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HE IMMUNE RESPONSE involves the participation T of a large number of distinct cell types whose func- 
tions must be coordinated to insure a response that is 
appropriate in quality and in magnitude to the eliciting 
antigenic stimulus. This coordination of function is gener- 
ally believed to be regulated by the action of T lymphocytes, 
whose receptors are specific for peptides derived from the 
eliciting antigen, bound to a groove in a class I or a class I1 
major histocompatibility complex (MHC) molecule. Much 
of the regulatory function of such T cells is mediated by the 
secretion of a set of potent polypeptides often designated as 
lymphokines or interleukins (ILs).’ Those that appear to be 
principally secreted by immunocompetent cells in response 
to the interaction of antigen with a specific receptor are 
listed in Table 1. I will refer to these molecules as “immune 
recognition-induced lymphokines.” 

IL-4 IS A PROTOTYPIC IMMUNE RECOGNITION-INDUCED 
LYMPHOKINE 

IL-4 has properties that exemplify many of the character- 
istics of the set of immune recognition-induced lympho- 
kines. It is made in response to immunologic recognition, 
principally, although not exclusively, by CD4’ T lympho- 
cytes.’ It mediates much of its action in short range 
interactions between target cells and IL-&producing T 
cells,3 and it has a wide range of  function^.^ As with all 
molecules whose biologic functions are initially detected by 
in vitro assays, a question remains as to the major physio- 
logic action of IL-4. It is still too early in the study of IL-4 to 
reach a definitive conclusion on this important point. 
However, it is clear that it does express at least one critical 
in vivo function. IL-4 is principally responsible for the 
production of IgE in mice in response to a variety of stimuli 
that elicit Ig class switching to the expression of this Ig 
class.5 Mice treated with monoclonal anti-IL-4 antibodies 
fail to develop the striking increases in serum IgE that are 
normally observed in response to nematode infections and 
related stimuli: Recently, transgenic mice overexpressing 
the IL-4 gene have been shown to have elevated levels of 
serum IgE and serum IgGl.’ 

In vitro analysis has demonstrated a wide range of 
functions of IL-4 on B cells, on T cells, on macrophages, on 
hematopoietic precursor cells, and on stromal cells. To 
what extent these in vitro functions also represent biologi- 
cally important in vivo functions remains to be determined. 

IL-4 was initially described based on its ability to enhance 
DNA synthesis by purified resting mouse B lymphocytes 
stimulated with anti-IgM antibodies.8 For this reason, it was 
first designated B-cell growth factor (BCGF). When it was 
shown to act on resting B cells to induce expression of class 
I1 MHC molecules9 and to enhance their subsequent 
responsiveness to anti-IgM antibodies,”.” it was recognized 
that BCGF was not an entirely appropriate name; in its 
place, the designation B-cell stimulatory factor-1 was pro- 
posed.’’ This was superseded by the name IL-4, which was 
proposed at the time of the derivation of cDNA clones for 
the m0Iecule,’3.’~ and of the recognition that the molecule 
was very pleiotropic in its action with non-B cells being 
important targets of its regulatory function. 

IL-4 AND A RELATED SET OF MOLECULES COMPRISE THE 
“IL-4 FAMILY OF LYMPHOKINES” 

IL-4 can be regarded as a prototypic member of a subset 
of the immune recognition-induced lymphokines that I 
would propose be designated the IL-4 family of lympho- 
kines. This family consists of IL-4, IL-5, IL-3, and granulo- 
cyte-macrophage colony-stimulating factor (GM-CSF). The 
properties which lead to the grouping of this set of 
molecules as distinct from the other immune recognition- 
induced lymphokines (ie, IL-2, interferon y [IFNy], and 
lymphotoxin [tumor necrosis factor P; TNFP]) are: (1) the 
linkage of the genes for the members of the IL-4 
(2) the action of each member of the family as a hematopoi- 
etic growth factor in addition to any functions it may also 
exert on lymphoid cells, whereas the other immune recogni- 
tion-induced lymphokines fail to express such activity; (3) 
the observation that the receptors for these factors are all 
members of the newly defined hematopoietin family of 
receptors, whereas receptors for the other factors (except 
for the P chain of the IL-2 receptor) are not members of this 
family”; and (4) coexpression of these factors by a subpopu- 
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Table 1. Immune Recognition-Induced Lymphokines 

IL-2 
IL-3 
IL-4 
IL-5 
IL-10 
GM-CSF 
IFNy 
Lymphotoxin (LT; TNFP) 

IL-4, IL-5, IL-3, and GM-CSF may be grouped together as a family (the 
IL-4 family of lymphokines) based on (1) their genetic linkage; (2) their 
receptors are each members of the hematopoietin family; (3) they are 
all hematopoietic growth factors; and (4) they are often coexpressed. 

lation of cloned CD4’ mouse T cells (TH2 cells)*’ and by 
mast cells.” 

MOLECULAR CHARACTERIZATION OF IL-4 AND ITS GENE 

ZL-4protein structure and cDNA clones. Murine IL-4 is a 
glycoprotein with an approximate molecular weight of 
19,000 daltons when purified from a T-cell s o ~ r c e . ~ ~ ~ ~  
Recombinant IL-4 (rIL-4) produced in a baculovirus expres- 
sion system has an approximate molecular weight of 14,000 
to 15,000 daltons, whereas rIL-4 produced in yeast is quite 
heterogenous in molecular weight with some forms having 
sizes of - 50,000 daltons. These differences represent 
variable glycosylation. As with many of other glycoprotein 
growth factors, IL-4 that has been deglycosylated by diges- 
tion with endoglycosidase F has full biologic activity in 
vitro:’ as does rIL-4 produced in Escherichia coli. Human 
IL-4 has very similar  characteristic^.^^^^' It exists in molecu- 
lar weight forms between 15,000 and 19,000 daltons. 

cDNAs encoding both mouse and human IL-4 have been 
~btained.’~.’~,’~ The mouse IL-4 gene codes for a protein of 
140 amino acids, of which the first 20 amino acids are a 
leader sequence. The mature protein has a calculated 
molecular weight of -13,200. N terminal amino acid 
sequencing of T-cell-derived IL-424,25 yields a sequence 
identical to that inferred from the nucleotide sequence of 
the cDNA and confirms the inferred N-terminus of the 
mature protein. Murine IL-4 contains three potential 
N-linked glycosylation sites and six cysteines. None of the 
cysteines is available for labeling with lz’I-iodoacetamide~s 
suggesting that all participate in disulfide bonds. The 
apparent molecular weight of unreduced IL-4 on sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) is, as noted above, consistent with the molecular 
weight anticipated for a glycosylated monomer. Further- 
more, the mobility on SDS-PAGE of reduced IL-4 is 
slightly slower than that of the unreduced molecule. These 
results indicate that there are no interchain disulfide bonds 
and suggest that all the cysteines are participants in 
intrachain bonds. Reduction and alkylation of IL-4 com- 
pletely destroys its biologic activity. The human IL-4 gene 
has many features in common with mouse IL-4. 

