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ABSTRACT. The receptors for the Il-3/IL-5/GM-CSF cytokine family are composed of a heterodimeric com-
plex of a cytokine-specific a chain and a common b chain (bc). Binding of IL-3/IL-5/GM-CSF to their respective
receptors rapidly induces activation of multiple intracellular signalling pathways, including the Ras-Raf-ERK, the
JAK/STAT, the phosphatidylinositol 3-kinase PKB, and the JNK/SAPK and p38 signalling pathways. This re-
view focuses on recent advancements in understanding how these different signalling pathways are activated by
IL-3/IL-5/GM-CSF receptors, and how the individual pathways contribute to the pleiotropic effects of IL-3/IL-
5/GM-CSF on their target cells, including proliferation, differentiation, survival, and effector functions. cell
signal 10;9:619–628, 1998.  1998 Elsevier Science Inc.
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INTRODUCTION gested that they might share the same receptor (component).
Indeed, the molecular cloning of the IL-3/IL-5/GM-CSF re-Cytokines of the interleukin-3 (IL-3), IL-5 and granulocyte/
ceptors revealed the existence of a shared receptor subunitmacrophage colony-stimulating factor (GM-CSF) family
named the common b chain (bc). The IL-3/IL-5/GM-CSF re-are important regulators of haematopoiesis through the
ceptors are composed of a cytokine-specific a chain (IL-3Ra,modulation of proliferation, differentiation and survival of
IL-5Ra and GM-CSFRa) complexed to the bc receptor [2,various haematopoietic cell lineages and their precursors
4–6]. In mice, there are two b chain genes, one of which[1]. Whereas IL-3 and GM-CSF act on various lineages such
(bc) functions similarly to the human bc, whereas the otheras granulocytes, macrophages, erythrocytes, megakaryocytes
(bIL-3) dimerises only with the mIL-3Ra, providing theand early haematopoietic progenitors, the action of IL-5 in
mouse with two different receptors for IL-3 [7]. Both the ahumans is restricted to the eosinophilic and basophilic lin-
and the bc chains are members of the superfamily of cyto-eage. In the past decade, numerous studies have contributed
kine receptors, characterised by conserved structural fea-to the understanding of how these cytokines can regulate a
tures such as four conserved cysteine residues in their extra-large number of distinct biological processes in multiple cell
cellular domain and a typical WSXWS motif in thetypes. In particular, the cloning and mutational analysis of

the receptors for IL-3/IL-5/GM-CSF have produced valuable juxtamembrane region [2]. The a chains can bind their li-
information on the action of these cytokines. In this review, gands with low affinity, whereas the bc chain does not bind
a concise overview will be given of recent advances in the un- ligand itself but, when complexed with an a chain, forms a
derstanding of IL-3/IL-5/GM-CSF receptor signalling. high-affinity signalling-competent receptor [2, 4–6]. Al-

though the bc chain plays a major role in signal transduc-
tion through these receptors, the cytoplasmic domains of

A COMMON b RECEPTOR
the IL-3, IL-5 and GM-CSF receptor a chains includingCHAIN RESULTS IN REDUNDANCY
conserved proline-rich domains have been implicated inIN IL-3/IL-5/GM-CSF SIGNALLING
the regulation of proliferation and differentiation by these

Although IL-3/IL-5/GM-CSF cytokines have distinct effects cytokines [8–15]. The importance of the bc chain for IL-3/
on different target cells, they elicit similar responses in cells re- IL-5/GM-CSF function was also demonstrated by gene-tar-
sponsive to all three cytokines [1, 2], and they even cross-com- geting studies. Eosinophil numbers were reduced in the bc
pete for binding to the same cell [3]. These observations sug- mutant mice, a phenomenon accompanied by the lack of an

eosinophilic response to parasites, and IL-5 and GM-CSF
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normal, showing that IL-3 can also signal through receptors
containing the bIL3 subunit [16, 17], whereas knock-out
studies of bIL-3 demonstrate that IL-3 can also signal
through the bc-containing receptor [18]. In addition, dele-
tion of bc leads to mice showing lung pathology consisting
of lymphocytic infiltration and areas resembling alveolar
proteinosis [16, 17].

