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Regulation of IL-5 Expression
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Abstract. Interleukin 5 (IL-5) is a cytokine primarily involved in the pathogenesis of atopic diseases. It specifi-
cally controls the production, activation and localization of eosinophils, the major cause of tissue damage in atopic
diseases. IL-5 belongs to a gene family shared by IL-3, IL-4 and granulocyte-macrophage colony-stimulating
factor (GM-CSF) and is predominantly regulated at the transcriptional level. A variety of stimuli and modulators
have been identified as regulating production of IL-5 both in vivo and in vitro, indicating a highly complex series
of control mechanisms. However, abetter understanding of the biology of 1L-5 and the regulation of its expression
is crucia for the development of new therapeutic agents for allergic disease. This review covers the mgjor

molecular aspects of 1L-5 research.

Key words: interleukin 5; cytokines; alergic; disease.

I ntroduction

Interleukin 5 (IL-5) is a homodimeric glycoprotein
secreted by several cell types, including activated
T cells, mast cells and eosinophils'®. It was originaly
described in 1985 by Sanperson et al.*! as eosinophil
differentiation factor (EDF). EDF is identical to the
murine B cell growth factor®®. However, despite the
fact that the in vitro activity on murine B cells is well
characterized, there is little evidence to suggest a biol-
ogical role for IL-5 in the B cdl system in vivo. In
contrast, the central role of IL-5 in the control of pro-
duction, activation and differentiation of eosinophilsin
vivo and in vitro is well documented™.

Eosinophils are important to the host in mediating
parasite rejection. However, they are also involved in
the pathogenesis of a number of allergic diseases, most

notably asthma’. The presence of eosinophils in the
lungs of asthmatics is associated with tissue damage’
and, in fact, the number of eosinophils has been found
to correlate with the severity of the late asthmatic reac-
tion®. The critical role of IL-5 in mediating tissue dam-
age through activation of eosinophils has been shown
in a mouse asthma model°.

Eosinophilia is accompanied by the increased ex-
pression of IL-5%, However, the whole spectrum of
hemopoietic factors cannot compensate for the absence
of IL-5 activity in the generation of eosinophilsin IL-5
knockout mice'®. Such a close relationship between
agene and abiologica effect isunusual in the cytokine
field, where pleiotropy and redundancy are more com-
mon. The significance of I1L-5 in the production of eo-
sinophils suggests a unique and tight control of I1L-5
gene expression.
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Pathways L eading to the Activation
of the IL-5 Gene

IL-5 is amember of the cytokine family of inducers
of hemopoiesis and immune responses, which is shared
by IL-3, IL-4, IL-13 and the granulocyte-macrophage
colony-stimulating factor (GM-CSF). The genes encod-
ing these cytokines are located in a cluster on the
mouse chromosome 11 and in the syntenic region of
the human chromosome 5g312* *, and may be co-ex-
pressed in both species*. These cytokines are produced
by activated lymphocytes which belong to the ThO and
Th2 subsets of mature CD4* T helper (Th) cellst %°.
The peculiarity of IL-5 gene expression is its depend-
ence on de novo protein synthesis. The protein syn-
thesis inhibitors CHX and anisomycin completely in-
hibited IL-5 mRNA synthesis in primary T cells and
murine Th2 cell clone D10. G4.1, though they did not
inhibit the expression of IL-2, IL-3, IL-4, IL-10 and
GM-CSF mRNAs in these cells®> 4 47, Thus, at least
one protein critical for the induction of IL-5 gene tran-
scription, but not for the transcription of other lympho-
kine genes, is newly synthesized in response to T cell
stimulation.

The activation of T cells requires the interaction of
the T cell receptor (TCR) with antigen in association
with the maor histocompatibility complex (MHC),
which leads to an increase of the intracellular calcium
concentration and activation of protein kinase
C (PKC)*. However, stimulation of the TCR alone is
insufficient to fully activate T cells and a second signal
provided by antigen-presenting cells (APC) is aso re-
quired®. This co-stimulatory signal is generated by the
CD28 ligand*. APC-stimulated T cells produce a wide
range of lymphokines and IL-5 is often, but not always,
co-expressed with cytokines such as IL-4 and IL-13%.
It is not clear why certain antigens induce IL-5 and
others do not, however, this indicates that the gene is
individually regulated and control mechanismsfor IL-5
expression can be based on the antigen-specific T cell
activation.

