitz, K. M., and Snook, R. W, II (1987). J. Immunol. 139, 1631-1639.

Smith, C. W., Lawrence, M. B., Marlin, S. D., Rothlein, R., McIntire, L. V., and
Anderson, D. C. (1989). In “Leukocyte Adhesion” (T. A. Springer, D. C. Anderson,
R. Rothlein, and A. S. Rosenthal, eds). Springer-Verlag, New York (in press).

Springer, T. A., and Unkeless, J. C. (1984). Contemp. Top. Immunobiol. 14, 1-31.

Springer, T., Galfre, G., Secher, D. S., and Milstein, C. (1979). Eur. J. Immunol. 9,
301-306.

Springer, T. A., Thompson, W. S., Miller, L. J., Schmalstieg, F. C., and Anderson,
D. C. (1984). J. Exp. Med. 160, 1901-1918.

Springer, T. A., Miller, L. J., and Anderson, D. C. (1986). J. Immunol. 136, 240-245.

Springer, T. A., Dustin, M. L., Kishimoto, T. K., and Marlin, S. D. (1987). Annu. Rev.
Immunol. 5, 223-252.

Staunton, D. E., Marlin, S. D., Stratowa, C., Dustin, M. L., and Springer, T. A. (1988).
Cell 52, 925-933,

Staunton, D. E., Dustin, M. L., and Springer, T. A. (1989). Nature (London), in press.

Strassmann, G., Springer, T. A., Haskill, S. J., Miraglia, C. C., Lanier, L. L., and Adams,
D. O. (1985). Cell. Immunol. 94, 265-275.

Suomalainen, H. A., Lundgyist, C., Gahmberg, C. G., and Schréder, J. (1983). Somat.
Cell Genet. 9, 745-756.



182 TAKASHI K. KISHIMOTO ET AL.

Suzuki, S., Argraves, W. S., Arai, H., Languino, L. R., Pierschbacher, M. D., and
Ruoslahti, E. (1987). J. Biol. Chem. 262, 14080-14085.

Szebenyi, D. M. E., Obendorf, S. K., and Moffat, K. (1981). Nature (London) 294,
327-332.

Takada, Y., and Hemler, M. E. (1989). J. Cell Biol., in press.

Takeda, A. (1987). Eur. J. Immunol. 17, 281-286.

Tamkun, J. W., DeSimone, D. W, Fonda, D., Patel, R. S., Buck, C., Horwitz, A. F.,
and Hynes, R. O. (1986). Cell 46, 271-282.

te Velde, A. A., Keizer, G. D., and Figdor, C. G. (1987). Immunology 61, 261-267.

Todd, R. F.,, and Freyer, D. R. (1988). Hem./Oncol. Clin. N.A4. 2, 13-31.

Todd, R. F, III, Arnaout, M. A, Rosin, R. E., Crowley, C. A., Peters, W. A., and
Babior, B. M. (1984). J. Clin. Invest. 74, 1280-1290.

Trowbridge, I. S., and Omary, M. B. (1981). Proc. Natl. Acad. Sci. US.A. 78, 3039-3043.

van Agthoven, A., Pierres, M., and Goridis, C. (1985). Mol. Immunol. 22, 1349-1358.

Vedder, N. B., and Harlan, J. M. (1988). J. Clin. Invest. 81, 676-682.

Vedder, N. B., Winn, R. K., Rice, C. L., Chi, E. Y., Artors, K.-E., and Harlan, J. M.
(1988). J. Clin. Invest. 81, 939-944.

Wallis, W. J., Hickstein, D. D., Schwartz, B. R., June, C. C., Ochs, H. D., Beatty, P. G.,
Klebanoff, S. J., and Harlan, J. M. (1986). Blood 67, 1007-1013.

Werdelin, O. (1980). In “Macrophage Regulation of Immunity” (E. R. Unanue and
A. S. Rosenthal, eds). Academic Press, New York.

Wilcox, M., and Leptin, M. (1985). Nature (London) 316, 351-354.

Williams, A. F.,, and Barclay, A. N. (1988). Annu. Rev. Immunol. 6, 381-405.

Wright, 8. D., and Jong, M. T. C. (1986). J. Exp. Med. 164, 1876-1888.

Wright, S. D., and Meyer, B. C. (1986). J. Immunol. 136, 1759-1764.

Wright, S. D., Rao, P. E., Van Voorhis, W. C., Craigmyle, L. S., Iida, K., Talle, M. A.,
Westberg, E. F., Goldstein, G., and Silverstein, S. C. (1983). Proc. Natl. Acad.
Sci. US. A. 80, 5699-5703.

Wright, S. D., Detmers, P. A., Jong, M. T. C., and Meyer, B. C. (1986). J. Exp. Med.
163, 1245-1259,

Wright, S. D., Reddy, P. A., Jong, M. T. C., and Erickson, B. W. (1987). Proc. Natl.
Acad. Sci. US.A. 84, 1965-1968.



ADVANCES IN IMMUNOLOGY, VOL. 46

Structure and Function of the Complement Receptors,
CR1 (CD35) and CR2 (CD21)

JOSEPH M. AHEARN AND DOUGLAS T. FEARON

Departments of Medicine,
The Johns Hopkins University School of Medicine and
The Johns Hopkins Hospital,
Baltimore, Maryland 21205

I. Introduction

A simplified view of complement holds that its primary function is
to mediate the uptake of foreign macromolecules by cells of the immune
system. Uptake promotes removal of foreign material either directly
through the process of phagocytosis or indirectly by recruitment of other
recognition mechanisms, such as those employed by B and T cells. This
function of complement requires two components: ligands that can be
attached to foreign macromolecules, and cellular structures that bind
the ligands. The former are represented by C3 and C4, the covalent
binding functions of which are activated by the classical and alter-
native pathways, and the latter are the cellular receptors specific for
fragments of C3 and C4. Analysis of major aspects of the two acti-
vating pathways was completed during the 1960s and 1970s, and in
the 1980s attention has been directed to elucidating the structure and
function of complement receptors. This review reports recent find-
ings regarding two of these receptors, complement receptor type 1
(CRI1; CD35) and complement receptor type 2 (CR2; CD21), which bind
the cleavage fragments of C4 and C3 that are covalently attached to
activators of the complement system.

. Complement Receptor Type 1

The studies of CR1 will be discussed under three major headings
relating to its structure, tissue distribution and biosynthesis, and func-
tion, respectively.

A. StrUCTURE OF CRI1

The complete primary structure of CR1 is now known through
molecular cloning studies (Klickstein et al., 1987, 1988). The most
common allotype of CR1, the F (Wong et al., 1983) or A allotype
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(Dykman et al., 1983a), is a polypeptide of 2039 residues: a 41-amino
acid signal peptide, an extracellular domain of 1930 residues, a 25-amino
acid transmembrane region, and a 43-amino acid cytoplasmic domain.
The extracellular portion of the receptor is composed exclusively of 30
short consensus repeats (SCRs). Each SCR contains 60 to 70 amino acids,
six of which are found in all SCRs: four cysteines, a single tryptophan
between the third and fourth cysteine, and a glycine after the second
cysteine. There is a relatively high content of glycine and proline, account-
ing for the high probability of 8-turn formation and low probability
of a-helical formation. Overall, approximately half of the residues are
found in at least 509% of all SCRs of CRI.

A shorter form of CRI having SCRI-8 has been proposed based on
finding a polyadenylated mRNA formed by use of an alternative
polyadenylation site in the intron separating the two exons encoding
SCR-9. A protein product of this transcript has not been found in vivo
(Hourcade et al., 1988).

The SCR is predicted to have a triple loop structure, as shown in Fig. 1,
that is maintained by disulfide linkages between cysteines-1 and -3, and
-2 and -4. This prediction is based on observations of the roles of the
half-cysteines in two other proteins having SCRs, Bg-glycoprotein I
(Lozier et al., 1984) and C4-binding protein (C4-bp) (Janatova et al.,
1988). A smgle SCR has been calculated to be 38 X 30 A based on
electron microscopic measurement of the subunits of C4-bp which have
eight SCRs and dimensions of 3000 X 38 A (Perkins et al., 1986).

FiG. 1. Proposed secondary structure of human CR1. The extracellular domain of
CR1 consists of 30 short consensus repeats (SCRs), and the amino-terminal 28 SCRs
comprise four long homologous repeats (LHRs), which are indicated by brackets. The
inset is an enlargement of the triple-loop structure of the SCR, which is maintained
by disulfide bonds. The branched structure within LHR-C represents one of 17 poten-
tial sites for N-linked glycosylation (Klickstein et al., 1987).
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Every eighth SCR is a highly homologous repeat, ranging from approx-
imately 60 to 100% identity (Fig. 2), so that seven SCRs constitute a
long homologous repeat (LHR) of which the F allotype has four; only
the carboxy-terminal SCR-29 and -30 are not part of an LHR. The
amino-terminal three LHRs, termed LHR-A, -B, and -C, have indepen-
dent binding sites for C3b and C4b (Klickstein et al., 1988), as will be
discussed below, so that the LHR can be considered as a structural and
a functional unit.

