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ABSTRACT 

Ph D. Nlcolai S.c. van Oers Microbiology and Immunology 

Alpha-fetoprotein (AFP) is a tumor-associated embryonic !o.erum glycoprotclll, 

CXIStll1g In the circulation as a heterogeneou!o. populatIon of closely rclated molccular 

variants. The biological function(s) of AFP !!> not known, but the preCisely 

regulated expression of AFP moleculcs dunng ontogenetIc development and 111 

certall1 (h~ease~ IS consIstent wJth an immunoregulatory functlon. 

The pn:sent the~ls examll1e~ the fllnctinnal slgl1lflcance of mllnne AFP 

microheterogenelty. In the Il1ltlal phase of this study, seven 1I1divldllal AFP 

Isoforms were pllrifIed wuh a novel separatIon protocol developed on Mono Q 

amon-exchange columns linked to an FPLC system Ali seven subspecies were 

further charactcnzed by Isoelectnc focusll1g gels, Immunoblot analysi~, I11o!ecular 

weight determlllutlon, and <'Jalic aCld composition ~tudlc~ When ail ~even variant~ 

were tcsted 111 several AFP <,ensuive Immune assays, wc determined that all the 

immllnosuppresslve actIvity of natIve AFP was locahzed to a ~mgle dlWnct 

molccular variant. This Isofoml, AFP-l, exhlbited an lsoelectric point of pH= 5 1, 

contalllcd 1 mol of swhc aCldlmol of protem, and repre~ented approxlmately 6 9'0 of 

the total population of naturally occurnng AFP Isofoml~ lsolated from the amniotlc 

tluid at days 15-19 of mllrlne gestation Further studies 1I1dlcated that slalic aCld 

expression on the carbohydrate portIOn of the AFP molecules wa" unlIkely to be 

involved 111 the suppre~sor functlon. 

Smcc lt ha" becn reported that the polyunsaturated futty acids arachldol1lc 

acid and docosahexaenOic acid complexed to AFP molecllies may be necessary for 

the expreSSIOn of AFP-medwted nTImunoregulatory acti vit y, we also exammed the 

pntentIal contnbutIon of these polYllnsaturated fatty acids to the immllnoregulatIve 

fUllct!on of the actIve isofoml. Gas liqllJd chromatographlc analyses, dehpidatiol1 

procedurcs and fatty acid reassociation expenments indlcated that the se fatty acids 

are unlikely to contribllte lO AfP-mediated immunosuppressive activIty. We also 

detcnTImed that MAF-derivcd AFP from dlfferent gestauonal time point\! inc1l1ding 



days 10.5, 12.5, 14.5, 16.5, and 18.5 exhlbits IImnunosuppresslve actJvlly li VllJO 

Ali the above results are the first direct demon~tratJon that IIldivldual Illo!rculal 

variants of murine AFP have distinct immunoregulatory propertll.'s. Thl\ stlOuld 

facilitatt:. a better comprehensIOn of tbe relatIonshlp of molccular structure tn 

biological function of AFP molecules during fetal devclopmcnt. 
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RÉSUMÉ 

Ph D. Nicolal S.c. van Gers Microbiologie et Immunologie 

LES CARACTÉRISTIQUES BIOCHIMIQUES ET LE~\ FONCTIONS 

IMMUNORÉGULATRICES D'UNE VARIANTE DIST~\'JCTE DE 

L'ALPHA-FOETOPROTÉINE CHEZ LA SOIJRIS 

L'alpha-lOetoprotéine (AFP) est un antIgène carc1I1o-embryol', 'lalre '.::écrété 

dans le sérum sous forme d'ur~ population de variantes moléculalrel qUI sont 

structuralement très vOlsine~. La fonction bIOlogique de l'AFP est tri .onnuc, mais la 

régulation préCise de mlcrohétérogénéIté de l'AFP au cours du dévelo 1,..,ement foetal 

ct pendant ccrta1l1es maladies suggère une fonctIOn ImmunoréguIatnce. La relatIon 

exacte entre la 111lcrohétérogénéité de l'AFP chez la souri~ et l'effet 

Immunomodulateur de cette protéine fut étudiée. Nous avons mis au pOilU une 

technique de purificatIon de ~ept van antes moléculaires dl~t1nctes de l'AFP par 

fractIonnement par chromatographle-amon (Mono Q) avec un ~ystème de 

chromatographie rapide (FPLC). La pureté des sept variante~ fut caracténsée par 

focah~,ltIOn I~()électnque, électrophorèse en gel d'acrylamlde, composItion en acide 

slalique et par de~ téchmque~ de buvardage (m1n1Uno-blottl\1g) 

Des étude~ in VitrO sur plUSIeurs réponse~ lymphocytaires révélèrent que 

l'actIvIté nnmunosuppressive de l'AFP se trOUVait exclu~lvement dans une des sept 

variantes distinctes. Cette variante, AFP-l, constItue 6% de la 111Icrohétérogénélté 

de l'AFP Isolée du Itqlllde amniotIq lie. AFP-l possèdaIt une p01l1te de focaiI"atlOn 

de pH 5 1 et contenait une mol d'aCide siahque. D'autres part, n{)\; ré~ultats 

suggèrent que la présence des aClde~ slaltques n'était pas néce~sllire aux fonctions 

immunosuppresslve ... de la protéme. 

L'alpha-foetoprotéine possède la capacIté de !ter \es aCides gras comme les 

aCides arachldomque et docosahexaenotque. Par con~équent, cette mteraction peut 

être responsable des effets Immunomodulateurs de l'AFP Cependant, les extractIon~ 

d'aCides gras, ainSI que la comparai~on des propnétés liantes de~ variantes dlstll1ctes 

de l'AFP par chromatographlc de gaz fûrent empl()yée~ pour cxamlller cette 

pOSSibilIté Il apparaît que la fonctIOn Immuno~uppre~~lve de )' AFP-l ne peut pas 

être attnbuée à la halson des acides arachidonique et docosahexaenOlque à l'AFP. 



Il a également été délenmné que l'AFP isolée du liqUIde allll1lol1qi.lt:' à 10 '), 

12.5, 14.5, 16.5, et 18 5 jours de gestation a la capacité de !l1othfler la répon\l' 

lymphocytaire. Les résultats obtenus auront servi à mieux comprendre le rappOiI 

structure-fonction des vanantes distinctes de l'AFP durant l'()nt()génè~e 
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CLAIM OF CONTRIBUTION TO KNOWLED<a: 

1. Developmcnt of a raplù analytlcal anù prl'par.ttlvL' ,cak ..,rparallon 

protocol for l~olatlllg !l1o!eclilar vanant-. of ll111nllL' AFP wllh a l'vlolln <)'\1 

amon-cxchangl' columll hnkcd to a fa,t protl'lll ltqllld chromatography "'y\tL'1ll 

(FPLC), 

2, Seven ÙI'ittnCt l'iotonn, of \l1OU"'C AFP were luentllïL'd and punlïcd 111 

quantltles sufflclcnt for lIl-dcpth functlonal a~"'dy~ 

3. A slllgic molcclliar vallant of mOll,e AFP, tl'nneù AI-I)-1 wa.., loulld tn hl' 

responslble for the lInmunorcgul:itory propcrl1e~ normally a,cnhcd to the 

native population of \l1l1nnl' Ar P !110kClllc", a, dctl'n11lnl'd III T-dL'pcndent 

anubody ~ynthe\m, lllltogl'n ~tlmulatL'd CD4'CDX thymocytc rL'..,pon ... L'''', and 

lymphokllle bomteu NK cytolytlc actlVlty Th", 'lame l110lecular vanant W.h 

capable of exertmg the greatl'..,t growth promotmg aCllVlty 01 Illunnc hOl1c 

marrow cells. 

4. The Immunoregulatory Isofoml, AFP-l, exhlbltcd a !110lcClllar WL'lght 01 70 

kd, an Isoelectnc pOint of pI= 5 l, contalllcd 1 mol 01 ~IallC aCld per mol 01 

protein, and rcpresented approxlmately 6l7r of the total populallon of AI-P 

molecu\e'i Isolateù l'rom the mou..,e am!1l0llC nUld of day ... 15-10 fctu"e" 

5. Stalle acid compmltlOn ~tudle~ wlth a moullïed thlobarbltunc aCld a ...... ay and 

neurammldase digestIOns of native AFP ~uggeql'd that thl' IIlllllllllOrL'gulatory 

actlvlty of AFP molecules was not hnkcd to ~lallC aud cxpn .. ..,..,101l 

6 Mome AFP was ~hown to complex 6 dl,tlllct fatty aCld.., Includlng p,lI11lltll, 

steanc, O!eIC, ltnolclc, arac!mlol11c and doco"ahl'xanL'olc aCid L<)mpn"ln~~ .t 

tot~l comp()~ltlon of 1 () mol of fatty aCld pel' mol of protL'1ll a ... dClèrllllnl'l1 

by ga'i chromatography (Ge) Ali ~evl'n AfP ... uh"'pl'cll'''' 'l'paratt:d hy thL' 

Mono Q column exhlblted an equlvalcnt fatty aCld hllldll1g LO!l1pmllIOIl of 

m01, but had quantltle.., of arachloor1\c and docmahl'xanl'olc ,lud helow tht: 

GC detectIon lmllb 

7. Preparations of natlve AFP dehplùatcd wlth octadl'cybllyl ..,Iltra cartndgt:" 

and chloroform/methanol extractl()n~ exhlblted ..,llpprl'.,..,lvl' aCtivIllC" 

comparable to control AFP 
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B The ~peclfic re-association of 2 ta 3 moles of arachldomc aCld and 

docosahexaenOlc aCld wa~ Insufficlent to convert several non-suppresslve 

Isofonns mto active forrns. 

<J. MAF-denved AFP exhlblts a progreS.,lve 1I1crease 111 concentratIons wilh lime 

of dcvelopment up ID a maximum of 2.2 mg/ml at day 18.5 of gestation, as 

mea~ured by rocket Immunoelectrophoresis 

• 0 AFP isolated From MAF at different gestauonal time points will suppress 

Con A sumulated CD4'CDS- thymocytes. 
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A. ALPIIA~FETOPROTEIN 

llistoncal Dcvelopment and Overview 

Alpha-fetoprotcIn (AFP) was first discovered m 1956 following a routme 

analysis of human !.erum ~amples separated by paper electrophoresis (Bergstrand and 

Czar, 1956). Companng the separation patterns of adult and fetal samplcs, 

Berg~trand and Czar IdenlifIed a previously undetected fetal protein, mlgwung 

betwccn albumlll and alpha-l-globulin This novel prote ln was sub~equently named 

alpha-feh)protclll at a World l-Iealth Orgal1lzation meeting III 196<). A major 

breakthrough in AFP re~earch occurred 111 the early 1960's following the attempts of 

Abclcv and co-workers to punfy and charactenze tumor-speclflc antigcns from 

hepatic cancers Usmg a combll1auon of ammOI1lum sulfate precipnation, preparauve 

agar gel electrophoresls and m1nlUnofiltration procedures, these :-e!.earcher" becamc 

the IÏrst group to succes'ifully punfy a hepatoma-speclflc tumor anligcn (reviewed 111 

Abclcv, 19R3) Then, In a remarkablc dlscovery, thls saille tumor protell1 was 

Idenufled 111 the IIver of nomlal fetuses Biochemlcal and Immunochcmical results 

lI1dicated that the hepalOma anligen isolated was AFP. These result" Ied to the 

defmitlon of AFP as an onco-fetal molecule (Alexander, 1972), and promptcd an 

enormous research effort to defme the chemical and blOlogical properue) of AFP 

(for revlews ~ee RuoslahtI and Seppala, 1979, Abclev, 1971, SmIth and Kelleher, 

19RO, Adlllolfl ct al., 1975, and MurgIta and Wlgzell, 1981) In 1973, Parmcly arld 

Caldwell pubh~hed ab~tracts that led lllveStIgators to examine the ln1r1mnoregulatory 

propcrtles of AFP (Pamlely et al., 1973, Caldwell and Hsu, 1973). They reportcd 

that serum fractIons nch ln AFP were mmlUnosuppreSSlve Two years later, Murgita 

and TomaSI showed that punfled mouse AFP had strong ImmlinosUppreS.,lve actIVIty 

fi vItro (Murglta and TomaSI, 1975a) and Ihls find1l1g was ~ubscqllently confirmed 

by sevcral othcr rcsearch groups (Zlmmerman et al., 1977, Yachl1ln, 19~G, revlcwcd 

in Murgita and Wigzell, 1979, 19R 1). Of partlcular relevance to these reports were 

the subsequent studlcs of Le!.ter et al correlat1l1g the ImJl1Uno..,uppres~lve pOlency of 

human AFP samples WIth the relative amounts of an electronegauve subspecles of 

AFP \1l thc~e preparations (Le~ter et al., 1976, 197Rb). The above lI1vestigations 



have raised man y Important questions about the blOloglcal propertles of AFP, and III 

particular, the functional significance of the molecular I1llcroheterogeneity of AFP 

2. BlOchemical Properties 

a) Genetic OrganizatlOn 

Mouse AFP lS encoded by a smgle copy gene on chromosome 5, 1-1 kh 

downstream of the albumin gene (revlewed in Camper et al., 19X9). The Iluckotldc 

cod1l1g sequence for mouse AFP was denved From yolk 'lac mRNAs that were 

reverse transcnbed into cON A clone'! (Ingram et al., 19H 1). The complete 5H4 

amino acid (aa) sequence of the mature munne AFP wa~ dcduccd l'rom the 

nucleotide sequence of ~cveral overluppll1g cDNA clones (Gonn et al, 19XO, IlJX 1 ) 

Using the cloned DNA sequences a~ hybridlzauon probe", KIOll"'SI~ ct al dctenlllncd 

that the mouse AFP gene wa" orgalllzed mto 15 codlllg reglOn.., tntcrruptcd by 14 

intervenmg sequences (Kioussis et al, 1981) Monnaga and co-workcr'l ll~cd a 

similar clomng ~trategy to charactenze the nucleoude and pnmury aa ~eqllence for 

human AFP (Monnaga et al., 1983). The~e authm~ IIJenutïcd a nuclcol1oe ..,cqllence 

of 1770 bases that encoded the full-Iength human AFP molecule No alldlc 

polymorphlsms of elther mouse or human AFP have been loentlfleO, but gellCl1c 

variants have been described m dlfferent inbred stntll1S of rat (Gal ct al., 1 ()X4) 

b) Physiologlcal Concentrations of AFP During Development 

AFP is synthesized by the hver, yolk sac, and Hl a le~"cr extent, the 

gastrointestinal tract of ail mammalian fetu~e~ (revlcwed 111 Rliosiahu and Seppala 

1979, Admolfl et al, 1975). The onset of AFP expre..,..,lon occurs at day 10 of 

gestation m the mouse and lS detected by the fourth weck 01 ge..,til!Ion 1/1 the 

human During the course of fetal development, AFP l~ ..,ccrcted tr1l0 ..,everal Iluld 

compartments mcludmg the fetal and maternai serum, and amfllOl1C flllid Â..., ..,hown 

ln Table l, the hlghest concentratIOn of human AFP 1" pre~ent ln the !etai ..,erUI11, 

with peak levels reachmg 2-4 mg/ml at 16 weeks of ge"tal1on The concentration 

then gradually decreases ovcr a 34 wcek penod, rcach1l1g lcvel.., 01 ôO ugiml at 

birth. The concentration of human AFP ln amniol1c tlUH.I 1.., 25-250 tlIm:.., lowl:r than 

that detected m the fetal ~erum and fluctuates much le"" over the cour"e of ktal 



BODY FLUID 

Ammotlc Ruid 

Fetal Serum 

MaternaI Serum 

FetaI Tissue Extractb 

(U nits/animal) 

Fetal Serumd 

(AU/ml) 

TABLE 1 

PHYSIOLOGICAL CONCE~TRATIO:\S OF HUMAN AND MOUSE 
AFP AT DIFFERENT STAGES OF GESTATION 

HUMAN AFP (llg!mW 

Gestational Age (Weeks} Newborn 
~ 12 16 20 30 

20 25 26 14 0.8 nia 

500 1200 3400 2600 100 60 

0.04 0.04 0.05 0.1 0.2 nia 

MOUSE AFP 

Gestational Age (Days) Newborn (Weeks) 

10 12 14 16 18 20 1 ~ 3.5 

0.02 10 250 400 700 800 Serumc 2000 2500 0.001 
(Ilg/ml) 

0 5 20 30 70 100 

aResults onginally published by Adinolfi et al., 1975, and Ruoslahti and Seppala, 1979 

bOata compIled from Kahan and Levme, 1971 with the Units/ammal derived from a complement fixation assay 

cYalues ongmally pubhshed by Olsson et al., 1977 

dThe quantltIeS of munne AFP are expressed as arbItrary umts/ml us mg a rocket immunoelectrophoresis procedure (Hau et al., 1981) 

~ 



development. There is an elevated concentration of AFP ln the maternai ~eruJll 

during pregnancy, but at values 500-1000 fold less than that ùetcctcd III the l'etai 

serum. The presence of AFP in the maternai circulatIon IS thought to :m..;e l'rom thc 

fetus by transamniotic and transplacental diffusIOn. 