Recent evidence suggests that a bona-fide receptor is
composed of two bc molecules and one a chain [19]. How-
ever, others have shown that at least two functional a
chains are necessary for a signalling-competent receptor
[20]. In addition, the GM-CSF receptor (a 1 bc) was re-
cently demonstrated to exist in a pre-formed complex in un-
stimulated cells [21]. These studies clearly show that both
a and bc subunits are important for high-affinity ligand
binding and receptor function.

FIGURE 1. Schematic representation of signal transduction
THE JAK/STAT PATHWAY pathways activated through IL-3/IL-5/GM-CSF receptors. Sum-

mary of studies performed with either IL-3, IL-5 or GM-CSF re-Although the IL-3/IL-5/GM-CSF receptors do not posses ceptors in different cell types. Receptor activation leads to the
any intrinsic kinase activity, tyrosine phosphorylation of activation of multiple cytoplasmic signalling molecules (oval
cellular substrates is rapidly observed in any cell stimulated boxes). These pathways eventually lead to altered gene tran-

scription (rectangles) or directly contribute to function, such aswith IL-3/IL-5/GM-CSF. A large number of cytoplasmic ty-
differentiation, proliferation or survival. Dashed lines representrosine kinases have been implicated in IL-3/IL-5/GM-CSF
connections that remain to be demonstrated. Open arrows indi-signalling, including Lyn, Btk, Tec, Fyn, Hck, FAK and Syk cate repressive signals. See text for details.

[22–32]. However, one of the major discoveries in cytokine
signalling of the past 5 years was the elucidation of the JAK/
STAT signalling pathway [33–35]. Janus kinases (JAKs) are to a membrane proximal region of bc containing Box I (Fig. 2)
a family of cytoplasmic tyrosine kinases that are associated [10, 12, 37–39]. Deletion of this region renders the bc chain
with cytokine receptors and play a major role in cytokine unable to activate JAK2 [10]. However, the cytoplasmic re-
signalling. Upon ligand binding, the JAKs are activated by gion of the IL-3/IL-5/GM-CSF a-chain receptor also ap-
trans-phosphorylation of two receptor-bound JAK mole- pears to have a role in the activation of JAK2 [10, 12, 14,
cules and subsequently phosphorylate a number of sub- 15, 40]. When JAK2 is activated, it phosphorylates a num-
strates including the cytokine receptor [33–35]. The phos- ber of tyrosine residues in the bc chain, including Y577,
phorylated receptor then provides docking sites for a variety Y612, Y695 and Y750 [41–44]. These sites then form dock-
of Src homology 2 (SH-2) domain-containing proteins, in- ing sites for STAT proteins [45, 46]. Although activation of
cluding a novel family of cytoplasmic transcription factors, STAT1, STAT3 and STAT6 by IL-3/IL-5/GM-CSF recep-
termed STATs (signal transducers and activators of tran- tors can be observed, depending on the cell type studied,
scription). STATs are then phosphorylated on a single tyro- STAT5 (A, B and truncated STAT5 proteins) seems to be
sine residue by the JAKs, after which the STATs dimerise, mi- the most predominant STAT activated by these receptors
grate into the nucleus and regulate gene transcription (Fig. 1). (see Table 1).
Although the signalling pathway seems rather simple, the After bc phosphorylation, STAT5 binds to one or more
availability of four different JAKs (JAK1, JAK2, JAK3 and tyrosine residues through its SH2 domain [45, 46] and is phos-
Tyk2) and at least eight different STATs (STAT1a, phorylated by JAK2, after which it can dimerise, translocate
STAT1b, STAT2, STAT3, STAT3b, STAT4, STAT5A, to the nucleus and regulate gene expression. Mutational

analysis of the a and bc chains of the IL-3/IL-5/GM-CSFSTAT5B and STAT6), all with different DNA binding and
trans-activation properties, allows cellular specificity in this receptors shows that JAK2 is essential for STAT activation