Monoclonal anti-ZL-4 antibodies. Monoclonal antibod- 
ies (MoAbs) to murine IL-4 have been prepared. One, 
11B11, has been widely used because of its capacity to 
neutralize IL-4 function both in vitro and in vivo.28 It 
appears to react with IL-4 near the site at which IL-4 binds 

to its receptor because it blocks binding to the receptor.” 
Recently, a second monoclonal antimurine IL-4 antibody 
has been prepared (13E1) that binds principally to dena- 
tured forms of IL-4 and is far superior to l l B l l  for use in 
immunoblotting (Atasoy U, Paul WE: manuscript in prepa- 
ration). On the other hand, 13E1 fails to block IL-4 biologic 
activity and does not appear to react with native forms of 

The IL-4 gene is found in the cytokine complex on mouse 
chromosome 11 and human chromosome 5. The IL-4 gene 
is found on mouse chromosome lIl5 and on the long arm of 
human chromosome 5 at 5q23.3-31.2.16 The IL-4 gene is 
linked to the IL-5 gene.” In the mouse, the distance 
between the two genes has been estimated by pulsed field 
electrophoresis to be - 160 kb.‘* The genes for IL-3 and 
GM-CSF are found at similar locations’6 and are very 
closely linked.” Although the “IL-4/IL-5 pair” and the 
“IL-3/GM-CSF pair” have not been physically linked, they 
have been shown by analysis of restriction fragment length 
polymorphisms in recombinant inbred lines to be within 1 
centimorgan of one another.” Similarly, in situ hybridiza- 
tion localization of these genes in instances of transloca- 
tions involving human chromosome 5 also indicate close 
association of IL-3 and GM-CSF with IL-4 and IL-5.I6 This 
region also contains other genes believed to be important in 
regulating the growth of hematopoietic and nonhematopoi- 
etic cells including the genes for PDGF-receptor, CSF-1, 
and the CSF-1 re~eptor.’~ See Fig 1 for a diagram of this 
“cytokine” genetic region. 

The IL-4 gene itself consists 
of 4 exons spanning 6 kb in the mouse3’ and 10 kb in the 
human.” The promoter region of the gene has not yet been 
analyzed in detail. It does contain a &-like sequence found 
in the promoter regions of many cytokine genes,31 suggest- 
ing that it may be regulated by NF-& or an NF-&-like 
DNA-binding protein. 

The 3’ untranslated region of the IL-4 mRNA contains 
an AU-rich region that has been shown to convey instability 
for other  transcript^.^' Although no direct measurements of 
IL-4 mRNA half-life have been reported, indirect experi- 
ments showing that IL-4 mRNA disappears rapidly after 
the cessation of receptor-mediated signalling indicate that 
IL-4 mRNA is rapidly degraded. 

IL-4. 

Structure of the ZL-4 gene. 

THE IL-4 RECEPTOR 

Receptor afinity and distribution. IL-4 mediates its func- 
tions by binding to receptors expressed on target cells. In 

90-240 kb -500 kb 9 kb - - f-) 

IL-4 IL-5 IL-3 GM-CSF 

Chromosomal Location 5q23-31 
(Mouse chromosome 11) 

Fig 1. Map of the IL-4 family gene cluster. 
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both mouse and human cells, responsive cell types express 
relatively small numbers ( - 400) of receptors per  ell.^^"^ 
The receptors have an affinity of -10" M-' and appear 
homogeneous in binding properties by Scatchard analysis. 
Receptors have been reported to exist on freshly prepared 
B and T lymphocytes and macrophages, as well as on 
various cell lines including lymphoid cells, mast cell lines, a 
variety of other hematopoietic cell lines and fibroblast and 
stromal cell  line^.'^^^^ Some but not all Ab-MuLV trans- 
formed pre-B cell lines and some plasmacytoma lines lack 
detectable IL-4 receptors. 

Activation of B cells with anti-Ig antibodies or lipopolysac- 
charide (LPS) and activation of T cells with mitogens 
increases receptor expression, often to - 2,OOO/~ell.~' IL-4 
itself increases receptor expression on resting T and B 
lymphocytes. A derivative of the growth-factor-dependent 
mouse T-cell line CTL.L has been obtained that can grow in 
IL-4?8 This line, designated CT.4R, expresses 10,000 to 
20,000 receptors/cell. A variar' of this line, CT.4S, that 
expresses little if any (Y chain of the IL-2 receptor has been 
obtained by mutagenesis and cell sorting. This line fails to 
respond to low concentrations of IL-2 (< 100 U/mL) and is 
thus, functionally, an IL-4-specific indicator cell line. It has 
been used as a sensitive and specific bioassay for IL-4, 
allowing the detection of less than 3 U/mL (< 1.5 pg/mL). 
Efforts to adapt CT.4S cells to responsiveness to human 
IL-4, by expressing the human IL-4 receptor gene in them, 
are underway. Such a line would provide a sensitive and 
selective bioassay for human IL-4. 

