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ADVANCES IN IMMUNOLOGY, VOL. 55 

The kit Ligand, Stem Cell Factor 

STEPHEN J. GALLI, KRlSZTlNA M. ZSEBO: AND EDWIN N. GEISSLER 

Departments of Pathology, Beth Israel Hospital ond Haward Medical School, Boston, 
Massachusetts 02215, and 'Cell Genesys Inc., Foster City, California 94404 

1. Introduction 

Spontaneous mutations affecting inbred mice often provide an op- 
portunity to understand much about the functions of gene products 
long before those products have been identified. This clearly was true 
in the case of stem cell factor (SCF) and the stem cell factor receptor 
(SCFR), the product of the c-kit gene. Thus, much of what is now 
understood about the importance of SCF and the SCFR in hematopoie- 
sis and other complex developmental programs affecting melanocytes, 
germ cells, and mast cells was predicted based on an analysis of the 
phenotype of mice with mutations affecting SCF or its receptor. 

Indeed, it has been known for decades that mice with a double dose 
of mutations at either the dominant white spotting (W) locus on chro- 
mosome 5 or the steel (SZ) locus on chromosome 10 exhibit a hypoplas- 
tic, macrocytic anemia, sterility and a lack of cutaneous melanocytes 
(reviewed in Russell, 1979; Silvers, 1979a). Transplantation and em- 
bryo fusion studies employing W or S1 mutant and congenic normal 
mice, or in vitro analyses employing cells or tissues derived from these 
animals, indicated that the deficits in the W mutant mice are expressed 
by the cells in the affected lineages, whereas those in the S1 mutant 
animals are expressed by microenvironmental cells necessary for the 
normal development of the affected lineages (Russell, 1979; Silvers, 
1979a). The complementary nature of the phenotypic abnormalities 
expressed by W or SZ mutant mice suggested that the W locus might 
encode a receptor expressed by hematopoietic cells, melanocytes, and 
germ cells, whereas the S1 locus might encode the corresponding 
ligand (Russell, 1979). 

Kitamura et al. (1978) and Kitamura and Go (1979) reported that 
mutations at W or S1 also profoundly affect mast cell development. 
They demonstrated that the virtual absence of mast cells in W/W" 
mice, like the anemia of these animals, reflected an abnormality intrin- 
sic to the affected lineage (Kitamura et aZ., 1978) whereas the mast cell 
deficiency of SIISld  mice, which could not be corrected by bone mar- 
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2 STEPHEN J .  GALL1 ET AL. 

row transplantation from the congenic normal (+ /+) mice, reflected an 
abnormality in the microenvironments necessary for normal mast cell 
development (Kitamura and Go, 1979). Kitamura’s finding that trans- 
plantation of bone marrow cells from the congenic +/+ mice or from 
beige (C57BLIG-bglbg) mice [whose mast cells can be identified un- 
equivocally because of their giant cytoplasmic granules (Chi and Lag- 
unoff, 1975)l repaired the mast cell deficiency of the W/W” mice pro- 
vided clear evidence that mast cells were derived from precursors that 
reside in the bone marrow. This work also showed that mutations at W 
had a more profound effect on the mast cell than on any other hemato- 
poietic lineage. Although this observation at first was of interest pri- 
marily to those working on the mast cell, it is now clear that this cell 
type has properties that are especially well suited for structural and 
functional anaiyses of the Wand SZ gene products. 

Recent work has confirmed Russell’s (1979) hypothesis that W en- 
codes a receptor, the tyrosine kinase receptor encoded by the c-kit 
gene (Chabot et al., 1988; Geissler et al., 1988a,b), and that S l  encodes 
the corresponding ligand, which has been named (in alphabetical 
order) kit ligand (KL) (Huang et al., 1990), mast cell growth factor 
(MGF) (Williams et al., 1990; Copeland et al., 1990; Anderson et al., 
1990), steel factor (SLF or SF) (Witte, 1990; D. E. Williams et al., 1992), 
and stem cell factor (Zsebo et al., 1990a,b; Martin et al., 1990). This 
review uses the terms SCF for the ligand and SCFR for the receptor. 

By tranducing extracellular signals transmitted by their cognate li- 
gands, receptor tyrosine kinases importantly regulate cell survival, 
proliferation, and differentiation (Ullrich and Schlessinger, 1990). As 
predicted based on the phenotypic abnormalities expressed by W or S l  
mutant mice, SCF has been shown to promote hematopoiesis and mast 
cell development, as well as melanocyte survival and proliferation, 
and to influence the survival and proliferation of primordial germ cells. 
Other findings, such as the expression of high levels of the SCFR or 
SCF in the central nervous system, or the expression of the SCFR on 
lymphocytes, had not been expected, because W or S l  mutant mice 
were not known to exhibit central nervous system (CNS) abnormalities 
and, in general, these mutants have normal numbers of lymphocytes 
and normal immune function. Finally, work has shown that SCF can 
directly promote secretion of mast cell mediators and also can augment 
mast cell mediator release in response to activation through the cells’ 
FcsRI. These observations were the first, but probably will not be the 
last, to indicate that SCF can regulate the secretory function of cells 
that express the SCFR, as well as influence their development. 



STEM CELL FACTOR 3 

II. The Stem Cell Factor Receptor, Encoded by the c-kit Gene 

A. v-kit AND c-kit 
The kit gene was first characterized as the viral oncogene (v-kit) of a 

feline sarcoma virus (HZ4-FeSV) (Besmer et al., 1986). cDNA cloning 
of the corresponding cellular sequences from both mouse and human 
tissues confirmed that v-kit arose by transduction and truncation of a 
cellular gene-the protooncogene c-kit (Yarden et al., 1987; Qiu et al., 
1988). The murine c-kit gene was first cloned from a mouse brain 
cDNA library (Qiu et al., 1988). The largest cDNA isolated encoded 5.1 
of the full-length 5.5-kilobase (kb) pair mRNAs detected in the brain by 
Northern analysis. Besmer and associates (1986; Qiu et al., 1988) and 
Yarden et al. (1987) noted that the predicted amino acid sequences of 
v-kit and c-kit, respectively, displayed extensive homology with the 
tyrosine kinase receptor superfamily, particularly with members of 
what is now considered the family of type I11 transmembrane receptor 
kinases (RTK), such as the transmembrane receptors for colony- 
stimulating factor-1 (CSF-lR, encoded by c-fms) and the receptors for 
platelet-derived growth factor (PDGFR-a and -p). The extracellular 
domain of the SCFR (Fig. 1) includes a signal peptide and a 500-amino 
acid (aa) ligand-binding domain with five immunoglobulin (1g)-like 
regions that contain several intramolecular disulfide bonds and poten- 
tial N-glycosylation sites (Yarden et al., 1987; Qiu et al., 1988). A 
23-amino acid hydrophobic domain anchors the receptor in the plasma 
membrane. The cytoplasmic portion comprises a 433-aa intracellular 
segment that contains the kinase region (residues 575-915), an ATP- 
binding site (residue 622), an autophosphorylation site (residue 821), 
and a poorly conserved, noncatalytic, hydrophilic stretch of 77 amino 
acids, known as the kinase insert (KI) domain, that divides the kinase 
domain in half (Yarden et at., 1987; Qiu et al., 1988). The KI domains of 
the RTK type I11 receptors are believed to be involved in the binding 
of SH2 domains of cytoplasmic signal transduction proteins [see Sec- 
tion IV and Ullrich and Schlessinger (1990)l. 

The RTK type I11 family also includes a subgroup whose members 
have longer extracellular regions, with seven rather than five Ig-like 
domains. These include a recently discovered family of receptors that 
includes two receptors for vascular permeabilitylvascular endothelial 
growth factor (VPF) (Shibuya et al., 1990; Matthews et al., 1991a,b; 
Rosnet et al., 1991, 1993; Terman et al., 1991, 1992a,b; Aprelikova et 
al., 1992; de Vries et al., 1992). 

In both mice and humans, c-kit can undergo tissue-specific alterna- 
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Fir;. 1.  Structure ofthe c-kit gene and the SCFR. (A) The structure of the c-kit cDNA 
is shown with the exons boxed and numbered and the location of the ATG translation 
start and TGA translation stop codons indicated below. The locations of important 
regions of the SCFR are indicated by bars above the exon(s) that encode them. These 
include the signal peptide (SP), the five immunoglobulin-like domains (I-V) in the 
extracellular ligand-binding domain, the transmembrane (TM) region, the two cytoplas- 
mic regions (Tkl and T&), which together comprise the kinase domain and the interven- 
ing kinase insertion (KI) region. (a) The use of alternative 5' splice donor sites at the 3' 
end of exon nine gives rise to the alternatively spliced c-kit transcripts that have been 
described in mouse and human cell lines or tissues (Yarden et al., 1987; Qiu et al., 1988; 
Reith et d., 1991; Gokkel et d., 1992; Giebel et al., 1992; Vandenbark et 01. 1992). 
(b) The use ofan alternative promoter in intron 16 gives rise to the truncated 3.2-kb c-kit 
transcript in mouse spemiatids, as described by Rossi at al. (1992). The location of the 
cDNA region comprising the virally transduced v-kit oncogene is indicated below the 
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tive splicing (Reith et al., 1990; Vandenbark et al., 1992; Geibel et al., 
1992) (Fig. 1). Thus in vitro-derived mast cells and midgestation pla- 
centa express two c-kit transcripts (plus or minus an in-frame insertion, 
codons 510-513) encoding Gly-Asn-Asn-Lys in the extracellular do- 
main (Yarden et al., 1987; Reith et al., 1991). The homologous alterna- 
tive c-kit transcripts (plus or minus codons 510-513) also have been 
detected in human cells (Yarden et al., 1987; Giebel et al., 1992). The 
transcript lacking codons 510-513 constitutes the major form of c-kit 
mRNA present in mouse mast cells, bone marrow cells, and fetal liver 
cells (Reith et al., 1991) as well as in human HEL erythroid/ 
megakaryocytic cells and melanocytes (Giebel et al., 1992). 

By Scatchard analysis, both of the SCFR isoforms exhibit similar 
affinity for soluble SCF and both respond to soluble ligand with similar 
levels of autophosphorylation and enhanced association with phospha- 
tidylinositol 3’-kinase (P13’K) and phospholipase C-yl (PLC-71) 
(Reith et al., 1991; D. E. Williams et al., 1992). However, Reith et al. 
(1991) found that the shorter form of the SCFR, but not the longer form 
with the four-amino acid insertion, exhibited a low level of apparently 
constitutive receptor autophosphorylation and association with P13’K 
and PLC-71. The biological significance of the presence of alternative 
forms of the SCFR is not yet clear, and the tissue distribution of the two 
known forms ofthe receptor has not yet been fully defined. However, it 
has been suggested that low levels of constitutive SCFR activation 
may be sufficient to promote cell survival, and that, in some cell types, 
conditions of SCF deprivation may favor expression of the shorter from 
of the SCFR (Reith et al., 1991; D. E. Williams et al., 1992). 

In the mouse, additional variant c-kit transcripts are expressed dur- 
ing gametogenesis. Northern analyses have shown that although sper- 
matogonia express the full-length 5.5-kb c-kit transcript, in spermatids 

exons. (B) The conservation of the introdexon structure of mouse and human c-kit 
genes, showing the location of the introns in the human c-kit cDNA nucleotide sequence 
numbered according to Yarden et al. (1987). The major c-kit TIS employed in several 
mouse cell lineages maps upstream from the 5’ end of previously published mouse and 
human cDNAs, so that in the mouse exon 1 is actually 125 bp in length (Yasuda et al., 
1993) (see Fig. 6). The location of the TIS in human c-kit has not been reported, so the 
size of the human exon 1 is not known. Comparison of the data of Gokkel et al. (1992), 
Giebel et al. (1992), Vandenbark et  al. (1992), and Andre et  al. (1992) shows that the 
locations of the introns in the mouse and human c-kit genes are conserved. The sizes of 
the human introns shown on the right are the averages of determinations of three 
published reports that are in close agreement (Giebel et al., 1992; Vandenbark et al., 
1992; Andre et  nl., 1992). The reported size (12 kb) of mouse intron 13 (Gokkel et al., 
1992) may have been a typographical error. 
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the 5.5-kb message is replaced by two shorter transcripts, which are 3.2 
and 2.3 kb in length (Sorrentino et al., 1991). The longer of the two 
spermatid-specific alternative transcripts was cloned and shown to 
comprise a novel truncated c-kit transcript that initiates within an 
intron immediately upstream from the exon encoding the second part 
of the split kinase domain. Thus this alternative transcript lacks the 
coding sequences for the extracellular and transmembrane domains 
and part of the kinase domain (Sorrentino et al., 1991; Rossi et al., 
1992). The truncated protein product potentially encoded by this tran- 
script, which has yet to be identified, would lack the ligand-binding 
and transmembrane domains as well as the ATP-binding site. There- 
fore, the biological role of the truncated protein would necessarily be 
ligand and kinase independent. Rossi et al. (1992) proposed that this 
molecule could provide a matrix for protein-protein interactions, anal- 
ogous to the function that has been suggested for the Drosophila c-abl 
tyrosine kinase, 

Using an antibody recognizing an epitope in the kinase domain of 
the SCF receptor, Matsuda et al. (1993) identified strong immunoreac- 
tivity in the nucleus of both normal and malignant medullary cells of 
the human adrenal gland. The presence of SCFR protein in the cell 
nucleus could reflect the presence of additional alternatively spliced 
c-kit products that encode signals that target the protein to the nucleus. 
It is also possible that the SCFR is transported to the nucleus by 
association with distinct proteins, which could include alternative 
forms of the SCFR ligand SCF. For example, some isoforms of 
PDGF-a have been found in the cell nucleus (Rakowicz-Szulazynska 
et al., 1986). Whatever the mechanism involved, this finding, if con- 
firmed, would comprise the first example for the nuclear targeting of 
transmembrane tyrosine kinase receptors and would suggest that the 
SCFR may have additional important functions that have yet to be 
identified. 

B. DEMONSTRATION OF ALLELISM BETWEEN WAND c-kit 
In 1988, Chabot et al. reported that W and c-kit are very closely 

linked on mouse chromosome 5; both Chabot et al. (1988) and Geissler 
et al. (1988a,b) showed that c-kit is included in a small chromosome 5 
deletion (WJgH)  that had been shown to include Was well as several 
other closely linked loci. Geissler et al. (1988b) also provided the first 
direct demonstration that W mutations influence the structure and 
expression of the gene encoding the c-kit receptor. These data in- 
cluded the finding that two spontaneous, phenotypically different W 
mutations were associated with distinct rearrangements of the c-kit 
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locus. For one mutation, W44, the site of the genetic rearrangement 
was shown to be confined to the c-kit structural gene, reducing the 
amount of c-kit message but apparently not altering its size. W44 most 
likely represents an insertion within an intervening sequence in 
the 5’ end of the gene (Geissler et at., 1988b). Regardless of the pre- 
cise mechanism that accounted for the altered expression of c-kit in 
the tissues of the W441W44 mouse, these results established that a ge- 
netic rearrangement confined to the c-kit structural gene was suffi- 
cient to produce a mutant W phenotype and, therefore, strongly sup- 
ported the hypothesis that the c-kit protooncogene is allelic with the 
dominant-spotting (W) locus. Subsequently, additional spontaneous 
W mutations were shown to be associated with alterations in the c-kit 
structural gene, including several which comprise single base pair 
mutations in the region encoding the kinase domain (Bernstein et al., 
1990; Nocka et al., 1990b; Reith et al., 1990; Tan et al., 1990; Larue et 
al., 1992; Tsujimura et al., 1993). 

The demonstration of allelism between W and c-kit represented a 
significant advance in efforts to understand the mechanism of W gene 
action. Moreover, mutations at W represented the first examples of 
germ-line mutations in a mammalian protooncogene. As a result, anal- 
ysis of W gene action also will help to clarify the role of protooncogenes 
in normal mammalian development (Besmer, 1991; A. Bernstein et al., 
1991; Forrester et al., 1992). 

C. GENOMIC ORGANIZATION AND CHROMOSOMAL LOCATION OF C-KIT 

In the human genome, the c-kit locus maps in the centromeric region 
of chromosome 4, between 4 q l l  and 4q21 (Yarden et al., 1987; Qiu et 
al., 1988). This region has a well-defined genetic homology to the 
region of mouse chromosome 5, which includes the W locus (Fig. 2) 
(Yarden et al., 1987). Several groups have described the intronlexon 
structure of mouse (Gokkel et al., 1992) and human c-kit genes (Van- 
denbark et al., 1992; Giebel et al., 1992; Andre et al., 1992). The 
overall structure of the gene, the sizes of the homologous exons, and 
the locations of the introns and the sequences at the intronlexon 
boundaries are highly conserved between humans and mice (Fig. 1). 
In both species, the gene spans over 80 kb of genomic DNA, and the 
coding sequence is distributed over 21 exons that range in size from 
100 to 200 base pairs. 

Exon 1 encodes the 5’ untranslated region of the transcript, the ATG 
translation initiation codon, and the signal peptide. Exons 2-9 encode 
the rest of the extracellular ligand-binding domain, exon 10 comprises 
the hydrophobic transmembrane domain, and exons 11-20 encode the 
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(human 13q) 

FIG. 2. Chromosomal location of c-kit in mouse and human genomes. A partial 
linkage map of mouse chromosome 5 is shown on the left, as compiled by Hillyard et al. 
(1992), and the cytogenicmapofhuman chromosome4 is shown on the right (Murray and 
Vanommen, 1991). The locations of genes or loci defined by anonymous DNA markers 
that define the region of homology between these linkage groups are shown to the right 
of each chromosome. In the mouse, c-kit is allelic with W; the tandemly linked PDGFR-a 
locus mav be allelic with a distinct coat color gene, Patch (Ph) (Stephenson et  ol., 1991; 
Smith et al., 1991). In man, c-kit has been shown to be allelic with the piebald trait 
(Spritz, 1992; Giebel and Spritz, 1991; Fleischrnan et ( z l . ,  1991). The mouse geneflk-l 
encodes a related type 111 RTK, but with seven rather than five Ig-like domains in the 
extracellular domain (Matthews et al., 1991a), which was recently shown to be the 
high-affinity VPFR (Millauer et al., 1993).j?k-l maps very near c-kit on chromosome 5 
(Matthews et al. ,  l99la). However, the human honiologue, K D R  (Terman et nl., 1991), 
maps far from c-kit, on the distal end of human chromosome 4 (Terman et d., 199%). 
,jtk-2/flt-3, which encodes an RTK with five Ig-like domains in the extracellular domain, 
was cloned independently by two groups and naniedflk-2 (Matthews et al. ,  l99lb)  or 
Jt -3  (Rosnet et al., 1991). Thej?k-Z/jIt-3 locus maps on the distal end of mouse chromo- 
some 5 and on the long arm of human chromosome 13 (Hosnet et al., 1991). T h e j t - 1  gene 
encodes an RTK that has seven Ig-like domains (Shibuya et al., 1990) and that functions 
as a second VPFR (de Vries et al., 1992) and is physically linked withjk-2/j?t-3 on both 
mouse chromosome 5 and human chromosome 13 (Rosnet et al., 1991,1993). 
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intracellular kinase domain of the protein. The ATP-binding region in 
the kinase domain is located in exon 12. The kinase insert segment is 
contained within exons 14 and 15. The translation stop codon and the 
entire 2.3 kb of 3' noncoding sequences and the polyadenylation site 
are derived from exon 21. All of the 5' donor splice sites and all but one 
of the 3' acceptor sites (in intron 4) are highly conserved between the 
species. The use of alternative splice donor sites at the 5' end of 
intervening sequence nine gives rise to the two major c-kit transcripts 
in mouse and human tissues that have been described previously 
(Vandenbark et al., 1992; Giebel et aZ., 1992). 

Until recently, the c-kit transcription initiation site (TIS) and pro- 
moter had not been identified in either mouse or human species. 
Therefore, the exact number of exons in the gene and the correct 
length of exon 1 were not known. As part of our analysis of the mouse 
c-kit promoter (discussed in Section VI), we have mapped the location 
of the major c-kit TIS 40 base pairs upstream from the 5' end of the 
published cDNA. These data demonstrate that exon 1 is 136 base pairs 
in length and encodes 125 base pairs of 5' untranslated sequence. 

D. EVOLUTIONARY RELATIONSHIP BETWEEN c-kit, c-fms, AND 

c-kit, c-fms, PDGFR-a and PDGFR-P comprise a group of genes with 
highly related structures. In addition, c-kit and PDGFR-a are less than 
650 kb apart on mouse chromosome 5 (Qiu et al., 1988; Hsieh et al., 
1991; Smith et al., 1991; Stephenson et al., 1991), and are less than 
150 kb apart on human chromosome 4qll-q13 (Yarden et al., 1987; 
Gronwald et al., 1990; Hsieh et al., 1991; Vandenbark et al., 1992; 
Giebel et al., 1992). c-fms and PDGFR-P are also tandemly linked on a 
different pair of mouse and human chromosbmes (Roberts et al., 1988), 
indicating that both of the RTK pairs probably arose from a common 
ancestral gene by gene duplication events and translocation (Gron- 
wald et al., 1990). 

The genomic organization of c-kit and c-fms is strikingly similar; 
both have 21 exons and very similar exon/intron boundaries (Andre et 
al., 1992; Vandenbark et al., 1992). The nucleotide sequences, exon 
sizes, and the distribution of the exon/intron boundaries are most 
highly conserved in the TK1 and TK2 regions of the kinase domains of 
these genes, reflecting selection for conservation of kinase function. 
The conservation of RTK gene structure is less striking in the kinase 
insert regions and in the extracellular domains, reflecting divergence 
toward receptor-specific properties, such as association with intracel- 
lular substrates and cognate ligands, respectively (Rottapel et al., 

PDGFR GENES 
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1991). The PDGFR-a and -p genes have not been as well studied, but 
appear to have structures that are generally similar to those of c-kit and 
c-fms (Vu et al., 1989; Williams, 1989). 

111. The kit ligand, Stem Cell Factor 

A. IDENTIFICATION OF THE KIT LIGAND, SCF, 

Once allelism between the W locus of the mouse and c-kit had been 
established, it did not require a daring conceptual leap to imagine that 
the kit ligand might be encoded at SZ. This hypothesis was in accord 
with Russell’s (1979) proposal that Wand SZ encoded a receptor and its 
ligand. And even before allelism between Wand c-kit had been iden- 
tified, several lines of evidence indicated that a receptor-ligand inter- 
action may be important not only in bone marrow stromal cell- 
hematopoietic cell interactions (Russell, 1979), but also in mast cell- 
fibroblast interactions (reviewed in Kitamura, 1989; Galli, 1990). Using 
combinations of mast cells or their precursors and fibroblasts derived 
from W or SZ mutant mice, both Kitamura and Fujita (1989; Kitamura et 
al., 1989; Fujita et al., 1989) and Jarboe and Huff (1989) provided 
strong biological evidence that fibroblasts can produce cell-associated 
(Kitamura et al., 1989; Fujita et aZ., 1989; Kitamura and Fujita, 1989) 
and soluble (Jarboe and Huff, 1989) forms of the kit ligand. Nocka et al. 
( 1990b) then purified and characterized a mouse fibroblast-derived 
soluble factor, which they designated KL, that stimulated the prolifera- 
tion of normal mast cells but not mast cells derived in uitro from W 
mutant mice and that also promoted the development of the erythroid 
burst-forming unit (BFU-E) in synergy with interleukin-3 (JL-3). 
Based on these findings, Nocka et al. (1990b) proposed that KL was the 
ligand for the receptor encoded at c-kit. Shortly thereafter, Nocka et al. 
and two other groups simultaneously reported the cloning and charac- 
terization of a novel growth factor (herein designated SCF) that repre- 
sented a product of the SE locus and a ligand for the receptor encoded at 
c-kit (Williams et al., 1990; Copeland et aZ., 1990; Martin et al., 1990; 
Zsebo et al., 1990a,b; Huang et aZ., 1990; Anderson et al., 1990). 
Notably, all three groups used mast cell proliferation in uitro as their 
bioassay for the growth factor or in the characterization of the factor’s 
spectrum of bioactivity. 

Physical characterizations of the natural and recombinant SCF prod- 
ucts indicate that they are heavily glycosylated, with O-linked and 
N-linked sugars, and exist as noncovalently associated dimers (Ara- 
kawa et al., 1991; Lu et at., 1991; Langley et aZ., 1992). The soluble 

AS THE SI Locus PRODUCT 
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form of the SCF-1 protein, which comprises the first 164 or 165 aa 
of the extracellular domain, is probably derived from the larger 
cell-associated precursor by proteolysis in a fashion analogous to the 
derivation of the secreted forms of CSF-1 or TGF-a from their 
membrane-associated precursors (Anderson et al., 1990; Huang et al., 
1990; Martin et al., 1990; Zsebo et al., 1990a,b; Massagu6,1991; Lu et 
al., 1992). 

Two alternatively spliced forms of human SCF have been reported 
(Anderson et al., 1991) (Fig. 3). The full-length mRNA encodes a larger 
protein species (SCF-1) of 248 amino acids, which is a transmembrane 
protein comprising a 25-aa cleaved signal peptide, a 189-aa extracellu- 
lar ligand domain that includes a proteolytic cleavage site, a hydropho- 
bic 21- to 23-aa membrane-spanning region and a short (36-37 aa) 
intracellular domain. The alternative SCF mRNA lacks exon 6, a de- 
letion of 84 base pairs (bp). This shorter mRNA species gives rise to a 
protein (SCF-2) that is also membrane associated but that lacks 28 
amino acids, including one of the four potential N-linked glycosylation 
sites and the C terminus (Ala-164 and Ala-165) of the soluble SCF, as 
well as the protease recognition site (Anderson et al., 1990, 1991). 
Because this form of the protein yields soluble SCF less efficiently 
than the longer form of the transmembrane protein, regulation of the 
abundance of the alternatively spliced messages might importantly 
contribute to the regulation of the production of soluble and/or 
membrane-associated SCF by the cell. Notably, the biological effects 
of the membrane-bound (as opposed to soluble) forms of the protein 
may be significantly different, at least with respect to bone marrow 
progenitor cells (Toksoz et al., 1992). Three alternatively spliced forms 
of SCF mRNA have been reported in the mouse: (1) the full-length 
form; (2) a species lacking exon 6, which, like the corresponding hu- 
man transcript, produces a 28-amino-acid deletion; and (3) an alterna- 
tive form with a smaller 16-amino acid deletion of the exon 6 sequence 
(Anderson et al., 1990; Flanagan et al., 1991), extending C terminally 
to the C-terminal alanine residue 164 of the soluble kit ligand (Lu et 
al., 1991). 

Most studies of SCF function have focused on the biological activity 
of either soluble SCF or the extracellular domain of the membrane- 
associated form of the receptor. However, the SZ17H allele, which pro- 
duces a splicing defect resulting in a cytoplasmic tail of 28 (not 36) 
amino acids, with only the first amino acid read in the correct frame, 
has phenotypic effects that include sterility in male but not female 
S1'7H/S117H mice (Brannan et al., 1992). These findings suggest that the 
cytoplasmic tail of the transmembrane form of SCF has an important 
biological function that has yet to be defined. 
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FIG. 3. Structure of the SCF gene and SCF. (A) Since the original description by 
Martin et al. (lYYg), little more has been published concerning the exon/intron structure 
ofthe SCF gene. The promoter has not yet been characterized. We show a schematic map 
(not drawn to scale) depicting the locations of the exonic regions in the cDNA that 
encode the full-length membrane-associated SCF products, SCF-1 or SCF-2. The loca- 
tion of the ATG and signal peptide coding sequences in exon l (provisional) are shown; 
in exon 6 of the cDNA and in the corresponding peritransmembrane region of the SCF 
translation products, an asterisk indicates the location of a site of protease cleavage that 
gives rise to the soluble form of the factor; letters a and b indicate the location of two 
alternative splicing events that give rise to alternative transcripts that lack part (a) or all 
(b) of exon 6, which encodes the SCF-2 product, which lacks the peptidase cleavage site 
(Flanagan et al . ,  1991; Anderson et ol., 1991). The position of the insertion/deletion that 
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B. GENOMIC ORGANIZATION AND CHROMOSOMAL LOCATION OF SCF 
In the mouse, S l  maps on chromosome 10 between the genes Pep- 

tidase-2 (Pep-2) and phenylalanine hydroxylase (Pah), which map on 
the distal end of the long arm of human chromosome 12 (Ropers and 
Craig, 1989). Thus, the SlISCF locus appeared to be part of the con- 
served linkage group that maps on the long arm of human chromosome 
12. However, mouse chromosome 10 also contains genes that map to 
three other human chromosomes. Therefore, we directly investigated 
the chromosomal location of SCF in man and reported that SCF maps 
on human chromosome 12, between 12q14.3 and 12qter (Geissler et 
al., 1991). This study and others published subsequently (Anderson et 
al., 1991; Mathew et al., 1992) localized the human homologue of S l  to 
12q22-12q24, and provided further evidence for genetic conservation 
between the distal portion of mouse chromosome 10 and the distal end 
of the long arm of human chromosome 12 (Fig. 4). 

The location of the transcription initiation site, the promoter, and the 
detailed introdexon structure of the SCF gene have not yet been 
reported. However, in their original description of the cloning of SCF, 
Martin et al. (1990) reported the locations of introns in the coding 
regions of the human and rat SCF genes. In both species, the SCF gene 
is composed of at least 8 exons ranging in size from 51 to more than 
183 bp in length (Martin et al., 1990). The locations of introns in the 
coding region of SCF are conserved in rats, mice, and humans (An- 
derson et al., 1990; Martin et al., 1990). Exon 1 encodes more than 
198 bp of 5' untranslated sequence and the first five amino acids of the 
putative 25 amino acid signal peptide. Exons 2-7 encode portions of 
the extracellular domain of the ligand, exon 7 encodes the transmem- 
brane region, and exon 8 encodes 35/36 amino acids in the cytoplasmic 
tail, the stop codon, and part or all of the very long (-4 kb) 3' untrans- 
lated region of the transcript (Martin et al., 1990). As noted previously, 
two alternative murine SCF transcripts that have been identified lack 
the sequences encoding the proteolytic cleavage site (Anderson et al., 

introduces a non-sense (TGA) codon in the Sld  allele is shown (Zsebo et al., 1990b; 
Copeland et al., 1990; Flanagan et al., 1991; Brannan et al., 1991; Mathew et al., 1992). 
(B) The structure of the SCF protein products, their sizes, the locations and numbers of 
cysteine residues that are involved in intramolecular disulfide bonds (indicated), or sites 
of N-glycosylation (Y) or potential N-glycosylation (170) (Martinet al., 1990; Anderson et 
al., 1990; Huang et al., 1990; Arakawa et al., 1991; Flanagan et al., 1991; Lu et al., 1991; 
Langley et al., 1992). All characteristics depicted are conserved between rat and human 
SCF, except for one site of N-glycosylation, which occurs at amino acid 93 in the human 
and at amino acid 109 in the rat. Note: all amino acids are numbered based on their 
position in the mature peptide. 
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FIG. 4. Location of SCF in mouse and human genomes. A partial linkage map of 
mouse chromosome 10 is shown with the approximate distances of the listed loci from 
the centromere indicated on the left (Hillyard et al., 1992). A cytogenetic map of human 
chromosome 12 is shown with the approximate locations of several representative loci 
(Craig and McBride, 1991). The loci that are included in the region of homology between 
these chromosomes include those for peptidase (Pep-2), phenylalanine hydroxyiase 
(Pah), stem cell factor (SCF) (Geissler e t  al., 1991; Anderson e t  al., 1991). and interferon 
-y (Ifg). The homeobox gene Hox-3 and the oncogene Int-1, which map on human 12q 
proximal to Pep-2, map on chromosome 15 in the mouse and therefore define the 
proximal boundary of the region of homology between these two chromosomes. 

1990; Flanagan et al., 1991). One of these is missing 84 nucleotides 
relative to the full-length mouse SCF cDNA (Anderson et al., 1990; 
Huang et al., 1990; Flanagan et al., 1991). The end points of the 
missing sequence correspond to the boundaries of exon 6 reported for 
the rat and human SCF genes (Martin et al., 1990). The deletion in the 
second variant is smaller (48 bp) but shares the same 5' boundary 
(Anderson et al., 1990). Therefore, these transcripts are almost cer- 
tainly derived from the use of alternative 3' splice acceptor sites in the 
precursor mRNAs. 
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Despite the apparent evolutionary relationship between the SCFR 
and CSF-1R receptors and their genes, c-kit and c-fms, the homology 
between their respective ligands has been difficult to detect. However, 
Bazan (1991) reported that an evolutionary relationship between SCF 
and CSF-1 could be appreciated by registering equivalent exons and 
regions that encode similar secondary structures. Based on such find- 
ings, Bazan speculated that the interaction of SCF with the SCFR may 
resemble the interactions of helical cytokines with the hematopoietic 
receptor superfamily. 

IV. Tissue Distribution of SCF and the SCF Receptor 

The patterns of expression of c-kit and SCF during mouse embryo- 
genesis support the hypothesis that these genes are involved in regu- 
lating the migration and spatial distribution of cells in the hematopoie- 
tic, melanoblast, and germ cell lineages, as well as in the proliferation 
and differentiatiodmaturation of these cells at their definitive sites in 
the developing embryo (Matsui et al., 1990; Orr-Urtregger et al., 1990; 
Keshet et al., 1991). However, the patterns of SCF and c-kit expression 
clearly extend beyond those tissues in which W or S1 mutations have 
reported phenotypic effects, and indicate that the SCFR signaling 
pathway may also be important in the development of cells in the 
placenta, the nervous system, the septa of the heart, the lung, the facial 
chondrogenic nuclei, and the midgestational kidney. 

Examination of SCF and c-kit expression in the genital ridges of 
10-day embryos at the onset of colonization by migrating primordial 
germ cells revealed inverse gradients of expression along the route of 
migration between the dorsal mesentery and the gonad anlage, with 
SCF expression highest in the genital ridge and c-kit expression high- 
est in the dorsal mesentery. By gestation day 11.5, after colonization of 
the gonad is completed, SCF expression along the migratory route 
ceases but remains high in the gonad throughout sexual differenti- 
ation. 

In the adult ovary expression of c-kit is confined to the oocyte (Arcesi 
et al., 1992; Orr-Urtreger et al., 1990; Keshet et al., 1991) and SCF is 
expressed at highest levels in the surrounding granulosa cells (Keshet 
et al., 1991). This pattern of expression is consistent with the hypothe- 
sis proposed by several groups that cells lining the migratory route may 
guide the primordial germ cells by expressing the membrane- 
associated form of SCF, whereas expression of SCF in the gonad an- 
lage may indicate a chemotactic role for SCF in directing the homing of 
germ cell precursors (Flanagan and Leder, 1990; Williams et al., 1990; 
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Matsui et al., 1990; Flanagan et al., 1991; Keshet et al., 1991). The 
expression of c-kit and SCF in the developing ovarian follicle during 
postnatal life suggests that interactions between the SCFR and its 
ligand may also be involved in oocyte maturation and/or survival. 

Investigations into the expression of c-kit and SCF in the skin during 
melanocyte migration are also consistent with a chemotacticl 
haptotactic role for SCF in the development of pigmentation (Keshet et 
ul., 1991). Prior to melanocyte invasion, SCF expression can be de- 
tected in the subdermal mesenchymal cells ofthe limb buds; such SCF 
expression persists during and even after melanocyte colonization. 
During embryogenesis in the mouse, expression of c-kit in the skin 
appears to be confined to melanocyte precursors and mast cells and 
persists in melanocytes during their proliferation and differentiation 
(Keshet et al., 1991). However, studies in humans indicate that, under 
some circumstances, keratinocytes may also express SCF (Longley et 
U L ,  1993). 

Both SCF and c-kit are also expressed during early brain develop- 
ment (Matsui et ul., 1990; Orr-Urtreger et al. ,  1990). Specifically, SCF 
is expressed in the floor plate of the neural tube between days 12 and 
15 of gestation and subsequently in the ventrolateral regions associ- 
ated with motor neuron differentiation. c-kit expression has been 
noted in migrating neural crest cells and in the differentiating neurons 
in the dorsal neural tube and dorsal ganglia (Keshet et aZ., 1991). This 
pattern of expression of SCF and c-kit suggests that SCF may also 
function as a chemoattractant for neurons and/or axonic processes. 
c-kit and SCF are also expressed at high levels in the central nervous 
system of the adult mouse (Qiu et al., 1988; Geissler et al., 1988b) and 
rat (Morii et al., 1992) (see Section XIII). 

At mouse gestation day 11.5, c-kit is highly expressed in the liver, 
which is at the peak of its hematopoietic activity (Orr-Urtreger et al., 
1990; Keshet et al., 1991). In the adult hematopoietic system, c-kit 
mRNA expression appears to be most prominent in those lineages that 
are influenced by W mutations (Andre et al., 1989; Nocka et al., 1989). 
c-kit mRNA is expressed in mast cells and in early erythroid and 
myeloid cell lines (Andrk et al., 1989; Nocka et al., 1989). Autoradio- 
graphic studies assessing the binding of '251-labeled SCF indicate that 
the SCFR is widely distributed among the bone marrow cells of adult 
mice, particularly on blasts, promyelocytedmyelocytes, promono- 
cytes, monocytes, eosinophilic myelocytes, eosinophils, and some 
lymphocytes (Metcalf and Nicola, 1991). However, the number of 
receptors per cell varies extensively according to cell type, with blasts 
and some lymphocytes exhibiting the highest levels of labeling 
(Metcalf and Nicola, 1991). Recently, Ogawa et al. (1991) provided 
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evidence that depletion of adult mouse bone marrow cells that express 
the SCFR resulted in virtual elimination of hematopoietic progenitor 
cells responsive to IL-3, GM-CSF, or M-CSF, and also virtually elimi- 
nated CFU-S. Early evidence indicated that human basophils lacked 
detectable expression of the SCFR (Valent and Bettelheim, 1990; 
Lerner et al., 1991). However, Columbo et al. (1992) show that some 
human blood basophils may express small amounts of the SCFR. 

In general, analysis of the distribution of SCFR mRNA and protein 
on hematopoietic cells indicates that levels of SCFR are highest during 
early stages of development and progressively diminish in parallel 
with maturation of the various hematopoietic lineages. The mast cell 
represents an exception, in that mature mast cells both express the 
SCFR and exhibit responsiveness to SCF (see Section X). 

Analyses of various cell populations in vitro indicates that there are 
multiple potential cellular sources of SCF during lymphohematopoie- 
sis. SCF is expressed by mouse fetal liver-derived stromal cells (Zsebo 
et al., 1990b), bone marrow stromal cells derived from mice (McNiece 
et aZ., 1991a) or humans (Aye et al., 1992), and certain thymic stromal 
cells (N. Williams et al., 1992), as well as by 3T3 fibroblasts (Anderson 
et al., 1990; Flanagan and Leder, 1990; Nocka et aZ., 1990b; Williams et 
al., 1990; Zsebo et al., 1990b). Vascular endothelial cells have been 
identified as another potential source of SCF (Aye et al., 1992). The 
soluble form of the molecule is made abundantly, and is present in the 
peripheral blood of humans in the nanogram/milliliter range (Langley 
et al., 1993). On the other hand, very little is known about the tissue 
levels of membrane-associated or soluble forms of the SCF protein 
produced in uiuo, or how such production is regulated. 

V. Nature and Biological Consequences of Mutations Affecting SCF or the 
SCF Receptor 

A. MICE 
A large number of independent mutations have been described at 

both Wand SZ loci (for reviews, see Silvers, 1979a; Russell, 1979). In 
fact, a spontaneous mutation study at the Jackson Laboratory con- 
cluded that the mutation rate at W was much higher than at other loci 
that have dominant, grossly observable manifestations (Schlager and 
Dickie, 1967). Over 30 X-ray-induced SZ mutations have been de- 
scribed at Oak Ridge and at Hanvell (Silvers, 1979a) and at least five 
spontaneous S l  mutations were reported over a 3-year period at the 
Jackson Laboratory (Russell and Bernstein, 1966). 

In general, a double dose of mutant W or SZ alleles (W*/W* or 
Sl*/S1*) produces a hypoplastic macrocytic anemia, a lack of skin pig- 
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mentation, sterility, and a profound mast cell deficiency (Geissler and 
Russell, 1983a,b; Kitamura et aZ., 1978; Russell, 1979; Kitamura and 
Go, 1979; Kitamura, 1989); the W or SZ alleles with the most severe 
phenotypic effects, when homozygous, produce death in utero or in 
the immediate perinatal period due to severe anemia (Russell, 1979). 
W*/W* or Sl*/SZ* mice can exhibit reductions in numbers of early 
hematopoietic cells (such as CFU-S), bone marrow granulocyte pre- 
cursors and megakaryocytes, and certain early B cell forms, but num- 
bers of circulating granulocytes and platelets, and spleen and bone 
marrow B cells, are generally normal, probably because of mechanisms 
that compensate for the deficiencies in early stages of these lineages 
(Russell, 1979; Geissler and Russell, 1983a) (see Section IX,B). 
Moreover, B or T cell function in these mice appears to be normal 
(reviewed in Galli et aZ., 1992). Animals that are heterozygous for 
mutant W or Sl alleles (W*/+ or SZ*l+) exhibit a pattern of coat depig- 
mentation (spotting) that can be characteristic for each allele but that 
generally comprises an abdominal spot, a spot on the forehead, and 
variable depigmentation of the tips of the extremities and the tail. 
However, W*/+ or SZ*l+ mice are fertile and exhibit no or only modest 
reductions in red cell or mast cell numbers (Russell, 1979; Silvers, 
1979a; Kitamura, 1989). 

The mutant S1 alleles that have the most dramatic effects, generally 
resulting in death in utero or shortly after birth, are due to deletions 
that produce complete loss of SCF function. Such alleles include S l  
(Sarvella and Russell, 1956), as well as SZJ, S P ” ,  SZ8H, S Z I O H ,  SZ12H, and 
SZ’8H (Russell, 1979; Silvers, 1979a; Copeland et al., 1990; Huang et 
aZ., 1990; Zsebo et aZ., 1990b). In contrast, mice homozygous for the 
Steel-Dickie (SZ”) allele are viable, despite exhibiting a moderately 
severe macrocytic anemia, a complete lack of skin pigmentation, a 
profound mast cell deficiency, and sterility (Bernstein, 1960; Kitamura 
and Go, 1979; Russell, 1979; Silvers, 1979a). The less severe effects of 
the SZ” allele on viability suggested that this mutation might preserve 
some SCF function. We showed that the Sl” allele encodes an abun- 
dant but smaller than normal SCF transcript and is associated with a 
novel SCF DNA restriction fragment length polymorphism (RFLP) 
(Zsebo et al., 1990b). Subsequently, Flanagan et aZ. (1991), Brannan et 
(11. (1991), and Huang et aZ. (1992) showed that the SZd allele represents 
an intragenic insertimddeletion that removes 242 hp at the 3‘ end of 
the coding sequence. The truncated SZd transcript encodes almost all of 
the extracellular domain of SCF but lacks coding sequences for both 
the transmembrane and the intracellular domains of the wild-type 
protein. Notably, expression of the SZd cDNA in transfected COS cells 
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results in secretion of soluble biologically active product that is capa- 
ble of inducing mast cell proliferation, but that fails to result in the 
appearance of a membrane-associated form of SCF (Flanagan et al., 
1991). 

Although it is not yet clear to what extent soluble SCF is produced 
by S1/S ld  or S l d / S l d  mice in uiuo, the phenotypic abnormalities of these 
mice, together with analyses of the biological activity of recombinant 
forms of the S l d  product, suggest that a membrane-associated form of 
SCF is necessary for a normal phenotype in viuo. Toksoz et al. (1992) 
generated cell lines that stably expressed soluble or membrane- 
associated forms of SCF. They found that cell lines expressing 
membrane-associated SCF supported the long-term production of 
primitive hematopoietic progenitors in uitro, whereas cells that exclu- 
sively produced soluble SCF only transiently maintained hematopoie- 
sis. In demonstrating a critical role in hematopoiesis for the 
membrane-associated form of SCF, Toksoz et al. (1992) provided a 
molecular explanation for previous work showing that when normal 
(+/+) splenic tissue was transplanted to Steel mice, enhanced hemato- 
poiesis occurred only in the donor spleen (Bernstein, 1970). 

On the other hand, analysis of the effects of recombinant soluble 
SCF in SZ/SZd mice indicates that the provision of high levels of soluble 
SCF can partially reverse some of the hematological abnormalities 
expressed by these animals (Zsebo et al., 1990b). Thus, treatment of 
S l / S l d  mice with polyethylene glycol-modified rrSCFIM for 21 days at 
30 pg/kg/day, subcutaneously (s.c.), not only markedly improved the 
animals’ hematocrits but also repaired the dermal mast cell deficiency 
at the S.C. injection site (Table I). Indeed, the density of dermal mast 
cells at rrSCFIM injection sites in W S l d  mice exceeded by approxi- 

TABLE I 

MAST CELL NUMBERS IN WCB6F,-Sl/Sld MICE” 
EFFECT OF TREATMENT WITH RECOMBINANT h T  SCF’@ ON HEMATOCRIT AND DERMAL 

Hematocrit (%) 

Before After No. mast 
Treatment treatment treatment cells/mm2 of dermis 

~~ ~~~ ~ ~ 

SCF (30 pglkglday) 27.3 * 2.6 40.9 2 4.3b 77.9 * 16.gb 
Vehicle 28.6 f 1.4 25.9 * 5.4 o * o  

a Data are for a 3-week treatment period. Reproduced from Zsebo et al. (1990b) with permission. 
p < 0.001 versus value for vehicle-injected group. 
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niately twofold the density of mast cells in the dermis of the congenic 
normal (+/+) mice. 

Notably, some S1 mutations produce sterility in only one sex. S P n ,  
SI', and S P "  produce female sterility in the homozygous state 
(Beechey and Searle, 1983, 1985; Kuroda et al., 1988) whereas Sl'7H 
produces male sterility in the homozygous state (Peters et al., 1987). 
These mutations have relatively mild phenotypic effects (e.g., S117H, 
S l p a n ,  S l  t ,  and Sl""" homozygotes have mild anemia and exhibit some 
wild-type coat pigmentation, suggesting that the mutations may pro- 
duce only limited impairment of SCF function. Indeed, Brannan et aZ. 
(1992) showed that SZ17" has a T + A transversion within the polypy- 
rimidine tract immediately upstream of the AG dinucleotide defining 
the 5' boundary of exon 8 of SCF; this produces a splicing defect that 
results in the skipping of exon 8 and fusion of exon 7 to exon 9. This, in 
turn, results in an SCF cytoplasmic tail that is shortened by 8 amino 
acids and that has only the first amino acid read in the correct frame. 
The SCF encoded by the SZ'7H allele exhibits an activity in a mast cell 
proliferation assay that is very similar to that of wild-type SCF. Taken 
together, these findings indicate that the cytoplasmic tail of the 
niembrane-associated SCF may have important biological function(s). 

To date a total of 14 W mutations have been shown to be associated 
with alterations in the c-kit structural gene, comprising both regulatory 
and structural mutations; several are single base pair substitutions in 
the region encoding the kinase domain, and these confer a partial or 
complete loss of SCFR kinase activity as assessed by in vitro kinase 
assays (Geissler et al., 1988b; Bernstein et al., 1990; Nocka et aZ., 
1990a; Reith et al., 1990, 1991; Tan et aZ., 1990). 

All W mutations behave in a codominant fashion with other W al- 
leles. However, even though most W mutations influence mela- 
nogenesis, gametogenesis, hematopoiesis, and mast cells to similar 
degrees, some mutations influence only one or two of the usually 
affected tissues. For example, when W4* is homozygous, pigment and 
germ cell development are affected but not erythropoiesis, and W41/ 
W4' mice are anemic, predominantly white, but fertile. These excep- 
tions provided strong evidence that the W locus tissue defects were 
genetically separable and developmentally independent (Geissler et 
al . ,  1981). However, the mechanisms by which certain W mutations 
have severe effects on only one or two of the typically affected tissues 
are not understood. The phenomenon may reflect either differences in 
the effects of W mutations on the quantity or quality of c-kit expression 
in different lineages, for example, by differentially influencing the rate 
of c-kit transcription in different tissues, or tissue-specific differences 
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in the threshold of SCFR function required for the normal develop- 
ment of the different cell lineages. Tissue-specific differences in the 
threshold of wild-type SCFR function which is required for normal 
development could be determined by the level of expression of the 
SCF ligand in the microenvironment, by the relative concentrations of 
substrates involved in the c-kit signal transduction pathway in each 
lineage, the specific effects of each c-kit mutation on binding affinities 
for these substrates, as well as by differences in the expression of 
redundant RTK signaling pathways in the tissues. 

Some W mutations exhibit anomalies with respect to the relative 
severity of their phenotypic effects in the heterozygous (W*/+) or 
homozygous (W*/W*) mutant mice. Specifically, the heterozygous 
phenotype of alleles that are homozygous viable are often more severe 
than those involving W alleles that are homozygous lethal. This phe- 
nomenon was originally noticed in 1949 by Elizabeth Russell in her 
detailed comparison of the phenotypic effects of the first two W muta- 
tions to be described, Wand W” (Russell, 1949), and was subsequently 
shown to be characteristic of a large number of independent mutations 
at W (Geissler et al., 1981). The discovery that W encodes the SCFR 
has shed considerable light on the nature of some of these “dominant 
negative” effects. 

Alleles that exhibit strong, dominant negative effects comprise mu- 
tations at distinct sites in the kinase domain of the c-kit gene; these 
mutations result in the production of SCFRs with reduced stability 
and/or reduced intrinsic kinase activity but that are nevertheless ex- 
pressed on the cell surface. For example, the original W mutation, 
which has relatively mild heterozygous effects but which is homozy- 
gous lethal, represents a point mutation at an exodintron junction that 
causes improper mRNA processing and exon skipping that results in 
the production of a truncated SCFR lacking the transmembrane do- 
main (Hayashi et al., 1991). Consequently, the product of the W allele 
is not expressed on the cell membrane and does not undergo auto- 
phosphorylation when stimulated with SCF (Reith et al., 1990). In 
contrast, the recessive lethal W37 (Nocka et al., 1990a; Reith et al., 
1990) and W42 (Tan et al., 1990) mutations, which have relatively 
severe heterozygous effects on pigmentation (W37 or W42) and/or he- 
matopoiesis (W2), comprise point mutations in the tyrosine kinase 
domain of the SCFR that result in amino acid substitutions 
(W37:G1~582 +- Lys; W42:Asp790 --., Asn) that destroy its intrinsic kinase 
activity. 

W2 is the most strongly dominant of all mutant W alleles described 
to date (Geissler et al., 1981). Moreover, the exogenous expression of 
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the W42 c-kit cDNA during the development of transgenic mice suc- 
cessfully recapitulates certain aspects of the W mutant phenotype (Ray 
et al., 1991). w~~ comprises a missense mutation in an essential amino 
acid of the SCFR kinase domain, which abolishes the kinase activity of 
the protein but does not affect its normal expression on the cell surface 
(Tan et al., 1990). Together these findings suggest that the W42 product 
exhibits trans-dominant negative interference on the function of the 
wild-type receptor, probably by interfering with the normal function of 
the dimerized receptor. Signal transduction through the SCFR, as with 
the CSF-1R and PDGFR (Ullrich and Schlessinger, 1990), involves 
receptor dimerization and internalization following ligand binding 
(see Section VII). It therefore appears likely that "dominant negative" 
effects involve interference by the mutant form of the receptor on the 
function of the wild-type counterpart. At least part of this interference 
appears to be mediated by interactions at the cell surface. This could 
involve competition for limiting amounts of ligand and perhaps by the 
inactivation of the wild-type receptor molecules in heterodimers in- 
volving the mutant protein. However, unlike the product of the W42 
allele, which is expressed normally on the cell surface (Tan et al., 
1990), the product of the W37 allele is intrinsically less stable and is 
only weakly expressed at the cell surface (Nocka et al., 1990a). Accord- 
ingly, the basis for the relatively severe dominant negative effect of 
this allele on pigmentation is not yet understood. 

The homozygous viable mutations W1 (Val831 + Met), W" 
(ThrW + Met), and W5, a remutation to W", also map in the tyrosine 
kinase domain, but, in comparison to W42, produce less severe reduc- 
tions in the levels of intrinsic kinase activity expressed by the corre- 
sponding SCFR proteins, which are expressed normally at the cell 
surface (Nocka et al., 1990a; Reith et al., 1990). The relative severities 
of the kinase deficiencies exhibited by these mutant forms of the SCFR 
correlate well with the severities of the abnormal phenotypes induced 
by these mutations in uiuo. The same correlation has been noted for the 
capacity of alternative forms of the mouse and human SCFR to associ- 
ate with cytoplasmic protein substrates, such as phospholipase C-yl 
and phosphatidylinositol 3'-kinase (Nocka et al., 1990a; Reith et al., 
1990; Herbst et uZ. ,  1992). Thus, the W3' product does not associate 
with P13'K or PLC-yl following exposure to SCF, whereas the product 
of the W4' allele, which has relatively mild phenotypic effects, retains 
a significant capacity to associate with these cytoplasmic substrates. 

Recently, three additional W mutations, WJic, W", and Wf, were 
found to comprise point mutations in the tyrosine kinase domain of 
c-kit (Lame et al., 1992; Tsujimura et al., 1993). The WJic mutation 
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results in the substitution of Gly-595 in the ATP-binding site, which 
inactivates the kinase activity of the protein. The W allele is tran- 
scribed normally but a substitution of Ala-835 impairs post- 
translational processing of the protein and prevents the expression of 
detectable levels of receptor at the cell surface. Wf, which produces 
relatively mild phenotypic effects closely resembling those of W1, 
results in the substitution of Arg-816 in the kinase domain, which only 
mildly impairs the intrinsic kinase activity of the receptor (Larue et al., 
1992; Tsujimura et al., 1993). 

B. RATS 

Germ-line c-kit mutations have been discovered in other species. 
Tsujimura et al. (1991) reported a spontaneous W-kit mutation in the 
rat (Ws) which, in the homologous state, produces a phenotype similar, 
but not identical, to that of the W/W" mouse (Niwa et al., 1991). WdWs 
rats are black-eyed, white, anemic, and profoundly mast cell deficient 
(Niwa et al., 1991; Onoue et al., 1993). However, the anemia improves 
with age and the rats are fertile. Molecular characterization of the c-kit 
transcript expressed in the tissues of the WdWs rat identified a de- 
letion of 12 nucleotides encoding four amino acids near the tyrosine 
autophosphorylation site in the kinase domain of the receptor (Tsuji- 
mura et al., 1991). 

C. HUMANS 
The piebald trait in man is an autosomal dominant congenital syn- 

drome associated with patches of apigmented skin and hair that are 
distributed in a pattern reminiscent of the W/+ mouse, i.e., white spots 
on the abdomen, extremities, and forehead (Hulten et al., 1987). Based 
on the presence of congenital chromosome 4 deletions in some piebald 
individuals, the locus controlling this trait was provisionally mapped 
between 4qll-4q12 (Lacassie et al., 1977), colocalizing this trait with 
the c-kit structural gene. The hypothesis that piebaldism may arise 
from aberrant c-kit function was recently confirmed by two groups. 
Fleischman et al. (1991) identified a cytogenetically normal piebald 
individual that carried a hemizygous deletion that included c-kit and 
the neighboring PDGFR-a! gene. More definitive proof was provided 
by reports that other piebald individuals carry point mutations causing 
missense amino acid substitutions in the SCFR kinase domain, spe- 
cifically, codon 664 glycine (Giebel and Spritz, 1991), codon 584 
phenylalanine (Spritz et al., 1992a,b), and codon 583 glutamic acid 
(Fleischman, 1992a,b), or exhibit one of two frameshift mutations that 
map in codons 642 and 561 (Spritz et al., 1992a). 
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No hematological abnormalities were detected in piebald individ- 
uals with c-kit mutations, nor in the previously reported cases of pie- 
baldism, which include one presumed homozygote (Hulten et d., 
1987; Spritz, 1992). Perhaps this should not be surprising, because the 
majority of c-kit mutations in the mouse have few if any effects on the 
peripheral blood parameters of the W*/ + heterozygous mice, and rare 
alleles, such as W and Wsh, which appear to be regulatory mutations 
(Geissler et al., 1988b; Tono et al., 1992), have no effect on the periph- 
eral blood even when in the homozygous state. 

Because the hematologic abnormalities in patients with Diamond- 
Blackfan anemia (DBA) resemble those of W or SZ mutant mice, we and 
others considered the possibility that germ-line or somatic mutations at 
c-kit or SCF may be involved in the pathogenesis of DBA. To evaluate 
this possibility, we (Drachtman et al., 1992; Abkowitz et aZ., 1992) and 
others (Olivieri et al., 1991) searched for abnormalities in the structure 
or expression of either c-kit or SCF in patients with DBA. The cumu- 
lative data from analyses of almost two dozen patients fail to support 
the hypothesis that DBA arises from alterations in the genes encoding 
the SCRF or SCF. Of course, these data do not rule out the possibility 
that subtle defects in one of these genes may yet be identified in some 
DBA patients. 

VI. Regulation of Expression of SCF and the SCF Receptor 

A. THE SCF RECEFTOR 
At the cellular level, c-kit expression can be influenced by a variety 

of cytokines and stimuli. We and others have reported that the level of 
c-kit mRNA expressed by primary mast cell cultures or mast cell lines 
is significantly reduced after treatment of the cells with either immu- 
nologic or nonimmunologic agents or with hematopoietic growth fac- 
tors. We reported that treatment of long-term mouse mast cell lines, 
or primary cultures of bone marrow-derived cultured mast cells 
(BMCMCs) from normal or W/W" mice, by phorbol myristate acetate 
(PMA) or IgE and specific antigen reduced levels of c-kit mRNA by 
more than 50% within 2 hours (Geissler et al., 1990). The down- 
regulation of c-kit mRNA in W/W" mast cells demonstrates that the W 
and W" mutations do not interfere with cis-regulatory elements in- 
volved in down-regulation of c-kit mRNA and also indicates that down- 
regulation of c-kit mRNA does not require a SCFR with normal ty- 
rosine kinase activity. 

Sillaber et al. (1991) reported that IL-4 can down-regulate c-kit 
expression in normal human CD34+ bone marrow cells, human leuke- 
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mic myeloid cells, and in the HMC-1 human mast cell leukemia line. 
IL-3 reportedly down-regulates c-kit mRNA expression in murine 
mast cell and myeloid cell lines (Welham and Schrader, 1992) but has 
no influence on (Sillaber et al., 1991) or up-regulates (Papayanno- 
poulou et al., 1991) the expression of SCFR by human hematopoietic 
cells. I t  is not clear whether the discrepancies in the reported effects of 
cytokines on c-kit expression reflect species differences, cell lineage- 
specific differences, or differences in the metabolic state or cell cycle 
activity of the cells at the time of the assay. In fact, there is some 
evidence that c-kit expression may be regulated by the c-myb tran- 
scription factor, which plays an important role in regulating the cell 
cycle (Ratajczak et al., 1992a,b) (see Section V1,A). 

Analyses of mutant mice have also provided some insights into the 
regulation of c-kit expression. Mutant mice of the milmi genotype are 
osteopetrotic due to a monocytelmacrophage defect and are also mast 
cell deficient (Stevens and Loutit, 1982; Stechschulte et al., 1987). Ebi 
et al. (1990, 1992) reported that bone marrow-derived cultured mast 
cells derived from milmi mice, unlike their normal counterparts, failed 
to proliferate or to exhibit phenotypic changes associated with matura- 
tion when cultured on monolayers of normal fibroblasts that express 
SCF on the cell surface (Ebi et al., 1990) or in medium supplemented 
with high levels of rSCF (Ebi et al., 1992). Ebi et al. (1992) also 
reported that the expression of SCFR mRNA and protein is signifi- 
cantly reduced in milmi BMCMCs and that treatment of these cells 
with rSCF induced little if any autophosphorylation of the SCFR. 
Taken together, these results suggest that the low responsivity of 
milmi mast cells to SCF reflects their low level of SCFR expression. 
The milmi mast cells also exhibited an altered pattern of expression of 
mRNA encoding the mast cell proteases MMCP-2 and MMCP-6 (Ebi 
et al., 1992). Although there is more than one possible explanation for 
this finding, the data are consistent with the hypothesis that the mi 
locus may play a role in regulating the expression of both c-kit and the 
protease genes, for example, by influencing the production of tran- 
scription factors that regulate the transcription of several genes in mast 
cells. The availability of cloned c-kit promoter elements involved in 
the regulation of c-kit expression in mast cells and other c-kit-positive 
cell lineages (Yasuda et al., 1993; described later) should allow this 
hypothesis to be tested experimentally. 

Although the mutation has not yet been characterized at the molecu- 
lar level, several lines of evidence indicate that Wsh represents a regu- 
latory rather than a structural c-kit mutation. The phenotypic effects of 
the Wsh mutation are less severe than any other known W mutation. 
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Complementation studies and genetic linkage analyses indicate that 
W h  is in fact a W allele, and adult WhlWh mice are black-eyed and 
white, yet they are fertile and are not anemic (Russell, 1979; Silvers, 
1979a; Lyon and Glenister, 1978). In contrast to the majority of W 
mutant genotypes that elicit effects of corresponding severity on red 
cell numbers and numbers of cutaneous mast cells (Go et al., 1980; 
Geissler and Russell, 1983b), WhlWsh adults exhibit a severe mast cell 
deficiency despite their normal red cell number (Tono et al., 1992). 
Mast cells derived in uitro from the spleen cells ofWshlWsh mice do not 
adhere to 3T3 cell monolayers, presumably because of their failure to 
express the SCFR on their cell surface (Stevens and Loutit, 1982; Tono 
et al . ,  1992), and immunoprecipitable SCFR protein was not detected 
in the cytoplasm of WhlWh mast cells and was present at greatly 
reduced levels in the testes of these mice. Amounts of c-kit transcript 
were also drastically reduced in the testes, spleen, and mast cells of 
Wh/Ws" mice, although relatively normal levels were present in the 
cerebellum. Therefore, the levels of SCFR protein in the tissues of 
WhlWTh mice appear to be primarily regulated at the level of transcrip- 
tion. Notably, the nucleotide sequence of the c-kit coding region of 
cloned cDNAs was found to be completely normal, indicating that Wsh 
probably represents a regulatory mutation (Tono et al., 1992). 

To elucidate further the regulation of c-kit expression, we cloned 
and characterized the mouse c-kit promoter (Yasuda et aZ., 1993). 
Primer extension analysis and RNase mapping experiments were con- 
ducted to identify the major c-kit transcription initiation site (TIS) 
employed in several mouse cell types, including BALBlc BMCMCs, 
factor-dependent and factor-independent mouse mast cell lines PT-18 
(Pluznik et al., 1982) and MCKLC57.1 (C57.1) (Young et al., 1987), 
respectively, and cerebellar tissue of adult C57BLl6J mice. Using each 
of several c-kit-specific primers, we detected products that terminated 
58 bp upstream from the A in the translation start codon. In addition, 
several minor primer extension products, between 1 and 4 bp shorter 
than the major product, were detected in some experiments. The po- 
sition of the TIS was confirmed by sequence analysis of 5' c-kit cDNAs 
cloned by rapid amplication of5' terminal cDNA. Together, these data 
indicated that the major c-kit TIS, used by mouse mast cells and 
c-kit-positive cells in the mouse cerebellum, is located 58 bp upstream 
from the translation start codon, and identified several minor TISs, 
which map less than 12 bp from this site. This comprised the first 
precise localization of the c-kit TIS in any species. 

Genomic DNA clones comprising the 5' end of the mouse c-kit 
transcript were cloned from a cosmid library. Genomic DNA se- 
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FIG. 5. 5' Deletion analysis ofthe mouse c-kit promoter. (a) Partial restriction maps of 
the 5' end of the mouse c-kit gene and reporter gene constructs. Restriction endonu- 
clease sites in the 5' flanking genomic DNA used to generate the reporter gene con- 
structs are shown. The 5' flanking genomic DNA region cloned into each construct is 
represented by a solid bar, extending to the left of the Sac1 site in the untranslated 
portion of c-kit exon 1, shown by a hatched box. The length of the 5' flanking region is 
given on the left in base pairs (bp) or kilobase pairs (kb). H, HindIII; E, EcoRI; P, PuuIII; 
B, BnmHI; S, SmaI; M, MscI; Bs, BssHII; Sa, SacI. (b) Luciferase reporter gene pro- 
moter assay. Equimolar amounts of luciferase constructs were transiently cotransfected 
with pCMVhGh into either mouse C57.1 or WEHI-3 cells or human HEL or HL-60 cells. 
NRLU, the number of sample relative light units (minus background) divided by the 
total amount of hGH (nanograms) detected in the culture medium. ND, not determined; 
*, significantly greater than constructs containing shorter, or no, promoter regions 
(p < 0.005). All c-kit promoter constructs, which included from 44 bp to 5.5 kb upstream 
from the major TIS, produced significantly more luciferase activity (p < 0.005) in c-kit- 
positive cell lines (C57.1 or HEL) versus the corresponding c-kit-negative cell lines 
(WEHI-3 or HL-60). In a given c-kit positive cell line, either mouse C57.1 mast cells or 
human HEL cells, constructs containing 105 or more base pairs upstream from the major 
c-kit TIS exhibited strong promoter activities that were statistically indistinguishable. 
Reproduced from Yasuda et al. (1993) with permission. 

quences upstream from the TIS were subsequently characterized for 
c-kit promoter activity by transiently transfecting c-kit-positive or c- 
kit-negative mouse or human cell lines with luciferase reporter gene 
constructs. As shown in Fig. 5b, all c-kit promoter constructs, includ- 
ing from 44 to 5.5 kb upstream from the major TIS, produced signifi- 
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cantly more luciferase activity (p < 0.005) in c-kit-positive cell lines 
(C57.1 or HEL) versus the corresponding c-kit-negative cell lines 
(WEHI-3 or HL-60). Our results also indicated that under our experi- 
mental conditions, important cis elements required for cell type- 
specific expression are contained within 105 bp of the major TIS, in 
three functionally important subregions: region A between the major 
TIS and -44 bp, region B between -44 and -81 bp, and region C 
between -81 and -105 bp. These regions contributed to more than 
lo-, 3-, and 3-fold increases in luciferase activities, respectively, in 
c-kit-positive cell lines (C57.1 or HEL). In over 5 kb of upstream 
genomic DNA, we found no evidence for additional elements that 
significantly influenced luciferase activities. 

These data showed that the mouse c-kit promoter also functions in 
human c-kit-positive HEL cells, suggesting that important cis ele- 
ments and trans-acting factors involved in the regulation of c-kit ex- 
pression are likely to be conserved. Figure 6 shows the sequence of the 
mouse c-kit promoter region, and a provisional alignment with the 
corresponding portion of the human c-kit gene (Giebel et al., 1992). 

The mouse c-kit promoter lacks well-defined promoter elements 
such as TATA or CCAAT boxes. Nor does it contain recognizable 
consensus binding-site sequences for the erythroid/mast cell- 
associated transcription factors GATA-1, GATA-2, or GATA-3 (Zon et 
al., 1991), even though c-kit is expressed in the erythroid and mast cell 
lineages. A high degree of conservation exists in the region corre- 
sponding to the mouse c-kit TIS and the contiguous upstream genomic 
DNA (+ 1 to -44 bp) that exhibits c-kit promoter function in both 
mouse C57.1 mast cells and human HEL erythroid cells. A conserved 
potential binding site for the transcription factor AP-2 (Jones et al., 
1988) in this region could play a role in the regulation of c-kit expres- 
sion. AP-2 has been shown to be involved in the tissue-specific regula- 

FIG. 6. Nucleotide sequence of the 5‘ end of c-kit (the transcription initiation se- 
quence = bp + 1). The translation start codon is boxed; exon 1 sequences are shown in 
capital letters. The exon liintron 1 boundary agrees with that reported by Gokkel et al. 
(1992). The complementary sequences of primers A, E, C ,  and oligo 4 (used in primer 
extension reactions) are underlined with dashed arrows, indicating their 5’ to 3’ orienta- 
tion. The end of a previously reported c-kit cDNA (+) (Qiu et al., 1988) and the major TIS 
(V) and a minor upstream TIS (#)are indicated above the sequence with the correspond- 
ing symbols. Sac1 and other restriction sites used in vector construction are shown. The 
SmaI site at - 105 bp (indicated in bold letters) deiineates the 5’ end of the region that 
exhibits maximal promoter activity (see Fig. 5). Potential transcription factor binding 
sites (Jones et ul. ,  1988) are indicated, and GA-rich regions are double underlined. 
Reproduced from Yasuda et al. (1993) with permission. 
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tion of some genes (Leask et at., 1991). Furthermore, during mouse 
development, AP-2 and c-kit are coexpressed in some tissues, includ- 
ing hindbrain, kidney, heart, yolk sac, and some neural crest-derived 
lineages (Orr-Urtreger et al., 1990; Mitchell et al., 1991). 

The interval between -44 and -81 bp, which significantly aug- 
ments the activity of the mouse c-kit promoter in both mouse and 
human cells, contains a direct repeat of the nonanucleotide 
GGAGGAGGG (Fig. 6, boxes I11 and IV). This sequence is simi- 
lar both to a putative myeloid promoter-specific consensus ele- 
ment (Shapiro et al., 1991) and to a DNase-resistant element 
(GAGGAGGGG) that is located at a similar position in the promoter of 
the chicken @-globin gene (Emerson et aZ., 1985). The third function- 
ally important interval, between -81 and - 105 bp, contains conserved 
potential binding sites for AP-2 and Spl  and two contiguous GA-rich 
elements (Fig. 6, boxes I and 11). The four conserved GA-rich elements 
in the c-kit promoter (Fig. 6, boxes I-IV) share a core consensus 
sequence (G/A-G-G-A-G-G/A) also found in a noncanonical, func- 
tional PU. l-binding site (AAAAGGAGAAG) identified in the human 
CD1 l b  promoter (Pahl et al., 1993). Therefore, it is possible that one or 
more of the c-kit elements comprise binding sites for PU.l or other 
ETS-domain proteins (Karim et d., 1990). A canonical consensus PU.1- 
binding site is found further upstream in the c-kit promoter (Fig. 6), but 
this site is not well conserved and maps outside the region that is 
necessary for maximal promoter activity in transfected mouse mast 
cells or HEL cells. Nevertheless, PU.l  expression does not appear to 
be sufficient for c-kit transcription because both WEHI-3 cells and 
HL-60 cells express PU.l (Shapiro et al., 1991; Karim et al., 1990), but 
neither cell line expresses endogenous c-kit mRNA (Andr6 et al. ,  1989; 
Nocka et al., 1989) nor did either cell line promote the expression of 
the c-kit promoter reporter constructs. It is possible, however, that 
PU.l expression is necessary for c-kit transcription and that interac- 
tions between Spl and PU.l or other ETS-domain proteins are in- 
volved in the tissue-specific expression of c-kit. 

Although the human c-kit promoter and TIS have not yet been 
characterized, the functional promoter analyses described above dern- 
onstrate that the mouse c-kit promoter comprises three regions that are 
functionally important in both mouse and human c-kit-positive cells. 
Furthermore, comparison of the nucleotide sequence of the corre- 
sponding regions of mouse and human c-kit genes shows that the 
functionally important regions are highly conserved. Together these 
findings strongly suggest that the location of the c-kit TIS and the 
structure of the promoter of the human c-kit gene are likely to be 
similar or identical to those described here for the mouse gene. 
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We have shown that developmentally distinct cell types employ the 
same c-kit promoter. Nevertheless, it is possible that in other cell 
lineages c-kit may be transcribed from one or more distinct promoters. 
For example, the human c-fms gene has two promoters selectively 
utilized by monocytes and placental trophoblasts (Roberts et al., 1988). 
In light of the evolutionary relationship between c-kit and c-fms, and 
the conservation of the genomic organization of these genes, it is 
possible that c-kit may also have one or more additional promoters. 

B. SCF 
As described in Section 111, by a combination of post-transcriptional 

and post-translational mechanisms, the SCF gene produces alternative 
transcripts and protein products whose expression appears to be regu- 
lated in a tissue-specific manner. In theory, tissue-specific alternative 
mRNA splicing could result in the differential expression of soluble as 
opposed to cell-associated forms of the SCF protein during develop- 
ment and cell differentiation. SCF is expressed during development 
by stromal cells located along the migratory pathway and at the desti- 
nations of migrating SCF-positive cells such as melanoblasts and pri- 
mordial germ cells, suggesting that the primary function of the SCF/ 
SCFR interactions during development may be to direct cell migra- 
tion. And the spatial and temporal distribution of SCF mRNA expres- 
sion in the tissues of the developing mouse embryo suggests that SCF 
expression may be responsive to regulatory signals generated from 
migrating c-kit-positive cell lineages (Matsui et al., 1990; Keshet et al., 
1991). However, very little is known about the mechanism of regula- 
tion of SCF expression during development or differentiation. 

Huang et aZ. (1992) investigated the tissue distribution of the two 
major SCF transcripts (which they designated KL-1 and KL-2) in mice, 
and analyzed the generation of soluble SCF from each of the two 
products in an in vitro transient transfection assay. Using an RNase 
protection assay, Huang et al. (1992) determined that the expression of 
KL-1 and KL-2 appeared to be regulated in a tissue-specific manner. 
For example, the ratios of KL-1 to KL-2 transcripts in various tissues of 
a 40-day-old mouse, based on densitometry of blots, were 1.5:1 in 
spleen, 1:2.6 in testis, and 26:l in brain. KL-1 was the predominant 
transcript in BALBIc 3T3 fibroblasts, which exhibited barely detect- 
able KL-2, as well as in adult mouse thymus. However, substantial 
amounts of each transcript were present in placenta (14 days P.c.) and 
heart. 

When production of soluble KL by COS cells transfected with KL-1 
or KL-2 expression constructs was measured, both KL-1 and KL-2 
released soluble products, but the KL-2-derived product appeared in 
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the cellular supernatants at later intervals and in lower amounts than 
did the KL-l-derived product. Moreover, treatment of the transfected 
COS cells with PMA or the calcium ionophore A23187 enhanced the 
generation of soluble forms of KL-1 or KL-2 at similar rates. The 
proteolytic cleavage of either KL-1 or KL-2 transmembrane products 
occurred at the cell surface, although the specific protease( s) involved 
remains to be determined (Huang et al., 1992). Although these results 
have yet to be confirmed in uiuo, the results suggest that both forms of 
SCF, including the molecule lacking the exon 6 amino acids (KL-2 or 
SCF-2), can undergo proteolytic cleavage to produce soluble SCF. 

As noted by Huang et al. (1992), SCF-dependent function may vary 
depending on whether the SCFR+ target cell encounters the trans- 
membrane forms of SCF, soluble forms in solution, or soluble forms 
sequestered among extracellular matrix proteins. Accordingly, the 
proteolytic release of soluble forms from transmembrane SCF may 
represent one level of control over SCF function. 

Cytokines and other factors produced in the microenvironment of 
cells that express SCF may also contribute to the regulation of SCF 
production. Brief exposure to inflammatory cytokines such as TNF-a 
and IL-la may down-regulate SCF mRNA levels in human bone mar- 
row stromal cells in uitro (D. F. Andrews et al., 1991). This phenome- 
non presumably might be involved in the suppression of hematopoie- 
sis that is observed in some chronic inflammatory diseases associated 
with elevated levels of these inflammatory cytokines (Ratajczak et al., 
1992b). Moreover, mast cells represent a potential source of both IL-1 
and TNFa (Young et al., 1987; Burd et al., 1989; Gordon and Galli, 
1990a; Galli, 1993), raising the possibility that, under some circum- 
stances, mast cell cytokine production could down-regulate local pro- 
duction of SCF and thus contribute either to maintaining normal levels 
of tissue mast cells or to the changes in mast cell numbers that are 
associated with some perturbations of homeostasis. 

In some settings, cytokines may increase SCF production. For exam- 
ple, Aye et al. (1992) reported that human umbilical vein endothelial 
cells express SCF and c-kit mRNA and that the expression of SCF but 
not c-kit mRNA was increased by the addition of either monocyte 
supernatants, IL-lP, or thrombin to the culture medium. Finally, in a 
preliminary report, Linenberger et al .  (1991) found that hydrocorti- 
sone moderately increased the level of SCF mRNA in bone marrow 
stromal cells from normal donors as well as from patients with 
Dianiond-Blackfan anemia. However, hydrocortisone treatment had 
little if any effect on the amount of secreted SCF protein. Further 
analyses of phenomena such as these, as well as characterization of the 
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SCF promoter, should shed light on the mechanisms of SCF regulation 
during development and differentiation, or in the setting of pathologic 
conditions. 

VII. Signal Transduction through the SCF Receptor 

The SCFR/SCF system not only importantly influences the develop- 
ment of diverse cellular lineages, but does so as a result of its ability to 
regulate a remarkable spectrum of cellular activities. As described in 
more detail later, the cellular programs influenced by SCF include 
adherence, migration, survival, proliferation, differentiatiodmat- 
uration, and secretion. These diverse responses to SCF may reflect, 
among other factors, the isoform of the ligand, its density (in the cell- 
associated forms) or concentration (the soluble form), and its presen- 
tation in context with other cell-associated, soluble, or extracellular 
matrix-associated molecules. Responses also may vary according to the 
lineage, stage of differentiatiodmaturation, or functional status of 
the target cells. Such factors may influence the density and perhaps the 
isoform of the SCF receptors displayed by the cells, as well as the 
nature of the additional signaling pathways that may interact with that 
initiated at the SCFR. 

Accordingly, it will be of great interest to examine specific patterns 
of signal transduction through the SCFR in a spectrum of distinct 
lineages that express this receptor. To date, however, most analyses of 
SCFR/SCF signaling have focused on COS cells transfected with natu- 
ral or chimeric forms of the SCFR, or mast cells. Rottapel et al. (1991) 
reported that SCF induced the SCFR of mast cells to autophospho- 
rylate on tyrosine and to bind phosphatidylinositol3’-kinase and phos- 
pholipase C-yl, and provided evidence that tyrosine phosphorylation 
of the SCFR promoted complex formation with PI3’K. This study 
showed that the SCFR is distinct from CSF-1R by virtue of its ability to 
bind to PLC-yl and is different from the PDGFR in that it apparently 
cannot bind to the Ras GTPase-activating protein. Rottapel et al. (1991) 
therefore proposed that the distinct affinities of these receptors for 
their cytoplasmic ligands, together with variation in their pattern of 
tissue-specific expression, may determine their specific biological ef- 
fects. Furthermore, they suggested that the variable effects of distinct 
W mutations on different cell lineages might be controlled by the 
availability of individual substrates within the different lineages. This 
group also showed that W37 and W41 mutations, which result in full or 
partial inactivation of the receptor’s tyrosine kinase activity, also 
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greatly or partially diminish the SCF-induced association of PI3'K and 
PLC-yl with the respective mutant receptors (Reith et al., 1991). Du- 
ronio et al. (1992) showed that stimulation of mouse hematopoietic or 
mast cell lines with SCF in uitro also resulted in activation of p2lro". In 
accord with the results of Rottapel et al. (1991), activation of p21"" in 
cloned mast cells by SCF or IL-4, IL-5, or GM-CSF was not associated 
with tyrosine phosphorylation of p21"" GTPase-activating protein 
(Duronio et aE., 1992). 

Lev et al. (1991) investigated the signal transduction mediated by a 
chimeric receptor kinase composed of the extracellular ligand-binding 
domain of the epidermal growth factor (EGF) receptor and the trans- 
membrane and cytoplasmic domains of the SCFR. They demonstrated 
that on binding EGF, the ligand-receptor complex underwent endo- 
cytosis and degradation, and showed that the activated SCFR kinase 
strongly associated with PI3'K and an 85-kDa phosphoprotein and 
coupled to PLC-yl and the Raf-1 protein kinase, but did not signifi- 
cantly change levels of inositol phosphate. Based on the observed 
differences in the signaling observed after ligand binding to this 
chimeric receptor, and that induced via the receptors for CSF-1 or 
PDGF, Lev et aE. (1991) also proposed that each receptor in this family 
is coupled to a specific combination of signal transducers that deter- 
mines a receptor-specific program of gene expression. 

Lev et al. (1992a,b,c) then defined the domains of the SCFR that 
mediate various components of the signal transduction pathway. This 
work showed that the kinase insert of the receptor mediated coupling 
with PI3'K and that activation of Raf-1 required an intact C terminus. 
Moreover, this group showed that a recombinant SCFR kinase insert 
could not bind PIS'K unless it had been phosphorylated on tyrosine, 
indicating that tyrosine phosphorylation of the kinase insert was criti- 
cal to this element of the signal transduction process. 

Because many mutant W alleles produce SCF receptors that not only 
have diminished function but confer a dominant negative phenotype 
in heterozygous mice, it was assumed that activation of the SCFR 
might be associated with receptor dimerization. Moreover, soluble 
forms of SCF were shown to form noncovalently linked dimers sponta- 
neously in solution (Huang et al., 1990; Arakawa et al., 1991). Several 
lines of evidence now have shown that binding of the natural, dimeric 
form of SCF rapidly induces SCFR dimerization (Blume-Jensen et al., 
1991; Lev et al., 1992a). In addition, analysis of cells that coexpressed 
human and mouse mutant forms of the SCFR indicated that receptor 
dimerization also can be induced by monovalent binding of the ligand 
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(Lev et al., 1992a). Accordingly, Lev et al. (1992a) have proposed that 
exposure to SCF may first result in monovalent binding of the ligand to 
the SCFR, followed by the production of an intermediate receptor 
dimer bound by one arm of the ligand molecule. 

Yarden and his associates have also analyzed the ligand-binding site 
of the SCFR, using a series of deletion mutants of the ectodomain of 
the SCFR, chimeric receptors consisting of various proportions of hu- 
man or mouse sequence, and monoclonal antibodies that interfere with 
the binding of human SCF to the various receptors (Blechman et al., 
1992). This work has determined that human SCF binds primarily to 
the first two Ig-like domains of the amino-terminal half of the SCFR 
ectodomain, but that structural determinants distal to this region may 
also contribute to ligand recognition. 

One of the elements involved in both SCF-dependent and CSF-1- 
dependent signal transduction may be encoded at or regulated by the 
mi locus on mouse chromosome 6 (Silvers, 1979b). Dubreuil et al. 
(1991) showed that tranfection of the CSF-1R (c-fms) gene rendered 
mast cells derived from Wmutant mice, but not mast cells derived from 
milmi mice, able to proliferate in response to coculture with fibro- 
blasts. Based on these findings, Dubreuil et al. (1991) suggested that 
binding of ligand to either the SCFR or the CSF-1 receptor activates 
similar or overlapping signal transduction pathways, and that the mi 
locus may encode an element common to these pathways. More recent 
data indicate that mi also contributes to the regulation of levels of 
mRNA ofboth SCFR and protease genes in mast cells (Ebi et al., 1992), 
and impairs the chemotactic responsiveness of mast cells to a factor in 
the supernatants of 3T3 cells, which is probably not SCF (Jippo- 
Kanemoto et al., 1992). Taken together, these findings raise the possi- 
bility that mi may regulate the expression of several genes, some of 
which may be involved in the SCFR and CSF-1R signaling pathways. 

The binding of extracellular ligands to receptors that have intrinsic 
tyrosine kinase activity can also induce changes in early response gene 
expression. For example, the expression of c-fos and c-jun mRNAs can 
be induced when quiescent fibroblasts are stimulated to enter the cell 
cycle by platelet-derived growth factor (Greenberg and Ziff, 1984; 
Kruijer et al., 1984), or when monocytes/macrophages are stimulated 
by colony stimulating factor-1 (Mufson, 1990; Muller et al., 1985). 
Because the receptors for PDGF and CSF-1 exhibit structural homol- 
ogy with the c-kit receptor, Tsai et al. (1993) investigated whether 
early response genes were induced by the stimulation of the c-kit 
receptors of the mouse bone marrow derived-cultured mast cells. Tsai 
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et al. (1993) found that SCF-dependent stimulation of the SCF recep- 
tors in BMCMCs can lead to increased levels of mRNAs for the c-fos 
gene and for the genes of the j u n  family. These findings thus demon- 
strated that the induction of these protooncogenes represents one of 
the immediate responses of at least one cell type, the mast cell, to 
activation of the SCFR by its ligand. 

However, as far as mouse mast cells are concerned, the results of 
Tsai et al .  (1993) indicate that one may mot be able to establish a direct 
correlation between patterns of transcription of early response genes 
per se and subsequent cell proliferation. For example, Tsai et al .  (1993) 
found that both SCF (50 nglml) and IL-3 (100 pg/ml) exerted strong 
mitogenic effects on quiescent mouse BMCMCs and, in parallel, in- 
duced increased accumulation of early response gene mRNA levels. 
However, IL-3 at 50 pg/ml also induced significant proliferation of 
quiescent cells, but produced little or no change in the cells’ levels of 
early response gene mRNAs. 

Moreover, BMCMCs stimulated by SCF or by IgE and specific 
antigen exhibited a strikingly similar pattern of early response gene 
induction. The results using BMCMCs triggered with IgE and an- 
tigen confirm those of Baranes and Razin (1991), who demon- 
strated a similar pattern of induction of early response genes in Abel- 
son virus-transformed mouse liver-derived mast cells stimulated 
through the FceRI. However, the effects of SCF or IgE and antigen on 
BMCMC proliferation were quite distinct. SCF induced proliferation 
of BMCMCs. In contrast, Tsai et al. (1993) not only confirmed that 
stimulation of the cells through the FcsRI failed to induce prolifera- 
tion, but found for the first time that such cells exhibited significantly 
diminished proliferation in response to either IL-3 or SCF (73 or 61% 
reduction versus unstimulated control cells, respectively.) Thus, acti- 
vation of BMCMCs through the FceRI, an event that represents the 
key step in the induction of immunologically specific mast cell func- 
tion, results in a significant suppression of the cell’s ability to prolif- 
erate in response to two major growth factors for mouse mast cells, 
IL-3 and SCF. The mechanism by which FcsRI cross-linking can 
inhibit mitogen-induced proliferation in BMCMCs is unknown. 
In light of evidence that stimulation of BMCMCs by IgE and spe- 
cific antigen down-regulates c-kit mRNA levels (Geissler et d., 
1990), one could speculate that there are bidirectional interactions 
between the SCF receptor (and perhaps the IL-3 receptor) and the 
FcsRI receptor that influence their expression and/or functional ac- 
tivity. 
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VIII. Biological Consequences of Interactions between the SCF Receptor and 
Its Ligand 

A. ADHESION 
The membrane-associated form of SCF can mediate the adhesion of 

cells that express the SCFR. This point was first established by Flana- 
gan et aZ. (1991), who demonstrated that in vitro-derived mouse mast 
cells adhered to COS cells that had been transfected with the 
membrane-associated (wild type) but not the soluble (SZd) form of SCF. 
SubsequentIy, Kaneko et aZ. (1991) and Adachi et aZ. (1992) demon- 
strated that fibroblasts derived from mice with mutations at SZ exhib- 
ited a greatly impaired ability to bind in vitro-derived mast cells. 
Adachi et aZ. (1992) also showed that in uitro-derived mast cells of W/W 
origin, which express no SCFR on their surface, are markedly impaired 
in their abiIity to bind to fibroblasts. In contrast, mast cells derived 
from W mutant mice with markedly diminished (Wu/Wu) or absent 
(W/W2) SCFR tyrosine kinase activity, but which expressed the SCFR 
ectodomain on their surface, exhibited no detectable impairment of 
their ability to adhere to fibroblasts in vitro (Adachi et al., 1992). SCF 
may also promote attachment of mouse primordial germ cells (Matsui 
et al., 1991). Finally, Avraham et aZ. (199213) showed that the binding of 
human megakaryocytes to fibroblasts can be inhibited with a neutraliz- 
ing antibody to the SCFR. 

Taken together, this work indicates that the extracellular domain of 
the SCFR can mediate the attachment of mouse or human cells to 
fibroblasts, and that apparently normal levels of attachment can be 
expressed even by cells bearing SCFR mutant forms that lack any 
detectable tyrosine kinase activity. 

B . CHEMOTAXI~H APTOTAXIS 

Three of the four most dramatic phenotypic abnormalities in W or SZ 
mutant mice, the lack of melanocytes in the skin, the mast cell defi- 
ciency, and the sterility, were known to reflect, at least in part, the 
impaired migration of cells in the melanocyte, mast cell, or germ cell 
lineage during embryonic development (Russell, 1979; Silvers, 1979a; 
Kitamura, 1989). With the identification of allelism between W and 
c-kit, and between SZ and SCF, it was reasonable to assume that cells 
that expressed the SCFR might exhibit a chemotactic response to a 
concentration gradient of soluble SCF, or that such cells might re- 
spond by directed migration along a concentration gradient of insolu- 
ble ligand, a process designated haptotaxis. 
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The skin of SZ/SZd mice ordinarily lacks mast cell precursors as well 
as mature mast cells (Kitamura and Go, 1979; Hayashi et al., 1985). How- 
ever, we showed that repeated subcutaneous injection of rrSCF164 
into S l / S l d  mice resulted in the appearance of large numbers of der- 
mal mast cells at the injection sites (Zsebo et al., 1990b; Tsai et al., 
1991a). Accordingly, this finding must reflect the increased recruitment 
and/or survival of mast cell precursors at the rrSCFIM injection sites. 

Blume-Jensen et al. (1991) later provided the first direct demonstra- 
tion that SCFR/SCF interactions could promote chemotaxis; they 
showed that porcine aortic endothelial cells transfected with wild-type 
human c-kit cDNA expressed cell surface SCFR and exhibited a che- 
motactic response to concentrations of rhSCF as low as 50 pg/ml. 
Maximal responses occurred at concentrations of SCF of 5-200 ng/ml, 
with decreased migration at higher concentrations of the ligand. 

Subsequently, Meininger et al. (1992) demonstrated that in vitro- 
derived normal mouse mast cells or mouse peritoneal mast cells exhib- 
ited chemotactic responsiveness to rrSCF, whereas W42/W42 mouse 
mast cells, which lacked detectable SCFR tyrosine kinase activity, did 
not. Maximal responses occurred at 1.0 ng/ml of rrSCF. This work 
indicates that chemotaxis to SCF requires SCFR tyrosine kinase activ- 
ity, as well as the expression of the extracellular binding domain of the 
receptor. 

C. SURVIVAL 
It is likely that a major biological function of SCF is to promote the 

survival of cellular lineages that express the SCFR. Certain SCFR+ 
cells, such as oocytes, melanocytes, and mast cells, reside in the tissues 
for long periods of time without undergoing proliferation. And several 
lines of evidence indicate that SCF can promote cell survival without 
inducing proliferation. For example, WCB6F1-Sl/Sld mice, which lack 
a membrane-associated form of SCF (Flanagan et al., 1991), cannot 
support the survival of normal (WCBGFl-+/+) mast cells injected into 
the dermis (Gordon and Galli, 1990b). In contrast, such mast cells 
survive in the skin ofWBBGFl-W"/W" mice (Gordon and Galli, 1990b). 
These findings indicate that the production of membrane-associated 
SCF may be required for the survival of mast cells in the dermis of 
mice, or, at least, that whatever soluble SCF might be produced by 
SZ/Sld  mice is not sufficient to maintain the viability of normal mast 
cells in the skin. Transplantation or embryo fusion studies employing 
W or SZ mutant mice also indicate that SCF is required for the survival 
of melanocytes (Silvers, 1979a) and germ cells (Russell, 1979). Analy- 
ses of human hematopoiesis in vitro employing SZ/SZ stromal cells 
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transfected to express either the membrane-associated or soluble form 
of SCF indicate that the membrane-associated form of the molecule 
maintains hematopoiesis for longer periods than does the soluble form 
(Toksoz et  al., 1992). Membrane-associated SCF also is superior to 
soluble SCF in promoting mouse primordial germ cell survival in uitro 
(Dolci et al., 1991; Matsui et al., 1991). Nevertheless, in vitro studies 
indicate that soluble SCF also can maintain the survival of mouse 
primordial germ cells (Dolci et al., 1991; Godin et al., 1991; Matsui et 
al., 1991), hematopoietic stem cells (I. D. Bernstein et al., 1991; Mc- 
Niece et al., 1991b; Metcalf and Nicola, 1991; Tsuji et al., 1991a; 
Cicuttini et al., 1992; Migliaccio et al., 1992; N. Williams et al., 1992), 
human melanocytes (Funasaka et al., 1992), human mast cells (Irani et 
al., 1992; Valent et al., 1992; Mitsui et al., 1993), or human NK cell 
precursors (Uittenbogaart et al., 1992) in vitro, and can promote the 
survival of mouse mast cells in vitro or in vivo (Zsebo et al., 1990b; 
Tsai et al., 1991a,b). In addition, infection of in uitro-derived WIW" 
mast cells with a c-kit retroviral expression vector confers on these 
cells the ability to survive in the peritoneal cavity of W/W" mice in vivo 
(Alexander et al., 1991). 

D. PROLIFERATION 

In general, SCF expresses the most dramatic effects on the prolifera- 
tion of SCFR+ cells when acting in synergy with additional stimuli. 
Thus, under some experimental conditions, mouse primordial germ 
cells (PGCs) do not proliferate when exposed to levels of soluble SCF 
in excess of those required for the in vitro survival of these cells (Dolci 
et al., 1991; Godin et al., 1991). In other experiments, soluble SCF did 
promote the proliferation of mouse PCGs in vitro, but more striking 
effects on PGC proliferation were observed when SCF was used to- 
gether with leukemia inhibitory factor (LIF) (Matsui et al., 1991). 
When four growth factors are present, LIF, basic fibroblast growth 
factor (bFGF), and both soluble and membrane-associated SCF, PGCs 
proliferate in vitl-o beyond the time they ordinarily would stop grow- 
ing in uiuo and give rise to cells resembling undifferentiated embry- 
onic stem cells, which can contribute to chimeras when injected into 
host blastocysts (Matsui et al., 1992). 

Human melanocytes proliferate in vitro when SCF is provided with 
PMA, but SCF alone has little effect (Funasaka et al., 1992). Similarly, 
SCF by itself has only modest effects on the development of colonies of 
hematopoietic cells in uitro, but acts in synergy with many other 
growth factors to promote the production in vitro of early and interme- 
diate precursors of erythroid, myeloid, and lymphoid lineages. 
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The mast cell lineage appears to represent an interesting exception 
to this pattern, in that the proliferation of immature mouse mast cells or 
freshly isolated mature mouse peritoneal mast cells can be induced in 
suspension cultures in uitro when natural (Nocka et al., 1990b) or 
recombinant (Tsai et al., 1991b) forms of SCF are added as the only 
exogenous cytokine, and infection of in uitro-derived WIW or WIW” 
mast cells with a c-kit retroviral expression vector repairs the defective 
proliferative response of these cells to SCF (Alexander et al., 1991). 
However, SCF also can act synergistically with other growth factors to 
promote mast cell proliferation. For example, SCF can act synergisti- 
cally with IL-3 to promote the in uitro proliferation of immature mouse 
mast cells (S. J. Galli et al., unpublished data) or rat mast cells (Haig et 
al., 1993) in suspension culture, and can act synergistically with IL-3 
and/or IL-4 to promote the proliferation of mouse peritoneal mast cells 
in semisolid medium (Tsuji et al., 1991b; Takagi et al., 1992). Curi- 
ously, contact between immature mast cells and 3T3 fibroblasts de- 
rived from S l / S l d  mice suppresses the proliferative response of these 
cells to hematopoietic growth factors (IL-3 and IL-4) in uitro (Onoue et 
al., 1989). Whether this observation reflects the effects of the product of 
the Sld  allele, or other factors, remains to be determined. 

I t  is not clear why mast cells should represent the only SCFR+ lin- 
eage that can significantly proliferate in response to SCF alone. Under 
some circumstances, mast cells can produce some of the cytokines, 
such as IL-3 and IL-4, that act synergistically with SCF in promoting 
the proliferation of SCFR+ hematopoietic cells and mast cells. This 
fact, evidence that SCF can induce or up-regulate mast cell mediator 
production, and the finding that SCF can induce cytokine production 
by immortalized human megakaryocytic cell lines (Avraham et al., 
1992a), raise the possibility that some of the actions of SCF on mast cell 
survival or proliferation may reflect the agent’s ability to influence 
mast cells to produce cytokines with autocrine effects. 

E. DIFFERENTIATION/MATURATION 
“Differentiation” may be defined as “specialization; the acquisition 

or the possession of character or function different from that of the 
original type,” whereas “maturation” can be defined as “the process of 
achieving full development or growth” (Stedman’s Medical Dictio- 
nary,” 1976). Although most processes of cellular differentiation there- 
fore may be considered as examples of maturation, some examples of 
maturation (e.g., the storage of increasing amounts of histamine within 
the cytoplasmic granules of maturing mast cells) may not properly be 
considered examples of differentiation. 
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During embryonic development and in postnatal life, the lineages 
comprising the SCFR+ cells that are defective or reduced in number in 
W or S l  mutant mice undergo differentiatiodmaturation: early lym- 
phohematopoietic cells generate differentiated progenies such as red 
cells, granulocytes, mast cells, and lymphocytes; melanoblasts de- 
velop into melanocytes; and primoridal germ cells give rise to mature 
gametes. Because SCF importantly influences the migration and, espe- 
cially, survival of SCFR+ lineages, many of the affected lineages are 
essentially absent in W or S1 mutant mice. In such circumstances, 
effects of SCF or the SCFR on differentiatiodmaturation may be im- 
possible to discern. However, in vitro analyses have shown that SCF 
primarily maintains hematopoietic cells in a primitive state and that 
differentiation is the result of a second cytokine signal. For instance, in 
bone marrow cultures, SCF plus erythropoietin (EPO) will promote 
primarily erythroid proliferation/differentiation whereas SCF plus 
G-CSF will result in neutrophil development (Anderson et al., 1990; 
Nocka et al., 1990b; Zsebo et al., 1990a). 

When administered in viuo, SCF promoted the appearance of mast 
cells that share phenotypic characteristics of mature "connective 
tissue-type" mast cells in both S l / S l d  and normal mice, as well as in 
rats, but not in W/W" mice (Tsai et al., 1991a). Moreover, when in 
vitro-derived W/W" mast cells that had been infected with a c-kit 
retroviral expression construct were adoptively transferred into the 
peritoneal cavity of W/W" mice, some of these mast cells acquired the 
ability to bind the fluorescent dye berberine sulfate, a feature of ma- 
ture peritoneal mast cells (Alexander et ul., 1991). Although these 
studies demonstrated that SCF could promote mast cell maturation in 
vivo (Tsai et al., 1991a) or that adequate SCFR function was necessary 
for mast cell maturation in vivo (Alexander et al., 1991; Tsai et al., 
1991a), the results may have reflected effects of SCF/SCFR function 
on mast cell survival and/or proliferation, rather than on maturation 
per se. 

We therefore determined whether soluble SCF could induce mast 
cell differentiation/maturation when administered as a single agent in 
oitro (Tsai et al., 1991b). It had been shown by Levi-Schaffer et al. 
(1986) that coculture of immature mouse mast cells on 3T3 fibroblasts 
could induce the mast cells to acquire a more mature phenotype, 
including increased histamine content, induction of the ability to 
synthesize and store substantial amounts of heparin, and alteration of 
the histochemical characteristics of the cells. Furthermore, several 
lines of evidence indicated that the ability of fibroblasts to maintain 
mouse mast cell viability in vitro required an interaction between SCF 
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and the SCFR (Kitamura et al., 1989; Galli, 1990; Galli et al., 1992). We 
found that populations of immature mast cells derived from mouse 
bone marrow cells in uitro acquired a more mature phenotype after 4 to 
6 weeks of suspension culture with rrSCFla as the only exogenous 
cytokine: the histamine content of the cells increased -30-fold, they 
acquired the ability to synthesize and store increased amounts ofhepa- 
rin, and they became more mature according to histochemical charac- 
teristics (Tsai et al., 1991b). Subsequently, using similar but not identi- 
cal conditions of culture, Gurish et al. (1992) confirmed that soluble 
SCF can induce bone marrow-derived immature mast cells to store 
increased amounts of histamine and heparin, and also showed that 
SCF can induce the cells to express increased levels of mRNA for a 
protease (MMCP-4) that is expressed by mature peritoneal mast cells. 

These studies indicate that SCF can promote mouse mast cell matu- 
ration in uitro when used as the only exogenous cytokine. And when 
normal mouse or rat bone marrow cells are maintained under appro- 
priate conditions of suspension culture with SCF as the only exoge- 
nous cytokine, the cultures eventually contain many mast cells, al- 
though the proportion of mast cells in the populations can vary 
according to the conditions of culture (Medlock et al., 1990, 1992a; 
Gurish et al., 1992; Wershil et al., 1992a). These findings indicate that 
SCF can promote mouse or rat mast cell differentiation in uitro. On the 
other hand, bone marrow-derived mouse mast cells maintained in 
soluble SCF neither became fully mature, as defined by comparison to 
freshly isolated mouse peritoneal mast cells (Tsai et al., 1991b; Gurish 
et aE., 1992), nor became as mature as did immature mast cells that had 
been cocultured with 3T3 fibroblasts (Gurish et al., 1992). Nor did 
freshly purified peritoneal mast cells maintained in SCF in uitro retain 
fully mature phenotypic characteristics (Tsai et al., 1991b). These 
findings may indicate that factors in addition to SCF are required for 
full mast cell maturation. Moreover, certain effects of SCF on mouse 
mast cell phenotype apparently can be antagonized by other cytokines. 
For example, bone marrow-derived mast cells maintained in SCF plus 
IL-3 do not express high levels of MMCP-4 mRNA and have a lower 
histamine content and more immature histochemical phenotype than 
do cells maintained in SCF alone (Gurish et al., 1992). 

Taken together, these findings indicate that SCF can promote mast 
cell differentiation/maturation, but that the phenotypic characteristics 
of this cell type are regulated by a complex interplay of SCF and other 
cytokines. On the other hand, in other SCFR+ lineages, SCF appears to 
represent primarily a survival and/or proliferation factor rather than a 
differentiatiodmaturation factor. 
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F. ACTIVATION OR MODULATION OF SECRETION 
The cellular lineages that are the most dependent on SCF and SCFR 

for their survival are essentially absent in the most severely affected 
W or S l  mutant mice. Accordingly, analyses of the phenotypic abnor- 
malities of these mutants have provided little or no insight into 
whether SCFISCFR interactions could influence the secretory func- 
tion of SCFR+ cells. However, WIW" cutaneous mast cells can be 
generated in vivo in WIW" mice whose skin is repeatedly treated with 
PMA (Gordon and Galli, 1990b). Studies employing these mice, and 
WIW" mice containing adoptively transferred populations of normal 
(WBBGF1 - +I+) mast cells, showed that SCF can induce SCFR- 
dependent mast cell activation and mast cell-dependent inflammation 
in vivo (Wershil et al., 1992b). This represents the first demonstration 
that SCF can activate secretion by stimulating cells through the SCFR. 
SCF also can induce mediator release from purified human skin mast 
cells (Columbo et al., 1992) and from purified mouse peritoneal mast 
cells (Coleman et al., 1993) in uitro. 

I n  vitro studies with human lung (Bischoff and Dahinden, 1992) or 
skin (Columbo et al., 1992) mast cells or with purified mouse perito- 
neal mast cells (Coleman et al., 1993) also showed that soluble SCF can 
enhance the level of mast cell secretion and mediator release observed 
in cells stimulated through the FceRI. Indeed, this effect of SCF was 
observed at concentrations of the cytokine that were substantially 
lower than those required to induce secretion directly. 

This work shows that SCF can regulate the secretory activity of mast 
cell, as well as influence their development. It is not yet clear to what 
extent SCF also can influence the functional activity of other lineages 
that express the SCFR. However, recent reports indicate that SCF may 
augment the cytotoxic activity of certain lymphoid effector cells (Uit- 
tenbogaart et al., 1992) and can induce cytokine production by immor- 
talized human megakaryocytic cell lines (Avraham et al., 1992a). 

IX. Lymphohematopoiesis 

A. HEMATOPOIESIS 
In broad outline, hematopoiesis is characterized by the sustained 

self-renewal of a population of hematopoietic stem cells and by the 
regulated differentiation from this stem cell pool of various lineages 
with specialized function, such as red cells, megakaryocytes, granulo- 
cytes, monocytes, and mast cells. Many of the most differentiated 
products of hematopoiesis, such as red cells, platelets, and mature 
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granulocytes, have both a relatively short half-life and no proliferative 
ability. Accordingly, throughout the life of the organism these popula- 
tions must be renewed continuously by differentiation from more 
primitive precursors. 

Much of the regulation of hematopoiesis is accomplished by a multi- 
tude of hematopoietic growth factors that influence the survival, prolif- 
eration, and/or differentiation of multipontent stem cells or their more 
differentiated descendants (Quesenberry, 1990; Ikuta et al., 1991). 
Although many of these growth factors have significant biological ac- 
tivity when present in soluble forms, the earliest stages of hematopoie- 
sis are importantly regulated by contact between hematopoietic cells 
and stromal cells, such as those in the bone marrow (Quesenberry, 
1990), or by hematopoietic factors that are presented in the context of 
extracellular matrix components (Gordon, 1991). In general, the earlier 
in hematopoiesis a particular population of hematopoietic cells is po- 
sitioned, the more difficult it is to maintain such cells in liquid culture 
in the presence of soluble growth factors alone (Quesenberry, 1990). In 
addition, stem cells and other early hematopoietic cells represent a 
very small fraction of the cells present in the bone marrow and other 
sites of hematopoiesis (Quesenberry, 1990; Ikuta et al., 1991). For 
these reasons, it has been difficult to isolate and characterize the earli- 
est hematopoietic stem cells. Indeed, such cells are often operationally 
defined as a population that can exhibit both self-renewal and long- 
term multilineage reconstitution of lymphohematopoiesis in vivo, or 
identified as residing within a potentially heterogeneous population of 
cells that can be isolated based on positive or negative selection for a 
constellation of cell surface structures (Spangrude, 1989; Visser and 
Van Bekkum, 1990; Ikuta et al., 1991,1992). 

Several approaches have been used to elucidate the role of specific 
growth factors in hematopoietic stem cell biology and hematopoiesis. 
In the case of SCF and its receptor, the oldest data were derived from 
analysis of the phenotypic abnormalities expressed by W or SE mutant 
mice. For example, Chui and Russell (1974) showed that the yolk sac 
and fetal liver of SZ/SZd embryos contained reduced but clearly detect- 
able numbers of pluripotent hematopoietic stem cells (CFU-S). In a 
more recent study, Ikuta and Weissman (1992) reported that the liver of 
SUS1 fetuses contained 30-40% of the hematopoietic stem cells 
present in the livers of the corresponding +/+ fetuses. Because the S l  
mutation represents a complete deletion of all SCF coding sequences 
(see Section 111), these findings indicate that embryos lacking any SCF 
production can nevertheless generate hematopoietic stem cells. Fi- 
nally, Kodama et al. (1992) provided evidence for a stromal cell- 
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dependent but SCFR/SCF-independent mechanisms for supporting 
long-term mouse hematopoiesis in uitro. 

On the other hand, several lines of evidence indicate that hemato- 
poietic stem cells express the SCFR and that SCF/SCFR signaling is 
necessary for normal hematopoiesis. For example, mice homozygous 
for the W allele, which now is known to encode an SCFR lacking the 
transmembrane component and which is not expressed on the cell 
surface (see Section V,A), die perinatally of a severe anemia (Russell, 
1979). In contrast, mutants with at least one W allele that can express 
limited SCFR function, such as W", have a less severe anemia and 
exhibit an essentially normal life span (Russell, 1979). Moreover, 
Ogawa et aZ. (1991) showed that treatment of adult normal mice with 
the ACK-2 anti-SCFR monoclonal antibody resulted in the virtual 
disappearance of hematopoietic progenitor cells from the bone marrow 
and also eventually resulted in the absence of mature myeloid or red 
cells in the bone marrow. In all, -8% oftotal adult mouse bone marrow 
cells expressed the SCFR, of which about half did not coexpress lin- 
eage markers such as Mac-1, Gr-1, TER-119, or B220. And in the study 
by Ikuta and Weissman (1992), the hematopoietic stem cells present in 
the fetal livers of SUSZ embryos also expressed the SCFR. Both Okada 
et al. (1991) and Ikuta and Weissman (1992) reported that only the 
SCFR+ and lineage marker- (lin-) fraction of adult bone marrow cells 
could reconstitute the lymphohematopoietic system of irradiated 
mice. These studies indicate that expression of the SCFR in the ab- 
sence of the significant expression of lineage-specific markers repre- 
sents a phenotypic characteristic of mouse stem cells capable of giving 
rise to all lymphohematopoietic lineages. 

Taken together, these findings indicate that the development and 
survival of mouse hematopoietic stem cells can occur in the absence of 
interactions between SCF and its receptor, but that SCF may augment 
the numbers and/or the anatomical distribution of such stem cells, and 
that SCF/SCFR interactions are required for normal hematopoiesis. 
The observation that SZISCF mutant mice exhibit abnormal hemato- 
poietic responses to acute injury, such as irradiation, indicates that 
another major role of SCF may be to contribute to hematopoiesis 
during states of hematopoietic stress (Russell, 1979). In accord with 
this hypothesis, Hunt et aZ. (1992) have reported evidence that SCF 
contributes to the rebound thrombocytosis that follows 5-fluorouracil 
treatment in mice. 

Since the isolation of cDNA for SCF and the generation of recombi- 
nant forms of this growth factor, a large number of studies have evalu- 
ated the effects of SCF in various in uitro assays of hematopoiesis or 
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lymphopoiesis or have assessed the effects of the growth factor on 
lymphohematopoiesis in uiuo. Several major themes have emerged 
from such work. First, SCF can promote the survival of primitive stem 
cells in uitro, but requires other factors to induce the proliferation and 
self-renewal of these cells (I. D. Bernstein et al., 1991; McNiece et aZ., 
1991a; Metcalf and Nicola, 1991; Tsuji et al., 1991a; Cicuttini et al., 
1992; Migliaccio et al., 1992; N. Williams et d., 1992; Fleming et al., 
1993). For example, SCF interacts synergistically with IL-3, IL-6, and 
G-CSF to enhance mouse blast cell colony and multilineage colony 
formation by shortening the dormancy period (Go) of the early progeni- 
tors (Tsuji et aZ., 1991a). SCF also acts synergistically with IL-11 (Tsuji 
et al., 1992) but not IL-4 (Tsuji et al., 1991a) in augmenting the prolifer- 
ation of early progenitors in mouse bone marrow cells. Whereas the 
synergistic interactions between SCF and other growth factors are well 
described, SCF may also express synergistic effects with extracellular 
matrix proteins (Long et al., 1992). Finally, McNiece et al. (1992) 
showed that TGF-P can strikingly inhibit the synergistic effects of SCF 
and other growth factors on in uitro colony formation by mouse or 
human hematopoietic progenitor cells, probably through direct effects 
on the hematopoietic progenitor cells. This represents one example of 
how some cytokines might antagonize SCF-dependent augmentation 
of hematopoiesis. 