In vitro, activation of the TCR pathway can be
achieved by using phorbol myristate acetate (PMA) in
combination with ionomycin. Efficient production of
IL-5 requires activation of both the TCR and a second
signaling pathway. Anti-CD28 antibody or cyclic
adenosi ne monophosphate (CAMP) in combination with
PMA were shown to be necessary for the optimal in-
duction of IL-5 synthesis'’. PMA/anti-CD28 stimula-
tion activates the expression of a variety of cytokine
genes, including IL-2, IL-3, IL-4, IL-10 and GM-CSF.,
However, CAMP has an inhibitory effect on IL-2, IL-3,
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IL-10 and GM-CSF* % and no effect on IL-4%. This
suggests that I1L-5 expression is controlled by at least
two independent costimulatory pathways. One of these
is the CD28 pathway, which may be regarded as a com-
mon pathway for the activation of cytokine genes. The
other is the cAMP-dependent pathway which, in the
context of lymphokine genes, appears to be unique for
the induction of IL-5 expression.

In our work we have used a human T cell line,
PER-117%8, which inducibly expresses IL-2, IL-4 and
IL-5' %", Asiin primary T cells there is no detectable
constitutive expression of IL-5, but expression can be
induced with PMA and further enhanced by cAMP,
calcium ionophore A23187 (Cal) and anti-CD28 anti-
bodies. IL-5 production in PER-117 cells can be in-
hibited by cyclosporin A (CsA). Cyclosporin A blocks
the transcription of most cytokine genes in activated
T cels by inhibiting the Ca?*/camodulin-dependent
phosphatase calcinerium. This results in the inhibition
of both the DNA-binding and transcriptional activities
of the T cell-specific regulatory factor nuclear factor of
activated T cells (NFAT)?, which is essential for the
activation of many cytokine genes. Interestingly, the
conditions used to stimulate the PER-117 cells deter-
mined whether I1L-5 production was inhibited by CsA.
PMA/Cal-induced IL-5 production in PER-117 is CsA
sensitive. However, costimulation of these cells with
CAMP activated CsA-insensitive IL-5 production. This
observation indicates that NFAT does not play a signi-
ficant role in PMA/cAMP-activated IL-5 expression.
Thus, depending on stimulation conditions, different
regulatory factors can play a dominant role in IL-5
transcription.

Transcriptional Control of the IL-5 Gene

The expression of IL-5, like many other cytokines,
is regulated at the transcriptional level®, and various
regulatory elements can be identified in the proximal
and distal promoter region of the IL-5 gene (Fig. 1).
Whilst these promoter elements contribute to the over-
all transcriptional activity of 1L-5, the conserved lym-
phokine element O (CLEQ), a cis-regulatory element lo-
cated immediately upstream of the tumor associated
transplantation antigens (TATA)-box in the gene pro-
moter, is the on/off switch for IL-5 expression. Studies
performed on both murine and human IL-5 regulation
demonstrated, through deletion and mutation analysis,
that CLEOiscritical to IL-5 expression®. A similar, but
not identical, element occurs in IL-3, IL-4 and GM-
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Fig. 1. A diagrammatic representation of the human (A) and murine (B) IL-5 promoter regions. Regulatory elements which have
previously been shown to be involved in human and murine IL-5 gene regulation are indicated

-CSF genes, and related sequences also exist in other
cytokine genes.

Although the IL-5 CLEO shares 94% seguence
identity with GM-CSF CLEQ, the nuclear factors which
bind to IL-5 and GM-CSF are not identical. The tran-
scriptional factors AP-1, NFAT and Ets have been
shown to bind the GM-CSF CLEQ™ %, however, AP-1
and octamer transcription factors have been shown to
complex with IL-5 CLEO in activated T cells'® ¥ %
(SeENNA-SALERNO, unpublished data). AP-1 is known to
be involved in the activation of many cytokine genes
and its role as a positive regulator of CLEO action is
well documented'® ¢, This transcription factor is
a complex composed of proteins belonging to the Jun
and Fos families. The human IL-5 CLEO AP-1 protein
complex consists of JunD and Fra-2 nuclear proteins®,
while the mouse CLEO AP-1 complex contains JunB
and FosB*® (Senna-SaLerno, unpublished data). Thus,
despite of the fact that human and mouse CL EO sequen-
ces are identical, different nuclear proteins bind these
elements. This variation may be aresult of the species
difference or, aternatively, due to the different cell
lines used to study IL-5 regulation (PER-117 and EL4).

