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1.1 Hematopoiesis and cytokines. Blood cells of the hernatopoietic system are 

critical mediators of gas exchange, host defense, clotting and wound repair. However, all 

blood cells have a limited iite span and must therefore be condouaiIy replaced by m w  

Cunctional cells. Maintenance of the different populations of circulating blood is the 

responsibility of a small population of hematopoietic progenitor cells (HPC) located in 

the bone marmw of the adult. The HPCs are lmiqueiy capabIe of p e r p e a  self-renewal 

and therefore act as a Lifetime reservoir of potential blood ceff s. However. while the self- 

renewal capacity of KPCs is a critical feature of hematopoiesis, it is the KPCs 

extraordinary ability to progress through multiple stages of development and maturation 

to eventually give rise to a diverse group of blood cells that makes them such an 

important part of homeostasis. 

Hematopoiesis is a tightly regulated event that is mediated in part by a iarge, 

heterogeneous family of gly coprotein growth factors called cyto kines, Cyto kines are 

responsible for recruiting HPCs into the cell cycIe and stimulating their cell division. 

Cytokines are also responsible for driving the daughter cells of the proliferating HPCs 

through the various stages of maturation and differentiation. However, whiIe individual 

cytokines have specific roIes in hematopoiesis, there is also substantid overlap in their 

hematopoietic activities. Surprisingly, despite the apparent redundancy that is b d t  in to 

the control of hematopoiesis, hernatopoietic diseases such as anermta and Leukeflltfllta often 

arise through aberrant cytokine expression which can lead to Ioss of contmI of the 

process of hematopoiesis. 

Cytokines are responsible for initiating HPC cell division. When a KPC undergoes 

ceU chision, one of the daughter cells remains in the same undifferentiated, pituipotent 

state as its parent HPC, and therefore remains capabie of perpetual seKrenewal (Figme 

1.1). The other daughter cell wZ, upon stimdation with a spec& set of cytokines, 

begin a Iong and compIex journey through the various stages of differentiation, 

proLfferation and maturation that eventuaIIy lead to the formation of a M y  fimctfond, 
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terminally differentiated blood cell. Importantly, the mature blood cell, whether of 

myeloid (erythrocyte, platelet, rnonocyte/macrophage or granulocyte) or Lymphiod (B or 

T cell) origin, remain highly dependent upon specific cytokines for intiation of their 

respective biological activites. Thereforey while cytokines are critical mediators of 

hematopoietic cell division and differentiation, they are also important regulators of 

mature blood ceU h c t i o a  

1.2 Identification, cloning and expression of GM-CSF. In 1974 Golde and C h e t  

demonstrated that a factor expressed by phytohemaglutinin-stimdated human 

Lymphocytes could drive hematopoietic progenitor cells to proliferate and differentiate in 

vitro. The isolated growth factor was referred to as granulocyte-macrophage colony 

stimulating factor (GM-CSF) by virtue of its ability to drive the hematopoietic progenitor 

ceUs to mature into granulocytes and macrophages. A murine growth factor with GM- 

CSF-like activity was Iater purified h m  mouse lung conditioned media'. Using the N- 

terminal amino acid sequence a cDNA encoding rnurine GM-CSF was cloned'. 

Recombinant murine GM-CSF encoded a L41 amino acid polypeptide with a predicted 

molecular weight of 13,138 Daltons that migrated by SDS-PAGE as a broad '1.000 

Dalton smear suggesting substantid post-translational modificatioa 

Human GM-CSF was expression cIoned in 1984 from an HTLV-II transformed 

human T-cell line. The following year Cantrell et al.' cloned the same cDNA &om a 

human lymphocyte library using the murine GM-CSF cDNA as a probe. The isolated 

cDNA had a single 423 base pair open reading frame encoding a 144 amino acid 

polypeptide showing 54% homology to murine GM-CSF. The fist 17 amino acids of 

the translated GM-CSF sequence corresponded to a signal peptide that targeted the 

mature protein for secretion resulting in a mature protein of I27 amino acids with a 

predicted molecular weight of 1 3976 DaItons. 

The nannaIIy occaring human GM-CSF protein expressed by the HTLV-[I 

transformed T-cell Line was p d e d  and characterized by SDS-PAGE4. Despite a 

predicted molecular weight of 13,976 Daltons purified GM-CSF migrated as a 7 4  000 to 

25,000 Dalton protein. However, enzymatic degIycosylation of the p d e d  protein 

resuited in the predicted migration pattern suggesting that the size discrepancy was due to 



substantial glycosylation of the mature protein. Surprisingly, the carbohydrate moieties 

of humao GM-CSF were shown not to be required for full bioIogicd activity in vitroM or 

in vb09-"* 

Comparison of the cxynal structure of GM-CSFtzU with that of other hematopoietic 

Iigands such as growth hormone (GH)14, granulocyte-colony stimulating factor (G- 

C S F J ~ ~ \  inrerleukin-2 (TL-Zji7-ai and leukemia inhibirory Factor (LIF);? showed that GM- 

CSF had the same o v e d  tertiary structure as other members of the cytokiae superfamily 

characterized by four anti-parallei U-helices arranged in a barre1 structure. 

I 3  Biotogical activities of GM-CSF. GM-CSF was initially characterized by its 

ability to stimulate the proliferation of hematopoietic progenitor cells and drive the 

progeny to differentiate into mature grandocytes and rnacrophagesl0-'6. The 

myelostimdatory activity of GM-CSF has been demonstrated clinically: GM-CSF is used 

to reduce the myeIosuppressive effects of chemotherapy and radiation therapyl-33. to 

accelerate stern cell engnRment following bone mmowv transptantation~ and to mobilize 

hematopoietic progenitor cells into the peripheral blood for harve~t3~". However. Like 

other hematopoietic cytokines. GM-CSF has a diverse range of bioIogicaI activities 

outside the setting of hematopoiesis. GM-CSF can stimulate the antimicrobidna. 

antifungala* and antitumorud3 activities of phagocytes. This can occur through direct 

celI stimulation or, more commody, by enhancing the ability of both the phagocytic cells 

and other antigen presenting cells to respond to a secondary stimuli. For example, GM- 

CSF can prime immune ceU fonction by increasing the expression of the cell d a c e  

MLP receptor on neutmphils and by increasing MHC-II receptor expression on 

macrophages and dendritic c e k  CnterestingIy, locay administered GM-CSF has also 

been shown to prevent emmigration of phagocytic ceIIs £?om sites of infection and i n .  

thereby enhancing both the locaI immune response and the healing p r o c e e .  

Overexpression of GM-CSF in &ce Ieads to a non-neopIastic my eIo pro oliferative 

syndome that membIes chronic myelogenous [e&emia in humansmft. O~ere~upression of 

GM-CSF in mice also leads to pubnonary hypersensitivity= and hyperpIasiaRT& and 

bfiItration of acthated macrophages into the Imgs and the striated ofthe mice 

resulting in sevexe tissue damage and death;, SuqirkhgIy the GM-CSF/GM-CSF receptor 



knockout mouse shows no major hematologicd abnormalities7kn except for a reduced 

capacity to manage parasiticn and pulmonary bacterial infections~ suggesting that GM- 

CSF is not required for normal hematopoiesis. However loss of hctional GM-CSF 

activity Ieads to the accumuIation of surfactant in the Iungs resuiting in a pulmonary 

alveolar proteinosis-like diseasen-m. The accumuIation of surfactant is believed to resuIt 

h m  a decreased capacity of the pulmonary alveolar macrophages ti, clear ths 3rZrfac~;tnt 

from the alveolus. Loss of the signalling subunit of the GM-CSF receptor (PC, see 

below) in children suffering £?om acute myelogenous leukemia (AML) was shown to 

correIate with an increased incidence of pulmonary alveolar proteinosisaf" suggesting 

that GM-CSF activity may also be critical for pulmonary homeostasis in humans. 

1.4 GM-CSF expression. Basal expression of GM-CSF during hematopoiesis is 

accomplished in part by bone marrow stromal ceilsa". During idammation GM-CSF is 

c.xpressed primarily by T-ce l l s~~ .  rnacr~phageP~~, fibroblanseb'm. endothelid c e l l ~ ~ ~ l - ~ ~  

and mast ceUsl~~@, dthough other non-hematological ceII types'wl* and t i s s ~ e s P - 1 ~ ~ ~ ~  are 

capable of GM-CSF expression. Interestingly a number of non-hematopoietic tumor celi 

types can also constitutively express GM-CSF'". 

A role for aberrant GM-CSF expression in Leukemogenesis has been hypothesized. 

However the constitutive expression of GM-CSF by certain Ieukemic ceUs Lines[1bEi is 

not mfEcient for tumorigenesis. On the other hand GM-CSF does contribute to the 

progression of a fatd pediatric Ieukemia, juvenile myeiomonocytic leukemia (JMML). 

JMML arises in part through disruption of the ras signalling pathways1"l" but it is a 

hypersensitivity to GM-CSF that leads to uncontrolled ceIl proIiferationlsm. 

demonstrated by the ability of antagonists of GM-CSF to halt disease 

1.5 Characterization of the cell surface receptor for GM-CSF. heliminary 

characterization of the receptor for human GM-CSF was performed by 'q-GM-CSF 
binding assay using GM-CSF-responsive leukemic ceU Iines. 9-GM-CSF binding to 

the myeiomonocytic celI Line KG-I was shown to be rapid at 37OC reaching eqdi'brium 

within 30 minutes=. Scatchard audysis of '--GM-CSF satmation binding revealed 2 

potential cIasses of GM-CSF receptors; a predominant high affinity receptor with a 

dissociation constant of 18 pM and a lower aflinty receptor that codd not be saturated 



with the available ligand preparations=. The presence of two potential GM-CSF receptor 

subtypes was also reflected by a biphasic dissociation c w e  showing both rapid (tvz=2 

minutes) and slow (tlr,=290 minutes) dissociations of "9-GM-CSF from the celI 

d a c e = .  

The high affinity GM-CSF receptor was present on KG-I cells in low numbers 

j j O i ~ e D ) = ~  but was absent on h e  GM-CSF KG- 1 subme (KG- la)'". The 

same high affinity receptor (Kd=L4 pM) was present on the human prornyelocytic 

Leukern-a ceII h e  (a-60) in similarily small numbers (50/ce11)1m[? Of interest. 

differentiation of HL-60 cells towards a grandocyti*~ phenotype using dimethylsulfode 

(DMSO) remlted in a 5 fold increase in the number of high affinity GM-CSF receptorstc. 

The high affinity receptor was aIso present on a number of other myeloid cell lines 

including the histiocytic lymphoma cell Line U-93713% the mye l~monoc~c  cell line THP- 

lLY, but not on the Jurkat T-cell hein or the erythroleukemia cell lines K-56213 and Hn. 

92-1-71? Importantiy the high affinity GM-CSF receptor was also present on freshly 

isolated human neutrophilsl~l~, mononuclear cells'"'" and bone marrow celIslY but not 

on human Iymphocytesl~ suggesting that GM-CSF receptor expression is restricted to 

ceHs of the myeIoid heage. Murine cell lines expressing the rnurine GM-CSF receptor 

did not bind human '=I-GM-CSF~ demonstrating a lack of cross reactivity between the 

human and mrrrine ligands. 

1.6 Cloning of the GMRa and PC subunit of the GM-CSF receptor. Cloning of 

two independent subunits for the GM-CSF receptor in I989 and 1990 provided physical 

evidence for the existence of two classes of GM-CSF receptors. The tigand binding 

subunit of the GM-CSF receptor (GMRa) was expression cloned in 1989 from a human 

placental cDNA Library". Simian COS-7 and mlrrine factor-dependent FDC-PI ceUs 

tmmfiected with the GMRa cDNA showed low afhity (Kd=3.4 nM) GM-CSF binding 

but did not show high rffiniN binding suggesting that another cefl d a c e  component 

might be r e e d  for high afFnitl GM-CSF binding- Surprisingly, despite the absence 

of Mgh a £ h i Q  binding, the GMRa-aansfected FDCPI cell h e  codd proliferate in 

response to GM-CSF, suggesting that the GMRcc subunit was sufficient for signal 



transduction[". However proliferation of the FDC-PIIGMRa cell line required a 1000 

fold higher concentration of GM-CSF than cells expressing the high afhity GM-CSF 

receptor. The reason For this became clear with the cloning of a second subunit of the 

GM-CSF receptor. 

The ability of interleukin-3 (IL-3) to compete with GM-CSF for high but not Iow 

afEniry bindingG-ia suggested thai the two receptors might share a common afhitj- 

converting submit [n 1990 a human homologue of the murine IL-3 receptor AIC2A was 

cIoned from an erythroleukemia cell Line cDNA Library using the rnrnine cDNA as a 

probela. The isolated cDNA showed 56% homology to MC2A and 55% homology to 

AICm (a seperate murine gene with 97% homology to AIC?A tbat encodes a non-Iigand 

binding celI d a c e  receptor) but showed no binding activity for human GM-CSF. IL-2, 

[L-3, interIeukin-4 (IL-4)), interIeukin-5 (IL-j), erythropoietin (EPO) or m u ~ e  IL-3. 

However eransfection of the cIoned cDNA into a GMRa expressing cell line (COS- 

7/GMRcr) reconstituted high affmiv (Kd=I20 pM) GM-CSF binding. Further, the I20 

kDa protein encoded by the isolated cDNA could be cross linked with '"I-GM-CSF 

when co-expressed with GMRa suggesting that it was part of the GMR complex. 

Findy, co-expression of the human AIC7AMCX3 homologue (referred to from here in 

as PC) with the Iigand binding subunit of the IL-3 or IL-5 receptors resulted in high 

affinity binding of their cognate Ligands suggesting that Bc was a common affinity 

converting subunit for aU three receptors. 

Reconstitution experiments using the GMRa and PC subunits showed that when co- 

transfected into the inurine factor dependent celI Iines BAF-B03 and CTLL-2 the cek  

wodd bind GM-CSF with high affhityt*. However the BAF-B03/GMRa cell he, Like 

the previously described FDC-PI/GMRcr line, could proliferate ia response to high 

concentrations of GM-CSF wMe tbe CTCL-~/GMRCL ceU h e  codd not- The reason for 

this apparent paradox was that the BAF-BO3IGMRa and FDC-PIIGMRa cell Lines were 

responding to GM-CSF by recruiting the mtnine homoIogue of human PC, Aim, into a 

signal tmnsducing complex, wherease the CTLL-ZGMRCL cell Line did not express 

MC2B and therefore remained unresponsivee Thus, the fimctiond GM-CSF receptor 



was believed to consist of both a ligand binding GMRa subunit and an &ty 

converting Bc subunit that was shared with both the IL-3 and IL-5 receptor systems. 

1.7 Structure of GMRa and PC. The GMRa cDNA consists of a single 1,200 base 

pair open reading W e  that encodes a 400 amino acid protein". The first 22 residues of 

GMRct are a signaI peptide that directs expression of the receptor to the cell d a c e .  The 

mature 378 amino acid subunit has a 298 residue extraceUular domain and a stretch of 26 

uncharged amino acids that encode a single membrane spanning domain. The 

c y t o p l ~ * c  domain of GMRcr consists of 54 residues. The predicted molecular weight 

of GMRa is 43,728 Daltons however it migrates as an 80,000 Dalton protein by 

denaturing SDS-PAGE reflecting substantial carbohydrate modification of its L I  

potential N-gIycosyIation sites. 

The PC cDNA consists of a single open reading h e  of 2.69 1 base pairs encoding an 

897 amino acid polypeptide14'. The fit 16 amino acids are also a signal peptide that is 

cleaved prior to cell surface eqression. The mature PC protein consists of 88 1 residues 

divided into a 421 residue extracellular domain. a 27 ;Mino acid hydrophobic membrane 

spanning domain and a 433 amino acid cytoplasmic domain. PC migrates as 120.000 

Dalton protein by SDS-PAGE. 

1.8 The cytokine receptor superfamiIy. The cytokine receptor superfamily 

includes a number of individual receptor families for the interIeukins, the colony 

stimulating factors and related hematopoietins, the interferons, the TNF famiIy of 

cytokines, the chemokines and the growth factors. GMRcr and f!c belong to the type I 

family of cy tohe  receptors by virtue of shared strucnnaI and firnctional motifsiQ. Type 

I cytokine receptors have a single membrane spanning region where the N-terminus of 

the receptor exists outside of the ceff and the C-terminus within the cell. None of the type 

1 cytokine receptors have intrinsic base  activity but instead associate constitutively 

and/or inducibly with cytoplasmic signaling moledes. The type I f d y  contains four 

identifiable subfamilies that are dehed by the sharing of a sin& receptor subunit 

between more than one individual cytokine- For example, the members of the IL-6 

subfamily share the gpL30 receptor submit whiIe members of the GM-CSF subfamily 



share the receptor submit. The exttacelidar domain of the type I cytokine receptors 

consist of at least one cytokine receptor homology (CRH) region that is defined by a pair 

of fibronectin-type III (FNm) bundles connected at 90 degrees to each other by a short 

helical hinge region. The GMRa submit has a single CRH domain while PC has two. 

Each Mm bundle is made up of 7 B strands arranged into two pleated sheets. Most 

members of the family also have additional stmcturai features such as unique 

immunoglobulin-like domains or unique N-terminal sequences. Unique amongst the 

family is the CNTF receptor which does not have a cytoplasmic or transmembrane 

domain but is instead anchored to the cell surface via a glycophosphatidylinositol (GPO 

linkage. The type I cytokine receptor famfiy and the cytokine receptor superfamily in 

general is also characterized by the existence of soluble variants of nearly a11 ligand 

binding subunits as well as soIubIe variants of certain signal ~ s d u c i n g  subunits (see 

below). 

Closer inspection of the amino acid sequence of members of the cytokine receptor 

superfamily shows a number of conserved motifs. The N-terminal domain contains four 

conserved cysteine residues that mediate NO intrachain disulphide bonds, while the 

membrane proximal region of the edxtraceIIuiar domain has a highly conserved 

tryptophan-se~e-X-tryptophan-serine (WSxWS) motif of trnknown function. Within the 

membrane proximd region of the cytoplasmic domain are mo prohe  rich motifs (box I 

and box 2) that are involved in signal transduction. 

1.9 The soluble GM-CSF receptor. A common feature of the cytokine receptor 

superfamily is the existence of solubIe variants of the Ligand binding subunits and of 

certain signal transducmg subuniututn. Soluble receptors arise through proteolytic 

cleavage or alternative splicing. Loss of the membrane spanning and cytoptasmic 

domains results in expression of the extracellular domain of the cognate cell surface 

receptor into the pmceLInlar milieu, SolubIe receptors can act as ago-? antagonists or 

carriers of their respective Ligaods. SurprisingIy the activities desmied are not m d y  

excIusive as certain receptors have been shown to act as both agonists and antagonists. 

Using the avaiIable seguence data for GMRcr a soIubIe variant of GMRcr (sGMRa) 

was *aIIy cloned Eom a hmnan placental cDNA I%raryt*. The cIoned cDNA shared a 



nucleotide sequence encoding 3 17 of the 320 residues of the extracellular domain of 

GMRa but was missing a 97 bp sequence that encoded the 27 residue transmembrane 

domain. Further, the excision of an odd number of nucleotides &om the gene sequence 

generated a frameshift in the coding sequence that replaced the 54 residue cytoplasmic 

domain of GMRa with a unique set of 16 amino acids. The presence of alternative splice 

consensus sequences ib&ihg he  excised transmembrane exoo suggested that SGMRU 

was a naturally occuring splice variant of GMRa and not an artifact of the cIoning 

procedure. 

sGMRa binds GM-CSF in solution with the same a f i i t y  as GMRcrlU-ts and can 

antagonize GM-CSF-mediated proliferationul and bone marrow colony formationl*. 

Exogenous sGMRcr can not associate with $c even in the presence of GM-CSFL*tm-". 

Paradoxically, co-expression of sGMRa with Bc resuits in their cell d a c e  hteraction~" 

and the formation of a high affinity GM-CSF binding compIexfJO. It is not known why 

co-expression of sGblRu with Bc induces the tethering of sGMRa to Bc cja the ceI1 

nuface to form a heteromeric complex that can bind GM-CSF while an independent 

source of sGMR& although able to bind GM-CSF in solution, can not associate with PC. 
Further, it is not clear whether the sGMRa/Bc cell d a c e  complex can induce a 

biological response either in the presence of absence of GM-CSF. 

1.10 Activation of the GM-CSF receptor complex The mechanism through which 

GM-CSF binding to the GM-CSF receptor stimulates a biologicd response is poorly 

understood. The low affinity interaction of GM-CSF with GMRalS is necessary for 

interaction with Bc since in the absence of GMRK Bc shows no intrinsic atfinty for GM- 

CSFt4t. However, in the presence of G M W  flc is believed to directly interact with GM- 

CSF to form a high afEnity complex. A recent set of experiments has demonstrated that 

high d t h i t y  binding of GM-CSF is necessary but not sufficient for signal transdudonm. 

GMRa and PC were shown to form a disdphide bonded heterodimer upon GM-CSF 

binding that is mediated through fke sulhydryl groups in the N-terminus of PC and 

GMRa. Importantlyv mutation of these cysteine residues to danine does not affect high 



afhity GM-CSF binding but instead completely abrogates signal transduction suggesting 

that Ligand binding and receptor activation are dissociable events. 

While high &ty Ligand binding results in the formation of a GMRcr-Bc 

heterodimer that is involved in signal traasductiontn formation of this complex is not 

absolutely necessary for bioIogicaI activity. Homodimerization of  PC using receptor- 

 hime eras^^*^^^ or through r n ~ f a u o n ~ j " ~ ~  results in constitutive activation and signal 

transduction. On the other hand. the wild type PC-subunit has been demonstrated to exist 

on the cell d a c e  at least in part as a disulphide bonded homodimer that is inactive in 

the absence of GMRa and GM-CSFU9 suggesting that Facile homodherization of PC is in 
itself not sufficient for signal transduction. 

GM-CSF signal transduction is initiated by transphosphory lation of non-receptor 

tyrosine b a s e  moIecules of the Ianus kinase family (JAKZ) that are associated *th the 

cytoplasmic domain of pc1w. Assembly of the GM-CSF receptor compiex is believed to 

bring two or more JAKZ subunits into close enough proximity to induce 

auto~sphosphorylation resulting in activation of the tyrosine kinase activity of the 

JAKZ molecules. Phosphorylation of Bc by the IAK2 molecdes generates docking sites 

for m-homology 2 domain ( S H 2 )  containing sipding and adapter molecules such as 

signal transducers and activators of transcription (STATs), members of the src-family of 

non-receptor tyrosine b a s e s  and adaptor moIecuIes such as SKC resulting in Initiation 

of the signal transduction cascadet6t-I=. 

1.11 The sGMRcr transcript is present in all celIs that express celI d a c e  GMRa 

However, the sGMRa protein has yet to be identified in media conditioned by cells that 

contain the sGMRa transcript Since transfection of the sGMRa cDNA into 

hematopoietic cells d t s  in secretion of ample sGMRa protein into the media, I wodd 

hyothesize that the sGMRa protein would also be secreted fiom non-transfiected cells that 

contain the sGMRa tran.scrip~ Therefore, one objective of this &esis was to determine if 



the naturalIy occuring sGMRa protein was secreted by leukemic cell lines and human 

neutrophils and determine if it was present in n o d  human pIasma and in human plasma 

isolated during peripheml blood stem cell hamest 

1.12 The mechanism of assembly of the cell d a c e  GMR complex is poorly 

understood. It is believed that the GMRa and PC subunits have no intrinsic dEGty for 

one another in the absence of GM-CSF and, since Bc has no Inuinsic aEtinity for GBI- 

CSF, it is the association of GMRa with GM-CSF that drives the interaction with fk. 

Furthermore. since the cytoplasmic and transmembrane domains of GMRcr are not 

necessary for binding GM-CSF and the cytoplasmic domain of PC is similarly not 

required for the interaction of PC with the GMRdGM-CSF complex, it is believed that 

the interactions that mediate the stepwise formation of the GMR complex are mediated 

through the e.xtraceUdar domains of GMRa and PC. 1 would hypothesize that the 

extracellular domains of GMRa and Bc are M y  capable of reconstituting the stepwise 

assembly of the high-affinity GMR complex in vim. Therefore, a second objective of 

this thesis was to engineer, express and characterize solub[e isoforms of the GMRcr and 

Bc subunits that contain only the extraceuular domains o f  their cognate ceLI surface 

receptors in order to determine if the e?ctracelIdar domains of GMRa and Bc mediate the 

assembly of the high-affinity GM-CSF receptor complex. 



CHAPTER 2 

GENERAL MA-S AND METHODS 

Recombinant DNA procedures 

2.1 PCR amplification. The poIjmerase chain reaction rvas employed to 3mpW 

DNA hgments. Each 50 pL reaction contained 5 pL+ of Pfir polymerase buffer, L unit of 

P'ir DNA polymerase, 3 mM MgCI2, 0.4 mM each of the four dinucleotide triphosphates, 

20 pmol of each primer, and 20 ng of plasmid DNA. The amplifcation conditions were 

30 cycles of (I) denaturation at 94OC for 1 minute. (2) annealing at M°C for 1 minute and 

(3) extension at E0C for 3 minutes. 

2 2  Purification of DNA from agarose gels. DNA inserts were routinely purified 

from melted agarose gels using a siIica matrix (Geneclean II, Bio I01 [nc., Lo JolIa 

CA). Briefly 4.5 voiumes of a 6M NaI solution and 0.5 voIumes of ?'BE buffer (90 mM 

Tris-borate, 2 &I EDTA) were added to the DNAIagarose mix. The solution was 

incubated in a 55'C water bath until the agarose was melted. 5-10 pL of a silica matrix 

was added to adsorb the DNA. The reaction was incubated for 15 minutes and the 

silica/DNA was precipitated by centrifugation. The pellet was washed with a 

NaCVEDTA buffer and the DNA was eluted fiorn the silica by incubating the peKet with 

I2 pL of ddH20 for 3 minutes at 5j°C. The elution procedure was repeated twice. 

2.3 Agarose gel electrophoresis of DNA. DNA was size hctionated by 

eIectrophoresis through a 0.8% agarose/TBE gel containing ethidium bromide (0.5 

gg/mL) for 30 minutes at 90 mV. The gel was visualized on a flatbed UV Light box at 

212 nm, 

2.4 DNA ligation. Ligations of DNA hgments into plasmid vectors were routinely 

performed by incubating 100 ng of  Iinearized plasmid DNA with a 5 foId molar =cess of 

DNA insert in a 20 pL volume containing I unit of T4 DNA Iigase (Gibco BRL Life 

Technologies Inc., mssissauga, ON) and 4 @ of ligase buffer. The reaction was 

dowed to take pIace at I6OC for I8 hours. 



2 5  Transformation of bacteria. 40 pL of competent E. coli celis were incubated 

for one hour on ice with i ug of plasmid DNA. The bacteria were induced to take up the 

DNA by heat shock for 45 seconds at 42'C. The tubes were chilled on ice for 2 minutes 

and 450 pL of SOC media (2% bactotryptone, 0.5% yeast e m c &  10 mM NaCI, 2.5 mM 

KCI, 10 mM MgCh, 10 m M  MgS04, 20 mM glucose) was added. The culture was 

incubated for I hour at 3PC before plating on LB-ampic Wagaxme plates (1 0 g bacto- 

tryptone, 5 g bacto-yeast, I0 g NaCI. 1 L ddH20, pH 7.0, 15 g agaroselO0 u g / d  

ampicillin) (the ampicillin resistance gene was rountinely incorporated in both cloning 

and expression vectors and was therefore used to select for transformed bacteria). For 

vectors containing the B-galactosidase gene the transformed bacteria were plated in the 

presence of X-gaI (40 pL of a 20 rnglmL solution in dimethyWomamide) and PTG (4 

p.L of a 200 mg/mL solution) (Sigma) to allow for blue/white selection of bacterial 

colonies containing the recombinant vector. 

2.6 Small scale preparation of plasmid DNA: Lminipreps". 1.5 mL of an 

overnight bacterial culture was transferred to an eppendorf tube and cenf iged at 12,000 

r g for 1 minute. The supernatant was discarded the pellet was vortexed with 100 pL of 

ice cold solution I (50 mM glucose, LO mM EDTA. 25 mM Tris-HCL pH 8.4 mgmL 

Lysoqme) and incubated at room temperature for 5 minutes. The bacteria were lysed and 

the nucieic acids denatured by gentIy cnkhg 200 pL of kshly prepared solution II 

(02M NaOH, 1% SDS) with the reaction mixture. Following a 5 minute incubation on 

ice the DNA was renatured and the protein-nucleic acid complexes precipitated by 

vortexing the mixture with I50 pL of ice cold solution 111 (90 pL of 3 M potassium 

acetate, 1725 25 of glacid acetic acid, 57.25 p.L ofdc(H20). The tubes were incubated 

for 5 minutes on ice and centrifbged for 5 minutes at maximum speed to remove the cell 

debris. The supernatant containing pIasmid DNA and bacterid RNA was m e r r e d  to a 

ksh tube conraining 1 mL. of absolute ethanol and mixed The tube was c e n a g e d  for 

10 minutes at m a e m  speed and the ethanoi was removed The pelIet was washed with 

700 pL of 70% ethanol and peIIeted by cenmgation for 2 minutes- The ethanol was 



removed and the pellet was dried. The pellet was resuspended in 40 pL of 20 pgmL 

DNase-free b e  A in ddH200 

2.7 Restriction digests. Restriction enzyme digests of DNA were routinely 

performed for 1 hour at 37°C in a 20 pL volume contahhg 2-15 pL of a plasmid DNA 

soIution, 2 pL of 10 x enzyme buffer and LO units of restriction enyme (Gibco BRL Life 

TechnoIogies Inc). 

2.8 PCR-based DNA sequencing. DNA sequencing was done by PCR using 

fluorescent dideoxynucleotides. A 20 pL solution containing 9.5 pL of sequencing miu 

(PE Biosystems, Mississauga, ON), 1 pg of plasmid template and 3.2 pmol of primer was 

subjected to 30 cycles of PCR consisting of (1) denaturation at 96OC for 30 seconds, (2) 

anneahg at 50°C for 15 seconds and (3) extension at 60°C for 4 minutes, The amplified 

product was separated from the oil and precipitated from solution by incubating the 

mixture with 2 p.L of a 3M sodium acetate soIud*on and 50 pL of 95% ethanol at -80°C 

for 10 minutes. The DNA was pellered by centrifugation at 12.000 x g for 10 minutes 

and washed once with 250 pL of 70% ethanol. The pellet was dried and &erred to 

&e University of Calgary DNA Sequencing Facility for analysis. The redtant 

chromatographs were analyzed using the SeqEd DNA sequencing program. 

2.9 Large scale preparation of plasmid DNA from bacteria: umaxipreps". A 3 

mL overnight bacteria1 culture was used to innoculate 500 mL of LB broth containing 

500 pg of ampicillin. The culture was incubated overnight at 37OC. The cuIture was 

divided in half and &erred to 250 mL centrifhge tubes. The bacteria was precipitated 

by centdigation for 5 minutes at 7?000 rpm and the supernatant was discarded. The 

individual peIIets were re-suspended in 6.5 mL of solution I and &erred to 50 mL 

Oakridge tubes, The bacteria were Iysed dming a I0 minute incubation on ice with I3 

mL of freshly prepared soIution II. 6 5  mL of ice cold soIution III was added to each tube 

and the miaure was incubated on ice for 20 minutes &er which the debris was pelleted 

by centrifigation at 12,000 rprn for 10 minutes. The supernatant was &erred to &h 

50 mL Oakridge tubes and mixed with 0.6 volumes of isopropanol. The tubes were 

centritbged at 8,000 rpm for 5 minutes and the supernatant was discarded The pellets 



were resuspended together in 24  mL of ddH20. 2.64 g of cesium chloride and 300 jL of 

ethidium bromide (10 mg/mL) were added to the resuspended DNA and the mix was 

tm&ened to a 5 mL ultracentrffbgation tube (Beclanan). The tube was centrifuged for 4 

hours at 95,000 rpm. The band containing the plasmid DNA was removed using a 

syringe and 21 gauge needle. The ethidium bromide was removed by extraction with 

butanol and the plasmid DNA was diaIyzed overnighr The DXA was precipitated by 

incubating the solution with 0.1 volumes of 3M sodium acetate and 2.5 volumes of 95% 

ethanol for 30 minutes at -70°C followed by centrifugation for 10 minutes. The 

supernatant was discarded, the pellet was dried and resuspended in I00 pL of ddHzO. 

The DNA concentration was determined by W spectrometcy at 280 nm. 

Tissue culture and ceU transfections 

2.10 Propagation of mammalian celI lines. BHK-21 and HL-60 cell Liaes were 

grown to confluence in static cetl culture at 37OC and 5% Cot in Dtdbecco's modified 

Eagle's medium/HamTs F12 medium (DMEM/F12), 10% fetal calf serum and I% 

antibiotic-antimycotic solution (Life Technologies, hc., Mississauga ON). U-937, W- 

1 and K-562 cells were grown to confluence in static celI cuIture at 37OC and 5% C02 in 

RPMI-1640, LO% fetal caIf senun and 1% antibiotic-andmycotic solution. B E - 2  1 cells 

were subcultured at confluence (approximateIy every 48 hours) by removing the culture 

media, washing the cell monolayer Mice with 5 mL of Puck's media (5.4 mM KCIl 140 

mM NaCI, 4.2 mM NaHC03, 5 mM dextrose. 10 mM HEPES, I rnM EDTA) and 

incubating the plates at 37°C for 5 minutes. The monolayer was disrupted by tapping the 

prates and the cells were rendered into suspension by gentle pipetting with 1 mL of tissue 

calture media. 20% of the cells were repIated into I 0  mL of k s h  cuiture media. Non- 

adherent hematopoietic cells (HL-60, U-937, THP-1 and K-562) were subcultured by 

removing approximate1y 80% of the culture media and cells and replacing this with tksh 

CUIttrre media 

2-11 Propagation of insect eel[ Iines. Bm-5 cell h e s  were grown in IPL-41 insect 

media (Lac Technologies) snppIemented with 10% fetal bovine serum (JRH Biociences, 

Lenexa, KA) and 02 g/L L - ~ ~ e ~  1.0 @I. D-glucose. Cek were grown in 25 ad 



T-flasks in ambient air at 28OC. Bm-5 cells were subcultured weekly by removing one 

fifth of the cells and culture media and replacing it with f i s h  media Bm-5 cells were 

rountinely cultured in 125 mL spinner flasks on stirrer plates in 100 mL of media 

containing 10' viable cells/ mL. 