The mouse 
IL-4 receptor has been analyzed by chemical cross-linking 
of cells that have specifically bound lz5I-IL-4. On subse- 
quent analysis by SDS-PAGE, in the presence of P-mercap- 
toethanol, two major species of bands are observed. One, 
migrating at - 90,000 daltons, is generally the dominant 
band,33z34 indicating a 70,000-dalton IL-4 binding molecule. 
However, when human IL-4 was cross-linked to human 
B-lymphoblastoid cells and to human gingival fibroblasts, 
the inferred molecular weight of the IL-4 receptor was - 140,000 da l t~ns . '~  Others reported that a 70,000- to 
80,000-dalton IL-4-binding chain also existed on human 
cells.39 Subsequently, a 120,000-dalton chain was also ob- 
served on mouse cells. These results suggest that IL-4- 
binding chains with molecular weights of -120,000 and 
-70,000 daltons exist. The relationship of the two IL-4- 
binding chains (p120 and p70) to one another has not been 
completely established. Isolation of cross-linked complexes 
of mouse '"1-IL-4 and the mouse IL-4 receptor, digestion 
with either chymotrypsin or with V8 protease, and subse- 
quent analysis of ?-bearing peptides by SDS-PAGE has 
shown that the pattern of IL-4 cross-linked peptides de- 
rived from the two molecular species to be identical."' This 
strongly suggests that the p70 is a degradation product 
derived from p120. However, p70 has not been observed in 
any case other than those in which the receptor had been 
cross-linked with lZI-IL-4, raising the possibility that its 
derivation is not a simple instance of proteolytic sensitivity 
of the receptor. It is possible that ligand binding and 
subsequent cross-linkage increases the susceptibility of 

Chemical cross-linking of the IL-4 receptor. 

p120 to proteolysis. Whether this reflects an increase in a 
ligand-dependent proteolysis that involves only a small 
fraction of the receptors and whether such proteolysis may 
be important in signalling have not yet been determined. 
The possibility that p70 is an independent chain structurally 
related to p120 has not been completely excluded, but 
seems unlikely. 

cDNA clones for both the 
and h ~ m a n ~ ~ , ~  IL-4 receptors have been ob- 

tained. The IL-4 receptor of the mouse is a type I mem- 
brane protein with a putative extracellular domain consist- 
ing of 208 amino acids with five potential N-linked combining 
sites. It contains two motifs that are characteristic of a set of 
receptors for growth factors, including the IL-3 receptor, 
the GM-CSF receptor, the P chain of the IL-2 receptor, the 
IL-6 receptor, the IL-7 receptor, the G-CSF receptor, the 
erythropoietin receptor, the growth hormone receptor, and 
the prolactin receptor. These motifs are a particular spac- 
ing of four cysteines with tryptophan located two residues 
after the second cysteine and, in a membrane proximal 
location, a WSXWS motif. The family of receptors defined 
by these motifs is often referred to as the hematopoietin 
receptor family of  molecule^.^^.^^^^^ 

The putative cytosolic portion of the murine IL-4 recep- 
tor consists of 553 amino acids. It has regions rich in proline 
and serine and an acidic region that is well conserved 
between the mouse and human receptors. On the other 
hand, it has no recognized consensus sequences for kinase 
activity or for nucleotide binding regions. 

In addition to a cDNA 
clone for the 120,000-dalton form of the IL-4 receptor, a 
cDNA has also been isolated that appears to represent an 
alternatively spliced form of the re~eptor .~ '  This cDNA 
encodes the extracellular domain of the IL-4 receptor 
followed by a 114-nucleotide insert that codes for the 
addition of six amino acids followed by a stop codon not 
found in the 120,000-dalton form. It does not encode the 
transmembrane or cytosolic regions of the IL-4 receptor. 
The inferred amino acid sequence of this molecule suggests 
that it represents a soluble form of the IL-4 receptor. 

When expressed in COS-7 cells, the cDNA for the 
120,000-dalton chain results in the expression of membrane 
receptors for IL-4 that bind IL-4 similarly to its binding by 
the naturally occurring receptor on mouse cells. Further- 
more, expression of the cDNA for the putative soluble form 
of the receptor in COS-7 cells does result in the production 
of a soluble IL-&binding molecule with a molecular weight 
of 40,000 daltons."l This soluble molecule has an affinity for 
IL-4 that is similar to that of the natural receptor, strongly 
arguing that no additional chain is required for high-affinity 
binding of IL-4 to its receptor. 

The functional evidence in favor of the cDNA for the 
120,000-dalton form encoding the actual IL-4 receptor is 
that expression of the cDNA for the homologous human 
IL-4 receptor in the mouse CTL.L cell line conveys to these 
cells the capacity to respond to human IL-4 with DNA 
synthesis." Human IL-4 does not bind to mouse IL-4 
receptors and does not have any detectable biologic action 

IL-4 receptor cDNA clones. 

Two forms of the ILL-4 receptor. 
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on CTL.L cells that have not been transfected with cDNA 
for the human IL-4 receptor. 

The existence of a cDNA clone that codes for a poten- 
tially soluble form of the IL-4 receptor raises the question 
of whether such a soluble molecule is normally made and, if 
so, what its physiologic significance might be. Fernandez- 
Botran and Vitetta47 have reported the existence of a 
molecule found in supernatants of various tissue culture 
cell lines and in ascitic fluids that inhibits the binding of 
IL-4 to its receptor and that binds to IL-4 with an affinity 
similar to that of the IL-4 receptor. The molecular weight of 
this IL-4-binding protein is -30,000, compared with the 
40,000-dalton molecular weight for the product of the 
truncated cDNA clone transfected into COS-7 cells. Re- 
cently, it has been shown that cells of both a T-cell line and 
a mast cell line express mRNAs for both the p120 (full- 
length) receptor and for the truncated re~eptor.~' This work 
made use of polymerase chain reaction amplification of 
IL-4 receptor mRNA using primers that would allow 
independent detection of the full-length and the truncated 
receptor. Furthermore, metabolic labeling with 35S-methio- 
nine and precipitation with either AEigel-bound IL-4 or 
Afligel-bound antibody to the IL-4 receptor shows the 
existence of a species of - 100,000 and one of -42,000. 
During a chase period, both species change in mobility on 
SDS-PAGE in particular, the 42,000-dalton product ap- 
pears to be processed to a 40,000-dalton species, while the 
100,000-dalton form is processed to 120,000. This strongly 
suggests that the p40 chain is derived independently of p120 
and is consistent with p40 being a soluble receptor rather 
than a proteolytic cleavage product. However, no evidence 
for the secretion of the p40 form of the IL-4 receptor has 
yet been obtained from normal cells, so that the physiologic 
significance of the soluble receptor and its relationship to 
the soluble IL-4-binding molecule described by Fernandez- 
Botran and Vitetta4' is not yet certain. However, administra- 
tion of a purified preparation of soluble recombinant 
receptor inhibits heart allograft rejection and graft-versus- 
host responses,48 implying a potentially important therapeu- 
tic role for the soluble receptor. 