Although the LHR is unique to CRI, the basic structural element
of the SCR has been found in other proteins (Table I), most of which
have C3/C4 binding function, indicating that the SCR motif has been
repeatedly used during evolution of the many C3/C4-binding proteins
of the complement system. However, some SCR-containing proteins, such
as the interleukin-2 receptor, 8y-glycoprotein, and factor XIIIb, have
not been demonstrated to have any function in the complement system,
so that this struction-function correlation does not always obtain and

SHORT CONSENSUS REPEAT
1 2 3 4 5 6 7
A a a a a a a a

56% 66% 99% 100% 100% 100% 100%
B b b a a a a a

100% 98% 97% 100% 78% 81% 75%
(o] b b a a c c c

57% 56% 66% 60% 95% 87% 93%

D d d d d C c c

LONG HOMOLOGOUS REPEAT

(60%) (56%)  (66%)  (60%)  (77%) (83%)  (73%)

FiG. 2. Homology among CR1 short consensus repeats (SCRs). The 28 SCRs of
CR1, which are contained within long homologous repeats (LHRs)-A, -B, -C, and -D,
consist of four different types: a, b, ¢, and d. These designations are based upon amino
acid sequence homology. The percentages shown indicate the relatedness of the SCRs
immediately above and below, except for the numbers in parentheses at the bottom
of each column, which reflect a comparison of the SCRs in LHR-D with those in LHR-A.
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TABLE I
SCR-CONTAINING PROTEINS
Number of
Protein SCRs Reference
CR1 30 Klickstein et al. (1988)
CR2 15, 16 Weis et al. (1988); Moore
' et al. (1987)

B2-glycoprotein I 4 Lozier et al. (1984)
B 3 Morley and Campbell

(1984)
Factor XIIIb 10 Ichinose et al. (1986)
Clr subunit of Cl 2 Leytus et al. (1986)
C4-binding protein (C4-bp) 8 Chung et al. (1985)
Haptoglobin 1 Kurosky et al. (1980)
IL-2 receptor (IL2R) 2 Leonard et al. (1985)
H 20 Ripoche et al. (1988)
Fragment b of C2 (C2b) 3 Bentley (1986)
Decay-accelerating factor 4 Caras et al. (1987);

Medof et al. (1988)
Membrane cofactor protein 4 Lublin et al. (1988)
Vaccinia virus 35-kDa protein 4 Kotwal and Moss (1988)
Endothelial leukocyte adhesion molecule 6 Bevilacqua et al. (1989)
Mouse lymph node homing receptor 2 Siegelman et al. (1989)
Mouse CRY 5 Paul et al. (1989)

members of other plasma and membrane protein systems have adopted
the SCR for presumably different functional purposes.

The transmembrane and intracellular domains of CR1 are less
unusual. The former is comprised of 25 hydrophobic amino acids having
a tendency for a-helix formation (Fig. 3); no charged residues are present
that might favor membrane protein-protein interactions. The size of
the cytoplasmic region, 43 amino acids, is too limited to constitute an
enzyme, although this part of the receptor presumably mediates inter-
action of CR1 with the cytoskeleton of phagocytic cell types (Jack and

CR1 LEGSPHSQCQADDRWDPPLAKCTSRAHD IVGTLSGTIFF‘ILLIIFLSWIILKHR.KGNNAHENP KEVAIHLHSQGGSSVHPRTLQTNEENSRVLP
* * % ** KR kK
CR2 LEGSPQSQCQSDHOWNPPLAVCRSRS LCGIN\GLILLTFLIWTL‘!VISKHRARNHTDTSQKE AFHLEAREVXSVDPXNPAS

3' EXTRACELLULAR TRANSMEMBRANE CYTOPLASMIC

FI1G. 3. Amino acid sequence homology between the carboxy-terminal domains of
CRI1 and CR2. An asterisk is placed between identical residues. Potential sites for
phosphorylation in the cytoplasmic domains are in boldface (serine/threonine) or
underlined (tyrosine).
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Fearon, 1985; Jack et al., 1986) and serves as a substrate for protein
kinase C (Changelian and Fearon, 1986). With respect to the latter
reaction, a candidate site for phosphorylation is the six-amino acid
sequence, VHPRTL, which is homologous to the sequence, VRKRTL,
a site of protein kinase C phosphorylation in the epidermal growth factor
receptor and the erbB oncogene product (Hunter et al., 1984; Davis and
Czech, 1985).

B. ALLOTYPES AND GENOMIC STRUCTURE OF CRI1

Four allotypic forms of CR1 have been identified that differ by
molecular weight (Table IT) (Dykman et al., 1983a,b, 1984, 1985; Wong
et al., 1983; van Dyne et al., 1987). In addition to the common A allotype
are the larger S, or B, allotype, that occurs with a frequency of 0.18,
and two rare forms that are larger and smaller than the B and A allotypes,
respectively. Although the primary structure of only the A allotype is
known through cDNA sequence analysis, five observations suggest that
the size differences may be accounted for by the presence of variable
numbers of LHRs. First, the allotypic differences have been shown not
to be altered by removal of N-linked oligosaccharides (Wong et al., 1983)
or by biosynthesis in the presence of tunicamycin (Lublin et al., 1986).
Second, the allotypic forms differ by increments of 30,000 to 50,000
in M;, which is comparable to the M, of an LHR. Third, the high-
performance liquid chromatography (HPLC) profile of tryptic peptides
of 125]-labeled CR1 allotypes were indistinguishable (Nickells et al.,
1986), suggesting that the segments of the protein that were involved
in the allotypic differences represented conserved regions common to

TABLE II
CHARACTERISTICS OF CR1 ALLOTYPES
Nomenclature M, mRNA (kb) Frequency
Fe (A)b 250,000¢ (190,000)¢ 7.9, 9.2¢ (8.6, 10.0)/ 0.82
S (B) 290,000 (220,000) 9.2, 10.7 (10.0, 11.6) 0.18
F' (C) 210,000 (160,000) 6.5, 7.9 (7.3, 8.6) <0.01
(D) (250,000) (11.6, 12.8) <0.01

¢Nomenclature of Wong et al. (1983).

bNomenclature of Dykman et al. (1983a).

¢The calculated molecular weight of the unglycosylated polypeptide of this
allotype is 220,000.

4 M, of unreduced CRI.

¢From Wong et al. (1986).

/From Holers et al. (1987).
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all allotypes. Fourth, the mRNAs for the different allotypes differed by
increments of 1.3 to 1.4 kb, a size that could encode an LHR (Wong
et al., 1986; Holers et al., 1987). Fifth, and most informative, was the
identification of an additional BamHI restriction fragment that
hybridized with CR1 cDNA probes on genomic blots of DNA from almost
all persons expressing the B allotype and in none lacking the form of
CR1 (Wong et al., 1986). Southern blot analysis with a noncoding probe
derived from the BamHI fragment hybridized under stringent condi-
tions not only to this fragment but to two others, and these additional
BamHI fragments were also present in individuals homozygous for the
A allotype (Wong et al., 1986). Thus, an intervening sequence in a
B allele-specific region was highly homologous to sequences in two other
regions of the CR1 gene, suggesting that the CR1 gene, like the cDNA,
was composed of highly conserved, repetitive regions that perhaps
corresponded to genomic segments containing exons encoding LHRs
and that the B allele arose from the 4 allele by duplication of such a
genomic segment.

Direct evidence in support of this proposal was obtained by isolating
and mapping overlapping phage and cosmid clones from a genomic
library prepared with DNA from an individual homozygous for the
B allele (Wong et al., 1989). The gene encoding the B allele was shown
to extend approximately 160 kb and could be divided into nine regions:
the 5’ region containing untranslated and leader sequences; five regions
of 18 to 30 kb having exons hybridizing to cDNA probes encoding SCRs
comprising the LHRs; a short region containing the two 3’ SCRs that
are not included within an LHR; a segment having exons encoding the
transmembrane and cytoplasmic regions; and 3’ untranslated sequences.
Four of the five genomic regions corresponding to the LHR cDNA
sequences were readily identified by hybridization with cDNA probes
specific for LHR-A, -B, -C, and -D, respectively. The fifth region was
20 kb in length, resided between the LHR-A and -B genomic segments,
and was lacking in overlapping genomic clones isolated from a library
prepared with DNA from an AA homozygote. The restriction map of
the 5’ half of this genomic region was identical to that of the 5’ half
of the LHR-B genomic region, and the map of the 3’ half was
indistinguishable from that of the corresponding region of the LHR-A
genomic region. Furthermore, CR1 cDNA probes specific for the nearly
identical 5’ regions of LHR-B and -C hybridized to the 5’ exons of the
additional B allele segment, whereas 5’ cDNA probes for LHR-A and -D
did not, and cDNA probes specific for the almost identical 3’ sequences
of LHR-A and -B hybridized to exons in the 3’ portion of this genomic
segment. Thus, the B allele has an additional genomic segment that
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appears to encode an additional LHR resembling a chimera of the 3’
region of LHR-A and the 5’ region of LHR-B. This allele most likely
arose through an homologous recombination event involving the LHR-A
and -B regions, and similar mechanisms of duplication or deletion by
homologous recombination with unequal cross-over may account for the
rarer CR1 allotypes.