2.U Transfection of recombinant plasmid DNA into mammalian cell lines by 

enleiurn phosphate precipitation. I0 pg of p l W d  DXA was resuspended in stede 

dd&O to a find volume of 440 pL. 62.5 pL of a 2M CaCh solution was added to the 

DNA and mixed. 500 pL of a 22~ HEPES buffered saline solution (HBS, 50 mM HEPES 

buffer, 280 rnM NaCI, pH 6.95) and 10 pL. of a 0.07M NazPQ solution were mixed 

together in a 5 mL glass tube. The DNA/CaC12 solution was slowly pipetted into the 

bottom of the glass tube and mixed by gently bubbIing the soIution. This was allowed to 

sit for 30 minutes at room temperature prior to pipetting over a monolayer of adherent 

BHK-21 cells (30% confluent) in LO mL of tissue culture media. The cells were 

incubated overnight in the &kction media before adding fresh media to the plates. 

2-13 Transfection of recombinant plasmid DNA into insect cell lines by lipid 

uptake. Bm-5 celis were resuspended in IPL-41 media at a density of 5x10' ceIIslmL. 2 

mL of the suspension was plated into each wen of a 6-web plate (35 mm diameter. 

FaIcon) and allowed to adhere during overnight incubation. Prior to traasfectioa the cells 

were washed twice with I mL PL41 media Plasmid DNA and Lipofectin (Life 

TechnoIogies) were made up separately in PL-41 media, then re-combined to make a 

t d e c t i o n  soIution containing 30 pg/mL Lipofectin and 6 pgmL DNA. The soIution 

was incubated on ice for 15 minutes and 550 pL was added to each well. The 

uansfection was allowed to proceed for 5 hours at 28'C at which time the c e k  were 

washed once with 2 mL IPL-SI and 2 mL complete medium was added to each well. 

2.14 Propagation of ceil lines in the absence of fetaI calf serum. BHK-21 cells 

were f b t  subcdtured into DMEMIFI2 basal media supplemented with 10% fetal calf 

serum for four hours to allow the cells to adhere to the plates prior to being traderred to 

a compIete senrm free media (OPTI-MEM? Gibco BRL M e  TechnoIogies [nc.). BHK- 



21 cells could be cultured for 24-48 hours in the absence of FCS without significant loss 

of viability. 

Bm-5 cell lines were adapted to long term growth in senun free media (EC401, JRH 

Bioscience) by sequential diIution out of serum containing media into serum free media. 

The cells were subcultured twice in the previous dilution of tissue culture media before 

Lhe proportion of I P L ~ ~ I ' ~ O % F C S  %-as reduced a+ by half. Tfre adaptation process 

took approximately two months. 

Protein assays 

2.15 Quantitation of GM-CSF. ClinicaI grade GM-CSF of known concentration 

was used for all experiments (Sargramostim Leukine, a gift if Immunex Inc., SeattIe, 

WA). The concentration of '7-GM-CSF (Dupont NEN. Mississauga, ON. Canada) was 

confirmed independentIy of the manufacmeres cIaims using a GM-CSF specific 

sandwich ELISA. MI incubation steps in the following ELISA protocol were followed 

by three washes in wash huffier and unless otherwise indicated d solutions were made up 

in blocking buffer (phosphate-buffered saline, 2.7 mM KCI. 8.1 m M  NatHP04. 1 -47 mM 

KHtP04, 137 mM NaCI, containing 2% BSA, 0.05% Tween-20, BDH Inc. Toronto, ON) 

and were used at 100 pL/weII. A 96 weff plate was incubated with a I/2000 dilution 

(dilution buffer 0.1M Na2C03, pH 9.6) of an anti-GM-CSF monoctonal antibody for 2 

hours at 37OC and blocked for 2 hours. The plate was incubated with unknown antigen or 

GM-CSF standard for one hour at 37OC. The plate was incubated with a if2000 dilution 

of rabbit ad-GM-CSF anti-sera for one hour at 3PC foff owed by one hour with a 111 000 

diIution of streptavich conjugated goat-anti-rabbit antr'body. The pIate was incubated 

with a 111000 diIution of biotinylated-hone radish peroxidase (W) for one hour 

fobwed by OPD solution (4 mg o-phenylenediamine substrate, 1 pL. Hz&, 10 mL IM 

NaCitrate, pH 5.0). The coIorimetric reation was stopped by incubating the plate with 

50 F w e l I  of 1M H 2 S 0 4  and the redts were vi&ed on a muItiweU W absorbance 

reader at 492 ML The effective range ofthe ELISA was between 8 p g M  and 1 ng/mL. 

2J6 Quantitati~n of sGMRa and ECDa. sGMRa and ECDa were ~nantitated 

using a commercially available EUSA (rGM-CSF, Immunotech, MarseilIe, France). 



Briefly, 50 ZIL/welI of sample or a£hity p d e d  and quantified SGMRCX protein (20 pM 

to 1280 pM) was added to a 96 well plate that was pre-coated with an anti-sGMRcc 

monoclonal antibody. Following washing, 50 pL/weI.l of a biotinylated-rabbit anti- 

sGMRa antibody and 100 pL of streptavidin-conjugated-HRP goat anti-rabbit antibody 

was added to each well. The presence of receptor was detected using a chrornogenic 

peroxidase substrate that was visualized at 450 nm on a microplate reader. The efective 

range of the assay was 20 pM to I280 pM. 

2.17 SDSPAGE. Proteins were boiIed in 2X SDS-PAGE loading buffer (62.5 mM 

Tris-HCL pH 6.8,20% glycerol, 4% SDS, 0.025% bromophenoI blue) in the presence or 

absence of I.5M of the reducing agent p-mercaptoethanol @ME. Sigma). The 

solubibed and denatured proteins were electmphoresed on 840.5% SDS polyacrylamide 

&gels €or 2 hours at 100 volts using a mini-gel apparatus (Mini-Protean [It Bio-Rad 

Laboratories Ltd., Mississauga ON). 

2.18 Western bIotting. Fractionated proteins were transferred to polyvinytidene 

fluoride membranes (Immobilon-P PVDF? Millipore) according to the manufacturers 

instructions using a mini trans-blot apparatus. The blots were air dried. re-wet in 

methanol and blocked for 12 hours in 2.5% BSA in Tris-buffered saline (TBS, 20 mM 

Tris pH 7.4, 137 mM NaCI). The blots were probed with either anti-GMRa mAb 8G6 or 

anti-f3c mAb ICI diluted L/S000 in TBS-T (TBS containing 0.2% Tween-20) for 2 

hours. The blots were washed once with TBS-T and incubated for I hour with a horse 

radish peroxidasesonjugated rabbit-anti-mouse IgG secondary antibody (BioICan 

Sciendtic, Mississauga, ON) diluted 1122,000 in TBS-T. The blots were washed 

extensively and visualized by enhanced chemiluminesence (ECL, Amersham Life 

Sciences, OaIcville, ON) and exposure to x-ray h. 

2.19 Dot bIotting. Dot biotting was performed using a vacuum fiItration apparatus 

(Gibco BRL LEe TechnoIogies hc.) and PVDF membraue- The P W F  membrane was 

wet in rnethanoi? e@%rated in phosphate-buffered saIine (PBS, 2.7 m M  KCI, 8.1 mM 

NaDO4. 1-47 mM rn2P04,  137 mM NaCI) and assembIed into the filtration device. 

CeII conditioned media or chromatography fractions (100-500 pL) were pipetted into 



individual wells and adsorbed to the membrane by vacuum filtration. 200 pL of PBS was 

then washed through each wen to ensure that the entire sample reached the membrane. 

The apparatus was dismantled and the membrane was dried Western blotting was 

performed as described in 2.1 8. 

230 Silver staining of SDS-PAGE gels. The geI was fixed in 50% rnethanolllO% 

acetic acid for 10 minutes hen 5% merhanoii7D% acetic acid for I0 minutes. The gel was 

soaked in kshly made 1% gluteraldehyde for 15 minutes and washed extensively in 

water for one hour. The gel was soaked in 5 pg/mL solution of dithiotreitd for LO 

minutes then in 0.1% silver nitrate for I0 minutes. The gel was rinsed twice in ddK20 

then once in developer (50 pL 37% formaldehyde in 100 pL of 3% NaK03) before 

developing to the desired exposure. The reaction was stopped with 5 mL of glacial acetic 

acid, 

2.21 Coomassie biue staining of SDS-PAGE gels. SDS-PAGE gels w e e  fixed in 

50% rnethano[/lO% acetic acid for 30 minutes and stained with 0-I% Coomassie Blue 

EU50 in 10% acetic acid for 30 minutes. The gel was destained in 10% acetic acid until 

the background was clear. 

2.22 Coomassie blue staining of PVDF membranes. PVDF membranes were 

rinsed in water for 5 minutes then staked with 0. i % Coomasie B d h t  Blue R250 in 

50% methanol for 2 minutes. The membrane was destained for 5-10 minutes in 45% 

methanol then rinsed in ddH20 and dried, 

2.23 Preparation of the GM-CSFSepharose 4B affinity coIumn. 1 mL of N- 

hydroxysuccinimide (NHS)-activated agarose beads (NHS-Sepharose 4B Fast Flow, 

Pharrnacia Biotech, Baie d'Urfe, PQ) was washed three dmes with 10 mL of an ice cold I 

mM HCI solution (pH 3.0) . The beads were incubated overnight at J°C with L mL of a 

Img/mL soiution of  GM-CSF. Unconjugated MIS active sites were blocked by 

incubating the ssIuuy with Tris-buffered saIine (TBS, 20mM Tds pH 74,137 m M  NaCI) 

for 4 homs at 4OC. The stmy was -erred to a I0 mL pIdc column and washed 

extensively with phosphate-bufEkred saline (PBS, 2.7 mM KCIT 8.1 mM N-04. 1-47 

rnM 137 mM N Q .  The colmnn was stored at P C  in PBS containing 0.02% 



234 Affinity purification of sGMRa and ECDa. sGMRa and ECDa were 

purified from cell conditioned media using the GM-CSF affmity column. 200 mL of 

BE-21/sGMRcc conditioned media or 20 mL of Bm-S/ECDa conditioned media were 

dowed to flow through the column by gravity. The coIumn was washed with 70 mL of 

phosphate-buffered saline (PBS, 2.7 mM KCI, 8.1 m M  NatHP04, 1.47 mM K&PQ, I37 

mM EiaCIj and the adsorbed proteins were eiuted with a O.iM giycine bGer  (pH 2.5). 

The column was eluted in I mL fractions which were immediately neutralized with 20 

pL of 1M Tris buffer (pH 9.0). 

2.25 Preparation of GM-CSF, sGMRa and ECDa protein-bead conjugates. 

CIinicaL grade GM-CSF and &m*ty purified sGMRa/ECDa were conjugated to NHS- 

activated Sepharose 4B as described in 2.23. 

2.26 Protein affinity adsorption assays. A typical GM-CSF affinity adsorption 

assay was pecformed as foIIows. I00 pL of a 10% slurry of GM-CSF-beads were 

incubated at room temperature for 2 hours with 12 mL of BHK-ZI/SGMRCX+ECD$C 

conditioned media or BHK-2I/sGMRa conditioned media or I mL of Bm-S/ECDct 

conditioned media The protein complexes bound to the beads were pelleted by 

centrifugation at 12,000 x g and washed in phosphate buffered saline containing Tween- 

20 (PBS-T, 2.7 mM KCI, 8.1 m M  Na2HPO~. 1.47 rnM -Pa, I37 mM NaCI, 0.02% 

T.ween-20). The protein-bead aggregates were then incubated for 12 hours at 4OC with 

either 12 mL of BHK-2I/ECDpc conditioned media or I mL of Bm-SECDfIc 

conditioned media. The beads were again pelIeted and washed and the protein complexes 

were eluted Eom the beads by boiIing in ZX-SDS-PAGE gel Ioading b e e r  containing 

I 5M fLmercaptoethanol. 

237 ~nnoprecipitations. I mL of cell conditioned media was incubated with 

I0 pL of a 50% slurry of protein-A sepharose (Protein-A Sepharose Fast Flow, 

Phannacia) in phosphate-buEered sahe (PBS, 2.7 rnM KCL 8.1 mM Na2HP04. 1.47 mM 

KH2PQ, 137 mM NaCI) for 30 minutes at 4'C to reduce non-specific interactions. 

Receptor subunits were precipitated from conditioned media by incubation for 2 hours 

with I pg of either an anti-GMRa or anti-$c mAb (gifts of A- Lopez), respectively. The 



irnmtme complexes were immobilized on 30 pL of a 50% slurry of protein-A 

sepharoseRBS by rocking at 4OC for 12 hours. The immobilized proteins were peueted 

Eom solution by centrifugation for 10 minutes at 12,000 x g and washed three times with 

500 pL of PBS-T (PBS with 0.02% Tween-20). The proteins were eluted kom the 

sepharose beads by boiling for 10 minutes in 3X SDS-PAGE loading buffer containing 

1.5M ~rnercaptoethanol. 

2.28 t 2 % - ~ ~ - ~ ~ ~  cell-associated receptor binding assays. Adherent cells were 

harvested, counted and washed as descnied. A ligand sotutioo containing 5 pM to 10 

nM of '%GM-CSF alone or in combination with a 100 fold excess of unlabelled GM- 

CSF was prepared in receptor binding buffer (RPMI 1640,1% BSA, 2SmM HEPES, pH 

4 106 cells were incubated with 20 pL of either Iigand solution for 1 hour at room 

temperature at which time 80 pL of ice cold binding buffer was added to each tube- 

Following a 15 minute incubation on ice. the samples were layered on a 100 pL cushion 

of phthalate oil (60:JO dibutyl phthaiate:dinonyl phthdate) and centrifuged at 12,000 rpm 

for 6 minutes to separate h e  ligand trom cell-associated ligand. The radioactivity of the 

cell pellet and supernatant was measured using a y-counter. 

2 3 9  t U ~ - ~ ~ - ~ ~ ~  soluble receptor binding assays. SampIes were incubated in 

receptor binding buffer with varying concentrations of l Y - ~ ~ - ~ ~ ~  in the presence or 

absence of a 100 fold molar excess of unlabelled GM-CSF to a find voIume of 50 pL. 

Mer one hour at room temperature the reaction was stopped with the addition of 50 p.L 

of ice cold receptor binding buffer containing 20 mg/mL each of BSA and bovine IgG 

foIlowed by 100 pL o f  ice-cold binding buffer containing 500 mg/mL polyethylene 

gIycol 6000. The reaction was incubated for 15 minutes on ice, layered on a I00 pL 

cushion of phthdate oiI (90% dibutyl phthalate: 10% dioonyl phthdate) and centrifuged 

for 6 minutes a 12,000 rpm at PC.  The receptor bearing pellets were separated from the 

supernatant by cmhg off the bottom ofthe tube. The radioactivity of the pellet and the 

sapematant was measured on a y-counter. 

230 CoId saturation binding assays and Dixon nnatysis. Dissociation constants 

for receptor submits were determined by Dixon a ~ L ~ s i ~ ~ ~ ~  of T-GM-CSF soInbk 



receptor binding assay data performed using £ixed concentration of radiofigand and 

saturating concentrations of uniabelled GM-CSF. Briefly, soluble receptor binding 

assays were performed in the presence of two fixed concentrations of '9-GM-CSF 
(determined empirically as the concentration that provided a strong radioactive signal but 

remained low enough to allow complete competition using unlabelled GM-CSF) and 5 

pM ro 800 nM uniabened GM-CSF. KQ~-specific binding of ' 2 % - ~ h ~ - ~ ~ ~  (calcdated as 

the number of bound counts remaining when the assay was performed in the presence of 

800 aM of dabelled GM-CSF) was subtracted from all results. The reciprocal of the 

number of speciflcaUy bound counts per minute was plotted against the concentration of 

dabelled GM-CSF added to each tube (nM) according to the method of Diuon. The 

results of the experimental sets performed at different concentrations of "11-M-CSF 

were plotted on the same graph. Regression analysis was performed on the linear portion 

of the lines and the point of intersection of the two lines was extrapolated to the x-axis. 

The absolute value of the extrapolated point of intersection was an estimate of the 

dissociation constant- 

231 Fluorescent activated cell sorting (FACS) analysis. Adherent cells were 

harvested according to the method described. to6 cells were washed 3 times with 1 mL 

of phosphate btrffered saline (PBS? 2.7 mM KCI, 8.1 mM Na2HPO4. 1.47 m M  -PO& 

137 mM NaCI). The cells were incubated for one hour at room temperature with L mL of 

a t/2000 dilution of primary antibody (anti-GMRa mAb 8G6 or anti-PC mAb 1C1, gifts 

of A. Lopez)) or PBS done. The ceUs were washed 3 times with PBS and incubated for 

one hour at room temperante with 4 pL of a ffuoroisothiocyanate (ETTC) conjugated 

goat-anti-moose secondary antiiody (Becton Dickinson, Mississauga, ON) in minimal 

voIme. The cells were washed 3 times with PBS, resuspended in 1 mL PBS and the 

dative ffuorecence was analyzed using a £low cytometer (Becton Dickinson). 



CaAPTER3 

I D m C A m O N  OF THE NATURALLY OCCURING 

SOLUBLE GM-CSF RECEPTOR PROTEIN 

3.1 Introdnction 

The Iigand binding subunit of the GhLCSF receptor (GbIRu) w-as donzd in 1989 

fkom a human placental cDNA Iibraryl". GMRa is a 400 amino acid membrane 

spanning protein consisting of a 320 amino acid extracellular domain, a single membrane 

spanning domain and a short cytoplasmic domain. Using the available seqyence data for 

GMRa a soluble variant of GMRa (sGMRcr) was cloned from a human pIacental cDNA 

L'brafyi4. The cloned cDNA shared a nucleotide sequence encoding 3 17 of the 320 

residues of the extracellular domain of GMRa but rvas missing a 97 bp sequence that 

encoded the 16 residue transmembrane domain. Further, the excision of an odd number 

of nucleotides from the gene sequence generated a frameshift in the coding sequence that 

replaced the 54 residue cytopIasmic domain of GMRa with a set of 16 amino 

acids. Following cleavage of the 22 amino acid N-terminaI signal sequence the putative 

soIubIe GMRa subunit was predicted to consist of 31 1 amino acids. The presence of 

alternative splice consensus sequences flanking the excised transmembrane exon 

suggested that sGMRcr was a natmally occuring splice variant of GMRar 

The sGMRa transcript was later cloned fkom a human megakaryocytic leukemia cell 

h e  (MOO7e)lM, a human choriocarcinoma cell Line (Be Wo)ll a myelomonocytic celI Line 

(AM-193)fit and h m  a human pIacentd cDNA libraryt*. RNase protection assays using 

MO-7e cells, BeWo ceIIs, COS-7 simian kidney cells, JAR human choriocarcinoma ceus, 

human bone marrow and placenta confirmed that the SGMRCX transcript was naturaUy 

occurring and not a product of non-specific PCR amplification. Subcloning and 

expression of the sGMRa cDNA d t e d  m the presence of GM-CSF binding activity m 

the cell conditioned media demonstrating that the cloned cDNA Iikely encoded a soIubIe 

v ~ m t  of GMRa The difficdty in iden-g GM-CSF binding activity in concentrated 

JAR conditioned mediaIn suggested that the sGMRa protein, Iike GMRa, was n o d y  



expressed at low levels. However, the expression of the sGMRa protein in another 

human choriocarcinoma cell h e  (JEG3) was confirmed indirectly the following year by 

chemical cross-linking of a soluble protein to l Y - ~ ~ - ~ ~ ~ l =  that migrated as a 79 kDa 

protein complex by SDS-PAGE. Taking the molecular weight of yeast expressed GM- 

CSF to be 17 kDa the putative sGMRa protein would have a molecular weight of 62 

kDa Interesringiy, the group was unabie to demonstrate sGIIIRtt expression from the 

human histiocytic Lymphoma cell line U937 despite high level e.xpression of GMRa on 

the cell surfaceLY and the presence of the sGMRa transcriptsl~. It was therefore 

suggested that sGMRa may not normally be expressed in human bematopoietic 

Functiond characterization of sGMRa began in I994 with the observation that 

recombinant sGMRa (rsGMRa) can inhibit GM-CSF-mediated proliferation of human 

Leukemic cell lines"'. Further study revealed that rsGMRcr could also antagonize binding 

of GM-CSF to human neutrophils and inhibit GM-CSF-induced bone marrow colony 

formation in vitrol*. The presence of varying levels of sGMRu transcript in a number of 

ceU types and human tissuesl5~+1@) suggested that transcription of sGMRa was a regulated 

event. This hypothesis was strengthened following the observation that sGMRa 

transcription is regulated independentiy of GMRa transcription during HL60 cell 

differentiationlm. However. in spite of the initial success in characterising the activities of 

rsGMRu in vitro the protein had yet to be identified directly as a normal expression 

product of hematopoietic cells. Therefore the purpose of this study was to determine if 

sGMRcr was expressed by hematopoietic cells and if it was present in human peripheral 

blood- 

3.2 MateriaIs and Methods 

3.2.1 Cell lines. Cell Lines were obtained fiom the American Type Culture 

CataIogoe (ATCC, RockviIlev MY). n e  human promyelocytic leukemia celI Iine HL-60 

was maintained in DMEMIFI2 supplemented with 10% fetal calf serum and L% 

antiiiotic/andmycotic (Gibco BRL, Life TechnoIogies, Inc, Mississauga, ON). For some 

experimentsy the ceIIs were -erred to serum fiee media (0PTI:-MEN Gibco BRL, 



Life Technologies, Inc.) 48 hours prior to experimentation in order to reduce the presence 

of contaminating proteins in the conditioned media The human histiocytic lymphoma 

cell line U-937, the human monocytic cell Line THP-1 and the human erythroIeukemic 

ceII line K-562 were maintained in WMU1640 supplemented with LO% fetal calf serum 

and I% antiiiotidantimycotic (Gibco BRL, Life Technologies, hc.), 50 mM glutamhe? 

sodimn p>?uvate, 1% nun-essentid 3.mi.n~ acids and 50 pM $-mercaptoethanol. 

All ceUs were maintained in static culture in a humidified incubator at 37°C and 5% C02. 

Conditioned media was routinely harvested during the e.ponential phase of cel1 growth. 

Cell debris was removed by centrifbgation at 6.000 rpm for 10 minutes. The clarified 

media was stored at -210°C. 

3 2 3  Isolation and culturing of human neutrophils. Neutrophils from heaIthy 

donors were purified by dentran sedimentation, hypotonic Iysis and Histopaque 

centrifugation as previously described[? Except for the dextran sedimentation step, 

which was performed at room temperature, the cells were kept at 4OC throughout the 

isolation procedure. Cell preparations contained greater than 95% neutrophils with 

greater than 99% viability using trypaa blue dye exclusion After isoIation neutrophils 

were =suspended at a find concentration of lo6 ceDs/mL in phosphate buffered sdine 

(PBS, 2.7 mM KCI, 8.1 mM Na2HP04 1.47 mrmM K&P04, I37 mM NaCI) and cultured at 

37°C for 24 hours. 

3 3 3  Norma1 human plasma. One of blood was drawn horn two healthy 

volunteers and collected into hepamized tubes. Cells were removed by centrihgation at 

1,000 rpm for LO minutes. The pIasma was fitrther clarified prior to af3kity purification 

by centrihgation at 16,000 rpm for 30 minutes. 

3.2-3 Peripheral bIood stem cell product (PBSCP). Plasma conditioned by human 

hematopoietic progenitor cells was obtained from peripheral bIood stem ceII (PBSC) 

products colIected as previousiy described"[-1" from stem cell donors undergoing 

Ieukapheresis for autologous or dogeneic stem cell h.anspIant. BriefIy, normal donors 

for allogeneic transpIants were administered recombinant grandocyte-colony stimdating 

factor (G-CSF, Fdgrastim Neupoges Amgen he, Thousand Oaks, CAI, 5-10 pg/kg 

subcutaneously for 4 days prior to harvest The donors for autologous transpIant also 



received G-CSF, 5-10 pgkg subcutaneously starting on day 7 after the administration of 

systemic chemotherapy. In the autologous patients the G-CSF was continued for 4-14 

days according to peripheral blood counts. The administration of G-CSF resulted in the 

proLiferation of myeloid elements and the mobilization of large numbers of progenitor 

cells fkom the marrow into the peripherd blood. The PBSC product was collected by a 3- 

8 hour ledcapheresis procedure during which the ceIls accumulated in a small volume of 

autologous plasma. The stem ceff product was cenf iged  at low speed and the cells 

cryopreserved for Iater transplantation. Our Iab received the remaining supernatant, 

consisting of 50-200 mL of conditioned plasma which was stored at -80°C. Prior to use 

the plasma was cenaifuged at 16,000 rpm for 30 minutes to remove insoluble matter. 

The clarified plasma was then appiied to the G M - C S F - m  cotumn for purification. 

32.5 Affinity adsorption using GM-CSF immobilized on agarose beads. GM- 

CSF was immobilized on agarose beads as in 3.23. 100 pL  of a 10% slurry of GM-CSF- 

beads or mock-conjugated beads (in PBS) were incubated with 15-75 mL of cell 

conditioned media The sampIes were incubated at P C  and rocked for I 2  hours. The 

beads and associated proteins were pelleted by cenuifirgation at 1,400 rpm for I0 

minutes. The supernatant was discarded and the peellet was washed 3 times in 15 mL of 

PBS containing 1% Tween-20. After the final wash the beads were resuspended in 50 a 
of SDS-PAGE Ioading buffer containing 8-mercaptoethanol. The suspension was boiled 

for 5 minutes, centriEuged to pellet the beads and the supernatant was assayed by SDS- 

PAGE and Western bIoning as described in 2-17 and 2.18, AII Western blots were 

probed with the anti-GMRa monoclonal antr'body 256 (a g i f t  of A. Lopez). 

32.6 GM-CSF affinity chromatography. Construction of the GM-CSF affinity 

colmnn is described in detail in 224- EkXcation of conditioned media and plasma is 

descnied individdy for each sampIe in their respective Red t s  sections. The pttriffed 

products were analyzed by soluble '3-GM-CSF binding assay as desmied in 2.29 and 

by SDS-PAGE and Western bIotting with the anti-GMRa mAb 8G6 and a horse radish 

peroxidase conjugated rabbit anti-mouse secondary anti'body as described in 317 and 

2-18, 



3 3  ResuIts 

33.1 BL-60 cells secrete a soluble GM-CSF binding protein. The sGMRcl 

transcript has been extensively characterized in the human promyelocytic leukemia cell 

Line HL-60la and it was therefore considered a possible source of sGMRa expression. 15 

mL of serum kee HL-60 conditioned media was incubated at with GM-CSF-agarose 

beads or mock-conjugated beads for I2  hours at 4'C. The beads were peIIeted by 

ceneifugation, washed extensively with PBS conraining 1% Tween-20 (PBS-T) and 

boiIed in SDS-PAGE Ioading buffer in the presence of the reducing agent p-ME. The 

eluent was analyzed by SDS-PAGE and Western blotting with the anti-GMRa mAb 8G6. 

A 55 kDa protein band corresponding in size to aGMRcl (Figure 3.1, lane I) was 

adsorbed with the GM-CSF-beads (lane 3) but not with mock-conjugated beads (lane 4). 

Lane 2 was loaded with SDS-PAGE loading buffer only. 

A GM-CSF-affmity column was used to pltrify a larger volume of HL-60 conditioned 

media. 200 mL of KL-60 conditioned media was applied to the affinity column and 

allowed to run through by gravity. The column was washed extensively with PBS and 

was eluted with 0.1M glycine buffer (pH 2.5) as 7 individual fractions of 1 mL each. 30 

pL of each eluted hctioa was analyzed by SDS-PAGE in the presence of p-ME and 

Western blotting with the anti-GMRa mAb 8G6. Two GM-CSF binding proteins were 

p d e d  from the HL-60 conditioned media - a 48 kDa protein band that was clearIy 

resolved in hctions 5-7 and a poorly cesolved 55 kDa protein smear in kctions 3-6 

(Figure 32). A constituent of kction S showed specitic '9-GM-CSF binding activity 

(data not shown) suggesting that a soluble GM-CSF binding proteins was secreted by the 

HL-60 cells. Of intere* when a Iarger aliquot of hctions 4-7 was pooled, voIume 

reduced and reanalyzed by SDS-PAGE and Western blotting both the 55 kDa and the 48 

kDa protein bands were ciearIy vinbIe (Figure 3 3 ,  Iane 3). The Iruger protein band @55) 

corresponded in size to mammalian expressed aGMRa (Figme 33, Iane 2, partidy 

obscured by air bubbie) while the d e r  protein band @48) corresponded in size to 

insect expressed nGMRcr (Figure 33, Iane I). The sigdicance of this was not explored 

fnaher. Taken together these results suggest that HL-60 cells can secrete a sotubte GM- 



CSF binding protein that is similar in size to rsGMRcx and is spec5caIIy recognized by 

an anti-GMRa mAb. 

33.2 THP-1 and U-937 cells but not K-562 cells secrete a soluble GM-CSF 

binding protein. To determine if sGMRcr was also expressed by other Ieukemic cell 

lines the GM-CSF-adsorption assay was repeated using media conditioned by TIP-1, U- 

937 and K-562 cell lines. 75 mL of conditioned media tiom each of the celi lines was 

incubated with GM-CSF-agarose beads or mock-conjugated beads for I2 hours at 4°C. 

The beads were pelleted by centrifugation and washed extensively with PBS containing 

1% Tween-20. The adsorbed proteins were eluted from the beads by boiling in SDS- 

PAGE loading buffer containing 1.5M B-ME. The eluted protein were fractionated by 

SDS-PAGE in the presence of p-ME and anaIyzed by Western blotting with the anti- 

GMRa mAb 8G6. A 60 kDa protein band was isolated fiom the THP-1 conditioned 

media using the GM-CSF-beads but not the mock-conjugated beads (Figure 3.4? lanes 2 

and 3 respectively). A faint 55 kDa protein band was isolated from the U-937 

conditioned media with the GM-CSF-beads but not the mock-beads (Figure 3.4, lanes 4 

and 5, respectively). No m*que protein bands corresponding in size to nGma were 

isolated from the K-562 conditioned media (Figure 3.4. Ianes 6 and 7). A constituent of 

the THP-L and U-937 but not the K-562 conditioned media codd also specificdy bind 
I' 3-GM-CSF in solution (data not shown). It is not clear why the GM-CSF binding 

protein isolated f?om the THP-I conditioned media migrated as a 60 kDa protein band 

rather than the predicted 55 kDa protein. However, heterogeneous giycosyIation of 

recombinant sGFIRcr and other so1ubIe cytokine receptors has been observed and may 

account for the size discrepency. 

The faintness of the putative sGMRa protein band isolated from the U-937 

conditioned media did not correspond with the strength of the '9-GM-CSF soluble 

receptor binding assay signat (data not shown). To further characterize the potendal of 

U-937 cells to express sGMRcr, IL of U-937 conditioned media was purified over the 

GM-CSF-afEinity column. The coIumn was washed extensivery with PBS and the 

adsorbed proteins were eIuted with 8 mL d 0,lM gIycine buffer (pH 25). The eluent 



was collected into 8 hctions of 1 mL each and 30 pL of each fkiction was analyzed by 

SDS-PAGE in the presence of B-ME and Western blotting with the anti-GMRa mAb 

8G6. 25 pL aIiqouts of each hction were also analyzed for GM-CSF binding by '9- 
GM-CSF binding assay. A 55 kDa protein band corresponding in size to rsGMRa was 

purified fioom the U-937 conditioned media (Figure 3.5B, lanes 4-7). The elution of this 

protein band corresponded with the presence of '9-GM-CSF binding acitivity (Figure 

3.5A, lanes 4-7). Taken together these results demonstrate that a soluble GM-CSF 

binding protein that is similar in size to aGMRa is also secreted by THP-1 and U-937 

leukemic cell lines but not by the K-562 erythroleukemic ceIl line. 

33.3 Secretioo of a soluble GM-CSF binding protein by cuItured human 

neutrophils. Freshly isolated human neutrophils (200 x 104 were cultured in 200 mL of 

PBS at 37OC for 24 hours. The cell conditioned media was harvested and applied to the 

GM-CSF &ty column. The column was washed extensively with PBS and eiuted 

with 10 mL of O.IM glycine buffer (pH 2.5). 30 fi diqouts of each fraction were 

analyzed for the presence of sGMRa by SDS-PAGE and Western blotting with the anti- 

GMRa mAb 8G6 and by '?-GM-CSF binding assay. No soIubIe GM-CSF binding 

protein could be detected in any of the hctions. To increase the seIlSitivi'ty of the assay 

the remaining eluent from the GM-CSF affiaity column was pooled and incubated with 

GM-CSF-agarose beads for 12 hours at 4% The beads were pelIeted by cenagation, 

washed extensively with PBS containing 1% Tween20 and the adsorbed proteins were 

eluted from the beads by boiling them in SDS-PAGE loading buffer containing p-ME. 

The eIuent was fractionated by SDS-PAGE and andyzed by Western blotting with the 

anti-GMRa mAb 8G6. A 55 kDa protein band was present in the neutropkd conditioned 

PBS (Figme 3.6, lane 2) that corresponded in size to rsGMRa (Figure 3.6, lane I). There 

was not sufEcient sampIe remaining to determine if the p d e d  protein couId dso bind 

9-GM-CSF fn soIution. These redts suggest that cdtrned human neutrophiIs can 

secrete a soIubIe GM-CSF binding protein that is M a r  in size to aGMRa and is 

recognized by the anti-GMRa mAb. 



33.4 Identification of a soluble GM-CSF binding protein in human plasma 440 

mL of human plasma isolated from two healthy volunteers was applied to the GM-CSF- 

affinity column. The column was washed extensively with PBS and eluted with 6 mL of 

0.1 M gIycine buffer (pH 2.5) into 6 individud hctions of I mL. The hctions were 

volume reduced to approximately 150 pL. 25 pL aiiqouts of each firaction were analyzed 

by '9-GM-CSF binding assay (Figure 3.7A) and by reducing SDS-PAGE and Western 

blotting with mAb 8G6 (Figure 3.7B). A constituent of fractions 2-6 showed specific 

"I-GM-CSF binding activity with a peak of activity in fraction 4 (Figure 3.7A). A 60 

kDa protein band corresponding in size to rsGMRa was present also present in fractions 

2-6 but the pattern of immunological activity did not correspond with the pattem of '9- 
GM-CSF binding activity (Figure 3 -7B). There was also a smeared 48 kDa protein band 

present in hctions 2-6 that may correlate with the pattern of GM-CSF binding seen in 

3.7 A. These results suggest that a GM-CSF binding protein is present in nomd human 

plasma and that it may cornspond in size to rsGMRcr. 