The biochemi- 
cal nature of signals induced by the binding of IL-4 to its 
receptor have not been elucidated. It does appear that the 
cytosolic domain of the receptor is essential for its signal- 
ling function. This conclusion is mainly based on observa- 
tions made in the course of the derivation of the initial 
cDNA clones of the mouse IL-4 receptor:' In that work, a 
cell line was derived from CTLL-2 by repetitive sorting and 
selection of variants that expressed large numbers of IL-4 
receptor. The cells selected after 19 rounds of sorting, 
designated CTLL-19.4, had - lo6 IL-4 receptors per cell. 
However, the majority of cDNA clones obtained contained 
a gene derived as a result of a genetic event in which the 
coding sequence for the extracellular and transmembrane 
domains of the IL-4 receptor were expressed without the 
cystosolic region. The cells expressing this mRNA, although 
having a very large number of IL-4-binding molecules, 
failed to respond to IL-4. 

Studies of inositol phospholipid metabolism and of intra- 

Mechanism of IL-l-mediated signalling. 

cellular calcium concentrations have shown no changes in 
response to IL-4 in cells that express IL-4 receptors and 
that respond, biologically, to IL-4.49 Furthermore, treat- 
ment of B cells with IL-4 leads to a striking enhancement of 
the expression of class I1 MHC molecule, even in medium 
in which the calcium concentration has been markedly 
reduced. Studies of tyrosine phosphorylation in a cell line 
responsive to both IL-2 and IL-4 (CT.4R) have shown that 
treatment of these cells with IL-4 causes a striking increase 
in tyrosine phosphorylation of a series of substrates (Horn- 
beck P, Paul WE: unpublished observations, 1990). Whether 
this increase reflects an immediate effect of the binding of 
IL-4 to its receptor or is an indirect effect resulting from a 
yet undefined signal process is not known. 

FUNCTIONS OF IL-4 

Effects of IL-4 on B lymphocytes: Regulation of B-cell 
growth and expression of membrane antigens. IL-4 was first 
recognized for its effect on B-cell growth.* Mouse B cells, 
when cultured at low cell density, synthesize DNA poorly or 
not at all in response to anti-IgM antibody at relatively low 
concentrations ( 5 5  kg/mL). Although IL-4 by itself does 
not stimulate resting B cells to undergo DNA synthesis, it 
markedly enhances their responses to anti-IgM used at the 
conditions described above. IL-4 does have some capacity 
to cause B cells blasts to enter S phase:' but it does not 
appear that its major role as a costimulant of B-cell DNA 
synthesis is as a late-G1 active growth factor. To exert its 
major effects in promoting B-cell DNA synthesis, IL-4 must 
be added at the outset of the culture.'03'' Indeed, preculture 
of resting B cells with IL-4 will strikingly enhance their 
subsequent response to anti-IgM or to the B-cell mitogen 
LPS." IL-4 has other striking effects on resting B cells. It 
increases or induces their expression of class I1 MHC 
molecules9 and of the "low affinity" receptor for IgE 
([FceRII] [CD23]),51 as well as increasing the number of 
IL-4 receptors found on the surface of the cell?' It appears 
likely that these responses of resting B cells play an 
important role in their function. Indeed, increased expres- 
sion of class I1 MHC molecules could be of particular 
importance because the quantity of antigen that antigen- 
presenting cells (APC) can display is a direct function of 
their density of class I1 MHC molecules.s2 

When mouse B cells are stimulated with LPS and IL-4, a 
series of striking changes are observed. FceRII is superin- 
duced, reaching levels 100 times that on resting B cells.53 By 
contrast, FcyRII levels increase transiently but then de- 
crease and stabilize at much lower levels in B cells treated 
with LPS and IL-4 than in B cells treated with LPS only.54 
Thus, LPS blasts express relatively large amounts of FcyRII 
and relatively small amounts of FceRII, whereas blasts 
stimulated with LPS and IL-4 have the opposite phenotype. 
Although the significance of this difference is not clear, it 
has been shown that FceRII can act quite efficiently in the 
capture and presentation of antigens associated with IgE 
(ie, antigen-IgE antibody complexes),5s suggesting that 
these cells may act to preferentially present, to T cells, 
antigens for which IgE responses have already been made. 
This may be significant in view of the action of IL-4 as a 
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switch factor for IgE (see next section). A final and 
somewhat enigmatic effect of IL-4 and LPS on resting B 
cells is that they cause the great majority of these cells to 
express Thy-17 a membrane molecule generally regarded 
to be uniquely expressed, among lymphocytes, on T cells. 

The effects of IL-4 on human B cells are often somewhat 
less striking than the effects on mouse B cells. Its action as a 
costimulant of B-cell proliferation has been shown but is 
usually less impressive than this activity on mouse ~e l l s .5~  

Effects of IL-4 on B lymphocytes: IL-4 is a switch factor for 
IgE and IgGl.  Mouse B cells treated with LPS and IL-4 
produce substantial amounts of IgES8 and IgGl,59 whereas 
treatment with LPS only gives rise to virtually no IgE and to 
modest amounts of IgG1. This effect of IL-4 in directing B 
cells to produce IgE and IgGl can also be observed when 
the B cell “costimulant” is an activated T cell rather than 
LPS.60 Indeed, human cells stimulated, in the presence of T 
cells, with IL-4 will secrete much more IgE than cells 
treated without IL-4.61362 

The effect of IL-4 in the regulation of IgE production 
pertains in vivo as well as in vitro because neutralization of 
IL-4 by treatment with a monoclonal anti-IL-4 antibody6 or 
a monoclonal antibody to the IL-4 receptof‘ will block the 
IgE response to helminthic infection or to in vivo polyclonal 
B-cell activation achieved through the injection of anti-IgD 
antibodies. Anti-IL-4 also inhibits secondary polyclonal 
and antigen-specific IgE re~ponses .~~  Recently, it has been 
shown that mice expressing an IL-4 transgene have strik- 
ingly elevated levels of IgE and IgGl,7 re-affirming the 
importance of this lymphokine in the production of IgE and 
IgGl . 

