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IL-3, IL-5, and GM-CSF are related hematopoietic cytokines
that are important for allergic inflammation. The receptorsfor Abbreviations used
human IL-5, IL-3, and GM-CSF are members of the Bc: Commonp receptor
hematopoietin receptor superfamily and are comprised of a ERK: Extracellular signal-regulated kinases
cytokine-specifica chain and the common@ chain that is GM-CSFRx: Granulocyte-macrophage colony-stimulatingy
shared among these cytokines for signaling. Each of these factor recepton

cytokines contributes to the differentiation and function of IL-3Ra: IL-3 receptor

leukocyte subpopulations and have clinical importance in pro- IL-5Ra: IL-5 receptorot

tective immunity and in the pathophysiology of a spectrum of Bie: B Intracytoplasmic proteolysis
immunologic diseases that are as diverse as allergy and asth- JAK: Janus kinase

ma, pulmonary alveolar proteinosis, neurodegenerative dis- JINK: c-Jun amino-terminal kinase
eases, and malignancies. Delineating the biology of these MAPK: Mitogen-activated protein kinase
cytokines is enabling the development of new strategies for PAP: Pulmonary alveolar proteinosis
diagnosing and treating these diseases and modulating

: > PI3-K: Phosphatidylinositol 3-kinase
immune responses. (J Allergy Clin Immunol 2003;112:653-65.) PIAS: Protein inhibitors of activated STAT

Key words:IL-3, IL-5, GM-CSFc, allergic inflammation, asth- PIPS:. Phosphatidylinositol 3,4,5-triphosphate
ma, hematopoiesis, cytokine physiology SH2: Src homology 2 .

SHP: Src homology protein tyrosine phosphatasg
SOCS: Suppressors of cytokine signaling

Cytokines are a pleiotropic group of molecules that > - 1
STAT: Signal transducer and activator of transcription

are usually secreted by cells of the hematopoietic lineag
and provide autocrine or paracrine regulation of
hematopoieticcell differentiation or regulation of
immune cell function1-3 Structural featuresamong
cytokinesallow for their classficationinto distinct sub-
setsof cytokine families. Likewise, structuralfeatures
distinguishsubset®of cytokinereceptorsiL-3, IL-5, and
GM-CSF are membersof the short-chain4-a-helical

the completeheterodimeriaeceptorfor thesecytokines
andaloneis not ableto bind any of the cytokines.>7 IL-
3, IL-5, andGM-CSFeachhasa uniquea receptorsub-
unit (IL-3Ra, IL-5Ra, or GM-CSHRa, respedtely) that
only bindsits specfic ligand2-7 On cytokine binding to

bundlesubsebf hematopoieticytokinesandarefurther
distinguishedy their sharediseof thecommon recep-
tor (Bc) for signaling24 However, 3¢ is only a stbunit of

its specfic Ra, [Bc is recruitedto engagethe cytokine,
therebyproviding the necessarphysicaland conforma-
tional proximity of the Ra and Bc subunits to initiate

intracellularsignalinganda physiologiceffect (Fig 1).
Collectvely, IL-3, IL-5, and GM-CSF synegize for
the differentiationandfunction of myeloid cellsandare
of particularimportancein allergic inflammation-8 In
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FIG 1. Assembly of the IL-3, IL-5, and GM-CSF receptors. IL-3Ra, IL-5Ra, and GM-CSFRa exist as monomers
on unstimulated cells. Each Ra chain provides cytokine binding specificity. On ligand binding, Bc is recruit-
ed to the Ra/ligand complex and interacts with the Ra-bound cytokine to activate signal transduction and a
physiologic response.

IL-5

FIG 2. Structure of IL-3, IL-5, and GM-CSF. The ribbon structures of IL-3, IL-5, and GM-CSF illustrate the 4-a-
helical bundle motifs. IL-3 and GM-CSF exist as monomers. IL-5 exists as an interdigitating homodimer that
imparts a pair of 4-a-helical bundle motifs. The domains for cytokine-specific Ra binding and for Bc engage-
ment are depicted by the broken circles. Data are derived from the protein data bank and represent struc-
tures derived from nuclear magnetic resonance or x-ray defraction. Loops connecting each helix are desig-
nated 1 to 3. The glutamate residue in each A helix crucial for fc engagement is depicted by the yellow
asterisk. Blue, Amino-terminal A helix; green, B helix; aqua, C helix; red, carboxy-terminal D helix.