33.5 Identification of a soluble GM-CSF binding protein in peripheral blood 

stem cell. product (PBSCP) isolated from a ieukemic individual. 200 mL of PBSCP 

that was isolated from a Ieukemic patient and was conditioned by hematopoietic 

progenitor cells was applied to the GM-CSF affinity column. The coIumn was washed 

extensively with PBS and eluted with 9 mL of 0. LM glycine buffer (pH 1.5) into 9 

individud fractions of I mL each. The eluted fractiolls were voIume reduced and 25 pL 

aIiqouts were andyzed by reducing SDS-PAGE and Western blotting with the anti- 

GMRcr mAb 8G6. A distinct 60 kDa protein band corresponding in size to rsGMRa was 

present in hctions 3 and 4 (Figure 3.8) that corresponded with '=I-GM-CSF binding 

activity (data not shown) suggesting that a GM-CSF binding protein that corresponds in 

size to rsGMRa is secreted by hematopoietic progenitor cells and is present peripheral 

bIood stem celI products. 



1 

3.l. Secretion o f t  sotubk GM-CSF bhdfng protein by t - 'T 3 * 
HG60ecOr ISmLofKL-6Oconcfitiootdmediawssiclcllbatcd ,\ 
for 12 horn at 4C with GM-CSF-agarose beads or mock- 
conjugated beads. The kadr were @*cd by cmtrifkgation and * 
washed extensively in PBS containing 1% Tween-20. The 
ads& proteins were cIutcd off the beads by boiling in SDS 
PAGE Ioading buff= m the presence of 1 5 M  2-mdaptocthanoL + 
The elntnt was d y r c d  by SDS-PAGE and Wisttrn blotting 
with the mAb 8G6, 1: recombinant sGMRct; 2s SDS- 
PAGE 10- dye; 3: Eluent fiom tE~e GM-CSF- 4: EIucnt 
h m  the mock-~onjugatcd beads. 
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Figure 3.3. SDS-PACE and 
Western blotting of a larger 
aliqotlt of fractions 4-7 From 
figure 42, A 30 uL diqotrt of each 
of b - o n s  4-7 h rn  f i p  4 2  1vt2t 
pooled and volume reduced The 
pooled eluent was fractiouattd by 
SDS-PAGE in the presence of 2- 
mercaptwtfmnol a d  d y z c d  by 
Western blotting with the anti- 
GbfRar m A b  8G6. Insect expressed 
nGkU€a (Ime 1) and mammalian 
expressed rsGMRa (lam 2, partidly 
o b s c d  by an air bubble) rverc 
anal@ dong tide the pooled 
eluent (lane 3) as size standards. 



¶ THP-t u-m r-1162 
E a - t M - G M -  
l f 3 r 5 6 f  

66 

Fgare 3.4. Secretion of r soiubk GM-CSF bfndfng protein by 
THP-I and U437 but not K-562 leukemic ceU lines 75 mf, o m -  
1, U-937 and K-562 dl conditioned mtdia was incubated with either 
GM-CSF-agmse beads (2,4,6) or mock conjagatd beads (3S,7). The 
beads wcre peIIetcd by ca&@ptirn and washed cxtmsbcly with 
PBS containing lO/o lbetn-20- The adsorbed protdas w t h  eIutcd h r n  
the beads by hi@ in SDS-PAGE loadlag bufEcf containing I 5 M  2- 
macaptocthaaoL The eluted pmtcm were analyzed by SDS-PAGE and 
Wmtan btotting witb the anti-CiMRoc mAb 8G6. 30 uL o f n c o m b ~  
sCiMRot (rsGMRor) was axdptd dong side the Ictlfrrmic samples as a 
standard. I: SDS-PAGE loading buff= 2,3: =-I; 4$ U937; 6.7: K- 
562, 



Figure 35. 21-937 cdIs secrete a solubk GLM-CSF binding 
protein. It of U-937 conditioned media was applied to the 
GbI-CSF aflkity coltunn. Ifhe coIurnn was washed 
artcrrsiveIy with PBS md the adsorbed protein were eiuted 
with 8 mL of O.LM giyciae b u f k  (pH 25). The eluent was 
cotlected into 8 individual I mt hctioos, 30 uL of each of 
fractions 3-8 iverc analyzed by i941GM-CSF binding assay (A) 
for he ability to bind GMICSF in solution, and by reducing 
SDS-PAGE and W a e m  bIocting with anti-GEvIRa mAb 8G6 
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Flgarc 3.6, Cdtared human 
neutropbh seutte a GMICSF 
binding proteia FrcshIy isolated 
human ncutropfi were cultured m 
PBS at 37C for 24 hams, The culture 
stpamtmt was apJlfiai to the GM- 
CSF afhity cofumn. The coImM 
was washed dmsiveIy with PBS 
and eluted with IG mL 0.1M giycine 
b t 6 i  @EI 2.5). The I0 mL, eftlent 
was thcn incubated with GMICSF- 
agarme beads fot 12 hours at 4C- 
The beads wcrt peHetcd by 
cmtrifbgation and washed with PBS 
containing 1% Twcca-20- The 
adsorbed pmccfas W a c  dutcd off the 
bcads by boiling them m SDS-PAGE 
Ioading buffiu containing 2- 
macaptoethanol, The ducat was 
hctrctronstcd by SDS-PAGE and 
analyzed by Wistern blot witJ~ the 
anti-mAb8G6. 



Ffjprc 3.7- fdentffi~don of a =<SF bhdfng p r o m  h 
no& human plssmn, 440 mL o f ~ p ~ w a s  applied to 
the GM-CSF atlinity coImna The coImnn was washed 
extmskly with PBS and chrted with 6 mL of 0-lM &cine hfficr 
@ E I 2 5 ) m t o 6 m d E n ' ~ h ~ r i ~ o f f  m L d  23uLofofcach 
hction was a d y d  by 12%-GM-CSF binding assay (A) and by 
mhcing SDS-PAGE and Wist~n blotting with the anrlGMRa 
mAb 8G6 (B). 
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Ffjpre 3.8. Identification of a wlubk CMICSF binding protein ia the p e r i p h d  
bbod rtem ccIL product h m  a Ienktmtc patfent, 200 mL of PBSCP tbat was 
condia'oricd by hcmatopoictic progePitor cells during l&pfi& was applied to the 
GM-CSF aE& coiumn, The column was washed acknsivdy with PBS a d  eluted 
~9mtofO.fM@~eMc~@ff2-j)as9mdividual I mLhctiolls(1-9). tSS 
of each Mat was imatyzcd by reducing SDS-PAGE aad W w  brotting with the 
anti4XR.a rnAb 8G6. 
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3.4 Discussion 

This chapter describes the identScation of a naturally occuring soluble GM-CSF 

binding protein in the conditioned media of leukemic cell Lines, human neutrophils, 

nomd human plasma and the periphed bIood stem cell prod~ct of a Ieukemic 

individual. The isolated proteins were potentially idendfi~ed as the soluble GMRa 

receptor (sGMRa) by their ability to adsorb to immobilized GM-CSF, by the ability of a 

highly specific anti-GMRa monoclonal antibody to recognize them by Western blot, and 

by their ability to specifically precipitate '9-GM-CSF Eom soIution in a radioligand 

binding assay. 

The precipitation of a 55 kDa protein band Eom HL-60 conditioned media using 

immobilized GM-CSF (Figme 3.1) suggested that a soluble GM-CSF binding protein 

similar to sGMRa was secreted by hematopoietic cells. The two different sized protein 

bands that were purified from HL-60 conditioned media (Figure 3.2.3) suggest that the 

soluble GM-CSF binding protein may also normally undergo differentid gIycosyIation. 

Interestingly, the 48 kDa protein band corresponded in size to insect expressed rsGMRa 

which is believed to undergo only simple carbohydrate modification (see 4.32). The 

existence of nanually occurring carbohydrate variants of soIubIe cytokine receptors has 

been observed for both the solubIe gpI30 receptor and the soluble LIF receptorm and has 

also been observed for aGMRat*"? As both the Iarger and the smaller sized putative- 

sGMRcr protein bands were purified by G M - C S F - e t y  chromato~gaphy it is unlikely 

that any potentid difference in gIycosylation affects their ability to bind GM-CSF. 

However the possibility that the 48 kDa protein band is not a naturalIy occrrring 

glycosyIation variant but is instead a degradation product of the 55 kDa band that that has 

retained the abifity to bind GM-CSF cannot be d e d  out 

Two other human lenkanic cell Lines that express GMRcr on their cell M a c e  (the 

myelomonocytic ieukemia ceII h e  TKP-I and the histiocytic Lymphoma celI line U- 

937)- and one that is believed not to express GMRa (the erythr~ieuke~a cell h e  K- 



562)mle were analyzed for the secretion of sGMRot A 60 kDa GM-CSF binding protein 

band was isolated Eom TIP-I conditioned media (Figure 3.4, lanes 2 and 3) that showed 

specific "ZSI-GM-CSF binding activity (data not shown). The significance of the size 

difference between the GM-CSF binding protein secreted by the THP-1 cells and 

nGMRa are unknown but could again be due to heterogeneous glycosylation. The faint 

55 kDa band isolated Eom U-93 7 ceII conditioned media (Figure 5.4, lanes 4 and 5) 

along with the ability of the isolated protein to bind '3-GM-CSF (data not shown) 

suggested that this cell he, previously believed not to secrete sGMRals. could secrete a 

soluble GM-CSF binding protein similar to aGblRa. This was confirmed by the eIution 

of a 55 kDa protein Earn the GM-CSF-&ity column (Figure 3.5A) that correponded in 

size to nGMRa. Further. the eluted fractions showed a pattern of "SI-M-CSF binding 

activity (Figure 3 5%) that corresponded with the eIution prohfe of the 55 kDa protein. In 

retrospect the U-937 celI Iine showed the highest level of secretion of the putatuve 

sGiMRa protein of  the cell Lines tested (data not shown) which is consistent with the 

presence of a large number of sGMRcr mRNA transcripts in these cellsLD. The absence of 

secretion of a GM-CSF binding protein by the K-562 ceIIs (Figures 3.4. lanes 6 and 7) is 

consistent with the Iack GM-CSF binding activity on their ceI1 surfaceln and with the 

absence oFeither GMRa or sGMRa mRNA transcript in these ceIIslR. 

Freshly isolated human neutrophiis secreted a smalI amount of a GM-CSF binding 

protein that was similar in size to aGMRa (Figure 3.6). This is consistent with the 

expression of GMRa on their cell surfacet~~" and their responsiveness to GM-CSF 

stimulation. UnfortunateIy there was not d c i e n t  protein available to determine if the 

isolated protem codd aIso bind '9-GM-CSF. 
A soIubie GM-CSF binding protein was prrrified fiom normal human plasma (Figures 

3.7). SDS-PAGE and Western blotting of the purified protein with the anti-GMRcc mAb 

8G6 demonstrated that at least two sGMRcc-Iike proteins were present in human plasma 

The teason for the lack of coneIation between the 'q-GM-CSF binding activity (Figure 

3.7A) and the ~ u n o i o g i c a l  data (Figure 3.m) is unknown. Perhaps the 60 kDa protein 

band visualized in Figure 3.7B is not sGMRcr but is simply the resuIt of non-specific 



interaction with the anti-GMRor anhibody. In this case the constituent of fractions 2-6 

that shows specific '9-GM-CSF binding activity could be the 48 kDa protein band that 

was also present on the blot. 

A soIubIe GM-CSF binding protein was purified from the peripheral blood stem cell 

product (PBSCP) of a leukemic individual that was undergoing Leukaphersis for 

autolopus stem cell ~ s p l a n t a d o n  (Figure 3.5). During the ledcaphenis procedure the 

PBSCP was conditioned by hematopoietic progenitor cells suggesting that these cells can 

secrete a soluble GM-CSF binding protein that is similar in size to rsGMR= However 

since a proportion of the cells that are harvested during the l e ~ k a p h e ~ s  procedure are not 

progenitor cells but mature myeloid and Lymphoid cells, the GM-CSF binding protein 

present in the PBSCP is not necessarily a product of the progenitor cells. 

This report demonstrates that a soluble GM-CSF binding protein is secreted by a 

number of different ceff types and is present in normal human plasma. While the soluble 

GM-CSF binding protein identified here is of similar size as sGMRa and is recognized 

by a highly specific monoclonal antitbody raised against the shared e&xtracellular domain 

of sGMRa and GMRcr, the possibility remains that the proteins identified here are not 

the same a sGMRa but are instead merent splice variants of GMRa or a unique GMRcr 

cleavage product that is shed imo the ceII conditioned media MonocIonal antibodies 

directed towards the unique 16 amino acid C-terminal domain of sGMRa are currentIy 

being raised in order to determine if the nanrralIy occuring GM-CSF binding proteins 

identified in this study are the same as sGMEta 

The physioIogicd role of sGMRa is currently &own. in v i m  data suggest that 

sGMRcr acts as an antagonist of GM-CSF activity by binding to it and preventing it from 

activating ceII surface GM-CSF receptors. This evidence comes fkom the observation 

that an exogenous source of sGMRa inhitbits GM-CSF-mediated ceII proWerationuL and 

bone marrow coIony formation1*. However the data presented in this manuscript wodd 

suggest that, considering the LOO fold Iower affiaty o f  sGMRcr for GM-CSF when 

compared with the high affiniN ceII d a c e  receptor, that sGMRa is expressed at too LOW 

a concentration to be an effective antagonist in vivo. On the other hand the concentration 



of sGMRcr codd be substantially higher than what was observed here if it were 

expressed in a localized environment. Indeed the majority of cytokines and soluble 

cytokine receptors are expressed at very Low levels and remain highIy Functional 

suggesting they are present in substantidy higher concentrations in the locdized 

environment where they exert their function. Further, the observation that sGMRa can 

be retained on the celI bdace in association nith Bc and c m  farm 3 high affinity GM- 

CSF receptor c~rnplex~"~" suggests that sGMRcr may exert antagonist activity by 

remaining locaIized to the membrane &ace of the cell it was expressed from. However 

despite the apparent requirement of the cytoplasmic domain of GMRa for signal 

transd~ction~~~-t~\ the potential for a sGMRdf3c complex to be a hctional GMR 

complex that acts as a GM-CSF agonin rather than antagonist can not be ruled out. 

Another potential mechanism that sGMRcr may "use" to increase its ability to 

antagonize GM-CSF activity is by associating with other soluble moIecdes that can 

increase its affmity for GM-CSF. The extracellular domain of Bc can associate with a 

soluble variant of the GMRa receptor in solution to form a GM-CSF binding complex 

that has a 5-20 fold higher affinity for GM-CSF than sGMRa done (see Chapter 5). 

Thus a soluble variant of PC could act as a potentiator of sGMRa anatagonist activity. A 

recent report has isolated soluble variants of Bc mRNA from human m o n ~ c ~ t e ? ~  

suggesting that a soIubIe variant of $c may exist in vivo. Indeed the abiIity of a soluble 

variant of a non-ligand binding, signal transducing sub& to potentiate the activities of a 

soIubIe cytokine receptor are well characterized in the IL-6/gpL30 system where a 

natuady occuring soluble variant of gpI3O can increase the &ty of soluble IL-6 

receptor for IL-6193 and prevent it &om activating celI d a c e  gp130 receptorsm. 

A third possibility is that the sGMRot expression IeveIs obsenred in this investigation 

do not represent the protein levels that are present during the period when sGMRor wouId 

be expected to function. That is sGMRa expression may nomally be upregulated in 

response to specific stimuIi that &ow it to ftmction as an effective GM-CSF anatagonist 

both Locally and perhaps systemicaIIyy Our group has recently observed increased 

expression of sGMRa in the pIasma of acute myeIomonocytic Ietkmia patients (300- 



500 pM) compared with healthy individuals (30-50 pM) demonstrating the potential for a 

substantial increase in sGMRcr. On the other hand GM-CSF itself does not appear to 

upregdate sGMRa expression in a megakaryocy'c cell line (M07e)fi1 suggesting that 

upregulation of sGMRa expression may not be a mechanism of moderating GM-CSF 

levels in the pericellular milieu. SimiIariy terminal differentiation of HL-60 cells is not 

associated with an increase in sGkfRu &.?A levels in spite of a 20-50 fold kcreasc in 

GMRa receptor expressionlm. Thus upregulation of sGMRa expression does not appear 

to pIay a roIe in maturation of myeloid precursors. 

FinalIy sGMRa may not have to compete with a higher affinity ceU d a c e  receptor 

for GM-CSF binding. In chapter 5. I demonstrate that the GM-CSF receptor complex 

assembies in a step-wise manner where Gbf-CSF must fim associate with GMRa before 

it can bind Bc to form the higher afhity complex. Since SGMRCX and GMRa have the 

same aflkity for GM-CSF, sGMRcc could conceivably compete equally well with GMRa 

for GM-CSF binding thereby acting as an effective antagonist. Therefore. whether by 

localired expression, potentiation by another molecule or upregulation the potential for 

sGMRa to act as an effective antagonist of GM-CSF activity exists. Whether any or aI.i 

of these mechanisms are involved in normd sGMRa activity needs to be investigated. 



CHAPTER4 

ENGINEERING, EXPRESSION AND PRELIMINARY CHARACTEXEATION 

OF SOLUBLE ISOFORMS OF TEtE GMRa AND Bc RECEPTOR SUBUNITS 

4.1 Introduction 

Assembly and activation of ihe Gb1-CSF receptor complcs (GMR} is a multistep 

process. In the absence of GM-CSF? the GMR is believed to exist as a co-localized 

aggregate of ftee a d o r  weakly-a~sociated[~~~ GMRa and Bc subunits. The presence of 

tigand is believed to drive the sequentid association of GM-CSF with GMRa and 

resulting in a tightiy-associated heteromeric complex of GMRa. GM-CSF and BC'U"~. 
WhiIe formation of this complex is required for signal tramduction, the mechanism by 

which it assembles and the domains of each subunit that are required for complex 

formation are unclear. 

Experiments designed to deal with these issues have focused on analysis of the GMR 

complex on the celI sur face"U+~-19-19~~~.  The advantages of this approach are 

obvious as this situation best represents a physiological envitoament. However analysis 

of Ligand/receptor interactions on the cell surface often requires cel1 lysis and 

soiubiiization of the plasma membrane to gain access to the individual subunits. 

Detergent soIubikation can disrupt molecdar interactions that may normally be present 

between proteins on the cell d a c e .  For this reason chemical cross-linking of ceII 

surface proteins has become a favored method of stabiliting protein-protein interactions 

prior to soI~b~tion. Unfortunately the use of chemicd cross-Linking reagents can 

overestimate the importance of an hdividd interaction by stabilizing interactions that 

may nonndy be weak andfor d e n t  in nature. Thus whiIe characterization of protein- 

protein interactions using ceII surface expression systems is the experimental model of 

choice other strategies are also needed to identify other interactions that can potentidy 

mediate receptor complex assembly. 

One such strategy invoIves expressing the extracelIuIar domains of cell d a c e  

proteins in soIution and andyzing their interactions in soItrtion phase assays. The 

rationale for this approach is that for many cell &ace proteins the interactions that 



mediate complex fomatioa are driven h o s t  exclusively by the extracellular domains of 

the protein. That is, d l  the regions necessary to recapitulate normal ligand/receptor 

interactions are often contained within the extracellular domain. Solution phase 

modelling of cytokine receptors has been used successfully for studying 

stnxctudfimction relationships for other members of the cytokiue receptor superfdy 

such as the LL-6 recept~r l"~~-=~\  the IL-5 r e c e p t ~ + ~ - ~ ~ ~  and the EPO receptoflsz4. 

Solution phase assays can be performed under physiological buffer conditions and the 

resuItant protein complexes can be assayed without need for detergent solubilization. 

This method preserves the intergrity of subtIe interactions that can be sensitive to 

detergent ly sis conditions. In additioa solution phase assays are amenable to quantitative 

analysis as the concentration of individual constituents can be manipulated. Finally 

powerful biophysical techniques for elucidation of structure/hction relationships such 

as x-ray ~rystaio~graphy. analytical ultracentrifugation and biosensor analysis all require 

soluble reagents. Therefore the use of a solution based strategy for analyzing protein 

interactions in addition to conventiod cell s d a c e  analysis can provide complementing 

information to better undernand the nature of receptorfligand interactions. 

This chapter desmies the enginee~g,  expression and preliminary characterization of 

soluble isofom OPGMRCX and Bc that consist soIely of the extracellular domains of their 

cognate cell d a c e  counterparts. The reagents developed in this study provide the 

foundation for experiments in the following chapter that deal with unresolved questions 

concerning protein-protein interactions involving the GMR complex and the SGMRCX 

subunit, and demonstrate the order of assembly of the GMR compIex, Together these 

two studies demonstrate the applicability of this experimentaI approach for studying 

questions that can not be easily addressed through examination of cell surface 

interactions- 

4.2 MateriaIs and Methods 

4.2.1 Engineering soIubIe variants of GMRa. The recombinant DNA procedures 

used for the engineering of the soluble constmcts are desmied in detaii in Chapter 2 and 

are referenced in parentheses in the following sections. Four soIuble isofom of GMRa 



were engineered by PCR mutagenesis (2.1) using hgt-l l .sGMRal* as a template. Each 

mutant consisted of a portion of the gxtragellular domain of GMRg (ECDa), where each 

mutant was truncated at a position within 4 amino acids of the putative transmembrane 

domain of GMRaW. E C D ~ ' ? ,  which was truncated following serine3", the Iast residue 

encoded by the sGMRa cDNA prior to the unique I6 amino acid C-terminal 

dornaW8~[s~.'". was amplified using Pfu poiymerase and chr foiIowing synthetic 

oligonucleotides: (I)  5'-AT ACA GTC AAG CTT AGC ACC ATG CTT CTC CTG 

GTG AC-3' that staas 20 nucleotides 5' of the ATG start site and contains an engineered 

HindIII restriction site (AAG ClT); (2) 5'-CTA TCA GGA ACC AAA TTC AAT GGC 

TTC ACT CCA-3' that contains two hfkme termination codons immedietly 3' of 

serine3". E C D ~ " .  which was truncated following a~par ta te~ '~  . was constructed using 

P f i  powerase and the following unique synthetic oligonucleotide: 5'-CTA TCA GTC 

GGA ACC AAA TTC AAT GGC TTC ACT-3' which generated a unique aspartate 

residue and two stop codons immedietly 3' of the serine3" codon. E C D ~ ~ ' ~  was 

truncated following aspartate3" of the G m c t  sequence by PCR amplification using Taq 

polymerase and the folIowiog synthetic otigonucleotide: 5'-CTA TCA GTC GTC GGA 

ACC AAA TTC AAT GGC TTC-3' which generated two aspartates and two stop codons 

foiIowing the last residue encoded by the sGMRa open reading fixme. FinaLIy, E C D ~  

was truncated following glycine320, bebeved to be the last residue within the extracehdar 

domain of GMRa before the transmembrane domainis, by PCR mutagenesis using Taq 

polymerase and the following synthetic oligonucIeotide: 5'-CTA TCA CCC GTC GTC 

GGA ACC AAA TTC AAT GGC-3' which encoded two aspartates and one glycine 

residue and two stop codons immedietly 3' of the Iast residue encoded by the SGMRCX 

open reading fiame. 

E C D ~ "  (971 bp) and E C D ~ "  (974 bp) were purified (2.22) and Ligated (2.4) into 

the Sr£i site of the pCR-Script Amp SK(+) cloning vector (Stratagene, La JoUa, CA) 

using T4 DNA ligase (Gibco BRL, Life Technohgies, hc., Mississauga, ON). E C D ~ "  

(977 bp) and ECDO?' (980 bp) were purified and ligated into the pCR-11: cioning vector 

(TA cloning kit, hvitrogen, CarIsbad, CA) using T4 DNA Ligase. DHSa cells 



(Tnvitrogen) were transformed (2.5) with the recombinant plasmids and plated Positive 

coionies were used to innocdate overm-&t cultures fiom which plasmid DNA was later 

purified (2.6). The presence of the cDNA insert in the plasmid was confirmed by 

restriction digest (2.7) with WindUI and Nod (ECD~~ ' " ' ~ )  or EcoRI ( E C D ~ ~ " ~ ~  

followed by agamse electrophoresis. The insertion of the E C D ~ ' ~ ,  E C D ~ " ,  ECD$'~ 

and E C D ~ ' ~  hgments into the pCR-Script and p a - I I  vectors in the correct orientation 

was confirmed by restriction digest. The sequence of p ~ ~ - ~ c r i p t ~ ~ ~ d ' 7 ~  pCR- 

~ c x i ~ t . E ~ ~ d " ,  p ~ ~ - ~ ~ . ~ ~ ~ d ' 9  and p ~ ~ = ~ ~ . ~ ~ ~ a r "  was confirmed by DNA 

sequencing (2.8). 

E C D U ~ ' ~  and ECD~'"  were excised Eom pCR-Script with Hind111 and Nod and 

subcIoned into the HindLII/NotI site of the pRC/CMV mammalian expression vector 

(Stratagene). E C D ~ "  and ECDU'" were excised fiom pCR-I1 with BstXI and 

subcloned into the BstX site on pRC1CMV. DH5a cell were transformed with the 

recombinant expression plasmids and plated. Overnight cultures were grown From 

individual colonies and the presence of the proper insert was confirmed by digestion of 

purified plasmid DNA with HindIIMotI ( E C D ~  ' ' I3 ") or BstXI (ECDCK"~ '~~ .  

Maripreps (2.9) were performed for each positive clone to isolate a large quandty of 

recombinant PI-d. The integrity of p I d d s  were analyzed once more by digestion and 

electrophoresis and were quantified and tiozen. 

ECDa317 was dso subcloned into the pWI53A insect expression vectorm to 

generate plU153A.ECDa. Briefly, the ECDcr317 insert was excised from 

pRC/CMV.ECDa with BadWNotI and purified by agarose gel etectophoresis. ECDa 

was Ligated into the BamHIMotI site of pW153A to produce pW153AECDpc. DH5a 

cells were W o r r n e d  and plated. Individual coIonies were expanded in overnight 

cultnres. Plasmid DNA was purified and the presence of the insert was confirmed by 

digestion with BarrM7Not.I- pWI53kECDa nritabIe in quantity and purity for cell 

transfecrion was prepare6 

4.23 Engineering a soIubIe variant of p c  A so1ubie receptor conskiting of the 

extraceIIuIar domain of PC (ECDPc) was engineered by PCR mutagenesis using - 



pREP4.fkw as a template and the following synthetic oligonucleotides: (1) 5'-ATG GTG 

CTG GCC CAG GGG CTG CTC-3' which begins at the start site of the open reading 

frame of pcfil, and (2) 5'-CTA TCA CGA CTC GGT GTC CCA GGA GC-3' which 

introduces 2 stop codons immedietly folIowing the Iast codon before the transmembrane 

domain of PC. The arnpIified DNA hgment was purified and ligated into the SrfI site of 

pCR-Script Amp SK(+). D H j a  cell were transformed with pCR-ScriptbCDpc and 

plated. Ovem*ght cultures were grown using positive colonies as the innoculant. The 

presence of the ECDPc cDNA insert was confirmed by digestion of the purified plasmid 

with Not[ an EcoRI followed by agarose eletmphoresis. The correct cDNA sequence for 

ECDPc was confirmed by DNA sequencing. 

ECDBc was excised fiom pCR-Script with HindIII and Not1 and was ligated into the 

Kindm/Not[ site of pRC/CMV. DHSa cells were tmasformed and plated. Individual 

colonies were expanded in overnight cultures. The presence of the ECDPc insert was 

confirmed by digestion with U i n ~ o t l .  Insertion of ECDPc into pRCICMV in the 

correct orientation was c o n t i e d  by digestion with AccI yielding three individual 

Ei-agments of unique length. pRC/CMV.ECDBc suitable in quantity and purity for cell 

transfection was prepared. 

ECDPc was also subcloned into the pWI53A insect expression vector to generate 

pW153A.ECDfk. Briefly, the ECDBc insert was excised Eom pRC/CMVECDBc with 

BamHIMotI and purified by agarose gel electophoresis. ECDBc was Iigated into the 

BamHVNotI site of pW153A to produce pIU153A.ECDBc. DHSa cells were 

transformed and pIated. Individual colonies were expanded in overnight cdtures. 

PIasmid DNA was purified and the presence of the insert was confirmed by digestion 

with BamHIMotI. pW153AECDBc suitable in quantify and purity for ceII nansfection 

was prepared- 

42.3 Transfeetion and selection of stable eeU Iines. The procedure for cdcimn 

phosphate and lipid mediated trandection of mammalian and insect ceU hes is detded 

m 2. I 2  and 2-13, respectivdy. 



BHK-21 cells (ATCC, American Type CuIture Catalogue, Rockville, MY) were 

hansfected with pRC/CMV.ECDa or pRC/CMV using the calcium phosphate 

precipitation method. The cells were cultured in the presence of the neomycin analog 

G418 (Sigma) to select for those cells that incorporated the pIasmid DNA. Surviving cell 

colonies were individually subcultured aod expanded in the presence of G4I8. 

Expression of ECDu was assessed by "-G&I:-CSF soluble receptor binding assay of cell 

conditioned media and a stable cIonaI population was established 

Bm-5 cells (ATCC) were transfected with plE1153.ECDa or pIW 153A using 

Lipofectin (Gibco BRL Life Technologies Inc.). The cells were cuItured in the presence 

of hygromycin (Sigma) to select for those cells that incorporated the pIasmid DNA. 

Expression of ECDa was assessed by '9-GM-CSF soIubIe receptor binding assay of cell 

conditioned media and a stable celI line was selected by Limiting dilution of the 

nansfected cell popdatioa 

BHK-?I cells werc traasfected with pRC/CMV.ECDpc or pRC/CMV using the 

cdcium phosphate method. Cells were cultured in the presence of G418 to select for 

those cells that incorporated the pI-d DNA. E.xpression of ECDPc was coalmed by 

SDS-PAGE and Western blot of cell conditioned media. The BHK-ZIIECDBc cells were 

maintained as a polycIonal popdation. 

Bm-5 cells were transfected with pm153AImf!c or pWIS3A using Lipofech. 

Transfected celIs were selected for resistance to hygromycin. A clonal population of 

ECD$c expressing cells was established by Limiting dilution and the highest ECDBc 

expressing popuIations were identified by SDS-PAGE and Western blotting of ceN 

conditioned media, 

4.24 Characterization of the solubIe receptor isoforms. Concanavah A- 

sepharose and wheat germ aggludnnin-sepharose adsorption assays were performed as 

descnied in 2-26 using ConASepharose and Wheat Germ AggIW-Sepharose 

(Pharmacia Biotech, Baie d'Urfe, P Q  as the adsorption agents. Immunopreciptations, 

SDS-PAGE and Western blotting were desm'bed in detail m sections 227,2.17 and 2-18 

respectbeIy. Western bIotting was perfbmed with the anti-GMRa mAb 8G6 and with 



the anti-PC mAb 1CL (gifts of A. Lopez) and a rabbit anti-mouse horse radish peroxidase 

conjugated secondary antiiody. Soluble 'q-GM-CSF binding assays and Dixon analysis 

of cold saturation binding data were described in 229 and 2.30, respectively. FACS 

analysis was descnied in detail in 2.3 1; the anti-PC mAb 1Cl was used for FACS 

d y s i s  of celI d a c e  retention of the ECD$c subunit. 

43.1 Construct design. Soluble isofoms of GMRcr and Bc were constructed by 

PCR mutagenesis. Four different soluble isoforms of GMRa, tnmcated following either 

se&e3". aspartate3", a ~ ~ a r t a t e ~ ' ~  or glycine3'01 were amplified by PCR using hgt-  

I 1.sGMRata as a template. ECD~'"" were Ligated into the pCRScript Amp SK(+) 

cloning vector and E C D ~ ~ ' ~ ~ ~ ~  were tigated into the pCR-II cloning vector where the 

sequence was confirmed by DNA sequencing. AU four ECDa fragments were subcloned 

into the pRC/CMV mammalian expression vector for transfection of BHK-21 cells. 

E C D ~ "  was also subctoned into the pIUI53A insect expression vector for the 

The extracellular domain of Bc was ampbfied by PCR using pREP4.pcs as a 

template. The amplified fkgment was ligated into the pCRScript Amp SIC(+) cIoning 



vector where the sequence was confumed by DNA sequencing. The hgment was 

subcioned into the pRC/CMV mammalian expression vector and the pW 153A insect 

expression vector for transfiction of BHK-2 1 and Bm-5 cells, respectively. 

43.2 Expression and characterization of ECDa BHK-2l/sGMRa BHK- 

2 t/ECDc( and m o c k - e e c t e d  BHK-21 cell conditioned media was immunoprecipitated 

with the anti-GMRcr mAb 8G6 and analyzed by SDS-PAGE and Western blotting with 

8G6. The high level of protein expression by the Bm-5IECDct ceU Line allowed for direct 

characterization of the conditioned media by SDS-PAGE and Western blotting with 8G6. 

A 55 kDa protein band was isolated &om the conditioned media of the BHK-ZIECDa 

ceIL Iine but not the mock transfected BHK-21 celI line (Figure 4.1, lanes 2 and 3. 

respectivefy). The 55 kDa band corresponded in size to sGMRcr (Figure 4.1, lane I), A 

48 kDa protein band was also present in the conditioned media of the B m - 5 E D a  cell 

line (Figure 4.11 lane 4). A 55 kDa protein band could also be isolated fiom BHK- 

2 I /ECDa conditioned media with both ConA-sephamse aud WGA-sepharose; the 48 

kDa protein expressed by the Bm-SfECDa cell line could ody  be adsorbed with ConA- 

sepharose (data not shown). 

Dixon analysis of saturation binding data derived fkom '9-GM-CSF soIubIe receptor 

binding assays showed that a constituent of the BHK-2IECDa conditioned media could 

bind '%GM-CSF with the same atFnity as sGMRct and GMRa (Figme 4- Kd=33 

aM). A constituent of the Bm-5/ECDa conditioned media bound '9-GM-CSF with a 

simiiar affinity (Figme 43B, Kd=Z8 nM). 

4.33 Ehpression and characterization of ECDBc. BHK-2I/ECDBc and mock- 

transfected BHK-21 cell conditioned media and whoIe ceU lysates from a ceII h e  

expressing the fnII length celI d a c e  Bc subunit (BHK-21 /PC)" were 



immunoprecipitated with the anti-PC mAb LC 1. The precipitate was hctionated by 

SDS-PAGE and analyzed by Western bIotting with ICI. A 55 kDa protein band was 

present in the conditioned media of the BHK-21ECDBc cell line but not the mock- 

nansfected BHK-I1 cell line (Figure 4.3, Ianes I and 2, respectively). A 135 kDa protein 

band was present in the immunoprecipitate of the BHK-2IIf3c whole cell lysate 

corresponding to the fbU length celI sd"ace Bc subunit (Figue 4.3, lane 3). ECDPc wxs 

expressed entirely in solution as it could not be detected on the cell surface of BHK- 

2I/ECDoc cells by Bow cytometry using the anti-PC mAb IC1 (data not shown). 