The effect of IL-4 in controlling IgE and IgGl expression 
appears to be mediated, at least initially, on resting B cells. 
Preculture of resting B cells with IL-4 alone will prepare 
them to secrete IgGl on subsequent culture with LPS and, 
although IL-4 alone does not have a similar preparative 
effect for IgE, IL-4 must be added very early in culture if 
treatment with LPS plus IL-4 is to enhance IgE re- 
s p o n s e ~ . ~ , ~ ~  

Resting B cells and certain B-cell lines treated with IL-4 
only show expression of an RNA transcribed from a region 
5’ to the Cy1 switch region spliced to Cyl.66,67 This tran- 
script has been termed the sterile y l  transcript because it 
does not appear to code for a product, or the germ line y l  
transcript, and is observed as early as 6 to 12 hours after the 
addition of IL-4 to resting B cells. IL-4 also suppresses the 
expression of a comparable germ line y2b transcript in 
transformed pre-B cell lines,68 which is in keeping with its 
capacity to suppress the production of IgG2b by B cells 
treated with LPS.69 A germ line E transcript is also induced 
but it requires the presence of both IL-4 and LPS.66,70 

These germ line transcripts appear before the DNA 
deletion events involved in traditional Ig class switching in 
which the VDJ gene is translocated from its initial position 
5’ to the C p  gene to a new position 5‘ to the expressed C 
gene (ie, Cy1 or CE). This implies that IL-4 acts to regulate 
the production of new classes of Ig before the actual switch 
and allows one to classify IL-4 as a “switch factor” regulat- 

ing switching to IgE and IgGl in the mouse and to IgE in 
the human. Additional work suggests that other cytokines 
regulate switching to other isotypes (ie, IFNy for IgG2a7I 
and TGFP for IgA7’). 

The mechanisms through which induction of germ line 
transcripts prepares cells to undergo switching to the “new” 
isotype has not been demonstrated, but one possibility is 
that such transcription specifically “opens” the chromatin 
and makes those regions of the Ig gene complex more 
favorable targets for translocation events. Although the 
means through which IL-4 regulates transcription of the 
germ line E gene has not been directly demonstrated, it has 
been shown that 5’ of the start site for the germ line E 
transcript is a ~equence’~ quite similar to one implicated as 
an IL-4 responsive element in the class I1 MHC gene.74 

Mutual regulation of Ig class expression by IL-4 and IFNy. 
Not only do IL-4 and IFNy induce the expression of 
different classes of Igs in vitro and in vivo, they also inhibit 
one another’s switch-promoting function. Thus, IFNy is a 
striking inhibitor of IgE and IgGl production in vitro in 
response to LPS and IL-4.69,75 Furthermore, treatment of 
mice injected with anti-IgD antibodies with anti-IFNy 
antibody will enhance IgE responses in those mice, strongly 
implying that natural production of IFNy has limited the 
IL-Mependent IgE r e s ~ o n s e . ~  Similarly, IL-4 inhibits the 
production of IgG2a by B cells treated with LPS and 
I F N Y . ~ ~  These results thus imply that a critical determinant 
in the production of IgE in a given immune response is the 
balance of IL-4 and IFNy produced. Thus, it suggests that 
the control of production of these two lymphokines is a key 
element in the qualitative nature of immune responses. 
Evidence does exist in both mice and humans that immune 
responses in which large amounts of IgE are produced are 
associated with the preferential production of IL-4 by 
antigen-specific T cells.76-78 

Does IL-4 have a role in B-cell development? The possi- 
bility that IL-4 may play a role in B-cell development has 
been raised by two sets of observations. Culture of bone 
marrow cells on stromal cell monolayers in the presence of 
fetal calf serum and 2-mercaptoethanol at 3TC, in the 
absence of glucocorticoids, has been shown to give rise to 
B-lineage cell lines dominated by pre-B cells expressing the 
B220 form of the common leukocyte antigen.79 Addition of 
IL-4 to these cultures after they have been established 
rapidly leads to the disappearance of pre-B cells, but 
initiating cultures in the presence of IL-4 leads to the 
appearance of cells with characteristics strongly indicating 
that they represent more primitive members of the B 
lineage.” This has suggested that IL-4 might act preferen- 
tially at a very early step in B-cell development. 

Studies of an IL-3-dependent cell line developed from 
bone marrow of nude mice (LyD9) have shown that these 
cells can be stimulated to develop into B-lineage cells 
expressing membrane IgM if cultured on stromal cells in 
the presence of IL-4.8’ By contrast, culturing such cells in 
GM-CSF causes them to develop into myeloid lineage cells. 

Both of these observations suggest that IL-4 may have 
potent effects in B-cell development, but they do not 
determine whether IL-4 plays such a role physiologically. 
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Much work remains to be done to clarify the role of IL-4 in 
this process. 

IL-4 has potent effects on 
T lymphocytes as well as B cells. Resting T cells treated 
with IL-4 survive in culture without dividing.82 Treatment of 
these cells with phorbol esters and IL-4 causes -50% of 
the cells to enter S phase and to. divide. IL-4 acts as an 
autocrine growth factor for a set of murine long-term T-cell 
lines often designated T,, ~ e l l s . * ~ - ~ ~  T,, cells produce a 
limited set of lymphokines including IL-4, IL-5, IL-3, 
GM-CSF, and IL-10 (cytokine synthesis inhibitory fac- 
t ~ r ) . * ~ , * ~  They fail to produce IL-2, the prototypic T-cell 
growth factor, and their growth in response to mitogens and 
IL-1 or to antigen and APC can be inhibited by monoclonal 
anti-IL-4 antib~dy.'~ In general, T,, cell lines do not grow 
well for extended periods in response to antigen and APC 
alone; they often require supplementation with IL-2 so that 
the role of IL-4 as a long-term T-cell growth regulator is still 
uncertain. It is striking that IL-4 producing long-term T-cell 
lines of the T,, type require IL-1 as a cofactor for growth in 
response to mitogens or in response to exogenous IL-4.83 

Long-term murine T-cell lines that produce IL-2 and 
IFNy but not IL-4 (THl cells) fail to proliferate in response 
to IL-4, with or without IL-1. In general, these cells respond 
to IL-2 without a requirement for IL-1. T,, cells, if exposed 
to antigen associated with fixed APC or to anti-CD3 
antibodies without APC, will enter a state of clonal anergy, 
defined by their inability to produce IL-2 in response to 
subsequent stimulation with antigen and live APC or to 
anti-CD3 plus APC.*8 By contrast, T,, cells have not been 
shown to enter such an anergic state. 