These mapping studies also revealed that at least 42 exons are present
within the gene for the B allotype. Among these are distinct exons
encoding the leader sequence, the transmembrane and cytoplasmic
sequences, and most of the SCRs of the extracellular segment of the
receptor. Interestingly, the second SCR of each LHR is encoded by more
than one, and probably two, exons, perhaps indicating special function
for this SCR. In keeping with this possibility is the finding that the second
SCR of factor H also is encoded by two exons (Vik et al., 1988) and,
as will be discussed below, the ligand binding sites of the A allotype of
CR1 have been localized to the first two SCRs of LHR-A, -B, and -C
(Klickstein et al., 1988). The ligand binding site of factor H for C3b
also has been determined to be in the NHj-terminal region (Alsenz
et al., 1985).

The human gene for CR1 (CRI) has been shown to be linked to the
genes for CR2 (CR2) (Weis et al., 1987), decay accelerating factor (DAF)
(Rey-Campos, Jr. et al., 1987; Lublin et al., 1987), C4-binding protein
(C4-bp) (Rodriguez de Cordoba et al., 1984, 1985), factor H (H), and
membrane cofactor protein (MCP) (Lublin et al., 1988) in a locus termed
the Regulator of Complement Activation (or RCA) gene cluster. All
members of this gene family are C3/C4-binding proteins composed
entirely or in part of SCRs. The RCA locus has been identified at or
near band q32 of chromosome 1 by in situ hybridization and analysis
of somatic cell hybrids (Weis et al., 1987). Recently, three reports using
the technique of pulsed-field gel electrophoresis have provided physical
maps of up to 1500 kb of DNA encompassing five of the members of
the RCA locus (Rey-Campos et al., 1988; Carroll et al., 1988; Bora et al.,
1989) (Fig. 4). The order of the genes is MCFE, CRI, CR2, DAF, and
C4-bp. The inability to link physically the H gene to this cluster is con-
sistent with the mapping of this locus to 6.9 cM from the C4-bp/CRI
locus (Rodriguez de Cordoba and Rubinstein, 1984). Perhaps related
to the distal position of the H gene is the lesser sequence homology
between H and the other members (Fig. 5). It is not clear what func-
tional inferences should be drawn from this observation of the cluster-
ing of these genes encoding C3/C4-binding proteins, just as the
significance of the presence of the genes for C4A, C4B, factor B, and
C2 in the Major Histocompatibility Complex is not certain. However,



190 JOSEPH M. AHEARN AND DOUGLAS T. FEARON

Restriction

Enzymes:
Nrul L 1200 { 1
Notl L , 1200 )
Miut i 550 | 800 i
BssHll L_ 175|225 | 450 1
Fspl | L 225 | 250 | 200 |
E 1 I — ! 400 75 475 S T |
Sall L | 625 ! |

Probes: ab cde f g

I | t |
Genes: CR1 CR2 DAF C4-bp

500 1000 1500
1 !

1 L I L s I [ VR S

0
Scale(kb) L.__. . L \

FiG. 4. Organization of the genes that encode CR1, CR2, DAF, and C4-bp within
the RCA locus on chromosome 1. The restriction map was prepared by pulsed-field
gradient gel electrophoresis and Southern blot analysis of human genomic DNA
hybridized with probes specific for CR1 (a, b, ¢, and d), CR2 (e), DAF (f), and C4-bp (g).
The factor H gene lies outside of this 1500-kb region (Carroll et al., 1988). The MCP
locus has recently been mapped to within 100 kb of the 3’ end of the CRI gene (Bora
et al., 1989).

the grouping cannot simply be based on the common presence of the
SCR, as other complement proteins having this basic structural unit,
such as C2, factor B, and Clr, reside on other chromosomes.

C. TissuE DISTRIBUTION AND B1osyNTHESIS OoF CR1

The following cell types in man have been demonstrated to express
CRI1 by structural and functional criteria: erythrocytes, B lymphocytes,
a subset of T lymphocytes, monocytes, and #n vitro cultured macrophages,
neutrophils, eosinophils, glomerular podocytes, and follicular dendritic
cells (Fearon, 1980; Wilson et al., 1983; Reynes et al., 1985; Gelfand
et al., 1976; Kazatchkine et al., 1982). The rank order of cells based
on their numbers of receptors has been determined for several cell types:
peripheral blood neutrophils = monocytes = B lymphocytes (20,000
to 40,000 CR1/cell) > T lymphocytes (1000 to 5000 CR1/cell) >
erythrocytes (100 to 1000 CR1/cell). A soluble form of CR1 also has been
found in plasma in picomolar concentrations that sedimented as a broad -
peak with other plasma proteins on ultracentrifugation (Yoon and Fearon,
1985). This form of CR1 was capable of binding C3b, was indis-
tinguishable from erythrocyte CR1 on SDS-polyacrylamide gel electro-
phoresis, and its concentration correlated with the number of CR1
molecules present on erythrocytes. Whether it is shed in an intact form
from erythrocytes, or has had its transmembrane/cytoplasmic domain
cleaved, or is directly secreted is not known.

The wide variation of CR1 number on erythrocytes is, at least in part,
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FIG. 5. Dot matrix analysis of the CR1 ¢cDNA sequence compared with those of
other SCR-containing proteins, A dot was placed if there was at least a 40-bp of 90-bp
match.

a genetically regulated trait (Wilson et al., 1982). A restriction frag-
ment length polymorphism involving allelic HindIII fragments of 7.4
and 6.9 kb that hybridizes with CR1 cDNA probes correlates with the
quantitative expression of CR1 on E (Wilson e¢ al., 1986). Individuals
homozygous for the 7.4 kb HendIII fragment had an average of 661 sites
per cell to which monoclonal anti-CR1 bound; persons homozygous for
the 6.9-kb HindIII fragment had 156 sites per cell, and heterozygotes
had an intermediate number, 455 sites per cell. The polymorphism is
caused by an additional HzndIlI site in the allele containing the 6.9-kb
fragment that has been created by a single base change in an intron
located in the region of the CR1 encoding LHR-D (Wong et al., 1988).
As the base change cannot account for the altered expression of CR1,
it presumably is in linkage disequilibrium with another polymorphic
locus controlling biosynthesis or stability of the receptor on erythrocytes.
No quantitative variation of CR1 expression has been observed with
neutrophils or B lymphocytes, although unequal expression of CR1 struc-
tural allotypes in these cells occurs, perhaps indicating some effect of
the HindIlI-linked regulatory locus on CR1 expression by these cells
(Wilson et al., 1986).

A mechanism for rapidly up-regulating the plasma membrane expres-
sion of CRI that involves intracellular pools of preformed receptor is
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utilized by neutrophils and monocytes (Fearon and Collins, 1983). In
their “resting” states as found in peripheral blood of normal individuals,
these cells express only 5% to 10% of total cellular CRI at the plasma
membrane, the rest residing within an intracellular compartment that
can be elicited to the plasma membrane. Agents that have been shown
to up-regulate CR1 include chemotactic peptides, such as Cba and
formyl-methionyl-leucyl-phenylalanine (f-MLP), endotoxin, certain
cytokines, calcium ionophores, and phorbol esters (Fearon and Collins,
1983; Berger et al., 1985, 1988; O’Shea et al., 1985b; Changelian et al.,
1985; Davis et al., 1987). The intracellular pool of CR1 has not been
identified, but it is not specific-granule associated, as is a portion of
intracellular CR3 (O’'Shea et al., 1985a), and may be identical to the
non-granule-associated vesicles described as a site for CR3 (Bainton et al.,
1987). Up-regulation of CRI1 by chemotactic peptides would prepare cells
for encountering opsonized microorganisms during and after their motile
response leading to localization in infected tissue. That such up-regulation
occurs #n vivo has been demonstrated in patients undergoing hemodialysis
with complement-activating membranes that cause the generation of
Cba (Lee et al., 1984), and in burn patients in whom increased CR1
expression may be caused (1) by inappropriate systemic activation of
neutrophils by Cha derived from the interaction of complement with
thermally injured tissue (Moore et al., 1986) or (2) by cytokines, such
as tumor necrosis factor, derived from macrophages at sites of tissue
damage.