Bm-SIECDfk conditioned media was analyzed by SDS-PAGE and Western blotting 

with LC1 in the absence (Figure 4.4. lanes 1-4) or presence (lanes 5-8) of B- 
mercaptoethanol. A 48 kDa protein band was present in the conditioned media of the 

Bm-51ECDBc celI Line (Iane 1) but not the Brn05/ECDa cell Line (lane 1), mock- 

transfected Bm-5 cells (lane 3) or in the P14I cell culture media (lane 4). In the absence 

of $-mercaptoethanol a faint 135 kDa band was also present dong with the 38 ma 

protein band in the conditioned media of the Bm-ISIECD$c cell h e  (lane 3, but not the 

Bm-5/ECDa conditioned media, mock-Bm-5 ceII Line conditioned media or P I 4 1  celI 

culture media (Ianes 6-8, respectively). 



Figure 4.l. Expression of ECDac by BHK- L Z S J  

UIECDa and BmS/ECDa ceIL her, L mL of .. 
BHK-2YsGMFta (I), BEIK-21ECDa (2) or sham- m s  
cmmficctcd BHK-21 cciI (3) conditioned mcdia was 

' 

~uuoprecipitattd with anti-GMRa mAb 8G6 
and aPaIyzcd by SDS-PAGE and W m  blot!& BLnt.21IEQk 

with 8G6. LO aL of &nS/ECDa conditioned media , c m n s ~ c ~ a  
(4) was analyzed dhctiy by SDS-PAGE and 
Wcstcrn blotting. The I@ heavy chain is present m 
lanes 1-3 at the same postion as Bm-SIECDa in 
Cane 4, 



Figure 4.2. Colwtitucnts of BHK-ZYECDa and Bm-SECDa 
conditioned media bind GM-CSF witb simiIar affinities. BHK-2 1ECDcx 
(A) and Bm-S/ECDa (B) conditioned media was subject to GM-CSF 
satmuioa binding assays using two different concentrations of 125t-GM- 
CSF as a I&l, 7 % ~  coaantrarion of Imlabelfed GM-CSF added to the 
don rnixturt was piotted agah t  the imrcrse of. the concentration of 
SpcCificaiIy bound 12X-Gbt-CSF (counts per minrrte) according to the 
method of Dixon, The catxstant was estimated by adqolation 
of the inredon of tbe bes generated by linear r e p d o n  to the x-axis 
(nW- 
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4.4 Discussion 

44.1 Rational for coustract design. The purpose of this study was to generate 

soluble isoforms of the GMRa and PC subunits for the GM-CSF receptor so that the 

interactions that mediate receptor complex assembly could be studied in solution. The 

intenstions lhat mediate liyand binding anit formation of the high affbity fimdoaa! 

GMR complex are beiieved to be mediated through the extracellular domains of GMRa 

and PC. For example the low &*ty interaction of GMRa and GM-CSF is believed to 

be mediated though the hinge region of GMRa located within the extracellular domain of 

GMRatex. Indeed sGMRcx. which lacks both the transmembrane and cytoplasmic 

domains of GMRu but is otherwise identical in sequence. can bind GM-CSF with the 

same affmity as GMRal*L"". Similarly, loss of the cytoplasmic domain of GMRa has 

no effect on low d h i t y  GM-CSF bindinglx". The cytoplasmic domain of PC is also not 

required for high affinity interaction with GbRa and GM-CSF presumabIy because Bc 

interacts with GM-CSF through the hinge region of its ext~licelluluar domain=- and 

with GMRa through reactive sulthydryl residues located within the membrane distal 

region of its extraceLIular dornaintn. Thus the e?ctraceUu.Iar domains of G M k  and Bc 

appear to contain all the necessary domains for assembly of a high af f i ty  receptor 

comp [ex. 

The location of the putative transmembrane domains of GMRa and PC, and therefore 

the location chosen to truncate the mutant subunits, are reasonably wen dehed. Exon I 1 

of GMRcr encodes a stretch of 32 amino acids that are believed to consist of the 

transmembrane domain of GMRaw since removai of this evon during processing of the 

GMRcr pre-mRNA redts in loss of the transmembrane domain and secretion of the 

soluble form of GMRa (sGMRa)"t"*Ltm~. sGMRa, identicd in sequence to the 

extraceIiuIar domain of GMRa op to and including serine3 ", appears to incIude the entire 

extracelIuIar domain of GMRa. However, hydrophobicity plotsm of the amino acid 

sequence of GMRa predict the transmembrane domain to begin folIowing &cinem 

rather than serine3IT. For this reason, distinct GMRa mutants were constructed that were 



truncated foIIowing one of the four residues preceding the putative trmsmembraue 

domain (serine3 L7, aqartate3", aspartate3 19, glycine324. E C D ~ ~ ' ?  was selected for 

expression and preliminary characterization as it is identicd in sequence to sGMRa 

except that it does not encode the unique 16 amino acid C-terminal domain thereby 

dowing identification of molecular interactions that are mediated by the common ligand 

binding domain of GMRa and sGMRu, 

Hydrophobicity plots of the amino acid sequence of Bc1.l predict the transmembrane 

domain to begin following ~erine'~~. As there was no evidence to suggest that the 

transmembrane domain was at a residue other than this one ECDBc was constructed by 

amplifying only the region encoding these fusr 437 residues to give a mature peptide of 

421 amino acids. 

4.442 Protein expression systems. Glycosy lation of the extracellular domain of 

GMRa is critical for its activity- necessitating the use of higher eukaryotic expression 

systems that are capable of carbohydrate moditication of the translated peptide. While 

the importance of carbohydrate modification for the hc t i on  of Bc is unknown, for 

simplicity sake the same expresion systems were employed for production of ECDBc. 

The pRClCMV mammaIian expression vector uses the cytomegdovirus 

promotor/enhancer system for driving protein expression and the neomycin resistance 

gene for seiection of transfectants. Coupled with the BHK-11 ceII he, an adherent 

rodent fibroblast line capabIe of high leveI protein expression and complex carbohydrate 

modification, this expression system proved highly effective for expression of both 

ECDa and ECDBc. Clnforttmately, the expression IeveIs of this system were not 

suEciently high to allow for direct analysis of the recombinant proteins in cell 

conditioned media This required concentration of the recombinant protein in the cell 

conditioned media by either immunoprecipitation, uIWtradon or aflkity purification 

prior to use. This addidond step prompted us to examfne the u s e ~ e s s  of a novel 

insect expression system= that pmportedy expressed 10-100 foId more protein per unit 

v o b e  than most marnmaIian expression systems. Importantiy, nnlike the bacutovirus 

expression systems which, due to the Lytic cycIe of the vims, results in ody transient 



protein expression the pW153A expression vector could be used to generate stable cell 

Lines for long term production of recombinant protein. Protein expression in the 

pW153A vector is driven by the silkmoth actin promotor and selection is accomplished 

using hygromycia. This vector has been coupled with a lepidopteran ovarian cell line 

generated from the Bornby mori siJk moth (Brn-5) and is capable of long term culture at 

high coil densities. Impoaanly the Bm-5 cetl line is tapable of cxbohydnte 

modification of recombinant proteins. 

4 . 3  Characterization of expression products. ECDa was expressed in the 

conditioned media of the BHK-21/ECDa cell line as a 55 kDa protein (Figure 4.1). 

ECDa migrated primarily as  a monomer but couId form higher molecular weight 

aggregates at higher protein concentrations (data not shown). This result is con=-stent 

with the abirity of sGMRor to form h o m o h e r s  and homotrimea in soIution. However, 

ody the monomeric species is able to bind GM-CSF". ECDa was &so expressed in 

solution by the Bm-SfECDu ceII line (Figure 4-1). The 48 kDa protein band was 

substantially srnder than that of m m a L i a n  expressed ECDa suggesting a lack of post- 

translational modifi~cation by the insect cell line, However, both the mammalian and 

insect expressed ECDa codd bind concanavaIin A in solution suggesting that terminal 

mannose residues were present on the insect expressed ECDa as well as the mammalian 

expressed subunit (data not shown). The ability of B E - 2  1 /ECDa but not Bm-S/ECDa 

to associate with wheat germ agglutinin is consistent with the inability of insect cells to 

add terminaI N-acetyIgiucosamine residues to expressed proteins -' (data not shown). 

Removal of the 16 amino acid C-terminal domain of sGMRct to generate ECDa had 

no affect on its ability to bind GM-CSF in solution (Figure 4.2) demonstrating that the 

Iigand binding activity of GMRa and sGMRcr is present in the 295 residues that 

constitute the shared extraceMar domain of these two proteins. Importantly? the simple 

glycosykation pattern of insect expressed ECDa had no effect on its abiIity to bind GM- 

CSF (Figure 42). h contrast bIocking glycosylation of GMRa using tunicamycin has 

been shown to abrogate GM-CSF binding activity=. Similarly GMRa expressed in 

yea* capabIe of only very simple carbohydrate modification, is also unabk to bind GM- 



C S P .  Taken together these results demonstrate that carbohydrate modification of 

GMRa at a Ievel that can be achieved by lepidopteran cells is suEcient for GM-CSF 

binding activity. 

ECD Bc was expressed in solution by the BKK-2I/ECD$c cell Line as a 55 kDa 

protein (Figure 4.3). The lower apparent molecular weight of ECDBc compared with 

ECDU was Likely due to the extensive giycosyiarion of ECDu. Indet:Q there are only 3 

potential N-Linked giycosylation sites on the extracellular domain of ECDpct41 compared 

with I 1 for ECDCY~~~,  

The Bm-S/ECDPc cell Line expressed ECDBc as a 48 kDa protein (4.4). Again the 

Lower molecular weight of insect expressed ECDk compared with mammalian expressed 

ECDBc was Likely due to a difference in glycosyiation. Similar to insect expressed 

ECDa, insect expressed ECDBc could be precipitated from soIution with concanavaIin A 

but not wheat germ agglutinin demonstrating the ability of the lepidopteran cell Line to 

modify expressed proteins with simple mannose residues only. Interestingiy, analysis of 

ECDBc under non-reducing conditions revealed a higher moIecular weight protein band 

that may have corresponded to a disulphide bonded homodimer or homoaimer of ECDPc 

(Figure 4.4). The importance ofthis was not explored finther. 

This study demonstrates the successful engineering and high Ievel protein expression 

of soIubIe isoforms of GMRu and PC. The ECDa subunit could bind GM-CSF with the 

same affinity as GMRa demonstrating the validity of using this subunit to model cell 

surface interactions in solution. 



C H A P T E R S  

DETERMINANTS OF TEE FUNCTIONAL INlX&KMON BETWEEN 

THE SOLUBLE GM-CSF RECEPTOR AND PC 

5.1 Introduction 

Previous work by aur lab has demonstrated that, whether in the absence or presence 

of GM-CSF, an exogenous source of sGMRa is unable to interact with cells expressing 

$c on their dace ' * .  Yet paradoxicalIy, co-expression of sGMRcr and PC results in the 

anchoring of a smalI amount of sGMRa on the cell surfacem through a direct interaction 

with $cl? The resultant sGMRdpc complex, though only a very small proportion of the 

totd cell surface complexes, is fully capable of binding GM-CSF with the same high 

affinity as GMRcr and Bet? The tethering of sGMRa to PC requires the cysteine at 

position 6 of the unique 16 amino acid C-terminal domain of sGMRa". However the 

domains of involved in this interaction are not known. 

The purpose of this study was to determine if the ligand-independent association 

between sGiMRa and $c was mediated through the extracellular domain of $c and to deal 

with the puzzling observation that endogenous sources of sGMRa can form a complex 

with Bc on the cell &ace" while exogenous sources cannott*. A solution phase assay 

was deveIoped to answer these questions and its use reveaIed the importance of the 

extracellular domains to the functional interactions of the GM-CSF receptor subunits. 

5.2 MateriaIs and Methods 

52.1 Celt lines and protein expression. The construction and preliminary 

characterization ofthe BHK-21/ECDc(, Bm-S/ECDa, BE-21ECDBc and Bmti5/ECDBc 

celI lines was descriied in Chapter 4. A ceU h e  that co-expressed sGMRcr and ECDPc 

(BHK-2I/sGMRar+ECDBc) was estabIished by calcium phosphate transfection (section 

2-12) of pRC/CMVXCDBc into the BEK-2I/sGMRcr ceU Linet* to generate BHK- 

2l/sGMRa+ECD PC. CeUs that contained both pIasmids, p2EM2Z9.sGMRctM 

(conferring resistance to methotrexate) and pRC/CMVECDBc, were seIected for 



resistance to methotrexate (David Bull Laboratories Pty. Ltd., Mulgrave, Victoria, 

Australia) and G418. Surviving cell colonies were subcultured individualiy and screened 

for co-expression of sGMRa and ECDpc by '7-GM-CSF soluble receptor binding assay 

(section 2.29) and SDS-PAGE and Western bIotting with the anti-PC mAb 1 C1 (sections 

2.17, 2-18), respectively. Unless otherwi-se indicated the source of the recombinant 

proteins for the toUowing experiments was crude cert condiaoned media 

52.2 Interaction of ECDa and GM-CSF with cell surface expressed PC: Flow 

cytometry. Cell surface expression of PC and GMRu receptor subunits on BHK-2 1 cells 

(BHK-211Bc" and BHWI/GMRat*, respectively) was confirmed by flow cytometry 

using anti-$c mAbs I C I and the anti-GMRa mAb 8G6 as described in section 2.3 1. 

Detection of ECDdGM-CSF complexes on the surface of Bc expressing ceIIs was 

performed as follows. A 50 nM ligand soIution containing ECDa aIone or in 

combination with an equimolar amount of GM-CSF was prepared in PBS. lo6 PC- 
expressing cells (BHK021/Bc) or controls (BHK-2I) were incubated at room temperature 

with 20 pL of either ligand solution for one hour. The tubes were maintained on ice to 

Limit receptor internalization and were washed three times in ice cold PBS. The presence 

of ECDa on the d a c e  of the celIs was detected by incubation with a 112000 dilution of 

anti-GMRcc mAb 8G6 for I hour, CeUs were washed 3 times with ice cold PBS and were 

incubated with Ipg of RTC-labelled goat-anti mouse IgG secondary antr'body for one 

hour. Cells were washed in PBS and aodyzed on a flow cytometer. Non-specific 

interaction of the secondary antibody was controled for by performing all experiments 

with secondary a~ticbody alone. The ability of the anti-GMRor mAb 8G6 to bind to 

ECDa in the presence and absence of GM-CSF was confinned by analyzing the ability of 

8G6 to identify BK-2;fGMRa celIs that had been incubated with or without 50 mV of 

GM-CSF, 

5.23 Interaction of ECDa and GM-CSF with ceII surface expressed PC: % 

GM-CSF ~e~associated receptor binding assays. Cellassociated GM-CSF receptor 

binding assays were performed as described in section 2.29 with the following 

modification: lo6 PC-expressing cells (BHK-21/flc) or controI ceHs (BE-21)  were 



incubated with 20 of a (igand solution containing either I0 nM '9-GM-CSF alone or 

in combination with 10 nM *ty purified ECDa Non-specific interaction of '%GM- 

CSF was determined by perfomring the assays in the presence of 100 fold excess of 

unlabeled GM-CSF. The functionality of the assay was confirmed by '"II-~hrl-cs~ 
soiuble receptor binding assay as described in section 2.29- AU assays were performed in 

dup ticate. 

5.3 ResuIts 

5.3.1 The extracellular domain of Bc is sufficient for the formation of a ligand- 

independent receptor compier between sGMRcr and PC. sGMRa and $c can 

associate in the absence of GM-CSF when co-expressed in the same cell line". W e  

this unique association is dependent on the C-terminal domain of sGMRam the domain 

on PC with which sGMRa associates is unknown. To determine if the ligand- 

independent association of sGiMRa and PC was mediated through the extracellular 

domain of PC, conditioned media from the sGMRaECDfk co-expressing cell Line was 

immunoprecipitated with anti-GMRa mAb 8G6 and anti-PC mAb ICI and andyzed by 

SDS-PAGE and Western blotting with 8G6 and IC1. sGMRa was immunoprecipitated 

with both anti-GMRa mAb 8G6 and anti-$c mAb 1 C 1 (Figure 5.1. lanes I and 1, 

respectively) suggesting that sGMRcr and ECDBc were associated in a cornpiex in the 

absence of GM-CSF. The Iower intensity of the sGMRcr-protein band that was 

immunoprecipitated with anti-PC mAb is consistent with the ligand-independent 

sGMRa/fk complex being a minority species amongst a Iarger pool of the receptor 

sub&. To contirm that sGMRcr forms a ligand-independent complex with ECDpc the 

reciprocal immunoprecipitations were performed. ECDBc was immunoprecipirated with 

both anti-PC mAb ICI and with anti-GMRa mAb 8G6 (Figme 5.1, lanes 3 and 4, 

respectiveIy) confirming that s G M k  and ECDBc were associated in a complex m the 

absence of GM-CSF. Again the Iower intensity of the ECDBc-protein baud that was 

immunoprecipitated with anti-GMRa mAb suggests that the ligand-mdependent complex 

was a minority species. BE-2I lsGMRa conditioned media was aIso 



immmunoprecipitated with anti-GMRcr mAb 8G6 and probed with anti-flc mAb 1C1 to 

control for non-specific interactions between LC1 and sGMRa (Figure 5.1, lane 5). 

These resdts demonstrate that the extraceIluIar domain of f3c is sufficient for the 

formation of a ligand-independent complex with sGMRa when the two subunits are co- 

expressed in the same cell line. 

533 Determination of the GM-CSF binding abilities of the ligand-independent 

sGMRcr/ECDflc complex. To determine if the preformed sGMRcc/ECDfk complex 

observed in f i p  5.1 could bind GM-CSF in solution, GM-CSF was directIy conjugated 

to N-hydroxysuccinimide-activated agarose beads and used to try and co-adsorb sGMRu 

and ECDBc f?om media conditioned by the co-expressing BK-2L/sGMRa+ECD~c cell 

he. 

The hctionai activity of the GM-CSF-beads was first confirmed by their ability to 

adsorb sGMRa from supernatant conditioned by the BHK-2l/sGMRu cetI Line in a 

concentration-dependent manner (Figure 5 2 A ) .  Of interest. the GM-CSF beads codd 

also adsorb a small amount of ECDPc from supernatant conditioned by the BHK- 

2LECDPc cell line. However. the specificity of this interaction is questionable as a LOO 

foId excess of &e GM-CSF codd only partiaIIy inhibit this association (Figure 5-23. 

lanes l and 2) and agarose beads conjugated with ethanolamine (sham-beads) were also 

abre to adsorb a s m d  amount of ECDBc (Figure 5.2B, Ianes 3 and 4). Interestingly, the 

GM-beads adsorbed what appeared to be two dBierent ECDBc protein bands while the 

sham-beads ody adsorbed the larger molecdar weight form. The reason for this is 

&om* 

To M e r  explore the potential specificity of the GM-CSF interaction with ECDBc 

we aIso performed '*I-a-CSF soluble receptor binding assay using ECDPc. No 

spec& binding of GM-CSF by ECDBc could be detected even at a concentration of 16 

pM or nedy 2000 foId higher than the dissociation constant of the low afEb& GM-CSF 

receptorm (&ta not shown). FhalIy? ECDBc conjugated to NHS-activated agarose beads 

was nnabIe to adsorb '3-GM-CSF from soIrrtion (data not shown) firrther suggesting that 

no specific interaction between the GM-CSF-beads and ECDfk was ocnning. 



To determine if the sGMRa/ECDBc ligand-independent complex was capable of 

binding GM-CSF, we then incubated media conditioned by the co-expressing cell Iine 

BHK-ZlisGMRcctECDPc with GM-CSF-beads for 12 hours at CC. The beads were 

peueted by centrifugation and washed extensively in PBS containing 0.02% Ttveen-20. 

The adsorbed protein were eluted from the beads by boiling them in SDS-PAGE loading 

buffer containing B-ME. The eluted protein were anaiyzed by reducing SDS-PAGE and 

Western blotting with the anti-GMRa mAb 8G6 or the anti-PC mAb IC 1. As can be seen 

Erom figure 3-32 the GM-CSF-beads were very effective at isolating sGMRu From 

solution (Iane 2) when compared with immunoprecipitations performed with the anti- 

GMRa mAb 8G6 (Iane 1). ECDPc was also adsorbed from BHK-Zl/sGMRcr+ECD~c 

conditioned media with the GM-CSF beads but not from BHK-21/ECDBc media (Figure 

52D, lanes 2 and 3, respectively) suggesting that the ligand-independent s G W E C D B c  

complex could bind GM-CSF. However. these results do not exclude the possibility that 

the GM-CSF beads were adsorbing free SGMRCY and ECDBc subdu that had assembled 

into a compIex in the presence of GM-CSF. Indeed the weakness of the protein bands 

that were isolated in the absence of GM-CSF (Figure 5.1. Iane 2) would suggest that the 

Ligand-independent complex was a minority species amongst a much larger pooI of Eee 

receptor subunits. To address this, we attempted to isolate the s G M R ~ C D P c  complex 

from the h e  subtmits by size exclusion chromatography. However the selectivity of the 

Superose 12/30 coIumn was iosuacient to effectively separate the preformed complex 

from the free receptor subunits (data not shown) and it remains uncertain whether the 

preformed sGMRcrlECDBc complex could indeed bind GM-CSF in solution. 

5.33 An independent source of sCMRa can  associate with ECDBc in the 

presence of GM-CSF. Previous work by our group[* demonstrated that an independent 

(exogenous) source of sGMRa could not associate with Bc on the ceU d a c e  even in the 

presence of GM-CSF. However? as we were rmabIe to determine whether GM-CSF-beads 

had co-adsorbed the ligand-independent sGMRct/ECDBc cornpiex or free SGMRCZ and 

ECDBc that had assembled into a GM-CSF binding complex, the poss'biIity remained 

that m solution, an independent source of sGMRa could m fact associate with PC- To 



expiore this possibility finther, we utilized independent sources of sGMRa and ECDPc 

supernatant for the adsorption assays, As expected, the GM-CSF beads adsorbed 

sGMRa from cell conditioned media that contained sGMRa alone or in conjunction with 

ECDPc (data not shown). ECDBc could not be readiIy adsorbed with the GM-CSF-beads 

beyond background levels resulting fiom the non-specific interaction between the 

agarose-beads and ECDBc (Figme 5.3, Iane 1). consistent with ECDfk's Iack of intrinsic 

aEkity for GM-CSF. Howevever? ECDBc was co-adsorbed with the GM-CSF-beads h r n  

supernatant containing admi,~tures of s G W  and ECDBc (Figure 5.3, Iane 2) suggesting 

that an independent source of sGMRa could indeed associate with ECDBc in the 

presence of Ligaod. 

To confirm this observation the reciprocaf experiment was performed using purified 

sGMRa immobilized on MIS-activated agarose beads. The activity of the sGMRa- 

beads was confirmed by their ability to specifically adsorb '"I-GM-CSF &om soIution 

(data not shown). The sGMRu-beads were incubated with ECDf3c in the absence and 

presence of Gb1-CSF, pelleted and washed The adsorbed proteins were eluted off the 

beads by boiling in SDS-PAGE reducing b e e t .  The proteins were analyzed by SDS- 

PAGE and Western blotting with anti-$c mAb ICI. In the absence of GM-CSF the 

sGMRu-beads couId not adsorb ECDBc beyond background levels redting from the 

non-specific interaction between the agarose-beads and the ECDBc subunit (Figure 53. 

Iane 5). However in the presence of GM-CSF the sGMRcr beads adsorbed a distinct 

protein band that corresponded to ECDPc (Figure 5.3, Iane 4). Therefore while it 

remains unclear whether the ligand-independent sGMRdECDfk complex can bind GM- 

CSF in solution it is clear that independent sources of sGMRcr and ECDPc can associate 

in the presence of GM-CSF. 

53.4 The C-tenninaI domain of SGMRCC does not mediate the interaction 

between independent sources of sCMRa and ECDpc. The C-terminaI domain of 

sGMRu is necessary for the tethering of sGMRa to PC on the cell-dace? To 

determine ifthis C-terminaI domain was also responsibIe for the ability of an independent 

source of sGMRcr to associate with ECDBc in the presence of GM-CSF we generated a 



mutant isoform of sGMRa that was the 16 amino acid C-terminal domain 

(ECDa) and expressed it in the insect celI line Bm-5 (see Chapter 4). AEnity purified 

ECDa was immobilized on NHS-activated agarose beads. The activity of the beads was 

confirmed by their ability to specifically adsorb '9-GM-CSF &om solution (data not 

shown). ECDa-beads were incubated with an independent source of ECDBc that was 

secreted by an insect cell Line (Bm-S/ECD@c, see Chapter 4) in the absence and presence 

of GM-CSF. The beads were peueted washed and the adsorbed proteins were eluted off 

the beads by boiling them in SDS-PAGE reducing buffer- The eluted protein were were 

andyzed by SDS-PAGE and Western blotting with anti-Bc mAb LC1. ECDBc did not 

associate with the ECDa-beads in the absence of GM-CSF (Figure 5.4. Iane I). 

However in the presence of GM-CSF, ECDflc did associate with ECDa (Figure 5.4, Ime 

1) demonstrating that the C-termind domain of SGMRCC did not mediate the interaction 

between independent sources of sGMRa and ECDBc. To confirm these results we 

pecformed the reciprocal experiment using GM-CSF-beads. ECDBc conditioned media 

was incubated with GM-CSF-beads in the absence and presence of an independent source 

of ECDa. ECDBc did not associate with GM-CSF in the absence of ECDa (Figure 5.4. 

Iane 3). However ECDPc did associate with GM-CSF in the presence of ECDa (Figure 

5.4, lane 4) confirming that independent sources of ECDa and ECDBc can associate in 

the presence of GM-CSF and that the C-terminal domain of sGMRcr does not mediate 

this interaction. 

GMRcr and $c form a high aEuity GM-CSF binding cornpIex on the ceU  surface^^, 

while GMRcr done binds GM-CSF with Low affinityk". The PC receptor subunit mediates 

the conversion of the GMR fiom low to high aflkityta. To determine whether ECDBc 

couid also act as an afEnity converting subunit in sotution we performed ' 2 5 ? - ~ ~ ~ ~  

soIubIe receptor binding assays using media conditioned by the Bm-SIECDa cell Line in 

the presence and absence of media conditioned by the Bm-S/ECDFc ceU line. In the 

absence of ECDflc, ECDa boimd 'TGM-CSF with an e t y  similar to that of the 

native cell surface GMRa. (Kd= 2.8 nM, Chapter 4, Figure 42). However, upon addition 

of ECDBc to the reaction mixtore, a 5-20 foId increase in 9-GM-CSF binding activity 



was observed (Kd = 98 pM to 800 pM, Figure 5.5). This increase in GM-CSF binding 

aftinby upon addition of ECD$c was consistent with the d&ity shift that is observed on 

the cell slrrface suggesting that ECDBc did provide aBhity converting activity. 

Furthermore, this result supports the observation that independent sources of ECDa and 

ECDBc can associate in solution in the presence of GM-CSF and that the subunits do not 

have to be cwxpressed for this to occur. 

53.5 ECDa can not associate with cell-surface expressed PC in the presence of 

CM-CSF. We performed flow cytometry to determine if ECDa and GM-CSF were also 

able to associate with cell-surface expressed PC. B E - 2 1  and BHK-21@c cells were 

incubated with 50 n M  ECDa in Bm-SIECDa conditioned media and GM-CSF, or ECDa 

done, and were analyzed for retention of ECDa on the cell nnface by flow cytometry 

with the anti-GMRa mAb 8G6 and a RTC-labelled goat-anti mouse IgG secondary 

mtiiody. No signal was detected on the surface of BHK-21 (Figure 5.6A) or BHK-21/pc 

ceIIs (Figure 5.m) that were treated with either ECDa done or ECDU and GM-CSF 

demonstrating that ECDa could not associate with cell-nrrface expressed $c even in the 

presence of GM-CSF. The lack of interaction of ECDa with Bc was not due to a lack of 

Bc receptors on the d a c e  of BKK-2I/Pc cells as expression of Bc was c o d i e d  by 

ffow cytometry using an anti-bc mAb (IC1, Figure 5.6C). Furthermore, the lack of 

interaction was not due to the inabiIty of 8G6 to recognize receptors that were bound to 

GM-CSF as 8G6 recognized GMRa receptors with equd intensity on BHK-21/GMRa 

cells that were incubated in the absence and presence of GM-CSF (Figure 5.6D). F W y y  

the inability of ECDa and GM-CSF to associate with cell-&ace expressed Bc was 

confiimed by a radioligand binding assay that failed to detect the presence of '=I-GM- 

CSF on the surface of BHK-21/Bc c e b  that had been incubated with an admixture of 

ECDa and 'q-GM-CSF (dam not shown). Thus while ECDa and GM-CSF can clearIy 

associate with ECDpc in soIutio11 they are uuable to associate with cet l -dace expressed 

Bc- 
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Figure 5.1. Co-immunoprtcipitatioa o f  sGMRu and 
ECDk in the absence of GM-CSF From a cell line 
that c03~ptessecf both subunits. BHK- 
21 /sGMRmECDfic ( t 4) or BKEGZI/sGEufRa (5) 
conditioned media was incubated with anti4iMRa mAb 
8G6 (a) or antiqc mAb ICI (B) irt the absence of GM- 
CSF. The precipitated proteins were eletrophod 
under reducing conditions by SDS-PAGE and visualitd 
by Western blotting with the anti-GMRa rnAb 8G6 or 
the anti* mAb IC t . The positions of sGMRa and 
ECDfic arc indimed with m w s .  as is the position of 
thc IgG heavy chain. . 
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Figure 52. Co-adsorption o f  sGiMRot and ECDBc with CM-CSF from media 
conditioned by the co-expressing cell line BXK-tUsGMRa+ECD~c~ A, GM- 
CSF-beads adsorbed sGbIRa fiom solution in a conccntration&pendent manner- 
BHK-2 tfsGMRa conditioned media was incubated with increasing mounts of s 
50% sIurry of GM-CSF-beds ( 1.5, 10 or 20 & lanes 1-4) for 2 hours at room 
tempcr;lm. The bead were pellsted by centrihgation and washed in PBS 
containing 0.02% Tween-20. Thc ad so^ proteins were eluted fmrn the brads by 
boiIing in SDS-PAGE reducing b u f f i  The proteins were tktrophorrsrd under 
reducing conditions by SDS-PAGE and visuolkd by Western blotting with the anti- 
GbIRor mAb 8G6. B. Non-specific intenction between Gbf-CSF-beads and 
ECDBc BHK-21/ECD@ conditioned media was incubated with 100 pL of a 10% 
slurry of either GM-CSF-bds (GM) or shnmanjugated a p s e  b& (SHAM) in 
the absence (1.3) and presence (2,S) of to0 fold excess of fne, unconjugmd GiM- 
CSF. The beads were plleted and washed and the adsorbed protein were eluted 
h m  the bcads by boiling in SDS-PAGE reducing buffer. The eluted proteins were 
bmionated by reducing SDSPAGE and analyzed by Western blotting with the anti- 
Bc mAb 1C1, C, GM-CSF-beads t f f d v t 1 y  adsorb sGbfRa h m  BHK- 
2I/sGMRmECD+ conditioned media BHK-Z[/sGbfRa+ECD@ conditioned 
media \as incubated with anti-GbIRa mAb 8G6 (a) and Protein-A Spharose or 
100 pL of a 10% slurry of GM-CSF-beads (GLM). The beads were pelleted washed 
and eluted h m  the beads by boiling in SDS-PAGE reducing buffer- The adsorbed 
proteins were electrophohsed under reducing conditions by SDS-PAGE and 
visualized by Westem blotting with auti-GMRa mAb 8G6. D. ECDpc can k co- 
adsorbed with GM-CSF from media conditioned by the co-exprrssing cell line BHK- 
ZIIsGMRa+ECDf3c but not fiom media conditioned by the BK-2I/ECDb cell 
Iinc, BHK-Zt/sGMRa+ECD$c (1.2) or BHK-Zl/ECD@ (3) conditioned media was 
incubated with anti* mAb ICt (B) and Pmtein ASeph;rrose or 100 pL. of a IOYo 
stuny of Gbf-CSFkads (GM). The beads were peileted, washed and eluted by 
boiling in SDS-PAGE reducing buffer- The adsorbed proteins were eleccrophocesed 
under reducing conditions by SDS-PAGE and visualized by Western blotting with 
the ma+ m A b  ICL- 
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Figure 53. Admirtuns of independent sources of 
sCMRa and ECDge can associate in so~ution. 
BHK-tI/ECDBc conditioned rntdia was incubated 
in the presence and absence of diEcf#lt combination 
of BE-ZIJsGMRa conditioned media and GLM- 
CSF (or their bead-conjugotcd equivalents. represented 
by an aserEu). The adsorbed protein complexes were 
pelkad, washed and eluted off the beads by boiling in 
SDS-PAGE reducing buffcr, The eluted proteins were 
elcctmphorrscd under reducing conditions by SDS- 
PAGE and visualiztd by Western bbning with the 
mti-gC mAb ICI, 
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Figun 5.4 The C-termina1 domain of sGMRa dots ao t 
mediate the interaction between independent sources of 
sCL'MR~ and ECDflc. Brn-YECDfk conditioned media 
was incubated in the prescnu and absence of different 
combinations of Bm-SEECDa conditioned media and GM- 
CSF (or their bead-conjugatcd cquivden~ rrpnsenrcd by 
an astwk). The kads were pclhetL washed and the 
;Idsorbed proteins were clutcd by boiling the beads in SDS- 
PAGE reducing b a r .  I'be ciutcd proteins were 
cfectrophod under reducing conditions by SDS-PAGE 
anduisuaIizcd by Wesfem blottingwithanti* m A b  tCt- 





Figrve 5.6. ECDa doer not interact with cc~-surf.cc expressed Be in the presence o r  absence of GM- 
CSF. Row cytometry tvas petformed on cells that were pre-incubated For one hour with 50 moUL ECDa 
or SO mol lL  ECDa and GM-CSF usmg ma-GMRa mAb 8G6 (aati-a. paneb A B md D) or anti* mAb 
ICI (mti+c, panel C) and a m C - W e d  g o a t .  mouse IgG secondary ma'body'. FIuo-ce 
intensities of the cells incub& wit6 both primary and secondary antibodies (I+?) was compared with the 
inkdies  o f c e k  mcubated with s e ~ ~ n d a q  anaidy done (2). A. ECDa is not retained on the d i x e  of 
BHK-21 aL either in rhe presence or absence of GM-CSF- B. ECDa is not retained on the arrface of 
BKK-2Vl3c c c k  in the pmence or absence of GM-CSF. C mepmn arc p r c s o t  on the mrficc of 
BEiK-ZUl3c but not BHK-21 a c k  D. mAb 8G6 cecognin+ GMRa lcapmrs on the nnfDcc of BAK- 
2UGMRa cek 5 fie presence and absence of GM-CSF- 



5.4 Discussion 

SoIubIe receptors exist for nearly alI members of the cytokine receptor superfamiy. 