FUNCTIONAL STRUCTURE OF IL-3, IL-5, AND IL-5 with thefirst 3 helicesof the otherchainof IL-5 (ie,
GM-CSF a homodimerin which thereare 2 functional motifs for
binding to IL-3Ra and 2 functional motifs for binding to
The functional structure of hematopoietic cytokines ispc).17”-19 This uniqueconformationatequirementor IL-
characterized by orientation of theinelices in an up- 5 is the consequencef a structurallyshortloop 3 that
up-down-down antiparallelconformationthatis enabled  physicallyimpedesthe folding of a singlechainof IL-5
by loop sequencesetweeneachof the helices?4 IL-3 into the required 4-a-helical bundle motif.1819 The
and GM-CSF can assumethis functional conformation ~ domainswithin IL-3, IL-5, and GM-CSF that engage
by meansof the intramolecularfolding of a single  their cognateRa and the Bc have also beenelucidated
polypeptidechain(Fig 2, left andright).# However, IL-5 (Fig 2, dashedines)2%23 The Ra binding domainfor
is uniguein that?2 identicalpolypeptidechainsinterdigi- each cytokine includes their antiparallel first and third
tateto achieve afunctionalconformation(Fig 2, middle), loops, whereas th@c binding domain is centered around
which is characterizedy a pair of 4-a-helicalbundles  a glutamate residue (residue 23 in IL-3, residue 13 in IL-
formedby the sharingof the fourth helix of onechainof 5, and residue 21 in GM-CSF) within the ficsthelical
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FIG 3. Structural features of the IL-3Ra, IL-5Ra, GM-CSFRa, and Bc. The extracellular domains (E) of each Ra
contains a membrane proximal WSXWS motif (yellow) and a homology module containing 2 fibronectin
type lll domains with paired cysteine residues (solid black lines). The Bc E domain is similar but larger, with
2 homology modules and 2 pairs of cysteine residues. The transmembrane domain of each receptor is blue.
Whereas IL-3Ra, IL-5Ra, and GM-CSFRa have short cytoplasmic domains (C), fc has a much longer C
domain for signaling. The white boxes represent Box1 and Box2 JAK binding sites. The IL-5Ra and the GM-
CSFRa also exist as soluble external domains. The CD designation and chromosome (Ch) localization for
each receptor subunit is indicated. XY PAR, X and Y chromosome pseudoautosomal region.

bundle (Fig 2, yellow asterisks)In additionto sharing
the Bc receptorsubunit for signaling IL-3, IL-5, and
GM-CSFalsohave the commonfeatureof beingproxi-
mately encodedon humanchromosomeb, suggestinga
commonancestrarelationship?4 Furtherdelineationof
thereceptorbinding domainsfor thesecytokineshasthe
potentialto enablethe rationaldesignof antagonisinol-
eculesfor therapeuti@application.

STRUCTURE OF THE IL-3, IL.-5, AND GM-CSF
RECEPTORS

The hematopoietimeceptorfamily is characterizedby
a 200-amino-acidcextracellularhomology module con-
taining 2 fibronectintype Ill domainswith conseved
sequencdeaturest3 Theseconseved featuresinclude a
membrangroximalWSXWSmotif andmembranelistal
pairedcysteineresidues(Fig 3). The IL-3Raq, IL-5Raq,
and GM-CSFRx eachexhibit thesefeatures.The 3c
externaldomainis distinguishedrom eachof theseRa
externaldomainsby beinglongerbecausef 2 pairsof the
fibronectindomains(Fig 3). The IL-3Ra, IL-5Ra, and
GM-CSFRu eachexist asatransmembranmolecule the
cytoplasmicdomainof which containsconseved motifs
necessaryor initiation of signaling!-3 The longer 3¢
cytoplasmic domain containssequencenecessaryfor
completionof signaltransductionln addition IL-5Ra
and GM-CSFRux exist as solubleexternal domains(slIL-
5Ra and sGM-CSFRx) that are generatecdby meansof

alternaive splicing of the IL-5Ra and GM-CSFRx genes
andarecapableof competingwith thetransmembrank.-
5Ra and GM-CSFRux for binding IL-5 and GM-CSF,
respedtely.2526 Becausehesesolublereceptorisoforms
lack cytoplasmicdomains they areunableto participate
in agonistic signaling. Whether sIL-5Ra and sGM-
CSFRx are physiologicfor downregulationof IL-5 and
GM-CSFresponsesr senve asprotectve carriersof these
cytokinesto distantsitesis not resoled.

In contrastto a commonchromosomeegion for the
cytokine gene$# their receptorgenesare dispersedFig
3).27.28 ThegenesncodingL-3Ra andGM-CSFRux both
colocalizeto the homologousdistal pseudoautosomal
regionsof theshortarmsof the X-Y sex chromosomeand
hencebehave asautosomallyinheritedgenes8 However,
the IL-5Ra geneis encodedon chromosome3, andthe
gene encoding Bc is encodedon chromosome22.27
Despite the encoding #if-5Ra on a chromosome distinct
from thatfor IL-3Ra and GM-CSFRY, their generakstruc-
ture is simila, yet suficiently unique akey residues so as
to have cytokine specficity. Cellular respons/enessto
thesecytokinesis dictatedby therepertoireof cytokine Ra
chainsexpressedandreceptoracivation is associated
with disuffide-linked heterodimerizatiorof the Ra with
[3c.2930 |n addition distinct Ra cytoplasmicdomainsig-
naling cascadesanconfercytokine-spedic cellular acti-
vation31-33 Bioinformatic analysisof the IL-SRa and
GM-CSFRu defined a tripeptide sequence adjacent to the
proline-rich region of their cytoplasmic domains that
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FIG 4. Structure of Bc. A, The ribbon diagram depicts the x-ray defraction—derived structure for the external
domain of Bc. The arch-like conformation is comprised of 2 chains of Bc that interdigitate. The potential Bc
domains for cytokine engagement are illustrated by using IL-5. B, An alternative ribbon model for the
potential structure for the external domain of a fc monomer. If such a structure exists, the potential orien-
tation of a Bc-engaging cytokine is illustrated with GM-CSF. Reproduced and modified with permission from
Carr et al.34