Growth of normal T-cell populations in the presence of 
mitogens plus IL-4 alone or IL-2 plus IL-4 generally favors 
the preferential proliferation of CD8+ T cells, so that such 
cells come to dominate the growing cell population.** In 
addition, IL-4 appears to enhance the proliferation of 
precursors of cytotoxic T cells (CTL) and their differentia- 
tion into active CTL.*Y,9" 

The role of IL-4 in T-cell development within the thymus. 
IL-4 may have an important role to play in intrathymic 
T-cell differentiation. The most graphic demonstration 
comes from observations on thymic development in IL-4 
transgenic mice. Tepper et al' prepared a series of trans- 
genic mice that varied in their degree of expression of the 
IL-4 transgene. In mice with the highest degree of expres- 
sion of IL-4, animals died within 2 weeks of birth of severe 
runting. Animals expressing somewhat less IL-4 survived 
but showed severe thymic atrophy. Their major cellular 
deficit lay in the frequency of CD4', CD8' cells, while there 
was an absolute increase in the frequency of CD4-, CD8' 
cells in the thymus. In the periphery, these mice showed a 
striking diminution in the number of T cells but, despite the 
over-representation of CD8' cells in the thymus, they had a 
normal ratio of CD4' to CD8' T cells. 

Analysis of in vitro thymocyte development has indicated 
that treatment of cultures with IL-4 markedly inhibits the 
frequency of CD4', CD8' cells that emerge.91 These studies 
suggest that IL-4 produced in the thymus may play a critical 
role in the development of the T-cell population, but its 

IL-4 is a T-cell growth factor. 

precise physiologic role in this process has not yet been 
clarified. 

IL-4 acts on 
nonlymphoid hematopoietic cells in a variety of ways. It has 
been shown to inhibit the growth of m a c r ~ p h a g e s ~ ~ . ~ ~  and to 
increase their cytotoxic activity for certain tumor ~ells.9~ On 
the other hand, it fails, by itself, to induce the capacity of 
macrophages to destroy amastigotes of Leishmania major. 
It has been reported to synergize with IFNy in this 
~espect.9~ 

IL-4 also has activity as a stimulant of mast cell growth. In 
vitro, mast cells can be made to grow from bone marrow 
under the influence of IL-3.96 IL-4, by itself, will not replace 
this activity of IL-3 but IL-4 appears to enhance IL-3- 
mediated mast cell g r o ~ t h . ~ '  Recently, it has been shown 
that further synergy can be obtained through the use of 
IL-3, IL-4, and IL-10 (Mosmann T personal communica- 
tion, 1990). Mast cell lines also display responsiveness to 
IL-4 and some long-term mast cell lines can be adapted to 
grow in IL-4 

IL-4 has been shown to enhance formation of hematopoi- 
etic colonies in soft agar.99 In the presence of G-CSF, it 
augments granulocyte colony formation. It also enhances 
formation of erythroid colonies in the presence of erythro- 
poietin, and in the presence of IL-1 it enhances the 
production of mixed colonies that contain erythroid, mega- 
karyocytic, and myeloid elements. 

IL-4 treatment of stroma induces inhibitory activity for 
hematopoietic colony formation. It has also been shown 
that IL-4 can have a profound indirect effect on formation 
of GM colonies. The growth of such colonies can be 
supported by monolayers of stromal cells over which agar, 
containing bone marrow cells, is placed. Pretreatment of 
the stromal cells with IL-4 causes a profound inhibition in 
the capacity of these cells to support the formation of GM 
colonies.1w Furthermore, IL-4-treated stroma block the 
capacity of IL-3 to induce GM colonies in soft agar. This 
effect is not mediated by the direct action of IL-4 on the 
hematopoietic precursor cells because addition of IL-4 
directly to colony-forming assays in which IL-3 is used as 
the stimulant without stromal cells causes no inhibition. 
Moreover, stromal cells can be pretreated with IL-4, 
washed, and anti-IL-4 antibody added to neutralize any 
residual IL-4; such stromal cells are profoundly inhibitory 
to colony formation. This inhibition is not reversed by 
indomethacin, strongly suggesting that it is not mediated by 
prostaglandin formation. IL-4 does not induce or enhance 
the expression of mRNA for IFNy, IL-1, TNF, or TGFP, 
strongly suggesting that it does not mediate its inhibitory 
activity through the production of these factors. Although 
no soluble factor mediating the inhibitory activity of IL-4- 
treated stromal cells has been found, IL-&treated stromal 
cells can block colony formation even if they are separated 
from hematopoietic progenitor cells by an intervening layer 
of agar. This fact suggests that the effect is mediated by a 
diffusible product. 

Stromal cell layers used in these experiments are mixed 
cell populations. The target of the action of IL-4 has not 
been directly identified. However, it has been shown that 

Actions of IL-4 on other hematopoietic cells. 
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fibroblast cell lines do express IL-4 so that it is 
possible that nonhematopoietic cells can respond to IL-4 
and thus the action of the IL-4 could either be on such 
components of the stroma or on macrophages found in 
stroma. 

IL-4 has been demonstrated to 
have a potent antitumor activity by experiments in which a 
cDNA for IL-4 has been introduced into the murine 
myeloma 5558."' IL-4-producing 5558 cells fail to form 
tumors in mice and block tumor formation by a variety of 
other transplantable tumor lines when these cells are 
coinjected with IL-4-producing 5558 cells. The effects of 
the transfected 5558 cells can be inhibited by treating the 
recipient mice with anti-IL-4 antibody. The antitumor 
effect of expression of IL-4 in transplantable cell lines has 
been confirmed by at least two other groups (Pardoll D: 
personal communication, 1990; Seder R, Watson C, Chu C: 
unpublished observations, 1990), and Forni et al'" have 
reported that repeated injections of small amounts of IL-4 
into draining lymph nodes can limit the growth of cells of 
several transplantable tumors. 

The means through which IL-4 limits tumor cell growth 
has not been completely established. Tepper et al"' re- 
ported that IL-4 failed to block the in vitro growth of 
transfected 5558 cells indicating that IL-4 was not directly 
toxic to the tumor cells. They showed that the IL-4- 
producing 5558 cells failed to grow in nuhu mice, suggest- 
ing that T-cell immunity was not essential to the elimination 
of the transplanted cells. On the other hand, Pardoll et a1 
(personal communication, 1990) have shown that treatment 
of mice with IL-4 transfected into a colon cancer cell line 
not only prevents those cells from establishing tumors in 
recipients but that injection of transfected cells induces a 
state of immunity against nontransfected tumor cells of the 
same type and that this immunity is associated with the 
development of specific cytotoxic T cells. 