[14, 15, 47–49]. Interestingly, a C-terminal deletion mutantsignalling pathway.
Larner et al. [36] were the first to demonstrate that this of bc (bc 541), which is still able to activate JAK2, fails to

activate STAT5, showing that JAK2 activation is necessarypathway is involved in signalling by receptors for IL-3/IL-5/
GM-CSF. Since then, many studies have demonstrated the but not sufficient for STAT activation [49]. Moreover, mu-

tation of four tyrosine residues, Y577, Y612, Y695 and Y750,involvement of different STATs and JAKs in IL-3/IL-5/
GM-CSF signalling (see Table 1). There is a general con- of the bc receptor completely blocks IL-5 induced STAT5-

mediated transcription, indicating that STAT5 docking tosensus that activation of IL-3/IL-5/GM-CSF receptors re-
sults in the rapid activation of JAK2, although Tyk2 activa- the bc chain is necessary for its activation [43] (Fig. 2). Sin-

gle mutation of any of these tyrosine residues does not influ-tion also has been observed (see Table 1). In unstimulated
cells, JAK2 is already bound through its N-terminal domain ence STAT activation by IL-3/IL-5/GM-CSF, suggesting a
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CSF-mediated proliferation and c-fos induction in BaF3
cells, although, in these cells also STAT-independent sig-
nalling pathways are blocked [39]. Moreover, inhibition of
STAT5 activation in BaF3 cells with the use of dominant
negative STAT5 significantly repressed IL-3-dependent
growth [53], although this effect was not observed in 32D3
cells [54]. This study also identified a number of STAT5 tar-
get genes that might be implicated in IL-3 function, includ-
ing c-fos, pim-1, osm and cis (Fig. 1) [53–55]. Finally, macro-
phages from STAT5A-deficient mice grew more slowly in
the presence of GM-CSF compared with wild-type macro-
phages, and the expression of CIS and A1 was markedly in-
hibited in the cells derived from the knockout mouse [56].
Interestingly, induction of c-myc was not dependent on
STAT5 [53] but rather seemed to depend on another JAK2-

FIGURE 2. Schematic representation of bc residues involved in mediated pathway resulting in the activation of transcrip-
signalling. Only the cytoplasmic part of bc is shown. Box l medi- tion factor E2F [39, 57].ates JAK2 binding and activation. Y577 is the docking/activa-

STAT activation by IL-3/IL-5/GM-CSF might also playtion site for Shc. Y612 is the major binding site for SHP2. Both
Y577 and Y612 contribute to activation of Ras. Y612, Y695 a role in differentiation processes. STAT5 was implicated in
and Y750 are involved in STAT5 activation. Y750 is important the differentiation of myelomonocytic cells [58, 59] and ery-
for the tyrosine phosphorylation of bc. throid cells [60]. Similarly, evidence from studies with other

cytokines suggests that STAT3 is likely to play a role in
macrophage differentiation [61–63], neutrophil differentia-high degree of redundancy in the Y residues of bc [41, 43].
tion [64], osteoblast differentiation [65] and even early em-In contrast, Okuda et al. [50] recently showed that GM-CSF
bryonic development [66]. A role for IL-3/IL-5/GM-CSF-can activate STAT5 in BaF3 cells expressing a bc chain
induced STAT5 in myeloid differentiation remains to bewith all of the cytoplasmic tyrosine residues mutated to phe-
demonstrated. However, recent studies have shown thatnylalanine. In these cells, STAT activation might well be
IL-3/IL-5/GM-CSF cytokines induce activation of C-termi-mediated by endogenous mouse bc, because the GM-CSF
nally truncated forms of STAT5 (p77, p80) in immaturereceptor has been shown to exist in a pre-formed dimeric
myeloid cell lines, whereas, in mature myeloid cell lines,complex [21]. Alternatively, STATs may well interact di-
full-length STAT5 is activated [67–69] (Table 1). Theserectly with JAK2, as was previously shown for cells over-
truncated forms are generated by proteolytic cleavage [69].expressing exogenous STATs [47, 51].
In contrast, in the differentiation of primary CD341 progeni-Several studies have suggested that STAT5 might play a
tor cells to eosinophils or neutrophils, there is a switch fromrole in proliferation induced by the IL-3/IL-5/GM-CSF re-
IL-5/GM-CSF-activated wild-type STAT5 in undifferentiatedceptors. Mutations in the a or bc chains that fail to support
cells to p80 in the differentiated cells (manuscripts submitted).STAT induction are defective in IL-3/IL-5/GM-CSF-medi-
Interestingly, p77 and p80 have distinct DNA-binding proper-ated proliferation [9, 10, 12, 15, 52]. Similarly, over-expres-

sion of dominant-negative JAK2 strongly inhibits GM- ties, whereas synthetic deletions equivalent to p77 and p80 be-