affected cytokine-spedic function33 For IL-5 signaling,  Janus kinase (JAK)/signal transducer and activator of
syntenin/SOX-4 activation was unique to the ILebR transcription (STAT) pathway, the mitogen-activated pro-
cytoplasmicdomain3?! tein kinase (MAPK) pathways, and the phosphatidyli-
Recently, a crystal structure of the complgteextra-  nositol 3-kinase(PI3-K) pattway (Fig 5).3842
cellular domain was solved, and surprisingly, it is unlike
other described cytokine receptors which exist as  1he JAK/STAT pathway
monomer$435 The B¢ structurerevealedaninterdigitating The JAK/STAT pathway is used by all cytokines and
homodimemith anarch-like conformation(Fig 4, A). The ~ some growth factors for transmitting extracellular signals
B¢ interlocking homodimerstructureis alsodistinct from through transmembrane receptors directly to promoters
thatof monomericcytokinereceptorghatarehomodimer-  of target genesin the nucleusof acivatedcells3’ The
ized by ligandbinding suchasgrowth hormonereceptors  cellular efficiency of this pathway is demonstrated by the
and erythropoietinreceptors.Becausethe cytoplasmic  achievement of transcriptional gene regulation in the
domainsof thehomodimeri3c aretoofarapartto acivate ~ absence of second messengers. Moreover, the impor-
eachotherfor signaling 3c acivationwould requireprox- tance of this pathway is underscored by its evolutionary
imateassociatiorof eithermonomerwithin fc with a lig- consevation from slime moldsto humansubjects’” To
and-boundL-3Ra, IL-5Ra, or GM-CSFRu.3435 date, there are 4 JAKs (JAK1, JAK2, JAK3, and TYK2)
Although crystallization of thc external domain and 7 STATs (STAT1, STAT2, STAT3, STAT4, STAT5A,
yielded a homodimeric structure with exposed residuesSTAT5B, andSTAT6) describedn mammaliarcells37-42
predicted as binding sites for IL-3, IL-5, or GM-CSF, IL-3, IL-5, and GM-CSF receptorbinding leadsto
immunoprecipitation ofic from cell membranes reveals actvation of the recepteo-associatedAK2 and JAK1
both dimer and monomerforms of Bc.36 Thereforeit is kinases by means of transphosphorylation of the 2 kinas-
possible thafic can also exist as a monomer with a pre-es after oligomerizationof the receptorsubunits (Fig
dictedstructurethatis capableof engagingL-3, IL-5, or 5).3842 Although JAK2 is the predominanfc-actvating

GM-CSF(Fig 4, B). kinase membersof the Src family of kinases suchas
Lyn, Fyn, Syk, Hck, andBtk, have alsobeenreportedto
INTRACELLULAR SIGNALING CASCADES be acivatedby these3 cytokines*345 Lyn and Syk are

reportedto be essentialfor the acivation of the anti-

Similar to all cytokines and growth factors, IL-3, IL-5, apoptoticpathway inducedby Bc acivation in freshly
and GM-CSF exert their biologic responses by first bind-isolatedhumaneosinophilst®
ing their cognate receptors on the surface of targe JAK activation results in tyrosine phosphorylation of
cells3742 Speciic ligandbindingof anRa chainrecruits ~ Bc on 6 critical tyrosine (Y) residues: Y577,Y612, Y695,
the Bc chain, which leads to heteromeric receptor assemY 750, Y806, andY866.3%42 Of thesephosphorylated
bly and culminates in the initiation of signal transduc- residues, Y612, Y695, and Y750 serve as docking sites
tion. It is the activation of intracellular signaling that for the Src homology 2 (SH2) domains of 2 members of
rapidly reprograms gene expression of the target cell tthe STAT family, STAT1 and STAT5. The 2 STATs are
alter its behavior. To date, at least 3 principal signalingrecruited to the receptor complex by their SH2 domains,
pathways have been described for these cytokines: thbecome tyrosine phosphorylated on critical residues in
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FIG 5. Activation and inactivation pathways of the Bc-engaging cytokines. Cytokine engagement of Ra by
IL-3, IL-5, or GM-CSF leads to the recruitment of Bc, which results in the activation of the JAK/STAT path-
way; the MAPK cascade pathway, including ERK, JNK, and p38 pathways; and the PI3-K pathway. Activa-
tion results in phosphorylation of tyrosines (Y) and a serine (S) in the Bc cytoplasmic domain. Once acti-
vated, the cytoplasmic domain of Bc is rapidly ubiquitinated on lysine (K) residues by the ubiquitination
machinery consisting of E1 (ubiquitin activator), E2 (ubiquitin conjugator), and E3 (ubiquitin ligase), fol-
lowed by proteasome degradation to terminate agonistic signaling. Proteasome degradation of the f3c cyto-
plasmic domain results in the generation of Bp/Ra/cytokine complexes, which are then endocytosed and
degraded in lysosomes. In addition, SOCS and PIAS downregulate signaling by inhibiting the JAK and STAT
pathways, and phosphatases downregulate signaling by dephosphorylation. IL-56 and GM-CSF have soluble
Ra (sRa) isoforms that can potentially act as antagonists of the transmembrane receptor isoforms (upper
left corner). Syntenin and Sox4 are molecules specifically activated by IL-5 through the IL-5Ra.3" Green

arrows represent activation pathways, and red arrows indicate inactivation pathways.