The physlOloglcal concentratidn of munne AFP at dlfferent stages of 

ontogeny was mitlally charactcnzed ln fetal tissue extracts wlth a complement 

fixation assay (Kahan and Levme, 1(71). As shown m Table I, Kahan and LevlIle 

observed a hnear lncrea~e m AFP levels from days 10-20 of ge~latlOn I Jau ct al 

utihzed a rocket Immunoelectrophoresls procedure 10 dcmon~tratc a \lIllllar IIlCICa\C 

in fetal serum AFP levcb (Hau et al., 1981). Employrng the ~all1c procedule, 

MizeJew\kl and Vonnegui have reported that the AFP concentration ... 111 day\ 16-1 H 

mouse aml1lotlc t1ùld are about 1 mg/ml (Ml7eJewskl and Vonnegut, IlJH-t) The 

most detUllcd studles on the post-natal concentral1lll1\ of munne AFP have been 

conducted by Olsson et al. (Olsson et al., 1977) (Table 1) The\e author..; round th.1l 

the newborn rodent contmues to expres~ AFP for 2-3 weeks al' ter blfth In the tlmt! 

week, there IS a dramatIc deerease m the expression of AFP re\tIltlng 111 a 

concentratlon drop fr0111 20 mg/ml to almmt undetectable lewl..; 

What beeomes ObVIOUS from these studle<; 1<; the marked drop III the 

concentration of AFP atter blfth, reaehmg low :1gJml value~ winch per~l~t throllghollt 

adult IIfe However, the re-1I11t1atlon of AFP expre~slOn 111 adults ean occur 111 

association with a selective number of pathologleal dl~orders 1I1cllldlllg Ir ver Ir1JlIry, 

hepatocellular carcinomas, and geml ccli tumors (Abelev, llJ71, O\<..\on ct al, IlJ77, 

Lindahl et al., 1978, revlewed III Rumlahl1 and Seppala, 1971J) The hlghly \)1nliïL 

association of AFP WIth developmental and maiIgnant evelll\ ha\ attraCll:t! ll1uch 

mterest on the regulatlon and tl\sue-speelflc expres\lon of thl~ protelll Sllldle\ have 

revealed several regulatory elements nece,,~ary for the aettv,ttlon and hlgh lcve1 

expressIOn of AFP (revlewed In Nahon, IlJ88). 

i. Cis- and trans-actIng regulatory elements 

Mouse AFP IS aetlvely tran~cnbed 111 the fetal \tver and yolk \ac, 

constituting approxlmately 15% and 10% of the total mRNA, rc\pectlvely. 

Experiments with ccli culture systems have demomtrated t.lat \everal cl ... -actlllg 

regulatory elements are reqUlred for tllls acttvatIon and tls<;uc-\peelflc CXpre\"IOn 
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(revlcwed 10 Camper et al., 1989). To identify the sequences involved, Godbout et 

al. generated a series of clones contaming a systematic set of deletions in the 5' 

flankmg reglon of the gene and transfected the clones mto he ra toma ce 11 s, Hela 

cells and other Lell types (Godbout et al. 198ô). By comparing the translent 

transcnptlonal actlvity of the clones m dlfferent cell types, the authors Idenufied 

several regulatory regH'ns, Includmg d tlssue-speclflc promoter reglon contaming a 

TATA box wllh1l1 200 bp of the tJ anscnpuonal start ~Ite. The reglOn further 

upstream of the AFP gene was ;~bo found to contam 3 enhancer clements at -2.5 

kb, -5.0 kb and -6.5 kb, each of which di"played pOSltlOn and onentatlon 

mdependent activIty and actlvated the tran~c ;/'Jt1on of hetcrologous promoters. In 

furthcr ..,tudlc.." a ~mglc cnhanccr or a ctllnbmatlOn ot ail .') enhancers was found ta 

dl..,play eqllivaknt aCtlVltles 111 the yolk ~ac. Ilowever, the..,e enhancers had an 

addItive cffect on tramcnptlonal actlvillc'\ III the Itvcr ..,II1CC ail 3 were necessary to 

provlde maxlIllal actIvation (Godbollt ct al, 19XX) By con<;tructlllg chlineras 

conta1l11Ilg the 5' flanklng reglOn of Illllnnc AFP placed up"tream of the bactenal 

chloramphelllcol acctyltran"fera ... e (CA T) gene and tran~fect1l1g these constructs mto 

dlffercnt ccII type~, MoIne ct al rcccntly dlscovcrcd 2 new rcgulatory elements 

(MoIne et al, 19X9) The fIN wa.., an ellhancei clement located ln the 08 kb rcglOn 

up..,treal11 of thc AFP gcnc Whcn a portlon of the AFP 5' codll1g reglOn wa-; 

m~erted 1I1to the t:('n~tnlCh contallllng the 0 8 kb enhancer clement, CA T expressIOn 

was reduced to b;,ckground Icveb On the ba..,I<; of thiS result the authors conc1uded 

that a negallvc rcgulatory eIement wa" prcsent m the 5' II1tragelllc reglOn of AFP 

(hat wa<; capable of modulatll1g the n.x kh enhancer clement The ~lgl1lflcancc of the 

proximal rnhancer element and IIltragclllc negauve regulatory element remall1s 

llnclear at present However, some enhancer sequence ... arc proposcCl to be potenttal 

b1l1dll1g sites of a liver-~pccIfïc tram-actlng factor (revlewcd 111 Camper et al, 1989), 

and Wang et al have Iecently Idenufied a nuclear AFP DNA bll1dlllg protein 111 a 

rat hcpatoma ccli lll1c (Wang ct al., 1987) InvcstJgatlon~ are currently III progress to 

charactenze the potential trans-actmg factors ll1volved 111 the reglllatIon of AFP 

expressIon. 

Il. Ahnonnal levels of AFP synthesls 

As prcvlOllsly mentioneJ, AFP transcription declines sharply in newborns, 

-- ---------
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resulting in an approximately 1O,OOO-fold reducuon 10 AFP mRNA levcls. Yet 

Olsson et al. have idenufled one mouse strain (BALB/c/J) whlch has an clevated 

level of AFP expressIon 111 the adult, with an average semm AFP conccntratIon of 

994 nglml (Olsson et al., 1977) To ,ktcmlme whether tlllS aberrant expn.·S'iIOI1 wa" 

due to a genctIc factor, Olsson ct al crossed the BALH/c/J mlcc WIth ~trallll, of 

mlce expless1l1g nomlal, low ng/ml levds of AFP '1 helr rel,lllh ~howed that ail the 

FI mice had low ~erllm AFP levels, Imhcatll1g that the abnormal expleSSIOI1 III 

BALB/c/J n1lce was controlled by a ~lI1g1e rece~slve Menddtan t!cne, termed !.il!. 

(regulation for AFP ~ynthesls). In a ~llbsequent ::,enes ot Il1ve~tIgatl()n::, to eX<ll1111lC 

the molccular mechaI1l'im of raf rcgulatIon, chllllcric mlCC wele gcnewtcd hy flll,lI1g 

8-cell stage embryo'i of BALB/c/J (rat'h/r<~t~) wllh C57BL/6j embrym contamIIlg the 

rar/rar allele (Vogt et al, 1(87). In the~c stlldle 1., , the lIh.:rCa\e ll1 mR N A !cYLh III 

the chlmenc rmce wa'i found to correlate wllh thc relative contnbllllon of the 

raf'/rat" genotype. Based on the se result~ and the previolls findmgs, the rat locll~ 

was proposed to regulate the basal level of AFP mRNA 111 the adult bver The 

BALB/c/J mice conta1l1ed a rarc rat" aIle le whlch wa ... rece"'~lve ta rar". 

iiI. AFP re-expressIon during pathological di~order~ 

The re-expresSIOn of AFP during liver Icgerleratlon and 111 certam tumor~ IS 

of great climcal Interest and may provlde further II1Slg~ ts mto the process of 

malignant transfonnallon" (LlI1daitl et al., 1978, Ohson ct al., 1977, revlcwed m 

Abelev 1(71). To examllle the regulauon of AFP re-eXpre'iSlOn 111 adult miel; 

following ltver damage, Abelev 1I1Jccted dlffcrent stralI1S of rmcc wlth carbon 

tetrachloride (CCI4). The CCl4 Injection II11li~!ly rcsul!s m extensIve ltver necrmh 

followed by a penod of ltver regeneratlon dunng whlch there arc tran~lent Increa'ie'l 

In serum AFP concentratIon,,> rangtng from J()-iOO ug/ml Ile round that the !cvd ot 

AFP re-expressIOn was hlghly 'itr<!.1ll dependent, and C57BL/6 Ill!Cl: produccd IO-t'old 

less AFP aftel CC14 treatment than dld C3H mlce. To exam111e the molcclilar ha'il'" 

of AFP over-expreS'ilOn lI1 the BALB/c/J mice and Its underproductIon lI1 C57BL/6 

mice, Belayew and TIIghman prepared a senes of gcnetic crosse~ betwcen lhcl.,e 2 

straInS of mlcc and C3H mIre, and compàred the level of AFP mRNA lI1dULtIOn 111 

the offspnng (Belayew and TIlghman, 19R2). Upon CCl4 trealment, the C3/1 x 

C57BL/6 offspring generated AFP mRNA levels eql1lvalent to the C57BL/6 
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underproducing parent, suggestive of a dominant Mendelian gene. The albumin 

(ALB) mRNA lcvels were constant in aH the mIce, indica~ing that the difference in 

AFP mRNA lI1(lucOon was not caused by fluctuations in the degree of liver damage 

in indlvldual mlce. To identify whether the effects were due to the prevlOusly 

charactenzed raf gene or a separate gcnetic locus, C57BL/6 (raC') were crossed with 

BALB/c/l (ral1» and the FI offspnng were lIljected wlth CC14 • The FI phenotype 

was J(jentlcal to the C57BL/6 parent, !n(:!Icatlllg that low inducibility was dominant. 

However, thr degree of 111ducibllity 10 FI x BALB/c/l backcrm.sed mice did not 

partition in a 1'1 dl~tnbutlon that would be expected wlth a mf allele. The results 

instead demonstrated the presence of two unlinked lOCI, raf and rif (regulatlon of 

AFP mduclbdlty). The nt' locus affected the inducibiiity of AFP mRNA expression 

during liver regeneratIon. C57BL/6 mlCC contallled a rare rif'/nf' genotype which 

was doml11ant over rir 

c) Protem Structure 

Mammallan AFP is composed ot a :.!Ilt;le polypeptide chain of 584-590 

am1110 acids wlth a molecular welght ranging from 68,000-74,000 daltons as 

determined by SDS-PAGE and ~el filtratIon (reviewed in Ruoslahtl and Hirm, 1978, 

Ruoslahti and Seppala, 1979). Ba~cd on nucleotlde sequence data, the deduced 

prilllary aa ~eqllence of I11unne AFP would sllgge~t a ~Ignal <.;equencc of 5 aa 

followed by 584 aa compri'>1I1g the mature proteln (Gonn et al, 1980, 1981). In 

contrast, hUlllan AFP has a longer Signal sequence of 19 aa and a sccreted 

polypeptIde cham of 590 aa (Monnaga et al., 1983). N-termmal sequence analysls 

has revealed S~)l11e sequence vanabllity in the N-tenn1nal stan pOSI1101l for mouse, 

rat and human A Fr Tilcse dlfferences have been reported and attnbuted to limiteù 

protcOlySIS of the AFP N-teml1I1US (Peters et al, 1978b, Ruoslahu and Seppala, 

1979). In the mature mouse protell1, there are 32 sulfhydryl group" WhlCh fonn 14 

disulfide bndges that span the protcm (FIg. 1) On the basl~ of aÙjUcent cys-cys 

reslduc<.; and the positions of the dlsulflde bndges, the entire molecule can be 

viewed as belllg composed of three repeatmg domams wl1lch are shown m Figure 

(Gonn et al, 19X1). Each domam can be funher dlvided 1I1to sub-dolllains, 

conslstmg of 3 anti-parallel hehces held together by the disliifide bridges. 



Figure 1. 

Disulfide bonding pattern and secondary structure of mouse alpha-fetoprotcin 

The structure of murine AFP was based on the model originally proposed by Brown 

for a.lbumin (Brown, 1976). Boxed-In reglOns indlcate the potentiai glycosylation 

sites. The histidine invoived in metai binding was defined for human Ar-p by 

Aoyagi et aL, 1978, and Lau et al., 1989. 
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i. Carbohydrate Structure 

Approximately 4 % of the molecular weights of mouse and human AFP are 

reported to be due to the presence of N-linked oligosaccharides attached to 

asparagine residues in the polypeptIde chain (Gorin et al., 1981, Morinaga ct al , 

1983). Based on the glycosylatIon sequence motIf IAsn-X-Ser(Thr)1. 2 potential 

glycosylation ~ites have been identified in the mouse (FIg.l) and 1 in the human 

To date only the carbohydrate structures for human AFPs from tumor Isolates have 

been elucidated by techniques includmg leetin and paper chromatography, and 

sequeIltIal exoglycosidase digestIons. Human AFP purified from a yolk sac tUl110r 

contains a single N-linked bi-antennary oligosaechande WhiCh has an addII10nal N­

acetylglucosamme (GleNac) residue attaehed to the heta-linked mannose (FIg. 2A) 

(Yamashlta et al., 1983). In contrast, human AFP~ I~olated from patients wlth 

hepatocellular earcmomas laek the biseeting GleN ae (Y mhnna et al., 1980) Both 

types of carbohydrate chains exhibit vanabihty 10 the degree of swlylatlOn and arc 

oceasionally fucosylated (Tsuchida et al., 1989). Although the structure lor mOllsc 

AFP is not yet elucidated, sugar composition studles would sugge'it the Ple ... ence of 

2 sugar chains with a slmilar carbohydrate structure as that for human AfP, wlthout 

the fucose or bI-sectmg GleNac (Zimmem1an et al, 1(76) Likc hllman AI·P, the 

mouse protein exhibas a high degree of slahc aCld (NANA) vanabIhty (Zl111melll1an 

et aL, 1973, 1976). 

d) Protein Homologies 

Immllnodil'ffusion analysis has demonstrated that human AFP will cro ...... -rcact 

with AFPs l'rom at least Il other mammahan species (revlewed in Ni~ll1 ct al., 

1975). ThIS is not surprising smce ami no acid compOSItIon ~tudles have ShOWll a 

very hlgh degree of sllni1anty in aa content of human (NIShl, 1970, Rumlahtl and 

Seppa1a, 1979), mou~e (Zlmmem1an et al., 1976), rat (W,tCabc et al, 1()74), allt! 

other mammahan AFP~ IIlclud1l1g rabblt, dog, and porc1t1c (rcvlcwcd III Ruo ... lahtl 

and Seppala 1979) Remarkably, fetal :-.pccliic protCIl1~, potcnual homologue ... of 

mammahan AFP, have been Idcnufed 111 ... harks aT,d blrd~ (Glt11l1 ct al, 1967, 1973), 

suggestmg a strong evolutionary con~ervaUon dating some 300-400 rmlhon year ... ago 

(Gitlin, 1974, Haefhnger et al., 1989). 

The physico-chemical sirl11lantles between AFP and albumin (ALH), and the 
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FIgure 2. 

Proposed structures of the N-linked oligosaccharide chains of human AFP. 

A) The carbohydrate structure of human AFP isolated from patients with a 

hepatocellular careinoma and B) the sugar chain of human AFP purified from yolk 

sac tumor (Tsuchida et al., 1989). The structures were deduced by a combination of 

lectin reactivity and exoglycosidase digestions. NANA= sialic acid; Gal= galactose; 

GlcNac= N-acetylglucosamine; Man= mannose; Fue= fucose. 
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A. {± NANAa2 ~ 6)Galj31 ~ 4GlcNAcj31 ~ Mand1 ± Fucct1 
~ 
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, 4 ~ 
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observation that AFP and albumm concentrations in fetal and adult serum are 

extremely high and mversely related has led to the suggestion that AFP may be the 

fetal counterpart of albumin (Abelev, 1971, Kekomaki et al., 1971). Both proteins 

are immunologlcally cross-reactlve when reduced and alkylated (Ruoslahu and 

Engvall, 1976), exhibJt a similar MW and share about 30% amino acid sequence 

homology (190 out of 584 aa) (Ruoslahtl and Terry, 1976, Vander Jagt et al., 1987). 