TABLE 1. Summary of JAKs and STATs activated by IL-3/IL-5/GM-CSF

JAK/STAT Cell type Reference

JAK2 Eosinophils, PMNs [22, 70–73]
Cell lines [9, 10, 12, 23, 37, 39, 72–74]

Tyk2 BaF3 cell line [74]
STAT1 Eosinophils, dendritic cells, PMNs [22, 70, 73, 75]

Cell lines [74, 76]
Transient transfections [47, 77, 78]

STAT3 PMNs, dendritic cells [73, 75]
Cell lines [47, 74]
Transient transfections [47, 77–79]

STAT5A/B Monocytes, CD341 cells, dendritic cells [75, 80]a

Cell lines [14, 48, 54, 68, 74, 81–84]a

STAT5 p80 Eosinophils, neutrophils, monocytes [70]a

Cell lines [54, 68, 69]
STAT6 Dendritic cells [75]

Cell lines [83]

a Plus unpublished results [manuscript(s) submitted].
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have as dominant-negative regulators of STAT5-mediated was not observed in other studies [104]. Similarly, IL-3 can
activate p38 in FDC-P2 cells [105]. p38 induction by GM-transcription in vitro (manuscript submitted) [53, 68, 85]. It is

therefore likely that different target genes are regulated by CSF might be implicated in activation of cytosolic phospholi-
pase A2 [103]. Activation of the third group of MAPKs, theSTAT5/p80 in undifferentiated versus differentiated cells, sug-

gesting a role for STAT5 in myeloid differentiation. However, JNK/SAPK kinases, by IL-3/IL-5/GM-CSF in TF1, BaF3,
FDCP2 and MC/9 cells also has been reported [106–110]direct evidence that IL-3/IL-5/GM-CSF-induced STAT activ-

ity is causally involved in differentiation processes is currently (Fig 1). The mechanism through which this pathway is acti-
vated is not completely clear. Y577 of the bc chain andlacking. Therefore, it would be very interesting to perform a

detailed analysis of the differentiation of various haematopoie- JAK2 are likely to take part [106, 107, 110], as does the cy-
toplasmic domain of the a chain [106]. However, the role oftic lineages in STAT5A or 5B or even 5A/5B knockout mice.
Ras is unclear, because both ras-independent [106] and ras-
dependent [107] activation of this pathway were observed.

ACTIVATION OF MULTIPLE SEK-1 might be involved upstream of JNK/SAPK activa-
MAP KINASE SIGNALLING tion, because SEK1 phosphorylation is induced by IL-3 inPATHWAYS BY IL-3/IL-5/GM-CSF

MC/9 cells [109], whereas dominant-negative SEK1 partly
The ERK1 and ERK2 members of the MAPK family have blocks JNK/SAPK activation by IL-5 [106]. However, IL-3
been shown to be activated by IL-3/IL-5/GM-CSF in multi- fails to activate SEK-1 in FDC-P2 cells [108]. Downstream
ple primary cellular lineages and cell lines [22, 86–90]. targets for JNK/SAPK might be transcription factors in-
Analogous to ERK activation by growth factor receptors, volved in c-jun and c-fos regulation such as TCF, ATF2 and
ERK activation by IL-3/IL-5/GM-CSF is expected to occur cJun, because dominant-negative SEK partly inhibits TRE-
through activation of Ras and c-Raf. Indeed, IL-3/IL-5/GM- and DSE-dependent transcription induced by IL-5 [106].
CSF cytokines rapidly induce activation of Ras [22, 89–93] Blocking JNK/SAPK activation with a serine/threonine/ty-
and c-Raf [22, 94–96]. Activation of this pathway will even- rosine phosphatase suggests that this pathway contributes to
tually result in enhanced transcription of c-fos and c-jun IL-3-dependent growth but not survival [111]. However,
[52, 91, 97] and might contribute to IL-3/IL-5/GM-CSF- elucidation of the precise function of this pathway in pri-
induced proliferation (Fig. 1) [98]. A region between amino mary cells awaits the availability of specific pharmacological
acid 544 and amino acid 763 in the cytoplasmic part of the inhibitors of its components.
bc receptor takes part in the activation of this pathway [52,
97]. The adaptor protein Shc is likely to have a role in cou-