The importance of IL-4 as an antitumor agent, particu- 
larly against spontaneous tumors, remains to be more fully 
investigated. Nonetheless, these studies suggest that IL-4 
may marshal endogenous host responses in a particularly 
potent way to limit growth of certain types df tumors. 

Antitumor effects of ZL-4. 

PRODUCTION OF IL-4 

Production of IL-4 by TH2 T-cell clones. IL-4 was ini- 
tially recognized as a T-cell product made by long-term 
lines of fa~tor-dependent'~-'' and transformed' T cells. 
Among long-term cloned murine T-cell lines, IL-4 produc- 
tion appears to be mainly found in cells designated T,, 
cells.87 These cells tend to make a specific set of lymphok- 
ines including IL-4, IL-5, IL-6, IL-10, IL-3, and GM-CSF. 
They fail to produce IL-2, IFNy, and lymphotoxin, and 
their production of IL-4 depends on a receptor-mediated 
event. Antigen and antigen-presenting cells or antibodies 
capable of cross-linking the T-cell receptor induce IL-4 
production by such cells. They are also stimulated to 
produce IL-4 by treatment with phorbol esters and calcium 
ionophore. Their production of IL-4 is inhibited by cyclo- 
sporine A. Thus far, the molecular regulation of IL-4 
production in such cells has not been studied in detail. 

Although the limitation of expression of IL-4 to the T,, 
type T-cell clones has been widely confirmed, it is clear that 
there are T-cell clones that produce both IL-4, IL-2, and 
IFNy.'033'04 It has been proposed that such production may 
be characteristic of relatively "early" T-cell clones that have 
not yet fully specialized and that the capacity to produce 
IL-4, IL-2, or IFNy may represent a differentiative step that 
occurs after T-cell activation. Specialization to a specific 
lymphokine-producing pattern may not be complete until 
quite long into the developmental history of a T-cell 
clone.'" Among human T-cell lines, the production of a 
"mixed" pattern of lymphokines is the rule rather than the 
ex~eption.~'. '~ However, instances have been reported in 
which human T-cell clones produce IL-4 without IFNy; 
among these are cases in which the clones are derived from 
allergic individuals and are specific for  allergen^.'^^^'^^ 

In general, 
resting T cells isolated from lymph nodes or spleens of 
normal mice produce very small amounts of IL-4 in re- 
sponse to stimulation with mitogenic lectins or anti-CD3 
antibody.'Og*''O Estimates of the frequency of cells that do 
produce IL-4 in such situations are, in general, quite low. 
Studies using in situ hybridization have yielded a frequency 
of cells producing IL-4 of under l%,l'l,l'z although one 
group has reported a considerably higher freq~ency."~ A 
bioassay capable of detecting IL-4 production by a single 
cell has also been used to estimate the frequency of T cells 
that produce IL-4 in response to stimulation with anti-CD3 
antibody bound to the surface of a culture dish. This 
method yielded a frequency of - 0.1%.'14 

IL-4 production by normal murine T cells stimulated with 
anti-CD3 coated to the surface of culture wells is substan- 
tially enhanced by the addition of IL-2 to culture and is 
markedly inhibited by the presence of MoAb to IL-2.'15 This 
strongly suggests that endogenously produced IL-2 is criti- 
cal to IL-4 production by such cells. This effect is not simply 
explained by preferential proliferation or survival of IL-4- 
producing cells but rather can be demonstrated within 2 
hours of stimulation with anti-CD3 by strikingly greater 
levels of IL-4 mRNA in cells treated with IL-2 than in cells 
treated with anti-IL-2 (Boulay 5-L, Seder R, Paul WE: 
manuscript in preparation). 

IL-4 production by T cells from normal mice is found 
mainly in cells of low density whereas small, dense T cells 
are very poor producers of IL-4.'15 The latter cells are 
usually regarded as resting T cells and the former as 
activated cells. The concept that IL-4-producing capacity is 
mainly found in the activated T-cell population is in 
keeping with the work of Swain et a1,"' who showed that 
IL-4-producing capacity was very meager in normal T-cell 
populations but could be markedly enhanced by in vitro 
culture of these cells. Indeed, examination of the conditions 
required to increase the frequency of T cells capable of 
producing IL-4 have shown that stimulation with anti-CD3 
in the presence of IL-2 and IL-4 for 2 to 5 days is strikingly 
effective.'16 Such culture increases the frequency of cells 
capable of producing IL-4 from - 1/1,000 to - 1/25. Inter- 
estingly, although only CD4' T cells in naive donors 
produce IL-4, among T-cell populations primed as de- 

IL-4 production by freshly isolated T cells. 
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scribed above, both CD4+ and CD8' T cells produce IL-4 
and the frequency of IL-4-producing cells in the two 
populations is approximately the same (Seder RA, Boulay 
J-L, Ben-Sasson SZ, LeGros G, Paul WE: submitted for 
publication). 

Swain et have recently studied the characteristics of 
precursors of IL-&producing T cells by deleting T cells 
sensitive to antithymocyte serum or by adult thymectomy. 
The former procedure principally eliminates recirculating 
T cells whereas the latter procedure removes a source of 
new thymic emigrants. They observed that the capacity of T 
cells to be primed in vitro to develop into IL-4-producing 
cells decayed rapidly after adult thymectomy while it was 
not affected by antithymocyte serum. They concluded that 
the bulk of long-term activated T cells in normal mice had 
not been committed to the production of IL-4 and, thus, 
their elimination did not diminish the IL-4-producing 
potential of the animal. By contrast, shutting off the supply 
of new T cells removed cells that had the capacity to 
develop into IL-4 producers. 

Although these studies indicate the potential of T cells to 
develop into IL-4 producers and outline some conditions 
under which they may do so, they leave open the question of 
the physiologic control of development of cells into an 
IL-4-producing phenotype. It is known that certain types of 
infection predispose to the development of responses 
dominated by IL-4-producing T cells. For example, mice 
infected with Schistosoma mansoni began to produce large 
amounts of IL-4 and IL-5 when the adult worms began egg 
laying.77 There is indirect evidence that indicates that 
infection with the nematodes Nippostrongylus brasiliensis1'6 
or Heligmosomoides polygirus (Urban JF  Jr, Katona IM, 
Paul WE, Finkelman FD: Interleukin-4 is important in 
protective immunity to a gastrointestinal nematode infec- 
tion in mice. Proc Natl Acad Sci USA, in press) also 
preferentially causes IL-&producing T cells to emerge. A 
critical issue is to ascertain the cellular and molecular basis 
for the induction of this pattern of lymphokine production. 
Although considerable attention has been given to distinc- 
tive populations of APC in regulating this event, no 
definitive information is yet available on this subject. 