The proposed secondary tripartite domain structure of AFP is \Il fact based on the 

mode 1 originally proposed for ALB (Brown, 1976, Gonn et aL, 1980,1981, 

Morinaga et aL, 1983) 

AFP and ALB also exhlbit nucleotide ~equence conservation with Group­

specifie component (Ge), the major vitamin-D binding protcin m the plasma (D~l1ger 

et al., 1975, Cooke and Haddad, 1989). These 3 plasma proteins are proposed to be 

members of the same multigene family, which is hypothe<;lzed 10 have arisen from a 

tnplication of a primordtal gene (Yang et al., 1985). The association of the 3 genes 

on the "ame chrom0some, their ua sequence homologies and nucleotide ~equence 

relatedness support this cornmon orig1l1 (Schoentgen et al, 1986, McLeod and Cooke 

1989, Cooke, 1989) The 3-dimensional structure of human serum albuI11m, using 

low resolution x-ray crystallography, indicates a predominantly alpha-hellcal globlll 

protein (Carter et al, 1989). Based on the extensive sequence homologies WIth ALB, 

AFP would likely have a similar structure. 

3. Characterizatlon of AFP Mlcroheterogeneity 

The precisely regulated transcriptional activation of AFP during ontogenesis, 

its re-expressio!l in association with certam diseases, and ItS bind1l1g similariues and 

sequence homologies with ALB generated considerable mterest in defining the 

biological propertlcs of AFP. However, many of the serum or tissue ennched 

sources of AFP contained a large number of other maternaI and fetal proteins 

lIlcluding albunllI1 WhlCh, because of its ~tructural ~imJlantles to AFP, IS partIcularly 

dlfficult to ~eparate (plhko et al., 1973, Ruoslahu and Terry, 1976, Johnson et al., 

1974, and Pantelouns and Arnason, 1967). An in-depth strueture-functlOn analysis of 

AFP necessitated the development of sultable separatIon techniques for purifying 
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AFP, including affinity chromatography, electrophoresis, isoelectric focusing and ion­

exchange procedures (reviewed in Smith and Kelleher, 1980). 

a) Conventional Separation Techniques 

1. Immunoprecipitation 

Human AFP was flrst successfully puriflcd by nllxmg serum samples l'rom a 

hepatoma patient with rabbit antIsera generated against fetal sera and pre-absorbl'd 

with normal IlUman sera. The resulting unmunopreclpltates were re-solul)liIzcd at 

low pH and run on gel filtratlon columns to sepmate AFP from lIl1mun()gl()bullll~ 

(Nishi, 1970). These early precipitation techmques enjoycd wldespread use, but arc 

now largely superceded by a vanety of affil11ty chromatography methods. 

11. Affinity Chromatography 

Immunoabsorbent affmity chromatography ernploying antl-AFP Ig cOllp\cd to 

beads IS commonly used to purify AFP In large quantItles (Wu et al, 19~{(), 

Watanabe et al., 1982) One major concern WIth this procedure ha~ been the use of 

harsh chaotroplc agents such as guanidine or urea in the elutIOn buffers (RuoslahtI 

and Seppala, 1979). Recent improvements have Includcd the devclopment of a nOJl­

linear pH gradient during the elution step, thereby aVOldmg potentlal plOtelll 

denaturation problems (Ferrua and Masseyeff, 1985). Another mcan" of AFP 

purification is the use of gel-entrapped Ab fIltration (MlzeJcwskl et al, 1979) Wah 

thiS method, the Ab IS II1corporated into a polyacryhullIde gel dUfing the 

polymerization reaction. The gel-Ab IS homoget1l7ed to form a gel <;lurry and 

subsequently employed as an afflt1lty column. The recovcry of AFP dm~ctly frorn 

mouse amniotic fluid (MAF) USlJ1g thls procedure was 30% AFP and ALB aho 

exhibit high affmity bmdlt1g for a number of heavy metals such a~ 7lnc, copper, 

lead, and nickel (Wu et al, 1987, frelden 1986). Yet, there arc "uffl":lent 

differences In the metal bll1ding properties betwcen AFP and ALB to re<.,olve thc\c 

proteins by Irl1mobihzed metal-affïl1lty chromatography (IMAC) (Sulkow<.,kl 19X5, 

Andersson et al., 1987) Andersson et al. have -.hown that Arp and AL13 can be 

completely separated on Immobihzed NI2
• -Sepharose 6B col umm U~lt1g mtld c1utIo!l 

conditions consisting of a fallmg pH gradient in WhiCh AFP IS eluted at pli 7.0 

followed by ALB at pH 6.0 
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Since rodent AFPs posses a high affinity binding site for estrogen (Uriel et 

al., 1975, Hassoux et al., 1977), estradlOl affmity columns have been used to purify 

AFP. Modifications to this procedure have included altering the nature of the ligand 

by altenng the ratios of carbodiimide, dlammononane, and estradlOl hemisuccinate 

coupled to the column (MizeJewski et al., 1980). Mouse AFP can be purified [rom 

MAF In a one step batch procedure with recoveries of 29% using defined ligand 

ratios. Another ligand found ,\0 seiectively lIlteract wlth mammahan AFP is the 

triazine dye CIbacron Blue FJG-A. The F3G-A covalently linked to Sephadex G-lOO 

is deployed as a lIgand affimty column However, several passages of AFP are 

needed to removf" contaminatmg proteins and a second purification step such as 

DEAE-cellulose is often necessary (Huse et al., 1983). A derivation of this 

procedure, termed affinity partitionmg, has also proven satisfactory m AfP 

separations. F3G-A is lIgated to poly-ethylene glycol (PEG), and thlS hquid fomlS 

one phase of a two phase non-miscible aqueous solutIOn of dextran, PEG, and 

water. The addition of AFP and ALB results in the partitionll1g of the protems 

between the two phases, wnh AFP exhibning a greater partition coefficient for the 

lower dextran phase than ALB (Birkenmeier et al., 1984). 

In the past 2 decades, some of the purification techniques ongmally intended 

for separating AFP from other proteins, revea1ed that AFP from several mammaltan 

species eXlsts as a group of closely related molecular variants (Alpert et al., 1972, 

Gustme and Zimmemlan, 1972a, Bayard and Kerckaert, 1977, HIggms, 1979, Clarke, 

1980). Defmed by thelr charge, size and lectin binding dlffercnces, the identification 

and isolation of these molecular variants is currently of some value for clInical 

diagnostIcs (Smith and Kelleher 1989, Tsuchlda et al., 1989, Kinoshita et al., 1989), 

and may be important for delineating the blOloglcal properties of AFP. 

b) Charge Vanant~ 

1. MOlise AFP 

The sercndipitous discovery of charge vanants of mouse AFP occurred 

during a series of lI1vestigatIons exammll1g protein varIations whlch appear during 
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palate shelf development in fetal mice (Gustine and Zimmennan, 1972a) 1'0 hetter 

understand normal palate formatlOn and the process of cleft palate, Gustine and 

Zimmennan isolated 5 closely related proteins con~ldered to be palate ~peclflc 

(Gustme and Zimmerman, 1972b). However, the subsequent analysls of the 5 

electrophoretically defined protems revealed that ail were III fact Arp vanants wlllch 

had originated from the fetal plasma and amniouc flUld (Gustmc and ZlIntl1Cl'man, 

1973). The focus of their research then shifted to the charactenzation of thc"e 5 

isomers, termed Fp I-Fp5. The results pubhshed by thc'ie authors arc summanzcd III 

Table II. They noted that early in ontogeny, ammotic tlUld conslsted ma1l11y of two 

AFP variants whlch contained low quantities of SIahc acid. At day 145, ail 5 

subspecies were detected. By day 18.5 the proportlon'i of Isomers had progresl.,lve\y 

shifted to the more sIalylated variants, partlcularly Fp5 A s1l11llar pattern wa'i noted 

for the variants 111 the fetal serum WIth one major dlfference (data not shown) By 

day 16.5, the variant Fp5 already represented 70% of the subspecle::., and 

predominated by day 18.5. Thus, there was a clear distinction ln the type of 

heterogeneity present in MAF versus fetal serum at dlfferent gestatlOnal stage". 

These 5 lsomers were further defined by their distInct pl values (rab le II) whlch 

ranged from pH 4.80- 5.2. One v~mant, Fp5 exhlblted 2 dlstmct Isoelectnc pOll1t" 

To identify the major tissue groupes) responsible for generaung thls 

microheterogeneity, a variety of fetal tissues were extracted and grown 111 culture III 

the presence of radlOactive leucine and N-acetylglucosam1l1c (WIlson et al, 1976) 

Flve variants correspondmg to those normally found m the MAF anJ l'etai serum 

were identified in the liver and yolk sac. Intere~tmgly, the~e organ" ..,eereted 

dlfferent proportIOns of AFP sub::.pecles dependlI1g on the Jay they were Isolated. 

Yolk sacs isolated at day 13 syntheslzed ail 5 AFP vanant~ while the fetal ltver 

primarily produced Fp5. If extracted on day 165, both organ" predom1l1antly 

secreted the maximally slalylated variant, Fp5. S1I1CC day 13 yolk "ae cultures 

produced 7 times as much AFP as the ltver, Wilson and Zunmerman "ugge<.,ltJ that 

during early ontogeny, the yolk ~é\C IS the pnmary m~lIe group rel.,pon~lbk lor the 

secretIon of undersialylated fom1s into the amlliotIe fluIJ and "crum Thl" pattern 01 

expresslOn was tenned developmental 1111clOhcterogeneity and wa" attnhutcd 10 the 

levels and specificlty of slalyltransfelase enzymes 111 both the IIver and yolk ..,ac 

(Zimmerman and Madappally, 1973, Madappally et al, 1976). More reccnt 

.. 



TABLE Il 

DEVELOPMENTAL HETEROGENEITY OF MOUSE AMNIOTIC FLUID-DERIVED AFP 

PERCENTAGE OF INDIVIDUAL ISOFORMS 

AFP VARIANT DA YS OF GESTATION Moles NANA/ QI 
12.5 14.5 16.5 18.5 Moles Protein 

Fpl a 52 20 15 5 0.32 5.21 

Fp2 40 28 20 5 1.02 5.13 

Fp3 3 22 15 15 1.37 5.05 

Fp4 3 22 22 15 1.72 4.96 

Fp5 2 4 28 60 2.72 4.86 4.80 

10.5 12.5 14.5 16 17.5 

ISO-lb 17 8 5 4 4 

ISQ-2 24 25 12 7 12 

ISO-3 28 32 15 13 10 

ISO-4 31 26 24 15 0 

ISO-5 0 5 28 36 42 

ISQ-6 0 4- 16 24 32 

"Mouse AFP data obtamed from Zlmmerm.m et al., 1973, 1976. 
f-' 

co 

hDe~cnptIon of 1l101lSe AFP lI,ofonm plIblIshed by Wong: et al.. 19XX 

.. 
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investigations have supported these findings since glycosylation enzyme~ l·o.lve brcn 

shown to be expressed in a celi-type specifie and developmentally rcgulatcd manncr 

(Rademaker et aL, 1989, Paulson et aL, 1989). For example, Lee et al. have 

idenufied 3 distinct smlyltransferases that are dlfferentially exprcssed ln variolls rat 

tissues (Lee et aL, 1989). 

It is also tnterest10g to note that human serum transfcrnn eXl~ts as 5 

isoforms differing only in the amount of NANA substltuted onto the carbohydratc 

(Petren et aL, 1989) The glycosylauon patterns of transfernns are altered III patlellb 

with hepatocellular carctntJmas due to an tncrease in hlghly branched sugar~ 

(Yashita et aL, 1989). 

Charge varIants of mouse AFP have also been Identified by anion-exchangc 

chromatography. Hlggins characterized 4 charge variants of AFP l'rom day 16-19 

fetal tissue extracts analyzed on DEAE-ion exchange columns (l-hggms, 1979) 

However, 2 of these charge subspecies co-eluted WIth ALB, and none of the 

variants were biochemlcally charactenzed. More recently, Wong et al cxamll1ed the 

developmental heterogenelty of AFP 111 samp1es of MAF run on Mono Q c,)llImn-; 

linked to an FPLC system (Wong et aL, 1988) Six l~oforms, termed ISO-l- 10 ISO-

6 were identlfied and the proportions of eaeh were shown to change throllgh the 

course of fetal development For comparatIve purpo~es, the~e re~lIlt" arc "lImmanzed 

in Table Il along with the ongll1al results of Zmllnennan et al. What become~ 

stnkingly ObVIOUS are the graduai changes 10 the relatIve concentratlOIl) of 

individual subspecles with time of gestauon, wuh ISO-5 and ISO-6 prcdommatlllg 

by day 16. These allthors suggested that ISO-l - ISO-4 cOITespondcd 10 Fp 1 to Fp4 

and ISO-5 and ISO-6 conformed with Fp5 as ongmally Idenufied by ZlIllIl1Cnllan 

11. Human AFP 

Charge variants of human AFP isolated from the serum of fetuse~ or 

hepatoma patients were orig1Oally identifIed by techl11que" ~uch a~ l\oelcctnc 

focuslI1g, ion-exchange chromatography, and agarose gel clectrophorem (Alpert ct 

al., 1972, 1973). AFP puriflcd from the~e source~ exhlbltcd 2 dl\tInct charge 

variants with unique lsoelectnc pomts of 4.85 and 5.20. Ilowevcr, thc relative 

amount of each charge lsomer was vanable wHh different tls:-.ue l\oJatC'l and thl"i 

was partly attributed to the extent of slalylation of the N -lll1kcd oiIgosacchande. 



20 

Digestion with neuraminidase converted the 2 variants ta a thlrd form exhibiung a 

slower electrophoreuc mobility. In 1976 Lester et al. defined 3 human AFP 

electrophoretic vanants m fetal liver extracts and hepatoma samples (HAFPl, 

HAFP2, HAFP3), as revealed by extended agarose gel electrophoresis and crossed 

Immuno-electrophoresis (Lester et al., 1976). Nellrarl1ll11dasc digestIon of these 

vanants resulted in the conversIOn of HAFP3 and HAFP2 to HAFPI and the 

generatlon of a new cathodal mlgratmg band, HAFPO, lIKlIcatmg that swhc aClds 

were only partly responslble for human AFP microhcterogeneIty (Lester et al., 

1 977b, 197Ra, 197Rb, revlewed in Yachnm 1983). SIX I~oclectnc vanants of human 

AFP have becn detected on lEF geb contallllng H M lIft:a (Lester e~ al, 1978a). 

However, thc'ic allthon, publl "heu a sllb~cque/lt parer :-.uggestmg that the lncreased 

lEF hcterogenelty l'rom 3 10 6 vanants was dut' ln 1 IAFP-ampholyte complexes 111 

the urea IEF gel.." WhlCh re-.ultcd 111 unifactual alteratlOns l!1 th" apparent lsoelectric 

pOInts of certall1 HAFP vananb (Lester et al, 1979). Reports have also been 

pubhshcd inulcaung that ccrtall1 fatty aClds boum! by hllman AFP may also 

contnbute to the charge heterogcncIty defllled bj lEF gek For cxample, Pam1elee 

Cl al. !>howed lhat the blOdmg of Catty aCltis Ic!>ulted In a "hlft of thc pl of human 

AFP from pH 5 3 to 4 7, and concluded that the pH 5.3 :-.ubspecles i'i fatty aCld frce 

(Pannclee et al., 19n). Wu et al have lIsed chromatofocu!>lI1g procedures on FPLC 

systems and Identlfied 3 human AFP subspecies that elutcd at pH 5.2, 4.5, and pH 

4.0 (Wu et al, 19R9). The nature of these charge differences was not defined. 

c) LectIns 

The presence of structural varIations in the oligosaccharide portIon of AFP 

molecules has been extenslvely analyzed by lectms. Lcctins are sugar specifie, cell­

agglutinatll1g or carbohydrate bll1dll1g protems that arc classlfied lnto a number of 

specificity groups accordmg to the monosacchande that IS the most effectIve 

llllllbitor of the agglutlllatIOn reactIon (Table III) (LI" anu Sharon 1986, Osawa and 

TsuJi, 1987). A vancty of lecun<; have b~en uscd 111 the analysis of AFP mcludll1g 

Concanavalin A, RICHIUS commllnis, Lens culmans and Wheat germ agglutmin. A 

cornbinatlOf1 of lectIn affinity Immunoelectrophoresls and chromatography procedures 

is commonly used for (he detection anà fractlOnauon of chstmct glycoforms of AFP 

from tumor and fetal samples (revlewed ln SmIth and Kellcher 1980, Krusills and 



LECTINa 

Concanvalin A 

Len3 culinans (LCA) 

Ricmus Communis (RCA) 

Wheat Germ (WGA) 

Phytohemagglutm (Pl-JA-E) 

TABLE III 

LECTIN BINDING MOLECULAR HETEROGENEITY 

MONOSACCHARIDE 

Man 

Man 

Gal 

Gle NAc 

NUMBER OF VARIANTS 
MOUSE Afp!> HUMAN AFflb 

2 (Ruoslahti et al., 1978) 
3 (Kerckaen et al., 1979) 
4 (Hau et aL, 1981) 

3 (Kerckaen et al., 1979) 
6 (Aussel et al., 1976) 

Multiple (Kerkaert et al., 1979) 
(Smith et al., 1980) 

1 (Smith et al., 1980) 

2 (Mackiewiez et a1., 1984) 
3 (Wu et al., 1980) 

2 (Kerckaert et al., 1980) 
3 (Wu et al., 1980) 

1 (Smith et al., 1980) 

1 (Smith et al., 1980) 

4 (Ishiguro et al., 1985) 

• Revlewed ln Osawa and TSUJI, 1987; and LIS and Sharon, 1986 

b Lecttn bmdmg propertles of AFP from dlfferent mammalian ~pecies was reviewed m Smith and Kelleher, 1980 

Addillonai revlew~ 111 T.l\..el.l el .11., 19l:{3, Kerckaen el .11, 1979 

t0 ,.... 
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Rcoslahti, 1982, Taketa et al., 1983). For example, differences In microheterogeneity 

patterns detected by Con A and lentil agglutinin have been used to distinguish 

patients with yolk sac malignancies, bemgn liver disorders, and hepatolllas (Buamah 

et al., 1981, 1984a, 1984b, 1987, Toftager-Larsen and Norgaard-Pedersen, 1988, 

Tsuchlda et al., 1989, Kinoslllta et al., 1989). 