ACTIVATION OF THEpling the receptor to the activation of this pathway. Shc is
PHOSPHATIDYLINOSITOLrapidly phosphorylated on tyrosine residues after IL-3/IL-5/
3-KINASE (PI3K) PATHWAY

GM-CSF stimulation [23, 42, 97, 99]. Interestingly, over-
expression of Shc potentiates ERK activation and the pro- The lipid kinase PI3K, which generates the signalling mole-

cule phosphatidyl-inositol 3,4,5-triphosphate, is involvedliferative response to GM-CSF [99]. Shc directly binds to
the phosphorylated Tyr 577 residue in the bc upon IL-3/ in the regulation of multiple cellular processes [112]. IL-3/

IL-5/GM-CSF rapidly activates PI3K in multiple cell types,IL-5/GM-CSF signalling [100] (Fig. 2). After phosphoryla-
tion, Shc interacts with the Grb2 adaptor protein, which, an event dependent on tyrosine phosphorylation (Fig. 1),

[23, 89, 90, 97, 113–115]. Kinases that are downstream ofin turn, interacts with mSOS, the nucleotide exchange fac-
tor for Ras [101]. Tyrosine 577 of the bc chain is essential PI3K are also activated by IL-3/IL-5/GM-CSF. Recently,

PKB was shown to be rapidly activated by IL-3/IL-5/GM-for phosphorylation of Shc and the Shc-associated p140, as
well as the interaction of Shc with Grb2 and bc [41, 50, 52, CSF in human granulocytes, a process dependent on PI3K

[90, 116]. Similarly, IL-3 activates PKB/Akt activity in mul-99], whereas tyrosine 750 also seems to be involved in Shc
phosphorylation [42]. These studies suggest the following tiple cell lines, a process thought to be involved in cellular

survival [117, 118]. Similarly, the more downstream p70 S6order of events in the activation of ERK2 by IL-3/IL-5/GM-
CSF: Y577-Shc-Grb2/mSOS-Ras-Raf-MEK-ERK (Fig. 1). kinase also can be activated by IL-3 and GM-CSF [97, 119].

Interestingly, the blocking of IL-3-induced p70S6K in BaF3However, alternative mechanisms also are likely to be in-
volved, because mutation of Y577 did not block Raf-ERK cells by rapamycin partly inhibited IL-3-dependent [3H]-

thymidine incorporation, suggesting a role for this pathwayactivation and proliferation by GM-CSF in BaF3 cells [41].
The phosphatase SH-PTP2 (PTP-1D, SHP2, Syp) interacts in cellular proliferation [119].

The initiation of this pathway at the receptor level in notwith Y612 [44, 102] or both Y577 and Y612 [52] of bc after
IL-3/IL-5/GM-CSF stimulation (Fig. 2). SH-PTP2 interacts yet completely clear. PI3K and p70 S6K activation in BaF3

cells is dependent on the same region of the bc chain thatwith Grb2-SOS in eosinophils and is involved in IL-5-
induced ERK activation in these cells [44]. is involved in Ras activation; it also depends on the cyto-

plasmic domain of the a chain [97]. PI3K can interact withERK1 and ERK2 are not the only MAPKs that are acti-
vated by IL-3/IL-5/GM-CSF. Activation of p38, a kinase the bc in vitro [37]. This interaction might be mediated by

a novel adaptor protein (p80), which interacts with bc andinvolved in cellular responses to stress, by GM-CSF was ob-
served in human neutrophils [103] (Fig. 1), although this the p85 subunit of PI3K in IL-3/IL-5/GM-CSF stimulated
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cells [120]. Interestingly, this complex also contains the expression of bcl-2 or A1 block apoptosis induced by IL-3
withdrawal in cell lines [138–140]. Importantly, IL-5 treat-Src-family kinases Yes and Lyn, which themselves are acti-

vated by IL-3/IL-5/GM-CSF [113, 120, 121]. Recently, it ment of primary eosinophils results in a significant increase
in bcl-2 expression, which is a prerequisite for IL-5-medi-was shown that Lyn is likely to be the kinase responsible for