Second, by  transfecting various forms of human SCF into immortal- 
ized stromal cell lines derived from the livers of SZISZ embryos, Toksoz 
et al. (1992) showed that either soluble SCF or membrane-associated 
SCF can increase the numbers of human hematopoietic progenitor 
cells present in these coculture systems. However, hematopoiesis was 
supported for much longer periods in uitro in cultures in which the 
stromal cell layer expressed membrane-associated SCF. This finding, 
when taken together with the occurrence of defects in hematopoiesis 
in SEISZd mice, which do not express a membrane-associated form of 
SCF, suggests that normal hematopoiesis may require expression of a 
membrane-associated form of SCF within the hematopoietic microen- 
vironment. On the other hand, it is not yet clear what levels of soluble 
SCF actually are produced by S l / S l d  mice, as opposed to cells transfec- 
ted with SZd cDNA. 

Third, while soluble SCF has only modest effects on hematopoietic 
progenitors when used as a single exogenous cytokine in uitro, it can 
expand and/or change the distribution of hematopoietic progenitor 
cells when administered as a single agent in uiuo. Thus, when adminis- 
tered to mice (Molineux et al., 1992; Bodine et al., 1992; Fleming et d., 
1993) or baboons (Andrews et al. ,  1992) in uiuo as the only exogenous 
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cytokine, SCF can promote striking increases in the numbers of primi- 
tive hematopoietic progenitors in the bone marrow or spleen and in the 
peripheral blood. In both baboons (Andrews et al., 1992) and mice 
(Fleming et al., 1993), the peripheral blood mononuclear cells of SCF- 
treated animals contain greatly increased numbers of cells that confer 
hematopoietic engraftment and protection on lethally irradiated recip- 
ients. Moreover, in mice, Fleming et al. (1993) demonstrated that the 
enhanced radioprotection was conferred by peripheral blood mononu- 
clear cells that could provide long-term, donor-derived multilineage 
lymphohematopoiesis. In rats, SCF can act synergistically with G-CSF 
or GM-CSF to augment granulopoiesis in vivo (Ulich et al., 1991b), 
indicating that some of the synergistic effects demonstrated by SCF 
and other hematopoietic factors in vitro may also occur in viuo. 

Fourth, with the exception of the mast cell (see later), as cells within 
specific hematopoietic lineages differentiate, they appear to exhibit 
diminished expression of the SCFR and, in parallel, reduced respon- 
siveness to SCF (Papayannopoulou et d., 1991). In this context, spe- 
cific lineage commitment is determined by the constellation of other 
hematopoietic cytokines that are presented together with SCF, as well 
as by other factors. For example, liquid culture of normal mouse bone 
marrow cells with SCF can produce predominantly mast cells (Med- 
lock et al., 1990; Wershil et al., 1992a), whereas in semisolid agar 
cultures SCF promotes formation of mixed colonies containing granu- 
locytes, macrophages, and megakaryocytes (Metcalf and Nicola, 1991). 
Many studies now have shown that SCF acts in synergy with other 
growth factors to promote amplification of progenitor cells committed 
to specific lineages. For example, in both mouse and human bone 
marrow cultures, SCF plus erythropoietin expands populations of 
primitive erythroid progenitors (Dai et al., 1991; McNiece et al., 
1991a). In various in vitro systems, SCF can act synergistically with 
several different growth factors, including EPO, IL-3, IL-6, GM-CSF, 
G-CSF, and IL-7, to promote the development of lymphohematopoi- 
etic lineages whose differentiation is governed not by SCF, but by the 
properties of the additional growth factors (R. G. Andrews et al., 1991; 
Briddell et al., 1991; Broxmeyer et al., 1991a,b; Carow et al., 1991; 
Lowry et al., 1991; McNiece et al., 1991a,b; Migliaccio et al., 1991). 

Finally, SCF treatment can increase numbers of mature leukocytes 
in uiuo, but these effects are quantitatively modest when compared to 
effects on primitive hematopoietic progenitors. For example, when 
administered to normal mice in uiuo, SCF modestly increased (by 
-2-fold) numbers of peripheral blood neutrophils but markedly in- 
creased numbers of IL-3-responsive progenitor cells and CFU-S in the 



48 STEPHEN J.  CALL1 ET AL. 

bone marrow and spleen (Molineux et al., 1992). When administered 
to baboons in uiuo, SCF had even more striking effects, producing 
significant increases (of up to 100-fold) in hematopoietic progenitor 
cells in the bone marrow and blood, and also increasing peripheral 
blood red cells, neutrophils, eosinophils, basophils, monocytes, and 
lymphocytes, but not platelets (R. G. Andrews et aZ., 1991, 1992). 
Many, if not all, of these effects are reversible, with values returning to 
baseline levels within days of discontinuation of SCF treatment (R. G. 
Andrews et al., 1991,1992). These findings illustrate that, when given 
in appropriate amounts, soluble forms of SCF can act as a multilineage 
hematopoietic growth factor in nonhuman primates in uiuo and can 
promote both the expansion of progenitor cell populations in the bone 
marrow and the appearance of markedly elevated numbers of these 
cells in the peripheral blood. Of course, many of the effects of SCF in 
uiuo may reflect, at least in part, its ability to act synergistically with 
other, endogenous growth factors. Early results from phase I clinical 
trials indicate that SCF can also produce substantial increases in levels 
of hematopoietic progenitor cells in the peripheral blood of humans 
(Demetri et al., 1993a,b; Kurtzberg et al., 1993; Orazi et al., 1993; Tong 
et al., 1993). 

B.  LYMPHOCYTES AND NK CELLS 

Analyses of W or S l  mutant mice have revealed interesting parallels 
between the effects of SCF and its receptor on myeloid and lymphoid 
lineages. In general, the numbers of mature granulocytes or lympho- 
cytes in the peripheral blood of W or Sl mutant mice are normal, but the 
animals exhibit diminished numbers of the corresponding progenitor 
cells (Russell, 1979). And as in the case ofmyeloid cell development in 
the bone marrow, early stages of T cell development in the thymus or B 
cell development in the bone marrow are importantly regulated by 
cell-cell interactions and growth factors present in the relevant stro- 
ma1 microenvironment (Kincaide et al., 1989; Ikuta et al., 1992). Sev- 
eral lines of evidence now indicate that SCF can influence the devel- 
opment of T cells, B cells, and NK cells, but that SCF-independent 
mechanisms can compensate for the lack of SCF in early stages of 
lymphoid cell development and that mature lymphocytes exhibit little 
responsiveness to SCF. 

T cells are derived from bone marrow stem cells that migrate to the 
thymus; after maturation within the thymus, mature T cells enter the 
peripheral circulation (Palacios and Pelkonen, 1988). The number of 
mature lymphocytes in the blood of SZ/Sld mice is normal (Russell, 
1979); however, the cellularity of the thymi of 12-week-old SZ/Sld mice 
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is reduced by approximately 50% when compared to that of the conge- 
nic +/+ mice (Medlock et al., 1992b). SCF transcripts have been 
observed in a number of thymic stromal cell lines (D. E. Williams et 
al., 1992), and SCF administration in uivo can increase the absolute 
number of cells that migrate to and colonize the thymus in irradiated 
rats (Medlock et al., 1992~).  On the other hand, mature human periph- 
eral blood lymphocytes express little or no SCF receptor (Papayanno- 
poulou et al., 1991). In addition, SCF had no detectable effect on the 
proliferation of mouse peripheral blood T cells tested either in the 
presence of or absence of mitogens or other lymphokines (D. E. Wil- 
liams et d., 1992). Although SCF has little or no effect on mature 
peripheral blood T cells, SCF is a potent synergistic factor with IL-2 or 
IL-7 in promoting the proliferation of CD4-/CD8- adult mouse thy- 
mocytes (D. E. Williams et al., 1992). Lobe submersion culture studies 
of day 13 fetal thymus lobes demonstrated a significant synergistic 
effect of SCF on IL-7-mediated expansion of these thymocytes as well. 
However, the SCF-mediated expansion of these cells occurred with- 
out apparent differentiation, since the cells retained the CD3-/CD4-/ 
CD8-Thyl+ phenotype throughout the experiment. 

Studies of thymocytes obtained from normal human thymus speci- 
mens indicate that SCF increases the viability of human thymocytes in 
culture, particularly during periods of culture in excess of 24 days 
(Uittenbogaart et al., submitted for publication). Most of the surviving 
cells in cultures with SCF were small thymocytes that dimly expressed 
CD3, CD4, CD5, CD7, and CD8 antigens. However, a subset of the 
cells exhibited increased size and granularity and did not express 
detectable CD3, CD4, CD8, CD14, CD16, CD19, CD34, or CD56. 
When human thymocytes were cultured with SCF in combination with 
other cytokines such as IL-4 or IL-7, the cells exhibited the phenotypic 
changes that would be expected based on exposure to the second 
cytokine. Thus, the predominant cells cultured with IL-4 or SCF plus 
IL-4 were large, bright CD3+CD45RA+ lymphocytes, a subset of 
which expressed TCR y/6. Similar results were obtained with IL-7 
plus SCF except that very few TCR y/6 cells appeared. When thymo- 
cytes were cultured in the presence of SCF and IL-2, there was a 2- to 
10-fold increase in the number of large granular cells expressing the 
CD56 antigen as compared to thymocytes cultured with either cy- 
tokine alone. In addition to an increase in the percentage of CD56+ 
cells, indicative of an NK/LAK phenotype, there was a corresponding 
increase in the cytotoxic activity of these cells against either NK- 
sensitive or NK-resistant targets. SCF has also been shown to augment 
IL-2-induced proliferation of NK cells from human peripheral blood 



50 STEPHER J.  GALL1 ET AL. 

(Matos et al., 1992). These results suggest that SCF may promote the 
survival or development of NK/LAK precursors in the thymus and may 
act synergistically with IL-2 in augmenting the cytotoxic effector func- 
tion of these cells. 

The effects of SCF on the expansion of NK precursors from thymo- 
cytes is intriguing in light of recent evidence indicating that NK cells 
may contribute to the anemia of SZ/SZd mice (Pantel et al., 1991). NK 
cells may exert either positive or negative effects on aspects of hemato- 
poiesis in uitro (Pistoia et al., 1989) or in uiuo (Pantel et al., 1991). NK 
cells can elaborate a number of cytokines, some of which, such as 
GM-CSF and IL-3, exert a positive influence on hematopoiesis (Pistoia 
et al., 1989) and others of which, such as TNFa, can have a negative 
effect on myeloid development. Administration of an antibody against 
NK cells to Sl/SEd mice resulted in an increase in bone marrow cellu- 
larity and erythroid and myeloid progenitor cell numbers (Pantel et al., 
1991). By contrast, the megakaryocytic lineage was suppressed by the 
administration of anti-NK cell antibodies. Although the complex con- 
trol mechanisms underlying these effects remain to be elucidated, the 
results suggest that NK cell activity may contribute to some of the 
hematological abnormalities expressed by Sl /SZd mice. 

In adults, primary B cell production from lymphohematopoietic 
stem cells takes place in the bone marrow (Tidmarsh et aZ., 1989; 
Kincaide et al., 1989; Ikuta et al., 1992). The earliest B lineage cell 
surface marker detected on murine cells is B220 (Hardy et al., 1991). 
Immature pre-B cells have rearranged diversity (D) and joining (J )  
region segments on a least one allele of the Ig heavy (H) chain locus 
and are B220+. Immature pre-B cells differentiate into pre-B cells on 
variable (V)-DJ joining and expression of cytoplasmic p followed by 
expression of K or h light chain proteins. Pro-B cells are the precursors 
to pre-B cells and are defined as B lineage-restricted cells that retain Ig 
genes in the germ-line configuration yet have the capacity to differenti- 
ate into mature B cells. Once pre-B cells acquire the presence of the 
B220 antigen, they become responsive to IL-7. However, B220- cells 
are not responsive to IL-7 in the absence of stromal layers (Hardy et al., 
1991; Hayashi et al., 1990). 

Adult W or S t  mutant mice have normal numbers of B cells in the 
spleen and bone marrow, but embryonic WIW" and W"IW" mice have 
reduced absolute numbers of pre-B cells in the fetal liver and these 
cells are less capable of generating splenic B cells in irradiated recipi- 
ents (Landreth et al., 1984). The effects of SCF on B cell lymphopoiesis 
has been analyzed in primary bone marrow-derived pre-B cells as well 
as in pre-B cell lines. McNiece et al. (1991b) studied primary bone 
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marrow cells from mice separated by immunomagnetic bead selection 
for B220+ and B220- populations. As expected, recombinant IL-7 
supported the proliferation of B cells only from the B220+ population. 
SCF alone supported the proliferation of small myeloid colonies from 
the B220- populations. However, when both factors were combined, 
there was a substantial increase in the size of colonies produced from 
either population, and all of the progeny were B220+. Similar experi- 
ments were performed by Billips et al. (1992), who used three cycles of 
panning, and Funk et al. (1993), who used cell-sorting techniques, to 
purify the B220+ and B220- populations from normal mouse bone 
marrow cells. When these highly purified cells were used, no stimula- 
tion of B lymphopoiesis by IL-7 plus SCF from B220- pre-B cells was 
observed. 

Taken together, these experiments with soluble SCF indicated that 
the cytokine can act synergistically with IL-7 to promote expansion of 
B220+ cells, but left unresolved the issue of whether SCF can influ- 
ence B220- cells. However, several lines of evidence suggest that 
direct cell-cell interactions are required for the maintenance and 
growth of B220- precursors (Hayashi et al., 1990). Developing B lym- 
phocytes express the VLA-4 integrin that interacts with what appears 
to be a VCAM-1 ligand on stromal cells. In addition, hyaluronate 
present on stromal cells has been implicated in mediating stromal 
cell-B lymphocyte interactions. Rolink et al. (1991) examined the role 
of SCF/SCF receptor interactions between pre-B cell lines and stromal 
cells by utilizing the ACK-2 neutralizing antibody to the SCF receptor. 
Addition of the ACK-2 antibody to the stromal cell cultures inhibited 
the growth of these pre-B cell lines, which require both contact with 
stromal cells and the costimulatory activity of IL-7 for continuous 
proliferation. This result suggests that SCF expressed by stromal cells 
may represent one of the stimulatory signals needed for the prolifera- 
tion of these cloned pre-B cell lines. However, normal pro-B cells 
derived from murine bone marrow will grow on the S17 stromal cell 
line (Saffran et al., 1992) but will not grow in response to SCF plus 
IL-7, even though these cells express receptors for both cytokines 
(Faust et al., 1993). Moreover, these cells proliferate on murine stromal 
lines derived from SUSZ embryos, which have a deletion in the SCF 
gene (Zsebo et al., 1990b). Hence, SCF is not an obligate growth factor 
for the proliferation of mouse pro-B cells. 

Taken together, these data indicate that SCF is a potent comitogen 
for normal B220+ pre-B cells and certain pre-B cell lines, but cannot 
replace the stromal signal necessary for the proliferation of normal 
pro-B cells. 
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X. Mast Cell Biology 

A. MAST CELL DEVELOPMENT 
Mast cells are distributed throughout essentially all vascularized 

mammalian tissues, where they occur in close proximity to blood ves- 
sels, nerves, epithelia, and smooth muscle. They can be particularly 
abundant in proximity to surfaces exposed to the environment, such as 
in the skin and in the respiratory, gastrointestinal, and urogenital 
tracts. On appropriate stimulation, they can produce a diverse array of 
biologically active mediators, including biogenic amines, cytokines, 
products of arachidonic acid oxidation through either the cyclox- 
ygenase or lipoxygenase pathways, neutral proteases, and proteogly- 
cans (Galli, 1990, 1993). They express the FcsRI on their surface, and 
thereby represent an important effector cell population in IgE- 
dependent responses, including those associated with host reactions to 
parasites or allergic diseases. However, they also can be activated for 
mediator secretion by products of complement activation, certain neu- 
ropeptides, insect or reptile venoms, products of leukocytes, and a 
wide variety of other agents (Galli, 1990, 1993). This broad pattern of 
reactivity, taken together with other lines of evidence, has suggested 
that mast cells contribute to a wide variety of biological responses in 
addition to IgE-dependent immune reactions (Galli, 1990, 1993). 

Even though abnormalities in mast cell development were among 
the last major phenotypic problems to be identified in W or SZ mutant 
mice, analyses of this lineage have provided the clearest and most 
complete picture of the spectrum of biological processes that can be 
importantly influenced by interactions between SCF and its receptor. 
In a sense this is fitting, because analyses employing W or SZ mutant 
mice, most of them performed before the genes affected by these 
mutations had been identified, have produced the clearest understand- 
ing of the development and function of the mast cell (reviewed in 
Kitamura, 1989; Galli et d., 1992). To cite one early and important 
example, transplantation studies employing WJW" and congenic nor- 
mal or semisyngeneic "beige" mice provided the most convincing 
demonstration that tissue mast cells are derived from hematopoietic 
precursors (Kitamura et  al., 1978). 

Work employing W or S l  mutant mice, most of it performed by 
Kitamura and his associates, has shown that mast cell precursors reside 
among hematopoietic cells in the fetal yolk sac and liver, and then in 
the fetal and adult bone marrow and spleen (Kitamura, 1989). Cells 
capable of becoming mast cells circulate in the peripheral blood as a 



STEM CELL FACTOR 53 

minor population which cannot be identified based on morphological 
characteristics such as prominent cytoplasmic granules. These mast 
cell precursors enter the peripheral vascularized tissues and serosal 
cavities, where they differentiate/mature into mast cell populations 
that can be identified based on their characteristic morphological, 
biochemical, or functional properties. Although all mature mouse mast 
cells share certain phenotypic characteristics, such as the expression of 
large numbers of FceRI in the plasma membrane and the storage of 
histamine and serotonin in the cytoplasmic granules, certain other 
aspects of phenotype, such as the types of cytoplasmic granule- 
associated serine proteinases and proteoglycans, can vary. Moreover, 
much of this phenotypic variation, often designated “mast cell hetero- 
geneity,” appears to be regulated by factors present in the anatomical 
microenvironments within which mast cell populations reside (Galli, 
1987, 1990; Kitamura, 1989; Stevens and Austen, 1989; Galli et al., 
1992). The factors that influence mast cell heterogeneity have been of 
interest because this phenomenon represents a model for investigating 
the regulation of gene expression during cellular maturation/ 
differentiation, but also because factors that influence important 
aspects of mast cell phenotype and function can determine the nature 
of the contributions of the cell to health and disease (Galli, 1987,1990; 
Kitamura, 1989; Stevens and Austen, 1989; Galli et al., 1992). 

In addition to expressing variation in important aspects of pheno- 
type, at least some of the apparently mature mast cells residing in 
peripheral tissues or serosal cavities retain the ability to reenter the 
cell cycle and to proliferate (Galli et al., 1984, 1992; Kitamura, 1989). 
Finally, even clonal populations of mouse mast cells can exhibit signif- 
icant and reversible alterations in multiple aspects of their phenotype 
in vitro or in vivo (Kanakura et al., 1988). In short, the mast cell lineage 
is quite plastic in phenotype, as well as in proliferative capacity (Galli, 
1990,1993). Clearly, such plasticity may permit this lineage to respond 
to microenvironmental changes during development, tissue re- 
modeling, immune responses, or disease with adpative alterations in 
its numbers, mediator content, and functional properties. 

Although some details of mast cell development and phenotype 
differ in mice and humans (sometimes significantly), the major themes 
are the same. Thus, the circulating precursors are not recognizable as 
mast cells morphologically, maturatioddifferentiation takes place in 
the peripheral tissues, mast cell subpopulations exhibit variations in 
multiple aspects of phenotype, and at least some apparently mature 
mast cells in the peripheral tissues can undergo proliferation (re- 
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viewed in Galli et al., 1984). Accordingly, many findings derived from 
studies of mouse mast cells may have substantial relevance to the 
biology of mast cells in humans. 

The fact that the tissues of W or S l  mutant mice virtually lacked mast 
cells did not escape the notice of those groups that were seeking to 
identify the ligand for the receptor encoded by c-kit. Using various 
combinations of mast cells or their precursors and fibroblasts derived 
from Wand S l  mutant mice, both Kitamura and Fujita et al. (Kitamura 
et al., 1989; Fujita et al., 1989; Kitamura and Fujita, 1989) and Jarboe 
and Huff ( 1989) reported strong biological evidence that fibroblasts 
can produce cell-associated (Kitamura et al., 1989; Fujita et al., 1989; 
Kitamura and Fujita, 1989) and soluble (Jarboe and Huff, 1989) forms 
of the c-kit ligand. And each of the three groups that succeeded in 
cloning the c-kit ligand used mast cell proliferation in uitro either as 
their primary bioassay for the growth factor or in the characterization of 
the spectrum of factor bioactivity (see Section 111,A). However, the 
phenotypic abnormalities expressed by W or S l  mutant mice suggested 
that interactions between the SCFR and SCF might regulate the mi- 
gration and/or maturation of the cells in the affected lineages, as well 
as their proliferation (Kitamura, 1989). Studies of the effects of SCF on 
mast cell development in mice and rats indicate that interactions be- 
tween the SCFR and SCF actually do influence all of these aspects of 
mast cell biology. 

For example, repeated injection of soluble recombinant rat SCF'@ 
into the skin of S I I S l d  mice resulted in the appearance of large numbers 
of mast cells at the injection site (Table 11) (Zsebo et al., 1990a; Tsai et  
al., 1991a). Because the skin of S / S l d  mice ordinarily lacks mast cell 
precursors, as well as mature mast cells (Kitamura and Go, 1979; Hay- 
ashi et al., 1985), the recruitment and/or survival of circulating mast 
cell precursors must have been increased at sites injected with 
rrSCFIM. Yet many of the mast cells that developed in the skin of 
rrSCFIm-treated S l / S l d  mice, like the mature mast cells in the dermis 
of normal mice, exhibited reactivity with safranin and the heparin- 
binding fluorescent dye berberine sulfate (Tsai et  at., 1991a), as well as 
a high rate of incorporation of bromodeoxyuridine (Table 11) (Tsai et 
al., 1991a). 

These findings indicate that the development of large numbers of 
dermal mast cells in SEISld mice treated with rrSCFlm reflects not only 
the recruitment and maturation of mast cell precursors, which may 
reflect the chemotaxis or haptotaxis of these cells along an SCF gradi- 
ent (Flanagan and Leder, 1990; Flanagan et  al., 1991; Meininger et al., 
1992), but also proliferation of the mast cells that differentiated/ 
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TABLE I1 

Vioo BY rrSCFIM” 
C-&-DEPENDENT STIMULATION OF PROLIFERATION OF MOUSE DERMAL MAST CELLS in 

Hematocrit (%) 

Mast cells BrdU 
Mouse rrSCF164 Before After (No./mm2 (percentage 

genotype (pglkglday) treatment treatment of dermis) of mast cells) 

WBBGF,-+ / + 100 
30 
0 

WBBGF,-W/W” 100 
30 
0 

WCBGFl-+/+ 30 
0 

WCBGF1-Sl/Sld 30 
0 

48 2 1.3 
50 t 0.8 
51  t 0.6 
39 5 0.8 
40 2 0.7 
40 t 0.6 
46 t 0.8 
47 t 0.3 
30 t 1.1 
30 t 0.3 

50 t 0.7 
51 t 0.3 
51 t 0.5 
36 t- 3.4 
40 t 2.5 
39 t 0.2 
44 t 2.7 
44 t 0.4 
38 t 1.7b 
33 t 0.6 

4710 t l l W b  
454 t 155b 

3 1 t 2  
0 
0 
0 

122 t 17* 
29 t 5. 
61 t 24b 

0 

16 2 2.2b 
13 t 2.7b 
3.3 t- 1.2 
- 

- 
36 2 3.5b 
4.9 t 0.7 
29 5 5.7 
- 

a Mice were killed 24 hours after the last of21 daily subcutaneous injections of ITSCF’~ or vehicle 
for assessment of the number ofmast cells/mm2 ofdermis at the injection site and for quantification of 
the percentage of these mast cells that were proliferating, based on nuclear incorporation of bro- 
modeoxyuridine (BrdU). All results are expressed as mean * SEM (n = 5-7). Reproduced from Tsai 
et al. (1991a) with permission. 

p < 0.001 versus value for mice treated with 0 pg/kg/day by Student’s t test (two-tailed). 

matured at these sites (Tsai et al., 1991a). In vitro studies with purified 
endogenous c-kit ligand (Nocka et al., 1990b) or rrSCFIM (Tsai et al., 
1991b) also indicated that SCF not only can drive the proliferation of 
phenotypically mature, as well as immature, mouse and mast cells 
(Nocka et al., 1990b; Tsai et al., 1991b), but in addition can promote 
mast cell maturation (Tsai et al., 1991b). 

In rats, intravenous administration of rrSCF164 induces a remarkable 
systemic mast cell hyperplasia (Tsai et al., 1991a; Ulich et al., 1991a). 
Notably, assessment of the cellular histochemical characteristics and 
cytoplasmic granule protease content indicates that the expanded mast 
cell populations present in different organs of rrSCFla-treated rats 
exhibit phenotypic characteristics that are, for the most part, appro- 
priate for that anatomical site (Tsai et al., 1991a). Thus, mast cells with 
characteristics of “connective tissue-type” mast cells (CTMCs), such 
as prominent expression of the proteinase rat mast cell proteinase I 
(RMCPI), are increased in number in the dermis and other sites that 
ordinarily contain such cells, whereas increased numbers of mast cells 
with characteristics of “mucosal” mast cells (MMCs), such as promi- 
nent expression of RMCPII, appear in the mucosae of the stomach and 
ileum, sites that ordinarily contain MMCs (Tsai et al., 1991a). 

One of the possible explanations for the findings in rats injected with 



56 STEPHEN J. GALL1 ET AL. 

rrSCFlM is that the specific programs of gene expression, and the 
phenotypic characteristics of those mast cells induced to develop in 
the presence of exogenous SCF in different anatomical sites in uiuo, 
are regulated both by SCF and by the pattern of expression at these 
sites of other factors capable of influencing mast cell development. 
Several lines of evidence indicate that other cytokines represent an 
important component of such microenvironmental regulation of the 
phenotype of the mast cells that develop in SCF-treated animals. In 
mice, IL-3 can promote the in oitro development of immature mast 
cells that share certain features of MMCs and can induce the develop- 
ment of MMCs in uiuo (reviewed in Kitamura, 1989; Galli, 1990; Galli 
et aZ., 1992). An the maintenance of mouse peritoneal mast cells in 
oitro in media containing IL-3 and IL-4 can induce this population of 
proliferate and gradually to lose phenotypic characteristics of mature 
CTMCs in favor of those of immature mast cells (Kanakura et al., 1988). 
Finally, Gurish et al. (1992) recently demonstrated that the ability of 
SCF to induce immature mouse mast cells to acquire phenotypic char- 
acteristics of CTMCs in uitro is suppressed when the cells are treated 
simultaneously with SCF and IL-3. 

Both the studies of the effects of rrSCF'64 on rat mast cell develop- 
ment in uioo (Tsai et al., 1991a) and analyses of the effects of SCF and 
IL-3 on mouse mast cell phenotype in uitro (Gurish et al., 1992; Takagi 
et al., 1992) indicate that SCF does not invariably promote a specific 
pathway of mast cell differentiation/maturation. Instead, it appears 
that the phenotype of the mast cell populations that develop in the 
presence of SCF, like that of early hematopoietic cells maintained in 
SCF (see Section IX,A), may be regulated by the entire mixture of 
relevant cytokines available to the cell. Elucidating the molecular 
basis for the distinct patterns of gene expression exhibited by mast 
cells stimulated simultaneously or sequentially by SCF and other 
growth factors represents an area of considerable interest, with poten- 
tially broad relevance to the larger issues of lineage commitment and 
differentiation during hematopoiesis. 

Unlike IL-3, which promotes the development of immature mast 
cells from mouse bone marrow cells in uitro but which is essentially 
ineffective as a mast cell growth factor in humans, SCF importantly 
influences mast cell development in nonhuman primates and in hu- 
mans. Combinations of rhSCF and IL-3 promoted the development of 
mast cells in cultures of CD34+ human bone marrow cell in uitro, but 
also promoted in parallel the development of many other hematopoie- 
tic lineages (Kirschenbaum et aZ., 1992). As a result, the cultures did 
not exhibit a net enrichment for mast cells. In contrast, when used as 
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the only exogenous cytokine, rhSCF induced the development of mast 
cells from populations of human bone marrow or peripheral blood 
mononuclear cells (Valent et al., 1992), human umbilical cord blood 
mononuclear cells (Ishizaka et al., 1992; Mitsui et al., 1993), or human 
fetal liver cells (Nilsson et al., 1992; Irani et al., 1992). However, the 
human mast cells that develop in cultures supplemented with soluble 
rhSCF do not exhibit the full range of phenotypes expressed by human 
mast cells in uiuo. For example, these cells express little or no cytoplas- 
mic granule-associated chymase (Ishizaka et al., 1992; Nilson et al., 
1992). Whether membrane-associated forms of SCF might differ from 
soluble SCF in promoting human mast cell development remains to be 
determined, but the currently available data are certainly consistent 
with the possibility that additional factors important for the regulation 
of human mast cell development and phenotype remain to be defined. 

Demonstration that a particular cytokine represents a mast cell 
growth factor in vitro does not necessarily indicate that that cytokine 
will be a mast cell growth factor in uiuo. However, studies in two 
species of nonhuman primates indicate that SCF is an important mast 
cell growth factor in uiuo. Baboons (Papio species) or cynomolgus 
monkeys (Macacafascicularis) treated subcutaneously with rhSCF for 
28 or 21 days, respectively, developed mast cell hyperplasia in many 
anatomical sites (Galli et al., 1993). However, the magnitude of the 
effect varied considerably according to anatomical site. In cynomolgus 
monkeys, treatment with rhSCF at 6.0 mg/kg/day resulted in increases 
in mast cells in all sites examined except the CNS, with increases 
ranging from %fold, in the heart, to 1500-fold, in the spleen (Fig. 7). 
But when rhSCF was given at 100 wg/kg/day, a dose that probably will 
more closely approximate that used clinically in humans, significant 
elevations of mast cell numbers (by 3- to 20-fold) occurred only in the 
skin at the injection site, bone marrow, mesenteric lymph node, liver, 
and spleen. 

Remarkably, mast cell numbers in most anatomical sites in monkeys 
treated with rhSCF for 21 days and then maintained without the 
growth factor for an additional 15 days were statistically indistinguish- 
able from the baseline numbers observed in vehicle-treated control 
monkeys (Fig. 7) (Galli et al., 1993). Moreover, the rhSCF-treated 
monkeys appeared to be clinically well, not only throughout the course 
of treatment, but also during the period when mast cell populations 
were declining precipitously to normal levels (Galli et al., 1993). 

These findings showed that quantitatively striking systemic expan- 
sions and contractions of mast cell populations can occur without clini- 
cally obvious adverse effects. The marked and reversible variation in 



58 STEPHEN J. GALL1 ET AL. 

Skin at Injection Site 
O ~ O .  1; 10'. i?' 

Skin of Mammary Gland 

R 

I Dermis 

I U 

I subwtis 

Spleen 

Thymus 

(3) 

Lung 
O.EAW. 10'. 10' 

Trachea 



STEM CELL FACTOR 59 

Stomach Bone Marrow 
0.1 i 10 100 10’ lo4 

* *  
(29)r 
* 

I Mucosa 

(12) * *, Mesenteric Lymph Node 
0 

rhSCF(mg kg-lday-‘) 

0 
0 O(Recovery) 

0.1 
0.1 (Recovery) = 6.0 
6.0(Recovery) 

FIG. 7. Mast cell density in various tissues of monkeys treated with rhSCF, which 
induces reversible mast cell hyperplasia. Numbers of mast cells (cells/mm2 of tissue, 
mean 2 SEM, shown on a logarithmic scale) are those in various organs/tissues of 
cynomolgus monkeys (Macaca fascicularis) treated for 21 days with twice daily S.C. 

injections of vehicle or rhSCF (0.1 or 6.0 mg/kg/day). Monkeys were killed for autopsy 1 
day (day 22 values) or 15 days (day 36 values, “recovery group”) after the last injection of 
vehicle or rhSCF. * or ** = p 9 0.05 or 0.01 versus corresponding value for vehicle- 
treated animals; t or tt = p < 0.05 or 0.01 for comparisons between day 22 and day 36 
values in the same treatment group (Mann-Whitney U test, two-tailed). The figures in 
parentheses refer to the ratio of the mean value in the indicated group to the mean value 
of the combined day 22 and day 36 vehicle-treated groups. Reproduced from Galli et al. 
(1993) with permission. 
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mast cell numbers observed in monkeys treated with exogenous SCF 
also raises an interesting question: can changes in the level of expres- 
sion of endogenous SCF explain, at least in part, some of the striking 
alterations in mast cell numbers that have been noted in association 
with a variety of reparative responses, immunological reactions, and 
disease processes, including mastocytosis (reviewed in Galli, 1990, 
1993)? We have proposed that all of the currently available evidence 
suggests that the answer to this question is yes (Galli et al., 1993). 
Moreover, we have speculated that the great variation in the numbers 
of mast cells ordinarily present in various normal tissues may largely 
be determined by the levels of endogenous SCF bioreactivity that are 
expressed in these different anatomical sites (Galli et al . ,  1993). 

Costa et al. (1993) quantified mast cell numbers in skin biopsies 
obtained from patients enrolled in a phase I study of rhSCF. Treatment 
of these subjects with rhSCF at 5 to 25 pg/kg/day for 14 days resulted 
in an -70% increase in the number of dermal mast cells in skin distant 
from the SCF injection sites. These represent the first data indicating 
that rhSCF can induce mast hyperplasia in uioo in humans. 

B. MAST CELL FUNCTION 
In addition to providing an excellent model for studying how SCF 

regulates the development of a single cellular lineage in normal 
animals, mast cells represent a striking opportunity to analyze the 
functional consequences of mutations affecting the SCFR or SCF in 
cells that express the SCFR. Although mice with double-dose muta- 
tions that severely affect the production or function of the SCFR ordi- 
narily are virtually devoid of mature mast cells (see Section V,A), large 
numbers of immature mast cells can readily be generated in uitro from 
the hematopoietic tissues of such W mutant mice, e.g., by maintaining 
the bone marrow or fetal liver cells of these mice in media containing 
IL-3 (Yung and Moore, 1982; Suda et al., 1985; Nakano et al., 1985). 
These in uitro-derived mast cell populations have been used to isolate 
and characterize cDNA corresponding to various mutant alleles at W 
(Nocka et al. ,  1990a; Reith et al., 1990) and to characterize the effects of 
various W mutations on the production and kinase activity of the SCFR 
(Nocka et a/ . ,  1989, 1990a; Reith et al . ,  1990). These cells also have 
been used to analyze how mutations involving c-kit influence SCF- 
dependent signal transduction (Rottapel et al., 1991). 

As noted earlier (Section VIII,F), the mast cells of W mutant mice 
also were instrumental in investigating a consequence of signaling 
through the SCFR, which could not have been predicted based on the 
phenotypic abnormalities expressed by W or S1 mutant mice: the in- 
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duction of mast cell secretion and mediator release. The first evidence 
that rrSCF164 can induce mediator release from mouse mast cells was 
derived from in vitro studies (Galli et al., 1991), but the first demon- 
stration that this effect of SCF was SCFR dependent was based on in 
vivo studies that showed that rrSCF164 can trigger mast cell activation 
and a mast cell-dependent inflammatory response when injected intra- 
dermally in mice (Wershil et al., 1992b). Mouse mast cell activation by 
rrSCFla in vivo clearly was SCFR dependent, because mast cells 
expressing the wild-type SCFR were responsive to rrSCF164, whether 
these cells were present in normal mice or were adoptively transferred 
into WIW" mice, whereas cutaneous mast cells of WIW" origin were 
completely unresponsive (Wershil et al., 1992b). The unrespon- 
siveness of WIW" mast cells to rrSCF16* did not reflect any general 
secretory abnormality in these cells, because they are fully competent 
to undergo activation by IgE and specific antigen (Gordon and Galli, 
1990b; Wershil et al., 1992b). SCF also can induce mediator release 
from mouse peritoneal mast cells (Coleman et al., 1993). The response 
of rat peritoneal mast cells (Nakajima et al., 1992) or mouse perito- 
neal mast cells ( S .  J. Galli, unpublished data) to SCF is enhanced 
when the challenge is performed in media containing phosphatidyl- 
serine. 

In addition to being able to induce mouse mast cell mediator release 
directly, ~ I - S C F ' ~  also can significantly augment the magnitude of 
mouse mast cell mediator release in response to IgE-dependent activa- 
tion (Coleman et al., 1993). Analyses of isolated human mast cells 
indicate that concentrations of rhSCF that are similar to the levels of 
endogenous SCF in the serum of normal subjects (-3 nglml) can 
induce low levels of mediator release from skin (Columbo et al., 1992) 
but (perhaps) not from lung (Bischoff and Dahinden, 1992) mast cells, 
and that brief (10 minutes to 1 hour) preincubation of skin (Columbo et 
aZ., 1992) or lung (Bischoff and Dahinden, 1992) mast cells with even 
lower concentrations of rhSCF can significantly enhance the ability of 
these cells to release mediators in response to FceRI-dependent stim- 
ulation. Notably, however, preincubation of isolated human skin mast 
cells with rhSCF for -24 hours in uitru did not result in enhancement 
of IgE-dependent mediator release from these cells (Columbo et al., 
1992). 

Taken together, the data from mouse (Galli et al., 1991; Wershil et 
aZ., 1992b; Coleman et aZ., 1993) and humae (Columbo et al., 1992) 
mast cells indicate that soluble forms of SCF can directly induce 
activation of mast cells for secretion of cytoplasmic granule-associated 
mediators and release of lipid mediators, and that, at even lower con- 
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centrations, SCF can enhance mediator release in response to activa- 
tion of the cells through the FcsRI. However, mast cells in tissues in 
situ would be expected to experience a certain baseline level of SCF 
bioactivity. Indeed, such SCF-dependent activation of the SCFR prob- 
ably is necessary for the survival of mast cells in normal tissues in uiuo. 
What, then, is the biological significance of the effects of SCF on mast 
cell secretory activity? 

One possibility is that SCF/SCFR interactions importantly regulate 
the extent of mast cell responsiveness, or “releasability,” to signals 
transmitted through the FcsR1. In normal tissues, baseline levels of 
SCF bioactivity may contribute to setting baseline levels of mast cell 
secretory responsiveness to activation by IgE and antigen. In contrast, 
elevations in levels of SCF, such as might occur in association with 
immunological or pathological processes, could alter the magnitude or 
nature of the mast cell response to FcsRI-dependent signaling. Al- 
though most of the currently available data suggest that processes that 
increase levels of SCF bioactivity would enhance IgE-dependent mast 
cell mediator release, this might not always be the case. For example, 
we have reported that cutaneous sites repeatedly injected with 
rrSCFlW in mice exhibit significantly less extensive IgE-dependent 
mast cell activation than do sites injected with vehicle alone (Ando et 
al., 1993). Moreover, normal mice injected repeatedly with rrSCFIM 
exhibit significant elevations in mast cell densities, including those in 
the respiratory system and heart, but do not exhibit significantly en- 
hanced cardiopulmonary responses during IgE-dependent anaphy- 
laxis. Even more remarkably, the rrSCFla-treated mice challenged 
with the highest dose of specific antigen exhibit fewer deaths due to 
IgE-dependent anaphylaxis than do the vehicle-treated control mice 
(1/ 11 versus 8/ 11 during the first 60 minutes after antigen challenge, 
respectively; p < 0.01). Although the mechanisms that account for 
these findings remain to be defined fully, the observations certainly 
indicate that the effects of SCF on IgE-dependent mast cell secretion 
may be complex and, depending on the circumstances, may either 
enhance or suppress mast cell secretory activity and the biological 
consequences of mast cell activation. 

It is of more than passing interest that SCF, a major, if not the major, 
regulator of mast cell development, also can influence the nature of the 
mast cell response to activation through the F ~ E R I ,  the receptor that 
confers immunological specificity to mast cell activation and that regu- 
lates mast cell effector function in IgE-dependent immunological and 
allergic responses. Although the cross-communication between the 
SCFR and the FcsRI remains to be characterized in biochemical 
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terms, there already is evidence that the communication may be bi- 
directional. Thus, IgE-dependent mast cell activation significantly 
suppresses the proliferation response of the cell to either SCF or IL-3 
(Tsai et al., 1993). Remarkably, activation of mouse mast cells through 
either the SCFR or the FcsRI induces a similar pattern of changes in 
mRNA for the early response genes c-fos and c-jun (Tsai et aZ., 1993) 
(see Section VII). Nevertheless, the biological responses of these mast 
cells to IgE and antigen (i.e., extensive secretion and suppression of 
cytokine-dependent proliferation) or SCF (i.e., enhanced secretion 
and induction of proliferation) are quite different. Accordingly, de- 
spite similarities in some aspects of the early cellular responses to 
signaling via the SCFR or the FcsRI, the full spectra of intracellular 
signaling that are initiated at these two receptors must be distinct. 
Elucidating further similarities or differences between SCFR- 
dependent and FceRI-dependent signaling in mast cells may be of 
interest not only because this work will enhance our understanding of 
mast cell biology, but because such work may have relevance to the 
role of SCF/SCFR interactions in influencing the function of other 
cellular lineages that express the SCFR. 

In addition to influencing the secretory activity of mast cells stim- 
ulated through the FceRI, studies in mouse mast cells in vivo (Wershil 
et al., 1992b) or in vitro (Coleman et al., 1993) or in human skin mast 
cells in uitro (Columbo et al., 1992) indicate that soluble SCF can 
directly promote mast cell secretion and mediate release. What is the 
biological significance of these observations? Normal tissues do not 
ordinarily exhibit significant mast cell degradation or express in- 
flammatory responses. These findings indicate that physiological in- 
teractions between SCFR expressed by mast cells and endogenous 
forms of membrane-associated or soluble SCF do not generally result 
in extensive mast cell degradation and secretion. 

On the other hand, low levels of mast cell activation by SCF may 
have a role in both the development and the function of this cell type. 
Activation of mouse mast cells via the FcsRI or by other mechanisms 
induces the cells to develop increased levels of mRNA for several 
cytokines and/or to secrete the products (Plaut et al., 1989; Wodnar- 
Filipowicz et al., 1989; Burd et al., 1989; Gordon and Galli, 1990a; 
Galli, 1993). Some of these cytokines, such as IL-3 and IL-4, can 
augment mouse mast cell proliferation whereas others, such as GM- 
CSF and IFN-.)I, can suppress mast cell proliferation (reviewed in 
Galli, 1990; Galli et al., 1992). Keegan et al. (1991) reported that 
stimulation of endogenous or transfected growth factor receptors with 
their cognate ligands could enhance IgE-dependent cytokine produc- 
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tion by mouse mast cells. Razin et al. (1991) reported evidence that 
mouse mast cells can develop increased levels of mRNA for IL-3 after 
establishing contact with 3T3 cells in uitro. As noted earlier, several 
lines of evidence indicate that the ability of 3T3 fibroblasts to induce 
mouse mast cell proliferation and maturation required an interaction 
between SCF associated with the fibroblasts and the SCFR expressed 
by the mast cells. Accordingly, one of the mechanisms by which SCF 
influences mast cell development may be to induce mast cells to pro- 
duce other cytokines with autocrine effects on mast cell proliferation 
or maturation. 

Moreover, there has been a long history of speculation that one 
physiological role of the mast cell is to release constitutively very low 
levels of mediators that, when released rapidly in larger quantities, 
result in the development of an inflammatory response (reviewed in 
Galli et al. ,  1984). Findings demonstrating that SCF can induce mast 
cell mediator release do not prove that physiological interactions be- 
tween SCF and its receptor induce low levels of mast cell mediator 
release in normal tissues, but they are compatible with this hypothesis. 

XI. Melanocyte Biology 

Defects in skin pigmentation represent a major class of phenotypic 
abnormalities in W or S l  mutant mice (Silvers, 1979a). Nocka et al. 
(1989) found high levels of expression of SCFR mRNA, as well as 
SCFR protein, in PMA-dependent melanocyte cell lines derived from 
normal newborn mice. Orr-Urtreger et al. (1990) detected high levels 
of expression of SCFR mRNA in individual cells in the subepidermal 
space and developing hair follicles of midgestation and older mouse 
embryos; at least some of these cells were considered to represent 
melanocyte precursors. 

Matsui et al.  (1990) showed that SCF mRNA was expressed in the 
dorsal region of day 10.5 mouse embryo somites, and at later intervals 
in the dermis and hair follicles. In a subsequent in situ hybridization 
study, Manova and Bachvarova (1991) found that SCFR mRNA expres- 
sion was first detectable in presumptive melanoblasts in the cervical 
region of day 10 embryos. By day 13.5 P.c., SCFR mRNA-positive 
presumptive melanoblasts appeared to have greatly increased in num- 
ber and were found in the skin from the dorsal to ventral midline, and 
some of these cells were located in the epidermis. At birth, many 
labeled cells were present in the dermis, epidermis, and hair follicles. 
According to staining of parallel specimens of skin with toluidine blue, 
some of the SCFR mRNA-positive cells in the dermis may have repre- 
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sented mast cells, but mast cells do not ordinarily occur in the epider- 
mis or within hair follicles. 

Taken together, this work indicated that interactions between the 
SCFR and its ligand may contribute to the migration of melanoblasts, 
and also to their proliferation. However, Manova and Bachvarova 
(1991) noted that, in 1949, Russell had reported that melanocytes in 
W"/+ mice contained less pigment per cell than did melanocytes in 
+ / + mice, and therefore suggested that the SCFR might also influence 
differentiation in this lineage. 

To determine precisely when the SCFR is required for important 
steps in melanocyte development, Nishikawa et al. (1991) generated a 
rat monoclonal antibody (ACK-2) that can block mouse SCFR function 
and administered the antibody to mice in an attempt to interfere with 
melanocyte development or function either during embryogenesis or 
postnatally. This approach was especially attractive because adminis- 
tration of ACK-2 at appropriate intervals resulted in patterns of coat 
color dilution in the treated mice, thus providing clear evidence of the 
biological consequences of ACK-2 treatment on melanocytes. In con- 
trast, there are no satisfactory markers for unequivocally identifying 
melanoblasts by light microscopy during their migration from the neu- 
ral crest to the hair follicle. 

Nishikawa et al. (1991) found that the effect of ACK-2 administration 
on melanocyte development was critically dependent on the time of its 
administration to the pregnant mouse: injection later than day 15.5 p.c. 
had no detectable effect and injection earlier than day 10.5 or 11.5 p.c. 
had little or no effect. In contrast, injection on day 13.5 p.c. resulted in 
virtually complete depigmentation of the offspring and injection on 
day 14.5 p.c. caused striking but very variable patterns of partial depig- 
mentation. Immunohistochemical studies with ACK-2 showed that 
numbers of mesodermal SCFR+ cells greatly increased on days 14.5 to 
15.5 P.c., with SCFR+ cells first appearing in the dorsolateral epider- 
mis on day 15.5 p.c. Administration of ACK-2 on day 14.5 resulted in a 
markedly diminished number of SCFR+ cells in the skin, as well as in 
depigmentation. In contrast, antibody administered on day 15.5 p.c. 
bound to SCFR+ cells in the epidermis, but had no effect on coat 
pigmentation. Accordingly, Nishikawa et al. (1991) concluded that the 
proliferation of melanocyte precursors in the mesodermal layer, and 
their subsequent migration into the epidermis, are critically depen- 
dent on the SCFR, whereas melanocytes within the epidermis are 
much less SCFR dependent. 

Nishikawa et al. (1991) also showed that injection of ACK-2 into an 
adult C57BL/6 mouse 1 day after shaving an area of the animal's skin 
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resulted in depigmentation of the regenerated hair. Nishikawa et al. 
(1991) concluded that the SCFR is also required for the melanocyte 
proliferation that is activated during the initial phase of the hair cycle. 

There have been relatively few studies of the effects of SCF on 
melanocytes in uitro. SCF transiently prolongs the in uitro survival of 
melanocytes derived from human foreskin, but cannot, by itself, in- 
duce proliferation ofthese cells (Funasaka et al., 1992). However, SCF 
can induce human melanocyte proliferation when administered to- 
gether with PMA. Melanocytes exposed to SCF exhibit autophos- 
phorylation of the SCFR, which is followed by tyrosine phosphoryla- 
tion of a set of intracellular substrates that appear to be different than 
those utilized in mast cells. The possible role of SCF/SCFR interac- 
tions in melanoma is discussed in Section XIV,D. 

XII. Germ Cell Development 

In normal mice, primordial germ cells (PGCs) are first identifiable at 
-7 days P.c., when they appear as large alkaline phosphatase-positive 
cells in the extraembryonic mesoderm just proximal to the primitive 
streak (Ginsburg et  al., 1990). At -8 days P.c., 10 to 100 PGCs are 
present at the base of the allantois next to the caudal primitive streak 
(Heath, 1978). Over the next 4 days, PGC number increases rapidly to 
2500-5000 and the cells migrate from the hindgut to the gonadal ridge. 
Proliferation of PGCs occurs during their migration and for 1-2 days 
after colonization of the gonadal ridge. By 12.5 days P.c., the gonadal 
ridge has undergone sexual differentiation into the male or female 
gonad (Eddy et al., 1981). 

In mice homozygous for severe (lethal) W alleles, germ cells can be 
identified at day 8 p.c. but do not subsequently increase in number 
(Mintz and Russell, 1957). Sl /SZd mice of both sexes also essentially 
lack germ cells in the gonads (Bennett, 1956; McCoshen and McCal- 
lion, 1975; Green, 1981). Bennett (1956) attributed this phenotype to 
impaired migration of primordial germ cells from the epiblast to the 
genital ridges, but McCoshen and McCallion (1975) could not confirm 
this mechanism and instead attributed the reduced number of PGCs in 
the mutant embryos to diminished proliferation and/or excessive cell 
death. Several lines of evidence, including analyses of the effects of 
SCF on PGC in uitro (Dolci et al., 1991; Godin et  al., 1991; Matsui et 
al., 1991) and of the effects of the SZ17* allele on PGC development in 
uico (Brannan et al., 1992), indicate that normal SCF/SCFR function is 
required for the survival and/or proliferation of PGCs. 

However, the effects of W or S2 mutations on the reproductive sys- 
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tem are quite complex and indicate that the SCFR and its ligand 
influence germ cell biology in the postnatal gonads, as well as in 
embryonic development. Thus, juvenile WIW" or W"/W" mice not 
only have profound reductions in the number of germ cells, but also 
exhibit diminished rates of development of oocytes and spermatogenic 
cells (Coulombre and Russell, 1954). Moreover, some W mutations 
have distinct effects on germ cell development in males or females, 
indicating that SCR receptor-dependent functions vary according to 
sex in phases of germ cell development after the primordial germ cell 
stage (Geissler et al., 1981). Nishimune et al. (1980, 1984) confirmed 
that SZ mutations reduce numbers of testicular germ cells but also 
showed that these mutations interfere with meiotic division and with 
the differentiation of type A spermatogonia to type B or intermediate 
spermatogonia. And one S l  allele, S P ,  appears to cause infertility in 
females because of an intrinsic defect in ovarian stromal cells that 
results in growth arrest of ovarian follicles (Kuroda et aZ., 1988). Nota- 
bly, the ovaries of WB-SlISP and WB-+I+ mice have similar numbers 
of primordial follicles, consisting of oocytes surrounded by a single 
layer of granulosa cells (Kuroda et al., 1988). This finding indicates that 
SZISP mice may express less impairment of SCF function than do SZ/Sld 
mice. Indeed, other phenotypic abnormalities of S 2 / S l t  mice are also 
less striking than those in the S l / S l d  animals. For example, male SZISP 
mice exhibit normal fertility (Kohrogi et al., 1983). SZISV mice exhibit 
nearly complete depigmentation of the coat, but have partial pigmen- 
tation of the ear pinnae, and have a moderate anemia and mast cell 
deficiency (Kohrogi et aZ., 1983). 

In contrast, Sl' 7HIS1'7H females exhibit a significant reduction in 
primordial and growing oocytes, probably due to effects of S117H on 
PGC development, but are fertile (Brannan et al., 1992). Sl'7HISl'7h 
males also exhibit greatly reduced PGCs, but in addition exhibit vir- 
tual cessation of sperm development after the first wave of sper- 
matogenesis (Brannan et al., 1992). Accordingly, the splicing defect 
and abnormal cytoplasmic tail of SCF in Sl'7H/S117H mice appear to 
impair both embryonic germ cell development and male postnatal 
germ cell development. 

The localization and expression of the SCF receptor and its ligand 
during germ cell development have been analyzed in detail. In situ 
hybridization studies demonstrated c-kit mRNA in primordial germ 
cells in the genital ridges of midgestation mouse (day 12.5 P.c.) em- 
bryos (Orr-Urtreger et al., 1990). In a subsequent study, Manova and 
Bachvarova (1991) associated c-kit mRNA expression with PGCs lo- 
cated at the base of the allantois at day 7.5 p . ~ . ,  at close to the earliest 
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time PGCs can be identified. Expression in germ cells continued 
during early stages of proliferation and migration to the gonad. Nota- 
bly, c-kit mRNA expression was also detected in the tissues adjacent to 
migrating germ cells. Expression in gonia in ovaries and testes in- 
creased in association with their proliferation then decreased as the 
female germ cells entered meiosis and the male germ cells became 
quiescent. 

In adult gonads, Orr-Urtreger et al. (1990) detected c-kit mRNA in 
the ovaries in primary and antral follicles of 2-week-old mice and in the 
mature Graafian follicles of a 2-month-old mouse; highest levels of 
expression were in the oocytes. In subsequent studies, Manova et al. 
(1990) confirmed the localization of c-kit transcripts to oocytes in juve- 
nile mice, with a pattern of expression that appeared to correlate 
strongly with oocyte growth. Little c-kit mRNA expression was de- 
tected in two-cell embryos and none in blastocytes. Manova et al. 
(1990) also detected significant c-kit mRNA expression in ovarian so- 
matic cells, a pattern first detected 14 days after birth and at increased 
intensity on day 17. Expression was thought to be associated with 
lipid-containing cells of the theca interna. A moderate level of labeling 
also was detected in the corpora lutea of cycling adults or at 10 days of 
pregnancy. 

Ininiunohistochemical analysis with a rabbit anti-SCFR antiserum 
detected SCFR protein on primordial, growing, and mature oocytes 
and on one- or two-cell embryos, but little was detected on blasto- 
cytes (Manova et ul., 1990). Horie et al. (1991), using the ACK-2 anti- 
SCFR monoclonal antibody, confirmed the expression of SCFR pro- 
tein on the surface of oocytes, beginning at birth. However, no SCFR 
protein was detected in PGCs undergoing mitosis in fetal ovaries on 
day 15.5 p.c. Weak expression of SCFR protein was detected on 
single-cell embryos but expression diminished with cell division and 
was absent on four-cell embryos. Horie et al. (1991) detected a high 
level of SCFR expression on the surface of oocytes arrested in the 
diplotene stage of meiotic prophase, and found that expression de- 
clined with ovulation and the resumption of meiotic maturation. These 
findings suggested that the SCFR/SCF system might contribute to 
meiotic arrest, as well as to oocyte growth and maturation. However, 
administration of the ACK-2 neutralizing antibody to the SCFR to mice 
in oioo had no detectable effect on occyte maturation or ovulation 
(Yoshinaga et al., 1991). 

In the testes, Orr-Urtreger et al. (1990) detected c-kit mRNA in 
interstitial Leydig cells but not in spermatogonia or Sertoli cells. In 
contrast to Orr-Urtreger et al .  (1990), Manova et al. (1990) detected 
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c-kit mRNA expression in spermatogonia, beginning at 6 days after 
birth. Expression during the cycle of the seminiferous epithelium 
extended at least from A2 spermatogonia through type B. Using immu- 
nohistochemistry, Yoshinaga et al. (1991) confirmed SCFR expression 
on differentiating type A, intermediate, and type B spermatogonia, and 
on the earliest preleptotene spermatocytes, but not on later spermato- 
cytes or spermatids, suggesting that the SCFR is down-regulated on 
entering the meiotic cycle. Yoshinaga et al. (1991) also detected high 
levels of SCFR expression by interstitial Leydig cells but not by Sertoli 
cells. However, Sertoli cells represent ,a potential source of biologi- 
cally active SCF (Tajima et al., 1991). Yoghinaga et al. (1991) showed 
that treatment of mice with the ACK-2 neutralizing antibody to the 
SCFR completely blocked mitosis of mature (differentiating) type A 
spermatogonia and resulted in the depletion of these cells from the 
testes, but did not affect the mitosis of gonocytes and primitive type A 
spermatogonia, or the meiosis of spermatocytes. These results strongly 
support the hypothesis that the SCFR is necessary for the survival 
and/or differentiation of type A spermatogonia. 

XIII. The Nervous System 

Detection of mRNA for the SCFR and SCF in the central nervous 
system represented among the earliest and most surprising findings 
obtained after the cDNAs for these genes were cloned (Yarden et al., 
1987; Geissler et al., 1988b; Majumder et al., 1988; Qiu et al., 1988; 
Matsui et al., 1990). These findings were unexpected because defects 
in CNS structure or function had not been reported among the constel- 
lation of phenotypic abnormalities expressed by W or S l  mutant mice. 

The initial descriptions of the distribution of SCFR mRNA in the 
central nervous system were based on Northern analyses (Yarden et 
al., 1987; Geissler et al., 1988b; SMajumder et al., 1988), whereas the 
first identification of SCF mRNA in the central nervous system was an 
in situ hybridization analysis of the mouse embryo (Matsui et al., 
1990). Subsequently, several groups used in situ hybridization to per- 
form detailed analysis of the distribution of SCR and/or SCFR mRNA 
in embryonic mice (Orr-Urtreger et al., 1990; Motro et al., 1991; Keshet 
et al., 1991), adult mice (Orr-Urtreger et al., 1990; Morii et al., 1992), or 
rats (Hirota et al., 1992). Although a detailed description of the results 
of these studies is beyond the scope of this chapter, a few points 
deserve emphasis. 

In both embryos and adult mice, SCFR mRNA was detected in the 
cerebellum, hippocampus, and telencephalon (Orr-Urtreger et al., 
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1990), whereas SCF mRNA appeared in the brain and spinal cord, with 
levels increasing after birth (Matsui et al . ,  1990). A detailed examina- 
tion of the expression of SCFR and SCF mRNA in the cerebellum of 
adult mice detected SCFR mRNA in the molecular layer of the cer- 
ebellum and SCF mRNA at the boundary ofthe molecular and granular 
layers. Several lines of evidence, including the lack of expression of 
SCF mRNA in the cerebellum of lurcher ( L c / + )  mice that lack Purkinje 
cells, indicated that the cells that expressed SCF were Purkinje cells, 
and that the SCFR mRNA-positive cells were neurons representing 
basket cells and stellate cells. Because such neurons form suppressive 
neurojunctions with Purkinje cells, Morii et aZ. (1992) proposed that 
SCF/SCFR interactions may have a role in the formation of such junc- 
tions. 

An in situ hybridization study of the expression of SCF and SCFR 
mRNA in the CNS of adult rats provided further evidence that SCFI 
SCFR interactions may have a role in the formation of certain synaptic 
connections (Hirota et al., 1992). Thus, in addition to the expression of 
SCF mRNA by Purkinje cells and SCFR mRNA by cerebellar basket/ 
stellate cells, Hirota et al. (1992) identified other examples in which 
pairs of neurons that have been reported to form synaptic connections 
express either SCF or SCFR mRNA. In the olfactory bulb, tufted cells 
expressed the SCFR mRNA, whereas mitral cells and periglomerular 
cells expressed SCF mRNA; the principal sensory and the spinal nu- 
clei of the trigeminal nerve expressed SCFR mRNA, whereas the 
ventroposterior nucleus of the thalamus expressed SCF mRNA; cer- 
tain cells in the cerebral cortex and the caudate putamen expressed 
mRNA for the SCFR, whereas the paracentral and centrolateral nuclei 
of the thalamus expressed mRNA for SCF (Hirota et al., 1992). 

However, if SCF/SCFR interactions do contribute to CNS develop- 
ment or function, why have abnormalities in CNS structure or function 
not been identified in W or S l  mutant mice? As noted by Hirota et aZ. 
(1992), W or SZ mutants that totally lack the extracellular domain of 
either the SCFR or SCF do not survive into adulthood. This compli- 
cates analysis of their CNS development or function. On the other 
hand, if these mice can be rescued (e.g., by transplanting normal bone 
marrow cells into W/W mice), perhaps they would manifest neurologi- 
cal problems. Notably, W or SZ mutant mice that have at least one allele 
encoding a form of SCF or the SCFR that retains the extracellular 
domain (such as W/W” or S1/SZd mice) do survive into adulthood. This 
finding is consistent with the hypothesis that the SCF/SCFR interac- 
tions necessary for normal CNS development or function do not de- 
pend on normal signaling through the tyrosine kinase domain of the 
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SCFR, but may require only adherence, or chemotaxis/haptotaxis me- 
diated by functionally adequate SCFR. 

Alternatively, SCF and the SCFR may form part of a set of molecules 
involved in CNS development or function that express considerable 
redundancy in action: these other molecules may be able largely to 
compensate for a lack of SCF or SCFR in W or SZ mutant mice. Another 
possibility is that proper CNS development can occur because of the 
expression in this site of alternative ligands for the SCFR, or alterna- 
tive receptors that can interact with SCF. 

Finally, it is possible that W or S1 mutant animals do express CNS 
structure or function abnormalities that have not yet been recognized. 
In this context, it is intriguing that piebaldism and mental retardation 
have been reported in a child with a deletion of 4qll-4q21 as its only 
chromosomal abnormality (Lacassie et al., 1977), and that deafness, 
impaired motor development, and mental retardation have been re- 
ported in a child presumed to be homozygous for the piebald trait, but 
in whom c-kit was not analyzed (Hulten et al., 1987). However, it is not 
known whether these patients’ abnormalities were related to defects 
associated with the SCFR, or to other problems. Perhaps one of the 
difficulties in detecting CNS abnormalities in W or S l  mutant animals 
is that such SCFR/SCF-related problems are subtle. In this regard, it 
is of interest that other growth factors that are ligands for RTKs, such 
as epidermal growth factor (Abe et aZ., 1991; Abe and Saito, 1992; 
Ishiyama et al., 1991) or fibroblast growth factor (Ishiyama et al., 1991), 
can enhance induction of long-term potentiation of receptor-mediated 
responses in certain regions of the brain, such as the hippocampus or 
dentate gyrus. 

XIV. Neoplasia 

A. INTRODUCTION 
There is growing evidence that aberrant expression of the SCFR 

signaling pathway may play a role in the etiology of neoplasms in mice 
and humans. The oncogenic potential of the v-kit product, which rep- 
resents a constitutively active form of SCFR truncated at both amino 
and carboxy ends, provided the first evidence that constitutive activa- 
tion of the SCFR signal transduction pathways was potentially onco- 
genic (Besmer et al., 1986; Majumder et al., 1990). Prior to the cloning 
of SCF, Lev et al. (1990) demonstrated that NIH3T3 cells transfected 
with a chimeric cDNA encoding a fusion protein comprising the extra- 
cellular domain of the EGF receptor and the transmembrane and 
intracellular domains of the SCFR exhibited a proliferative response to 
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EGF and acquired the ability to grow in soft agar in the presence of 
EGF. This finding implied that the ligand for the c-kit receptor (SCFR) 
might also transmit a strong mitogenic signal that could elicit some 
characteristics of oncogenic transformation. In accord with this hy- 
pothesis, Alexander et al. (1991) showed that NIH3T3 fibroblasts that 
had been infected with a c-kit retroviral expression construct exhibited 
a transformed phenotype in vitro. Although the transformed pheno- 
type was most apparent in the presence of exogenous SCF, a low level 
of colony formation in soft agar was observed even in the absence of 
added SCF. 

Given the previously established oncogenic potential of other mem- 
bers of the RTK type I11 family (Ullrich and Schlessinger, 1990; Cant- 
ley et al . ,  1991), these data indicated that aberrant SCFR signal trans- 
duction could play a role in the etiology of neoplasia. The possible 
mechanisms could include (1) elevated expression of the wild-type 
SCFR, leading to ligand-independent signal transduction; (2) the pro- 
duction of altered forms of the SCFR (e.g., that encoded by v-kit) that 
express ligand-independent kinase activity; (3) autocrine, juxtacrine, 
or paracrine SCF-mediated SCFR signal transduction arising from 
either the ectopic expression of c-kit in tissues that normally express 
SCF or the ectopic expression of SCF in tissues which normally ex- 
press the SCFR; or (4) in some cell types in which SCF/SCFR interac- 
tions may limit the growth of the SCFR+ cells, changes that reduce 
signaling through the SCFR+ could lead to increased growth of SCFR+ 
cells. 

B. HEMATOPOIETIC TUMORS 
Wand S l  mutations can have profound effects upon lymphopoiesis 

in the aging mouse, suggesting an important potential role for the 
SCFR signaling pathway in leukemogenesis. The incidence of lym- 
phocytic leukemia is about 50-fold higher and appears earlier in 
B6C3F1-W/WG (W/W') mice than in age-matched normal control 
mice (roughly 5% of W/W versus 0.1% of +/+ mice) (Murphy, 1977; 
Russell, 1979). The incidence of lymphocytic leukemias is also ele- 
vated in S l / S l d  mice, with 37% of these mutant mice exhibiting disease 
at an average age of 1 year, in contrast to only 5% of their normal 
littermates exhibiting disease at an average age of about 3 years (Mur- 
phy, 1977; Russell, 1979). These findings, which apparently have not 
been further pursued, take on special significance in light of the dis- 
covery of the allelism between Wand c-kit and between S l  and SCF 
and the role for the SCFR signal transduction pathway in the prolifera- 
tion of normal and leukemic hematopoietic cells (Section IX and 
below). 
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SCFR mRNA and protein are expressed in the blast cells of patients 
with acute myeloblastic leukemia (AML) but not in blasts from pa- 
tients with acute lymphoblastic leukemia (ALL) or in myeloid blasts 
derived from normal marrow (Wang et al., 1989; Lerner et al., 1991). 
More recent studies have confirmed that c-kit expressed by leukemic 
blasts in the majority of AML cases (Ikeda et aZ., 1991; Broudy et al., 
1992; Carlesso et al., 1992; Goselink et aZ., 1992). SCF alone can 
induce a proliferative response in some AML cells in vitro (Ikeda et 
al., 1991; Wang et d., 1991; Broudy et al., 1992; Carlesso et al., 1992) 
and SCF can synergize with GM-CSF, G-CSF, and/or IL-3 in stimulat- 
ing the in vitro colony formation or proliferation ofAML cells (Ikeda et 
al., 1991; Broudy et al., 1992; Carlesso et al., 1992; Goselink et al., 
1992). SCF also can synergize with IL-3 and/or GM-CSF in pro- 
moting colony formation from the CML cells of patients in the chronic 
phase of the disease (Goselink et al., 1992). 

In the leukemic blasts and cell lines derived from some AML 
patients, the SCFR was shown to be constitutively active (i.e., auto- 
phosphorylated) and capable of further activation by stimulation with 
exogenous SCF (Kuriu et al., 1991). Furthermore, the proliferation of 
the M07E human myeloid leukemia cell line appears to be dependent 
on activation of the SCFR (Kuriu et al., 1991). Ratajczak et al. (1992a) 
reported that attempts to block the growth of CFU-GM from several 
patients with AML or ALL using a c-kit antisense oligonucleotide 
strategy were relatively ineffective, even though the same approach 
successfully inhibited the growth ofCFU-GM from patients with CML 
or polycythemia Vera. Pietsch et al. (1991) reported that some c-kit- 
positive human AML cell lines coexpress SCF, suggesting that an 
SCFISCFR autocrine growth loop could be involved in their prolifer- 
ation. 

Putative rearrangements of c-kit were identified in the AML blasts of 
4/30 patients examined by Southern analysis (Cheng et al., 1991). 
However, the consequences for the expression of the rearranged gene 
have not yet been reported. Therefore, although intriguing, the rele- 
vance of these mutations to the transformed phenotype has yet to be 
confirmed. 

In summary, these results indicate that signal transduction through 
the SCFR may play a role in the etiology of some but not all cases of 
AML or CML in humans. However, in those cases where this pathway 
appears to be involved, further work will be required to determine the 
molecular basis for the activation of SCFR signal transduction and to 
determine whether or not these findings have prognostic or therapeu- 
tic significance. Notably, the number of SCFRs on AML blasts may 
actually be the same or lower than that on normal blasts and the 
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numbers of SCFRs expressed by AML cells did not appear to correlate 
with the in vitro proliferative response of these cells to SCF (Broudy et 
al., 1992). Moreover, SCF plus IL-3 and/or GM-CSF induced ery- 
throid colony formation from bone marrow cells of patients with CML 
or myelodysplastic syndromes, and SCF plus IL-3 and/or GM-CSF, or 
SCF and EPO, appeared to induce preferentially the short-term in 
uitro development of normal as opposed to leukemic hematopoietic 
progenitor cells from the bone marrow of patients with myelodyspias- 
tic syndromes (Goselink et aE., 1992). Also, when compared to IL-3 or 
GM-CSF, SCF is a relatively weak stimulus for the in uitro clonogenic 
growth of lineage-restricted leukemic precursor cells (Goselink et al., 
1992). Taken together, these findings suggest that SCF may be clini- 
cally useful to stimulate normal hematopoiesis in patients with AML or 
myelodysplastic syndromes (Goselink et al., 1992). 

C. MAST CELL LEUKEM~MASTOCYTOSIS 
Rottapel et al. (1991) reported that the factor-independent tumori- 

genic murine mastocytoma cell line P815 expresses a constitutively 
active SCFR. They demonstrated that P815 cells do not express SCF, 
but did not provide further insight concerning the molecular basis for 
the constitutive SCFR activity in this cell line. Furitsu et al. (1992) 
discovered that the factor-independent HMC-1 human mast cell leu- 
kemia cell line also expresses constitutive SCFR kinase activity in the 
absence of any endogenous or exogenous SCF protein. Moreover, 
HMC-1 c-kit exhibited two point mutations in the region encoding the 
cytoplasmic domain of the SCFR. These findings indicate that a variant 
c-kit allele in HMC-1 encodes a constitutively active form of the 
SCFR, although the inferred role of this constitutive kinase activity in 
the factor-independent growth or leukemogenicity of the HMC-1 cell 
line was not reported. It has been proposed that abnormalities of SCF 
or the SCFR might contribute to some cases of mastocytoma or sys- 
temic mastocytosis (Galli, 1993). Longley et al. (1993) reported immu- 
nohistochemical evidence for an altered distribution of SCF in the skin 
of three patients with cutaneous mastocytosis, suggesting that some 
forms of mastocytosis may represent reactive hyperplasias of mast cells 
rather than neoplasms. 

D. MELANOMA 
The deficiency of cutaneous melanocytes in Wmutant mice might be 

expected to provide these animals with at least one selective ad- 
vantage-i.e., a reduced risk of melanoma. However, Lame et aE. 
(1992) recently reported the spontaneous malignant transformation of 
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melanocytes explanted from the skin of young WflWf mice. Of 10 
cultures containing WflWf melanocytes (versus none of more than 50 
cultures from normal controls), 3 cultures gave rise to transformed 
melanocytes shortly after the first few passages. These cells grew in 
low serum concentrations, formed foci in uitro, and gave rise to inva- 
sive melanomas when injected into nude mice. The W f  mutation com- 
prises a point mutation in the c-kit kinase domain that causes an amino 
acid substitution at position 816 in the central core of the kinase do- 
main of the SCFR, but which only mildly impairs the kinase activity of 
the SCFR (Larue et al., 1992; Tsujimura et al., 1993). The mechanism 
responsible for the spontaneous in vitro transformation of WflWf mela- 
nocytes is not yet understood. 

To our knowledge, spontaneous melanomas have not yet been de- 
scribed in intact WflWf or other W mutant mice. However, it is possi- 
ble that these mutants may be susceptible to the induction of melano- 
mas or other tumors in vivo using radiation or chemical tumor 
promoters. Regardless, the in uitro findings suggest that c-kit muta- 
tions may represent a step in one multistep pathway to melanoma. 

Nocka et al. (1989) originally reported that c-kit mRNA was ex- 
pressed in normal murine melanocytes but not in two cell lines estab- 
lished from spontaneous murine melanomas. Lassam and Bickford 
(1992) extended this work and found that cell lines derived from spon- 
taneous or UV light-induced murine melanomas, or melanocytes trans- 
formed by transfection with dominant oncogenes, expressed little or 
no c-kit mRNA. They also reported that SCFR mRNA and protein 
could be detected in cultured normal melanocytes isolated from hu- 
man foreskin specimens or from skin biopsies from adult compound or 
congenital nevi, but not in the majority of malignant human melanoma 
cell lines they examined. Funasaka et al. (1992) reported that five of 
eight human melanoma cell lines expressed c-kit mRNA, but that the 
SCFR was not constitutively activated in these cells. Nor did SCF 
alone induce proliferation, a cascade of protein phosphorylation, or 
MAP kinase activation in the majority of cells cultured from primary 
modular or metastatic melanoma (Funasaka et al., 1992). Taken to- 
gether, these studies indicate that the majority of transformed mouse or 
human melanocyte cell lines examined do not require SCFR signal 
transduction for their survival or proliferation. 

It is not yet clear whether the reduced c-kit expression in melanoma 
cells is causally related to the transformation event or is a consequence 
of dysregulated melanocyte gene expression. Nevertheless, these 
findings indicate that constitutive SCFR activation is probably not 
involved in the etiology of the majority of human or mouse melanomas. 
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However, human melanomas may comprise a phenotypically hetero- 
geneous group of tumors with respect to the expression of c-kit. In fact, 
Turner et al. (1992) recently reported a human melanoma cell line 
(HTT144) that expresses both c-kit and SCF genes, displays both 
proteins on the cell surface, and secretes SCF into the culture medium, 
suggesting that the growth of this and perhaps other melanoma cell 
lines may involve autocrine stimulation through the SCFR. 

E. GONADAL TUMORS 

As they age, the ovaries of mice carrying two dominant W mutations 
(e.g., W"/W", W"/W", and WjIW') become progressively more de- 
pleted of their already genetically reduced population of developing 
follicles (Russell and Fekete, 1958). Subsequently, the germinal epi- 
thelium of the ovaries forms tubular adenomas and eventually gives 
rise to granulosa cell tumors and luteomas (Murphy and Russell, 1963). 
The etiology of these tumors is presumed to involve the effects of 
excessive levels of pituitary gonadotrophins, which are produced in 
response to the reduced levels of follicular estrogens. However, this 
hypothesis has yet to be definitely proved. In the context of recent 
evidence that a large proportion of human germ cell tumors express 
c-kit (see later), it is reasonable to propose that germ-line muta- 
tions may play a more direct role in predisposing gonadal tissues for 
neoplastic transformation. 

High levels of c-kit transcripts have been detected in a large percent- 
age of human seminomas, but only infrequently in nonseminoma germ 
cell tumors examined in the same studies (Strohmeyer et al., 1991; 
Murty et al., 1992; Matsuda et al., 1993). Expression of c-kit has not yet 
been detected in the limited examples of ovarian cancers or in other 
cancers of the genitourinary system or uterus (Matsuda et al., 1993). 

No evidence of amplification or other gross rearrangements in the 
c-kit gene was detected in any of the gonadal tumors so far examined. 
However, a recent cytogenetic and molecular genetic analysis for loss 
of constitutional heterozygosity at loci on chromosome 12 in human 
male germ cell tumors identified sites of candidate tumor suppressor 
genes on the long arm of chromosome 12 (12q13 and 12q22). One of 
these regions includes the SCF locus (Murty et al., 1992). This study 
also confirmed the expression of c-kit in a large percentage of semino- 
mas (30%) and also noted the expression of SCF in 3% of seminomas 
and 50% of nonseminomas. However, Murty et al. (1992) found no 
evidence for the coexpression of SCF and c-kit in a single tumor. 

The relationship, if any, between the dysregulated expression of 
SCF in some germ cell tumors and the candidate tumor suppression 
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gene that maps in the SCF region of chromosome 12 has yet to be 
established. 

F. BRAIN TUMORS 
In their initial analysis of the distribution of c-kit expression in 

human tissues, Yarden et al. (1987) noted particularly high levels of 
expression in the A172 human glioblastoma cell line. Matsuda et al. 
(1993) reported weak expression of SCFR by immunohistochemical 
staining in each of two human glioblastomas but not in the single 
examples of astrocytoma or medullablastoma examined. Because c-kit 
is also expressed by normal glial cells in fetal and adult human brains 
(see Section XIII), elucidation of the role, if any, of c-kit expression in 
the etiology of glioblastoma awaits further analysis. Two preliminary 
reports have analyzed the expression of c-kit or SCF in neuroblastoma. 
One study of 8 human neuroblastoma cell lines found that the cells 
rarely expressed in SCFR on their surface and did not proliferate in 
response to SCF (Beck et al., 1993). The other study detected coex- 
pression of c-kit and SCF by RT-PCR in 16/16 human neuroblastoma 
cell lines and in 8/18 human neuroblastoma tumors (Cohen et al., 
1993). 

G .  LUNG CANCER 
Several histological types of lung cancer appear to express c-kit 

mRNA and SCFR protein (Sekido et al., 1991; Matsuda et al., 1993). 
c-kit mRNA is expressed abundantly in small cell lung carcinoma 
(SCLC) (Sekido et al., 1991; Hibi et al., 1991; Matsuda et al., 1993). 
SCFR protein was detected on 56% (14/25) of SCLC tumors, on 75% 
(3/4) of large cell lung carcinomas, on 30% (3/10) of squamous cell 
carcinomas, and on 1/11 adenocarcinomas, but was not detected on 
bronchial epithelial cells or pneumocytes in fetal or adult lung paren- 
chyma (Matsuda et al., 1993). This finding suggests that aberrant c-kit 
expression by lung cancer cells may be involved in the etiology of their 
malignant growth (Matsuda et al., 1993). The possible involvement of a 
c-kit-dependent autocrine or paracrine growth loop in SCLC has been 
suggested by the fact that some SCLC tumors and tumor cell lines 
coexpress SCF and c-kit mRNAs (Hibi et al., 1991; Turner et al., 1992) 
and by the presence of SCF protein in the culture supernatant and on 
the cell surface of the H69 small cell lung carcinoma cell line (Turner 
et al., 1992). Moreover, in a preliminary report, Armstrong et a!. (1993) 
found that 70% of SCLC cell lines coexpressed c-kit and SCF, and that 
transfection of a c-kit expression vector into an SCLC cell line that 
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expressed SCF but not c-kit abolished the requirement of the cell line 
for serum for in vitro growth. 

H. BREAST CANCER 
SCFR protein has been detected in normal mammary ductal cells, 

indicating that the c-kit signaling pathway may be involved in the 
normal development, differentiation, or function of these cells (Mat- 
suda et al., 1993). On the other hand, only a small fraction of breast 
cancers examined (2/10) express c-kit, and these do so at relatively low 
levels (Matsuda et al., 1993). Too few data are available to determine 
whether reduced c-kit expression is functionally important in the 
growth or metastasis of breast cancer, e.g., by allowing the tumor cells 
to escape SCFR-dependent interactions with stromal cells that may 
regulate cell growth (Matsuda et al., 1993). On the other hand, the 
Du4475 breast carcinoma cell line was recently reported to coexpress 
c-kit and SCF and to secrete SCR protein into the culture medium 
(Turner et al., 1992). 

XV. SCF as a Therapeutic Agent 

As with any cytokine, the development of clinical applications for 
SCF will depend on both a thorough understanding of the basic biol- 
ogy of the cytokine and the appropriate selection of clinical settings for 
its use. Much of the clinical interest in SCF focuses on its effects on 
primitive hematopoietic cells, because this population can be im- 
paired either as a result of a variety of primary hematological disorders 
or as a result of treatment of malignancies with radiation and/or che- 
motherapy. 

Two colony-stimulating factors, G-CSF and GM-CSF, have already 
been approved for treating bone marrow damage induced by che- 
motherapy or in the setting of bone marrow transplantation. However, 
there are several important differences between SCF and G-CSF or 
GM-CSF. First, except for mast cells, SCF is not as potent a differentia- 
tion factor as G-CSF or GM-CSF. Second, the differentiation of the 
primitive hematopoietic cells, which represent the targets of SCF, 
appears to be highly regulated, and the expansion of such cells by SCF 
administration in viuo in the absence of other differentiation stimuli 
generally will not result in striking elevations of the peripheral leuko- 
cyte count. 

For example, G-CSF can expand neutrophil precursors and induce 
their differentiation into mature neutrophils, which retain receptors 
for G-CSF. But most hematopoietic cells progressively lose the SCFR 
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on further differentiation. Accordingly, SCF administration in vivo can 
strikingly expand primitive hematopoietic cells but this is not reflected 
in increases of the same magnitude in the differentiated progeny. 
Thus, in nonhuman primates, in vivo administration of SCF produced 
a 300- to 1000-fold increase in primitive hematopoietic progenitors in 
the bone marrow and the peripheral blood, but only a 3- to 5-fold 
increase in most differentiated leukocytes in the circulation (Andrews 
et al., 1992). Moreover, when administration of SCF was discontinued, 
numbers of both primitive progenitors and peripheral blood leuko- 
cytes rapidly returned to normal (R. G. Andrews et al., 1991, 1992). 

It may seem reasonable to expect that administering SCF together 
with other growth factors that induce differentiation may result in 
enhancement of the generation of differentiated progeny of the primi- 
tive cells that are expanded by SCF alone. Yet certain data indicate that 
this may not be so. For example, S l / S l d  mice have a macrocytic anemia 
and reduced numbers of CFU-S (primitive hematopoietic cells), yet 
their peripheral blood granulocyte and platelet counts are relatively 
normal. This interesting phenomenon probably reflects, at least in 
part, the occurrence of compensatory mechanisms that amplify num- 
bers of intermediate committed progenitors. Thus, EPO levels in these 
mice are -1000 times normal (Russell, 1979). When SCF was adminis- 
tered to SZ/Sld mice, there was an initial increase in neutrophils and 
platelets, followed by an increase in hematocrit (Zsebo et al., 1990b; 
Bodine et al., 1992). However, after 2 weeks, the neutrophil and plate- 
let counts returned to normal. The hematocrit remained normal, and 
numbers of CFU-S remained elevated, for as long as SCF was adminis- 
tered. When the same amount of SCF was administered to normal 
mice, the only major effects were increases in primitive hematopoietic 
precursors and mast cells (Molineux et al., 1992; Tsai et al., 1991a). 

These findings suggest that, in mice, the primitive precursor(s) that 
respond to SCF can differentiate within specific hematopoietic lin- 
eages, such as toward red cells, but that this primarily happens when 
that lineage is defective. Under such circumstances, the relevant later- 
acting factors, such as EPO, may be elevated as a result of the defi- 
ciency in the target population. The findings also suggest that numbers 
of differentiated hematopoietic cells in the circulation are highly regu- 
lated, and may not be expanded strikingly by measures that expand 
specific populations of precursor cells. Finally, the data demonstrate 
that the mast cell lineage can respond as a result of the in vivo adminis- 
tration of SCF alone, probably because the size of mast cell popula- 
tions in normal or diseased tissues is importantly regulated by levels of 
endogenous SCF (see Section X,A). 



80 STEPHEN J.  GALL1 ET AL. 

Based on currently available information, the most appropriate clini- 
cal settings for SCF are those in which very immature hematopoietic 
precursors are damaged or defective, or production of SCF by stromal 
cells is impaired. The most obvious of these settings is aplastic anemia, 
because the patients have deficiencies in very primitive hematopoietic 
cells and also have elevated levels of late-acting cytokines such as EPO 
and thrombopoietin. In vitru studies employing bone marrow samples 
from patients with aplastic anemia who exhibited partial clinical im- 
provement secondary to antilymphocyte globulin treatment indicate 
that addition of SCF enhanced by >lO-fold the proliferation of bone 
marrow cells maintained in a combination of EPO, IL-3, GM-CSF, and 
G-CSF, but that none of the patients’ cells responded to SCF with a 
sensitivity comparable to that of normal bone marrow cells (Wodnar- 
Filipowicz et al., 1992). Although the basis for this observation is not 
yet clear, it is compatible with the possibility that bone marrow cells in 
patients with aplastic anemia exhibit abnormalities of the SCF/SCFR 
signaling pathway. In uitro studies also suggest that SCF may be of 
benefit in some patients with constitutional pure red cell aplasia, or 
Diamond-Blackfan anemia (Abkowitz et d., 1991; Olivieri et al., 
1991), and in patients with immunodeficiency virus-related cytopenias 
(Miles et al., 1991), and perhaps to stimulate normal hematopoiesis in 
patients with AML or myelodysplastic syndromes (Goselink et al., 
1992). SCF also can significantly increase (by 66%) the proportion of 
fetal hemoglobin in progenitor cells derived from the peripheral blood 
of patients with sickle cell disease (Miller et al., 1992). The extent to 
which these in vitru effects will be observed in uiuo, and assessment of 
whether such effects will be of benefit in these conditions, await the 
results of clinical trials. 

Another appropriate target group is bone marrow transplant recipi- 
ents, who develop bone marrow stromal cell damage secondary to 
radiation treatment and who exhibit long-term depression of levels of 
circulating SCF after the conditioning treatments (K. M. Zsebo et al., 
unpublished data). High dose multiple-cycle chemotherapy patients 
may benefit as well. However, it is less clear that patients who receive 
standard dose chemotherapy will benefit from SCF, since these pa- 
tients exhibit defects in relatively mature progenitors rather than prim- 
itive hematopoietic cells. 

One of the most exciting potential uses of SCF could be to expand 
primitive precursors and to mobilize them into the peripheral blood, in 
order to harvest and store these cells prior to treatments that damage 
hematopoietic or stromal cells. The cells then could be infused into the 
patients after each cycle of radiation or chemotherapy. Alternatively, 
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SCF might be used in conjunction with other hematopoietic growth 
factors to expand hematopoietic progenitor cells in vitro (Brugger et 
al., 1993). Another promising application, supported by the demonstra- 
tion that SCF in combination with other hematopoietic growth factors 
can enhance retroviral vector-mediated gene transfer into primitive 
hematopoietic cells ( N o h  et al., 1992), would be to employ SCF in 
gene therapy protocols (Lyman and Williams, 1992). 

Phase I studies of SCF, conducted in hematologically normal cancer 
patients, indicate that SCF can expand numbers of circulating hemato- 
poietic progenitor cells in both breast cancer (Demetri et al., 1993a,b) 
and non-small cell lung cancer (Kurtzberg et al., 1993) patients. In 
contrast, SCF had modest (Orazi et al., 1993; Tong et al., 1993) or little 
or no (Demetri et al., 1993a; Kurtzberg et al., 1993) effect on numbers 
of hematopoietic progenitor cells in the bone marrow of these patients. 
In one of these phase I studies, Costa et al. (1993) showed that the 
patients also developed a modest mast cell hyperplasia, with densities 
of mast cells in skin not directly injected with SCF increasing to levels 
-70% higher than those at the start of treatment. Some of the patients 
also developed signs or symptoms that may have reflected SCF- 
dependent mast cell activation (Demetri et al., 1993b). Although the 
multiple actions of SCF on mast cells always should be kept in mind 
during clinical uses of this cytokine, studies in both mice ( S .  J. Galli et 
al., unpublished data) and nonhuman primates (Galli et al., 1993) 
indicate t b t  SCF-induced mast cell hyperplasia is rapidly reversible 
on discontinuation of the agent (see Section X,A). Moreover, the pa- 
tients in phase I trials of SCF who developed clinical signs or 
symptoms of mast cell activation responded well to standard therapy 
for such problems (Demetri et al., 199333). Taken together, these find- 
ings suggest that SCF-dependent effects on mast cells will be clini- 
cally manageable. 

Initial clinical studies of SCF have focused on its actions on hemato- 
poietic cells. However, its effects on other lineages also may have 
therapeutic uses. For example, its effects on germ cells (Section XII) 
raise the possibility that SCF may be useful in certain infertility syn- 
dromes. 

XVI. Concluding Remarks 

Many years ago, alert observers noticed among thousands of labora- 
tory mice a few individuals that, unlike their littermates, exhibited 
areas of white spotting on their fur (reviewed in Russell, 1979; Silvers, 
1979a). No one could have predicted then that an effort to understand 
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the basis for these abnormalities would ultimately contribute to the 
characterization of a receptor (SCFR) and a corresponding ligand 
(SCF) that are critical not only to the migration and development of 
melanocytes, but to hematopoiesis, gametogenesis, mast cell develop- 
ment, and, perhaps, aspects of central nervous system development or 
function. Nor could anyone have foretold then that this receptor and 
ligand would be shown to regulate the development of multiple dis- 
tinct cellular lineages not only in mice, but also in humans and other 
primates, or that the SCFR and SCF would be found to influence the 
secretory function of cells bearing this receptor, as well as their devel- 
opment. 

Investigation of the effects of SCF on a single cell type, the mast cell, 
has produced the most complete picture of the spectrum of biological 
processes that can be regulated by interactions between the SCFR and 
SCF. This work shows that SCF critically regulates the migration and 
survival of mast cell precursors and mast cell adherence, promotes the 
proliferation of both immature and mature mast cells, enhances mast 
cell maturation, directly induces secretion of mast cell mediators, and 
regulates the extent of mediator release in mast cells activated by 
IgE-dependent mechanisms. Indeed, SCF may well prove to be one of 
the most important of the factors that influence mast cell numbers, 
phenotype, and function in both health and disease. 

SCF also has a major role in lymphohematopoiesis. Notably, many of 
the actions of SCF in hematopoiesis and in lymphocyte development, 
including effects on the survival and proliferation of early hematopoie- 
tic cells, as well as actions that augment the maturation/differentiation 
of diverse lineages of hematopoietic or lymphoid cells, are expressed 
in large part through synergistic interactions with other growth factors. 
These properties indicate that SCF, when used alone or perhaps in 
conjunction with other growth factors, may have a broad spectrum of 
clinical uses in settings where promoting the in oitro or in oivo 
survival or expansion of early hematopoietic or lymphoid cells, and 
augmenting the production of the more differentiated progeny of these 
cells, represent therapeutic goals. In analogy to its effects on mast cell 
function, SCF may also have the additional clinical value of promoting 
the effector function of certain myeloid or lymphoid lineages. Indeed, 
evidence already has been published indicating that this cytokine may 
enhance the cytolytic function of certain lymphoid effector cells. The 
ability of SCF to enhance retroviral-mediated gene transfer into primi- 
tive hematopoietic cells (Nolta et al., 1992) points to additional poten- 
tial roles for this cytokine in gene therapy protocols. 

As with any therapeutic agent, maximizing the net clinical benefit of 
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SCF will require that the agent be used in a manner that optimizes the 
desired effects while minimizing unwanted actions. Preliminary data 
indicate that the administration of rhSCF can significantly expand 
numbers of early hematopoietic cells in humans, particularly in the 
peripheral blood (Demetri et aZ., 1993a,b; Kurtzberg et al., 1993; Orazi 
et al., 1993; Tong et al., 1993). rhSCF-treated subjects also exhibit mast 
cell hyperplasia (Costa et al., 1993) and occasional signs or symptoms 
that may reflect the agent’s ability to induce or augment mast cell 
activation (Demetri et al., 1993b). However, taken together, the early 
evidence from human trials of SCF indicates that its effects on early 
hematopoietic cells are promising and that any untoward effects re- 
lated to actions on mast cells will be manageable. 

Beyond its potential value in clinical applications, SCF is of interest 
because of its many effects in normal gametogenesis and melanocyte 
development, the unique opportunity provided by Wlc-kit and SIISCF 
mutant animals for understanding the biology and molecular biology of 
an RTK and its cognate ligand, the possibility that abnormalities in 
SCF and/or SCFR may be involved in the pathogenesis of certain 
neoplasms, the interest in interactions between SCF and its receptor 
as a model for understanding the roles of protooncogenes in mamma- 
lian development, and the questions concerning the specific roles of 
SCF and the SCFR in the development or function of tissues, such as 
the central nervous system, which do not exhibit obvious phenotypic 
abnormalities in Wlc-kit or SEISCF mutant animals. In short, much 
additional work will be required to elucidate fully the roles of SCF and 
its receptor in mammalian biology, and to understand these processes 
at the molecular level. 

The excitement generated by the identification of the SCFR as the 
product of the c-kit gene, and of SCF as the product encoded at the 
mouse SZ locus, may have created the impression that the molecular 
basis for the pleiotropic effects of mutations at these loci had finally 
been revealed. But the identification of the genes encoded at Wand SZ 
and the availability of the corresponding products have resulted in the 
generation of new information showing that the biology of SCF and its 
receptor is even more complex than had been previously suspected. 
Thus, as is usually the case in science, the answers to one set of 
questions have raised new questions, which are related to but different 
from the first, and quite interesting in their own right. On the other 
hand, the tools are now in hand to pursue aggressively, and ultimately 
to resolve, many of these issues. In a very different context, Winston 
Churchill (as quoted in Gilbert, 1986) expressed sentiments that seems 
very appropriate to describe this stage in our current understanding of 
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the biology of SCF and SCFR: “Now this is not the end. It is not even 
the beginning of the end. But it is, perhaps, the end of the beginning.” 
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1. Introduction 

Interleukin-8 (IL-8) is the best known member of a new class of 
cytokines that are widely studied because of their ability to attract and 
activate leukocytes, and their potential role as mediators of inflam- 
mation. All of these cytokines have four conserved cysteines, and two 
subfamilies can be distinguished according to the position of the first 
two cysteines, which either are separated by one amino acid (CXC 
proteins) or are adjacent (CC proteins). The members of the two sub- 
families differ in their target cell selectivity and the chromosomal 
location of their genes (chromosome 4 for the CXC proteins and chro- 
mosome 17 for the CC proteins). At a meeting where most groups 
working in this field were represented, the term chemokines was pro- 
posed for this novel class of proteins (1). Several reviews on CXC and 
CC chemokines have appeared since 1989 (la-9), and they may be 
consulted for aspects that are not covered in the present review, which 
focuses on human chemokines. 

It. Structures and Chemical Properties 

A. IL-8 AND OTHER CXC CHEMOKINES 

Platelet factor 4 (PF4) was the first CXC protein to be characterized. 
Its sequence was reported in 1977 (10-13), 10 years before the discov- 
ery of IL-8 (14-16) (Fig. 1). PF4 is stored in the a-granules of blood 
platelets, which contain two other CXC proteins, platelet basic protein 
(PBP) and its N-terminal truncation derivative, connective tissue- 
activating peptide I11 (CTAP-111) (17, 18). P-Thromboglobulin, a fur- 
ther truncation product of PBP, was studied extensively by Begg et al. 
(19), who characterized the two disulfide bonds linking the first cys- 
teine to the third, and the second cysteine to the fourth. 

IL-8 was originally isolated from the culture supernatants of stimu- 
lated human blood monocytes and was identified as a protein of 72 
amino acids with a molecular weight of 8383 (15,16). The open reading 
frame of the IL-8 cDNA codes for 99 amino acids (14, 20), and the 
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L - 8  (77) 
GRO a (73) 
GRO fl(73) 
GROy (73) 
NAP-2 (70) 
ENA-78 (78) 
PF4 (70) 
IP-lo (77) 
GCP-2 

MCP-1 (76) 

MCP-3 (76) 
1-309 (74) 

HC14 (76) 

ME-la ,  LD78 (70) 

RANTES (68) 
MIP-IP, Ad-2 (69) 

ANTEIIlXLSD-GREL LDPICENWVQRWEKFLKRAENS 
AQTEVIATLKN-GRKA LNPASPIVKKIIEKMLBSDKSN 
AQTEVIATLIW-GQKA LNPASPHVKKI IEKMLKNGKSN 
AQTEVIATLIM-GI[M LNPASPMVQKIIEKILNKGSTN 
NQVEVIATLKD-GRKI LDPDAPRIKKIVQKKLAGDESAD 
SKVEVVASLIW-GKEI LDPEAPPLNnrIQKILDGGNN 
PTAQLI ATLKN-GRKI LDLQAPLYKKIIICLCLGES 
PRVEIIATHKKKGEKR LNPESKAIKNLLKAVSKEMSKRSP 

PKEAVIFK-TIVAKEI ADPKQKWVQDSMDELDKQTWPKT 
PKEAVIW-TKRGKEV ADPKERWVRDSMKELDQIFQNLKP 
PREAVIW-WKEI ADPTQKWQDPMKELDlarMTPlCL 
SNEGLIFK-LKRGKEA ALDTVGWVQRHRlMLRBCPSW 
SKPGVIPL-TKRSRQV ADPSEEWKWSDLELSA 
SQPAWFQ-TKRSKQV ADPSESWVQEYWDLELN 
SNPAWFV-TRIWRQV ANPEKXWVREYINSLEHS 

IL-8 f i  MCP- 1 
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protein is secreted after cleavage of a 20-amino acid signal sequence 
(21). The mature form is processed further at the N terminus, yielding 
several biologically active truncation analogs (21-23). The processing 
is due to proteases released by the cells, which generate IL-8, and the 
occurrence of N-terminal variants depends on the cell type and cul- 
ture conditions. Of the two major forms, the 72-amino acid protein 
(SAKELRC- -) predominates in cultures of monocytes and macro- 
phages (22), and the 77-amino acid protein (AVLPRSAKELRC. - -) 
predominates in cultures of tissue cells, e.g., endothelial cells (24,25) 
and fibroblasts (26,27). 

The three-dimensional structure of IL-8 has been studied by nuclear 
magnetic resonance (NMR) spectroscopy and X-ray crystallography. In 
concentrated solution and on crystallization, IL-8 is present as a dimer 
(28, 29). The monomer has a short, conformationally flexible N- 
terminal domain followed by three antiparallel p-strands connected by 
loops, and a prominent a-helix extending from residue 57 to the C 
terminus. The dimer is stabilized by six hydrogen bonds between the 
first p-strands of the partner molecules (residues 23-29) and by side 
chain interactions. The dimer thus consists of two antiparallel 
a-helices lying on top of a six-stranded antiparallel @sheet. A similar 
structure has been established for PF4 (30) and CTAP-I11 (31). PF4 
and CTAP-I11 were reported to aggregate into dimers and tetramers, 
but NMR studies indicate that the equilibrium favors the monomeric 
state (31, 32). 

CXC chemokines with biological activities similar to those of IL-8 
were discovered in rapid succession. Neutrophil-activating protein-2 
(NAP-2) was identified in the conditioned media of monocytes cul- 
tured in the presence of blood platelets, and found to arise from the 
N-terminal processing of the two platelet a-granule storage proteins, 

FIG. 1. Amino acid sequences and two-loop structure of human chemokines. CXC 
and CC chemokines are aligned according to their cysteines (shaded areas). The mature 
forms are deduced from protein or cDNA sequence data for IL-8 (22), GROa (37, 82), 
GROp and GROy (41), NAP-2 (34), ENA-78 (45), PF4 (10-13), IPlO (49), MCP-1(58,59), 
HC14 (65), MCP-3 (67,67a), and RANTES (64). The mature form of 1-309 has not been 
reported (62) and was chosen arbitrarily. Several isoforms have been reported for human 
MIP-la and MIP-l@ (7,9), and we have chosen to present those described initially for 
LD78 (51) and Act-2 (52). The sequence of GCP-2 is only partially known (46). The 
number of amino acids of the sequence shown is indicated in parentheses after the name 
of the protein. Amino acids in one-letter code are A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; 
G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, 
Thr; V, Val; W, Trp; and Y, Tyr. 
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PBP and CTAP-111, by  monocyte-derived proteases (33-35). In these 
experiments three NAP-2 variants with three, four, and five additional 
N-terminal residues were also detected (35). GROa was originally 
described as a melanoma growth stimulatory activity (MGSA) (36,37) 
and was subsequently shown to activate human neutrophils (38-40). 
Two additional GRO gene products (GROP and GROy) were later 
discovered (41-43). The three GRO proteins have about 90% se- 
quence identity and similar neutrophil-activating properties (44). An 
epithelial cell-derived neutrophil-activating protein, ENA-78, was 
identified as a product of type I1 alveolar cells (45), and a novel CXC 
chemokine, granulocyte chemotactic protein-2 (GCP-2), was isolated 
from the conditioned medium of human osteosarcoma cells (46). Both 
chemokines activate and attract human neutrophils, but are less potent 
than IL-8. Of all known inducible CXC proteins, only one is inactive 
toward neutrophils, the interferony (IFN-y)-inducible protein IPlO 
(47), which was first described by Luster et al. (48, 49), and is ex- 
pressed in delayed-type hypersensitivity reactions in human skin (50). 

IL-8 shares with the other CXC proteins sequence identities ranging 
from 24 to 46% (Fig. 1, Table I). The degree of overall sequence 

TABLE I 
AMINO ACID IDENTITIES AMONG cxc AND cc CHEMOKINES" 

GROa CROP GROy NAP-2 ENA-78 PF4 IPlO 
~~ 

IL-8" 43 42 40 46 
GROa 88 85 60 
GROp 84 56 
GROy 54 
NAP-2 
ENA-78 
PF4 

HC14 MCP-3 MIP-la 

33 39 24 
52 46 29 
52 41 30 
52 41 25 
53 57 33 

44 33 
37 

MIP-la RANTES 1-309 

MCP-1 62 71 39 36 29 31 
HC14 60 40 39 35 34 
MCP-3 30 35 25 40 
MIP-la 68 47 34 
MIP-Ip 52 32 
RANTES 28 

" Numbers refer to percentage amino acid identity of the respective pair of peptides. Sequence 

bThe 72-amino-acid form of IL-8 (22) was used for the alignment. All sequences are listed 
alignments were carried out with the program PALIGN (414) using the Unitary Matrix (415). 

in Fig. 1 .  
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identity with IL-8 does not necessarily correlate with the biological 
activity of the proteins. The amino acid identity is significantly lower 
between IL-8 and ENA-78, which are both active on neutrophils, than 
between IL-8 and the inactive analog PF4. A major determinant of 
activity and potency toward neutrophils is the N-terminal domain, 
which must be short and contain the sequence Glu-Leu-Arg (ELR) 
preceding the first cysteine (see Section VI,D,2). PBP and CTAP-111, 
which contain the ELR motif, are inactive, but are converted into 
the neutrophil chemoattractant NAP-2 by N-terminal truncation 
(35). 

B. CC CHEMOKINES 
The first CC chemokine was identified after cloning by differential 

hybridization from human tonsillar lymphocytes, and was termed 
LD78 (51). Several cDNA isoforms of a closely related chemokine, 
Act-2 (52), were later identified (9) and two similar proteins, MIP-la! 
and MIP-lP, were purified from the culture medium of murine macro- 
phages stimulated with lipopolysaccharide (LPS) (53) and subse- 
quently cloned (54). The murine proteins are considered as the homo- 
logues of LD78 and Act-2 because of their amino acid identity of more 
than 70%, and the terms human MIP-la! and MIP-1P are commonly 
used instead of LD78 and Act-2. 

The best characterized CC chemokine is MCP-1. It was purified 
from culture supernatants of blood mononuclear cells (55), as well as 
glioma (56) and myelomonocytic (57) cell lines, and was cloned from 
different sources (58-61). Other CC chemokines, 1-309 (62, 63), 
RANTES (64), and HC14 (65), were purified or cloned as products of 
activated T cells. HC14, also termed MCP-2, was purified along with 
MCP-3 from cultures of osteosarcoma cells (66). MCP-3 has recently 
been cloned (67,67a). 

As shown in Fig. 1 and Table I, the CC and CXC chemokines are 
similar in size and have an overall structure that is characterized by the 
two intrachain disulfide bonds, short N-terminal and long C-terminal 
sequences. The cDNA clones encode proteins of 92 to 99 amino acids 
with characteristic putative leader sequences of 20-25 amino acids. 
The sequence identities ofthe mature CC chemokines with MCP-1 are 
between 29 and 71%. Although they all act on monocytes, with the 
possible exception of MIP-1P, CC chemokines lack a common N- 
terminal sequence, in analogy to the ELR motif of CXC chemokines. 
1-309 is the only chemokine with six instead of four cysteines (62). 
MCP-1 occurs in two electrophoretically distinct forms that differ in 
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glycosylation (55,56). Its carbohydrate moiety has been partially char- 
acterized (68-70). 

The three-dimensional structure of MCP-1 has been modeled on the 
basis of the NMR-derived structure of IL-8. Although the sequence 
identity between the two chemokines is low, the modeling yields a 
high degree of folding analogy (71, 72), suggesting that CXC and CC 
chemokines may have a similar configuration and behavior in solution. 

C. PHOTEOLYTIC PROCESSING AND INACTIVATION 
IL-8 resists most treatments that denature and inactivate proteins, 

such as heat, low and high pH, and exposure to detergents or organic 
solvents (73). It is also resistant to plasma peptidases and is inactivated 
only slowly, at 37"C, by cathepsin G, elastase, and proteinase 3, with 
half-lives of approximately 2,4, and 17 hours, respectively. NAP-2 and 
GROa are more susceptible to proteinase 3 (half-lives 0.2 and 2 hours), 
but more resistant to elastase and cathepsin G (half-lives 7-24 hours) 
(73a). These unusual properties are presumably due to the con- 
formation of the native protein. Reduction of the disulfide bonds leads 
to unfolding and inactivation, but IL-8 rapidly regains its biologically 
active form on dialysis. As judged by electrophoretic analysis of the 
cleavage products, IL-8 becomes highly susceptible to proteases when 
refolding is prevented by alkylation of the cysteines, suggesting that 
resistance to proteolysis is largely dependent on its tertiary structure 
(73a). 

IL-8 (21-23) and other CXC and CC chemokines (35, 74-76) are 
readily processed at the N terminus, as shown by the occurrence of 
several truncation variants. According to the three-dimensional NMR 
structure, the N-terminal sequence preceding the first cysteine is ex- 
posed and conformationally disordered, and it is not surprising that it is 
susceptible to proteases. The virtual absence of the 79-amino-acid 
form of IL-8 (21) and the frequent occurrence of variants with 72, 70, 
and 69 amino acids in biological fluids (21-23, 25, 26) suggest that 
processing continues until the N-terminal sequence becomes prac- 
tically unaccessible to proteases. Because the potency increases with 
progressive cleavage (35, 74, 77) (see Section VI,D,2), N-terminal 
processing could represent a mechanism for the amplification of che- 
mokine activity. 

Conversion of the 77- to the 72-amino-acid form of IL-8 is observed 
in the presence of thrombin (25) or a neutrophil granule extract (73a). 
Proteinase 3, a serine protease that is localized in the azurophilic 
granules (78, 79), converts the 77- to the 70-amino-acid form of IL-8 
(73a). Cathepsin G cleaves preferentially the bond between Tyr-15 
and Ala-16 of CTAP-111, yielding NAP-2. No conversion of CTAP-I11 is 
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obtained, however, with thrombin, plasmin, and serine proteases from 
the granules of cytolytic T lymphocytes (76) 

111. Chemokine Genes 

A. ORGANIZATION AND CHROMOSOMAL LOCALIZATION 

The genes for the CXC chemokines, i.e., IL-8 (80,81), GROa, GROP, 
and GROy (37,41,82), IPlO (83-85), PF4 (86,87) and PBP (88,89), the 
precursor of NAP-2, are colocalized on human chromosome 4, q12-21. 
The PF4 and PBP genes (86) consist of three exons and two introns, 
whereas the other CXC chemokine genes have an additional intron 
and exon (Fig. 2). The similarity of the splice junctions and of the sizes 
of the introns and exons, however, suggests that they all stem from a 
common ancestral gene. The genes for the CC chemokines, i.e., 
MCP-1 (90-92), MIP-la, MIP-lp (93, 94), 1-309 (63), and RANTES 
(95), have a three-exodtwo-intron structure like the PF4 gene, and are 
clustered on chromosome 17, qll-21 (Fig. 2). 

It is conceivdble that all chemokines share the same ancestral gene 
with a three-exon/two-intron structure, and that CC chemokine genes 
have undergone chromosomal translocation, whereas the genes for 
IL-8, GRO, PF4, PBP, and IPlO may have arisen locally through gene 
duplication. All three human GRO genes, which share over 80% nucle- 
otide sequence identity, map to a single band, 4q21. A single location, 
on chromosome 17, is also observed for the genes of human MIP-la 

chromosomal chemddne 
localization subfamily 

4q12-21 \ 
I L-8 
GmsAr 
IP10 

PF4 4q 12-21 / cxc 
pTGP4AP-2 

MCP-1 17qll-21 - C-C 
MIP-la$ 
1909 

FIG. 2. Organization and chromosomal localization of chemokine genes. Exons are 
represented by boxes, and introns by lines. The coding regions for the signal peptides 
and the mature proteins are hatched and black, respectively, and the 5' and 3' untrans- 
lated regions are white. The number of amino acids corresponding to the coding regions 
is indicated above the boxes, and the length of the introns (in base pairs) is given below 
the lines. 



104 MARC0 BAGGIOLINI ET AL. 

and MIP-lP, which are more than 65% identical (93, 94). These find- 
ings suggest that the relative distances within the chromosome are 
inversely related to the structural similarity, which would be in keep- 
ing with an origin by gene duplication (41). 

B. REGULATION OF GENE EXPRESSION 

Matsushinia and colleagues have isolated and sequenced genomic 
fragments comprising the entire human IL-8 gene (80). The region 
between -425 and -70 bp preceding the first exon carries putative 
binding sites for several transcription regulatory elements, including 
NF-KB, NF-IL-6, an octamer-binding motif, AP-1, glucocorticoid re- 
ceptor, hepatocyte nuclear factor-1, and interferon regulatory factor-1. 
As shown by chloramphenicol acetyltransferase expression experi- 
ments, a relatively small region (-94 to -71 bp), which includes 
the presumed NF-KB and NF-IL-6 binding sequences, and the -50 to 
-1 bp region with the TATA box contain the minimal enhancer ele- 
ments for mRNA induction by stimulation - ith IL-1, tumor necrosis 
factor (TNF), phytohemagglutinin (PHA), or hepatitis B virus protein X 
(96, 97). Gel retardation assays show the potential involvement of 
NF-IL-6- and NF-KB-like factors as cis-acting elements in IL-8 mRNA 
expression. Activation of the IL-8 gene in human monocytes by  IL-1, 
TNF, or PHA may also depend on phosphorylations by serine kinase( s) 
(98). 