Mouse AFP has a larger proponion of lectin reactive isomeJ's th an human 

AFP because of the presence of 2 N -linked sugar chains. Several of the lectio 

binding variants identified for mouse and human AFP are summarized III Table III 

and the se have been more thoroughly revicwed elsewhere (Smith and Kelleher, 

1980, Mackiewlcz et al., 1984). There are many mOllse AFP vanants that appcar to 

react with Ricillls eOlllmums agglutinin (RCA) and this probab1y ref1ects the 

extensive NANA substitution on AFP, and the avidity of the RCA Iectin for 

tèfI11lnai galactose rcsidues. Up to 3 Con A vanants of hUlllan AFP have recently 

bcen Idenrifled, but the nature of the carbohydrate differences of f 1~h was not 

determllled. The interaction of both human and 1l101lSe AFP with ' .~se lectins varies 

conslderably If the sugar chall1s are fuco~ylated or otherwise mo<: .IÏed. For example, 

Tsuchlda et al. showed that Con A could not react wnh the suga· cham shown m 

Fig. 2b due ta the bi-secting Glcl'iac LentIl agglutimn was found ta react strongly 

with the fuco~ylatcd bl-antcnnary cham shown In Fig 2a, but thiS avidlty is 

weakened by the lo~s of fucose or the additIon of the bI-secting GleNac. Recently, 

a relatively novel technique terrned leetin affinity hlgh performance hqUld 

chromatography has been developed (Green and BaenZlger, 1989). By wmparing the 

retention tlmes of glycocol1Jugates passed over several di~tlnct lectin columns, a 

flOgerpnnt of that parucular ohgosàccharide can be obtained and compared to tho'\c 

of known sugar structures Another reeent communication has shown that lectll1 N­

linked ohgosacchallde cros~-linking interactIons ean form highly ordered latuces 

which arc di~tinct for dlfferent lectIns and carbohydrate structures (Bhattacharyya et 

al., 1989) lt will be mteresting to see whether these two techniques have future 

applications 111 AFP stlldles. 

d) Size variants 

Molecular size heterogeneHy III several mammalian AFPs hase been detected 

by both gel chromatography and SDS-PAGE (reviewed in Ruoslahti and Seppala, 



1979). A large number of the size differences reported are a rcsult of AFP 

preparations containing di mers and oligomers (Ruoslahti et aL, 1979). Monolllenc 

human AFP exhibiting a MW of 68 kd, can form intemlOlecular dlsulfldc bOlld~ 

leading to the appearance of both dimers and tri mers (Les'ler ct al, 1979b) The 

polymers of human AFP could readily dissoclate to the monomcnc fonn only UpOIl 

exposure to disulflde reducmg agents. Mouse AFP preparations have also been 

reported ta form large MW aggregates as detected on Scphadcx Ci-ZOO gd liltral1o!l 

(Hassoux et al., 1977). Wu and Waterhouse propo~ed that thcsc aggrcgatcs ale III 

fact artifacts of the IsolatIOn procedure (Wu and Watcrhou~e, 19X2). A ~econd fonll 

of size hctcrogeneity in AFP has been dem~)l1strated by SDS-PAGE, wht:rL' apparellt 

MWs can vary from 500-2000 daltons (re\'lewed 10 SmIth and Kcllehcr, llJH()) 

These differences have been attnbuted to vanable glycmylation pattern.., or N­

terminal polypeptide modifications. For example, two rat AFP vanant~ weil' 

identified by SDS-PAGE exhibiting MW of 72 kd and 74 kd, respectlvdy (Peter~ ct 

al., 1978a). The larger molecule was found to contain an addlllOnal 20 aa attached 

near the N-tenl1lnu~. 

B. LIGAND BINDING PROPERTIES OF AFP 

The structural similanties between AFP and ALB prompted rnany author.., l<J 

look for similarities in the functional propenles of AFP and ALB. The known 

functions of ALB included the maintenance of Intrava~clliar ml110tlc prc~~llrc and 

the bindmg and transport of nllmerolls low MW ~ub~tancc'" 111 thc pla..,ma (n.:vl~weJ 

in Kragh-Hansen, 1981). Many comparative h1l1ding stlld,e~ rcvcakd a con\lderahk 

averlap m the types of ligands complexed by AFP and ALB. Ba~cd on m 

predominant expression dunng developmcnt, AFP IS hypothe..,l/cd to ..,crvl' a.., th~ 

physiological bll1d1l1g and transport protelI1 111 the fctal ~~nJln, 1I1teracung Wllh 

nllmerous endogenolls and exogenous ~ub~tance~ II1Cllldlllg l'rec fatty aCld~ (I·FA) 

(Uriel et al., 1987, Torres et al., 1989, Savll ct al, 1981, Parll1e\cc et al, 1 97X), 

bilirubtn (H~ia et al., 1980), trypotophan (lngvar~~on and Carh~otl, 197H), metals 

(Wu et al., 1987), estradiols in the ca~c of rodent AFP.., (Savll ct al , 19X l, Nune/ 

et al., 1987), and retinOlc aCld compounds (RlIoslahl1 ct al , 1979h) 
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Fatty acids 

The knowledge that ALB binds FAs prompted Parmelee et al. to examine the 

fatty acid binding properties of human AFP isolated from fetal tissue extracts. These 

authors punfled 2 isoelectric varIants and analyzed each for the presence of fatty 

acids. The variant with a pl of 4.7 was found ta contain 2.4 moles of FA/mol 

protem whIle the pl 5.3 subspecies was fatty acid free (Alpert et al., 1972, Parmelee 

et al, 1978). The molar ratios of the fatty aClds Idenufied and quantitated by gas 

chromatographyare shown in Table IV and include 0.21 for palmItlc [16:0], 0.05 

for stearic 118:01,0.66 for oleic i1S:1], 0.17 for lInoleic 118:2], 0.29 for arachidonic 

120.41 and 1.01 for docosahexaenOlc acid 122:6]. Fetal ALB purified from the same 

extract bound only 0.7 moles of FA/mol of protein mcludmg 0.05 moles of 20:4 

and 0.03 moles of 22:6. Subsequent ~tudies by many Investigators have shown that 

ail mammalian AFPs studied to date are able to complex free fatty acids (Pamlclce 

et al, 1978, Ingvarsson and Carlsson, 1978, Berde et al., 1979, Nunez et al., 1987) 

ThiS ligand binding property is extremely important smce free fany acids are very 

hydrophoblc m nature and are relatively insoluble 111 the serum. The FA-AFP 

complex pemllts their storage, transport, and cell-dehvery (Ruoslahti et al., 1979, 

Kragh-Hansen 1981, Berde et al., 1979). The quantities of FA bound by AFP have 

ranged from 0.8 - 3.0 mol/mol protem, depending on the species and source of 

AFP. As Illustrated in Table IV, AFP purified from rat amniotic flUld contams about 

0.8 mol FA/mol protcin, whlle fetal serum derived rat AFP complexes lA mol of 

FA/mol protein and rat AFP Iso1ated from fetal tIssue extracts has l.X mol FA/mol 

protein (not shown). Thcse variablhties are proposed to be related to the FFA 

compOsItl(Hl of the tissue or fluid fr\)m WhlCh AFP is purified. 

To further defme the FF A bll1dll1g propertIes of human AFP, Berde and co­

workers lIsed a fluorescence enhancement technique (Berde et al., 1979). Cis­

parinanc aCld, a non-fluorescent polyene FA WIll fluoresce only upon bmding to 

AFP. By measunng the relative fluorescence intensnies of CIS-par1l1anc aCld bindmg 

at varying protem concentratIons and FA/AFP molar rauos, these authors Idenufied 

.3 FA binding sites on AFP. Scatchard analysis of the data indicated that the se 3 

sites had decreaslI1g a~sociation constants of 2.1 x 1 œ MI, 9.1 x 1 O~ M· I, and l.4 x 



TABLE IV 
F ATTY ACID COMPOSITION OF HUMAN AND RAT AFP 

MOLES FA/MOLE PROTEIN 

FATTY ACID HUMAN AFP HUMAN ALBUMIN RAT AFP 
Fetal Tissue Fetal Tissue Amniotic Fluid Fetal Serum 

16:0 0.21 0.1 0.23 0.28 

16: 1 0.09 0.08 

18:0 0.05 0.02 0.04 0.08 

18: 1 0.66 0.37 0.17 0.27 

lR.2 0.17 0.10 0.06 0.10 

10'4 0.19 0.05 0.06 0.07 

12..+ 0.03 0.07 

"')") -__ :'1 0.02 0.07 

216 101 003 O.OX 0.32 

TOTAL 2.39 0.70 0.8 1.4 

'Re\1I1t\ \1Il1lman7èd from pllbiIc,ll1on~ of Pam1t~lee et al.. IY7X and Calvo et al., 1988 

RAT ALBUMIN 
Amniotic Fluid 

0.81 

0.25 

0.09 

0.69 

0.29 

2.3 



r 
lO5 M- l

• In competitIon experiments, no difference was found in the binding 

affinities between cis-parinaric acid and 16:0, 18: 1 and 22:6, but titis has been 

disputed by severa1 research groups (see biter). 
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The hgand bmding properties of mou se AFP were initially charactenzed by 

Savu and co-workers (Savu et al., 1981). Employing eqUllibrium dia1ysis techniques 

to measure FA-AFP interactions, these researchers identified 4-5 llrachidonic acid 

bindmg sites/mol of AFP with an associatIon constant of 0.3 x 1œ M- l
. Mouse ALB 

was found to bind 20:4 with a lü-fold higher Ka, but had only 1 bmding site/mol 

of pwtem. 

Comparative studies between AFP and ALB have revealed one important 

distinction In their FA bindmg properties. AFP predonllnantly complexes the 

polyunsaturated fatty acids (PUFAs) such as 20:4 and 22:6 (Aussel et al., 1983, 

HSIa et al., 19H6, Nunez et al., 1987, Savu et al., 1981, Deutsch, 1983). ThIS 

propcrty is proposed to be of physiological relevance dunng embryogenesis since 

the abiluy of the [etus to synthesize 20:4 and 22:6 from tPeIr metabolic precursors 

IS (juitc Imllted (Hsia et al., 1987). AFP is hypothesized to bmd these FA at the 

maternai-fetai placental mterface and transport them 10 developmg tissues. ThIS IS in 

agreement with recent reports ~howing that most developmg fetal tissues WIll take 

ur AFP and ALB [rom the fetai CIrculation (Laborda et al., 1989). In newborn 

rodents, AFP is sull actIvely synthcsized at several weeks of age and presumably 

contmues to fulfill these transport requirements by bmding the essentIal fatty aCld~ 

l'rom the mother' s milk dun ng the lactation period. 

Recently, Uriel et al. have ~hown that AFP can regulate the transfer of 

complexed 20:4 mto the phosphohpld and triglycende fractions of a rat 

rhabdosarcoma cclI hne (Unel et al., 1987). The FFA~ bound by AFP were 

propo~ed to enter the cells in a two-component process. The first was a non­

saturatable process where the net uptake of the FA was hnearly related to the 20:4 

concentratIon This non-saturatable uptake occurred when the AFP concentration 

was flxcd and the concentratlons ot 20:4 added was greater than 2 mol/mol of 

protelll. If the AFP/F A molar ratio was kept fIxed at more physiological values of 

0.5, a ~aturatahle hmulI1g effect was seen. Thcse results prompted the authors to 

suggest the eXIstence of Arp speCIfie cell-surface receptors. Upon bmding there is 

an acceleratcd dissoclatlon of the FA from AFP and the FAs are hypothesized to be 



extracted from AFP by plasma membrane FA binding proteins (PM-FABP) (Chuk.e 

and Armstrong, 1989). 

It is interesting to note that the role of an albllmm rcceptor 10 the dehvcry 

of albumin transported hgands (including FAs) has been the subJect of considerahk 

controversy smce attempts to Isolate and characterize an albumin reeeptor have been 

unsuecessflli. Wei sIger et al. onginally reported the presence of an ALB reccptOl on 

livcr cells whieh was required for the uptake of fatty aciùs (Wei~lga et al, 19X 1). 

However, Reed and Burrington (Reed et al., 1989) have eoncluded that the albUl11l11 

receptor effeet may in faet be due to a surface-indllccd eonfOmlatlOnal change 111 

albumin. Sueh a surface interaction generates a sub-populauon of aihullllll molccuks 

with a higher affll1ity for the hepatocyte surface. Yet, Schmller et al reccntly 

idenufied membrane associated endothelial cell albul11l1l bmdll1g protCIIlS (Schnitzel 

et al., 1988). More research is reqUlred to conflffil the eXl~tcncc of both AU3 and 

AFP receptors on specifie celIs, anù no membrane receptor protelll" for AFP have 

yet been isolated. 

2. Bilirubin 

The similarity in the FA binding properties betwecn AFP and ALB prompled 

several researeh groups to examine the b1l1ding properties for other potenual ligands 

common to the two proteins One such ligand IS bihrubin, a catahollc product 01 

hemoglobin and heme protems. The species of bihmblll gcnerated III the 

retieuloendothehal system IS very hydrophoblC 111 nature and 11111~t be transported 

from the blond to the liver by ~erum albumm (Broocrsen, 1979) Once takn up by 

the hepatocytes, the bdlrubin IS enzymatically conjllgateù wuh glucurolllc :tcld 

(Singh and Bowers, 1986) and eventually excreted 111 the bdc The hdlrllblll bl/ldll1g 

propertles of AFP were lIl1ually documcnted for hllman and bov1l1c AFP (Ruo"lahti 

et al., 1979, Aoyagl et al., 1979, HSIa et al., 19~O) The AFP-blhruhlfl compIt:xc<; 

formcd 111 the fetus may serve an analogolls role <1'1 that performcd hy "crum 

albumm in the adliit. Smce blhrubin 1<; nellrotoxlc and C.lll cau~c hralll damage III 

the fetus, Ruo~lahu et al. have suggested a protccuvc roIt: for AFP by "eque'>lenllg 

bilirubm from developmg tissues (Ruoslahu et al, 197Xc, 1979). By mca"unng 

changes in the bihrubm absorptIon spectrllm 111 the pre..,encc of bOVine AFP, 
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approximately 1.3 sites were identlfied wuh an dssociation constant of 1.1 x 106 M- l
• 

Fluorescence quenching techniques, which measure the loss of AFP fluorescence in 

the prc~ence of bilirubm were used to identify one strong and one weak bihrubin 

b1l1ding site on human AFP (association constants 1.1 x lQ7 M- l and 1.8 x 105 M- l
, 

rcspectively). These SItes do not compete with FA bindmg sites and are thought to 

complex in a region between the first and second domains of AFP (Berde et al., 

1979, Aussel et aL, 1984). 

3. Metals 

Merals are another group of natural ligands for ALB and a comparative study 

with AFP revealcd a similar binding actlvity for zinc, copper, and nickel. ZInc and 

copper are considered essentlal trace clements, especially important for the 

nutntlonal and metabohc events 10 neonates and infants (Walravens, 1980). In 

1I1fants and adults, copper is absorbed by the mtestinal mucos:t, bound by elther 

albumin or tnnscuprem, and the Cu-prote1l1 complex is transported to the hver. 