the activation of PI3K in response to GM-CSF [115]. Clon- ated survival, as demonstrated by anti-sense olignucleotide
experiments [141]. In addition, IL-3-induced Bcl-2 phos-ing of p80 and further characterisation of its binding part-

ners will be necessary to elucidate the precise mechanism by phorylation on serine 70 contributes to survival, because
which IL-3/IL-5/GM-CSF cytokines activate the PI3K Bcl-2 (serine 70–alanine) is unable to support IL-3-inde-
pathway. Another mechanism by which PI3K can be acti- pendent survival [139].
vated includes tyrosine phosphorylation of the p120 Cbl The aforedescribed studies suggest that IL-3-induced Ras-
protein, which was recently observed for IL-3 and GM-CSF Raf-ERK-Bcl2 activation plays an important role in cellular
[122–124]. Interestingly, Cbl forms a stable complex with survival (Fig. 1). However, recent reports have shown that
the adaptor proteins Grb2, Crk and Shc [122–125]. More this might be an over-simplification. Gotoh et al. [142]
importantly, PI3K also can be observed in this complex showed Ras–ERK-independent pathways also can mediate
[123, 126]. However, a causal relationship between Cbl survival by IL-3 in BaF3 cells. They identified two tyrosine
phosphorylation and activation of the PI3K pathway by residues on Shc, Y239 and Y240, that mediate induction of
IL-3/IL-5/GM-CSF remains to be demonstrated. the anti-apoptotic c-myc gene but not Ras-ERK activation.

Moreover, cells expressing Shc Y239/240F, which activates
Ras-ERK but not c-myc, were sensitive to apoptosis. On the

SURVIVAL THROUGH other hand, cells expressing Shc Y317F, which are unable
IL-3/IL-5/GM-CSF RECEPTOR SIGNALLING

to activate Ras-ERK but still enhance c-myc expression,
showed resistance to apoptosis. Similarly, mutation of Y750It is well understood that one of the major functions of IL-3/

IL-5/GM-CSF cytokines is the inhibition of apoptosis in in the bc chain results in a decrease in Shc phosphorylation
accompanied by a decrease in GM-CSF-induced survivaltheir target cells, both in mature blood cells and in early

progenitors [127]. However, the signalling pathways utilised [42]. However, Shc phosphorylation is not absolutely re-
quired for GM-CSF-mediated survival, because a bc mutantby IL-3/IL-5/GM-CSF to overcome death signals have only

recently started to become evident. The first molecular ap- unable to induce Shc phosphorylation is still able to support
survival of BaF3 cells [50]. Others have also hinted at theproach to tackle this problem was taken by Kinoshita et al.

[128], who showed that deletion of the cytoplasmic tail of role of ERK-independent pathways in survival. An activated
form of the R-Ras protein, Q87L, was shown to suppress cellthe bc chain down to amino acid 544 completely inhibited

cellular survival by GM-CSF in BaF3 cells. This deletion death in IL-3-starved BaF3 cells in a manner dependent on
the presence of serum IGF-I [143]. Interestingly, this effectincludes the region of the bc chain involved in activation

of the Ras-ERK pathway. Moreover, over-expression of an could be blocked not only with the MEK-MAPK inhibitor
PD98059, but also with the PI3K inhibitors LY294002 andactivated Ras Val12 in cells containing the bc 544 mutant

could overcome the defect in GM-CSF- or IL-3-induced wortmannin, suggesting that the PI3K pathway also con-
tributes to survival. Indeed, R-Ras was previously reportedsurvival, further stressing the importance of Ras signalling

in survival [18, 129], although this effect might also be me- to activate PI3K [144]. Similarly, the apoptosis-suppressing
effect of another Ras mutant (G12V/V45E) in BaF3 cellsdiated by PI3K. Similarly, over-expression of oncogenic Raf, a

downstream target of Ras, also suppressed apoptosis induced by could be overcome by PI3K inhibitors or by the inhibition
of p70S6K by rapamycin [131]. Blocking the PI3K/p70S6KIL-3 withdrawal in 32D3 and BaF3 cells [130, 131], and inhi-

bition of ERK activation with a dominant-negative MAPKK pathways in other cell types also hints at the involvement
of these kinases in survival [145]. Recent advances in the elu-suppresses IL-3-dependent survival in BaF3 cells [132]. A role

for ERK in eosinophil survival was also suggested by studies cidation of this signalling pathway indicated that the PKB/Akt
kinase, which lies downstream of PI3K, is involved in cell sur-showing that activation of the tyrosine phosphatase SHPTP2/