Studies of the biosynthesis of CR1 by induced HL-60 cells (Atkinson
and Jones, 1984) and lymphoblastoid cells transformed with Epstein-Barr
virus (Lublin et al., 1986) have indicated that the four allotypes of the
receptor are initially synthesized as precursor molecules having high-
mannose oligosaccharides that are converted to complex-type oligosac-
charides. The M, of CR1 on SDS-polyacrylamide gel electrophoresis was
decreased approximately 25,000 by treatment with endoglycosidase F
(Wong et al., 1983), consistent with the presence of approximately six
to eight oligosaccharide moieties per receptor, which had been predicted
also by analysis of the glucosamine content of purified CR1. The recep-
tor lacks O-linked oligosaccharides (Lublin et al., 1986). A function for
the N-linked oligosaccharides was indicated by the findings that
nonglycosylated CR1 had impaired ligand binding activity, and was
inserted into the plasma membrane with decreased efficiency relative
to normally glycosylated CR1 (Lublin et al., 1986). Although the small
M, difference between neutrophil CR1 and receptor of other cell types
(Dykman et al., 1983a) is caused by unspecified differences in glycosyla-
tion, no functional correlates have been reported. Finally, mature
peripheral blood neutrophils continue to synthesize CR1, as shown by
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incorporation of [35S]methionine, and to contain CR1 mRNA (Jack and
Fearon, 1988). This residual biosynthetic capacity of the circulating
neutrophil may indicate a capacity for an adaptive response to its
microenvironment, a view that has been supported by the observation
that granulocyte/macrophage colony-stimulating factor increased CR1
synthesis by neutrophils twofold during #n witro cultivation (Neuman
and Jack, 1988).

The appearance of CR1 during the ontogenic development of B lym-
phocytes, myelomonocytic cells, and glomerular podocytes has been
studied (Tedder et al., 1983; Appay et al., 1985). B cells gradually
acquired the ability to express CR1 during maturation: 15% of large
pre-B cells, 35% of small pre-B cells, 60% to 80% of immature B cells
having membrane IgM but not IgD, and essentially all mature B cells
expressed CR1 detectable by immunofluorescent staining with spe-
cific antibody. Plasma cells did not have CRI1. The relatively early
presence of CR1 during the ontogeny of B cells and its uniform expression
by mature B cells are consistent with some role for CR1 in critical
B cell functions, although, as will be reviewed, this role has not
been fully defined.

In contrast to B lymphocytes, myelomonocytic cells expressed CR1
relatively late in development (Tedder et al., 1983). Whereas all
segmented neutrophilic leukocytes and 75%, of band forms were stained
with anti-CR1, only 4% of metamyelocytes and less than 1% of myelocytes
expressed the receptor. These findings refined earlier results obtained
with rosetting assays (Ross et al., 1978) and are consistent with CR1
expression temporally correlating with the functional development of
this cell type into a competent phagocyte at which time the endocytic
function of the receptor can be utilized by the cell.

In ontogenesis of the glomerulus, CR1 was one of the earliest markers
expressed by resident glomerular cells (Appay et al., 1985). The recep-
tor on glomerular epithelium was detected as early as the late S-body
stage of nephron differentiation, where it was present on the basolateral
part of primitive podocytes following acquisition of the latter’s capacity
for synthesis of a basal lamina. A function of CRI in the kidney has
not been demonstrated and thus the consequences of its early appearance
are not known.

D. FuncrioN or CRI1
1. Ligand Binding Sites of CRI

The molecular cloning of CR1 enabled the construction of eukaryotic
expression vectors containing cDNA inserts representing the entire CR1
coding sequence and various deletion mutants (Klickstein et al., 1988).
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The expression of these recombinant forms of CR1 and the analysis of
their ligand binding function has led to the identification of distinct
C3b and C4b recognition sites. These functional domains have been
assigned to specific structural elements of the receptor, the SCR and
the LHR. A conserved Bsml site present midway through the coding
sequence of the first SCR of each LHR corresponded closely to the boun-
daries of the LHRs and maintained the open reading frame and the
appropriate positions of the four cysteines necessary for the cys-1/-3,
cys-2/-4 disulfide bonds within each SCR. Therefore, by partially
digesting the full-length cDNA with Bsml, and religating the appropriate
fragments, four deletion mutants were formed which were inserted into
the expression vector, CDM8, downstream of a cytomegalovirus promotor.
Transfection into COS cells and transient expression of the constructs,
termed piABCD, piAD, piBD, piCD, and piD, permitted the assessment
of the C3/C4-binding functions of each LHRs.

COS cells expressing the recombinant full-length CR1 formed rosettes
with erythrocytes bearing either methylamine-treated C3 [EC3(ma)] or
C4 {EC4(ma)], comparable to the known ligand specificities of wild-
type CR1 (Table III). Among the deletion mutants, only the piBD and
piCD constructs directed expression of receptor capable of binding
EC3(ma), indicating the presence of C3 recognition sites in LHR-B
and -C, but not LHR-A or -D (Table III). With respect to C4-binding
function, the recombinant receptor encoded by the piAD construct was
most effective in mediating rosette formation of the COS cells with
EC4(ma), suggesting that LHR-A contains the primary C4 recognition
site (Table III). Two other deletion mutants, which had been prepared
by digesting the CR1 cDNA construct at other restriction sites, further
localized this C4-binding site in LHR-A. The constructs, piA/D (which
encoded SCR-1 through -5 of LHR-A and the COOH-terminal three
SCRs of LHR-D) and piE-2 (which encoded SCR-1 and -2 of LHR-A,
the COOH-terminal five SCRs of LHR-C, and all of LHR-D), directed
expression of recombinant proteins that demonstrated preferential
binding of EC4(ma). Thus, the primary recognition site in CR1 for C4
was shown to require the NHjy-terminal two SCRs of LHR-A. The
finding that the C4b and C3b recognition sites in CR1 were distinct is
consistent with an earlier study in which soluble C4b was unable to inhibit
the formation of rosettes between C3b-bearing erythrocytes and human
B lymphoblastoid cell lines (Gaither et al., 1983).

Although comparable deletion mutants dissecting LHR-B or -C were
not constructed, the SCRs within these LHRs that were essential for
binding C3 become evident on analysis of the amino acid sequences of
CRI1 (Fig. 2). Because LHR-A and -B differ only in their NHjy-terminal
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TABLE III
FORMATION OF ROSETTES BETWEEN COS CELL TRANSFECTANTS
TRANSIENTLY EXPRESSING RECOMBINANT FORMS OF CR1
AND SHEEP E BEARING C3(ma) OR C4(ma)

% Transfectants forming rosettes

% Transfectants fluorescent with anti-CR1

COS cell transfectant EC3(ma) EC4(ma)
piABCD# 109 62
piAD 8 107
piBD 107 12
piCD 127 32
piD 0 0
piA/D? 11 83
piE-2¢ 0 102

2Nomenclature refers to LHRs coded for by the cDNA insert in the
CDMS8 vector.

bpiA/D encodes a hybrid LHR with the five NHp-terminal SCRs of
LHR-A linked to the three COOH-terminal SCRs of LHR-D.

°piE-2 encodes a mutant CR1 containing SCR-1 and -2 of LHR-A,
SCR-17 through -30, and the transmembrane and cytoplasmic domains.

two SCRs, the other five being greater than 99%, identical, SCR-8 and -9
are predicted to contain the C3 recognition site within LHR-B and, as
these are 100 and 98% identical, respectively, to the NH;-terminal two
SCRs of LHR-C, SCR-15, and SCR-16, the latter are presumed also to
have this function in LHR-C. The sequence divergence in the
NH;-terminal two SCRs of LHR-D may be the basis for the absence
of C3- or C4-binding function in the recombinant encoded by piD,
although some accessory function cannot be excluded by these studies
in which all functional constructs contained LHR-D.

The presence of three distinct ligand recognition sites in CR1, two
for C3b and one for C4b, suggests that each receptor molecule can
interact multivalently with complexes containing multiple C4b and C3b
molecules. In fact, the low K, of 1 X 10° for the binding by CR1 of
monomeric C3b suggests that a multivalent ligand-receptor interaction
is required. Therefore, the capacity of the classical and alternative
pathways to attach many molecules of C4b and C3b per activating
complex, and of C4b and C3b to form covalent homo- and heterodimers,
is essential, as these reactions generate multivalent ligands for CRI.

The finding of ligand binding sites in LHR-A, -B, and -C also indicates
that CR1 allotypes may vary in their number of C3b- and C4b-binding
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sites. For example, the B allotype, in which the genomic organization
suggests that the NHy-terminal portion of the additional LHR is LHR-B-
like (Wong et al., 1989), may have three C3b-binding sites. Conversely,
the smaller C allotype, in which an LHR may have been deleted, may
be lacking one of the C3b-binding sites, diminishing its capacity for
binding of immune complexes bearing this ligand. As CRIl on
erythrocytes may have a role in the clearance of C3b-bearing immune
complexes, it is of interest that there may be an association between the
expression of the C allotype and the occurrence of systemic lupus
(van Dyne et al., 1987).