There, the Cu is taken up by the hepatocytes and mcorporated 1I1to ceruloplasmin or 

complexed by metallothionclIl (Freiden 1986). During ernbryogcnesls, AFP is 

proposed to carry out the short term transport to the liver normally performed by 

albllmm Studies wuh hllman AFP have revealed 4-5 high afflllIty copper bindmg 

sItes WIth a Kd= 6-8 x 10 6 M, in contrast 10 human albumin which has only 2-3 

sites and a lower Kd= 1-3 x 10 5 M (Wu et aL, 1987). The chelation of copra by 

AFP IS thought to lI1voive the Imldazolc group of an l-hlStldllle rc~idue located Ilear 

the N-ten1l1nu\ of the protell1. The IdentIfIcation of hl~tIdme 111 the chelation 

rcactlon wa~ confmllcd by the pH sensnivlly of the hlstidmc resldue, the loss of 

copper h1l1dll1g following hIstidine photooxidauon, and thc synthesls of an N­

tcnmnal peptidc contaIllll1g hlstidllle whlch was able to bind copper (Aoyagl et al., 

197H, Lau et al, 1989). Zinc IS another e<;~cntial meul ab~;orbcd 111 the intestIne by 

the duodcnuJ11 and then dlstnbuted to the vanOllS organs. In piasma, 50% of the 

ZIIlC I~ loosely hound to alhum1l1 whde 40% IS tIghtly bound to alpha-2-

macroglobulIn Wu and co-workers examIllcd the zinc bll1ding propertlcs of both 

J\FP and J\LB by gel tiltratlon chromatography (Wu et aL, 1987) The affmity of 

J\FP for ZIIlC (Kd= 6-8 x lW' M) was found to be 20 fold hIgher th an that for ALB 



(Kd= 1-3 x 10-5 M). Furthennore, 4-5 high affïnity bindlllg sites wcrc IdeIlutïed III 

AFP in comparison to the 2-3 sites present 10 ALB. The IIl11lbiuon studles 

conducted by these authors suggested that calcIUm, copper, and lead mlght be ahle 

to bind AFP at the zinc bll1dmg ~ltes. Immobtlized metal bmdlllg studlcs have 

shown that both AFP and ALB are able to chelate 0.62 moles of I11ckd per mol of 

protein (Andersson et al, 1987). 

4. Estradiol 

The wide range of distinct ligand binding propertIes exhibited by AFP wcrc 

suggestive of an important role 10 modulaung the blOlogical effects of drug~ and 

metabolites, properties WhlCh have been well-defined for ALB (Kragh-Ilan ... cn, 

1981). This hypothesls prompted both Aussel and Savu to eXaI11lne the potentIal 

aSSOCIatIon of AFP wIth estrogens s1I1ce these ,>terol compound ... were partrcularly 

prevalent during pregnancy (Aussel et al., 19'13, Savu et al., 19X 1) Stlldle~ wIlh 

mou se AFP have revealed a hlgh aff1l1lty bll1dll1g lI1teractIon WIth e'\trogen~, 

exhlbitlllg a Ka=8 x lœ Ml wlth 03 bmdll1g site~ per mol of proteill. Ilowever 

these bindmg propertles have only been descnbed for rodent AFP '>Ince human, 

rabbit, and hamster AFP do not dlsplay any capaclty 10 bll1d eSlrogen<; (N uncl et 

al., 1977). In the ca~e of rodent AFPs, both FA" and dICthylstrlbc~,tcrol (DES) l'an 

compete for the estradlol bindll1g sIle and hlgh molar ratios of bOllml PUFA~ l'an 

decrcase the apparent Ka for estradiol (Vallette ct al, 19X9) The hlologlc.!l 

slgmflcance of the~e bmdll1g propertles ha" n()t heen fully elllcHlated In gcnnal, Il 

has been observed that organs from lmmature rodenb arc l!l~cn'>lli\'e 10 e,>trogcll\ 

while the samc adult organs are extremcly ~en'lltIve to the hOflnonal cffect\ IIldllCCd 

by estradiol. These dlfferences arc proposed to be duc to the formatIon of an 

estradlOl/AFP complex whlch dclIvers a Signai to ccli", rendenng thcm refractile tu 

the growth effects of estrogen (Mlzejewskl et al, 19X?t, 19X9j Tlm l'an DCClIr III 

spIte of adding a conSiderable cxceS'i of e~tradlol, rnuch greater th an thc bllldll1g 

capacity of AFP In order to analy7c the blOloglcal propCrtlC'" of AFP/e\traùlol 

complexes, MlzeJew~kl et al devcloped a blOa~say wlth adult ovanectol11l/cd Il li CL: 

The uterine wet weight of these n1lCC lI1creascs 4-fold If thcy are I!lJcctt..:t.l. wl!h 

estradiol, comparable to the normal utenne growth \Il femalc Tl1lCC dunng thclr 
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estrous cycles. If the ovariectomized mice were injected with estradiol in 

combmation with AFP, their uterine growth was suppressed by 82%. During fetal 

ontogcny, the regu!atIOn of uterine proliferation is necessary to pennit ûle successfu! 

development of the fetus within the maternaI decidual. Based on the se results, 

MizejewskI et al. suggested that AFP binds estradiol, and this complex delivers a 

signal to celIs which prevents their subsequent growth in the presence of estradiol. 

These authors also noted that aged AFP (several weeks at - 20"C, or repeated freeze 

thaw) would result In a growth potentiating actlvity in these mice. In an unrelated 

study, Aussel and Masseyeff have shown that exogenously introduced estradiol will 

accumu!ate in the fetal brain if injected into the maternai circulation (Ausse! and 

Masseyeff, 1983, Aussel et al., 1985). This process is thought to occur via AFP 

blndmg and transport, but the physiological importance of this finding is not known. 

5. Retinoic ACld (Retinol) 

Retinoic acid is a vitamin A derivative that has been shown ra interact with 

AFP. Usually present m the cell membranes as reuno!, this compound IS normally 

tramported m the blond as a complex with retmo! binding protein (RBP) (Blaner, 

1989). Very httle data has been pubhshed regarding AFP-retinoic aCld complexes, 

but Rlioslahu has performed gel filtration experiments with 14C retinOlc aCld to show 

that bovine, mOllse, and hllman AFP ail bind retmoic acid (Ruoslahti, 1979). Aussel 

et al. conducted eqUll brium dia!ysis and defined a single bindmg site on human 

AFP wuh a Ka=2.6 x l (t MI on human AFP (Aussel and Masseyeff, 1984). The 

phYS10logical role for thl <; bmding IS llnclear, and ALB has not been reported to 

bind retmOlC aCld. 

Recent studie'i have shown that retinOlc aCld may be the natmal morphogen 

lI~cd to generate digit pattern ln vertebrate hmb morphogenesis (Maden et al., 1988). 

The actIOn of cellular retmolc aCld bindmg proteins and nuc1ear retmOIc aCld 

receptors is hypotheslzed to transduce the reIÎnOic aCld signa! at thé: level of gene 

expression (Dolle et al, 19~N) Although RBP IS expres~ed at very high levels m 

the l'etaI IIver and yolk ~ac and bmds retlnol with a much higher Ka than AFP, Il 

will bc lIltere'itlng to sec whether AFP has any involvement in the mechal11sms of 
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morphogenesis. 

C. IMMUNOREGULATORY PROPERTIES OF ALPHA-FETOPROTEIN 

The developing fetal and newborn Immune system IS rt.'latIvcly 

immunoincompetent throughout the perinatal penod in companson to the adult, and 

the acquisition of adult-hke immune reactIvity occurs late ln dcvelopmcnt (Ster~ and 

Silverstein, 1967). There is a considerable amount of evidcncc sllgge~ting that the 

potential for immune responsiveness eXlsts early 111 ontogeny, but this lIllmune 

reactivity may be down-regulated by a vanety of regulatory mcchanisms (revlewed 

in Murgita and Wigzell 1981). Thus, it is proposcd that regulatory factol sand 

strong natural suppressor mechanisms are present tu modulate the developing fet.tl 

and newborn Immlll1e system. At the samc Ume, the~c regulatory events may abo 

moderate the maternai immmune response ta the benefIt of the tetus (Plirtilo ct al , 

1972, Thong et al., 1973). One potentially Important lI11ll1ul1oregulatory factor 1" 

proposed to be AFP. The distribution of AFP dunng ontogelllc dcvcloplllcnt and 111 

certain diseases IS consistent with a reglilatory functlon. Thu~, the phY"lOloglcal 

decrease in AFP expression in the fetus am! newborn rodent IS seen to correlate 

with the onset of adult-hke ImmtlllOlogIcal responSlveness (Murgila and Toma"l, 

1975a, 1975b, TomaSI et aL, 1977, Toder et al., 1979, Murgita and Wigzell, \9X 1 ) 

FurthemlOre, there are certain pathologlcal condulOm where AFP l''! re-cxpn:..,,,ed ,~l1d 

associated with immuno"!llppression (Newberry et al, 1973, Ilodg\on et al, 197H) A 

brief summary of the lI11munoregulatory propcrtlc'\ of AFP 1" pre~entcd 111 Table V 

1. Regulation of Cell-Medlated Immune Re"pon~e"! 

Clrcumstantlal eVldence suggestive of an Immunoregulatory mIe for AFP fïr"t 

appeared III 1973, when 11 was shown that ~erum fractIon~ nch III AFP could IflhJl)[! 

allogeneic mlxed lymphocyte reactions !!l vitro (Pamlcly et al, 1l)73) It ha~ "Ince 

been shown that AFP-contaming ~amples from fetal, ncwhofl1, and prcg.nancy "cra 

and AFP from panents with gastro-lI1tcstlllal cancer"!, hcpatltls, and IIvcr faIlure can 

inhibit certain immune reactions (revlewed In Murgita and WIglcll, 19X 1) Tl:e Irl 
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SUMMARY OF THE IMMUNOREGULATORY ACTIVITIES OF AFP 

1. InhIbItion of T-Cell mItogen-induced lymphocyte proliferation/transfonnation 

2. Suppression of T-D Ab responses 

3. SuppressIon of autologom MLR 

4. Suppre~~lOn of allogenelc MLR 

5. RegulatIon of macrophage funcuon and accessory cell function and la expresslOn 

6. InductIon of natural T and non-T suppressor ceUs 

7. Inhibition of NK cell actlvlty 

8. StImulatory effects on bone marrow cells 

9. Suppres~lOn of autOlmmune diseases In vivo 

10. InhibItion of CTL gerleratIOn 

Il. AugmentatIon of In vitro induced lymphocyte blastogenesis 

W 
N 

... 
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vivo roIe of AFP in fetaI deveIoprnent was indirectly adtlressed by ltlJccting shccp 

Ab against mouse AFP intravenousIy into pregnant rabbus. If ltlJectcd on day 2\ of 

gestation, the antibodies wou Id induce fetal resorption 111 abolit 65% of the 

embryonic units while nonnal sheep sera had no effcct (Slad~, 1973). Thcsc rC~lIlts 

were confirmed in a subsequent study uSll1g pregnant mlCC IIlJcctcd with rabblt 

antisera to munne AFP (MizeJewski and Gnmley, 1976). In thesc cxpenmcnts, thl~ 

fetuses in pregnant rnlce recelVltlg either antl-transfemn, antI-ALE, antI-complement, 

or anti-normal mouse sera (NMS) did not undergo resorption. Thc authors 

hypothesized that the neutralization of AFP at the maternal-placental IIltcrface may 

have iniuated the fetal rejectlon through a cell-mediated process. Alternatively, they 

suggested that the mechamsm of pregnancy interruption may have been due to the 

anaphylactoid contraction of the utenne srnooth muscle. 

a) T Cell Suppression 

The first direct evidence that AFP suppressed Immune reactlom came l'rom il 

series of studIL'I of MAF (Murgita and TomaSI, 1975a, 1975b). MAF conta III '1 threc 

major protein COh~tItuents mclud1l1g transfemn (TF), AFP, and ALB When addcd at 

the initiation of primary in vitro T -dependent (TD) antIbody re~ponses agamst "ihecp 

red blood cells (SRBC), MAF suppressed the plaque formlllg ecll response (PH') hy 

95%. To identIfy the component(s) responsible for thl~ 1I1hlbltlOn, Murglta ct al 

prepared a series of anubody-affil11ty columns ~peclflc for either 'n, AFP, or ALB 

Only AFP containing fractIons wen.: suppreS~lve, actlllg III a non-cytotoxlc and dme­

dependent manner at concentratIons from 200 ug/ml to 1 ug/rnl TlIlle cOLlr~c 

experirnents IIldicated that AFP needed to be lI1cubated wlth the cell,> for at lea..,t 4 

hours anù added no huer th an 48 ho urs after the InitiatIon of the a~,>ay Further 

experiments revealed that AFP was more effective at Il1hlbltJng 2" Tl) Ab n:'>pon\e,> 

since the IgA and IgG PFC responses were 1I1hlbned by a 100- t nid lower Â Fi> 

CÛtlcentration than IgM PFCs In a subsequent paper, Murglla ct al ..,howclÎ that 

purified AFP cOllld also suppre~s PHA, Con Â, and LPS II1duced lymphocyte 

transfonnatlOns and allogeneic mlxed lymphocyte reactlom (MLR) (Murglta amI 

Tomasi, 1975b). Since aIl of thcsc cxpl:nrnCnh "'llggc,>t~d that T-œll rc'>plHl'le,> wCle 

the target of AFP-rnedmted suppression, MurgIta and Wigzell cornparcd the cffects 

of AFP on TD versus T-mdepcndent (TI) Ab PFC. In aIl ca"ie~, !il vitro TI 



34 

responses to dinitrophenoi (DNP)-Ficoll or LPS-induced polyclonal antibody 

synthesls were unaffected by AFP (Murgita and Wigzell, 19ï6). Subsequent 

investigations by Yachnin indicated that human fetai AFP could also inhlbi( T-cell 

mitogen responses and MLR but no direct effect was Ilotcd on B-cell re~;ponses 

(Yachmn et al., 1976, Murgua et al, 1978a) These!ll .vitro results prompted 

Murgita et al. to speculate that a potcntIal physiologlcal In VIVO role of AFP In the 

fctus and newborn would be neccssary 10 1) delay the reJcclIon of the 

histoIncompatIble fetus by the maternai Immune rc~ponse, 2) prcvent the potential of 

self-reactivuy 111 the fetu~ and 3) redllce the capaclty of the [erus and newborn to 

react agaInst potentIally beneflcwl matcfllal antlgens. The subsequent down­

reglliation of AFP exrre~~IOn wOllld thcn pemllt a graduai maturation of Ab 

rcsponslvene<.,s 111 the fmt fcw weeks of IIfe. 

The fInd1l1gs documcnted by MurgIta and Yachmn supported the contention 

that AFP selectIvely Interfere~ with T-cell functlOn. Based on the knowledge that the 

presence of AFP for 8 hours In culture was suffIcient to mamlam TD Ab 

suppressIOn in an AFP-free assay for 5 days, Murgua et al. examined the possibihty 

that AFP might II1dlrectly actlvate reglliatory suppre'l~or cells (M urgita et al., 1977). 

Splecn cells werc cultured for 72-96 hours wlth AFP and then added to a pnmary 

TD Ab assay. The addItIon of the pre-treated spleen cells dlrectly to a pnrnary TD 

Ab assay resulted in a 60 % suppression of the IgM PFC to SRBC. If Ig-anu-Ig 

colllmn punflcd splel1lc T -cells were used In place of whole spleen cells, the IgM 

rcspom'~ could be suppressed by 95%. The authors proposed that AFP mduce'l the 

development of T suppressor celIs ThiS hypothesls was supported by the l:ick of 

suppre~sor actIvlty m pre-cultures of spleen cells from nude mice. The suppres~or 

cclls were effectIve 111 numbers as low as 0.05% of the total ccli population. 

Since AFP IS naturally present m newborn mice, the authors also exammed 

the functIon of spleen T cells purified from these neonates on TD and TI Ab 

responscs (MurgIta et al., 1978a). Newbom spleen cells from 5 day old mlcc 

efficlcntly suppressed pnmary TD responses by 50%. ThiS activity was age 

dependent Sl11ce a graduai dllmnuitlOn of suppressIOn occurred from 5- 20 days 

after bIrlh, corrdatlllg wah the declme m serum AFP levels. Phcnotypic studœs 

IIllhcated that these T-cells \Vere of the Lytl +23 (CD4+CDS·). Of particular relevance 

to the se reports was the fl11ding that AFP, when incubatcd in vitro with adult spleen 



ceUs, would induce the generation of inhibitory T cells of the same phenotype as 

those naturally present in the newbom (Murgita et al, 1981). 