Several agents affect cytokine-induced IL-8 production, including 
1,25-dihydroxycholecalciferol(99), glucocorticoids (98,100-102), IL-4 
(103), and IFN-y (104, 105). Some of these effects appear to be cell 
specific. IL-4, for instance, inhibits IL-1-, TNF-, or LPS-induced IL-8 
mRNA expression in monocytes, but not in fibroblasts, epithelial, or 
endothelial cells (103, 104, 106). IFN-y synergizes with TNF as in- 
ducer of IL-8 expression in keratinocytes (107), but inhibits IL-8 
mRNA expression in thymic epithelial cells and neutrophils (104,105). 
IL-8 mRNA expression after stimulation with IL-1 or TNF is rapid and 
results at least in part from transcriptional activation, as shown by 
nuclear run-off assays (108-1 10). Cycloheximide enhances expression, 
presumably by inhibiting the synthesis of negative regulatory ele- 
ments (nucleases, repressors) that are coinduced (109, 110). The sta- 
bility of IL-8 mRNA may be influenced by the RNA instability ele- 
ment, AUUUA, found in the 3' untranslated region (20, 11 1). 

The 5' untranslated regions of the genes for GROa, GROP, and 
GROy are highly homologous up to position - 136 and contain binding 
motifs for NF-KB and AP-3, and a TATA box (41, 112, 113). The se- 
quences diverge further upstream and contain additional binding mo- 
tifs for nuclear factors. Chloramphenicol acetyltransferase expression 
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studies show that the region between -65 and -84, which contains the 
NF-KB binding motif, is required for expression after stimulation with 
IL-1 and TNF (112). Gel retardation assays document the induction of 
a factor that binds to this region in IL-1- or TNF-stimulated fibroblasts 
(114). As for IL-8, expression of GRO transcripts is rapid and sustained. 
Each of the three GRO genes contains in the 3‘ region up to 11 AUUUA 
mRNA instability elements that may influence RNA degradation (1 15, 
116). Superinduction by cycloheximide is observed for the GRO genes 
as for the IL-8 gene (112). A novel seven-nucleotide motif, found in the 
3’ untranslated regions of many “immediate-early genes,” including 
those for the GRO proteins, is considered as a response element in the 
growth-related gene expression (1 17). 

Much less information is available on the regulation of CC che- 
mokine genes. As observed for IL-8, IL-1 and TNF are major stimuli of 
MCP-1 expression in a wide variety of cells. It is interesting, however, 
that the upstream region of the MCP-1 gene in humans, mice, and rats 
differs from the corresponding region of the IL-8 gene (61, 118, 119), 
although potential binding sites for nuclear factors, including NF-KB, 
NF-IL-6, AP-1, and AP-2, have been identified (119). The role of these 
elements for activation of the MCP-1 gene, however, remains to be 
established. 

IV. Cellular Sources of CXC and CC Proteins 

A. MONOCYTES, MACROPHAGES, AND OTHER LEUKOCYTES 
Monocytes produce many cytokines and growth factors, and are a 

rich source of CXC and CC chemokines. Cytokine secretion is usually 
associated with de novo synthesis. Escherichia coli endotoxin (LPS) is 
one of the most powerful stimuli, and it is not surprising that IL-8 was 
discovered in cultures of monocytes exposed to LPS (15,16,120-122). 
It was soon realized, however, that these cells express and secrete IL-8 
in response to a multitude of proinflammatory agents, such as IL-la 
(123), IL-lP (103), TNFa (20), IL-7 (124), GM-CSF and IL-3 (125), 
concanavalin A, phytohemagglutinin (73, 122), zymosan (126, 127), 
immune complexes (127), and bacteria (128-131). Even adherence to 
plastic (132, 133) or changes in oxygen partial pressure (134) are suffi- 
cient to trigger production of IL-8. In the absence of a stimulus, as 
shown by monocytes in whole blood (135,136) or after isolation under 
aseptic conditions (73, 132), IL-8 mRNA is virtually undetectable and 
no IL-8 is released. 

IL-8 is produced by fetal monocytes (137) and mononuclear cells 
isolated from the bone marrow and stimulated with LPS (127, 138). 
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Tissue macrophages release large amounts of IL-8 on exposure to LPS 
(139,140), IL-1P, TNFa (141), or zymosan (126) or after infection with 
respiratory syncytial virus (142). Macrophages from lavage and exu- 
date fluids of patients with inflammatory and proliferative diseases, 
e.g., idiopathic pulmonary fibrosis (143) or rheumatoid arthritis (127, 
144-146), constitutively express high levels of IL-8 mRNA and release 
larger amounts of this chemokine compared to blood monocytes from 
the same individuals. Mononuclear cells from inflammatory effusions 
are also more responsive to stimulation with LPS, IL-10, TNFa, conca- 
navalin A, zymosan, and immune complexes (127,146). GROa, GROP, 
and GROy are expressed and secreted by monocytes and macrophages 
after stimulation with LPS (40-42) or on adherence (41). IPlO expres- 
sion is induced by IFNy (48,49), and its mRNA is found in humans in 
blood monocytes and alveolar macrophages after treatment with IFN-y 
by subcutaneous injection or administration as aerosol (147). 

MCP-1 is a major product of monocytes. Its expression is stimulated 
by phytohemagglutinin (55), LPS, IL-lP (58, 148), TNFa, GM-CSF, 
inactivated streptococci (148), and IFN-y (65, 148), but production in 
the absence of added stimuli has also been reported (61, 149). The 
conditions for MCP-1 expression are not entirely clear since LPS was 
reported to be stimulatory (58, 148), inhibitory (61), or ineffective 
(139), and induction by IFN-y has not been consistently observed (61). 
HC14 (MCP-2), a chemokine that is closely related to MCP-1, is ex- 
pressed in parallel with MCP-1 in monocytes exposed to IFN-y (65). 
Marked MCP-1 expression is observed in alveolar macrophages from 
patients with idiopathic pulmonary fibrosis (150) and in macrophage- 
rich atherosclerotic lesions (151, 152). Several stimuli, such as phyto- 
hemagglutinin, LPS, phorbol myristate acetate (PMA), IL-7, and ad- 
herence to various surfaces, including endothelial cells, also induce 
MIP-lp (Act-2) production in blood monocytes (52, 133, 153). 

Lymphocytes are rich sources of some CC chemokines, for example, 
RANTES (62, 64, 154), 1-309 (62, 63), MIP-la (62, 154, 155), and 
MIP-1P (52, 153,155), but are considerably less important than mono- 
nuclear phagocytes as producers of CXC chemokines, as shown for 

Neutrophils produce IL-8 in response to a variety ofstimuli, includ- 
ing LPS (159-161), IL-1P, TNFa, adherence (161), and GM-CSF (125). 
Of particular interest is the production and release of IL-8 after stimu- 
lation with chemoattractants such as fMet-Leu-Phe, C5a, PAF, and 
LTB4 (161, 162), and during phagocytosis (159), which suggests that 
neutrophils may be able to stimulate their own recruitment. The effect 
of Met-Leu-Phe, C5a, and PAF is markedly increased in the presence 

IL-8 (154, 156-158). 
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of LPS (161). The induction of IL-8 by fMet-Leu-Phe is prevented by 
pretreatment with Bordetella pertussis toxin, suggesting that che- 
mokine gene expression and chemotaxis are triggered through the 
fMet-Leu-Phe receptor (162). Pretreatment of neutrophils with IFN-y 
(102,105) or dexamethasone (102) inhibits the expression and release 
of IL-8 by neutrophils stimulated with TNF, LPS, Met-Leu-Phe, or 
phagocytosis. Neutrophils also produce GROa and GROP on ad- 
herence to fibronectin (41) or exposure to LPS (42). No evidence for 
MCP-1 production by neutrophils has been found so far (160). 
However, it was shown that eosinophils release IL-8 after stimulation 
with the Ca2+ ionophore A23187, but not with TNFa or IL-1P (163). 

B. TISSUE CELLS 
The observation that IL-8 is not only a product of monocytes and 

macrophages, but is also generated by tissue cells, was very important 
for the understanding of the numerous potential implications of this 
chemokine in disease (la). A wealth of information shows that several 
CXC and CC chemokines, like IL-8, are expressed in most tissues 
(Table 11). IL-1 und TNF are the most common and powerful inducers 
of IL-8 (la). They are frequently used to study chemokine expression, 
and well over 100 reports document their effectiveness in virtually all 
types of tissue cells. 

IL-la, IL-1P, TNFa, and LPS induce the production of IL-8 (164- 
166), GRO proteins (41, 167), and MCP-1(60, 166, 168, 169) in human 
umbilical vein endothelial cells. Other endothelia presumably re- 
spond in a similar manner, as suggested by studies on MCP-1 produc- 
tion in lung and aortic tissues (150,170). Cultured endothelial cells are 
also responsive to PMA and thrombin, as shown for the formation of 
GROa (167), and to IL-4 (171) and IFN-y (169), which induce MCP-1. 
Experiments in vitro suggest that IL-8 released from stimulated endo- 
thelial cells facilitates the transendothelial migration of neutrophils 
(172). A similar situation is encountered with IL-1- or TNF-stimulated 
epithelial cells, which produce IL-8 (104,173,174), GROa, GROP, and 
GROy (41,45,175), ENA-78 (45), and MCP-1(176,177). Ofinterest are 
the reports showing expression of IL-8 by epithelial cells on virus 
infection (142, 178) and exposure to neutrophil elastase (179). 

IL-la, IL-1P, and TNFa are prominent stimuli of CXC and CC 
chemokine expression in fibroblasts of different origin. IL-8 produc- 
tion by these cells is also observed after exposure to double-stranded 
RNA poly(1C) (180), LPS from Bacteroides intemnedius and Bac- 
teroides gingiualis (131), and the antitumoral T cell-derived cytokine 
leukoregulin (181), as well as on virus infection (182, 183). Leuko- 
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TABLE I1 
CELLULAR SOURCES OF HUMAN CXC AND CC CHEMOKINES 

Chemokine" Source Ref. 

IL-8 Monocytes/macrophages 15,16,20,73,99,103,106,120-130,132, 
134,137,138,140-143,148,198,199 

Neutrophils 102,105,125,159-162 
T lymphocytes 154,156-158 
Endothelial cells (HUVEC) 
Epithelial cells 

108, 123, 164-166, 169, 171,416 

Cornea 417 
Kidney 4 18 
Liver 419 

Retina 173 

Thyroid 423 

Gingiva 131,424 
Lung 27,200,391 

Lung 45,174,178,179,420-422 

Thymus 104 

Fibroblasts 

Skin 26,27,123,180-182,203,391,425-427 
Astrocytes 428 

Keratinocytes 107,123,381,382,427,429 

Smooth muscle (vascular) 433 
Synovium 

Chondrocytes 392-394 

Mesangial cells 202,430-432 

Fibroblasts 27,145,204,391 
Macrophages 145 

Astrocytoma 434 
Lung carcinoma 435 
Osteosarcoma 182 
Melanoma 279 
Renal carcinoma 191 
Fibrosarcoma 101 
Glioblastoma 434 

Tumor cells 

GROa Monocytes 40.41 
Neutrophils 41 
Endothelial cells (HUVEC) 41, 167 
Epithelial cells 

Lung 45 
Mammary 45, 175 

Lung 27,391 
Mammary 41 
Skin 27, 37,41, 114,175, 391 

Keratinocytes 36 
Synovium (fibroblasts) 27,391 

Fi hrohlasts 
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TABLE I1 Continued 

Chemokine" Source Ref. 

GROp 

GROy 

ENA-78 

IPlO 

MCP-1 

Tumor cells 
Melanoma 36,37,190,193 
Renal carcinoma 37 
Bladder carcinoma 41 

Monocytes 41,42 
Neutrophils 41,42 
Endothelial cells (HUVEC) 41 
Epithelial cells (mammary) 41 
Fibroblasts 

Mammary 41 
Skin 41 

Monocytes 41 
Neutrophils 41 
Endothelial cells (HUVEC) 41 
Epithelial cells 

Lung 45 
Mammary 41 

Mammary 41 
Skin 41 

Fibroblasts 

Epithelial cells (lung) 45 

Monocytes 48,49, 147 
Endothelial cells (HUVEC) 48,49, 169 
Fibroblasts 

Lung 391 
Skin 48,49 

Keratinocytes 49 
Synovium (fibroblasts) 391 
Tumor cells (melanocytes) 436 

Monocytes 
Endothelial cells 

Aorta 
HUVEC 
Lung 

Retina 
Lung 

Fibroblasts 
Lung 
Skin 

Epithelial cells 

Chondrocytes 

55,58,61,65,75,148-152,171 

170 
60,166,168,169,171 
150 

177 
150,176 

201,391,437 
168,391,437 
185 

(continued) 
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TABLE I1 Continued 

Chemokine" Source Ref. 

Keratinocytes 107,438 
Mesangial cells 430,439,440 
Osteoblasts 70 
Smooth muscle 

Lung 
Vascular 

Synovium 
Fibroblasts 
Macrophages 
S ynoviocytes 

Tumor cells 
Fibrosarcoma 
Glioma 
Histiocytoma 
Melanoma 
Osteosarcoma 
Sarcoma 

150 
68,170,433 

391,395 
395 
184.44 1 

187 
56,68 
442 
189, 193 
66,68,75 
188 

HC14 Monocytes 65 
Tumor cells (osteosarcoma) 66 

MCP-3 Monocytes 67 
Tumor cells (osteosarcoma) 66 

MIP-la U937, HL-60 93 
T lymphocytes 51, 154,155,443 
B lymphocytes 155 
Fibroblasts 

Oral cavity 93 

Hematopoietic 443 
Glionia 93 

Synovium 39 1 
Tumor cells 

MIP-lP hlonocytes 52, 133, 153 
T lymphocytes 52,62,153-155 
B lymphocytes 52, 155 
Fibroblasts (lung) 391 
Synovium (fibroblasts) 39 1 

1-309 T lymphocytes 62,63 

RANTES T lymphocytes 62,64,154 
Platelets 253 

~~ 

a Synonyms and isoforms: IL-8-MCNDF, NAF, NAP, NAP-1, CGP; GROa-MGSA; MCP-1- 
GDCF. H C l l ,  LDCF, MCAF, TSG-8; HC14-MCP-2, MIP-la-AT464, GOS-19, LD78; 
MIP-l+-Act-Z. AT744, '2-26, H400, HC21, MAD-5. 
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regulin up-regulates the IL-8 gene by enhancing the binding of NF-KB 
in the IL-8 promoter region (181). It is possible that the effects of some 
of the stimuli are mediated via the expression of IL-1 or TNF. 

Chemokine production has been intensively studied in keratino- 
cytes as well as in synovial and mesangial cells, where IL-1 and TNF 
induce the production of IL-8, GROa, and MCP-1 (Table 11). Of partic- 
ular interest are the reports by Villiger et al. describing the expression 
of MCP-1 in synoviocytes after stimulation with IL-lp, TNFa, LPS, 
platelet-derived growth factor, or transforming growth factor8 (184), 
and in chondrocytes, which respond, in addition, to leukemia inhibi- 
tory factor (185). In these studies the MCP-1 isoforms of 13 and 15 kDa 
and a minor isoform of 15.2 kDa were identified in the cell super- 
natants (184, 185). 

CXC and CC chemokines are often constitutively expressed in trans- 
formed cells, and the medium of such cultures has frequently been 
used for the isolation and characterization of different chemokines (36, 
56, 68, 75, 186-189). The regulation of expression has not been thor- 
oughly studied, although transformed cells respond to stimulation 
(190-193). MCP-1 may be involved in inhibition of tumor growth 
(194-197), whereas GROa has been proposed as an autocrine growth 
stimulatory factor (37). 

C. REGULATION 
Modulation of the expression of chemokine genes has been studied 

mainly in monocytes and tissue cells. IL-8 production in blood mono- 
cytes is inhibited by dexamethasone (127, 198), IFN-y (127), IL-4 
(103), and IL-10 (199). 1,25-Dihydroxycholecalciferol inhibits IL-8 
expression in monocytes, keratinocytes, and fibroblasts (99) (see Sec- 
tion 111,B). Dexamethasone is probably one of the most potent in- 
hibitors of CXC and CC chemokine expression in that it also affects 
fibroblasts (200,201), synoviocytes (184), chondrocytes (185), and mes- 
angial cells (202). The action on fibroblasts has been shown to de- 
pend on mRNA and protein synthesis (200). Dexamethasone, on the 
other hand, does not affect IL-8 production in monocytes stimulated 
with PMA (198) and fibroblasts stimulated with leukoregulin (181). 
Leukoregulin-dependent IL-8 expression in fibroblasts is also insensi- 
tive to retinoic acid or transforming growth factor-pl(l81). Indometha- 
cin and other nonsteroidal anti-inflammatory drugs are ineffective 
(127), whereas prostaglandin E2 (PGE2) has been reported to inhibit 
MCP-1 expression in lung fibroblasts (201). MIP-1p gene expression 
induced in human monocytes by IL-7 and LPS is also insensitive to 
dexamethasone, but is inhibited by IL-4 (153). Retinoic acid induces 
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IL-8 in skin fibroblasts and acts synergistically with PMA (203). In 
synovial cells and chondrocytes, MCP-1 production is observed fol- 
lowing activation of protein kinase A by CAMP and protein kinase C by 
PMA, and is enhanced by retinoic acid, which also potentiates the 
effects of IL-1 and LPS (184, 185). 

The effects of interferons are potentially interesting. It has been 
pointed out that IFN-y induces IP10, but tends to inhibit the expres- 
sion of all other CXC chemokines, IL-8 in particular, as shown, for 
instance, in thymic epithelial cells (104). In keratinocytes and mono- 
cytes, however, IFN-y moderately stimulates MCP-1 production and 
synergizes with TNFa (107,148). IFN-y may also have indirect effects, 
as shown in a study in which IFN-y-dependent up-regulation of MHC 
class I1 molecules rendered fibroblast-like synoviocytes capable of 
producing IL-8 in response to challenge with the superantigen staphy- 
lococcal enterotoxin A (204). Another remarkable observation was re- 
ported by Oliveira et al. (180), who showed that IFN-/3 inhibits the 
transcriptional activation of the IL-8 gene in fibroblasts stimulated 
with TNF without affecting the expression of other TNF-inducible 
genes. 

Cycloheximide has been used to study the mechanism of CXC and 
CC chemokine induction in various cells. A superinduction by cy- 
cloheximide is observed for expression of IL-8 in monocytes (148), 
endothelial cells (166), fibroblasts (181), and synoviocytes (204), as 
well as for MCP-1 expression in endothelial cells (148, 166), smooth 
muscle cells, and fibrosarcoma cells (148). In IL-1-, TNF-, or LPS- 
stimulated monocytes, MCP-1 production is inhibited by cyclohexi- 
mide (148). 

V. Biological Activities 

A. NEUTROPHILS 

1. Znterleukin-8 

IL-8 was identified as an agonist for neutrophils on the basis of two 
in uitro effects, chemotaxis and the release of granule enzymes (15,16, 
120). Subsequently, the biological activities of IL-8 on neutrophils and 
the mechanism of signal transduction were studied in great detail and 
compared with the effects of well-characterized neutrophil attractants 
such as C5a, Met-Leu-Phe, PAF, and LTB4. Shape change (which is a 
correlate of chemotaxis), the transient rise of the intracellular free Ca2+ 
concentration ([Ca2+li), exocytosis, and respiratory burst were as- 
sessed in real time using sensitive methods (205-207). In addition, the 
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up-regulation of adhesion proteins and the formation of bioactive lip- 
ids were investigated. The comparison shows that IL-8 behaves like a 
classical chemotactic agonist. 

a.  Shape Change 
The shape change reflects activation of the contractile cytoskeleton 

and is related to neutrophil motion (208). It is monitored and quanti- 
fied in cell suspensions by laser nephelometry. Adding a chemoattrac- 
tant induces a transient increase in light transmission and a concomi- 
tant decrease in right-angle light scattering. The cells protrude large, 
thin cytoplasmic lamellae, and their body volume decreases slightly 
(209). The optical transient is rapid; the peak is reached in 20 to 30 
seconds and control levels are restored within a few minutes. The 
neutrophil shape change responses to IL-8 and C5a are practically 
identical in extent and last for 1.5 to 2 minutes, whereas the effect of 
Met-Leu-Phe is more prolonged (210). Like other chemoattractants, 
IL-8 also induces a rapid polymerization of actin (211). When the 
neutrophils are prestimulated (and presumably synchronized) with 
low concentrations of phorbol myristate acetate or a chemotactic 
agonist, the shape-related optical response to IL-8 or other chemoat- 
tractants shows regular oscillations with a period of about 8 seconds, 
which presumably reflects the periodic protrusion and retraction of 
lamellipodia (209). As shown for met-Leu-Phe, the optical signal os- 
cillates in parallel with the cellular content of filamentous actin, sug- 
gesting that the oscillations are related to cyclic assembly and disas- 
sembly of contractile filaments (212,213). 

b. Exocytosis 
IL-8 induces the release of enzymes and other proteins from intra- 

cellular storage organelles. Exocytosis from specific granules and se- 
cretory vesicles, as assessed by measuring vitamin Bwbinding protein 
and gelatinase (73,214), is observed in normal, freshly isolated neutro- 
phils. On pretreatment of the cells with cytochalasin B, the release of 
elastase, P-glucuronidase, myeloperoxidase, and other enzymes from 
the azurophilic granules is also observed (15,73). 

c.  Receptor Up-Regulation and Adhesion 
The release of soluble granule components is accompanied by 

plasma membrane changes through fusion with the storage organelle 
membranes. During IL-8-dependent exocytosis of specific granules, 
two integrins, complement receptor type 3 (CR3, CDllb/CD18) and 
p150,95 (CDllc/CD18) are up-regulated (215, 216). IL-8 also causes 
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an increased surface expression of complement receptor type 1 (CR1) 
by mobilization from a secretory compartment distinct from specific 
granules (215, 217). Up-regulation by IL-8 increases the capacity of 
CR3 to bind several ligands, including complement component C3bi- 
tagged substrates. CR3 recognizes CSbi, fibrinogen, and a still uniden- 
tified endothelial ligand. IL-8 promotes the adherence of neutrophils 
to fibrinogen-coated surfaces and monolayers of human umbilical vein 
endothelial cells (216,218). Through a different binding domain CR3 
also recognizes lipid A. IL-8 enhances neutrophil binding to lipid 
A-coated erythrocytes, and is, therefore, likely to increase the interac- 
tion between neutrophils and bacteria (216). 

Gimbrone and co-workers have reported that IL-8 inhibits the adhe- 
sion of neutrophils to LPS-activated human umbilical vein endothelial 
cell monolayers (24). The inhibition is mediated by a direct effect of 
IL-8 on the neutrophils, and is independent of the adhesive properties 
of the endothelium (219). Since other chemoattractants have similar 
effects, it has been suggested that the inhibition is related to the 
shedding of L-selectin (220). Other mechanisms, however, cannot be 
excluded since IL-8 also induces the detachment of neutrophils that 
have adhered to an endothelial monolayer, and presumably have al- 
ready shed L-selectin (211). 

d .  Formation of Bioactive Lipids 
IL-8 activates neutrophil 5-lipoxygenase as shown by the forma- 

tion of LTB4, its omega-oxidized metabolites (20-OH- and 20-COOH- 
LTB4), and 5-hydroxy-eicosatetraenoic acid (5-HETE) from exogenous 
arachidonate (221). Under similar conditions, acetyl-CoA: l-alkyl-2- 
lyso-sn-glycero-3-phosphocholine acetyltransferase is also activated, 
and a rapid, concentration-dependent synthesis of PAF is observed. 
Newly produced PAF is partly released and partly remains associated 
with the neutrophils (222). 

e.  Respiratory Burst 
The respiratory burst reflects the activation of NADPH-oxidase, a 

membrane-bound electron transport chain that oxidizes cytosolic 
NADPH and reduces extracellular oxygen to superoxide (205). As 
shown by real-time recordings of H202 (the product of superoxide 
dismutation), the onset of the burst is independent of the chemotactic 
agonist used, whereas the duration of the response varies greatly (223). 
The burst responses to PAF and LTB4 are terminated much more 
rapidly than those elicited by Met-Leu-Phe or C5a, and the total yield 
of HzO2 is 30- to 50-fold lower. There has been some controversy about 
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the ability of IL-8 to induce the respiratory burst (224). Using the 
appropriate methodology, however, a burst of 0 2 -  or H202 production 
is regularly detected when preparations of human neutrophils that 
respond to met-Leu-Phe are stimulated with IL-8 (225). Neutrophil 
responsiveness to IL-8 can be markedly enhanced by pretreatment 
with concanavalin A (226). 

2. Other CXC Proteins 

Most CXC chemokines activate neutrophils. NAP-2 (34), GROa (38, 
39), GROP, GROy (44), and ENA-78 (45) have been compared with 
IL-8 in our laboratory. They all have the characteristic properties of 
chemotactic receptor agonists and induce cytosolic free calcium 
changes, shape changes, chemotaxis, and exocytosis in the same molar 
range as IL-8, with threshold concentrations of 0.3 to 1 nM. The extent 
of granule exocytosis, however, is only about 50% of that observed with 
IL-8, and the respiratory burst response, although significant, is very 
weak (34,38,44,45). Pretreatment with agents that prime the neutro- 
phils markedly enhances responsiveness and can be used to show that 
all CXC chemokines are able to activate the NADPH-oxidase (226). 
TNF, a well-known priming agent, was reported to enhance neutrophil 
exocytosis after stimulation with IL-8 and NAP-2 (227). 

PBP, CTAP-111, and PF4, the CXC proteins that are stored in platelet 
a-granules and are released in bulk on platelet activation, are virtually 
inactive toward neutrophils (34, 35). As already indicated, CTAP-I11 
is converted into a neutrophil-activating derivative, NAP-2, by N- 
terminal processing. PF4 lacks neutrophil-stimulating properties com- 
parable to those of IL-8 and NAP-2 (34,228). Chemotaxis and exocyto- 
sis described in former reports were obtained at PF4 concentrations 
that were at least 1000-fold higher than those required for IL-8 (229- 
231). PF4 has been studied extensively in the context of thrombosis 
and circulatory disorders (232). Its affinity for heparin and other sul- 
fated glycans suggests that it may function as a prothrombotic agent. 
Effects of PF4 on cellular functions, such as inhibition of megaka- 
ryocytopoiesis (233) and angiogenesis (234), as well as modulation of 
cellular immune responses (232), have been described, but as yet no 
cell surface receptor has been identified. The finding that PF4 modu- 
lates growth factor receptor interactions (235,236) suggests that at least 
some of its effects are indirect. 

MIP-la (but not MIP-1P) induces a moderate transient rise in 
[Caz+Ii and shape change in neutrophils, but induces no functional 
responses such as chemotaxis or exocytosis (237, 238). This observa- 
tion appears worth persuing because MIP-la is so far the only CC 
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chemokine with at least some stimulatory effect on neutrophils. In this 
context, it must be remembered that Wolpe et al.  (53) reported that 
murine MIP-la stimulates human neutrophils. 

B. BASOPHILS 
1 .  CXC Chemokines 

IL-8 induces the release of histamine (239, 240) and peptido- 
leukotrienes (240) from human blood basophils. Release is largely 
dependent on the pretreatment of the cells with IL-3, IL-5, or GM-CSF 
(241). The IL-8 effects on basophils are observed at concentrations that 
also induce exocytosis of azurophilic and specific granules from cyto- 
chalasin B-treated neutrophils (240). The responses are rapid: half- 
maximal release occurs within 1 minute and the maximum is reached 
in 5 to 10 minutes. When the cells are not pretreated with IL-3 or 
GM-CSF, only low levels of histamine, but no leukotrienes are re- 
leased after stimulation with IL-8 (240). It was shown that human 
basophils bear IL-8 receptors that signal through B .  pertussis toxin- 
sensitive G-proteins and weakly bind NAP-2, but not CTAP-111 or PF4 
(242). IL-8 and, at high concentrations, NAP-2 induce a rapid, transient 
[Ca2+Ii rise in neutrophil-free preparations of basophils, whereas 
CTAP-I11 and PF4 are inactive (242). These observations are in dis- 
agreement with a study showing that both NAP-2 and CTAP-111 in- 
duce histamine release from human basophils (243). It must be kept in 
mind, however, that CXC proteins are cationic and, at high concentra- 
tions, may induce exocytosis due to their charge, as shown by the 
release obtained with poly(D-lysine), histones, and lysozyme, which is 
even superior to that induced by CTAP-I11 and PF4 (242). IL-8, GROa, 
GROP, and GROy are also chemotactic for basophils (44). 

Kuna et al. (244) reported that IL-8, at low concentrations, inhibits 
histamine release induced in basophils by a “histamine-releasing fac- 
tor” (HRF) preparation, CTAP-I11 or IL-3. In an analogous study, we 
found that IL-8 inhibits the release of histamine and leukotrienes by 
basophils pretreated with IL-3 at concentrations that are 10- to 100-fold 
lower than those required for the induction of release. This effect 
appears to be stimulus restricted since the responses to C5a, fMet-Leu- 
Phe, or anti-IgE are not modified (245). 

2.  CC Chemokines 

CC chemokines are much more powerful as stimuli of basophils than 
are CXC chemokines. Three independent studies reported that MCP-1 
induces a rapid and marked release of histamine from human basophils 
at concentrations ranging between 1 and 100 n M (246-248). MCP-1 is 
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highly effective on normal cells, and its activity is even more pro- 
nounced after pretreatment with IL-3, IL-5, or GM-CSF (246,248). As 
reported by Bischoff et al. (248), MCP-1 also induces the release of 
peptidoleukotrienes, provided that the basophils are pretreated with 
IL-3, IL-5, or GM-CSF. MCP-1 is considerably more potent and more 
effective than IL-8 or C3a, but inferior to C5a. Stimulation of basophils 
appears to depend on G-protein-coupled receptors, as suggested by 
the transient rise in [Ca2'Ii and the sensitivity to B. pertussis toxin 
(248). No cross-desensitization is observed between MCP-1 and IL-8, 
indicating that they act by different receptors (248). Remarkable effects 
are also obtained with two other CC chemokines, RANTES (241,249) 
and MIP-la (241, 250), which stimulate murine mast cells as well 
(250), whereas MIP-1P is apparently inactive on basophils (241). Di- 
rect comparison shows that MCP-1 is more effective as inducer of 
histamine and leukotriene release, whereas RANTES is most effective 
as chemoattractant (24 1). 

C. EOSINOPHILS 
Much less information is available about the action of chemokines 

on eosinophils. In a study on the activation of eosinophils by che- 
motactic agonists, using cells from patients with hypereosinophilic 
syndrome, Kernen et al. (251) showed that IL-8 induces [Ca2+Ii tran- 
sients, shape change, and the release of eosinophil peroxidase. The 
activity of IL-8, however, is markedly lower than that of C5a and PAF. 
It was also reported that IL-8 induces eosinophil chemotaxis in vitro 
when the cells are pretreated with IL-3 or GM-CSF (252). 

Like basophils, eosinophils are more responsive to CC than to CXC 
chemokines. RANTES is a powerful chemoattractant with maximum 
activities between 10 and 30 n M (253, 254). Its efficacy, as judged by 
the percentage of migrating cells, is similar to that of C5a, and is two- to 
threefold higher than that of MIP-la (254). RANTES also induces 
exocytosis of eosinophil cationic protein from cytochalasin B-treated 
cells and the respiratory burst, whereas MIP-la induces exocytosis 
only (254). MCP-1 (a potent stimulus of basophils and monocytes) and 
MIP-1P are inactive on eosinophils. As indicated by  desensitization of 
the [Ca2+li changes induced by repeated stimulation, MIP-la and 
RANTES partially share receptors on eosinophils (254). 

D. MONOCYTES 

Several studies convincingly show that IL-8 is not chemotactic for 
monocytes (16, 120, 255). Monocytes, however, saturably bind IL-8 
labeled with fluorescein (256) or radioactive iodine (257), albeit to a 
lesser extent than neutrophils. In addition, sensitive real-time mea- 
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surements demonstrate that IL-8 elicits minor but significant [Ca2+1i 
changes and the respiratory burst in  human blood monocytes (226). 
Similar but even weaker responses are obtained with GROa. Pretreat- 
ment of the monocytes with concanavalin A enhances the respiratory 
burst response to IL-8 and GROa more than 10-fold (226). In an early 
study, PF4 was reported to be chemotactic for human neutrophils and 
monocytes in vitro (229), but this observation has not been confirmed. 

Monocytes, by contrast, are highly responsive to CC chemokines. 
MCP-1 (55, 56, 258, 259), RANTES (260), 1-309 (261), HC14 (also 
called MCP-2), and the newly described chemokine MCP-3 (66) attract 
monocytes in uitro, and RANTES, MCP-1, and MIP-la attract the 
human monocytic leukemia cells THP-1 (262). MCP-1, HC14 (MCP- 
2), and MCP-3 also induce the selective infiltration of monocytes on 
intradermal injection in rats (187) and rabbits (66). [Ca2'li changes are 
observed in monocytes stimulated with MCP-1 (241,258, 259), 1-309 
(261), RANTES (241), MIP-la (238,241), and MIP-1P (238). In mono- 
cytes MCP-1 also induces the respiratory burst (187,258), expression 
of the &-integrins CDllb/CD18 and CDllc/CD18 (but not CDl la /  
CD18), and the production of IL-1 and IL-6 (263). 

Matsushima et al. (57) observed that growth of several tumor cell 
lines cultured in the presence of human blood monocytes is inhibited 
by the addition of MCP-1. Growth retardation was observed after 2 to 3 
days, and tumor cell Iysis after 5 days (57). MCP-1 generated by tumor 
cells (56, 68, 189, 194, 264) could be involved in the recruitment of 
macrophage-dependent antitumor defense. Experiments with trans- 
planted sarcoma clones in mice show that the number of tumor- 
associated macrophages is related to MCP-1 production by the tumor, 
and that clones expressing high levels of MCP-1 grow more slowly 
(195). Similar observations were made in mice receiving murine mela- 
noma cells expressing MCP-1 through gene transfer (196). Another 
study shows that Chinese hamster ovary (CHO) cells engineered to 
express MCP-1 lose their ability to form tumors in nude mice and 
inhibit the growth of coinjected, nonengineered HeLa or CHO cells 
(197). 

E. LYMPHOCYTES 
The term IL-8 was originally proposed in a paper reporting that this 

neutrophil-activating protein was chemotactic for human T lympho- 
cytes in uitro, and elicited lymphocyte infiltration on local injection in 
rats (265). Subsequent studies reported in uitro chemotactic activity of 
IL-8 for human lymphocytes with a presumed preference for T cells 
(256, 266). No [Ca"Ii changes, however, are observed in blood lym- 
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phocytes exposed to IL-8 at maximum effective concentrations for 
neutrophils (210,267). Bacon et al. (267) report a rapid and long-lasting 
increase in inositol phosphates in lymphocytes after stimulation with 
IL-8 or phytohemagglutinin, which (in contrast to IL-8) also enhances 
[Ca2+Ii. It has been suggested that IL-8 receptors occur only on subsets 
of T lymphocytes (265), but the existence of such receptors remains 
questionable (257, 268). Low numbers of transcripts for IL-8R1 (the 
IL-&selective receptor; see Section VI,B,l) are detectable by reverse 
transcriptase polymerase chain reaction (RT-PCR) in CD4+ T cells, 
blood lymphocytes treated with PHA, and Jurkat cells (269). According 
to Wilkinson and Newman (270), human lymphocytes respond to IL-8 
only after activation, e.g., by exposure to an antibody against CD3 
(anti-CD3) or to a purified protein derivative of Mycobacterium tuber- 
culosis. IL-8 was also reported to induce locomotion of natural killer 
cells after activation with IL-2 (271). In contrast to former evidence 
(265,266,270), a recent comparison of CXC and CC chemokines shows 
that IL-8 is not chemotactic for T cells, either unfractionated or after 
separation according to the CD4+ and CD8+ phenotype (272). This 
finding is in agreement with the observation that IL-8 does not attract 
lymphocytes on intradermal injection in humans (273,274). 

It was shown a few years ago that RANTES is chemotactic for T 
lymphocytes of the memory type, but not for neutrophils (260). Other 
CC chemokines were studied recently by Taub et al. (272), who con- 
firm the action of RANTES and show that human T lymphocytes re- 
spond to MIP-la and MIP-lP as well. RANTES acts on resting and 
activated T cells, whereas MIP-la and MIP-1P are effective on anti- 
CD3-stimulated cells only. Much weaker migration is observed with 
IL-2, but MCP-1, PF4, and IL-8 are inactive (272). MIP-la is more 
effective toward CD8+ (suppressor and cytotoxic) T lymphocytes and 
MIP-1P toward CD4+ (helper) T lymphocytes, whereas RANTES at- 
tracts both (272). These results, however, are in disagreement with 
observations by Tanaka et at. (275) that MIP-1P, but not MIP-la, is 
chemotactic for resting T cells and enhances the adherence of CD8+, 
but not CD4+, cells to VCAM-1. In contrast to RANTES or GROa, 
which are inactive, MIP-lp promotes T cell adhesion to VCAM-1 
when bound to heparin or proteoglycans, suggesting that it may exert 
its effects while immobilized on the surface of endothelial cells (275). 

A totally different activity on lymphocytes was described by 
Kimata et al. (276), who showed that IL-8 inhibits the IL-4-stimu- 
lated production of IgE by B lymphocytes in an apparently selec- 
tive manner, without affecting the production of other immunoglob- 
ulins. 
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F. OTHER CELLS 
A major effort has been made to study potential functions of CXC and 

CC chemokines on cells other than leukocytes. Particular attention has 
been devoted to cell growth because one of the CXC chemokines, 
GROa, was originally reported as a product of a growth-regulated gene 
(82). GROa was purified from the medium of cultured melanoma cells 
and was termed “melanoma growth-stimulatory activity” because of 
mitogenic effects on normal and transformed human melanocyte cell 
lines (36,277,278) (see Section 11,A). Cultures established from biop- 
sies of primary melanomas and metastases constitutively produce 
GROa and several other cytokines, including IL-8 and MCP-1(36,189, 
279), which may act in auto- or paracrine fashion. GROa high-affinity 
binding sites, which appear to be different from chemokine receptors 
on leukocytes, are present in large number on the human melanoma 
cell line Hs294T (see Section VI,A,l) (280). Melanoma cells have been 
reported to migrate in tiitro in response to IL-8 by a mechanism that 
was characterized as haptotaxis (281). 

Other functions of chemokines related to growth and tissue re- 
modeling have been described, and may be of interest in inflamma- 
tion. GROa and IL-8, but none of the CC chemokines, were shown to 
inhibit collagen expression in synovial fibroblasts from patients with 
rheumatoid arthritis (282), suggesting that CXC chemokines, possibly 
in concert with tissue cell growth factors, may participate in tissue 
remodeling and repair. Enhanced expression of the GROa homo- 
logues is observed in rats (42) and chickens (283) in wound tissue, 
tumors, and the surroundings of implants, and may reflect repair 
activities and neovascularization. Human IL-8 was reported to be 
angiogenic in the rat cornea and to induce the migration of human 
umbilical vein endothelial cells in tiitro (284). Chemotaxis of epider- 
mal cells in response to IL-8 has also been observed (285). Interest- 
ingly, PF4 inhibits angiogenesis and endothelial cell proliferation 
(234) and was reported to retard the growth of melanoma and colon 
carcinoma in mice (286). 

Murine MIP-la and MIP-1P enhance the proliferation of commit- 
ted murine granulocyte-macrophage progenitor cells in the pres- 
ence of GM-CSF or CSF-1 (287). The proliferation of less mature 
progenitor cells that depend on IL-3, by contrast, is suppressed by 
MIP-la (288), which was also described as a stem cell inhibitor (289). 
This effect of MIP-la is prevented by MIP-1P (290), illustrating 
the potential complexity of chemokine functions in hematopoiesis 
(291). 
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G. EFFECTS IN VIVO 

The demonstration of leukocyte recruitment in uiuo was essential for 
the assessment of the potential role of IL-8 and other chemokines in 
pathology. Intradermal injection of IL-8 in rabbits induces plasma 
exudation and a massive and exclusive local infiltration of neutrophil 
leukocytes (292-294). Histology shows that neutrophil accumulation 
is particularly prominent within and around venules of the upper and 
lower dermis. Plasma exudation depends on the recruitment of neutro- 
phils, and is not observed in neutrophil-depleted animals (294, 295). 
The effectiveness of IL-8 is strongly enhanced by vasodilating agents. 
In the presence of PGEZ, significant neutrophil infiltration is observed 
on injection of as little as mol IL-8 per site; in its absence 
the threshold level is about lo-'' mol per site (292, 293). PGEz also 
markedly increases the number of accumulating neutrophils and the 
volume of extravasating plasma (296). 

The action of IL-8 is direct, i.e., not mediated by the local de nouo 
induction of a chemoattractant, because no changes are observed on 
coinjection of actinomycin D (292). The intradermal effect of IL-8 is 
rapid and long lasting. The maximum rate of neutrophil influx is 
reached within 30 minutes and migration continues for at least 8 hours 
(295). This finding indicates that IL-8 is resistant to inactivation and is 
retained at the site of injection, in contrast to chemoattractants such as 
Met-Leu-Phe, C5a, or PAF, which are rapidly metabolized. As a 
cationic protein IL-8 binds to glycosaminoglycans of the tissue matrix 
and cell membranes, and is thus likely to persist in active form in the 
microenvironment of the cells from which it is released. We have 
recently shown that association with heparan sulfate enhances the 
chemotactic activity of IL-8 in uitro (297, 298) suggesting that CXC 
chemokines can act in substrate-bound form. Neutrophil accumulation 
in uiuo is also obtained with NAP-2 (299) and GROa (38). 

Intradermal injection of IL-8 in humans induces a time-dependent 
perivascular neutrophil infiltration that lasts for several hours (273, 
274). Most migrated cells are morphologically intact with little evi- * 

dence of degranulation. No basophils and eosinophils are found, and 
the number of lymphocytes is not increased over control values, as 
shown by immunohistology. Interestingly, the injection of IL-8 causes 
no wheal and flare, itching, or pain, suggesting that it does not elicit 
histamine release from local mast cells, as observed after injection of 
C5a (274). The selectivity of IL-8 is further supported by a study of 
Colditz and Watson (300), who quantified the influx of radiolabeled 
neutrophils and lymphocytes into skin sites of sheep after injection of 

to 



122 M A R C 0  BACCIOLINI ET AL. 

different attractants, and found neutrophil-to-lymphocyte ratios of 45 
for IL-8 and C5a, 5 for TNFa and IL-la, and 0.1 for IFN-y. 

Infiltration of monocytes is observed in skin sites treated with 
MCP-1 (66, 187). Similar degrees of monocyte recruitment were ob- 
tained after intradermal injection of 10 to 500 ng per site of MCP-1, 
MCP-2 (HC14), or MCP-3 in rabbits (66). The infiltrating cells are 
almost exclusively monocytes and have a tendency to form clusters. 
Neutrophils are seen only occasionally. 

High plasma levels of IL-8 are observed in septic shock or on sys- 
temic administration of LPS or IL-1. After injection of a lethal dose of 
E .  coli or LPS, a rise ofTNFa and in some instances IL-lP precedes the 
longer lasting increase of IL-8 and IL-6 (301). Intravenous administra- 
tion of IL-8 either as a bolus or by infusion for 8 hours in baboons leads 
to a rapid, transient neutropenia (302). Neutrophil counts drop to 
1-10% of control within 1 minute. Recovery after 10-15 minutes is 
followed by granulocytosis of nearly 200% which lasts for the whole 
duration of the IL-8 infusion and normalizes thereafter within a few 
hours. IL-8 does not induce the formation of TNF, IL-1, or IL-6, and 
has no appreciable hemodynamic effects even when the plasma con- 
centration is two to three times higher than in septic shock. Apart from 
some neutrophil margination in the lung, histology of several tissues, 
including the bone marrow, is normal. The number of band cells does 
not increase, thus it is suggested that IL-8-dependent neutrophilia is 
due to demargination rather than to increased release from the bone 
marrow (302). 

VI. Receptors 

A. BIOCHEMICAL STUDIES 

1. Receptors for  CXC Chemokines 

Receptors for IL-8 were first identified by binding studies performed 
with human neutrophils. Several independent groups reported the 
existence of a single class of high-affinity receptors with & values 
between 0.2 and 4 n M, and densities of 20,000 to 90,000 sites per cell 
(257,268,303,304) (Table 111). Receptors with a 10-fold higher affinity 
(5000 sites per cell, & = 11-35 pM) were also described, but this 
observation has not been confirmed (257, 304). At 37"C, bound lZ5I- 
labeled IL-8 is rapidly internalized and degraded (257,268,305). More 
than 90% of the ligand-bound receptors are endocytosed within 10 
minutes and the receptors are recycled as indicated by their reexpres- 
sion on the cell surface even in the presence of cycloheximide (305). 
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TABLE 111 
CELLULAR EXPRESSION OF RECEPTORS FOR CHEMOKINES~ 

IL-8 GROab NAP-eb MCP-1 MIP-la MIP-10 RANTES 
Cell [I1 121 [2) [31 [41 [51 "31 

Neutrophils 
HL-60 
HLGO-dC 
K562 
Monocytes 
u937 
Monomac 6 
THP-1 
AML 193 
Macrophages 
Basophils 
PBLs 
PBLs (PHA/PMA) 
T lymphocytes 
Jurkat 
MT-2 
B lymphocytes 
Erythrocytes 
Placenta 
Melanocytes 
Melanomas 
Hs294T 

2 x 103 t t 2 x 1 0 3  
+ 

t 

t 
1 x lo' 

t 
5 x lo4 

1 x 104 

570 

0.7-5 x 103 

+ 

a References to the receptors for the chemokines are [l], 39,242,257,268,269,303-305,322,323, 
335; [2], 39, 44, 269, 280, 304, 306, 307, 309, 316, 335; [3], 187, 310-312, 316; [4], 237, 262, 314; 
[51, 313; [61,262,312,314. 

For GROa and NAP-2 only high-affinity binding sites are listed. The numerical values given in 
the columns refer to binding sites per cell . The symbol (T) indicates expression of transcripts, based 
on Northern analysis or RT-PCR, for the cloned receptors (IL-8R1, IL-8R2, or MIP-I&). Plus signs 
indicate the presence of binding sites from studies in which the binding parameters were not 
determined. 

HL-60 differentiated toward neutrophils by treatment with DMSO, retinoic acid, or dibutyryl 
CAMP. 

IL-8 receptors are selective for CXC chemokines that act on neutro- 
phils (see later). They do not bind unrelated chemoattractants such as 
Met-Leu-Phe, CSa, LTB4, and PAF (268,304), or the nonchemotactic 
CXC proteins PF4 (304) and IPlO (47). Competition studies show that 
radiolabeled IL-8 is displaced by NAP-2 and GROa (304) (Fig. 3). 
Analysis of the data reveals the existence of two IL-8 receptors: 
one with high affinity for all three ligands (& = 0.1-0.4 nM) and one 
with high affinity for IL-8 and low affinity for NAP-2 and GROa (& > 
100 nM) (304 ). High- and low-affinity receptors for NAP-2 were also 
described by Schnitzel et al. (306). These observations are confirmed 
by direct binding studies using synthetic GROa and NAP-2 with C- 
terminal tyrosine substitutions introduced for iodination (307). These 
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Fic. 3. Binding competition analysis of the natural and recombinant IL-8 receptors, 
IL-HR1 and IL-8R2. Binding of "I-labeled IL-8 to human neutrophils (A), solubilized 
neutrophil membranes (B), and E293 ceils expressing IL-8R2 (C) or IL-8R1 (D) incu- 
bated on ice in the presence of increasing concentrations of unlabeled IL-8 (o), GROa 
(a), or NAP-2 ( A ) .  Binding of 100% refers to the specific '251-labeled IL-8 binding in the 
absence of unlabeled competing ligands. (See Refs. 304,307, and 335 for experimental 
infomlation.) 

experiments show that 30-45% of the receptors bind these ligands 
with high affinity ( K d  = 0.3-0.7 nM) and 55-70% with an approxi- 
mately 100-fold lower affinity. Additional binding sites with single 
specificities, e.g., selective receptors for GROa or NAP-2, are not 
found on neutrophils. Two neutrophil membrane proteins (44-59 and 
67-70 kDa) that bind IL-8, NAP-2, and GROa can be demonstrated by 
cross-linking with iodinated IL-8 (303, 304), GROa, and NAP-2 (307). 
Competition with radiolabeled IL-8, GROa, or NAP-2 shows that both 
proteins recognize all three CXC chemokines (304, 307). Solubili- 
zation of neutrophil membranes with digitonin apparently inactivates 
the 67- to 70-kDa protein, and competition experiments show that the 
44- to 59-kDa protein can be solubilized in active form and cor- 
responds to the receptor with high affinity for IL-8 and low affinity for 
GROa and NAP-2 (307). A single neutrophil protein of 58 kDa that 
cross-links IL-8 was described by Grob et al. (268). 

I 

1 
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The sharing of IL-8 receptors by CXC chemokines is clearly demon- 
strated by desensitization experiments. As shown by [Ca2+]i record- 
ings, stimulation of neutrophils with IL-8 results in a marked attenu- 
ation of the response to the subsequent challenge with NAP-2 or 
GROa. A similar degree of cross-desensitization is observed on se- 
quential stimulation with NAP-2 and GROa or vice versa (226, 304). 
Stimulation with NAP-2 or GROa also attenuates the response to IL-8, 
although in this case desensitization is only moderate, presumably 
because IL-8 can still freely interact with receptors that bind NAP-2 
and GROa with low affinity (304). Studies show that GROP, GROy 
(44), and ENA-78 (45) also share receptors with IL-8, and behave like 
GROa and NAP-2 in desensitization experiments. 

A first indication that 1L-8 receptors are coupled to GTP-binding 
proteins (G-proteins) came from the observation that pretreatment 
with B .  pertussis toxin (which inactivates Gi-type G-proteins by ADP- 
ribosylation) renders the neutrophils unresponsive to IL-8 (210). It was 
later shown that IL-8 induces GTP hydrolysis in neutrophil mem- 
branes by stimulation of the intrinsic GTPase activity of the G-protein 
a-subunit (308). In addition, IL-8 stimulates high-affinity binding of 
GTPy[35S] to the membranes, indicating that GDP is exchanged for 
GTP. GROa and NAP-2 are less effective, as would be expected from 
the binding experiments (308). Coupling of the G-protein to the recep- 
tor is essential for high-affinity binding of IL-8. Treatment of neutro- 
phi1 membranes with the nonhydrolyzable analog, GTPyS, prevents 
the coupling and leads to a marked drop in binding affinity for IL-8, 
GROa, and NAP-2 (307). 

Binding and competition studies with radiolabeled ligand reveal a 
single class of high affinity IL-8 receptors (3500 to 9600 per cell; & = 
0.15 nM) on human blood basophils, which also weakly bind NAP-2 
(242). Two proteins of 58 and 78 kDa that bind '251-labeled GROa were 
described in human placental membrane preparations (309), but the 
binding of IL-8 or other CXC chemokines was not tested. A receptor for 
GROa (& = 4 n M ;  > 50,000 sites per cell) that does not bind IL-8 was 
recently reported in the human melanoma cell line, Hs294T (280). 
Further studies are required to establish whether the melanocyte 
growth-stimulatory activity of GROa reported in Hs294T cells by 
Richmond et al. (37) is mediated through this receptor. 

2. Receptors for CC Chemokines 

Much less information is available on CC chemokine receptors (Ta- 
ble 111). Yoshimura and Leonard (310) described MCP-1 receptors on 
human monocytes (& = 2 nM; 1100 to 2300 sites per cell), and similar 
findings were reported subsequently for monocytes and THP-1 cells 
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(& values between 0.5 and 1.1 nM; 1600 to 4000 sites per cell) (311, 
312). Using a MCP-1 derivative with three tyrosine residues added at 
the C-terminus for iodination, we found on average about 5000 recep- 
tors on human monocytes and 3600 receptors on monocyte-derived 
macrophages (& = 9 nM), but no binding to neutrophils, blood lym- 
phocytes, U937, and HL-60 cells. Treatment of monocyte membranes 
with GTPyS results in a more than 20-fold decrease in affinity, sug- 
gesting that high-affinity binding requires G-protein coupling. 

Receptors for MIP-1P (Act-2) were identified on activated human 
blood lymphocytes (313). PHA/PMA stimulation of resting cells, 
which possess only low numbers of receptors, results in a massive 
increase in receptor expression (up to 45,000 sites per cell) with a & of 
3-12 nM. Several cell lines (HL-60, K562, MT-2, and HeLa) also 
express MIP-1P receptors (313). In competition binding studies with 
lZ5I-labeled RANTES, low numbers of MIP-la receptors ( K d  = 
1.6 nM) are found on THP-1 cells and monocytes (262). Two cDNAs 
that presumably code for MIP-la receptors were isolated and ex- 
pressed in cell lines or frog oocytes (237, 314). Receptors for murine 
MIP-la are present on murine T lymphocytes and the macrophage cell 
lines, CTLL-R8 and RAW 264.7 ( K d  = 0.9-1.5 nM; 1200 sites per cell 
or less) (315). 

Receptors for RANTES on monocytes and THP-1 cells were iden- 
tified in two independent studies. Although the affinities are similar 
( K d  = 0.4-1.0 nM), the receptor numbers differ by 10-fold, i.e., approx- 
imately 700 (262) versus 5000 sites per cell (312). This discrepancy 
may result from the anomalous behavior of 1251-labeled RANTES in 
binding experiments due to increased association with the cells, pre- 
sumably through aggregation, when nonlabeled RANTES is added in 
excess (262, 314). RANTES receptors also bind MIP-la and MCP-1 
with high affinity (& = 1.6 and 6 nM, respectively) (262). Low-affinity 
interaction with MCP-1 ( K d  = 100 nM), however, is also reported 
(312). Cross-desensitization experiments showing that stimulation of 
THP-1 cells with MCP-1 or MIP-la prevents the response to RANTES 
suggest that all three CC chemokines interact with RANTES receptors 
(262). 

Although several CC chemokines activate basophils and eosino- 
phils, little information on receptors has been published. Desensitiza- 
tion experiments suggest the existence of multiple receptors and of 
distinct patterns of receptor usage (241). As shown by the [Ca2+Ii 
changes induced by sequential stimulation of basophils, eosinophils, 
or monocytes (Fig. 4), all three types of leukocytes respond to 
RANTES and MIP-10, whereas only basophils and monocytes respond 
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Basophils 

4 4 4 4  
RANTES MIP-1 a MCP-1 IL-8 

4 4 4 4  
MIP-la RANTES MCP-1 IL-8 

4 4  A 4  
MCP-1 RANTES MCP-1 MIP-la 

M o n oc ytes 

i 4 4  
RANTES MIP-la MCP-1 

4 4 4  
MIP-la RANTES MCP-1 

4 4  4 4  
ICP-1 RANTES MCP-1 MIP-la 

Eosinophils 

4 A  A 4  
ICP-1 RANTES MCP-1 MIP-1 a 

FIG. 4. Leukocyte responses to sequential stimulation with CC chemokines. 
Changes of the cytosolic free calcium concentration in highly purified basophils (>go%), 
eosinophils (>99%), and monocytes (>go%) stimulated with chemokines. Fura-2-loaded 
cells were suspended at lo6 cellslml and continuously monitored for fluorescence 
changes. Chemokines were added as indicated to a final concentration of 50 nM (baso- 
phils, eosinophils) and 5 nM (monocytes). Reproduced with permission from Bischoff et 
al. (241). 

to MCP-1. In basophils and eosinophils stimulation with MCP-1 does 
not affect the [Ca2+Ji changes induced by a subsequent challenge with 
RANTES or MIP-la, and no cross-desensitization is observed when 
the order of stimulation is reversed, indicating that basophils have 
distinct selective receptors for MCP-1 and for RANTES and MIP-la. 
Mutual desensitization indicates that RANTES and MIP-la share re- 
ceptors. RANTES virtually abolishes the response to MIP-la, whereas 
MIP-la reduces the response to RANTES only slightly, suggesting the 
presence ofa receptor for RANTES with little or no affinity for MIP-la. 

Responses to CC chemokines are quite different in monocytes, for 
which MCP-1, RANTES, and MIP-la appear to share receptors, as 



128 MARC0 BAGGIOLINI ET AL. 

indicated by the desensitizing effect of MCP-1. RANTES and MIP-la 
show again cross-desensitization, but in monocytes MIP-la is more 
effective. A receptor for MIP-la expressed in monocytes has recently 
been cloned (237,314). It also binds MCP-1 and RANTES, which is in 
agreement with the results of desensitization experiments (314). 

3. Receptor on Erythrocytes 

A receptor for IL-8 (& = 5 nM; 2000 sites per cell) was character- 
ized on erythrocytes by Darbonne et al. (316). This receptor is unique 
because it binds CXC and CC chemokines equally well. IL-8 is not 
internalized and can be rapidly displaced by GROa, NAP-2, MCP-1, 
and RANTES, but not by MIP-la (317). Bound IL-8 is inactive toward 
neutrophils (316), but full activity is regained on displacement with 
another chemokine (T. Geiser and B. Dewald, unpublished observa- 
tions). IL-8 binding to erythrocytes is frequently lacking in Afro- 
American individuals. A study of positive and negative blood samples 
revealed that the IL-8 receptor corresponds to the Duffy antigen. The 
malaria parasite, Plasmodium uiuax, invades erythrocytes by binding 
to this antigen, and chemokines, GROa in particular, were found to 
prevent parasite recognition and invasion in vitro (R. Horuk, personal 
communication). It was suggested that erythrocytes, through this re- 
ceptor, may function as scavengers of chemokines in plasma (316). 
High affinity anti-IL-8 antibodies as well as ILS-IgG complexes are 
frequently found in the circulation of normal individuals, suggesting 
the existence of an alternative, efficient mechanism of IL-8 scavenging 
(318). 

B. RECEPTOR CLONING 
A major step toward the understanding of neutrophil activation was 

the demonstration by Boulay and colleagues (319) that chemotactic 
agonist receptors have a seven-transmembrane-domain (7-TM) struc- 
ture. Functional expression cloning or screening with degenerate oli- 
gonucleotide probes for conserved regions of G-protein-coupled re- 
ceptors led to the identification of cDNAs for a rabbit IL-8 receptor 
(320, 321), two human IL-8 receptors (322, 323), human and murine 
receptors for C5a (324-326), several active and inactive isoforms of the 
human fMet-Leu-Phe receptor (327-331), the rabbit Met-Leu-Phe 
receptor (332), and human and guinea pig receptors for platelet- 
activating factor (333,334). 

Extensive biological experimentation had indicated that the effects 
of IL-8 on neutrophils are typical for chemotactic agonists ( la,  210). 
The cloning and structural characterization of IL-8 receptors provided 
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TABLE IV 
AMINO ACID SEQUENCE COMPARISON OF CXC AND CC CHEMOKINE RECEITORS 

huIL-8R2 rhIL-8R rbF3R huMIP-laR huLESTR52 huMDCR15 US28C US28N 

huIL-8R1 
huIL-8R2 
rbILdR 
rbF3R 
huMIP-aR 
huLESTR52 
huMDCR15 
US28C 

770 84 79 29 32 38 29 29 
73 67 31 34 40 29 28 

94 30 31 38 28 27 
27 28 36 26 26 

31 30 30 29 
34 29 29 

19 21 
93 

Numbers refer to percentage amino acid identity. Painvise receptor protein sequence align- 
ments were carried out using the program PALIGN (414) and the Unitary Matrix (415) with an open 
gap cost and unit gap cost of 3 and 2, respectively. 

the last piece of evidence that IL-8 and its related chemokines are 
primarily chemoattractants. The identification of two distinct cDNAs is 
in agreement with the biochemical evidence for the existence of two 
IL-8 receptors. 

1 .  IL-8 Receptors 

Two distinct human IL-8 receptors (IL-8R1 and IL-8R2) were 
cloned in 1991.l Holmes et al. (322) isolated a cDNA coding for a 
350-amino acid protein (IL-8R1) from a human neutrophil cDNA li- 
brary by expression screening for '251-labeled IL-8 binding in COS-7 
cells. Murphy and Tiffany (323) isolated a cDNA coding for a 360- 
amino acid protein (IL-8R2) by screening of a cDNA library from 
dibutyryl cyclic AMP-differentiated HL-60 cells with a synthetic oli- 
gonucleotide probe for the rabbit IL-8 receptor, rbF3R, and expressed 
the functional receptor by cRNA microinjection in Xenopus laevis 
oocytes. The cDNAs for IL-8R1 and IL-8R2 code for polypeptides with 
M ,  of approximately 40 kDa and a sequence identity of 77% (Table IV). 
Both sequences contain seven putative transmembrane domains of 
20-25 amino acids with presumed a-helical structure, which are typi- 
cal for G-protein-coupled receptors (Fig. 5). The N-terminal region and 
the second extracellular loop contain sites for N-linked glycosylation 

'The receptor cloned by Holmes et al. (322) is most frequently termed ILSRI, 
IL-8Ra, or ILSA, and the one cloned by Murphy and Tiffany (323) is named IL-8R2, 
IL-8Rp, or IL-8B. In our studies we called IL-8R1 the receptor that binds IL-8, GROa, 
and NAP-2 with high affinity, and IL-8R2 the other one (304,307). In the present review, 
we adopt the common nomenclature: ILSR1 for the IL-8-selective receptor, and IL-8R2 
for the receptor with high affinity for IL-8, GROa, and NAP-2. 
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that may account for the observed differences in the electrophoretic 
migration of the native receptor proteins as found in cross-linking 
experiments. 

Both cDNAs were expressed in Jurkat, COS-7, and human embry- 
onic 293 kidney cells, and the binding properties of the receptors were 
characterized. IL8R1 binds IL-8 with high affinity and GROa and 
NAP-2 with low affinity, whereas IL-8R2 binds all three CXC che- 
mokines with high affinity (269, 335, 336). These results confirm the 
functional characterization of two IL-8 receptors in human neutrophils 
(304,307) (Fig. 3). Some uncertainty exists about the sequence of the 
rabbit IL-8 receptor (320, 321). Two ,identical cDNAs were indepen- 
dently isolated by PCR using primers derived from the published 
rabbit IL-8 receptor sequence (337,338). The polypeptide encoded by 
these cDNAs differs from the rabbit IL-8 receptor, rbF3R (321), by 23 
amino acids (Fig. 6). Since clones encoding rbF3R were not found, it is 
not clear whether the disagreement is due to the occurrence of recep- 
tor isoforms or to sequencing artifacts. 

2. Other Chernokine Receptors 

A high-affinity 7-TM receptor for MIP-la ( K d  = 1 nM) was recently 
cloned and expressed in E293 cells (314) and in X. Zaevis oocytes (237). 
The recombinant receptor binds MIP-la with high affinity and MCP-1 
with low affinity. It could not be ascertained whether '251-labeled 
RANTES binds to this MIP-la receptor, but the displacement of 1251- 
labeled MIP-la by unlabeled RANTES and the Ca2+ mobilization 
experiments suggest that a selective interaction occurs (314). It was 
known that the putative G-protein-coupled receptor US28C, encoded 
by the human cytomegalovirus AD169, is strikingly similar to the 
chemokine receptors (339) (Fig. 6). US28N, a variant of US28C, binds 
MIP-la with high affinity when expressed in E293 cells, and compe- 
tition is observed with MCP-l, MIP-lp, and RANTES (314). Neither 
MIP-laR nor US28N recognize IL-8. Sequence identities between 
MIP-laR or the US28 polypeptides and the IL-8 receptors range be- 
tween 26 and 31% (Table IV). 

Two novel receptors of yet unidentified ligand specificity, LESTR52 
and MDCR15, were found in our and several other laboratories. We 

FIG. 5. Scheme of IL-8R2. Amino acids that differ from those of IL8R1 are shaded. 
Note the extensive sequence identity between IL-8R1 and IL-8R2 in the region extend- 
ing from transmembrane domain 1 to 7. Pinheads indicate putative N-linked glycosy- 
lation sites of IL-8R2, and bold circles highlight serines and threonines of the C-terminal 
domain as potential phosphorylation sites. 
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FIG. 6. Deduced amino acid sequences of chemokine receptors. Human IL8R1 (322), human IL-8R2 (323), human MIP-laR (237, 
314), rabbit IL8R (337, 338), rabbit F3R (320), the human cytomegalovirus-encoded proteins US28C (339) and US28N (314), and the 
putative human chemoattractant receptors MDCRlS (339b) and LESTR52 (339a) are shown. Shaded areas indicate extensive sequence 
homologies (six or more amino acid residue identities) and overbars denote the putative transmembrane domains (TM). Protein alignment 
using the program CLUSTAL according to Higgins and Sharp (414). 
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have isolated the cDNAs from a human monocyte cDNA library, and 
the recombinant polypeptides share striking similarities with the hu- 
man IL-8 receptors (339a, 339b). An isoform of MDCR15, BRL1, which 
has an N-terminal extension of 45 amino acids due to RNA splicing, 
was cloned from a Burkitt’s lymphoma cell line (340). Using PCR 
techniques we found that MDCRl5 and BRLl mRNAs are expressed 
at low levels in blood leukocytes. Expression is high, however, in 
Burkitt’s lymphoma and human chronic lymphocytic leukemia cells 
(339b). It will be interesting to determine if alternative splicing is a 
mechanism for regulating expression and function of these receptors, 
which are more related to the IL-8 receptors than to the receptors for 
CC chemokines, MIP-1aR and US28N (Fig. 6, Table IV). LESTR52 is 
remarkable because of its astonishingly high level of expression in 
normal granulocytes and mononuclear phagocytes, as shown by North- 
ern analysis and by the incidence of LESTR52-positive clones, which 
was 20-fold higher than that of IL-8R1 and IL-8R2 clones (339a). Nei- 
ther LESTR52 nor MDCR15 appear to be expressed in normal tissue 
cells. Although no binding ofchemokines, such as IL-8, GROa, NAP-2, 
IP10, PF4, MCP-1, RANTES, HC14, and 1-309, could be detected, 
selective expression in white blood cells suggests that these receptors 
may interact with as yet unidentified CXC or CC chemokines or other 
leukocyte-activating agonists. 

3. Structural Similarities 

Like the receptors for Met-Leu-Phe, C5a, and PAF, CXC and CC 
chemokine receptors are single-chain polypeptides of 350 to 360 
aniino acids (341) (Fig. 6). As compared to other 7-TM receptors, che- 
mokine receptors have relatively short N- and C-terminal regions (Fig. 
6). In particular, the third intracellular loops which do not exceed 20 
amino acids are very small compared to the loops of more than 150 
residues found in some adrenergic receptors (341). Some residues and 
motifs of the chemokine receptors are highly conserved among the 
entire family of G-protein-coupled receptors, such as the prolines in 
transmembrane domains 2,4,5,6, and 7, which may be involved in the 
formation of the ligand-binding pocket, a tryptophan in transmem- 
brane domains 4 and 6, the Gly-Asn-X-X-Val sequence in transmem- 
brane domain 1, the Leu-Ala-X-Ala-Asp sequence in transmembrane 
domain 2, a phenylalanine in transmembrane domain 6, and an aspa- 
ragine and a tyrosine in transmembrane domain 7 (Fig. 6). Also con- 
served is the Asp-Arg-Tyr motif in the second intracellular loop that 
was shown to be important for signal transduction (342-344). In the 
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chemokine receptors this motif is followed by a conserved sequence of 
four to six amino acids that may confer selectivity in signaling. Two 
highly conserved cysteines are present in the first and second extracel- 
lular loops. By analogy to the fl-adrenergic receptor and rhodopsin, 
they are believed to form a disulfide bond that is essential for ligand 
binding (345, 346). Several cysteines are considered to be critical for 
stabilizing the tertiary structure of the membrane-spanning helices. 
Pro-Cys in the N-terminal region and the cysteine in the third extracel- 
lular loop are strictly conserved in all chemokine receptors. 

4. Receptor Genes 
The genes for the formyl-peptide receptor and its inactive isoforms, 

FPRHl and FPRH2, have a similar genomic organization, and their 
products, like most G-protein-coupled receptors, are encoded by a 
single exon (347, 348). The C5a receptor gene, by contrast, contains 
two exons; the first contributes the 5’ untranslated region plus the 
translation start codon for methionine, and the second, approximately 9 
kb downstream, codes for the rest of the receptor and the 3’ untrans- 
lated region (326,347). These genes are tightly clustered at the inter- 
face of bands q13.3 and 13.4 of human chromosome 19 (326,328,347, 
349). The genes for IL8R1, IL-8R2, and the IL-8 pseudoreceptor, 
IL8RP, were mapped to band q35 of chromosome 2 (349, 350), 
whereas the gene for MIP-laR, the only CC chemokine receptor that 
has been cloned, is located on chromosome 3, p21 (237). 

C. IL-8 RECEPTOR EXPRESSION 
Both IL-8 receptors (IL8R1 and IL-8R2) are abundantly expressed 

in neutrophils, the primary target cells of CXC chemokines, but only 
low numbers are found on blood monocytes and lymphocytes (242, 
256,257,268) (Table 111). IL-8 receptors are also expressed by human 
promyelocytic and monocytic leukemia cell lines following differenti- 
ation toward granulocytes, but are not found in lymphoid cell lines of 
the T and B lineage, e.g., Jurkat, SKW3, and Raji cells, nor on cultured 
tissue cells, such as fibroblasts and epithelial cells. Receptor mRNA is 
detected only by RT-PCR in some of these cells, but receptor expres- 
sion appears to be too low for detection in binding assays (269). IL-8 
was reported to be chemotactic (281) and mitogenic (280) for mela- 
noma cells, keratinocytes (285), and umbilical vein endothelial cells 
(284), but no information is available on receptors that mediate these 
effects. RT-PCR analysis indicates that some primary human mela- 
noma cells express IL-8R1 but not IL-8R2 (269). 
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D. STRUCTURAL CONSIDERATIONS 
1. Binding of CXC Chemokines 

The amino acid sequence identity between the two IL-8 receptors is 
high in the region extending from the first to the seventh transmem- 
brane domain (87%), and low in the N-terminal region (29%) and the 
second extracellular loop (55%) (Fig. 5). Binding studies with cells 
expressing chimeric receptors made by exchanging the N-terminal 
domains of the human IL-8R2 and the rabbit F3R (which, like human 
IL-8R1, is IL-8 selective) show that high-affinity binding of GROa and 
NAP-2 to IL-8R2 depends on interaction with the N-terminal region 
(336). Several acidic residues in this region of IL-8R1 and IL-8R2 are 
likely to interact with positive charges of the cationic CXC che- 
mokines. The binding of C5a also appears to depend on the N-terminal 
receptor domain, as shown by monoclonal antibodies that block dis- 
crete epitopes (0. Gotze, personal communication) and by mutations 
(F. Boulay, personal communication). Extensive studies with Met-  
Leu-PhelC5a receptor chimeras, obtained by reciprocal substitutions 
of intra- and extracellular domains, suggest that all three extracellular 
loops are required for the binding of Met-Leu-Phe (351). It cannot be 
excluded, however, that these substitutions affect ligand binding indi- 
rectly by altering receptor conformation. In contrast to the CXC che- 
mokines, Met-Leu-Phe shows little interaction with the N-terminal 
domain of its receptor (351). 

2.  The ELR Motifof  CXC Chemokines 

On the basis of three-dimensional analysis by NMR spectroscopy 
and X-ray crystallography it was suggested that IL-8 binds to its recep- 
tor through its C-terminal a-helix (352). Studies have shown, however, 
that the critical binding domain is at the N terminus (77, 353). Using 
chemically synthesized analogs, we have found that removal of the 
entire C-terminal helix decreases, but does not suppress, the biological 
activity of IL-8. In contrast, receptor binding and neutrophil activation 
are abrogated when the N-terminal sequence Glu-Leu-Arg (ELR) that 
precedes the first cysteine is deleted (77) (Fig. 7). All three residues, 
arginine in particular, are highly sensitive to modification (77, 354). 
The same conclusion was drawn from an elegant mutagenesis study by 
H6bert et ul. (353), showing that IL-8 activity is lost when residues 
within the ELR motif are replaced. 

The critical role of the N terminus for receptor binding and biologi- 
cal activity is underscored by the fact that the ELR motif is common to 
all CXC chemokines that activate and attract neutrophils, but is absent 
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IL-8 

PF4 

K,j (nM) Activity (%) 

77 AVLPRSAK E L R CQCIKT.. . 0.35 20 
1-72 SAK E L R CQCIKT.. . 0.25 100 
3-72 K E L R CQCIKT.. . 0.18 300 

ELR-IL-8 4-72 E L R CQCIKT.. . 0.22 300 
5-72 L R CQCIKT.. . 0.76 3 
6-72 R CQCIKT.. . 50 <o. 1 
7-72 CQCIKT.. . >1O,ooO <o. 1 

1-70 EAEEDG D L Q CLCVKT... >1O,ooO CO. 1 
DLQPF4 7-70 D L Q CLCVKT.. . >1O,ooO <o. 1 
ELR-PF4 7-70 6 L R CLCVKT... 4 20 

IL.4 Anfogonists ELQ-IL-8 4-72 E L Q CQCIKT... 700 1.1 
ELL-IL-8 4-72 E L L CQCIKT... 1,300 0.7 
AAR-IL-8 4-72 A A R CQCIKT... 8 0.3 
IR-IL-8 5-72 I R CQCIKT. .. 10 0.3 
R-IL-8 6-72 R CQCIKT... 50 0.3 

FIG. 7. N-terminal modifications of IL-8 and PF4. Shown are the N-terminal se- 
quences through the first two cysteines in one-letter code; the ELR motif is in boldface 
type. The truncations are indicated by the numbers; 1 and 72 refer to the N- and 
C-terminal positions of the 72-amino acid form (1-72) of IL-8, and 1 and 70 refer to those 
of the 70-amino acid PF4. & values are determined in '251-labeled IL-8( 1-72) compe- 
tition binding experiments. In neutrophil elastase release experiments, activities of the 
variants are compared to IL-8( 1-72) as standard (loo%), and ICm values refer to inhibi- 
tion of IL-8( 1-72) activity. Experimental details have been described (77,357,354). 

in PF4 and IP10, which are devoid of such activities (34,47) (Fig. 1). 
The length of the N-terminal sequence is also important, as shown by 
the marked increase in activity obtained on progressive truncation of 
IL-8 (77) and CTAP-III(35) (see Section II,C for more information on 
N-terminal processing). Single amino acids in the sequence preceding 
the ELR motif of CXC chemokines may also affect binding, as shown 
by comparison of the activities of natural and truncated forms of the 
three GRO proteins. Deletion of five N-terminal amino acids has little 
effect on the activity of GROa and GROy, but strongly enhances the 
activity of GROP. The lower potency of the natural form of GROP may 
be due to the presence of a proline at position 2 (instead of serine), 
which could partially hinder the interaction with the receptor (44). 

A direct demonstration that the ELR motif is essential for CXC 
chemokine activity on neutrophils was obtained by substituting ELR 
for the natural DLQ sequence in PF4 (Fig. 7). ELR-PF4 competes for 
IL-8 binding and induces chemotaxis and enzyme release responses in 
neutrophils similar to those observed with IL-8. On the other hand, the 
truncated form of PF4 (DLQ-PF4) and IL-8 with ELQ in place of ELR 
are inactive (354). The ELR sequence was also introduced in IPlO and 
MCP-I, which belong to the CXC and CC proteins, respectively. In 
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these instances, however, no activity on neutrophils was obtained, 
suggesting that additional domains of the CXC chemokine molecules 
are required for receptor interaction. This notion is supported by the 
fact that several linear and cyclic ELR-containing peptides do not bind 
to the IL-8 receptors or stimulate neutrophils (354). The decapeptide 
AVLPRSAKEL corresponding to the N-terminal region of the 77- 
residue form of IL-8, which was reported to activate neutrophils (355), 
was totally inactive in our hands (77). The substitution of Tyr-28 and 
Arg-30 to Leu and Val in MCP-1 was reported to lower the activity 
toward monocytes and to confer neutrophil chemotactic activity to the 
CC chemokine (356). Using the same MCP-1 analog prepared by auto- 
mated chemical synthesis, we were unable to confirm these results (I. 
Clark-Lewis and B. Dewald, unpublished). 

After recognizing the importance of the N terminus, a series of 
analogs of the truncated form of IL-8 with substitutions within the ELR 
motif were synthesized as potential IL-8 receptor antagonists. Several 
of a total of 26 analogs with deletions or amino acid replacements in the 
region preceding the first cysteine inhibit IL-8 function. The most 
potent antagonists are R-IL-8 and AAR-IL-8 (Fig. 7). They inhibit IL-8 
receptor binding, exocytosis (ICW 0.3 pM), as well as chemotaxis and 
the respiratory burst. Inhibition is restricted to responses elicited by 
IL-8, GROa, or NAP-2, and no effect is observed when the unrelated 
agonists Met-Leu-Phe or C5a are used as stimuli, demonstrating that 
both antagonists are selective for IL-8 receptors (357). 

Taken together, these results prove that the N-terminal tripeptide, 
ELR, is of primary importance for the binding of CXC chemokines to 
the IL-8 receptors. The N-terminal domain is conformationally disor- 
dered, but is anchored to the highly structured core of the protein (by 
the two disulfide bonds) that bears additional binding sites for the 
selective interaction with extracellular domains of the receptor. Such 
secondary interactions may facilitate the access of the ELR sequence 
to the ligand-binding pocket formed by the transmembrane helices. 

3. G-Protein Coupling 

The effector functions induced by agonists that activate 7-TM recep- 
tors depend on the type of G-protein that couples to the receptor. 
Knowledge of structural domains that promote the interaction with 
G-proteins is, therefore, vital to the understanding of chemokine sig- 
naling. For the a- and P-adrenergic receptors, recognition sites have 
been identified within the second and third intracellular loop and the 
proximal region of the C-terminal sequence (341-343). Higashijima et 
aZ. observed that mastoparan, a wasp venom peptide with amphipathic 
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helical structure, interacts with G-proteins in a receptor-like fashion 
(358). Using synthetic peptides that correspond to intracellular regions 
of rhodopsin, multiple interactions were shown to be required for 
activation of transducin (359). Extension of these studies led to the 
proposal of a consensus for Gi activation sequences comprising two or 
more basic residues that are separated by 10-26 amino acids from a 
C-terminal basic motif (360,361). All chemokine receptors character- 
ized so far contain one or more sequences that are similar to the 
proposed consensus. Their short third intracellular loop may function 
as a G-protein recognition site, although the sequences separating the 
basic residues consist of less than 10 amino acids (Table V). 

4 .  Receptor Regulation 

Leukocyte responses to chemoattractants are of short duration be- 
cause of rapid receptor desensitization. “Homologous desensitization” 
occurs at high ligand concentrations through phosphorylation by spe- 
cific receptor kinases, and is restricted to the type of receptor that has 
been activated, as shown for the &-adrenergic receptor kinases and 
rhodopsin kinase (362-364). Other mechanisms of regulation, such as 
receptor sequestration or internalization, and down-regulation of re- 
ceptor gene expression are slow processes, and are thus unlikely to 
regulate the duration of the response. The kinases are activated at high 
ligand or photon concentration and phosphorylate multiple serines 
andlor threonines in the C-terminal region of ligand-bound receptors, 
leading to interaction with arrestins and inhibition of G-protein 
coupling (342,365-367). 

TABLE V 
PUTATIVE SEQUENCES INVOLVED IN RECEFTOR-G~ PROTEIN COUPLING 

Receptor Third intracellular loop 

huIL-8R1 
huIL-8R2 
rbIL-8R 
rbF3R 
huMDCR15 
huLESTR52 
huMIP-laR 
US28W 
US28N 

F T L R T L F K A  HM---G Q K  H R  A M R  
F T L R T L F K A H M---G Q K  H R A M R  
F T L R T  L F Q A  HM---GQK H R  A M R  
F T L R T L F Q A  HM---GQK H R  A M R  

G V V H R L R QA Q R  R P ---QR Q K  A V R 
I I I S K L S H S K G H - - - - Q K R K A L K  
GI I K I L L R R - - - P N E K K S K A V R  

Y R I  S R I  V A V S Q S R H K G R I  V R  
Y R I  S R I  V A V S Q S R H K G R I  V R  

Consensus“ B-(X)~-~-B-(X)~-O-BXBXXB 

B designates a basic residue (Lys, Arg, His), and X stands for any other amino acid. 
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Chemokine receptors contain 7 to 15 potential phosphorylation sites 
in the C-terminal region (Fig. 6). A mRNA for a kinase related to the 
P-adrenergic receptor kinase is highly expressed in human leukocytes, 
suggesting that chemotactic receptors may be desensitized by the 
mechanism known to operate for rhodopsin and the adrenergic recep- 
tors (368). A second process, termed “heterologous desensitization,” 
affects different types of receptors through kinases that become acti- 
vated during signal transduction, such as protein kinase C (PKC) or 
CAM P-dependent protein kinase A (342, 365). Several putative sub- 
strate consensus sequences for PKC (369, 370) are found in the intra- 
cellular domains of chemokine receptors (Table VI). Evidence for 
chemoattractant-induced desensitization is provided by work with the 
recombinant receptors for Met-Leu-Phe and C5a (371). Studies by 
Boulay and colleagues show that these receptors are rapidly phosphor- 
ylated (<3 minutes) following addition of the ligands or PMA, support- 
ing the hypothesis of chemoattractant receptor regulation by protein 
kinases (372). 

VII. Signal Transduction 

Several elements of the signal transduction cascade and their role in 
the regulation of single neutrophil responses have been studied using 
IL-8, Met-Leu-Phe, and C5a as stimuli (206, 225). Agonist-receptor 
interaction initiates a characteristic pattern of responses, including 
shape change and chemotaxis, exocytosis, and the respiratory burst. 

TABLE V I  
PUTATIVE PKC SUBSTRATE SEQUENCES IN CHEMOKINE RECEPTORS“ 

~~ ~ ~ ~~ __ __ ~ _ _  ~ 

First intracellular Second intracellular Third intracellular 
Receptor loop loop loop 

huIL-8R1 
huIL-8R2 

rbIL-8R 
rbF3R 

huMDCR15 
huLESTR52 
huMIP-luR 

US28C 
US28N 

SRXXRS 
SRXXRS 

SRSXRS 
SRSXRS 

RHRXTRSST 
KKXRSXTXK 
KRXKXXTS 

TXRRR 
TXRRR 

TRTXTXKR TXRTXXK 
TRTXTXKR TXRTXXK 

TRTXTXKRH TXRT 
TRTXTXKRH TXRT 

RHRRXXS 
TXSXRXRK SKXSHSK 
RXRTXT KKSK 

RXSRXXXXSXSRHKXR 
RXSRXXXXSXSRHKXR 

a X designates any amino acid residue other than Ser, Thr. Lys, and Arg. 
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Using Met-Leu-Phe and its butoxycarbonyl derivative that acts as an 
antagonist, it was shown that the responses depend on the persistence 
of the ligand-receptor complex and are discontinued when the agonist 
is displaced (206). 

IL-8-bound receptors interact with GTP-binding proteins of the Gi 
type (G-proteins), as originally suggested by the inhibition of neutro- 
phi1 responses after pretreatment with B .  pertussis toxin (210). Expo- 
sure of neutrophil plasma membranes to IL-8, GROa, or NAP-2 en- 
hances GTPase activity and the high-affinity binding of radiolabeled 
GTPy S, demonstrating that G-proteins are activated on CXC che- 
mokine binding to the IL-8 receptors (308). Bordetella pertussis toxin 
also prevents monocyte activation by MCP-1(259), suggesting that the 
same class of G-proteins mediates the functional responses to CC 
chemokines as well. 

The next step in the cascade involves the activation of a phosphati- 
dylinositol-specific phospholipase C that generates two second mes- 
sengers, 1,4,5-inositoltrisphosphate ( IP3) and diacylglycerol. IPS in- 
duces the release of Ca2+ from intracellular stores, leading to a 
transient rise in [Ca2+Ii, while diacylglycerol remains associated with 
the membrane and activates protein kinase C (225). IL-8 induces the 
concentration-dependent formation of IP3 in human neutrophils (373) 
and the consequent rise in [Ca2+Ii (73,210, 373). IL-8 also stimulates 
phosphatidylinositol-4-phosphate kinase, which synthesizes phospha- 
tidylinositol-4,5-bisphosphate, the source of IP3 (374). Pretreatment 
of the cells with an inhibitor of phospholipase C, U-73122, prevents 
the formation of IPS and [Ca2+]i changes in response to stimulation 
with IL-8 (373). The transient [Ca2+Ii rise reflects the release of Ca2+ 
from intracellular stores and the influx from the extracellular medium 
(375). A rise in [Ca2'Ii is essential for the induction of exocytosis 
and the respiratory burst. By blocking the influx it can be shown that 
release of intracellular Ca2+ is sufficient to satisfy this requirement 
(376). 

Sozzani et al. (259, 377) reported that MCP-1, in contrast to N e t -  
Leu-Phe, does not enhance IPS production and the turnover of phos- 
phatidylinositol-4,5-bisphosphate in monocytes, and induces a [Ca2+Ii 
rise that is totally dependent on influx through plasma membrane 
channels. Under similar conditions, however, [Ca2+li transients are 
observed in monocytes that are stimulated with MCP-1 immediately 
after the addition of an excess of EGTA to chelate extracellular Ca2+ 
(Padrines et al., unpublished). The [Ca2+li changes induced in mono- 
cytes by MCP-1, MIP-la, and RANTES are similar (241,377) (Fig. 4), 
but no information is available on the effect of CC chemokines other 
than MCP-1 under conditions that prevent Ca" influx. Analysis of the 
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[Ca”]; changes was used to assess the responsiveness and receptor 
selectivity of basophil and eosinophil leukocytes to CC chemokines 
(see Section VI,A,2). A later event of the signal transduction cascade in 
neutrophils is the activation of protein kinase C, which is required for 
the induction of the respiratory burst but not for other responses (378). 
Smith et al. (373) have shown that the a and p form of protein kinase C 
translocate from the cytosol to the plasma membrane in IL-8- 
stimulated neutrophils. 

VIII. Role in Pathology 

A. SKIN DISEASES 
We like to begin the discussion of the role of chemokines in pathol- 

ogy with skin inflammation, because psoriasis, as shown by the work of 
Schroder (379), was the first disease to be linked to overproduction of 
IL-8. Up  to several nanograms of biologically active IL-8 per milligram 
of scale material are found in psoriatic lesions, i.e., 100- to 200-fold the 
control concentration found in heel callus scrapings (379). Being more 
selective for neutrophils and more resistant to inactivation than other 
chemoattractants, IL-8 is generally believed to mediate the formation 
of neutrophilic skin microabscesses that characterize psoriatic skin 
(la). IL-8 expression is not uniform in lesional skin. Nickoloff et al. 
(380) reported the presence of IL-8 mRNA (together with transforming 
growth factor8 mRNA) in the epidermal roof of the lesions. Immuno- 
histochemical staining for TNFa, considered to be an inducer of IL-8, 
is present in dermal macrophages (dendrocytes) and in some keratino- 
cytes and intraepidermal Langerhans cells, but not in endothelial 
cells, mast cells, or dermal Langerhans cells (380). In situ hybridiza- 
tion with an antisense IL-8 RNA probe shows the expression of IL-8 in 
association with keratinocytes of the upper layers of lesional epider- 
mis, but not in uninvolved skin of patients or healthy controls (381). 
Hybridization yields a spotty pattern with a strong positive reaction at 
papillar tips, and is exclusive for IL-8, since TNFa and IL-6 mRNA are 
not detectable (381). Immunohistochemistry was used in several labo- 
ratories with contrasting results. Nickoloff et al.  (380) observed intense 
staining in the upper lesional epidermis and no staining in nonaffected 
skin. Using two different monoclonal antibodies raised against natural 
IL-8, Sticherling et al. (382) found positive intracellular staining in 
suprabasal keratinocytes of healthy skin in patients and controls and 
decreased or even absent immunoreactivity in the lesions. Positive 
staining, mainly in the basal cell layer, in healthy and lesional skin of 
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patients with psoriasis and palmoplantar pustulosis, was found by 
Anttila et  al. (383), who used different monoclonal and polyclonal 
antibodies raised against recombinant IL-8. Intra- and intercellular 
staining can be distinguished, and the intercellular staining appears to 
be characteristic for the lesions and disappears with healing. Inter- 
estingly, strong intracellular positivity is regularly detected in the ec- 
crine sweat glands and, to a lesser extent, in endothelial cells and in 
mononuclear cell infiltrates (383). IL-8 is also detected in the gland 
epithelial cells by in situ hybridization, and IL-8 is recovered in the 
sweat of healthy joggers (S. Reitamo and B. Dewald, unpublished re- 
sults). 

Although little doubt exists concerning the role of IL-8 in inflamma- 
tory conditions such as psoriasis and palmoplantar pustulosis, in some 
skin diseases, such as eczema and ichthyosis congenita, considerable 
amounts of biologically active IL-8 can be extracted from the scales 
(379), although no neutrophil infiltration is observed in the tissue. It 
has been suggested that IL-8 alone is not sufficient to elicit neutrophil 
emigration, and that factors inducing the expression of adhesion mole- 
cules on endothelial cells are required. A rapid and direct recruitment 
of neutrophils, however, is obtained on local injection of IL-8 in vivo 
(292,295) (see Section V,G). Alternatively, the absence of neutrophils 
in tissues that contain IL-8 could be explained by the lack of IL-8 
release from the cells, the presence of an inhibitor, or desensitization, 
but no evidence for these possibilities has been provided. 

In addition to neutrophils, lymphocytes infiltrate psoriatic skin. IL-8 
is considered by some investigators to be the potential attractant (380, 
384), although so far no experimental evidence has been provided that 
IL-8 is chemotactic for human lymphocytes in uivo (273, 274). Other 
chemotactic proteins, however, are likely to be produced with IL-8, 
and alternative mechanisms of lymphocyte infiltration may soon 
emerge. Studies of skin lesions at the protein or mRNA level suggest 
that keratinocytes are the main source of IL-8 and of other chemokines 
as well (Table 11). It has also been reported that keratinocytes prolifer- 
ate in response to IL-8, which, in conjunction with other factors, may 
contribute to the disease-related hypertrophy ( J.M. Schroder, personal 
communication). 

B. ARTHRITIS 
Several independent studies document the occurrence of high lev- 

els of IL-8 in the synovial fluid of inflamed joints of patients with 
different forms of rheumatic diseases, osteoarthritis, and gout (127, 
144, 385-388). The neutrophil chemotactic activity of fluid samples 
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does not necessarily correlate with the levels of IL-8 (144), suggesting 
that other chemotactic factors, including other CXC chemokines (27), 
are present. The highest IL-8 levels are generally found in sero- 
positive rheumatoid arthritis (387, 389), wherein the concentration of 
IL-8 correlates with the rheumatoid factor serum titer (387) and the 
level of IL-6 (390). No significant relation, however, has been estab- 
lished between IL-8 and clinical parameters of disease such as erythro- 
cyte sedimentation rate and serum levels of C-reactive protein (387). 

Because synovial fluid IL-8 may be released by cells of the inflamed 
synovium (27,145,204,391), activated chondrocytes (392-394), and by 
neutrophils and mononuclear phagocytes (Table 11), we studied the 
production of IL-8 by blood and synovial fluid mononuclear phago- 
cytes from patients with a variety of inflammatory rheumatic diseases. 
The highest rates of spontaneous and stimulated IL-8 production are 
observed in patients with seropositive rheumatoid arthritis, indicating 
that their monocytes are activated (127, 146). The release of IL-8 
correlated with the titers of circulating IgM rheumatoid factor, but not 
with other criteria for disease activity, such as the Landsbury and the 
Ritchie index (389). IL-8 production by mononuclear cells is inhibited 
by glucocorticoids, IFN-.)I, gold salts, and methotrexate at clinically 
relevant concentrations, but not by indomethacin and other cycloox- 
ygenase inhibitors (127, 389). Accordingly, intraarticular administra- 
tion of glucocorticoids blocks the production of IL-8 by synovial fluid 
mononuclear cells (127). 

In the same context, Koch et al. (395) studied the production of 
MCP-1. The concentration of MCP-1 is higher in the synovial fluid and 
plasma of patients with rheumatoid arthritis, as compared to other 
arthritic diseases, and is positively correlated with the concentration of 
IL-8. Although synovial fibroblasts (391,395) and chondrocytes (185) 
can produce MCP-1, the main source is macrophages, which consti- 
tutively express this CC chemokine (395). 

C. LUNG DISEASES 

The existence of tissue-derived chemoattractants was proposed 
about 10 years prior to the discovery of IL-8 (396). Alveolar macro- 
phages were recognized as a source of neutrophil chemotactic factors 
(397-399) that were believed to induce lung inflammation (397) and to 
enhance the microbicidal activity of neutrophils and lung defense 
against infection (400,401). 

Lung diseases with high neutrophil influx are at the center of inter- 
est. The increased expression of IL-8 mRNA in alveolar macrophages 
of patients with idiopathic pulmonary fibrosis correlates with the 
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amount of IL-8 and the number of neutrophils recovered by bronchoal- 
veolar lavage and the severity of the disease (143), suggesting that IL-8 
is a main causative agent of the neutrophilic alveolitis (402). Using in 
situ hybridization and immunocytochemistry, Antoniades et al. (150) 
showed that MCP-1 is also expressed by macrophages, as well as by 
epithelial, endothelial, and vascular smooth muscle cells in the lung of 
these patients. The MCP-1-dependent influx of mononuclear phago- 
cytes is considered a prerequisite for the increased local synthesis of 
growth factors for mesenchymal cells that lead to fibrosis. High levels 
of IL-8 are found in acute inflammatory conditions of the lung, as in the 
adult respiratory distress syndrome, in which IL-8 and neutrophil 
numbers are reported to correlate with mortality (403), and in empy- 
ema (404). In cystic fibrosis, neutrophil elastase present in the lung 
epithelial lining fluid induces IL-8 production by bronchial epithelial 
cells (179). This process, which tends to amplify inflammation, can be 
restrained in vivo by aerosol application of “secretory leukoprotease 
inhibitor,” a natural protein that blocks elastase and therefore IL-8 
induction (405). Chemokines are also considered as potential media- 
tors of inflammation in allergic diseases. Enhanced coexpression of 
IL-8 and GM-CSF is observed in bronchial epithelial cells of patients 
with asthma (406), a finding of interest since GM-CSF, IL-3, and IL-5 
have been shown to enhance the responsiveness of basophils and 
eosinophils to CXC and CC chemokines (240,241). 

Several animal models have been used to assess the potential role of 
CXC and CC chemokines in lung pathology. Boylan et al. (407) 
showed that the acute pleurisy induced by intrapleural instillation of 
crocidolite asbestos in rabbits results from the induction of IL-8 forma- 
tion by mesothelial cells in response to direct stimulation by asbestos. 
The rat alveolitis induced by IgA immune complexes is characterized 
by mononuclear phagocyte-dependent lung injury. Intravenous infu- 
sion of neutralizing antibodies against rat MCP-1 at the onset of im- 
mune complex alveolitis markedly reduces monocyte/macrophage ac- 
cumulation, and attenuates increased vascular permeability and 
hemorrhage in the lung (408). The role of CXC chemokines for the 
recruitment of neutrophils in the rat lung is suggested by the presence 
of the mRNAs for two chemokines related to the human GRO proteins, 
MIP-2 and KC, in the bronchoalveolar lavage cells and trachea homog- 
enate after instillation of LPS into the airways (409). An elegant dem- 
onstration of the involvement of MCP-1 in pulmonary granulomatosis 
was presented by Jones and Warren (410), who showed that the forma- 
tion of angiocentric granulomata on intravenous injection of yeast cell 
wall glucan is characterized by monocytosis and the local accumu- 
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lation of mononuclear phagocytes. These changes depend on in- 
creased expression of MCP-1 mRNA in the lung and increased MCP-1 
concentration in the bronchoalveolar lavage fluid. 

D. CARDIOVASCULAR SYSTEM 
Two aspects of the potential involvement of CXC and CC che- 

mokines in cardiovascular pathology are also worth considering-the 
formation of NAP-2 in thrombosis and the role of MCP-1 in atheroscle- 
rosis. 

NAP-2 is the only neutrophil-activating chemokine that is not in- 
duced by gene activation, but is generated by proteolysis from the 
inactive precursors PBP and CTAP-111, which are released in bulk by 
aggregating platelets (35,76). Cathepsin G and other serine proteases 
from monocytes convert the precursors into a neutrophil-attracting 
chemokine (35). NAP-2 is likely to be formed on platelet activation 
following endothelial damage and thrombosis. NAP-2-dependent ac- 
cumulation of neutrophils may be important for the recanalization of 
thrombotic vessels (411). 

MCP-1 and other CC chemokines are the subject of many studies 
because of their potential role in the recruitment of monocytes into 
atherosclerotic areas. Northern blot and in situ hybridization analyses, 
as well as immunohistochemistry, demonstrate enhanced expression 
and release of MCP-1 in macrophage-rich arterial wall areas in humans 
(151, 152) and in macrophage-derived foam cells in the lesions in- 
duced by a balloon catheter in cholesterol-fed rabbits (151). MCP-1, in 
contrast, is not detected in sublesional smooth muscle cells and in 
normal arterial tissue (151), although immunohistochemistry indicates 
that smooth muscle cells and the mesenchymal cells of the intima are 
capable of releasing this chemokine (152). MCP-1 production is also 
observed in the smooth muscle cells of the medial layer of the arterial 
wall and in monocytes and smooth muscle-like cells overlying intimal 
lesions in primates with diet-induced hypercholesteremia (412). Possi- 
ble mechanisms for the recruitment of monocytes into arterial walls 
were studied in cocultures of endothelial and smooth muscle cells 
from human arteries (413). Low-density lipoprotein (LDL) added to 
these cultures is apparently modified by oxidation and acts as a stimu- 
lus for the expression of adhesion molecules and the production of 
MCP-1 by the endothelial cells, resulting in increased adherence and 
migration of monocytes across the endothelial layer. When LDL is 
added together with high-density lipoprotein, the modification is pre- 
vented and so is monocyte transmigration (413). 



IL-8 AND RELATED CHEMOTACTIC CYTOKINES 147 

TABLE VII 
EXPRESSION OF CXC AND CC CHEMOKINES IN DISEASE 

System Condition Chemokine Ref. 

Joints Gouty arthritis 

osteoarthritis 
Rheumatoid arthritis, 

Rheumatoid arthritis 

Skin Contact dermatitis 
Cutaneous T cell 

Palmoplantar pustulosis 
Psoriasis 

lymphoma 

Lung Adult respiratory distress 
syndrome 

Asthma 
Cystic fibrosis 
Idiopathic pulmonary 

Idiopathic pulmonary 

Pleural empyema 

fibrosis 

fibrosis 

Various Atherosclerosis 
Bladder inflammation 
Kawasaki disease 
Ocular inflammation 
Pancreatitis 
Pertussis 
Pregnancy, parturition 
Red cell incompatibility 
Relapsing fever 
Sepsis, endotoxemia 
P-Thalassemia 
Transplantation 
Ulcerative colitis 
Uremia 

Animal Atherosclerosis 
model Bacteremia 

Lung inflammation 
Lung granulomatosis, 

Pleurisy 
Renal ischemia 
Renal ischemia 
Wound healing 

alveolitis 

IL-8 
IL-8 

MCP-I 

IL-8 
IL-8 

IL-8 
IL-8 

IL-8 

IL-8 
IL-8 
IL-8 

MCP-1 

IL-8 

MCP-1 
IL-8 
IL-8 
IL-8 
IL-8 
IL-8 
I t -8  
IL-8 
IL-8 
IL-8 
IL-8 
IL-8 
IL-8 
IL-8 

MCP-1 
IL-8 
GRO 
MCP-1 

IL-8 
GRO 
MCP-1 
MIP-1, GRO 

385 
127,144-146,386- 

184,395 
390,444,445 

384,446 
447-449 

383 
380-383 

403 

406 
405 
143,402 

150 

404 

149,151,152,413 
450 
451 
452 
453 
454 
455-458 
459 
460 
461-463 
464 
464,465 
466,467 
468 

412 
469 
409 
408,410 

407 
470 
470 
471 
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E. OTHER CONDITIONS 

Numerous publications during the past 2 years have demonstrated 
the expression of CXC and CC chemokines in pathological tissues. 
Many of these studies suggest that chemokines are the main attractants 
for inflammatory cells into the affected sites, but more work is required 
to assess their actual pathogenetic role. It is interesting to note that 
CXC and CC chemokines are often expressed concomitantly. An ex- 
haustive list of reports is presented in Table VII. 
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1. Introduction 

Transforming growth factor+ (TGF-P) was initially purified from 
human platelets as a 25-kDa homodimeric peptide using the ability of 
the factor to confer morphological transformation and anchorage- 
independent growth of normal rat kidney (NRK) fibroblasts as an assay 
(Assoian et al., 1983). However, TGF-P was later found to be a potent 
growth inhibitor for many cell types (Moses et al., 1985), and sub- 
sequent studies have revealed that TGF-/3 is a pleiotropic factor pro- 
duced by many different cell types, including endothelial cells, 
smooth muscle cells, megakaryocytes, activated lymphocytes, and acti- 
vated monocytes (reviewed in Roberts and Sporn, 1990; Massagu6, 
1990; Moses et al., 1990). The biological effects that are mediated by 
TGF-/3 include regulation of cell proliferation, differentiation, ad- 
hesion, and migration; stimulation of extracellular matrix (ECM) de- 
position; as well as modulation of many inflammatory and immune 
re'sponses. TGF-P has been proposed to have important in vivo 
physiological roles in tissue recycling, wound repair, and morpho- 
genesis during embryogenic development (Roberts and Sporn, 1990). 

Three distinct TGF-P isoforms have been identified in mammals; 
denoted TGF-P1 (Derynck et al., 1985), TGF-P2 (de Martin et al., 
1987), and TGF-p3 (ten Dijke et al., 1988; Derynck et al., 1988), and 
they exert similar, but not identical, biological activities in vitro (Ohta 
et al., 1987; Cheifetz et al., 1990) as well as in vivo (Joyce et al., 1990). 
Heterodimers have also been demonstrated in certain cell types, i.e., 
TGF-P1.2 in porcine platelets (Cheifetz et al., 1987) and TGF-P1.2 and 
TGF-P2.3 in bovine bone (Ogawa et al., 1992). Each of the TGF-Ps is 
produced as a -400-amino acid glycosylated precursor protein, which 
is proteolytically processed inside the cells into a C-terminal 112- 
amino acid mature peptide. The mature parts of the TGF-P isoforms 
have 70-80% sequence identity with a strict conservation of all nine 
cysteine residues, and each of the isoforms is highly conserved 
thoughout evolution (Derynck et al., 1986; Miller et al., 1989a,b). Each 
isoform is controlled by unique gene regulatory promoter/enhancer 
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elements (Roberts et al., 1991) and their expression is strictly regulated 
in the tissues, e.g., during the development of heart and palate tissues 
(Millan et al., 1991; Pelton et al., 1991). These observations suggest 
that each TGF-j? isoform has distinct functions in uiuo. 

The action of TGF-P is carefully controlled. TGF-ps are secreted 
from cells as latent forms that are activated under certain conditions 
(Pircher et al., 1984; Wakefield et al., 1987). In order to bind to specific 
cell surface receptors, TGF-P must be activated and released from the 
latent complex. Activation can be achieved efficiently by treatments 
with extreme pH values or heating (Brown et al., 1990). In the latent 
TGF-/3 complex, the mature TGF-P remains noncovalently associated 
with the N-terminal remnant of the TGF-P precursor. Since this inter- 
action renders TGF-P latent (Gentry et aZ., 1987), the N-terminal rem- 
nant has been denoted the TGF-P latency-associated peptide (P-LAP). 
The latent TGF-P1 complex in human platelets was found to contain 
an additional component, called the latent TGF-P1 binding protein 
(LTBP) (Miyazono et al., 1988; Wakefield et al., 1988; Okada et al., 
1989; Kanzaki et al., 1990; Tsuji et al., 1990). Although the exact 
mechanism for activation of latent TGF-P in uiuo remains to be eluci- 
dated, it most likely involves enzymatic degradation of P-LAP (re- 
viewed in Miyazono and Heldin, 1991). LTBP is not needed for la- 
tency and its role in the complex is not fully understood. A possible 
function of LTBP has been suggested by studies of cocultures of endo- 
thelial and smooth muscle cells. TGF-P produced by these cells is 
activated only in the presence of both cell types, and activated TGF-P 
can be assayed directly by the inhibition of migration of endothelial 
cells (Sato and Rifkin, 1989). In this assay, LTBP was shown to mediate 
interactions, maybe at the cell surface, which appeared to be important 
for the activation of the latent TGF-P (Flaumenhaft et al., 1993). 

The cellular action of TGF-P is mediated through binding to cell 
surface receptors (Massagub, 1992; Lin and Lodish, 1993). Affinity 
labeling and cross-linking of radiolabeled TGF-P to cell surface 
proteins have revealed the existence in most cells of three distinct 
receptor types, termed receptors type I (53 kDa), type I1 (80 kDa), and 
type I11 (or betaglycan; 300-kDa proteoglycan). Our understanding of 
the signal transduction through TGF-P receptors has been dramati- 
cally advanced by the recent cloning and characterization of the 
TGF-p receptors type I1 (Lin et al., 1992), and type I11 (L6pez-Casillas 
et al., 1991; Wang et al., 1991). The different TGF-P receptor com- 
ponents appear to interact with each other in heteromeric receptor 
complexes. Recent studies have also shown that biologically active 
TGF-/.3 interacts with various soluble proteins, which may serve as 
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reservoirs of TGF-P or as scavengers of excess TGF-P. This review 
focuses on the mechanisms of action of TGF-0s and related factors, and 
in particular on their interaction with specific receptors and binding 
proteins. 

II. Structure and Activity of Members of the TGF-f3 Superfamily 

A. STRUCTURE OF TGF-P 
The three-dimensional (3-D) structure of TGF-PS was recently de- 

termined by X-ray crystallography at 2.1 and 2.2 a resolution (Daopin 
et aZ., 1992; Schlunegger and Griitter, 1992). Each chain of TGF-PB 
consists of two pairs of antiparallel /3 sheets and three a helices (Fig. 1). 
Among the nine cysteine residues that are conserved in all TGF-/3 
isoforms, eight are used for intrachain disulfide bonds, and one (Cys- 
77) forms an interchain disulfide bridge that stabilizes the dimeric 

a3 

fingers palm 

FIG. 1. Schematic illustration of the “hand-shaped’’ structure of TGF-P2. Amino acid 
residues are indicated by the one-letter code and are numbered from the N terminus of 
the mature molecule. Cysteine (C) residues are indicated by boxes. Amino acid residues 
that are different from those in TGF-Bl are shaded. Disulfide bonds are shown by thick 
lines (with S-S). Cys-77 forms an interchain disulfide linkage and stabilizes the dimer. 
Amino acid residues 40-82, which are important for the difference in bioactivity be- 
tween TGF-Pl and TGF-P2 (Qian et al., 1992), are indicated by thick lines encircling the 
one-letter code. The three a! helices and nine P sheets are indicated as a!l-a3 and Pl-P9, 
respectively. Modified from Schlunegger and Griitter (1992) and Daopin et al. (1992). 
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structure. Instead of forming a compact globular protein, the TGF-P2 
monomer has a structure that looks like a stretched, slightly curled 
hand with fingers. The intrachain disulfide bonds, together with hy- 
drogen bonds, form a core structure (palm of the hand). In the dimeric 
structure, the heel of one hand attaches to the fingers of the other, with 
hydrophobic amino acids in the interface. The TGF-P1 sequence fits 
very well to the TGF-P2 backbone without any major distortion of the 
3-D structure (Daopin et al., 1992; Schlunegger and Grutter, 1992). 

Although most of the biological activities are shared between 
TGF-P1, TGF-P2, and TGF-P3, there are some differences. TGF-Pl 
and TGF-P3 elicit their effects at -100-fold lower protein concentra- 
tions compared to TGF-P2 on certain cell types, e.g., endothelial cells 
(Jennings et al., 1988; Cheifetz et al., 1990). Studies on a chimeric 
molecule of TGF-P1 and TGF-P2 revealed that the different respon- 
siveness of endothelial cells to TGF-P1 and TGF-P2 can be assigned to 
amino acids 40-82 (Qian et al., 1992). Fourteen amino acids are differ- 
ent between TGF-P1 and TGF-62 in this region (Fig. 1); most of them 
are located at the surface of the molecule in the heel in the 3-D 
structure, which thus may be an important area for receptor binding 
(Daopin et al., 1992). The availability of the 3-D structure of TGF-P2 
will help elucidate the modes of interaction between TGF-Ps and the 
different types of TGF-/3 receptors (and binding proteins). 

B. TGF-/3 SUPERFAMILY 
TGF-Ps belong to a larger protein family referred to as the TGF-P 

superfamily, which contains proteins that are distantly related to 
TGF-Ps in their structures (-30% sequence identity). The family in- 
cludes activins and inhibins (reviewed in Vale et al., 1990), bone 
morphogenetic proteins (BMPs) (Wozney et al., 1988), Mullerian in- 
hibiting substance (MIS) (Cate et ul., 1986), and certain other proteins 
involved in regulation of the development. The proteins in the TGF-P 
superfamily have seven invariant cysteine residues in each chain, but 
most of them lack the Cys-7 and Cys-16 of the TGF-ps, which form an 
intrachain disulfide bridge in TGF-P2 (Daopin et al., 1992) (Fig. 1). 