The presence of highly homologous repeats in CR1 raised the possibility
that epitopes binding anti-CR1 antibodies also may be repetitive, and
this likelihood was confirmed by the demonstration that a monoclonal
anti-CR1, YZI1, bound to the full-length recombinant CR1 encoded by
PiABCD, and to the deletion mutants encoded by piAD, piBD, and piCD,
but not to the product of piD. Therefore, the epitope for YZ1 was present
three times, in LHR-A, -B, and -C, respectively, and previous studies
assuming a 1:1 molar ratio between the number of cell-bound monoclonal
anti-CRI1 antibodies and CRI molecules probably have overestimated
the number of receptor molecules present on various cell types.
Monoclonal antibodies also may vary in the number of epitopes to which
they bind, leading to apparently inconsistent quantitative analyses
(Edberg et al., 1987). Even studies employing C3b as the ligand in which
each C3b-binding site was presumed to represent a molecule of CRI
probably overestimated by a factor of two the numbers of CR1 molecules.
However, the low numbers of CR1 sites on erythrocytes of patients with
systemic lupus erythematosus found by all investigators cannot be
accounted for by abnormal expression of epitopes, as structural studies
of patients’ CR1 molecules, including determination of the frequency
of the A and B allotypes, have revealed no differences from CR1 of healthy
individuals. In any event, it is evident that each monoclonal antibody
must be characterized with respect to the number of epitopes to which
it binds on each CR1 allotype prior to the use of that antibody for absolute
rather than relative measurements of CR1.

2. Complement Regulatory Functions of CRI1

CR1 was the first membrane protein to be characterized as having
an inhibitory effect on enzymes involved in complement activation
(Fearon, 1979). CR1 can regulate alternative pathway activation by three
mechanisms: impairing uptake of factor B by C3b, displacing Bb from
the C3b,Bb C3 convertase, and promoting the cleavage of C3b to iC3b,
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C3c, and C3dg by factor I. Similarly, CR1 inhibits the classical pathway
by impairing uptake of C2 by C4b, displacing C2a from the C4b,2a C3
convertase and from the C4b,2a,3b C5 convertase, and promoting the
cleavage of C4b to C4c and C4d by factor I (Iida and Nussenzweig, 1981).
These capabilities of CR1 combine the functions of several other
regulatory plasma and membrane proteins of the complement system
(Table IV). For example, whereas CRI is effective in regulating both
the classical and alternative pathways, the plasma proteins, C4-bp and
factor H, selectively inhibit the classical and alternative pathways, respec-
tively. Furthermore, CR1 is more active on a molar basis than either
of these plasma proteins (Table IV), and, unlike factor H, is not
diminished in its capacity to bind to C3b present on an alternative
pathway activating surface. CR1 also has a wider range of functions than
does DAF in that the latter cannot serve as a cofactor for cleavage of
C4b and C3b by factor I, this function being exercised by the mem-
brane protein, MCP. However, despite its potent inhibitory activities,
CR1 probably does not have a major role in preventing complement
activation either in plasma or on a cell membrane: the plasma concen-
trations of soluble CR1 are 1000- to 10,000-fold less than those of C4-bp
and factor H, and the rate of lateral diffusion of CR1 in the plasma
membrane and its tissue distribution, relative to the characteristics of
the glycolipid-anchored DAF, may be too limited. Rather, its cofactor
function may be important for releasing receptor-bound immune com-
plexes from erythrocytes (Medof et al., 1982), and possibly in the
generation of the C3dg ligand for CR2.

TABLE 1V
COMPARISON OF REGULATORY FUNCTIONS OF CRI1, H, C4-bp, AND DAF

Inhibition of classical and alternative pathway C3 convertase (M)*

Fluid-phase enzyme Particle-bound enzyme
C3b,Bb-
C4b,2a C3b,Bb C4b,2a C3b,Bb desialated
CR1 2 x 109 1x10-8 5 x 101 1.7 x 10-1 17 x 10711
H >2 x 1076 1 x 108 - 2 x 10710 7% 10710
Cé-bp 2.6 x 1079 >1 x 1076 1x 1079 - -
DAF 75 X 1079 4 %1079 - - -

2Data summarized from Fearon (1979); lida and Nussenzweig (1981); and Seya
et al. (1985).
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3. The Erythrocyte-CRI I'mmune Complex Clearance System

Although relatively fewer CR1 molecules are present on erythrocytes
than on peripheral blood neutrophils, monocytes, and B lymphocytes,
the predominance of erythrocytes in blood makes this cell type the major
locus of intravascular CRI1. A special function for erythrocyte-CR1 was
found in experiments that traced the clearance of model immune com-
plexes injected into the ascending aorta in baboons and rhesus monkeys
(Cornacoff et al., 1983). Within seconds, the majority of the injected
immune complexes became bound to erythrocytes in a complement-
dependent reaction. The complexes remained erythrocyte bound until
the cells traversed the portal circulation, when the radiolabeled com-
plexes were found in the liver rather than on circulating erythrocytes.
Thus, either complexes were removed from the cells, perhaps by
CR1-dependent cleavage of the C3b on the complexes to C3dg, or those
cells bearing large numbers of complexes were removed from the circu-
lation by adherence to reticuloendothelial cells. In either event, the
critical functional consequence of uptake of the immune complexes by
CR1 on erythrocytes was the prevention of nonspecific trapping of com-
plexes elsewhere by diffusion into tissues. A primary role for erythrocyte-CR1
in this clearance reaction also has been shown by studies in man in which
the uptake of model tetanus-antitetanus complexes by erythrocytes
directly correlated with the number of CR1 molecules per erythrocyte
among different individuals, and inversely with the percentage of
complexes trapped in sites other than the liver (Schifferli et al., 1988).

4. The Endocytic Function of CRI

One of the earliest functions of CR1 to be recognized was that of par-
ticipating in the phagocytosis of C3b-coated particles by neutrophils and
monocytes (Gigli and Nelson, 1968). This function of CR1 occurs in two
guises: enhancement of the Fc receptor-mediated phagocytosis of par-
ticles bearing C3b and IgG (Mantovani et al., 1972), and direct
phagocytosis of the C3b-bearing particle by CR1 independent of Fc recep-
tors. Enhancement of phagocytosis involves the capacity of CR1 on the
phagocyte to promote adherence of the C3b-coated target, a process for
which the multivalent CR1 may be especially suited. Also, capping of
CR1 induced by cross-linking with anti-CR1 causes cytoskeleton-
dependent cocapping of Fc receptors (Jack and Fearon, 1985); thus,
ligation of CR1 by target-bound C3b may direct Fc receptors to sites
where interaction with target-bound IgG is more likely to occur, especially
if the C3b is covalently attached to the IgG (Fries et al., 1987), as may
occur under physiologic circumstances. This function of CR1 may reflect
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its capacity to interact with the microfilamentous network of myelo-
monocytic cell types (Jack et al., 1986). Ligation of CR1 also may
transmit a signal to the cell that alters the capacity of other receptors
to mediate phagocytosis.

Direct phagocytosis by CR1, in the absence of other ligand-receptor
interactions, apparently does not occur with “resting” neutrophils or
monocytes. However, treatment of these cells with T cell-derived
cytokines, with intercellular matrix proteins, such as laminin, serum
amyloid P component, and fibronectin, or with the chemotactic peptide
f-MLP alters CR1 function so that ingestion of C3b-coated particles may
occur (Griffin and Griffin, 1979; Wright and Silverstein, 1982; Wright
et al., 1983; Pommier et al., 1983; Bohnsack et al., 1985). The bio-
chemical basis for this response has been studied with the use of
protein kinase C-activating phorbol esters. Treatment of neutrophils with
phorbol esters increases CR1 expression by translocating intracellular
receptor to the plasma membrane (Changelian et al., 1985). At relatively
high concentrations of phorbol esters, up-regulation of CR1 is followed
by ligand-independent internalization (Changelian et al., 1985; O’Shea
et al., 1985b). Based on these effects of phorbol esters, and the observa-
tion that they also induce phosphorylation of CR1 in neutrophils,
monocytes, and eosinophils, which have no detectable constitutive
phosphorylation of the receptor, it has been suggested that the activated
state of CR1 for phagocytosis may correlate with its phosphorylation
(Changelian and Fearon, 1986). In this regard, it is interesting that acti-
vation of protein kinase C in erythrocytes and B lymphocytes, two
nonphagocytic cell types, does not induce phosphorylation of CRI
(Changelian and Fearon, 1986). It is not known whether the cytoplasmic
domain of CR1 differs among these cell types, although cDNA clones
from tonsillar and neutrophil libraries encoding this portion of the recep-
tor have identical sequences (T. Bartow, L. B. Klickstein, and D. T.
Fearon, unpublished observation).

Soluble, highly multivalent ligands are capable of inducing endocytosis
of CR1 by neutrophils and monocytes through clathrin-coated pits in
the absence of cellular activation (Abrahamson and Fearon, 1983; Fearon
et al., 1981). However, the extent of cross-linking of receptors required
for this adsorptive endocytic reaction has not been quantitatively
addressed, and some studies have observed that endocytosis of soluble
ligand by CR1 is modest, even when multivalent attachment has occurred
(Mehta et al., 1986).