All of the eVldence dcscnbed above indicated that the cffccts of AFP li .Y!L1Q 

are restricted to functlon:-. requinng T cells. To bettcr dcfine the cellular and gCIlCl1C 

restnctIons 111 the lIDmunoregulatory actIvlty or AFP, Peck and co-workers ulllkIlOO\" 

a systematic study of the Iegulatory lIlfluencc:-, ~)t AFP on the prohferauve and 

effector pha:-,e~ of T-cell medtatcd lmmune leactlons, includmg .!.!! VItIO MLR and 

cell-me(hated lympholy~ls (CfL) assays <Peck et al., 197Xa) Pnmary allogenetc 

MLR were gencrated between punfied splcl11c T-cclls and gamma-madtated ~plclllC 

stimulators Prohferatlve reSI)ome~ between major ImlOCOll1patlbilny COll1plex (Mlle) 

disparate ~trallls were ~llpprc<.,:-,ed 1-6 fold WIth AFP concentrations of 150 ug/ml 

added at the onset of cultures. Allo-anttgen reactlve T-ccll hla~t'i gCIll:rated ln a 

primary MLR could al'io be 'iuppres<.,ed by AFP If re-~tlIl1Lalated III a secolld;lIY 

MLR. By comparing the mhlbItory effeets of AFP on othe'- :-,tralll combll1atlon\, 

Peck ct al. nouced that the degree of suppre"slOn wa~ extremely vanahle and a 

functlOn of the MHC dlffercnces betwcen mouse "trams. U:-.mg MHC recomhlllant 

strams possesslIlg hmIted genetlc dlffelences at e.ther Mlle cla~'i L c:a\:-, IL or 11011-

MHC reglOIl:-., the lll:llbitory effects of AI'P were found to he dlrectcd :-.peeIflcally 

against MHC CIl Iegion mcoll1paubiltuc'i ln certalll ca~cs AFP could also slIpprc'i\ 

MLR mvolvmg non MHC antlgcn'i lIlcllldll1g the mII10r leukocytc :-.tlmlliatory (MLS) 

system. Yet, 111 other l1louse stralll" pO'i:-.e""lI1g eaher MHC, non-MHC, qr evcn 

MLS lI1compatIbIiItle'i, AFP cOllld enhance the prohfcratlve respon~c 111 the i\1LR 

This was partIcularly eVldcnt III stLlln eOl1lhlllatIOn~ lI1cllldlllg B 10.02 anl1-DBAj2, 

CBA/J antI-OBA/2, and B 10 BR aIltl-CHA/J The re<.,pondlllg ccII <.,u\ccptlble to 

AFP-medlated regulatlOn was thought to be the Lytl +23 (COcf+CDX) ccli 

In thls lI1itial phase of lIlvesugation, Peck et al. c'itabh\hed that MLR 

generated against MHC CIl molecules wa:-, actlvely ~uppressed hy A H> In VICW of 

these results, it was predlctcd that CfL generatlon wou Id remall1 lInaffccted hy AFP 

since these reactions are controlled by M! IC Cl antIgens. To fUI1her explore tlm, 

Peck et al generated CTL:-. u:-.ing the prevlollsly outhncd :-.tr:.1111 COll1htnatlOIl'i (Peck 

et al., 1978b) In most of thcse expenmenh, AFP wa\ found to prcvcnt tllc .!.!! VItro 

activation of CTL mespectIve of the H-2 gcneuc dlspanty prc\ent KlIlctIC "tudlC\ 

indicated that AFP needed to be addcd WIthlll 4X hours and lor at ka'" 12 I!our\ of 
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a 5 day MLR in arder ta prevent the activation of CTL. The direct adôtion of AFP 

to a CTL assay failed ta alter the cytatoxic response against any target. As had 

been observed In the MLR reactions, cenain strain combinatlons were refractive to 

AFP induced suppression. Interestingly, tbese autbors found tbat the AFP-mJuced 

suppression of CTL development could be clrcllmvenled if ~llpernatants derived from 

nonnal MLR cultures were' added to the AFP suppressed cultures following the 

removal of AFP at 36 hOUTS of a 5 day culture (Peck et al., 1982). This supernatant 

activity collld be obtumed from any H-2 incompatible MLR and was found not la 

be IL-2. Furthermore, the prohferation of Percoll denslty gradient punfied T cclls 

were refractive 10 AFP indllced suppression ln a primary MLR. The authors 

~ugge~tcd that AFP was acting on a monocyte/mucrophage-hke cell. 

Although the effects of AFP on allogeneic MLR are vanable, Peck et al. 

clearly e~tabhsbed tbat AFP can ~electlvely lI1terfere wllh CIl associated immune 

re~ponses. To furtber dellCleate the cellular resuictH,os of AFP-mediated 

immllnoregulation, Hooper and co-workers investigated the effects of II FP on 

autologous mlxed lymphocyte rcactlons (AMLR) (Hooper and Ml.lrgita 1981). While 

the exact nature of these reactions remains unclear, AMLRs are regarded as in vitro 

explesslons of antl-self reactIVIty because they occur 111 the ab~ence of foreign 

antIgen and exhiba mernory and specIficlty. Munne AMLRs medtated by either 

neonatal or aduIt T cells are suppressed 111 a highly efficient manner by AFP at 

concentration.. of 10 ug/ml, well-below that reqUlred for allogenelc MLR (Hooper 

and Murglta, 1 YSl). These authors determined that both newbom and adult munne 

AMLR lIlvolved the recognition of MHC CIl gene products by Lyt 1 + 23- T cells. 

Since the ahility of AFP to ~lIprress these reactions was weil below endogenolls 

Senllll AFP level'l In the mouse, lt wa'l hypotheslzed that an important function of 

AFP In the fetus and newborn may be to control the expression of ~elf-reacllve 

lymphocytes (Hoopcr et al, 1982) Subsequent studies wlth human fetal and 

hepatoma AFP samples revcaled that human AMLR~ as opposed ta allogeneic 

MLRs, are llighly sem,iuve to AFP-mediated suppression (O'Neill et al., 1982). 

Heterologous AFPs from the hurnan and rat were also able ta suppress a munne 

AMLR 

b) Role of AFP in the Regulation of Macrophage MHC CIl Expression 



Macrophages, dendritic cells, and other antigen presenting eells (APC) an; 

essential for the induction and regulation of most types of humoral and ccll­

mediated immune funcnons (Weaver and Unanue, 1990). AntIgens taken up by thesl" 

ceUs either undergo sorne sort of intracellular processing or are synthesized de novo 

and re-expressed as small peptides in association wlth MHC CI or Cil mo\ecules 

(Unanue and Cerottini, 1989). These events cou pied with the secretIon of 

lymphokines are necessary for the actIvatIon and multiplication of T-cells ((naba ct 

al., 1988, HOLJS~;'lU et al., 1989). The central roie of these APCs 111 Il1ltIatlllg 

immune responses and the lack of responslvencss in the felus, rcsuIted III the II1It1al 

suggestion that one of the sites of action of MAF may b~ at the lcvcl of the 

macrophage (Suzuki and Tomasi, 1980). Suzukl and TomaSI ull!Jzed a lymph nodc 

(LN) T cell proliferation assay to address this pmsiblltty. The prolifcrallve response 

of ovalbumm (OV A) primed LN T cells is marginal in the presence of av A llnle\~ 

the OV A is added 111 combination wlth peritoneal exudate macrophages (PEe) 

When the PECs were pre-cultured for 24 hours m the presence of MAF followcd by 

a 2 hour av A pulse, the av A-pulsed PECs were no longer capable of presentlng 

anugen to the T cells, as measured by a lack of T cell prohferallon However, If thc 

LN T cells were mltially pre-cultured with MAF, washed and SUb'ieqllcntly llllxcd 

with av A-PEe, a nomlal prohferative response emued, suggestlng [hat AFP actL'd 

directly on the APC. The subsequent expenments of Peek et al. mdlcated that tht: 

effeet of AFP on T-cells are the result of AFP actmg on a monocytc-ennchcd œil 

population (Peck et aL, 1982). Based on these reports and the hypothl'\!\ that AFP 

contributes to the immunologlcal hyporesponsivene~s of the fetus, Lu et al dlrt:ctly 

examllled the effects of AFP on the expre~"'lOn of MHC CIl !l101ccu!e'i (la) and the 

antigen presentmg capacity of macrophages (Lu et al., 1984, 19H9) ln tht:se 

experiments, peptone ehclted pcntoneal macrophage~ were harve~ted from BI () A 

adult micc and lsolatt'd by their adherence to gla~s coyer ~ltp'i. Thc\c cclh wcrc 

incubated for 5 days in the presence of lymphokllle ... , paraformalJchydc flxed, and 

examined for their celI surface expression of la molecu\e\ hy l!l1mUllofluorc\CCIlCC 

AFP, If added at the onset of the~e culturt~ at conccntratIo[1l, of 100 ug/ml LOuit! 

inhibit 80% of the ~lIrface la cxprc\slon compared to control untIeated ccll'i, 

whereas fetal calf serum (FCS), fetal bOVine albumlll (FBA), and bOVine AFP wt:re 

without effect. AFP added 2-3 days arter the l!1ltlatlon of culture'i excrtcd 
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progressively less inhibitory activlty. These authors noted that AFP did not dimimsh 

MHC CI expression, had no effect on cell viability, and failed to impair the binding 

and opsonIzation of bacteria. The aforementioned resuIts prompted the authors to 

speculate that AFP may have significance as an immunoregulatory protein dunng 

fetal gestation by delaying the appearance of Ia-bearing cells WhlCh would pennit 

the acquisition of tolerance and prevent autoreactive T cdl actIvation. lnese resuIts 

would agree wlth the earlier observation that neonatal macrophages have a defective 

antJgen pre~enting functJon (Lu et al., 1979, 1980). ThiS was found to be due 10 the 

~Ignificantly lower amount of CIl expression on the neonatal macrophages versus 

that shown for comparable numbers of adult macrophages (Lu et al., 1979). Crainie 

et al. recently reported that AFP could also suppress the constItutive expressIon of 

la antigens on bone marrow derived macrophages and on a dendntJc cell line 

(Crainie et al., 1989). In further expenments, these authors showed that AFP could 

inhibit lymphokine-activated la expression on macrophages subsequent to their 

induction. 

c) InhibitIon of Natural Killer cell Activity 

Natural killer (NK) ceUs are a distmct population of lymphoid cells thought 

to be lI1volved in tumor cell surveIllance, rejection of virally infected cells, and 

hematopoietic stem cell regulatlOn (Roder et al., 1981). Smce cells expressing 

embryolllc antIgens such as neonatal thymocytes are also NK sensitive, the 

activation of NK cells early 111 ontogeny may be potentially harmful to the fetus 

(Hansson ct al., 1981). In general, developing embryos have a very low level of NK 

actIvity unul after birth (Roder et al., 1981). Since the increases in NK actIvity 111 

neonatal nuce correlated wlth the normal physiological declll1e 111 AFP expression, 

Cohen et al cxamined the potential effects of AFP on NK cells (Cohen et al., 

1986). 1 n 1I1iual e:\periments, AFP failed to exhibi t any effect on the endogenous or 

lymphokine aCUvated NK cytolytic mechanism when added directly lnto the 

cytotOXIClty a~~ay. Howevcr, If AFP was added to the cells dunng the lymphokine 

mduction pha~e, the re~pond1l1g NK cells exlllbited a 2-3 fold reductIon in activIty, 

IIldicating that AFP prevented the lI1ductlOn or activation of NK cells. Although 

newborn spleen NK cell functlon IS al ways very low lI! vitro and 111 vivo, neonatal 

NK cytolyuc actlVIty can be markcdly enhanced III vitro m the presence of 



lymphokines. AFP, if added at the onset of the se neonatal cultures, supprcsscd thl'lr 

subsequent inducuon. The authors speculated that the high endogenou~ levcls of 

AFP in the fetus and neonate were responsible for the naturally low levcb of N K 

cell activity. Such a regulation would be neces~ary to prevent the potcntial 

destruction of fetal cells and tissues by the NK cells. ThiS hypolhesis IS 

strengthened by previous reports showing l11gh NK ccII actIvlty III the lllUfll1e 

decidua WhlCh peaks at day 6.5 and is followed by a rapld declll1c tn ncghglble 

levels by day 10 (Croy et al., 1985, Gambel et al., 1985), thllS parallehng the ()n~et 

of AFP expression. Recently, Gendron et al. have shown that mfIltraung matclnal 

decidual NK cells are associated with abnonnally l11gh spontaneous re~orpLIon rate 

in CBA/J X DBA/J conceptuses (Gendron and Bames, 19R8). ThiS IS the samc ,>tram 

combination previously shown to be refractory to AFP medtatcd Immllnmuppre-.slOl1, 

as assayed in a MLR (Peek et al., 1982). The hlgh 'ipontancOll~ abonlon rate 111 

these mice was correlated with the deficiency of a hpophlhc ~llppres-.or factor 

(Gendron and Baines 1988, 1989, 1990). ThIS would ~ugge~t that the r-:glliatIon 01 

maternaI NK celi may 1l1volve several biologlcal medlator~ mcluding pro'itaglandlll-', 

non-T suppressor cells (Clark el al., 1986), and at later ~tages of gestatlon, AFP 111 

an unconnected study, chicken AFP has been shown to suppre~s Japanese quaIl NK 

cell actlvlty (Yamada et al., 19B3). 

d) Stimulatory Effects on Bane Marrow Cells 

The knowledge that sel um ALB is essenual for In vitro growth of aeU vated 

human lymphocytes (Polet and Spleker-Pokt, 1975) and the observatIon that AI-P 

can mduce mhlbnory T -cells ln vitro (Murglta et al., 1978a), and enhancc certalll 

allogcnic MLR combinations (Charpentier et al., 1977, Peck et al, !97X) prompttd 

Hoskin et al. to examine the potelltial growth promotll1g efft:c(l, of AFP on dllklent 

Iymphoid cclI populations (HosklO et al., 1985c) A comparatI,Ie ~tl!fly of varlou,> 

adult lymphOld organs Indicated that AFP had a mong ,>ttmulatory etreet on Illllnnl' 

bone marrow cells whlle ~pjecn, lymph node, thymu~ and penphera! blood 

lymphocytes remam unaffected To idenufy the œil typc(~) ~tlmulated by AFP, the 

bone marrow cells were separated lOto dl'>tlnct ~lIb'ieb wlth the Icctlll "oy hcan 

agglutmin (SBA). AFP was able to exert a ~trong yet dl"unct growth promoung 

effeet on both cell populations. The maximal prohferatIon of the SBA+ !'.lIh..,et 
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occured at 48 hours, whlle the SBA- cells were maximally stimulated at 96 hours. 