Activin was originally identified as a factor that induced the secre- 
tion of follicle-stimulating hormone (FSH) from the pituitary gland 
(Vale et al., 1986; Ling et al., 1986). Two homologous subunits of 
activin (PA and PB chains) form disulfide-bonded homodimers (activin 
A and activin B) and a heterodimer (activin AB). Activins have been 
shown to have additional effects, e.g., activin A stimulates the differen- 
tiation of hematopoietic progenitor cells into erythroid cells (Eto et al., 
1987; Murata et al., 1988) and induces mesoderm formation in Xeno- 
pus embryos (Smith et ul., 1990; van den Eijnden-Van Raaij et al., 
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1990). Inhibins are antagonists of activins and inhibit the pituitary 
secretion of FSH (Mason et al., 1985). Inhibins are heterodimers of one 
a chain and one /3 chain ( P A  or P B  chain). The P chains are shared 
between activins and inhibins; thus, the presence of the a chain leads 
to the exertion of completely opposite functions. Inhibin a chain was 
recently identified as a tumor suppressor gene based on the demon- 
stration that a null mutation in mice for inhibin a chain, obtained by 
homologous recombination, led to the appearance of tumors in the 
gonadal stroma (Matzuk et al., 1992). This indicates that inhibin is an 
important inhibitor of stromal cell proliferation in the gonads. 

BMPs induce the formation of bone and cartilage when implanted 
subcutaneously (Wozney et al., 1988). There are several different iso- 
forms of BMPs, i.e., BMP-2, BMP-3 (or osteogenin), BMP-4 [or BMP- 
2b (Wozney et al., 1988)], BMP-5 (Celeste et al., 1990), Vgr-1 [or 
BMP-6, mammalian homologue of Xenopus Vg-1 (Weeks and Melton, 
1987; Lyons et al., 1989)], osteogenic protein (0P)-1 [or BMP-7 (Oz- 
kaynak et al., 1990; Celeste et al., 1990)], OP-2 (Ozkaynak et al., 1992), 
and Vgr-2 (Jones et al., 1992). A heterodimer of BMP-2 and OP-1 was 
also purified from bovine bone (Sampath et al., 1990). In addition to the 
effects on bone and cartilage, BMPs also have other effects; they facili- 
tate neuronal differentiation (Paralkar et al., 1992), induce monocyte 
chemotaxis (Cunningham et al., 1992), and inhibit limb growth from 
the apical ectodermal ridge (Niswander and Martin, 1993). The prod- 
ucts of the decapentaplegic (DPP) gene (Padgett et al., 1987) and 60A 
gene (Wharton et al., 1991) of Drosophila, murine growth/ 
differentiation factor (GDF)-1 (Lee, 1990), and the Nodal product 
(Zhou et al., 1993) are structurally more similar to BMPs than to other 
members in the TGF-P superfamily, and thus form a subfamily to- 
gether with the BMPs. 

MIS induces regression of the Mullerian duct in the male reproduc- 
tive system. MIS is the most distantly related member in the TGF-P 
superfamily. The active forms of most of the members of the TGF-P 
superfamily are dimers of the C-terminal parts of the precursor pep- 
tides, but the active form of MIS contains both the N-terminal (corre- 
sponding to &LAP in TGF-P) and the C-terminal (corresponding to 
mature TGF-P) parts (Pepinsky et al., 1988). 

C. BIOACTIVITY OF TGF-P 
1 .  Bifunctional Activity of TGF-/3 

The biological activities of TGF-P are often bidirectional (Roberts 
and Sporn, 1990). TGF-P stimulates the growth of certain mesenchy- 
ma1 cells, e.g., human fibroblasts and smooth muscle cells (Roberts et 
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al., 1985), but acts as a potent growth inhibitor for most cell types, e.g., 
endothelial cells (Baird and Durkin, 1986; Frater-Schroder et al., 
1986), epithelial cells (Moses et al., 1985), hematopoietic cells (Ohta et 
al., 1987), and lymphocytes (Kehrl et al., 1986a,b). TGF-P is chemotac- 
tic for fibroblasts (Postlethwaite et aZ., 1987), monocytes (Wahl et al., 
1987), and neutrophils (Brandes et aZ., 1991a), but inhibits the migra- 
tion of endothelial cells (Heimark et al., 1986). The effect of TGF-P on 
cellular differentiation is also dependent on the cell types; e.g., the 
differentiation of bronchial epithelial cells is induced by TGF-/3 
(Masui et al., 1986), but that of myoblasts is inhibited (Massague et al., 
1986; Olson et al., 1986; Florini et al., 1986). 

2. ECM Production 

An important effect of TGF-P on target cells is the potent stimulation 
of ECM formation. TGF-P stimulates the production of ECM proteins, 
e.g., various types of collagens and fibronectin (Ignotz and Massaguk, 
1986). Moreover, there are two mechanisms by which TGF-P de- 
creases the activity of pericellular proteases that act on ECM: 
(1) inhibition of the production of plasminogen activator (Laiho et al., 
1986), type I collagenase, and metalloproteinases (Edwards et al., 
19871, and (2) stimulation of the production of protease inhibitors, e.g., 
plasminogen activator inhibitor (PA1)-I (Laiho et al., 1987) and tissue 
inhibitor of metalloproteinases (TIMP) (Edwards et al., 1987). There 
are some exceptions to these two mechanisms, e.g., induction of type 
IV collagenase by TGF-P (Overall et al., 1991; Salo et al., 1991). Thus, 
TGF-P efficiently stimulates the accumulation of ECM proteins. 
TGF-P also induces the production of cell surface receptors for ECMs, 
e.g., integrins (Ignotz and Massague, 1987; Heino and Massaguk, 
1989), and thereby promotes the interaction between cells and the 
ECM. TGF-/3 stimulates the angiogenesis in uiuo, which may be due to 
the cellular migration and ECM deposition (Roberts et al., 1986; Yang 
and Moses, 1990). When injected locally, TGF-P induces the formation 
of granulation tissue and angiogenesis (Roberts et al., 1986) and accel- 
erates wound healing (Mustoe et al., 1987). 

3. Hematopoietic Cells 

TGF-P inhibits the growth of primitive hematopoietic progenitor 
cells, e.g., the interleukin (IL)-3-induced multipotent colony forma- 
tion (Ohta et al., 1987; Keller et al., 1988; Hampson et al., 1988), 
erythroid colony formation (Hino et al., 1988; Ottmann and Yelus, 
1988), and megakaryocytic colony formation (Ishibashi et al., 1987). 
Granulopoiesis is, on the other hand, stimulated by TGF-/3 in the 
presence of granulocyte-macrophage colony-stimulating factor (GM- 
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CSF) (Ottmann and Pelus, 1988; Keller et al., 1991). TGF-@ was shown 
to inhibit the growth of myeloid leukemic cells and to induce their 
apoptotic cell death (Lotem and Sachs, 1992). 

4 .  Lymphocytes 
TGF-@ is a potent regulator of the immune system (reviewed in 

Kehrl, 1991; Ruscetti and Palladino, 1991). It inhibits the proliferation 
of thymocytes (Ristow, 1986), T cells, B cells (Kehrl et al., 1986a,b), 
natural killer (NK) cells (Rook et al., 1986), cytotoxic T cells (Ranges et 
al., 1987), and lymphokine-activated killer (LAK) cells (Espevik et al., 
1988). The cytolytic activity of cytotoxic T cells (Ranges et al., 1987) 
and NK cells (Rook et al., 1986) and adhesion of T lymphocytes and 
neutrophils to the endothelium (Gamble and Vadas, 1988) are inhib- 
ited by TGF-@. The production and secretion of immunoglobulins 
(IgG and IgM) by B cells is impaired by TGF-P (Kehrl et al., 1986a). In 
contrast, TGF-@ induces B cell isotype switching to IgA in murine B 
cells stimulated with lipopolysaccharide (LPS) (Coffinan et al., 1989), 
although the IgA secretion is inhibited under the continued presence 

5. Monocytes I Macro phages 

TGF-@ induces chemotaxis of monocytes (Wahl et al., 1987), but acts 
as a negative regulator on most macrophage functions, e.g., it sup- 
presses hydrogen peroxide secretion (Tsunawaki et al., 1988) and the 
interferon (1FN)-y-induced expression of the major histocompatibility 
complex (MHC) class I1 molecules, which are important for the 
presentation of antigen for T cells (Czarniecki et al., 1988). 

6. Cytokines and Their Receptors 

The production of cytokines is also regulated by TGF-@. For exam- 
ple, TGF-@ induces an increase in the mRNA levels for IL-1 and tumor 
necrosis factor (TNF) a in monocytes, but suppress the LPS-induced 
synthesis of these mRNAs (Chantry et al., 1989; Espevik et al., 1987). 
The production of IFN-y by mononuclear cells is inhibited by TGF-@ 
(Espevik et aZ., 1987). TGF-@ has an autoinductive effect, and each 
isoform stimulates the production of itself and of the other isoforms 
(Van Obberghen-Schilling et al., 1988; Bascom et al., 1989). Certain 
cytokine receptors are down-regulated by TGF-@, including the recep- 
tors for GM-CSF, IL-3, and granulocyte colony-stimulating factor 
(G-CSF) in the murine myeloid cell lines (Jacobsen et al., 1991), the 
IL-1 receptor in T and B lymphocytes (Dubois et al., 1990), the IL-2 
receptor a chain in large granular lymphocytes (Ortaldo et al., 1991), 
and IFN-y receptor in macrophages (Pinson et al., 1992). 

of TGF-@. 
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7 .  Immune Functions in Vivo 

Systemic administration of TGF-/3 results in the suppression of im- 
mune functions, therefore TGF-p has been shown to have beneficial 
effects, e.g., on ectopic cardiac transplantation (Wallick et al., 1990; 
Waltenberger et al., 1993) and relapsing experimental allergic enceph- 
alomyelitis (Kuruvilla et al., 1991; Johns et al., 1991; Miller et al., 
1992). 

The TGF-01 gene was recently disrupted by homologous recombi- 
nation (Shull et al . ,  1992; Kulkarni et al., 1993); mice that do not 
produce TGF-p1 were found not to have any major developmental 
abnormalities, but some intrauterine death was observed (Kulkarni et 
al . ,  1993). About 20 days after birth, they died of an acute wasting 
syndrome with a multifocal, mixed inflammatory cell infiltration and 
tissue necrosis in several organs, such as heart, stomach, liver, lung, 
pancreas, salivary gland, and striated muscle. The infiltrates were 
mainly lymphocytes and neutrophils; the histopathology of these tis- 
sues was similar to that found in myocarditis, polymyositis, and 
Sjiigren's syndrome (Shull et aZ., 1992). This suggests that the immuno- 
suppressive effects may be one of the most important roles for TGF-/31 
in ciao, and this may not be compensated by other TGF-/3 isoforms. 

111. Serine/Threonine Kinase Receptors 

It is likely that receptors with serinelthreonine kinase activity are of 
particular importance in the signal transduction of the members of the 
TGF-/3 superfamily. The first member of this family isolated in animal 
cells was encoded by Caenorhabditis elegans daf-1, a gene that con- 
trols dauer larva development (Georgi et aZ., 1990). The ligand(s) for 
Daf-1 have not been identified. Type I1 receptors for activin and 
TGF-/3 were subsequently also found to belong to the family of serine/ 
threonine kinase receptors. 

A. C D N A  CLONING OF THE ACTIvIN AND TGF-P TYPE 11 RECEPTORS 
By expression cloning using '"I-labeled activin A to screen trans- 

fected COS cells, Mathews and Vale (1991) managed to clone a cDNA 
for activin receptor type I1 from AtT20 mouse corticotropic cells. The 
structure ofthe activin type I1 receptor comprises a cysteine-rich extra- 
cellular domain, a single transmembrane domain, and a cytoplasmic 
domain containing a putative serine/threonine kinase (Fig. 2). Activin 
receptor I1 also binds activin B, albeit with slightly lower affinity than 
binding to activin A. Recently, based on the sequence similarity be- 
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Daf-1 (669 a.a.) 

AuR-II (513 a.a.) 

AUR-I18 (536 a.a.) 

TGFpR-II (567 a.a.) 

a signal sequence 1 insert in the kinase domain 

a cysteine-rich region 7 potential N-glymsylation site 

transmembrane domain Q alternatively spliced region 

serinenhreonine kinase domain 

FIG. 2. Schematic illustration of the structures of Daf-1 (Georgi et al., 1990), activin 
receptor I1 (ActR-11) (Mathews and Vale, 1991), activin receptor IIB (ActR-IIB) (Attisano 
et al., 1992), and TGF-p type I1 receptor (TGFpR-11) (Lin et al., 1992). 

tween Daf-1 and activin receptor 11, another activin type I1 receptor 
was identified, termed activin receptor type IIB (Attisano et al., 1992; 
Mathews et aZ., 1992; Legerski et al., 1992; Nishimatsu et al., 1992). 
Different spliced variants have been observed for mouse activin recep- 
tor IIB; an exon encoding a 24-amino acid segment rich in charged 
amino acid residues and another encoding an 8-amino acid segment 
rich in proline residues can be present or not in the cytoplasmic juxta- 
membrane domain and in the extracellular juxtamembrane domain, 
respectively (Fig. 2) (Attisano et aZ., 1992). Among the four different 
isoforms of the activin receptor IIB that can be generated by the 
alternative splicing, those lacking the proline cluster in the extracellu- 
lar part have a lower affinity for activin A than do those containing this 
segment. The existence of multiple activin receptor I1 isoforms may 
explain, in part, why different embryonic cell fates in Xenopus blasto- 
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FIG. 3. Comparison of the amino acid sequences of C .  eZegans Daf-1, human activin receptor I1 (ActR-11), mouse activin receptor IIB 
(ActR-IIB), and human TGF-/3 receptor I1 (TGFPR-11). Sequences were obtained from GenBank (access numbers for Daf-1, ActR-11, 
ActR-IIB, and TGFPR-I1 are M32877, X63123, M84120, and M85079, respectively). Identical amino acid residues are boxed, cysteine 
residues in the extracellular domains are overlined by thick lines, inserts in the kinase domains are shown by thin lines, putative 
ATP-binding sequences in subdomains I and I1 are marked by the symbol #, and the borders of the kinase domains are indicated by 
arrows. Kinase subdomains are indicated with roman numerals according to the nomenclature of Hanks et al. (1988). 
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meres are obtained with very small differences (less than 2-fold) in 
activin concentrations (Green and Smith, 1990). Both activin receptors 
I1 and IIB show more than 10-fold lower affinity for inhibin A 
(Mathews and Vale, 1991; Attisano et al., 1992). Thus, inhibins might 
possess their own specific receptor to elicit their biological effects. 

The TGF-P type I1 receptor was identified as a glycoprotein with a 
molecular mass of 80 kDa by affinity cross-linking using radiolabeled 
TGF-P1 (Cheifetz et al., 1988a). The TGF-P receptor I1 has a ubiqui- 
tous expression pattern and is often found coexpressed with the type I 
receptors (MassaguC et al., 1990), with which it may form a hetero- 
meric complex (see Section V). Recently, the cDNA encoding the 
TGF-P receptor I1 was isolated by an expression cloning strategy (Lin 
et al., 1992). Expression of the TGF-/3 receptor I1 cDNA in COS cells 
revealed an 80-kDa cell surface protein that specifically bound 1251- 
labeled TGF-P1. The TGF-P receptor I1 was found to contain a cy- 
toplasmic protein kinase domain with predicted serine/threonine ki- 
nase activity. 

B. STRUCTURAL COMPARISON OF TYPE I1 RECEPTORS FOR TGF-P 

The domain structures of Daf-1, activin receptors I1 and IIB, and the 
TGF-p receptor I1 are similar; an N-terminal hydrophobic signal se- 
quence is followed by a cysteine-rich ligand-binding domain, a single 
hydrophobic transmembrane region, and an intracellular portion, 
which consists almost entirely of a kinase domain (Figs. 2 and 3). 
Typical of most protein kinases, a catalytic domain containing 12 sub- 
domains with conserved amino acid residues is found (Hanks et al., 
1988), suggesting that these receptors are functional protein kinases. A 
conserved sequence, Gly-X-Gly-X-X-Gly-X1 l-zs-Lys, which is thought 
to form part of the binding site of ATP, is present in Daf-1. In the 
TGF-/3 receptor I1 and activin receptors I1 and IIB, there are devia- 
tions from this consensus sequence (Fig. 3), which have also been 
described in other kinases (Hanks et al., 1988). 

Injection of mRNA for activin receptor I1 or IIB into Xenopus oo- 
cytes was shown to increase the responsiveness to activin and induce a 
secondary body axis formation (Kondo et at., 1991; Mathews et al., 
1992); injection of mRNA encoding a truncated activin receptor 11, 
lacking a kinase domain, was shown to function as a dominant negative 
receptor (Hemmati-Brivanlou and Melton, 1992), thus indicating that 
the protein kinase domain is essential for signal transduction by the 
type I1 receptors. 

AND ACTIVIN 
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The kinase domains of the TGF-P receptor 11, activin receptors I1 
and IIB, and Daf-1 show about equal overall sequence similarity with 
tyrosine and serinekhreonine kinases. Subdomains VI and VIII are 
known to contain amino acid sequences that allow prediction of the 
specificity of phosphorylation toward tyrosine versus serine/threonine 
residues (Hanks et al., 1988). Analysis of the amino acid sequence of 
the TGF-p receptor 11, activin receptors I1 and IIB, and Daf-1 in this 
region predict them to be serinehhreonine kinases. In addition, these 
receptors do not have any tyrosine residues between subdomains VII 
and VIII, although tyrosine residues are commonly found at these 
regions in protein tyrosine kinases (Hanks et al., 1988). Moreover, a 
bacterial fusion protein containing the intracellular domain of the 
human TGF-/3 receptor I1 was shown to autophosphorylate on serine 
and threonine residues (Lin et al., 1992), thus showing that this family 
of receptors possesses a functional intrinsic serinekhreonine kinase 
activity. However, purified mouse activin receptor IIB was shown to 
be a dual kinase, which autophosphorylates as well as phosphorylates 
exogenous substrates on serine, threonine, and tyrosine residues (Na- 
kamura et aZ., 1992). 

A unique characteristic of the members of this receptor serine/ 
threonine kinase family is the presence of two short kinase inserts 
between subdomains VIA and VIB and between subdomains X and XI 
(Fig. 3). In the intracellular domains, these regions, together with the 
juxtamembrane parts and the C-terminal tails, are most divergent be- 
tween the members of the family. In receptor tyrosine kinases these 
regions contain tyrosine autophosphorylation sites, which provide at- 
tachment sites for substrates or regulate the kinase activity (Ullrich and 
Schlessinger, 1990). For the TGF-P receptor 11, activin receptor 11, 
and Daf-1, serine and threonine residues that could function as auto- 
phosphorylation sites are present in these regions, most abundantly in 
the C-terminal tails (Fig. 3). 

The extracellular domains of the receptors show little sequence 
similarity, although cysteine-rich regions are found in all family mem- 
bers. The position of the cysteine residues can be aligned, suggesting 
that the extracellular domains may have a similar structural configura- 
tion. Activin receptors I1 and IIB are also highly conserved during 
evolution; there are only two amino acid residue changes in comparing 
the human and mouse activin receptor 11; these changes are found in 
the extracellular domain (Donaldson et aZ., 1992; Matzuk and Bradley, 
1992). The extracellular domain of the TGF-P receptor I1 is less con- 
served, with 17 amino acid residue differences in human and mink 
receptors (Wrana et al., 1992). 
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C. TYPE I1 RECEPTOR BINDS THREE TGF-P ISOFORMS 
It has been shown that the overall population of TGF-P receptors I1 

and I preferably bind TGF-P1 and TGF-P3 (I(d of about 5 to 50 pM) 
compared to TGF-P2 (& of about 500 pM) in most cell types, including 
mink lung epithelial (MvlLu) cells and fetal bovine heart endothelial 
(FBHE) cells (Cheifetz et al., 1990). This difference in binding affinity 
of the different isoforms corresponds well to the at least 50-fold higher 
biological potency of TGF-P1 and TGF-P3 versus TGF-P2 on FBHE 
cells. MvlLu cells, however, respond with equal potency to all three 
isoforms. A possible explanation for this finding has come through 
analysis of TGF-P receptors on MvlLu cells; in addition to a type I1 
receptor population that binds TGF-P1 and TGF-P3 with high affinity 
and TGF-62 with low affinity, these cells have a small subset of recep- 
tors that binds all three isoforms with high affinity (Cheifetz et al., 
1990). The mechanism by which the subtypes of the type I1 receptor 
are generated, remains to be elucidated. Wrana et al. (1992) showed 
that the cloned TGF-P receptor I1 gene encodes both high- and low- 
affinity receptors for TGF-P2 and elicits growth inhibitory activity with 
similar potencies by the three isoforms, which suggests that complex 
formation of type I1 receptors and other components may account for 
the different affinity classes of type I1 receptors (see Section V). 

D. OTHER SERINE/THREONINE INASE RECEPTORS 
The similarity in the structures of the extracellular domains in the 

TGF-P receptor I1 and activin receptors I1 and IIB suggests that other 
members of the TGF-P superfamily, including inhibins, BMPs, and 
MIS, may bind to receptors that belong to the same receptor family. 
Based on the short stretches of conserved amino acid residues among 
the members of this family, and using a polymerase chain reaction 
(PCR)-aided approach, five novel structurally related receptors, 
termed activin receptor-like kinases (ALKs), have been identified (ten 
Dijke et al., 1993). The ligands for ALKs have not yet been identified. 
Since ALKs have a higher sequence similarity toward each other than 
to other serinekhreonine kinases, they may bind related ligand( s), 
possibly belonging to the TGF-/3 superfamily. The expression pattern 
for each ALK is distinct, indicating different roles for each ALKprotein 
in uiuo. 

The type V TGF-@ receptor was recently purified from bovine liver 
membrane as a 400-kDa component (O’Grady et al., 1991a), and has 
been found to be expressed widely in various cell types (O’Grady et 
ul., 1991b). TGF-P1 binds to the type V receptor, and the binding is 
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completely competed for by TGF-P1 and TGF-P2 (O’Grady et al., 
1991b). Recently, the TGF-/3 type V receptor was shown to be a func- 
tional serinekhreonine kinase (O’Grady et al., 1992). Since this recep- 
tor has not been cloned, its structural similarity to the TGF-/3 receptor 
I1 is not known. However, limited amino acid sequence analysis re- 
vealed that the ATP-binding region has a high degree of similarity to 
members of the serinehhreonine kinase receptor family. Moreover, 
TGF-/3 stimulated the serinehhreonine-specific autophosphorylation 
of the TGF-P type V receptor as well as the phosphorylation of an 
exogenous substrate, casein, suggesting that receptor V is important for 
TGF-/3 signaling. 

IV. Other TGF-f3 Receptors 

In addition to the serinehhreonine kinase types of TGF-P receptors 
(type I1 and V), about 10 different types of cell surface TGF-/3 receptors 
or binding proteins have been identified in various cells and tissues by 
affinity cross-linking with radioiodinated TGF-Ps. These include type 
I, type 111, type IV, and type VI TGF-P receptors, endoglin, and several 
other binding proteins with different molecular sizes and characteris- 
tics. Among these cell surface TGF-/3 receptors, the type I and type I11 
receptors were initially identified in many cell lines that respond to 
TGF-P, and thus have been most extensively investigated. 

A. TGF-@ TYPE I RECEPTOR 
Studies on chemically induced TGF-P receptor mutants (Laiho et 

al., 1991a; Wrana et al., 1992) have indicated that both type I and type 
I1 receptors are indispensable for the transduction of the growth inhib- 
itory signal of TGF-P (see Section V). 

Cross-linked components of about 65 kDa corresponding to the type 
I receptor have also been found for activin A (Hino et al., 1989; 
Mathews and Vale, 1991) and BMP-4 (Paralkar et al., 1991a). However, 
the structures of the type I receptors for members of the TGF-/3 super- 
family have not been elucidated in detail. It appears unlikely that 
TGF-P receptor I is a truncated TGF-P receptor 11, because of their 
different protease digestion patterns, different sensitivity to reducing 
agents, and distinct binding affinities for different TGF-P isoforms 
(Cheifetz et al., 1990; Cheifetz and Massague, 1991). The possibility 
remains open that the TGF-P type I receptor has its own intrinsic 
kinase domain; if so, considering its molecular mass of 47 kDa after 
removal of carbohydrates (Cheifetz et al., 1988a), and the fact that 
about 280 amino acid residues are needed to constitute a catalytic 
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kinase domain (Hanks et al., 1988), the type I receptor would have a 
very short ligand-binding domain. 

Certain hematopoietic cells (Ohta et al., 1987; Brandes et d., 
199la,b) and transformed cells (Geiser et al., 1992; Ichijo et al., 1990) 
express predominantly the type I receptor. Whether these cells ex- 
press a subtype of receptor 11, for which cross-linking occurs less 
efficiently, or receptor I mediates signals in the presence of only a low 
number of the type I1 receptor (see Section V), remain to be deter- 
mined. 

B. TGF-P TYPE I11 RECEPTOR (BETAGLYCAN) AND ENDOGLIN 
TGF-/3 type I11 receptor is a transmembrane proteoglycan composed 

of a 120-kDa core protein and large glycosaminoglycan (GAG) side 
chains that are rich in heparan sulfate and chondroitin sulfate (Segarini 
and Seyedin, 1988). Therefore, the TGF-/3 type I11 receptor is also 
called betaglycan (Andres et al., 1989). Cloning of the rat TGF-P type 
I11 receptor gene (L6pez-Casillas et al., 1991; Wang et al., 1991) re- 
vealed that the rat receptor I11 protein is composed of 853 amino acids 
consisting of an N-terminal large extracellular domain, a single trans- 
membrane domain, and a short C-terminal intracellular domain of 43 
amino acid residues (Fig. 4). The overall amino acid sequence iden- 
tities of the human receptor compared with those of porcine and rat 
cells are -80% (Morkn et al., 1992), which is relatively low compared 
to the high sequence conservation of their ligands (Derynck et al., 
1986; Miller et al., 1989a,b). Two potential GAG attachment sites were 
conserved in all three species (Ser532-Gly and Se?43-Gly in human) as 
well as a putative dibasic proteolytic cleavage site ( L y ~ ~ ~ ~ - L y s ) ,  which 
may generate a soluble form of the type I11 receptor such as those 
found in the conditioned media of various cell types (Andres et al., 
1989). The short intracellular domain of the type I11 receptor does not 
appear to contain any enzymatic activity. 

Although many cell lines express receptor I11 as well as receptors I 
and 11, certain TGF-P-responsive cells, e.g., hematopoietic progenitor 
cells (Ohta et al., 1987), endothelial cells (Cheifetz et al., 1990), and 
primary (or early passage) cultured epithelial cells (Segarini et al., 
1989), were found not to express receptor 111. These observations show 
that the type I11 receptor is not necessary for TGF-P signaling. 

Receptor 111 binds TGF-PI, TGF-/32, as well as TGF-63 with Kd 

values of 50 to 200 pM, which are about 10-fold higher than the & 
values of receptors I and I1 for TGF-P1 and TGF-P3. Subtypes of 
TGF-0 receptor I11 with different affinities for TGF-/3 isoforms have 
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TG FPR-I I I 

Endoglin 

I signal sequence potential N-glycosylation site 

extracellular segment of high 
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FIG. 4. Schematic illustration of the TGF-/3 type I11 receptor (TGFPR-111) and endo- 
glin. The percentages of identical amino acids in specific regions of the human TGF-p 
type I11 receptor (M0ri.n et d., 1992) and human endoglin (Gougos and Letarte, 1990) 
are shown. Note that the positions ofthe O-glycosylation site(s) and interchain disulfide 
bridge(s) in endoglin have not been precisely localized. 

been demonstrated in certain cell types (Segarini et al., 1987; Mitchell 
and O’Connor-McCourt, 1991; Mitchell et al., 1992a); the relation 
between these molecules and the cloned type 111 receptor remains to 
be determined. 

In addition to binding TGF-P with its core protein part (Cheifetz and 
Massaguk, 1989), TGF-P receptor I11 has been shown to bind basic 
fibroblast growth factor (FGF) with its carbohydrate chains (Andres et 
al., 1992). Basic FGF needs to bind heparin or heparan sulfate in order 
to elicit the biological responses via its signaling tyrosine kinase recep- 
tors. Therefore, it is possible that TGF-p receptor I11 modulates the 
activity of two different growth regulatory factors. 

TGF-P receptor I11 has been shown to have significant sequence 
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similarity to several membrane protein sequences, including those of 
sperm receptors Zp2 and Zp3, urinary protein uromodulin, major zy- 
mogen granule membrane glycoprotein GP-2 (Bork and Sander, 1992), 
and endoglin (Gougos and Letarte, 1990). The similarity between 
TGF-P receptor 111 and endoglin is strikingly high (about 70%) in the 
transmembrane and intracellular regions. 

Endoglin is a major glycoprotein of human vascular endothelium, 
and has a homodimeric structure (180 kDa) of disulfide-linked mono- 
mers of 95 kDa (Gougos and Letarte, 1988b). Endoglin was originally 
identified by  a monoclonal antibody generated against the pre-B leu- 
kemic cell line HOON. Analysis by immunohistochemistry revealed 
that it is highly expressed in endothelial cells and in the mesangium of 
the kidney (Quackenbush et al., 1986; Gougos and Letarte, 1988a). 
cDNA cloning of human endoglin revealed that it is composed of an 
extracellular domain of 561 amino acid residues, a single transmem- 
brane domain, and a short intracellular domain of 47 amino acid resi- 
dues (Fig. 4) (Gougos and Letarte, 1990). In addition to the transmem- 
brane and intracellular domains, two portions of 29 and 52 amino acid 
residues, which were substantially similar to endoglin, were found in 
the extracellular domain of TGF-/3 receptor I11 (Morkn et al., 1992). 
Moreover, endoglin has recently been shown to bind TGF-/3 in an 
isoform-specific manner, i.e., TGF-Pl(& of about 50 pM) and TGF-P3 
(but not TGF-P2) bind endoglin (Cheifetz et al.,  1992). This is in 
contrast to the TGF-P type I11 receptor, which binds all three TGF-/3 
isoforms (Lbpez-Casillas et al., 1991). The human endoglin has an 
Arg-Gly-Asp (RGD) tripeptide, a possible binding site to cell adhe- 
sion receptors (Gougos and Letarte, 1990). However, the RGD tripep- 
tide is not conserved in porcine endoglin (K. Miyazono, unpublished 
observation), thus rendering it unlikely that the RGD motif is impor- 
tant for the function of endoglin. 

C. TGF-P TYPE IV RECEPTOR 
The type IV TGF-P receptor was identified as a 70- to 74-kDa cross- 

linked complex with the TGF-P monomer, i.e., a molecular size similar 
to that of the type I receptor. However, the type IV receptor is unique 
in that it has so far been found only in GHB pituitary tumor cells and in 
that it binds not only TGF-P, but also activin and inhibin (Cheifetz et 
al., 1988b). Because activin and inhibin are known to modulate the 
production and release of FSH in cultured pituitary cells, and no other 
types of TGF-P receptors were detected in the GH3 cell line, it is 
possible that the biological effects of TGF-P, activin, and inhibin on 
this particular cell line may be elicited through the type IV receptor. 
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D. TGF-/3 TYPE VI RECEPTOR AND ISOFORM-SPECIFIC TGF-p- 

Type VI receptor, found in L6 myoblasts and A549 lung adenocarci- 
noma cells as a glycoprotein of 180 kDa, shows binding to TGF-Pl only 
in the presence of TGF-p2 (Segarini et al., 1992). Certain other TGF-P- 
binding proteins, which bind TGF-PI but not TGF-@2 and have mo- 
lecular sizes similar to that of the type VI receptor, have been reported. 
These include 150- and 180-kDa proteins in several different cells 
(MacKay and Danielpour, 1991), and a 180-kDa phosphatidylinositol 
(PI)-anchored membrane protein in FBHE cells and MG-63 human 
osteosarcoma cells (Cheifetz and Massaguk, 1991). Despite the fact 
that the type VI receptor binds TGF-P1 only in the presence of 
TGF-P2, it is possible that some of these molecules are identical to the 
type VI receptor. In addition to the PI-anchored 180-kDa TGF-PI- 
binding protein, two other types of PI-anchored proteins, of 60 and 140 
kDa, specifically bind TGF-P2 (Cheifetz and Massagu6, 1991). A 38- 
kDa TGF-P-binding glycoprotein with 5- to 10-fold higher affinity for 
TGF-P2 than TGF-P1 was observed in the choriocarcinoma cell line 
BeWo (Mitchell et al., 1992b). The functions of these isoform-specific 
TGF-P-binding proteins are unknown; possible roles in the selective 
presentation of specific TGF-/3 isoforms to signaling receptor(s) should 
be considered. 

BINDING PROTEINS 

E. SOLUBLE TGF-P-BINDING PROTEINS 
There exist a wide variety of soluble forms or ECM forms of TGF- 

p-binding proteins, including P-LAPS (see Section I), a soluble form 
of the type I11 receptor (Andres et al., 1989), owmacroglobulin 
(O’Connor-McCourt and Wakefield, 1987; Huang et al., 1988), throm- 
bospondin (Murphy-Ullrich et al., 1992), P-amyloid precursor protein 
(Bodmer et al., 1990), decorin, biglycan (Yamaguchi et al., 1990), type 
IV collagen (Paralkar et al., 1991b), a-fetoprotein (Altman et al., 1990), 
and fibronectin (Fava and McClure, 1987). In addition, TGF-P-binding 
proteins of 4480,  and 160 kDa have been identified and purified from 
porcine uterus membranes (Ichijo et al., 1991). Recent cDNA cloning 
of the 40-kDa molecule has revealed that this molecule is a secreted 
protein with a structure containing fibrinogen- and collagen-like do- 
mains, therefore the protein was denoted ficolin. The 80- and 160-kDa 
molecules are multimers of the 40-kDa protein (Ichijo et al., 1993). The 
recombinant ficolin did not show TGF-/?-binding activity; it is possible 
that structural differences prevail between natural and recombinant 
forms of ficolin, which may affect the ability to bind TGF-P. 



200 KOHEI MIYAZONO ET AL. 

Binding of az-macroglobulin and decorin results in the inactivation 
of TGF-P activity (O’Connor-McCourt and Wakefield, 1987; Huang et 
al., 1988; Yamaguchi et al., 1990), whereas inhibition ofTGF-P activity 
by other TGF-@binding proteins has not been observed. Decorin, 
despite its relatively low affinity to TGF-P, has been reported to 
prevent the development of glomerulonephritis caused by TGF-P 
(Border et al., 1992). Thus, TGF-P-binding proteins may act as scav- 
engers of excess TGF-P and restrict the action of TGF-P; moreover, 
they may form reservoirs for TGF-/3 and keep TGF-P available for 
immediate use when needed. 

V. Signal Transduction by TGF-f3 

A. FORMATION OF TGF-P RECEPTOR COMPLEX(ES) FOR 

Studies on chemically mutagenized mink lung epithelial cells, 
MvlLu, which are resistant to growth inhibition by TGF-P, have sug- 
gested that both receptors I and I1 are directly involved in signal 
transduction and interact with each other in a receptor complex. Two 
types of TGF-/3 receptor mutant phenotypes were isolated: mutants 
that by cross-linking showed no binding to receptor I, but showed 
normal binding to receptor I1 (class R), and mutants that were defec- 
tive in binding or showed anomalous binding to both receptors I and I1 
(class DR) (Boyd and Massaguk, 1989; Laiho et al., 1990a). No mutants 
were isolated that lacked only binding to receptor 11. Somatic cell 
hybrids between class R and DR mutant phenotypes rescue receptor I 
(Laiho et al., 1991a), suggesting that receptor I is present in the DR 
mutants. These data suggest that receptor I1 alone can bind TGF-P, but 
receptor I may need receptor I1 to bind TGF-P, or possibly receptor I 
depends on receptor I1 to reach to the cell surface (Lin and Lodish, 
1993). All mutants selected for resistance to TGF-/3 growth inhibition 
were also defective in other TGF-/3 responses, including lack of up- 
regulation of early response genes, as well as change in cell morphol- 
ogy on addition of TGF-P. This suggests that receptors I and I1 are 
involved in many of the responses mediated by TGF-P. Additional 
evidence for cooperativity between receptors I and I1 was obtained by 
showing that receptors I and I1 can be coimmunoprecipitated, that 
TGF-/3 receptor I1 transfected into DR mutants restored receptor I 
binding and made cells responsive to TGF-P, and that a kinase- 
defective TGF-/3 receptor I1 mutant transfected into DR mutants was 
able to restore binding to receptor I ,  but was not able to mediate 

INTRACELLULAR SIGNALING 
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TGF-/3 signaling (Wrana et al., 1992). Thus, receptor I needs receptor 
I1 to bind TGF-P and receptor I1 needs receptor I to transduce signals 
(Fig. 5A). Receptor I appears to be acting downstream of receptor 11, 
possibly regulating the kinase activity of receptor 11. Receptor I may 
provide receptor I1 with the appropriate substrates or may be a sub- 
strate for receptor 11. 

The first step in the activation of many tyrosine kinase receptors is a 
ligand-induced dimerization (Ullrich and Schlessinger, 1990). This 
induces a trans autophosphorylation between the receptors in the 
dimer. It remains to be elucidated whether the dimeric TGF-P mole- 
cule induces dimerization of TGF-P receptor 11, with concomitant 
activation of its cytoplasmic protein serine/threonine kinase activity, 
autophosphorylation, and association with and activation of cellular 
substrates. It also remains to be determined whether the complex 
between TGF-/3 receptors I and I1 is a heterodimeric or a heterote- 
trameric complex (Fig. 5A). 

A bladder carcinoma cell EJ and a colon adenocarcinoma cell SW480 
predominantly express receptor I (and receptor III), but less receptor 
11. These cells do not respond to TGF-P by growth inhibition, but 
respond by synthesis of fibronectin, type IV collagenase, and PAI-1 
(Geiser et al., 1992). Fusion of EJ and SW480 celIs results in the 
appearance of receptor I1 on the cell surface and concomitantly cells 
acquire the ability to respond to TGF-/3 by growth inhibition. It is an 
interesting possibility, which remains to be elucidated, that receptor I 
of E J and SW480 cells can bind TGF-P in the presence of low numbers 
of receptor I1 or other components, and that receptor I may be respon- 
sible for transducing the signals leading to the production of fibronec- 
tin, type IV collagenase, and PAI-1 (Geiser et al., 1992), whereas the 
growth inhibitory effect of TGF-/? is more dependent on the type I1 
receptor. 

Cancer cells often acquire resistance to TGF-/3 and thus escape from 
the negative growth control exerted by TGF-P (reviewed in Roberts 
and Sporn, 1990). Alteration of the expression of the TGF-/3 receptors 
by cellular transformation has been shown in several different cells, 
e.g., loss oftype I, 11, and I11 receptors was shown in certain retinoblas- 
toma cells (Kimchi et al., 1988). Moreover, overexpression of the H-ras 
oncogene in the epithelial cell line IEC-18 resulted in decreased 
binding of TGF-P to the type I1 receptor and resistance to TGF-/3 
growth inhibition (Filmus et al., 1992). Wrana et al. (1992) observed 
that certain of the class DR mutants of MvlLu cells showed point 
mutations in the extracellular or transmembrane domain of the type I1 
receptor. Thus, resistance to TGF-P action may involve alterations in 
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FIG. 5. Schematic illustration of possible models of signaling through heteromeric 
TGF-/3 receptor complexes. (A) Signaling through heteromeric receptor I and I1 com- 
plexes. The type I1 receptor alone cannot transduce signal efficiently (i). Heteromers of 
one molecule each (ii) or two molecules each (iii) of TGF-P receptors 1 and I1 give 
efficient signal transduction; available data do not make it possible to distinguish be- 
tween the heterodimeric and heterotetrameric models for signal transduction. Type I 
receptor alone cannot bind TGF-P with high affinity (iv); the alternative possibility that 
receptor I is dependent on receptor I1 to reach the cell surface has not been ruled out. (B) 
Role of receptor 111 and endoglin in the interaction with signaling receptors. The type 
III receptor binds three TCF-B isoforms, but endoglin binds only TCF-Bl and TGF-P3. 
These receptors may present ligands to signaling receptors I and 11. They may also be 
phosphorytatd by the signaling receptors and be involved in the transduction of signals, 
e.g., by providing attachment sites for downstream components in the signal transduc- 
tion pathway. For further discussion and references, see the text. 

receptor 11, or other TGF-/3 receptors or downstream components in 
the signal transduction pathway. An important aim for future studies 
will be to explore if perturbations of the TGF-P signaling pathway are 
important for cellular transformation. 
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B. POSSIBLE FUNCTIONS OF TYPE I11 RECEFTOR AND ENDOGLIN 
What is the role of TGF-P receptor I11 in signaling TGF-P? Whereas 

receptors I and I1 are present on most cells that respond to TGF-P, 
receptor I11 is not detectable in certain cell types (Massagu6 et al., 
1990). Furthermore, none of the mutagenized MvlLu cells that are 
resistant to TGF-P is affected in receptor I11 binding (Laiho et al., 
1990a). TGF-P receptor 111, as well as endoglin, have short intracellu- 
lar domains with no obvious signaling motif, but are very rich in serine 
and threonine residues (42%) (see Fig. 4). An interesting possibility, 
which remains to be elucidated, is that the intracellular domain of type 
I11 receptors might be phosphorylated in a heteromeric complex by 
the type I1 and type I receptors, and thereby is involved in signal 
transduction (Fig. 5B). Another possibility is that receptor I11 has a 
more indirect function; i.e., it may act as a reservoir and/or a presentor 
of TGF-/3 for the signaling receptors (Fig. 5B). The facts that the type 
I11 receptor is more abundantly expressed and that its affinity for 
TGF-P is lower than that of receptors I and I1 are compatible with such 
a role. Stable expression of receptor I11 into L6 myoblasts increased 
the TGF-P binding to receptor I1 (Wang et al., 1991). This effect was 
also observed by the transfection of a C-terminally truncated receptor 
I11 that lacked most of the intracellular portion (Wang et al., 1991); 
thus, the facilitated binding of TGF-P to receptor I1 appears to be 
mediated solely by binding of TGF-/3 to the extracellular part of recep- 
tor 111. The mechanism for the interaction between receptors I11 and I1 
remains to be elucidated. 

Whereas the TGF-P type I11 receptor shows about equal affinity for 
TGF-P1, TGF-P2, and TGF-P3, endoglin shows high affinity binding 
to TGF-P1 and TCF-P3, but not to TGF-P2. Importantly, it has been 
reported that endothelial cells, which lack the type I11 receptor, re- 
spond well to TGF-P1 and TGF-P3 but not to TGF-P2 (Jennings et al., 
1988; Cheifetz et al., 1990; Hirai and Kaji, 1992). The correlation 
between the binding of the different TGF-/3 isoforms to endoglin and 
their activity on endothelial cells suggest that endoglin may regulate 
the TGF-P activity by means of isoform-specific ligand presentation to 
signaling receptors (Fig. 5B). Alternatively, similar to the possible role 
of receptor I11 (discussed above), endoglin could act as an accessory 
molecule for the signal transduction of TGF-P, cooperating with recep- 
tors I and 11. MacKay and colleagues (1990, 1992) reported TGF-P1- 
specific binding proteins in rat glomeruli. These proteins may be 
related to endoglin and are disulfide-linked multimers of 320,260,170, 
and 85 kDa. Interestingly, the 260-kDa cross-linked complex was com- 
posed of an endoglin-like 170-kDa protein and a TGF-P receptor II- 
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like 85-kDa protein (MacKay et al., 1992). These results suggest that 
endoglin may physically interact with the TGF-/3 receptor 11. Endoglin 
and receptor I11 have a structural similarity and thus they may have 
similar functions. 

C. INTRACELLULAR SIGNALS INDUCED BY TGF-/3 
The intracellular signaling pathways available after activation of the 

TGF-/3 receptors are still not well understood; substrates for the recep- 
tor kinase remain to be identified and the mechanism for signaling 
through the cytoplasm is virtually unknown. However, some informa- 
tion is available concerning nuclear events in TGF-P-stimulated cells 
(reviewed in Moses et al., 1990); recent studies revealed the involve- 
ment of the retinoblastoma tumor suppressor gene product RB in the 
growth inhibitory signal of TGF-P. TGF-P inhibits the growth of cells 
by interrupting the cell cycle at middle to late GI phase (Laiho et al., 
1990b). In MvlLu cells and human monocytic leukemia cells, growth 
inhibition induced by TGF-/3 was shown to be associated with the 
inhibition of RB phosphorylation (Laiho et al., 1990b; Furukawa et al.,  
1992). Moreover, ~ 3 4 ' ~ " ~  protein kinase activity was shown to be in- 
hibited by TGF-/3 (Howe et al., 1991; Furukawa et al., 1992; Abraham 
et al., 1992). Thus, suppression of RB phosphorylation may be regu- 
lated through inhibition of members of the cdc2 kinase family by 
TGF-P. However, loss of the RB protein by deletion or rearrangement 
of both RBI gene copies did not affect the response to TGF-P in breast 
cancer cells, suggesting the presence of additional mechanisms for 
growth inhibition by TGF-P (Ong et al., 1991). 

Repression of c-myc may also be an important signal for the growth 
inhibitory activity of TGF-P. Keratinocytes that were growth inhibited 
by TGF-P showed a decreased expression of c-myc (Coffey et al., 1988; 
Pietenpol et al., 1990a); the pathway leading to repression of c-myc 
may involve RB as well as other cellular proteins (Pietenpol et al., 
1990b, 1991). The down-regulation of c-myc is, however, not restricted 
to the GI phase, which suggests the presence of a cell cycle- 
independent TGF-P-regulated pathway leading to c-m yc repression 
(Zentella et d. ,  1991; Munger et al.,  1992). 

The growth stimulation by TGF-P observed in certain mesenchymal 
cells may be induced by an indirect mechanism involving platelet- 
derived growth factor (PDGF) (Leof et al., 1986). Growth stimulation 
of the Am-2B cells occurred after a prolonged prereplicative phase 
(more than 24 hours) (Shipley et al., 1985), which may be due to the 
induction of PDGF B chain and autocrine activation of a PDGF- 
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dependent growth stimulatory pathway (Leof et al., 1986). Production 
of PDGF A chain is also induced in human smooth muscle cells and 
fibroblasts by low concentrations ofTGF-0 (Battegay et al., 1990; Soma 
and Grotendorst, 1989), and the growth-promoting effect of TGF-0 on 
these cells was abolished by anti-PDGF antibody (Battegay et al., 
1990). At high concentrations of TGF-0, the PDGF a receptor expres- 
sion is decreased, which together with other growth inhibitory signals 
may dominate and result in growth inhibition (Battegay et al., 1990). 

The effects of TGF-0 on ECM proteins appear to be mediated by 
transcriptional regulation of genes involved in ECM turnover. Tran- 
scriptional activation of the type I collagen and PAI-1 genes by TGF-0 
is mediated by specific TGF-0-responsive elements (Rossi et al., 1988; 
Ritzenthaler et al., 1991; Westerhausen et al., 1991; Riccio et al., 1992). 
Repression of the gene for transin/stromelysin, a matrix-degrading 
metalloproteinase, is regulated by the TGF-01 inhibitory element 
(TIE) in the promoter, and is mediated by the binding of a protein 
complex containing Fos (Kerr et al., 1990). Production of cytokines is 
also shown to be mediated by transcriptional regulation of genes; 
e.g., autoinduction of TGF-01 is mediated by the AP-1 complex (Kim 
et al., 1990), and inhibition of the IL-2 gene in T lymphocyets occurs 
through a noncanonical octamer-binding site in the IL-2 promoter re- 
gion (Brabletz et al., 1993). 

TGF-0 has also been shown to induce various other intracellular 
signals; however, it is currently not clear how these signals are in- 
volved in the signal transduction pathways of TGF-0. These include 
activation of p21ras (Mulder and Morris, 1992), inhibition of phospholi- 
pase C-induced hydrolysis of phosphatidylcholine (Diaz-Meco et al., 
1992), inhibition of the p53 tumor suppressor gene activity (Suzuki et 
al., 1992; Landesman et al., 1992), and activation of protein phospha- 
tases (Gruppuso et al., 1991). TGF-/3 induces a rapid phosphorylation 
of several nuclear proteins, including the transcription factor cyclic 
AMP-responsive element binding protein (CREB) (Kramer et al., 
1991). Induction of mRNA for some early response genes, e.g., junB, 
c-fos, and JE,  has been observed in various cells (Pertovaara et al., 
1989; Laiho et al., 1991b; Hanazawa et al., 1991). 

VI. Perspectives 

Studies have revealed that TGF-0 exerts its cellular effects by bind- 
ing to a system of receptors that are quite different from tyrosine kinase 
receptors or cytokine receptors. The identification of the cDNA for 
TGF-0 receptor I1 will allow further insights into the molecular mech- 
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anism of TGF-P action. A key element in the signal transduction is the 
intracellular serinekhreonine kinase domain in the type I1 receptor. It 
will be important to determine whether the type I1 receptor undergoes 
autophosphorylation after ligand binding and, if so, to map the phos- 
phorylation sites and determine whether they provide attachment sites 
for downstream components in the signal transduction pathway. 
Moreover, it will be important to identify substrates for the receptor 
kinase and determine the effects of phosphorylation on their activities. 

The structure of the TGF-P type I receptor has yet to be identified. 
Cloning of its cDNA and further characterization will be necessary for 
a more complete understanding of TGF-P signaling and, in particular, 
of the mechanism for the interdependence of type I and type I1 recep- 
tors. An interesting question is whether there is a functional subspe- 
cialization between the two receptors so that they each mediate only 
part of the many effects of TGF-P on the responder cells. Progress in 
the characterization of the signaling receptors for TGF-/3 will also 
make it possible to determine at which level the growth inhibitory 
signals interfere with the growth stimulatory pathways originating 
from protein tyrosine kinase receptors and cytokine receptors. 

A striking feature of TGF-P is its ability to interact with many differ- 
ent proteins, including signaling receptors, nonsignaling receptors, 
and soluble carrier proteins involved in delivery as well as scavenging 
of TGF-P. Recent elucidation of the 3-D structure of TGF-P2 will 
facilitate the understanding of the modes of interaction between 
TGF-Ps and their receptors and binding proteins, and such informa- 
tion will be useful for the development of antagonists for TGF-P. The 
multitude of interactions suggests that the activity of TGF-P needs to 
be carefully controlled and modulated in uiuo. Further knowledge 
about the regulation of TGF-P and its mechanism of action will help in 
understanding the pathogenesis of clinical disorders in which TGF-P 
is implicated, and to design treatment regimes for such conditions. 

NOTE ADDED IN PROOF. Recent reports indicate that members of the 
ALK family of serinehhreonine kinases can act as type I receptors for 
TGF-/3 or activin. ALK-1 [called TSR-I (Attisano et al., 1993)] binds 
TGF-P or activin, ALK-2 [called Tsk 7L (Ebner et al., 1993) or ActR-I 
(Attisano et al., 1993)l binds TGF-/3 or activin and transduces an ac- 
tivin signal, and ALK-5 (FranzCn et al., 1993) binds TGF-P and trans- 
duces a TGF-/3 signal. 
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1. introduction 

The primary function of B lymphocytes is to make antibodies against 
components of invading microorganisms. These antibodies facilitate 
the removal and destruction of pathogenic agents by activating the 
complement cascade and by serving as tags for endocytosis, phagocy- 
tosis, or antibody-dependent cellular cytotoxicity by macrophages, 
neutrophils, natural killer cells, or eosinophils. Antibodies can act 
locally at the site of an infection or they can be carried by the blood and 
the lymph to other parts of the body to fight microorganisms that have 
spread to other locations. Two antibody isotypes, IgA and IgM, can be 
transported into body secretions to fight invading organisms in these 
areas as well. 

The process by which resting B cells are induced to proliferate and 
differentiate into antibody-secreting plasma cells is a complex, multi- 
step process. B cell activation initially involves antigen binding to 
membrane forms of antibody molecules. Subsequent events vary de- 
pending on the nature of the antigen, but can include signals delivered 
by helper T cells or by macrophages. Receptors on B cells for antigen 
and for these additional regulatory molecules must therefore transduce 
signals across the plasma membrane. These signals must be integrated 
in some way and then translated into the biological responses that we 
observe, namely entry into the cell cycle, proliferation, and differentia- 
tion to antibody secretion. It has also become evident that cell survival 
is an important regulatory step in B cell activation. In this review we 
describe the current state of knowledge about the nature of these 
receptors, their signaling mechanisms, and the intracellular pathways 
that connect these events to longer term responses such as changes in 
gene expression. Although a considerable amount has been learned 
about the initial events that occur minutes to hours after receptor 
binding, there are still many important gaps in our knowledge. These 
gaps increase with increasing distance from the initial receptor- 
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binding events. Thus, very little is known about downstream intracel- 
lular events that result in the biological responses that often occur 
more than 24 hours after initial stimulation. 

II. Different Models of B Cell Activation 

The process of going from a resting B cell to an antibody-secreting 
cell can be divided into three stages: early activation, proliferation, 
and differentiation. The early activation of resting B cells is character- 
ized by (1) exit from the resting state and entry into G1 phase of the cell 
cycle; (2) increased synthesis of biosynthetic/secretory machinery 
such as ribosomes and endoplasmic reticulum (ER), which prepares 
the cell for high rate antibody secretion; (3) increased expression of 
class I1 major histocompatability (MHC) molecules, which facilitates 
antigen presentation to helper T cells; and (4) increased expression of 
receptors for cytokines made by activated helper T cells that drive B 
cell proliferation and antibody secretion. 

The proliferative phase that follows early activation is responsible 
for greatly expanding the number of cells capable of producing anti- 
bodies against the stimulating antigen. This clonal expansion is fol- 
lowed by differentiation into plasma cells that secrete IgM. For some 
types of antigens (T dependent; see later) additional differentiative 
events occur. These include affinity maturation, the induction of mem- 
ory B cells, and isotype switching. 

B cell early activation can proceed by at least two fundamentally 
different mechanisms, one that requires contact with helper T cells 
and one that is stimulated by  antigen contact in the absence ofhelper T 
cells. Thus, antigens can be classified as being T dependent or T 
independent. 

The T-independent antigens can be divided into two types. Type 1 
T-independent antigens generally contain molecules that activate B 
cells regardless of their antigen specificity; these molecules are called 
“polyclonal B cell activators.” At high concentrations, polyclonal B 
cell activators will stimulate proliferation and antibody secretion by as 
many as one-third of all B cells (Andersson et al., 1977). At low concen- 
trations of the polyclonal B cell activator, however, much of the anti- 
body made is directed against epitopes linked to the polyclonal B cell 
activator. It is under these conditions that polyclonal B cell activators 
can be considered antigens. These antigens can stimulate antibody 
production in animals lacking functional helper T cells and are thus 
truly T cell-independent antigens. Many polyclonal activators are 
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components of bacterial cell surfaces. The best studied of these is 
lipopolysaccharide (LPS), a major component of the outer membrane 
of gram-negative bacteria. LPS also activates macrophages, inducing 
them to secrete a large number of mediators, including the interleukin 
cytokines IL-1 and IL-6, which contribute to the generation of an- 
tibody-secreting cells (Kishimoto and Hirano, 1988). Corbel and Mel- 
chers (1983) have shown that macrophage-derived cytokines play an 
essential role in antibody responses to LPS. The mechanism by which 
polyclonal activators activate B cells is not understood, but it is thought 
that B cells express specific receptors for the stimulatory components 
of these types of antigens. 

For antigens that are not polyclonal B cell activators, T-independent 
and T-dependent antigens represent a continuous spectrum from mul- 
tivalent antigens that cross-link the B cell antigen receptor (AgR) ex- 
tensively to monovalent antigens that cause little or no AgR cross- 
linking. Highly repetitious antigens such as repeating polysaccharide 
structures, or protein polymers such as bacterial flagellin, can stimu- 
late B cell proliferation and IgM secretion in the absence of T cells in 
uivo. These type I1 T-independent antigens activate B cells by cross- 
linking the B cell AgR strongly and/or persistently (Brunswick et al., 
1988, 1989). In vitro antibody responses to these antigens require 
addition of cytokines (Mond et al., 1980; Pecanha et al., 1991), and thus 
are not truly independent of additional T cell-derived regulatory 
signals. 

Some antigens that cross-link the B cell AgR less well than the highly 
repetitive type I1 T-independent antigens can induce early activation 
events in B cells in the absence of T cells, but subsequent proliferation 
and antibody production require T cell-derived cytokines. For exam- 
ple, soluble anti-immunoglobulin (anti-Ig) antibodies or haptens con- 
jugated to sheep red blood cells (SRBCs) are capable of inducing B 
cells to enter the cell cycle, but do not induce extensive proliferation or 
differentiation to antibody secretion. The types of cytokines required 
to promote proliferation and differentiation of the antigen-stimulated 
B cells depend to some extent on the antigenic stimulus. For example, 
SRBC-stimulated B cells produce antibody in response to IL-2 plus 
interferon-y (IFN-y) (Leibson et al., 1984), whereas anti-Ig-stimulated 
B cells require addition of IL-4, IL-5, and either IL-2 or another cy- 
tokine (probably IL-6) to produce antibodies (Nakanishi et al., 1983, 
1984). Clearly, these types of antigens have a greater requirement for T 
cell involvement than do the T-independent type I1 antigens, as they 
require T cells to make in vivo antibody responses. Apparently, the 
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greater ability of the T-independent type I1 antigens to induce signal- 
ing by the B cell AgR decreases the requirement for cytokines from 
helper T cells. 

In contrast to multivalent antigens, such as virions and antigens that 
are cell surface proteins, soluble protein antigens are either mono- 
valent or oligovalent. These antigens induce weaker signaling through 
the B cell AgR (Snow et al., 1986; Myers et al., 1987; Grupp et al., 1987; 
Wilson et al., 1987), or may not induce any signaling at all in the case of 
monovalent antigens. The activation of B cells by such antigens re- 
quires the presence of helper T cells, and this requirement cannot be 
replaced by supernatants of activated helper T cells or by  mixtures of 
recombiant cytokines (Noelle and Snow, 1990). Recently, the mecha- 
nism of this activation has become clear. On activation, helper T cells 
express a cell surface protein called CD40 ligand (CD40L), which 
binds to CD40 on the B cell and delivers a signal to the B cell that can 
induce early activation even in B cells that have not received any 
signal through the B cell AgR (DeFranco, 1992~).  B cells that are 
activated in this manner require IL-4 and IL-5 in order to proliferate 
and differentiate into antibody-secreting cells (Hodgkin et al., 1990; 
Noelle et al., 1991, 1992). The importance of CD40L/CD40 for B cell 
activation is illustrated by  experiments in which this interaction is 
blocked experimentally with antibodies against CD40L (Noelle et al., 
1992) or with soluble CD40 (Fanslow et al., 1992), or genetically in the 
human disease X-linked hyper-IgM syndrome, in which T-dependent 
antibody responses are defective (Aruffo et al., 1993; Allen et al., 1993; 
Korthauer et al., 1993; DiSanto et al., 1993; Fuleihan et al., 1993). 

The antigen specificity of T cell-dependent B cell activation is 
thought to derive from the role of the B cell AgR in facilitating efficient 
antigen presentation. Specific antigen uptake via the AgR is lo3- to 
lO'-fold more efficient than fluid-phase uptake of antigen (Lanzavec- 
chia, 1990). Antigen uptake is followed by processing, binding of 
antigen-derived peptides to class I1 MHC molecules in endosomes, 
and then expression ofthese peptide/class I1 MHC complexes on the B 
cell surface (Myers, 1991; Brodsky and Guagliardi, 1991). The conse- 
quence of this is that antigen-specific B cells are much more efficient 
antigen-presenting cells than are B cells with other antigen specifi- 
cities. Thus, in their capacity as antigen-presenting cells, antigen- 
specific B cells form conjugates with T cells. The antigen-specific 
helper T cell recognizes the peptide/MHC class I1 complex expressed 
by the B cell and this leads to a tight, long-lasting interaction (Kupfer 
and Singer, 1989; Vitetta et al., 1989). Once the T cell : B cell conjugate 
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is formed in this way, the T cell becomes activated and expresses 
CD40L, which stimulates the B cell through CD40. 

AgR-mediated antigen uptake can proceed at very low antigen con- 
centrations and does not require AgR cross-linking (Tony et al., 1985; 
Lanzavecchia, 1985), indicating that the CD4OL-stimulated pathway 
of B cell early activation can occur in the absence of AgR signaling. 
Nonetheless, T cell-dependent B cell early activation and AgR in- 
duction of early activation are not mutually exclusive and may occur 
simultaneously for oligomeric protein antigens. Signals initiated by 
cross-linking the AgR can improve the ability of the B cell to present 
antigen to T cells (Casten et al., 1985), and this likely reflects the 
accumulated effects of several mechanisms, including up-regulation of 
class I1 MHC molecules (Mond et al., 1981), enhanced affinity of 
LFA-1 (CDlla/CD18) cell adhesion molecules (Dang and Rock, 
1991), and induced expression of the costimulatory molecule B7 
(Freedman et al., 1987; Freeman et al., 1989). 

In contrast to T-independent responses, additional differentiative 
events occur during T cell-dependent antibody responses. During 
T-dependent antibody responses, there is extensive class switching to 
immunoglobulin isotypes other than IgM, whereas antibody responses 
to T-independent antigens are dominated by IgM. For example, in the 
X-linked hyper-IgM syndrome, which is a defect of CD40L, there is a 
normal or elevated serum IgM level, but very little IgG or IgA. In 
addition, two important hallmarks of the immune system only occur in 
T-dependent antibody responses: the induction of memory B cells and 
affinity maturation due to somatic mutation of Ig variable region gene 
segments. These differentiative steps are driven by a variety of cy- 
tokines, including IL-4, IFNy, and TGF-j3. Memory induction and 
hypermutation of Ig genes are thought to occur in the germinal cen- 
ters of lymph nodes (Linton et al., 1992; Jacob et al., 1991; Berek 
et al., 1991). Signaling by CD40 plays an important role in promot- 
ing the survival and differentiation of germinal center B cells (Liu et 
al., 1989). Thus, it appears that T cell-derived signals play central 
roles in class switching, affinity maturation, and memory B cell forma- 
tion. 

The first step in the generation of antibody-secreting cells involves 
antigen contact with the B cell AgR and its function either in antigen 
uptake and presentation or as a signal-transducing receptor. This re- 
ceptor has been extensively studied and we have by far the best under- 
standing of its function of any of the B cell receptors involved in B cell 
activation. 
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111. Structure of the B Cell Antigen Receptor 

B cells bind antigen via cell surface receptors that are expressed on 
normal B cells at lo4 to lo5 copies per cell. The B cell AgR consists of a 
noncovalently associated complex between the antigen-binding por- 
tion, membrane immunoglobulin (mIg), and a disulfide-linked hetero- 
dimer composed of two polypeptides called Ig-a and Ig-p (see Fig. 1). 
The structure of the B cell AgR has been described in detail in a recent 
review by Reth (1992), so only the more significant points are summa- 
rized here. 

The mIgs resemble secreted antibodies in that they are composed of 
two identical heavy chains and two identical light chains, which are 
joined by disulfide bonds. The mIgs differ from secreted antibodies in 
that the heavy chains have a different carboxy terminus, which is 
generated by alternative mRNA splicing. The exons that are used only 

Antigen binding 

Signal transduction 

FIG. 1. Structure of the B cell antigen receptor. The B cell AgR consists of an 
antigen-binding portion (membrane Ig) that is noncovalently associated with disulfide- 
linked heterodimers consisting of Ig-a and Ig-8. Since the AgR contains two identical Ig 
heavy chains, it is thought that each AgR contains two Ig-cr : Ig-@ heterodimers. This has 
not been confirmed experimentally. Due to the very short cytoplasmic tails of the 
membrane Ig portion of the AgR, it is likely that signal transduction functions are 
mediated by the Ig-a : Ig-8 moiety of the receptor. 
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in the membrane forms of the heavy chains encode an extracellular 
spacer region, a transmembrane domain of about 25 amino acids, and a 
short cytoplasmic domain (only 3 amino acids for mIgM and mIgD). 
Each of the heavy chain isotypes is capable of giving rise to both 
membrane and secreted forms. The amino-terminal portions of the 
heavy and light chains are highly variable and differ greatly from one B 
cell to the next. The variable regions of the heavy and light chains 
together form the antigen-binding pocket of the Ig molecules and each 
Ig molecule therefore has two identical antigen-binding sites. Imma- 
ture B cells express exclusively mIgM on their surface and this reflects 
the fact that the completed heavy chain variable region is initially 
rearranged just upstream of the p constant region gene. Mature B cells 
express simultaneously mIgM and mIgD molecules, which on a single 
cell have identical antigen-binding sites. The p and 6 constant region 
genes are closely spaced and can be joined to the same variable region 
either by alternative splicing of a long transcript or by differential 
transcriptional termination and splicing. B cell activation gives rise to 
memory B cells that have undergone class switching and express on 
their surface mIgG, mIgA, or mIgE. This isotype switch is due to an 
additional DNA rearrangement that excises the p and 6 constant region 
genes such that the same completed variable region gene is now up- 
stream of the gene encoding the constant region of one of these iso- 
types. 

Several observations suggested that the mIgs must interact with 
other proteins in order to form a functional receptor that can be 
expressed on the cell surface and transmit a signal across the plasma 
membrane. First, the very short cytoplasmic tails of mIgM and mIgD, 
only 3 amino acid residues long, effectively preclude these mIgs from 
interacting directly with cytoplasmic signaling components such as 
protein kinases. Second, the membrane-spanning region of the p 
heavy chain is highly conserved throughout evolution (Reth, 1992), 
suggesting that there is strong selection against divergence in this 
region, perhaps because it is required for interaction with other 
proteins. Of the 25 amino acid residues in the transmembrane domain, 
10 contain hydroxyl side chains. This is an unusually high number of 
polar residues for a membrane-spanning region and suggests that some 
of these amino acids are involved in interactions with other proteins. 
Finally, several experiments showed that one or more B cell-specific 
components are required for transport of mIgM to the cell surface. For 
example, Reth and colleagues found that in the antibody-secreting 
plasmacytoma cell line J558, transfected mIgM was not expressed on 
the cell surface, but was retained in the endoplasmic reticulum (ER) 
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(Hombach et al., 1988b). Similarly, when mIgM is expressed in fibro- 
blasts or in a pituitary cell line by transfection, it is also retained in the 
endoplasmic reticulum and not expressed on the cell surface (Williams 
et al., 1990; Matsuuchi et  al., 1992). 

The proteins required for transit of mIgM to the cell surface are 
called Ig-a and Ig-p. These polypeptides were first recognized by 
Hombach et al., (1988a), who selected a spontaneous variant of the 
J558 cell line that would express mIgM on the cell surface. By solu- 
bilizing the cells in digitonin, a mild detergent that has been used to 
preserve the noncovalent association of other membrane protein com- 
plexes, these workers showed that a disulfide-linked heterodimer spe- 
cifically co-precipitated with mIgM only in the cells in which mIgM 
was expressed on the cell surface and not in the parental J558 cells. 
The association of this disulfide-linked heterodimer with mIgM 
was subsequently observed in normal B cells and in B lymphoma cell 
lines from both mouse and human (Campbell and Cambier, 1990; 
Chen et al., 1990; van Noesel et  al., 1991). This noncovalent inter- 
action is maintained when cells are solubilized in mild detergents 
such as 3-[(3-cholamidopropyl)dimethylmmonio]- l-propanesulfonate 
(CHAPS), but is disrupted by Triton X-100 and NP-40. The two com- 
ponents of the disulfide-linked heterodimer are termed Ig-a and Ig-/3 
(Reth, 1992). In murine B cells, Ig-a is about 34 kDa and Ig-p is about 
38 kDa (Hombach et  al., 1990a). Both are extensively glycosylated, 
which often results in multiple molecular weight forms of each 
protein. After deglycosylation, murine Ig-a is approximately 24 kDa 
and Ig-p is 25 kDa (Campbell et al., 1991a). In humans, the deglycosy- 
lated forms of Ig-a and of Ig-p are also about 24 kDa; however, Ig-a is 
glycosylated to a greater extent than in mouse and the mature protein 
has a molecular mass of about 47 kDa (van Noesel et  al., 1991). Since 
the mIgM molecule contains two identical p heavy chains, it is has 
been proposed that each mIgM molecule is associated with two 
Ig-a : Ig-p heterodimers, although this has not been confirmed exper- 
imently. 

Direct protein sequencing of the IgM-associated proteins revealed 
that Ig-a is the product of the mb-1 gene whereas Ig-p is encoded by 
the B29 gene (Hombach et al., 1990a; Campbell e ta l . ,  1991a,b). Both of 
these genes had been cloned previously based on their being ex- 
pressed only in B lineage cells (Sakaguchi et al., 1988; Hermanson et 
al., 1988). The B29 gene is expressed throughout B cell development 
(Hermanson et al., 1988). In contrast, the mb-1 gene is turned off in 
antibody-secreting plasma cells but is expressed in all earlier stages of 
B cell development (Sakaguchi et  al., 1988). This explains the failure of 
transfected mIgM to be expressed on the cell surface in the J558 
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plasmacytoma cells (Hombach et al., 198813). The 5558 variant that was 
able to express mIgM on the cell surface had spontaneously turned on 
expression of the mb-1 gene (Hombach et al., 1990b). Transfection of 
the parental J558 cells with an mb-1 expression vector also allowed 
cell surface expression of mIgM that was associated with the 
disulfide-linked heterodimer (Hombach et al., 1990b). Cotransfection 
of the 5558 cells with the mb-1 expression vector and expression vec- 
tors encoding the membrane forms of the p, 6, y2b, a or E heavy chains 
showed that all five classes of mIg can associate with the Ig-a: Ig-p 
heterodimer (Venkitaraman et al., 1991). Although the same Ig-a : Ig-p 
heterodimer associates with all five classes of Ig heavy chain, the 
molecular weight of the mature Ig-a chain differs depending on which 
class of mIg it is associated with. Ig-a associated with mIgD or with 
mIgA is 1-2 kDa larger than the Ig-a associated with the other classes 
of mIg (Venkitaraman et al., 1991). This is probably due to differences 
in glycosylation since the Ig-a chains exhibit identical electrophoretic 
mobility after deglycosylation (Venkitaraman et al., 1991). The IgD 
and IgA heavy chains may somehow block the utilization of a gly- 
cosylation site on Ig-a. This difference in the molecular weight of 
the IgM- and IgD-associated Ig-a proteins had previously been seen 
in murine splenic B cells that express both mIgM and mIgD, and it 
was initially interpreted as evidence that there are different Ig-a 
proteins associated with mIgM and mIgD. However, both the 
IgM- and IgD-associated Ig-a proteins react with a variety of anti- 
bodies raised against synthetic peptides based on the mb-1 DNA 
sequence (Sakaguchi et al., 1988; Gold et al., 1991), and a CNBr frag- 
ment derived from both had the identical sequence (Venkitaraman et 
al., 1991). 

Cambier and colleagues have also detected disulfide-linked hetero- 
dimers associated with mIgM that contain an additional polypeptide 
with a molecular weight that is in between that of Ig-a and Ig-p 
(Campbell and Cambier, 1990). This polypeptide, which they termed 
Ig-y, is expressed predominantly in activated B cells and not in resting 
cells. Ig-y is probably a truncated B29 gene product (Friedrich et al., 
1993), although the exact structure of this component has not been 
determined. 

Surface expression of mIgM requires the presence of both Ig-a and 
Ig-p. Venkitaraman et al. (1991) and Matsuuchi et al. (1992) have 
analyzed the requirements for cell surface expression of mIgM by 
transfecting non-B cells (NIH3T3 cells and the pituitary cell line 
AtT20, respectively) with genes encoding mIgM, Ig-a, and Ig-p. In the 
absence of either Ig-a or Ig-p, mIgM is retained intracellularly in the 
ER and does not progress to the cell surface. In the presence of both 
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Ig-a and Ig-/I, mIgM comes to the cell surface. No other lymphoid- 
specific components are required for cell surface expression of mIgM 
in these cells, and it is likely that Ig-a and Ig-p are the only components 
required for cell surface expression of mIgM. Further work has shown 
that in the absence of mIgM, Ig-a! and Ig-p form a disulfide-linked 
heterodimer that is retained in the ER (L. Matsuuchi, University of 
British Columbia, unpublished results). Thus, it appears that all four of 
the chains of the B cell AgR are required for the receptor to be trans- 
ported to the cell surface. Incomplete, and therefore nonfunctional, 
receptors lacking subunits are retained intracellularly and presumably 
targeted for degradation. Similar observations have been made for the 
T cell receptor (TCR) and other receptors (Klausner, 1989). Although 
the basis for this retention is not clearly understood, it most likely 
involves recognition by  ER components of incorrectly folded proteins 
or exposed hydrophobic patches that would normally interact with 
other polypeptide chains (deSilva et al., 1990). One component that 
binds to incompletely assembled mIgM molecules that are retained in 
the ER is IP-90 (Hochstenbach et al., 1992). One interesting possibility 
is that IP-90 is a molecular chaperone that facilitates the assembly of 
mIg with the Ig-a : Ig-/3 heterodimer. 

Whereas all five classes of mIg can associate with the Ig-a:Ig-P het- 
erodimer, mIgD and mIgGzb can be transported to the cell surface in 
the absence of Ig-a and Ig-/3 in fibroblasts (Venkitaraman et al., 1991). 
In contrast, cell surface expression of mIgM, mIgA, and mIgE requires 
Ig-a and Ig-p. The transmembrane domains of IgD and IgGzb may lack 
the strong retention signals found in the other Ig heavy chains. It 
should be emphasized that although mIgD and mIgGzb can come to 
the surface without Ig-a and Ig-p, Ig-a and Ig-p are expressed at all 
stages of B cell development in which mIg is also expressed (Saka- 
guchi et al., 1988; Hermanson et al.,  1988). In addition, immunopre- 
cipitation with antibodies against Ig-a! removes all of the mIgM and all 
of the mIgD from lysates of murine splenic B cells (Gold et al., 1991). 
On this basis, it appears that all of the mIgD that is expressed at the cell 
surface of splenic B cells is present in a complex with Ig-a : Ig-p. It is 
possible that in some subset of B cells, mIgD or mIgGzb is expressed in 
excess of Ig-a and Ig-p and that some fraction of these mIgs are trans- 
ported to the cell surface without Ig-a and Ig-p. In any case, it is likely 
that Ig-a and Ig-p mediate signal transduction by the B cell AgR, and 
thus would be required for most functions of this receptor. This view is 
supported by experiments showing that chimeric membrane proteins 
containing a short conserved motif from the cytoplasmic domain of 
either Ig-a or Ig-/3 can mediate many of the signaling reactions charac- 
teristic of the B cell AgR (Law et al., 1993). 
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IV. Initial Signaling Reactions Stimulated by the B Cell Antigen Receptor 

A. AgR-INDUCED PROTEIN TYROSINE PHOSPHORYLATION 
The B cell AgR belongs to the class of receptors that stimulate 

tyrosine phosphorylation of proteins on activation. Activation of the B 
cell AgR requires that the receptor be clustered or “cross-linked” by 
either a multivalent antigen or by antireceptor (anti-Ig) antibodies 
(Cambier and Ransom, 1987; DeFranco, 1987). A dramatic increase in 
the tyrosine phosphorylation of a number of proteins is seen within 
seconds of adding anti-Ig antibodies to B cells. This response has been 
observed in murine splenic B cells, in human tonsillar B cells, and in a 
variety of murine and human B cell lines (Gold et al., 1990; Campbell 
and Sefton, 1990; Lane et al., 1990; Brunswick et al., 1991). When 
analyzed by sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) and immunoblotting with antiphosphotyrosine anti- 
bodies, the most prominent anti-Ig-induced tyrosine-phosphorylated 
proteins have approximate molecular masses of 32-37,40-45,50-56, 
65,69-73,81,88, 100, 115, 126, 150 kDa (Gold et al., 1990; Campbell 
and Sefton, 1990; Lane et al., 1990). Tyrosine phosphorylation of these 
proteins has been confirmed by performing phosphoamino acid analy- 
sis on proteins immunoprecipitated with antiphosphotyrosine anti- 
bodies (anti-P-tyr) from 32P-labeled cells and demonstrating the 
presence of phosphotyrosine (Gold et al., 1990; Campbell and Sefton, 1990; 
DeFranco et al., 1993). Ligation of mIgD on murine splenic B cells 
appears to induce tyrosine phosphorylation of the same set of proteins 
as does anti-IgM treatment (Gold et al.,1990; Brunswick et al., 1991). 
Cross-linking of mIgG on murine B cell lines that express this mIg 
isotype also induces tyrosine phosphorylation, although fewer in- 
duced bands are seen on anti-P-tyr immunoblots (Law et al., 1992). 
This, however, appears to be a property of the cells, and not of the 
IgG-containing AgR, since the same pattern of tyrosine phosphoryla- 
tion is elicited by cross-linking of mIgM-containing AgRs in the same 
cells after transfection of a gene encoding a functional p chain (Blum et 
al., 1993). 

Tyrosine phosphorylation seen in response to soluble anti-Ig is a 
transient response. After achieving maximal tyrosine phosphorylation 
at 3-5 minutes, the level of phosphorylation decreased and returns to 
near basal levels after 2-4 hours (Gold et al., 1991). Since responses to 
AgR signaling such as entry into the cell cycle often do not occur until 
24-48 hours and require the continued presence of anti-Ig (DeFranco 
et al., 1985), mIg signaling must continue, although probably at a 
decreased level. 

AgR-induced tyrosine phosphorylation is thought to be due to acti- 
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vation of tyrosine kinases. A variety of tyrosine kinase inhibitors that 
act by different mechanisms are capable of abrogating anti-Ig-induced 
tyrosine phosphorylation (Lane et al., 1991; Carter et al., 1991a; Padeh 
et al., 1991; Gold et al., 1992b). None of the known chains of the B cell 
AgR contain kinase activity, and therefore the AgR must interact with 
distinct kinase molecules. Indeed, the src-family kinases ~ 5 5 ' ' ~ ~  p53/ 
p561Yy", p59fYn, and ~ 5 6 ' " ~  have all been shown to be associated with the 
B cell AgR (Yamanashi et al., 1991; Burkhardt et al., 1991; Campbell 
and Sefton, 1992; Lin and Justement, 1992; Leprince et al., 1992; Li et 
al., 1992). Burkhardt et al. (1991) showed that AgR cross-linking results 
in rapid activation of p55'lk, p53/56lY", and p59fY" as judged by an 
increase in the ability of the immunoprecipitated kinases to carry out 
autophosphorylation and to phosphorylate an exogenous substrate, 
enolase, in an in vitro kinase assay. In murine splenic B cells, mIgD 
cross-linking causes a five- to eight-fold increase in the activity of 
~ 5 5 ' ' ~  that is maximal at 0.5-1 minute and remains above basal levels 
for at least 15 minutes (Burkhardt et al., 1991). Sustained activation of 
p59fY" is also observed, whereas only a small, transient increase in the 
activity of p53/~56 '~"  is seen (Burkhardt et al., 1991). These findings 
suggest that p55'lk, the only one of these kinases expressed exclusively 
in B cells (Dymecki et al., 1990), may make the largest contribution to 
AgR-stimulated tyrosine phosphorylation in splenic B cells. Yamanishi 
et al., however, did observe a substantial AgR-induced activation of 
p53/p56[Yr1 in the murine B lymphoma line WEHI-231 and in the 
human B cell line Daudi (Yamanashi et al., 1992). ~ 5 6 ' " ~  is also acti- 
vated by AgR cross-linking, at least in the murine B cell line WEHI- 
231 (Li et al., 1992; R. Chiu, R. Ingham, and M. R. Gold, unpublished 
observations). Hutchcroft et al. have shown that the prominent 72-kDa 
tyrosine-phosphorylated protein seen in anti-P-tyr blots of activated B 
cells is a tyrosine kinase (PTK72) that associates with the B cell AgR 
and is activated on AgR cross-linking (Hutchcroft et al., 1991, 1992). 
PTK72 is probably the product ofthe syk gene (Taniguchi et al., 1991), 
which encodes a putative 72-kDa tyrosine kinase. syk is not related to 
the src-family tyrosine kinases but has homology to the T cell tyrosine 
kinase ZAP70, which associates with the 5 chain of the T cell receptor 
(Chan et al., 1992). Thus, the B cell AgR associates with and activates at 
least five different tyrosine kinases. The functions of the individual 
kinases, the mechanism by which they are activated, and the nature of 
their interactions with the B cell AgR are poorly understood at this 
point (see later). 

Stimulation of protein tyrosine phosphorylation by the B cell AgR is 
significant in light of the strong correlation between tyrosine phos- 
phorylation, receptor signaling, and control of cell growth and differ- 
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entiation in other cell types. Many receptors stimulate tyrosine phos- 
phorylation either by virture of having an intrinsic tyrosine kinase 
activity [e.g., the platelet-derived growth factor receptor (PDGF-R) 
and the epidermal growth factor receptor (EGF-R)] or by their ability 
to activate intracellular tyrosine kinases. This latter class includes the 
T cell receptor, the hematopoietin receptors such as those for IL-3, 
IL-4, IL-5, IL-7, and GM-CSF, as well as FcsRI and FcyRIII (CD16) 
(Keegan and Paul, 1992; Cambier, 1992; Samelson and Klausner, 1992; 
Miyajima et al., 1992; Kolanus et al., 1992). A large number of the 
known oncogene products are also tyrosine kinases. Furthermore, as 
discussed later, many of the known substrates of tyrosine kinases are 
important signal transduction molecules (Cantley et al., 1991). Finally, 
many important signaling components contain structural motifs called 
src homology 2, or SH2, domains (Koch et al., 1991; Songyang et al., 
1993), which function as specific receptors for phosphotyrosine- 
containing regions of proteins. In this manner, tyrosine phosphoryla- 
tion facilitates the interaction of proteins involved in signal transduc- 
tion, presumably making the process more efficient. 

B. TARGETS OF AgR-INDUCED TRYOSINE PHOSPHORYLATION 
If tyrosine phosphorylation is indeed an important mediator of the 

effects ofAgR stimulation on B cells, then to understand this process, it 
is essential to identify the substrates of the AgR-activated tyrosine 
kinases and to understand their roles in the signal transduction 
process. Two strategies have been employed to identify tyrosine ki- 
nase substrates in B cells. One involves purification of these proteins 
by anti-P-tyr affinity chromatography. Proteins eluted with phosphoty- 
rosine analogs from these columns are separated by SDS-PAGE, indi- 
vidual protein bands are excised and digested with proteases, and the 
resulting peptides are subjected to protein microsequencing. Amino 
acid sequences of these peptides could reveal the identity of the 
protein, provided the gene encoding it has been cloned and its se- 
quence is in the existing data bases. If the gene has not been cloned, 
degenerate oligonucleotides based on the peptide sequence can 
be used to amplify a fragment of cDNA by polymerase chain reaction 
and this can then be used to screen cDNA libraries. Alternatively, 
the purified tyrosine kinase substrate can be used to raise anti- 
bodies, which can then be used to screen expression libraries and 
clone the gene encoding the tyrosine kinase substrate (Schulte et al., 
1992). 

A second approach is to immunoprecipitate known tyrosine kinase 
substrates with specific antibodies and then determine whether AgR 
cross-linking increases their tyrosine phosphorylation. This approach 
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has yielded considerable information to date and has been facilitated 
by extensive work characterizing substrates of receptors with intrinsic 
tyrosine kinase activity such as the PDGF-R and EGF-R. Ligand bind- 
ing by these receptors induces the receptors to dimerize, which acti- 
vates the tyrosine kinase contained in the cytoplasmic tails of these 
receptors. The dimerized receptors transphosphorylate each other on 
tyrosine residues at multiple sites. This creates distinct specific bind- 
ing sites for several important signaling molecules that bind to the 
receptor via SH2 domains. After binding to the receptors, these signal- 
ing components are then tyrosine phosphorylated, presumably by the 
kinase activity of the receptor. Tyrosine phosphorylation of these 
proteins may signficantly alter their activity or function. Among the 
proteins that bind to the PDGF-R and EGF-R are proteins involved in 
three different signal transduction pathways-phospholipase Cy, the 
rus GTPase-activating protein (rasGAP), and phosphatidylinositol 3- 
kinase (PI 3-kinase). Although these pathways may intersect, they can 
be activated independently. For example, the PDGF-R and EGF-R 
activate all three of these pathways whereas the CSF-1-R activates 
only the rasGAP and PI 3-kinase pathways (Cantley et la., 1991). 
Activating different combinations of these pathways could produce 
distinct results or allow for synergistic effects. In T cells, the T cell 
antigen receptor activates phospholipase C (Imboden and Stobo, 1985) 
and the p21"" pathway (Downward et al . ,  1990a) whereas the IL-2 
receptor activates PI 3-kinase (Remillard et al., 1991; Abraham et al., 
1992). The B cell AgR activates all three of these signaling pathways, 
making it similar to the PDGF-R. 

c. TARGETS OF mIg-INDUCED TYROSINE PHOSPHORYLATION 
1 .  Phospholipase C 

Although AgR-induced tyrosine phosphorylation was first reported 
in 1990, it had been known since 1986 that AgR cross-linking acti- 
vates the phosphoinositide signaling pathway (Cambier et al., 1987; 
DeFranco, 1992b), in which the initial event is activation of phos- 
pholipase C (PLC). Phospholipase C catalyzes the hydrolysis of 
inositol-containing phospholipids, primarily phosphatidylinositol4,5- 
bisphosphate fPIP2). This results in the generation of two intracellular 
second messengers: (1) inositol1,4,5-trisphosphate (IP3), which causes 
increases in cytosolic free calcium concentrations by stimulating the 
release of calcium from intracellular storage vesicles, and (2) diacyl- 
glycerol, which activates the a, p and y subtypes of the serine/ 
threonine kinase protein kinase C (PKC). IP3 is acted on by kinases and 
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phosphatases to produce a large number of other inositol phosphate 
isomers. It is unclear whether these other inositol phosphate com- 
pounds have signaling functions, although there is some evidence that 
inositol 173,4,5-tetrakisphosphate contributes to increases in cytosolic 
free calcium concentrations (Irvine and Moor, 1986; Morris et al., 
1987). Increases in cytosolic free calcium concentrations and increases 
in inositol phosphate production have been observed in B cells stimu- 
lated with either anti-Ig antibodies or with multivalent antigens 
(Grupp et al., 1987; Wilson et al., 1987). PKC activation results in 
translocation of the enzyme from the cytosol to the plasma membrane. 
AgR signaling has been shown to cause a transient increase in the 
fraction of PKC associated with the plasma membrane (Nel et al., 1986; 
Chen et al., 1986), and several known PKC substrates, including the 
MARCKS protein (Aderem, 1992), are phosphorylated in response to 
AgR cross-linking (Hornbeck and Paul, 1986; Hornbeck et al., 1989). 

When it was discovered that the B cell AgR also stimulated protein 
tyrosine phosphorylation, the question arose as to how these two sig- 
naling pathways were related. A number of experiments demonstrated 
that tyrosine phosphorylation is not dependent on activation of the 
phosphoinositide pathway. Tyrosine phosphorylation could not be 
stimulated by activating PKC with phorbol esters, by elevating intra- 
cellular calcium concentrations with calcium ionophores, or by the 
combination of phorbol esters and calcium ionophores (Gold et al., 
1990). The main exception is a 42-kDa protein (mitogen-activated 
protein kinase; see below) whose tyrosine phosphorylation can be 
induced by PKC activation (Casillas et al., 1991; Gold et al., 1992a). To 
rule out the possibility that other PIPz-derived second messengers 
(e.g., inositol phosphate isomers besides IP3) activate tyrosine kinases, 
another receptor that activates PLC, the M 1 muscarinic acetylcholine 
receptor, was introduced into B cell lines by transfection. Stimulation 
of this transfected muscarinic receptor with the agonist carbachol leads 
to inositol phosphate production, but stimulates tyrosine phosphoryla- 
tion only of the same 42-kDa protein whose tyrosine phosphorylation 
can be stimulated by phorbol esters (Gold et al., 1992a; Mittelstadt and 
DeFranco, 1993). Thus AgR-induced tyrosine phosphorylation is not 
due to activation of PLC. Furthermore, depletion of PKC by prolonged 
treatment of cells with phorbol esters does not significantly reduce 
anti-Ig-stimulated tyrosine phosphorylation nor does inhibition of 
PLC activation by acute treatment of cells with high concentrations of 
phorbol esters (Brunswick et al., 1991). Tyrosine kinase inhibitors, 
however, block not only AgR-induced tyrosine phosphorylation, but 
also AgR-stimulated phosphoinositide breakdown and calcium eleva- 
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tion (Lane et aZ., 1991; Carter et al., 1991a; Padeh et al., 1991). Thus, 
phospholipase C activation is dependent on tyrosine phosphorylation 
and it is likely that tyrosine kinase activation is the initial signaling 
event stimulated by the B cell AgR. 

Several groups have now shown that AgR cross-linking stimulates 
tyrosine phosphorylation of two isozymes of PLC in B cells, PLC-yl 
and PLC-y2 (Carter et al., 1991a; Hempel et d., 1992; Coggeshall et 
al., 1992; Kanner et al., 1992; Roifman and Wang, 1992). Tyrosine 
phosphorylation activates PLC-y1 by overcoming the inhibitory ef- 
fects of profilin (Goldschmidt-Clermont et al., 1991). Profilin is an 
abundant cytoskeletal protein that binds to PIP2. In the presence of 
profilin, PLC-y1 is incapable of hydrolyzing PIP2 unless it has been 
tyrosine phosphorylated. Given the extensive homology of PLC-y2 to 
PLC-71, it seems likely that these two PLC isoforms are regulated in a 
similar manner. 

Regulation of PLC by the B cell AgR may be more complex than this 
simple model. There is considerable evidence that AgR-induced inosi- 
to1 phosphate production involves a GTP-binding protein (Gold et a1 ., 
1987; Harnett and Klaus, 1988; Page et al., 1991) analogous to the G 
proteins that mediate signaling by receptors with seven transmem- 
brane domains, such as the P-adrenergic receptor (Bourne et al., 1991). 
The involvement of such proteins in AgR signaling has been inferred 
from studies using permeabilized cells in which it was shown that 
stable GTP analogs (which lock receptor-activated G proteins in their 
active state) potentiate anti-Ig-induced inositol phosphate production 
whereas GDP analogs (which prevent the activation of G proteins by 
competing for the GTP-binding site) inhibit inositol phosphate pro- 
duction (Gold et d., 1987; Harnett and Klaus, 1988). The identity of 
this GTP binding is not known; it is not clear whether it is a hetero- 
trimeric G protein or a small GTP-binding protein such as p21"". 

There are two models that could explain the dual requirement of 
tyrosine phosphorylation and G protein activation for PLC activation 
by the AgR. One possibility is that activation of PLC-yl and PLC-y2 in 
B cells requires both tyrosine phosphorylation of the enzyme and its 
interaction with an activated G protein. Such combinatorial regulation 
has been observed for activation of PLC-yl by the EGF-R in hepato- 
cytes (Yang et aZ.,1991). Alternatively, the B cell AgR could activate 
PLC-yl and PLC-y2 via tyrosine phosphorylation while activating 
another PLC isozyme in a G protein-dependent manner. For example, 
PLC-/3 can be activated in tjitro by the G protein Gq (Taylor et al.,  
1991). Murine B cells do not express PLC-P1 (Hempel and DeFranco, 
1991) but apparently express another G protein-regulated PLC iso- 



BIOCHEMISTRY OF B LYMPHOCYTE ACTIVATION 237 

zyme, since the M 1 muscarinic acetylcholine receptor, which has been 
shown to signal via a heterotrimeric G protein (Ashkenazi et al., 1989), 
can trigger PIP2 breakdown in B cell lines (see previous discussion). 
Since tyrosine kinase inhibitors block AgR-induced PLC activation, 
one must postulate that either the G protein-dependent pathway is a 
minor pathway or that activation of the G protein (or its ability to 
regulate PLC) is dependent on tyrosine phosphorylation in some way. 

The PIP2-derived second messengers appear to play an important 
role in mediating the effects of AgR cross-linking on B cells. Increases 
in intracellular calcium concentrations presumably lead to activation 
of calcium/calmodulin-dependent protein kinases such as calmodulin- 
dependent protein kinase 11. PKC phosphorylates a number of 
proteins and also initiates protein kinase cascades that lead to the 
phosphorylation and activation of mitogen-activated protein kinase 
(see later) as well as proteins involved in regulating gene expression, 
such as c-Jun (Boyle et al., 1991; Pulverer et al., 1991). c-Jun is part of 
the AP-1 transcription factor that binds PKC-responsive promoter ele- 
ments and activates transcription from them (Ransone and Verma, 
1990). Several lines of evidence suggest that these signaling events are 
essential for responses to AgR engagement. The combination of phor- 
bol esters and calcium ionophores can mimic many of the effects of 
AgR cross-linking, including the induction of immediate early genes 
such as c-myc, c-fos, and egr-l (Klemsz et al., 1989; Seyfert et al., 1990) 
(see below) and the entry of resting B cells into the cell cycle (Monroe 
and Kass, 1985; Klaus et al., 1986; Rothstein et al., 1986; Paul et al., 
1986). Inhibition of PKC with pharmacologic inhibitors, as well as 
down-regulation of PKC by long-term exposure to phorbol esters, 
blocks many of the responses to anti-Ig antibodies (Monroe and Kass, 
1985; Mond et al., 1987). Moreover, culturing resting B cells in low- 
calcium medium prevents a sustained increase in intracellular calcium 
and also inhibits anti-Ig-induced proliferation (Dennis et aZ., 1987). 
LPS-induced proliferation is unaffected by low extracellular calcium, 
arguing that this is a specific inhibition of anti-Ig-induced proliferation 
(Dennis et al., 1987). Additional support for a role for calcium elevation 
in the response to AgR cross-linking has come from studies using the 
WEHI-231 B cell line. This cell line undergoes growth arrest in the GI 

phase of the cell cycle followed by programmed cell death in response 
to anti-IgM antibodies (Page and DeFranco, 1990; Benhamou et al., 
1990; Hasbold and Klaus, 1990). Several mutants selected for resis- 
tance to anti-Ig-induced growth arrest exhibit reduced anti-Ig- 
stimulated inositol phosphate production compared to wild-type cells 
(Page et al., 1991). Normal anti-Ig-induced growth arrest could be 
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restored by addition of the calcium ionophore ionomycin, but not by 
addition of phorbol esters. These observations argue that calcium is 
the limiting second messenger in these cells and is therefore an essen- 
tial mediator of the response to AgR cross-linking. 

2. p21 ras, rasGAP, and rasGAP-Associated Proteins 

The ~21"" protooncogene product is thought to play an important 
role in mediating the action of tyrosine kinases. For example, microin- 
jection of anti-Ras antibodies into fibroblasts blocks growth factor- 
stimulated proliferation and transformation by tyrosine kinase onco- 
genes (Mulcahy et aZ., 1985; Smith et al., 1986). In addition, there is 
genetic evidence in both Drosophila (Rubin, 1991) and Caenorhab- 
ditis elegans (Sternberg and Horvitz, 1991) that functional ras is re- 
quired for tyrosine kinase receptors to exert their effects. p21"" is a 
membrane-associated GTP-binding protein. The GTP-bound state of 
p21"" is presumed to be the active form since transforming versions of 
p21"" have greatly decreased GTPase activity (McGrath et al., 1984; 
Gibbs e t  aZ., 1984), and signaling by a variety of growth factors in- 
creases the fraction of cellular ~21"' with GTP bound (Satoh et al., 
1990a,b; Duronio et al., 1992). When the B cell AgR is cross-linked 
with anti-Ig antibodies, p21"" can be shown to cocap with the AgR 
Graziadei et al., 1990). It is not clear if this reflects activation of p2lrUs, 
and it is not known whether p21"" interacts with the AgR directly or 
via intervening proteins. Delovitch and colleagues (Lazarus et al., 
1993) have shown that AgR signaling increases the fraction of p21"" 
with bound GTP in an antigen-specific B cell line. Thus, p21"", a 
potent regulator of cell growth, is activated by the B cell AgR. 

The mechanism by which tyrosine kinases regulate p21"" is not 
completely understood. p21"" activity can be controlled either by 
guanine nucleotide exchange proteins that promote the binding of 
GTP to p21"" or by GTPase-activating proteins (GAPS) that favor the 
inactive form of p21"" by promoting the hydrolysis of bound GTP to 
GDP. Guanine nucleotide exchange factors for p21"" have been iden- 
tified (Downward et al., 1990b; Bonfini et al., 1992; Martegani et al., 
1992) but it has not been shown experimentally that their activity is 
regulated by tyrosine kinases. Recent work has suggested a model for 
how tyrosine kinase receptors may activate guanine nucleotide ex- 
change factors for ~21"". Tyrosine kinase activation in fibroblasts in- 
duces tyrosine phosphorylation of a protein called SHC (Pelicci et al., 
1992). A 23-kDa nonphosphorylated protein called GRB-2 then binds 
to the SHC protein via its SH2 domain (Rozakis-Adcock et al., 1992). 
GRB-2 is the mammalian homologue of the product of the C. elegans 
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sem-5 gene (Lowenstein et al., 1992) and the Drosophila melanogaster 
drk gene (Simon et al., 1993; Olivier et al., 1993). sem-5 and drk are 
required for activation of p21"" by tyrosine kinase receptors involved 
in vulva1 development in C. elegans (S. G. Clark et al., 1992) and in 
photoreceptor development in Drosophila (Simon et al., 1993; Olivier 
et al., 1993). The drk gene product can bind to both the Sevenless 
transmembrane tyrosine kinase and to the Sos guanine nucleotide 
exchange protein (Simon et al., 1993; Olivier et al., 1993). The former 
interaction seems to be via the SH2 of Drk and to be regulated by 
receptor autophosphorylation, whereas the latter interaction probably 
involves the SH3 domains of Drk. These results suggest the Sem-5/ 
Drk/GRB-2 binds to a guanine nucleotide exchange factor, activates it, 
and in this way regulates the activation state of p21"". This pathway 
may be relevant to the mechanism by which the B cell AgR regulates 
p21"", as AgR cross-linking induces tyrosine phosphorylation of SHC 
in several B cell lines (I. van Oostveen, T. M. Saxton, and M. Gold, 
unpublished results). 

Two GTPase-activating proteins have been identified for ~ 2 1 ~ ~ " -  
rasGAP (Trahey and McCormick, 1987; Gibbs et al., 1988) and neuro- 
fibromin, the product of the NF-1 gene (Downward, 1991). The ability 
of rasGAP to stimulate the GTPase activity of p21"" has been studied 
extensively (Trahey and McCormick, 1987; Gibbs et al., 1988). rasGAP 
is a target of tyrosine phosphorylation by a number of growth factor 
receptors (Cantley et al., 1991) and is also tyrosine phosphorylated in 
response to AgR cross-linking in murine and human B cell lines (Gold 
et al., 1993a) and in murine splenic B cells (M. Crowley and A. De- 
Franco, unpublished observations). There is no evidence, however, 
that tyrosine phosphorylation of rasGAP alters its ability to stimulate 
p21"" GTPase activity. AgR cross-linking in B cells also increases the 
association of rasGAP with two tyrosine-phosphorylated proteins, p62 
and p190 (Gold et al., 1993a). Proteins of similar molecular mass are 
also associated with rasGAP in fibroblasts after tyrosine kinase activa- 
tion (Ellis et al., 1990). A large increase in the amount of tyrosine- 
phosphorylated p62 associated with rasGAP is induced by AgR signal- 
ing. In contrast, rasGAP is associated with tyrosine-phosphorylated 
p190 to some extent in unstimulated B cells and the increase induced 
by AgR signaling is much more variable from cell line to cell line. 
rasGAP binds to tyrosine-phosphorylated p62 and p190 via its SH2 
domains (Wong et al., 1992), so a likely scenario is that AgR signaling 
stimulates tyrosine phosphorylation of p62 and p190 and that this leads 
to their association with rasGAP. It is not clear if the interaction of 
rasGAP with these proteins regulates the GTPase-stimulating activity 
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of rasGAP in uiuo or if the association of p62 and p190 with rasGAP 
now allows these proteins to somehow influence p21"" activity. ras- 
GAP appears to form separate complexes with p62 and p190 (Moran et 
al., 1991), suggesting that the interaction of rasGAP with these two 
proteins could have distinct effects. A large fraction of p62 is mem- 
brane bound (Moran et al., 1991) and the interaction of rasGAP with 
p62 may direct it to the plasma membrane, where p21"" resides. In 
contrast, it has been reported that the pl9O-rasGAP complex has 
decreased GTPase-stimulating activity for p21"" in vitro (Moran et al., 
1991). Clearly, much remains to be elucidated about how p21"" is 
regulated in uiuo, and the significance of AgR-induced tyrosine phos- 
phorylation of rasGAP, p62, and p190. 

Even though activated p21"" has very potent effects on cell growth 
and differentiation, little is known about the downstream signaling 
events that are regulated by ras. A number of experiments have sug- 
gested that rasGAP may be a downstream effector ofp21"", as well as a 
regulator of p21"". In several systems, rasGAP has been shown to 
stimulate signaling reactions in a manner that requires the presence of 
p21"", but not the ability of rusGAP to stimulate p21"" GTPase activ- 
ity (Yatani et al., 1990; Dominguez et aE., 1991). Furthermore, in one in 
oitro system, a truncated version of rasGAP that lacks the domain 
required for stimulation of p21"" GTPase activity is active even in the 
absence of p21"" (Yatani et ul., 1990). This strongly supports the con- 
tention that T-Q~GAP is a downstream effector of p21"" and that ~ 2 1 ' ~ "  
induces conformational changes in rasGAP that allow it to act on some 
downstream element. p21"" has also been implicated in the activation 
of MAP kinase (Leevers and Marshall, 1992), a serine/threonine kinase 
described in more detail below. 

The genes encoding p62 and p190 have been cloned by Settleman et 
al.  (1992b) and Wong et al. (1992) and their sequences suggest that 
they could be downstream elements that are regulated by rasGAP. p62 
binds RNA in uitro and has sequences characteristic of hnRNP 
proteins that are involved in mRNA splicing (Wong et al., 1992). Thus, 
tyrosine phosphorylation of p62 and its interaction with rasGAP could 
possibly regulate mRNA splicing, transport of RNA out of the nucleus, 
translation, or RNA stability. p190 has homology to a transcriptional 
repressor of the glucocorticoid receptor gene and therefore could be 
involved in gene regulation (Settleman et al., 199213). Consistent with 
such a role, p190 has been detected in the nuclei of rat fibroblasts 
(Settleman et al., 199213). p190 has also been shown to stimulate the 
GTPase activity, and is therefore a "GAP" for two other members of 
the ras family, small G proteins called Rac and Rho (Settleman et al., 
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1992a). Rac and Rho regulate the formation of actin-based cytoskeletal 
elements such as stress fibers in fibroblasts (Ridley and Hall, 1992; 
Ridley et al., 1992). 

3. Phosphatidylinositol3-kinase 

Another common sequel to tyrosine kinase activation is stimulation 
of PI 3-kinase, an enzyme that phosphorylates inositol phospholipids 
on the 3-position of the inositol ring. PI 3-kinase consists of an 85-kDa 
regulatory subunit that contains two SH2 domains and a 110-kDa 
catalytic subunit, both of which have now been cloned (Escobedo et 
al., 1991; Otsu et al., 1991; Skolnik et al., 1991; Hiles et al., 1992). PI 
3-kinase phosphorylates phosphatidylinositol, phosphatidylinositol4- 
phosphate (PI 4-P), and phosphatidylinositol 4,5-bisphosphate (PI 
4,5-P2) in uitro to yield PI 3-P, PI 3,4-P2, and PI 3,4,5-P3, respectively. 
In vivo, PI 4 , s -P~ may be the preferred substrate for PI-3 kinase, at 
least in neutrophils (Stephens et aZ., 1991). The products of PI 3-kinase 
are distinct from those of the classical phosphoinositide pathway in 
which PLC preferentially cleaves PI 4,s-P~. They are also present at 
much lower levels than PI 4-P and PI 4,s-P~. In vitro experiments have 
shown that the PI 3-kinase products are not substrates for PLC (Seru- 
nian et al., 1989) and there is currently no evidence that they are 
cleaved by other phospholipases to yield second messengers. It has 
been postulated that the lipid products of PI 3-kinase may act as second 
messengers. Indeed, recently PI 3,4,5-P3, and (less potently), PI 3,4-P2 
have been shown to activate the 6 form of PKC in uitro (Nakanishi et 
al . ,  1993). PKC 6 differs from the classical PKC isoforms, a, p, and y, in 
that it is not activated by diacylglycerol or phorbol esters (Nakanishi 
and Exton, 1992) and that it is not down-regulated by chronic treatment 
with phorbol esters (Liyange et al., 1992). Thus, PI 3-kinase and PKC 5 
potentially comprise a new signal transduction pathway. 

Although the functions of the PI 3-kinase products are poorly under- 
stood, there is considerable evidence that PI 3-kinase is an important 
downstream mediator of tyrosine kinase action. PI 3-kinase is activated 
by many tyrosine kinase receptors (e.g., receptors for PDGF, EGF, 
CSF-1, insulin, and nerve growth factor), by other receptors that acti- 
vate Src-like tyrosine kinases (e.g., IL-2 receptor), as well as by trans- 
forming versions of nonreceptor tyrosine kinases (e.g., v-src, v-abl) 
(reviewed in Auger and Cantley, 1991). In addition, PI 3-kinase binds 
directly to many activated tyrosine kinases via its SH2 domains. For 
example, ligand-induced phosphorylation of the PDGF-R creates spe- 
cific binding sites that are recognized by the SH2 domains of the p85 
regulatory subunit of PI 3-kinase (Fantl et al., 1992; Kazlauskas et al., 
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1992). This binding is thought to lead to tyrosine phosphorylation and 
activation of PI 3-kinase. The importance of PI 3-kinase as a mediator 
of tyrosine kinase action is underscored by studies of mutant tyrosine 
kinases. Mutant versions of pp60"-src, the polyoma virus middle T 
protein, and the v-abl oncogene product that have lost the ability to 
bind PI-3 kinase do not transform cells (Auger and Cantley, 1991). 
Similarly, mutated versions of the PDGF-R that cannot bind PI 3- 
kinase are incapable of stimulating cell division (Fantl et al., 1992). In 
contrast, mutations that destroy the binding sites on the PDGF-R for 
rasGAP do not abrogate the ability of the PDGF-R to cause cell divi- 
sion (Fantl et al., 1992). Thus, PI 3-kinase plays a unique and critical 
role in signal transduction by the PDGF-R and is likely to be important 
for signaling by other receptors as well. 

In B cells, AgR cross-linking causes a large increase in the amount of 
PI 3-kinase activity that can be immunoprecipitated with anti-P-tyr 
antibodies (Gold et al., 1992b; Yamanashi et al., 1992). The simplest 
interpretation of this result is that AgR signaling stimulates tyrosine 
phosphorylation of PI 3-kinase. This has now been confirmed by im- 
munoprecipitation with antibodies directed against the 85-kDa sub- 
unit (p85) of PI 3-kinase followed by immunoblotting with anti-P-tyr. 
AgR signaling stimulates tyrosine phosphorylation of both the p85 
regulatory subunit of the enzyme and the 110-kDa catalytic subunit 
(Gold et aZ., 199313). 

Anti-P-tyr immunoblots of anti-PI 3-kinase immunoprecipitates 
show that AgR signaling induces PI 3-kinase to associate with a num- 
ber of other tyrosine-phosphorylated proteins in B cells. Since PI 
3-kinase associates with many activated tyrosine kinases via its SH2 
domains, it is attractive to think that it associates with one of the 
tyrosine kinases that are activated by the B cell AgR. Yamanashi et al. 
(1992) found that AgR cross-linking induced PI 3-kinase to associate 
with p53/p56'"" in the WEHI-231 and Daudi cell lines. Although there 
is a severalfold increase in the amount of PI 3-kinase associated with 
p53/p56'Yn, only a very small fraction of the PI-3 kinase (approximately 
3% of the amount immunoprecipitated by anti-P-tyr) is associated with 
p53/p56'"" in anti-Ig-stimulated WEHI-231 cells (I. van Oostveen and 
M. R. Gold, unpublished observations). Following anti-Ig stimulation, 
PI 3-kinase can also be seen to associate with the cytoplasmic tail of 
CD19 (Tuveson et al., 1993). CD19 is a B cell-specific transmembrane 
protein that is associated with complement receptor 2 (CR2) and two 
other polypeptides, TAPA-1 and Leu-13 (Bradbury et al., 1992). In 
addition, some CD19 can be found associated with the B cell AgR 
(Pesando et al., 1989). Moreover, anti-Ig stimulation induces tyrosine 
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phosphorylation of CD19 (Tuveson et al., 1993). As the cytoplasmic 
tail of CD19 has several YxxM motifs that have been identified as the 
binding site for the SH2 domain of PI 3-kinase p85 (Songyang et al., 
1993), an attractive possibility is that anti-Ig induces tyrosine phos- 
phorylation of these tyrosines. This would lead to binding of PI 3- 
kinase and then tyrosine phosphorylation of PI 3-kinase by a tyrosine 
kinase associated either with the AgR or with CD19. This possible 
mechanism is similar to that proposed for activation of PI 3-kinase by 
growth factor receptors, the difference in those cases being that YxxM 
is an autophosphorylation site on the receptor (Cantley et al., 1991; 
Fantl et al., 1992). 

AgR-induced activation of PI 3-kinase activity in the intact B cell has 
been demonstrated by high-performance liquid chromatography 
(HPLC) analysis of inositol-containing phospholipids in 32P-labeled B 
cells. Stimulation of WEHI-231 cells with anti-Ig antibodies causes a 
rapid increase in the amounts oflabeled PI 3,4,5-P3 and PI 3 ,d-P~ (Gold 
et al., 1993b). Maximal increases are seen at 0.5-2 minutes and PI 
3,4-P2 increases to a much greater extent than does PI 3,4,5-P3. A 
slower, sustained increase in the amount of labeled PI 3-P is also seen. 
The total radioactivity in all lipids with phosphates on the 3-position of 
the inositol ring is increased, demonstrating that PI 3-kinase is acti- 
vated by AgR cross-linking in these cells. The mechanism by which PI 
3-kinase is activated is still poorly understood, but tyrosine phosphory- 
lation and/or binding to other proteins, such as p53/~56 '~"  and CD19, 
may be important. 