Endocytosis through CR1, whether of soluble ligand or of particles,
is not associated with rises in free intracellular calcium concentration,
granule secretion, or a respiratory burst. The metabolic fate of natural
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ligand internalized via this receptor has not been studied, although anti-
CRl/ferritin conjugates were observed to enter lysosomal structures in
neutrophils and monocytes (Abrahamson and Fearon, 1983). Thus, it
is possible that internalization of microorganisms by this route may not
be an effective mode of intracellular killing. This consideration may
be relevant to the finding that Leishmania, an intracellular pathogen
for macrophages, exhibits the highest rate of intracellular survival
when it utilizes the alternative pathway to become coated with C3b and
CR1 on human macrophages for gaining entry into the cells with-
out triggering the generation of HyOy (Mosser and Edelson, 1987;
da Silva et al., 1988).

5. Immunoregulatory Function of CRI

Despite the presence of CR1 on all mature B cells, some T cells, and
several types of cells having antigen-presenting capabilities, the func-
tion of this receptor in the afferent phase of the immune response has
not been as well assessed as has its role in other cellular reactions. A
technical difficulty is that the natural ligand, C3b, is subject to pro-
teolytic processing to iC3b and C3dg, which interact with CR2 and CR3.
Thus, studies in which depletion of C3 in mice impaired the generation
of memory B lymphocytes (Klaus and Humphrey, 1977), although
indicative of an important role for complement in the immune response,
did not identify the receptors involved in the C3-dependent event. The
impaired secondary humoral immune response to a T cell-dependent
antigen in C4- and C2-deficient guinea pigs (Bottger et al., 1985), respec-
tively, and in a single C4-deficient patient with systemic lupus (Jackson
et al., 1979), also suggest a function for products of C3 activation in
the immune response, but do not begin to provide a molecular explana-
tion. Therefore, only those studies that have employed anti-CR1 as a
ligand will be reviewed.

Cross-linking CR1 does not increase the intracellular concentration
of calcium (Carter et al., 1988) or induce proliferation or differentia-
tion of B cells (Tedder et al., 1986). However, cross-linking the receptor
with monoclonal anti-CR1 and goat antimouse antibody does induce
the formation of caps; CR1 also cocaps with cross-linked membrane
immunoglobulin when bound by monoclonal anti-CR1 alone (Tsokos
et al., 1988). In an assay of the production of immunoglobulin by lym-
phocytes stimulated with pokeweed mitogen, the addition of monospecific
rabbit F(ab'), anti-CRl augmented IgM, IgG, and IgA synthesis in a
6-day culture of peripheral blood B and T cells (Daha et al., 1984).
The effect could be reduced by the simultaneous addition of purified
CR1, which neutralized the antibody. The augmenting effect of the
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anti-CRI was greater when added to B cells having relatively high rather
than low numbers of CR1, and when F(ab'), rather than Fab’ anti-CR1
was used. No effect was observed when optimal doses of pokeweed
mitogen were employed in this or another study in which monoclonal
anti-CR1 was added to the lymphocyte culture (Tedder et al., 1986).

Another study examining possible functions of CR1 on B cells reported
that the production of anti-TNP by human peripheral blood B cells in
the presence of T cells or T cell-derived soluble factors and a sub-
optimal dose of TNP-polyacrylamide beads was enhanced twofold to
fourfold by low concentrations of either of two monoclonal anti-CR1
antibodies (Weiss et al., 1987). No effect of these antibodies was observed
when an optimal amount of TNP-polyacrylamide was used, when
saturating concentrations of anti-CR1 were present, or when T cells or
their soluble factors were absent.

These studies suggest that CR1 has a role in the differentiation of
B cells into plasma cells, but the inherent complexity of B cell differen-
tiation and the use of unfractionated supernatants of activated T cells
make difficult a molecular explanation of these effects. It is difficult
to determine whether the two studies are assessing the same effect of
CR], or whether even the same cell types bearing CR1 are responsible
for the apparently common effects. For example, in the former study,
the enhancing effect of anti-CR1 was shown to correlate with the pres-
ence of CR1 on B cells, suggesting that this cell type was responding
to antibody, whereas in the latter study the possibility was not excluded
that another cell type expressing CR1, such as the monocyte which
expresses CR1, may have been responsible for the enhancing effect.
Further evaluation of this function of B cell CR1 will require the use
of highly purified cells and interleukins.

IIl. Complement Receptor Type 2

A. STRUCTURE oF CR2

The primary protein structure of CR2 has been determined through
analysis of the nucleotide sequences of clones isolated from human ton-
sillar (Weis et al., 1988) and Raji lymphoblastoid cell line (Moore et al.,
1987) cDNA libraries. Four of the five clones obtained from the ton-
sillar library encode a protein composed of 1032 amino acids with a M,
of 112,716, consistent with an estimated M, of 111,000 for CR2 syn-
thesized by lymphoblastoid cells in the presence of tunicamycin (Weis
and Fearon, 1985). These clones encode a 20-amino acid signal peptide,
a 954-residue extracellular domain, a 24-amino acid transmembrane
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region, and a 34-amino acid cytoplasmic domain. The extracellular
domain is composed entirely of 15 tandem short consensus repeat
sequences which are homologous to those described in CR1 and other
C3/C4-binding proteins, as well as in some membrane proteins which
do not share this function (see CR1 structure). Each SCR of CR2 con-
tains from 57 to 74 amino acids, including one glycine, one tryptophan,
and four cysteine residues which are invariant and characteristic of this
family of SCR-containing transmembrane proteins. One of the five clones
isolated from the tonsillar library and the single clone obtained from
Raji cells encoded a sixteenth SCR (10a) composed of 59 amino acids
inserted between SCRs 10 and 11 of the 15-SCR form of CR2. It is not
clear whether this is an allelic polymorphism, a product of alternative
splicing, or both. Northern analysis of mRNA from both SB and Raji
lymphoblastoid cell lines with a CR2-specific probe detects a single band
of approximately 5 kb; however, RNase protection assays are able to
distinguish these two forms (Kalli and Fearon, unpublished observations).
The CR2 coding sequence spans 25 kb within the RCA gene cluster
located on chromosome 1, band q32 (Weiss et al., 1987; Weis et al.,
1988; Fujisaku et al., 1989) (see Section II,B).

Earlier studies had determined that posttranslational modifications
of CR2 included both glycosylation (Weis and Fearon, 1985) and probable
serine/threonine phosphorylation (Changelian and Fearon, 1986). Subse-
quent sequence analysis confirmed the presence of 11 Asn-X-Ser/Thr
sites for potential glycosylation within the extracellular domain of the
15-SCR form, and another two sites within SCR 10a, consistent with
the 8-11 N-linked oligosaccharides predicted from biosynthetic studies
which compared high-mannose-containing precursor and nonglyco-
sylated forms of CR2 (Weis and Fearon, 1985). The cytoplasmic domain
contains three serine, two threonine, and four tyrosine residues, including
the sequence -TSQK- (Fig. 3). This site, in which a basic amino acid
is carboxy terminal to the serine/threonine, is the best candidate for a
protein kinase C substrate (Kishimoto et al., 1985). Although the
cytoplasmic domain of CR2 is too small to encode a tyrosine kinase, its
potential to serve as a substrate for tyrosine phosphorylation is suggested
by the presence of the sequence -EAREVY- in which a tyrosine is carboxy
terminal to two acidic residues, a pattern that resembles the consensus
sequence for tyrosine kinase substrates (Hunter and Cooper, 1985). A
potential function for these tyrosines might also be predicted because
CR1, the receptor that most resembles CR2 in the extracytoplasmic
regions and which is 35% identical to CR2 in the overlapping portions
of their cytoplasmic domains, has no tyrosines in its 43-amino acid
cytoplasmic domain (Fig. 3) (Klickstein et al., 1987).
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There are no LHRs within CR2 as there are in CR1, however, dot
matrix analysis reveals a less conserved repeating pattern of homology
involving every fifth SCR, such that 1, 5, 9, and 12 are homologous,
as are 2, 6, 10, 13; 3, 7, 10a, 14, and 4, 8, 11. SCR 15 is unique and
not part of this repeating pattern. Based upon the shared SCR motif,
the tertiary structure of CR2 would be expected to consist of an extended
array of triple loops maintained by disulfide bonds, similar to that
predicted for CR1 (Fig. 1).