their carboxyl termini, and then homodimerizeor het-
erodimerizeby meansof reciprocalSH2 and phospho-
tyrosineinteractions.Oncethe STATs dimerize they
translocateto the nucleus(Fig 5) andbind to specfic
enhancesequencem the promotersof acivatedgenes.

Mutation of 4 Bc tyrosine residues(Y577, Y612,
Y695, and Y750) completely blocked IL-5-induced
STAT5-mediatedtranscription suggestinghat STAT5
docking to theBc receptor is required for its agtion46
Studiesusingdominantnegaive mutantsof eitherJAK2
or STAT5 alsodemonstratethatthe JAK/STAT pathway
is importantfor cytokine-inducedproliferation and dif-
ferentiation?6:47

The MAPK pathways

The MAPK pathwaysincludethe extracellularsignal-
regulatedkinase (ERK), c-Junamino-terminalkinase
(JNK), and p38 signalingcascadegFig 5).3842 These

pathways are vital mediators of a number of cellularaddition, the ERK pathway is involved in preventing
apoptosis by upregulating expression of the genes encod-

responsesincluding growth, proliferation and sunival.

Thesepattwaysareacivatedby numerougrowth factors
andcytokines includingIL-3, IL-5, andGM-CSF.3842
Activation of the ERK pathway by thesecytokines
begins with the phosphorylationof Y577 on Bc by
JAK2.3842 Once phosphorylated this Bc residue
becomesrecruitmentsite for the cellular substrateShc,
whichthenbecomesyrosinephosphorylatedallowing it
to interactwith the SH2 domainof the growth factor
receptor—bounddaptorprotein Grb2. The Shc/Grb2
interactionleadsto an associatiorwith the mammalian
son of sevenlesshomologue the nucleotideexchange
factor for Ras which, in turn, resultsin the sequential
acfvation of Ras Raf-1, MEK, and ERK. The Bc cyto-
plasmicregion responsibldor acivationof this pathway
is betweenaminoacids544 and 76348 The downstream
targetsof the ERK pathway arethe transcriptionfactors
ATF2 and TCF, which eventually acivate c-Fos and c-
Junandcontributeto cytokine-inducegroliferation48 In
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ing bcl-2 and bel-x in responsdo thesecytokines49-53

For example IL-3 stimulationor overexpressiorof acti-

vatedRas(anupstrearERK actvator)rapidly increases
expressionof bcl-2 and bcl-x, therebypreventing apop-

tosis4950 Similarly, overexpressionof bcl-2 prevents

apoptosisinducedby IL-3 withdrawal.52 Furthermore,
expressiorof adominant-rgaive MAPK kinase(anoth-

er upstreamERK acivator) suppressedlL-3—dependent
cell sunival.53 In additionto acivating sunival genes,
the ERK pathway preventsapoptosisby inhibiting the

proapoptotidactor BAD .5455 The ERK pathway stimu-

lates selecive phosphorylatiorof BAD on serine112,

whereasthe PI3 kinase/Akt/PKBpathway phosphory-
latesBAD on serine13654% Consequenyi the dual-

phophorylatedBAD bindsto the adaptorprotein14-3-3,

which leadsto sequestratiorof BAD in the cytoplasm
andinhibition of its proapoptoticacivity. Taken togeth-

er, thesedatasuggestthat the ERK pathway inhibits

apoptosisn 2 ways by inhibiting BAD acivity andby

upregulatingexpressionof bcl-2 andbcl-x.

The 2 othercascadescivatedby thesecytokinesare
the INK cascadeandthe p38 cascad€Fig 5).5659 JNK
phosphorylateshe c-Juntranscriptionfacta, whereas
the p38 MAPKSs activate the ATF transcriptionfacta.
Althoughnotknown to participatein controllingcell sur-
vival, the INK and p38 cascadesignalin parallelwith
the ERK cascaddor cell growth andeffectorfunction.

The PI3-K cascade

The PI3-K pathway regulates multiple cellular
processegFig 5), suchasproliferation growth, cell size,
apoptosisand cytoskeletal rearrangemerf®61 PI3-K is
a heterodimeridipid kinasecomposedf a regulatory
subunit (p85) and a catalytic bunit (p110) each encod-
ed by differentgenes.On cytokine stimulation PI13-K
phosphorylatephosphatidylinositolipids at the D-3
positionof theinositol ring at cellularmembraneso pro-
ducethe signalingmolecule phosphatidylinositoB,4,5-
triphosphate(P1P;).6061 As a secondmessenge PIP;
interactswith othersignalingproteinsthroughpleckstrin
homologydomainsand coordinatesand amplifies the
acivatedsignal.