4. p95""" and Vap-1 

Another target of AgR-induced tyrosine phosphorylation is the pro- 
tooncogene product p95""", which is expressed only in hematopoietic 
cells (Bustelo and Barbacid, 1992). Anti-Ig stimulation of B cells leads 
to increased tyrosine phosphorylation of p95""" and appearance of a 
70-kDa tyrosine-phosphorylated protein (called Vap-1, or Vav- 
associated protein 1) that is coprecipitated with ~95""" only after AgR 
stimulation (Bustelo and Barbacid, 1992). Vap-1 is transiently tyrosine 
phosphorylated after anti-Ig-stimulation, and the binding of p95""" to 
Vap-1 is mediated by the SH2 domain of p95""" binding to phosphoty- 
rosine on Vap-1 (Bustelo and Barbacid, 1992). N-terminal deletions in 
p95"" render it oncogenic, suggesting that the wild-type ~95"'" 
protein may play a regulated role in controlling cell growth. In addi- 
tion to containing an SH2 domain, p95""" also has a zinc finger motif 
similar to the diacylglycerol-binding domain of PKC. Moreover, it has 
significant amino acid homology to the product of the CDC24 gene 
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from Saccharom yces cereuisiae, the product of the dbl protooncogene, 
and the bcr gene. As CDC24 encodes a guanine nucleotide exchange 
factor for the S.  cereljisiae homologue of Rho, it is possible that p95""" 
regulates the activity of a small GTP-binding protein such as p21'"" or 
Rho. Recent evidence suggests that p95""" has guanine nucleotide 
exchange factor activity for p21"" (Gulbins et al., 1993). Moreover, 
tyrosine phosphorylation is apparently necessary to activate this func- 
tion. Thus, AgR-induced tyrosine phosphorylation of p95""" may be an 
important event for regulating p21"". 

5.  Mitogen-Actiuated Protein Kinase 

The mitogen-activated protein (MAP) kinases (also called ERKs, for 
extracellular signal-regulated kinases) are a family of related serine/ 
threonine kinases, of which the best studied in mammalian cells are 
the 44-kDa ERKl (p44""pk) and the 42-kDa ERK2 (p42""pk). These 
MAP kinases are activated and tyrosine phosphorylated in response 
to signaling by many receptors that activate either tyrosine kinases 
or PKC (Cobb et  aE., 1991; Pelech and Sanghera, 1992). In B cells, 
both AgR cross-linking and PKC activation result in tyrosine phos- 
phorylation and activation primarily of ERK2 (~42"""~) (Casillas et aZ., 
1991; Gold et al., 1992a). ERK2 is the most prominent tyrosine- 
phosphorylated protein seen in anti-P-tyr blots of WEHI-231 cells 
stimulated with anti-Ig antibodies (Gold et al., 1990); in these cells 
anti-Ig stimulation causes a transient 15- to 20-fold increase in MAP 
kinase activity that peaks after 3-5 minutes (Gold et al., 1992a). 

The mechanism by which MAP kinases are activated is now the 
subject of intense scrutiny (see Pelech and Sanghera, 1992). Both 
threonine and tyrosine phosphorylation of ERKl and ERK2 are re- 
quired for maximal activation. Both of these modifications are carried 
out by a dual-specificity (serine/threonine/tyrosine) kinase termed 
MAP kinase kinase, or MEK (for MAP kinase or ERK kinase). MAP 
kinase kinase is regulated by phosphorylation also, but, in contrast to 
MAP kinase, it appears to be activated by serine/threonine phosphory- 
lation, not by tyrosine phosphorylation. This suggests that PKC could 
activate MAP kinase kinase directly whereas tyrosine kinases must 
activate an intermediary serine kinase. It has been shown that the 
serine kinase Raf-1 can activate MAP kinase kinase (Dent et al., 1992; 
Kyriakis et al., 1992). Raf-1 is activated by both tyrosine kinases (Mor- 
rison et aE., 1989) and by PKC (Siege1 et al., 1990) in different systems. 
This raises the possibility that it is Raf-1 that integrates signals emanat- 
ing from tyrosine kinases and PKC, resulting in activation of MAP 
kinase. 
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The mechanism of activation of Raf-1 by tyrosine kinases is not well 
understood. There is considerable evidence that p21"" is involved in 
the activation of Raf-1 (reviewed in Roberts, 1992). In addition, a 
second pathway for activating MAP kinase kinase has recently been 
described that utilizes a G protein and is independent of Raf-1 (Lange- 
Carter et al., 1993). In any case, it is clear that MAP kinase can be 
activated by both PKC-dependent and tyrosine kinase-dependent 
pathways that appear to converge at some point upstream of MAP 
kinase kinase. 

Since AgR-stimulated PIP2 hydrolysis leads to activation of PKC, 
activation of MAP kinase by the B cell AgR could be due entirely to 
PKC. This hypothesis was tested using a relatively specific inhibitor of 
PKC, Roche compound No. 3 (Davis et al., 1989). Compound 3 concen- 
trations of 1-5 pM inhibited PKC-mediated MAP kinase activation 
(induced by phorbol dibutyrate) by greater than 9070, but inhibited 
anti-Ig-stimulated MAP kinase activation by only 10-40% (Gold et 
al., 1992a). The simplest interpretation of these results is that much 
of the anti-Ig-induced MAP kinase activation proceeds by a PKC- 
independent pathway that is probably initiated by tyrosine kinase 
activation. One interesting possibility is that PKC 6 may be capable of 
activating MAP kinase, in which case activation of this PKC isoform by 
the PI 3-kinase pathway would play a role in activating MAP kinase in 
B cells. 

MAP kinase activation is likely to be an essential component of 
signal transduction by the B cell AgR. The MAP kinases have multiple 
roles in receptor-mediated signaling, including phosphorylating and 
activating the S6 ribosomal protein kinase p9OrSk (Sturgill, 1988), 
which is thought to regulate protein synthesis. In addition, MAP ki- 
nases may link cytoplasmic signaling events with nuclear events that 
regulate gene expression. For example, MAP kinase phosphorylates 
both c-myc (Alvarez et al., 1991) and c-jun (Pulverer et al., 1991). c-Jun 
is a component of the AP-1 transcription factor that regulates gene 
expression in response to PKC activation. AgR signaling has been 
shown to stimulate the transcription of c-myc, c-fos, c-jun, egr-1, and 
several other genes in a PKC-dependent manner (Klemsz et al., 1989; 
Seyfert et al., 1990; Mittelstadt and DeFranco, 1993) (see later). 

6. CD22 

As mentioned previously, an alternative approach to identifying 
tyrosine kinase substrates is to purify tyrosine-phosphorylated 
proteins by affinity chromatography and then produce antibodies 
against the proteins and/or analyze them by protein microsequencing. 
Schulte et al. (1992) made monoclonal antibodies against tyrosine- 
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phosphorylated proteins isolated from anti-Ig-stimulated Ramos cells 
(a human B cell lymphoma). One monoclonal antibody recognized a 
140-kDa protein. Purification of this protein, followed by sequencing 
of tryptic peptides derived from it, revealed that it was the CD22 
protein. Immunoprecipitation with anti-CD22 antibodies followed by 
anti-P-tyr immunoblotting confirmed that CD22 was tyrosine phos- 
phorylated in response to AgR cross-linking (Schulte et al., 1992; Le- 
prince et al., 1993). 

CD22 functions as an adhesion molecule and may mediate the bind- 
ing of B cells to monocytes, T cells, and other B cells (Stamenkovic and 
Seed, 1990; Stamenkovic et al., 1991). Phosphorylation of various ad- 
hesion molecules has been reported to alter their affinity (Dustin and 
Springer, 1991; Damsky and Werb, 1992). Since B cells can recognize 
antigens that are immobilized on the surface of follicular dendritic 
cells, antigen nonspecific adhesion mediated by CD22 may facilitate 
antigen recognition. This would be analogous to the role played by 
CD2 in T cells. CD22 may also participate in signal transduction by the 
B cell AgR. Antibodies to CD22 enhance the ability of anti-Ig to in- 
crease cytosolic calcium and stimulate proliferation (Pezzutto et a1 ., 
1988). Moreover, some CD22 can be detected associated with the B 
cell AgR (Leprince et al., 1993). Consistent with a role for CD22 in AgR 
signaling is the observation that CD22+ tonsillar B cells exhibit in- 
creased cystolic calcium and proliferate in response to anti-Ig, whereas 
mIg+, CD22- B cells do not (Pezzutto et al., 1988). Also interesting in 
this regard is that the cytosolic domain of CD22 contains an antigen 
receptor homology motif (see below) (Leprince et al., 1993). 

7 .  Components ofthe B cell AgR: l g - a  and Ig-p 

As alluded to previously, ligand binding to tyrosine kinase receptors 
such as the PDGF-R leads to tyrosine phosphorylation of the cytoplas- 
mic domain of the receptor at multiple sites (Cantley et al., 1991). 
Tyrosine phosphorylation of receptors can have important conse- 
quences for signal transduction. In particular, it creates specific bind- 
ing sites for proteins that contain SH2 domains. PLC-yl, rasGAP, and 
PI 3-kinase each bind to a different phosphotyrosine-containing region 
of the PDGF-R cytoplasmic domain (Fantl et al., 1992). This presum- 
ably facilitates the tyrosine phosphorylation of these proteins by the 
kinase activity of the PDGF-R. It also concentrates important signal 
transduction proteins in close proximity to each other and to the 
plasma membrane. Signal transduction may therefore be made more 
efficient by bringing enzymes such as PLC and PI 3-kinase in contact 
with their substrates and by bringing the various components of signal- 
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ing pathways in close physical proximity to each other. Immunofluo- 
rescence with anti-P-tyr antibodies reveals that cross-linking of the B 
cell AgR causes an accumulation of tyrosine-phosphorylated proteins 
underneath the capped AgR (Takagi et al., 1991). This suggests that 
similar signaling complexes may be formed in B cells. 

AgR cross-linking induces the rapid tyrosine phosphorylation of 
Ig-a, and to a lesser extent Ig-p (Gold et al., 1991). Cross-linking either 
mIgM- or mIgD-containing AgRs in murine splenic B cells leads to 
tyrosine phosphorylation only of the Ig-a proteins associated with the 
cross-linked receptor (Gold et al., 1991). The Ig-a molecules associ- 
ated with mIgM and with mIgD in splenic B cells differ in molecular 
mass, allowing them to be distinguished. This selective tyrosine phos- 
phorylation is consistent with a model in which the activated tyrosine 
kinases remain physically associated with the cross-linked AgR, are 
not freely diffusible, and are therefore unable to phosphorylate the 
Ig-a molecules associated with non-cross-linked receptors. The obser- 
vation that tyrosine phosphorylation is concentrated in the region of 
the cross-linked receptors supports this view (Takagi et al., 1991). 
Alternatively, it is possible that AgR cross-linking induces conforma- 
tional changes in the cytoplasmic domains of the Ig-a and Ig-p proteins 
that expose sites of phosphorylation. This latter model would not re- 
quire stable association of activated tyrosine kinases with the cross- 
linked AgR. Release of activated tyrosine kinases from cross-linked 
AgRs could allow a single receptor to go through several rounds of 
activating tyrosine kinases. 

The consequences of tyrosine phosphorylation of the B cell AgR are 
not known. One hypothesis is that it directs SH2-containing proteins 
such as rasGAP, PLC, and PI 3-kinase to the AgR-associated tyrosine 
kinases and facilitates their tyrosine phosphorylation. This would be 
analogous to the function fulfilled by tyrosine phosphorylation of the 
PDGF-R. To date, direct evidence for binding of such targets to the 
Ig-a : Ig-p complex is lacking. Tyrosine phosphorylation could also 
regulate the interaction of tyrosine kinases with the B cell AgR. Since 
both the src-family tyrosine kinases and syk contain SH2 domains, AgR 
tyrosine phosphorylation may serve to recruit additional tyrosine ki- 
nases to the AgR. The SH2 domains for the src-family tyrosine kinases 
bind to a sequence motif in which leucine or isoleucine occupies the 
position three residues C-terminal to the phosphotyrosine (Waksman 
et al., 1993; Eck et al., 1993; Songyang et al., 1993). As shown in Fig. 2, 
this sequence is present in both Ig-a and Ig-p and is part of the antigen 
receptor homology I motif (see later). 

Another proposed function for tyrosine phosphorylation of the B cell 
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FIG. 2. The antigen receptor homology 1 motif. Murine sequences comprising this 
motif from the B cell antigen receptor, the T cell antigen receptor, and the high-affinity 
receptor for IgE of mast cells are shown. Sequences are from Wegener et al. (1992) and 
Reth (1992). 

AgR is that it targets the receptor for internalization. Tyrosine kinase 
inhibitors block internalization of crosslinked AgRs on murine splenic 
B cells (Pur6 and Tardelli, 1992). Although these experiments say only 
that tyrosine phosphoryiation of some component is required for AgR 
internalization, it is tempting to speculate that the relevant component 
is AgR. If tyrosine phosphorylation does enhance AgR internalization, 
then it could contribute to the antigen-presenting function of B cells. 

In summary, a number of targets of AgR signaling have been iden- 
tified, although our knowledge of how they contribute to the ultimate 
biological responses induced by this receptor is still fragmentary. 
Many of these receptor signaling events and their interconnections are 
shown in Fig. 3. 

D. How DOES THE B CELL AgR ACTIVATE TYROSINE KINASES? 

1. Dissecting the AgR 

The mIgs have very short cytoplasmic domains (3 amino acids in the 
case of mIgM and mIgD) whereas the cytoplasmic tails of Ig-a and Ig-0 
are 61 and 48 amino acids, respectively. Therefore, it is likely that Ig-a 
and Ig-p are the components of the B cell AgR that interact with 
cytoplasmic signal transduction molecules such as tyrosine kinases. 
Consistent with this model, when splenic B cells are solubilized under 
conditions that disrupt the noncovalent association of mIg with the 
Ig-a : Ig-p heterodimer, the AgR-associated tyrosine kinases remain 
associated with the Ig-a : Ig-p complex and not with the mIg (Lin and 
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FIG. 3. Signal transduction events initiated by the B cell antigen receptor (AgR). 
Activation of multiple tyrosine kinases is thought to be the initial signal transduction 
event stimulated by AgR cross-linking. Arrows leading directly from the tyrosine kinases 
indicate tyrosine phosphorylation (P) events that are direct or indirect consequences of 
the activation of Lyn, Blk, Fyn, Lck, and PTK72lsyk. In no case is it known which 
tyrosine kinase is responsible for phosphorylating a particular substrate. Arrows that are 
downstream of the targets of AgR-induced tyrosine phosphorylation represent other 
signaling reactions (e.g., proteidprotein interactions, serinekhreonine phosphoryla- 
tion, and signaling events induced by other second messengers, such as Ca2+). The 
unidentified tyrosine kinase substrate indicated to the far left represents an unknown 
intermediate that is involved in PKC-independent activation of MAP kinase. Since MEK 
is activated by serine/threonine phosphorylation, PKC-independent MAP kinase activa- 
tion likely involves activation of a serinekhreonine protein kinase that regulates MEK. 
Abbreviations: mIg, membrane immunoglobulin; PLC-y, phospholipase C y l  and y2;  
PKC, protein kinase C; MEK, MAP kinase/ERK kinase (also known as MAP kinase 
kinase); IPS, inositol, 1,4,5-trisphophate; CaM kinase 11, Ca2+/calmodulin-dependent 
protein kinase 11; rasGAP, p21"" GTPase-activating protein; PI 3-kinase, phosphatidyli- 
nositol 3-kinase; PI 3-P, PI 3,4-P2, and PI 3,4,5-P3, phosphatidylinositol 3-phosphate, 
3,4-bisphosphate, and 3,4,5-trisphosphate, respectively. 
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Justement, 1992). These experiments do not, however, prove that Ig-a 
and/or Ig-j? interact directly with the tyrosine kinases. It is possible 
that the kinases interact with a yet unidentified component of the AgR 
that can form a stable association with the Ig-a : Ig-j? heterodimer. One 
way to distinguish these possibilities is to express the B cell AgR in 
other cell types that presumably do not express B cell-specific mole- 
cules. Matsuuchi et al. (1992) have expressed the B cell AgR in an 
endocrine cell line, AtT20, by transfecting the cells with genes encod- 
ing p, A, Ig-a, and Ig-j?. Cross-linking of the transfected AgR in these 
cells induces tyrosine phosphorylation of Ig-a and Ig-j? that is as strong 
as it is in B cells. This observation suggests that the tyrosine kinases 
that mediate these responses can interact directly with Ig-a and/or 
Ig-j?, since it is unlikely that AtT20 cells express other possible com- 
ponents of the B cell AgR. It  should be noted, however, that although 
anti-Ig stimulation of the transfected AtT20 cells induces substantial 
tyrosine phosphorylation of Ig-a and Ig-j?, other signaling events are 
weak (tyrosine phosphorylation of PI 3-kinase) or undetectable (PIP2 
breakdown). Thus, a lymphoid-specific component appears to be re- 
quired for full AgR signaling. 

Since the B cell AgR activates multiple tyrosine kinases and may also 
interact with other signaling molecules, including substrates for these 
kinases, the question arises as to whether different regions of the Ig-a 
and Ig-j? cytoplasmic domains mediate distinct functions. An 18-amino 
acid motif (D/E-x-x-Y-x-xL/I-x-x-x-x-x-x-x-Y-x-xL/I, where x is any 
amino acid) that is found in the cytoplasmic domains of the CD3 y,  6, E ,  

and 5 Components of the T cell AgR, in the /3 and y subunits of the mast 
cell IgE receptor (FcSRI), and in the human FcyRIIA is also present in 
both Ig-a and Ig-j? (Fig. 2) (Reth, 1989). Since these components are 
thought to mediate signaling by their respective receptors, it has been 
postulated that this motif, termed the antigen receptor homology 1 
motif (ARH1) (Cambier, 1992) or tyrosine-based activation motif 
(TAM) (Samelson and Klausner, 1992), constitutes a “signaling do- 
main.” Chimeric proteins in which the cytoplasmic domain consists of 
only a single ARHl domain from either the 5 chain or CD3e have been 
expressed in T cells and shown to be able to mediate many of the 
signaling reactions characteristic of the intact T cell receptor, includ- 
ing tyrosine phosphorylation, calcium mobilization, stimulation of 
IL-2 production, and induction of cytolytic activity (Romeo et al., 1992; 
Letourneur and Klausner, 1992; Irving et al., 1993). The two tyrosines 
in the CD3e and 5 chain ARHl domains are essential for signaling 
function of chimeras containing these motifs (Romeo et al., 1992; Le- 
tourneur and Klausner, 1992). Among ARHl domains, the noncon- 
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served amino acids can diverge extensively, suggesting that different 
ARHl domains could mediate different signaling functions. Indeed, 
fusion proteins containing the ARHl domains from the 5 chain and 
CD3e appear to stimulate different patterns of tyrosine phosphoryla- 
tion on cross-linking (Letourneur and Klausner, 1992) and may also 
differ in their ability to stimulate other responses (Wegener et al., 
1992). 

Ig-a and Ig-Peach contain one ARHl motif. The ARHl motifs in Ig-a 
and Ig-P differ at 8 of 18 amino acid residues, raising the possibility 
that they could mediate different signaling reactions. M. R. Clark et al. 
(1992) have attempted to separate the functions of Ig-a and Ig-P by 
looking for proteins that bind in vitro to the cytoplasmic domains of 
Ig-a and Ig-p. Glutathione-S-transferase fusion proteins containing the 
the entire cytoplasmic domain of Ig-a or Ig-p were immobilized on 
glutathione-Sepharose beads, mixed with B cell lysates, and proteins 
that remained bound to the fusion proteins after extensive washing 
were detected by the addition of labeled ATP. Since the fusion 
proteins have no kinase activity, the underlying assumption is that 
kinases will bind to the fusion proteins and then phosphorylate other 
proteins that bind. Although no kinases bind to g1utathione-S- 
transferase alone, kinases that phosphorylate the AgR components 
bind to both Ig-a and Ig-P fusion proteins. The Ig-a protein is phos- 
phorylated on serine, threonine, and tyrosine residues, indicating that 
both tyrosine and serinehhreonine kinases bind to the cytoplasmic 
domain of Ig-a. In contrast, Ig-P is phosphorylated primarily on serine 
and threonine residues with only a small amount of tyrosine phos- 
phorylation. Elution of proteins from the fusion protein beads followed 
by immunoprecipitation with antibodies against tyrosine kinases 
shows that p59fYn and p53/p56'Yn bound preferentially to Ig-a, al- 
though the efficiency of this interaction was not assessed. In addition, 
these in vitro kinase assays detect proteins of 76 and 85 kDa that bind 
to both the Ig-a and the Ig-p beads, several proteins of 50-59 kDa 
(likely to be tyrosine kinases), a 38-kDa protein that bind exclusively to 
the Ig-a beads, and two proteins of 40 and 42 kDa (which are not MAP 
kinases) that bind exclusively to the Ig-P beads. Furthermore, immu- 
noblotting showed that PI 3-kinase can bind to both Ig-a and Ig-p 
beads. Although it is not clear whether these proteins bind directly to 
the Ig-a and Ig-/3 cytoplasmic tails or to the kinases that bind to them, 
these results suggest that different functions are carried out by the two 
invariant chains of the B cell AgR. Moreover, similar results are ob- 
tained using fusion proteins that contain only a 26-amino acid region 
encompassing the ARHl domain, arguing that these regions contain 
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the necessary structural information required for Ig-a and Ig-p to inter- 
act with kinases and other signaling components. 

Although these results are intriguing, one possible shortcoming of 
this approach is that it is difficult to judge the extent to which these 
proteins interact with each other and whether those levels are physio- 
logically significant. The assay combines large amounts of cell lysate 
and fusion protein and binding is then detected by  an extremely sensi- 
tive assay. Therefore, these results will need to be confirmed by in vivo 
experiments in which the isolated cytoplasmic domains of Ig-a and 
Ig-p are expressed in B cells as fusions with other membrane proteins. 
Law et al. (1993) have made fusion proteins containing the external 
domain of p ,  and the transmembrane and cytoplasmic domains of CD8 
fused to 30 amino acid regions containing the ARHl  of either Ig-a or 
Ig-p. These fusion proteins were expressed in the IgG-bearing B cell 
line 2PK-3 and then assayed for their ability to stimulate signaling 
events characteristic of the B cell AgR when cross-linked with anti- 
IgM antibodies. In contrast to the in d t r o  results of M. R. Clark et al. 
(1992), which suggested different functions for Ig-a and Ig-p, Law et 
al. (1993) found that both the Ig-a and the Ig-p fusion proteins are able 
to reproduce the signaling events stimulated by the intact AgR when 
expressed in 2PK-3 cells. Cross-linking of either fusion protein in- 
duces the same pattern of tyrosine phosphorylation as does the IgG- 
containing AgR in these cells. In  addition, both Ig-a and Ig-/3 fusion 
proteins stimulate PIP2 hydrolysis as well as tyrosine phosphorylation 
of p95""" and both subunits of PI 3-kinase. All of these signaling 
properties required the added portions of Ig-a or Ig-p. Chimeras lack- 
ing these regions are completely unable to signal. Both the Ig-a 
chimera and the Ig-6 chimera are tyrosine phosphorylated on cross- 
linking. Based on these results, it would seem that Ig-a and Ig-p are 
redundant in terms of many signal transduction functions, although 
both are clearly required for transport of the mIg-containing AgR to the 
cell surface (Hombach et al., 1YYOb; Venkitaraman et al., 1991; Mat- 
suuchi et ul. ,  1992). 

Site-directed mutagenesis of the Ig-a and Ig-fl AKHl domains 
should further define the critical residues required for activation of 
tyrosine kinases by the B cell AgR. Of particular interest are the two 
tyrosine residues in the ARHl motifs. Changing either of the two 
consensus tyrosines to phenylalanines in the CD3e or 5 ARHl domains 
severely inhibits the ability of fusion proteins containing these do- 
mains to transmit signals in T cells (Romeo et a/. ,  1992; Letourneur and 
Klausner, 1992). Because phenylalanine is very similar in structure to 
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tyrosine, but cannot be phosphorylated, this result suggests that ty- 
rosine phosphorylation of the receptor is essential for signal transduc- 
tion. One possibility is that the ARHl motif is actually two SH2 bind- 
ing sites. In this context, it should be noted that both halves of the 
ARHl motif are good binding sites for src-family tyrosine kinases 
(Songyang et al., 1993). Moreover, PTK72/syk and ZAP70 have SH2 
domains that resemble src-family SH2 domains in sequence and may 
have similar specificity for binding (Songyang et al., 1993). Indeed, 
Law et al. have found that stimulation of chimeras containing Ig-a or 
Ig-p leads to increased binding of PTK72/syk, p53/p56'yR and p59fY" 
(Law et al., 1993). This increased binding of tyrosine kinases to the 
cytoplasmic domains of the AgR may play an important role in signal 
initiation (see later). 

2. Regulation of the src Family of Tyrosine Kinases 
Activation of src-family tyrosine kinases is controlled, at least in part, 

by phosphorylation at a tyrosine residue near the carboxy terminus that 
is conserved in all eight known members of this family. Phosphoryla- 
tion at this site (Y505 in ~ 5 6 ' ~ ~ ~  Y527 in p60"") inhibits kinase activity 
(Amrein and Sefton, 1988; Marth, 1988; Okada et al.,  1991; Bergman et 
al., 1992). In contrast, changing this tyrosine residue to phenylalanine, 
which cannot be phosphorylated, results in constitutively activated 
kinases that are oncogenic in fibroblasts (Cartwright et al., 1987; Am- 
rein and Sefton, 1988; Hunter, 1987). When phosphorylated at the 
negative regulatory site, the carboxy-terminal tail of the src-like ki- 
nases may bind the SH2 domain of the kinase in an intramolecular 
interaction that keeps the kinase in an inactive conformation (Cantley 
et al., 1991; Roussel et al., 1991; Sieh et al., 1993). The level of phos- 
phorylation at the negative regulatory site in the src-family kinases 
appears to reflect a dynamic equilibrium between opposing kinases 
and phosphatases. Among the prime candidates for these regulators of 
the src-family kinases are the tyrosine phosphatase CD45 and a ty- 
rosine kinase called p5OCsk (for c-src kinase). 

p5OcSk is a 50-kDa ubiquitously expressed tyrosine kinase that can 
phosphorylate p60"", ~ 5 6 ~ " ~ ~  ~ 5 6 ' ~ " ~  and p59fYn (Bergman et al., 1992; 
Okada et al., 1991) in vitro at the negative regulatory site and inhibit 
the activity of these kinases. Because the other src-family tyrosine 
kinases, such as ~ 5 5 ~ ' ~ ~  also have the conserved negative regulatory 
site, it is likely that p50cSk can phosphorylate and inhibit the activity of 
these kinases as well. Thus, p50c"k could simultaneously regulate the 
activity of all of the src-family tyrosine kinases that are activated by the 
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B cell AgR. At this point, however, nothing is known about how ~ 5 0 " " ~  
is regulated or whether it regulates the src-family tyrosine kinases in a 
dynamic fashion during AgR signaling. 

Since phosphorylation of src-family kinases at the negative regula- 
tory site inhibits their activity, tyrosine phosphatases may play an 
essential role in the activation of these kinases. CD45 is a transmem- 
brane tyrosine phosphatase that is expressed at very high levels on all 
hematopoietic cells. There is considerable evidence in T cells that 
CD45 regulates the activity of src-family tyrosine kinases, particularly 
~ 5 6 " ~  and p59fYn. Mutant T cell lines lacking CD45 show greatly 
decreased protein tyrosine phosphorylation, calcium elevation, and 
IL-2 production in response to T cell receptor (TCR) cross-linking 
(Pingel and Thomas, 1989; Koretzky et al., 1991; Shiroo et al., 1992), 
and expression of CD45 in these cells restores normal responses 
(Koretzky et al., 1991). Regulation of these kinases by CD45 most 
likely involves controlling the level of phosphorylation at the negative 
regulatory sites of these kinases. In T cell lines lacking CD45 there is 
increased phosphorylation of ~ 5 6 ' " ~  at the negative regulatory site 
(Ostergaard et al., 1989). p59fY" activity is also greatly reduced in 
CD45-negative cells (Shiroo et al., 1992). Correspondingly, incubation 
with CD45 can activate ~ 5 6 ' " ~  and p59fvn in uitro (Mustelin et al., 1989, 
1992). These results suggest the possibility that the initial event in T 
cell receptor-induced tyrosine kinase activation is dephosphorylation 
ofTCR- and/or CD4-associated src-family tyrosine kinases by CD45. It 
is not clear how CD45 activity is regulated. An interaction between the 
TCR and CD45 has been detected (Volarevic et al., 1990) and this 
interaction may be altered by ligand-induced TCR clustering. Interest- 
ingly, cross-linking of the TCR induces transient tyrosine phosphory- 
lation of CD45, suggesting some sort of regulation (Stover et al . ,  1991). 
In  addition, elevation of intracellular free calcium causes an increase 
in the phosphatase activity of CD4S in T cells (Ostergaard and Trow- 
bridge, 1991). 

A role for CD45 in the activation of tyrosine kinases by the B cell 
AgR has also been suggested. Justement et d. (1991) transfected the 
gene encoding Ig-a into the CD45-negative plasmacytoma cell line 
J558 to allow expression of the B cell AgR on the cell surface. Cross- 
linking of the AgR in this cell line fails to induce an increase in 
intracellular calcium, but this response can be restored by expression 
ofCD45 (Justement et al., 1991). Experiments by  Reth and colleagues 
have shown that, in contrast to T cells, CD45 is not required for 
induction of protein tyrosine phosphorylation by anti-Ig, but rather is 
only required for activation of phospholipase C (Kim et al., 1993). 
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Similarly, cross-linking CD45 with anti-CD45 monoclonal antibodies 
(mAbs) inhibits anti-Ig-induced calcium increases, but does not block 
anti-Ig-induced protein tyrosine phosphorylation (Lane et al., 1991). 
Cross-linking CD45 with mAbs could activate its phosphatase activity, 
or alternatively sequester it away from the AgR and thus block its 
ability to participate in AgR signaling. As in T cells, there is some 
evidence for a physical association of  CD45 with mIg. Overnight incu- 
bation of splenic B cells with anti-CD45 mAb down-regulated both 
CD45 and mIg on about 35% of the cells (Justement et al., 1991). This 
result has been interpreted to reflect association of CD45 with the AgR 
complex, although other possibilities can be entertained. 

Much less is known about how the PTK72/syk tyrosine kinase is 
regulated. The syk gene product lacks the consensus src-family nega- 
tive regulatory site (Taniguchi et al., 1991). Thus, PTK72/syk is proba- 
bly regulated in a very different manner than are the src-family ty- 
rosine kinases. 

3. Functions of the Different Tyrosine Kinases Associated 
with the B Cell AgR 

Why does the B cell AgR associate with at least five different tyrosine 
kinases? Does each kinase have a distinct function or are they redun- 
dant? The notion that the functions of the different src-family tyrosine 
kinases may be redundant was prompted by experiments in which 
transgenic mice lacking p60"" were produced (Soriano et al., 1991). 
Although p60"" is highly expressed in the nervous system and in 
platelets, ~60"" knockout mice are essentially normal except for a bone 
defect. This observation argues that the functions of ~60"" in the 
nervous system and elsewhere can be performed by another kinase, 
presumably another member of the src family. Other experiments 
suggest that not all of  the src-like kinases can perform the same func- 
tions. For example, knockout mutations o f f y n  and lck have different 
effects on T cell development and signaling (Appleby et al., 1992; 
Stein et al., 1992; Molina et al., 1992). One argument supporting the 
possibility of redundancy of the AgR-associated tyrosine kinases in B 
cells is that different cell lines exhibit very similar patterns of anti-Ig- 
induced tyrosine phosphorylation on anti-P-tyr immunoblots, despite 
expressing somewhat different src-family tyrosine kinases. For exam- 
ple, the WEHI-231 and BAL 17 B cell lines show very similar patterns 
of tyrosine phosphorylation (Gold et al., 1991), although WEHI-231 
expresses ~ 5 6 ' " ~  but not p59fYn and BAL 17 expresses p59fY" but not 
~ 5 6 ' " ~  (Law et al., 1992; I. van Oostveen and M. Gold, unpublished 
observations). In contrast, ~ 5 5 ~ ' ~  and p53/p56lYn are ubiquitously ex- 
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pressed in different B cell lines (Dymecki et al., 1990; Law et al., 
1992). It seems likely that some functions of the different AgR- 
associated tyrosine kinases overlap whereas others are unique. In 
particular, the PTK72lsyk kinase, which is unrelated to the src-family 
tyrosine kinases (Taniguchi et al., 1991), would be expected to have 
unique functions. 

4 .  A Model ofAgR Signal Initiation 

In resting B cells, only a small fraction of the AgRs appear to be 
associated with tyrosine kinases (Sefton and Campbell, 1991; Lin and 
Justement, 1992). As cross-linking AgRs induces increased tyrosine 
phosphorylation of Ig-a and Ig-p (Gold et al., 1991), and as it also leads 
to increased binding of p53/56'yn, p59fYn, and PTK72/syk to the cy- 
toplasmic tails of these proteins (Law et al., 1993), one attractive hy- 
pothesis is that these kinases are bound to the AgR via their SH2 
domains interacting with tyrosine-phosphorylated ARH 1 motifs of 
Ig-a and Ig-p. The SH2 domains of ~56'"" and p60"" preferentially 
bind to the sequence motifphosphoY-x-x-L (Eck et al., 1993; Waksman 
et al., 1993; Songyang et al., 1993), which is found in the ARHl do- 
mains of both Ig-a and Ig-p. The SH2 domains of the other src-family 
tyrosine kinases appear to have similar specificity (Songyang et al., 
1993). PTK72lsyk contains two SH2 domains. Although the binding 
specificities of these SH2 domains have not been determined experi- 
mentally, analysis of the sequences suggests that these SH2 domains 
have specificities similar to those of SH2 domains of the src-family 
kinases (Songyang et al., 1993). Moreover, experiments with chimeric 
proteins containing ARHl domains from the T cell receptor support 
the view that phosphorylation of the tyrosine residues in the ARHl 
motif is involved in the interaction with tyrosine kinases. Changing the 
tyrosine residues in the ARHl domains to phenylalanine residues, 
which are structurally similar to tyrosine but cannot be phosphory- 
lated, greatly decreases the signaling ability of these chimeric proteins 
(Romeo et al., 1992; Letourneur and Klausner 1992; Irving et al., 1993). 

Thus, the low amount of tyrosine kinase bound to the AgR prior to 
stimulation could be due to binding to the small amount of tyrosine- 
phosphorylated Ig-a and Ig-p found in the unstimulated cell. In any 
case, cross-linking AgRs would bring a few AgR-associated tyrosine 
kinases into contact with many more AgR cytoplasmic tails. The clus- 
tering of substrates next to tyrosine kinases would lead to rapid ty- 
rosine phosphorylation of some of the Ig-a and Ig-p molecules. This 
would be followed by binding of ~53 /56*~" ,  p59fYn, and PTK721syk to 
these newly phosphorylated tails and subsequent phosphorylation of 
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additional Ig-aIIg-/3 tails and other substrates. The dependence of AgR 
phosphorylation on cross-linking has been demonstrated in splenic B 
cells in which cross-linking of either mIgM- or mIgD-containing AgRs 
leads to increased tyrosine phosphorylation only of the Ig-a molecules 
associated with the type of AgR that has been cross-linked (Gold et al., 
1991). Moreover, cross-linking of chimeric proteins containing the Ig-a 
or the Ig-/3 ARHl motifs in a B cell line has been shown to induce 
tyrosine phosphorylation of these proteins and to increase the amount 
of PTK72lsyk, p53/~56'~", and p59fY" associated with these chimeric 
proteins (Law et al., 1993). Similarly, increased association of the 
ZAP70 tyrosine kinase, the T cell homologue of PTK72/syk, with the 
TCR is observed after cross-linking with anti-CD3 antibodies (Chan et 
al., 1991,1992). Additional studies will be needed to test other aspects 
of this model, such as the importance of phosphorylation of the ARHl 
motif tyrosines and the importance of SH2 domains of the tyrosine 
kinases for binding to stimulated receptors. 

In addition to recruiting additional tyrosine kinases to the AgR, AgR 
cross-linking may also increase the activity of the kinases that are 
bound. Several modes of activation may come into play. The SH2- 
mediated binding of the tyrosine kinases to the phosphoY-x-x-L motifs 
on the AgR could induce a conformational change that activates the 
tyrosine kinase. For example, the binding of a tyrosine-phosphorylated 
peptide from the IRS-1 protein to the SH2 domain of PI 3-kinase has 
been shown to increase the activity of PI 3-kinase in uitro (Backer et 
al., 1992). A well-established alternative mechanism of activation for 
src-family tyrosine kinases is dephosphorylation of the negative regu- 
latory site, as discussed earlier. In T cells, the CD45 tyrosine phospha- 
tase is required for efficient dephosphorylation of ~ 5 6 ' " ~  (Ostergaard et 
al., 1989) and p59fY" (Shiroo et al., 1992). CD45 is also required for 
TCR signaling (Koretzky et al., 1990,1991), perhaps because failure to 
dephosphorylate the negative regulatory tyrosine of one or more of the 
src-family kinases inhibits TCR signaling. Similarly in B cells, AgR 
cross-linking may induce CD45-mediated dephosphorylation of the 
src-family tyrosine kinases associated with the B cell AgR. There is 
some evidence that the B cell AgR physically associates with CD45 
(Justement et  al., 1991). The recruitment of additional tyrosine kinases 
to the AgR upon cross-linking would bring them in proximity to CD45 
and allow them to be dephosphorylated and activated. 

The PTK72lsyk tyrosine kinase does not have the conserved nega- 
tive regulatory site that is found in the src-family tyrosine kinases and 
must therefore be regulated in another manner. One possibility is that 
PTK72/syk is activated due to phosphorylation by another tyrosine 
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kinase (e.g., a src-family tyrosine kinase). Indeed, anti-Ig treatment 
leads to increased tyrosine phosphorylation and activation of PTK72l 
syk (Hutchcroft et ul.,  1991, 1992). The possibility that PTK72lsyk is 
activated by tyrosine phosphorylation is supported by experiments in 
which cells are transfected with p561Ck, p59fY" or ZAP70 individually or 
in combinations. Expression of a single tyrosine kinase in COS cells 
leads to very little tyrosine phosphorylation, whereas coexpression of 
ZAP70 with either ~ 5 6 ' " ~  or p59fyn results in a large increase in the 
tyrosine phosphorylation of many cellular proteins (Chan et ul., 1992). 
These observations suggest that phosphorylation of ZAP70 by p56lCk or 
p59fYn (and/or vice versa) greatly amplifies the activity of one or both of 
these kinases. In B cells, a similar interaction may occur between 
PTK72lsyk and the src-family kinases associated with the AgR. In 
unstimulated cells, very few AgRs have associated tyrosine kinases 
and the chance that a single AgR has more than one associated kinase is 
low. AgR cross-linking would recruit more tyrosine kinases to the AgRs 
and bring them in close proximity to each other, favoring an interaction 
between the two classes of kinases (Fig.4). 

Tyrosine phosphorylation of the AgR and the associated tyrosine 
kinases could also attract SH2-containing signaling targets for the AgR- 
associated tyrosine kinases, thereby facilitating their phosphorylation. 
Among the known tyrosine kinase substrates in B cells, PLC-y, 
rusGAP, PI 3-kinase, and p95""" all contain SH2 domains. Whether the 
SH2 domains of these proteins are needed for them to be tyrosine 
phosphorylated in B cells is not known. In addition to facilitating their 
tyrosine phosphorylation, SH2-mediated binding of PLC-y rusGAP, 
and PI 3-kinase to the AgR complex or to associated proteins such as 
CD19 or CD22 would bring these cytoplasmic proteins in close prox- 
imity to their substrates, which reside in the plasma membrane. In 
fibroblasts, PLCy, rusGAP, and PI 3-kinase form a complex with 
PDGF-R (Cantley et al., 1991). It is not clear whether the AgR nucle- 
ates an analogous signaling complex in B cells. Another possibility is 
that there is a protein that serves as a link between the AgR complex 
with its associated tyrosine kinases and the signaling component tar- 
gets, analogous to the role played by the IRS-1 protein in insulin 
receptor signaling (Sun et al., 1991). 

After several minutes of this amplification process, negative- 
feedback loops are activated, serving to return the system to its basal 
state. Down-regulation of tyrosine kinase activation and protein ty- 
rosine pkosphorylation could proceed by several mechanisms. p5OCsk 
contains an SH2 domain (Nada et ul., 1991) and may bind to autophos- 
phorylated src-family tyrosine kinases, phosphorylate them at the neg- 
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FIG. 4. Model for initiation of signal transduction on antigen binding. Multivalent or 
oligovalent antigen binding to the AgR cross-links several AgR molecules and brings the 
ARHl motifs into contact with a few src-family tyrosine kinases (p53l56'"" is shown), 
which are either bound to AgRs in low stoichiometry or are trapped by the cross-linking 
(left). These src-family tyrosine kinases phosphorylate the ARHl motifs, after which 
PTK72lsyk and p53/56'Yn and p59fYn can bind via their SH2 domains (middle). The 
bound tyrosine kinase molecules may now be substrates for phosphorylation as well, and 
this phosphorylation may activate the bound tyrosine kinase molecules. In any case, the 
assembly of tyrosine kinases on the cytoplasmic tails of the AgR Ig-a and Ig-B com- 
ponents allows them to phosphorylate targets, including important signal-transducing 
components (right). It is not known whether signaling targets are phosphorylated by 
PTK72lsyk or by src-family tyrosine kinases or by both. 

ative regulatory site, and decrease their activity. Phosphorylation of src 
kinases at other sites may also down-regulate their activity. In both T 
and B cells, AgR signaling induces phosphorylation of p561ck at serine 
59 (J. D. Watts et al., 1993; Gold et al., 1993~). Phosphorylation of 
p561ck at this site in vitro inhibits its enzymatic activity (J. D. Watts et 
al., 1993). Tyrosine phosphatases, including CD45, may also play a 
role in down-regulating kinase activity and in decreasing the levels of 
protein tyrosine phosphorylation. CD45 could dephosphorylate the 
AgR as well as the substrates of the AgR-associated tyrosine kinases. 
Justement et al. (1991) have shown that Ig-a and Ig-/3 are both sub- 
strates for CD45 in vitro. Dephosphorylation of the AgRs could de- 
crease the association of tyrosine kinases with the AgR and reduce 
signaling. Finally, tyrosine-phosphorylated AgRs could be targeted for 
internalization, which might halt signaling reactions by removing the 
AgR from necessary signaling components in the plasma membrane. 

5. Coreceptors for  the B Cell AgR? 

In T cells, the CD4 and CD8 molecules play an important role in T 
cell activation through the TCR. CD4 and CD8 bind to class I1 and 
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class I MHC molecules, respectively, on the antigen-presenting cell. 
However, they do not merely serve to increase the affinity of the T 
cell/antigen-presenting cell interaction, since efficient T cell activa- 
tion requires that the CD4 or CD8 molecule and the TCR bind to the 
same MHC molecule (Janeway, 1992). This implies that an interaction 
between the TCR and the CD4 or CD8 “coreceptor” is required for 
optimal signaling. As the cytoplasmic domains of CD4 and CD8 bind 
~ 5 6 ’ ” ~  with high affinity (Rudd et at., 1988; Veillette et al., 1988), an 
attractive possibility is that contact of the TCR and CD4 or CD8 with 
the same peptide/MHC complex serves to bring together a tyrosine 
kinase ( ~ 5 6 ’ “ ~ )  and substrates for it (ARH1 motifs) in the cytoplasm of 
the T cell. This would be an efficient mechanism for inducing phos- 
phorylation of the ARHl motifs of CD3y, 6, E ,  and 6 chains, setting in 
motion the events described previously. Thus, the inclusion of a co- 
receptor would improve the efficiency of signal initiation compared to 
simple cross-linking of T cell AgRs with relatively few prebound ty- 
rosine kinases. 

Is there an analogous coreceptor for the B cell AgR? The best candi- 
date for such a coreceptor is a membrane protein complex expressed on 
B cells that includes complement receptor 2(CR2), CD19, TAPA-1, and 
Leu-13 (Matsumoto et al., 1991; Bradbury et  al., 1992; van Noesel et 
a!., 1993). CR2, also known CD21, is the receptor for C3dg and iC3b 
complement fragements (Fearon and Wong, 1983). CD19 has a large 
extracellular domain, suggesting that it could also serve as a binding 
component for other, currently unknown ligands. Several observations 
suggest that this complex could be a coreceptor for the B cell AgR. 
Although CD19, like the B cell AgR, can stimulate inositol phosphate 
production and calcium increases, co-cross-linking of CD19 to the B 
cell AgR results in synergistic responses (Carter et  aE., 1991b). Syner- 
gistic B cell proliferation can also be induced in this way (Carter and 
Fearon, 1992). In addition, about one-third of the CD19 molecules on 
the I3 cell surface can be comodulated by cross-linking of the AgR, 
indicating a physical association (Pesando et al., 1989). Moreover, 
some CD19 antibodies inhibit B cell activation via the B cell AgR 
(Barrett et al., 1990), perhaps by sequestering the CD19/CR2 complex 
away from the AgR. These phenomena are very similar to those de- 
scribed earlier for CD4 and suggest that the CD19/CR2 complex may 
have an analogous coreceptor function. 

Many real antigens would fix complement by the alternative path- 
way or by  binding low-affinity cross-reactive IgM molecules. Such 
antigens coated with complement components could co-cross-link the 
CDlY/CR2 complex with the B cell AgR. Consistent with a role for the 
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CD19/CR2 complex in B cell activation via the AgR, complement- 
deficient animals have impaired antibody production (reviewed in van 
Noesel et al., 1993) and soluble forms of CR2 strongly inhibit antibody 
responses, presumbably by interacting with fragments of C3b on anti- 
gens and preventing their interaction with CR2 on B cells (Hebell et 
al., 1991). 

CR2 in not required for assembly of CD19 with TAPA-1, and cross- 
linking of such CR2-deficient complexes with anti-CD19 antibodies 
still synergizes with AgR cross-linking (Carter et al., 1991b). This 
observation suggests that CR2 performs a ligand-binding function 
while signaling functions are carried out by CD19 or another member 
of the complex. Thus, binding of a relevant ligand to CD19 or one of 
the other components of the complex would also be able to invoke the 
proposed coreceptor function of this complex (van Noesel et al., 1993). 
Since antigens are often immobilized and concentrated on antigen- 
presenting cells in the lymphoid organs, one could postulate that 
CD19 is an adhesion molecule that recognizes some component on the 
antigen-presenting follicular dendritic cell, much the way that CD4 
recognizes MHC class I1 molecules on antigen-presenting cells. Re- 
cently, CR2 was shown to bind the CD23 molecule, which is expressed 
on many hematopoietic cells (Aubry et al., 1992). 

The mechanism by which the CD19 complex enhances signaling by 
the B cell AgR is not understood. Cross-linking the CD19 complex 
stimulates tyrosine phosphorylation of only a single protein of 85 kDa 
(Carter et al., 1991b). This suggests that a tyrosine kinase is associated 
with the CD19 complex, although perhaps not at the high stoichiome- 
try with which ~ 5 6 ' " ~  is associated with CD4. There is preliminary 
evidence that p53/56'Y" is associated with CD19 (van Noesel et al., 
1993). Cross-linking CD19 stimulates inositol phosphate production in 
a tyrosine kinase-dependent fashion, but in contrast to the AgR, this 
does not involve tyrosine phosphorylation of PLC-yl (Carter et al., 
1991b). Thus, the CD19 complex activates PLC by a different mecha- 
nism than does the AgR. Another interesting observation is that al- 
though anti-Ig-induced inositol phosphate production is inhibited 
by protein kinase C, activation of PLC by anti-CD19 or by anti-CD19 
plus anti-Ig is not (Carter et al., 1991b). Thus, a negative-feedback 
loop exists in which PLC activation leads to activation of PKC 
and this down-regulates PLC activity. Signaling by the CD19 com- 
plex may overcome this inhibition, allowing for sustained signaling 
by the AgR. Clearly much more needs to be learned about signal- 
ing by the CD19 complex and its role in B cell activation through 
the AgR. 
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V. Early Cellular Events Following Antigen Contact 

A. CYTOSKELETAL A'ITACHMENT, CAPPING, AND ANTIGEN UPTAKE 
Soon after anti-Ig or multivalent antigen engages the AgR, it be- 

comes attached to the cytoskeleton. This is manifested by lack of 
solubility in nonionic detergents such as Triton X-100 or NP-40 (Braun 
et al., 1982; Woda and Woodin, 1984). These AgR molecules can be 
solubilized by treatment of the cells with agents that disrupt microfi- 
laments, such as cytochalasins (Rothstein, 1986). The attachment of the 
AgR to the insoluble cytoskeleton can be followed either by biochemi- 
cal means or by flow cytometry (Albrecht and Noelle, 1988). Only 
cross-linked molecules become attached to the cytoskeleton. For ex- 
ample, anti-IgM renders mIgM but not mIgD insoluble. Interestingly, 
some IgM can be found in an insoluble state prior to anti-Ig cross- 
linking. This seems to be pentameric secreted IgM, rather than mem- 
brane IgM (Albrecht and Noelle, 1989). Presumably this secreted IgM 
is bound to a transmembrane protein, such as an FcR. Cytoskeletal 
attachment of mIgM may occur indirectly by anti-IgM-mediated cross- 
linking of mIgM to already attached secreted IgM (Albrecht and No- 
elle, 1988). One problem with this interpretation is that there is very 
little secretory IgD, so the attachment of mIgD would have to proceed 
by  a different mechanism. If this attachment occurs through the 
Ig-a : Ig-p heterodimer, as seems likely, then mIgM should also be 
able to attach to the cytoskeleton in this way. 

The attachment of the AgR to microfilaments may involve a-actinin 
(Gupta and Woda, 1988). Prior to ligand interaction with the AgR, some 
a-actinin and actin can be immunoprecipitated with mIgM and mIgD, 
but this complex cannot be detected following anti-Ig treatment, pre- 
sumably because it has become attached to larger cytoskeletal struc- 
tures. Interestingly, a-actinin also has been found to bind diacyl- 
glycerol and palmitic acid (Bum et al., 1985). The former lipid is 
produced as a result of phosphoinositide breakdown in anti-Ig-treated 
cells, so AgR signaling could promote a-actinin binding to the mem- 
brane and therefore could enhance local interactions of microfilaments 
with the membrane. Whether or not a-actinin binds directly to the AgR 
is unclear. It is also possible that other proteins, such as talin or an- 
kyrin, connect microfilaments to the AgR and a-actinin is merely con- 
nected via its association with actin filaments. 

A number of targets of AgR signaling may be involved in regulating 
the cytoskeleton. Among these are the rasCAP-associated p190, which 
has GTPase-activating properties for the Rac and Rho subfamily of 
small-molecular-weight G proteins (Settleman et al., 1992a). These G 
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proteins have been shown to regulate actin-based cortical microfila- 
ments and actin cables (Ridley et al., 1992; Ridley and Hall, 1992). 
Also phosphorylated on tyrosine residues following anti-Ig stimulation 
is p95""" (Bustelo and Barbacid, 1992). This protein has strong homol- 
ogy to S. cerevisiae CDC24, which acts as a guanine nucleotide ex- 
change factor for the yeast equivalent of Rho. An equivalent activity for 
p95""" has not yet been demonstrated. It is tempting to speculate that 
one or more of the targets of AgR signaling regulate members of the 
Rac/Rho family, which, in turn, are regulating microfilament assembly. 
Finally, a major protein kinase C substrate in B cells is the MARCKS 
protein (Hornbeck et al., 1989). This protein can bind to actin micro- 
filaments in a way that is regulated by intracellular free calcium and 
protein kinase C (Aderem, 1992). Prior to stimulation of the cell, 
MARCKS binds to the plasma membrane and also to two actin fila- 
ments. Calcium elevation can lead to calmodulin binding in place of 
one of the actin filaments, whereas phosphorylation by protein kinase 
C leads to detachment of MARCKS from the membrane. These are 
provocative findings, and suggest that MARCKS is playing an impor- 
tant role in remodeling cortical actin filaments in cells stimulated 
through the AgR. 

The attachment of AgRs to microfilaments is followed by capping, a 
process whereby all of the bound AgRs are brought to one pole of the B 
cell. Capping is an active process; it is blocked by low temperatures, 
agents that poison the cell's energy supply, and agents that depolymer- 
ize microfilaments (Bourguignon and Bourguignon, 1984; DeFranco, 
1987). Capping can be triggered by soluble, haptenated protein anti- 
gens (oligovalent) as well as by anti-Ig reagents (Snow et al., 1983). In 
one study involving seven anti-IgM monoclonal antibodies, only three 
induced cytoskeletal attachment, and the same three antibodies in- 
duced capping, whereas the other four did not (Albrecht and Noelle, 
1988). This observation and knowledge of the effects of actin- 
depolymerizing agents strongly suggest that attachment of the AgR to 
the cytoskeleton is essential to the capping process. Moreover, a vari- 
ety of proteins of the microfilament cytoskeleton all cocap with the 
AgR. These include actin, myosin, a-actinin, and fodrin (Bourguignon 
and Bourguignon, 1984; DeFranco, 1987). A number of signaling com- 
ponents also colocalize with mIg caps. For example, anti-P-tyr anti- 
bodies show a concentration of tyrosine-phosphorylated proteins un- 
derlying an AgR cap (Takagi et al., 1991). This observation suggests 
that AgR activation of protein tyrosine kinase(s) is in some way local- 
ized to the vicinity of the AgRs. As mentioned above, p21"" also 
colocalizes with AgR caps (Graziadei et al., 1990), as does calmodulin 
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(Salisbury et ul., 1981). One implication of localized information is that 
it could be used to promote directional events, such as cell migration. 

The biological roles of cytoskeletal attachment and capping are not 
clear. As discussed later, these events do not seem to be necessary for 
the uptake of antigen needed for interaction with specific helper T 
cells. It may be that capping and consequent endocytosis play an 
important role in AgR down-regulation, and in this way terminate the 
signaling of AgRs. Further signaling would require expression of 
newly synthesized AgRs and the continued presence of antigen. 

In addition to the endocytosis seen following capping, AgRs also are 
internalized constitutively in a recycling process. In an Epstein-Barr 
virus (EBV)-transformed B cell line, 60% of the surface-labeled AgRs 
are found to be inside the cell at any time (Davidson et al., 1990). 
Unbound antitetanus toxoid AgRs mainly recycle between early endo- 
somes and the cell surface. AgRs binding a monovalent tetanus toxoid 
molecule have a higher probability than do free AgRs of going to the 
proteolytically more active late endosomes, where both antigen and 
AgR can be degraded. Peptides generated in late endosomes or lyso- 
somes combine with newly synthesized class I1 MHC molecules (Da- 
vidson et d., 1991). These peptide/MHC complexes then are trans- 
ported to the cell surface, where they serve as recognition units for 
antigen-specific helper T cells. 

Although it is attractive to think that AgR signaling reactions pro- 
mote antigen uptake, the current evidence argues against this hypothe- 
sis. Presentation of tetanus toxoid to helper T cell lines by antigen- 
specific EBV-transformed B cell lines is 103-104 times more efficient 
than presentation by the corresponding nonspecific EBV-transformed 
B cell lines (Lanzavecchia, 1985). Similarly, presentation of rabbit 
immunoglobulins to specific T cells by B cells is enhanced lo3- to 
104-fold by using rabbit immunoglobulins that can bind to the AgR 
(rabbit anti-Ig) (Tony and Parker, 1985). Monovalent Fab antibody 
fragments present antigen as well as do bivalent F(ab’)z fragments 
(Tony et al., 1985). The latter are capable of triggering signaling reac- 
tions and capping, whereas the former are not. Thus, the constitutive 
recycling of AgRs seems to be the primary route of antigen uptake. 
Conversely, introduction of certain mutations into the transmembrane 
region of the p heavy chain greatly decreases antigen presentation, 
without having an obvious effect on AgR signaling via calcium eleva- 
tion (Shaw et al., 1990). 

Although AgR signaling does not promote antigen uptake, it does 
enhance the ability ofthe B cell to present antigen (Casten et al., 1985). 
For example, anti-lg induces increased expression of class I1 MHC 
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molecules (Mond et al., 1981), and these newly synthesized MHC 
molecules appear to be primarily responsible for binding peptides in 
endosomes (Davidson et al., 1991). Anti-Ig stimulation of B cells also 
increases their adhesiveness for other cells, probably via the LFA-I/ 
ICAM-1 cell-cell adhesion molecules (Dang and Rock, 1991). Finally, 
anti-Ig also induces expression of the B7 molecule, which provides a 
costimulatory signal to helper T cells needed to promote a vigorous 
response (Freedman et al., 1987; Freeman et al., 1989). In the absence 
of B7 on the antigen-presenting cell, the helper T cell can go into an 
anergic state, probably reflecting tolerance (Liu and Linsley, 1992). 
Thus, AgR signaling increases the effectiveness of the B cell as an 
antigen-presenting cell for helper T cells in several ways. 

B. CHANGES IN ION MOVEMENTS AFTER STIMULATION OF THE AgR 
As described earlier, PIP2 breakdown triggered by ligation of the 

AgR induces release of Ca2+ from internal stores (probably the ER) 
into the cytoplasm. There is also an increase in Ca2+ flow into the cell 
through the plasma membrane (MacDougall et al., 198813). After the 
first few minutes of stimulation, this influx of Ca2' from outside is 
required to sustain elevated intracellular calcium (Ransom et al., 1986; 
LaBaer et al., 1986; Gelfand et al., 1989). The mechanism by which 
these Ca2' channels are regulated in B cells is unknown, although 
there is evidence in T cells that they are also activated by IP3 (Kuno 
and Gardner, 1987; Khan et al., 1992). These channels appear to be 
inactivated by high intracellular Ca2+ levels (Gelfand et al., 1989), a 
feature that would prevent intracellular free Ca2+ from rising too high. 

Calcium influx is opposed by Ca2+ pumps that transport Ca2+ either 
into the intracellular storage site or across the plasma membrane. 
These Ca2+ pumps are probably responsible for the observed reduc- 
tion of the initial peak in intracellular free Ca2+ to a plateau level, 
which is still elevated compared to the resting Ca2+ level. This plateau 
Ca2+ level is sustained while AgR-induced PIP2 breakdown continues 
for at least an hour (Bijsterbosch et al., 1985). The reduction from the 
peak Ca2+ level to the lower sustained level has also been interpreted 
as being due to receptor desensitization (Cambier et al., 1988), and 
such a phenomenon could play a role in this process. 

Elevation of intracellular Ca2+ is accompanied by a rapid and small 
hyperpolarization of the plasma membrane (LaBaer et al., 1986; Mac- 
Dougall et al., 1988a; Gelfand and Or, 1991), although this has not 
been uniformly observed (Grinstein and Dixon, 1989; Lewis and Ca- 
halan, 1990). As Ca2+ influx would depolarize the membrane some- 
what, the hyperpolarization must reflect electrogenic flow of other 
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ions, probably K+ ions traveling outward. Recently, evidence has been 
presented for the activation of Ca2+-dependent K+ channels on anti- 
IgM treatment of B cells (MacDougall et al., 1988a; Mahaut-Smith and 
Schlichter, 1989). Hyperpolarization is also seen when intracellular 
Ca2+ is elevated with a calcium ionophore, and it is delayed when the 
rise in intracellular Ca2+ is delayed by increasing the Ca2+ buffering 
capacity of the cells (MacDougall et al., 1988a). These phenomena 
support the hypothesis that elevation of intracellular Ca2+ leads to 
activation of a K+ channel. 

Other ionic movements are also triggered by anti-Ig stimulation of B 
cells. For example, there is evidence for an influx of Na+ ions, based on 
increases in Na+/K+ pump activity (Heikkila et al., 1983). This trans- 
porter pumps Na+ back out to reestablish the proper ionic gradients 
that maintain the membrane potential, and its activity is thought to 
reflect a response to elevated intracellular Na+ levels (see also Grin- 
stein and Dixon, 1989). 

It has also been reported that the plasma membrane becomes depo- 
Iarized on treatment with anti-Ig (Monroe and Cambier, 1983a). This 
depolarization is much slower than the hyperpolarization mentioned 
above, as it takes 1-2 hours to reach maximum. In those experiments, 
membrane potential was measured by using cyanine dyes as probes of 
the potential. More recently, some problems with this technique have 
been noted, including concentration of these dyes in mitochondria 
(Grinstein and Dixon, 1989). Thus, the increased dye fluorescence may 
not solely reflect changes in membrane potential. However, it should 
be noted that artificial depolarization is able to mimic the induction of 
class I1 MHC molecules seen with anti-Ig stimulation, supporting the 
idea that there is a functionally significant prolonged depolarization in 
anti-Ig-stimulated B cells (Monroe and Cambier, 1983b). [For further 
discussion of this issue, see Grinstein and Dixon (1989).] 

C. INDUCTION OF GENE EXPRESSION 
Stimulation of the AgR of B cells leads to rapid induction of tran- 

scription of a series of genes. Among these are c-myc, c-fos, egr-1 and 
junB, all of which are believed to be transcription factors (Kelly et al., 
1983; Monroe, 1988; Seyfert et al., 1989; Tilzey et al., 1991). The 
induction of these genes is not blocked by inhibitors of protein synthe- 
sis. Therefore, the machinery needed to initiate the transcription of 
these genes is preexisting in cells. For each of these genes, pharmaco- 
logic agents that mimic the phosphoinositide second messengers are 
capable of inducing their expression, suggesting that this is the signal 
transduction pathway responsible for their induction. In the case of 
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c-myc and egr-1 , full induction can be achieved by treatment of cells 
with phorbol esters, indicating that protein kinase C is the primary 
route of induction (Klemsz et al., 1989; Seyfert et aZ., 1990). In the case 
of egr-1, the induction seems to be mediated by repeated serum re- 
sponse elements (SREs) upstream of the gene (Seyfert et al., 1990). In 
contrast, full induction of c-fos in B cells requires elevation of intracel- 
lular calcium and activation of protein kinase C (Klemsz et al., 1989; 
Mittelstadt and DeFranco, 1993). 

Recently, seven additional genes that are induced by serum stimula- 
tion in quiescent fibroblasts were screened for induction by anti-Ig in 
B cells (Mittelstadt and DeFranco, 1993). Four of these genes (nur77, 
nup475, pip92,  and 3CH134) are induced by anti-Ig in B cells. In- 
duction of expression of these genes is not blocked by protein synthe- 
sis inhibitors. Thus, they also qualify as early response genes. As with 
c-myc and egr-1 , all four of these genes are induced by addition of 
phorbol esters, although in the case of3CH134, calcium elevation also 
plays a role under some circumstances. Three of these genes are also 
induced in the 2PK3 cell line, and here a transfected M1 muscarinic 
acetylcholine receptor, which stimulates phosphoinositide breakdown 
but not tyrosine phosphorylation (except for MAP kinase), is also able 
to induce appearance of these mRNAs (Mittelstadt and DeFranco, 
1993). These observations indicate that physiological levels of phos- 
phoinositide second messengers are capable of activating expression 
of these genes. 

Many of the genes that are initially induced in response to growth 
factor stimulation of fibroblasts are thought to be transcription factors, 
which then are responsible for a second, more extensive wave of gene 
inductions. This concept is likely to have considerable validity for the 
B cell stimulated through the AgR as well, especially as most of the 
early response genes identified to date are known or putative tran- 
scription factors. Of these, the best understood is the c-fos gene prod- 
uct. Fos can form heterodimers with Jun and the Jun-related proteins 
via the leucine-zipper motif. Fos/Jun heterodimers bind to DNA sites 
called TPA-response elements (TREs) and are generally quite active at 
inducing transcription (Ransone and Verma, 1990). Jun is present prior 
to stimulation in most cells and, unlike Fos, can form homodimers. On 
protein kinase C stimulation, Jun homodimers can be active transcrip- 
tionally, although generally to a lesser extent than Fos/Jun hetero- 
dimers (Ransone and Verma, 1990; Boyle et al., 1991). In B cells, 
anti-Ig stimulation does not lead to immediate appearance of protein 
complexes that can bind to TREs in vitro (Chiles et al., 1991; Chiles 
and Rothstein, 1992). This observation suggests that TREs are not 
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involved in the induction of the immediate response genes and may be 
important for subsequent transcriptional regulatory events. After about 
2 hours, anti-Ig-stimulated B cells do exhibit TRE-binding proteins. As 
c-fos mRNA peaks by 30 minutes after stimulation, it seems likely that 
these complexes represent heterodimers of Fos with Jun or one of the 
Jun-related proteins. Also induced by anti-Ig stimulation is Jun-B (Til- 
zey et al., 1991). Jun-B acts as a inhibitor of Fos/Jun-activated tran- 
scription, at least under some circumstances (Chiu et al., 1989). 
Whether Jun-B might act positively to stimulate transcription from 
some enhancers is unknown. 

Anti-Ig stimulation of B cells also activates the NF-KB transcription 
factor. In other cell types, NF-KB is largely present in the cytoplasm as 
an inactive complex with the inhibitor I-KB. Stimulation of the cells 
leads to inactivation and dissociation of I-KB, after which the NF-KB 
goes to the nucleus and activates transcription (Lenardo and Balti- 
more, 1989). In B cells, some NF-KB is constitutively active and is 
believed to be important for expression ofthe Ig K gene. B cells do have 
additional inactive NF-KB, however, and anti-Ig treatment leads to its 
activation (J. Liu et al., 1991; Rooney et al., 1991). The mechanism by 
which NF-KB is activated is not well established, although phorbol 
esters can lead to its activation in pre-B cell lines and PKC can phos- 
phorylate and inactivate I-KB in uitro (Ghosh and Baltimore, 1990). In 
any case, NF-KB is a transcription factor that may mediate induction of 
the early response genes in response to anti-Ig. In support of that idea, 
c-myc induction in the WEHI-231 B cell line depends on an upstream 
DNA site that is an NF-KB binding site (Duyao et al., 1990). 

Another candidate for a transcription factor involved in early re- 
sponse gene induction in B cells is serum response factor (SRF) and 
the associated protein called ternary complex factor, or ~ 6 2 ~ ~ ~  (Berk, 
1989). The egr-l gene has several SRF-binding sites (also called SRE, 
for serum response element) that are required for induction of this 
gene in response to anti-Ig stimulation (Seyfert et al., 1990). Interest- 
ingly, MAP kinase can phosphorylate ~ 6 2 ~ ~ ~  in uitro, suggesting a 
mechanism for activation of transcription through SRE sites (Gille et 
al., 1992). 

Transcriptional activation events induced by NF-KB and SRF/ 
p6ZTC" are thought to be downstream of protein kinase C. Transcrip- 
tional regulation of some genes induced by anti-Ig, such as c-fos, 
3CH134, and class I1 MHC genes, appears to involve Ca2+ elevation as 
well PKC activation (Monroe and Kass, 1985; Dennis et al., 1987; 
Klemsz et al., 1989; Mittelstadt and DeFranco, 1993). One transcrip- 
tion factor that could play a role in gene inductions involving Ca2+ 
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elevation is Ets-1. This transcription factor rapidly becomes phosphor- 
ylated on treatment of B cells with anti-Ig or Ca2+ ionophore (Fisher et 
al., 1991). In mitogen-stimulated thymocytes, Ca2+ elevation leads to 
phosphorylation of Ets-1, whereupon it loses its DNA-binding ability 
(Pognonec et al., 1989). If the phosphorylation of Ets-1 also causes loss 
of DNA-binding ability in €3 cells, then this would represent a Ca2+- 
dependent change in the ability of Ets-1 to regulate transcription. 

In summary, there are a number of early response genes that are 
induced by AgR signaling events acting on preexisting transcription 
factors. Most or all ofthese events appear to involve phosphorylation of 
transcription factors by serinehhreonine protein kinases that are acti- 
vated by a cascade of events (Fig. 3) (Hunter and Karin, 1992; Meek 
and Street, 1992). For example, AgR-triggered tyrosine phosphoryla- 
tion induces activation of phospholipase C y l  and 72. These enzymes 
generate the second messengers IPS and diacylglycerol. The former 
messenger leads to elevation of intracellular free Ca2+, which can 
activate calmodulin-dependent protein kinase 11, which may act on 
Ets-1. The other phosphoinositide-derived second messenger, diacyl- 
glycerol, activates protein kinase C isozymes, which can activate MAP 
kinase, which in turn may regulate ~ 6 2 ~ ~ ~ .  In these ways, the early 
response genes may be induced. Some of these products of the early 
response genes are transcriptional regulators, and they then induce the 
expression of a second wave of genes. 

VI. Mechanism of Contact-Dependent T Cell Help 

Antibody responses elicited by soluble protein antigens are T cell 
dependent, and this dependence cannot be alleviated by addition of 
cell-free supernatants of activated T cells (Noelle and Snow, 1990). 
Responses to this class of antigens only occur if B cells are allowed to 
make contact with the T cells providing help. Presumably, soluble 
protein antigens are less proficient at inducing AgR signaling than are 
cell-bound or polysaccharide antigens and therefore an additional sig- 
nal from helper T cells is required to support these responses. 
Moreover, this signal is apparently conveyed by a cell-bound mol- 
ecule. 

With the advent of cloned helper T cell populations, several investi- 
gators were able to define circumstances wherein helper T cells stimu- 
late B cells polyclonally (DeFranco, 1987; Noelle and Snow, 1990). 
Activation of the T cells through the TCR confers on them the ability to 
activate resting B cells, regardless of the antigen specificity of the B 
cell. For example, culturing cloned helper T cells with a mixture of 
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antigen-presenting B cells and B cells that cannot present antigen led 
to similar activation of both B cell populations (DeFranco et al., 1984). 
This conclusion was reinforced in a number of ways. For example, it is 
possible to activate T cells with anti-TCR antibodies, add them to 
resting B cells, and then observe strong stimulation ofproliferation and 
antibody production by the B cells (Tite et al., 1984; Julius et al., 1988). 
In general, treatment of the B cells with anti-Ig enhances their respon- 
siveness to activated T cells, but is not necessary to observe a vigorous 
response (Julius et al., 1982; DeFranco et al, 1984). 

As mentioned earlier, activation of B cells by antigen-activated 
helper T cells requires cell-cell contact. Moreover, the helper T cells 
can be lightly fixed with paraformaldehyde and still be effective (No- 
elle et d., 1989). This observation suggested that activation of the T 
cell leads to expression of one or more T cell surface molecules that are 
responsible for stimulating the B cells. Indeed, plasma membranes 
isolated from activated, but not resting, T cells are also able to induce 
early events in B cell activation (Brian, 1988; Hodgkin et al., 1990; 
Noelle and Snow, 1991). Strong proliferation and differentiation of B 
cells is observed in response to membranes from activated helper T 
cells if IL-4 and IL-5 are also included (Hodgkin et al., 1990; Noelle et 
az., 1991). 

Recently, the molecular nature of this contact-dependent B cell 
activation signal has become apparent from convergence of these stud- 
ies with studies on CD40, a protein first described as being present on 
the surface of human B cells (Clark, 1990). Human B cells exhibit a 
number of interesting responses following stimulation with anti-CD40 
antibodies, including increased homotypic adhesion, increased sur- 
vival, and long-term proliferation (Clark, 1990; Banchereau et al., 
1991). These observations led investigators to search for the ligand of 
CD40. Chimeric proteins were constructed that contained the extra- 
cellular domain of CD40 and the constant regions of IgG1. These 
chimeras were found to bind to activated, but not resting, T cells and to 
block T cell-dependent activation (Armitage et al., 1992; Noelle et al., 
1992; Fanslow et al . ,  1992; Lane et al., 1992). The molecule recog- 
nized by  the CD40 chimera (called CD40L, for ligand of CD40) was 
cloned and found to be a 33- to 39-kDa type I1 membrane glycoprotein 
with homology to TNFa (Armitage et al., 1992; Hollenbaugh et al., 
1992). Paraformaldehyde-fixed CV-l/EBNA cells expressing CD40L 
are able to stimulate proliferation of B cells, and these cells can be 
driven to secrete IgE in the presence of IL-4 (Armitage et al., 1992; 
Hollenbaugh et al., 1992; Spriggs, et al., 1992). These observations 
suggest that CD40L is the molecule present in the membranes of 
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activated helper T cells responsible for activating B cells. Moreover, a 
mAb that binds to murine CD40L was isolated by immunizing with 
fixed, activated helper T cells and screening for ability to block T 
cell-dependent activation of B cells (Noelle et al., 1992). Recently, it 
has been found that the gene encoding CD40L maps to the X chromo- 
some, and that it is defective in patients with X-linked hyper-IgM 
syndrome (Aruffo et al., 1993; Allen et al., 1993; Korthauer et al., 1993; 
DiSanto et al., 1993; Fuleihan et al., 1993). This immunodeficiency 
disease is characterized by normal or elevated IgM and little or no IgG 
or IgA. As production of IgG and IgA is characteristic of T cell- 
dependent antibody responses, the immunoglobulin levels in this dis- 
ease likely reflect a severe defect in such responses. Thus, it is clear 
from a variety of lines of evidence that CD40L represents an important 
molecule involved in the stimulation of B cells by activated T cells. 

The mechanism by which CD40 informs the cell that it has contacted 
CD40L is not well understood. Stimulation of resting B cells with 
fixed, activated helper T cells leads to activation of NF-KB, and this 
activation seems to be due to CD40L (Lalmanach-Girard et al., 1993). 
In addition, treatment of human tonsillar B cells with anti-CD40 in- 
duces strong protein tyrosine phosphorylation, phosphoinositide 
breakdown, and activation of several serinekhreonine protein kinases 
(Uckun et al., 1991). These events are similar to what is seen on 
stimulation of B cells with anti-Ig. As both anti-Ig and CD40L can 
induce early activation events in B cells it will be interesting to com- 
pare the specific signaling targets of tyrosine phosphorylation induced 
in these two ways. 

CD40L may not be the only T cell membrane protein that contrib- 
utes to contact-dependent B cell activation. Although fixed CV-1/ 
EBNA cells expressing CD4OL can directly stimulate proliferation of 
resting B cells, CD40L expressed in COS cells and solubIe CD40L 
only stimulate significant proliferation in the presence of phorbol my- 
ristate actetate (PMA) or anti-CD2O antibodies (Hollenbaugh et al., 
1992). Thus, activated T cells may also express other molecules that 
work in conjunction with CD40L to drive B cell proliferation. A wide 
variety of molecules exist on the surfaces of helper T cells and B cells 
that can interact with one another, and it is possible that some of these 
molecules also play important roles. In particular, CD72/Lyb2 on the 
B cell can interact with CD5 on the T cell (Van de Velde et al., 1991), 
and this interaction could send important signals to the B cell since 
some anti-Lyb2 mAbs activate B cells to proliferate (Subbarao and 
Mosier, 1983) whereas other anti-Lyb2 mAbs block T cell help (Yakura 
et al., 1981). 
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Another molecule that receives information during B cell/helper T 
cell interaction is the class I1 MHC molecule. Class I1 MHC molecules 
with the appropriate peptide bound are the ligand for the TCR and 
CD4. In addition, class I1 MHC molecules complexed with other 
peptides might bind to CD4 molecules while T cells and B cells are 
interacting. In efforts to simulate these interactions, B cells have been 
treated with anticlass I1 MHC antibodies. In resting B cells, these 
antibodies stimulate an increase in cAMP levels (Cambier et ~1.~1987). 
As helper T cell interaction with resting B cells also induces elevations 
in intracellular cAMP levels (Pollok et al., 1991), signaling through 
class I1 MHC molecules may occur in helper T cell/B cell conjugates. 

In contrast to the class I1 MHC signaling events seen in resting 
murine B cells, human B cells or murine B cells that have been pre- 
viously stimulated with anti-Ig and IL-4 exhibit increases in protein 
tyrosine phosphorylation and PIP2 breakdown in response to anticlass 
I1 MHC antibodies (Lane et ul., 1990; Cambier et ul., 1991). The 
pattern of protein tyrosine phosphorylation, as assessed by anti-P-tyr 
immunoblotting, is very similar to that seen following anti-Ig treat- 
ment. Apparently, previous encounter of the B cell with antigen 
changes the nature of signaling through the MHC class I1 molecule. 
The significance of this change is not entirely clear. One possibility is 
that this is a mechanism to modulate the response to CD4OL depend- 
ing on previous contact of the B cell with antigen. If a CD40L-bearing 
T cell interacts with a B cell that has not seen antigen, then the signal 
through the class I1 MHC molecule involves cAMP elevation, and this 
could inhibit B cell activation. On the other hand, if the B cell in 
question had already contacted its antigen, then interaction with the 
activated helper T cell would provide two stimulatory signals, the first 
via CD40L, the second via CD4 binding to class I1 MHC molecules, 
which now signal in a different mode. 

An alternative possibility is that the rise in CAMP is needed for the 
resting antigen-presenting B cell to activate the helper T cell. This 
hypothesis comes from studies of antigen presentation by transfected 
B cell lines. Transfection of the M12 B lymphoma cell line with genes 
encoding a and /.3 chains of class I1 MHC molecules allows these cells 
to present antigen to helper T cell via the introduced MHC molecules. 
Expression of class I1 MHC molecules with truncated cytoplasmic 
domains, however, allows antigen presentation to only some antigen- 
specific T cell hybridomas (Nabavi et al., 1989). Similarly truncated 
class I1 MHC molecules fail to induce cAMP upon anticlass I1 anti- 
body treatment (Wade et al., 1989). These observations suggest that 
the defect in antigen presentation via the truncated class I1 MHC 
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molecules might be due to their inability to generate a cAMP signal on 
B cell/T cell contact. This hypothesis was supported by the observa- 
tion that preincubation of the transfected M12 cells in dibutyryl cAMP 
restored the antigen-presenting capability of these cells (St-Pierre et 
al., 1989). 

Given the role of B7 as a costimulatory molecule for activation of 
helper T cells, B7 expression was examined (Nabavi et al., 1992; T. H. 
Watts, et al., 1993b). Incubation of M12 cells expressing wild-type 
class I1 MHC molecules with peptide and antigen-specific T cells 
leads to induction of B7 on the M12 cells. In contrast, M12 cells 
expressing truncated class I1 MHC molecules fail to show this re- 
sponse. Moreover, cAMP induces B7 expression on the B cell surface, 
and transfection of the M12 cells with a B7 expression vector also 
rescued the antigen-presenting ability of the truncated class I1 MHC 
molecules (Nabavi et al., 1992; T. H. Watts et al, 1993). The most 
straightforward explanation of these findings is that T cell recognition 
of appropriate antigenic-peptide/MHC class I1 molecules on the B cell 
causes the latter molecules to send a cAMP signal which induces B7 
expression. Once induced, the B7 can act as a costimulatory molecule 
by interacting with CD28 or CTLA-4 on the T cell surface, leading to 
strong T cell activation. These studies have been carried out in a B 
lymphoma cell line, so their relevance to normal B cells is not clear. 
Recently, however, it has been found that anticlass I1 MHC antibodies 
do induce B7 expression in normal human B cells (Koulova et al., 
1991), suggesting that this series of events is also applicable to normal 
B cells. 

VII. Signaling by Receptors for B Cell Growth and Differentiation Factors 

As discussed earlier, there appears to be two primary ways in which 
resting B cells become stimulated to undergo early activation events: 
strong stimulation through the AgR by a multivalent or cell-bound 
antigen, and stimulation through CD40 by contact with an antigen- 
activated helper T cell. Once the B cell has committed itself to early 
activation, it also becomes ready to proliferate and differentiate in 
response to a variety of cytokines, including IL-2, IL-4, IL-5, IL-6, 
and IFN-7 (Kishimoto and Hirano, 1988; Vitetta et al., 1989). Recent 
work has provided great insight into the structures of these cytokines 
and into the nature of their receptors. Information regarding the sig- 
naling properties of these receptors is also starting to become avail- 
able, particularly for the IL-2 receptor (Taniguchi and Minami, 
1993). 
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A. CYTOKINE RECEPTOR STRUCTURE 
Most of the receptors for cytokines regulating B cell activation ex- 

hibit homology in their extracellular domains, and thus are members of 
a group called the cytokine receptor or hematopoietin receptor family 
(Miyajima et al., 1992; Bouley and Paul, 1992). The basic homology 
unit of this family consists of two adjacent 100-amino acid domains, 
each of which is postulated to form a @pleated sheet structure similar 
to an immunoglobulin domain (Bazin, 1990). This prediction has been 
roughly born out for the growth hormone receptor, the one member of 
this family for which a structure has been determined (de Vos et aZ., 
1992). This structure is composed of seven antiparallel P-strands form- 
ing two side-by-side sheets. One loop between neighboring P-strands 
contains a highly conserved WSxWS motif (where W is tryptophan, S is 
serine, and x is any amino acid). Within this framework of an evolution- 
arily conserved unit, there is surprising variability in receptor struc- 
ture. For example, the IL-2R has three polypeptides (a, p, and y) ,  two 
of which are members of this family (Minami et al., 1993). In contrast, 
the IL-5R and IL-6R are two chain structures, with both chains being 
members of the family (Miyajima et al., 1992). For these latter two 
receptors, the a chain is primarily responsible for ligand binding. 
Expression of the a chains in cells lacking chains typically yields 
only low-affinity binding. These observations indicate an effect of the 
p chain on either binding or a chain structure. Interestingly, the p 
chains of these receptors are shared with other cytokine receptors 
(IL-3R and GM-CSFR in the case of the IL-5R p chain, and the leuke- 
mia inhibitory factor receptor, the oncostatin M receptor, and the re- 
ceptor for ciliary neurotrophic factor in the case of the IL-6R p chain) 
(Bouley and Paul, 1992). In the case of the IL-6R, it is clear that the p 
chain is responsible for signal transduction, as the a chain can be 
successfully supplied in the form of a soluble extracellular domain 
(Taga et al., 1989). Finally, the IL-4R is a member of this family but 
appears to function as a single chain (Fig. 5). 

Considerably less is known about the signaling properties of the 
cytokine receptors, although recent evidence suggests that they may 
all signal by activating intracellular protein tyrosine kinases (Miyajima 
et al., 1992; Taniguchi and Minami, 1993), as discussed next in the 
context of individual cytokine receptors. In particular, the signaling 
properties of the IL-2R, the IL-4R, and the IL-6R will be described. 

B. IL-2 RECEPTOR SIGNALING 
Among the actions of IL-2 in B cells is promotion of differentiation to 

the antibody-secreting cell stage (Nakanishi et al., 1983, 1984). This 
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FIG. 5. Receptors for B cell growth and differentiation factors. The structures of some 
of the receptors for cytokines that stimulate B cell growth or differentiation are shown. 
The cytokine receptor homology domain of approximately 200 amino acids (see text) is 
indicated by the striped regions. 

includes a number of regulatory changes. One that has been studied in 
detail is the induction of the gene for J chain, which joins IgM into 
pentamers. IL-2 induces J chain gene transcription (Blackman et al., 
1986) and this regulation occurs via both positive-acting transcription 
factors that are stimulated by IL-2R signaling and negative-acting re- 
pressive elements that are inactivated (Lansford et al., 1992). IL-2 can 
also stimulate the proliferation of B cells that have been activated, for 
example, with anti-Ig (O’Garra et al., 1988). 

The receptor for IL-2 is particularly well studied and a great deal is 
known about its signaling properties. It should be noted that most 
experiments on IL-2 signaling have been done in T cells or in trans- 
fected nonlymphoid cells, so whether events seen in those contexts 
also occur in B cells often remain to be determined. The IL-2R does 
not induce elevation of CAMP or breakdown of PIP2 (Mills et al., 1986; 
Tigges et al., 1989). Moreover, protein kinase C is not required for the 
action of this receptor (Mills et al., 1988; Valge et al., 1988). Stimula- 
tion of IL-2 receptor-expressing cells with IL-2 does induce the ty- 
rosine phosphorylation of a number of polypeptides (Saltzman et al., 
1988), including the /3 chain of the receptor (Mills et al., 1990). IL-2 
stimulation leads to activation of PI 3-kinase (Remillard et al., 1991; 
Augustine et al., 1991; Merida et al., 1991) and tyrosine phosphoryla- 
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tion of the Raf-1 serine/threonine protein kinase (Turner et al., 1991). 
Raf-1 is an upstream activator of MAP kinase in several cell types (Dent 
et al., 1992; Kyriakis et al., 1992), but IL-2 does not activate MAP 
kinase (Kuo et al., 1992), whereas the AgRs of B cells and T cells do 
(Casillas et al., 1991; Gold et al.,  1992a). Thus, the functional conse- 
quences of tyrosine phosphorylation of Raf-1 in response to IL-2 are 
presently unclear. 

IL-2 addition to B cells or to T cells induces the hydrolysis of phos- 
phatidylinositol-glycan compounds (Merida et al . ,  1990; Eardley and 
Koshland, 1991), a reaction first observed in cells treated with insulin 
(Saltiel et al., 1986). As the insulin receptor has a tyrosine kinase- 
containing cytoplasmic region, it is likely that this signaling reaction is 
triggered by a tyrosine phosphorylation event. Addition of the phos- 
phoinositol-glycan products of this signaling reaction to an IL-2- 
dependent T cell line enhanced the responsiveness of these cells to 
IL-2 (Merida et al., 1990). The most straightforward interpretation of 
this result is that these compounds are one of several important second 
messengers generated in response to IL-2 and, moreover, in these 
cells, they are limiting second messengers at low IL-2 concentrations. 

Another signaling reaction induced by IL-2 is an increase in the 
fraction of GTP bound to p21"" (Satoh e t a ) . ,  1991; Graves et al., 1992). 
The mechanism by which IL-2R induces this increase is not clear; in 
citro experiments did not detect a change in overall Ras-GTPase activ- 
ity following IL-2 treatment, whereas a decrease in GTPase activity 
was seen following treatment with anti-TCR antibodies or phorbol 
esters (Graves et al., 1992). Note that tyrosine phosphorylation of 
rusGAP was not observed in response to IL-2. Although the mecha- 
nism by which IL-2 affects p21"" is unclear, this effect is also com- 
monly caused by the growth factor receptors that have tyrosine kinase 
domains in their cytoplasmic regions (Cantley et al., 1991), suggesting 
that IL-2R may also mediate this effect via protein tyrosine phosphory- 
lation. Therefore, IL-2 induces a number of signaling events seen in 
response to ligand binding to other receptors, particularly those con- 
taining intrinsic tyrosine kinase activities. Thus, it seems likely that 
most or all of IL-2R signaling involves activation of one or more intra- 
cellular protein tyrosine kinases. 

Candidates for the kinases activated by the IL-2R include ~ 5 6 ' " ~  and 
the newly described intracellular kinase Itk (Siliciano et aZ., 1992). 
The latter protein kinase was discovered by cDNA cloning using ho- 
mology to known protein kinases. Its expression in T cells is enhanced 
in response to IL-2, which suggests a role in IL-2R signaling as IL-2 
also induces much greater expression of the receptor 1y subunit. Al- 
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though Itk is not expressed in B cells, B cells do express a very simi- 
lar tyrosine kinase called Btk, the gene for which is defective in X- 
linked agammaglobulinemia (Vetrie et al., 1993; Tsukada et aZ., 
1993). 

A role for ~ 5 6 ' " ~  in signaling by the IL-2R is suggested by the obser- 
vation that adding IL-2 to T cells stimulates ~ 5 6 ' " ~  kinase activity 
(Horak et al., 1991), and that this kinase associates with the IL-2R /3 
chain (Hatakeyama et al., 1991). This interaction is mediated by the 
kinase domain of ~ 5 6 ' " ~  interacting with the acidic region of the IL-2R 
/3 chain. Curiously, this region of the IL-2R /3 chain is not essential to 
the stimulation of growth in transfected BAF-B03 pro-B cells, whereas 
another region of the /3 chain, the serine-rich region, is required for 
IL-2 to stimulate the growth of these IL-3-dependent cells (Hat- 
akeyama et al., 1989). Both of these two regions may cooperate in some 
fashion to activate ~ 5 6 ' " ~ .  Deletion of either region of the receptor p 
chain abolishes IL-2-induced tyrosine phosphorylation of the major 
tyrosine phosphorylation substrate, p85, and the increase in GTP 
bound to ~21"' (Satoh et al., 1992). A further complication is that 
p53/56lyn can also associate with the IL-2R and be activated by IL-2 
(Torigoe et al., 1992). ~53/56'~" is more prevalent than ~ 5 6 ' " ~  in most B 
cells, although many B cells do express ~ 5 6 ' " ~  (Law et al., 1992; 
Campbell and Sefton, 1992). The structural basis of the association of 
~ 5 3 / 5 6 ' ~ "  with the IL-2R is not yet known. Nonetheless, the fact that 
the deletion of the acidic region does not abrogate the ability of the 
IL-2R /3 chain to stimulate growth of BAF-B03 cells suggests that the 
IL-2R can stimulate a second distinct signaling pathway and that this 
second pathway is sufficient to stimulate growth of these cells. This 
hypothesis is supported by examination of early response genes in- 
duced in response to IL-2 in BAF-BO3 cells transfected with IL-2R /3 
chain mutants (Shibuya et aZ., 1992). The wild-type IL-2R stimulates 
transcription of c-myc, c-fos, and c-jun, and the mutant receptor miss- 
ing the acidic region can still induce production of c-myc. Thus, in- 
duction of c-fos and c-jun and the increase in activation of ~21"' ap- 
pear to require the p56'"k-tyrosine phosphorylation pathway, whereas 
the induction of c-myc appears to require a second signaling pathway. 

An interesting probe into the mechanism of IL-2R signaling is the 
immunosuppressant rapamycin. This agent inhibits the ability of T 
cells to proliferate in response to IL-2. It appears to do this by interact- 
ing with the FK506 binding protein FKBP12. As with FK506, rapa- 
mycin is thought to mediate its action by forming a complex with 
FKBP12. In any case, rapamycin appears to inhibit IL-2 action by 
blocking the activation of a serine/threonine protein kinase called 
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p70SGK (KUO et al., 1992). This is one of two protein kinases that can 
phosphorylate ribosomal protein S6, an event frequently correlated 
with stimulation of cell growth. It is unclear at this point whether 
rapamycin blocks the step in IL-2R signaling directly upstream of 
p70SGK or whether it acts further upstream. Moreover, these events 
have not yet been studied in B cells stimulated with IL-2. 

C. IL-4 RECEPTOR SIGNALING 
Interleukin 4 enhances the survival of B cells in uitro, causes in- 

creased expression of class I1 MHC molecules, induces proliferation of 
B cells stimulated with anti-Ig, promotes antibody responses under a 
number of circumstances, and induces IgH class switching to IgGl and 
IgE (O'Garra et al., 1988; Vitetta et al., 1989). The mechanisms by 
which these varied biological effects are mediated are not understood. 
The interleukin 4 receptor is a single-chain member of the cytokine 
receptor family (Bouley and Paul, 1992). It has a large intracellular 
domain of about 500 amino acid residues, but lacks any discernible 
catalytic domain. Initial studies demonstrated that IL-4 does not in- 
duce PIP2 breakdown or calcium elevation in murine B cells 
(Justement et al., 1986; Mizuguchi et al., 1986; O'Garra et al., 1987). In 
contrast, IL-4 induces a short pulse of IPS production and a brief 
elevation of intracellular Ca2+ in human tonsillar B cells (Finney et al., 
1990). The elevation of Ca2+ is still observed in the absence of extra- 
cellular Ca2+ , indicating that it arises from intracellular stores. The 
short duration ofthis response may reflect an inability to mobilize Ca2+ 
entry through the plasma membrane. The short burst of PIP2 
breakdown and Ca2+ elevation is followed by an increase in CAMP 
levels. In contrast to the rapid response to receptors that utilize Gs to 
activate adenylyl cyclase (e.g., P-adrenergic receptor), this response 
takes about 10 minutes before it begins. Moreover, blocking the IL-4 
induced Ca'+ elevation by buffering intracellular Ca2+ levels with 
BAPTA also blocks the CAMP response, indicating that the Ca2+ eleva- 
tion is necessary for the increase in CAMP levels to occur. The increase 
in CAMP levels is not simply a consequence of the Ca2+ elevation, 
however, as Ca2+ ionophores do not trigger CAMP increases on their 
own. Interestingly, the production of soluble CD23 in response to IL-4 
can be mimicked by a short pulse of phorbol dibutyrate and ionomycin, 
followed by dibutyryl CAMP (Finney et al., 1990). Thus, these signal- 
ing events may have important downstream consequences in human B 
cells. Why these signaling events are seen in human B cells and not in 
murine B cells is not known. 

In murine B cells and IL-4-responsive mast cell lines, IL-4 also 
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induces tyrosine phosphorylation of several proteins (Morla et al., 
1988; Wang et al., 1992). Among the proteins that become tyrosine 
phosphorylated is the IL-4 receptor (Wang et al., 1992). Tyrosine phos- 
phorylation of a receptor is a common feature of receptors that trigger 
tyrosine phosphorylation-based signaling events. A major substrate of 
IL-Pinduced tyrosine phosphorylation is a protein of 170 kDa called 
IL-Cinduced phosphotyrosine substrate, or 4PS. The 4PS protein be- 
comes tyrosine phosphorylated in response to IL-4 in mast cells, B 
cells, and T cells (Wang et al., 1992; I. van Oostveen and M. R. Gold, 
unpublished observations). In mast cells, IL-4 stimulation leads to 
association of PI 3-kinase with 4PS (Wang et al., 1992) and the appear- 
ance of the 3-phosphorylated phosphoinositide products of PI 3-kinase 
(Gold et al., 1993d). In this regard, 4PS is reminiscent of IRS-1, which 
also becomes tyrosine phosphorylated and binds to PI 3-kinase after 
insulin stimulation (Backer et al., 1992). 4PS is not IRS-1, but it may be 
a close homologue. It will be interesting to see if IL-4 also activates PI 
3-kinase in B cells, as assessed by changes in the amounts of 3- 
phosphorylated inositol-containing phosphoIipids. If so, this would 
represent overlap between the signaling of the IL-4 receptor and of the 
B cell AgR. Other targets of AgR-induced tyrosine phosphorylation, 
such as PLC--y and rasGAP (see above), are not tyrosine phosphory- 
lated in response to IL-4, at least not in mast cells (Wang et al., 1992). 

D. IL-6 RECEPTOR SIGNALING 

Interleukin 6 is a terminal differentiation factor for B cells and a 
growth factor for murine plasmacytoma cells (Kishimoto et al., 1992). 
The IL-6 receptor is composed of two polypeptides that are members 
of the cytokine receptor family (Kishimoto et al., 1992). The 80-kDa 
chain of the receptor (IL-6Ra) is responsible for ligand binding. Re- 
moval of the transmembrane and cytoplasmic domains yields an extra- 
cellular soluble molecule that can still bind IL-6. In addition, the 
complex of IL-6 and soluble IL-6Ra can confer IL-6 responsiveness on 
cells that lack IL-6Ra expression. The presence of IL-6 induces 
IL-6Ra to form a complex with another polypeptide called gp130 (Taga 
et al., 1989). These observations led to the hypothesis that gp130 is the 
signal-transducing component of the IL-6R. The gene encoding gp130 
has been cloned and found to be a new member of the cytokine recep- 
tor family (Kishimoto et al., 1992). In addition, gp130 (or IL-GRP chain) 
can also participate in responses involving other cytokine receptors. 
These observations have led to the view that IL-6 binding to the 
IL-6Ra chain induces it to associate with gp130, which then trans- 
duces signals into the interior of the cell. 
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Among the early events following IL-6 binding are phosphorylation 
of the gp130 chain (Kishimoto et al., 1992) and an increase in the 
GTP-bound state of p21"" (Nakafuku et al., 1992). Presumably, the 
IL-6R activates protein tyrosine phosphorylation-signaling reactions, 
as described previously for the B cell AgR, the IL-2R, and the IL-4R. In 
addition, there is activation of a basic leucine-zipper transcription 
factor called NF-IL-6, which has been implicated in the induction of 
transcription of acute-phase genes in hepatocytes, cytokine genes in 
macrophages, and possibly immunoglobulin genes in B cells (Akira 
and Kishimoto, 1992). Expression of an activated mutant form ofp2l"" 
in 3T3 fibroblasts and P19 embryonic carcinoma cells induces the 
activity of introduced NF-IL-6 (Nakajima et al., 1993). Transcriptional 
activation is associated with phosphorylation of the protein on a threo- 
nine residue that is embedded in a MAP kinase consensus sequence 
(Nakajima et al., 1993). MAP kinase will phosphorylate NF-IL-6 in 
oitro on this site. Moreover, mutation of this residue abrogates the 
ability of activated ras to stimulate transcription via NF-IL-6 (Naka- 
jima et al., 1993). These observations support a model whereby the 
IL-6R activates p21"", which leads to activation of MAP kinase, which 
in turn phosphorylates the NF-IL-6, inducing it to activate transcrip- 
tion. How much of this pathway will be applicable to the ability of IL-6 
to induce terminal differentiation of activated B cells is not clear. IL-6 
does induce transcriptional activation of two early response genes, 
junB and TZS 11 (Nakajima and Wall, 1991), as well as immunoglobulin 
heavy chain genes in B cell lines (Raynal et al., 1989). 

VIII. B Cell Survival 

It has become apparent that the regulation of proliferation is not the 
only way in which B cell populations are regulated. Rather the control 
of cell survival is also a key step in regulation of B cell antibody 
responses (Cohen et al., 1992). In particular, the protooncogene bcl-2 
has received considerable attention as a molecule that plays an impor- 
tant role in mediating B cell survival (Korsmeyer, 1992; DeFranco, 
1992a). 

The bcl-2 gene was initially isolated by virtue of translocations 
between the bcl-2 locus and the Ig loci seen consistently in follicular B 
cell lymphomas (Korsmeyer, 1992). Several experiments suggest that 
Ocl-2 does not promote cell proliferation, but rather promotes cell 
survival. For example, introduction of bcl-2 into an IL-3-dependent 
pre-B cell line does not abrogate IL-3 dependence for growth, but does 
prevent rapid cell death on factor withdrawal (Vaux et al., 1988). 
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Germinal center B cells undergo rapid expansion and somatic muta- 
tion of their immunoglobulin genes. These mutations create a few cells 
with AgRs of higher affinity and many cells with AgRs of lower or 
destroyed affinity for antigen. And yet, the average affinity of an anti- 
body response increases with time. How are the cells of higher affinity 
selected from the cells with diminished affinity? It now appears that 
this occurs not by preferential expansion of cells with favorable muta- 
tions, but rather by selective survival of these cells after the prolifera- 
tive period. These postproliferative “centrocytes” are present in an 
area of the germinal center that has the antigen-bearing follicular 
dendritic cells. Culture of isolated germinal center B cells in uitm 
reveals a high rate of cell death (Liu et al., 1989). The survival of these 
cells is greatly enhanced by treatment with anti-Ig, anti-CD40 or, even 
better, the combination of the two. Interestingly, only a small fraction 
of centrocytes expressesbcl-2 and treatment of these cells in vitro with 
anti-Ig or anti-CD40 induces its expression (Y.-J. Liu et al., 1991). A 
favored model is as follows. Germinal center B cells rapidly proliferate 
and mutate their Ig genes. Next, the germinal center B cells stop 
growing and undergo antigen-based selection for AgRs that have 
gained or at least not lost affinity. Antigen contact with AgRs can 
induce bcl-2 via signaling reactions and in this way mediate cell sur- 
vival. Alternatively, the AgR can take up the antigen, after which the B 
cell can present antigen to helper T cells and receive via CD40 a signal 
to induce bcl-2 and survive. 

Cell survival also seems to be an important step in the propagation of 
B cell memory. Memory B cells can survive for long periods of time in 
the absence of proliferation (Schittek and Rajewsky, 1990). This sur- 
vival, however, probably requires contact with antigen, since adoptive 
transfer of purified memory B cells to unimmunized hosts leads to 
rapid loss of memory. This loss of memory is prevented if the memory 
B cells express bcl-2 due to presence of an IgH enhancer-driven bcl-2 
transgene (Nunez et al., 1991). Thus, memory B cells seem to behave 
similarly to the centrocytes of germinal centers: antigen contact is 
needed to prevent cell death, and bcl-2 expression is sufficient for 
survival. 

Interestingly, cell death also seems to play an important role in the 
termination of an antibody response. Immunization of transgenic mice 
that constitutively express bcl-2 under the control of the IgH enhancer 
leads to greatly prolonged antibody responses, elevated serum immu- 
noglobulin levels, and the development of autoimmunity (Strasser et 
al., 1991). From these experiments, it seems likely that antibody- 
secreting cells normally terminate antibody secretion by undergoing 
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programmed cell death, and if this is blocked by bcl-2 expression, then 
these cells continue to secrete antibodies for a prolonged period of 
time. 

IX. Summary 

The activation of B lymphocytes from resting cells proceeds from the 
events of early activation to clonal proliferation to final differentiation 
into either an antibody-secreting plasma cell or a memory B cell. This 
is a complex activation process marked by several alternative path- 
ways, depending on the nature of the initial antigenic stimulus. Over 
the past 5-10 years, there has been an explosion of studies examining 
the biochemical nature of various steps in these pathways. Some of that 
progress is reviewed here. In particular, we have described in detail 
what is known about the structure and function of the AgR, as this 
molecule plays a pivotal role in B cell responses of various types. We 
have also reviewed recent progress in understanding the mechanism 
of action of contact-dependent T cell help and of the cytokine recep- 
tors, particularly the receptors for IL-2, IL-4, and IL-6. Clearly, all of 
these areas represent active areas of investigation and great progress 
can be anticipated in the next few years. 

REFERENCES 
Abraham, R. T., Karnitz, L. M., Secrist, J. P., and Leibson, P. J. (1992). Trends Biochem. 

Aderem, A. (1992). Cell (Cambridge, Mass.) 71, 713-716. 
Akira, S., and Kishimoto, T. (1992). Immunol. Reti. 127,25-50. 
Albrecht, D. L., and Noelle, R. J. (1988). I. Immunol. 141,3915-3922. 
Albrecht, D. L., and NoeIle, R. J. (1989). Mol. Immunol. 26,575-582. 
Allen, R. C., Armitage, R. J., Conley, M. E., Rosenblatt, H., Jenkins, N. A., Copeland, 

N. G., Bedell, M. A., Edelhoff, S., Disteche, C. M., Simoneaux, D. K., Fanslow, W. C., 
Belmont, J., and Spriggs, M. K. (1993). Science 259,990-993. 

Alvarez, E., Northwood, I. C., Gonzalez, F. A., Latour, D. A., Seth,A., Abate, C., Curran, 
T., and Davis, R. J. (1991).J. Biol. Chem. 266,15277-15285. 

Amrein, K. E., and Sefton, B. M. (1988). Proc. Natl. Acad. Sci. U.S.A. 85,4247-4251. 
Andersson, J., Coutinho, A., Lernhardt, W., and Melchers, F. (1977). Cell (Cambridge, 
Mass.) 10,2744. 

Appleby, M. W., Gross, J .  A., Cooke, M. P., Levin, S. D., Qian, X., and Perlmutter, R. M. 
(1992). Cell (Cambridge, Mass.) 70,751-763. 

Armitage, R. J., Fanslow, W. C., Stockbine, L., Sato, T. A., Clifford, K. N., Macduff, B. M., 
Anderson, D. M., Gimpel, S. D., Davis-Smith, T., Maliszewski, C. R., Clark, E. A,, 
Smith, C. A., Grabstein, K. H., Cosman, D., and Spriggs, M. K. (1992). Nature (London) 

Aruffo, A., Farrington, M., Hollenbaugh, D., Li, X., Milatovich, A., Nonoyama, S., Ba- 
jorath, J., Grosmaire, L.S ., Stenkamp, R., Neubauer, M., Roberts, R. L., Noelle, R. J., 
Ledbetter, J. A., Franche, U., and Ochs, H. D. (1993). Cell (Cambridge, Mass.) 72, 

Sci. 17,434-438. 

347,8042. 

291-300. 



BIOCHEMISTRY OF B LYMPHOCYTE ACTIVATION 283 

Ashkenazi, A., Peralta, E. G., Winslow, J. W., Ramachandran, J., and Capon, D. J. (1989). 

Aubry, J.-P., Pochon, S., Graber, P., Jansen, K. U., and Bonnefoy, J.-Y. (1992). Nature 

Auger, K. R., and Cantley, L. C. (1991). Cancer Cells 3,263-270. 
Augustine, J. A., Sutor, S. L., and Abraham, R. T. (1991). Mol. Cell. Biol. 11,4431-4440. 
Backer, J. M., Myers, M. G., Jr., Shoelson, S. E., Chin, D. J., Sun, X.-J., Miralpeix, M., Hu, 

P., Margolis, B., Skolnik, E. Y., Schlessinger, J., and White, M. F. (1992). EMBO J. 11, 

Banchereau, J., de  Paoli, P., Valle, A., Garcia, E., and Rousset, F. (1991). Science 251, 

Barrett, T. B., Shu, G. L., Draves, K. E., Pezzutto, A., and Clark, E. A. (1990). Eur. J. 

Bazin, J. F. (1990). Proc. Natl. Acad. Sci. USA. 87,6934-6938. 
Benhamou, L. E., Cazenave, P.-A,, and Sarthou, P. (1990). Eur.]. Immunol. 20,1405- 

Berek, C., Berger, A., and Apel, M. (1991). Cell (Cambridge, Mass.) 67,1121-1129. 
Bergman, M., Mustelin, T., Oetken, C., Partanen, J., Flint, N. A., Amrein, K. E., Autero, 

Berk, A. J. (1989). Biochim. Biophys. Acta 1009,103-109. 
Bijsterbosch, M. K., Meade, C. J., Turner, G. A., and Klaus, G. G. B. (1985). Cell 

Blackman, M., Tigges, M. A,, Minie, M. E., and Koshland, M. E. (1986). Cell (Cambridge, 

Blum, J. H., Stevens, T. L., and DeFranco, A. L. (1993). J. B i d .  Chem. (in press). 
Bonfini, L., Karlovich, C. A., Dasgupta, C., and Banerjee, U. (1992). Science 255,603- 

Bouley, J.-L., and Paul, W. E. (1992). J .  Biol. Chem. 267,20525-20528. 
Bourguignon, L. Y. W., and Bourguignon, G. J. (1984). Int. Reu. Cytol. 87,195-224. 
Bourne, H. R., Sanders, D. A., and McCormick, F. (1991). Nature (London) 349,117-127. 
Boyle, W. J., Smeal, T., Defize, L. H. K., Angel, P., Woodgett, J. R., Karin, M., and 

Bradbury, L. E., Kansas, G. S . ,  Levy, S., Evans, R. L., and Tedder, T. F. (1992). 

Braun, J., Hochman, P. S . ,  and Unanue, E. R. (1982). J .  Immunol. 128,1198-1204. 
Brian, A. A. (1988). Proc. Natl. Acad. Sci. U.S.A. 85,564-568. 
Brodsky, F. M., and Guagliardi, L. E. (1991). Annu. Reo. Zmmunol. 9,707-744. 
Brunswick, M., Finkelman, F. D., Highet, P. F., Inman, J. K., Dintzis, H. M., and Mond, 

Brunswick, M., June, C. H., Finkelman, F. D., Dintzis, H. M., Inman, J. K., and Mond, 

Brunswick, M., Samelson, L. E., and Mond, J. J. (1991). Proc. Natl. Acad. Sci. USA. 88, 

Burkhardt, A. L., Brunswick, M., Bolen, J. B., and Mond, J. J. (1991). Proc. Natl. Acad. 

Burn, P., Rotman, A., Meyer, R. K., and Burger, M. M. (1985). Nature (London) 316,469. 
Bustelo, X. R., and Barbacid, M. (1992). Science 256, 1196-1199. 
Cambier, J. C. (1992). Curr. Opin. Immunol. 4,257-264. 
Cambier, J. C., and Ransom, J. T. (1987). Annu. Reo. Immunol. 5,  175-199. 
Cambier, J. C., Newell, M. K., Justement, L. B., McGuire, J. C., Leach, K. L., and Chen, 

Cell (Cambridge, Mass.) 56,487-493. 

(London) 358,505-507. 

3469-3479. 

70-72. 

Immunol. 20,1053-1059. 

1407. 

M., Bum, P., and Alitalo, K. (1992). EMBO J .  11,2919-2924. 

(Cambridge, Mass.) 41,999-1006. 

Mass.) 47,609-617. 

606. 

Hunter, T. (1991). Cell (Cambridge, Mass.) 64,573-584. 

J .  Immunol. 149,2841-2850. 

J. J. (1988). 140,3364-3372. 

J. J. (1989). Proc. Natl. Acad. Sci. U.S.A. 86,6724-6728. 

1311-1314. 

Sci. U.S.A. 88,7410-7414. 

Z.-Z. (1987). Nature (London) 327,629-632. 



284 MICHAEL R. GOLD AND ANTHONY L. DEFRANCO 

Cambier, J., Chen, Z.-Z., Pasternak, J., Ransom, J., Sandoval, V., and Pickles, H. (1988). 

Cambier, J .  C., Morrison, D. C., Chien, M. M. ,and Lehmann, K. R. (1991).]. Immunol. 

Campbell, K. S. ,  and Cambier, J. C. (1990). EMBOJ. 9,441-448. 
Campbell, K. S., Hager. E. J., and Cambier, J. C. (1991a).]. Zmmunol. 147, 1575-1580. 
Campbell, K. S., Hager, E. J., Friedrich, R. J., and Cambier, J. C. (1991b). Proc. NQtl. 

Campbell, M.-A., and Sefton, B. M. (1990). EMBO J .  9,2125-2131. 
Campbell, M.-A., and Sefton, B. M. (1992). Mol .  Cell. Biol. 12,2315-2321. 
Cantley, L. C., Auger, K. R., Carpenter, C., Duckworth, B., Graziani, A., Kapeller, R., and 

Carter, R. H., and Fearon, D. T. (1992). Science 256,105-107. 
Carter, R. H., Park, D. J., Rhee, S. G., and Fearon, D. T. (1991a). Proc. Natl. Acad. Sci. 

Carter, R. H., Tuveson, D. A., Park, D. J., Rhee, S. G., and Fearon, D. T. (1991b). 

Cartwright, C. A., Eckhart, W., Simon, S., and Kaplan, P. L. (1987). Cell (Cambridge, 

Casillas, A., Hanekom, C., Williams, K., Katz, R., and Nel, A. E. (1991). J .  B i d .  Chem. 

Casten, L. A., Lakey, E. K., Jelachich, ,&I. L., Margoliash, E., and Pierce, S. K. (1985). 

Chan, A. C., Irving, B., Fraser, J.  D., and Weiss, A. (1991). Proc. Natl. Acad. Sci. U.S.A. 

Chan, A. C., Iwashima, M., Turck, C. W., and Weiss, A. (1992). Cell (Cambridge, Mass.) 