Interestingly, a distinguishing feature of both mouse
and human IL-5 CLEO AP-1 protein complexes is the
presence of nuclear factors which can be activated by
both PKC and PKA pathways® * % 26, |ndeed, the
composition of the IL-5 CLEO AP-1 complex is stimuli
independent. Activation of PER-117 cells and mouse
lymphomacell line EL4 with PMA in combination with
anti-CD28, Cal or cCAMP resulted in the same AP-1
proteins binding IL-5 CLEO* (SeNNA-SaLERNO, unpub-
lished data). This indicates that different pathways can
induce the IL-5-specific AP-1 complex, which is criti-
cal for IL-5 transcription.

In addition to AP-1, the ubiquitous transcription fac-
tor Oct-1 and the lymphocyte-specific Oct-2 were
shown to bind both human* and murine IL-5 CLEO
(SENNA-SALERNO, unpublished data). Oct-1 and Oct-2
are constitutively expressed in EL4 cells and bind
murine CLEO in resting and activated cells. However,
only Oct-1 binds CLEQ in resting PER-117 cells. Upon
PMA/Cal cell activation, both Oct-1 and Oct-2 were
shown to complex with this element. In contrast,
PMA/cAMP stimulation failed to induce Oct-2-bind-
ing. This suggests that the effect of Oct-2 on IL-5 pro-
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moter activity may be stimuli dependent. Interestingly,
the involvement of Oct factors with CLEOQ is unique to
the IL-5 gene. Over-expression of Oct-1 or Oct-2 in
unstimulated PER-117 and Jurkat cells was shown to
markedly enhance human IL-5 promoter activity*. This
indicates that Oct factors are involved in the positive
regulation of the gene and may play a genera role in
the activation of IL-5 transcription. Indeed, Oct-1, Oct-
-2A and Oct-2B proteins bind to a perfect octamer
motif located in the human IL-5 promoter at position
—237 to —244. Mutation of this motif results in a 90%
reduction in the human IL-5 promoter activity in EL4
cells't. A footprint was seen to cover this Oct-binding
site when nuclear extracts from allergen-specific
human T cell clones were used in a DNase | assay®.
However, no footprint was observed with nuclear ex-
tractsfrom PER-117 cells (FournIER, unpublished data)
and human ThO T cell clone SP-B21%. This suggests
that in allergen specific T cells, octamer factors may
play an even more essentia role in IL-5 transcription
than in other T cells.

It isimportant to note that the —237/-244 Oct-bind-
ing site is not conserved in the murine IL-5 gene pro-
moter, so the precise regulation of human and murine
IL-5 may be different in some respects. However, the
3 untrandated region of the murine gene contains
a positive regulatory element binding Oct-1 and Oct-2
proteins in both EL4 and primary T cells. Deletion of
this element from the 9.5-kilobase IL-5 gene construct
reduces the transcriptional activity of the construct by
more than 3 times*. Thus, although distinctions be-
tween human and murine promoters exist, octamer fac-
tors play an important role in the gene expression of
both species.

A GATA element is located immediately upstream
of the CLEO sequence in the human and mouse IL-5
gene. This element has been shown to bind transcrip-
tion factor GATA-3 and to be critical for the function
of the murine promoter®. Mutation of the GATA-3 site
at —70 in the murine gene totally blocks transcription.
Recent results have shown that transcription factor
GATA-3 is critical to the development of Th2 cellsin
the mouse and is expressed by all Th2 cells® 4 %,
GATA-3 isapotentia candidate to regulate coordinate
expression of IL-4 and IL-5 genes, asit isimportant in
the transcriptional regulation of 1L-4%*. However, the
function of the GATA-3 site in the human promoter is
unknown and more work is required to clarify the role
of this protein in human T cells.