Most are solubIe variants of the ligand binding "ci" chain that arise either by proteolytic 

cleavage or by an alternative splice e ~ e n t ~ * ~ * ~ ~ ~ .  The function of a given soluble 

receptor is in pan dependent upon its ability to associate with its cognate seU 37nfcce 

signaling sub& For example the soluble E-6 receptor can bind IL-6 in solution and 

associate with its cell d a c e  signaling subunit, gp130, to form a frmctional receptor 

compIex capable of signal tmnsduction~. On the other hand whiIe SGMRCY in solution 

phase can bind GM-CSF it cannot interact with Bc on the cell d a c e  and is therefore 

believed incapable of forming a functional receptor complex with PC. Indeed sGMRa 

acts as an antagonist of GM-CSF function in vitro presumably by binding to and 

sequestering GM-CSF away born the cell surface receptort^. However. in contrast to 

exogenous SGMRCL sGMRu that is co-expressed in the same cell as PC is able to form a 

tigand-independent cornpiex with Bc that can also bind GM-CSF with high afEmitymm. 

Thus a paradox exists concerning the interachon of sGMRa with cell surface Bc with the 

potentid for interaction appearing to be critically dependent upon the source of sGMRa 

e.qression in relation to PC. 
Previous work by our group demonstrated that sGMRu that was co-expressed with Bc 

remained associated with the cell surface by direct interaction of its C-terminal domain 

with flc in the absence of GM-CSFm. The data in this manuscript demonstrates it is the 

extraceIIuIar domain of PC which interacts with the C-terminal domain of sGMRu and 

alIows the formation of the Ligand-independent compIex (Figure 5.1): 

These &ta also demonstrate that an unidentified cell d a c e  rnofecde is not 

mediating the interadon between PC and sGMRa as the submits do not have to be 

tethered on the ceII &ace for the interaction to take pIace. These red ts  are therefore 



consistent with the extracellular domain of Bc being sufficient for formation of the 

Iigand-independent complex with sGMRa. 

The sGMRa/ECDBc complex was a minority species in the celI conditioned media 

when compared with the much larger pool of free sGMRa and ECDBc subunits (Figure 

5.1). This result was consistent with our earlier data which showed that the sGMRdBc 

ceIl lines secreted ample sGMRu into the supernatant as well as having sGMRcr on the 

surface'Nm. The data also confirm that the ligand-independent complex only forms when 

the receptor subunits are co-expressed (Figures 53.4) suggesting that sGMRcl and Bc are 

assembling into a preformed complex prior to reaching the cell surface. Taken together 

these observations are in keeping with the interaction between SGMRCX and ECDBc or PC 
being a Iow frequency event that occurs during co-transport of the receptor subunits 

through intraceildar organelles. 

Previous work by our group demonstrated that h e  figand-independent cell surface 

complex consisting of sGMRu and fk could bind GM-CSF on the cell surface with high 

dhity". There are constituents in the conditioned media of the sGMRaECDBc ceU 

Line which are aIso able to bind GM-CSF and which involve ECD$c as part of the soIubIe 

complex (Figure 52 CD): 

sGMRCC/ECDBc + GM-CSF c3 sGMRdECD~dGM-CSF 

However, we were unabIe to determine if the preformed sGMR or/ECDBc complex 

participated or whether it all arose fiom the ligand driven assembly of free sGMRa and 

ECDBc. This Iatter scenario, the assembly of GM-CSF? sGMRcr and ECDBc into a 

compIex in solution, clearly does occur and does not require co-expression of the receptor 

subunits (Figme 53). 

These resdts contrast with previous findings where an independent source oEsGMRa 

codd not associate with ceU d a c e  PC even in the presence of GM-CSFL*-Uo. It is 

possibIe that sGMRa interacts merentiy with ECDBc in soIution than it does on the ceU 

d a c e  with PC. ECDBc may be in a less constrained conQuation when in soiution 



dowing it to associate more readily with SGMROL and GM-CSF. Alternatively 

membrane-anchored Bc may normally exist as part of a ceU surface complex that is 

unabIe to associate with sGMRa and GM-CSF. There is evidence that at least a 

subpopulation of PC exists on the cell d a c e  as a non-functional homodimer that is 

activated upon recruitment into a complex with GM-CSF and GMRa". However as celI 

surface Bc can clearly be recruited into a bct ional  receptor compiex wirh the 

membrane-spanning GMRcr foIlowing ligand binding it seems unlikely that a 

homodimeric state of free Bc on the cell surface would specifically preclude interaction 

with sGMRct and not GMRcr, 

While the ligand-independent interaction of co-expressed sGMRa with c is 

mediated by the C-terminal domain of s G W ,  the ligand driven assembly of sGMRcl 

and ECDBc does not require this C-terminal domain. A mutant sGMRa construct that 

was missing the C-terminal domain (ECDa) was also able to associate with ECDBc in 

the presence of GM-CSF (Figure 5.4) demonstrating that the ability of independent 

sources of sGMRa and ECDBc to associate in solution upon the introduction of GM-CSF 

is an intrinsic property of the extracellular domains of these receptor subunits. In contrast 

it has been previously reported that the extracellular domains of GMRat and Bc can not 

assemble in solution unless co-expressedm. However, these experiments were performed 

in the presence of a high concentration of detergent (1% NP-rlO/PBS versus 0.02% 

Tween-20PBS used here) suggesting that the detergent may have interfmd with subunit 

association. AlternativeIy the wash buffers we used may have been too d d  to disrupt 

non-specific subunit interactions. The fatter scenario is unlikely as ECDa and ECDBc 

were abIe to bind GM-CSF with higher cdinity than ECDa done (Figure 5.5) suggesting 

that the association of independent sources of ECDa and ECDBc was specific. These 

red& demonstrate that alI of the domains necessary to form a fiurctiod high &ty 

GM-CSF receptor are present within the extracellular domains of the individd receptor 

subunits and that their association is not dependent upon co-expression. 

There was an 8-fold range in dissociation constants observed for the binding of GM- 

CSF to ECDcdECDBc. The variability in the estimated dissociation constants was IikeIy 



the result of using crude conditioned media of variable receptor concentration. Indeed. 

Wheadon et at.= have demonstrated that the molar ratio of GMRcc:Bc on the cell surface 

has a profound impact on the observed dissociation constant, where a shift in the molar 

ratio of GMRcc:Pc h m  4: 1 to 1: 1 resulted in a 25 fold shifr in high affinity binding f?om 

15 pM to 364 pM. The range of estimated dissociation constants obtained for 

experiments reported in this manuscript (98 phi to 800 pM) is -+thin the range that might 

be expected if the molar ratio of ECDa:ECDBc varied between experiments. However. 

we can not rule out the possibility that the range in dissociation constants observed was a 

direct result of the loss of the transmembrane domains of GMRa and Be, where loss of C- 

terminal anchorage of the receptor subunits somehow contributed to de-stabilization of 

the high affinity receptor complex. 

The data in this chapter suggest that the GM-CSF receptor complex assembles in a 

stepwise manner that is initiated by the interaction of the extracelluIar domain of GMRu 

with GM-CSF? folIo\ved by the interaction of the GMRcrlGM-CSF compIex with the 

extracellular domain of PC: 

ECDa + GM-CSF c-) ECDcdGM-CSF 

ECDcrlGM-CSF + E C D k  ++ ECD~~/GM-CSF/ECD~~C 

That is, the extracellular domains of GMRa and PC have no apparent intrinsic affinity for 

one another, nor does the extraceUuIar domain of Bc have any intrinsic affinity for GM- 

CSF. On the other haad, the data presented in section 53.1 suggea that co-expression of 

the sGMRa subunit with the extracelldar domain of PC can lead to the formation of a 

small pool of pre-formed GM-CSF receptors that might be able to bind GM-CSF: 

sGMRcr + ECDBc ++ sGMRcr/ECDBc 

s G M R ~ C D ~ c  + GM-CSF e sGMROO'B~GM-CSF 



Therefore, it is conceivable that the different subunits that form part of the GMR complex 

can associate with one another in different ways depending upon whether they are co- 

expressed in the same cetl or arise h r n  different sources. The observation that GMRcr 

and Bc can form a small pool of pre-formed receptors on primary hematopoietic ceUsm 

demonstrates that the m e m b r a n e  and cytoplasmic domains of GMRa and PC and the 

plasma membrane IikeIy piay an important roie in assembly of the GhIR complex in vivo. 

The results of our experimentation with ECDa have also demonstrated that it is not 

merely the presence of the C-terminaI domain of sGMRa that precludes the interaction of 

sGMRa with Bc on the cell &ace. An exogenous source of ECDa is likewise unable to 

complex with cel l -dace Bc (Figure 5.6). Thus the paradox remains unresolved as to 

why sGMRa can interact with Bc in a Iigand-independent manner when the two are co- 

expressed and can interact with ECDBc in a Ligand-dependent manner in solution but 

cannot interact with Bc on the cell d a c e  when introduced fiom an exogenous source. 

However, the recent identification of a soluble splice variant of PC in human mononuciear 

cellsm introduces the possibility that sGMRcr could also associate with a soluble Bc 

meant in vivo, As neither sGMRals nor ECDa were able to interact with cell-associated 

Bc in the presence of GM-CSF (Figure 5.6) but readiIy associated with ECDBc in 

solution (Figures 5.3-5) it is Likely that interaction with a soluble Bc variant in vivo would 

result in antagonism of GM-CSF activity. [ndeed, a solubk variant of the ~ 1 3 0  subunit 

has been identified in vivot" that is capable of antagonizing the activity of IL-6 

responsive ceIIs in v i h . 0 1 9 3 - 1 ~  by associating with IL-6 and the soluble IL-6 receptor. With 

the recent identification of a soluble GM-CSF binding protein that resembles sGMRa in 

human plasma and leukemic cell h e s  (Chapter 3) a unique opportunity now exists For 

exploring not ody the moIecular interactions of sGMRa but also its potential biological 

fimctions in viva, 



6.1 Introduction 

The purpose of this study was to develop a purification protocol for the isolation of 

homogemous ECDPc tiom media conditioned by thc insect cell line Bm-StTCD$c. 

CIinicaI grade GM-CSF was available for use and therefore obviated the need for 

purification and quantitatioo (section 2.1 5). A recently deveIoped commercial ELISA for 

the sGMRu subunit allowed for accurate quatltitation in crude conditioned media (section 

2.16) whiIe the previously d e s d e d  GM-CSF-affinity column allowed for purification of 

functional soIubIe GMRa variants (section 2.24). Therefore, the task of protein 

purification was limited to ECDBc. 

The strategy for purifying ECDpc was f m  to identify protein purifixcation 

methodoIogies that might be feasible for the purification of ECDBc. The second step was 

to devise a purification protocol for ECDBc that would allow for the purification of 

homogeneous ECDPc from cell conditioned media 

6.2 Materials and Methods 

62.1 Size Exclusion Chromatography (SEC). SEC was performed using an FPLC 

Chromatography system (Pharmacia Biotech. Baie d'Urfe, PQ) and a Superose 12/30 size 

exclusion column (Pharmacia). AU experiments were performed using phosphate- 

baffered saline (PBS, 2.7 m M  KCI, 8.1 mMNa&IPOl 1.47 m M  K&POJ, 137 mM NaCI, 

pH 7.4) as the mobile phase and elution of proteins fkom the column was monitored by 

CIV absorption at 280 nm. Sample injections were Limited to 1% of the coIumn voIume, 

or less than 200 pL. The void volume and total volume of the coIumn were determined 

empirically by measuring the retention time of Blue dextran and acetone, respectively. 

The number of theoretical pIates in the colmnn, an indication of the selecti- of the 

c o i m  was determined fitom analysis of the symetry of the peak of W absorption for 

acetone- The estimated retention time for a molecule of a given moIecuIar weight was 



determined by analyzing the retention time of proteins of known molecular weight 

(bovine serum albumin (BSA), 66 kDa; ovalbumin, 48 kDa; carbonic anhydrase, 30 kDa; 

lysoyme, 14.3 kDa). Experiments were performed at a ff ow rate between 200pL/min 

and lrnL/min. Fractions were automatically collected into 1.5d Eppendorf tubes and 

stored at 4°C for analysis. 

03rose 6 3 3  Flat bed isoelectric focusing (ZEF). A bed of pula cross-linked 3, 

(Sephadex IEF, Phannacia) was used as the stationary matrix for IEF. 58 mL. of IEF 

buffer (8% glycerol. 4% amphohe solution pH 3.5-IO? 60 pM EGTA pH 6.5,8.65 mM 

~mercaptoethanol) was used to reconstitute 2.64 g of Sephadex matrix. The matrix was 

spread to d o r m  thickness on a glass piate (approximately 20 cm by 12 cm) and was 

seated on a cooling tray. Electrode buffer strips (two 0.5 cm wide strips of Whatman 

paper) were soaked in either 2% ampholine solution or IM H3POJ and were piaced on the 

geI bed at the mode and cathode positions? respectively. The pH gradient was formed 

prior to analyzing the Bm-S/ECDPc sampIe by electrophoresing the arnpholyte mixture 

through the agarose bed for I hour at 5OOV. 2 mL of desalted Bm-5ECDBc conditioned 

media was mixed with a strip of the agarose matrix that had been removed from the gel 

bed The sample was then reapplied to the gel bed and electrophoresed for I2 hours at 

500V. The voltage was increased to LOOOV for I hours to sharpen the focusing of the 

bands. The gel bed was divided into 24 sections of approximately I mL of gel each and 

was harvested using a 0 5  cm wide plastic scraper. The gel matrix was tmsf2rred 10 rnL 

pIatic tubes containing I mL. of ddH20 and the pH of each fraftion was determined- 

62.3 Reverse Phase Chromatography (RPC). AU RPC was carried out on a 

Beckman System Gold HPLC system interfaced with a Dell 386 PC. A C4 analytical 

coIumn piorad, Mississauga, ON) was w d  throughout. The mobile phase for aII RPC 

consisted of 0.1% trifIuoroacetic acid mA) in Ha. The eIution phase consisted of O.L% 

. TFA in acetonitrile. AII experiments were perf'ormed at room tempemm and at a flow 

rate of L mWmin, Protein eIution h m  the column was monitored by W absorbance at 

215 EIution of adsorbed proteins h m  the C4 column was accompfished using a 

hear gradie11t (0-100%) ofO.l% TFA/acetoniHee The dope of the gradient was varied 



throughout experiments to optimize the specific elution of ECDBc. This was 

accomplished by lengthening the duration of the elution period from 30 minutes to I80 

minutes. 1 mL fractions were collected manually into 1.5 mL Eppendorf tubes. The 

acetonitrile was immedietly evolved off each sample on a speed-vacuum and the hctions 

were f?ozen and lyophyked prior to analysis by reducing SDS-PAGE. 

62.1 Concanavab A-uEfini*ty ehromatogrdphy. 1-1 0 d of ConX-Scpharosz 

(Pharmacia) was loaded into a 10 mL disposable plastic column and washed with cunning 

buffer (50 mM phosphate buffer pH 7.4, O.5M NaCl). 2-30 mL of Bm-5/ECDpc 

conditioned media was Ioaded onto the column and allowed to Bow through by gravity. 

The coiumn was washed extensively with running buffer and eluted with 0. I M-0.M a- 

D-methyImannoside in d g  buffer. Tightly adsorbed proteins were eluted by washing 

the column with O.3i NaCl pH 4.5 alternated with 0.5M NaCl pH 8.5. The acid/base 

wash was also used to reconstitute the column (remove the adsorbed a-D- 

methylmannoside). 

63.5 Anti-PC Nmity chromatography. 1 rnL of N-hydroxysuccinimide-activated 

sepharose 4B (Pharmacia) was washed three times with 10 mL of 0.01M HCI (pH 5 )  

prior to conjugation. 300 pg of anti-PC monoctonal antiiody 1CI in 300 pL of PBS was 

incubated with the activated sepharose for 12 hours at 4OC. Remaining active sites were 

blocked by incubation with IM ethanolamine for 1 hour at room temperature, The 

afhi ty  matrix was Ioaded into a 10 mL disposable plastic column and washed 

extensively with PBS. 5 mL of Bm-5IECDBc conditioned media was layered on the 

c o b  and dowed to pass through by gravity (approximate flow rate of 300pL/min). 

The cob was washed with 70 mL of PBS at maximal £low rate (approximately 3 

ml/min). The adsorbed proteins were eIuted with 0.1 M gIycine pH 2.5. 1 mL hctlons 

were colIected intro 1.5 mL Eppendorf tubes containing 20 pL of neutdimtion brrffer 

(LM Tris pH 9.0) and stored at 4OC. 

62.6 Anion-exchange c6romatogmphy (AEC). AEC was performed using the 

FPLC system connected to a quit- amine derived anion exchange coImnn (MonoQ, 

Pharmacia). H o w  rates varied from 200 pl/min to I d m i n .  The c o b  was 



equil3rated with binding buffer (50mM Tris, 137mM NaCI, pH 8.3) prior to use. I mL 

of Bm-5/ECDPc conditioned media was routinely injected over the coiumn_ The column 

was washed with btrffer until the UV absorbance at 380 nm retumed to basehe* at which 

time the adsorbed proteins were etuted with a hear  gradient (0-1M) of NaCl in binding 

buffer. Fractions (200 pL to I mL) were cotlected into 1.3 mL Eppendorf tubes and 

stored at 4°C. 

63.7 Protein assays for ECDBc Samples fiom the various purification procedures 

were analyzed for the presence of ECDBc and other proteins by reducing SDS-PAGE 

(section 2-17}, Western bIotting with the anti-PC mAb 1C1 (section 2.1 8), dot blotting 

with the anti-PC mAb 1C1 (section 2-19)? silver staining (section 330) and Coomassie 

blue staining of SDS-PAGE gels (section 221) and PVDF membranes (section 222). N- 

terminaI protein sequencing and amino acid analysis was performed by the University of 

Calgary Protein Sequencing Facility at the Health Sciences Centre. 

6.3 Results 

63 J Method Scouting 

Size exclusion chromatography. 200 pL of Bm-S/ECDPc conditioned media was 

kcdonated on the size excIusion column. 30 pL of each hction was analyzed by 

reducing SDS-PAGE and Western blotting with mAb IC1 and silver staining. A broad 

peak of W absorbance was present in hctions 11-13 (Figure 6.1A). Western blotting 

revealed a 48 kDa protein band in fractions I 1-14 with a peak of intensity in Eradon 12 

(Figure 6.LB). SiIver staining of a parallel gel showed 66 and 55 kDa protein bands in alI 

fkctions with a peak of intensity in t?action I3 (Figme 6. IC). There was also a faint 50 

kDa protein band present in hcrion 14. A 48 kDa protein band corresponding in size to 

the putative ECDBc band that was visualized in figure 6.1B was present in fractions I4  

and 15 (Figme 6 - 0 .  However the eMon position of this band did not correspond with 

that of the band vistdked by Western bIotting. 

Hatbed isoeIectric focusing. A pH gradient (pH = 3.12 - 8.63) was established by 

electrophoresing a mixtme of amphoLytes through a 20 cm by 12 cm flat bed of granular 



agarose. 2 mL of Brn-5/ECDBc conditioned media was desalted and loaded at the anode 

(Figure 62, hct ion 24, pH = 8.63, not shown). Following eIectrophoresiq the gel bed 

was divided into 24 fkctiotions of approximateIy I mL of gel each, harvested with a pIastic 

scraper and mixed with I mL of dd H20. The pH of each tiaction was determined. 30 

pL of each of the 24 fractions was analyzed by reducing SDS-PAGE and Western 

blotting with the anti-Bc mAb LC I (the WWesern blot for fiacdons 1-16 is shown in figure 

6 .X) ) .  A 46 kDa protein band corresponding in size to the control ECDPc baud was 

present in Ianes 1 1-13 (pH = 4294.36) with a peak of Western blot activity in lane I L 

(Figure 62.A)). There were also a number of unique protein bands present in hction 13 

at 48 kDa and 66 kDa as well as 140 and 150 kDa (Figure 62A, lane 13). [n addition 

there was a faint doublet present at the origin of the separation gel that probably consisted 

of large aggregates of ECDpc (Figure 6.U,  Iane 13). 30 pL of each fraction was also 

analyzed by reducing SDS-PAGE and silver staining (again. ody the portion of the geI 

representing fractions 146 is shown in Figure 6.2B). The silver stained gel showed a 

number of protein bands within the 48 kDa to 66 kDa range. The 66 kDa protein bands 

in hctions 10-16 were likely BSA, while the identity of the malier molecular weight 

bands codd not be confirmed. Further e*periments to improve the separation of ECDPc 

fkom the other constituents of the conditioned media using merent ampholyte mixtures 

did not improve the resolution of the procedure* 

Reverse phase chromatography. 1 mL of Bm-SECDPc conditioned media was 

mixed with an equd volume of 0.1% TFA and injected over the column. The adsorbed 

proteins were washed with the running buffer and eIuted with a Linear gradient (0-100%) 

of acetonitrile/O.l% TFA over a 30 minute time period. 3 mL hctions were collected 

and anwed by reducing SDS-PAGE and Western blotting with the and-pc mAb 1CI . 
A number of protein bands were visualized by Western blotting in hctions 24-30 

(Figure 63). The 46 kDa protein band corresponded in size to ECDBc (Figure 63, Ianes 

24-30). T6e chromatograph revealed a complex pattern with substantial W absorption 

throughout the elution period, paaicdarily surromc€ing hction 20-30, making the 



chromatographic results uninterpretable. This suggests that there is a substantid 

concentration of proteins other than ECDPc in these hctions. 

Concanavalin A-affinity chromatography. 2 mL of Bm-S/ECD$c conditioned 

media was resuspended in 8 mL of running buffer and applied to the column. The 

coIumn was washed twice with LO mL of nmning buffer and eIuted twice with I0 mL of 

O.iM, 0.3M and 0.331 a-D-methylmannoside. Tightly atisorbed proteins w<re removed 

by washing the column with 10 mL of O.jM NaCl @h 4.5) folIowed by LO mL of O.3M 

NaCl (pH 8.5). 30 pL of each 10 rnL h c t i o a  including the original material (Figure 6.4. 

lane I), the column pass through (Iane 2), the two wash steps (lanes 3 and 9, the column 

eIuents (Ianes 5- 10) and the acid and base elutions (lanes I 1 and 12, respectively), were 

d y s e d  by reducing SDS-PAGE. Western blotting with the anti-Bc mAb 1C1 and silver 

staining. Unfractionated ECDBc migrated as a 50 kDa protein band by Western blot 

(Figure 6.4A. lane I). A mall quantity of ECDBc passed through the column without 

adhering to the lectin (Figure 6.4A, lane 2) while an even smaller mount was washed off 

the column (Figure 6.4A, lanes 3 and 4). ECDBc eluted from the column with 0.1 M a-D- 

methylmannoside along with three d e r  molecular weight protein bands (Figure 6.4A. 

lanes 5 and 6). Lanes 7 and 8, representing elution of the column with 0.3M a-D- 

methyhannoside, were obscured during transfer by an air bubble and could not be 

visualized, However. 0.3% a-D-methylmannoside eluted a small amount of ECDBc 

fkom the column (Figure 6.4A, Ianes 9 and 10). The tira eIution of the column with the 

pH 45 NaCI buffer also eIuted ECDBc (Figure 6.4A, Iane I 1). SiIver staining a parallel 

bIot showed the presence of a large concentration of BSA in the starting material (Figure 

6-43? lane 1) and in the pass through (lane 2) with the majority being removed during 

washing (lanes 3 and 4). A small concentration of BSA was eIuted with 0. IM a-D- 

methyhannoside (Ianes 7,s) and with 03M a-D-methyimannoside (Ianes 9,IO). As for 

identification of ECDBc by silver stai& there were three distinct protein bands that eIuted 

from the column with 0.1M a-D-methymannoside (60,55 and 50 kDa, Iane 9, one of 

which coold have been ECDpc. 



Anti-Bc affinity chromatography. An anti-PC affinity column was constructed by 

coupling the anti-PC mAb LC1 to N-hydroxysuccinimide activated sephamse as outlined 

in section 62.5. The efficiency of the conjugation of the anti-PC antibody to the NHS- 

activated sepharose was assessed by anaIydng an aliquot of the reaction mixture before 

and after the conjugation reaction by reducing SDS-PAGE and silver staining. Lane I 

shows the presence of both the heavy and light chians of the LC1 igG in the reaction 

mixture prior to conjugation, while lane 2 shows the absence of the IgG following 

conjugation, demonstrating that the majority of the anti-$c antibody was coupled to the 

sepharose (Figure 6.5). The c o l m  was equilibrated with PBS and a sham elution was 

performed (0.1M gIycine, pH 2.5) to determine if the antibody would remain associated 

with the sepharose. Reducing SDS-PAGE and siIver staining of the eluent did not reveal 

the presence of any protein bands (data not shown) demonstrating that the anti-$c mAb 

LC1 did not dissociate tiom the column in the presence of the 0-tM glycine buffer. The 

column was re-equiiibrated with PBS and 5 mL of Bm-YECDBc conditioned media was 

loaded onto the column. The column was washed extensively with PBS and eluted with 

O.IM glycine buffer (pH 3-29. The eluent was colIected in individual 1 mL hctions. 

30pI of each hction was analyzed by reducing SDS-PAGE. Western blotting with the 

anti-PC mAb LCt and silver naining. A 50 kDa protein band corresponding in size to 

ECDBc was eluted fiom the column with the 0-IM gIycine buffer and showed a peak of 

Western blot activity in hction 2 (Figure 6.6). Silver staining of a parallel SDS-PAGE 

gel did not reveal the presence of any protein bands suggesting that ody a smaU amount 

of ECDPc was purified (data not shown). 

Two smalIer moIecular weight protein bands of approximateiy 40 and 35 kDa, seen 

previousIy in the elution product of the concamvah A-sepharose cotumn (see Figure 

6-41, were also present in hction 2 of the Western blot (see Figure 6.6). To determine if 

these smaller moIecuIar weight bands were novel proteins or degradation products of 

ECDBc, dipnots of hction 1, which did not inidally contain the smalIer molecular 

weight bands, we= d y z e d  by reducing SDS-PAGE and Western bIotting with the anti- 

Bc mAb ICI after being stored for 7 days at either -20°C or 4°C. The m d e r  moIecaIar 



weight protein bands appeared in hction 1 material that had been stored at 4°C (Figure 

6.7, lane 2) but not -20°C (Figure 6.7, lane I )  suggesting that the smalIer molecular 

weight bands represented ECDBc degradation products and not a unique protein species. 

6 3 3  Purification of ECDBc. rlfinity-chromatography alone. AfTkiQ pmification 

of Bm-5IECDBc conditioned media using the anti-PC c o l w  was used as the first step in 

p w i f j h g  ECDBc. 5 mL of Bm-SECDPc conditioned media was prnified over the anti- 

Bc column. The column was washed extensively and eluted with 0.1M glycine buffer 

(pH 2-5)- The eluent was collected as individual 600 pL fraction. The eluted £?actions 

were reduced in volume 25 Fold using dispusabIe uItrafiItration devices prior to reducing 

SDS-PAGE. 10% of the concentrated sample volume was analyzed by Western blotting 

with the anti-bc mAb LC1 and the remaining 90% by silver stain. Western blotting 

revealed at least two distinct protein bands in fkctions 2,3 and 4 (Figure 6.8A) with the 

50 kDa band corresponding in size to ECDBc. The two smaller molecular weight 

degradation products seen previousIy were dso present in fraction 3. Silver staining the 

parallel gel revealed a complex pattern of protein staining with the 40 kDa ECDBc 

degradation product being clearly visible in lane 3 (Figure 6.8B). By inference, the 

ECDflc protein bands seen in the Western blot probably corresponded to the faint 50 kDa 

protein band in lane 3. However BSA clearly co-migrated with ECDBc in fractions 1-4 

(Figure 6.8B) making it difficult to identify ECDBc. 

To reduce the non-specific adsorption of BSA to the affinity column, 0.05% of the 

non-ionic detergent Tween-20 was included in the PBS wash buffer (PBST). 5 mL of 

BmSECDBc conditioned media was purified over the column. The column was washed 

extensiveiy with PBST and PBS. The coIumn was eluted as above, the eluent was 

volume reduced and the hctions were andyzed by reducing SDS-PAGE, Western 

blotting with the anti-PC mAb tC1 and dver  staining. A 48 kDa ECDPc protein band 

was present in fkction 2-4 (Figcrre 69A) whiIe the other bands seen in Figure 6.8A were 

missing. The silver stained gel (Figme 6 9B) showed a 48 kDa protein band in ~ C ~ O I I S  

2 and 3, a 40 kDa protein band in hction 3 and a number of smaller protein bands- The 



40 kDa band was Iikeiy a degradation product of ECDPc. A faint 62 kDa band was also 

visiiIe in hctioos 2-4 (Figure 6.9B) and was likely BSA. 

A ~ n i ~ - c h r o r n a t o g r ~ ~ f o l l o w e d 6 y  size exclusion chromatography. The eluent in 

hction 3, which contained the putative ECDBc protein, was fractionated on the Superose 

12/30 size exclusion column. SDS-PAGE and Western blotting of the eluted hctions 

revealed a 48 kDa protein doubiet and a 35 kDa prorein band in Gactioas 58-66 (Figure 

6.10A) that corresponded in size to ECDBc and the ECDBc degradation product. 

respectively. Silver staining showed the same staining pattern in fractions 58-66 (Figure 

6.IOB) suggesting that the 48 kDa doublet was indeed ECDf3c. 

Aflnity-chromatography followed by ion exchange chromatography. Ion exchange 

chromatography was also tried as a second step in purifying ECDBc. 5 mL of Bm- 

5/ECDBc conditioned media was purified over the anti-$c f i t y  column in the presence 

of Tween-20 rxactiy as described above. The eluent was volume reduced by 

ultrafiitration and appIied to a MonoQ anion exchange column. Following extensive 

washing of the MonoQ coIumn with the Tris ruing buffer, the adsorbed proteins were 

eluted with a linear gradient of IM NaCL over a 60 minute period (Figure 6.1 1A). 200 

pL, of each ftaction was adsorbed dkectIy to PVDF membrane by vacuum filtration using 

a dot-blot apparatus. Western blotting of the membrane with the anti-flc mAb ICI 

showed the elution of a protein recognized by the anti-PC antibody starting at fraction 27 

(Figure 6.I18, hctions 27-34). Reducing SDS-PAGE and silver staining of the same 

hctions revealed a singe 66 kDa protein band in hct ions  30-33 that corresponded in 

size to BSA but no protein band in hct ion  27-30 (data not shown). Fractioas 27 and 28, 

which showed significant ECDBc immunolopicd activity by Western blot but appeared 

to be free of BSA by saver stain, were pooled and adsorbed to a piece of PVDF 

membrane and stained with Coomasie blue. The protein concentration was estimated to 

be approximately 5 pg. The membrane was washed extensivety and subject to amino 

acid d y s i s .  The amino acid composition of the hydrolyzed protein did not conespond 

to ECDPc suggesting that proteins other than ECDPc were co-eluting in hctions 27 and 

28. This r e d t  was confirmed by analysis of the remainder of hctions 27 and 28 by 



reverse phase chromatography, which showed multiple peaks of W absorption (data not 

shown). 

Afl~ity-chromatography fonowed by reverse phase chromatography. Reverse phase 

chromatography was also tried as a second step for purifying ECDBc. 5 mL of Bm- 

SlECDBc conditioned media was pmit?ed over the anti-PC afFnity column in the presence 

of Tween20 as descnied above. The eiuent was pooied, volume reduced, rebmsp~nded 

in 0. I % TFA and injected over the C4 RPC column. The co Iumn was washed with 5 mL 

of 0.1% TFA and eluted with a hear  gradient of 0-100% O.l%lTA in acetonitrile over 

30 minutes. The chromatograph showed a broad peak of UV absorption in the 22-25 

minute range (Figure 6. I 2A, panel A) indicadng that ECDPc. which eluted in hction 24 

by reducing SDS-PAGE and Western biot with the anti-PC mAb 1 C I (data not shown), 

was co-eluting with other proteins. The elution profile was therefore extended to 60 

minutes to improve the separation between eluting proteins. The broad peak in 6. I X  

(panel A) was resolved into three individual peaks when the column was eIuted over a 60 

minute period (Figure 6.13Af panel B). The separation between the peaks was improved 

Curther by lengthening the elution period to 90 minutes (Figure 6.13A, panel C). 

Reducing SDS-PAGE and saver staining of the fractions showed a distinct 48 kDa 

protein doublet corresponding in size to ECDPc in hct ion 45. with a 66 kDa protein 

band that corresponded to BSA in fraction 46 (data not shown). The purification 

experiment was repeated with an elution pm-od of I20 minutes to try and improve the 

resolution of the separation finther. The I20 minute elution period resolved the single 

peak seen in &action 46 (Figure 6.12A, panel C) into two individual peaks, one at 53 

minutes and one at 54 minutes (Figtrre 6.I2A, panel D). The broad peak that was shown 

in Fignre 6.I3A (panel A) to cornspond to BSA now eluted at 56 minutes. 

30 uL aliqouts of hctions 52-56 purified p d e d  by reverse phase chromatography 

uisng the I20 minute elution profile (see Figure 6.12A, panel D) were andyzed by 

reducing SDS-PAGE and Westem blotting with anti-PC mAb ICI. A 45 kDa protein 

band eluted in fiaction 54 and 55 by Western b10t (Figure 6.12B7 pane1 A), Reducing 

SDS-PAGE followed by silver staining of aIiqouts ofthe same hctions showed the wne 



45 kDa protein band (Figure 6.12B, pane1 C). Importantly, BSA couid be clearIy 

differentiated fkom ECDBc by its elution in hction 56 and 57 (Figure 6.12B, panel C). 