Chen, J . ,  Stall, A. M., Herzenberg, L. A., and Herzenberg, L. A. (1990). EMBO J. 9, 

Chen, Z. Z., Coggeshall, K. M., and Cambier, J. C. (1986).]. Zmmunol. 136,2300-2304. 
Chiles, T. C., and Rothstein, T. L. (19921.1. Immunol. 149,825-831. 
Chiles. T. C., Liu, J., and Rothstein, T. L. (1991).J. Immunol. 146, 1730-1735. 
Chiu, R.,  Angel, P., and Karin, M. (1989). Cell (Cambridge, Mass.) 59,979-986. 
Clark, E. A. (1990). Tissue Antigens 35,33-36. 
Clark, M. R.,  Campbell, K. S., Kazlauskas, A., Johnson, S. A., Hertz, M., Potter, T. A., 

Clark, S. G., Stern, M .  J., and Horvitz, H. R. (1992). Nature (London) 356,340-344. 
Cobb, M. C., Boulton, T. G., and Robbins, D. J. (1991). Cell. Regul. 2,965-978. 
Coggeshall, K. hl., McHugh, J .  C., and Altman, A. (1992). Proc. Natl. Acad. Sci. U.S.A. 90, 

Colien, J. J., Duke, R. C., Fadok, V. A,, and Sellins, K. S. (1992). Annu. Reu. Immunol. 10, 

Corbel, C., and Melchers, F. (1983). Eur.]. Imntunol. 13,528-533. 
Damsky, C. H., and Werb, Z. (1992). Curr. Opin. Cell B i d .  4,772-781. 
Dang, L. H., and Rock, K. L. (1991). J. Immunol. 146,3273-3279. 
Davidson, H. W., West, M. A., and Watts, C. (1990).]. Immunol. 144,4101-4109. 
Davidson, H. W., Reid, P. A., Lanzavecchia, A., and Watts, C. (1991). Cell (Cambridge, 

Davis, P. D., Hill, C. H., Keech, E., Lawton, C., Nixon, J. S., Sedgwick, A. D., Wads- 

Proc. Natl. Acad. Sci. U.S.A. 85,6493-6497. 

146,2075-2082. 

Acad. Sci. U S A .  88,3982-3986. 

Soltoff, S. (1991). Cell (Cambridge, Mass.) 64,281-302. 

U.S.A. 88,2745-2749. 

J .  Immunol. 147,3663-3671. 

Mass.) 49,83-91. 

266,19088- 19094. 

Proc. Natl. Acad. Sci. U.S.A. 82,5890-5894. 

88,9166-9170. 

71,649-662. 

2117-2124. 

Pleiman, C., and Cambier, J. C. (1992). Science 258, 123-126. 

5660-5664. 

267-293. 

Mass.) 67, 105-116. 

worth, J . ,  Westmacott, D., and Wilkinson, S. (1989). FEBS Lett. 259,61-63. 



BIOCHEMISTRY OF B LYMPHOCYTE ACTIVATION 285 

DeFranco, A. L. (1987). Annu. Reo. Cell B i d .  3, 143-178. 
DeFranco, A. L. f1992a). Curr. Biol. 2,95-97. 
DeFranco, A. L. (1992b). Eur. J .  Biochem. 210,381-388. 
DeFranco, A. L. (1992~). Curr. Biol. 2,477-479. 
DeFranco, A. L., Ashwell, J. D., Schwartz, R. H., and Paul, W. E. (1984). J .  E r p .  Med. 159, 

DeFranco, A. L., Raveche, E. S., and Paul, W. E. (1985). J. Immunol. 135,87-94. 
DeFranco, A. L., Gold, M. R., Hempel, W. M., Law, D., Page, D. M., Matsuuchi, L., and 

Chan, V. (1993). In “Advances in Molecular and Cellular Immunology” (B. Singh, ed.), 
pp. 31-52. JAI Press, Greenwich, CT. 

Dennis, G. J., Mizuguchi, J., McMillan, V., Finkelman, F. D., Ohara, J., and Mond, J. J. 
(1987). J .  Immunol. 138,4307-4312. 

Dent, P., Haser, W., Haystead, T. A. J., Vincent, L. A., Roberts, T. M., and Sturgill, T. W. 
(1992). Science 257,1404-1407. 

deSilva, A. M., Balch, W. E., and Helenius, A. (1990). J .  Cell Biol. 111,857-866. 
deVos, A. M., Ultsch, M., and Kossiakoff, A. A. (1992). Science 255,306-312. 
DiSanto, J. P., Bonnefoy, J. Y., Gauchat, J. F., Fischer, A,, and de Saint Basile, G. (1993). 

Nature (London) 361,541-543. 
Dominguez, I., Marshall, M. S., Gibbs, J. B., Garcia de Herreros, A,, Cornet, M. E., 

Graziani, G., Diaz-Meco, M., Johansen, T., McCormick, F., and Moscat, J. (1991). 

861-880. 

EMBO J .  10,3215-3220. 
Downward, J. (1991). Curr. Biol. 1,353-355. 
Downward, J., Graves, J. D., Warne, P. H., Rayter, S., and Cantrell, D. A. (1990a). Nature 

Downward, J., Riehl, R., Wu, L., and Weinberg, R. A. (1990b). Proc. Natl. Acad. Sci. 

Duronio, V., Welham, M. J., Abraham, S., Dryden, P., and Schrader, J. W. (1992). Proc. 

Dustin, M. L., and Springer, T. A. (1991). Annu. Reo. Immunol. 9,27-66. 
Duyao, M. P., Buckler, A. J., and Sonenshein, G. (1990). Proc. Natl. Acad. Sci. U.S.A. 87, 

Dymecki, S., Niederhuber, J., and Desiderio, S. (1990). Science 247,332-336. 
Eardley, D. D., and Koshland, M. E. (1991). Science 251,7841. 
Eck, M. J., Shoelson, S. E., and Harrison, S. C. (1993). Nature (London) 362,87-91. 
Ellis, C., Moran, M., McCormick, F., and Pawson, T. (1990). Nature (London) 343, 

Escobedo, J. A., Navankasattusas, S., Kavanaugh, W. M., Milfay, D., Fried, V. A., and 

Fanslow, W. C., Anderson, D. M., Grabstein, K. H., Clark, E. A,, Cosman, D., and 

Fantl, W. J., Escobedo, J. A., Martin, G. A., Turck, C. W., del Rosario, M., McCormick, F., 

Fearon, D. T., and Wong, W. W. (1983). Annu. Reu. Immunol. 1,243-271. 
Finney, M., Guy, G. R., Michell, R. H., Gordon, J., Dugas, B., Rigley, K. P., and Callard, 

Fisher, C. L., Ghysdael, J., and Cambier, J. C. (1991). J. Immunol. 146,1743-1749. 
Freedman, A. S., Freeman, G., Horowitz, J. C., Daley, J.. and Nadler, L. M. (1987). 

Freeman, G., Freedman, A. S., Segil, J. M., Lee, G., Whitman, J. F., and Nadler, L. M. 

(London) 346,719-723. 

U.S.A. 87,5998-6002. 

Natl. Acad. Sci. U.S.A. 89,1587-1591. 

4727-4731. 

377-381. 

Williams, L. T. (1991). Cell (Cambridge, Mass.) 65,7542. 

Armitage, R. J. (1992). J. Immunol. 149,655-660. 

and Williams, L. T. (1992). Cell (Cambridge, Mass.) 69,413-423. 

R. E. (1990). Eur. J .  Immunol. 20,151-156. 

J .  Immunol. 139,3260-3267. 

(1989). J .  Immunol. 143,2714-2722. 



286 MICHAEL R. GOLD AND ANTHONY L. DEFRANCO 

Friedrich, R. J., Campbell, K. S., and Cambier, J. C. (1993).]. lmmunol. 150,2814-2822. 
Fuleihan, R., Ramesh, N., Loh, R., Jabara, H., Rosen, F. S., Chatila, T., Fu, S. M., 

Stamenkovic, I., and Geha, R. S. (1993). Proc. Natl. Acad. Sci. U.S.A. 90,2170-2173. 
Gelfand, E. W., and Or, R. (1991).J. lmmunol. 147,3452-3458. 
Gelfand, E. W., MacDougall, S. L., Cheung, R. K., and Grinstein, S. (1989). J .  Exp. Med. 

Ghosh, S., and Baltimore, D. (1990). Nature (London) 344,678-682. 
Gibbs, J. B., Sigal, I. S., Poe, M., and Scolnick, E. M. (1984). Proc. Natl. Acad. Sci. U.S.A. 

Gibbs, J .  B., Schaber, M. D., Allard, W. J., Sigal, I. S., and Scolnick, E. M. (1988). Proc. 

Gille, H., Sharrocks, A. D., and Shaw, P. E, (1992). Nature (London) 358,414-417. 
Gold, M. R., Jakway, J. P., and DeFranco, A. L. (1987).J. lmmunol. 139,3604-3613. 
Gold, M. R., Law, D. A., and DeFranco, A. L. (1990). Nature (London) 345,810-813. 
Gold, M .  R., Matsuuchi, L., Kelly, R. B., and DeFranco, A. L. (1991). Proc. Natl. Acad. 

Gold, M. R., Sanghera, J. S., Stewart, J., and Pelech, S. L. (1992a). Biochem. J .  286, 

Gold, M. R., Chan, V. W.-F., Turck, C. W., and DeFranco, A. L. (1992b).J. Immunol. 148, 

Gold, M. R., Crowley, M. T., Martin, G. A., McCormick, F., and DeFranco, A. L. (1993a). 

Gold, M. R., van Oostveen, I., Ingham, R. J., and Aebersold, R. (1993b). Submitted for 

Gold, M. R.. Chiu, R., Ingham, R., Saxton, T. M., Van Oostveen, I., Watts, J, D., and 

Gold, M. R., Duronio, V., Saxena, S. P., Schrader, J. W., and Aebersold, R. (1993d). 

Goldschmidt-Clermont, P. J., Kim, J. W., Machesky, L. M., Rhee, S. G., and Pollard, T. D. 

Graves, J. D., Downward, J., Izquierdo-Pastor, M., Rayter, S., Wame, P. H., and Cantrell, 

Graziadei, L., Riabowol, K., and Bar-Sagi, D. (1990). Nature (London) 347,396-400. 
Grinstein, S., and Dixon, S. J. (1989). Physiol. Rec. 69,417-481. 
Grupp, S. A.. Snow, E. C., and Harmony, J. A. K. (1987). Cell. lmmunol. 109,181-191. 
Gulbins, E., Coggeshall, K. M., Raier, G., Katzuv, S., Burn, P., and Altman, A. (1993). 

Gupta, S., and Woda, B. A. (1988).J. lmmunol. 140,176-182. 
Harnett, M. M., and Klaus, G. G. B. (1988).]. lmmunol. 140,3135-3139. 
Hasbold, J , ,  and Klaus, G. G. B. (1990). Eur.]. Zmmunol. 20,1685-1690. 
Hatakeyama, M., Mori, H., Doi, T., and Taniguchi, T. (1989). Cell (Cambridge, Mass.) 

Hatakeyama, M., Kono, T., Kobayashi, N., Kawahara, A., Levin, S. D., Perlmutter, R. M., 

Hebell, T., Ahearn, J. M., and Fearon, D. T. (1991). Science 254,102-105. 
Heikkila, R., Iversen, J. G., and Godal, T. (1983).]. Cell Physiol. 117, 1-8. 
Hempel, W. M., and DeFranco, A. L. (1991).J. Immunol. 146,3713-3720. 
Hempel, W. M., Schatzman, R. C., and DeFranco, A. L. (1992).J. Immunol. 148,3021- 

Hermanson, G. G., Eisenberg, D., Kincade, P. W., and Wall, R. (1988). Proc. Natl. Acad. 

170,315-320. 

81,5704-5708. 

Natl. Acad. Sci. U.S.A. 85,5026-5030. 

Sci. U.S.A. 88,3436-3440. 

269-276. 

2012-2022. 

J .  lmmunol. 150,377-386. 

publication. 

Aebersold, R. (1993~). Submitted for publication. 

Submitted for publication. 

(1991). Science 251,1231-1233. 

D. A. (1992). J .  lmmunol. 148,2417-2422. 

Science 260,822-825. 

59,837-845. 

and Taniguchi, T. (1991). Science 252, 1523-1528. 

3027. 

Sci. U.S.A. 85,6890-6894. 



BIOCHEMISTRY OF B LYMPHOCYTE ACTIVATION 287 

Hiles, I. D., Otsu, M., Volinia, S., Fry, M. J., Gout, I., Dhand, R., Panayotou, G., 
Ruiz-Larrea, F., Thompson, A,, Totty, N. F., Hsuan, J. J., Courtneidge, S. A., Parker, 
P. J., and Waterfield, M. D. (1992). Cell (Cambridge, Mass.) 70,419-429. 

Hochstenbach, F., David, V., Watkins, S., and Brenner, M. B. (1992). Proc. Natl. Acad. 
Sci. U.S.A. 89,4734-4738. 

Hodgkin, P. D., Yamashita, L. C., Coffman, R. C., and Kehry, M. R. (1990). J .  Zmmunol. 

Hollenbaugh, D., Grosmaire, L. S., Kullas, C. D., Chalupny, N. J., Braesch-Andersen, S., 
Noelle, R. J., Stamenkovic, I., Ledbetter, J. A., and Aruffo, A. (1992). EMBO J .  11, 

Hombach, J., Leclercq, L., Radbruch, A., Rajewsky, K., and Reth, M. (1988a). EMBO]. 7, 

Hombach, J., Sablitzky, F., Rajewsky, K., and Reth, M. (1988b). ]. Exp. Med. 167, 

Hombach, J. ,  Lottspeich, F., and Reth, M. (1990a). Eur.]. Zmmunol. 20,2795-2799. 
Hombach, J., Tsubata, T., Leclercq, L., Stappert, H., and Reth, M. (1990b). Nature 

Horak, I. D., Gress, R. E., Lucas, P. J., Horak, E. M., Waldmann, T. A., and Bolen, J. B. 

Hornbeck, P., and Paul, W. E. (1986).J. Biol. Chem. 261,14817-14824. 
Hornbeck, P., Nakabayashi, H., Fowlkes, B., Paul, W., and Kligman, D. (1989). MoZ. Cell. 

Hunter, T. (1987). Cell (Cambridge, Mass.) 49,l-4. 
Hunter, T., and Karin, M. (1992). Cell (Cambridge, Mass.) 70,375-387. 
Hutchcroft, J. E., Harrison, M. L., and Geahlen, R. L. (1991).J. Biol. Chem. 266,14846- 

Hutchcroft, J. E., Harrison, M. L., and Geahlen, R. L. (1992). ]. Biol. Chem. 267,8613- 

Imboden, J. B., and Stobo, J. D. (1985).]. Exp .  Med. 161,446-456. 
Irvine, R. F., and Moor, R. M. (1986). Biochem.]. 240,917. 
Irving, B. A., Chan, A. C., and Weiss, A. (1993).J. Exp. Med. 177,1093-1103. 
Jacob, J., Kelsoe, G., Rajewsky, K., and Weiss, U. (1991). Nature (London) 354,389-392. 
Janeway, C. A., Jr. (1992). Annu. Reo. Immunol. 10,645-674. 
Julius, M. H., von Boehmer, H., and Sidman, C. L. (1982). Proc. Natl. Acad. Sci. U.S.A., 

Julius, M. H., Rammensee, H.-G., Ratcliffe, M. J. H., Lamers, M. C. Langhorne, J., and 

Justement, L., Chen, Z., Harris, L., Ransom, J., Sandoval, V., Smith, C., Rennick, D., 

Justement, L. B., Campbell, K. S., Chien, N. C., and Cambier, J. C. (1991). Science 252, 

Kanner, S. B., Deans, J. P., and Ledbetter, J. A. (1992). Zmmunology 75,441-447. 
Kazlauskas, A., Kashishian, A., Cooper, J. A., and Valius, M. (1992). MoZ. Cell. Biol. 12, 

Keegan, A. D., and Paul, W. E. (1992). Immunol. Today 13,63-68. 
Kelly, K., Cochran, B. H., Stiles, C. D., and Leder, P. (1983). Cell (Cambridge, Mass.) 35, 

Khan, A. A., Steiner, J. P., Klein, M. G., Schneider, M. F., and Snyder, S. H. (1992). 

Kim, K.-M., Alber, G., Weiser, P., and Reth, M. (1993). Immunol. Reo. 132, 125-146. 
Kishimoto, T., and Hirano, T. (1988). Annu. Reo. Zmmunol. 6,485-512. 

145,2025-2034. 

4313-4321. 

3451-3456. 

652-657. 

(London) 343,760-762. 

(1991). Proc. Natl. Acad. Sci. USA. 88,1996-2000. 

Biol. 9,3727-3735. 

14849. 

8619. 

79,1983-1989. 

Kohler, G. (1988). Eur.J. Zmmunol. 18,381-386. 

Roehm, N., and Cambier, J. C. (1986).J. Immunol. 137,3664-3670. 

1839-1842. 

2534-2544. 

603-610. 

Science 257,815-818. 



288 MICHAEL R. GOLD AND ANTHONY L. DEFRANCO 

Kishimoto, T., Akira, S., and Taga, T. (1992). Science, 258,593-597. 
Klaus, G. G. B., O’Garra, A., Bijsterbosch, M. K., and Holman, M. (1986). Eur. J .  Immu- 

Klausner, R. (1989). New Biol. 1,3-8. 
Klemsz, M. J., Justement, L. B., Palmer, E., and Cambier, J. C. (1989). J .  Immunol. 143, 

Koch, C. A., Anderson, D., Moran, M. F., Ellis, C., and Pawson, T. (1991). Science, 252, 

Kolanus, W., Romeo, C., and Seed, B. (1992). EMBO J. 11,4861-4868. 
Koretzky, G. A., Picus, J., Thomas, M. L., and Weiss, A. (1990). Nature (London) 346, 

Koretzky, G .  A., Picus, J., Schultz, T., and Weiss, A. (1991). Proc. Natl.Acad. Sci. U.S.A. 

Koretzky, G .  A., Kohmetscher, M. A., Kadleck, T., and Weiss, A. (1992). J .  Zmmunol. 149, 

Korsmeyer, S. J. (1992). Annu. Rev. Zmmunol. 10,785-807. 
Korthauer, U., Graf, D., Mages, H. W., Briere, F., Padayachee, M., Malcolm, S., Ugazio, 

A. G., Notarangelo, L. D., Levinsky, R. J., and Kroczek, R. A. (1993). Nature (London) 

nol. 16,92-97. 

1032-1039. 

668-674. 

66-68. 

88,2037-2041. 

1138-1142. 

361,539-541. 
Koulova, L., Clark, E. A., Shu, G., and Dupont, B. (1991). J. Exp. Med. 173,759-762. 
Kuno, M., and Gardner, P. (1987). Nature (London) 326 301-304. 
Kuo, C. J., Chung, J., Fiorentino, D. F., Flanagan, W. M., Blenis, J., and Crabtree, G. R. 

Kupfer, A., and Singer, S. J. (1989). Ann. Reo. lmmunol. 7,309-337. 
Kyriakis, J .  M., App, H., Zhang, X.-G., Banerjee, P., Brautigan, D. L.. Rapp, U. R., and 

LaBaer, J., Tsien, R. Y., Fahey, K, A., and DeFranco, A. L. (1986). J .  Zmmunol. 137, 

Lalmanach-Girard, A.-C., Chiles, T. C., Parker, D. C., and Rothstein, T. L. (1993). 
J .  E r p .  Med. 177,1215-1219. 

Lane, P. J. L., McConnell, G. M., Schieven, G. L., Clark, E. A., and Ledbetter, J. A. 
(1990). J .  lmmunol. 144,3684-3692. 

Lane, P. J .  L., Ledbetter, J. A., McConnell, F. M., Draves, K., Deans, J., Schieven, G. L., 
and Clark, E. A. (1991). J. Immunol. 146,715-722. 

Lane, P., Traunecker, A., Hubele, S., Inui, S., Lanzaveccia, A., and Gray, D. (1992). Eur. 
J .  Immunol. 22,2573-2578. 

Lange-Carter, C. A., Pleiman, C. M., Gardner, A. M., Blumer, K. J., and Johnson, G. L. 
(1993). Science 260,315-319. 

Lansford, R. D., McFadden, H. J., Siu, S. T., Cox, J. S., Cann, G. M., and Koshland, M. E. 
(1992). Proc. Natl. Acad. Sci. U.S.A. 89,5966-5970. 

Lanzavecchia, A. (1985). Nature (London) 314,537-539. 
Lanzavecchia, A. (1990). Annu. Reo. lmmunol. 8,773-793. 
Law, D. A., Gold, M. R., and DeFranco, A. L. (1992). Mol. Immunol. 29,917-926. 
Law, D. A., Chan, V. W.-F., Datta, S. K., and DeFranco, A. L. (1993). Submitted for 

Lazarus, A. H., Kawauchi, K., Rapoport, M. J., and Delovitch, T. L. (1993). Submitted for 

Leevers, S. J., and Marshall, C. J. (1992). EMBO J .  11,569-574. 
Leibson, €3. J., Gefter, M., Zlotnik, A., Marrack, P., and Kappler, J. W. (1984). Nature 

(1992). Nature, (London) 358,70-73. 

Avruch, J. (1992). Nature (London) 358,417-421. 

1836- 1844. 

publication. 

publication. 

(London) 309,799-801. 



BIOCHEMISTRY OF B LYMPHOCYTE ACTIVATION 289 

Lenardo, M., and Baltimore, D. (1989). Cell (Cambridge, Mass.) 58,227-229. 
Leprince, C., Draves, K. E., Ledbetter, J. A., Torres, R. M., and Clark, E. A. (1992). Eur.J. 

Leprince, C., Draves, K. E., Geahlen, R. L., Ledbetter, J .  A., and Clark, E. A. (1993). Proc. 

Letourneur, F., and Klausner, R. D. (1992). Science 255,79-82. 
Lewis, R. S., and Cahalan, M. D. (1990). Annu. Reo. Physiol. 52,415-430. 
Li, Z.-H., Mahajan, S., Prendergast, M. M., Fargnoli, J., Zhu, Z., Klages, S., Adam, D., 

Schieven, G. L., Blake, J., Bolen, J. B., and Burkhardt, A. L. (1992). Biochem. Biophys. 
Res. Commun. 187,1536-1544. 

lmmunol. 22,2093-2099. 

Natl. Acad. Sci. U S A .  90,3236-3240. 

Lin, J.,  and Justement, L. B. (1992).J. Immunol. 149, 1548-1555. 
Linton, P. J., Lai, L., Lo, D., Thorbecke, G. J., and Klinman, N. R. (1992). Eur. /, 

Liu, J., Chiles, T. C., Sen, R., and Rothstein, T. L. (1991).]. lmmunol. 146,1685-1691. 
Liu, Y., and Linsley, P. S. (1992). Curr. Opin. lmmunol. 4,265-270. 
Liu, Y.-J., Joshua, D. E., Williams, G. T., Smith, C. A., Gordon, J., and MacLennan, 

Liu, Y.-J., Mason, D. Y., Johnson, G. D., Abbot, S., Gregory, C. D. Hardie, D. L., Gordon, 

Liyange, M., Frith, D., Livneh, E., and Stabel, S. (1992). Bi0chem.J. 283,781-787. 
Lowenstein, E. J., Daly, R. J., Batzer, A. G., Li, W., Margolis, B., Lammers, R., Ullrich, A., 

Skolnik, E., Bar-Sagi, D., and Schlessinger, J. (1992). Cell (Cambridge, Mass.) 70, 

MacDougall, S. L., Grinstein, S., and Gelfand, E. W. (1988a). J .  Clin. lnoest. 81,449- 

MacDougall, S. L., Grinstein, S., and Gelfand, E. W. (1988b). Cell (Cambridge, Mass.) 

Mahaut-Smith, M. P., and Schlichter, L. C. (1989).J. Physiol. (London) 415,69-83. 
Martegani, E., Vanoni, M., Zippel, R., Coccetti, P., Brambilla, R., Ferrari, C., Sturani, E., 

Marth, J .  (1988). Mol. Cell. Biol. 8,540-550. 
Matsumoto, A. K., Kopicky-Burd, J., Carter, R. H., Tuveson, D. A., Tedder, T. F., and 

Matsuuchi, L., Gold, M. R., Travis, A., Grosschedl, R., DeFranco, A. L., and Kelly, R. B. 

McGrath, J.  P., Capon, D. J.  Goeddel, D. V., and Levinson, A. D. (1984). Nature (London) 

Meek, D. W., and Street, A. J. (1992). Bi0chem.J. 287,l-15. 
Merida, I., Pratt, J. C., and Gaulton, G. N. (1990). Proc. Natl. Acad. Sci. U S A .  87, 

Merida, I., Diez, E., and Gaulton, G. N. (1991). J .  Immunol. 147,2202-2207. 
Mills, G. B., Stewart, D. J., Mellors, A., and Gelfand, A. W. (1986). J .  Immunol. 136, 

Mills, G., Gerard, S., Grinstein, S., and Gelfand, E. W. (1988). Cell (Cambridge, Mass.) 

Mills, G. B., May, C., McGill, M., Fung, M., Baker, M., Sutherland, R., and Greene, W. C. 

Minami, Y., Kono, T., Miyazaki, T., and Taniguchi, T. (1993). Annu. Reo. lmmunol. 11, 

Mittelstadt, P., and DeFranco, A. L. (1993).]. lmmunol. 150,4822-4832. 

Immunol. 22,1293-1297. 

I. C. M. (1989). Nature (London) 342,929-931. 

J. ,  and MacLennan, I. C. M. (1991). Eur.J. lmmunol. 21,1905-1910. 

431-442. 

454. 

54,229-234. 

and Alberghina, L. (1992). EMBOJ. 11,2151-2157. 

Fearon, D. T. (1991). J .  E x p .  Med. 173,55-64. 

(1992). Proc. Natl. Acad. Sci. U S A .  89,3404-3408. 

310,644-649. 

9421-9425. 

3019-3024. 

55,91-loo. 

(199O).J. Biol. Chem. 265,3561-3567. 

2.45-267. 



290 MICHAEL R. GOLD AND ANTHONY L. DEFRANCO 

Miyajima, A., Kitamura, T., Harada, N., Yokota, T., and Arai, K.-I. (1992). Annu. Reo. 

Mizuguchi, J., Beavan, M. A., Ohara, J., and Paul, W. E. (1986). J .  Zmmunol. 137, 

Molina, T. J., Kishihara, K., Siderovski, D. P., van Ewijk, W., Narendran, A., Timms, E., 
Wakeham, A,, Paige, C. J., Hartmann, K.-U., Veillete, A., Davidson, D., and Mak, T. W. 
(1992). Nature (London) 357,161-164. 

Mond, J .  J . ,  Mongini, P. K. A., Sieckmann, D., and Paul, W. E. (1980).J. Zmmunol. 125, 
1066-1070. 

Mond, J .  J . ,  Seghal, E., Kung, J., and Finkelman, F. D. (1981).J. Zmmunol. 127,881-888. 
Mond, J.  J., Feuerstein, N., Finkelman, F. D., Huang, F., Huang, K.-P., and Dennis, G. 

Monroe, J. G. (1988).J. Zmmunol. 140,1454-1460. 
Monroe, J. G., and Cambier, J. C. (1983a). J .  E x p .  Med. 157,2073-2086. 
Monroe, J. G., and Cambier, J. C. (1983b).J. E r p .  Med. 158,1589-1599. 
Monroe, J. G., and Kass, M. J. (1985)~ .  Zmmunol. 135,1674-1682. 
Moran, M., Polakis, P., McCormick, F., Pawson, T., and Ellis, C. (1991). Mol. Cell. Biol. 

Morla, A. O., Schreurs, J., Miyajima, A., and Wang, J .  Y. J .  (1988). Mol. Cell. Biol. 8, . 

Morris, A. P., Gallacher, D. V., Irvine, R. F., and Peterson, 0. H. (1987). Nature (London) 

Morrison, D. K., Kaplan, D. R., Escobedo, J. A., Rapp, U. R., Roberts, T. M., and 

Mulcahy, L. S., Smith, M. R., and Stacey, D. W. (1985). Nature (London) 313,241-243. 
Mustelin, T., Coggeshell, K. M., and Altman, A. (1989). Proc. Natl.  Acad. Sci. U.S.A. 86, 

Mustelin, T., Pessa-Morikawa, T., Autero, M., Gassmann, M., Anderson, L. C., 

Myers, C. D. (1991). FASEBJ. 5,2547-2553. 
Myers, C. D., Kriz, M. K., Sullivan, T. J., and Vitetta, E. S. (1987). J. Zmmunol. 138, 

Nabavi, N. Ghogawala, Z., Myer, A., Griffity, I. J., Wade, W. F., Chen, Z. Z., McKean, 

Nabavi, N. Freeman, G. J., Gault, A., Godfrey, D., Nadler, L. M., and Glimcher, L. H. 

Nada, S., Okada, M., MacAuley, A., Cooper, J. A., and Nakagawa, H. (1991). Nature 

Nakafuku, M., Satoh, T., and Kaziro, Y. (1992). J .  B i d .  Chem. 267, 19448-19454. 
Nakajima, K., and Wall, R. (1991). Mol. Cell. Biol. 11,1409-1418. 
Nakajima, T., Kinoshita, S., Sasagawa, T., Sasaki, K., Naruto, M., Kishimoto, T., and 

Akira, S. (1993). Proc. Natl. Acad. Sci. U.S.A. 90,2207-2211. 
Nakanishi, H., and Exton, J. H. (1992). J .  Biol. Chem. 267, 16347-16354. 
Nakanishi, H., Brewer, K. A., and Exton, J. H. (1993).J. Biol. Chem. 268, 13-16 
Nakanishi, K., Howard, M., Muraguchi, A., Farrer, J., Takatsu, K., Hamaoka, T., and Paul, 

Nakanishi, K., Cohen, D. I., Blackman, M., Nielsen, E., Ohara, J., Hamaoka, T., 

Nel, A. E., Wooten, M. W., Landreth, G. E., Goldschmidt-Clennont, P. J., Stevenson, 

Noelle, R. J., and Snow, E. C. (1990). Zmmunol. Today 11,361-368. 

Zmmunol. 10,295-331. 

2215-2219. 

(1987). Proc. Natl. Acad. Sci. U.SA.  84,8588-8592. 

11,1804-1812. 

2214-2218. 

330,653-655. 

Williams, L. T. (1989). Cell (Cambridge, Mass.) 58,649-657. 

6302-6306. 

Gahmberg, C. G., and Bum, P. (1992). Eur.1. Zmmunol. 22,1173-1178. 

1705-1711. 

D. J . ,  and Glimcher, L. H. (1989). J. Immunol. 142,1444-1447. 

(1992). Nature (London) 360,266-268. 

(London) 351,69-72. 

W. E. (1983). J .  Zmmunol. 130,2219-2224. 

Koshland, M. E., and Paul, W. E. (1984).J. Exp .  Med. 160,1736-1751. 

H. C., Miller, P. J., and Galbraith. R. M. (1986). Bi0chem.J. 233,145-149. 



BIOCHEMISTRY OF B LYMPHOCYTE ACTIVATION 29 1 

Noelle, R. J., and Snow, E. C. (1991). FASEB J .  5,2770-2776. 
Noelle, R. J., McCann, J., Marshall, L., and Bartlett, W. C. (1989). J .  Immunol. 143, 

Noelle, R. J., Daum, J., Bartlett, W. C., McCann, J., and Shepherd, D. M. (1991). 
J. Immunol. 146,1118-1124. 

Noelle, R. J., Roy, M., Shepherd, D. M., Stamenkovic, I., Ledbetter, J. A., and Aruffo, A. 
(1992). Proc. Natl. Acad. Sci. U.S.A. 89,6550-6554. 

Nunez, G., Hockenbery, D., McDonnell, T. J., Sorensen, C. M., and Korsmeyer, S. J. 
(1991). Nature (London) 353,71-73. 

O’Garra, A., Rigley, K. P., Holman, M., McLaughlin, J. B., and Klaus, G. G. B. (1987). 
Proc. Natl. Acad. Sci. U.S.A. 84,6254-6258. 

O’Garra, A., Umland, S., DeFrance, T., and Christiansen, J. (1988). Immunol. Today 9, 
45-54. 

Okada, M., Nada, S., Yamanashi, Y., Yamamoto, T., and Nakagawa, H. (1991)J. Biol. 
Chem. 266,24249-24252. 

Olivier, J. P., Raabe, T., Henkemeyer, M., Dickson, B., Mbamalu, G., Margolis, B., 
Schlessinger, J., Hafen, E., and Pawson, T. (1993). Cell (Cambridge, Mass.) 73, 179- 
191. 

1807-1814. 

Ostergaard, H. L., and Trowbridge, I. S. (1991). Science, 253,1423-1425. 
Ostergaard, H. L., Shackelford, D. A., Hurley, T. R., Johnson, P., Hyman, R., Sefion, 

B. M., and Trowbridge, I. S. (1989). Proc. Natl. Acad. Sci. U.S.A. 86,8959-8963. 
Otsu, M., Hiles, I., Gout, I., Fry, M. J., Ruiz-Larrea, F., Panayotou, G., Thompson, A., 

Dhand, R., Hsuan, J., Totty, N., Smith, A. D., Morgan, S. J., Courtneidge, S. A., Parker, 
P. J., and Waterfield, M. D. (1991). Cell (Cambridge, Mass.) 65,91-104. 

Padeh, S., Levitzki, A., Gazit, A., Mills, G. B., and Roifman, C. M. (1991).J. Clin, Inuest. 

Page, D. M., and DeFranco, A. L. (1990). Mol. Cell. Biol. 10,3003-3012. 
Page. D. M., Gold, M. R., Fahey, K, A, Matsuuchi, L. M., and DeFranco, A. L. (1991). 

Paul, W. E., Mizuguchi, J., Brown, M., Nakanishi, K., Hornbeck, P., Rabin, E., and 

Pecanha, L. M. T., Snapper, C. M., Finkelman, F. D., and Mond, J. J. (1991).J. Immunol. 

Pelech, S., and Sanghera, J. S. (1992). Science 257, 1355-1356. 
Pelicci, G., Lanfrancone, L., Grignani, G., McGlade, J., Cavallo, F., Forni, G., Nicoletti, 

I., Grignani, F., Pawson, T., and Pellici, P. G. (1992). Cell (Cambridge, Mass.) 70, 

Pesando, J. M., Bouchard, L. S., and McMaster, B. (1989).J. Erp. Med. 170,2159-2164. 
Pezzutto, A., Rabinovitch, P. S., Dorken, B., Moldenhauer, G., and Clark, E. A. (1988). 

Pingel, J. T., and Thomas, M. L. (1989). Cell (Cambridge, Mass.) 58,1055-1065. 
Pognonec, P., Boulukos, K. E., and Ghysdael, J. (1989). Oncogene 4,691-697. 
Pollok, K. E., O’Brien, V., Marshall, L., Olson, J. W., Noelle, R. J., and Snow, E. C. (1991). 

Pulverer, B. J., Kyriakis, J. M., Avruch, J., Nikolaki, E., and Woodgett, J. R. (1991). Nature 

Pure, E., and Tardelli, L. (1992). Proc. Natl. Acad. Sci. U.S.A. 89,114-117. 
Ransom, J. T., Harris, L. K., and Cambier, J. C. (1986).J. Immunol. 137,708-714. 
Ransone, L. J., and Verma, I. M. (1990). Annu. Rev. Cell B i d .  6,539-557. 
Raynal, M.-C., Liu, Z., Hirano, T., Mayer, L., Kishimoto, T., and Chen-Kiang, S. (1989). 

87,1114-1118. 

J .  Biol. Chem. 266,5563-5574. 

Ohara, J., (1986). Cell. Immunol. 99,7-13. 

146,833-839. 

93- 104. 

J .  Immunol. 140,1791-1795. 

J .  Immunol. 146,1633-1641. 

(London) 353,670-674. 

Proc. Natl. Acad. Sci. U.S.A. 86,8024-8028. 



292 MICHAEL R. GOLD AND ANTHONY L. DEFRANCO 

Remillard, B., Petrillo, R., Maslinski, W., Tsudo, M., Strom, T. B., Cantley, L., and 

Reth, M. (1989). Nature (London) 338,383-384. 
Reth, M .  (1992). Annu. Rec;. lmmunol. 10,97-121. 
Ridley, A. J., and Hall, A. (1992). Cell (Cambridge, Mass.) 70,389-399. 
Ridley, A. J . ,  Paterson, H. F., Johnston, C. L., Diekmann, D., and Hall, A. (1992). Cell 

Roberts, T. (1992). Nature (London) 360,534-535. 
Roifman, C. M., and Wang, G. (1992). Biochem. Biophys. Res. Commtrn. 183,411-416. 
Romeo, C., Amiot, M., and Seed, B. (1992). Cell (Cambridge, Mass.) 68,889-897. 
Rooney, J. W., Dubois, P. M., and Sibley, C. H. (1991). Eur. J. Immunol. 21,2993-3008. 
Rothstein, T. L. (1986).J. lmmunol. 136,813-816. 
Rothstein, T. L., Baeker, T. R., Miller, R. A,, and Kolber, D. L. (1986). Cell. Immunol. 

102,364-373. 
Roussel, R. R., Brodeur, S. R., Shalloway, D., and Laudano, A. P. (1991). Proc. Natl. Acad. 

Sci. U.S.A. 88,10696-10700. 
Rozakis-Adcock, M., McGlade, J., Mbamalu, G., Pelicci, G., Daly, R., Li, W., Batzer, A., 

Thomas, S., Brugge, J., Pelicci, P. G., Schlessinger, J.,  and Pawson, T. (1992). Nature 
(London) 360,689-692. 

Varticovski, L. (1991). J. Biol. Chem. 266,14167-14170. 

(Cambridge, Mass.) 70,401-410. 

Rubin, G. W. (1991). Trends Genet. 7,372-377. 
Rudd, C. E., Treveillyan, J. M., Dasgupta, J .  D., Wong, L. L., and Schlossman, S. F. 

Sakaguchi, N., Kashiwamura, S.-I., Kimoto, M., Thalmann, P., and Melchers, F. (1988). 

Salisbury, J. L., Condeelis, J. S., Maihle, N. J., and Satir, P. (1981). Nature (London) 294, 

Saltiel, A. R., Fox, J. A., Sherline, P., and Cuatrecasas, P. (1986). 233,967-972. 
Saltzman, E. M., Thom, R. R., and Casnellie, J. E. (1988).]. Biol. Chem. 263,6956-6959. 
Samelson, L. E., and Klausner, R. D. (1992). J. Biol. Chem. 267,24913-24916. 
Satoh, T., Endo, M., Nakafuku, M., Nakamura, S., and Kaziro, Y. (1990a). Proc. Natl. 

Satoh, T., Endo, N., Nakafuku, M., Akiyama, T., Yamamoto, T., and Kaziro, Y. (1990b). 

Satoh, T., Nakafuku, M., Miyajima, A., and Kaziro, Y. (1991). Proc. Natl. Acad. Sci. U.S.A. 

Satoh, T., Minami, Y., Kono, T., Yamada, K., Kawahara, A., Taniguchi, T., and Kaziro, Y. 

Schittek, B., and Rajewsky, K. (1990). Nature (London) 346,749-751. 
Schulte, R. J . ,  Campbell, M.-A., Fischer, W. H., and Sefton, B. M. (1992). Science 258, 

Sefton, B. M., and Campbell, M.-A. (1991). Annu. Rev. Cell Biol. 7,257-274. 
Serunian, L. A., Haber, M. T., Fukui, T., Kim, J. W., Rhee, S. G., Lowenstein, J.  M., and 

Settleman, J., Albright, C. F., Foster, L. C., and Weinberg, R. A. (1992a). Nature (Lon- 

Settleman, J . ,  Narasimhan, V., Foster, L. C., and Weinberg, R. A. (1992b). Cell (Cam- 

Seyfert, V. L., Sukhatme, V. P., and Monroe, J. G. (1989). Mol. Cell. Biol. 9,2083-2088. 
Seyfert, V. L., McMahon, S., Glenn, W., Cao, X., Sukhatme, V. P., and Monroe, J. G. 

(1988). Proc. Natl. Acad. Sci. U.S.A. 85,5190-5194. 

EMBOJ. 7,3457-3464. 

163-166. 

Acad. Sci. U.S.A. 87,5993-5997. 

Proc. Natl. Acad. Sci. U S A .  87,7926-7929. 

88,2789-2793. 

(1992). J. Biol. Chem. 267,25423-25427. 

1001-1004. 

Cantley, L. C. (1989). J .  Biol. Chem. 264, 17809-17815. 

don) 359,153-154. 

bridge, Mass.) 69,539-549. 

(1990). J .  Immunol. 145,3647-3653. 



BIOCHEMISTRY OF B LYMPHOCYTE ACTIVATION 293 

Shaw, A. C., Mitchell, R. N., Weaver, Y. K., Campos-Torres, J., Abbas, A. K., and Leder, 

Shibuya, H., Yoneyama, M., Ninomiya-Tsuji, J., Matsumoto, K., and Taniguchi, T. 

Shiroo, M., Goff, L., Biffen, M., Shivnan, E., and Alexander, D. (1992). EMBOJ. 11, 

Siegel, J. N., Klausner, R. D., Rapp, U. R., and Samelson, L. E. (199O).J. Biol. Chem. 265, 

Sieh, M., Bolen, J. B., and Weiss, A. (1993). EMBOJ. 12,315-321. 
Siliciano, J. D., Morrow, T. A., and Desiderio, S. V. (1992). Proc. Natl. Acad. Sci. U.S.A. 

Simon, M. A., Dodson, G. S., and Rubin, G. M. (1993). Cell (Cambridge, Mass.) 73, 

Skolnik, E., Margolis, B., Mohammadi, M., Lowenstein, E., Fischer, R., Drepps, A., 

Smith, M. R., DeGudicibus, S. J., and Stacey, D. W. (1986). Nature (London) 320, 

Snow, E. C., Noelle, R. J., Uhr, J. W., and Vitetta, E. S. (1983)J Immunol. 130,614-618. 
Snow, E. C., Fetherston, J. D., and Zimmer, S. (1986).J. E x p .  Med. 164,944-949. 
Songyang, Z. Shoelson, S. E., Chaudhuri, M., Gish, G., Pawson, T., Haser, W. G., King, 

F., Roberts, T., Ratnofsky, S., Lechleider, R. J., Neel, B. G., Birge, R. B., Fajardo, J. E., 
Chou, M. M., Hanafusa, H., Schaffhausen, B., and Cantley, L. C. (1993). Cell (Cam- 
bridge, Mass.) 72,767-778. 

Soriano, P., Montgomery, C., Geske, R., and Bradley, A. (1991). Cell (Cambridge, Mass.) 
64,693-702. 

Spriggs, M. K., Armitage, R. J., Strockbine, L., Clifford, K. N., Macduff, B. M., Sato, T. A., 
Maliszewski, C. R., and Fanslow, W. C. (1992).J. E r p .  Med. 176,1543-1550. 

Stamenkovic, I., and Seed, B. (1990). Nature (London) 345,74-77. 
Stamenkovic, I., Sgroi, D., Aruffo, A., Sy, M. S., and Anderson, T. (1991). Cell (Cam- 

Stein, P. L., Lee, H. M., Rich, S., and Soriano, P. (1992). Cell (Cambridge, Mass.) 70, 

Stephens, L. R., Hughes, K. T., and Irvine, R. F. (1991). Nature (London) 351,33-39. 
Sternberg, P. W., and Horvitz, H. R. (1991). Trends Genet. 7,366-371. 
Stover, D. R., Charbonneau, H., Tonks, N. K., and Walsh, K. A. (1991). Proc. Natl. Acad. 

St.-Pierre, Y., Nabavi, N., Ghogawala, Z., Glimcher, L. H., and Watts, T. H. (1989). 

Strasser, A., Whittingham, S., Vaux, D. L., Bath, M. L., Adams, J. M., Cory, S., and Harris, 

Sturgill, T. (1988). Nature (London) 334,715-718. 
Subbarao, B., and Mosier, D. E. (1983).]. Immunol. 130,2033-2037. 
Sun, X. J., Rothenberg, P., Kahn, C. R., Backer, J. M., Araki, E., Wilden, P. A., Cahill, 

Taga, T., Hibi, M., Hirata, Y., Yamasaki, K., Yasukawa, K., Matsuda, T., Hirano, T., and 

Takagi, S., Daibata, M., Last, T. J., Humphreys, R. E., Parker, D. C., and Sairenji, T. 

Taniguchi, T., and Minami, Y. (1993). Cell (Cambridge, Mass.) 73,5-8. 
Taniguchi, T., Kobayashi, T., Kondo, J., Takahashi, K., Nakamura, H., Suzuki, J., Nagai, 

P. (1990). Cell (Cambridge, Mass.) 63,381-392. 

(1992). Cell (Cambridge, Mass.) 70,57-67. 

4887-4897. 

18472- 18480. 

89,11194-11198. 

169-177. 

Ullrich, A., and Schlessinger, J. (1991). Cell (Cambridge, Mass.) 65,83-90. 

540-543. 

bridge, Mass.) 66,1133-1144. 

741-750. 

Sci. U.S.A. 88,7704-7707. 

J .  Immunol. 143,808-812. 

A. W. (1991). Proc. Natl. Acad. Sci. U.S.A. 88,8661-8665. 

D. A., Goldstein, B. J., and White, M. F. (1991). Nature (London) 352,73-77. 

Kishimoto, T. (1989). Cell (Cambridge, Mass.) 58,573-581. 

(1991). J .  E x p .  Med. 174,381-388. 



294 MICHAEL R. GOLD AND ANTHONY L. DEFFlANCO 

K., Yamada, T., Nakamura, S., and Yamamura, H. (1991). ]. Biol. Chem. 266, 15790- 
15796. 

Taylor, S. J. ,  Chae, H. Z., Rhee, S. G., and Exton, J. H. (1991). Nature (London) 350, 
516-518. 

Tigges, M. A., Casey, L. S., and Koshland, M. E. (1989). Science 243,781-786. 
Tilzey, J. F., Chiles, T. C., and Rothstein, T. L. (1991). Biochem. Biophys. Res. Commun. 

Tite, J. P., Kaye, J., and Jones, B. (1984). Eur.J. Immunol. 4,553-561. 
Tony, H.-P., and Parker, D. C. (1985). J .  E r p .  Med. 161,223-241. 
Tony, H.-P., Phillips, N. E., and Parker, D. C. (1985). J. E x p .  Med. 162,1695-1708. 
Torigoe, T., Saragovi, H. U., and Reed, J. C. (1992). Proc. Natl. Acad. Sci. U.S.A. 89, 

Trahey, M., and McCormick, R. (1987). Science 238,542-545. 
Tsukada, S., Saffran, D. C., Rawlings, D. J., Parolini, O., Allen, R. C., Klisak, I., Sparkes, 

R. S., Kubagawa, K., Mohandas, T., Quan, S., Belmont, J. W., Cooper, M. D., Conley, 
M. E., and Witte, 0. N. (1993). Cell (Cambridge, Mass.) 72,279-290. 

Turner, B., Rapp, U., App, H., Greene, M., Dobashi, K., and Reed, J.  (1991). Proc. Natl. 
Acad. Sci. U.S.A. 88, 1227-1231. 

Tuveson, D. A,, Carter, R. H., Soltoff, S. P., and Fearon, D. T. (1993). Science 260, 

Uckun, F. M., Schieven, G. L., Dibirdik, I., Chandan-Langlie, M., Tuel-Ahlgren, L., and 
Ledbetter, J. A. (1991).]. Biol. Chem. 266, 17478-17485. 

Valge, V., Wong, J. G. P., Datlof, B. M., Sinskey, A. J., and Rao, A. (1988). Cell (Cam- 
bridge, Mass.) 55,101-1 12. 

Van de Velde, H., von Hoegen, I., Luo, W., Parnes, J .  R., and Thielemans, K. (1991). 
Nature (London) 351,662-665. 

van Noesel, C. J. M., van Lier, R. A. W., Cordell, J.  L., Tse, A. G. D., van Schijndel, 
G. M. W., de Vries, E. F. R., Mason, D. Y., and Borst, J. (1991). J .  Immunol. 146, 

van Noesel, C. J .  M., Lankester, A. C., and van Lier, R. A. W. (1993). Immunol. Today 14, 

Vaux, D. L., Cory, S., and Adams, J. M. (1988). Nature (London) 335,440-442. 
Veillette, A., Bookman, M. A., Horak, E. M., and Bolen, J. B. (1988). Cell (Cambridge, 

Venkitaraman, A. R., Williams, G. T., Dariavach, P., and Neuberger, M. S. (1991). Nature 
(London) 352,777-781. 

Vetrie, D., Vorechovsky, I., Sideras, P., Holland, J., Davies, A., Flinter, F., Hammar- 
strom, L., Kinnon, C., Levinsky, R., Bobrow, M., Smith, I. E., and Bentley, D. R. (1993) 
Nature (London) 361,226-233. 

Vitetta, E. S., Fernandez-Botran, R., Myers, C. D., and Sanders, V. M. (1989). Ado. 
lmmunol. 45,l-105. 

Volarevic, S., Burns, C. N., Sussman, J. J., andAshwel1, J. D. (1990). Proc. Natl.Acad. Sci. 

Wade, W. F., Chen, Z. Z., Maki, R., McKercher, S., Palmer, E., Cambier, J. C., and Freed, 

Waksnian, G., Shoelson, S. E., Pant, N., Cowburn, D., and Kuriyan, J. (1993). Cell 

Wang, L.-M., Keegan, A. D., Paul, W. E., Heidaran, M. A., Gutkind, J. S., and Pierce, J. H. 

Watts, J. D., Sanghera, J. S., Pelech, S. L., and Aebersold, R. (1993). J. Biol. Chem., in 

175,77-83. 

2674-2678. 

986-989. 

3881-3888. 

8-11. 

Mass.) 55,301-308. 

U.S.A. 87,7085-7089. 

J .  H. (1989). Proc. Natl. Acad. Sci. U.S.A. 86,6297-6301. 

(Cambridge, Mass.) 72,779-790. 

(1992). EMBO]. 11,48994908. 

press. 



BIOCHEMISTRY OF B LYMPHOCYTE ACTIVATION 295 

Watts, T. H., Alaverdi, N., Wade, W. F., and Linsley, P. S. (1993). J .  Zmmunol. 150, 

Wegener, A.-M. K., Letoumeur, F., Hoeveler, A., Brocker, T., Luton, F., and Malissen, B. 

Williams, G. T., Venkitaraman, A. R., Gilmore, D. J., and Neuberger, M. S. (1990). J. Exp. 

Wilson, H. A., Greenblatt, D., Poenie, M., Finkelman, F. D., and Tsien, R. Y. (1987). 

Woda, B. A., and Woodin, M. B. (1984). J. Immunol. 133,2767-2772. 
Wong, G., Muller, O., Clark, R., Conroy, L., Moran, M. F., Polakis, P., and McCormick, F. 

Yakura, H., Shen, F.-W., Kaemmer, M., and Boyse, E. A. (1981). J .  Exp. Med. 153, 

Yamanashi, Y., Kakiuchi, T., Mizuguchi, J., Yamamoto, T., and Toyoshima, K. (1991). 

Yamanashi, Y., Fukui, Y., Wongsasant, B., Kinoshita, Y., Ichimori, Y., Toyoshima, K., and 

Yang, L., Baffy, G., Rhee, S. G., Manning, D., Hansen, C. A., and Williamson, J. R. (1991). 

Yatani, A., Okabe, K., Polakis, P., Halenbeck, R., McCormick, F., and Brown, A. M. 

2192-2202. 

(1992). Cell (Cambridge, Mass.) 68,83-95. 

Med. 171,947-952. 

J .  E x p .  Med. 166,601-606. 

(1992). Cell (Cambridge, Mass.) 69,551-558. 

129-135. 

Science 251,192-194. 

Yamamoto, T. (1992). Proc. Natl .  Acad. Sci. U.S.A. 89,1118-1122. 

J .  Biol. Chem. 266,22451-22458. 

(1990). Cell (Cambridge, Mass.) 61,769-776. 

This article was accepted for publication on 4 June 1993. 



ADVANCES IN IMMUNOLOGY, VOL. 55 

CD5 B Cells, a Fetal B Cell lineage 

RICHARD R. HARDY AND KYOKO HAYAKAWA 

lnstituh far Cancer Research, Fox Chase Cancer Center, Philadelphia, Pennsyiwnk 191 1 I 

I. introduction 

Appreciation of heterogeneity in B cells has progressed substantially 
in the past decade based on investigation of the expression of a diverse 
array of surface markers. Earlier morphological and anatomical analy- 
ses had clearly discriminated B cells in the primary follicles of spleen 
from those in the marginal zone and germinal centers so that one could 
then ask whether expression of distinctive combinations of surface 
markers might provide an alternative way to delineate these popula- 
tions. Studies showed that primary follicles largely consist of 
IgM+IgD++ cells, whereas marginal zone cells are IgM++IgD- (Kro- 
ese et al., 1990; Gray et aE., 1982). Germinal center B cells have been 
discriminated based on their high-level expression of the lectin, pea- 
nut agglutinin, along with unique levels of expression of several other 
cell surface molecules (Butcher et al., 1982). However, the cell dy- 
namics and precursor/progeny relationships among many of these phe- 
notypically distinct subsets remain only incompletely understood. Al- 
though this heterogeneity has been interpreted as representing 
differences in stages of cell maturation or activation state in most cases, 
it now appears that some may represent distinctive subsets of mature B 
cell populations with different developmental origins. 

In this review we cover progress in our understanding of an infre- 
quent B cell subset, CD5+ B cells (referred to hereafter simply as 
“CD5 B cells”), initially identified 10 years ago as “Ly-1 B” in mice 
(Hayakawa et al., 1983). After a short background ofCD5 expression on 
B cells, we focus on the issue ofthe relationship of CD5 B cells to B cell 
development, proposing a model that views this subset as the progeny 
of a fetal B cell differentiation pathway. Then we review several 
features of this population that distinguish it from other B cells, includ- 
ing a possible relationship between the normal population and the 
numerous CD5+ B cell neoplasias. Next we discuss another feature 
that has evoked much interest, an apparent bias toward expressing 
autoreactive specificities along with skewed V gene usage. Finally, we 
briefly touch on work with the putative homologous human B cell 
subset, highlighting similarities and current work. 
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II. Background 

A. INITIAL REWRTS OF EXPRESSION OF THE PAN-T CELL CD5 
MARKER ON B CELLS 

The expression of a T cell differentiation antigen on certain B cell 
tumors was first reported in a human leukemia study in 1978 (Boumsell 
et al., 1978). This expression was found uniquely limited to Ig+ cells in 
B chronic lymphocytic leukemia (B CLL) (and B lymphocytic lym- 
phoma) and was not detected on Ig+ cells in acute B leukemia, Bur- 
kitt's lymphomas, or other B cell proliferative disorders (Boumsell et 
at., 1980; Wang et al., 1980; Royston et at., 1980; Kamoun et al., 1981). 
Later, the antigen was determined to be CD5 (Wang et al., 1980). In 
the mouse, Lanier et al. (1978,1981) found that CD5 was expressed on 
several B cell lines (in the CH series) from B10.H-2aH-4b mice. The 
level varied among CH lines; however, subsequent more sensitive 
analysis strongly suggested that almost all of the CH lines expressed 
CD5 (Haughton et al., 1986). In support of this high incidence of CD5 
expression on late-appearing B lymphomas, Davidson et al. (1984) 
found that almost all cell lines derived from individual B lineage 
lymphomas occurring in NFS/N v-congenic mice express CD5. 

Following the detection of CD5 on malignant B cells, initial at- 
tempts to detect B cells with this phenotype in normal adults were 
equivocal, because of the apparent paucity of such cells (Boumsell et 
al., 1978, 1980; Wang et al., 1980). However, utilizing a characteristic 
shared by B CLL and a subset of normal B lymphocytes, of forming 
rosettes with mouse erythrocytes, Caligaris-Cappio et al. (1982) re- 
ported the infrequent presence of CD5-positive B cells in human 
peripheral lymphoid tissues. The presence of similar cells in mice was 
also suggested by Ledbetter et al. (1980). Finally, improvements in 
multiparameter analysis using the fluorescence-activated cell sorter 
conclusively demonstrated the presence of these cells as normal con- 
stituents of the both murine and human lymphoid compartments 
(Hardy et al., 1982; Manohar et al., 1982; Hayakawa et al., 1983; Antin 
et al., 1986; Hardy and Hayakawa, 1986). The CD5 homologue in 
rabbit has been identified and shown to be expressed on most B cells in 
this species (Raman and Knight, 1992). 

B. THE CD5 MOLECULE 
Homology between human and mouse CD5 molecules had been 

predicted from their distribution on several cell types and from their 
similar molecular mass (67 kDa) (Wang et al., 1980; Lanier et al., 1981; 
Ledbetter et al., 1981). cDNA clones have been isolated for both 
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human (Jones et al., 1986) and mouse (Huang et al., 1987) CD5 and 
their sequences show 63% similarity overall, with strong (90%) homol- 
ogy in their carboxy-terminal regions and conservation of a cystein-rich 
amino-terminal region (Huang et al., 1987; Jones et al., 1986). Al- 
though a protein homology search failed to detect strong similarity 
with any other sequence in the available databases, CD5 is considered 
a distant member of the immunoglobulin gene superfamily because of 
predicted secondary structure similarities in the first amino-terminal 
subregion and identities between certain conserved residues (Huang 
et al., 1987). Furthermore, both human and mouse CD5 show similar 
binding specificity: CD5 was found to bind to CD72 in humans, and its 
homologue, Lyb-2, in mice (Van de Velde et al., 1991; Luo et al., 1992). 

Expression of CD5 on B cell lines has been confirmed both by 
immunoprecipitation (Martin et al., 1981; Lanier et al., 1981) and by 
Northern blot analysis (Huang et al., 1987). That the same CD5 gene is 
expressed on normal T and CD5 B cells in mice has been further 
confirmed by the homologous gene targeting method (Tarakhovsky et 
al., 1993) and by RT-PCR analysis (R. Hardy and K. Hayakawa, 1993, 
unpublished). Because Lyb-2/CD72 is present on all B lineage cells 
from the early precursor stage, and antibodies to this molecule can 
stimulate B cells (Subbarao and Mosier, 1983), it is interesting to 
speculate that the CD5/CD72 interaction may mediate T cell/B cell 
collaboration. However, the functional implication of CD5 expression 
on B cells remains an open question. 

111. Origins of CD5 B Cells 

A. EARLY ONTOGENIC APPEARANCE AND PERITONEAL CAVITY 

CD5-expressing B cells in mice have been detected in spleen cells at 
a very low frequency (1-2%) in most adult inbred strains (Hayakawa et 
al., 1983). They are very infrequent in the spleen and peripheral blood, 
but curiously enriched among the B cells found in the peritoneal 
cavity, where they range from 10 to 40% of total cells (Hayakawa et al., 
1989a). In contrast, CD5 B cells are normally undetectable in bone 
marrow, lymph nodes, Peyer's patches, and the thymus (Hayakawa et 
al., 1983, 1986a,b). There has also been a report that the very infre- 
quent B cell population present in the thymus is CD5' (Miyama et al., 
1988), although this observation awaits further confirmation because 
another group failed to find this (Farinas et al., 1990). During ontog- 
eny, CD5 B cells constitute a relatively high proportion (30%) of 
splenic and peritoneal cavity IgM+ B cells during the neonatal stage (1 

LOCALIZATION 
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week) (Hayakawa et at., 1983; Haughton et al., 1986), with peritoneal 
cavity retaining this high percentage into adulthood. These CD5 B 
cells in mice are consistently characterized by low levels of CD5 and 
low (or undetectable) levels of IgD (IgD"). In comparison, CD5- B 
cells are found in typical lymphoid organs in increasing numbers with 
development, the majority of which eventually express high levels of 
IgD (IgD++). 

An enrichment of CD5 B cells in unique anatomical locations has 
also been reported in humans: CD5 B cells have been detected in the 
human peritoneal cavity in the early fetus (Bofill et al., 1985). The 
mechanism that maintains high levels of CD5 B cells in the murine 
peritoneal cavity remains unclear and several hypotheses have been 
proposed. It should be noted that CD5 B cells are not simply "perito- 
neal cavity homing B cells" since variable numbers of IgD++ B cells 
are present in this location and, conversely, the number of CD5 B cells 
in spleen is comparable to that recovered from the peritoneal cavity. 

B. GENERATION OF CD5 B CELLS FROM FETAL B PROGENITORS 
Bone marrow is considered to be the primary site for B cell develop- 

ment in adult mice. Surprisingly, cell transfer experiments showed 
that CD5 B cells, in particular, are poorly generated from adult bone 
marrow as compared to fetal or newborn liver or bone marrow from 
young mice (Table I) (Hayakawa et al., 1985). This paucity of CD5 B 
cell generation from adult bone marrow has been confirmed in analy- 
ses of >lo0 recipients (Lalor et al.,  1989b). The occasional studies 
published to date purporting to demonstrate CD5 B cell repopulation 
in adult recipients from adult bone marrow either consider CD5- B 
cells in the peritoneal cavity as equivalent to CD5+ cells (Lalor et al., 
1989b) or else appear to suffer from a lack of good flow cytometry 
sensitivity, lack of appropriate staining controls, or both. 

This restriction of CD5 B cell generation to early B cell precursor 
sources is not due to the presence of cells that influence the induction 
of CD5 on B cells. As Kantor et al. (1992) demonstrated, when animals 
were reconstituted with mixtures of fetal liver and bone marrow, 
wherein an allotype difference allowed discrimination of their 
progeny, then CD5 B cells were restricted to the fetal liver precursors. 
Furthermore, reconstitution of recipient mice using fractions sorted to 
enrich for hematopoietic stems cells (HSCs) using the criteria of 
Thy-l'"/lineage- (Muller-Sieburg et al., 1986; Spangrude et al., 1988), 
corresponding to 0.2% of adult bone marrow and fetal or newborn 
liver, also revealed that numerous CD5 B cells are produced if liver is 
used, but few if bone marrow is the source (Hardy and Hayakawa, 



TABLE I 
DEVELOPMENTALLY REGULATED POTENTIAL FOR GENERATION OF PHENOTYPICALLY DISTINCT B CELL SUB SETS^ 

B Cell Phenotype Generated 

Type of Experiment Cell Source Ontogenic Timing Cell Fraction IgD'CD5+ IgD++CD5- 

Cell transfer Liver 
Liver 
Bone marrow 
Bone marrow 

gs. d 13-14 
Newborn 
1 month 
3 months 

Total 
Total 
Total 
Total 

+ 
+ 
f 
- 

+ 
+ 
+ 
+ 

Liver 
Liver 
Bone marrow 

gs. d 15-16 
Newborn 
3 months 

Stem cell 
Stem cell 
Stem cell 

+ 
+ 
- 

+ 
+ 
+ 

Liver 
Liver 
Bone marrow 

gs. d 15-16 
Newborn 
3 months 

Pro-B 
Pro-B 
Pro-B 

+ 
+ 
- 

- 
+ 
+ 

gs. d 13 Total Omentum + 

Cell culture Liver 
Bone marrow 

gs. d 15-16 
3 months 

Pro-B 
Pro-B 

+ 
- 

n.a. 
n.a. 

Newborn L-T+aGM ' Liver + n.a. 

a Key: gs. d, gestational day; stem cell, Thy-I'OLin-; pro-B, progenitor B cell fraction, B220+CD43+HSA+; L-T+aCMI+, Lin-Thy-l+asialoCM1+ fraction; 
n.a., not appropriate (IgD+* cells are rarely generated in uitro). 
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1992). These data imply that the difference in B cell development is 
intrinsic to the hematopoietic stem or early progenitor cells. 

However, repopulation using HSCs cannot resolve putative re- 
stricted progenitors for CD5 B cells in the fetus, because the stem cell 
is capable of extensive self-renewal capacity and so could potentially 
colonize the bone marrow of recipients, giving rise to a fully reconsti- 
tuted animal similar to normal ontogenic development. The genera- 
tion of both CD5+ and CD5-IgDff B cells from fetal liver can be 
explained by this rationale. To address this possibility, an alternative 
approach is to use B cell lineage-committed progenitors that do not 
have significant self-renewing potential. In this case, recipient mice 
should possess the ability to permit long-term survey without full 
reconstitution of hematopoietic cells but bear appropriate microen- 
vironments allowing lymphoid cell generation. Therefore, mice with 
severe combined immunodeficiency (SCID), lacking only mature B 
and T lineage cells, are excellent recipients for such studies (Bosma et 
aZ., 1983). 

Early B lineage cells in bone marrow can be defined by coexpression 
of B220 and leukosialin (CD43) (Hardy et al., 1991). Cells expressing 
B220, CD43, and the heat-stable antigen (HSA) were shown to possess 
largely D-J, but not V-DJ, rearrangements and thus consist of an 
enriched population of “pro-B cells.” Transfer of such pro-B fractions 
sorted from bone marrow and fetal liver reconstituted B cells with 
distinct phenotypes: fetal pro-B gave rise to B cells with low levels of 
IgD, many expressing CD5, whereas adult pro-B gave rise to B cells 
with high levels of IgD, few expressing CD5 (Hardy and Hayakawa, 
1991). This result provides strong evidence that CD5 B cells are the 
progeny of a distinct fetal B cell differentiation pathway. In addition, 
data also suggest that the progeny of fetal pro-B cells do not all bear 
CD5, although most are IgD’, as with CD5 B cells. 

Another approach for enriching distinct progenitors is to determine a 
distinct anatomical location for CD5 B cell precursors, and the work of 
Keamey and co-workers (Solvason et d., 1991) suggests that the fetal 
omentum is such an area. They engrafied total fetal omentum into 
SCID mice and then observed restricted repopulation of CD5 B cells 
(along with IgD-CD5- B cells). T cell were not produced, which 
suggests that the fetal omentum is a site of B lineage cells committed to 
a distinct differentiation pathway that does not yield “conventional” B 
cells. The human fetal omentum is also a site of B lymphopoiesis 
(Solvason and Kearney, 1992). Whether such omentum B progenitor 
cells are disseminated from fetal liver remains to be determined. 

The transfer data described previously all employed adult recipi- 
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ents, either SCID or irradiated mice. Whether a stem cell (and at what 
stage) from adult animals might give rise to CD5 B cells on transfer into 
a fetal or neonatal environment is an interesting but unsettled issue. 
Nevertheless, fetal and adult B lineage cells in vivo appear to be 
already committed to the differential levels of CD5 induction, regard- 
less of environment since CD5 expression was clearly seen after short- 
term culture of fetal pro-B cells, but not adult pro-B cells, and both 
cultures yielded similar numbers of IgM+ cells. A potential distinct 
precursor for CD5 B cells was also suggested by earlier work sub- 
setting the lineage- (Lin-) fraction (the 2-5% of cells lacking surface 
expression characteristic of B, T, myeloid, or erythroid lineages) of 
newborn liver with Thy-1 and asialo-GM1 (aGMl), showing that one 
fraction gave rise to CD5 B cells when cultured on a fetal liver-derived 
stromal line (Hardy et al., 1987b). Thus, whereas Thy-l+aGMl- cells 
proliferated most, they generated few B220+ cells in short-term cul- 
ture, whereas Thy-l-aGM1+ cells proliferated to a more limited ex- 
tent, but most (greater than 90%) began to express B220 and a large 
fraction (up to 50%) became surface IgM+ after 2 weeks in culture. 
Many of these IgM+ cells also expressed CD5. A cell population with 
this Lin-Thy-l-aGMl+ phenotype was found in fetal and newborn 
liver, and in bone marrow of young mice, but few were detectable in 
adult bone marrow (Hardy et al., 1987b), suggesting that aGM1 expres- 
sion may distinguish between fetal and adult early B lineage precursor 
cells. 

CD5 B cells can self-reconstitute a population of CD5 B cells when 
injected into irradiated recipients (Hayakawa et al., 1986b). Further- 
more, this reconstituted popuiation remains at stable levels in recipi- 
ents for a long period (6 months or more) (Hayakawa et al., 1986b). 
Experiments that involved injecting peritoneal cavity B cells into new- 
born mice demonstrated significant proliferation of CD5 B cells by the 
time that the recipients had reached adulthood (Forster and Rajewsky, 
1987). This repopulating capacity is not limited to CD5 B cells in the 
peritoneal cavity because splenic Ig+ cells in the newborn (including 
CD5+ B cells) also reconstitute exclusively CD5 B cells (Hayakawa et 
al., 1986a,b). Whether this self-renewal activity can be applied to all 
CD5 B cells newly generated in early ontogeny, or is instead a feature 
of those CD5 B cells selectively retained into adulthood, is not estab- 
lished. Nevertheless, this observation provides a simple explanation 
for how CD5 B cells can maintain stable numbers through life in the 
absence of constant resupply from the bone marrow. 

Lalor et al. (1989a,b) further characterized this property by utilizing 
the surface immunoglobulin phenotype of CD5 B cells. Treatment of 
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immunoglobulin allotype homozygous mice with anti-IgM specific for 
this allotype completely abrogated the generation of CD5 B cells in 
later life, whereas other (CD5-) B cells of this allotype appeared after 
cessation of antibody administration. Total lymphoid irradiation of 
adult animals can also eliminate the CD5 B cell population, whereas 
the CD5-IgD++ B cells and the T cells will regenerate (E. Field, R. 
Hardy, and K. Hayakawa, 1989, unpublished). Thus eliminating or 
blocking the generation of CD5 B cells during an early developmental 
stage (or eliminating them from the adult) appears to eliminate such 
cells for the life of the animal in most cases, but some have observed 
eventual regeneration (Farinas et al., 1990; Ishida et al., 1992). Thus, 
the possibility that there may be a reservoir of precursors for fetal B 
cells that is maintained through life cannot be excluded. In this view, 
as Lalor et al. (1989) propose, continuing CD5+ B cell generation from 
such precursors might be normally blocked by feedback regulation. 

IV. Model for Generation of CD5 B Cells 

The data described above suggest a model of B cell generation that 
regards fetal and adult B cell differentiation as significantly different 
(Fig. 1). The potential to generate CD5 B cells appears largely re- 
stricted to early ontogeny. Furthermore, the B lineage cells generated 
during this early developmental timing in viuo appear to be committed 
to a unique fetal B cell pathway, the majority of which begin to express 
CD5 and which do not progress into a stable IgDff B cell population 
(in mice). At least some of these CD5 B cells can persist (or maintain 
their progeny) for the lifetime of the animal, as shown by self-renewing 
activity. Indeed, the CD5 B cell progenies of fetal day 16 gestation 
pro-B cells have been observed in the absence of any other lymphoid 
cells for more than 1 year (R. Hardy and K. Hayakawa, 1992, unpub- 
lished). However, the extent of cell dynamics within the fetal B cell 
population is not yet established. As described later, an alteration of 
repertoire in the CD5 B cell population with time suggests selection 
by antigens, likely positive selection by self-antigens. Furthermore, 
since bone marrow in young animals still retains some capacity to 
generate CD5 B cells (although fewer) in cell transfer experiments, its 
contribution to the adult CD5 B cell pool in unmanipulated animals 
cannot be completely excluded. However, experiments that block 
CD5 B cell generation in neonates or eliminate it from adults strongly 
suggests that the majority of the CD5 B cell subset in adult mice is 
derived during the fetal (to early postnatal) stage of ontogeny. 

Since stem cell-enriched or B lineage-committed fractions in the 
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FIG. 1. Developmental switch in B lymphopoiesis: model for the developmentally 
regulated generation of B cell precursors. In this view, cells at the pro-B cell stage and 
after are readily distinguishable. The hematopoietic stem cell population has also been 
shown as distinct, but this is not absolutely necessary. 

bone marrow of adult mice (>3 months) do not generate CD5 B cells, 
this supports the concept of a “developmental switch” in B lymphopoi- 
esis. Some have proposed to refer to CD5 cells as “B-la” cells and to 
those CD5- B cells that share some phenotypic and functional features 
as “B-lb” cells (Kantor, 1991). This is intended to contrast these sub- 
sets, regardless of CD5 expression, with the predominant “conven- 
tional” population of CD5-IgD++ B cells in spleen, which might be 
termed B-2 cells in this nomenclature. However, this terminology 
implies a relationship between B-la and B-lb cells that is not estab- 
lished and that can lead to confusion. Thus, some regard generation of 
IgD’Mac-l+ cells (“B-lb”) in the peritoneal cavity as evidence of a 
“CD5 B cell type” repopulation because of the location and the self- 
reconstituting activity. But it is clear that both fetal and adult B lineage- 
committed fractions can contribute to this pool (Hardy and Hayakawa, 
1991; Kantor et al., 1992), and so the definition of B-lb as a distinct 
“lineage” becomes rather murky. In the model we propose, it may be 
more appropriate simply to term fetally generated B cells as B-1 cells, 
and B cells generated later in ontogeny (in the adult) ad B-2 cells. 
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It is possible that the CD5-IgD+ cells produced in ontogeny (per- 
haps even derived from CD5-IgD++ cells after antigen exposure) may 
share a number of similarities with fetally derived CD5 B cells. 
However, the differentiation and diversification of the progeny of bone 
marrow B lineage cells in the periphery are still not completely under- 
stood (for example, the origins of the marginal zone cells), and so 
further studies are clearly required. For this reason, in this review, we 
focused our attention on CD5+ B cells, even though this may overlook 
some closely related CD5- B cells derived from the same fetal pre- 
cursor source. 

V. Properties of Murine CD5 6 Cells 

A. SURFACE PHENOTYPE 
CD5 B cells sorted from NZB spleen or BALBlc peritoneal cavity 

show lymphoid morphology (large nucleus and scanty cytoplasm) 
(Hayakawa et al., 1983) and express many surface molecules common 
to B cells (Hayakawa et al., 1983). However, compared with small 
(high IgD expressing) B cells, they are relatively larger, show more 
internal granularity (measured by large-angle light scatter on the cell 
sorter) (Hayakawa et al., 1986a), and are slightly more adherent to glass 
(Hayakawa et al., 1986a), but are smaller than mitogen-activated B 
cells and less granular or adherent than myeloid cells. CD5 B cells 
express different levels of IgM, depending on strains of mice or age, 
and somewhat higher average levels of surface IgM were found in 
BALB/c and NZB mice. As described earlier, regardless of strains or 
ages, CD5 B cells consistently show much lower levels of IgD than do 
typical (CD5-) B cells (Hayakawa et al., 1983, 1986a). In contrast, the 
IgD level does not distinguish between human CD5+ and CD5- B 
cells (Antin et al., 1986). One of the high-molecular-weight CD45 
isoforms (B220) detected by the monoclonal antibody RA3-6B2 is dis- 
tinctively lower compared with most splenic CD5- B cells (Herzen- 
berg et al., 1986). Mac-1 (CDllb), a molecule normally considered to 
be characteristic of macrophages, is also detectable at low levels on 
CD5 B cells in the peritoneal cavity (Herzenberg et al., 1986; de la 
Hera et al., 1987), but not on CD5 B cells in spleen. CD5 is the only 
one of a group of common T cell differentiation antigens (in both mice 
and humans) found on a subset of B cells and at a distinctive low level: 
10 times lower compared with the average expression found on T cells 
(Hayakawa et al., 1983,1984a; Bofill et al., 1985; Hardy et al., 1987a). 
MHC class I1 molecules are expressed on CD5 B cells similar to 
expression on CD5- B cells (Hayakawa et al., 1983). 



TABLE I1 
FEATURES ASSOCIATED WITH CD5 B CELLS IN DIFFERENT MOUSE STRAINS 

CD5 B cell" Serum IgM 

Mouie strain Frequency Proliferation Malignancy Total Autoantibody Autoimmune Disease Comments 

NZB +++ + + ++ ++ ++ SLE autoimmune syndrome; 

Me' +++ n.a. n.a. ++ ++ ++ Severe autoimmunity 
SMIJ ++ + - + + - Autoantibody without 

lymphoma 

BALBlc + 2 * + ? 
obvious disease 

- Clonal CD5 B cell 
proliferation in aged 
animals 

- Low responder to PC 
- xid blocks autoimmune 

disease in cross to NZB 

ma., not applicable due to early death. 
CD5 B cells detectable in spleen, but not peritoneal cavity. 
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A number of molecules found at distinctive levels are often con- 
sidered to reflect an “activated” state (Table 111). Among these are 
elevated Pgp-1 (Ly24), diminished CD23 (low-affinity receptor for 
IgE), increased HSA (initially reported as 10.1), and detectable 1L-5 
receptor (Murphy et al., 1990; Waldschmidt et al., 1988; Hitoshi et al., 
1990). This might be interpreted as generally supporting the view that 
CDS B cells are an “activated population” or even that CD5 is yet 
another activation marker for B cells, as some have suggested (Cong et 
al., 1991). However, Rothstein and co-workers pointed out that the 
expression of other surface molecules, notably Ia, distinguishes these 
cells from typical mitogen-activated B cells (Murphy et al., 1990). 
Furthermore, the expression of several of these molecules is not nota- 
bly different on CD5 B cells from germ-free mice (Murphy et al., 1990), 
suggesting that external antigens are not responsible for the generation 
or distinctive phenotype of CDS B cells. 

B. STRAIN VARIATION IN LEVELS OF CD5 B CELLS 
A survey of “normal” inbred mouse strains revealed genetic influ- 

ences on the level of CD5 B cells in adult peritoneal cavity, wherein 
each strain shows its own stable level (Hayakawa et al., 1986a) (Table 
11). BALB/c and their H-2 or immunoglobulin allotype (Igh) congenic 
strains have relatively high levels compared with others (C57BLI10, 
CBA, A.TH, 129/Sv, etc.) (Hayakawa et  al., 1986), whereas S JL and the 
Igh congenic SJA strain both show a distinctively lower level (Haya- 
kawa et al., 1984a, 1986a,b). The RIIIS/J strain is reported to lack CD5 
B cells, but CD5-IgDr cells are found at normal levels in the perito- 
neal cavity (Hiernaux et al., 1989). The autoimmune mouse strain NZB 
shows a distinctively higher level of CD5 B cells compared with all 
normal strains by 2 months of age. Another defective strain, “moth- 
eaten viable” (me”), carries a recessive single gene defect, resulting in 
severe immunodeficiency together with autoimmunity (Schultz et al., 
1984), and has decreased numbers of B cells that are almost exclusively 
CDS’ (Sidman et al., 1986). These mice die early before the develop- 
ment of other types of B cells would be expected. Finally, mice bearing 
the X chromosome-linked immunodeficiency, xid (Scher, 1982), have 
impaired CD5 B cell generation: CD5 B cells are absent from the 
peritoneal cavity and autoantibody specificities characteristic of CD5 
B cells are lacking (Hayakawa et al., 1986a,b). NZB mice congenic for 
the xid gene (which eliminates the autoimmune condition of this 
strain) also show this deficit (Hayakawa et  al., 1983). 
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TABLE 111 
CELL SURFACE PHENOTYPES OF FETAL AND ADULT-DERIVED B CELL SUBSETS IN 