SHP2 by IL-5 is necessary for both ERK2 activation as well vival in multiple cellular systems [146]. Indeed, over-expres-
sion of active PKB/Akt results in IL-3-independent survivalas IL-5-mediated survival [44]. Similarly, activation of the

Src-like kinase Lyn, which is thought to act upstream of the of 32D3 and BaF3 cells and promotes the expression of the
anti-apoptotic c-myc and bcl-2 genes [117, 147] (Fig. 1).Ras-ERK pathway [22], is necessary for survival in IL-5- or

GM-CSF-treated eosinophils and neutrophils [31, 32]. Moreover, apoptosis after IL-3 withdrawal is accelerated by
a kinase-dead mutant of PKB/Akt with dominant-negativeThe targets important for cellular survival induced by

IL-3/IL-5/GM-CSF seem to be proteins of the anti-apop- properties [117]. A major target for PKB/Akt in survival was
shown to be the pro-apoptotic bcl-2 family member BAD.totic bcl-2 gene family (Fig. 1). Expression of bcl-2 and bcl-x

is rapidly induced by IL-3 or activated Ras in multiple cell PKB phosphorylates BAD at the same residues that are phos-
phorylated in response to IL-3, thereby blocking its pro-apop-types [128, 133–135]. Similarly, GM-CSF induces the ex-

pression of A1, a novel haemopoietic-specific homologue of totic activity [118, 148] (Fig. 1).
Although the aforedescribed studies clearly show thatBcl-2 [136]. Jak2 activation by these cytokines seems to be

involved in the induction of Bcl2 [137]. Interestingly, over- both the Ras-ERK and the PI3K-PKB pathways can have
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roles in cellular survival, depending on the cell type studied, ability of specific inhibitors of the MAPK and PI3K path-
ways will undoubtedly be of great help in determining thea number of questions remain unanswered. It would be im-

portant to test whether Y239/240 of Shc, which can induce roles of these pathways in various cellular effector functions
regulated by IL-3/IL-5/GM-CSF.c-myc and signal to survival, are implicated in the activa-

tion of the PI3K-PKB pathway. The observation that PI3K
can interact with Shc in chronic myelogeneous leukaemia

TURNING OFF THEcells suggests that this might well be the case [149]. Because
SIGNAL OF PHOSPHATASES ANDmost of the work was performed in cell lines, it is extremely
STAT-INDUCED STAT REPRESSORSimportant to test the relative contribution of the different

signalling pathways to cellular survival by using specific Continuous activation of the aforedescribed signalling path-
pharmacological inhibitors in primary target cells such as ways would lead to cytokine-independent growth of the target
eosinophils and neutrophils. However, the up-regulation of cells [158]. Therefore, feedback mechanisms exist to ensure a
anti-apoptotic proteins (Bcl-2 and c-Myc) and the down- transient response to the IL-3/IL-5/GM-CSF cytokines. The
regulation of pro-apoptotic proteins (BAD) are clearly in- tyrosine phosphatase HCP (also called PTP1C, SHPTP1,
volved in survival, disregarding their upstream regulators. SHP or SHP1) appears to be a major player in this process. In-

creased levels of HCP lead to a reduction of the level of bc
phosphorylation as well as the suppression of IL-3-dependent

CELLULAR EFFECTOR FUNCTIONS cell growth, whereas reduced HCP levels produce the opposite
effect [159, 160]. After ligand binding, HCP specifically associ-As heretofore described, most of the work on IL-3/IL-5/
ates with the bc chain, probably at Y612 [102, 159, 160]GM-CSF signalling has focussed on the regulation of prolif-
(Fig. 1). The role for HCP in the down-regulation of IL-3/eration, differentiation and cellular survival by these cyto-
IL-5/GM-CSF signalling might explain the dramatic haemato-kines. It is widely acknowledged that IL-3/IL-5/GM-CSF re-
poietic abnormalities observed in HCP mutant (moth-eaten)ceptors also modify various effector functions in myeloid
mice, which die soon after birth owing to over-proliferationcells, such as cellular migration and respiratory burst in granul-
and accumulation of macrophages in the lung [161–163].ocytes. Pre-incubation of neutrophils or eosinophils with