Analyzing the same hctions by non-reducing SDS-PAGE and Western bIotting showed 

the same 45 kDa protein band (Figure 6.1Z3, pane1 B). Finally, analyzing the same 

fractions by non-reducing SDS-PAGE and silver staking also revealed the same 45 kDa 

protein band (Figure 6.i2B, pmeI D) suggesting that the 45 D a  protein band tvas 

ECDBc. Importantly, the 75 kDa protein band seen by silver staining under non-reducing 

conditions (Figure 6.12B, panel D) did not disappear in the presence of $0 

mercaptoethanol (Figure 6.12E3, pane1 B) suggesting that this protein did not correspond 

to a disulphide bonded rnultimer of ECDPc. The absence of a higher molecular weight 

band on the non-reduced Western blot (Figure 6.12B. panel C) also suggests that the 75 

kDa protein bands in the silver stains were not oligomen of ECDPc. However. the 

possibiiity that the 75 kDa protein band was in fact a higher molecuIar weight aggregate 

of ECDBc that was not recognized by the anti-PC mAb LC1 because the epitope was 

buried within the protein complex can not be d e d  out. 

To c o b  the identity of the 15 kDa protein band, the experiment was repeated and 

fraction 54 and 55 were pooled and hctionated by reducing SDS-PAGE. The proteins 

were transferred to PVDF membrane and stained with Coomassie blue. The stained 

protein band corresponding in size to ECDBc was excised h r n  the bbt and subject to N- 

termind sequencing. 8 rounds of N-terminal sequencing were performed generating a 

weak chromatographic tigad corresponding to the following sequence: 

Determined sequence: eXeIPLQi 

Expected sequence: EETIPLQT 

The Low protein concentration, estimated to be less than I p& was Likely responsibIe 

for the incomplete and weak amino acid sequence. NeveaheIess, the determined 

sequence corresponding to residues 9-16 of the matllre ECDPc protein seqnence was 

similar to the expected ECDBc sequence. Amino acid andysis was performed on the 



r e m f i g  protein sample to confirm that the N-terminal sequence obtained was derived 

from ECDBc and not from another contaminmting. Amino acid analysis of the 

remainder of the hydroiyzed protein reveaIed an amino acid composition that was similar 

to but not entirely consistent with that of ECDPc: 

Amino Acid 

Asp+- 

Thr 

Ser 

Glu + gln 

Pro 

G ~ Y  

AIa 

Val 

Met 

Ile 

Leu 

TF 
Phe 

His 

LYS 

Expected Determined 

39 

The dismepency between the expected amino acid composition of ECDPc aod the 

determined amino acid composition was Likely due to the low protein concentration used 

and the redting poor resohion on the chromatograph. However, the possibility that the 

observed amino acid sequence corresponded to a protein other than ECDpc can not be 

ruled out (see Mow). 
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Figure 6.1, Size exclusion, chromatography 
of Bm-SECDBc conditioned media A 200 
pL of Brn-5ECDflc conditioned media was 
applied to a Superose 12/30 size exclusion 
coIumn cquilibt8fcd with PBS at 4C- The 
column was nm at a flow rate of t d r n i n u t e -  
The proteins were collected every minute as I 
mL t'nctions as they eluted off the column (the 
chromatograph for fncufncuons 7-16 is shown). 
Elution of the proteins ftom the column was 
rnouitod by UV absorbance at 280 nm. The 
position of elution o P various rnold8c weight 
markers are tabelled on he  chromatograph. B. 
30 uL diqouts of tiaaions 7-16 were analyzed 
by reducing SDS-PAGE and Western b1otting 
with the anti* mAb I CC. C, 30 uL. atiqouts 
of hctions 746 were a h  analyzed by 
reducing SDS-PAGE and s i i  staining, 



A 
pH 31f 3 W  3.47 370 396 429 446 452 

EC-l Z J 4 3 0 I 5 9 tu t i  12 ri r 4  ti ~a 

a 

Figure 6.2. hotlectric focusing of Bm-S/ECDfk conditioned media (A) A 
pR gradient (pH = 3-12-8.63) w;rs generated by rIccaophortsinp a m i ~ ~ l r e  of 
amphotytes through a 20 cm by 12 cm sat bed of agamse. 2 mL of d a d t d  
BmO5/ECDflc conditioned media was loaded at the mode ( where the pH = 
8.63. corresponding to fraction 24, not shown) and subject m cIecuophorrsis. 
Thc agarosr? bed was harvested into 24 individual (Tabelkd 1-24} of 
appmxkmeiy I aL of gci each. The get Eadons wac mixed with I mL of 
water and the pH of each --on was determined A 30 uL aliqout of each of 
hations 1-24 was d y z e d  by reducing SDS-PAGE and Western blotting with 
the anti-@ mAb ICt, The Westem blot corresponding to fiactiom 146 is 
shown above- The pH of every second h d o n  is ( W e d  above the fraction 
number- (B) A 30 uL diqout of each of Wens 1-24 was atso malyzecl by 
reducing SDS-PAGE and silver srairrfng, The silver stained get for h * o n s  t- 
16 is shown above 
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Figure 63, Reverse phase chromatography 
of Bm-SECDfk coaditioatd media. t mL of 
Bm-S/ECDBc conditioned medin was mixed 
with t mL of 0.1% TFA and apptied to a CS 
reverse phase column that was equilibrated 
with 0.1% mA at mom tempcranat with a 
flow me of t mt/minute The column was 
witshed with 5 mL of  running buffer and the 
&M proteins were eluted with a linear 
gradient (0- t 00%) of 0.1% TFA in mtonimIe 
over a 30 minute t h e  period rightly a d s o M  
proteins were eluted from the column by 
holding the b&kr concaUriUioa at f 00Yi of  the 
O.t% TFNacetonitriIe buff= for 5 minutes. 
The eluent h r n  the column was collected into 
individud t mL hctions. 30 uL diquots htn 
mcry third ftaction (the mrmbtriag of the 
h a i o n s  hcIudes those fractions coilected 
during the 5 minute washing the 30 
minute gradient elution and he 5 minute final 
elution period to give a totat of 40 tiactions) 
were dyed by reducing SDS-PAGE and 
Western blotting with the anti* mAb t C t . 
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figure 6.4. Concanavalin A-Scp harose affinity 
puriftation of Bm-SiECDP conditioned media. 2 mL of 
Bm-S/ECDb conditioned media tvas rcsuspcnded in 8 rnL of 
running buffer and applied to the cofumn, The m a t e s  that 
passed through the co1umn was coUected. The coiumn was 
then washed twice w i ~  10 mL of running buff- - this 
material was aka coltectcd. The column was next eluted 
m-cc with 10 mL of a h  ofthe fotIowing O-IM, O.3M and 
O%f soiutions of a-D-methytmannosik. The column was 
then eluted once with 10 mL of a O5M so1uuon of NaC1 
( p W . 5 )  and once wih a 10 rnL soiution of O S M  sotutioa of 
NaCt (pH=8.5), 30 S aliqouts ofeach of the tO mL fractions 
that were coIlccted (as dcscriid above) were andyzed by 
reducing SDS-PAGE and Western blotting with the mwc: 
mAb ICt (A) and by silver stainiag (6). I: u n p d e d  
BmS/ECDgc conditioned media; 2: column pass through: 3.4: 
column wash% 5,6: fractions eluted with 0-IM a-D- 
methyimannoside; 7,s: hctions eluted with 0 3 M  a-D- 
met6ybmnoside; 9.10: W o n s  eiutcd with 0-1 a-0- 
methytmannosidc; t 1: hction efuoed with O m  NaCI pH 45.  
1 2  fkmiooa elutcd with 0.5M NaCl pH 8.5- 

i 
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Figure 6.6. Anti-8~ aflinity purification of Bm* 
5ECDk conditioned media. 5 mL of Bm-5/ECDflc 
conditioned media was loaded on the afThity column 
The coiunur was t w h d  extensively witit PBS and tht 
adsorbed proteins were cIutcd off the cofumrt with 6 mL 
of a O.lM gfycine buffer (pH 2.5). The t1utnt was 
coIIected into 6 individual &ions of I mL each 
(t&lkd t-6'). 30 uL diqouts OF each friction were 
4 y z d  by reducing SDS-PAGE and Wesma btotting 
with thc antigc mAb ICI. 
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Figure 6.7. Degradation prod~& 
of ECDPc 30 S diqouts of anti- 
@ 31linity purified materid fmm 

6s 
fiation 1 (Figure 6.6) w m  stored 
at -2OC ( I )  or at SC (2) for T days n 5 -  

and analyzed by reducing SDS- 
PAGE and Western blocring with 
the anti* mAb ICI- 
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Figure 6.8. Anti* affinity putilkation of 
Bm-5/ECDflc conditioned media. 5 mL of 
Bm-S/ECD$c conditioned media was applied 
to the f l i t y  column, The column was 
washed extensively with PBS and eluted with 
6 mL of 0,lM glycine buffir (pH 25). The 
eluent was collected into 9 individual fmctions 
( 1-9) of 600 tL Each M o n  was voime- 
redud 25 fold by ultrafiJtrauoa 10% of the 
volume-reduced eluent fiom each Man was 
analyzed by mfucing SDS-PAGE aad Western 
blotting with anti4c mAb f Cl (A) and the 
remainhg 90% of each Fraction was andywd 
by reduchg SDS-PAGE and silver staining 
(B)- 
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Figure 69. EEkt of detergent on the 
stringency of the anti+e affinity purification 
of Bm-SECDDc conditioned media. 5 mL of 
Bm-S/ECDfk conditioned media was purified 
and voIume reduced exactly as in Figure 6.8 
except that 0.05% Twcen-20 was included in the 
wash buffer. The adsotbcd proteins were 
etuted and anaiy;ad d y  as in Figure 6.8. 
(A) Westem blot with anti-@ mAb LCI; (B) 
Silver stain, 





Figure 6.11, [om exchange chromatography o f  
afftnity purified ECDBc. 5 mL of Bm-S/ECDflc 
conditioned media was applied to the anti-f!c Nmity 
column. The column was washed atmsively with 
PBS and the adsorbed proteins were cIutcd off the 
column with 6 mL of 0. Ihf giycine buff- (pH 2.5). 
The 6 mL, c[mt was volume reduced to 
appro~mattly 200 S and was injected onto a 
MonoQ anion exchange cohmm that was eqdibnted 
with nmning buffer (50 mM Trk 137 mM NaCL pH 
8 3 )  at SC md at a flow rate o f  200 Wrnin, The 
column WPS washed with nmnmg buffkr until the CTV 
absor6mcf returned to baseline at which time the 
adsorbed proteins were cruted with a linear gradient 
(&too%) of tM NaCI buffer. The elution of the 
protein fiom the column was moaitoccd by UV 
absorbance at 280 nm (A). IFhc eluent was coileaed 
into 60 individual tiactions of 400 ul. a h ,  200 uL 
o f  each fiactiou (Sh01m dmve are fhctions 23-35) 
were adsorbed d i i d y  to PVDF membrane using a 
dot-blat apparims. The membrane was subject to 
Western blotting with tbe anti* cnAb IC I (B). 



L 

R M11mmlm 

..- 
3 0 f I E f S N S 3 6 3 7  

- 
f e - 
i 
P 
.a < 

A 30mlnar+ 

Raenomamc(rmn) k a m  m e  (m) 

_r 

- * - - 
C. - 
c. 

I 
B a < 

I 
Z L ? Z 1 3 r * Y 2 6 2 7  

> 

D 120 mrrmtcr 

I 

& 

*I M 49 $0 51 52 S3 54 55 56 57 5s 59 60 

-Q=(m) RrPnPm omt~rma) 

Figure 6.W Optimization of  RPC of  a n t i e  puditd ECDBc. 5 mL OF Bm- 
S/ECDb conditioned media was applied to the antiqc finity column, The column 
was washed emmsbeiy with PBS and the adsorbed proteins were +A-d off thc colutnn 
with 6 mt of 0-IM giyche b u E r  (pH 25). The 6 mL eluent was votnme rtduced to 
appmximatefy 200 S and was mixed wif6 an qd volumc of 0.1% TFA md injected 
onto a C4 reverse p k  co1umn that was equilt'brated with 0. t% WA at a flow rate of t 
Wrninute, The column was washed with ruaning buffer and etuted with a O-LOO% 
linear gmdhm of 0.1%WA/acctonitriIe The etrrtioa time was varied fiom 30 minutes 
(A) to 120 minutes (D) in order to acbicve kk ttsolutlou of each peak of UV 
absorbancece The tlutlon position of ECDBc and BSA are I n d i d  on tbe representative 
chromarograpb. 
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Figure 6,ItS. 30 uL diqouts oCfnrtions 53-58 ( h m  Figure 6.1% 
pane1 D) were analyzed by nducing and non-reducing SDS-PAGE and 
Western blotting with the anti$c mAb K t  and by sifver stainiag The 
positions of ECDBc and BSA arc indicated on the right A: Reducing 
SDS-PAGE and Westem blotting; B: Nan-reducing SDS-PAGE and 
Western blotting; C: Reducing SDS-PAGE and silver staining; D: Non- 
reducing SDS-PAGE and siiver staining 



6.4 Discussion 

6.4.1 Method scouting. Five protein purification techniques were investigated for 

their potential use in purifying ECDpc from crude Bm-5/ECDDc conditioned media 

Size exclusion chromatography (SEC) is a gentle procedure that can be performed under 

physiologcaf buffer conditions. SEC is however in its ability to separate proteins 

of similar molecular weight and shape. with a minimum requirement for good resolution 

being at least a two-fold difference in size between the protein of interest and the 

contaminants. Since ECDBc exists as a 45-50 kDa protein it is very similar in size to 

BSA and the other constituents of the tissue cdture media making it difficdt to separate 

it from the contaminants. ECDPc eIuted from the size exclusion coIumn as a 48 kDa 

protein band over a narrow range of fractioas (Figure 6.1B. lanes 1 1-14) with a peak of 

intensity in fractions I2 and 13. A similar sized protein band was also present by silver 

staining (Figure 6. IC) but its peak of intensity was in Fractions 1 3 and 14 rather than I2 

and 13. It is Likely that the 48 kDa protein band visualized by silver staining in Fractions 

I3 and I4 was not ECDBc but was instead a constituent ofthe cell conditioned media as 

it was also clearly visudized by SDS-PAGE and siIver staining of crude Bm-j/ECDBc 

conditioned media (Figure 6.4B. Iane I) and is also present in mock-transfected Bm-5 

celI conditioned media (data not shown). Therefore, no clear correspondence could be  

made between the identity of the 48 kDa protein visualized by silver staining and 

Western blotting. The 66 kDa protein band seen in all lanes (Figure 6.K) was LikeIy 

BSA- 

Ratbed isoeIectric focusing is a simpIe yet effective method of protein purification 

that separates proteins based on their net charge- A 46 kDa protein band corresponding 

in size to ECDBc migrated with an apparent isoelectric point of 434.5 (Figure 62A,  

lanes L 1-13). This pH range is si.rdar to the pl estimated &om the amino acid content of 

ECDBc @I=5.6). IntereshgIyf a number of other proteins were also visualized by 

Western bIotting with h e  anti-PC mAb ICI in addition to the putative ECDBc band 

(Figure 6% lane 13). Whether these bands represented non-specific bhding ofthe lC I 



antibody to the blot, difEecentialIy glycosylated forms of ECDBc or higher molecular 

weight aggregates was not determined No distinct 46 kDa protein band codd be 

visualized by silver staining making it impossible to clearly identie ECDBc (data not 

shown). 

Reverse phase chromatography separates proteins according to their afhity for a 

hydrophobic stationary matrix. The presence of an ion coupiing agent such as ui- 

fluoroacetic acid (TFA) in the running buffers neutralizes the charge of the protein 

allowing the hydrophobic regions of the peptide to interact with the hydrophobic alkyl 

chains of the column matrix. An organic solvent such as acetonitriIe is used to disrupt 

the hydrophobic interaction and elute the adsorbed proteins. The unique hydrophobic 

properties of peptides that may differ Little in other physical characteristics gives RPC 

extraordinary resolution and makes it a highly usem technique for separating proteins. 

However, the use of ion pairing reagents and organic buffers can result in permanent 

denaturation of the purified protein and subsequent loss of activiy. Therefore. while a 

usell technique for the purification of proteins for sequencing or use a s  a concentration 

standard, E2PC may not be the purification method of choice for isolating ECDBc for 

fhctional studies. ECDflc was adsorbed to the C4 column and eluted at an acetonitrile 

concentration of 45%. Similar to the results seen in the LEF experiments a number of 

protein bands were visualized by Western blot in addition to the expected 48 kDa ECDPc 

(Figure 6.3). The identity of these bands was not determined but again could suggest the 

presence of differentially glycosy Iated isofom. Importantly, the chromatograph revealed 

that ECDBc did not elute on its own in these hctions but was accompanied by a large 

concentration of other constituents (data not shown) demonstrating that ECDBc codd not 

be purified m a singie step by RPC. 

The ability of ECDBc to b e  specificdy adsorbed and eluted from Concanavah A- 

Sepharose (Chapter 43.1) suggested that this might be a usehi technique for purification. 

Concanavalin A binds termind mannose residues m the presence of ~a'* and Mi?+ ions. 

Competitive elution with either mannose, glucose or methyrated derivatives ofthese two 

simple sugars is a gentIe method of protein elution that should not atfect the proteins 



activity. ECDBc was adsorbed to the ConcanavaLin A-sepharose matrix and eluted with a 

step gradient of 0.1M to 0 .M  a-D-methyhannoside (Figure 6.4). The majority of 

ECDBc was eluted as  a 50 kDa protein with O.IM a-D-methylmannoside but also to a 

tesser extent with 0.3M, 0.5M a-D-methylmannoside and with 0.5M NaCL pH 4.5 

(Figure 6.4A). The majority of the constituents in the conditioned media, including a 

large portion of BSA, did not adsorb ro the Concanavdin A-coiumn resulting in 

significant purification of ECDBc (Figure 64B). However ECDBc could not be clearly 

identi£ied in the coIumn eluent folIowing purification. 

The fual purification method attempted was affinity chromatography using an 

&ty column contsructed with the anti-be mAb 1 C 1. 1 C 1 was effectively linked to the 

activated sepharose (Figure 6.5) and remained associated with the matrix following 

elution of the column (data not shown). ECDpc in the Bm-5IECDBc conditioned media 

was adsorbed to the column and eluted as a 50 kDa protein band. with a peak of Western 

blot intensity in hction 2 (Figure 6.6). The smaller molecular weight bands in fraction 2 

(appro~ate ly  35 kDa and 40 ma) were degradation products of ECDBc as the 50 kDa 

protein in Iane I also migrated as hvo distinct bands if stored at 4OC but not -20aC 

(Figure 6.7). Silver staining of the gel did not reveal the presence of any protein bands 

suggesting that more sampIe would have to be d y z e d  if ECDBc were to be visualized 

by siIver staining. 

6.43 Purification of ECDPc. A.nity-chromatogrqhy alone. The method scouting 

exercise identified a number of useful methodologies for the purification of ECDBc. 

However, &nity purification of ECDpc using the anti-PC Sepharose coIumn was by far 

the most eficient method of plrrifyiog and enriching ECDPc and was therefore chosen as 

the first purification step. The foIlowing two modifications to the and-flc afliaty 

purification protocol oatlined in section 63.1 were made. First, to better visualize 

ECDPc by dver staining, the volume of the IndividuaI fkctions eluted fiom the aff%Q 

coIumn were reduced 25 foId using disposabie u l d t r a t i o n  devices. This dowed 

d y s i s  of an entire kction by SDS-PAGE aod dver staining? substantiaUy improving 

the sensitivity of the assay. Western blotting ofthe concentrated column hctions with 



the anti-PC mAb LCI showed four independent protein bands ranging in size from 35 to 

62 kDa (Figure 6.8). The 50 kDa protein band corresponded in size to ECDPc. The 62 

kDa protein band, while apparently recognized by the anti-$c mAb LC1, did not represent 

a different isoform of ECDBc since similar sized protein bands have also been visualized 

when other ECDpc-containing Western blots have been probed with secondary antibody 

done. Furthermore, the 62 kDa protein band was absent when the purification procedure 

was performed in the presence of a small amount of detergent suggesting that protein was 

adsorbed non-specificalIy to the column (see below). The 40 kDa and 35 kDa protein 

bands were likely the previously described degradation products of ECDBc. Silver 

staining of a p a d e l  blot showed a Iarge quantity of BSA co-eluting with ECDPc which 

made it difficult to visualize ECDBc on the silver stain (Figure 6.88. lanes 1-3). 

Presumably, ECDBc was present above the 40 kDa ECDPc degradation product buried 

beneath the mass of co-eludng proteins. 

The second modification to the aEEty purification protocoi was to increase the 

stringency of the wash step by incorporating a small amount of nonionic detergent in the 

wash brrffer. The addition of 0.05% Tween-20 to the wash buffer removed the majority 

of the proteins that had previously adsorbed to the afEinity column, leaving only a 48 kDa 

protein band that corresponded in size to ECDPc (Figure 6.9A). However. the presence 

of the detergent in the wash buffer also resuited in a reduction in the yield of ECDBc 

(compare Figure 6.8A with 6.9A). Of interest, it was primarily the 62 kDa 

protein and ECDBc degradation products that were washed kom the column with the 

detergent containing wash buffer. hportantly, what appeared to be ECDfic by Western 

blot could also be visnaIized by saver staining when purified in the presence of Tween-20 

(Figure 6.9B). 

Aftinity purification of ECDBc using the anti-PC column was an efficient purification 

step. However, it was clearly imufkient to compietely separate ECDBc fiom the 0 t h  

constituents of the conditioned media Size exclusion chromatography, ion exchange 

chromatography and reverse phase chromatography were all shown to be efficient 



techniques for the capture and part id purification of ECDPc and were therefore re- 

investigated as potentid secondary purification steps for isolating ECDPc. 

Afinity-chromatography fo1Iowed by size acIt(sr'on chromatography. Size exclusion 

chromatography of affinity-plrrih-ed ECDPc increased the separation of ECDBc from 

other proteins sufficiently so that a 48 kDa protein doublet corresponding in size to 

ECDpc could be cieady v i d e c i  by borh Western blot and silver staining (Figure 6.10). 

The 35 kDa protein that co-migrated with the putative ECDBc band Likely corresponded 

to the previously identified ECDPc degradation product. 

ABniy-chromatography fillowed by ion exchange chromatography. Determination 

of the isoelectric point of ECDf3c by IEF permitted experimentation with ion exchange 

chromatography (IEX) as a secondary purification technique. [on exchange 

chromatography is an effective means of fractionating charged particles such as proteins 

by exploiting the subtle differences in net charge of different proteins under specific 

buffer and salt conditions. Proteins are adsorbed from solution to either a positively 

(anion exchange chromatography) or negatively (cation exchange chromatography) 

charged matrix and are eluted from the column with m ionic buffer such as NaCl or a 

change in pH. The EF experiments showed that ECDBc was a negatively charged 

protein at neutral pH with an estimated isoelectric point of 4.3-4.5. [ndeed, ECDPc 

adsorbed strongly to the positively charged sepharose matrix of the MonoQ column and 

required a strong NaCI solution (approximately 0.6M) to eIute (Figure 6.1 1B). This 

single purification step resulted in removal of a large poctioo of unwanted molecules 

&om the hctions containing ECDBc incIuding BSA. However, amino acid analysis of 

hctions 27 and 28, which contained ECDflc by Western blot but appeared to be free of 

other protein constituents by silver stain, showed that ECDBc was not the ody  

constituent in these bctions. Indeed reverse phase chromatography of the pooled 

hctions showed multiple peaks by W absorption demonstrating that anti-bc atsnity 

chromatography folIowed by [EX wodd not be d c i e n t  to ptnify ECDBc to 

homogeneity. 



Afi'iiry-chomatography fohwed by reverse phase chromutogrqhy- Reverse phase 

chromatography was dso attempted as a second step in the purification of ECDBc. 

m t y  purified ECDBc was applied to the C4 column and eluted with a h e a r  gradient 

of acetonitrile. The purification of ECDPc was optimized by increasing the time of the 

elution @om 30 minutes to 120 minutes (Figure 6.12A). ECDpc eluted as a single peak 

of UV absorbance at 54 minutes whlch corresponded with an acetonitrile concentration of 

45% (Figure 6.12& panel D). A 45 kDa protein doublet was visualized by both Western 

blotting and silver staining of fraction 54, both in the presence and absence of 

mercaptoethanol (Figure 6. t7-B). The higher molecular weight bands that co-eluted with 

ECDBc in fraction 54 did not correpond to multimers of ECDpc as they were not 

recognized by the anti-f3c mAb LC1 (Figure 6.12B, panels A and C) and there was no 

change in their migration pattern by silver stain in the presence or absence of 

mercaptoethanol (Figure 6.128. panels B and D)+ 

The purification protocol outlined above provided what appeared to be a 

homogeneous source of ECDoc. To c o b  this. the putative ECDBc protein band was 

isolated by anti-pc affinity chromatography, reverse phase chromatography and reducing 

SDS-PAGE and was immobilized on PVDF membrane by eIectroblotting. The 

immobiIized protein was visdked by Coornassie blue staining and the concentration 

was estimated to be Iess than 1 pg of protein. The protein band was excised fkom the bIot 

and subject to N-terminal amino acide sequencing. The low protein concentration 

provided a weak chromatographic signal that corresponded to residues 9-1 6 of the mahue 

ECDBc protein. Amino acid analysis of the putative ECDBc protein band revealed an 

amino acid composition that was simiIar but not identical to that of ECDPc. The low 

protein concentration of the putative ECDPc protein band was likely to bIame for the 

poor correIation between the predicted and determined amino acid composition of 

ECDBc. On the other hand, the possibfity that a protein other than ECDBc was 

mistakenly prnifi~ed using the anti-PC affinity chromatographyfreverse phase 

chromatography procedure can not be d e d  out 



For another protein to have been mistakenly purified and identitied as ECD$c, alI 

of the foUowIng variables would have had to been in place. First, if the hypothetical 

contaminating protein was derived fiom the Brn-S/ECDPc conditioned media it would 

have to have a strong e t y  for the anti-PC mAb IC1 that was immobilized on the 

zfhity-column since this purification step was performed under relatively stringent 

conditions (O.020/0 Tween-2i) was included in the wash buffer]. Second, he hyp~theticd 

contamhating protein would also have to be similar in size to ECDfic (approximately 45- 

48 kDa) for it to be mistakenly identified as ECDPc. Third,the contaminating protein 

band would have also had to share an epitope for either the anti-PC mAb LC1 or the 

polyclonal rabbit-anti mouse antriodies that were used for Western blotting. Fourth, the 

hypotheticai contaminating protein band would also have to have an N-terminal amino 

acid sequence that corresponded to that of ECDbc. 

On the other h a n d  one could argue that the hypothetical c o n b a t i n g  protein 

did not arise fiom the Bm-5lECDPc conditioned media but instead tiom the anti-Bc 

affinity column itsex That is, the contaminating protein could have been the anti-PC ICl 

antibody that had leached off the affinity-column during elution with the acidic glycine 

blrffer. Horvever. when the aEhity column was sham-eluted with glycine buffer done 

(pH 2.5) no protein bands were ever visualized in the eluent. Further. there was a direct 

correlation between the concentration of ECDPc in a given batch of crude Bm-5fECDBc 

conditioned media and the concenaation of ECDBc purified fiom that media using the 

anti-PC sty coIumn. Since there shouId be no relationship between the concentration 

of ECDPc in the Bm-S/ECDPc crude conditioned media and the amount of and-$c rnAb 

ICL that may have leached off the aEnity-column, it seems himy unlikely that the 

putative ECDBc protein band that was isolated using the affinity-column could have 

instead been the anti-$c mAb 1CI. Therefore, the data in this chapter suggest that 

ECDPc can be p e ~ e d  fiom Bm-j/ECDflc conditioned media by affinity- 

chromatography using the anti-PC mAb ICI immobilized on a sepharose matrix, 

foDowed by reverse phase chromatography using a C4 analytical coIumn. 
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CONCLUSIONS AND EVTURE DIRECTIONS 

7.1 Identification of the uaturalIy occuring sGMRcr protein. sGMRa is a 

naturally occuring protein that is expressed by normal and leukemic hematopoietic cells 

and can be detected in human peripherd blood (Chapter 3). Recent work by our group 

has confirmed and extended my prebinary findingsBs. The sGMRa protein expressed 

by leukemic cell Lines and in human plasma was shown to bind ' Z S ~ - ~ ~ - ~ ~ ~  with a 

similar affinity as recombinant sGMRa (Kd=2-7 q M). sGMRa was also shown to be 

expressed by the Ieukemic cell lines and in human plasma at very low concennations (5- 

50 pM). Importantly, recent work by our group has observed a substantial increase in 

s G m a  expression (300-500 pM vs 30-50 pM) in plasma from individuals with a 

subtype of acute myelogenous Ieukemia suggesting that sGMRa expression may be 

upregulated during leukemogenesis. FindIy. preliminary investigation into the 

mechanism of regulation of expression of sGMRa has demonstrated that certain 

inflammatory stimuli can increase the expression of sGMRa by human mononuclear 

~efrs. 

7.2 Engineering, expression and characterization of soIubIe isofoms of the 

GMRa and PC receptor submits. ECDa was expressed as a hc t iond  solubIe protein 

by both mammalian and insect cells (Chapter 4). The loss of the 1Camino acid C- 

terminal domain of sGMRct did not affect the activity of this protein demonstrating that 

the extraceUular domain of GMRa is sufficient for Iigaad binding. Of interest the lower 

IeveI oEglycosyIation of insect-expressed ECDa did not alter its ability to bind GM-CSF 

m soIlrtion demonstrating that complex glycosylation of GMRa is not required for 

activity. 

ECDpc was expressed by both rnarnmaIian and insect ceIIs as a monomer and as what 

appeared to be a disdphide-bonded homodimer (Chapter 4). As Bc has been shown to 

exist in  pa^^ as a non-hctiouaI hornocher on the cell dacem+1= it wouId be of interest 

to use ECDBc to map the iocation of the stdfhydryI groups that mediate this Interaction. 



This might help explain why homodimerization of $c can, under certain circumstances, 

lead to constitutive activation. I would hypothesize that the interactions that mediate the 

formation of non-fimctional versus constitutively active homodimers of Bc would map to 

very different regions of the receptor subunit since activation of Bc is probably not 

mediated by fade dimerization but is instead dependent upon bringing the cytoplasmic 

domains of two Bc subunits into close enough proximity for the associated JAK2 

molecules to transphosphorylate one another. Therefore I would predict that the 

dimerization of PC and ECDBc that leads to the formation of non-fimctional homodimers 

would be mediated through the N-terminal region of the subunits while the 

homodimerization of PC that leads to constitutive activation would result in the 

approximation of the membrane proximal domains of the two receptor subunits. 

7 3  Determinants of the functionai interaction between the solubIe GM-CSF 

receptor and Bc. Co-expression of sGMRa with ECDPc results in their constitutive 

association (Chapter 5). It would be of interest to determine if this complex can bind 

GM-CSF in solution, and if so, if it occurs with higher affinity that sGMRa alone. It  

would also be of interest to determine ifa natlrrally occurring soluble isoform of PC exists 

and if it can form a similar complex when co-expressed with sGMRcr. The recent 

isolation of a soluble splice variant of PC fmm mononucIear ceus suggests that a soIuble 

$c receptor may indeed exist in vivo. The existence of a soluble PC subunit with the 

potential to convert sGMRa to a higher afmity receptor complex (see below) would also 

be of particular interest in understanding how sGMRa, which is expressed at very low 

concentration in vim, can effectively antagonize the activity of the high e t y  ceLI 

d a c e  GM-CSF receptor. 

The extraceIIuIar domains of GMRa and Bc can associate in soIution in the presence 

of GM-CSF and caa bind GM-CSF with higher afhity than ECDa or sGMRcc done 

(Chapter 5). The range of dissociation constants determined for this higher *ty 

compIex (98 pM-800 pM) suggest however that other factors might be invoLved in 

mediating high dfinity bgm&gg I wodd hypothesize that, as demonstrated on the cell 

d a c e ,  the molar ratio of ECDa to ECDBc can influence the &inky ofthe receptor 



compIex for GM-CSF. With the acquisition of a quantitative assay for sGMRa and the 

purification of ECDBc (see 7.4) it is now possible to test this hypothesis. 

7.4 Purification of ECDBc. ECDBc was purified to homogeneity fiom cell 

conditioned media by anti- flc affinity chromatography and reverse phase chromatography 

(Chapter 6). The purified receptor subunit can now be quantified and used as a 

concentration standard in a Western blot assay to determine the concentration of ECDBc 

in crude conditioned media The p d e d  receptor can also be used for generating anti-PC 

antiiodies that could be used to scale up the purification protocol. It would aIso be 

highly usem to develop a gentler protocol for purifying ECDBc that was not dependent 

upon reverse phase chromatography. Preliminary resuits have shown that a multi-step 

protocol using anion-exchange chromatography, hydrophobic interactive 

chromatography, conA-sepharose affinity chmmatography followed by size exclusion 

chromatography can effectively plaify substantially Iarger concentratioas of ECDBc 

under much gentler conditions. The purification of Iarger quantities of functional ECDBc 

would allow us to expand our investigation into the structure and function of the GM- 

CSF receptor cornpiex. 



1. Cline MJT Golde D W: Production of colony-stimdating activity by human 

lymphocytes. Nature 248:703-4,1974 

2. Burgess AW7 Cmakaris J, Metcalf D: Purification and properties of 

colony-aSimdadng factor h m  mouse iung-conditioned medium 1 0 4  of Biological 

Chemistry 252:I998-2003,1977 
* 
J Gough NM, Gough J, Metcalf D, Kelso A. Grail D, Nicola NA. Burgess 

AW? Dunn AR: Molecular cloning of cDNA encoding a murine haematopoietic growth 

regulator, granulocyte-macrophage colony stimulating factor. Nature 309:763-7.1984 

4. Wong GG, Witek IS. Temple PA, Wilkens KM, Leary AC. Luxenberg 

DP, Jones SS. Brown EL. Kay RM. Orr EC. et d.: Human GM-CSF: molecular cloning 

of the complementary DNA and purification of the nahtraf and recombinant proteins. 

Science 228:810-5.1985 

5. Cantrell MA. Anderson D. Cerretti DP. Price V. McKereghan K. 

Tushinski W, Mochizuki DY. Larsen A. Grabstein K GiKs S, et al.: Cloning, sequence, 

and expression of a human granulocyte/macrophap colony-stimulating factor. 