The dlfferential effects of AFP on these 2 subsets was further distinguished by the 

observation that the SBA+ fraction was sumulated with as httle as 12.5 ug/ml of 

AFP while the SBA- subsct required at least 200 ug/ml. A phenotypic 

characterizatIon showed that the SBA+ cells were non-T, sIg- bone marrow cells 

whlle the SBA- preparatior. wa~ Lytl +23- Thy-l + MICG+, very similar to the 

newborn spleen T suppressor cells and AFP-inducible adult T suppressor cells 

(Murgita et al., 1977, Hooper et al., 1986). 

e) Natural T and non-T Suppressor Cells 

The finding that AFP stimulated the growth of distinct bone marrow cell 

subsets WIth phenotypic sirr-ilanties to both T and :1on-T natural suppressor cells 

prompted Hooper and associates ta propose that AFP may play an Important raie in 

mducing these populatIons during pregnancy (Hooper et al., 1986). The induction of 

T like suppressor (Ts) cclls wou Id be consistent with the origmal reports of Murgita 

et al. documcnting the presence of AFP-inducible Ts cells 111 the adult spleen 

capable of suppressing TD antibody responses (Murgita et al.. 1977). The second 

phcnotyplc populatIon of ceUs are the non-T natural suppressor cells (NS), present 

in the spleens of isopregnant and allopregnant ITIlCe These cells are thought to 

funcuon by lIlhibitmg autoreactlve lymphopiOhferative respon~e~ agamst fetal and 

adult tissue~ (Hoskin et al., 1983, 1985a, 1985b, 1985c, 1989), lI1clud1l1g tIssue 

specifie antigen~ on the placenta and oncofetal antigens on fetal celb (HamIlton, 

1983) The'ie naturally occunng suppressor cells may be rccrUiled by fetally-derived 

Arp from a pool of pre-exI~tll1g NS cells prc~ent m the bone marrow. 

t) Expcnmental AutOimmune Diseases 

AFP ha~ also been ~hown to prevent and ameliorate experimental 

autoimmune dlsea~es ~uch as rnya~thenia gravIs (MG), 1I1duced 111 rats by 

ImmUl1l7at!on wlth the acetylchohne receptor (ACHR), and 111 micc followmg the 

passive transfer of hUl1lan mya<,thenlc Immunoglobuhn (Brenner et al, 1980, 1984, 

Bu~hn'an et al. 19H7). Ba<,cd on the~e ob<;ervatIom., Brenner et aL ~uggested that 

the 1I1Hll11noslippres~lve dTects of AFP may be correlated WIth the chmcal 

renm~lons of MG Gunng the seconù half of pregnancy Since immune responses 10 
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ACHR are dependent on CD4+ T cells and MHC Cil expresslIlg APCs, Buschman 

et al. suggested that the AFP treatment in the mice altered elther CIl expressIOn on 

the APC, exened direct ar.ti-proliferative effect on T-cells, or induced a suh~ct of 

suppressor cells. 

g) Additional Suppressive Properties 

In a study unconnected with immunosuppression, Aoyagl et al. examlncd the 

effects of AFP in a rabbit reticulocyte lysate cell-free protein synthe~ls as~ay 

(Aoyagi et al., 1982). Normally, a high globulm synthesls, as measured by 1'111-

leucme incorporation, is generated in this cclI free ~ystem. AFP could markcdly 

suppress 13Hl-leucine mcorporatlon at levels 5OCf, below control rc'>pnllse,>, whclca\ 

serum albumin had no such effect. A thorough analysls mdicated that the 

suppression was Ilot due to any contammatlllg nbollllcleasc actlvlty. Stl die,> wlth 

poly U sequences suggested that the mhlbltlon occllrred dllnng the IIlltlatlOn of 

protein translation. Sucrose gradient analysis of nbosome-RNA complexes revealed 

that this interaction dld not occur in the presence of AFP However, the 

physiologlcal significance of these findll1gs IS unknown (Aoyagl ct al, 19H2) 

D. BIOCHEMICAL RELATIONSIIIP OF MOLECULAn STRUCTlJRE 

TO BIOLOG ICAL FUNCTION 

During the last 15 decades, a large body of infonnatlon ha~ been prc\cnted 

supporting the concept that AFP can exert selective Immunoregulatory lIltluencc~ O!1 

immune responses. However, there are a number of reports whlch have elther faded 

to demonstrate any Immunosuppresslve actlvlty by AFP 01 have doclIJ11ented 

considerable vanablltues ln the Immllno"upprc"'\l\~ potcncy ot dltfcre!1t AH) 

preparations (revlcwed ln Sell, 19RO). Thc"e inCOn"l\tenclt:'> have bCl'!1 vanoll"ly 

attnbuted to a) lack of a role for AFP III 1I1lmunorcgulatlon, bl dlflcn:ncc\ 111 the 

methodology of purificatIOn and functlonal a,,~ay, c) lo,,~ or ab".:nœ 01 hlologlcally 

active, non-covalently complexed molecliles normally hound by AFP, d) .,ourcl" of 

AFP (tllmor verSll:; l'etai), and e) pmt-synthetlc Il1(XHlcatlOn" contnblltll1g to the 

formation of active (inactlve) molecular sub~pecle~ of AFP 

.... 
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1. Reconciliation of Putative Failures to Identify Immunosuppressive Activity in 

AFP Isolates 

There are a number of reports documenting an inabllity of AFP preparations 

to suppress Immune responses, and certain studies have shown that AFP can 

~tImulate partIcular reactions incIuding blast transformation, MLR, and the 

gcneration of cytotoxic T celIs (Charpentier et al., 1977, Parmely and Thompson, 

1976, Sell et al., 1977) In 1977, Sheppard and Sell first reported in a series of 

papers that both mOllse and rat AFP, isolated from amniotic fluid, l'etaI serum, or 

transplantable hepatomas were unable ta suppress rat and mouse spleen cell mitogen 

re-;ponses and allogenelc MLRs (Sheppard et al., 1977, Sell et al., 1977) It was 

also observed thut spleen cells, If pre- mcubated with AFP would demollstrate a 8-9 

fold enhanced cytOlytlC aCUvlty on P815 tumor cclI targets. In the same year, 

Charpenller et al reported that human AFP preparation" Isolated [rom a pauent with 

hepatocellular carCllloma augmented human MLR (Charpentier et aL, 1977). These 

glOups of rc~eachers concluded that AFP IS not immunosuppresslve and that 

prevlOusly pllbh~hed reports describ1l1g the 1l1hlbltory effects of AFP were a result 

of Impure AFP fractlon~ containll1g other ~uppresslve malenals. However, many of 

thesc reports failed to con'ilder the cellular and genetlc restnctlons 111 AFP mediated 

Immunoregulatlon (Pcck et al., 1978a, 1978b, 1982, Murglta and Wigzell, 1979). 

Many groups exarlllned the suppresslve propcrllcs of AFP on allogenclc 

MLRs However, a conv1l1clllg 'ienc" of experiments has ~hown that human and 

murine AFP are extIemcly effective at lIltllblung MHC Cil restncted MLR and ln 

partlcular :.Iutologou'i MLRs, as opposed to the comlderable vanabdny noted for 

aIlogenelc MLRs (Peck ct al, 1978a, 1978b, Hooper and Murglta, 1981, Q'Neil et 

al, 1982) 

Anothcr potcnual explanallon for the aforementloncd dl~crepancles IS the 

mltogen ~l1mulateù "pleen cell a~~ay employed by ~everal research groups tn 

charactcnzc the suppre"'ilve actIvlties of AFP preparations Studics from thls lab 

have ~hown that nutogcll ~tllnulatcd ~plecn celb are only marginally ~lIppressed by 

AFP unies,> the T œll'i are ll11t1ally punfIed. Furthermore, Hooper et al. have 

demon~tratcd that t11ltogen ~tltnulated CD4TD8 thymocytcs are the most senSItive 

population of ce!b 1I1l11bIted by AFP while penpheral lymphOid T cells undergo only 



a marginal degree of inhibition (Hooper et al., 1987). 

The studies of Sheppard dld reveal a 2-fold reduction in primat y and 

secondary antl SRBC IgM PFC responses. However, MlIrglta and Toma-.i had 

prevlOusly reported that secondary TD IgA and IgG are markedly slippressed by 
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AFP in contrast to the weak ~lIppresslOn of secondary IgM resp()l1se~ ln many of 

the studies faihng to demonstrate any sllppres<;lvc effect by AFP, hlgh concentratIOn, 

of fetai bovine serum (FBS) were used in the assays lIl<;tead of autologous N MS, 

and the nonnai immunosuppresslve properue~ of AFP may have been ma~ked by 

stimulatory effects present in certalll FBS preparations (Murglta et al., 197Xa) 

Finally, the reports that AFP could enhance certain reactlons are C'lllirely con ... l~tent 

with the growth promotlng properties of AFP on cenalll Iymphoid cclI popUlal10lh 

(MUl'gita et al., 1977, Hoskm et al., 1985c, Hmkin et al., 19X9b). 

a) Effects of the Purification Conditions on AFP 

There were aiso numerous reports suggestlllg that the conditions of AFP 

purification could potentially disrupt the functlonal aClivlty of the protC1I1. ln 

contrast to the conclusIOns Ol .:-iheppard and Sell, Gocken and Thomp\on rcpolled 

that AFP isolatcd from human cord ~cra cou Id 1I1hlblt r-,,1LR at concentratIon" 

rangl!1g f mm 5()-400 ug/ml (Goeken and Thompson 1977) Al bU1l1111 pl/n lied l'WIll 

the same cord sera preparation exhlbited an Identlcal ~uppre\"lve clfect whde ALB 

from other source~ showed no etfect. The.,e author-; aJ...o found that the conditIon" 

reqlllred for elutmg AFP c,' ALB off thelr re<;pectlve affl11l1y COIUmll'i coultl 

markedly affect thelr 1I1111bitory propertles. Whcn AFP and ALB were punI let! undn 

conditions requmng 0 15 M NllCI 111 the elutlon bulTer, both protel!l~ lo\t actlvlLy Il 

re-dialyzed agalIlst 0.5 M KCI, the ~llppre-,slve actlvlly of hoth plepar.11IOIl\ Lould 

be restored The authors postulated that the 05 M KCl l111ght clthn cleavc an 

mhlbltor normally bound by AFP or 1l1duœ a confonnatlon.tl change ln hoth 

prote1l1s generat1l1g an "actIve" form It ~hould he noted that 111 tlm report, the 

purported suppressIOn was a 50-100 fold reductIon 111 Ihe MLR re\poll\c All11O\t ail 

other studles have de~cnbed rcductlom of 3-6 fold In ail allogcnelc ~1LR The 

Goeken and Thompson ~uppre~\lOn data .,hould be lIlterpreted wlth caution. 

b) Contnbutions ot Exogenoll'lly Bound Molecuks 
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Several groups mterpretcd the aforementioned reports to be the result of the 

loss of an exogenously bound moiety dunng eaher the isolation or the purification 

steps in Isolating AFP. This argument was furthcr strengthencd by the knowledge 

that AFP IS an e~sentlal bmding protein in the serum dunng fetal development, 

compJcxing a large number of defined and potentially unknown ligands. 

1. Estradiol 

Keller and co-workers reported that the conditions 1I1volved in purifying AFP 

may be responsible for the immunosuppressive variabilities shown for different AFP 

preparatIons (Keller et al., 1977). In contrast to the results of Goeken et al., the se 

authors found that dialyzing mouse AFP against 0.5 M KCl re~ulted 111 a loss of 

aClIVIty. Thcsc fll1dings, combincd wllh the earher observations that AFP binds 

estrogens, prompted Keller et al. to exam1l1e the relationship between estrogen 

binding and Immunosuppression. By addmg estradiol directly to a non-functional 

AFP sarnple (folloWlllg KCl dialysis), the immunosuppresslve actIvity of the AFP 

could be restored However, the estradlOl-AFP mixture cumed a lOO-fold ùecrease 111 

the MLR response whlch was 1 {) fold lower than that detected for control untreated 

AFP. The authors dld no! comment on these dlscrepancles and failed to provlde any 

cell vlabIllty data whlch IS cntIcal ~lIlce large amount~ of c!>tradlOl can be toXIC to 

numcrous cell type~ (MlzcJcwskl et al, 1989). The knowledge that only rodent AFP 

can cornplex e~tradlOl, combll1ed wuh the fact that AFP from many mammalian 

~pecles 1" lInrnunosuppressive makes It unhkely that e~tradlol IS an Important factor 

111 AFP-ll1cdlated lI11ll1unorcgulatlon. Funhermore, human, rat and mousc AFP can 

aIl slgmflcantly 1I1111hn a murine AMLR, ~uggest1l1g a common mechanism of 

supprcsslOn mmt CXI'It for AFP l'rom ail 3 ~pecles (Hooper et al., 1982). 

Il. P()lYlln~aturated Fart y Acid~ 

A~ pr~vlOusly mcntlOned, mammahan AFPs bind PUFAs with high affinity, 

and there have been clalll1s that thls blllding property IS reqlllred for AFP-mediated 

ImI1111m)SUpprc~'llon (Deutsch et al., 1983, N unez et al., 1987). Deutsch and co­

workers pcrfonned mItogcn a'i~ays on several human AFP preparations lIlcluding 

native AFP, AFP dcfatted by charcoal ad~orptlon, and dehpidated AFP reconstituted 

wuh aracl1lLtonic acid (AA) They found that fatty acid-free AFP could not suppress 



the mitogen responses unless reconstituted with AA. Based on these findlllgs, the 

authors hypothesized that the inhibition of lymphocyte responses by AFP was due to 

the delivery of the polyene FA 20:4 to the stlIllulated Iymphocytc~ Unfortunatcly, 

Deutsch failed to quantitate the cffectiveness of dchpldation, and provldcd no 

information regarding the amounts of AA that were re-a~socIatt'd wIth ddattcd AH) 

Support for the hypothesis that PUFAs are requln~d for AFP-mcdHlted ~lIppre~~lon 

apppeared 10 a subsequent series of expenment~ conducted by Nlincz ct al (NuncL 

et al., 1987). These authors found that the inhibnory actlvity of mou~e AFP on 

PHA-stimulated spleen cells vanes from preparation to preparatIon of AFP. II 1 ug 

of 22:6 were added to 10 ug of an AFP sample 111 the mitogen a~say, the inlubnory 

effect of AFP could be increa~ed 1-2 foid. Both N tlnez and Deutsch sunni~ed that 

the fluctuatIons 111 the suppressive potency of dlfferent Af<P preparatlom wa" a 

function of the PUFA to saturated FA ratIo complexed to AFP Vallette and co­

workers recently described that conformatlonal changes 111 rodent AFP, a'l tkf1l1ed by 

UV-spectral changes, are a function of the PUFA composition of AFP (YallettL' et 

al., 1989). Preparations of AFP that were speclfically re-assocIatcd wIth 22:6 

exhiblted a unique UV -spectral pattern, a lower Ka for estradlol and a loss of 

immunoreactivlty as measured 111 ELISA and RIA assays. The~e authors sllgge"tcd 

that the tissue sources from winch AFP IS Isolated will vary 111 PUFA cOmpO'lltIOI1, 

and this would contribute to AFP preparations dlffenng 111 thclr PUFA and FFA 

content. These dlfferences could confer 1I1llque conformatlOnal "tatcs on AT'P, 

resulting in the appearance of AFP "halofonm" The halofonm werc propmed ln 

differ in thelr physiologlcal propertIes such a>; ImmunmUpprC"\IOn 

Il is now well-documented that the dlctary FA compmltlOn can lll~)dlllate the 

amounts and types of elCo~anOld~ synthc~lzcd 111 t1"~lIe~ TV./O partlcularly Important 

PUFAs are AA and docmahexaenOic aCld (DI-lA), of whlch AA I~ the dllcct 

precursor of the biologlCally active elco~anold~ ll1c1l1dlllg prmtaglandlll" (PG), 

thromboxane~, leukotnene~, and :Ipoxln", all of whlch can modulale V.trIou\ 1111111 li ill· 

responses (revlewed 111 H wang 19R9, NICO~la and Patrono. J l)Xl)) Al t hough the 111.1l11 

1I1tracul1!!ar source~ of AA are phmpholtpltb "uch li" pho"ph,ludylLholtnc and 

phosphatidyltnosItol-4,5 bis-phosphate (rcvlcwed ll1 ExtoJl, 19(0), the thetary content 

of AA and DHA can dlrectly II1tlllcnce the clCmanOld pathway llUI17Cd 

(cyclooxygena~e ver'lus ltpoxygena"c) (llwang, 19X9) To addrc\" the 411c'luon a ... to 
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whether AA metabolites are invoived as secondary messengers of AFP-mediated 

Immunosuppression, Yachnin examined the effects of FAs, PGs and cylcooxygenase 

inhibltors on mitogen responses (Yachnin et al., 1980b, 1980c). Although FAs had 

no effect when directIy added to these assays, PG~ could inhibit the response. 