B. TissuE DISTRIBUTION AND B1oSYNTHESIS OF CR2

Human CRZ has been found on mature B lymphocytes and some
B lymphoblastoid cell lines (Ross et al., 1973; Eden et al., 1973; lida
et al., 1983; Weis et al., 1984; Nadler et al., 1981; Tedder et al., 1984),
on human thymocytes (Tsoukas and Lambris, 1988), on rare T lympho-
blastoid cell lines such as Molt-4, Jurkat, and HPB-ALL (Menezes et al.,
1977; Tatsumi et al., 1985; Fingeroth et al., 1988), on pharyngeal (Young
et al., 1986) and cervical (Sixbey et al., 1987) epithelium, and on
follicular dendritic cells (Reynes et al., 1985). Quantitation of CR2
expression on various cell types has determined that the Burkitt B lym-
phoma cell lines JY, SB, and Raji express 24,000-63,000 receptors per
cell as compared with the T cell leukemia line Molt-4, which expresses
8000 per cell (Fingeroth et al., 1984).

A C3d-binding glycoprotein with M; 72,000 that may be related to
CR2 was isolated from a Raji cell culture supernatant (Lambris et al.,
1981). Polyclonal rabbit antiserum raised against this purified 72-kDa
C3d-binding protein immunoprecipitated a molecule of this size from
cells that were either surface iodinated or biosynthetically labeled with
[®H]leucine, but did not precipitate a membrane protein resembling
CR2. This antiserum bound only to immunoglobulin-positive B lym-
phocytes and not to T cells, and blocked the formation of rosettes between
B cells and erythrocytes bearing iC3b or C3d, a CR2-dependent function.

There is one report of low CR2 expression on human platelets as
detected by specific binding of the anti-CR2 monoclonal antibodies,
HB-5 and OKB-7, and immunoprecipitation of a 140-kDa platelet
component using polyclonal anti-CR2 (Nunez et al., 1987). Other
investigators did not detect specific binding of HB-5 to platelets, which
did, however, bind C3dg via CR4 (Vik and Fearon, 1987), and CR2 was
not detected in the eluate of iC3b-Sepharose that had been preincubated
with a detergent-solubilized platelet preparation (Yu et al., 1986).

Ontogenic analysis of CR2 expression during human B cell differen-
tiation, using the anti-CR2 monoclonal antibody HB-5 (Tedder et al.,
1984), demonstrated that pre-B and immature B cells from fetal bone
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marrow and liver did not express CR2, although 25%, of B cells in fetal
spleen were CR2 positive. Approximately half of the B cells in adult
bone marrow expressed CR2, as did 76 and 95% of newborn and adult
peripheral blood B cells, respectively, and 72-97% of the B cells in adult
spleen, tonsil, and lymph node. Plasma cells rarely expressed CRZ2,
although plasma cells were derived from the HB-5-positive population.
Thus, CR2 expression is most characteristic of the mature B lympho-
cyte, although in contrast to the normal human B cell lineage, EBV-
transformed Burkitt B lymphoma cell lines arrested at the pre-B cell
stage express CR2 (Cohen et al., 1987).

The expression of CR2 on human epithelium is also regulated during
cellular differentiation, as demonstrated by indirect immunofluorescence
staining with the anti-CR2 monoclonal antibodies HB-5 and B2 (Young
et al., 1986). Primary cultures of ectocervical epithelial cells contained
from 1 to 9% CR2-positive cells (Sixbey et al., 1986), and ultrastruc-
tural studies indicated that these were the metabolically active, less dif-
ferentiated cells. Similarly, stratified squamous epithelia from both
human tongue and ectocervix expressed CR2 in the less differentiated
basal and parabasal layers, with no detectable membrane fluorescence
on the most superficial layers (Young et al., 1986; Sixbey et al., 1987).
In contrast, epithelia from the soft palate, oropharynx, inner cheek,
and fossa of Rosenmuller (where nasopharyngeal carcinoma is thought
to arise) were shown to express CR2 in all strata, from the most basal
and undifferentiated to the most superficial and differentiated cells.
Expression of CR2 appeared to be greater in stratified squamous
tissue from several anatomical sites than in the pseudostratified
columnar epithelium of nasal and tracheal sites in which only basal
cells were positive.

Studies of CR2 biosynthesis performed in the SB lymphoblastoid cell
line have characterized three forms of the receptor: an unglycosylated
form, a glycosylated precursor form, and a mature glycosylated form
(Weis and Fearon, 1985). Pulse-chase experiments of CR2 biosynthetically
labeled with [3*S}methionine demonstrated the presence of a precur-
sor of M, 134,000 containing high-mannose N-linked oligosaccharides
sensitive to endoglycosidase H, which was processed, presumably in the
Golgi, to the mature M, 145,000 form of CR2 containing complex-type
N-linked oligosaccharides that could be released by endoglycosidase F.
In the presence of tunicamycin, a nonglycosylated polypeptide of
M, 111,000 was synthesized containing no N- or O-linked carbohydrate.
Although glycosylation was not required for expression of the receptor
at the plasma membrane, CR2 lacking N-linked oligosaccharides under-
went accelerated catabolism such that its half-life was 2.8 hours as



THE COMPLEMENT RECEPTORS 205

compared with 13.8 hours for normally glycosylated CR2. Glycosyla-
tion was not required for receptor-ligand interaction, because all three
forms of CR2 were capable of binding to C3-Sepharose.

C. Funcrtions orF CR2

The functions of CR2 have been more difficult to define fully than
has its structure. The experimental evidence to date suggests that this
single transmembrane glycoprotein may have several important
immunoregulatory roles in addition to being a primary determinant of
the narrow tissue tropism of Epstein-Barr virus.

1. Immunoregulation

CR2 binds to the d fragment of C3, which is most accessible on iC3b,
C3dg, and C3d, such that the rank order of binding of Raji or normal
B lymphocytes to erythrocytes coated with C3 intermediates is
C3d = iC3b > C3b (Weis et al., 1984). Binding studies have shown
that CR2 recognizes a M; 8600 CNBr fragment of C3d which represents
residues 1199-1274 of the C3 ¢cDNA sequence (Lambris et al., 1985).
Further localization of the C3d-binding domain was achieved with the
use of a series of overlapping synthetic peptides which spanned this region.
The peptides which bound to CR2 shared the sequence -LYNVEA-. These
residues are contained within a particularly hydrophilic span of amino
acids, from 1209-1236, which by secondary structure analysis (Chou and
Fasman, 1974) is predicted to contain a strong (3 turn.

The covalent attachment of these terminal C3 fragments to activators
of complement, such as immune complexes and bacterial particles, sug-
gests that CR2 functions to enable B cells to bind C3-antigen complexes
at sites distant from inflammation. There is evidence to suggest that
B cells may have a major role in presenting antigen to T cells ¢n vivo
(reviewed in Ashwell, 1988), and that this function is enhanced by the
uptake of antigen by membrane immunoglobulin. The presence of CR2
raises the possibility that antigen which is covalently bound to C3
intermediates also could be taken up by B lymphocytes for presentation
to T cells.

There is also evidence to suggest that cross-linking CR2 provides a
T cell- and antigen-independent stimulus for B cell proliferation.
Lipopolysaccharide-activated murine spleen cells, enriched for B cell
blasts, were stimulated to proliferate and mature into immunoglobulin-
secreting cells after incubation with Sepharose-bound or glutaraldehyde-
cross-linked human C3b or 3d, as measured by [*H]thymidine incor-
poration and formation of IgM plaque-forming cells (Erdei et al., 1985;
Melchers et al., 1985). There was no response to soluble C3, which was
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shown actually to block this effect, and resting spleen cells were refrac-
tory to stimulation. The observation was also made that C3dg-coated
microspheres as well as monomeric C3dg had no mitogenic effect upon
unseparated human T and B cells (Nemerow et al., 1985a). However,
stimulation of these same cell suspensions with anti-CR2 monoclonal
antibody resulted in a 50-fold to 200-fold dose-dependent stimulation
of DNA synthesis. The greatest effects were produced with either OKB-7
(IgG2a) (Mittler et al., 1983) or AB-1 (IgG,,) (Wilson et al., 1985).
OKB-7 recognizes an epitope at or very near the C3d-binding site on
CR2, as indicated by its unique ability among anti-CR2 monoclonal
antibodies to block rosetting of human tonsillar B cells with erythrocytes
bearing C3d without the addition of a second antibody (Rao et al., 1985).
A slight effect was observed with B2, while there was no effect with HB-5
(Tedder et al., 1984). Each of these two antibodies is able to block C3d
rosetting only in the presence of a second antibody (lida et al., 1983;
Weis et al., 1984). These effects were shown to be T cell dependent and
were observed when either intact OKB-7 IgG or F(ab'); fragments were
used. However, experiments performed with subsequent preparations
of OKB-7 failed to reproduce these findings (Cooper et al., 1988). Similar
results were obtained by Wilson et al., who observed T cell-dependent
stimulation of DNA synthesis in human peripheral blood B cells which
were cultured in the presence of anti-CR2 MAbs AB1, AB2, AB3, AB5,
or B2 (Wilson et al., 1985). This response was seen with addition of as
little as 1% irradiated T cells, suggesting that a soluble factor was respon-
sible, Alternatively, the anti-CR2 MAb AB5 was shown by others to
inhibit B cell responsiveness to the T cell-derived lymphokine B cell
growth factor in a dose-dependent manner (Perri et al., 1986).