Proceedings of the National Academy of Sciences of the United States of America 

82:62504,1985 

6. Moonen P, Mermod JJ, Emst IF, Hinchi M, DeLamarter IF: Increased 

bioIogicai activity of degIycosylated recombinant human granulocpe/macrophage 

colony-stimulating factor produced by yeast or animal celIs. Proceedings of the National 

Academy of Sciences of the United States of America 84:4428-3 I, 1987 

7. Burgess AW, BegIey CG. Johnson GR, Lopez AF, Williamson DI, 

Mennod JJ. Simpson RJ, Schmia A, DeLamarter IF: hrtiflcation and properties of 

bacterially synthesized human granulocyte-macrophage cotony stimulating factor. Blood 

69:43-51,1987 

8. Miyajima A, Otsu Kr Schreurs I, Bond MW, Abrams W, Arai K: 

Expression of marine and human granutocyte-macrophage coIony-stimuladng factors in 



S. cerevisiae: mutagenesis of the potential glycosyIation sites. EMBO Journal 5:I 193-7, 

1986 

9. Dorr RT: Clinical properties of yeast-derived versus Escherichia coli- 

derived granulocyte-macrophage co lony-stimulating factor. Clinical Therapeutics 15: 19- 

29; discussion I 8, 1993 

10. iiovgaard D, &fortensen ST, Schiftcr S .  Nissen XI: Comparative 

pharmacokinetics of single-dose administration of mammalian and bacterially-derived 

recorn binant human granulocyte-macro phage colony -stimulating factor. European 

Journal of Haematology 5052-6? 1993 

1 I. Donahue RE, Wmg EA, Kaufinan RJ. Foutch L. Leary AC, Witek- 

Giannetti IS, Metzger M, Hewick RM Steinblink DR Shaw G. et ai.: Effects o fN-linked 

carbohydrate on the in vivo properties of human GM-CSF. Cold Spring Harbor Symposia 

on Quantitative Biology 51:685-92, 1986 

12. Diedetichs Kt Boone T. KarpIus PA: Novel fold and putative receptor 

binding site of granulocyte-macrophage colony-stirnuiating factor. Science 254: 1 779-82. 

199 1 

13. Walter MR. Cook WJ7 Ealick SE. Nagabhushan TL, Trotta PPI Bugg CE: 

Three-dimensional structure of recombinant human granulocyte-macrophage colony- 

stimulating factor. J o m d  of Molecular BioIogy 224: 1075-85,1992 

14. de Vos AM, Ultsch M, Kossiakoff AA: Human growth hormone and 

extracellular domain of its receptor: crystal structure of the complex. Science 255306-12, 

1992 

15. Lovejoy B, Cascio D, Eisenberg D: Crystal structure of canine and bovine 

gr;mdocyte-colony stimulating factor (G-CSF). .Journal of MoIecular Biology 234:640- 

53,1993 

16. HilI CP, Ossiund TD, Eisenberg D: The structure of granulocyte-colony- 

stimulating factor and its reIationship to other growth factors. Roceedings of the National 

Academy of Sciences of the United States of America 905167-71, I993 

17. Bazan IF: Umveling the structure of IL-2 [ietter]. Science 252410-3, 

. 1992 



8 Mott HR, Baines BS, Hall RM, Cooke RM, DriscolI PC, Weir MP, 

Campbell D: The solution structure of the F42A mutant of human interleukin 2 Journal 

of Molecular Biology 247:979-94,1995 

19. Robinson RC, Grey LM. Staunton D, Vankelecom H, Vemdis AB, 

Moreau JF, Stuart DI, Heath JK, Jones N: The crystal structure and biological fimction 

of Ieukemia intuiitory factor. impticatioas €or receptor binding. Cell 77: 1 10 1-16, I994 

20. Begley CG, NicoIa NA, Metcalf D: Proliferation of normal human 

promyelocytes and rnyelocytes after a single pulse sdmdation by purified GM-CSF or G- 

CSF. Blood 71540-5,1988 

21. Momy RL. SkelIy RR MacVittie TJ, Davis TA, Sauber JJ, Clark SC. 

Donahue RE: The effect of recombinant GM-CSF on the recovery of monkeys 

transplanted with auto logous bone marrow. BIood 70: 1696-9.1987 

77. Nienhuis AW. Donahue RE, Karlsson S, Clark SC. Agricola B. Antinoff 

N. Pierce JE, Turner P, Anderson WFI Nathan DG: Recombinant human granulocyte- 

macrophage coIo11y-hdating factor (GM-CSF) shortens the period of neutropenia after 

autologous bone marrow transplantation in a primate model. Journal of ClinicaI 

Investigation 80:573-7. t 987 

23. Strife A, Lambek C. Wisniewski D, Gulati S, Gasson JC, GoIde DW. 

Welte K, Gabdove SL, Clarkson B: Activities of four purified growth factors on highly 

enriched human hematopoietic progenitor cells. Blood 69:I 508-23, I987 

24. Donahue RE, Wang EA, Stone DK. Kamen R Wong GG. Sehgd PK, 

Nathan DG, CIark SC: Stimulation of haematopoiesis in primates by continuous infusion 

of recombinant human GM-CSF, Name 321 :872-5,1986 

25. Metcalf DI Begley CG. Johnson GR Nicola NA, Vadas MAI Lopez AF. 

Williamson DJ, Wong GG. Clark SC, Wang EA: Biologic properties in v k o  of a 

recombinant human grandocyte-macrophage colony-stimulating factor. Blood 67:3745, 

I986 

26. Tornonaga M, GoIde DW9 Gasson IC: Biosynthetic (recombinant) human 

grandocyte-macrophage colony-stimulating factor: effect on noma1 bone marrow and 

Ieukemia c d  Iines, BIood 6T3 Id, 1986 



27. Verhoef G, Boogaerts M: In vivo administration of gmuiocyte- 

macrophage colony stimulating factor enhances neutrophil fimction in patients with 

myeIodyspIastic syndromes. British J o d  of Haemato Iogy 79: 177-84, I99 1 

28. Lifton Et, Bennett JM: CLinicaI use of granulocyte-macrophage colony- 

sdmuIating factor and granulocyte colony-stimulating factor in neutropenia associated 

with maEmfanq. Hematology - Oncology Clinics ofNorth America 10:825-39,1996 

29. Yau JC, Neidhart JA, Triozzi P, Vema ST Nemunaitis J, Quick DP, 

Mayemik DG. Oette DH, Haynes FA, Holcenberg 5: Randomized placebo-controlled trial 

of granulocyte-macrophage colony-hdating-factor</stro n p  support for dose- 

intensive cyclophosphamide. etoposide. and cisplatin. American Journal of Hematology 

51 289-95,1996 

30. Neidhart J A  Mangalik A, Stidley CA, Tebich SL. Sarmiento LE, Pfde E. 

Oette DH, Oldham FB: Dosing regimen of pdocyte-macrophage colony-stimulating 

factor to support dose-intensive chemotherapy. Journal of Clinical Oncology 10: 1460-9. 

1992 

31. Furman WL, Fakclough DL, Huh.. RDI Pratt CB. Stute N. Petros W. 

Evans WE, Bowman LC, Douglass EC? Santana VM. et al.: Therapeutic effects and 

pharmacokinetics of recombinant human granulocyte-macrophage colony-stimulating 

factor in childhood cancer patients receiving myelosuppressive chemotherapy. k u m d  of 

Clinical Oncology 9:1022-8,1991 

32. Hemnann F, Schdz G, Lindemann A, Meyenburg W. Oster W, 

Krurnwieh D, Mertelsmann R: Hematopoietic responses in patients with advanced 

malignancy treated with recombinant htman granulocyte-macrophage coIony-shdadng 

factor. l o d  of Clinical Oncology ?:I 59-67,1989 

33. Phillips N, Jacobs SF StoHer Et, Earle M, hepiorka D, Shadduck RK: 

Effect of recombinant human granulocyte-macrophage colony-&dating factor on 

myeIopoiesis in patients with rehctoxy metastatic carcinoma BIood 7426-34 I989 

34. Corringham RE, Ho AD: Rapid and sustained dogeneic tmmqIantadon 

k g  immunoseIected CD34(+)-seIected petipheraI bIood progenitor cells mobilized by 



recombinant granulocyte- and grandocyte-macrophage colony-stimulating factors 

Better]- Blood 862052-4,1995 

35. Winter IN, Lazarus KM, Rademaker A, Villa M, Mangan CI Tallman M, 

Jahnke L, Gordon L, Newman S, Byrd K, Cooper BW, Horvath N, Cnun E, Stadtmauer 

EA, Conklin E, Bauman A, Martin I, GooIsby C, Gelson SL, Bender I, O'Goman M: 

Phase I?I study of combined granufucyte coIony-&dating factor and granulocyte- 

macrophage coIony-stimulating factor administration for the mobilization of 

hematopoietic progenitor cells. Journal of Clinical Oncology 14:277-86.1996 

36. Lane TA, Law P, Manryama M, Young D, Burgess I, Mullen M, Mealiffe 

M, Terstappen LW, Hardwick A, Moubayed My et al.: Harvesting and enrichment of 

hematopoietic progenitor ceIIs mobilized into the peripheral blood of normal donors by 

grantdoc yte-macrophage colony-stimdating factor (GM-CSF) or G-CSF: potential role in 

allogeneic marrow transplantation. Blood 85275-82,1995 

37. Suzuki K. Lee WJ, Hashimoto T, Tanaka E, Murayama TI Amitmi EL 

Yamamoto K, Kuze F: Recombinant granulocyte-macrophage colony-stimulating factor 

(GM-CSF) or tumour necrosis factor-alpha (TNF-alpha) activate human alveolar 

macrophages to inhibit growth of Mycobacterium avium complex. ClInicaI & 

Evperimental Immunology 98569-73, I994 

38. Onyeji CO, Nigh~gde  CH, Tessier PR, Nicolau DP, Bow LM: Activities 

of ~Iarithrornycin, adthromycin, and ofloxacin in combination with liposomal or 

mencapsulated granulocyte-macrophage colony-stimulating factor against 

intramacrophage Mycobacterium avium-Mycobacteriu intracelluIare. JournaI of 

infectious Diseases 1728 10-6, I995 

39. Frenck RW, Sarman GI Harper TE, Buescher ES: The abiiity of 

recombinant r n h e  granulocyte-macrophage colony-sthtdating factor to protect 

neonataI rats from septic death due to Staphylococcus aureus. Journal of Infectious 

Diseases 162:109-14, 1990 

40. Bermndez LEY Young LS: Recombinant granulocyte-macrophage colony- 

stimulating factor activates hmnan macrophages to &'bit growth or kiII Mycobacterirrm 

a+ cornpiex J o d  of Leukocyte BioIogy 48:67-73, I990 



4I, Roilides E, Holmes A, Blake C, Venzon D, Pizzo PA, Walsh TJ: 

Antihgal activity of eiutriated human monocytes against Asperpiuus M g a t u s  hyphae: 

enhancement by granulocyte-macrophage colony-stimulating factor and interferon- 

gamma Journal of infectious Diseases 170~894-9, I994 

42, Reed SG? Nathan CF, Pihl DL, Rodricks P, Shmebeck K Codon PJ, 

Grabstein KH: Recombinant yanulacytzhuacruphage colony-stimulating factor 3ch'vates 

macrophages to inhibit Trypanosoma cruzi and release hydrogen peroxide. Comparison 

with interferon gamma Journal of Experimental Medicine 166: 1734-46,1987 

43. Kowanko IC, Ferrante A. Harvey DP, Carman KL: Granulocyte- 

macrophage colony-stimdating factor augments neutrophil killing of Todopsis glabrata 

and stimuIates neutrophiI respiratory burst and degradation. Clinical & E.xperimental 

~ t m o l o g y  83 -335-30.199 1 

44. Collins HL, Bancroft GI: Cytokine enhancement of complement- 

dependent phagocytosis by macrophages: synergy of tumor necrosis factor-alpha and 

granulocyte-macrophage colony-stimulating factor for phagocytosis of Cryptococcus 

neoformans. European bum& of Immunology 221447-54 I992 

45. Newman SL, Gootee L: Colony-stimulating factors activate human 

macrophages to inhibit intraceffular growth of Histoplama capsdatum yeasts. [nfection 

& Immw 60:4593-7,1992 

46. Richardson MD, Browdie CE, Shankland GS: Enhanced phagocytosis 

and intraceildar k i b g  of Candida albicans by GM-CSF-activated human neutrophils. 

IoumaI of Medical & Veterinary MycoIogy 30:433-41,1992 

47. Lecher M, Lamprech KE, Potthoff LH, Tredway TL. Matuschak GM: 

Recombinam GM-CSF reduces lung injury and mortality during neutropenic Candida 

sepsis. American Iournd of Physiology 2661561-8, I994 

48. Shi FSI Weber S, Gan I. Rakh.mi1evich AL, Mahvi DM: Granulocyte- 

macrophage coIony-stimulating factor (GM-CSF) secreted by cDNA-Mected tnmor 

cells induces a more potent andtumor response than exogenous GM-CSF, Cancer Gene 

Therapy 6:81-8,1999 



49. Rucker R, BresIer HS, Heffebger M, Kim JA, Martin EW, Jr., Triom 

PL: Low-dose monoclonal antibody CC49 administered sequentidy with grandocyte- 

macrophage colony-stimulating factor in patients with metastatic colorectd cancer. 

J o d  of lmmunotherapy 22:80-4,1999 

50. Yoon SJ, Heo DS, Kang JOY Lee SG, Kim CD, Sung MWI Kim NK: 

SynergimSuc anti-nunor effects with c ~ x p r s s i o n  3f GM-CSF and R r - g ~  in mrcrine 

tumors. International Journal of Cancer 77:907-12,1998 

51. Iaffee EM, Schune M, Gossen I. Morsberger LA, Adler kl. Thomas MI 

Greten TF, Hruban RH, Yeo CI. GrSfii CA: Development and characterization of a 

cytokine-secreting pancreatic adenocarcinoma vaccine From primary tumors for use in 

clinical triaIs. Cancer J o d  From Scientific American 4:194-203,1998 

52. Thomas MC, Greten V. Pardoll DM. JafEee EM: Enhanced tumor 

protection by granulocyte-macrophage colony-stimulating factor expression at the site of 

an dogeneic vaccine. Human Gene Therapy 9:835-43.1998 

53. Yoshida H. Enomoto H, Tagawa M. Takenaga R Tasaki K. Nakagawara 

A, Ohnuma N, Takahashi H, Sakjama S: Impaired tumorigenicity and decreased liver 

metastasis of murine neuroblastorna cells engineered to secrete interleukin-2 or 

granulocyte macrophage colony-stimulating factor. Cancer Gene Therapy 567-73.1998 

54. Scrmimoto H, Tani K, Nakazaki Y. Tanabe T. Hibino H, Hamada H, 

Anrma M, Asano S: GM-CSF and B7-I (CD80) co-stirnulatory signals co-operare in the 

induction of effective anti-hmor immrmity in syngeneic mice. International Journal of 

Cancer 73556-6 L, I997 

55. Lipshy KA, Kostuchenko PJ, Hamad GG, BIand CE. Barrett SEC, Bear 

HD: Sensitizing T-Iymphocytes for adoptive immtmotherapy by vaccination with d d -  

type or cytokine gene-transduced melanoma. Annds of Surgical Oncolog~ 4:334-41, 

1997 

56. Pamey IF, Petruk KC, Zhang C, Fan-Jones M, Sykes DB, Chang W: 

GranuIocyte-macrophage colony-stimulating factor and B7-2 combinadon immmogene 

therapy in an dogeneic Hu-PBL-SCIDlbeige mouse-human gLiobIastoma muIHorme 

model- Human Gene Therapy 8:1073-85,1997 



57. Hornick K, Khawli LA, Hu P, Lynch M, Anderson PM, Epstein AL: 

Chimeric CLL-I antibody Fusion proteins containing granulocyte-macrophage coIony- 

stimulating factor or interleukin-2 with specificity for B-cell malignancies exhibit 

enhanced effector functions while retaining ttunor targeting properties. Hood 899437- 

47? 1997 

58. Schmidt W7 Maass G, BuschIe MI Schtveighoffer T, Berger M, Herbst E. 

Schilcher F, Birnstiel ML: Generation of effective cancer vaccines genetically engineered 

to secrete cytokines using adenovirus-enhanced transfemnfectioo (AVET). Gene 

190:X L -6,1997 

59. Mahvi DM, Sonde1 Pbl. Yang NS. Albertini MR, Schiller IH. Hank J. 

Heiner I, Gan I. Swain W, Logrono k Phase VIB study of i m m e t i o n  with auto logous 

tumor cells t d e c t e d  with the GM-CSF gene by particle-mediated transfer in patients 

with melanoma or sarcoma. Human Gene Therapy 8:875-9 1. 1997 

60. Ragnhammar P: Anti-tumoral effect of GM-CSF with or without 

cytokines and monoclonal antriodies in solid tumors. Medical Oncology 13 : 167-76.1996 

61. Qin HX. Chatterjee SK: Construction of recombinant vaccinia virus 

expressing GM-CSF and its use as tumor vaccine. Gene Therapy 3:59-66,1996 

62. Bausero MA, Pauoskaltsis-Mortari A, Blazar BR, Katsanis E: Effective 

immunization against aeuroblastoma using double-tmnsduced tumor cells secreting GM- 

CSF and interferon-gamma Journal of Immunotherapy with Emphasis on Tumor 

[mmtmology I9:113-24,1996 

63. Miyakawa Y, Fukuchi Yf [to M, Kobayashi K, Kurarnochi T, Ikeda Y, 

Takebe Y, Tanaka T, Miyasaka M, Nakahata T, Tamaoki N, Nomura T, Ueyama Y, 

Shimamura K: Establishment of human granulocyte-macrophage colony stimdating 

factor producing transgenic SCID mice. British JoumaL of HaematoIogy 95:437-42,1996 

64. Raderer M, Komek G, Hejna M, Koperna K, Scheithauer W, Base W- 

Topic& granuIocyte-macrophage coIony-sthdating factor in patients with cancer and 

impaired wound h&g Fetter], Jomal ofthe National Cancer Institute 89963,1997 

65. Arnold F, O'Brien I, Cherry G: Grandocyte rnonocyte-coiony stimulating 

factor as an agent for wound healing. A study evaIuatIng the use of Iocai mjections of a 



genetically engineered growth factor in the management of wounds with a poor healing 

prognosis. Journal of Wound Care 4:400-2,1995 

66. Bramein S, Kaplan G, Gottlieb AB, Schwartz M, Wakh GI Abalos RM, 

Fajardo TT, Guido LS, Krueger JG: GM-CSF activates regenerative epidermal growth 

and stimulates keratinocyte proliferation in human skin in viva Journal of Investigative 

D e o l o g y  : 03:60 1 4  1991 

67. da Costa RM, Aniceto C, Jesus FM, Mendes M: Quick heding of leg 

ulcers after moigramostim [letterl. Lancet 344:48 12,1994 

68, Pojda 2, Struqna J: Treatment of non-healing ulcers with rhGM-CSF and 

skin grafts [letter]. Lancet 3431 100. L994 

69. Kaplan G. Wdsh G. Guido LS, Meyn P. Burkhardt RA. AbaIos RM, 

Barker J, Frindt PA, Fajardo TT. Celona EL et al.: Novei responses of human skin to 

intradermal recombinant granulocytelmacrophage-coIony</ strong>-stimulating factor: 

Langerhans cell recruitment, keratinocyte growth. and enhanced wound healing. Journal 

of Experimental Medicine 175:I 71 728,1992 

70. Johnson GEt, Gonda TJ. MetcaLf D. Hariharan IK. Cory S: A lethal 

myeloproliferative syndrome in mice transpIanted with bone marrow cells infected with a 

retrovirus expressing granulocyte-macrophage colony stimulating factor. EMBO lournd 

8:44I-8, 1989 

71. Laker C, Stocking C, Bergholz U, Hess N. De Lamarter JF. Ostertag W: 

Autocrine stimulation after traasfer of the granulocytdmacrophage colony-stimulating 

factor gene and autonomous growth are distinct but interdependent steps in the oncogenic 

pathway. Proceedings of the National Academy of Sciences of the W t e d  States of 

America 84:8458-62 1987 

72. Lei XF, Ohkawara Y, Stampa MR., Gaddie I, Croitoru K, lordana M. 

Xing 2: Compartmentalized transgene expression of granulocyte-macrophage colony- 

&dating factor (GM-CSF) in mouse Irmg enhances alIergic airways inflammation- 

C h i c d  & Experimental Immunology 1 13:15765,1998 



73. HufFman Reed JA, Rice WR. Zsengeller ZK, Wert SE, Dranoff G, 

Wsett JA: GM-CSF enhances lung growth and causes alveolar type II epithelial ceU 

hyperpIasia in transgenic mice. American J o d  of Physiology 273:L715-25, I997 

74. Xing 2, Tremblay GM, Sime PJ, Gauldie J: Overexpression of 

granulocyte-macrophage colony-stimulating factor induces pulmonary grandation tissue 

formation and fibrosis by induc5on of transforming growth factor-beta 1 and 

myofibroblast accumdation. America. J o d  of Pathology 150:5966. 1997 

75. Lang RA, Metcalf D, Cuthbertson RA, Lyons I, Stanley E, Kelso A. 

Kannourakis G, Williamson DJ, KLintworth GK, Gonda TJ, et d.: Transgenic mice 

expressing a hemopoietic growth factor gene (GM-CSF) develop accumulations of 

macrophages. blindness. and a fatal syndrome of tissue damage. Cell 5 1 :675-86.1987 

76. Nilsson SK. Lieschke GJ, Garcia-Wijnen CC. Williams B. TzeIepis D, 

Hodgson G, Grail D, Durn AR, Bertoncello I: Granulocyte-macrophage coiony- 

stimulating factor is not respoasible for the correction of hematopoietic deficiencies in 

the maturing op/op mouse. Blood 86:66-72, 1995 

77. Robb L, Drinkwater CC. Metcalf D, Li R Kontgen F. Nicola NA. BegIey 

CG: Hematopoietic and lung abnormalities in mice with a null mutation of the common 

beta subunit of the receptors for granulocyte-macrophage colony-stimulating factor and 

interleukins 3 and 5. Proceedings of the NationaI Academy of Sciences of the United 

States of America 929565.9, 1995 

78. Nishinakarnura R, Miyajima A, Mee PI, Tybdewicz VL, Murray R: 

Hematopoiesis in mice lacking the entire granulocyte-macrophage coIony-stimuIating 

factor/mterleukin-3frnterIeuldD-S fimctions- Blood 8 8 2458-64. f 996 

79. Dranoff G, Crawford AD, Sadelah M, Ream B, Rashid A, Bronson RT, 

Dicker* GR. Bachurski CJ, Mark EL, Wbhett JA, et aL: Involvement of grandocyte- 

macrophage coiony-stimulating factor in pulmonary homeostasis. Science 264:713-6, 

1994 

80. LeVine AM, Reed J& Kurak KE, Cianciolo E, Whitsett IA: GM-CSF- 

deficient mice are susceptible to puImonary group B streptococcal infection. I o m d  of 

ClinicaI Investigation I03:563-9,1999 



81. Dirksen U, Nishinakamura R, Groneck P, Hattenhorn U, Nogee L, 

Murray R, Burdach S: Human pulmonary alveolar protehosis associated with a defect in 

GM-CSFIIL-311L-5 receptor common beta chain expression. Journal of Clinical 

Investigation 100:2211-7,1997 

82- Dirksen U, Hattenhorst U, Schneider P, Schroten H, Gobel U, Bocking A, 

bfullsr ICC, &furra.- R, Bmdach S: Defective expression of puIucyte-macrophage 

colony-stimulating factor/interte&-3/interIeukin-5 receptor common beta chain in 

children with acute myeloid leukemia associated with respiratory failure, Blood 92: 1097- 

103,1998 

83. Goi1.net G, Aman MJ, Steffens HI?. Huber C, Peschel C. Derigs HG: 

Interferon-alpha (IFN-alpha) inhibits granulocyte-macrophage colony-stimulating factor 

(GM-CSF) expression at the post-transcriptional level in murine bone marrow stromd 

ceIIs. British Journal of Haematology 9 I :8-14.1995 

84. Nakajima H. Kizaki M, Sonoda A, Mori S. Harigaya K. Ikeda Y: 

Retinoids (all-traos and 9-cis retinoic acid) stimulate production of macrophage cotony- 

&dating factor and grandocyte-macrophage colony-stimulating factor by human bone 

marrow stromal ceIIs. Blood 84:4107-f 5, 1994 

85. CaldweII J, Emerson SG: LL-I dpha and TNF dpha act synergistically to 

stimulate production of myeIoid coIony-stimulating factors by cultured human bone 

marrow strornd cells and cloned stromal cell strains. Journal of Cellular Physiology 

t 59:221-8,1994 

86. CddweII J. Palsson BO, Locey B, Emerson SG: Culture perfusion 

schedules influence the metabolic activity and granulocyte-macro phage coIony- 

stimulating factor production rates of human bone marrow stromal cells. J o d  of 

CeHuIar Physiology L47:344-53, I99 I 

87. Bug G, Aman J, Huber C, PescheI C, Derigs HG: CAMP analogues 

dowmegdate the expression of grandocyte macrophage coIony-stimulating fjtctor (GM- 

CSF) in human bone marrow stromd c e k  in vitro. Mediators of Mammation 7:195-9, 

1998 



88. Golde DW, Quan SG, Cline b4.k Human T Iymphocyte cell h e  producing 

colony-stimulating activity. Blood 52: 1068-72, 1 978 

89. Herrmann F, Oster W, Meuer SC, Lindemann A, Mertelsman. RH: 

InterIeukin 1 stimulates T lymphocytes to produce granulocyte-rnonocyte colony- 

&dating factor. Journal of Clinical Investigation 8 1 : 141 5-8,1988 

90. 55yatake S, Seiki 34, Yoshi& M, .eai K: T-celI activation signals and 

human T-cell Leukemia virus type [-encoded p4Ox protein activate the mouse 

granulocyte-macrophage colony-stimulating factor gene through a common DNA 

element. Molecular & Cellular Biology 8:558 1-7. 1988 

9 1. Lindstein T, June CH, Ledbetter M. Stella G, Thompson CB: Regulation 

of lymphokine messenger RNA s tab i l i ~  by a surface-mediated T cell activation pathway. 

Science 244:339-43,1989 

92. Cesano A. SantoIi D: InducibIe expression of granulocyte-macrophage 

colony-stimulating factor, tumor necrosis factor-alpha and interferon-gamma in two 

human cy-totoxic leukemic T-cell lines. In Vitro Cellular & Developmental Biology 

28A:657-62,1992 

93. Thorens B. Mermod JJ, Vassalli P: Phagocytosis and idammatory StimuLi 

induce GM-CSF mRNA in macrophages through posttranscriptional regulation. CelI 

48:67I-9, I987 

94. Fibbe WE. KIuck PM, Duinkerken N, Voogt PJ, WilIemze R, Fakenburg 

IH: Factors influencing release of granulocyte-macrophage colony-dmuiating activity 

from human mononuclear phagocytes [see commentsl. European JoumaI of Haematology 

4I:352-8, I988 

95. Wimperis IZ, Niemeyer CM, Sieff CA, Mathey-Prevot B, Nathan DG, 

Arceci R.k GranuIocyte-macrophage colony-stimdathg factor and interieukin-3 mRNAs 

are produced by a smaII f'raction of blood mononuckar celIs. BIood 74: 1525-30, I989 

96. Zucali JR, DinareiIo CA, Oblon DJ, Gross MA, Anderson L, Wemer RS: 

Interleukin I stimuIates fibroblasts to produce granulocyte-macrophage colony- 

stimulating activity and prostagiandln EL J o d  of ClinicaI Investigation 77:185763, 

1986 



97. bushansky K, Lin N, Adamson JW: InterIeuidn 1 stimdates fibroblasts 

to synthesize granulocyte-macrophage and granulocyte colony-stimulating factors. 

Mechanism for the hematopoietic response to inflammation. Journal of Clinical 

Investigation 8 1 :92-7,1988 

98. Fibbe WE, Van Damme I, Billiau A, Duinkerken N, Lunrink E, Ralph P, 

Xtrocbr BBr9 Kaushansb K, Rrillemze R, Fakenburg JH: Human fibroblasts produce 

grandocyte-CSF, macrophage-CSF, and granulocyte-macrophage-CSFcfstr ong> 

following stimulation by interleukin-l and poIy(rI).poly(rC). Blood 72860-6,1988 

99. Xing 2, Jordana M, Braciak T, Ohtoshi T, Gaddie J: Lipopolysaccharide 

induces expression of grandocyte/macrophage colony-stimulating factor, interleukin-8, 

and interleukind in human nasal. but not lung, fibrobIasts: evidence for heterogeneity 

within the respiratory tract American Journal of Respiratory Cell & Molecular Biology 

9255-63, 1993 

I00. Nimer SD. Gates MJ, Koeffler HP. Gasson JC: Multiple mechanisms 

control the expression of granulocyte-macrophage colony-stimulating factor by human 

fibroblasts. Journal of [mmunology 143:2374-7.1989 

101. Bagby GC, Jr., Dinarello CA, WaLIace P, Wagner C. Hefeneider S, 

McCaIl E: Interleukin 1 stimulates granulocyte macrophage colony-stimulating activity 

release by vascular endothelid cek. Jomd of CIinicaI Investigation 78:I 3 16-23,1986 

102. Broudy VC, Kaushansky K, Harlan IM, Adamson JW: Interleukin 1 

stimulates human endotheEd cells to produce granulocyte-macrophage colony- 

stimulating factor and granulocyte colony-stimulating factor. kumd of tmmunoIogy 

139~464-8? 1987 

103. Kaushansky K- Control of granulocyte-macrophage colony-StEmuIating 

factor production in normaI endothelid ceIis by positive and negative reflatory 

elements. Journal of huno logy  143:2525-9,1989 

104. Plaut M, Pierce JH, Watson CJ, Hanley-Hyde J, Nordan RP, Pad WE: 

Mast celI Lines produce lymphoklnes m response to cross-linkage of Fc epdon RI or to 

cdcimn ionophores. Nature 33954-7,1989 



105. Wodnar-Filipowicz A, Heusser CHI Moroni C: Production of the 

haemopoietic growth factors GM-CSF and interleukin-3 by mast c e k  in response to IgE 

receptor-mediated activation. Nature 339:I 50-2, I989 

106. Demetri GD, Zenzie BW, Rheinwald SG, Griffin JD: Expression of 

colony-stimulating factor genes by n o d  human mesothelid cells and human malignant 

mesotheiloma cek  hes  in vitro. Blood 74:940-6, 1989 

107. Horowitz MC, Coleman DL. FIood PM. Kupper TS. Iilka RL: Parathyroid 

hormone and lipopolysaccharide induce m h e  osteoblast-like cells to secrete a cytokine 

indistinguishable from granulocyte-macrop hage colony-stimulating factor. Journal of 

CLinical Investigation 83 :149-57,1989 

108. Xu WD, Firestein GS, Taetle R Gushansky EL Zvainer NJ: Cytokines in 

chronic id-tory arthritis. II. Granulocyte-macrophage colony-stimulating factor in 

rheumatoid synovial effusions. J o d  of Clinical [nvestigation 83:876-82 1989 

109. Williamson DJ, Begley CGI Vadas Mk Metcalf D: The detection and 

initial characterization of colony-stimulating factors in synovial fluid. Clinical & 

Experimental Immunology 7267-73.1988 

110. Itoh A. Yamaguchi E, Kuzumaki N, Okazaki N. Fmya K, Abe St 

Kawakami Y: Expression of granulocyte-macrophage colony-stimdating factor mRNA 

by inflammatory cells in the wcoid lung. American Journal of Respiratory CeU & 

MoiecuIar B ioiogy 3 245-9, 1 990 

11 1. Haworth C, B r e w  FM, Chantry D, Turner M, Maini RN, Feldmann M: 

Expression of grandocyte-macrophage colony-stimulating factor in rheumatoid arthritis: 

regulation by tumor necrosis factor-alpha. European Journal of Immunology 21 2575-9, 

1991 

112. Kanraki H, Crainie M, Lin H, Yui I, Gdbert U, Mori T, Wegmann TG: 

The in smt expression of granulocyte-maerophage colony-stimulating factor (GM-CSF) 

mRNA at the m a t e d - f e d  interface. Growth Factors 569-74, f 99 I 

113. H d o s  DL, Leung DY, Wood R, Meyers A, Stephens K, Barkans I, 

Meng Q, Cunningham L, Bean DK, Kay AB, et al.: Chronic hyperpIastic sinusitis: 

association of tissue eosinophiIia whIi mRNA expression of granulocyte-manophage 



colony-stimuIating factor and interleukin-3. Joumal of Allergy & ClinicaI Immunology 

9259-48,1993 

114. Davies RJ, Wang IH, Trigg CJ, Devalia X: Expression of 

granuIocyte/macrophage-colonycl strong>-stimulating factor, interleukin-8 and 

RANTES in the bronchial epithelium of mild asthmatics is down-regulated by inhaled 

becIomethasone dippionate. Internationd . !h ives  of .Uergy & Immunoiogy II)7:428- 

9,1995 

1 IS. Maoo H, Mishida 5 Usuki K, Maru Y. Kobayashi Yt Hirai H, Okabe T, 

Urabe Ay Takaku F: Constitutive expression of the gnatdocyte-macrophage colony- 

stimdadng factor gene in human solid tumors. Japanese Journal of Cancer Research 

78:1041-3,1987 

116. Elbaz OF Budel LM. Hoogerbrugge K. Touw [P. Delwel R Mahmoud LA* 

Lowenberg B: Tumor necrosis factor regdates the expression of granuIocyte-macrophage 

colony -stimulating factor and inter leukin-3 receptors on human acute myeloid leukemia 

cells. Blood 72989-95.199 1 

117. Young DC. Griffin JD: Autocrine secretion of GM-CSF in acute 

myeloblastic Ieukemia, Blood 68: 1 178-8 1? 1986 

118. Young DC. Wagner K. GSn ID: Constitutive expression of the 

granulocyte-macrophage coIony-stimulating factor gene in acute myeIobIastic leukemia. 