IL-3, IL-5, and GM-CSF rapidly acivate PI3-K in a
tyrosinephosphorylation—dependemianne, andthereis
a direct link betweenlL-3—stimulatedf3c serinephos-
phorylation PI3-K activation, and hematopoieticcell
sunival.8264 |L-3 stimulationresultsin the acivation of
proteinkinaseA, which phosphorylateserine585 on
c.83 This Bc phosphorylatiorevent becomesa recruit-
mentsite for the adaptorprotein 14-3-3 which in turn
recruits the p85 and p110k&uwits of PI3-K to the recep-
tor compkx.83 At this point an unidenfied kinase phos-
phorylatesPI3-K and leadsto the generationof PIP;,
resultingin the recruitmentand binding of the serine-
threonine kinase Akt/PKB.63 IL-3 stimulation also
inducesphosphorylatiorof BAD throughthe Akt/PKB
pathway, resultingin inhibition of apoptosi$4 In aggre-
gate these studies suggestthat cytokine signaling
throughthe Bc serine585is importantfor hematopoietic
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cell sunival, possiblythroughthe PI3-K/Akt/BAD anti-
apoptoticpathway.

Signal termination

Multicellular organismshave developedmany down-
regulatory mechanismgo ensurethat the execution of
specfic signalsare of adequatestrengthand are deliv-
eredfor theappropriateime.®® For thisreasonacivation
of signalingpathways by meansof extracellularstimuli
is transientSeriousconsequenceasanarisewhenthereis
a lack of signaltermination asseenwith somecancers
andsomedevelopmentablndinflammatorydisorders.

To date several negaive feedbackmechanismsave
beendescribedor thelL-3, IL-5, andGM-CSFreceptor
system(Fig 5, red arrows).6675 One mechanisnmis the
acfvation of cytosolictyrosinephosphatasethat control
the level of ligand-induced phosphorylated sub-
strates$667 The tyrosinephosphatas&rchomologypro-
tein tyrosinephosphatasé (SHP1;alsoknown asHCP,
SHPTP1 and SHP)is involved in downregulating 3¢
acivation becausets overexpressiorresultsin suppres-
sion of cell growth in responseo IL-3.66 In contrast,
SHP2appearso beaposiive regulatorof Bc signaling®”
Thusphosphatasesan participatein both agonisticsig-
nalingandthe inhibition of signaling.

Anothermechanisnthatantagonize$lL-3, IL-5, and
GM-CSFagonisticsignalsis inductionof the suppres-
sors of cytokine signaling (SOCS)family of small
SH2-containingproteins which include SOCS176%72
(alsoreferredto as JAB,% a JAK-binding protein),
SSI70 (STAT-induced STAT inhibitors), and CIS171
(cytokine-inducible SH2-containing protein). SOCS
family members negatively regulate signaling by
mechanisms that include inactivation of the JAKSs,
blocking access of the STATS to receptor binding sites,
and ubiquitination of signaling proteins for subsequent
targeting by the proteasomé&2 CIS1 is reportedto
downregulate STAT5 signaling, whereas SOCS1 nega-
tively regulatesJAK2 activity.”2

STAT function is also negatively regulated by another
family of proteins termed protein inhibitors of activated
STAT (PIAS).7273 PIAS1 binds acfivated STAT1 and
blocksits DNA binding’3 To date a STAT5-speciic
PIAS has not been identified.

A further mechanism for terminating IL-3, IL-5, and
GM-CSF signal transduction is receptor endocytosis and
degradation’475 For Bc, specfic proteasomenhibitors
revealed that after IL-5 ligation of its recept@c is
downregulated by ubiquitination and proteasome degra-
dation of its cytoplasmic domain, resulting in the gener-
ation of cytoplasmically truncatfdt products termefic
intracytoplasmic proteolysisB(s; Fig 5).”> Similar
resultswereobsevedwith all 3 Bc-engagingytokines?s
Structurally,B;p contains the extracellular domain, the
transmembrane domain, and a small part of its cytoplas-
mic domain. However3p is devoid of all tyrosine and
serine phosphorylation because proteasomes degrade the
large cytoplasmic domain containing all of these
residues’® Moreover, inhibition of Bc proteasomeetjra-
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FIG 6. Major effects of IL-3, IL-5, and GM-CSF on leukocyte subsets. Positive stimulation is indicated by
green letters. Inhibition is indicated by red letters. Non-Bc-engaging cytokines that are crucial for differen-
tiation are indicated in black. The relative biologic effect (reflecting relevant receptor density on the cell sur-
face) is indicated by the size of the cytokine lettering.