Another GATA element was located in the human
promoter flanking the proximal part of the transcrip-
tionally active NFAT binding sSite, around position —110.
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The NFAT and GATA elements cooperate in the posi-
tive induction of the gene by IgE and antigen in the
mouse cell line CPIl. Nuclear proteins bind to the
NFAT element in an inducible fashion, though binding
to the GATA element is constitutive®. The murine IL-5
promoter also harbors a NFAT site around position
—110, though the GATA motif is not conserved. NFAT,
in conjunction with AP-1 proteins, has been found to
bind to the human IL-5 NFAT element in the human
T cell clone SP-B21* and EL4 cells?t. However, only
NFAT factors were observed to bind the human NFAT
element in PER-117 cells. Binding of NFAT proteins
was totally blocked by CsA and mutation of the ele-
ment was shown to dramatically reduce PMA/Cal-si-
mulated human IL-5 promoter activity in both PER-117
and primary T cells®. However, this site was of little
importance for PMA/cAMP-stimulated IL-5 transcrip-
tion®®. This correlates well with the insensitivity of
PMA/cAMP-induced IL-5 production to CsA and con-
firms that, depending on stimulation conditions, diffe-
rent regulatory factors can play a dominant rolein IL-5
transcription.

Recently, two palindromic regulatory elements,
MPRE1-IL-5 (from —79 to —90) and mPRE2-IL-5 (from
—459 to —470), have been identified in the murine IL-5
promoter®®. Mutations of these elements significantly
reduce IL-5 promoter activity. This indicates that these
elements are essential for enhancing murine IL-5 gene
expression. It should be noted that PRE-IL-5 elements
are present in al known IL-5 genes (mouse, rat, ovine
and human), but not in any other genes in the GenBank
database. This suggests the possibility of a role for
these elements in the specific regulation of the IL-5
gene. However, human PREs (hPRES) act as negative
regulatory elements® “2. Deletion or mutation of
hPRE1 (from —78 to —94) leads to a 2.5-fold increase
in the promoter activity in both PER-117 and primary
T cells. Mutation of hPRE2 (from —447 to —459) in-
creases the promoter activity by 40-60%. This shows
once again that the IL-5 regulatory mechanisms em-
ployed by mouse and human T cells are not identical.

Human PREs contain overlapping protein binding
motifs and bind unique combinations of regulatory fac-
tors. Oct-1, Oct-like and YY1 proteins were found to
complex with PRE1%, whereas a combination of YY1
and NFAT was shown to bind hPRE2*. Mutation of
any protein binding motif within the elements leads to
an increase of IL-5 promoter activity, suggesting that
al PRE binding proteins are involved in the suppres-
sion of IL-5 transcription. Regarding cytokine gene ex-
pression, YY1 is known as arepressor protein, but Oct
and NFAT factors act as activators of IL-5 expression.
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However, a dua function of nuclear proteins such as
this is not unusual in the transcription field, where the
actual role of the protein may be dependent on the
context of the transcription complex.

Two negative regulatory eements, NRE | (from —392
to —431) and NRE |1 (from —262 to —300), have aso
been identified in the murine IL-5 gene promoter®.
Deletion of the regions containing these elements re-
sults in a marked increase in inducible promoter activ-
ity. However, proteins that may interact with these ele-
ments have not yet been characterized.

The final known element present in the murine pro-
moter is located at positions —928 to —940 and is called
the CTF/NFL1 site. Mutation of this site results in a con-
stitutive activity of IL-5 promoter in EL4 cells. This
suggests that the CTF/NF1 site may be important for
inducible expression?.

Conclusion

The uniquerole of IL-5 in the production, activation
and differentiation of eosinophils makes it an attractive
target for the generation of new anti-allergic drugs.
Therefore, a better understanding of the control mech-
anisms regulating IL-5 expression is important. 1L-5
may be co-expressed with other cytokines such as|L-3,
IL-4, 1L-13 and GM-CSF, but it is evident that 1L-5
expression is also individually regulated. The basis for
co-expression and independent IL-5 expression is the
ability of the gene to be activated by two different cos-
timulatory pathways. One of these is the CD28 path-
way, which may be regarded as a common pathway for
the activation of cytokine genes. The other is the
CAMP-dependent pathway which, in the context of
lymphokine genes, appears to be unique for the induc-
tion of I1L-5 expression.

The regulation of eosinophilia is highly conserved
in mammals. However, with exception of CLEO, the
functional organization of mouse and human promoters
is distinct. Presumably, different species have found
different ways to fine-tune the production of I1L-5. This
highlights the importance of carrying out experiments
in human cells if data are to be applicable to human
alergy.
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