ADULT MICE“ 
~~~~~~~~~~~~ ~ ~ 

B220 
B cell Mac-1 Pgp-1 (6B2 
subset IgM IgD CD5 (CDllb) CD23 (CD44) HSA CD43 epitope) 

- Fetal ++ f + + ++ ++ + + 
(“BI”) (some -) ( P e e ) ,  

- (SPU - - + + + +t  Adult + ++ - 
(“B2”) (some +) 

a Predominant phenotype of cells in each population. Some cells in each fraction may show an 
exceptional phenotype, as, for example, the “ B - l b  cells generated from bone marrow and the 
marginal zone B cells. P e a ,  peritoneal cavity cells; spl, spleen cells. 

C. DIFFERENTIATION AND ISOTYPE EXPRESSION 
Almost all CD5+ B lineage cells are found to express surface immu- 

noglobulin and few (if any) cells can be defined in situ as CD5+ pre- or 
pro-B cells (Hardy et al., 1984); the B lineage cell lines transformed by 
retroviruses are a notable exception (Holmes et al., 1986a). Most CD5 
B cells express IgM (with low to undetectable levels of IgD), although 
IgG expression was found on some peritoneal cavity CD5 B cells in 
association with IgM (R. Hardy and K. Hayakawa, unpublished). CD5 
B cells can produce IgG as shown by cell transfer experiments 
(Herzenberg et al., 1986; Solvason et al., 1991) and LPS stimulation in 
vitro (authors, 1988, unpublished). There is no clear-cut evidence at 
present whether CD5 B cells terminally switch to expression of IgG 
alone (after deleting p)  or whether instead these cells express other 
isotypes by transcriptional isotype regulation (Chen et al., 1986; Braun 
et al., 1986). Furthermore, the capacity of this population to undergo 
somatic mutation is not clear. 

This absence of IgG+ (IgM-) CD5+ B cells may be explained by the 
loss of CD5 expression on terminal differentiation. Data from Kroese 
and collaborators investigating the origins of the IgA plasma cells in 
gut tissue suggested unexpectedly that many of these cells are derived 
from CD5 B cells (Kroese et al., 1989). They generated chimeric mice 
in which bone marrow-derived B cells and CD5 B cells differed in 
immunoglobulin allotype. They then analyzed the Ig allotypes of gut- 
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associated tissues, finding that whereas most Peyer’s patch surface 
IgM+ cells were bone marrow derived (similar to spleen or lymph 
nodes), one-half or more of the IgM and IgA plasma cells in the lamina 
propria were of the CD5 B cell allotype, indicating that CD5 B cells 
may play an important role in the mucosal immune system. 

An increased frequency of A light chain expression (10-20%) in the 
normal mouse CD5 B cell population was found in peritoneal cavity 
CD5 B cells (Hayakawa et al., 1986a,b) in the adult. Furthermore, 
CD5+ cell lines spontaneously arising from spleen tissue frequently 
expressed A light chain (Braun, 1983). In addition, there is an increased 
level of A-bearing immunoglobulin in the sera of autoimmune “moth- 
eaten” mice (Schultz and Greene, 1976; Sidman et al., 1986), wherein 
most B cells are CD5+ (Sidman et al., 1986). In the CD5+ NFS-5 line, 
rearrangement of A light chain in the presence of a productive K rear- 
rangement has been demonstrated (Hardy et al., 1986), suggesting a 
possible accumulation of A-expressing cells over time. This line also 
showed V H  gene replacement in subclones (Kleinfield et al., 1986). 
Such differences in immunoglobulin gene regulation between CD5 B 
cells and conventional B cells could reflect some of the (potentially) 
numerous differences in the differentiation program of these cells. 
However, at present there is no evidence that such modes of differenti- 
ation are particularly favored by normal CD5 B cells. 

D. CYTOKINE PRODUCTION AND REGULATION 

B cells could exhibit distinctive functions by secreting novel cy- 
tokines, affecting other cell types or even regulating their own growth 
in an autocrine fashion. CD5+ B lymphoma cell lines have been shown 
to produce several lymphokines, (O’Garra et al., 1990), including 
TGF-P, IL-10, IL-6, TNF-a, TNF-P, and G-CSF. Among these, IL-10 
was confirmed to be produced preferentially by CD5 B cells in normal 
mice. O’Garra, Howard, and collaborators investigated cytokine pro- 
duction by sorted B cells subsets using PCR (O’Garra et d., 1990, 
1992). They found that CD5+ B cell lines and even normal sorted 
populations differed in their production of IL-10 (with or without 
LPS-induced stimulation): production of this cytokine was enriched in 
the normal CD5 B cell subset. More recently, this same group demon- 
strated that continuous treatment with anti-IL-10 from birth elimi- 
nated the CD5 B cell population from the peritoneal cavity (Ishida et 
al., 1992). The effect was subsequently interpreted as an indirect ef- 
fect, in that anti-IL-10 treatment resulted in increased levels of IFN-.)I, 
which appeared directly responsible for the decreased numbers of 
CD5 B cells. Therefore, the original idea of IL-10 as an important 
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autocrine factor for CD5 B cells is not clear. However, since IL-10 is 
known to be associated with helper T cell activity, its preferential 
production by CD5 B cells suggests that some interesting regulatory 
functions in the antibody response could be mediated by this popu- 
lation. 

With regard to cytokine receptors, it has also been reported by two 
groups that CD5 B cells are highly responsive to IL-5 (Wetzel, 1989; 
Umland et al., 1989), although this is also true of IgD++ B cells if they 
are first activated with anti-IgM (Allison et al., 1991). An antibody to 
IL-5 receptor stains most CD5 B cells (Hitoshi et al., 1990). 

E. CD5 EXPRESSION ON MURINE B CELL MALIGNANCIES 
Abnormal CD5 B cell proliferation occurs in NZB mice and is ele- 

vated in (NZB X NZW)Fl mice (Hayakawa et al., 1983). Old BALB/c 
mice also occasionally show a distinctively expanded population of 
splenic CD5 B cells (Stall et al., 1988). In particular, pauciclonal prolif- 
eration of CD5 B cells occurs frequently in NZB mice, is extreme in the 
peritoneal cavity, and often occurs later in the spleen. Such prolifera- 
tion results in splenomegaly consisting almost entirely of CD5 B cells, 
and their presence even in lymph nodes suggests expansion into most 
lymphoid compartments. Hyperdiploid cells, which represent a pre- 
malignant stage (Raveche et al., 1981), reside in the NZB peritoneal 
cavity of the CD5 B population (Seldin et al., 1987; Raveche et al., 
1988). 

An extensive series of studies on the CH B lymphomas has been 
carried out by Haughton and collaborators (1986). This murine B lym- 
phoma system allows one to obtain a set of cell lines generated inde- 
pendently in uiuo and carries significant implications on the associa- 
tion of CD5 B cells with B lymphoma. The CH lymphomas arose in the 
spleen of a particular double-congenic mouse strain, B10.H-2aH-4b, 
either spontaneously or after transfer of spleen cells (SRBC hyperim- 
munized) into syngeneic or F1 recipients (Lanier et al., 1982). All (of 
27) B lymphomas express IgM and surprisingly all express CD5 at 
various levels (Pennell et al., 1985; Haughton et al., 1986). Moreover, 
although they were elicited independently, many shared idiotopes, 
and analysis of a large group suggested an interconnected family of 
related specificities. Thus, seven antiidiotype antisera to individual 
lymphomas were sufficient to define a series of 12 shared idiotopes 
expressed by 21 of the 27 CH tumors (Pennell et al., 1985; Bishop and 
Haughton, 1985). 

Inbred Swiss strain NFS mice are lacking for ecotropic murine leu- 
kemia virus (MuLV) and show a low incidence of nonthymic tumors. 



312 RICHARD R. HARDY AND KYOKO HAYAKAWA 

NFS mice congenic for MuLV (NFS/N v-congenic) show a more than 
threefold increase of nonthymic lymphomas (predominantly B lin- 
eage) and myelogenous leukemias by 18 months of age (Fredrickson et 
al., 1984). Davidson et al. (1984) found that almost all B lymphomas 
occurring in NFS/N v-congenic mice show CD5 expression. Interest- 
ingly, Holmes et al. (1986b) reported that a majority of lines trans- 
formed by various retroviruses (containing the fes, ras, and src onco- 
genes) expressed CD5. These cell lines have pro- or pre-B cell 
phenotypes, as determined by Ig gene rearrangement and surface 
phenotype. Interestingly, some had shared pre-Blmyeloid characteris- 
tics and actually differentiated into macrophages (Davidson et aE., 
1988; Principato et al., 1990). 

CD5 B cells also show unique characteristics in culture: whereas 
most B cells from peripheral lymphoid organs die after a short time in 
culture, CD5 B cells show prolonged survival (Hayakawa et al., 1983). 
This is clear in NZB CD5 B cells (in both the spleen and peritoneal 
cavity) and also in BALBlc CD5 B cells in the peritoneal cavity. Braun 
found that the IgM+ B cells surviving after the crisis phase of culture 
all expressed low levels of CD5 (Braun, 1983). Such lines were gener- 
ated from several different strains and grew rapidly after the initial 
phase. Further analysis showed that these lines had hyperexpression 
and genomic amplification of c-myc (Citri et al., 1987), features not 
characteristic of the normal CD5 B cell population. 

VI. Biases in Specificity 

One of the earliest findings characteristic of CD5 B cells was their 
association with self-reactivity. CD5 B cells were first detected as a B 
cell subset in the autoimmune mouse strain NZB (Manohar et al., 
1982; Hardy et al., 1982; Hayakawa et al., 1983). In addition, CD5+ B 
cell neoplasias have been found to show a high frequency of autoreac- 
tivity (Haughton et al., 1986; Kipps et al., 1988; Sthoeger et al., 1989). 
Finally, certain types of germ-line-encoded IgM autoantibody, such as 
that reacting with bromelain-treated mouse red blood cells (BrMRBC) 
or thymocytes have been shown to derive preferentially from CD5 B 
cells (Hayakawa et al., 1984b, 1990; Hardy et al., 1989). IgM autoan- 
tibody naturally found in normal mouse serum (“natural autoan- 
tibody”) appears to derive preferentially from CD5 B cells, although 
whether this is true of all natural autoantibodies is not clear. These 
antibodies, enriched in CD5 B cells, anti-BrMRBC, and antithy- 
mocytes, exhibit specific binding activity and are not “polyspecific” 
(Conger et aZ., 1992; Hayakawa et al., 1990,1992), a feature claimed to 
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characterize many antibodies produced by CD5 B cells in mice and 
humans (Kearney et al., 1992; Casali et al., 1988). Since the clear 
definition of “polyspecificity” is a controversial issue and requires 
more refinement, we will not attempt to address it further. One final 
speculation on this topic is that many of the determinants recognized 
by CD5 B cells are carbohydrates on glycoproteins or gycolipids that 
could be shared among different molecules, and indeed an example is 
illustrated by some antithymocyte antibodies (Hayakawa et al., 1990). 

In the following section we review some of the self-reactivity associ- 
ated with CD5 B cells and mention several possible explanations for 
the significance of such reactivity. The cross-reactivity by anti- 
BrMRBC with a component of bacterial cell wall has been offered as a 
possible explanation for the enrichment of this specificity (Mercolino 
et al., 1986), although the presence of this specificity in germ-free mice 
argues against this as a causative agent (Cunningham, 1974). Alterna- 
tively, some have suggested that clearance of senescent cells or dena- 
tured proteins might be a function for natural autoantibodies (Boyden, 
1964), which several of these specificities represent. Perhaps the most 
appealing suggestion is that the V genes encoding natural autoantibod- 
ies have been selected into the germ-line because such specificities 
cross-react with determinants present on frequently encountered 
pathogens. In this model, the enrichment of the specificities in CD5 B 
cells due to self-reactivity would then confer a natural immunity to 
these pathogens. This may be particularly important during the neona- 
tal stage after immunity due to maternal antibodies has decayed but 
before the individual’s own T-dependent immune system has de- 
veloped. 

A. AUTOIMMUNE MICE: NZB, MOTHEATEN, AND 

NZB spleen cells secrete high levels of IgM, including autoantibody 
(anti-ssDNA, anti-T cell)) when incubated in uitro. This “spon- 
taneous” secretion is often solely from CF5 B cells (Hayakawa et al., 
1983), and in a study by Hayakawa et al. (1984b), the autoantibody ratio 
(to total secreted IgM) was enriched in CD5 B cell-derived IgM. Since 
the total serum IgM level and splenic CD5 B cell level roughly corre- 
late in young NZB adults (A. Steinberg, R. Hardy, and K. Hayakawa, 
1983, unpublished), the CD5 B cell population in NZB mice may 
contain a higher frequency of Ig-secreting cells than other B cells and 
may be largely responsible for autoantibody secretion, in particular of 
the IgM isotype. However, because NZB IgM secretion appears af- 
fected by two genetic factors, one affecting the number of IgM- 

LYMPHOPROLIFERATION DEFECT 
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secreting cells and another the amount secreted per cell (Manny et al., 
1979), the presence of CD5 B cells in increased numbers must be 
considered separately from their etiologic significance in autoantibody 
secretion. In fact, old NZB mice eventually reveal large deviations in 
the level of CD5+ B cells, some showing pauciclonal proliferation 
without Ig secretion. Nevertheless, although the study of the immune 
system in NZB mice involves several genetic traits unique to this 
strain, examination of CD5 B cells in NZB mice clearly demonstrates 
two distinctive capabilities of this population, namely proliferation 
and high autoantibody secretion. 

Motheaten (me) mice also serve to implicate CD5 B cells with auto- 
antibody. These me mice die of severe immune complex syndrome 
shortly after birth (Schultz and Greene, 1976). Abnormally high levels 
of serum autoantibodies found in such me or me viable (me") (Schultz 
et al., 1984; Schultz and Greene, 1976) mice must be strongly related to 
CD5 B cells since almost all B cells in meG mice show CD5 expression 
(Sidman et al., 1986). A series of studies by Sidman and collaborators 
(1984) showed that such high immunoglobulin secretion seems to be 
promoted by B cell-derived B cell maturation factors uniquely ele- 
vated in me mice. Growth and/or differentiation factor secretion from 
human CD5* B cell lines (Kawamura et al., 1986) and by murine CD5 
B cell-derived hybridomas (Sherr et al., 1987) has also been suggested. 
It is tempting to invoke secretion of such factors as due to unique CD5 
B cell characteristics; however, we must admit that it remains unclear 
whether secretion of such factor(s) is directly responsible for the un- 
usual properties of CD5 B cells (as distinguished from other B cells). 
Sidman and collaborators have published an extensive study ofV gene 
usage in autoreactive hybridomas established from this strain (Kasturi 
et al., 1990), suggesting that they are germ-line encoded. 

Mice with the Ipr  defect have a single gene mutation that results in 
the lymphoproliferation of T linage cells of an unusual phenotype and 
a lupus-like autoimmune syndrome (Cohen and Eisenberg, 1992). 
These mice do not show an increased frequency of CD5 B cells (Haya- 
kawa et al . ,  1983) and the autoantibodies in this strain are predomi- 
nantly of the IgG isotype, in contrast with NZB and motheaten. Shlom- 
chik and Weigert have shown that the Ig V gene sequences that encode 
such autoantibodies are mutated in a manner similar to somatic hyper- 
mutation during affinity maturation in an immune response (Shlom- 
chik et al., 1987). Eisenberg and co-workers investigated the origins of 
these autoantibodies in Zpr mice by analyzing allotype chimeric mice, 
wherein bone marrow and CD5 B cells are distinguishable (Reap et aZ., 
1993). They found that autoantibodies in this strain were produced 
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largely by the conventional (bone marrow derived) B cells, not by CD5 
B cells. Thus, while CD5 B cell are clearly responsible for production 
of many “natural” autoantibodies (and autoantibodies in certain auto- 
immune strains), “pathogenic” autoantibodies, characterized by so- 
matic hypermutation, are likely produced by conventional B cells, 
probably with the help of T cells. 

B. ANTI-BRM RBWANTI-PTC 
Normal mice contain a surprisingly large number of Ig-secreting 

cells, enriched in the peritoneal cavity, that can lyse mouse erythro- 
cytes previously treated with the proteolytic enzyme bromelain (Buss- 
ard, 1966; Pages and Bussard, 1975; Steele and Cunningham, 1978; 
Lord and Dutton, 1975). Deliberate antigen (BrMRBC) immunization 
does not increase their numbers so there is no memory response (Cun- 
ningham, 1974). Their frequency can be increased by polyclonal acti- 
vation (Cunningham, 1974; Hammarstrom et al., 1976; Hang et al., 
1983), but cells with this specificity are also present in germ-free mice 
(Cunningham, 1974) and thus are not simply the result of stimulation 
by gut flora. Their function is unknown, but some have hypothesized a 
role in the clearance of senescent erythrocytes, although this is con- 
troversial (Kaushik et al., 1988). 

A difference in the antibody repertoires of CD5 B cells and 
CD5-IgD++ B cells was first suggested by the restriction of anti- 
BrMRBC autoantibody secretion to CD5 B cells (Hayakawa et al., 
1984b). In these early experiments, essentially all of the plaque- 
forming cells (PFC) in the spleen that lysed BrMRBC were found in 
the fraction sorted as IgM+CD5+ in BALB/c mice. Due to the paucity 
of splenic CD5 B cells in this mouse strain and low CD5 expression, 
the purity of the sorted cells was less than in NZB. However, this 
enrichment appeared specific since the anti-BrMRBC PFCs did not 
stain with an isotype-matched control antibody and few PFCs were 
obtained from the CD5- B cell fraction that comprised most of the 
splenic B cells. Subsequently, it was found that anti-BrMRBC- 
secreting cells in the peritoneal cavity, long known as a location curi- 
ously enriched for such antibody-secreting cells, were accounted for 
by an enrichment of CD5 B cells (Hayakawa et al., 1986a). Thus, the 
association between CD5 B cells and anti-BrMRBC PFC has been 
observed in most strains. However, in certain strains, such an CBA, a 
significant portion of anti-BrMRBC PFC derives from CD5-IgD’ B 
cells in the peritoneal cavity (in addition to the CD5 B cells) (A. M. 
Stall, personal communication; Andrew et al., 1990). This may be 
explained by the observation that not all fetal-derived B cells express 
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CD5 (assuming that most of this specificity in adult B cells comes from 
enrichment in the fetal B cell population); furthermore, it shows that 
there is not an absolute correlation between CD5 expression and the 
anti-BrMRBC specificity. Perhaps most definitively, analysis of mice 
reconstituted with bone marrow precursors showed few cells with this 
specificity (Hayakawa et al., 1985). 

Haughton’s group utilized an assay with fluorochrome-loaded vesi- 
cles that included phosphatidylcholine (PtC) in their membrane to 
show that a significant number of peritoneal cells shared reactivity 
with several of their CH lymphomas known to bind BrMRBC (Merco- 
lino et al., 1986,1988). They also noted in this study that the frequency 
of PtC-binding B cells appeared to increase in the peritoneal cavity 
between 2 weeks and several months of age, suggesting a gradual 
accumulation of cells with this specificity. By sorting PtC-staining cells 
from the peritoneal cavity, they found that all anti-BrMRBC-secreting 
cells were contained in this population (Mercolino et al., 1988). 

It is possible to screen for the BrMRBC reactivity in serum or culture 
supernatants by fluorescence analysis to detect IgM bound to 
bromelain-treated erythrocytes. As with earlier PFC experiments, re- 
sults showed that depletion of CD5 B cells from the spleen specifically 
eliminated production of this autoantibody and, conversely, that pu- 
rified CD5 B cells uniquely exhibited anti-BrMRBC secretion elicited 
by LPS (Hardy et al., 1989). The enrichment of BrMRBC-specific cells 
within the CD5 B cell population has also been demonstrated by 
analyzing hybridomas made from SM/J mice (wherein the frequency 
of CD5 B cells was 3-5% in spleen, which facilitated pure cell sorting). 
Anti-BrMRBC-producing hybridoma clones composed 1-2% of the 
total hybridomas generated from sorted CD5 B cells, but only 0.03% in 
hybridomas made from sorted CD5-IgD++ B cells (Hardy et al., 1989). 
These CD5 B cell-derived hybridomas producing anti-BrMRBC anti- 
bodies were mostly VH11/VK9 (80%) and the rest were vH12/vK4. The 
single hybridoma obtained from CD5-IgD++ cells that showed anti- 
BrMRBC activity was found to utilize an S107 VH. Analysis of the 
binding of these hybridoma-derived antibodies revealed differences 
in fine specificty between v H 1 1 -  and V~12-encoded immunoglobulins 
(Hardy et al., 1989). Conger, Corley and co-workers have studied this 
difference in detail (Conger et al., 1991). The issue of V gene usage is 
covered in Section VII. 

C. ANTITHYMOCYTE AUTOANTIBODY 
The production of antibodies reactive to the determinants present on 

intact thymocytes occurs spontaneously in normal animals (Shirai and 
Mellors, 1971; Martin and Martin, 1975; Eisenberg et al., 1979), and 
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although high levels of antithymocyte autoantibody (ATA) have been 
found in animals with autoimmune disease (e.g., NZB mice), high 
levels have also been detected in some strains of mice lacking any 
obvious pathology (SM/J mice; Eisenberg, et al., 1979). Both NZB and 
SM/J mice have elevated levels of CD5 B cells (Hayakawa et  al., 1983; 
Rabinovitch et at., 1986) along with increased levels of antithymocyte 
autoantibodies in their sera, suggesting an association. Furthermore, 
CD5 B cells in NZB mice are largely responsible for the spontaneous 
secretion of IgM in uitro, including ATA (Hayakawa et al., 1984b). 
However, whether this is due to the unique predisposition of NZB 
CD5 B cells to secrete immunoglobulin spontaneously in uitro or 
instead to a higher frequency of ATA-specific B cells in the CD5 B cell 
population is not clear. 

Analysis of LPS-activated supernatants of cultures containing sorted 
CD5+ B cells or CD5-IgD++ B cells and also cultures of cell fractions 
specifically depleted of CD5+ B cells or CD5- B cells show a clear 
correlation between ATA production and CD5 B cells (Hayakawa et 
al., 1990). These data strongly suggest that CD5 B cells are responsible 
for natural ATA secretion in most strains and, further, that the in- 
creased population of CD5 B cells in SM/J mice is responsible for the 
characteristically high levels of serum ATA found in this mouse strain. 
ATA production by CD5 B cells was characterized further by establish- 
ing hybridomas from CD5 B cells and CD5-IgDf+ B cells sorted from 
a pool of SMlJ mouse spleen (Hayakawa et al., 1988). Initial screening 
of 576 IgM-secreting wells from both CD5 B cells and CD5-IgD++ B 
cell fusions showed that the frequency of clones with antithymocyte- 
binding reactivity was at least 10-fold higher in the CD5 B cell subset, 
consistent with results from the ATA secretion assay. Analysis of these 
hybridoma clones revealed several distinct ATA binding profiles (Hay- 
akawa et al., 1990). Most monoclonal IgM ATAs from CD5 B cells 
selected for thymocyte-binding activity showed specific binding to T 
lineage cells and a few showed that anti-B/T cell reactivity found with 
perinatal B cell hybridomas (Lehuen et at., 1992). Furthermore, di- 
verse fine specificities among ATAs were evident, with differential 
reactivity to thymocytes at various maturational stages, variable bind- 
ing to peripheral T cells (CD4+ and/or CD8+), and different degrees of 
species cross-reactivity (mousehat). 

The reactivity of 11 of these autoantibodies was sensitive to prior 
treatment of target cells with sodium metaperiodate, which preferen- 
tially oxidizes terminal sialic acid groups, implicating carbohydrate as 
an important constituent of the antigenic determinant (Hayakawa et 
al., 1990). Furthermore, a large fraction were found to be carbohydrate 
determinants whose expression depended on the Thy-l-molecule, ei- 
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ther residing on the Thy-1 glycoprotein or on a molecule that is in close 
proximity. Another antibody reacted with a determinant that was car- 
bohyrate in nature but was expressed on a particular glycolipid, \a  
ganglioside (Greer et al., 1993). Anti-glycolipid activity was also seen 
with other ATAs (P. Muhlradt and K. Hayakawa, 1993, unpublished). 

Lehuen and co-workers (1992), reported similar findings for a panel 
of perinatal hybridomas but suggested that several of the antibodies 
that were reacting with a phospholipase-sensitive determinant were 
recognizing an unidentified protein of 100 kDa molecular mass. They 
suggested that such antilymphocyte reactivity by B cells in young mice 
could be important in the development of the normal adult lymphoid 
compartment. 

D. OTHER SPECIFICITIES: ANTICARBOHYDRATE AND 

Several other specificities have been suggested as deriving all or in 
part from CD5 B cells. Besides anti-T cell reactivity, anti-B cell- 
specific cells were found to be enriched in the CD5 B cell subset 
(Hayakawa et al., 1992). Most these determinants appear to be of a 
carbohydrate nature, although confirmation of this awaits further 
study. If confirmed, this will not be a novel finding, since distinctively 
branched carbohydrate structures have been shown previously to mark 
particular differentiation stages or cell types (Feizi, 1985). Forster and 
Rajewsky (1987) ascribed anti-173-dextran reactivity to peritoneal CD5 
B cells identified using a neonatal cell transfer system. More recently, 
Cazenave’s group demonstrated an enrichment of T15+ antiphospho- 
rylcholine (anti-PC) reactivity in CD5 B cells (Masmoudi et al., 1990), 
which had been suggested previously (Herzenberg et al., 1986). They 
showed that the T15 idiotype component of anti-PC was largely de- 
rived from CD5 B cells, but that non-T15 anti-PC could be elicited 
from CD5- B cells. Another group reported that the h-restricted 
anti-O/core (but not anit-lipid A) response to LPS derived from CD5 
cells (Su et al., 1991), supporting a role for these cells in a primary 
response to common bacterial pathogens. 

ANTIPHOSPHORYLCHOLINE 

E. RESPONSE TO FOREIGN ANTIGENS 
Because of the rarity of CD5 B cells in normal adult spleen, it is 

difficult to ascertain their ability to respond to typical “laboratory” 
antigens simply by cell-sorting purification. The increased CD5 B 
population in NZB provided an opportunity to purify splenic CD5 B 
cells by fluorescence-activated cell sorting (FACS) sufficiently to elim- 
inate other contaminating B cells, and to test this question directly 
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(Hayakawa et al., 1984b). Studies on these B cells in me" mice also 
provide information on CD5+ B cell function, since most are CD5 B 
cells. Both cases demonstrate diminished or absent response to typical 
foreign antigens (Hayakawa et al., 1984b, Schultz and Greene, 1976; 
Sidman et al., 1978). Admittedly, these response deficits may due to 
preselected pauciclonality, or to an altered differentiation stage in 
CD5 B not allowing priming (as compared with other virgin B cells). 
However, the observations with CD5 B cells from both strains, high 
autoantibody secretion and decreased response to foreign antigens, 
suggest that the CD5 B cells present in adult mice very likely play only 
a limited role in typical antibody responses to foreign antigens, but 
rather are enriched for autoantibody specificities. 

Furthermore, the responses of these cells in normal mice have been 
tested by using immunoglobulin allotypes to mark cell populations 
wherein peritoneal cavity CD5 B cells reconstitute CD5 B cells in 
irradiated or newborn mice. Again, reconstituted CD5 B cells showed 
restricted responses. Responses to DNP or NP coupled to TI or TD 
carriers were decreased (Forster and Rajewsky, 1987; Lalor and Mo- 
rahan, 1990). Lalor carried out a limiting-dilution assay using sorted 
peritoneal cavity CD5 B cells and reported enriched reactivity to sev- 
eral antigens, but only low-affinity reactivity to typical haptens (Lalor 
and Morahan, 1990), suggesting a difference in repertoire. However, 
these results could also be explained by a bias resulting from further 
selection during repopulation of recipients or during the generation of 
the surviving adult population. Therefore, the question of the initial 
repertoire of CD5 B cells and the capacity of these newly generated 
cells (versus the adult selected population) to participate in T- 
dependent and T-independent responses remains an area of active 
investigation. 

VII. Biases in V Gene Usage 

The biases in specificity described above can sometimes be iden- 
tified by analysis at the V gene level. For example, as mentioned 
earlier, the anti-BrMRBC specificity is predominantly encoded by two 
v gene combinations, V H l l  in association with v,9 and vH12 in associ- 
ation with V,4 (Reininger et al., 1988; Hardy et al., 1989; Mercolino et 
al., 1989; Pennell et al., 1989a). Analysis of immunoglobulin V gene 
utilization can provide strong evidence for the relatedness of normal 
and malignant CD5 B cells, particularly if the analysis is focused on V 
genes associated with such specificities enriched in normal CD5 B 
cells. It should be stressed that mouse CD5 B cells have been shown to 
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express a large set of V H  genes (from all known VH families) as esti- 
mated by VH family usage (Hayakawa et al., 1988; Andrade et al., 
1989). Their repertoire, although perhaps much less diverse than that 
of CD5-IgD++ B cells, is thus still quite broad. 

A. V GENE BIASES IN NORMAL. CD5 B CELLS 
Jaton's group found repetitive usage of a distinctive VHIVL combina- 

tion in anti-BrMRBC specific hybridomas made from peritoneal cavity 
cells of NZB and C3H mice (Reininger et al., 1987). Furthermore, 14 of 
16 anti-BrMRBC hybridomas made with CD5 B cells sorted from the 
spleens of SM/J mice also utilized this same combination (Hardy et al., 
1989). This V H  gene is a member of the small (two to three members) 
V H l l  gene family and is associated with a member of the V,9 family in 
these hybridomas. Two other hybridomas in this set utilized the vH12 
gene, a single-member family that Clarke had found was utilized fre- 
quently in peritoneal hybridomas with this specificity in B 10.H-2"H-4b 
mice (Pennell et al., 1989a). Neither V H l l  nor VH12 had been encoun- 
tered previously in association with other specificities. Mapping stud- 
ies revealed that neither family was among the more JH-proximal VH 
genes (Hardy et al., 1989; Pennell et aZ., 1989b). This latter observation 
was important since JH-proximal VH genes have been hypothesized to 
preferentially encode self- and/or environmental reactivities and also 
to be overrepresented in early B cells (Yancopoulos et al., 1984; Perl- 
mutter, 1987). 

The enrichment of v H 1  l-encoded anti-BrMRBC specificity in CD5 
B cells has been demonstrated with normal cells of BALB/c mice by 
PCR analysis of V H l l  to J H ~  or J H ~  DNA rearrangement (Carmack et 
al., 1990). This type of analysis, utilizing DNA, avoids potential com- 
plications in experiments measuring RNA where striking differences 
in the levels of message can occur between resting and activated cells. 
v ~ l l / J ~ l  rearrangement was shown to be enriched in CD5 B cells 
from both spleen and peritoneal cavity when compared to either bone 
marrow pre-B cells or CD5-IgD++ B cells from either spleen or perito- 
neal cavity. These data provide conclusive evidence demonstrating a 
difference in repertoire between distinct IgM+ B cell subsets, even 
when located in the same tissue. They also showed that V H l l  is rear- 
ranged in bone marrow (and its progency, the CD5-IgD++ cells in 
spleen) at about the frequency that would be expected for a small VH 
family. Importantly, they revealed that such VH11 rearrangement seen 
in bone marrow and spleen CD5- B cells utilized all JH segments, in 
contrast with extreme J H ~  preference in CD5 B cells (likely due to 
selection). 
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The same study also reported, curiously, that anti-BrMRBC antibody 
labeled that B cells capable of secreting anti-BrMRBC antibody (Car- 
mack et al., 1990). This fraction is also the population that binds PtC 
vesicles (Hayakawa et al., 1992). This specific staining was interpreted 
as due to occupancy of the anti-BrMRBC Ig receptor by multivalent 
antigen, which then allowed specific “sandwich” staining. Thus one 
reason for preferential selection and maintenance of CD5 B cells is 
likely the availability of antigen. Certain autoantigens may serve as 
such antigens if corresponding autoantibody specificities are encoded 
by germ-line genes rearranged in CD5 B cells. In addition, the en- 
riched level of v ~ 1 1 - J ~ l  rearrangement was restricted to this anti- 
BrMRBC+/PtC binding fraction of CD5 B cells, again consistent with 
enrichment based on selection (Carmack et al., 1990; Hayakawa et al., 
1992). 

Thus one explanation for the overrepresentation of VH1 l/anti- 
BrMRBCs in CD5 B cells appears unlikely, that the promoter/ 
enhancer structure restricts its rearrangement to fetal B cells. Together 
with the finding that V H l l  (and V ~ 1 2 )  are not located proximal to D, it 
would appear that the repertoire of CD 5 B cells may be strongly 
influenced by antigenic selection during the neonatal period. More 
recently, Pennell and Clarke have reported an excess of S107 family 
genes, particularly V11, in a panel of hybridomas derived from perito- 
neal cells of the B10.H-2aH-4b strain mouse (Pennell et al., 1990). 
Again, they attribute this increased gene expression to selection, par- 
ticularly since VL association was nonrandom. 

V gene sequence analysis of a series of antithymocyte hybridomas 
derived from sorted CD5 B cells demonstrated a more diverse usage of 
combining sites (Hayakawa et al., 1990)-14 ATA hybridomas derived 
from CD5 B cells utilized VH genes belonging to four distinct families 
(5558, 3609, Q52, and Vgam3.8). Notably, fine specificities correlated 
with usage of particular VH genes. Three groups of ATAs used nearly 
identical VH genes, one utilizing 3609, another with a 5558 member, 
and a third with a different 5558 gene. Two hybridomas derived from a 
clonal expansion. However, repetitive usage of identical VH genes not 
due to clonal proliferation was also found in ATAs. For example, the 
four V~3609 hybridomas were unrelated, as shown by D and J H  differ- 
ences. Another pair used identical VH and JH genes, but were unre- 
lated as distinguished by their D genes. The observation of similar 
binding specificity with identical VH gene usage by clonally unrelated 
cells suggests that ATA-specific B cells were enriched among CD5 B 
cells primarily due to their specificity, likely by an antigen-driven 
selection mechanism. The nature and origins of these antigens are not 
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clear, although many appear to include carbohydrate. Thus, as with the 
anti-BrMRBC/anti-PtC specificity, it seems likely that natural ligands 
(environmental antigens or autoantigens) are the most likely candi- 
dates for long-term constant selection of these specificities in CD5 B 
cells. 

B. V GENE USAGE IN CD5 B CELL CLONAL 
EXPANSIONS OR NEOPLASIAS 

Remarkably recurrent V gene usage by CD5 B cells has been found 
in analyses of premalignant, reconstituting, and malignant cells. As 
opposed to normal CD5 B cells, surprisingly limited usage of VH (and 
V,) genes was observed in a collection of 10 mouse CD5+ B lympho- 
mas (CH lines: Haughton et al., 1986), implying nonrandom expres- 
sion (Pennell et al., 1988). These V genes all appear unmutated and 
have served as prototypes for studies of selected V gene usage by 
normal CD5 B cells. Intriguingly, V H l l  is overrepresented in the CH 
cell lines (3/10) and has also been found in three independently estab- 
lished CD5+ in uitro B cell lines that occurred spontaneously in long- 
term culture (Braun and King, 1989). 

Furthermore, a VH gene used in a CH lymphoma has also been 
described in CD5 B cells at a premalignant stage. Southern analysis of 
immunoglobulin gene rearrangement in the expanded B cell popula- 
tion from BWFl mice (Tarlinton et al . ,  1988) in addition to studies of 
the tumorigenic potential of hyperdiploid (mostly CD5+ B) cells in 
NZB mice (Raveche et al., 1988) strongly suggest that the uniquely 
elevated CD5+ B cell population found in BWFl or NZB mice is in a 
premalignant stage with oligoclonal proliferation. A VH gene utilized 
predominantly in the CD5 B cells in a BWFl mouse (showing clonal 
expansion) has been sequenced. This V H  was found to be nearly iden- 
tical to that seen previously in the CD5' B lymphoma CH12 (Tarlinton 
et al., 1988). The work of Herzenberg and Stall has shown that clonal 
expansions of CD5 B cells in the peritoneal cavity are a frequent event 
in aged normal strains and occur much earlier in the BWFl background 
(Stall et al., 1988). These expansions can yield lines that are easily 
adapted to culture. Thus, it appears clear that CD5 B cells have a 
propensity for generating cells with less regulated growth and even 
neoplasia (at least in some strains). 

Repeated utilization of distinctive V genes has been documented in 
both normal CD5 B cells and in B lymphomas by analysis of B cells 
reestablished after peritoneal cell transfer into neonatal recipients. 
Forster et al. (1988) made hybridomas from recipients that had re- 
ceived normal peritoneal cells (enriched for CD5 B cells), and then 
examined V gene utilization. This experiment was carried out based on 
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previous data that CD5 B cells have the ability to self-reconstitute and 
likely select for those CD5 B cells with the greatest proliferative poten- 
tial (Forster and Rajewsky, 1987). One recipient mouse developed a B 
lymphoma whose origin could be traced to the transferred peritoneal 
cells. The light chain of this immunoglobulin was identical to the V,9 
employed in the V H l l  anti-BrMRBC specificity from CD5 B cells and 
to that also found in one of the previously studied B lymphomas, CH34. 
Two other sets of hybridomas were established from individual recon- 
stituted mice. Out of 14 hybridomas analyzed, most (12/14) were iden- 
tified as utilizing nearly identical V H  or VL sequences (either together 
or singly) as had been seen earlier in the CH series of CD5+ B lym- 
phomas. 

Although enrichment of particular VH and/or VL genes has been 
clearly documented in expanded CD5+ B cell populations or neopla- 
sias, the origin of this bias remains unclear. Is this preferential utiliza- 
tion simply due to the specificity generated by expression of particular 
VH and/or VL gene combinations or instead is it due to preferential 
rearrangement of such V genes? Certainly, antibody specificity is 
likely to play an important role because the usage of identical VH/VL 
combinations has been observed in several clonally independent CD5 
B cells and tumors (Pennell et al., 1988; Hardy et al., 1989; Forster et 
al., 1988). The occurrence of a population of BrMRBC-binding CD5 B 
cells in normal young adult mice utilizing two distinctive VH/VL com- 
binations provides one of the clearest examples of such an enrichment. 
Whether the self-reactivity encoded by these distincitve combinations 
contributes to the expansion or neoplastic transformation or instead 
simply reflects a preexisting bias in a B cell subset susceptible to 
disregulated growth remains an unresolved issue. 

Thus the rearrangements frequently seen in CD5+ B cell neoplasias 
likely reflect the preexisting biased V gene usage found in the normal 
CD5 B cell population. Furthermore, it appears clear that antigenic 
selection plays an important role in establishing this enrichment. 
However, the mechanism whereby such enrichment would be con- 
fined to CD5 B cells, and whether preferential V gene rearrangement 
might play a role in this restriction (perhaps altering the initial reper- 
toire) are unknown. Considering the fetal origins of most or all CD5 B 
cells, then a comparison of the rearrangement process in fetal and adult 
development may prove illuminating. 

C. DISTINCTIONS IN REARRANGEMENTS 
The frequency of N-region addition in Ig sequences from B cells 

generated early in ontogeny is generally low when compared to se- 
quences from the adult (Feeney, 1990). Thus, the degree of N-region 
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addition might serve as a hallmark for whether a lymphocyte is gener- 
ated early or later in ontogeny. Sequence analysis of anti-BrMRBC and 
ATA hybridomas has shown decreased N-region addition, but there 
are numerous examples of rearrangements with some N addition. 
Rajewsky and colleagues also found a difference in N-region size 
between CD5 B cells from neonates and adults (Gu et al., 1990), 
suggesting accumulation of some cells with N addition over time. They 
interpreted this to mean that some CD5 B cells are derived later in 
development and so have more N-region addition. However, alterna- 
tively, it is possible that for certain highly selected specificities, CD5 B 
cells lacking N-region addition could be at a disadvantage in establish- 
ing progeny in the adult. Then infrequent cells with some N-region 
would become overrepresented in the final adult repertoire. This issue 
will only be resolved by more extensive sequence analysis, particu- 
larly of populations of B cells generated from progenitors of known 
ontogenic origins (such as fetal and adult pro-B cell-reconstituted 
SCID. 

Regardless of whether fetal B precursors have no or only diminished 
N-region addition, this feature suggests that the primary repertoire of 
such cells will differ from that of newly generated bone marrow B cells. 
Thus, some have suggested that in the absence of N addition short 
homologous sequences might play an important role in biasing V to D 
and D to J rearrangement (Gu et al., 1990). Alternatively, short inver- 
ted repeats, known as “p elements,” might generate biases, as has been 
shown in rearrangements of y6 T cells (Lafaille et al., 1989). Further- 
more, the possible contribution of preferential rearrangement of J- 
proximal V genes (Yancopoulos et al., 1984) remains to be assessed. 
Clearly, the finding that selection is critical in shaping the adult CD5 B 
cell repertoire does not eleminate in the initial repertoire potentially 
important distinctions that might exist between fetal and adult B cells, 
and more work is necessary to decide this issue. More speculatively, 
re-rearrangement of V H  or VL (from the original VH-VL combination) 
might occur, as has been seen with a CD5+ B lymphoma (Hardy et al., 
1986; Kleinfield et al., 1986). Certainly this should be a fertile field for 
investigation in the next few years, particularly as new technologies 
such as single-cell sequencing become widespread and routine. 

D. CD5 B CELLS IN IMMUNOGLOBULIN-TRANSGENIC MICE 
If selection is critical in determining the CD5 B cell antibody reper- 

toire in adult mice, then this may provide an explanation for curious 
observations in immunoglobulin-transgenic mice regarding the de- 
gree of exclusion of endogenous rearrangement in different B cell 
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subsets. Analysis of endogenous expression in the M54 anti-NP 
p-transgenic line revealed decreased numbers of bone marrow and 
splenic B cells and significant numbers of endogenous-expressing B 
cells in the peritoneal cavity (Herzenberg et al., 1987). This was inter- 
preted as reflecting different rules for differentiation of CD5+ and 
conventional B cells such that transgene expression had less of an 
effect on CD5 B cells. However, an alternative (not necessarily mutu- 
ally exclusive) explanation for the increased endogenous Ig- 
expressing cells in CD5 B cell subset is that the anti-NP p heavy chain 
does not provide a good antibody for selection into the adult long-lived 
population. In this view, infrequent fetal B cells that also rearrange 
their endogenous heavy chain gene are much more likely candidates 
for such selection and thus come to constitute the bulk of the adult 
population. 

The issue of endogenous expression in immunoglobulin transgenic 
lines has generated a great deal controversy. More recent analysis of 
the M54 line suggests that many of these mice contain very significant 
numbers of bone marrow-derived (non-CD5+) B cells in their spleens 
(Iacomini and Imanishi-Kari, 1992). In addition, crosses with mice 
bearing the X-linked immunodeficiency (xid) support the notion that 
most of these splenic cells are not related to CD5 B cells since xid 
eliminates most CD5 B cells, but spares many transgenic B cells in the 
spleens of these mice (Rabin et al., 1992). On the other hand, the 
existence of “double-expressing’’ (endogenous and transgene) B cells 
has recently been confirmed by molecular analysis of hybridomas 
derived from peritoneal cells of the M54 line (Lam et al., 1993). Possi- 
bly, analysis of lines bearing transgenes encoding specificities pre- 
dicted to be selected for in the CD5 B cell subset (by appropriate 
self-reactivity) may help to shed more light on this issue. Thus, in V H l l  
transgenic lines in which CD5- B cells in the spleen exclude poorly, 
there is better exclusion of the CD5+ subsets in both the spleen and 
peritoneal cavity, supporting the importance of specificity in determin- 
ing the degree of double expression (R. Hardy and K. Hayakawa, in 
preparation). 

Immunoglobulin-transgenic mice have also been used in generating 
murine models of B cell tolerance. Nemazee has expressed an anti- 
body reacting with H-2k MHC class I in both an H-2k (where it is 
autoreactive) and an H-2d (where it is not) background (Nemazee and 
Burki, 1989). He found deletion of B cells bearing the self-reactive 
antibody on the H-2k background. Goodnow et al. (1988) reported 
functional inactivation rather than deletion in an antilysozyme trans- 
genic line when crossed with a mouse that constitutively expressed 
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lysozyme as a neo-self antigen. Neither of these groups has addressed 
the issue of CD5 B cells in their systems. Honjo has reported on a 
transgenic line that expresses a pathogenic antierythrocyte specificity 
(from a hybridoma that originated in an NZB mouse) as a model for 
autoimmune hemolytic anemia (Okamoto et al., 1992). This group 
found variable numbers of sick individuals along with variable num- 
bers of B cells in the spleen and peritoneal cavity. They further sug- 
gested that self-reactive B cells could survive, proliferate, and be acti- 
vated to secrete pathogenic autoantibody in the peritoneal cavity since 
it was free of erythrocytes (Murakami et al., 1992). Cells in the peri- 
toneal cavity would die by apoptosis if erythrocytes were injected, 
suggesting an accumulation of self-reactive specificities in CD5+ 
B cells by escape of deletion due to their distinctive anatomical lo- 
cation. 

Unfortunately, this interesting study with anti-RBCs did not directly 
address the issue of whether these B cells were indeed CD5 B cells. 
This is critical since CD5-IgD+' cells can also reside in the peritoneal 
cavity. Furthermore, it is unclear whether this VH/VL combination is 
germ-line encoded, so this model may not provide much help in under- 
standing the normal selection, differentiation, and activation of CD5 B 
cells. In fact, antierytherocyte autoantibody activity was not detected 
in the CD5 B cell population in normal mice, so this specificity is not 
characteristic of CD5 B cells (Hayakawa et al., 1992). In addition, we 
have observed decreased numbers of CD5 B cells in the peritoneal 
cavities of Ig-transgenic lines encoding the high-affinity anti-dsDNA, 
suggesting that such combining sites fail to select cells into the adult 
CD5 B cell pool (R. Hardy, and M. Weigert, and J. Erikson, unpub- 
lished observations). These data suggest that certain pathogenic auto- 
antibody specificities are not selected into the adult CD5 B cell subset, 
in striking contrast with the anti-BrMRBCIPtC-binding specificity en- 
riched in V ~ 1 1  (orV~12;  Arnold et d., 1993) transgenic mouse lines (R. 
Hardy and K. Hayakawa, in preparation). 

VIII. A Homologous Human Population? 

At about the same time as the identification of normal CD5 (then 
called Ly-1) B cells in the mouse, normal CD5 (then called T1 or 
Leu-1) B cells in the human were detected (Caligaris-Cappio et at., 
1982). Cell transfer experiments used to investigate the origins of CD5 
B cells in mice are not possible in humans and so the relationship of 
these cells to the bulk of CD5- B cells has remained an issue. This is 
further complicated by  the observation that CD5 can be up-regulated 
on B-CLLs, normal B cells, and normal T cells by culture with phorbol 
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ester (Miller and Gralow, 1984). Based on this fact, some have con- 
cluded that CD5 expression on B cells simply reflects activation 
(Freedman et al., 1989). However, it is clear that B cells activated using 
a more physiological system (anti-Ig plus T cell-derived factors) do not 
necessarily induce detectable levels of CD5 in human (Hardy et al., 
1988). Several features of human CD5 B cells are also inconsistent with 
a cell activation stage explanation: (1) CD5 B cells predominate prior 
to birth before exposure to external antigen and decrease after birth 
when exposure may commence (Antin et al., 1986); (2) CD5 B cell 
frequencies are quite stable for an individual and are not seen to vary 
with common infections (Kipps and Vaughan, 1987); and (3) CD5 B 
cells in peripheral blood do not show a surface phenotype typical of 
activated B cells (Bhat et al., 1992). In the brief overview that follows, 
we touch on some similarities between mouse and human CD5 B cells 
and their association with certain diseases thought to have an autoim- 
mune component. We end with an issue current in both mouse and 
human subsets, that of the V gene repertoire in normal and malignant 
CD5 B cells. 

A. CD5 B CELLS IN DEVELOPMENT AND DISEASE 
In the human, Bofill et al. (1985) reported (by tissue immunofluo- 

rescence analysis) that although CD5 expression was not found on very 
early surface IgM-B-lineage cells or on IgD-IgM+ cells, CD5 B cells 
later constituted a large fraction of early lymph nodes after 17 weeks of 
gestation, and, furthermore, that some splenic B cells were CD5+. 
Antin and Ault also found that CD5 B cells were not significant in fetal 
(-20 weeks) liver whereas they constituted a majority of B cells in fetal 
spleen (in contrast to their rarity in adult spleen) (Antin et al., 1986). 
Furthermore, FACS analysis of mononuclear cells in cord blood (from 
20 weeks and later) showed that a majority (50-95%) of B cells are 
CD5+, whereas only 10-20% of B cells in adult peripheral blood 
lymphocytes (PBLs) are CD5' (Hardy et al., 1987a). Bhat and Herzen- 
berg reported that this relatively high frequency of CD5 B cells contin- 
ues into childhood (50% or greater in children under 16), decreasing to 
the levels typical of adults only after late adolescence (Bhat et al., 
1992). Such CD5 B cells in early development rarely express CALLA 
antigen (Antin et al., 1986). CALLA is detected on a larger proportion 
of fetal hematopoietic organs, immature lymphoid cells (Hokland et 
al., 1983), and common acute leukemic cells (Burkitt's lymphomas) but 
not on B CLLs (Ritz et al., 1981). Such mutually exclusive CALLA/ 
CD5 expression carries significant implications, suggesting different 
etiologies of B cell malignancy depending on the original B cell subset 
affected. 



328 RICHARD A. HARDY A N D  KYOKO HAYAKAWA 

There is intriguing data suggesting that the levels of circulating CD5 
B cells in  humans are under genetic control similar to the variation 
seen with different mouse strains. Kipps and Vaughan (1987) analyzed 
the frequency of CD5 B cells in a number of individuals, including 
monozygotic twins and triplets. They found variation between unre- 
lated individuals, but relatively consistent levels for a given individ- 
ual. Furthermore, very similar levels were seen in twins and triplets, 
even in cases wherein individuals were discordant for rheumatoid 
arthritis (where elevated levels of CD5 B cells have often been ob- 
served). 

Genetic control of the frequency of human CD5 B cells is also 
suggested by association with certain diseases. There is a high inci- 
dence of individuals with elevated levels of CD5 B cells among pa- 
tients with rheumatoid arthritis (Plater-Zyberk et at., 1985; Hardy et 
al., 1987a) or Sjogren’s syndrome (Hardy et al., 1987a; Dauphinee et 
al., 1988). Sjogren’s patients are known to have an increased risk of B 
cell malignancy. Furthermore, Fox et al. (1986) have suggested a tran- 
sition of B cells from proliferation into neoplastic transformation 
marked by a cross-reactive idiotype (CRI) present on V,IIIb of IgM 
rheumatoid factor (RF). Such Id+ R F  cells were found in a rheumatoid 
arthritis patient and shared with the R F  the paraproteins in Walden- 
strom’s macroglobulinemia and lymphoma patients. By using the anti- 
body to this CRI, they found progressive increases in the proportion of 
B cells bearing the CRI in patients with Sjogren’s syndrome. Although 
not directly tested in this study, such proliferating B cells in Sjogren’s 
patients may be the expanded population of CD5 B cells mentioned 
above. 

B. CD5 B CELLS: AUTOREACTIVITY, V GENE USAGE, AND MUTATION 
An enriched frequency of autoantibody associated with CD5 B cells 

was also evident in a study of human PBLs. Although CD5 B cells in 
human PBLs do not spontaneously secrete significant levels of immu- 
noglobulin in vitro (Hardy et al., 1987a), stimulation with Staphylo- 
cocczls aureus induces IgM secretion. Comparing the IgM from cell 
fractions in which CD5 B cells are present or absent (purified by 
FACS) shows that one autoantibody (rheumatoid factor; IgM anti-IgG) 
is enriched 4- to 20-fold in the fraction containing CD5 B cells when 
compared with IgM derived from CD5- B cells (Hardy et al., 1987a). 
This high frequency of RF  specificities in CD5 B cells was also demon- 
strated using B cell lines transformed with Epstein-Barr virus (EBV) 
(from CD5+ or CD5- B cells) (Casali et al., 1987). The suggestion of R F  
secretion and CD5 B cells was foreshadowed by analyses showing that 
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increased levels of these cells are found particularly among patients 
with RA or Sjogren's syndrome, diseases in which RF  secretion is often 
observed (Plater-Zyberk et al., 1985; Hardy et al., 1987a). Although 
levels of serum RF and CD5 B cells do not correlate (as for autoan- 
tibody with murine CD5 B cells in older NZB mice), if RF  secretion 
comes preferentially from such cells, then individuals with genetic 
backgrounds leading to B cell activation may be especially prone to 
autoimmune disease if they also have (genetically regulated) elevated 
levels of CD5 B cells. 

This repeated usage of particular VH and/or VL genes has also been 
found in human CLLs (CD5+) and normal human CD5 B cells. It has 
been known for some time that autoantibodies (particularly rheuma- 
toid factor) in different individual sera often share certain idiotypes 
(Capra and Keyhoe, 1974). By using antibodies to such idiotypes 
present either on VL (17.109CRI on VJIIb) or VH (GGCRI on VHl), 
these idiotypes were found at high frequencies (-20% each, with half 
of the Id+ cells expressing both) in B CLL but not in other types of 
CD5- B cell malignancies (Kipps et al., 1988, 1989). Furthermore, 
normal CD5 B cells in peripheral tissues were also shown to contain a 
higher frequency of 17.109CRI+ or GGCRI+ cells as compared to 
CD5- B cells (Kipps et al., 1989), suggesting that the bias seen in CLL 
originates in the normal population (and providing further evidence 
connecting normal CD5 B cells with CLL). Further, these genes are 
enriched in fetal spleen cells (Kipps et al., 1990). A comparison of EBV 
lines established from cord blood (a rich source of CD5 B cells) re- 
vealed high-level expression of the BHIV gene family, but with differ- 
ent VHIV-associated idiotypes associated with CD5' and CD5-- 
derived lines (Mageed et al., 1991). Curiously, many of these lines 
react with common self or environmental antigens, suggesting a simi- 
larity to murine CD5 B cells. Logtenberg and colleagues reported 
similar results with a different panel of EBV lines established from a 
19-week-old fetus (Schutte et al., 1991). 

The finding of restricted Ig utilization or overexpression of particular 
V genes in fetal cells or in CD5 B cell-derived lines may be due to a 
biased initial repertoire that favors such reactivity or to selection for 
the reactivities that these genes encode. Biased rearrangement based 
on J proximity, thought to skew the repertoire of pre-B cells, appears 
not to be the explanation for these findings, as several of these genes 
belong to families that have been mapped to regions distal to J (Schutte 
et al., 1992). Thus it appears likely that selection may operate very 
early (even by the second trimester of fetal development) to bias the 
initial J-proximal repertoire. This issue may be resolved eventually by 



330 RICHARD R. HARDY AND KYOKO HAYAKAWA 

investigating whether biased V H  usage is accompanied by biased V, 
usage, that is, determining whether particular VH/VL combinations 
predominate. 

Another issue that is being addressed in subsets of human B cells is 
the degree of somatic mutation that their V genes have accumulated. 
Most CLL genes are thought to have little or no somatic mutation and 
thus to express germ-line-encoded antibodies (Kipps et al., 1988). The 
observation that many of these antibodies are directed to self or envi- 
ronmental antigens would then imply that even antigen binding does 
not result in accumulation of mutation. A possible exception to this 
observation is the CLLs expressing the VHV family gene are often 
mutated, and in a fashion that suggests selection based on 
replacement/silent mutation ratios (Cai et ul., 1992). This same group 
reported that one of these VHV genes showed much less mutation in 
cord blood B cells, adult peripheral blood B cells, and EBV- 
transformed CD5+ B cell lines. Curiously, another group has reported 
little mutation in CLLs with VHV usage (Rassenti and Kipps, 1993). 
Interestingly, analysis of V genes from small lymphocytic lymphomas 
(SLLs) that are CD5+ and CD5- suggests that CD5 expression is found 
in those that express unmutated germline genes, whereas lines lacking 
CD5 often show intraclonal diversity and extensive somatic mutation 
(Pratt et al., 1991). Thus, although there is considerable evidence that 
normal CD5 B cells and most B CLLs express germ-line antibodies, 
many of which react with self antigens such as R F  or I, the explanation 
for the exceptional VHV data remains as a major issue. 

IX. Final Considerations and Summary 

The induction of CD5 on B cells previously characterized as 
CDS-IgD++ by treatment with certain anti-IgM antibodies in uitro 
has called into question the significance of CD5 expression on B cells 
(Cong et al., 1991). In the same study it was also shown that addition of 
IL-6 to the cultures more closely mimicked the phenotype of CD5 B 
cells found in uiuo. These data led to the proposal of a “specificity” 
model for the generation of CD5 B cells, in which it is postulated that 
any B cell activated in a particular fashion (perhaps by  TI-I1 type 
antigens) will give rise to CD5+ progeny and that the CD5 B cells 
normally found in uiuo are the result of such activation by environmen- 
tal antigens. They further suggest that any difference in generation of 
CD5 B cells in the same environment but by different B progenitor 
sources (fetal versus adult) can be accounted for by differences in V 
gene usage and/or N-region addition that might distinguish these pre- 
cursors. 
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As with any simple explanation (not invoking the existence of dis- 
tinct B cell differentiation pathways), this model has its appeal. 
However, before deciding in favor of this model, several major as- 
sumptions need to be tested by experiment and some inconsistencies 
need to be accounted for. Thus, there is at present no evidence sug- 
gesting that a lack of N-region diversity results in a strong bias in 
reactivity toward self or environmental antigens. In fact, some of the V 
genes sequenced from murine CD5 B cells contain N additions (Haya- 
kawa et al., 1990). In addition, human Ig rearrangements contain ex- 
tensive N additions at the time when CD5 B cells still predominate. 
The suggestion that TI-I1 antigens are critical is based on the observa- 
tion that mice with the X-linked immunodeficiency (failure to respond 
to this class of antigens) also lack most functional CD5 B cells. 
However, it is clear that many B cells other than those expressing CD5 
are affected by xid (Mosier, 1985). Finally, there is as yet no demon- 
stration that immunization of mice with a TI-I1 type of antigen in- 
duces CD5 on the responding cells. In fact, very early data showed that 
the Ig-secreting cells induced by immunization with TNP-Ficoll, a 
classic TI-I1 type of antigen, are CD5- (Hayakawa et al., 198413) at 
least 3 days after immunization. Transient expression of CD5 by acti- 
vation into cell cycle might explain this result; however, the majority of 
CD5 B cells are normally not proliferating (Forster and Rajewsky, 
1987). Certainly many experiments remain to be done to allow incor- 
poration of this CD5 induction result into the framework of an under- 
standing of the generation of CD5 B cells. 

In summary, we have suggested a model for CD5+ B cell generation 
that regards fetal and adult B cell differentiation as significantly differ- 
ent, as shown in Fig. 1. This is already clear from differences in the 
expression of TdT and the recently described precursor lymphocyte 
myosin-like light chain (Oltz et al., 1992) during the pro-B cell stage of 
differentiation (Li et al., 1993; Oltz et al., 1992). We propose (Fig. 2) 
that the B cells generated from fetal precursors, besides expressing a 
somewhat different primary repertoire due to absence of N regions, 
also respond differently to cross-linking of their Ig: such cross-linking 
by germ-line encoded reactivity to self or environmental antigens 
results in selection into a long-lived mature pool. Since CD5 expres- 
sion appears confined to IgM' cells in vivo or in culture, we also 
suggest that its expression may normally occur after the IgM+ stage, 
perhaps even as a result of such positive selection. The difference of 
CD5 levels among fetal B cells, detectably CD5+ or CD5- (which 
appear to be stable phenotypes), could reflect a differential threshold 
of such self antigen cross-linking in inducing CD5. In contrast, B cells 
generated from adult precursors respond to such cross-linking either 
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FIG. 2. hlodel for difference in B cell tolerance between fetal and adult newly 

generated B cell populations. In this view, fetal B cells are selected into the adult 
long-lived CD5 B cell population based on cross-linking of germ-line-encoded immuno- 
globulins. In contrast, similar cross-linking of newly generated bone marrow B cells 
results either in functional inactivation or in elimination. 

by becoming anergized or by dying apoptotically. However, if a mu- 
tated high-affhity autoantibody specificity is introduced experimen- 
tally, a negative selection mechanism appears to operate in both fetal 
and adult B cells, as is suggested in transgenic mouse lines. 

This model predicts that the signaling pathways operating in newly 
generated fetal and adult B cells will differ. Fetal B cells may posses a 
unique pathway to permit positive selection, or alternatively, may lack 
molecule( s) critically important in a negative selection mechanism. 
We are just beginning to dissect these pathways at the molecular level, 
but an obvious starting point for investigating developmental differ- 
ences will be to study expression and function of the Ig-associated 
molecules (Hombach et al.,  1988) and of the tyrosine kinases (Dymecki 
et al., 1990; Burkhardt et al., 1991). It is possible that altered or even 
different molecules may be associated with surface Ig on certain B cell 
subsets, as some studies have suggested (Chen et al., 1990; Yellen- 
Shaw and Monroe, 1992). Alternatively, characterization of neonatal B 
cell unresponsiveness to activation signals to which mature B cells 
respond may be a starting point in this investigation (Chang et aZ., 
1991; Yellen et al., 1991). Furthermore, investigation of selection in 
the immature B cell compartment of the bone marrow, particularly in 
transgenic models of autoreactivity, may help to simplify this work 
(Hartley et al., 1993). 

This developmental view of B lymphopoiesis appears to have a 
counterpart in the T cell lineage in that the fetal thymus produces 
distinctive "waves" of T cells biased for particular receptors (with y6 
generally preceding a@). In fact, it has been proposed that this differ- 
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ence of T cells constitutes a “developmental switch” (Ikuta et al., 
1990) similar to the familiar switch from fetal to adult hemoglobin in 
erythropoiesis (Papayannopoulou et d., 1986; Whitelaw et al., 1990; 
Wong et aZ., 1986). We suggest that a comparable developmental 
switch is also occurring in B lymphopoiesis (Hardy and Hawakawa, 
1991). Whereas the switch from fetal to adult hemoglobin is well 
characterized and understood, the biological significance of these de- 
velopmental differences in the lymphoid system remains to be deter- 
mined. Nevertheless, it is interesting to speculate that the immune 
system is gradually constructed during ontogenic development (per- 
haps reflecting phylogenetic progression?), primarily directed toward 
self/environmental antigens neonatally, but eventually generating a 
system efficient for defense against foreign antigens. 
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1. Introduction 

Natural killer (NK) cells represent a third population of lymphoid 
cells (1, 2). They substantially differ from T or B lymphocytes in that 
they do not express (or rearrange) known receptors for antigen, namely 
surface immunoglobulin (Ig) and the CD3/TCR complex (2). They are 
phenotypically characterized by the surface expression of low-affinity 
receptors of IgG (FcyRIII or CD16) (3) and by the NCAM-homologous 
CD56 molecules (4-8). In contrast to resting T or B lymphocytes, NK 
cells are relatively large and have typical cytoplasmic azurophilic 
granules. Because of these morphological features they have been 
termed “large granular lymphocytes” (LGLs) (9). NK cell maturation 
can occur in the absence of a functional thymus (10). Indeed, func- 
tional NK cells are present in nude mice as well as in severe combined 
immunodeficiency (SCID) mice (11,12). Whereas NK cells are sponta- 
neously able to mediate their effector function (i.e., with no need for 
prior activation in vitro or in uiuo), resting T or B lymphocytes cannot, 
It is for this reason that natural killer cells have been so named (13). 

In general, NK cells have been considered as effector cells that lyse 
tumor cells or virally infected cells via nonspecific mechanisms (1). 
Importantly, both their cytolytic effect and the spectrum of their antitu- 
mor activity are greatly increased after culture of NK cells in inter- 
leukin-2 (IL-2). Indeed, IL-2-activated NK cells represent the most 
potent effector cells among the so-called lymphokine-activated killer 
(LAK) cells (1, 14-17). Both the NK and LAK cell-mediated functions 
have been defined as being non-MHC restricted (18). This definition is 
because of their ability to lyse efficiently those tumor cells that lack 
surface expression of MHC molecules, such as the K562 erythro- 
leukemic cell line, or those expressing unrelated MHC class I mole- 
cules (1, 19). The apparent lack of specific receptors for antigen, to- 
gether with the observation that the various NK functions (e.g., 
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cytolytic activity, lymphokine production) are mediated by  essentially 
all NK cells, have been considered as strong arguments in favor of the 
lack of clonally distributed functions in NK cells. 

However, several of the generally accepted theories concerning NK 
cells have been challenged by a evidence based on a variety of new 
experimental approaches and technological breakthroughs. In this 
context, in humans, important progress has been possible since clon- 
ing of NK cells has become available (20,21), and this has been applied 
to the study both of functional capabilities and of surface molecules 
with receptor function. Thus, based on the clonal approach, a number 
of surprising results have been obtained that have substantially changed 
our concepts of NK cells. This review is intended to summarize and 
discuss these findings. Namely, we review data showing that NK cells 
have the following characteristics. 

1. NK cells may originate from precursors present in early fetal liver 
(6-8 weeks) and even in immature postnatal thymocytes. 

2. They display specific functions (i.e., specific lysis of certain all- 
ogeneic cells). 

3. They lyse not only tumor cells but also some normal allogeneic 
cells. 

4. They display clonally distributed functions (i.e., recognize differ- 
ent allospecificities). Perhaps more importantly, several NK clones, 
displaying different allospecificities, can be derived from single indi- 
viduals, thus providing evidence for the existence of an NK cell reper- 
toire. 

5. They specifically recognize class I molecules. Different from T 
cells, binding of NK cells to class I molecules appears to result in a 

6. They express clonally distributed functional receptors mediating 

“ negative signal” leading to target cell protection. 

specific recognition of class I alleles. 

11. Ontogeny of NK Cells 

It is well established that commitment to the B or T cell lineage is 
characterized by irreversible rearrangement of the immunoglobulin or 
TCR genes, respectively. In contrast NK cells do not rearrange Ig or 
TCR genes (22-27) and can undergo phenotypic and functional matu- 
ration in SCID mice (12, 28, 29). In addition, they undergo normal 
development in the absence of a functional thymus (11). Despite the 
“thymus independence” and the lack of a TCR rearrangement, NK 
cells share with T cells a number of properties regarding the expres- 
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sion of surface markers and effector functions, including cytolytic ac- 
tivity and lymphokine production (1). These data have supported the 
notion that T and NK cells may belong to related lineages. 

A number of recent data may help to better understand the relation- 
ship existing between the two cell lineages. These data have been 
obtained by the analysis of lymphocyte differentiation during fetal 
ontogeny, as well as by the development of in vitro systems that mimic 
the in vivo environments necessary for NK or T cell maturation from 
precursors that are present either in human postnatal thymus or in fetal 
liver (30-32). 

Rodewald et al. have described a murine population of early fetal 
thymocytes with the potential to differentiate toward T or NK cell 
lineages, depending on the in vivo microenvironment (33). Thus, a 
predominant thymic population has been detected at 14.5 days of 
gestation; these cells lack both CD4 and CD8 differentiation antigens, 
but express FcyRIIIIII several days before the expression of TCR. 
When this population was maintained in a thymic microenvironment it 
underwent differentiation toward mature T cells. On the other hand, 
when removed from the thymus this population selectively generated 
functional NK cells in vivo as well as in vitro. These data clearly 
indicate that a typical marker of mature NK cells is expressed early 
during T cell ontogeny. More importantly, they indicate that an imma- 
ture thymocyte population gives rise to T or NK cells depending on the 
microenvironment (Fig. 1). 

In agreement with these data, we showed that human immature 
thymocytes (isolated during cardiac surgery from patients ranging in 
age from 2 months to 4 years) characterized by the CD7+3-4-8- phe- 
notype could undergo in vitro maturation toward Tor NK cell lineages 
(34, 34a). Again, the pattern of maturation was strictly dependent on 
the type of microenvironment and stimuli provided. Thus, growth of 
CD3-16+ cells with strong non-MHC-restricted cytolytic activity was 
obtained both at the population level and at the clonal level in the 
presence of exogenous IL-2 and the H9 leukemia cell line as a source 
of irradiated feeder cells (Fig. 1). Since over 50% of clones obtained 
under limiting dilution conditions were phenotypically and function- 
ally undistinguishable from typical NK cell clones derived from pe- 
ripheral blood, these data clearly indicated that precursors of NK cells 
are present within the human thymus. A possible explanation for the 
H9 cell dependence may be the involvement of cytokines and/or cell 
surface molecules, expressed by H9 cells, that become active on NK 
cell maturation/proliferation. Thus, H9 cells would mimic the micro- 
environment required for the physiological NK cell development. In 
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FIG. 1. Thymocytes contain precursors of both T and NK cells and their development 
toward T or NK cells depends on the in oitro or in oiuo microenvironment. (A) Human 
CD7+3-4-8- thymocyte populations isolated from postnatal thymus can undergo in 
oitro maturation toward mature T (either TCR a/3 or yS) (34a, 35a) or NK lymphocytes 
(341, depending on the stimuli and the feeder cells. These experiments have been 
performed both at the population level and at the clonal level. (B) In oioo experiments in 
the mouse. In this case, the thymic populations were isolated from day 14.5 fetal thy- 
muses. These populations were also characterized by the expression of FcyRII/III. 
When these cells were maintained within a thymic microenvironment, they developed 
into mature T cells. In contrast, when transferred into an extrathymic environment, they 
underwent maturation toward NK cells (35). Taken together, these data suggest that the 
precursors of both T and NK cells can derive from a phenotypically homogeneous subset 
of thymocytes. 
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this context, proliferation of CD 16+ cells from immature thymocytes 
has been obtained in the presence of thymic stromal cells as a source of 
feeder cells (35). The same CD3-4-8- populations giving rise to ma- 
ture NK cells, when cultured in the presence of phytohemagglutinin 
(PHA) and IL-2, gave rise to CD3+TCR+ mature T cell populations 
that expressed y8 functional receptors (34a). Development of TCR 
alp+ cells has been reported by another lab (35a). 

A similar approach was applied to the study of lymphoid precursors 
present in the human liver isolated from embryos or fetuses at 6-10 
weeks of gestation (36). In the presence of H9 cells and IL-2, liver cell 
suspensions underwent both proliferation and maturation toward 
CD3-16+ NK cells (undistinguishable from polyclonal populations or 
clones derived from adult peripheral blood). Importantly, the pre- 
cursors of NK cells were restricted to a small population expressing the 
common leukocyte antigen CD45 (2-20% of all cells). These data 
indicate that precursors capable of in uitro differentiation toward NK 
cells can be identified as early as 6 weeks of gestation. Unexpectedly, 
by applying to liver cell suspensions the “in uitro microenvironment” 
able to induce T cell maturation from thymic precursors, we could 
obtain cell proliferation and maturation toward CD3+TCRap+ or 
CD3+TCRy8+ cell populations or clones. It should be noted that these 
data could be obtained also in embryos at 6-8 weeks of gestation-that 
is, before colonization of the thymic rudiment by T cell precursors. 
The gestational age together with the finding that CD3+TCR+ cells 
could not be generated from cells isolated from the upper part of thorax 
of the same embryos clearly indicate that liver-derived proliferating 
lymphocytes are not thymic emigrants, but rather they are derived 
from liver precursors. Again, the T cell precursors were confined to the 
small CD45+ subset of liver cells. It should be emphasized that these 
data provide the first experimental evidence that mature T cells can 
derive in uitro from early fetal liver precursors without a functional 
thymus and may provide insights in the mechanism of T cell matura- 
tion and selection. Interestingly, similar data have been reported by 
Sanchez et al., who used different culture systems (37). 

Taken together, data on mouse and human thymocytes, as well as 
human fetal liver, indicate that these cell populations may contain 
precursors that are committed either to the T or to the NK cell lineage: 
if this is the case, appropriate maturation signals would be sufficient for 
these committed precursors to undergo maturation to T or NK cells. An 
additional explanation, which is equally compatible with available 
data, is that the thymus and/or fetal liver contain uncommitted lym- 
phoid precursor or pluripotent stem cells. This would imply that the 
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culture conditions used in uitro would mimic the microenvironment 
(e.g., thymus) needed to induce differentiation of uncommitted pre- 
cursors toward T or NK cells. Data from studies of mice and humans do 
not clarify whether T or NK cells are derived from the same or different 
cell precursors. It is clear that the solution to this problem would be 
possible only after the development of culture conditions that allow, in 
single-cell assays, optimal maturation toward different hematopoietic 
cell lineages, including T and NK cells. 

111. Expression of CD3 Genes during NK Cell Maturation 

Although a major discrimination between mature T and NK cells is 
the rearrangement and the expression of a functional TCR/CD3 com- 
plex, nevertheless certain molecules of the CD3 complex are also 
expressed in NK cells (38). Thus, CD3 6 chains have been shown to be 
associated with CD16 (39-41), CD2 (42), or p58 (43) molecules (see 
later). In addition, transcripts for CD3 E have been described in both 
polyclonal and clonal NK cell populations (44). Using antisera raised 
against a CD3 E deduced peptide sequence, Lanier and co-workers 
detected the CD3 E protein at the cytoplasmic level (45, 46). In no 
instance could transcripts for CD3 y and 6 be detected in resting or 
activated mature NK cells. 

Analysis of the expression of the various CD3 chains at the level of 
embryonic/fetal NK cells showed that, in addition to the 6 chain, CD3 E 

and CD3 6 chains and a small amount of CD3 y chain (46) could also be 
detected at the cytoplasmic level. Moreover, analysis of large numbers 
ofCD3- 16+56+ NK clones derived from immature thymic populations 
(CD3-4-8-), under appropriate culture conditions (see above), re- 
vealed, in a portion of NK clones, cytoplasmic CD3 E proteins as 
detected with conventional anti-CD3 monoclonal antibody (mAb) 
(specific for the CD3 E chain) (34). Thus, it appears that the precursors 
of NK cells express a set of CD3 proteins that is more closely related to 
mature T cells than to mature NKcells (34,45). These findings suggest, 
but do not prove, that the precursors for the two cell lineages either 
share a common set of activated genes or are identical. In the latter case 
(i.e., if T and NK cells arise from a common precursor) the TCR re- 
arrangement in T cells would be accompanied by the expression of the 
full set of CD3 genes, whereas maturation toward mature NK cells 
would be characterized by the down-regulation of CD3 y and 6 genes 
(38). 
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IV. Evidence for NK Cell Specificity 

The first demonstration that human NK cells recognize normal all- 
ogeneic cells in a specific fashion was obtained in experiments in 
which T cell-depleted (CD3-) peripheral blood lymphocytes were 
stimulated in a mixed lymphocyte culture (MLC) against irradiated 
allogeneic peripheral blood lymphocytes (47). Recombinant IL-2 was 
added as a source of exogenous growth factor. The resulting NK lym- 
phoblasts were characterized by the CD3-16+56+ surface phenotype 
and displayed a strong cytolytic activity against a series of NK- 
susceptible as well as NK-resistant tumor target cells. Surprisingly, 
these cells also lysed PHA-induced blasts derived from the allogeneic 
donor used as the stimulator in a MLC. On the other hand, lysis was not 
detected against autologous or against some unrelated allogeneic PHA 
blasts. Further clonal analysis clearly demonstrated that the ability to 
lyse specifically a given type of allogeneic target cell is a clonally 
distributed function. Thus, only a fraction of MLC-derived NK clones 
displayed the ability to kill the stimulating allogeneic cells (48). On the 
other hand, all MLC-derived NK clones had a similar ability to kill 
K562 target cells (47). Interestingly, NK cells that specifically killed 
normal allogeneic endothelial cells have been described by Bender et 
al. (49,50). Also in this case, NK cells were cultured in the presence of 
allogeneic (endothelial) cells and IL-2, and then tested for specific 
cytolysis. 

V. The Human NK Cell Repertoire 

MLC-derived NK clones obtained from different donors displayed 
different patterns of cytolytic activity against a series of normal all- 
ogeneic target cells (48, 51). These data suggested the existence of 
different NK specificities in different individuals. A more fundamental 
question was whether clones with different specificities could be ob- 
tained from the NK cells of single individuals. In these experiments, 
NK clones were derived directly from peripheral blood CD3- lympho- 
cytes. Clones were analyzed for cytolytic activity against a panel of 
normal target cells (PHA blasts) derived from different allogeneic do- 
nors. In the representative donor A, 36% of the 415 NK clones analyzed 
displayed cytolytic activity against one or more of the allogeneic target 
cells of the panel. In Table I, the cytolytic patterns of five distinct 
groups of alloreactive NK clones, four of which derived from donor A, 
are shown. It is evident that each group of clones displays a unique 
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TABLE I 
EVIDENCE FOR AN NK CELL REPERTOIRE IN HUMANS 

Normal donor target cells (PHA blasts) lvsed” 
Alloreactive NK clone 

groupU A 1 2 3 4 5 6 

+ - - - - - 1 + 
2 - + + + 
3 
4 - + + + + - 

t 5 

- + - 
+ - + - + + - 

- 
- - - - - - 

a The various groups of NK clones were defined on the basis of their patterns of cytolysis against a 
panel of normal allogeneic PHA-induced blast cells. It is of note that group 1 clones were derived 
from donor 1, whereas clones from groups 2-5 were derived from donor A. 

‘’ +, susceptibility to Iysis: -. resistance to Ivsis. 

pattern of cytolytic activity against the allogeneic donors. It is also 
noteworthy that none of the clones lysed autologous PHA blasts. These 
experiments provided evidence for the existance of a repertoire for 
alloantigen recognition in NK cells (51). It should also be noted that 
experiments reported by Bender et al. on the lysis of allogeneic endo- 
thelial cells could be interpreted on the basis of the existence of (at 
least) two distinct NK specificities in a single donor (50). In our studies, 
four NK-defined specificities have been determined, in a single donor; 
however, because more than 60% of NK clones isolated from this donor 
did not lyse any of the target cells of the panel, it is possible that a 
wider NK cell repertoire exists. Perhaps the use of a larger panel of 
allogeneic target cells might allow further definition of groups of all- 
oreactive clones. It is also possible that a major subset of NK cells lacks 
the capability to lyse normal allogeneic cells (for possible interpreta- 
tions. see Section VIII, regarding clones with broad specificity for 
MHC class I molecules). In any event, the actual amplitude of the 
human NK cell repertoire remains an open question. 

VI. Genetic Analysis of Human NK-Defined Allospecificities 

Given these results, the next major goal was identification of the 
molecules expressed on normal target cells that are involved in the 
mechanism of susceptibility or resistance to NK cell-mediated lysis. In 
fact, by the use of alloreactive NK clones, it has been possible to 
distinguish (for each group of clones) two different phenotypes, i.e., 
“susceptibility” and “resistance” to lysis (48). Genetic analysis has 
been performed in several informative families (51). PHA blasts were 
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derived from the various family members and assessed for their sus- 
ceptibility to lysis by NK clones belonging to the various specificities. 
By this analysis it has been possible to define the mode of inheritance 
of the characters “susceptibility” or “resistance” to lysis by different 
alloreactive clones. These studies allowed the following definitions: 

1. The various characters, “susceptibility to lysis” by different 
groups of NK clones, segregate independently and are inherited in an 
autosomal recessive mode. In contrast, the opposite characters, resis- 
tance to lysis,” are inherited in a dominant fashion. These data support 
the existence of specificities recognized by each group of NK cell 
clones. 

2. The various NK-defined characters cosegregate with certain HLA 
haplotypes (or, more precisely, there is not an independent sampling 
between the two genetic traits). This implies that the genes that govern 
susceptibility or resistance to lysis are on chromosome 6. 

3. Some donors are susceptible to more than one group of alloreac- 
tive NK cell clones, indicating that single individuals express an NK- 
defined complex haplotype. For example, in Table I, donors 1 and 2 are 
susceptible to lysis by three groups of NK clones. 

“ 

VII. Involvement of Class I Molecules in NK-Specific Functions 

Several experimental results provide evidence suggesting that class 
I molecules expressed on target cells may play a role in NK-mediated 
cytolysis. Thus, an inverse correlation has been described between 
expression of class I antigens on target cells and susceptibility to NK 
cell-mediated Iysis. For example, target cells such as the class I- 
negative YAC-1 (in mice) and K562 (in humans) are highly susceptible 
to NK-mediated lysis (52-54). Variants of YAC-1 cells with class I 
expression became resistant to NK cells (52). A similar effect was 
observed in K562 cells on induction of class I expression by interferon 
y (IFN-.)I) (55). On the other hand, these concepts were challenged by 
the observation that tumor cells expressing HLA class I antigens were 
susceptible to lysis by NK cells and/or by CD3-16+ LAK cells. Karre et 
al., (56, 57) suggested that in autologous combinations, NK cells kill 
target cells because they express reduced levels of, or lack, self MHC 
class I molecules (58). These data, together with our finding that the 
NK-defined characters, susceptibility/resistance to lysis, cosegregate 
with HLA haplotypes and thus are carried on chromosome 6, focused 
our attention on the MHC region. Therefore, we analyzed informative 
families in which one of the donors had a recombinant MHC haplo- 
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FIG. 2. Susceptibility to lysis by alloreactive NK clones of variants lacking one or 
more HLA allele. The parental EBV cell line 81 was derived from adonor heterozygous, 
and thus resistant to lysis, for three distinct NK-defined specificities (1, 2, and 5). A 
schematic representation of the HLA alleles expressed by each variant is shown. The 
paternal (bottom lines, and 8lTB) or maternal (top lines, and 81C) chromosome 6 is 
schematically indicated for each variant. HLA-defective variants were analyzed for 
susceptibility (YES) or resistance (NO) to lysis by various groups ofclones. Note that loss 
of expression of the paternal or maternal HLA-A allele (as in variants 81B2 and 81TA) 
does not modify the resistance to lysis. Variant 810A, which lost expression of all class I 
(but not class 11) antigens, became susceptible to lysis by all groups of clones. On the 
other hand, loss of class I antigens coded for by the paternal chromosome 6 (81G) 
resulted in susceptibility to lysis by clones specific to groups 1 and 5. Conversely, a 
variant selectively lacking class I antigens coded for by the maternal chromosome 6 
(81TB) became susceptible to lysis by group 2 clones (but not by group 1 or 5). 
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type. These studies indicated that genes that regulate susceptibility or 
resistance to lysis by group 1 alloreactive clones map in the MHC 
region between Bf (complement cluster) and the HLA-A locus, thus 
encompassing the class I loci HLA-B and HLA-C (59). To identify the 
genes encoding the molecules recognized by alloreactive NK clones, 
we used as a source of target cells an Epstein-Barr virus (EBV)- 
transformed B cell line derived from a donor who was heterozygous for 
three distinct NK-defined specificities (defined by clone groups 1, 2, 
and 5, respectively) (60). Five variants derived from this cell line (see 
Fig. 2), which lacked surface expression of one or more HLA class I 
molecules, were analyzed. As shown in Fig. 2, B2 and T A  variants 
selectively lack the paternal or the maternal HLA-A alleles, respec- 
tively. G and TB variants lost all the MHC alleles encoded by either 
the paternal or the maternal chromosome 6, respectively, Finally, the 
OA variant had lost the ability to express all MHC class I genes, but it 
expressed all class I1 molecules. Analysis of susceptibility to lysis by 
NK clones displaying different specificities showed that B2 and TA 
variants were still resistant to lysis by clones belonging to groups 1,2, 
and 5. On the other hand, the G variant was killed by group 1 and 5 
clones. The TB variant, on the contrary, was killed by group 2 clones. 
Finally, the OA variant was lysed by all groups of NK clones (Fig. 2). 
These data strongly suggested that distinct MHC class I alleles (with 
the exception of HLA-A) may be responsible for “protection” of target 
cells from NK cell-mediated lysis (at least for the specificities ana- 
lyzed). 

The direct demonstration that HLA class I alleles may indeed func- 
tion as protective elements against NK cells was provided by the 
analysis of murine P815 cells transfected with different human class I 
alleles (60). We focused our attention on the Cw3 allele because it was 
absent in variants that acquired susceptibility to lysis by group 2 
clones. In addition, in representative families, Cw3 cosegregated with 
the dominant allele, conferring resistance to lysis by group 2 NK clones 
(i.e., all individuals who inherited the Cw3 allele were resistant to 
lysis by group 2 clones). 

Indeed, experiments in which murine P815 cells transfected with 
Cw3 have been used as target cells demonstrated that these cells were 
resistant to lysis by group 2 clones. On the contrary, P815 cells, either 
untransfected or transfected with other HLA class I alleles (A2, A3, and 
A24), were highly susceptible to lysis by group 2 clones. The specific 
protective effect of the Cw3 allele was further substantiated by the 
finding that clones belonging to other groups (for example, group 1 
clones), efficiently Iysed CwStransfected cells (Fig. 3). As discussed 
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earlier, resistance to lysis by group 2 NK cell clones in informative 
families cosegregated with the Cw3 allele and also with Cwl and Cw7 
alleles. Interestingly, these HLA-C alleles share amino acids at po- 
sitions 77 (serine) and 80 (asparagine) in the putative peptide-binding 
site of HLA-C (61). A possible interpretation is that this epitope may be 
involved in the mechanism of protection against group 2 NK clones. In 
this context Storkus et al. (62) identified an epitope characterized by  
an asparagine at position 74, shared by HLA-A3, Al l ,  A24, Aw68, 
Aw69, B7, and B27, which appears to confer protection from lysis 
mediated by fresh polyclonal NK cells. Further analysis of other 
HLA-C alleles indicated that Cw4 acts as a protective element for 
group 1 clones. This has been shown by the use of the C1R cell line, 
which expresses Cw4 as the only serologically detected class I mole- 
cule (63, 64). C1R cells were efficiently lysed by clones displaying 
various specificities with the exception of group 1 clones (Fig. 3). 

NO LYSlS 

I 

NEGATIVE SIGNAL 

NEGATIVE SIGNAL 

FIG. 3. Expression of HLA-C alleles specifically protects from lysis mediated by NK 
clones ofdefined specificity. (Top) A Cw3’ target cell (the murine P815 cells transfected 
with the human HLA Cw3 gene) is not lysed by group 2 NK clones. but is efficiently 
lysed by group 1 clones. (Bottom) A Cw4+ target cell (the human C1R cell line, which 
expresses HLA Cw4 as the only detected class I allele). ClR is resistant to lysis by group 
1 clones but is efficiently lysed by group 2 clones. As discussed in the text, a likely 
explanation for the selective protection mediated by class I alleles is that interaction of 
class I alleles with clonally distributed specific receptors is responsible for a “negative” 
signal that prevents NK-mediated target cell lysis. 
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Again, analysis of representative families suggested that other HLA-C 
alleles could function as protective elements against lysis of anti-1 
clones (48). Again, these alleles, including Cw2, Cw5, and Cw6, 
shared with Cw4 two amino acids at positions 77 and 80 (asparagine 
and lysine, respectively) (61). 

It is worth noting in our experiments that, so far, at the clonal level 
we have evidence for involvement of HLA-C alleles, whereas we are 
unable to confirm involvement of HLA-A alleles as protective ele- 
ments for given groups of NK clones. The discrepancies with data 
obtained by Storkus et al. (62), in polyclonal NK cell populations, may 
reflect technical differences, including the type of NK cells utilized 
(polyclonal versus clonal), or differences in the MHC haplotype of the 
donors analyzed. 

It is certain that experiments performed in our and other laboratories 
provide suggestive evidence that class I molecules represent the 
protective element against lysis by NK cells. Further evidence for the 
direct involvement of class I molecules was recently obtained by the 
use ofan antibody directed against some HLA-C alleles (termed 12B4). 
This antibody has been selected on the basis of the ability to restore 
lysis of C1R cells by group 1 clones and it is likely to be directed 
against epitopes of class I molecules involved in the protective effect. 
The use of 12B4 mAb [or its F(ab)z fragment] has allowed us to estab- 
lish that class I molecules are indeed the direct molecular target of NK 
cell recognition in group 1 clones. In addition, using this new MAb, it 
has been possible to establish that class I molecules represent the 
protective element in NK clones that do not display the ability to kill 
normal allogeneic cells (see earlier). Accordingly, these clones did not 
lyse Cw3+ P815 cells, Cw4+ ClR cells, or PHA blasts of the panel 
shown in Table I. The ability of the 12B4 mAb to induce lysis of 
“protected” target cells provides evidence for a direct involvement of 
class I molecules in this case. A possible interpretation is that these 
clones may recognize a nonpolymorphic determinant expressed by C 
alleles. 

A most important fact provided by the 12B4 mAb was that class I 
molecules are directly involved in the mechanism of protection from 
autologous NK cells. Thus, for example, in a Cw4+ donor, addition of 
12B4 mAb induced lysis of normal autologous cells by (autologous) 
group 1 clones. This strongly suggests that self class I molecules may 
act as elements that specifically protect normal cells from NK- 
mediated autoreactivity. As we shall discuss later, conditions that lead 
to loss (or masking) of class I molecules (or alleles) result in NK- 
mediated lysis of autologous cells (58,65-68). 
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VIII. Clonolly Distributed Molecules (p58) Involved in Regulation of 
NK-Mediated Cytolysis 

The evidence that human NK cells are able to recognize MHC class I 
alleles and that this function is clonally distributed implies that dis- 
tinct surface receptors, mediating specific recognition, exist in differ- 
ent NK cells. The approach applied to the identification of these recep- 
tors has been based on the selection of mAbs reacting with clonally 
distributed (or NK subset-specific) surface molecules. After immuniza- 
tion of mice with CD3-16+ alloreactive clones we selected two mAbs, 
termed GL183 (69) and EB6 (70), that reacted with surface molecules 
that are selectively expressed on the surface of human NK cells. The 
two molecules recognized by GL183 and EB6 mAbs were expressed 
on two partially overlapping subsets of NKcells. In addition, they were 
present in both resting and activated NK cells and their expression (or 
lack thereof) was not changed by cell activation, proliferation, or clon- 
ing. The phenotypic stability of GL183 and EB6 expression allowed 
definition of four distinct NK subsets: GL183+EB6+, GL183+EB6-, 
GL183-EB6+, and GL183-EB6- (see Fig. 4) (70). Biochemical analy- 
sis of molecules immunoprecipitated by the two mAbs indicated that 
the antigenic determinants recognized by EB6 and GL183 mAbs are 
carried on distinct chains (70). Further peptide map analysis of GL183 
or EB6 molecules immunoprecipitated by phenotypically different 
NK cell clones showed that, although the two molecules share major 
peptides, unique peptides in each molecule could be identified. The 
findings that the apparent molecular weight as evaluated by sodium 
dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) is identi- 
cal for EB6 and GL183 and that the two molecules share a majority of 
peptides in peptide mapping strongly suggest that the two molecules 
are highly homologous (belonging to a new NK-specific molecular 
family) (70). It has been shown that both EB6 and GL183 molecules are 
noncovalently associated to the CD3 5 chain (43) and to the y chains of 
FceRI. Thus, because molecules involved in signal transduction are 
associated with p58 molecules, this supports the concept that p58 
molecules may serve as surface receptors in NK cell subsets. 

Functional analyses indicated that both GL183 and EB6 mAbs, in a 
redirected killing assay using the FcyR+ P815 target cells and mAb- 
reactive NK clones as effectors, inhibited target cell lysis (69-71). Not 
only did anti-p58 mAb inhibit the spontaneous lysis of P815 cells, but 
also the lysis of P815 induced by anti-CD16 or anti-CD2 mAb or PHA. 
In apparent contradiction to the inhibitory effect against P815 target 
cells, both GL183 and EB6 mAbs increased the cytolytic activity of 
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FIG. 4. Four subsets of human NK cells can be identified on the basis of the expres- 
sion of GL183/EB6 molecules. In these experiments, the surface expression of GL183 
and EB6 molecules has been evaluated by double fluorescence and fluorescence- 
activated cell-sorting analysis of both peripheral blood lymphocytes and activated 
CD3-CD16+ “bulk” cell populations. Cells were stained with GL183 mAb followed by 
a second reagent represented by a goat antimouse IgGl antiserum (fluorescein isothio- 
cyanate conjugated) and by the XA-141 mAb (anti-EB6) followed by a second reagent 
consisting of an anti-IgM phycoerythrin. The contour plot is divided into four quadrants 
representing unstained cells (lower left), cells with only red fluorescence (upper left), 
cells with red and green fluorescence (upper right), and cells with only green fluo- 
rescence (lower right). A and B represent the peripheral blood mononuclear cells de- 
rived from two distinct donors, whereas in C and D two “bulk” populations consisting of 
activated CD3-CD16+ cells were evaluated. It is evident that the percentage of cells 
belonging to the various cell subsets varied in the four subjects analyzed. 
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human tumor cell lines resistant to NK clones. A likely explanation for 
this phenomenon will be provided in Section IX. 

Given the involvement of p58 molecules in target cell lysis, we 
investigated whether a correlation existed between the GL183/EB6 
phenotype and the ability of NK clones to recognize “protective” class 
I alleles. A remarkable correlation was found between the EB6/ 
GL183-defined surface phenotype and the allospecificity mediated by 
a given group of clones (51,70) (Fig. 5). For example, in most individ- 
uals, all NK clones characterized by the EB6+GL183- surface pheno- 
type belong to group l (in which the protective element is represented 
b y  Cw4 or related alleles). Importantly, in individuals susceptible to 
lysis by group 1 clones, the EB6+GL183- subset was virtually ab- 
sent (70). In addition, in these susceptible individuals, the rare 
EB6’GL183- clones [group 5 clones (51, 60)] were unable to kill 
autologous cells. These findings are clearly consistent with the exis- 
tence of tolerance and/or clonal deletion in the NK cell populations. 
Analysis of the correlation existing between the GL183/EB6 surface 
phenotype and the specificities of NK clones clearly indicates that all 
other groups of alloreactive clones are characterized by a homoge- 
neous GL183/EB6 phenotype. These data are in support ofthe hypoth- 
esis that the p58 molecular family is involved in the specific recogni- 
tion of class I molecules by NK cells. 

IX. p58 Molecules as Putative Receptors for MHC Class I Molecules in 
Human NK Cells 

Available data suggest that, in contrast to T lymphocytes, specific 
recognition of MHC class I molecules in NK cells induces inhibition of 
cytolytic activity and thus “protects” target cells (51,60). In view of the 
precise correlation established between the expression of GL183 and 
EB6 surface molecules and the specificity of NK clones, the possibility 
that p58 molecules could represent the specific receptor for MHC class 
I was directly assessed by experiments in which anti-p58 mAbs were 
used as inhibitors (72). If p58 molecules represent the receptor for 
MHC class I, anti-p58 mAbs should interfere with the p58/class I 
interaction. 

As discussed above, NK clones displaying “specificity 1” and ex- 
pressing the GL183-EB6+ phenotype failed to lyse Cw4+ target cells. 
Addition of the EB6 mAb [or its F(ab)e fragment] induced lysis of 
Cw4-protected target cells (72). Similarly, in GL183+EB6+ clones be- 
longing to group 2 (in which the protective element is represented by 
C W ~ ) ,  both GL183 and EB6 mAbs [or the relative F(ab)z fragments] 
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FIG. 5. The human NK cell repertoire. Human NKcells express a clonally distributed 
ability to lyse selectively normal allogeneic cells (see Table I). Cw3 and Cw3-related 
MHC class I molecules function as a protective element that selectively prevents target 
cells from lysis by group 2 clones. In addition, Cw4 (and related alleles) may function as 
a protective element for group 1 clones. According to this interpretation, the ability of a 
given group of clones to lyse selectively only certain allogeneic cells would be deter- 
mined by the lack of expression, on these cells, of different specific protective elements. 
The clonally distributed surface receptors expressed by different groups of alloreactive 
NK cell clones would recognize different protective elements. Five distinct allospecifi- 
cities have been identified so far, but the protective elements for clones of groups 3,4,  
and 5 are still unknown. Moreover, each group of alloreactive clones is confined to an NK 
cell subset that can be identified on the basis of the differential expression of functional 
surface molecules that can be detected by the mAbs GL183 and EB6; these molecules 
belong to a novel NK-specific 58-kDa molecular family and appear to compose, in 
different association, the NK receptor for class I molecules (see Figs. 6-11 and the text). 
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induced lysis of Cw3-protected target cells (72) (Fig. 6). A likely inter- 
pretation of these data is that the reconstitution of lysis of protected 
cells is due to masking of the NK receptors for class I molecules by 
anti-p58 mAbs. According to this interpretation, the finding (described 
in Section VIII) that anti-p58 mAbs are able to increase lysis of most 
human tumor target cells may be interpreted again as a masking effect, 
which would prevent NK receptors from interacting with protective 
class I molecules expressed by allogeneic tumor cells. Thus, p58 mole- 
cules appear to be part of the class I-specific NK receptor, which, on 
binding with class I molecules, delivers a negative signal to the NK 
cells. In agreement with this concept, triggering of NKcells with entire 
IgG anti-p58 mAbs cross-linked by F q R +  target cells (in a redirected 
killing assay; see above and Fig. 7) results in strong inhibition of 
cytolytic activity. In these experiments, the cross-linked entire anti- 
p58 mAbs would mimic the effect of class I molecules expressed on 
protected target cells (69-72). 

X. Human NK Receptors for Class I Molecules Are Composed of p58 Dimers 

In clones expressing the GL183+EB6+ phenotype and specific for 
the Cw3 allele (60), reconstitution of lysis can be equally achieved 
with GL183 or EB6 mAb (72). A likely interpretation of this is that both 
p58 molecules participate in the recognition of the specific protective 
element. For example, the NK receptors in this group of clones could 
be formed by the association of GL183 and EB6 molecules. Antibody- 
induced modulation of EB6 surface molecules (72a) demonstrated that 
GL183 molecules undergo specific comodulation (Fig. 8). Further evi- 
dence for a molecular association was provided by biochemical analy- 
sis of p58 molecules. When, GL183+EB6+ clones were lysed under 
conditions that preserve the molecular association (i.e., digitonin), 
both GL183 and EB6 molecules were coimmunoprecipitated by either 
of the anti-p58 mAbs. This suggests that two p58 chains are nonco- 
valently associated to form heterodimers at the NK cell surface. In the 
case of GL183-EB6+ NK clones, our data suggest that the differential 
association of p58 molecules determines the specificity of the NK 
receptors. Thus the EB6 molecule, when associated with GL183, rec- 
ognizes Cw3 (or related alleles), whereas in the absence of GL183 
(GL183-EB6+ clones), Cw4 or related alleles are recognized. 
However, for GL183-EB6+ clones it is necessary to hypothesize the 
existence of EB6-associated molecules. Indeed, if the single EB6 mol- 
ecule is sufficient to recognize a class I ligand, all the cells bearing EB6 
(including GL183+EB6+) would always recognize the same alleles 
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FIG. 6. Antibody-mediated “masking” of p58 molecules restores the lysis of class 
I-“protected” target cells. As describe in the text, group 2 NKclones (GL183+EB6+) lyse 
target cells that lack expression of Cw3 or related alleles (e.g., untransfected P815 cells). 
Expression of Cw3 on target cells (consequent to transfection with the human HLA Cw3 
gene) results in protection from lysis mediated by group 2 clones. Adding F(ab)z frag- 
ments of p58 mAbs (either GL183 or EB6) results in complete restoration of lysis of 
Cw3+ cells. These results can be interpreted as a masking effect mediated by the F(ab)z 
fragments, which prevent the interaction of p58 molecules with their class I ligand on 
target cells. 
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FIG. 7 .  Anti-p58 mAbs mimic the inhibitory effect of class I molecules on the NK- 
mediated cytolysis. The figure refers to a group 2 NK clone (expressing both GL183 and 
EB6 molecules), as effector, and to the murine P815 cells transfected or not with Cw3 
(the protective element for group 2 clones), as targets. The group 2 NK clones efficiently 
lyse untransfected P815 cells, but not P815 cells transfected with Cw3. When the entire 
GL183 or EB6 mAbs (which bind via their Fc portion to the FcyR+ P815 cells) are added, 
inhibition of lysis of untransfected P815 cells occurs. Thus, it appears that the anti-p58 
mAbs bound on target cells protect them from lysis, i.e., they mimic the effect of Cw3 
molecules in delivering an inhibitory signal on cross-linking of the p58 molecules 
expressed by group 2 clones. 
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FIG. 8. Comodulation of GL183 and EB6 molecules in GL183+EB6+ NK clones. In 
this experiment, a GL183+EB6+ NK clone was cultured for 18 hours in costar wells 
coated with the XA-141 mAb (specific for EB6 molecules). Subsequently, cells were 
washed and analyzed by indirect immunofluorescence for GL183 and EB6 expression. 
(A) Unmodulated cells stained with GL183 mAb. (B) Unmodulated cells stained with 
EB6 mAb. (C) XA-141-modulated cells stained with GL183 mAb. (D) XA-141-modulated 
cells stained with EB6 mAb. It is evident that a complete modulation of EB6 molecules 
resulted in comodulation of most GL183 molecules. 

(i.e., Cw4 or related alleles). Two possibilities exist for the composi- 
tion of the NK receptor expressed by Cw4-specific GL183-EB6+ 
clones: (1) EB6 molecules are associated with a still undefined p58 
molecule; and (2) EB6 molecules are associated with other EB6 mole- 
cules, forming homodimers (Fig. 9). Although the specificity of 
GL183-EB6+ clones for Cw4 is unquestionable in several individuals 
tested, in two individuals GL183-EB6+ clones did not recognize Cw4 
or related alleles (the previously defined group 5) (51). It is likely that 
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GL183 + EB6 

FIG. 9. Association of different p58 molecules determines the specificity of the NK 
receptors for different class I molecules. The differential association of p58 molecules 
determines the specificity of the resulting noncovalently linked heterodimers. This is a 
schematic representation of the molecular association of different p58 molecules in NK 
clones of known specificity. (Left) Croup 2 NK clones coexpress GL183 and EB6 mole- 
cules and recognize Cw3 or related alleles. (Right) Croup 1 clones express EB6 and a 
still undefined p58 molecule. This association is responsible for the recognition of Cw4 
or related alleles. Note that it cannot presently be excluded that p58 molecules may 
instead form homodimers; for example, the GL183-EB6' clones could actually be 
represented by homodimers of EB6 molecules (EBGCEB6'). 

in these individuals EB6 molecules may be associated, forming dimers 
different from those of CwCreactive group 1 clones. Differences in the 
specificity of GL183-EB6+ clones isolated from different individuals 
appear to be related to the HLA haplotype of these individuals. Thus, 
individuals in which GL183-EB6+ clones recognize Cw4 or related 
alleles are characterized by an HLA haplotype containing the Cw4 (or 
related) allele, but this is not the case for donors in which 
GL183-EB6+ clones belong to group 5. 

XI. Effect of p58 Modulation on Cytolytic Activity 

Since p58 molecules appear to function as NK receptors for class I 
molecules, we analyzed the effect of removal of p58 molecules from 
the NK cell surface as a consequence of mAb-induced modulation. 
Modulation of EB6 molecules in either GL183+EB6+ or in 
GL183-EB6+ clones specific for Cw3 and Cw4 alleles, respectively, 
resulted in lysis of Cw3- or Cw4-protected target cells (72a). These 
data further support the notion that dimers of p58 molecules represent 
the NK receptors specific for MHC class I alleles, and that, in the 
absence of such receptors, MHC-specific NK cells became unable to 
distinguish between protected and unprotected target cells. In line 
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with this view, the inability to kill protected target cells was recovered 
only after reexpression of p58 molecules (Fig. 10). 

Taken together, these data indicate not only that p58 molecules 
represent the putative receptors for class I molecules, but also that the 
specificity for different HLA-C alleles is determined by the differential 
association of different members of the p58 molecular family. 

XII. Opposite Effect of Specific MHC Recognition by T lymphocytes 
or NK Cells 

Two alternative hypotheses have been proposed to explain MHC 
recognition by NK cells: (1) the “target interference” hypothesis, in 
which it is postulated that class I MHC molecules and/or their associ- 
ated peptides mask recognition of the actual NK target structure re- 
sponsible for NK cell activation, and (2) the hypothesis that implies the 
delivery of a regulatory negative signal to NK cells after interaction 
with the “protective” MHC molecule. These two alternative hypothe- 
ses have been discussed in detail in previous reviews (58,65-68). All 

antl-p58 mAba 
added (capping) 
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p58 molecules 

TARGET TARGET 
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FIG. 10. Effect of removal of p58 molecules by antibody-induced modulation. In NK 
clones of defined specificity (e.g., Cw3-specific group 2 clones that coexpress GL183 and 
EB6 molecules), mAb-induced modulation of EB6 molecules results in comodulation of 
GL183 molecules. As a consequence, group 2 clones lose the ability to recognize Cw3 
molecules (which act as a protective element for group 2 clones) and thus kill the Cw3+ 
target cells. 
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of our data are compatible with the second hypothesis. This hypothesis 
requires the following conditions: 

1. The expression of specific class I alleles on protected target cells. 
2. The expression of receptors specific for class I alleles on NK cells. 
3. The ability of this receptor to deliver inhibitory or inactivating 

signals on interaction with specific MHC molecules. 
4. The existence on NK cells of surface molecules capable of medi- 

ating N K  cell activation following binding with (non-MHC-encoded) 
ligands expressed on target cells. 

The interaction between specific receptors and MHC-encoded sur- 
face molecules appears to be a central event regulating the cytolytic 
function of both NK and T lymphocytes. However, whereas in T cells 
TCRlMHC interaction induces a positive signal resulting in triggering 
of cytolysis (73), in NK cells the NK receptor/MHC interaction would 
induce a negative signal resulting in inhibition of cytolytic activity. 
This opposite functional effect can also be elicited by antireceptor 
mAbs. Thus, anti-TCR m Abs trigger the cytolytic activity of alloreac- 
tive CTLs in a redirected killing assay (74), thus mimicking the effect 
of alloantigen recognition (“antigen-like” effect) (75, 76). Opposite to 
anti-TCR, anti-p58 mAbs under the same experimental conditions 
strongly inhibit the NK-mediated cytolysis, thus mimicking the protec- 
tive effect of MHC molecules (69-72). On the other hand, mAb- 
mediated masking of TCRs, by preventing MHC recognition, inhibits 
specific lysis of allogeneic cells (73), whereas masking of p58 mole- 
cules, by preventing MHC recognition, would allow lysis of MHC- 
protected target cells by inhibiting the delivery of the negative signal 
(72). 

Opposite functional effects can also be detected after mAb-induced 
modulation of TCRs or NK receptors. Thus, modulation of TCRs in 
alloreactive cytotoxic T lymphocytes (CTLs) prevents alloantigen rec- 
ognition (77) and, as a consequence, lysis of specific target cells. On the 
contrary, modulation of NK receptors for the MHC in class I-specific 
NK cells prevents MHC recognition and results in lysis of protected 
target cells (72A) (Fig. 11). 

XIII. The Putative Murine NK Receptor for the MHC 

An inhibitory receptor specific for MHC class I molecules expressed 
on target cells in mice has been identified. This molecule is repre- 
sented by Ly49, which is expressed at the cell surface as a disulfide- 
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FIG. 11. Evidence that NK clones do not lyse class I-"protected' target cells as a 
consequence of the interaction between NK receptors and class I alleles. (A) A group 1 
NK clone specific for Cw4 (or related C alleles) does not lyse Cw4+ cells. Note that this 
situation also occurs, for example, in autologous combinations, i.e., in Cw4+ individuals 
who have a fraction of their NK cells specific for Cw4. (B) Interaction between p5gcand 
Cw4 is blocked by anti-p58 mAbs. The mAb-mediated masking of the NK receptor 
results in lysis of Cw4-protected target cells. (C) Interaction between p58 and Cw4 is 
blocked by an appropriate anti-class I mAb (12 B4) specific for C alleles. Also, masking of 
Cw4 results in lysis of Cw4-protected target cells. (D) Removal of p58 receptors by 
mAb-induced modulation prevents recognition of Cw4 molecules on target cells. This 
results again in lysis of CwCprotected target cells. 
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linked homodimer formed by 44-kDa subunits (78, 79). The Ly49 
antigen is expressed by a subpopulation (-20%) of splenic NK cells 
(80) and, more importantly, in H-2b strains (81, 82) the Ly49+ and 
Ly49- subsets have been shown to differ in their specificity. Ly49+ NK 
cells do not lyse H-2d and H-2k tumor target cells, whereas Ly49- NK 
cells do (83). Transfection experiments demonstrated that the protec- 
tive element specifically recognized by Ly49+ cells is represented by 
H-2Dd. Similar to anti-p58 mAbs, anti-Ly49 antibodies can reverse 
resistance to lysis. In addition, similar to the anti HLA-C mAb selected 
in our lab (12B4 mAb) (83a), antibodies directed to the all(r2 domains 
of H-2Dd rendered protected target cells susceptible to lysis mediated 
by Ly49+ cells (83). An apparent paradox in these studies is repre- 
sented by the finding that allogeneic H-2d tumors were protected from 
lysis by Ly49+ cells derived from H-2b mice whereas syngeneic tu- 
mors cells were lysed. Moreover, syngeneic (H-zb) normal cells were 
protected from lysis. A possible interpretation of these data is that, in 
H-2b mice, Ly49+ cells do not recognize self MHC molecules, but 
rather allogeneic MHC. Their ability to lyse syngeneic tumor cells but 
not normal cells cannot be explained by a mechanism of protection 
based on the MHC haplotype because both cells apparently expressed 
the same H-2b molecules (83). 

Two possible explanations could be envisaged for these results: 
(1) Normal and tumor cells differ in surface expression of ligands able 
to interact with “activatory receptors” expressed by Ly49+ cells (see 
also Section XV). (2) Syngeneic MHC elements may be protective for 
normal cells, whereas in tumor cells the protective MHC element 
could be either missing or masked (e.g., by tumor peptides). The latter 
interpretation may explain a major difference between the murine and 
human system. Thus, in humans the protective elements were invari- 
ably represented by self and self-related class I alleles. On the con- 
trary, in the mouse, only allogeneic MHC molecules have been de- 
scribed as protective elements for the Ly49+ cells. At the present time, 
the role of Ly49+ cells as effector cells specific for allogeneic (but not 
for syngeneic) protective class I molecules is difficult to interpret in a 
physiological context. 

XIV. Other Possible Murine Receptors and the Hybrid 
Resistance Phenomenon 

t - i  

Another murine surface molecule that could serve as an NK receptor 
is represented by a disulfide-linked dimer (subunits of 54 kDa) that is 
expressed by approximately 50% of NK cells and is recognized by the 
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mAb SW5E6 (84). NK cells expressing these molecules mediate rejec- 
tion of bone marrow cells expressing H-2d/Hh-ld in what is termed the 
hybrid resistance phenomenon. The hybrid resistance phenomenon 
(85) refers to the situation in which parental bone marrow is rejected by 
NK cells from lethally irradiated F1 hybrid mice. This phenomenon, 
which cannot be explained on the basis of conventional trans- 
plantation laws, was described more than 20 years ago by Cudkowicz 
(86-89). The genes, which encode the antigens involved in the hybrid 
resistance on donor bone marrow cells, the so-called hematopoietic 
histocompatibility (Hh-1) antigens, have been mapped to the MHC 
region near the H-2D locus (90). Bone marrow cells derived form H-2b 
mice, transgenic for H-2Dd, are able to engraft (H-2Db X H-2Dd)F1 
hybrid mice (56), compatible with the possibility that the MHC class I 
locus, H-2D7 is inversely responsible for hybrid resistance. 

A possible interpretation, based on our data in the human system, 
could be that parental bone marrow cells are rejected in F1 hybrid mice 
because the donor cells lack half of the MHC molecules expressed by 
the F1 recipients. 

XV. "Receptors" Mediating NK Cell Activation 

Since receptors for class I molecules appear to deliver negative 
signals, resulting in inhibition of cytolytic activity, the existence of 
receptors that mediate NK cell triggering responsible for lysis of sus- 
ceptible target cells must be postulated (59,60, 72). Thus, interaction 
between activatory receptors and their ligands on target cells would 
result in classical non-MHC-restricted lysis (66). On the other hand, 
the concomitant interaction of the NK receptor for MHC and protective 
class I molecules would down-regulate the function of activatory re- 
ceptors (66, 72). 

In humans, several molecules have been shown to induce NK cell 
activation. Thus, CD16, which binds with low affinity the Fc portion of 
IgG, can mediate NK cell triggering on binding IgG immunocom- 
plexes (1, 91). Another surface molecule, the CD2 molecule, is ex- 
pressed by resting or activated NK cells and mediates cell triggering 
and target cell lysis (in a redirected killing assay) (92-94). Activated 
NK cells (i.e., LAK cells, including NK clones) display an antitumor 
cytolytic activity that is severalfold higher than that of resting NK cells. 
In this respect, another triggering molecule expressed by activated but 
not resting NK cells, i.e., the CD69 molecule, may play a relevant role 
in triggering the cytolytic activity of activated NK cells (95). 

If one speculates that a single type of activatory receptor is responsi- 
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ble for inducing non-MHC-restricted lysis of unprotected target cells, 
neither CD16 nor CD2 would represent suitable candidates for this 
role. Indeed, NK cells that lack either antigen can still mediate cyto- 
toxicity (95-97). Also, CD69 cannot be seen as the unique activatory 
receptor for NK cells, because, although expressed and functional on 
all activated NK cells, it is absent on most resting NK cells (95). 

Two hypotheses are still possible to explain the mechanism of NK 
cell activation by ligands expressed on nonprotected target cells: (1) an 
unidentified activatory receptor responsible for the MHC-unrestricted 
lysis, and (2) that MHC-unrestricted lysis is the result of multiple 
interactions involving different activatory receptors and their ligands 
on unprotected target cells. 

In favor of the existence of a unique receptor, recent studies in the 
rat and in the mouse suggested a critical role in N K  cell activation of a 
new family of membrane proteins composed of disulfide-linked homo- 
dimers. These molecules, termed NKR-Pl(3O-kDa subunits in the rat), 
are expressed on all rat NK cells, are type I1 integral membrane 
proteins (with the C terminus exposed extracellularly), and are homol- 
ogous to members of the C-type lectin superfamily (98, 99). In the 
mouse, the NK1.l antigen shares several similarities with NKR-P1 and 
has been shown to belong to the same molecular family (100-102). It is 
possible that this molecular family may represent the unique activa- 
tory receptor for rat and mouse NK cells. 

Consistent with this hypothesis, mAb 3.2.3 (antirat NKR-P1) (103, 
104) triggers the NK-mediated cytolytic activity in redirected killing 
assays, stimulates release of serine esterases, and activates phosphoi- 
nositide turnover. Also, mAb PK136 (antimouse NK1.1) displays simi- 
lar abilities to modify NK cell functions (105). These functional capa- 
bilities, together with the finding that these molecules display some 
degree of polymorphism (loo), suggest that these molecules may rep- 
resent an NK receptor responsible for activatory signals in the killing of 
unprotected target cells. However, it is likely that NKR-P1 does not 
represent the unique activatory receptor responsible for natural killing 
(106). Thus, for example, mAbs against these molecules were unable to 
block lysis of unprotected target cells. This may indicate that NKR-P1 
represents one of the molecules involved in NK cell activation, but not 
the unique receptor. Thus, based on our current knowledge, activation 
of NK cells by unprotected target cells would appear to involve multi- 
ple receptor/ligand interactions rather than unique activatory recep- 
tor. Another interesting functional molecule has been described in 
human NK cells by Lbpez-Botet et al .  (107). This disulfide-linked 
43-kDa molecule (Kp43) is expressed on virtually all NK cells and on a 
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small T lymphocyte subset. The Kp43 molecule is involved in the 
regulation of NK cell function since it modulates both their cytolytic 
activity and lymphokine production. 

Finally, a family of five NK-specific genes has been recently charac- 
terized in humans. These genes, termed N K G 2 ,  have some degree of 
homology among them. However, the function and the cellular local- 
ization of the NKGB- encoded protein are still undefined (108, 109). 

XVI. Concluding Remarks 

In view of the new concepts on NK cells, what could the physiologi- 
cal role of NK cells be and how do NK cell function in uiuo? Having 
established that, at least in humans, the molecular target for specific 
NK cell recognition is the (self) MHC class I molecules and that this 
interaction leads to inhibition of cytolysis (i.e., some class I alleles 
function as protective elements), several questions need to be asked. 

Although, in general, class I molecules are expressed as a trimeric 
complex formed by the heavy chain, &microgIobulin, and bound 
peptide, it has not yet been clarified whether regulation of NK cell 
recognition requires all of these components or only one or two of 
them. In this context, Carbone et al. suggested that the &-free heavy 
chains expressed at the target cell surface are responsible for the 
mechanism of protection, at least from resting polyclonal NK cells 
(110). On the other hand, Storkus et al. emphasized the role of the class 
I-bound peptides. Thus, these authors showed that peptides specifi- 
cally binding to the protective class I molecules could induce lysis of 
protected cells by polyclonal NK cells (111). Data are not yet available 
on the role of free heavy chains or peptides in the case of clones 
displaying a defined allele specificity. 

Although the class I-mediated protection from NK cell lysis may 
represent a major mechanism of target cell resistance, this mechanism 
clearly requires further explanations and some exceptions should be 
considered. 

Many tumor cells that are susceptible to lysis mediated by NK/LAK 
cells express normal amounts of surface class I antigens. This phenom- 
enon can be explained in that (1) the tumor cells express class I anti- 
gens that do not function as specific protective elements for the all- 
ogeneic NK cells most frequently used in the cytolytic assays (Fig. 12) 
and (2) the tumor cells may lack the expression of single class I alleles 
functioning as protective elements (112, 113). It should be noted that 
conventional mAbs directed to common determinants of class I mole- 
cules do not allow detection of these class I allele-defective tumor 
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KILLING 
GROUP-2 
NK CLONE 

NO KILUNG 

NO MORE 
"PROTECTED" 

KILLING 1 
ALLOGENEIC 

A Cw3 allele 

a Cw4 allele 

y p58 receptor 
(GL183+ EB6+) 

FIG. 12. NK cell-mediated lysis of autologous or allogeneic tumor cells. N K  cells do 
not lyse normal autologous cells because they are protected by selfclass I molecules. In 
this case, a representative group 2 NK clone does not lyse autologous normal cells 
(PHA-induced blasts) because they are protected by surface Cw3 molecules. On the 
other hand, the same clone can lyse autologous tumor cells provided that Cw3 molecules 
either are not expressed or are masked (e.g., by tumor peptides). Allogeneic tumor cells 
can be lvsed because they have lost the protective class I alleles or simply because they 
do not express specific protective alleles for group 2 clones (for example, the allogeneic 
tumor cell illustrated is Cw84+). 

cells. The use ofallele-specific reagents shows that the loss ofa  given 
allele is a relatively common event in certain tumors. 

Another possible mechanism of resistance to NK-mediated lysis may 
be related to the lack of appropriate interactions required for NK cell 
activation. Thus, target cells (either normal or tumor) that do not ex- 
press class I molecules are not lysed by NK cells because they lack the 
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appropriate ligand(s) required for interactions with the activation re- 
ceptor(s) expressed on NK cells. On the other hand, the failure of fresh, 
unactivated NK cells to lyse most tumor target cells may primarily 
reflect the lack of expression (or expression in low density) of the 
appropriate activation receptors. In this context, the ability of activated 
NK cells (i.e., LAK cells) to lyse efficiently a wider spectrum of tumor 
cells can be interpreted as the expression of appropriate activation 
receptors on these cells as a consequence of cell activation (Fig. 13) 
(114). 

NK TARGET 

Lack of appropriate 
receptors on NK cells 

Lack of appropriate 
ilgands on target cells 

inhibitory signal due to 
Interaction between p58 
receptors expressed on NK 
calls and class I alleles on 
target cells 

FIG. 13. Mechanisms by which target cells may be resistant to NK-mediated lysis. 
(A) NK cells lack appropriate “activatory” receptor molecules or express these receptors 
at low levels. This can occur in fresh, nonactivated NK cells. (B) Target cells lack 
appropriate ligands (for example, red blood cells are not lysed by NK cells). (C) In spite 
of efficient receptorlligand interactions, target cells express appropriate class I alleles 
(0) that deliver an inhibitory signal via the p58 receptors expressed on NK cells. 
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How to explain the need for NK cells to recognize polymorphic self 
elements of MHC class I? A possible explanation can be deduced by 
the finding discussed above that some tumors lack the expression of 
single class I alleles (e.g., HLA-C). If NK cells play a role in the 
inimunosurveillance against tumors, it is evident that NK cells 
equipped with clonally distributed receptors for polymorphic self al- 
leles would have more chances to identify and lyse tumor cells. Possi- 
bly, a similar explanation could also be proposed for viral infection 
whereby NK cells have been shown to provide a first line of defense. In 
general, viral peptides are known to bind selectively to certain alleles 
[this would lead to masking of the protective epitope(s) that is part of 
the protective allele]. In all of these pathological conditions, the exis- 
tance of NK cells specific for a self allele would represent a more 
effective mechanism of defense. 

Regarding the possible mechanism by which NK cells have acquired 
their repertoire for different class I alleles, this could be the result of 
the rapid evolution of the MHC in terms of polymorphism. As a conse- 
quence, NK receptors have evolved to adapt to the progressive modi- 
fications of their MHC class I ligands. 

Finally, most normal cells in an organism are protected from NK cell 
lysis because they express class I molecules. Since interaction be- 
tween class I molecules and the specific NK receptors leads to NK cell 
inhibition, one may ask why NK cells continuously exposed to inhibi- 
tory signals (i.e., self MHC class I alleles) are still capable of lysing 
bystander, unprotected cells (e.g., tumor cells). Two possible expla- 
nations could be envisaged: (1)  the inhibitory signal is short lived and 
(2) the inhibitory effect is limited to a portion of the cell and does not 
involve the whole cell. A polarized effect of the negative signal would 
not prevent NK cells from mediating cytolysis by utilizing other cell 
compartments. Preliminary data using bystander cell cytolytic assays 
are in favor of the second hypothesis (A. Moretta et al., unpublished). 
In conclusion, NK cells play a role complementary to that of T cells in 
the defenses against virally infected cells and tumors. Thus, if down- 
regulation of class I molecules results in an escape from T cell recogni- 
tion, cells lacking class I molecules (or single alleles) become suscepti- 
ble to NK cell lysis. In addition, preliminary experimental data in  vitro 
suggest that NK cells may also play a role in rejection of bone marrow 
grafts in humans (115). NK cells, characterized by a limited repertoire 
and by their ability to destroy cells that lack given class I alleles, are 
thought to represent a first and rapid line of defense. The readiness of 
NK cell intervention reflects the fact that these cells constitutively 
express a lytic machinery and are thus ready to kill. In addition, in view 
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of their limited repertoire, the frequency of NK cells displaying a given 
specificity is relatively high. Thus, for NK cells, neither activation nor 
clonal expansion may be strictly required for a rapid elimination of 
potentially harmful ceIls. 
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1. Introduction 

Major histocompatibility complex (MHC)-encoded molecules play 
critical roles in the protective immune response,.in various immuno- 
pathological reactions, and in reactions against transplanted tissues. 
The central function of class I MHC molecules appears to be the 
presentation on the cell surface of small peptide fragments of endoge- 
nously produced antigens for recognition by CD8' cytotoxic T lym- 
phocytes (CTLs) (Yewdell and Bennink, 1992). Thus class I molecules 
present for T cell recognition foreign antigenic peptides derived from 
intracellular pathogens such as viruses, intracellular bacteria, and 
other organisms that replicate intracellularly. It is believed that the 
protective immune response against many of these agents depends 
critically on the destruction of pathogen-infected cells by CTLs, and 
the consequent limitation of pathogen replication. In some cases, 
however, an aberrant CD8+ T cell response triggered by class I- 
associated antigens can lead to severe, even lethal, immunopathologi- 
cal reactions. The specific roles of class I and class I1 MHC molecules 
in various protective and immunopathological reactions have been 
subjected to intensive investigation, but much remains to be learned. 

The development of the T cell repertoire is critically dependent on 
interactions with MHC molecules, which are exceedingly genetically 
polymorphic. Developing T cells must be rendered tolerant of self- 
MHC antigens and of autologous peptides presented by self-MHC 
molecules. Self-tolerance in the T cell compartments is accomplished 
in part by the clonal deletion, within the thymus, of nascent T cells 
with strong reactivity to self antigens (negative selection) (Blackman et 
az., 1990). 

In addition, successful development of T cells requires that they 
undergo positive selection by recognition of self-MHC molecules (von 
Boehmer, 1992). It is believed that positive selection serves to select 
for maturation those T cells that are able to interact preferentially with 
foreign antigenic peptides bound to self-MHC molecules. Because the 
foreign antigens are not usually present at the time of T cell matura- 
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tion, it has been suggested that low-affinity interactions between MHC 
molecules expressed by thymic cells and developing T cells suffice for 
positive selection. The positive selection process is believed also to 
determine the phenotype, CD4+ or CD8+, of developing T cells with 
receptors specific for class I1 MHC or class I MHC, respectively. In 
addition to their function in presenting foreign antigens for T cell 
recognition, recent studies indicate an important role for class I mole- 
cules in regulating the activity of natural killer (NK) cells. In the case of 
NK cells, normal expression of class I molecules by target cells inhibits 
target cell lysis by NK cells. Based on these observations, it has been 
proposed that one role of NK cells is in the elimination of cells in which 
class I expression is inhibited by pathogen defense mechanisms or 
random mutation (Ljunggren and Karre, 1990; Raulet, 1992). 

Class I molecules are highly polymorphic, and is has long been 
appreciated that class I antigenic differences are a major barrier to 
successful organ or tissue transplantation. Even when a donor and host 
express identical class I molecules, the presentation by class I mole- 
cules of polymorphic minor histocompatibility antigens can lead to 
strong rejection reactions. Disparity at class I1 MHC genes can also 
lead to tissue rejection, however, and the relative contribution of class 
I and class I1 molecules to the histoincompatibility of different tissues 
continues to be a subject of extensive investigation, with important 