TABLE I. Physiology and pathophysiology of IL-3, IL-5, and GM-CSF
Physiologic and

Cytokine Major source Effect on hematopoiesis pathophysiologic role Gene deletion phenotype
IL-3 T cells, macrophages, Growth, differentiation, and Allergic inflammation; parasite Blunted mast cell and
stromal cells survival of progenitor cells immunity; growth of myeloid, basophil response to
monocytic, and lymphocytic parasitic infection
malignancies
IL-5 Ty2 cells, eosinophils,  Differentiation, activation, and  Allergic inflammation, asthma and Reduced numbers of
mast cells survival of eosinophils airway remodeling, parasite eosinophils + delay of
immunity CD5" B-cell development
+ risk for parasitic
infection
GM-CSF T cells, macrophages, Growth and differentiation of  Allergic inflammation, growth of ~ PAP
endothelium, dendritic cells, myelomonocyte myeloid and monocytic
fibroblasts progenitors and granulocytes malignancies, surfactant

metabolism, anti-GM-CSF
autoantibodies cause PAP

dation results in prolonged activation f€, JAK2,  paradigm of heterotypic desensitization exists for each of
STAT5, and SHP275 This obsewation suggestedhat  the Bc-engagingytokines?s

activation of the ubiquitin proteasome pathway is a very

rapid and efficient mechanisnfor completetermination ~ PHYSIOLOGY AND PATHOPHYSIOLOGY

of Bc signal transduction.

After proteasome degradation of tfe cytoplasmic Leukocytes differentiate from a small population of
tail, the remaining truncated IL-5R complex Rnd  pluripotent progenitor cells under the influence of
Bip) is endaytosedand degradedin the lysosomeg> hematopoietic cytokines that include not only IL-3, IL-5,
This downregulatory process results in transient hetand GM-CSF but also stem cell factor, granulocyte
erotypic desensitization to othBc-engaging cytokines, colony-stimulating factor, monocyte colony-stimulating
thus preventing the stimulated cell from being furtherfacta, IL-4, andIL-7 amongmany others’6 Each of
activated by more than orfie-engaging cytokine. This these cytokines contributes to the specific growth and
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differentiation of progenitor cells to produce fully acti- derived with GM-CSF preferentially induced Ty1
vated effector cells. Although IL-3, IL-5, and GM-CSF responsesThis difference was the consequenceof
each contributes to the growth, differentiation, and acti-decreasedlL-12 productionby IL-3—delivedtype 1 den-
vation of several leukocyte subpopulations, their activi-dritic cells.In addition differentiationof type 2 dendrit-

tiesarenottotally redundan(Tablel andFig 6).
IL-3

IL-3 plays an important role in theagvth and diferen-
tiation of CD34+ progenitorcellsinto basophilsandmast
cells, myeloid-deived dendritic cells and nonmyeloid-
deliveddendriticcells and to alesserextent, eosinophils
and monaytes-macrophage@-ig 6).1-3.9.12-16,76,7 This
patternof IL-3 respons/enescorrespondso the relaive
cellular expressionof IL-3Ra.”7 Although IL-3 is not
essentiafor the developmentof mastcells and basophils
underphysiologicconditions it is necessaryor support-
ing increasednumbersof tissuemastcells enhanced
basophil productigrand protedte immunity to parasites,
asevidencedin micewith andwithout deletionof the IL-
3 genethat wereinfectedwith Sronglyoidesvenezuelen-
sis? Interestingy, disruptionof the IL-3 geneor the IL-
3Ro gene does not result in alteration of basal
hematopoiesier growth, developmentor longevity of the
animals? However, IL-3, but not IL-5 or GM-CSF, pre-
ventsbasophilapoptosign vitro throughthe acivation of
PI3-K.78 IL-3 alsopromotesstemcell factor-induceanast
cell differentiationin a dose-dependentannerand
enhancescR1-dependennediatorelease’®

A potentialrole for IL-3 in the pathophysiologyof
inflammationin the centralnernvous systemhasbeen
suggested@®82 Datato supportthis notion include the
obsewation in rats that microglia can produceand
respondto IL-3 and that 3c expressionin the brain is
restrictedto the microglial cells, suggestinghat IL-3
might functionin anautocrinefeedbackoop.80 In vitro
IL-3 stimulationof microglial cellsinducedtheir prolif-
eration and the formation of multinucleatedgiant
cells8! The clinical relevanceof theseobsevationsis
suggestedby the detectionof IL-3 in postmortenbrain
tissuefrom patientswith Alzheimet's diseaseé®? Taken
togethe, thesedatasuggestthat IL-3 might mediate
increasedacivation of microglial cells and the subse-
guentdevelopmentof neuroggeneration.

Theexpression of IL-Ra on a wide range of hemato-
logic malignanciess of potentialimportanceasa maker
of tumor load1283 Although not normally expresseddy
B cells increasedexpressionof IL-3Ra is obsewved in
approximately40% of patientswith B cell-acutelym-
phacytic leukemia or acute myeloid l&@mia83 Further-
more the increasedexpressionof IL-3Ra is associated
with enhancedlast proliferation increaseccellularity,
and a poor prognosis3 WhetherIL-3Ra is a potential
target for therapeutidnterventionin thesemalignancies
remainsto be determined.

Recenty, a novel role for IL-3 in modulatingtype 1
dendritic cell functiorwas reported3 When human type
1 dendritic cells were detived in vitro with IL-3 rather
than GM-CSF, the dendritic cells preferentiallyinduced
T2 responsesgFig 6). In contrasttype 1 dendriticcells

ic cells requireslL-3, andthesecells also producelow
quantitiesof IL-12 and promoteT2 responsegFig 6).
ThusIL-3 might becomean importantmoleculein the
developmentof stratgies to modulateTy1 and T2
immuneresponses.