A second major set of cells 
capable of producing cytokines in response to cross-linkage 
of "immune recognition receptors" are mast cells. This was 
initially appreciated from the finding that many Abelson 
murine leukemia virus (Ab-MuLV)-transformed mast cells 
constitutively produce IL-4, and some produce IL-3 and 
GM-CSF.98 Factor-dependent mast cell lines can be stimu- 
lated by cross-linkage of high-affinity Fce receptors to 
secrete IL-4, as well as a series of other lymphokines 
including IL-3, GM-CSF, IL-5, IL-6, IL-1, TNF, and several 
of the macrophage inflammatory  peptide^.^^^"^^"^ The pro- 
duction of IL-4 by such cells in response to cross-linkage of 
FcrRI has antigen dose/response characteristics similar to 
the release of histamine by such cells. High concentrations 
of antigen cause high degrees of cross-linkage that inhibit 
both histamine release and lymphokine production. In 
general, the inhibitory phase of the lymphokine production 

IL-lproduction by mast cells. 

response is observed at lower concentrations of antigen 
than is true for histamine release." 

In normal spleen and bone marrow cell suspensions, a 
population of cells exist that lack both B- and T-cell 
markers and that expresses a high-affinity receptor for IgE. 
These cells produce IL-4 in response to cross-linkage of 
their FceR as well as to cross-linkage of FcyRII or to 
elevation of intracellular calcium concentrations by calcium 
ionophores.'20 Although these cells are relatively rare (in 
the spleen they constitute 1% to 2% of the cells that lack B- 
or T-cell markers; in the bone marrow - 1% of all cells), 
when appropriately activated they produce very large 
amounts of IL-4. The nature of these cells has not been 
completely resolved. They have been extensively enriched 
by fluorescence-activated cell sorting; as many as % of these 
cells produce IL-4 in response to FceR cross-linkage. The 
fact that they express a high-affinity FceR, presumably 
FceRI, suggests that they are either in the mast cell or 
basophil lineage. Efforts to clarify this issue are now 
underway. It has been estimated that on a per-cell basis 
they may produce greater than 100 times more IL-4 than 
long-term, factor-dependent mast cell lines (Seder RA, 
Plaut M, Paul WE: submitted for publication). Production 
of IL-4 by these cells is markedly enhanced if they are 
pretreated with IL-3."' This pretreatment can be per- 
formed in vitro or in vivo. Furthermore, infection with the 
nematode parasite Nippostrongylus brasiliensis or injection 
of anti-IgD antibodies, treatments known to markedly 
enhance serum IgE levels, cause striking increases in the 
number and in the IL-4-producing capacity of FceR' 
spleen cells.'zz The potential physiologic role of lymphokine 
production by these cells and the issue of whether human 
cells of mast cell and/or basophil lineage produce lympho- 
kines in response to cross-linkage of FceR are issues that 
require extensive study. 

PATHOPHYSIOLOGIC SIGNIFICANCE OF PRODUCTION OF 
SPECIFIC PATTERNS OF LYMPHOKINES 

As already alluded to, the pattern of lymphokines pro- 
duced can vary considerably in response to different types 
of immunization. This distinction appears to have consider- 
able pathophysiologic significance. For example, most strains 
of mice infected with Leishmania major organisms develop 
a transient infection; T-cell clones from such mice specific 
for Leishmanial antigens generally produce IL-2 and IFNy 
but not IL-4.76 However, in one strain the infection is 
progressive and is eventually lethal. In these animals, T-cell 
clones that are obtained produce IL-4 rather than IL-2 and 
IFNy. In such animals, the progressive disease can be 
reversed by treatment with anti-IL-4 antibody,lZ3 indicating 
that IL-4, either directly or indirectly, causes an immune 
response that fails to protect the animal and, indeed, masks 
or prevents a response that would be protective. 

Infection with S mansoni leads to a response that is 
initially dominated by the T-cell production of IFNy. 
However, after mature parasites begin to lay eggs, a striking 
induction of a response in which IL-4 and IL-5 are 
prominent is observed?' Pretreatment of mice by immuniza- 
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tion with irradiated schistosomes or egg antigens can 
prevent the appearance of the IL-4/IL-5 dominant response 
and is also protective against the development of prolonged 
infection. 

Thus, these results indicate that the pattern of lympho- 
kines produced in a T-cell response have a profound effect 
on the protective nature of that response. They suggest that 
in both natural immunization and in immunization with 
vaccines, the use of agents that will influence the type of 
response that will emerge can be of central significance to 
the overall effectiveness of the immunization. A detailed 
understanding of the processes that control the pattern of 
lymphokines expressed under any specific set of conditions 
could be of immense value in designing appropriate immu- 
nization strategies for optimal protective value. 

CONCLUSION 

The growing understanding of the biologic and pathophys- 
iologic roles of IL-4 and the other members of the set of 
immune recognition-induced lymphokines indicate that 
these molecules are key to the regulation of protective 
immune responses. The wide range of functions of IL-4 and 
its congeners mandate that their in vivo regulation must be 
complex. Understanding these functions in detail will 
provide many opportunities for intervention in pathophysi- 
ologic processes. Among the most promising possibilities is 

the control of IL-4 function to prevent or ameliorate 
IgE-mediated allergic conditions. Strategies to neutralize 
IL-4, to block its production, or to inhibit its action all need 
to be explored to determine whether real clinical opportuni- 
ties exist. Although the understanding of IL-4 function in 
vivo in promoting IgE production is more advanced than 
our understanding of other physiologic functions of IL-4, 
that is by no means a guarantee that other equally dramatic 
and important physiologic functions may not exist. More 
detailed understanding of these phenomena may provide 
additional therapeutic opportunities. Furthermore, IL-4 
itself may prove to be effective as a pharmacologic agent. 
The observations that IL-4 has striking antitumor activities 
raise the possibility that IL-4 or potential small molecule 
agonists may be potent biologic agents to enhance immune 
elimination of certain tumor cells. 
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