Four other anti-CR2 MAbs, IC8, IF8, 2G7, and 6F7, recognize three
distinct epitopes (IF8 and 2G7 recognize the same site) on the same
M, 28,000 trypsin-generated fragment of CR2, yet none of them is
capable of inhibiting EC3d rosette formation with Raji cells in the
absence of a second antibody (Petzer et al., 1988). All four, however,
induced B cell proliferation in the presence of a T cell-derived “BCGF-
like” factor. Rabbit polyclonal F(ab’), anti-CR2 added to cultures of
human B cells also enhanced the stimulatory effect of partially purified
supernatants from cultured T cells (Frade et al., 1985c). However, intact
polyclonal anti-CR2 IgG was inhibitory in the same assay. Tedder et al.
found no effect of F(ab’); HB-5, HB-5 coupled to Sepharose beads, or
soluble C3dg upon T cell-dependent B cell proliferation or differentia-
tion (Tedder et al., 1986). Furthermore, these reagents did not enhance
anti-IgM-induced B cell proliferation, nor did cross-linking of CR2 with
HB-5 and second antibody. Recently, C3dg has been shown to have a
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dose-dependent stimulatory effect upon low-density cultures of Raji cells
grown in a serum-free defined medium (Hatzfeld et al., 1988). Native
C3 and monomeric C3dg, but not C3c, were observed to induce Raji
cells to proliferate but had no effect upon the T lymphoblastoid cell
line JM or the monocytic cell line U937, which are CR2 negative. This
mitogenic effect could be blocked with either F(ab’); anti-C3d or
OKB-7, but not with anti-C3c. This CR2-mediated stimulation of Raji
cell growth in serum-free medium is triggered not only by C3dg but also
by the monoclonal antibodies 1C8, 2G7, and 6F7, which recognize CR2
epitopes distinct from the C3dg binding site (Pernegger et al., 1988).

Whereas the T cell-dependent signal for B cell proliferation transduced
by CRZ2 is antigen independent, there are data to suggest that CR2 is
also capable of mediating an antigen-specific signal for B cell prolifera-
tion. Carter et al. have determined that there is a synergistic interaction
between CR2 and membrane IgM on B lymphocytes (Carter et al., 1988).
In these studies (Fig. 6), tonsillar B cells were loaded with the calcium-
sensitive fluorescent probe indo-1, and were stimulated by cross-linking
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FIG. 6. Synergistic interaction between CR2 and membrane IgM on B lymphocytes.
The percentage of B cell-enriched tonsil cells with elevated intracellular calcium was
determined at 30-second intervals after addition of goat antimouse IgG to cells prein-
cubated with Yz-1 anti-CR1, HB-5 anti-CR2, or DA4.4 antihuman IgM alone or in various
combinations; 2.0 ug/ml HB-5 ((F---{1); 2.0 pg/ml Yz-1 (Mt---M); 0.06 pg/ml DA4.4
(O—0); 5.0 ug/ml DA4.4 (@—@); 2.0 ug/ml HB5 + 0.06 pug/mi DA4.4 ((O—- —{);
or 2.0 pug/ml Yz-1 + 0.06 ug/ml DA4.4 (I -—M) (Carter et al., 1988).
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membrane IgM, CR1, or CR2 with MAbs DA4.4, Yz-1, or HB-5, respec-
tively, followed by goat antimouse IgG. There was a direct dose-
dependent response between the proportion of cells with increased free
intracellular calcium concentration (Ca;) and the amount of cell-bound
Fab’' DA4.4. No such effect was observed after cross-linking CR1 or CR2
alone. However, when suboptimal doses of DA4.4 were used, addition
of HB-5 but not Yz-1 was shown to have a synergistic effect, resulting
in Ca; equivalent to that obtained with optimal doses of DA4.4 alone.
There was also a dose-related synergistic effect upon B cell prolifera-
tion produced with Sepharose coupled to HB-5 in the presence of subop-
timal concentrations of DA4.4; substitution of Yz-1 anti-CR1 for HB-5
abolished the synergistic response. Of significance in this regard, Tanner
et al. have demonstrated that CR2 is capable of cocapping with mem-
brane Ig (Tanner et al., 1987). Thus, cross-linking of CR2 and mem-
brane IgM by complexes which contain cleavage fragments of C3 bound
to antigen could enable B cells to respond to otherwise substimulatory
doses of antigen.

CR2 has also been shown to interact independently of membrane IgM
to prime B cells for subsequent stimulation through the antigen receptor
(Carter and Fearon, unpublished observations). In these studies, pre-
culture of tonsillar B cells with polymeric but not monomeric C3dg
caused a dose-dependent enhancement of proliferation and accelerated
entry into S phase after addition of anti-IgM. Polymeric C3dg alone
did not induce proliferation, and its continued presence during stimula-
tion by anti-IgM was not required. Aggregated C3dg, latex-bound C3dg,
OKB-7, and UV-inactivated EBV, but not HB-5 or monomeric C3dg,
have been shown to synergize with PMA and enhance the transition of
tonsillar B cells from Gl to the S phase, although those reagents do not
induce B cells to enter the cell cycle or synergize with low molecular
weight B cell growth factor in triggering B cell mitogenesis (Bohnsack
and Cooper, 1988).

The differential functional properties of CR1 and CR2 despite their
homologous relationship may be related to an earlier observation that
protein kinase C activation through stimulation with phorbol ester results
in phosphorylation of B cell CR2 but not CR1 (Changelian and Fearon,
1986). Thus, serine/threonine phosphorylation of CR2 secondary to
kinase C activation by membrane IgM may account for the acquisition
of B cell-activating function by the receptor. Other studies of the
phosphorylation of CR2 have been performed with a cell-free system
and CR2 isolated from Raji cells (Delcayre et al., 1987). It was deter-
mined that CR2 could be phosphorylated in a cell-free system in which
the phosphorylated form of CR2 (1) contained both phosphoserine and
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phosphotyrosine, (2) could be found in Raji nuclei, and (8) controlled
the phosphorylation of a 120-kDa nucleoprotein with which it could be
coprecipitated. The relationship of these events to the cell biology of
CR2 is not known.

Follicular dendritic cells are nonphagocytic accessory cells found in
B cell-enriched germinal centers of peripheral lymphoid tissue. They
are characterized by extensive cytoplasmic processes and are unique in
their expression of CR1, CR2, and CR3 (Reynes et al., 1985). The density
of CR2 as detected by optical and electron immunohistochemistry is
greater on the plasma membranes and cytoplasmic extensions of follicular
dendritic cells found in both tonsil and lymph nodes than on peripheral
blood B cells (Reynes et al., 1985). Follicular dendritic cells retain antigen
on the cell surface for prolonged periods of time in an antibody- and
C3-dependent manner (Klaus et al., 1980), and this process of antigen
localization is thought to be critical to the generation and maintenance
of memory B cells. Therefore, through expression of CR2 (in addition
to CR1 and CR3), these accessory cells may be capable of binding to
antigen which is coupled with any of the C3 cleavage fragments.

A role for CR2 in the activation of the alternative complement pathway
was suggested by the observation that B lymphoblastoid cells, such as
Raji, were lysed when exposed to human serum or to purified components
of the alternative pathway, and the capacity to activate complement cor-
related with CR2 expression (Theofilopoulos et al., 1974; Baker et al.,
1977; Schreiber et al., 1980; Ramos et al., 1985). Subsequent studies
using purified components of the alternative pathway demonstrated that
CR2 from Raji cells was a strong activator of the alternative pathway
(Mold et al., 1988). CR2 bound C3b both covalently and noncovalently
during activation of the alternative pathway, and this interaction could
not be blocked by preincubation with OKB-7, indicating that it occurred
at a site distinct from the C3dg-binding site. The biologic significance
of complement activation by CR2 on lymphoblastoid cells, including
the CR2-positive T lymphoblastoid cell line Molt-4, has yet to be deter-
mined, although normal peripheral blood B lymphocytes do not (Budzko
et al., 1976; Praz and Lesavre, 1983). Whether these differential
activating properties reflect structural differences between receptors
among these cell types is not known.

CR2 has been shown also to regulate the complement cascade by
serving as a cofactor for factor I-mediated cleavage of membrane-bound
iC3b into C3dg and C3c (Mitomo et al., 1987), but not of C3b to iC3b
(Weis et al., 1986). As this cofactor activity was blocked by preincuba-
tion with OKB-7, it was concluded that CR2 rather than CR1 was respon-
sible for the effect. The biologic consequences of iC3b to C3dg conversion
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would be to exclude reactivity of C3-bearing complexes with cells express-
ing CR3, such as phagocytes.

2. Determination of Epstein-Barr Virus Tropism

Epstein-Barr virus (EBV) is an oncogenic herpesvirus which causes
acute infectious mononucleosis and is implicated in the pathogenesis
of Burkitt's lymphoma and nasopharyngeal carcinoma. Jondal et al. first
noted a correlation between the pr