IL-5

IL-5 is producedpredominantlyby T2 cells aswell
asacivatedmastcells and eosinophils’684.& The IL-5
gene(alongwith otherT,2 genes)s actvatedunderthe
control of the transcriptionfactor GATA-3.86 The major
targetcellsfor IL-5 areeosinophilsandtheir progenitors,
which expressgreatemumberf IL-5Ra thanbasophils
and mast cells (Fig 6).77.87 |L-5 stimulation of
eosinophils leads to their aation, with upregulation of
CD11bandinhibition of apoptosi$*889 The earliestIL-
5Ra—expressingprogenitorcells are CD34* cells found
in bonemarmow, aswell asperipheratissuesandblood8”
Thesecells increasein numberafter allergen challenge
andaremobilizedinto the peripherablood asdifferenti-
atedeosinophil$¥” AlthougheosinophilexpresdL-3Ra
and GM-CSFRx in addition to IL-5Ra and all 3
cytokines can affect eosinophilacivation and sunival,
IL-5 is the key cytokine for productionof normalnum-
bers of eosinophils.This is evidenced by the few
eosinophilspresentin mice engineeredor deletion of
eitherIL-5 or IL-5Ra.9091

Several lines of evidenceindicatethat IL-5 is impor-
tantin the pathophysiologyof allergic inflammationand
asthma295 Peripherablood eosinophilcountsincrease
within 24 hoursof allergen challenge and eosinophil
infiltration of the lungsis a hallmark of asthmaf3 Fur-
thermore eosinophil-deived mediatorsarebothtoxic to
the bronchialepitheliumandcancausebronchospast?3
In addition IL-5 levels T2 T cells andeosinophilsare
all increasedn the bronchoaleolarlavagefluid of asth-
matic patients andthe levels correlatewith the severity
of diseas@4 Similar increaseof IL-5, T2 cells, and
eosinophils are found in the bronchial mucosa of patients
with severeasthmab>

Murine modelsof asthmaalsosupportarole for IL-5.
The most compellingdatacomefrom studiesin which
mice deficient for IL-5 do not have airway eosinophilia
or bronchialhyperreagvity after airway allergen chal-
lenge% However, whentheseanimalsare reconstituted
for IL-5 productionin the lungs the challengedanimals
do have airway eosinophiliaandbronchialhyperreadt-
ity with allergenchallenge Furthermorewhenmice are
engineeredo constitutvely expressiL-5 in their air-
ways airway eosinophiliaand bronchialhyperreadvity
develops evenin the absenceof allergen challenge?’
Conversey, when mice are treatedwith anti-IL-5 anti-
bodies they behave asIL-5—ddficient mice.98

Confounding these data are the limited studies in
human subjects wherein the administration of anti-IL-5
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antibodies to asthmatic patients substantially reduce:
peripheral blood eosinophilia but did not significantly deleted in mice, these animals had normal numbe

affect airway hyperreadtity.9® Subsequenstudieshave
suggestedthat such treatmentwas not sufficient to
reducethe eosinophilsin the lung tissuel® One expla-
nationfor the obsewed resultsis that eosinophilsmight
be more importantin the tissuedamageand airway
remodelingthat occursover time in asthma? Because
the animal models are acute models oiair inflamma-
tion andthehumansubjectsvho werestudiedhadchron-
ic asthmadifferencesn responseo neutralizatiorof IL-
5 might alsoreflect the different stagesof diseasé?
More compreherise studieswith anti-IL-5 therapeutics
will be neededo determinepotentialefficacy.

A potentialrole for eosinophilsand IL-5 in mam-
malian reproductionhasalso beenreportedt01102 By
usinganIL-5 transgenén mice a directregulatoryrole
for eosinophilson ductalmorphogenesiguring postpu-
bertal mammarygland developmentwas demonstrat-
ed 10l However, the eosinophiliaresultingfrom the IL-5
transgenalid not have long-termconsequencesr adult
reprodudive function.Furthermorein IL-5 null micethe
absenceof maternaland fetal IL-5 hasno discernable
effectson pregnarcy andparturition102

Rarel, patients with an IL-5—producing T-cell
leukemiaor lymphomapresentvith eosinophilial® This
diagnosis should be considered in patients beialyiat-
edfor unexplainedhypereosinophilia.

Althoughintuitively IL-5 andthe consequenproduc-
tion of eosinophilsseemcrucial for immunity against
parasitesthereis limited evidencein micethata lack of
IL-5 resultsin a substantiallyincreasedisk for parasitic
infection1041% [ jkewise, alack of IL-5 andeosinophils
is notassociatedvith developmentabbnormalitiesor an
increasedisk for malignancie§029! In summay, IL-5 is
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When the gene encodifig or theGM-CSFgene wag