clinical implications. 

Class I molecules are composed of a membrane-spanning heavy 
chain of approximately 45 kDa, and a light chain of approximately 
12 kDa, /32-microglobulin &m). In mice, there are two to three distinct 
polymorphic MHC class I heavy genes, called K, D, and L. In addition, 
a large number of relatively nonpolymorphic class I molecules, called 
class Ib molecules, are encoded in the region telomeric to the MHC 
(Stroynowski, 1990). Several other genes encoding class I-like (&m- 
associated) molecules of unknown function, called CD1 molecules, are 
on a distinct chromosome (Stroynowski, 1990). The function of most 
class Ib molecules is unknown, In contrast to the many class I genes in 
an individual, &m is encoded by a single gene. 

The class I heavy chain forms three extracellular domains, al, a2, 
and a3. The amino-terminal a1 and a2 domains form the peptide- 
binding groove of the molecule, whereas the membrane-proximal a3 
domain contains the binding site for CD8 (Bjorkman and Parham, 
1990). &m is bound noncovalently to the class I heavy chain proximal 
to the a3 domain, and is not anchored in the membrane. &m can 
dissociate from class I heavy chains and a considerable level of free 
&m is found in serum (Bernabeu et al., 1984). 
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Much remains to be learned concerning protective immunity, trans- 
plantation, lymphocyte development, and immunopathological reac- 
tions, and mice deficient for expression of MHC molecules obviously 
represent a powerful approach to address all of these areas. However, 
given the large number of class I genes in individual animals, mutants 
in individual class I genes are generally of limited utility. Studies with 
mutant cell lines deficient for expression &m have demonstrated that 
P2m is important for normal cellular expression of class I molecules 
(Hyman and Stallings, 1976, 1977). In the absence of &m, the cell 
surface levels of all functional class I molecules were severely re- 
duced. Hence mutation in the intact animal of a single gene, the gene 
for Pzm, was expected to result in a general class I deficiency. The 
realization of this possibility came with the advent of the gene- 
targeting methodology for generating mutations at defined gene loci by 
homologous recombination and the capacity to reconstitute the mouse 
germ line with totipotent embryonic stem cells (Capecchi, 1989). In 
the first successful application of the complete method, the &m gene 
was mutated in mice, yielding class I-deficient mice (Zijlstra et al., 
1989; Koller and Smithies, 1989). This review addresses the current 
status of studies of class I-deficient mice, including studies of T cell 
recognition, NK cell responses, lymphocyte development, transplan- 
tation, protective immune responses, and immunopathological reac- 
tions. 

II. Production of p2-Microglobulin-Deficient Mice 

Mice with a disrupted P2-microglobulin gene were produced in two 
laboratories, by a nearly identical strategy (Zijlstra et al., 1989; Koller 
and Smithies, 1989). ,In both cases, a DNA fragment containing the 
neomycin resistance gene, driven by the herpes simplex virus thymi- 
dine kinase gene, was inserted into a genomic clone of the P2m gene, at 
an EcoRI site in the second exon of the gene. These targeting vectors 
were transfected into embryonic stem (ES) cells by electroporation. 
After selection of G418-resistant colonies, homologous recombinants 
were identified by polymerase chain reaction and confirmed by South- 
ern blotting. The frequency of homologous recombinants compared to 
G418-resistant recombinants was estimated as 11117 to 1/25. 

By introducing the targeted ES cell clones into blastocysts, chimeric 
animals capable of germ-line transmission of the disrupted &m gene 
were readily prepared in both laboratories. The &m+’- heterozygous 
progenies of the founder animals were interbred to generate homozy- 
gous &m-’- mice (Zijlstra et al., 1990; Koller et al., 1990). The ES cells 
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employed to produce both &m- strains were of 129 strain origin. In 
some cases @ern-deficient 129 inbred mice, generated by crossing the 
founder animals to 129 mice, were employed for subsequent experi- 
ments. However, mice from both laboratories were backcrossed sev- 
eral times to the C57BL/6J strain, and many of the subsequent studies 
of the mice have employed these backcrossed animals. The &m gene 
has also been backcrossed to H-gk mice (Zijlstra et al., 1992; Bix and 
Raulet, 1992a). Based on the nearly identical mutations in the two 
mutant strains, and the failure to detect &m protein in either strain, it 
is highly unlikely that they differ in their critical properties. For this 
reason, they will be considered interchangeable in the following dis- 
cussion, except in instances where different experimental results 
might possibly be attributable to the use of the different strains. 
Though differences among the mutants remain possible, it is most 
likely that the different experimental results thus far observed with the 
two strains are due to differences in the specific experimental proce- 
dures rather than to differences in the &m mutations employed to 
generate the strains. For the sake of convenience, in the discussion that 
follows P2m-l- mice will be referred to simply as @zm- mice, and 
,&m+’+ and @em+/- mice will be referred to as &m+ mice. Although it 
was reported that the level of serologically detectable class I mole- 
cules was lower on cells from P2m+/- than from &m+/+ cells (Koller et 
al., 1990), no significant biological differences between ,&m+’- and 
PZrn+/+ mice have yet been reported. 

Ill. &-Microglobulin-Deficient Mice Show No General 
Developmental Deficiencies 

Based mostly on speculative considerations, but also on the early 
expression of &m in embryonic development, it had been suggested 
that class I molecules play important roles in cellular interactions 
during embryonic development of nonlymphoid tissues (Curtis and 
Rooney, 1979; Bartlett and Edidin, 1978). Other results suggested that 
class I molecules function as hormone receptors (Verland et al., 1989; 
Kittur et al., 1987; Hansen et al., 1989; Schreiber et al., 1984; Solano et 
al., 1988). Obviously the &m- animals represent a relatively stringent 
test of whether class I molecules play important developmental or 
physiological roles outside of the immune system. &m+/- heterozy- 
gous mice appeared to be normal. Among the offspring of the intercross 
of Bern+/- heterozygous mice, &m-/- mice appeared at the expected 
25% frequency, and no gross developmental defects in any organ sys- 
tems were detectable (Zijlstra et al., 1990; Koller et al., 1990). When 
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housed under specific pathogen-free conditions, the mice survived to a 
normal old age and were fertile. These observations demonstrated that 
Pzm does not play an essential role in development of most organs. To 
the extent that class I molecules are dependent on Pzm for functional 
expression (see below), a similar conclusion is suggested for the role of 
class I molecules in embryonic development. 

It has been suggested that Pzm plays an important role in the che- 
moattraction of hematopoietic stem cells to the thymus (Dargemont et 
al., 1989). However, in the Pzm- mice, the thymus contains normal 
numbers of developing T cells, even early in development, indicating 
that Pzm fails to play an essential role in migration of cells to the 
thymus (Zijlstra et al., 1990; Koller et al., 1990). 

Finally, it has been demonstrated that a Pzm-associated protein func- 
tions as an IgC Fc receptor in neonatal gut cells (Simister and Mostov, 
1989). In line with this observation, it was shown that neonatal gut 
cells from Pzm- mice fail to bind IgG (Zijlstra et al., 1990). 

IV. Effects of &-Microglobulin Deficiency on Cell Surface Expression of 
Class I Molecules 

Mice homozygous for the Pzrn mutation are severely deficient in the 
cell surface expression of most if not all class I molecules. However, in 
the case of at least some class I molecules, a low level of class I 
molecules on the cell surface could be detected with serological and/ 
or functional tests. 

A. SEROLOGICAL ANALYSIS 
Using multiple monoclonal antibodies reactive with Kb, Qa-2, Kk, 

and Dk to stain lymphoid cells of Bern-’- H-2b or H-Zk mice, no detect- 
able reactivity could be detected by flow cytometry (Zijlstra et al., 
1990; Koller et al., 1990; Bix and Raulet, 1992a; L. Corral, M. Bix, and 
D. Raulet, unpublished data). However, specific staining of H-2b Psm- 
lymphoid cells was detected with several monoclonal antibodies 
(mAbs) reactive to Db, although the level of staining was reduced 
approximately 20-fold compared to the staining of wild-type cells (Bix 
and Raulet, 1992a; Zijlstra et al., 1990). Surface expression of Db on 
Pzm- cells was not unexpected, since earlier studies showed that Db 
can be detected on the surface of Pzm-rnutant cell lines (Allen et al., 
1986). In the earlier studies, however, it was reported that only mAbs 
reactive to the Db a3 domain, and not those reactive to the a1 or a2 
domain, would stain &m-deficient cells, suggesting that the critical a1 
and a2  domains were in an unfolded configuration (Allen et al., 1986). 
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In contrast, lymphoid cells from P2m mice stained at approximately 
the same relative level with al-specific mAb as with aSspecific mAb 
(Bix and Raulet, 1992a; Zijlstra et al., 1990). Binding of al-specific 
mAb occurred even when no exogenous &m was present, i.e., when 
the staining was performed in serum-free medium, with purified mAb. 
Addition of human or bovine &m to the cells had little or no effect on 
surface expression levels of Db. Reexamination of &m-mutant, Db- 
transfected tumor cells showed that binding of al-specific mAb could 
be detected on these cells also (Bix and Raulet, 1992a), in contrast to 
the findings of the original studies of these cells. These results sug- 
gested that the peptide and T cell receptor binding domains of the Db 
molecule might be able to fold properly in the absence of &m, in 
contrast to earlier reports. However, the levels of these folded mole- 
cules on &m- cells were very low. 

B. Low LEVEL OF FUNCTIONAL CLASS I MOLECULES ON p2- 

Earlier studies suggested that Db molecules expressed on the sur- 
face of &m-deficient tumor cell lines are nonfunctional as target anti- 
gens for T cell recognition (Allen et al., 1986), consistent with the 
notion that the a l / a2  domains of these molecules are folded improp- 
erly. In contrast to these earlier findings, it was shown that lymphoid 
blasts from &m- mice serve as targets for class I allospecific CTLs (Bix 
and Raulet, 1992a; Glas et al., 1992; Zijlstra et al., 1990). CTLs specific 
for Dh class I molecules lysed &m- targets, and the lysis was inhibited 
by anti-Db mAb (Bix and Raulet, 1992a). When the CTLs were specific 
for K”, lysis was also observed, despite that fact that Kb molecules 
could not be reliably detected on the cell surface by serological 
methods (Bix and Raulet, 1992a; Glas et al., 1992). 

When the CTLs were generated by stimulation with &m+ allo- 
geneic cells, the cytotoxicity of &m- targets was very weak, however, 
requiring 10-50 times more CTLs to achieve the same level of lysis as 
P2m+ targets (Bix and Raulet, 1992a; Glas et al., 1992; Zijlstra et al., 
1990). When the CTLs were generated by stimulation with &m- cells, 
the cytotoxicity of Pzm- targets was similar to or even better than the 
lysis of &m’ targets (Bix and Raulet, 1992a; Glas et al., 1992). 

Lysis of allogeneic p2m- target cells occurred equally in serum-free 
medium and serum-containing medium, suggesting that exogenous 
&m was not necessary for functional recognition of class I molecules 
on &m- cells (Bix and Raulet, 1992a; Glas et aZ., 1992). Lysis occurred 
even when the CTLs were mutant for &m (i-e., were derived from 
P2m- hosts), arguing that transfer of flzm from the effector CTL to the 
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target cell was not necessary to observe lysis (Bix and Raulet, 1992a). 
These results suggest that functional class I molecules exist on the 
surface of &m- cells and therefore that &m is not essential for func- 
tional activity of class I molecules in all cases. It should be empha- 
sized, however, that functional class I expression is strongly dimin- 
ished on Pzm- cells in comparison with &m+ cells. 

The available data do not address whether some class I heavy chains 
exist on the cell surface as functional monomers that can be recognized 
by allospecific CTLs; i.e., unbound by P2m and peptide. It appears 
more likely that in the absence of Pzm, some endogenous peptides 
bind class I heavy chains, resulting in the formation of properly con- 
formed dimers of stability sufficient to reach the cell surface. Consis- 
tent with this possibility is the finding that short peptides can bind to 
free class I heavy chains in detergent lysates, resulting in the proper 
folding of the class I heavy chain in the absence of Pam (Elliott et al., 
1991). If such peptide-class I dimers reach the cell surface, even 
transiently, they may be recognized by allospecific CTLs or by CTLs 
specific for minor histocompatibility antigens presented by class I 
molecules. Given the very low levels of class I molecules detected at 
the surface of &m- cells, it is likely that such complexes would be of 
low stability and/or would represent only a subset of available endoge- 
nous peptides. 

In support of the possibility that endogenous peptides can be pre- 
sented on the class I molecules of P2m- cells, it was reported that 
H-2b-restricted CTLs specific for minor histocompatibility antigens 
could lyse &m- target cells presenting these minor H antigens (Glas et 
al., 1992). However, it is not clear whether the two strains used to 
generate the minor H-specific CTLs, A S W  and B6, differ in their 
expression of class Ib molecules (Shen et aZ., 1982). Thus, it was not 
excluded that the lysis of &m- targets was mediated by CTLs specific 
for class Ib molecules. No lysis of &m- male target cells by H-Y- 
specific CTLs was observed. Hence further studies are necessary to 
definitively establish whether &m- cells can functionally present en- 
dogenously produced peptides. 

V. Transplantation Studies 

The creation of MHC-deficient mice prompted the suggestion that 
mutant animal tissues, devoid of MHC expression, could be used an 
universal donor tissue for transplantation to humans (Zijlstra et al., 
1990; Koller et al., 1990). The success of such a strategy depends on 
whether such tissue would in fact fail to be rejected by the host im- 
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nmne system. Following is a discussion of the studies published to 
date concerning transplantation of &m- tissues to normal mice. 

A. HEMATOPOIETIC CELL GRAFTS 
In the case of hematopoietic cell transplants in mice, &m- fetal liver 

and bone marrow cells were vigorously rejected by normal hosts, even 
those host animals that were otherwise genetically identical to the 
donor (Bix et al., 1991). This rejection was mediated by NK cells (see 
Section VI, where this phenomenon is discussed in more detail). 
Hence, instead of facilitating transplantation of hematopoietic cells, 
class I deficiency represents a strong barrier to transplantation of these 
cells. Because previous studies suggested that susceptibility of tissues 
to rejection by NK cells is predominantly a property of hematopoietic 
cell transplants (Yu et al., 1992), these results do not bear directly on 
the likelihood of success in transplanting nonhematopoietic tissues. 

B. SKIN GRAFTS 
Several studies have been performed to assess whether &m- 

deficient skin grafts can be rejected by normal mice. Skin grafts from 
&m- mice were rejected by both MHC-different hosts and by MHC- 
identical hosts that differed at multiple minor histocompatibility (mi- 
nor H) loci (Zijlstra et d., 1992; Markmann et d., 1992). Little if any 
delay in rejection was observed with either type of graft. P2m- skin 
grafts transplanted to otherwise syngeneic &m+ recipients were uni- 
formly accepted, demonstrating the requirement for allogenicity for 
rejection and arguing against a role for NK cells in rejecting class 
I-deficient skin (Zijlstra et aZ., 1992) (see Section VI). 

Several explanations can be considered for the rejection of allo- 
geneic &m- skin: (1) class I1 molecules (or class I1 molecules com- 
plexed with minor H antigens) were targeted for rejection; (2) free &m 
in the recipient serum associated with free class I molecules on do- 
nor skin, resulting in increased levels of class I sufficient for rejection; 
(3) the low level of functional, &m-free class I molecules on P2m- cells 
served as target antigens for rejection. 

Some of these possibilities were addressed in experiments with 
double-mutant mice that are deficient for expression of class I and class 
I1  molecules (Griisby et al., 1993). Such animals were prepared by 
breeding the &m- mutant mice with mice mutant for the class I1 Apb 
gene. The latter mice were generated by disrupting the AP gene by 
homologous recombination in embryonic stem cells (Grusby et al., 
1991). It should be noted that H-2" mice fail to express the E a  gene and 
hence are negative for expression of class I1 E molecules. It was found 
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that skin grafts from PZrn-AP- mice were rejected by MHC-different 
hosts with only slightly delayed kinetics compared to the rejection of 
wild-type grafts (Grusby et al., 1993). This finding tends to argue 
against the possibility that class I1 molecules are responsible for rejec- 
tion of Pzm- skin grafts. On the other hand, it was reported that rejec- 
tion ofPzrn-AP- skin grafts was delayed if CD4+ T cells were depleted 
from the recipients, or if Ap- mice (which are deficient in CD4+ T 
cells) were used as recipients. These observations raise the possibility 
that the Ap- cells continue to express class I1 molecules that can be 
targeted by CD4+ T cells. However, class I1 molecules have not been 
detected on the Aj3- cells by any other detection methods. A second 
possibility is that antigens are shed from the skin graft, processed, and 
presented by antigen-presenting cells of the host (Auchincloss et al., 
1993); conceivably, a local chronic reaction against these antigens 
could lead to rejection even though the graft cells cannot themselves 
be recognized. A third possibility was suggested, i.e., that a novel 
mechanism of transplantation rejection, independent of the class I and 
class I1 MHC, is revealed in the double-mutant mice (Grusby et al., 
1993). 

To address the possibility that the class I molecules on Pzm- skin 
were reconstituted with host serum-derived &m, PZm-Afi- skin was 
transplanted to Pzm- recipients that differed at multiple minor H loci. 
As was seen with wild-type recipients, rapid rejection of the donor 
grafts occurred (Grusby et al., 1993). These observations indicate that 
reconstituting donor class I molecules with Pzm from the host is not 
essential for graft rejection. 

The possibility that class I heavy chains free of Pzm on Pzm- skin can 
be targeted for rejection by CD8+ T cells remains possible, although 
this was considered unlikely (Grusby et al., 1993). In the case of 
PZm-AP- skin transplanted to &m- recipients, the recipient is defi- 
cient in the production of CD8' T cells, further diminishing the likeli- 
hood that residual class I expression is responsible for rapid rejection 
of the &m- grafts. But this deficiency is not complete, and as discussed 
in Section VII, B, class I-specific CD8+ CTLs can be detected in some 
&m- mice after they reject allogeneic Pzm+ skin grafts. Since allospe- 
cific CTLs were able to lyse Pzm- concanavalin A (Con A) blast targets 
in vitro (Section IVY B), such CTLs could potentially cause rejection of 
Pzm- skin. It might be expected, however, that class I-specific rejec- 
tion of &m- skin would be delayed compared to the rejection of &m+ 
skin. 

Given the indication that CD4+ T cells participate in rejection of 
&m-A/3- skin (Grusby et al., 1993), and presumably also in the rejec- 
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tion of &m- skin, it is difficult from the present data to dissect the role 
of class I-specific CD8+ CTLs in the rejection of &m- skin. The CD4+ 
T cell response may obscure the CD8+ T cell response to residual class 
I molecules on the graft. In order to resolve whether the class I mole- 
cules on &m- skin grafts can serve as target antigens for graft rejection, 
it will be necessary to test rejection of P2m- skin that differs from the 
host solely in class I antigen expression, and/or to employ as graft 
recipients mice that are thoroughly depleted of CD4+ T cells. 

In contrast to the nearly normal rejection of Pgm- skin differing at 
the MHC or at multiple minor H antigens, P2m- male skin was ac- 
cepted by nearly all (9111) pzm+ female recipients (Zijlstra et al., 
1992). Control &m+ male skin grafts were rejected by each of 11 &m+ 
females. Therefore, rejection based on recognition of the H-Y antigen 
requires &m expression by the engrafted skin cells. Hence, the suc- 
cess of transplantation of &m- skin appears to depend on the specific 
antigenic disparity. 

C. PANCREATIC ISLET GRAFTS 
In contrast to &m- skin grafts, the majority (4/7) of H-2b &m- pan- 

creatic islet grafts survived indefinitely when transplanted to fully 
allogeneic H-2d hosts, whereas all &m+ islet grafts were rejected quite 
rapidly (Markmann et al., 1992). These results indicate that class I 
deficiency is sufficient to prolong graft survival of at least some tissues. 
The observation that class I deficiency prolongs islet cell grafts, but not 
skin grafts, may reflect the low or absent class I1 expression by islet 
cells under normal circumstances. In the absence of class I1 expres- 
sion, it would be expected that class I molecules would be required to 
initiate the antigraft response and serve as target molecules for re- 
jection. 

On the other hand, three of the seven &m- islet grafts were rejected 
by allogeneic hosts. The mechanism of rejection was not established. 
One possibility is that class I1 molecules are variably induced on the 
engrafted cells, resulting in rejection by CD4+ T cells. Targeting of the 
low levels of class I molecules on &m- cells is another possibility. 

The survival of &m- islet cell grafts in allogeneic autoimmune 
nonobese diabetic (NOD) mice, a mouse model for autoimmune dia- 
betes, was also investigated (Markmann et al., 1992). In this case, all 
the &m- islet grafts were rejected. These results concord with pre- 
vious studies showing that CD4+ T cells are the primary effector cells 
for autoimmune damage to transplanted islets in NOD mice (Wang et 
ul., 1991). 
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D. LIVER CELL GRAFTS 
Grafts of P2m- liver cells, transplanted under the kidney capsule of 

allogeneic or xenogeneic recipients, showed prolonged survival com- 
pared to P2m' liver cells. Hence, the rejection of liver cell grafts, 
like islet cells, may depend primarily on class I molecules (Li and 
Faustman, 1993). 

However, some of the recipients rejected the &m- liver cell grafts, 
and there was evidence of rejection in most of the recipients. In an 
attempt to address whether NK cells might be contributing to rejection 
of class I-deficient cells, 129 strain P2m- liver cells were transplanted 
to wild-type 129 strain mice. Although donor liver cells survived for at 
least 30 days in all the recipients, there was evidence for a mild 
rejection reaction, based on a lymphocyte infiltrate and the presence of 
dead and dying liver cells in the graft sites (Li and Faustman, 1993). 
Although this was attributed to NK cells, which had been previously 
shown to attack syngeneic class I-deficient hematopoietic cells, there 
remains the possibility that the recipient and donor differed in their 
expression of minor H antigens: the 129 substrain used to generate the 
&m- mutant (129terSv) (described in Li et al., 1992) differs from the 
129 substrain (129/J) employed as recipients in these experiments. 
Hence, further experiments will be necessary to demonstrate a role for 
NK cells in liver cell rejection. 

Regardless of whether NK cells participate in rejection of Pzm- liver 
cells, the rejection of &m- liver cell grafts by fully allogeneic recipi- 
ents was stronger than the rejection attributed to NK cells (Li and 
Faustman, 1993). Therefore, it is likely that other effector mechanisms, 
such as CD4+ T cells, or CD8+ T cell recognition of residual class I 
molecules on &m- liver cells, participate in the relatively mild rejec- 
tion of &.m- liver cell grafts. 

E. SUMMARY OF TRANSPLANTATION RESULTS 
The available data suggest that transplantation of class I-deficient 

tissue to allogeneic recipients is problematic. In part because of 
the possibility of CD4+ T cell reactions against class I1 molecules 
on these grafts, it has been thus far difficult to dissect the success with 
which the &m mutation prevents class I-mediated rejection reac- 
tions. Further experiments will be necessary to address this impor- 
tant question. Nevertheless, success in transplanting some &m- tis- 
sues, including pancreatic islet cells and liver cells, suggests that 
transplantation strategies exploiting MHC-deficient grafts may be 
feasible. 
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VI. Effects of Class I Deficiency on Target Cell Susceptibility to NK Cells 

Studies of the susceptibility of tumor cells to lysis by natural killer 
cells led to the observation that susceptibility to lysis is correlated with 
lower levels of cell surface expression of class I molecules on target 
cells (Karre et aZ., 1986; Ohlen et uZ., 1989; Ljunggren et aZ., 1990; 
Shimuzu and DeMars, 1989; Sturmhofel and Hammerling, 1990). 
These observations provoked the suggestion that class I MHC expres- 
sion protects target cells from lysis by NK cells. 

Corroboration of this effect came from analysis of the destruction of 
cells from &m- mice by NK cells. The first studies showed that trans- 
plants of fetal liver or bone marrow cells from Pzm- mice were rejected 
by irradiated normal mice of the same (or different) MHC genotype 
(Bix et al., 1991). Even large doses of fetal liver cells (3 x lo7) were 
rejected, resulting in the death of the recipients from hematopoietic 
failure. Rejection was prevented if NK cells were depleted from the 
recipients by pretreating them with anti-NK1.l antibodies. 

Subsequent studies demonstrated that NK cells from normal mice 
lyse Pzm- T cell blasts in uitro (Liao et al. ,  1991; Hoglund et al., 1991). 
B cell blasts from Pzm- mice are also lysed by NK cells (M. Bix, L. 
Corral, and D. Raulet, unpublished data). The lysis of Pzm- cells may 
be restricted to hematopoietic cell types. NK cells failed to lyse cells of 
an embryonic fibroblast line established from @em- embryos (Zijlstra 
et al., 1992). Furthermore, there is little indication that grafts of nonhe- 
matopoietic tissues from &m- mice to normal mice are rejected by NK 
cells (see Section V). 

Thus, NK cells recognize and destroy otherwise normal hematopoie- 
tic cells that fail to express class I molecules. The results are important 
for interpreting earlier observations that H-2 heterozygous (F1 hybrid) 
animals often reject bone marrow grafts from H-2 homozygous parental 
strains (hybrid resistance) (Cudkowicz and Stimpfling, 1964; Yu et al., 
1992). Although other interpretations have been proffered as expla- 
nations for hybrid resistance, the results with &m- transplants fit best 
with the “missing self hypothesis,” which proposes that NK cells 
reject cells that fail to express the full complement of self class I 
molecules (Ljunggren and Karre, 1990). Hence the rejection of paren- 
tal cells by F1 hybrids is likely due to the failure of the graft to express 
the other parental MHC haplotype. 

More recent studies suggest that a principal mechanism for rejection 
of class I-deficient cells is that NK cells express inhibitory receptors for 
specific target cell class I molecules; engagement of these receptors by 
MHC molecules on target cells prevents lysis by NK cells (Karlhofer et 
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aZ., 1992; Raulet, 1992). The receptors are related members of a small 
family of molecules encoded in the NK gene complex, of which Ly49 is 
the best characterized example (Yokoyama et al., 1990; Karlhofer et al., 
1992). Because P2m- cells fail to engage these receptors and thus fail to 
inhibit the NK cell lytic machinery, Pzm- cells are destroyed by NK 
cells. 

VII. Deficiencies in lymphocyte Development in P,-Microglobulin Mice 

Not unexpectedly, class I-deficient mice manifest a profound defi- 
ciency in the development of mature CD8+ T cells. Less expected is a 
deficiency in the development of TCRaB+CD4-CD8- T cell subset. 
The development of a subset of class I-dependent y8 T cells may also 
be impaired in Pzm- mice. Finally, NK cell activity is abnormal in 
these mice. Each of these deficiencies will be discussed below. 

A. NORMAL DEVELOPMENT OF CD4+ T CELLS AND B CELLS? 
The question remains whether the development of other mature 

lymphocyte subsets, that is, CD4+ T cells and B cells , is normal in the 
class I-deficient mice. CD4+ T cells and B cells are found in normal 
numbers in Pzm- mice (Zijlstra et al., 1990; Koller et al., 1990). CD4+ 
T cell function as determined in mixed lymphocyte reactions was 
normal, and various studies have demonstrated cytokine production by 
these cells in Pzm- mice infected with various pathogens (see Section 
IX). The repertoire of VP regions expressed by CD4+ T cells in Pzm- 
mice was quite similar to the pattern observed in control &m+ mice 
(N. Liao, M. Bix, and D. Raulet, unpublished data). Considerable B 
cell function (and CD4+ T helper cell function) in Pzm- mice can also 
be inferred from the substantial antibody responses observed in re- 
sponses to some antigens (Lehmann-Grube et al., 1993; Fiette et d., 
1993; Rajan et al., 1992; Spriggs et al., 1992). 

However, there are also indications that the function of the CD4+ 
and/or B cell compartments may not be completely normal in Pzm- 
mice. Total serum levels of several IgG isotypes were reportedly sig- 
nificantly reduced in nonimmune Pzm- mice (Spriggs et al., 1992), and 
in some antigen responses IgG antibody production was considerably 
depressed (Spriggs et al., 1992), whereas in others it was substantial 
though delayed (Lehmann-Grube et al., 1993). These instances will be 
discussed again below in the review of the responses of Pzm- mice to 
various infectious agents (see Section IX). The extent and cause(s) of 
the alterations in the antibody response remain unclear. In the case of 
the immune response to infectious agents, it is possible that the ab- 



394 DAVID H. RAULET 

sence of the CD8+ T cell response influences the antibody response 
indirectly by altering the extent, course, or site of infection. More 
interestingly, CD8+ T cells may play a previously unappreciated role 
in influencing the quality of the CD4+ T cell response to an antigen, for 
example, by biasing the response toward Th l  or Th2 type, which 
would then affect the type of class switching that occurs (Swain et al., 
1991). Alternatively, the cytokines produced by CD8+ T cells may act 
directly on B cells to promote or inhibit class switching. Further stud- 
ies will be necessary to resolve these questions. 

B. TCRap+CD8+CD4- T CELL DEVELOPMENT 
1 .  Deficient Development of TCRarP+CD8+ T Cells 

a. CD8+ T Cell Development in Thymus and Lymphoid Organs 
TCRaBfCD8+CD4- T cells recognize antigens bound to class I 

molecules, and many previous studies demonstrated that successful 
development of mature CD8+ T cells requires positive selection on 
class I molecules expressed in the thymus (von Boehmer, 1990). In- 
deed, the profoundly depressed expression of class I molecules in 
P2m- mice leads to a dramatic deficiency in the development of CD8+ 
T cells (Zijlstra et al., 1990; Koller et al., 1990; Bix and Raulet, 1992b). 
Only 1-5% of the normal complement of TCRaP+CD8+CD4- cells 
can be detected in the thymus or periphery of &m- mice. Accordingly, 
spleen cells from &m- mice fail to mount detectable cytotoxicity 
against allogeneic target cells after primary sensitization in vitro 
(Zijlstra et al., 1990; Bix and Raulet, 1992b). These results substantiate 
the importance of interactions of developing T cells with class I mole- 
cules in the subsequent differentiation of CD8+ T cells. 

b. Residual CD8+ T Cell Function in &-Microglobulin- 

Although the deficiency in TCRaP+CD8+ CTL precursors in P2m- 
mice is profound, it does not appear to be absolute. It was shown that 
&ni- mice reject allogeneic skin with normal kinetics; though this 
rejection may be attributable at least in part to the activity of class I1 
MHC-specific CD4+ T cells (Section V,B), CD8+ CTL precursors 
specific for allogeneic class I molecules were detectable in the spleens 
of some (but not all) recipients following rejection of the graft (Zijlstra 
et a!., 1992). More striking results were obtained by inoculating &m- 
mice with allogeneic class I+ tumor cells. The tumors were rejected, 
and following rejection strong alloclass I-specific CD8+ CTL activity 
could be detected in the host peritoneal exudates (Apasov and Sit- 
kovsky, 1993). 

Deficient Mice 
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The appearance of CD8+ T cells in &m- mice occurred even in 
hosts that had been thymectomized prior to inoculation of tumor cells 
(M. Zijlstra and R. Jaenisch, unpublished data). Therefore, it is un- 
likely that the appearance of CD8+ T cells in these mice is due to 
migration to the thymus of released Pzm from the skin graft or tumor 
cells. Rather, it appears likely that a small number of CD8+ T cells 
develop in the &m- mice, and that allospecific precursors can be 
specifically amplified from this population following strong immuniza- 
tion, as with a skin graft or growing tumor cells. The origin of the 
functional CD8+ T cells in Pzm- mice is unknown. They may arise 
from thymic cells that are positively selected by low levels of class I 
molecules expressed on thymic cells (see Section IV), or they may 
represent a small set of CD8+ T cells that differentiates independently 
of class I recognition. 

The existence of small numbers of CD8+ T cells in Pzm- mice 
emphasizes the necessity for caution in interpreting studies in which, 
for example, &m- mice resist infections (see Section IX), suggesting 
that CD8+ T cells do not play an essential role in resistance to the 
infection. But it should also be emphasized that for the CD8+ T cells in 
P2m- mice to function normally in resisting an infectious agent, class I 
antigen presentation must also occur, and this is clearly impaired in 
Pzm- mice. Nevertheless, given the suggestive evidence that some 
presentation of peptides may occur in the absence of Pzm (see Section 
IV), definitive demonstration that CD8+ T cells do not play a role in a 
process requires that other methods, such as depletion of CD8+ T cells 
with antibody treatments in vivo, be combined with the use of Pzm- 
mice (e.g., see Section IX). 

c. Development of TCRafl+CDS+ T Cells in 

The Pzm mutation also has a profound effect on the development of 
TCRap+CD8+ T cells among intestinal intraepithelial lymphocytes 
(i-IELs). This is of interest because in normal mice T cells among 
i-IELs differ from T cells in lymphoid organs in several respects 
(Rocha et al., 1992). Many i-IELs develop in athymic mice, leading to 
the hypothesis that a substantial fraction of i-IELs normally develop 
extrathymically, presumably in the gut (Guy-Grand et al., 1991; Klein, 
1986). About a third of the i-IELs in normal mice are TCRafl+ T cells, 
and most of these (80-90%) are CD8+. Unlike peripheral CD8+ T cells 
in lymphoid organs, however, 50-75% of TCRa/3+CD8+ i-IELs fail to 
express the CD8p chain, and hence express only CD8a homodimers at 
the cell surface (Guy-Grand et al., 1991). It has been suggested that 

Intestinal Epithelium 
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failure to express the CD8p chain is a property of CD8+ T cells that 
mature extrathymically. Interestingly, &m- mice manifested a severe 
(>95%) deficiency in TCRa@+CD8a+ i-IELs (Correa et  al., 1992). 
Because most of these cells in wild-type mice are CDSP-, it can be 
inferred that both the CD8ala+ and CD8aIP+ subsets of TCRaP+ i- 
IELs are dependent on class I for normal development. Therefore, 
although many of these cells may be thymus independent, they are 
nonetheless class I dependent for development. In contrast, the 
TCRya+CD8+ T cells among i-IELs were present in normal numbers 
in Pzm- mice (Correa et  al., 1992) (see Section VI1,D); many of these 
cells in normal mice also fail to express the CD8p chain and are 
thought to develop extrathymically (Goodman and Lefranqois, 1988). 
Therefore, the y8+ i-IELs are apparently not class I dependent for their 
development. 

2.  CD8+ T Cell Deueloprnent Studied wi th  &m- Mice 

a. Thymic Cell Types Mediating Positive Selection 
Many studies have argued for a preeminent role for thymic epithelial 

cells in inducing positive selection ofCD4+ and CD8+ T cells. Studies 
with chimeric mice and with MHC transgenes whose expression was 
directed to different cell types have suggested that MHC expression 
by radioresistant thymic epithelial cells is essential for positive selec- 
tion (Lo and Sprent, 1986; Kisielow et al., 1988; Marrack et al., 1988; 
Benoist and Mathis, 1989; Blackman et  al., 1989; Bill and Palmer, 
1989). The idea that thymic epithelial cells are uniquely able to direct 
positive selection has influenced mechanistic models proposed to ex- 
plain the process. For example, it was proposed that thymic epithelial 
cells present a unique set of peptides, bound to MHC molecules, that 
are necessary to achieve sufficient binding of T cell receptors for 
positive selection to proceed (Marrack et aZ., 1989). 

The cell types directing positive selection of CD8+ T cells were 
examined with the use of &m- mice and hematopoietic chimeras. In 
irradiated P2m+ mice repopulated with Pzm- fetal liver, the hemato- 
poietic cells within the thymus are mostly P2m- cells, whereas the 
thymic epithelial cells are &m+ cells. It was found that high levels of 
CD8+ T cells differentiated under these conditions, consistent with 
the expectation that thymic epithelial cells efficiently direct positive 
selection (Bix and Raulet, 1992b; Hoglund et al., 1991). 

In irradiated &m- mice repopulated with p2m+ fetal liver, the he- 
matopoietic cells within the thymus are mostly &m+ cells whereas the 
thymic epithelial cells are Pzm- cells. Contrary to the expectation that 
CD8+ T cells would not differentiate under these circumstances, a 



MHC CLASS I-DEFICIENT MICE 397 

significant number of mature CD8+ T cells, about one-sixth the num- 
ber found in normal mice, developed in the thymus and populated the 
periphery (Bix and Raulet, 1992b). These cells expressed the CD8a 
and CD8p chains, they were of mature phenotype (i.e., negative for 
expression of heat-stable antigen), and they were functional by the 
criteria that allospecific and antigen-specific CTLs could be generated 
from the population. The differentiation of these cells depended on 
Pzm expression by hematopoietic cells, because a comparable popula- 
tion was not observed in chimeras in which Pzm- fetal liver was used 
to reconstitute irradiated Pzm- mice. 

There was a possibility that Pzm shed from donor hematopoietic 
cells was transferred to recipient thymic epithelial cells, increasing 
class I expression by these cells to a level sufficient to direct positive 
selection. Such effects of&m have not been observed in vitro, i.e., the 
lysis of P2m- blasts by allospecific CTLs was equal whether or not Pzm 
was added to the medium (Bix and Raulet, 1992a; Glas et al., 1992) 
(Section IV,B); reconstitution of functional class I expression of &m- 
cells appears to require the addition of relatively high concentrations 
of optimally sized class I-binding peptides, in addition to Pzrn (Hog- 
quist et al., 1993). Nevertheless, the possibility of &m transfer in vivo 
was addressed experimentally. Chimeras were produced in which the 
MHC antigens of the donor and recipient differed: H-2b’k heterozy- 
gous &m+ fetal liver cells were used to reconstitute irradiated H-2b 
&m- recipients. It was expected that if the CD8+ T cells were posi- 
tively selected by hematopoietic cells in the chimeras, the restriction 
specificity of antigen-specific CTLs from these animals would be for 
H-2b or H-2k (donor type), whereas if reconstituted thymic epithelial 
cells were responsible for selection only H-2b-restricted CTLs would 
be detected. The results showed approximately equal representation 
of minor H-specific CTLs restricted by H-2k and H-2b, providing 
strong evidence that selection was mediated by hematopoietic cells in 
these chimeras (Bix and Raulet, 199213). In contrast, when p2m+ H-2b 
recipients were repopulated with H-2b’k &m+ fetal liver cells, the 
CTLs were predominantly restricted by H-2b, as expected. The results 
indicate that when thymic epithelial cells are class I deficient, hemato- 
poietic cells can direct positive selection. 

These data indicate that hematopoietic cells can direct positive se- 
lection of CD8+ T cells, albeit inefficiently, and argue against a unique 
role of thymic epithelial cells in presenting peptides essential for 
positive selection. In line with this, other data raise the possibility that 
the peptides involved in positive selection may be expressed on many 
cells, not just thymic epithelial cells (Hogquist et al., 1993). The exist- 
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ing data do not refute the hypothesis that signaling of immature thymo- 
cytes by thymic epithelial cells is essential for differentiation of CD8+ 
T cells, because even in the Pzm- thymus, developing T cells are 
expected to develop in close juxtaposition to thymic epithelial cells. 
The data do suggest, however, that developing T cells need not recog- 
nize the MHC molecules actually expressed by thymic epithelial cells. 
Interestingly, a similar analysis of CD4+ T cell differentiation in 
chimeras in which class 11-deficient hosts are repopulated with class 
11+ hematopoietic stem cells resulted in the conclusion that CD4+ T 
cell differentiation requires that thymic epithelial cells express class I1 
molecules (Markowitz et al., 1993). The reasons for this difference 
between the differentiation of CD4+ T cells and CD8+ T cells are 
currently unclear. One possibility is that class I but not class I1 mole- 
cules are expressed on a sufficiently large number of hematopoietic 
cells in the thymic cortex to direct positive selection. 

b. Selective versus lnstructiue Models of T Cell Development 
A controversial area of current research concerns the mechanism by 

which developing T cells differentiate to become CD4+ T cells or 
CD8+ T cells, depending on the specificity of their T cell receptors for 
class I1 or class I MHC, respectively (von Boehmer and Kisielow, 
1993). The “instructive” model suggests that the interaction of 
CD4+CD8+ T cells with class I1 and class I MHC “instructs” the cell 
to extinguish expression of CD8 or CD4, respectively. The “sto- 
chasticlselection” model, in contrast, suggests that CD4+CD8+ T cells 
randomly extinguish CD8 or CD4 expression; successful differentia- 
tion then requires selection of the cells by class I1 or class I MHC, 
respectively. Only cells whose T cell receptor specificity matches the 
MHC specificity of the randomly retained CD8 or CD4 coreceptor will 
be successfully selected. Previous studies attempted to test the sto- 
chastic/selection model by the combined use of T cell receptor and 
CD8 transgenes. These experiments failed to yield positive evidence 
for the stochastic selection hypothesis, and thus tended to support the 
instructive model of T cell differentiation (Robey et al., 1991; Borgulya 
et al., 1991). 

The stochastic/selection hypothesis suggests that there should exist 
immature CD4 or CD8 “single-positive” intermediates in T cell devel- 
opment. Furthermore, since these populations arise stochastically, 
they should exist in mice deficient for class I or class I1 MHC expres- 
sion. Evidence has been obtained for a relatively small CD4+CD8- 
population in class 11-deficient mice (Chan et al., 1993). These cells 
have an unusual cell surface phenotype, and may be immature. Con- 
versely, it was reported that class I-deficient mice contain a small 
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population of TCRarP+CD8+CD4- cells within the thymus. This pop- 
ulation was minor and not well characterized, however, and it remains 
unclear whether it differs from the small number of CD8+ T cells, 
which are apparently functionally mature, that were previously de- 
tected by flow cytometric studies and in functional experiments (see 
Section V11,BJ). 

Interestingly, in mice that were both class I1 deficient and &m 
deficient, the development of the CD4+CD8- “intermediate” popula- 
tion was abrogated (Chan et al., 1993). These results were the basis for 
a model of T cell differentiation in which the engagement of the TCR 
by class I or class I1 MHC molecules triggers stochastic differentiation 
to CD4+ or CD8+ “single-positive” phenotype. The model proposes 
that the final maturation of these intermediate cells would require 
selection by MHC molecules, which necessitates matching of the TCR 
specificity with the coreceptor specificity (Chan et al., 1993). 

The stochastic selection model has also been addressed more di- 
rectly with the use of P2m- mutant mice expressing a CD4 transgene 
(Davis et al., 1993). The stochastic/selection model accounts for the 
failure of P2m- mice to develop substantial numbers of mature CD8+ 
cells by suggesting that cells that randomly extinguish CD4 expression 
require class I engagement for subsequent selection. The differentia- 
tion of these cells should be rescued if all developing T cells are 
induced to express CD4. When the &m- mice were crossed with a 
mouse harboring a CD4 transgene driven by the Zck promoter, which is 
expressed at very high levels in the thymus, substantial numbers of 
CD8’ T cells of mature phenotype were found in the thymus and 
periphery. The experiment was repeated with a CD4 transgene driven 
by the CD36 gene promoter, which was expressed in the thymus at 
levels similar to normal CD4 expression levels. In this case, the extent 
of differentiation of CD8+ T cells was considerably less substantial but 
still evident. These results suggest that CD4 coreceptor expression can 
rescue the development of CD8+ T cells in class I-deficient mice, and 
thus lend support to the stochastic/selection model. However, the 
inefficiency of the rescue observed with normal levels of CD4 trans- 
gene expression has not been accounted for, nor have the earlier re- 
sults with TCRICD8 double-transgenic mice. The final resolution of 
the difficult problem of lineage determination in T cell development 
will require additional experimentation. 

c. Peptide-MHC Complexes lnvolved in Positive Selection 
A central question in understanding the formation of the T cell 

repertoire is whether positive selection of developing T cells is medi- 
ated by recognition of peptides in the groove of MHC molecules, and 
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the nature and specificity of such peptides. Mice harboring MHC class 
I molecules with defined mutations in residues in the peptide-binding 
groove have been employed in previous studies to suggest that altera- 
tions in peptide binding alter the specificity of positive selection 
(Nikolic-Zugic and Bevan, 1990; Sha et al., 1990). However, the nature 
ofthe peptides that mediate positive selection and whether they repre- 
sent a subset of MHC-binding peptides was not established in these 
studies. 

With the use of &m-deficient mice, a thymic organ culture system 
has been developed in which the capacity of specific peptides to 
mediate positive selection can be determined (Hogquist et al., 1993). 
The system exploits the aforementioned observation that class I heavy 
chains can reach the cell surface in the absence of &m, as well as the 
finding that functional class I-peptide complexes can be formed from 
free class I heavy chains incubated with sufficient concentrations of 
Pgm and appropriate specific class I-binding peptides. In the case of 
Pgm- spleen cells from H-Zb mice, it was shown that Kb-specific 
presentation of an ovalbumin peptide (OVA257-264) occurred in the 
presence of relatively high concentrations of peptide and P2m (Hog- 
quist et al . ,  1993). 

It was shown that organ cultures of thymi from &m- mice failed to 
develop significant numbers of CD8+ T cells unless peptides and &m 
were supplied in the culture medium. In the initial experiment, the 
organ cultures were provided at initiation with &m and two peptides, 
one presented by Kb (OVA257-264) and the other by Db (influenza 
NP366-374). Compared to control organ cultures without peptides, a 
small but significant increase (approximately threefold) in the yield of 
CD8+ T cells was observed after 10 days of organ culture (Hogquist et 
al., 1993). 

Reasoning that the extent of positive selection might be limited by 
the frequency of precursor T cells that can bind these specific pep- 
tides, more complex mixtures of peptides expected to bind Kb were 
tested. These mixtures were synthesized from degenerate oligonu- 
cleotide templates in Escherichia coli and contained octamer peptides 
in which four of the residues were fixed, including the “anchor” resi- 
dues for Kb binding. Peptide mixtures of increasing complexity were 
obtained by preparing extracts of pools of increasing numbers of bacte- 
rial colonies and purifying the synthetic peptide mixture. The peptide 
mixtures, added at the initiation of thymic organ culture, resulted in 
substantial increases in the production of CD8+ T cells, and the more 
complex peptide mixtures resulted in higher yields of CD8+ T cells 
(Hogquist et al., 1993). It was also observed that heterogeneous prepa- 
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rations of natural peptides extracted from spleen cells were able to 
stimulate the production of substantial numbers of CD8+ T cells. 

Taken together, the results from this organ culture system suggest 
that various class I-binding peptides, including antigenic peptides and 
natural "self" peptides derived from nonthymic cells (spleen cells), 
are able to direct positive selection. Because self peptides derived 
from nonthymic cells appear able to drive positive selection, the re- 
sults argue against models in which specific thymic peptides are nec- 
essary to direct positive selection (see also Section VI17B,2,a). This 
system should be quite useful for determining the properties of pep- 
tides that direct positive selection, particularly if the system is com- 
bined with the use of mice whose T cells all express the same TCR 
specificity, i.e., TCR transgenic mice. 

C. DEVELOPMENT OF TCRap+CD4-CD8- T CELLS 
Although the large majority of mature T cells express CD4 or CD8, a 

small subset of TCR@ T cells in the thymus and in the peripheral 
lymphoid organs is characterized by its lack of expression of CD4 or 
CD8 (Budd et al., 1987; Fowlkes et al., 1987; Ceredig et al., 1987). 
Most of these cells are mature by several criteria: their expression of 
phenotypic markers is characteristic of mature cells (i.e., CD5hi, Qa-2+, 
and HSA-) and they secrete cytokines (e.g., IL-4) and proliferate in 
response to stimulation with anti-TCR complex monoclonal antibod- 
ies. The biological function of these cells has not been determined, but 
several possible functions have been proposed, including roles in 
immune reactions to mycobacterial antigens (Porcelli et al., 1992), 
tumor immunity (Levitsky et al., 1991), and immune suppression (Pal- 
athumpat et al., 1992). Human T cell lines of this phenotype, derived 
from peripheral blood by stimulation with mycobacterial antigens, 
have been shown to interact with CD1 molecules (Porcelli et al., 1992). 
CD1 molecules are similar to class I molecules in their domain organi- 
zation and in their association with &m. However, they are only dis- 
tantly related to other class I molecules at the amino acid sequence 
level and they are encoded by genes on a chromosome distinct from 
that encoding the MHC (Stroynowski, 1990). It was proposed that 
TCRa/3+CD4-CD8- cells are specialized for recognition of microbial 
antigens presented by CDl  or perhaps other class I-like molecules 
such as the class Ib molecules (Porcelli et al., 1992; Bix et al., 1993). 

An interesting property of TCRaP+CD4-CD8- cells in the mouse is 
their frequent utilization of a single family of Vp regions in their TCR. 
Approximately 50-70% of TCRap+CD4-CD8- cells in most mouse 
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strains express one of the three Vp8 family members, and about two- 
thirds of those express a single Vp8 family member, Vp8.2 (Budd et al., 
1987; Fowlkes et al., 1987; Ceredig et al., 1987). These results sug- 
gested that this population is subject to strong selection. However, 
significant differences in Vp usage were not observed in comparisons 
of mice of different MHC genotypes (Takagaki et al., 1989; Budd et 
al.,l987; Takahama et al., 1991). Furthermore, in mice expressing 
TCRa@+ transgenes, relatively large numbers of transgene-expressing 
CD4-CD8- cells appeared regardless of whether the mice expressed 
the MHC molecule known to be necessary for selection of transgene- 
expressing CD8+ T cells. Based on these findings it was suggested that 
this population is not subject to positive selection (von Boehmer et al., 
1991; von Boehmer, 1992). 

A different picture emerged when this population was examined 
in &m- mice (Bix et al., 1993). The size of the V@8+ subset of 
TCRa@+CD4-CD8- thymocytes was decreased by approximately 
80% in &m- mice. The size of the VP8.2 subset was decreased by 90%. 
The TCRa@+CD4-CD8- population as a whole was decreased by 
only 50%, suggesting that most Vp8+CD4-CD8- T cells, but not most 
Vp8-TCRa@+CD4-CD8- cells, are dependent on selection by class I 
molecules. The failure to observe evidence for positive selection of 
TCR transgenic (Vp8.2+) CD4-CD8- T cells may be a consequence of 
the inappropriate expression of the transgenes in TCRyP T cells, most 
of which do not require class I expression for positive selection (von 
Boehmer, 1992). 

Although these data indicate that the V@8+CD4-CD8- population 
in normal mice is subject to a form of positive selection by class I 
molecules, studies of the development of this population in hemato- 
poietic chimeras suggest that the mechanism of selection differs signif- 
icantly from the mechanism of selection of conventional CD4+ or 
CD8+ T cells. Efficient selection of conventional CD4+ and CD8+ T 
cells requires expression of class I molecules by radioresistant thy- 
mic cells, presumably thymic epithelial cells, whereas class I expres- 
sion by hematopoietic cells is not essential. In contrast, normal de- 
velopment of V@S+CD4-CD8- thymocytes does not require class I 
expression by  thymic epithelial cells, whereas class I expression by 
hematopoietic cells is essential (Bix et al., 1993). These data suggest 
that the selection of V/38+CD4-CD8- cells by class I molecules in- 
volves interactions with hematopoietic cells rather than thymic epithe- 
lial cells. The different rules controlling differentiation of 
TCRa@+CD4-CD8- T cells compared to conventional T cells sug- 
gests a distinct role for these cells in the immune system. Analysis of 
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the &m- mice, which are deficient for these cells, may help determine 
their function in viuo. 

D. EFFECTS OF CLASS I DEFICIENCY ON DEVELOPMENT OF y6+ 

The specificity of TCRy6 T cells for antigens and antigen-presenting 
molecules is poorly understood (Raulet, 1989; Brenner et al., 1988). 
Several TCRyS+ T cell lines reactive with conventional class I and 
class Ib molecules have been isolated, raising the possibility that class 
I molecules serve as antigen-presenting molecules for y6T cells (Matis 
et al., 1987; Bluestone et al., 1988; Porcelli et al., 1989; Bonneville et 
al., 1989). Because the antigens recognized by y6 cells are in most 
cases not known, it has not been possible so far to use cells from the 
&m- mice to test the general role of class I molecules as presenting 
molecules for y6 T cells. However, it has been possible to ask whether 
the recognition of class I molecules is necessary during the develop- 
mental phase of y6 cells, in analogy to the requirement for class I rec- 
ognition for the development of CD8+ T cells. In fact, no deficiency 
was detected in the &m- mice in the development of y6 cells in 
the thymus, secondary lymphoid organs, and intraepithelial locations 
(Correa et al., 1992; Zijlstra et al., 1990; Koller et al., 1990). The usage 
of Vy and V6 regions was normal, and the cells were functional as 
measured by proliferation induced by anti-TCRy6 antibodies. If any- 
thing, there was a slight increase in the frequency and reactivity of y6 
cells in various compartments in the &m- mice compared to normal 
mice. These results led to the conclusion that most y6 cells do not 
require positive selection on class I MHC molecules. A similar conclu- 
sion may be reached regarding the role of class I1 MHC in the develop- 
ment of y6+ T cells, based on the report that normal numbers of splenic 
y6+ T cells are found in double-mutant mice deficient for both class I 
and class I1 MHC (Grusby et al., 1993). 

The apparent normality of y6 T cells in &m- mice extended to 
TCRy6+CD8+ T cells in lymphoid organs and among intestinal intra- 
epithelial lymphocytes (Correa et al., 1992). TCRyG+ T cells that ex- 
press CD8 might be expected to be the most likely candidates for class 
I-dependent TCRyS+ T cells. CD8+ cells represent a minor fraction of 
y6+ T cells in lymphoid organs (less than lo%), but a substantial 
fraction (70-90%) of y6+ T cells found in the intestinal intraepithelial 
lymphocyte population (Goodman and LefranGois, 1988; Bonneville et 
al., 1988). The failure to find deficiencies in these TCRyGfCD8+ popu- 
lations suggests these cells develop independently of class I expres- 

T CELLS 



404 DAVID H. RAULET 

sion. In contrast TCRaP+CD8+ i-IELs were profoundly diminished in 
&ni- mice (see Section VII,B,l). 

In two other studies, the possible role of class I molecules in the 
development of specific TCRys was examined. The results obtained 
suggested an important role for class I in the development of these 
specific y6+ T cells (Wells et al., 1991; Pereira et al., 1992). Both 
studies employed TCRyS genes from cell lines known to be specific for 
class I molecules, specifically class Ib molecules encoded in the Tla 
region. The rearranged y and 6 genes from these cell lines were used to 
produce transgenic mice in which most of the T cells express the 
transgenic TCR. These transgenic mice were bred with the P2m- mice 
to produce class I-deficient transgenic animals. In both studies, the 
development of the transgene TCR+ T cells was profoundly inhibited 
if the mice were also class I deficient (Wells et al., 1991; Pereira et al., 
1992). In the thymus most of the transgene TCR' cells expressed an 
immature HSA+ phenotype. In the periphery the number of cells 
expressing the transgenic TCR was considerably reduced in the Pzm- 
mice compared to P2mf controls. 

These results suggested that the development of a subset of $3 cells 
requires positive selection by interactions with class I molecules. 
However, most yS cells appear to develop independently of MHC 
expression. The question remains whether undefined non-MHC pre- 
senting molecules exist for the majority of ys cells. selection by such 
molecules may be important for development of most ysf T cells. 
Alternatively, development of many ys T cells may not require se- 
lection. 

VIII. impaired NK Cell Activity in Class i-Deficient Mice 

As discussed in detail earlier, bone marrow stem cells, lymphoblasts, 
and possibly other cell types from &m- mice are susceptible to de- 
struction by NK cells from normal mice (Section VI). If the NK cells 
from Pzm- mice mediated similar activity, it would be expected that 
autologous tissues would be attacked. In fact, the class I-deficient mice 
show no generalized hematopoietic effects that might be expected to 
result from autoreactive NK cells. Furthermore, grafts of fetal liver 
cells from P2m- mice were not rejected by irradiated &m- mice, but 
were rejected by control irradiated normal mice (Bix et al., 1991). In 
uitro studies demonstrated that enriched populations of NK cells from 
poly(1:C)-induced P2m- mice failed to lyse P2m- Con A blast targets 
(Liao et al., 1991; Hoglund et al., 1991). The deficiency in NK activity 
in class I-deficient mice was also evident in assays of rejection of 
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allogeneic cells: normal irradiated H-2b mice reject allogeneic ( H-2d) 
bone marrow cells in a reaction mediated by NK cells, but &m- 
deficient H-2b mice fail to reject H-Zd bone marrow cells (Liao et al., 
1991). The spleens ofP2m- mice contained normal numbers of NK1.1+ 
cells (Liao et al., 1991), suggesting that the deficit is in the reactivity of 
the NK cells and does not reflect the deletion or impaired production of 
NK cells. Taken together, these results suggest a generalized impair- 
ment in class I-deficient mice of several activities mediated by NK 
cells. 

The full extent of NK deficiency in &m- mice is still to be resolved. 
NK cells from &m- mice retained some ability to lyse the standard NK 
tumor target, YAC-1 (Liao et al., 1991; Hoglund et al., 1991), although 
the lysis of these cells was usually reduced compared to lysis by 
wild-type NK cells (Liao et al., 1991). In some studies, pathogen- 
infected &m- mice developed NK activity, as detected by lysis of 
YAC-1 target cells (Hou et al., 1992). This may reflect the existence of a 
component of NK activity, specific for YAC-1 and possibly some other 
tumor target cells, which is not affected by the class I-deficient envi- 
ronment. It is not known whether the residual NK activity in &m- 
mice is protective against pathogens. Therefore, in considering the 
possible effector cells responsible for protective immune responses 
mediated by &m- mice, it cannot be assumed that the NK response is 
completely deficient. 

Aside from the deficiency of NK cells in P2m- mice, other indirect 
evidence suggests that the class I MHC environment influences the 
reactivity of NK cells. The most obvious evidence is the fact that NK 
cells, as measured in assays of bone marrow rejection, seem to develop 
“self-tolerance.” For example, though NK cells in F1 mice reject pa- 
rental or H-2-allogeneic bone marrow grafts, they do not reject autolo- 
gous bone marrow grafts (Bennett, 1987). The development of toler- 
ance in the NK cell compartment is poorly understood, and the 
&m-deficient mice should be useful tools to begin to develop an 
understanding of the process. 

IX. Responses of Class I-Deficient Mice to Pathogens 

The deficiency in class I expression would be expected to affect 
immune responsiveness in several ways. Aside from the defect in class 
I presentation per se, &m- mice are severely deficient in CD8+ T 
cells. Furthermore, they are impaired in NK cell activity, deficient in 
the complement of TCRaP+CD4-CD8- cells, and may be deficient in 
a subset of y8 cells that recognizes class I molecules. Given the defects 



406 DAVID H. RAULET 

in cells other than CD8+ T cells in the &m- mice, it should be 
emphasized that susceptibility of class I-deficient mice to a pathogen 
does not necessarily mean that CD8+ T cells are essential mediators of 
immunity to the pathogen. Nevertheless, the Pzm- mice represent an 
excellent system to test the role of class I molecules in protective 
immune responses. 

A. VIRAL INFECTIONS 
One of the earliest activities ascribed to CD8+ CTLs was the lysis of 

virus-infected cells (Doherty and Zinkernagel, 1974; Zinkernagel and 
Doherty, 1979). Indeed, it has been generally assumed that CD8+ T 
cells play a critical role in immunity to most viral infections. The 
results of several previous studies involving selective depletion of 
CD$+ T cells in zjiuo, or adoptive transfers of purified CD8+ T cells, 
have supported the hypothesis that they play a significant role in viral 
clearance (Ada and Jones, 1986; Kast et al., 1986). The creation of class 
I-deficient mice has allowed this important question to be reexamined 
by an independent method. 

1 .  Znjiuenza Virus 

Although influenza virus is not a natural mouse pathogen, mice 
infected intranasally with the virus develop a temporary viral pneumo- 
nia. Athymic mice develop a persistent infection that usually leads to 
death, establishing a role for T cells in resistance to infection (Wells et 
al.,  1983). 

&m- mice, like &m+ control animals, were able to clear the A/ 
HKx31 (H3N2) influenza A virus by 10-13 days after intranasal infec- 
tion (Eichelberger et al., 1991). Similar results were obtained when 
CD$+ T cells were depleted by antibody treatments of normal mice. 
Depletion of CD4+ T cells (by treating mice with anti-CD4 antibody) 
also caused little delay in viral clearance. Because nude mice or mice 
depleted of both CD4+ and CD8' T cells die after infection with this 
virus (Eichelberger et al., 1991), the results suggest that either CD8+ 
or CD4+ T cells can independently accomplish clearance of this in- 
fluenza virus. The mechanism by which CD4+ T cells clear influenza 
virus is not known, but several possibilities can be considered, includ- 
ing their role in helping antibody responses and/or direct cytotoxicity 
of infected cells by CD4+ CTLs. Evidence was presented that the 
Pzm- mice generate low levels of CD4+, class II-restricted CTL activ- 
ity in uitro. The results of secondary adoptive transfer experiments 
suggest, however, that in normal mice CD8+ T cells play the major role 
in clearing influenza virus (Ada and Jones, 1986). 
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Although the aforementioned experiments suggest that under some 
conditions of infection normal class I expression is not essential for 
clearing influenza virus, they do not address whether class I expres- 
sion accelerates viral clearance or is critical under stringent conditions 
of infection. In a separate study (Bender et al., 1992), it was shown that 
the A/Port Chalmers/l/73 (H3N2) influenza A virus is cleared by &m+ 
but not /&m- mice at 8 days postinfection. Pzm- mice eventually 
cleared this infection, by day 15 postinfection. Because this virus, like 
the HKx31 virus, is of relatively low virulence, the delayed kinetics 
raised the possibility that the &m- mice would be highly susceptible 
to a more virulent influenza virus. In fact, infection with the virulent 
A/Puerto Rico/8/34 influenza virus resulted in substantial (90%) mor- 
tality of Pzm- mice by 8-10 days postinfection, but only 20-30% 
mortality of &m+ animals (Bender et al., 1992). The authors conclude 
that the excess mortality was due to the deficiency of CD8+ T cells, 
although this issue was not directly addressed. Taken together, the 
results for influenza virus suggest that under conditions of mild infec- 
tion or infection with an influenza virus of low virulence, class I 
presentation is dispensable for immune protection, but under condi- 
tions of a more serious infection, class I expression is indispensable. 

2. Vaccinia Virus 

The poxvirus, vaccinia virus, generally leads to a mild temporary 
infection in normal mice, but leads to a generalized, lethal infection in 
athymic mice (Spriggs et al., 1992). Pzm- mice infected intradermally 
in the tail with various doses of vaccinia virus exhibited patterns of 
lesions similar to those in &m+ controls, and the lesions healed with 
similar kinetics (Spriggs et al., 1992). Because vaccinia virus is not 
typically lethal for mice unless administered intracranially, the results 
are reminiscent of the previously mentioned studies demonstrating 
resistance of &m- mice to relatively nonvirulent influenza viruses. 
Furthermore, the intradermal tail route of immunization did not lead to 
virus spread in any of the animals studied, somewhat limited the 
conclusions that can be drawn from this study concerning the role of 
CD8+T cells in generalized vaccinia virus infections. 

Class I molecules and CD8+ T cells are not known to play a signifi- 
cant direct role in promoting antibody responses. It was therefore a 
surprising observation that the secondary IgG antibody response to 
vaccinia virus infection was substantially weaker in Pzm- mice than in 
&m+ control mice; in contrast, the titers of vaccinia-specific IgM and 
IgE antibodies were normal (Spriggs et al., 1992). The levels of total 
serum IgG isotypes in Pzm- mice were also reduced significantly 
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compared to controls (three- to eight-fold, depending on the isotype), 
even before immunization. Total serum IgE and IgM levels were 
normal.The finding that the &m mutation does not affect the IgE 
response, which is dependent on T helper cells, suggests that the T 
helper response is not generally deficient in these mice. Moreover, 
antiviral IgG antibody responses of &m- mice to lymphocytic chori- 
omeningitis virus infection were strong though somewhat delayed 
compared to the responses of normal controls (see later). Further stud- 
ies will be necessary to elucidate the generality and the cause of the 
observed deficit in IgG production. One possibility is that the &m- 
mice have altered cytokine production due to the absence of CD8+ T 
cells. CD8+ T cells are known to produce substantial levels of 
interferon-y (IFN-y), which has been implicated in regulating class 
switching. It should be emphasized, however, that the deficit in IgG 
production affects all IgG isotypes tested, whereas IFN-y is implicated 
in regulating the production of specific isotypes. The impaired devel- 
opment of some TCRaP+CD4-CD8- T cells, of NK activity, and of a 
subset of yS cells could also have indirect effects on antibody pro- 
duction. 

3. Sendai Virus 

The murine parainfluenza type 1 virus, Sendai, is a major respiratory 
pathogen in mice. The results of various studies suggest that class I 
MHC-restricted CTLs play a critical role in clearing Sendai virus 
(Anderson et al., 1980; Kast et al., 1986). Indeed, when &m- mice 
were infected with Sendai virus, they showed significantly delayed 
clearance of the virus and an increased mortality compared to &m+ 
mice (Hou et ul., 1992). Nevertheless, most of the P2m- mice survived 
the infection, even when possible residual CD8+ T cells in the animals 
were depleted with anti-CD8 antibody treatment. In contrast, all of the 
mice in which both CD4+ and CD8+ T cells were depleted by anti- 
body treatment succumbed to the Sendai infection, indicating an im- 
portant role for CD4+ T cells in the absence of CD8+ T cells. CD4+ 
CTL activity restricted by class I1 molecules was detected in &m- 
mice but not in wild-type mice. This is reminiscent of the response of 
P2m- mice to LCMV and suggests that a compensatory CD4+ CTL 
response occurs in the absence of CD8+ T cell responses. It has not 
been resolved whether the CD4+ CTL response is indeed protective. 

The results with &m- mice contrast with earlier studies in which 
higher doses of Sendai virus were employed and which indicated a 
critical role for CD8+ T cells (Kast et ul., 1986). Further studies will be 
necessary to test whether high doses of Sendai virus will be lethal for 
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the &m- mice. If so, it would fit with the emerging picture that CD8+ 
T cells play a necessary role under conditions of serious infection with 
several viruses. 

4 .  Theiler’s Virus 

Theiler’s virus is a murine picornavirus that infects the central ner- 
vous system (Brahic et d., 1981). The infection induces a chronic 
demyelinating disease in susceptible strains that is reminiscent of the 
lesions observed in humans with multiple sclerosis. It has been hy- 
pothesized that the lesions result from immunopathological reactions 
mediated by CD8+ T cells, but consistent evidence on this point is 
lacking. The role of CD8+ T cells in clearing the virus in resistant 
strains was also unclear. Although class I-restricted T cell responses 
have not generally been considered essential for resistance to picorna- 
virus infections, previous studies indicated a critical role of genes in 
the H-2D (class I) region for resistance to Theiler’s virus infection 
(Rodriguez and David, 1985; Bureau et al., 1992). 

Mice of the H-2b haplotype are normally resistant to Theiler’s virus 
infection. Most P2m+ H-2b mice were devoid of detectable viral anti- 
gens by 25 days postinfection. In contrast, viral antigens were detect- 
able in almost all H-2b &m- mice by 52 days postinfection (Fiette et 
al., 1993). Despite the persistent infection, however, the &m- mice 
did not succumb to early infection. In contrast, most athymic nude 
mice die within 3 weeks of infection with Theiler’s virus. It was 
suggested that the inability of Pzm- mice to clear the virus was due to 
the defective CD8+ T cell response. A deficient NK response was 
deemed unlikely to be the cause, because nude mice are highly sus- 
ceptible to Theiler’s virus infection despite an enhanced NK response. 
&m+ and Pzm- mice developed similar titers of neutralizing antiviral 
antibodies, suggesting that the antibody response was intact in P2m- 
mice (Fiette et al., 1993). The antibody response may explain the 
enhanced survival of infected &m- mice compared to infected nude 
mice. 

With respect to the demyelinating disorder, it was found that the ,&m 
deficiency failed to prevent demyelination. These results suggest that 
CD8+ T cells may not be the cause of demyelination, as was previously 
thought (Fiette et al., 1993). 

5.  Lymphocytic Choriomeningitis Virus 

Intracerebral infection with lymphocytic choriomeningitis virus 
(LCMV), an arenavirus, leads to acute, usually fatal, neurological dis- 
ease (Zinkernagel and Doherty, 1979). Previous studies established 
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that the disease pathology involves cell-mediated immune reactions 
and suggested that CD8+ T cells exclusively mediated the disease 
(Moskophidis et al.,  1987). Analysis of the &m- mouse has recently 
allowed the reinvestigation of the etiology of this acute disease, which 
represents the classical model of an immune cell-mediated immunopa- 
thology accompanying viral infection. 

Infection of normal mice with LCMV by intravenous or intraperi- 
toneal routes leads to less severe clinical symptoms than does intrace- 
rebral infection, and the virus is eventually cleared. In this system the 
role of class I molecules in clearing LCMV has been also recently 
examined with the use of the &m- mice. 

a. Zmmunopathology of LCMV 
Intracerebral infection of &m- mice led to a less severe but still 

significant disease compared to infection of &m+ control animals 
(Muller et al., 1992; Doherty et al., 1993; Quinn et al., 1993). The 
disease in &m- mice was characterized by meningitis, wasting, and 
some mortality, although the severity of the disease varied in different 
studies as did the extent of mortality, which ranged from 0 to 75%. The 
variation may be due to differences in the background genes of the 
&m- mice employed in the different studies or to differences in the 
viral isolate used. 

Despite these differences, all of the studies agree that the &m- mice 
exhibit a form of the immune-mediated disease, contrary to expecta- 
tions. Furthermore, direct evidence was presented that the disease is 
mediated by CD4+ T cells rather than by the small number of residual 
CD8+ T cells in &m- mice: depletion ofCD4+ T cells from &rn- mice 
before or shortly after infection abrogated symptoms, whereas de- 
pletion of CD8+ T cells had no effect (Doherty et aZ., 1993; Quinn et 
ul., 1993). Also, the disease was successfully adoptively transferred to 
irradiated infected &m- recipients using immune splenocytes from 
P2m- mice, and it was shown that depletion of CD4+ T cells but not 
CD8' T cells from this population abolished transfer of the disease. 
Finally, transfer of CD8+-depleted spleen cells from normal &m' 
mice to irradiated &m- mice also transferred the disease, suggesting 
that the CD4+ T cells from &m- mice are not unique in their ability to 
cause disease (Doherty et al., 1993; Quinn et al., 1993). Taken to- 
gether, these results suggest that in the absence of CD8+ T cells, CD4+ 
T cells mediate a somewhat milder form of LCM disease. 

The mechanisms by which CD4+ T cells cause disease is uncertain. 
Class I1 MHC-restricted and LCMV-specific CD4+ CTLs were de- 
tected in P2m- mice in two studies (Muller et aE., 1992; Doherty et al., 
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1993), but not in another study (Lehmann-Grube et al., 1993). In the 
latter case, the disease was less severe than in the studies where CD4+ 
CTLs were detected, raising the possibility that the CD4 CTL activity 
mediates the disease. Although there are relatively few class II- 
positive cells that could serve as targets for CD4+ CTLs in normal 
brain tissue, it was reported that intracerebral infection led to the 
induction of increased class I1 MHC expression in normal and &m- 
brains (Muller et al., 1992). Other possibilities are that the disease 
results from the effects of cytokines (e.g., TNFa) produced by the 
CD4+ T cells or that the effect of CD4+ T cells is mediated through the 
induction of antibody production. 

The demonstration of CD4+ class 11-restricted CTLs in LCMV- 
infected mice is notable, because such cells are not detected in im- 
mune wild-type mice. These findings suggest that in the absence of the 
possibility of a CD8+ CTL responses, CD4+ cytolytic activity may 
arise as a compensatory mechanism. 

b. LCMV Clearance 
Although intracerebral infection of normal mice with LCMV leads to 

a fatal disease, intravenous infection leads to a milder disease and the 
virus is eventually cleared (Doherty et al., 1990). In contrast, despite 
the absence of symptoms, &m- animals infected intravenously with 
LCMV maintained high titers of the virus for at least 100 days after 
intravenous infection (Lehmann-Grube et al., 1993). 

The finding that class I expression plays a critical role in clearing the 
virus seems to contradict the conclusions of another study that investi- 
gated the capacity of mice harboring a mutant CD8a gene to clear 
LCMV (Fung-Leung et al., 1991). The absence of CD8 leads to a 
profoundly diminished class I- restricted CTL response, as also ob- 
served in &m- mice. Surprisingly, however, LCMV (the same strain 
used in the studies with &m- mice) was efficiently cleared by CD8- 
mice. These findings led the authors to suggest that CD4+ T cells can 
clear LCMV in the absence of CD8+ T cells. If correct, this would 
imply that the CD4+ T cells in &m- mice are for some reason defec- 
tive in their capacity to clear the virus. Consistent with this possibility 
is that the CD8- mice, but not the &m- mice, mediate local delayed- 
type hypersensitivity (DTH) reactions to virus (Lehmann-Grube et al., 
1993). Earlier studies suggested that DTH reactions to LCMV are 
mediated in part by CD4+ T cells. However, it cannot be excluded that 
class I molecules play a role in initiating the DTH response. The IgG 
antibody response, which normally depends on CD4+ T cells, was 
delayed but reached substantial levels in &m- mice. If the CD4+ T 
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cell response is indeed deficient, the reasons for this are unclear (see 
Section VI1,A). 

There are several other ways to reconcile these data, aside from 
trivial explanations such as genetic background differences between 
the strains employed. First, because CD8- mice express normal levels 
of class I molecules, it is possible that CD8- class I-restricted T cells 
are responsible for clearing the virus. For example, although it appears 
that most T cells of the CD8 lineage fail to develop in CD8+ mice, it is 
possible that a small number of class I-restricted T cells develop in this 
lineage. These cells cannot, of course, express CD8, but they may 
nonetheless mediate class I-restricted reactions sufficiently well to 
clear the virus (Lehmann-Grube et al . ,  1993). Because class I- 
restricted CTLs were not detected in CD8- mice, it must be supposed 
that they mediate viral clearance via distinct effector mechanisms. 
Alternatively, it is possible that in CD8- mice class I-restricted 
T cells of the TCRcxfi+CD4+CD8-, TCRys+CD4-CD8-, or 
TCRafi+CD4-CD8- lineages mediate viral clearance. Evidence that 
subsets of the latter populations are diminished in &m- mice is dis- 
cussed in Section VII. Finally, it is possible that natural killer cells 
play a role in clearing LCMV in the CD8- mice. Although there is 
evidence that NK cells do not play an essential role in clearing LCMV 
in normal animals, they may become more important in the absence of 
CD8+ T cells. As discussed in Section VIII, NK activity is partially 
impaired in &m- mice. On the other hand, significant NK function, as 
detected by lysis of YAC-1 tumor cells, was detected in mice infected 
with LCMV (3. Frelinger, personal communication). 

In conclusion, the findings suggest that class I expression is essential 
for clearing LCMV, although the explanation for this effect is not clear. 
The simplest idea, that CD8+ T cells play a necessary role, seems to be 
contraindicated by  the findings that CD8- mice clear LCMV. Further 
studies will be necessary to establish whether this reflects the activity 
of residual effector cells of the CD8 lineage, or alternatively points to 
an important role for distinct class I-dependent effector cells in LCMV 
clearance. 

B. INTRACELLULAR BACTERIA: Mycobacterium tuberculosis 

Class I-restricted T cells are known to attack cells harboring intracel- 
lular bacteria and are believed to play an important role in immunity to 
these pathogens. In the case of Mycobacterium tuberculosis, although 
cellular immunity rather than humoral immunity is essential for resis- 
tance to infection (Hahn and Kaufmann, 1981; Orme and Collins, 
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1983), the relative roles of CD4 and CD8 T cells in controlling infec- 
tion have been controversial. This issue has been reexamined with the 
use of &m- mice. 

Strikingly, 100% of &m- mice died by 10 weeks after infection with 
M. tuberculosis, whereas all the wild-type controls survived (Flynn et 
al., 1992). The differential survival correlated with differential bacte- 
rial loads at 6 to 8 weeks postinfection. In contrast, the avirulent 
Mycobacterium bovis vaccine strain, BCG, failed to cause a lethal 
infection in &m- mice, correlating with clearance of the bacteria. Prior 
immunization with BCG slightly prolonged the survival of &m- mice 
subsequently challenged with M. tuberculosis, but all of the animals 
eventually died. These results indicate that control of the virulent 
M. tuberculosis infection requires the activity of class I MHC mole- 
cules. 

As in other cases in which the &m deficiency abrogated immunity to 
a pathogen, the deficiency in CD8+ T cells was considered the most 
likely direct cause (Flynn et al., 1992). However, the possible contrib- 
utory roles of other class I-specific T cells or NK cells were not ruled 
out. Previous studies of mycobacterial immunity indicated an impor- 
tant role of the cytokines IFN-y and TNFa, which activate macro- 
phages to kill ingested mycobacteria. It is therefore noteworthy that 
only relatively small differences were observed in the levels of these 
cytokines produced by in vitro-stimulated spleen cells from infected 
P2m+ or P2m- mice (Flynn et al., 1992). Although further studies will 
be required to definitively establish that the deficiency in CD8+ T 
cells is responsible for increased susceptibility to M. tuberculosis, the 
finding of class I dependency in this protective immune response 
represents an excellent example of the utility of the &m-deficient 
mouse for studies of protective immune responses. 

C. Trypanosoma cruzi Infection 
Trypanosoma cruzi infection causes Chagas' disease, a severe, often 

lethal syndrome that afflicts millions of people in Latin America. The 
syndrome is complex, involving severe inflammatory reactions remi- 
niscent of autoimmune reactions. In fact, there has been considerable 
debate over whether the disease pathology results from autoimmunity 
secondary to T. cruzi infection (Parham, 1992). 

In mice, infection with T. cruzi is characterized by an acute and 
chronic tissue inflammation, but normal mice fail to develop para- 
sitemia and typically survive infection. CD4+ T cells, CD8+ T cells, 
antibody production, and NK cells have been implicated in the protec- 
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tive immune response in earlier studies, but their relative roles have 
not been well established (Trischmann, 1983; Andrade, 1983; Araujo, 
1989; Rottenberg et aZ., 1988). 

&m- mice infected with 2'. cruzi developed parasitemia in the acute 
phase of the disease and died by 30 to 35 days postinfection, whereas 
control animals failed to develop parasitemia and survived (Tarleton et 
al., 1992). The infected &m- mice also failed to develop the character- 
istic acute-phase inflammatory response in muscle, which was pre- 
viously suggested to be mediated by CD4+ T cells. At death, the 
infected &m- mice showed extremely high parasite loads but only a 
moderate inflammatory response, suggesting that death resulted from 
direct effects of the parasites. The production of IL-2 and IFN-y by 
infected &m- mice was, if anything, increased compared to normal 
mice, suggesting that the absence of a protective immune response 
was not due primarily to deficiencies in cytokine production. These 
results suggest that class I molecules play an important role in resis- 
tance to T. cruzi infection. Mice depleted of CD8+ T cells with anti- 
CD8 antibody were similarly susceptible to 2'. cruzi infection (Tarle- 
ton, 1990), suggesting that the susceptibility of&m- mice to 2'. cruzi is 
due to a deficiency in these cells. As in the other cases discussed, the 
potential roles of class I-dependent NK cells or y6 T cells in this 
syndrome are still unclear. 

D. Leishmania major 

In humans, Leishmania species often cause a progressive, ultimately 
fatal infection. In mice, infection with Leishmania major mimics hu- 
man infection with Leishmania donouani. Leishmania major pro- 
tozoans are obligate intracellular parasites that replicate in macro- 
phages. The progression of L. major infection in mice is complex and 
genetically controlled (reviewed in Locksley and Louis, 1992). An 
essential role for CD4+ T cells in controlling the infection has been 
determined with the use of cell transfer experiments and mice mutant 
for MHC class I1 expression. The susceptibility of some inbred mouse 
strains to progressive infection is associated with a bias toward a Th2 
type CD4+ T cell response to infection; mice that make predominantly 
Th l  type responses to L. major resist infection. In addition to the role 
for CD4+ T cells, cell depletion experiments suggest that CD8+ T cells 
also play a role: mice depleted of CD8+ T cells had enhanced develop- 
ment of lesions and decreased ability to clear the parasites. However 
the CD8-depleted mice eventually resisted the L. major 
infection. 

The significance of the class I-restricted response to L. major has 
been investigated with the use of &m-deficient mice on a 129 strain 
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genetic background (Wang et al., 1993). The 129 mice are normally 
resistant to Leishmania. It was found that &m- mice, like the P2m+ 
control animals, resisted Leishmania infection. They failed to develop 
Leishmania lesions and no parasites could be cultured from tissues 8 
weeks after infection. No CD8+ T cells could be detected in the 
recovered Pzm- mice. However, the possibility that residual CD8+ T 
cells contributed to recovery was not rigorously excluded. Although 
these results suggest that CD8+ T cells do not play a major role in 
resistance of mice to L. major infection, it remains possible that they 
accelerate parasite clearance, and may even be essential for resistance 
under more severe conditions of infection. 

E. HUMAN FILARIAL PARASITES 
The nematode parasite Brugia malayi is an agent of human lym- 

phatic filariasis, a major tropical disease. Normal mice resist infection 
with B. malayi, but immunodeficient scid/scid mice are permissive for 
infection. &m- mice were found to resist infection, suggesting that 
class I-restricted T cells are not essential for protective immunity 
(Rajan et al., 1992). The possibility that clearance of the parasites was 
delayed in P2m- mice was not investigated, nor was the possibility that 
&m- mice may fail to resist more severe infections. 

X. Autoimmune Disease 

Little work has been done concerning the effect of the &m mutation 
on autoimmune disease. In one study, however, it was reported that 
older Pzm- mice develop a mild autoimmune diabetes (Faustman et 
al., 1991). This evidence was part of a larger argument that class I 
deficiency is a significant cause of autoimmune diabetes in mice and 
humans. However, the evidence generated considerable controversy 
(Gaskins et al., 1992; Wicker et al., 1992), and other investigators found 
that &m- mice faired to develop diabetes (M. Zijlstra and R. Jaenisch, 
unpublished data). Further evidence will be necessary to establish 
that &m- mice are prone to the development of autoimmune diabetes. 

XI. Summary and Conclusions 

A great deal has already been learned from the analysis of &m- 
mutant mice, but it is clear that a great deal remains to be learned. A 
significant (though unanticipated) problem with this model system is 
that it is functionally leaky: residual functional class I expression can 
be detected in &m- mice, and small numbers of functional CD8+ 
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lymphocytes are present in the animals. In many cases, this has frus- 
trated the initial attempts at obtaining immediate definitive resolution 
of important questions regarding the function of class I molecules. 
This has occurred primarily in instances in which the class I-deficient 
mice fail to express an expected phenotype-for example, in studies 
showing that &m- mice make adequate protective immune responses 
against certain intracellular pathogens, and are able to reject some 
allogeneic tissues with a relatively normal pace. On the other hand, it 
appears that combining the use of &m- mice with other methods (for 
example, antibody-mediated depletion of CD8+ T cells) is usually 
adequate to circumvent these difficulties. It remains to be seen 
whether other better class I deficiencies can be engineered-for exam- 
ple, large deletions of class I genes or mutations in transcription factors 
essential for class I gene expression. 

The extent of immunocompetence of &m- mice was somewhat 
surprising. It was widely expected that class I-deficient mice would be 
exquisitely sensitive to many viral infections, though the results indi- 
cate that sensitivity varies dramatically with the virus and conditions of 
infection. However, it appears that in lieu of one major arm of the 
immune system, compensatory immune mechanisms are in many 
cases able to deal with infection. Similar conclusions are developing 
from the analysis of several other recently generated mutant mice. 
Nevertheless, the results indicate a very important role for class I- 
directed responses in clearing infections mediated by various viral and 
parasitic agents, particularly in the case of more severe conditions of 
infection. 

Although the class I-deficient mice were initially considered pri- 
marily a vehicle for analysis of the role of CD8+ T cells, evidence is 
accumulating that they manifest deficiencies in several other types of 
lymphocytes, including NK cells, TCRaP+CD4-CD8- cells, and a 
subset of TCRyG+ cells. This has been a boon for analysis of the 
development of these cells, but at the same time it has created diffi- 
culties in assigning a biological effect of the mutation to a specific 
lymphocyte deficiency. Furthermore, the responsible population can- 
not in most cases be identified by infusing purified lymphocyte popu- 
lations from normal mice back into the &m- mice: because essentially 
all of the cells in the &m- mouse are deficient in the expression of 
target class I molecules, reinfused effector cells will be unable to react 
with the tissue, Resolution of this problem will likely come from the 
exploitation of other recently developed mutant models as well as 
novel mutant animals. 

Despite these experimental shortcomings, however, MHC-deficient 
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mice have already proved to be a very powerful tool in the study of 
several important areas of immunobiology. It is becoming increasingly 
clear that a major new route of investigation of the immune system will 
involve the analysis of mice with various combinations of defined 
mutations. The present stage represents only the beginning. 
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of class I-deficient mice were supported by Grants A130171 and A131650 from the 
National Institutes of Health. 
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The major histocompatibility complex has held a fascination for 
immunologists since its discovery over 30 years ago. Thus it is not 
surprising that loci within the MHC were among the first targets once it 
became possible to direct mutations into the genome via homologous 
recombination in embryonic stem cells (for review and references, see 
Ref. 1). Here we will concentrate on the immune system of mice 
lacking the conventional MHC class I1 molecules. 

Class I1 a: /3 dimers are known to be central regulators of the im- 
mune response, implicated in antigen presentation, T-B cell collabo- 
ration, and thymic education (for review and references, see Ref. 2). 
Although most immunologists acknowledge the role of class I1 a : /3 di- 
mers in these diverse processes, they still argue-sometimes with 
passion-over the precise mechanisms involved. In addition, there 
has been some discussion over possible roles in other phenomena 
inside and outside the immune system: an influence on class I- 
restricted T cell responses (3), on the selection of the y : 6 T cell 
repertoire (4-7), on the differentiation of B cells (8, 9), and on the 
maturation and/or targeting of sperm (10). To provide a new approach 
for resolving some of these controversies, three groups have produced 
mice with directed mutations in MHC class I1 loci; these mice are 
referred to as 11' mice (11-13). 

There are four murine class I1 genes of known function-Aa, A& Ea, 
and EP-and their products are considered to be the conventional 
class I1 molecules. In addition, there are the OalO/3 gene pair, whose 
products have been detected on a very limited subset of cells but have 
not yet been shown to act as restriction elements for T cells (14, 15), 
and the set of H-2M genes, which are known to be transcribed but have 
not yet been reported to give rise to proteins and, in fact, show as much 
homology to MHC class I as to class I1 molecules (16). Because it 
would be an extremely difficult technical feat to eliminate all of the 
class I1 genes and no others, all three groups aimed at abolishing 
expression of the conventional class I1 molecules. To avoid E expres- 
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sion, all began with embryonic stem cells derived form H-2b haplotype 
mice, which do not display E molecules because of a deletion in the E a  
promoter (17). To abrogate A expression, two groups (11,12) mutated 
the AP gene and the third group (13) engineered an Aa mutation. The 
former approach has the advantage that one can subsequently intro- 
duce E a  transgenes and thereby produce E-only mice (discussed in 
Section 111,A). The latter has the advantage of eliminating the theoreti- 
cal possibility of mixed-isotype Aa : EP dimers, even if such molecules 
have never been found in b-haplotype mice. In fact, although rigor- 
ously sought (I]), Amb : EBb dimers were never found in the AP knock- 
outs and all three of the mutant strains exhibit the same phenotype 
according to numerous parameters. 

A variety of criteria were used to establish that the 11' mice are 
indeed devoid of conventional MHC class I1 molecules- 
cytofluorimetric (11-13), immunohistological ( 1 1 ) ,  biochemical (]I), 
and functional (1 1-13). When bred under specific-pathogen-free (SPF) 
conditions, these animals thrive. However, if housed in a conventional 
facility, they can display a subnormal growth rate, health status, and 
breeding performance. No aberrations have so far been reported for 
any organ system other than the immune system. 

1. Peripheral Immune Compartments 

A. CD4+ T CELLS 
The most striking anomaly in 11' mice, if perhaps the most expected, 

is the near-complete lack of CD4+ T cells in the periphery. This is 
illustrated for the lymph node in Fig. 1, but is also true for the spleen, 
peritoneum, and bone marrow (S. Cardell, unpublished). A major func- 
tional consequence of this anomaly is the complete inability to make 
T-dependent antibody responses (discussed in Section 1,D). 

These results were predicted by past findings on mice injected from 
birth with anticlass I1 monoclonal antibodies (mAbs) (18, 19) and on 
animals carrying rearranged T cell receptor (TCR) transgenes from 
class II-restricted T cell clones (20,21). However, they contradict and 
prompt one to question some observations on patients with combined 
immunodeficiency due to a congential defect in class I1 gene expres- 
sion (for review, see Ref. 22). Many of these individuals were reported 
to harbor normal numbers of CD3+ lymphocytes in the periphery and 
often only slightly reduced numbers of CD4+ cells. One must ask 
whether the thymi of these patients are truly devoid of MHC class I1 
molecules. 
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Closer examination of Fig. 1 indicates that there are a few CD4+ T 
lymphocytes in the peripheral immune system of 11' mice, usually 
about 5% the normal numbers. Although these cells express T markers 
such as CD5 and Thy-1 and display a : p  TCRs, they are peculiar T 
lymphocytes by a number of criteria. Most notably, they are preferen- 
tially localized in the B rather than the T cell areas of the spleen and 
lymph nodes (11). In addition, an unusually high proportion of them 
display markers indicative of cells that have been activated (high 
CD44, LFA-1, and ICAM-1; reduced TCRap; low Mel-14, CD45RB, 
3Gl1, and 6C10), although not recently (low CD25 and CD69) (11; S. 
Cardell, unpublished). 

Obvious questions arise: Where do these cells originate? What li- 
gands are involved in selecting them? And what activates them? When 
FITC was injected into thymi of 11' mice, lymph node CD4+ cells 
were clearly labeled after 48 hours, indicating that at least some of 
them are thymically derived (S. Cardell, unpublished). In addition, 
measurements of their frequency through ontogeny demonstrate that 
they appear and accumulate in the periphery with the same kinetics as 
CD4+ cells from normal animals (S. Cardell, unpublished). When the 
11' mice were crossed with animals carrying debilitating mutations in 
the pz-microglobulin gene (23) or immunoglobulin (Ig) heavy chain 
locus (24), the residual CD4+ population appeared as usual, sug- 
gesting that these cells are not selected via MHC class I molecules nor 
via ligands present on mature B cells, such as Igs or endogenous 
superantigens (S. Chan, unpublished). It remains possible that the 
residual CD4+ cells in 11' mice are selected on nonconventional class 
I1 molecules, such as those encoded at H-20 or H-2M loci (14-16), or 
that they are an unselected population. More definitive information 
about ligands involved in their selection and activation will require 
their cloning and expansion in uitro. Fortunately, they do up-regulate 
early activation markers, proliferate, and produce IL-2 in response to 
treatment with anti-CD3 mAbs or bacterial superantigens such as 
staphylococcal enterotoxin (SE) B (S. Cardell, unpublished). 

Whatever its origin and specificity, the small population of CD4+ T 
cells in 11' mice is intriguing. Their preferential localization to B cell 
follicles reminds one of the population of T cells in normal animals that 
resides in follicles, especially in germinal centers, when they arise (25, 
26). These cells are evolutionarily conserved, occurring in humans (27, 
28), rats (29), and toads (M. Cooper, personal communication). The 
human cells seem not to exhibit conventional helper activity, being 
very poor producers of IL-2 and B cell growth factor (BCGF) (25,26). 
Interestingly, they often coexpand in patients with B cell chronic 



FIG. 1. Depletion of CD4+ T cells in lymph nodes of class 11-deficient animals: cells 
from wild-type (WT) or class 11-deficient (11-) animals, stained with mAbs to CD4 and 
CD8 and analyzed by flow cytometry. 
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lymphocytic leukemia or multiple myeloma (30), suggesting that they 
may respond to factors produced by such B cells. 

B. CD8+ T CELLS 
There has been discussion for years about the degree to which MHC 

class I-restricted CD8+ T cells require input from class 11-restricted 
CD4+ T cells to mature and/or expand (3 ,31) .  Most experiments ad- 
dressing this issue have relied on mAb blockade or depletion of the 
CD4+ compartment. Unfortunately, these have yielded conflicting re- 
sults; moreover, criticisms have been raised concerning the effective- 
ness of such mAb treatments, particularly when important effector 
cells can be found in environments remote from the circulation. Evi- 
dence has recently been presented that a specific CD4+ T cell subset 
preferentially persists after anti-CD4 mAb treatment (32) and that a 
residual population of CD8+ T cells (33) as well as class I-restricted 
cytotoxic T lymphocyte (CTL) activity (34) remain after anti-CD8 treat- 
ment. Hence, the 11' mice provide a valuable system for readdressing 
this issue. 

CD8+ T cells are readily detected in the periphery of 11' mice; in 
fact, as seen in Fig. 1, they consistently appear in increased numbers. 
According to a variety ofmarkers-CD25, CD44, CD45, Mel-14, etc- 
they seem quite normal (S. Cardell, unpublished). But can these cells 
terminally differentiate and function efficiently in the absence of MHC 
class 11-restricted T cell help? 

This question has been explored using several viral systems. In the 
most complete study to date, 11' mice were infected with influenza A 
virus, and their ability to clear virus, to mount an in vivo CTL response 
against the class I-restricted nucleoprotein peptide NP 366-374, and to 
respond to this same peptide after a secondary challenge in vitro were 
evaluated (35). When housed under SPF conditions, the animals could 
clear virus with only a slight delay and were efficient at generating 
both primary and memory CTL responses. Interestingly, when kept in 
a conventional animal facility, the primary response was slightly im- 
paired and the memory response substantially reduced. The basis for 
this difference has not been established experimentally, but one is 
tempted to suggest that some cells in 11' mice, perhaps CD8+ T cells, 
are capable of producing the lymphokines needed for CTL maturation 
and/or expansion, but that the supply of lymphokines is limited and 
can be exhausted by the constant (if low level) challenge faced in a 
conventional animal facility. 

Infection of 11' mice with other viruses has substantiated the conclu- 
sion that CD8+ T cells can function in the absence of class 11-restricted 
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CD4+ T cells. Reduced responses were sometimes apparent, but this 
was not always the case, seeming to depend on the particular virus or 
assay employed. For example, M. Battegay, R. Zinkernagel, and col- 
leagues (personal communication) found that both mutant and control 
animals could mount a footpad swelling reaction when challenged 
intrapedally with the WE strain of lymphocytic choriomeningitis virus 
(LCMV), although the reaction of mutant mice was somewhat atten- 
uated. Correspondingly, Laufer et d. (36) saw no significant difference 
in splenic antivirus CTL responses 7 days after intraperitoneal infec- 
tion with LCMV-ARM. The latter group also crossed the 11' line with a 
strain carrying an LCMV glycoprotein transgene expressed only in 
pancreatic islet cells. After infection with LCMV, the class 11-negative 
gl ycoprotein transgenics developed hyperglycemia as fast and as se- 
verely as their class 11-positive littermates (36). Finally, mutant mice 
were found after vaccinia virus infection to make a primary CTL re- 
sponse that was about five- to seven-fold less vigorous than that of 
littermate controls (M. Battegay and R. Zinkernagel, personal commu- 
nication). 

Two general conclusions seem merited: (1) CD8+ T cells can func- 
tion essentially normally in the complete absence of class 11-restricted 
CD4' T cells; (2) the variability in CD8+ T cell autonomy that was 
observed previously cannot be attributed just to methods of CD4+ T 
cell depletion, but must also depend on different systems, assays, and, 
in particular, conditions of animal housing. 

C .  y : 6 T CELLS 
Not much is known about the ligands involved in selecting and 

activating y : 6 T cells. Two pieces of evidence have implicated MHC 
class I1 molecules in positive selection of at least some of them. First, a 
few cases have been reported of y : 6 T cell clones that can be stimu- 
lated by class I1 molecules, the implication being that these clones 
might have been selected on the same or similar molecules ( 4 , 6 , 3 7 ) .  
Second, it was found that strains of mice displaying the class I1 E 
molecule generally have more intraepithelial lymphocytes (IELs) dis- 
playing V64+ receptors than strains not expressing this class I1 mole- 
cule. Thus, Lefranqois and colleagues (5) hypothesized that E consti- 
tutes part of the ligand mediating positive selection of V64+ IELs, 
actually extrathymically. 

Studies on 11' mice have so far provided no evidence to support a 
role for class I1 molecules in shaping the y : 6 T cell repertoire. No 
changes were observed in the proportion of y : 6 cells in the thymus, 
lymph nodes, and spleen (38; D. Cosgrove et al. ,  unpublished results). 
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Dendritic epidermal T cells had the usual distribution and density in 
epidermal sheets from ear, torso, and skin, and expressed Vy3 as ex- 
pected (38). There were no apparent changes in the y : 6 IEL com- 
partment; in particular, the percentage of cells with V64+ receptors 
was not reduced (38,39). Schleussner and Ceredig (39) directly tested 
the proposition that E molecules mediate positive selection of V64+ 
IELs by comparing 11' mice and E-only mice produced by mating the 
11' line with a transgenic strain carrying the Ea  gene (discussed in 
Section 111,A). Their failure to find a difference contradicts the findings 
of Lefrancois and colleagues (5), but is more in line with recent results 
on a larger panel of E+ and E- strains (7). 

Whether class I1 molecules are involved in selecting the rare class 
11-reactive y : 6 clones or whether these clones just exhibit a cross- 
reactivity remains to be answered. Mating the 11' line with appropriate 
strains of y : 6 TCR transgenics should provide a clue. 

D. B CELLS 
MHC class I1 molecules first appear on rather mature B cells in the 

mouse, so they have not generally been considered to be crucial for B 
lymphocyte differentiation. However, treatment of mice from birth 
with an anticlass I1 mAb (under conditions thought to be nonlytic) 
substantially reduce the number of sIgM+ and sIgD+ B cells found in 
weeks-old animals (8). And more recently, an anticlass I1 mAb and a 
class I1 antisense transgene were both found to inhibit B cell matura- 
tion at a pre-B stage (9). 

B lymphocyte differentiation in 11' mice is surprisingly normal. 
Minor differences were reported in B cell precursor populations in the 
bone marrow, but these were not statistically significant (40) nor were 
they confirmed in an extensive four-color cytofluorimetric analysis (W. 
Muller and K. Rajewsky, personal communication). Initial experi- 
ments on mice housed in a conventional mouse facility indicated an 
abnormally low proportion of IgM+D+ cells in the spleen and lymph 
nodes (11) but this is not true of animals kept under SPF conditions 
(40; S. Chan et al., unpublished results). The peritoneal B-1 cell com- 
partment as well as the conventional B-2 cell compartment of mutant 
mice is essentially normal (40; W. Muller and K. Rajewsky, personal 
communication). The one striking anomaly is the complete absence of 
germinal centers (21). Nevertheless, it is possible to detect abundant 
IgM+ and IgG+ plasma cells in their usual locations (11). 

That B cell differentiation can proceed to its terminal stage in 11' 
mice is further indicated by functional studies. Serum immunoglobu- 
lins of the IgM and IgG classes are present at approximately normal 
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levels, except for IgG1, which is reduced about 10-fold (11, 40). This 
isotype has been shown in past experiments to be the most dependent 
on T cell help, although in uitro and in uiuo experiments have not 
always provided consistent results (for reviews, see Refs. 41-43). Re- 
sponses to type 1 T-independent antigens by mutant mice are very 
much like those ofcontrol animals (40; D. Cosgrove et al., unpublished 
results), as are responses to type 2 T-independent antigens, including 
levan, dextran, phosphorylcholine, and TNP-Ficoll (11, 13, 40). In 
addition, small resting B cells from mutant animals are quite capable of 
participating in noncognate B-T cell interactions with anti-CD3 
preactivated T cells (40). 

Despite their competency to support terminal B lymphocyte differ- 
entiation, 11' mice are completely unable to make T-dependent anti- 
body responses after injection of complex proteins (11,12). This was 
shown after multiple (up to five) injections for keyhole limpet hemacy- 
anin and ovalbumin (11). Mutant mice also make almost no antivirus 
antibodies after LCMV infection (36) and are unable to make an IgM- 
to-IgG switch after infection by vesicular stomatitis virus, a switch 
known to be crucially dependent on T cell help (M. Battegay and R. 
Zinkernagel, personal communication). They do make a very low IgM 
and IgG response to influenza A virus infection, but it is not known 
whether this is T dependent or independent (H. Bodmer, unpub- 
lished). 

Finally, a few words about the less commonly studied B cell re- 
sponses: 11' mice are capable of making both IgE and IgA antibodies. 
Serum concentrations of IgE are depressed in some animals, but nor- 
mal levels of this antibody class are secreted when mutant B cells 
cooperate in uitro with activated T cells (40). IgA is found at normal 
levels in the serum (40; C. Benoist, unpublished). Germinal centers 
with IgA+ cells are absent from the Peyer's patches of mutant mice, 
like germinal centers in other lymphoid tissues, but IgA+ plasma cells 
are readily apparent in the lamina propria of unstimulated mutant 
animals (C. Benoist, unpublished). 

In short, it seems that MHC class I1 molecules are not critically 
involved in B cell differentiation. However, class 11-restricted T cell 
help is absolutely required for certain types of B cell responses. 

II .  The Thymus 

A. THE CD4 SINGLE-POSITIVE COMPARTMENT 
Given the dearth of CD4+ T cells in the periphery (Fig. l), and 

considering currently popular models of thymocyte selection (44,45), 
one would expect to find very few CD4 single-positive cells in thymi 
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from 11' mice. However, as illustrated in Fig. 2, the mutant animais do 
have a substantial number of such cells. In the many animals analyzed, 
one routinely observes about 15% of the usual number of CD4 single- 
positives and sometimes as high as 30% (11,46). A large proportion of 
these cells expressed CD3 and TCR a : /3 at quite high levels, sug- 
gesting maturity. These cells were not observed in the initial analysis 
of one of the Ap knock-out lines (12), probably due to technical aspects 
of the cytofluorimetic analysis, but they were seen in the A a  knock-out 
strain (13). Interestingly, careful examination allowed the detection of 
an analogous population of CD8 single-positive thymocytes in mice 
lacking MHC class I molecules (46); their relative rarity had pre- 
viously prevented detection (24,47). 

An extensive analysis of the CD4 single-positive population in 11' 
thymi has highlighted two major characteristics (11, 46). First, these 
thymocytes appear intermediate in maturity between the CD4+CD8+ 
and CD4+8- cells of wild-type mice. They show clear evidence of 
having been positively selected: up-regulation of TCR levels, turn-on 

WT 1I0 

aPTCR 

FIG. 2. Altered selection of CD4+ cells in the thymus of class 11-deficient mice. 
Thymocytes from wild-type (WT) or class 11-deficient (11') animals were analyzed by 
flow cytometry after staining with mAbs directed against CD4, CD8, and T cell receptor. 
(Top) Dual-parameter plot of CD4/CD8 staining. (Bottom) TCR intensity histogram for 
each of the four populations defined above. DN, 4-8- double negatives; DP, 4+8+ 
double positives; SP, 4+8- or 4-8+ single positives. 
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of CD69, down-regulation of recombination activating gene (RAG) and 
terminal deoxynucleotidyl transferase (TdT) gene transcripts, and 
competence to respond to TPA/ionomycin. Yet, they also exhibit 
features of immaturity: low-level expression of CD8, a cortical local- 
ization, and expression of early differentiation markers such as heat- 
shock antigen and the peanut agglutinin receptor. A similarly schizo- 
phrenic population has been observed in recent years in mice that do 
express class I1 molecules (48-55) and this was reconfirmed in controls 
in the 11' studies (46).  

A second characteristic of the CD4 single-positive population of 
thymocytes in 11' mice is that they would seem to have been selected 
on MHC class I molecules. This was established in two mating experi- 
ments (46).  The 11' mice were crossed with a strain lacking MHC class 
I molecules due to a mutation in the pz-microglobulin gene (23), pro- 
ducing doubly deficient animals lacking both class I and class I1 mole- 
cules (discussed in Section 111,B). The CD4+CD8'" population disap- 
peared, indicating its dependence on class I molecules. 11' mice were 
also mated to a strain carrying the rearranged TCR genes from a class 
I-restricted, H-Y-specific T cell clone (56), generating 11' animals with 
a repertoire highly skewed for a class I-restricted specificity. This 
specificity was well represented in the CD4+CDS1" population. 

As discussed in more detail elsewhere (46,59),  the presence of this 
CD4 single-positive population in 11' mice and its characteristics are 
inconsistent with the previously popular instructional model of posi- 
tive selection (44,45).  This model posited that commitment to the CD4 
or CD8 lineage takes place at the CD4+CDS+ stage of thymocyte 
differentiation. A double-positive cell expressing an MHC class II- 
specific TCR would be capable of coengaging class I1 molecules on 
stromal cells with its TCRs and CD4 coreceptors. If this occurs, the cell 
would be instructed to down-modulate its extraneous CD8 coreceptors 
and proceed with differentiation, rather than die. In an analogous 
fashion, a double-positive cell displaying a class I-specific TCR could 
coengage class I molecules with its TCRs and CDS coreceptors, lead- 
ing to down-modulation of CD4 expression. This model makes no 
provision for CD4'CD8'" thymocytes expressing high TCR levels in 
mice lacking MHC class I1 molecules, nor for class I-specific, CD4 
single-positive cells. Other data challenging this model have also re- 
cently appeared (58). 

Thus, a new model with a stochastic/selective base has been pro- 
posed (see further discussion in Refs. 46 and 51). It seems that CD4+8+ 
thymocytes must effectively engage MHC molecules at least twice 
before becoming fully mature CD4+8- or CD4-8+ T cells. The first 
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engagement initiates the positive selection program. It is conditioned 
by the specificity of the thymocytic TCR and is MHC allele specific; 
nevertheless, it is nondirectional-either a CD4 or a CD8 single- 
positive cell can result, regardless of TCR specificity. It is not yet 
known whether this "hit" requires participation of the coreceptors. 
The second engagement, requiring participation of the appropriate 
coreceptor, completes the positive selection program. According to 
this scenario, cells with either a class 11- or I-specific TCR reside in the 
intermediate CD4+81° compartment. The former can differentiate fur- 
ther, but the vast majority of the latter are doomed to die, because they 
cannot coengage the same MHC molecule with their TCR and co- 
receptor. It is these latter cells that are detected in thymi of class 
11-deficient mice. Likewise, cells with TCRs specific for either class I 
or I1 molecules reside in the analogous CD4l0CD8+ compartment. 
Those with a class I-specific receptor continue differentiation, and 
those with a receptor specific for class I1 molecules die. 

B. OTHER COMPARTMENTS 
As illustrated in Fig. 2, the three other major thymocyte com- 

partments are readily seen in 11' mice. CD4-CD8- cells occur in 
normal numbers;and these include both an a : /3 TCR-negative and 
TCR-positive subset ( 1 1 ) .  CD4+CD8+ cells are also found at the usual 
frequency, but they display levels of CD4 elevated 1.5- to 2-fold ( 1 1 ,  
13) and levels of TCR increased 2- to 3-fold, on average ( 1 1 ) .  
CD4-CD8+ cells are often, though not always, increased in number, 
appearing to compensate for decreased numbers of the CD4+CD8- 
counterpart ( 1 1 ) .  

The up-regulation of CD4 and TCR levels on double-positive thy- 
mocytes is interesting in terms of past studies by Singer and col- 
leagues. They treated animals or thymus organ cultures with anti-CD4 
mAbs and saw a very similar up-regulation of TCR levels (59-62). 
Surprisingly, their parallel experiments with anticlass I1 reagents 
showed no such effect (59-61). Taken together, the data on 11' mice 
and the mAb blocking data indicate that stromal cell class I1 complexes 
engage CD4 molecules on double-positive thymocytes and transmit a 
negative signal that maintains low TCR levels. If and why such a 
dampening is required for subsequent thymocyte differentiation are 
unanswered questions (but see further discussion in Section 111,A). 

C. RECONSTITUTED 11" THYMI 
Thymi from mutant mice can be employed in new approaches to 

study the role of MHC class I1 molecules and class 11-positive stromal 
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cells in the selection of CD4+ T lymphocytes. The first in uiuo and in 
uitro studies along these lines have already been undertaken. 

Markowitz et aE. (63) constructed chimeras using irradiated 11’ hosts 
and donor bone marrow cells from syngeneic wild-type donors. They 
found the expected defects in the CD4+8- thymic and CD4+ periph- 
eral compartments of these chimeras, permitting the conclusion that 
positive selection of CD4+ T cells requires expression of class I1 
molecules on radiation-resistant cells, presumably cortical epithelial 
cells in the thymus. It is important to note that an experiment of the 
same design using irradiated MHC class I-deficient hosts led to the 
conclusion that positive selection of CD8+ T cells can be mediated, if 
inefficiently, by class I molecules on hematopoietic cells (64). This 
dichotomy had been noted in the past (65-68). 

A related question has been explored using an in uitro system. It is 
possible to dissociate fetal thymi enzymatically, allow them to reasso- 
ciate, and then obtain full thymocyte maturation after some days of 
culturing (69). When chimeric dissociation/reassociations are per- 
formed, using Thy-1 allotype-marked 11’ and II+ thymi, fully mature 
CD4+8- cells appear and they derive from both mutant and wild-type 
precursors (M. Merkenschlager, unpublished). If chimeras are con- 
structed using graded ratios of 11’ and 11+ thymi, there is a striking 
linear relationship between the input of 11+ stroma and the output of 
mature CD4+CD8- cells. Even at the highest degree of chimerism 
tested (75% II+), the full complement of CD4 single positives was not 
observed (M. Merkenschlager, unpublished). Thus, positive selection, 
unlike negative selection (70), is not very efficient when the relevant 
stromal cells are a minority population. 

Systems such as these offer much promise for efforts to understand 
positive selection at the cellular and molecular levels. 

ill. Beyond the 1Io line 

The information presented here represents a status report on our 
knowledge of the immune system of 11’ mice. The results have proved 
interesting and useful, some expected but some a big surprise. The 
future of the 11’ line may rest largely in exploiting it as a “building 
block” for other new strains. New genes can be introduced onto the 11’ 
background or additional genes removed from it. We provide an exam- 
ple of each in the following discussions. 

A. E-ONLY MICE 
The majority of mouse strains express both of the conventional MHC 

class I1 isotypes, A and E. Strains exist in the laboratory and in the wild 
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that display A but not E molecules. Since these appear to have quite 
normal immune competence, one is led to question why strains dis- 
playing E but not A molecules have never been observed. Certainly, 
there have been suggestions in the past that the two isotypes might not 
be functionally equivalent (71-78). This proposition can now be di- 
rectly tested through the artifical production of E-only mice. A 11' line 
was mated to a transgenic strain carrying an Ea  transgene on the H-2b 
background (79); offspring from such a cross include A+E-, A-E-, and 
A-E+ littermates. The three types of littermates have been compared 
according to a number of parameters: profiles of peripheral T cells, 
thymic T cell profiles, CTL responses to influenza A virus infection, 
serum Igs, antibody responses to complex protein antigens, and TCR 
repertoire. In general, the A and E molecules are entirely equivalent in 
their ability to complement the 11' mutation. However, two subtle 
differences were observed in A- and E-only mice: (1) the former, but 
not the latter, down-regulate CD4 and TCR levels on double-positive 
cells in the thymus, implying effective CD4-MHC class I1 engagement 
(as discussed in Section 11,B); (2) the two types of animals have subtle 
differences in the repertoire of CD4+ T cells selected into the pe- 
riphery-more specifically, differences in the amino acid composition 
at the first five positions of the CDR3. It is difficult to explain the lack of 
naturally produced E-only strains on the basis of these subtle dissimi- 
larities. Further studies would seem to be in order. 

The ability to complement the 11' mutation with an Ea  transgene has 
permitted more sophisticated studies with mutated transgenes. Thus, a 
11' line was crossed with previously described strains carrying 
promoter-mutated genes directing compartmentalized expression of E 
molecules (81,82). Among the offspring were mice whose thymi ex- 
pressed this class I1 molecule essentially only on cortical epithelial 
cells and others whose thymi displayed it only on the usual contingent 
of medullary cells. The former, but not the latter, positively selected 
the CD4+CD8- T cell compartment, confirming the critical role of 
stromal cells of the cortex for this selection event (83). This experiment 
served to generalize some previous studies of similar design but was 
limited to assaying positive selection of T cells expressing a single 
transgenic E-restricted TCR (20) or a subset of VP6+ TCRs (82,84). 

B. DOUBLE-DEFICIENT 1"II" MICE 
Mice lacking MHC class I molecules due to a directed mutation in 

the &-microglobulin gene have also been described (23,47), and may 
be referred to as I' mice. By judicious crossing of the class I-negative 
and class 11-negative lines, it is possible to produce littermates of four 
types-I+II+, I+II', IoII+, and 1'11'-which constitute an extremely 
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useful set of experimental animals. By and large, the double-deficient 
mice show a phenotype representative of the sum of the single defi- 
ciencies: they essentially lack CD4+ and CD8+ cells in the periphery, 
have almost no fully mature CD4 or CD8 single-positive cells in the 
thymus, and make no class I- or class 11-restricted T cell responses, yet 
have a rather intact B cell compartment, capable of mounting an effi- 
cient antibody response to T-independent antigens (46,85). 

This set of MHC-deficient mice has already proved its utility in 
experiments aimed at elucidating the effector cells and target ligands 
involved in skin graft rejection. Let us consider, first, deficient mice as 
skin donors (85-87; S. Chan et d., unpublished results). Perhaps not 
surprisingly, grafts from both I' and 11' mice are rapidly rejected, 
across either major plus minor or just minor histocompatibility differ- 
ences. The remaining MHC class I or I1 molecules must serve as 
targets for, or present peptides from minor histocompatibility (minor 
H) molecules to, effector T lymphocytes, consistent with many past 
results. Rather unexpected, on the other hand, was the rapid rejection 
of skin from IoIIo mice, because these grafts should not contain T cell 
targets, either as allostimulators or as presenters of minor H peptides. 
This rejection was clearly demonstrated to be dependent on T lympho- 
cytes, in particular CD4+ T cells, prompting the hypothesis that some 
nontraditional ligand is involved, perhaps the mysterious H-20 or 
H-ZM gene products (87). Whatever the ligand, this rejection phenom- 
enon must serve to caution those aiming to engineer universal donor 
tissues by abolishingexpression of MHC class I and class I1 molecules. 

Experiments on MHC-deficient mice as skin acceptors are less ad- 
vanced, but the few results already obtained are also intriguing 
(85-87; S. Chan et al., unpublished results). The surprise is that 1'11' 
hosts can rapidly reject grafts differing at major plus minor or just minor 
histocompatibility loci. The mechanism of this rejection remains un- 
determined. 

IV. The Future 

The results summarized in this review attest to the value of 11' mice 
for immunologists of diverse interests. Some of the results were ex- 
pected but nevertheless provide important independent confirmation 
of fundamental notions-for example, the critical role of class I1 mole- 
cules in the positive selection of CD4+ T cells, or the lack of an 
important role in B cell differentiation. Other results have been quite a 
surprise-the existence of an intriguing population of peripheral 
CD4' T cells, activated and localized in the B cell follicles, or the 
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presence of a substantial population of CD4+8lo cells in the thymus, 
challenging the previously popular instructive model of positive selec- 
tion. The value of these mutant mice has been enhanced even further 
by using them as building blocks for new strains with supplementary 
genes added or additional genes subtracted. 

By now, the 11’ line has been introduced into over 100 laboratories 
throughout the world. Many studies have been initiated on the role of 
MHC class I1 molecules and CD4 T lymphocytes in viral, bacterial, 
and parasitic infections. Many mating experiments have also been 
undertaken, among the most promising being the generation of mouse 
strains expressing only human class I1 molecules, in particular those 
implicated. in certain autoimmune diseases. The future looks inter- 
esting. 
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liver cell grafts, 391 
lymphocytes, deficient development 

NK cells, target cell susceptibility, 

pancreatic islet grafts, 390 
pathogens, responses to, 405-406 
production, 383-384 
serological analysis, 385-386 
skin grafts, 388-390 
transplantation studies, 387-391 
Trypanosoma cruzi infection, 

response to, 413-414 
viral infections, response to, 

hlHC class 11-deficient, 423-424 

4 12-4 13 

4 15 

Of, 393-404 

392-393 

406-412 

B cells, 429-430 
CD4+ T cells, 424-427 
CD8' T cells, 427-428 
double deficient mouse, 435-436 
E-only mouse, 434435 
y:6 T cells, 428-429 
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immune system, peripheral 
compartment, 424-430 

thymus, 433 
reconstituted, 433-434 
single-positive compartment, 

motheaten, CD5 B cell expression in, 

mutations affected by stem cell factor 

430-433 

314 

or SCF receptor, 17-23 
Mutations 

affected by stem cell factor or SCF 
receptor 

human, 23-24 
mouse, 17-23 
rat, 23 

in CD5' B cell lines, 330 
W, allelism with c-kit, 6-7 

Mycobacterium tuberculosis, responses 
in MHC class I-deficient mouse, 
412-413 

stem cell factor receptor 
lymphohematopoietic effect, 
48-51 

Neoplasia, see also specijc types 
CD5' B cell, V gene usage, 323 
etiology, stem cell factor role, 71-78 

Nervous system, stem cell factor receptor 

Neutrophils 
in, 69-71 

CXC proteins as activators, 115-116 
IL-8 as agonist, 112-113 

adhesion, 114 
exocytosis, 113 
lipid formation, 114 
receptor up-regulation, 113-1 14 
respiratory burst, 114-115 
shape change, 113 

as source of chemokines, 106-107 
NK cells, see Natural killer cells 

P 
N 

Natural killer cell receptors 
activation, mediation, 367-369 
hybrid resistance, 367 
for MHC class I molecules, 356, 

358-360,372 
murine, 364,366-367 
p58 dimers, 358,361-362 

murine, 364,366-367 

effects of MHC class I-deficiency, 

human, 341-342,370-373 

Natural killer cells 

392-393 

allospecificity, genetic analysis of, 

CD3 gene expression during 

class I molecules, 349-353 
cytolysis, p58 in, 354-357 
MHC recognition by, 363-365 
ontogeny of, 342-346 
p58 modulation, 362-363 
repertoire, 347-348 
specificity, 347 

348-349 

maturation, 346 

impaired activity in MHC class 
I-deficient mouse, 404-405 

Pancreatic islets, grafts in MHC class 
I-deficient mouse, 390 

Parasites, human filarial, responses in 
MHC class I-deficient mouse, 415 

Pathogens, see also specific pathogens 
responses in MHC class I-deficient 

mouse, 405-415 
Pep t i d e s 

connective tissue-activating, CTAP-111, 
see Connective tissue-activating 
peptide I11 

in T cell development in MHC class 
I-deficient mouse, 399-401 

Peritoneal cavity, localization of CD5 B 

Phenotype 
cells, 299-300 

B cell, developmentally-regulated 

surface, murine CD5 B cell, 306, 

Phosphatidylinositol3-kinase, B cell 

generation, 301 

308-309 

antigen receptor-induced activation, 
241-243 

Phospholipase, B cell antigen 
receptor-induced activation of, 
234-238 
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Phosphorylation 
protein tyrosine, B cell antigen 

receptor-induced, 23 1-233 
tyrosine 

B cell antigen receptor-induced, 

mIg-induced, targets, 234-249 
targets, 233-234 

Plaque-forming cells, anti-BrMRBC, 

Platelet factor 4 
315-316 

biological effects on neutrophils, 115 
chemical properties, 97,99-100 

Proliferation, stem cell factor 
receptor-ligand interaction in, 
39-40 

Protein kinase, mitogen-activated, see 
Mitogen-activated protein kinase 

Proteins 
CC, cellular sources, 105 
CD22, €3 cell AgH-induced tyrosine 

chemokine, see Chemokines 
cxc 

phosphorylation of, 245-246 

biological effects on neutrophils, 

cellular sources, 105 
115-116 

G, coupling to chemokine receptors, 

isoform-specific TGF-P-binding, 199 
P58 

138-139 

dimers, 358,361-362 
in modulation of NK-mediated 

as NK receptor for MHC class I 
cytolysis, 354-357,362-363 

molecules, 356,358-360,372 
p21rus, B cell antigen receptor-induced 

activation, 238-240 
p95"'", B cell antigen receptor-induced 

tyrosine phosphorylation, 243-244 
rusGAP-associated, B cell antigen 

receptor-induced activation, 
240-24 1 

soluble TG F-P-b i nd in g, 199-200 
Vap-1, B cell, tyrosine phosphorylation 

after anti-Ig stimulation, 243 
Protein tyrosine, phosphorylation, B cell 

Proteol ysis 
antigen receptor-induced, 231-233 

chemokines, 102-103 
IL-8, 102-103 

R 

rusCAP, B cell antigen receptor-induced 

Rat, mutations affecting stem cell factor 

Respiratory burst, induction by IL-8 in 

activation, 239-240 

or SCF receptor, 23 

neutrophils, 116- 117 

Sendai virus, responses in MHC class 
I-deficient mouse, 408-409 

Serinekhreonine kinase receptors, in 
TGF-P signal transduction, 188, 
194-195 

binding of isoforms, 194 
cDNA cloning, 188, 192 
structure, 190-193 

Serology, in analysis of MHC class 
I-deficient cells, 385-386 

Signal transduction 
in neutrophil regulation by IL-8, 

by TGF-/3 
140-142 

endoglin functions, 203-204 
formation of complexes, 200-202 
intracellular, 204-205 
type 111 receptor functions, 203-204 

Skin diseases, IL-8 role, 142-143 
Skin grafts, in MHC class I-deficient 

S l  locus, kit ligand encoded at, 10-12 
Spleen cells, NZB, IgM secretion, 

src family, of tyrosine kinases, activation 
by B cell antigen receptor, 253-255 

Stem cell factor, 1-2,81-84 

mouse, 388-390 

313-314 

chromosomal location, 13-15 
effect on secretion in SCFR' cells, 43 
expression regulation, 31-33 
genomic organization, 13-15 
germ cell development, 66-69 
identification, 10-12 
kit ligand, identification, 10-12 
lymphohematopoiesis effects 

hematopoiesis, 43-48 
lymphocytes, 48-51 
NK cells. 48-51 



INDEX 449 

in mast cell biology 
development, 52-60 
function, 60-64 

in melanocyte biology, 64-66 
mutations affecting 

human, 23-24 
mouse, 17-23 
rat, 23 

neoplasia, 71-72 
brain tumors, 77 
breast cancer, 78 
gonadal tumors, 76-77 
hematopoietic tumors, 72-74 
lung cancer, 77-78 
mast cell leukemia, 74 
melanoma, 74-76 

nervous system, 69-71 
as therapeutic agent, 78-81 
tissue distribution, 15-17 

Stem cell factor receptors 
c-kit gene encoding, 3-10 

allelism with W, 6-7 
and c-fms, evolutionary relationship, 

chromosomal location, 7-9 
genomic organization, 7-9 
and PDGFR genes, evolutionary 

relationship, 9-10 
expression regulation, 24-31 
germ cell development, 66-69 
interaction with ligand, consequences 

9-10 

adhesion, 37 
chemotaxis, 37-38 
differentiation, 40-42 
haptotaxis, 37-38 
maturation, 40-42 
proliferation, 39-40 
secretion, 43 
survival, 38-39 

hematopoiesis, 43-48 
lymphocytes, 48-51 
NK cells, 48-51 

effects, 43 

lymphohematopoiesis effects 

mast cells bearing, secretion, SCF 

melanocyte biology, 64-66 
mutations 

human, 23-24 
mouse, 17-23 
rat, 23 

neoplasia, 71-78 
signal transduction through, 33-36 
tissue distribution, 15-17 

Survival, cellular, role of stem cell factor 
receptor-ligand interaction, 38-39 

Synovial cells, as source of chemokines, 
111 

T 

T cells, see also Cytotoxic T lymphocytes 
in MHC class I-deficient mouse 

CD4+, 393-394 
TCRaP+ CD4- CD8- T cells, 

TCRaP+ CD8+ CD4- T cells, 

TCRyP T cells, 403-404 

CD4+, 424-427 

401-403 

394-401 

in MHC class 11-deficient mouse 

single-positive compartment, 
430-433 

CD8+, 427-428 
~~6,428-429 

MHC recognition by, 364 
TGF-P, see Transforming growth factor8 
Theiler’s virus, responses in MHC class 

I-deficient mouse, 409 
T helper cells, B cell antigen 

receptor-activated, 269-273 
Threonine kinase receptors, see 

Serinekhreonine kinase receptors 
Thymus 

MHC class I-deficient mouse, TCRaP+ 
CD8+ CD4- T cell development, 
394 

430-434 
MHC class 11-deficient mouse, 

Tissues, stem cell factor and SCF 

Transforming growth factor+, 181-183, 
receptor distribution, 15-17 

205-206 
bioactivity effects 

bifunctional, 185-186 
cytokine receptors, 187 
cytokines, 187 
extracellular matrix production, 186 
hematopoietic cells, 186-187 
immune functions, in oiuo, 188 
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lymphocytes, 187 
macrophages, 187 
monocytes, 187 

signal transduction 
formation of complexes, 200-202 
intracellular, 204-205 

structure, 183-184 
superfamily, 184-185 

Transfoning growth factor+ receptors, 

complex formation for intraceitular 

endoglin, 198 

serinelthreonine kinase type, 188, 

182-183,195 

signaling, 200-202 

functions, 203-204 

194-195 
binding of isoforms, 194 
cDNA cloning, 188-189, 192 
structure, 190-193 

soluble TGF-/3-binding proteins, 
199-200 

type I, 195-196,206 
type 11 

binding of isoforms, 194 
cDNA cloning, 190-192,205 
signal transduction, 206 
structural comparisons with actin 

receptor 11,192-193 
type 111, 196-198 

type IV, 198 
type V, 194-195 

function, 203-204 

Transplantation, studies in MHC class 
I-deficient mouse, 387-388 

hematopoietic cell grafts, 388 
liver cell grafts, 391 

pancreatic islet grafts, 390 
skin grafts, 388-390 

Trypanosoma cruzi, infection, responses 
in MHC class I-deficient mouse, 
413-414 

Tumors, see also Lung cancer; Mast cell 
leukemia; Melanoma; Neoplasia 

brain, etiology, stem cell factor role, 77 
gonadal, etiology, stem cell factor role, 

hematopoietic, etiology, stem cell 
74-76 

factor role, 72-74 
Tyrosine, phosphorylation, see 

Tyrosine kinase, activation by B cell 
Phosphorylation, tyrosine 

antigen receptor 
components, 248,250-253 
coreceptors, 259-261 
functions, 255-256 
signal initiation model, 256-259 
src family, regulation, 253-255 

V 

Vaccinia virus, responses in MHC class 

Viral infections, responses in MHC class 
I-deficient mouse, 407-408 

I-deficient mouse, 406 
influenza virus, 406-407 
lymphocytic choriomeningitis virus, 

Sendai vims, 408-409 
Theiler’s virus, 409 
vaccinia virus, 407-408 
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