IL-3/IL-5/GM-CSF strongly enhances effector functions Other phosphatases also have been implicated in IL-3/
IL-5/GM-CSF signalling. SHPTP2 also interacts with Y612regulated by other stimuli, such as FMLP, a phenomenon

known as “priming” [150]. However, studies on the molecu- of the activated bc chain, whereas this residue is a good sub-
strate for SHP2 in vitro [89]. However, the precise role oflar mechanisms by which these effector functions are regu-

lated by IL-3/IL-5/GM-CSF receptors are relatively sparse. SHP2 in IL-3/IL-5/GM-CSF signalling remains to be deter-
mined, because it also seems to play a positive role in IL-3/A role for ERK activation by IL-3/IL-5/GM-CSF in neutro-

phil effector functions was suggested [151,152]. However, IL-5/GM-CSF signalling, coupling the receptor to Grb2 and
PI3K [44, 164]. Recently, a number of different inositolblocking ERK activation with PD098059 showed that ERK

does not have a role in GM-CSF- primed neutrophil respi- phosphatases, including SHIP and pp135, were implicated
in the negative regulation of IL-3/IL-5/GM-CSF signallingratory burst or migration [89], analogous to the observation

that IL-8-induced ERK activation does not play a role in [110, 165, 166]. However, the exact contribution of this
class of phosphatases to IL-3/IL-5/GM-CSF signalling re-neutrophil migration [153]. In contrast, IL-3/IL-5/GM-

CSF-induced Erk activation might play a role in phospholi- mains to be determined.
A novel mechanism of terminating IL-3/IL-5/GM-CSFpase A2-mediated release of the lipid mediator PAF [89]

and granule secretion [154]. signalling was demonstrated by Yoshimura et al. [167]. They
cloned the cytokine-inducible gene named cis (cytokine in-The role of the PI3K pathway in cellular effector func-

tions has been more widely studied. FMLP-induced respira- ducible SH2-containing protein). CIS is rapidly and tran-
siently induced by various cytokines including IL-3 and GM-tory burst in neutrophils is dependent on PI3K, as was dem-

onstrated by using the PI3K inhibitors wortmannin and CSF. Interestingly, CIS binds stably to the tyrosine phos-
phorylated bc chain [167]. CIS is thought to be a negative reg-LY294002 [154–156]. Recently, priming and activation of

the PI3K pathway by GM-CSF were shown to take part in ulator of IL-3/IL-5/GM-CSF signalling, because over-expres-
sion of CIS represses IL-3-dependent growth [167], oncostatinthe activation of the respiratory burst and chemokinesis by

GM-CSF in neutrophils [89] and eosinophils [90]. One of M induction and STAT5 activation [168]. CIS is up-regulated
by a STAT5-dependent mechanism (Fig. 1), because BaF3the targets of PI3K in the activation of the respiratory burst

may be p47phox, which is thought to play a major role in cells over-expressing dominant-negative STAT5 fail to in-
duce CIS in response to IL-3 [53]. Moreover, in bone mar-the activation of the NADPH oxidase complex. Interest-

ingly, wortmannin blocks FMLP-induced p47phox phos- row-derived macrophages from STAT5A-deficient mice,
CIS induction by GM-CSF was markedly inhibited [56]. In-phorylation [156]. Moreover, over-expression of active

PI3K in the monoblastic phagocyte cell line GM-1 caused deed, the cis promoter contains four STAT binding sites
that are activated by STAT5 [168]. Recently, it was shownconstitutive phosphorylation of p47phox [157]. However,

clarification of the precise mechanism of respiratory burst that CIS is a member of a large family. Three CIS-related
SOCS genes (suppresser of cytokine signalling) that also areactivation in granulocytes awaits further study. The avail-
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[173]. SOCS, SSI-1, JAB and CIS3 also inhibit activation Mol. Cell. Biol. 14, 7404–7413.
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