hematopoietic stem cells and progenitor cells but fg
to accelerate production of granulocytes, macropha
and eosinophils when challenged with infectious
inflammatory stimuli.11111,12 However, the GM-CSF
null mice also revealed a totally unexpected pheno
and elucidateda new role for GM-CSF.111 Thesemice
had PAP, which is characterized by abnormal surfactant
metabolism. A similar PAP phenotype occurred when the
geneencoding3c wasdeletedt11112 |n the GM-CSFnull
or Bc null mice, aswell asin humanPAPR, thereis an
accumulationof phospholipidsand suifactantproteins
within alveolar spacesRecenty, neutralizingautoanti-
bodiesagainstGM-CSF were detectedn adult patients
with PAP113 and diseaseacivity appeargo correlate
with the anti-GM-CSFantibody titer.114 Thesedata,
togethemith thoseof the geneknock-outstudies strong-
ly suggestghat PAP is causedby a lack of GM-CSF
function, which is likely to be importantfor modulating
pulmonaryalveolarmacrophagenetabolicacivity.
GM-CSFhasalsobeenimplicatedin cellulartransfor-
mation115116 Expressionof both GM-CSFRx and Bc
hasbeendetectedin differenttypesof malignancies,
indicatingthat GM-CSFcanpotentiallytransducerolif-
eratve andsunival signalsto thesetransformectells115
Examplesf thesemalignanciesncludechronicmyeloid
leukemia acutemyeloid leukemia juvenilemyelomono-
cytic leukemia small-cell lung carcinoma melanoma,
certainbreastcancercell lines, andprostatecance. The
transient improvement of a patient with a GM-
CSF-resporige myelomonaytic leukemiatreatedwith
a recombinanGM-CSFthat had beenmutatedat gluta-
mate21 (Fig 2) to prevent Bc signalind?’ suggestshe
potentialto treatsuchdiseasesvith GM-CSFantagonists
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necessary for eosinophilic inflammation. However, itsor GM-CSFRx antagonists GM-CSF has also been
role in the pathogenesis of diseases associated wiilshown to be involved in angiogenesisghrough the

eosinophilic inflammation remains to be elucidated.

GM-CSF

The GM-CSFR is expressed on CD3%rogenitor
cells and all myeloid lineages(Fig 6), aswell assome
myeloidleukemiasandvascularendotheliakells’6 GM-

JAK2/STAT3 pathway in vivo.118 By using chicken
chorioallantoic membranes GM-CSF stimulation
induced vessel sprouting from aortic rings without
recruitment of inflammatory cells. Taken together, these
data indicate that unregulated GM-CSF signaling can
have physiologic consequences leading to the promotion

CSF is secreted by activated T lymphocytes, eosinophilsof malignant growth.

mast cells, basophils, macrophages, endothelial cells

Thus as with each of tHie-signaling cytokines, GM-

and bone marrow stromal cells. In addition to the pro-CSF affects multiple leukocyte lineages, but its effects

motion of myeloid differentation]61% GM-CSFis a

potent inhibitor of CD34 progenitor cell differentiation

into lymphoid progenitorsor type 2 dendritic cells (Fig
6).107 Likewise, GM-CSFinhibits the terminal differen-
tiation of mastcells (Fig 6) anddecreaseBbceR1 expres-
sion and tryptaseproductionby maturemastcells 108

are quite distinct. Further delineation of the diverse bio-
logic activities of GM-CSF should hold promise for the
development of a new generation of biologic modifiers
for use in medicine.

CONCLUSIONS AND FUTURE DIRECTIONS

Recombinant human GM-CSF has been used clinically

to promote myeloid cell recovery in myelosuppressec IL-3, IL-5, and GM-CSF are emerging as cytokines
patients and is currently under investigation as an adjuwith much broader functional activities than originally
vantfor vaccinest® Thein vitro inhibition of mastcell described, and it is likely that in the future yet-undefined
differentiation by GM-CSF also led to the use of GM- regulatory functions and disease states will be linked to
CSF as a treatment of systemic mastocytosis, althougthec-engaging cytokines. Current research in the field is
with limited bendit.110 focused on identifying specific signaling pathways acti-
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vated by each cytokine, dissecting the molecular mecha
nisms that regulate signals elicited by these cytokines, an
developing strategies to use these cytokines for modula
ing immune responses in conditions as diverse as malic
nancies, infections, PAP, and allergic inflammation.

In considering the composite contribution of IL-3, IL-
5, and GM-CSF to immune responses, emerging knowl:
edge on the biology of these cytokines should lead to
better understanding of the mechanisms of allergic
inflammation. For example, the increased production of
GM-CSF in allergic inflammation might reflect a com-
plex regulatory mechanism whereby mast cell function
and number is reduced, the phagocytic myeloid cells ar
increased, and the differentiation of type 2 and type 1
dendritic cells with the ability to promotg,Z responses
is decreased. Conversely, IL-3 promotes mast cell ant
basophil survival and function and promotes the differ-
entiation of type 2 and type 1 dendritic cells with the
ability to induce T2 responses, whereas IL-5 induces
the differentiation and function of eosinophils. Future
studies will determine whether selective modulation of
IL-3, IL-5, and GM-CSF is an effective treatment for
allergic inflammation or other diseases mediated by the
Bc-engaging cytokines.

The expert secretarial assistance of Anna Wirt and Tammy
Kocurek in preparing the manuscript is greatly appreciated. The
Biology of Inflammation Center has been selected as a Center o
Excellence by the Federation of Clinical Immunology Societies
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