Journal of Clinical Investigation 79: 1004,1987 

119. Bradbury D, Bowen G, Kozlowski R Reilly I, Russell N: Endogenous 

mterIeukin-I can regulate the autonomous growth of the blast cells of acute myeIobIastic 

leukemia by inducing autocrine secretion of GM-CSF. Leukemia 4:&7.1990 

120. Okamura S, Hayashi S, Asano Y. Shibuya T, Otsuka Tf Niho Y: 

Expression of the granuIocyte/rnacrophage coIony-stimulating factor gene in Ieukernic 

bIast ceUs from patients with acute non-lymphocytic Ieukemia. Biomedicine & 

Pharmacotherapy 4265-7, I988 

121. Kaafinan DCI Baer Gao XZ, W a g  ZQ, PreisIer HD: Enhanced 

expression of the granulocyte-macrophage coIony stimdating factor gene in acute 



myelocytic leukemia cells following in vitro bIast ceII enrichment. Blood 72:1329-32, 

1988 

122. BoLIag G, Clapp DWy Shih S, Adler F, Zhmg YY, Thompson P, Lange 

BJ, Freedman MH, McCorrnick F, Jacks T, Shannon K: Loss of NFi results in activation 

of the Ras signaling pathway and leads to aberrant growth in haematopoietic cells. Nature 

Genetics t 2rI@-S,1996 

123. Largaespada DA. Brannan C17 Jenkins NA, Copeland NG: Nfl deficiency 

causes Ras-mediated grandocytdrnacrophage colony stimtdating factor hypersensitivity 

and chronic myeloid Ieukaemia- Nature Genetics 12: I37-43, 1996 

124. Flotho C, Valcamonica S, Mach-Pascual S. Schmahl G, Corral L. 

Ritterbach J, Hasie & kico  M, Biondi A. Niemeyer CM: RAS mutations and clonality 

analysis in children with juvenile myeIomonocytic leukemia (JMML). Leukemia 13 32-7, 

1999 

125. Emanuel PD, Bates LJ. Zhu SW, Canleberry EV, Gudtieri R.J. Zuckerman 

KS: The role of monocyte-derived hemopoietic growth factors in the regulation of 

myeloproliferation in juvenile chronic myelogenous leukemia Experimental Hematology 

29:1017-24,1991 

126. EmanueI PD. Bates LJ. Castleberry RP. Gualtieri EU. Zuckerman KS: 

Selective hypersensitivity to granulocyte-macrophage colony-stimulating factor by 

juvenile chronic myeIoid IeukemCa hematopoietic progenitors. Blood 779259,199 1 

127. Freedman MH, Cohen & Grunberger T. Bunin N, Luddy RE, Saunders 

EF, Shahidi N, Lau A, Estrov 2: Central role of m o w  necrosis factor. GM-CSF, and 

interfeukin I in the pathogenesis of juvenile chronic myelogenous leukaemia British 

Iolnnal of Kaematology 80:40-8,1992 

128. Gualded RI, Emanuel PD, Zuckerman KS, M a t h  G, Clark SC, Shadduck 

RK. Dracker RA, Akabutu J, Nitschke R, Hetherington ML, et aI.: Granuiocyte- 

macrophage colony-hdating factor is an endogenous regulator 0fceI.I proWeration in 

j w d e  chronic rnye1ogenou.s Ieakemia Blood 74-2360-7, I989 

129. Frankei AE, Lay M, Kreitman R, Hogge D, Beran M, Freedman ME%, 

Emanuel PD, McLain C, HaII P, Tagge E, Berger M, Eaves C: Diphtheria toxin fbsed to 



granulocyte-macrophage coIony-stimulating factor is toxic to blasts from patients with 

juvenile myeIomonocytic feukemia and chronic myelomonocytic Leukemia. Blood 

924279-86,1998 

130. Iversen PO, Rodwell RL, Pitcher L, Taylor KM. Lopez AF: Inhibition of 

proliferation and induction of apoptosis in juvenile myelomonocytic leukemic cells by 

the grandocyte-macrophage colony-stdating fkctot sldogrre E1R BIood 88-1634-9, 

1996 

13L. Iversen PO, Lewis ID. Turczynowicz S, Hasle H, Nierneyer C. 

Schmiegelow R Bastiras S, Biondi A, Hughes TP, Lopez AF: Inhibition of granulocyte- 

macrophage colony-stimulating factor prevents dissemination and induces remission of 

juveniIe myeIomonocytic leukemia in engmfted immunodefkient mice. Blood 90:4910-7, 

I997 

132. Gasson SC, Kaufinan SE, Weisbart RH. Tomonaga M. Golde DW: High- 

affinity binding of CmuIocyte-macrophage colony-stimulating factor to normal and 

leukemic human myeIoid cells. Proceedings of the National Academy of Sciences of the 

United States of America 83469-73, I986 

133. Park LS, Friend D, Gillis S, UrdaI DL: Characterization of the celI d a c e  

receptor for granuioc yte-macrop hage colony -stimulating factor. Journal of BioI ogical 

Chemistry 26 1 :4177-83? I986 

134. Byme PV: Human myefoid ceUs possessing high-affinity receptors for 

granulocyte-macrophage colony stimulating factor. Leukemia Research 13: I 17-26,1989 

135. Gearing DP, King JA, Gough NM, Nicola NA: Expression cloning of a 

receptor lor human granulocyte-macrophage coIony-stimulating factor. EMBO l o d  

83667-76,1989 

136. Metcalf D, NicoIa NA, Gearing DP, Gough NM: Low-affinity placenta- 

derived receptors for human granuIocyte-macrophage colony-stimulating factor can 

defier a proliferative signal to m e e  hemopoietic celIs. Proceedings of the National 

Academy of Sciences of the United States of America 87:46704, I990 



137. Onetto-Pothier N, Aumont N, Haman A, Park L, Clark SC, De Lean A, 

Hoang T: IL-3 inhibits the binding of GM-CSF to AML blasts. but the two cytokines act 

synergisticdy in supporting blast proliferatio~1, Leukemia 4329-36.1 990 

138. Budei LM, Elbaz 0, Hoogerbrugge H. Delwel R, Mahmoud LA, 

Lowenberg £3, Touw IP: Common binding structure for granulocyte macrophage colony- 

srimuiaring factor and inierltuh-3 on human acute mr;eioid leukemia cells m d  

monocytes. Blood 75: 1439-45,1990 

139. Lopez AF, Eglinton M, Gillis D, Park LS. Clark S, Vadas MA: 

Reciprocal inhibition of binding between interleukin 3 and granulocyte-macrophage 

colony-stimulating factor to human eosinophils. Proceedings of the National Academy of 

Sciences of the United States of America 86:7022-6, I989 

140. Park LS. Friend DI Price V, Anderson D, Singer J. Prickett KS, Urdal DL: 

Heterogeneity in human interleukin-3 receptors. A subclass that binds human 

granulocyte/macrophage colony stimuIating factor. Journal of Biological Chemistry 

264:5420-7,1989 

141. Hayashida K. Kitamura T. Gorrnan DM. Arai K, Yokota T. Miyajima A: 

Moiecula. cloning of a second subunit of the receptor for human granulocyte- 

macrophage colony-stimulating factor (GM-CSF): reconstitution of a h i g h - e t y  GM- 

CSF receptor. Proceedings of the National Academy of Sciences of the United States of 

America 87:9655-9,1990 

142. Kitamura TI Hayashida K. Sakamaki Yokota T. Arai KT Miyajima A: 

Reconstitution of functional receptors for human granulocytelmacrophage coiony- 

stimulating factor (GM-CSF): evidence that the protein encoded by the AIC2B cDNA is 

a subtmit of the mmhe GM-CSF receptor. Roceedings of the National Academy of 

Sciences ofthe United States of America 885082-6, I991 

143. WeUs IA, de Vos AM: Hematopoietic receptor complexes. Annud 

Review of Biochemistry 65609-34, I996 

I 4 4  Heaney MI,, GoIde DW. SolubIe hormone receptors [editorial; cornmentl. 

BIood 82:I945-8, I993 



145. Heaney ML, GoIde DW: Soluble cytokine receptors. Blood 87:847-57, 

L996 

146. Heaney ML, Golde DW: Solubie receptors in human disease. IournaI of 

Leukocyte Biology 6433546, 1998 

147. Rose-John S, Heinrich PC: Soluble receptors for cytokines and growth 

factors: generation and bioIogicaI function. Biochemical kumd 300.38 1-90? 1994 

148. Ashworth A, Kraft A: Cloning of a potentidy soluble receptor for human 

GM-CSF, NucIeic Acids Research 18:7178,1990 

149. Brown CB, Beaudry P. Laing TD, Shoemaker S, Kaushansky K: In vitro 

characterization of the human recombinant soluble granulocyte-macrop hage colony- 

stfmdating factor receptor. Mood 85: 1488-95, 1995 

150. Murray EW. Pihl C, Robbins SM? Prevoa I, Mokashi k Bloomfield SM. 

Brown CB: The soIuble granulocyte-macrophage colony-stimulating factor receptor's 

carboxyl-terminal domain mediates retention of the soluble receptor on the celI surface 

through interaction with the granulocyte-macrophage coIony-stimulating factor receptor 

beta-subunit Biochemistry 37: I 4 I 1 3 -20.199 8 

151. Williams W, VonFeldt IM, Rosenbaum H, Upen KE, Weiner DB: 

Molecular cloning of a soluble form of the granulocyte-macrophage colony-stimdadng 

factor receptor alpha chain from a myelomonocytic cell h e .  Expression. biologic 

activity, and preliminary analysis of transcript distribution. Arthritis & Rheumatism 

321468-78,1994 

152. Murray EW? PPihl C, Morcos A, Brown CB: Ligmd-independent celI 

surface expression of the human soluble granulocyte-macrophage colony-stimulating 

factor receptor alpha subunit depends on co-expression of the membrane-associated 

receptor beta subunit J o d  of Biological Chemistry 271 :I 5330-5, I996 

153. Stomski FC, Woodcock JM, Zachamkis B, BagIey CJ. Sun Q, Lopez AF: 

Identification of a Cys motif in the common beta chain of the interfeukin 3, granulocyte- 

macrophage coIony-stimulating factor, and mterIeukin 5 receptors essentiaI for disu[fide- 

linked receptor heterodimerkition and activation of aII three receptors. IomnaI of 

BioIogicaI Chemistry 273:I 192-9,1998 



154- Eder M, Emst TJ, Ganser A, Jubinsky PT, Inhorn R, Hoeher D, Gd3.n 

JD: A low affinity chimeric human alphaheta-granulocyte-macrophage colony- 

stimdating factor receptor induces Iigand-dependent proliferation in a rnurine ceIl line. 

J o d  of Biological Chemistry 269:30 173-80, 1994 

155. Patel N, Herman M, Timans JC, Kastelein RA: Functional replacement 

oC cytokine receptor extracellular domains by leucine zippers. Journai of Biologicd 

Chemistry 271:30386-91,1996 

156. D'Andrea R, Rayner L Moreni P. Lopez A? GoodaLI GI, Gonda TJ. Vadas 

M: A mutation of the common receptor subunit for interleukin-3 (IL-3), granulocyte- 

macrophage colony-stimulating factor, and LLJ that leads to ligand independence and 

tumorigenicity. Blood 83 2802-8, I994 

157. Gonda TJ. D'Andrea RJ: Activating mutations in cytokine receptors: 

implications for receptor function and role in disease. Blood 89355-69-1997 

l58. Jenkins BJ. Bagley C.J. Woodcock J. Lopez AF, Gonda TI: Interacting 

residues in the extracellular region of the common beta subunit of the human 

granuIocyte-macrophage colony-stimdating factor, interleukin (1L)-3. and K-5 receptors 

involved in consttCtutive activation. Jotrmal of BiologicaI Chemistry 27 I :29707-14? I996 

159.  mut to A, Watanabe S, Miyajima A, Yokota T. Arai K: The beta subunit of 

human granulocyte-macrophage colony-stimulating factor receptor forms a homodimer 

and is activated via association with the aipha subtrnit Journal of ExperimentaI Medicine 

183:1911-6,1996 

160. Queue FW, Sato N, Witthuhn BA, Morn  RC, Eder M, Miyajima A, 

GriEn ID, IhIe IN: SAK.2 associates with the beta c chain of the receptor for granulocyte- 

macrophage coIony-stirdating factor, and its activation requires the membrane-proximal 

region. Molecdar & CelluIar Biology I4:4335-4 I, 1994 

I6 1. AIShami A, Naccache PH: Granulocyte-macrophage colony-stimulating 

factor-activated signaling pathways in human neutrophiis. Involvement of Iak2 in the 

sthulation of phosphaddyiinositoI 3-kinase. Journal of BioIogicaI Chemistry 2745333- 

8,1999 



162. Suzuki K, Hino M, Hato F, Tatsumi N, Kitagawa S: Cytokine-specific 

activation of distinct mitogen-activated protein b a s e  subtype cascades in human 

neutrophiIs stimulated by granulocyte colony-stimulating factor. granulocyte-macrophage 

colony-stimulating factor, and tumor necrosis factor-dpha. Blood 93 :34 1-9,1999 

163. Matsuguchi T, Lilly ME%, Kraft AS: Cytoplasmic domains of the human 

granuiocyte-macro phage colony-stimuiating far tor (GMCSF) receptor beta chain 

(hbetac) responsible for human GM-CSF-induced myeIoid cell differentiation. Journal of 

Biological Chemistry 273: I941 1-8,1998 

1 Park WY, Ahn JH, Feldman RA, Seo JS: c-Fes tyrosine base binds to 

and activates STAT3 after granulocyte-macrophage colony-stimulating factor 

stlmdation, Cancer Letters I29 29-37, t 998 

165. Doyle SE. Gasson JC: Characterization of the role of the human 

granulocyte-macrophage colony-stimulating factor receptor alpha subunit in the 

activation of JAK2 and STATS. Biood 92:867-76, 1998 

I66- Itoh T, Liu R Yokota T, Arai KI, Watanabe S: Definition of the role of 

tyrosine residues of the common beta subunit regulating multiple signaling pathways of 

grandocyte-macrophage colony-nimuladng factor receptor. Molecular & CeUuIar 

Biology 1 8:742-52, L 998 

167. Hiraguri MI Miike S, Sano H, Kurasawa K, Saito Y. [wamoto I: 

Gmdocyte-macrophage colony-stimulating factor and LL-5 activate mitogen-activated 

protein kinase through Jak.2 kinase and phosphatidylinositol 3-kinase in human 

eosinophils. kmd of AIIergy & Clinical Immunology I00:SJS-5 1,1997 

168. Simon HU, Yousefi SI Dibbert B, Levi-Schaffer F. BIaser K: Anti- 

apoptotic signals of pdocyte-macrophage colony-sdmulating factor are m d u c e d  via 

Jak2 tyrosine b a s e  in eosinophils. European JournaI of IrnmtmoIogy 27:3536-9,1997 

169. Ettinger S, Fong D, Dmonio V: Lack of correIation between gronnh of 

TF-I cells and tyrosine phosphorylation signals in response to K-3, IL-5 and GM-CSF. 

Cytokine 9:650-9, I997 

170. Jiao tI, Yang W, Berrada K, Tabrizi M, ShuItz L, Yi T: Macrophages from 

motheaten and viabIe motheaten matant mice show increased proMerative responses to 



GM-CSF: detection of potential HCP substrates in GM-CSF signal transduction. 

Experimental Hematology 25:592-600,1997 

171. Miyajima A, Kinoshita T, Wakao H, Hara T, Yoshimura A, 

Nishinakamura R, M m y  R, Mui A: Signal transduction by the GM-CSF, IL-3 and IL-5 

receptors. Leukern-a 1 1 :418-22, 1997 

i72. Watanabe S, ltoh T. k a i  K: RaIes of J X  ticbase in b a n  Gkf-CSF 

receptor signals. Leukemia 1 1 :76-8,1997 

173. Yuo A Okuma E, Kitagawa S. Takaku F: Tyrosine phosphorylation of 

p38 but not extracellular signal-regulated kinase in normal human neutrophils stimdated 

by tumor necrosis factor: comparative study with granulocyte-macrophage colony- 

stimrtlating factor. Biochemical & Biophysical Research Communications 235:42-6, 

1997 

174. Liu EL Itoh T, Arai K. Watanabe S: Activation of cJun N-terminal kinase 

by human ~ a u l o c y t e  macrophage-colony stimulating factor in BA/F3 cells. 

Biochemical & Biophysicd Research Communications 2346 1 I-5, 1997 

175. Odai H. Sasaki K. Iwamatsu A, Nakarnoto T. Ueno H. Yamagata T. 

Mitani K, Yazaki Y, Hirai H: Purification and moIecuIar cloning of SH2-  and ST%- 

containing inositol polyphosphate-5-phosphatase? which is invoIved in the signaling 

pathway of granulocyte-macro p hage co lony-stimulating factor, erythropoietin, and Bcr- 

AbI. Blood 89:2745-56, I997 

176. aldhami A, Bourgoin SG, Naccache PH: Granulocyte-macrophage 

colony-stimulating factor-activated signaling pathways in human neutrophiIs. I. Tyrosine 

phosphoryIation-dependent stimulation of phosphatidyhositol3-kinase and inhibition by 

phorboI esters. BIood 89: 1035-44, I997 

177. Watanabe S, Kubota H, Sakamoto KM, Arai K: Characterization of cis- 

acting sequences and tram-acting signaIs regulating early growth response I and c-fos 

promoters through the granuiocyte-macrophage colony-stimulating factor receptor io 

W 3  ceh. Bbod 89: 1 197-206,1997 

178. Chao JR Chen CS, Wang TF, Tseng LK, Tsai JJ, Kuo ML, Yen JJ, Yang 

Yen HF: Characterization of factor-independent variants derived fiom TF-I 



hematopoietic progenitor cells: the role of the R m  b a s e  pathway in the anti- 

apoptotic effect of GM-CSF. Oncogene 14:72I-8,1997 

179. Jubinsky PT, Shikama Y, Laurie A, Nathan DG, Carroll M, Sieff CA: The 

beta c component of the granulocyte-macrophage colony-stimulating factor (GM- 

CSF)/interIeukin 3 (IL-3)AL-5 receptor interacts with a hybrid GM-CSF/erythropoietin 

receptor to influence prorifiration and beta-globin inRXX expression. MoIecuIar 

Medicine 2766-73, 1996 

180. Wei S, Liu IH, Ephg-Blrmeette PK Gamero AM, Ussery D, Pearson EW, 

EIkabani ME? Diaz JI, Djeu JY: Critical role of Lyn kinase in inhibition of neutrophil 

apoptosis by granulocyte-macrophage colony-stimulating factor. Journal of immunology 

1575 155-62, I996 

181, Watanabe S, Itoh T, Arai K: RoIes of JAK kinases in human GM-CSF 

receptor signal transduction. Journal of Allergy & Clinical immunology 98:St83-91. 

1996 

182. Shiiba M. Tkaki S, Takatsu K: Interleukin-3 (a-3) and granulocyte- 

macmpkge colony-stimulating factor (GM-CSF) can induce Merendation of chronic B 

cell Ieukemia expressing the alpha subunit of IL-3 and GM-CSF receptor. Internationd 

Archives of Allergy & Tmmunology 1 1 I : 12-5? 1996 

183. Durstin M, Inhorn RC, Gri&n ID: Tyrosine phosphoryIation of Shc is not 

required for proliferation or viability signaling by granulocyte-macrophage coIony- 

stimulating factor in hematopoietic cell Lines. Journal of ImmunoIo~ 157:534-40, I996 

184. Yousefi S, Hoessti DC, Blaser K, MilIs GB, Simon HU: Requirement of 

Lyn and Syk tyrosine kinases for the prevention of apoptosis by cytokines in human 

eosinophils. Journal of Experimental Medicine 183: 1407-14, I996 

185. BriPi MF, Aronica MG, Rosso A, Bagnara GP, Yarden Y, Pegoraro L: 

Granulocyte-macrophage colony-sdmufa~g factor -dates IAK2 tigndkg pathway 

and rapidy activates p93fes, STATI p91, and STAT3 p92 in polymorphonuclear 

leukocytes. J o d  ofBioIogicd Chemistry 271 3562-7,1996 

186. Crosier KE, Wong GG, Mathey-Prevot B, Nathan DG, Sieff CA: A 

fimctional isofom of the hnman grandocytdmacrophage coIony-stindating factor 



receptor has an unusual cytoplasmic domain. Proceedings of the National Academy of 

Sciences of the United States of America 88:7744-8,1991 

187. Raines MA, Liu L, Quan SG, Joe V? DiPersio IF, Golde DW: 

Identification and molecular cloning of a soluble human grandocyte-macrophage colony- 

stimdatiag factor receptor. Proceedings of the National Academy of Sciences of the 

E t e d  States of America 88:8203-7, i99 1 

188. Sasaki K, Chiba S, Mano H, Yazaki Y, Hirai H: Identification of a soluble 

GM-CSF binding protein in the supernatant of a human choriocarcinoma cell line. 

Biochemical & BiophysicaI Research Communications 183 252-7,1992 

189. Heaney ML, Vera IC, Raines MA, Golde DW: Membrane-associated and 

soluble ~Ulocyte/mac~ophage-~oIony-*dating factor receptor alpha submits are 

independently regdated in HL-60 cells. Proceedings of the National Academy of 

Sciences of the United States of America 922365-9,1995 

190. Woodman RCI Reinhardt PH, Kanwar S, Johnston FL, Kubes P: Wects of 

human neutrophil elastase (HNE) on neutrophil function in vitro and in inflamed 

microvessels. BIood 822  188-95. 1993 

L91. Stewart DA. Gyonyor E? Patenon AH. Arthur K. Temple W. Schachar 

NS, Klassen J, Brown C, Russell JA: High-dose melphdan +I- totaI body irradiation and 

autologous hematopoietic stem celI rescue for addt patients with Ewingrs sarcoma or 

peripheral neuroectoded tumor. Bone Marrow Transplantation I8:3 15-8, 1996 

192. Russell IA, Luider I, Weaver M, Brown C, Selinger S, Railton C, 

Karlsson L, Klassen S: Collection of progenitor cells for dlogeneic transplantation fiom 

peripheral bIood of normal donors. Bone Marrow TrmspIantation 1S:i 11-5,1995 

193. Zhmg JG, Zhang Y. Owczarek CM, Ward LD, Motitz RLI Simpson Itl, 

Yasukawa K, Nicoia NA: Identification and characterization of two distinct truncated 

forms of gpI3O and a soIuble form of leukemia inhibitory factor receptor alpha-chain in 

normal human mine and pIasma Souma[ of BioIogical Chemistry 273:10798-805, I998 

194. Brown CB, P W  CE, Murray EW: OIigomerization of the soIubIe 

grandocyte-macrophage: colony-stimulating factor receptor: identification of the 

fimctional figand-binding species. CytoEdne 9219-25,1997 



195. Lia F, Rajotte D, Clark SC, Hoang T: A dominant negative granulocyte- 

macrophage colony-stimulating factor receptor aIpha chain reveals the mdtimeric 

structure of the receptor complex. Journal of BioIogicaI Chemistry 27128287-93,1996 

196. Polotskaya A, Zhao Y, Lilly ML, Kraft AS: A critical role for the 

cytoplasmic domain of the granulocyte-macrophage colony-stimulating factor alpha 

receptor in mediaring ceU growth. Ceii Growth & DiEferentiation 4:523-5 1 1993 

197. Mer-Newen G, Kuster A, Hemarm U, Keul R Horsten U, Martens A, 

Graeve L, Wijdenes J, Heinrich PC: Soluble LL-6 receptor potentiates the antagonistic 

activity of soluble gp130 on IL-6 responses. JoumaI of ImmunoIogy 16I:6347-55,1998 

198. Hoang T, De Lean A, Haman A, Beauchemin V, Kitamura T. CIark SC: 

The structure and dynamics of the grandocyte macrophage colony-stimulating factor 

receptor defued by the ternary complex model. Journal of Biological Chemistry 

268:I 1881-71993 

199. Ronco LV, Doyle SE. Raines M, Park LS, Gasson JC: Conserved amino 

acids in the human granulocyte-macrophage colony-stimdating factor receptor-binding 

subunit essential for tyrosine phosphoryladon and proliferation. Journal of Immunology 

1543444-53,1995 

200. Woodcock IM, McClure BJ, Stomski FC, Elliott MJ, Bagley CI, Lopez 

AF: The human granulocyte-macrophage coIony-stimulating factor (GM-CSF) receptor 

exists as a preformed receptor complex that can be activated by GM-CSF, interleukin-3, 

or inter1euk-h-5. Blood 90:3005-17, t 997 

201. Miyajima A, Mui AL, Ogorochi T, Sakamaki K: Receptors for 

granuiocyte-macrophage colony-stirnufating factor, mterleukin-3, and interleukin-5. 

Blood 82: I960-74,1993 

202. Bagley CJ, Woodcock hi, Stomski FCI Lopez AF: The structural and 

functional basis of cytokine receptor activation: Iessons fiom the common beta subunit of 

the granulocyte-macrophage colony-stimulating factor, interieukIn-3 (IL-31, and [L-5 

receptors Blood 89: 1471-82,1997 

203. MireSIuis A, Page LA, Wadhwa M, Thorpe R: Evidence for a dgnallng 

role for the alpha chains of gtanrrocyte-macrophage colony--dating factor (GM- 



CSF), interIeukin-3 (IL-3), and a-5 receptors: divergent signaling pathways between 

GM-CSFE-3 and IL-5- Blood 86.2679-88,1995 

204. Stomski FC, Sun Q, Bagley CJ, Woodcock J, Gooddl G, Andrews EX, 

Berndt MC, Lopez AF: Human interleukin-3 (IL-3) induces disulfide-linked IL-3 

receptor alpha- and beta-chain heterodimerization, which is required for receptor 

activation but not high-affinity binding. MoIecuiar & Cellular Biology 16:303546,1996 

205. Wheadon H. Devereux S, Khwaja A, Linch DC: Grandocyte-macrophage 

coIony stimulating factor receptor alpha and beta chain complexes can form both high 

and intermediate affinity functional receptors. British Journd of Haematology 98:809- I 8. 

1997 

206. Woodcock JM. Zacharakis B, Plaetinck G, Bagley CI. Qiyu S. Hercus TR 

Tavemier I, Lopez AF: M e  residues in the common beta chain of the human GM-CSF. 

IL-3 and IL-5 receptors are essential for GM-CSF and Ed-5 but not IL-3 high affinity 

binding and interact with Glu2 I of GM-CSF. EMBO Journal 13:5 1 76-85-1994 

207. Gaillard JP, Mani JCI Liautard J, KIein B, Brochier J: Interleukin-6 

receptor sigoaling. I. gp80 and gpl30 receptor interaction in the absence of interleukin-6. 

European Cytokine Network LO:43-8,1999 

208. Horsten U. Muller-Newen G, Gerhartz C. Wollrner A. Wijdenes I. 

Heinrich PC? Grotzinger J: Molecular modeling-guided mutagenesis of the extraceff ular 

part of gp t30 leads to the identification of contact sites in the interleukin-6 (IL-6).K-6 

receptor-gp I30 complex- Journal of Biological Chemistry 272:23748-57,1997 

209. Mai M, Montero-Julian FA, Grotzinger I, Fontaine V, Vandenbussche P, 

Deschuyteneer R, W o h e r  A, BraiIIy H, Content J: Andysis of the human interleukin- 

6hmnan interleukin-6 receptor binding interface at the amino acid levet: proposed 

mechanism of interaction, Blood 89~13 19-33,1997 

210, Somers W, StahI M, Seehra IS: 1.9 A crystal structure of interleukin 6: 

impIications for a novel mode of receptor dimerization and signaling. EMBO Ioumd 

16:989-9?? 1997 

211. Ward LD, HowIett GI, Disco10 G, Y&wa K, Hammacher A, Moritz 

RL, Simpson RI: High affinitv interleukin-6 receptor is a h e x h c  compIex co-g 



of two moIecdes each of interleukin-6, interleukin-6 receptor, and gp-130. Journal of 

Biological Chemistry 26923286-9,1994 

212. Ward LD, Hammacher A, HowIett GJ, Matthews JM, Fabri L, Moritz RL, 

Nice EC, Weinstock I, Simpson W: Influence of interletkin-6 (IL-6) dimerization on 

formation of the high &ty hexameric IL-b~eceptor complex. JournaI of Biological 

Chemistry 27 1 :20101384,1996 

213. Paonessa G, Graziani R, De Serio A, Savino R Ciapponi L, Lahm A. 

Sdvati AL, Toniatti C, Ciliirto G: Two distinct and independent sites on E-6 trigger gp 

l30 dimer formation and signaIIing. EMBO Journal 14: 1942-5 1.1995 

214. Salvati AL. Lahm A. Paonessa G, Ciliberto G, Toniatti C: Lnterleukin-6 

(E-6) antagonism by soluble CL-6 receptor alpha mutated in the predicted gpI 30-binding 

interface. Journal of Biological Chemistry 170: 1 2242-9,1995 

215. Wiekowski M, Prosser D. Taremi S, Tsarbopoulos A. Jenh CH. Chou CC. 

LundeIl D. Zavodny P. N d a  S: Characterization of potential antagonists of human 

interleukin 5 demonstrates their cross-reactivity with receptors for interleukin 3 and 

gtantdocyte-macrophage colony-stimulating factor. European Journal of Biochemistry 

246:625-32, 1997 

216. Johanson K. Appelbaum E. Doyle M. HensIey P. Zhao B, Abdel-Meguid 

SS. Young P, Cook R, Carr S, Matico R., et at.: Binding interactions of human interleukin 

5 with its receptor alpha subunit. Large scale production, structrrral, and fiulctional 

studies of Drosophila-expressed recombinant proteins. l o d  of BioIogical Chemistry 

270:9459-71,2995 

217. Monahan I, Siegel N, Keith R, Caparon M, Christine L, Compton R, 

Cusik S, Hirsch J, Hrrynh M, Devine C, PoIaPi I. Rangwda S, Tsai B, Portanova J: 

Attenuation of IL-5-mediated signal transduction, eosinophil stmbaI, and inflammatory 

mediator release by a soIubIe hman L-5 receptor. J o d  of ImmunoIogy 159:4024-34. 

I997 

218. Johnson DL, FarreU FX, Barbone FP, McMahon FJ, Tullai J, Hoey K, 

L i d  0, Wn'ghton NC, Middleton SA, Loughney DA, Stura EA, Dower WI, M d d y  

LS, Wdson IA, J o W e  LK: Identification of a 13 amino acid peptide mfmetic of 



erythropoietin and description of amino acids critical for the mimetic activity of EMPI. 

Biochemistry 37:3699-710, I998 

219. Livnah 0, Stura EA, Johnson DL, Middleton SA, Mulcahy LS, Wrighton 

NC, Dower WJ, JoIIBe LK, Wilson IA: FunctionaI mimicry of a protein hormone by a 

peptide agonist: the EPO receptor complex at 2.8 A [see comments]. Science 273464-71, 

t 996 

220. Limah 0, Johnson DL, Stura EA, F m l l  FX. Barbone FP, You Y, Liu 

KD, Goldsmith MA, He W. ffiuse CD, Pestka S. JoIliEe LK. Wilson IA: An antagonist 

peptide-EPO receptor complex suggests that receptor dimerization is not sufEicient for 

activation [see comments]. Nature S t r u c W  Biology 5:993-1004, I998 

I Livnah 0, Stura Ek Middleton SA, Johnson DL. Iolliffe LKI Wilson [A: 

Crystallographic evidence for preformed dimen of erythtopoietin receptor before tigand 

activation. Science 283987-90, 1999 

222. Wrighton NC. Farrell FX Chang EL Kashyap AK Barbone FP. Mulcahy 

LS, Johnson DL. Barren RW, IoUiEe LK. Dower WJ: Small peptides as potent mimetics 

of the protein hormone erythropoietin [see comments]. Science 273:458-64. 1996 

223. Philo JS, Aoki KH, Arakawa T, Narhi LO, Wen J: Dimerization of the 

extracelIular domain of the erythropoietin (EPO) receptor by EPO: one high-affinity and 

one low-a8finity interaction. Biochemistry 35:1681-91, I996 

224. Sporeno E, Paonessa G, Sdvati AL, Gradani R Dehastro P. Ciliberto G, 

Toniatti C: Dimerization of the extracel1uIa.r domain of the erythropoietin (EPO) receptor 

by EPO: one high-a&nity and one low-af3Tmit.y interaction. Biochemistry 35: 168 1-9 1, 

1996 

225. Farrell PJ, Lu M, Prevost I, Brown C, Behie Lt Iatrou K: High-[eve[ 

e.pression of secreted glycoproteins in aansformed lepidopteran insect cells using a 

noveI expression vector. BiotechnoIogy & Bioengineering 60:656-63,1998 

226. Iversen PO, Hercus TR, Zacharakis B, Woodcock M. Stomski FC, 

Kumar S, Nelson BH, Mjajima A, Lopez AF: The apoptosis-inducing granulocyte- 

macrophage cotony-&dating factor (GM-CSF) d o g  EZIR functions through 



specific regions of the heterodimeric GM-CSF receptor and requires inter leukin- 1 beta- 

converting enzyme-like proteases. J o d  of BioIogicaI Chemistry 2729877-83, I997 

227. Lock P, Metcalf D, NicoIa NA: Histidine-367 of the human common beta 

chain of the receptor is critical for high-affinity binding of human granulocyte- 

macrophage colony-stimdathg factor. Proceedings of the National Academy of Sciences 

ofthe United States of America 9 1 ~252-6, 1993 

228. Ding DX, Vera JC, Heaney ML, GoIde DW: N-glycosylation of the 

human granulocyte-macrophage colony-stimulating factor receptor alpha subunit is 

essential for ligand binding and signaI transduction. Journal of Biological Chemistry 

270245804,1995 

229. Tu J, Golde D W, Vera JC, Heaney ML: Evpression of the human G W  

CSF receptor alpha subunit in Saccharomyces cerevisiae. Cytokines. Cellular & 

MoIecuIar Therapy 4147-51.1998 

230. James DC, Freedman RB, Hoare M. Ogonah OW. Rooney BC. Larionov 

OA, Dobrovolsky VN, Lagutin OV. .Jenkins N: N-gIycosylation of recombinant human 

interferon-gamma produced in different animal expression systems. Bio/Technology 

13 592-6,1995 

Z 1 Jarvis DL, Finn EE: Modifying the insect cell N-glycosylation pathway 

with immediate earfy bacdovirus expression vectors. Nature Biotechnology 14: 1288-92, 

f 996 

232- KIein B, Brailly H: Cytokine-binding proteins: stimdating antagonists. 

ImmunoIogy Today 16216-20,1995 

233, Peters M, Jacobs S, EhIers M, V o h e r  P, MulIberg I, WOKE, Brem G, 

Meyer nnn BuschenfeIde ICH, Rose-John S: The h c t i o n  of the solubIe interleukin 6 

(ad) receptor in vivo: sensitization of human soIubIe IL-6 receptor transgenic mice 

towards IL-6 and prolongation of the plasma half-life of L-6. Journal of Experimental 

Medicine 183:1399406,1996 

234. Hattenhotst U, Dirksen U, Btrrdach S: Akernative splicing in E-3& 

S/GM-CSF receptor common fkhain gene expression. BIood 90 Supplement L(2): I78b, 

1997- 



235. Sayani F, Montero-Julian FA, Ranchin V, Prevost JM, Flavetta S, Zhu W, 

Woodman RC, Brailly H, Brown CB: IdentEcation of the soluble granulocyte- 

macrophage colony stimulating factor receptor protein in vivo. In press 

236. Dixon M: Determining equilibrium constants. Biochemical Journal 55: 

170-I7I, 1953 
q-7 

t D h n  M: Graphical determination of equiIr'5rium constants. Biochemical 

Journal 94: 760-762, I965 

238. Dixon M* Graphical determination of Km and Ki. Biochemical Journal 

129: 197-202,1972 