However, the kmetics of PG~ suppression were distinct from those of AFP, and 

indomethacIn had no ability to abrogate the activity of AFP. Consistent with these 

results was the finding that AFP-mediated inhibition of class II MHC expression on 

macrophages was not due to the presence of AA or the production of PGs (Lu et 

al., 1984). However, these experiments did not rule out the possibilty that the AFP­

mediated dchvery of PUFAs directIy to T-cells caused unresponsiveness. Of 

relevance to this hypothesis is the finding that AFP can medwte the transfer of AA 

to cells (Unel et al., 1987), and blastogenic C04+ and C08+ T-cells express 

receptors fm AFP (Laborda et al., 1987, Torres et al., 1989). More recent results 

have ~hown that AA can dlrectly affect cellular responses. Examples m the literature 

have shown that ALB-AA interactions can modulate plate let aggregauon (Purdon et 

al., 1989). Yet the effects of exogenous FAs on T cell re~ponses are unclear. Chow 

et al. have shown that PUFAs includmg 18:2, 20:4, and 22:6 can sumulate an 

increase lI1 in';acytosohc Ca2+ lcvcls in T ceUs mdependent of phophoudylinoslude 

turnover and Ca2
+ influx (Chow et al., 1990). ContrastIng these results, Rlcluen and 

co-workers have found that FFA can inhir· t both Ca2
+ release, and degranulauon 

events in a CfL clone sumulated wlth allogenelc targets (Richiera et al., 1990). 

d) Post-TranslatlOnal Modifications 

Several researchers have pursued the posslblhty that the Immunoregulatory 

actlvlty of AFP may he the result of post-transcnptlOnal and post-tramlational 

mOlhfication~ (Lester et al., 1976, Zimmerman et al., 1977) Many secreted proteIn~ 

undergo slgl1lficant co- and po~t-translatlOnal modlficatIon~ wlthm the lumen of the 

endoplasll1lc retlculum, In the Golgi, or dunng and subsequent to secretion. These 

modlficatlOn~ may include cleavage of the N-tenmnal Signal sequence, glycosylation, 

hydroxylation of prohne and lySIne, gamma-carboxylauon of glutamllle, fatty 

acylatiol1, protCIIl phosphorylatIon, and proteasc cleavagc (Table VI) (revlewcd 111 

Woid, 199 1). AFP l~ known to undergo proteolyuc proce~~1I1g of m signal peptide, 

has illllnerous dl-sulflde bonds, and IS glycosylated wnh a vanable NANA content, 

but addulOnal mOlhflcatton'l have not becn identIfled 



As previously mentioned, AFP exhibits considerable microheterogenelty 111 

many mammalian species. The biochemical propenies contnbutmg to dus 

heterogeneity have not been elucidated, but variabllity In the carbohydrate cham" 

and terminal sialic acid (NANA) resldues are panly responslble (Lester ct al, 1976, 

1977a, 1977b). Furthennore, an analysis of the heterogenelty profiles of AH) 

variants revealed predictable changes 111 the ratios of Isofom1s during fctal 

development. This raises the 1I1triguing posslbllity that distinct subspcCIes of AFP 

may have functional relevance. These properlles prompted Yachllln et 'II to cx.amll1e 

the relationship between human AFP charge heterogeneIty and Immunosu~,pres:-'Ive 

acti vit Y (reviewed i!1 Yachnin, 1983). Thelr results demonstratcd that human ;'..FP 

samples conta1l1Ing large amounts of a relatively electronegativc Isomer (HAI·P-.), 

see earlier) had the greatest capaclty to suppress mJtogen relipon~es (Table VIl) 

Since part of t!le microheterogeneity of human AFP was already known to be 

related to the degree of sialylation on the N-linked carbohydratc, Lester et al 

subsequently exammed the role of sialic aCld resldues In the lllechal11sm of AFP­

mediated immunosuppresslOn (Lester et al, 1976) Companng dl:ferent AFP 

preparations, the authors fOlmd that no correlation eXIsted bctween NANA content 

and the ability of these samples to inhibit mltogen le~ponscs. Fllrthcrmore, 

neuramillidase treatment of AFP did not abolish Imlllunmuppres~lve acuvIty 

indicating that NANAs were not essential for the blOactivity of AFP A slll1llar 

investigation wlth mouse AFP llndcrtaken by ZlInmmerman Ylcldcd the oppo:-.Jte 

conclusion (ZImmennan et aL, 1977). Havll1g previou~ly Idcnufled 5 1ll0U.,c AFP 

variants, these authors reported that only the more sIalylated vanant~ werc active a., 

assayed on TD Ab responses, Neuranul1ldase dlgelil10n of thc~e vanant~ complctdy 

abrogated the mhlbiuon, leaving unresolved the role of NANA on AFP. 

Although the N-hnked ohgosaccharide~ are wcll rccogrllled for thclr 

contnbution to the stabIhzal10n of protem confOm1atlOn, the regulatlon of metahollc 

protem half lIves in the circulation, and cell-protcll1 rccogllltIon cycnt" (Pauj.,on, 

1989), the role of these carbohydrates in AFP-rnedluted Immunoregulatlon relll.uns 

to be elucidated. Sorne functional ro:es for carbohydrate'i have heen reported 

(Flonnan et al., 1985). For example, hùrnan chonogonadotroplll (hcG), requm:d for 

normal development and secretory actlVlty of the gonad~, ha., 4 N-lInked 

oligosaccharides. Deglycosylated hCG WIll ~tlll I!1teract wllh m rcccptor, but can no 



TABLE \ 1 

POST-TRA:'\SLA TIO:'\AL :\10DIFICA TIO'S OF PROTEI:"S 

AMINO ACID TYPE OF MODIFICATION 

a-ammo tenninus N-acylation 

a-carboxytennmus amidauon, ADP-ribosylation 

argmme methylation 

a~paragme N-glycosylauon 

aspartic aCld phosphorylauon, methylation 

cysteine intra-, mter-chain di-sultïde bonds 

g~utamate carbox y!ation 

glutamine deamidation (fonns glutamate) 

hisudine methylation, phosphorylation 

lysine hydroxylation, methylation 

proline hydroxylation 

senne O-glycosylatlOn, phosphorylation 

thrcomne phosphorylation 
~ 

tyrosine halogenation, pho~phorylation (Xl 

Rdl.?r~nce~· r~\'lc\\'~d ln \Volo. 19X 1. and Yan Cl ,II. 19X9 

.1 
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longer activate intracellular events (Sairam 1989). 

Lester et al. concluded that human fetal AFP, initially secreted in an 

electronegative fonn (HAFP3), contains aIl the immunoregulatory actlvltIes of the 

molecule. Vpon secretion and release into the extravascular compartments, an 

undefined post-synthetlc mcxhficatlOn convens thls Isofonn 1I1to dectropo.atlve 

subspecies (Le~ter et al., 1977a) which lacks the suppressive actlvity. The authon, 

proposed that the variabilities in inrllbaory activlties of dlfferent AFP preparations 

was due to the level of HAFP3 in these samples (Table VII). 

E. RATIONALE FOR THESIS WORK 

In the last two decade~, <'Igniflcant advances have been made reganhng our 

understandmg of the physical-chemical properties of AFP, ilS developmental 

expression and pathological distnbution, and ilS diagnostic potentlal. De<,plte the ... e 

advances, the relatlOnshlp of molecular structUlC to blOloglcal funCtlon(s) has not 

been fully elucldated. The major obJectlve of tlm study was to explore the 

functional significance of the molecular mlcrohetewgenelty of AFP In thl.., regard, Il 

became imperatlve to also examll1e the potenual contribution of non-covalently 

associated molecules to the Immunoregulatory plOpertles of AFP 1~,ofonl1s. The 

results from thls lI1vestIgatIon Will a) outhne the de~lgn of an anulyllcal and 

preparative 'icale separatIon protocol for Identlfy1l1g u:1d punfyll1g mOllse AFP 

isoforms (Chapter II); b) dcfïnt the blochcIl1lCal charactenstlcs distmglllShlIlg 

individual isofomls (Chapter III), c) assign ail of the lIumunoreglilatory actiVltle~ of 

AFP to a sll1gle UnIque l~omer (Chapter III); d) provlde c',Ildencc that long chain 

PUFAs inc1ud1I1g AA and DHA a:-e not re~ponslble for AFP-medlated 

Immunoregulation (Chapter IV); and e) examme the fUllCl10nal actIvll1e~ of AFP 

isolateJ from different gestational time points (Chapter V). 



TABLE VII 

CORRELATIOl" OF BIOLOGICAL ACTIVITY 
\VITH HUMAN AFP VARIANTS' 

HAFP SOURCE BIOLOGICAL POTENCY % OF TOT AL HAFP 
(!lg!mW HAFP) HAFP2 HAFP3 

Fetal Liver 3 100 

Hepatoma 1 20 20 50 30 

Hepatoma 2 130 20 51 20 

Hepatoma 3 1000 30 41 29 

Hepatoma 4 2000 28 53 19 

"Dat-t obtained from Yachnin et al., 1976a, 197611 

bBlologlcal potency I~ the concentration of AFP rcquIn:J tn Inhiba a T celI mltogen rcsponse by 50% 

Ul 
o 



II. ANALYTICAL AND PREPARATIVE SCALE SEPARATION OF 

MOLECULAR VARIANTS OF ALPIIA-FETOPROTEIN UY 

ANION-EXCHANGE CIIROMATOGRAPIIY ON MONOHEADTM I{ESINS 
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A. INTRODUCTION 

The classlcal approaches ta AFP detection and purification have included a 

combmauon of both chromatographic and electrophoretic techniques (Smith and 

Kellcher, 1980). Several such ~ieparauon procedures have mdicated that AFP exists 

a" a hcterogeneou~ population of molecules (Alpert et al., 1972, Kerckaert et al., 

1(79) Thu'i, molecular vanant'i of AFP have been obscrved wnh such procedures as 

polyacrylalllldc gel electrophore~ls (Zimmennan et al, 1976), lsoelectric focu'lll1g 

(Alpert ct al, 1972), lon-cxchange chromatography (Hlggins, 1979), and lectm and 

hormone affllllty chromatography (Bayard et al., 1977, Mlzejewskl et al, 1980). 

Furthennore, reproduclble change" ln the ratios and concentratIons of l'iomers wa~ 

found to occur dunng normal devclopment and III certalll diseuse states (Smith and 

Kclleher, 1980) In additIon, 1l1vc'itlgatlom by Lester et al. have dcmon<,tratcd a 

pO~1l1ve correlatlon hctwcen the pre~cnce of ccrta1l1 moJccular vari'll1ts III fctal or 

tumor dcnved AFP ~amples and !.!l vitro Immuno~uppre~slve ~trength (Lester et al , 

1976, 1978). A I11..tjor ob~taclc to further detalled stnJcture/funcuoll "tudie~ of AFP 

l1Iolccular varianb ha'i been the lack of a suitable procedure for the punficatlon of 

1I1dlviduai I"ofonn~ of AFP In thl" paper, we de<,cnbe both an analyucal and 

preparatlve r·PLC
,

\1 allloll-exchange procedure that 1<, capable of meeting the~e 

reljulrcme nl'. 

The charactenLatlon of hUlllan AFP nllcroheterogenelty II, alrcaùy of ~ome 

pracl1cal cllllIcal vaiue al, change~ ll1 the ratlm of human AFP l,>Otl1er'i have been 

correlated \\'lth I.,cveral pathologleal proce~I,e, (Chan and Mwo, 19X6, SmIth et al., 

1 <)79) The ,>eparauol1 condlt1o!1'> ùe ,cn hed herem may therefore have cli fllcal 

appllcablhty III analytteal scale re~()llItI()n of AFP I~Olller~ In blOloglcal fluids 



B. MA TERIALS AND METHODS 

AnimaIs 

SWISS Webster mice, purchased from Charles River, \Vere brcd and mall1tall1cd III 

our own animal facilities. 

AFP Preparation 

Murine alpha-fetoprotem (AFP) was puntïed from mome aml110tlc flllld (MAI') 

extracted from pregnant SWlSS mice in late stage of ge"tatlon (day~ 15-1 X) The 

isolation of AFP from MAF was performed by anubody-agarmc affll1lly 

chromatography 3', prevlOusly de~cnbed by MurgIla and Toma" 1 (Murgll,t and 

Tomasi, 1975a) AFP preparation ... te"tcd at 2 () mg/ml t~lIkll 10 "how dCll'ct,thk 

contamInatIon with other serum or al1111l0tlc OUH.! proteIl1" a" dèleIl1l1ned hy 

immul1odiffusion and Iml11ul1oclectrophorcl,ls studlc" The punty of AI'P wa" t llllhL-r 

conflmled by physlco-chermcal analy~es mcludll1g alkalr ne and SDS -polyacry I.1!11Idc 

gel electrophorem (APAGE and SOS-PAGE). 

Matcrials 

f-hisudme, bl,,-tns, and plperazme w~re purchased from Sigma Chemrcal Co (St 

LOtllS, MO, USA.) The eqUlhbratlOn buffer for alllon-exchange chroll1atogr.lphy 

conslstcd of 20 mM f-tllStrdmc, pH 560, whlle the elUUOI1 butfcr (ol1talllcd () 5 '\'1 

NaCl in addition to l-hl~tIdl!1e. Ali buffer" were prepared wnh dr"ulkd ll.,() (f\1'111 

QI"1 I-I10, MIlhpore, Canada) and fïltercd through () 22 !l111 tïltcr" pnm to Il\C 

Ampholl!1cs requlrcd for ,,",odectnc fOCll"lllg were purch.l\cd trom Pharm.ICi:\ 

(Phamlalyte 4 ()-6.5, Ph.mnacJa, Can.lda) Acrylarnrde. tm-.lcryl.I!l11de, TWl'cn-20. 

gelatIn, pl markcr~ and the alkalll1c pho"phat,l"e color devdopmL'!11 r-:.lgL'nh Wl'rc 

obtal!1ed from BlORad (BJOR.ld, ~11"""1,\allga, Canada) 

Anion-E'\changc Chromatograph)' 

Ali chromatograplllc ~eparatlon" were performed on an analytlcal Mono Q } IR V') 

or a preparatlvc Mono Q HR 16/1 () alllon-exchangc column linked to a 1 a"t Prolt.'11l 

Liquid Chromatography sy~tcm (FPLC) (phamlliclli Fille ChCI1l1C.th, Dorval, 

Canada), For al1alytlc.d ~cparati()n", 200 111 of a 2 (J mg/ml Al·J> pn:paratlon 10\ 
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phmphate buffercd saline (PBS) was apphed to the Mono Q HR 5/5 column 

previou~ly cljUlhbrated wlth l-hl~tIdlOe buffer (20 mM, pH 5.60). The pre­

dctenmned oplJmal conditions for ellltIng mdlvidual AFP Isomers from the Mono Q 

column at a cono,tant flow-rate of 1 0 ml/min was lnlually c~tabh~hcd wHh 1-

hl\udlne huffer After ~ample applIcatIon, the column was wa~hed with () 5 ml of 1-

hl\udlne butTer WhlCh allowed for the ab~orbance (UV-2RO 0111) to rcturn to the 

ba"clme BOllnd prott"lO'i were eluted wlth a IInear ~aIt gratllent extendmg from 0 

to 0 15 M NaCI Irl 1 X.O ml of l-hl~lJdl!1e buffer Thl~ wa~ followcd by a wa,h ~tcp 

of () 5 M NaCi for a 2.0 ml volume. The enlJre procedure wa~ dcveloped wlth a 

volume a~ oppO\cd to ume programmlllg base In order to facIlltale the ~calc-llp and 

OpllmllatiOn of rlln~ on thc preparalJve anlon-exchange colllmn Fractlon~ 

rcrre,cntlng IndlVldllal pcab were col!ecled wlth a l='~~ \C-1 00 fractIon collector, 

(.lJaly7t~d Ver\ll., PBS overl1lght, and kept frozen at -2()"C llnu1 fllrther ana1y~l~ 

For ail plcparatIve :-,cale 'l'paratIon ... , 10 () ml aliquot., of punfled AFP at 20 

mg/ml In PHS were loadcd ont{) the Mono Q BR 16/1 () Cl11plOylllg li flow-rate of 

HO ml/mlll Sample~ were eluted from the Mono Q 16/10 column wllh a 11l1ear ~alt 

gradlcnt c'\tendll1g tn 0 15 M NaCI OWI a total l-hl'ludll1c butTer volume of 360 ml 

Fracuon" corre ... pondmg to IrldlVldllal peab wcre collectcd U ... lrlg a FRAC-IOO 

fractIon COllL'l'lor (PhannaCla) Both the thre,hold ... ettlng and tuhe advanœment 

control werc mallually Icgulated to prevent the potentlal for Cfo ...... -contamlrlauon 

hetwccn adjacent peak... Tuht'~ cont:tIrl1l1g UV -ab~orblng pcab were poolcù and 

concentrated on YM-IO memhrane" u,mg an Amlcon filtratIOn unit (Amlcon, 

Canada) Salllplc ... wen.: then OIa1yzcd ag~lmt PHS and the rroteln concentratlOl1 

wa~ adJmtcd to 2 mg/ml by mea ... lmng the ah\orbance at UV -2XO nm U~1l1g an 

C\tll1ctlOI1 coeffiCient of 0443 (~urglta and Toma~l, 1975a) Fraction ... were 

analy7t~d hy IlllIllUno(lItfu\IOn, u...lIlg rabbn anl1~era agalmt mou ... e AFP, transfernn, 

alhllmlll, and NMS 

boelrctric F()cu~ing 

An<\IYl1c<tl !'>ocJectnc focu~1l1g was performed ln 5 clo polyacrylami'1e gels mll1g a 

BIO-Raù hOf!7o'ltai mll1l-IEF ccli (BIo-Rao, Canada). Bnefly, 2 () Pli of acrylaI11ldc 

monolllt:r concentrate (2425% (w/v) acrylamlde, O.75'/c, (w/v) bl' -acrylamide 125%­

T, y/(l CI) was combncd \VIth 55 ml MIlh-Q HzO, 2.0 ml of 25% sucrose (w/v) 



and 0.5 ml of ampholines (pH 4.0-6.5, Phannacla). ThiS ~()lutIon was dega,,~cd fOI 

five minutes, and polymerizatlon was ~ub~eqllently Illluated w1th 15 III of 

ammOlll'Jm persulfate (10% w/v), 50 III of nbotlavlll-5'-phmphatc (0 1% w/v) ,ml! , 

III of TEMED Oœ mlcroliter sample~ contammg 1 Ilg of protCIl1 WCll' loaded 

onto the gel and allowed to diffuse into the gel for 10 mll1 The ~arnpk\ wcre thl'n 

electrophoresed at 4°C at a con~tant voltage of 100 V for 15 lllln, followcd hy an 

additional 15 mm at 2(X) V and fmally 450 Y for 1 h Thc gel W,I" "llb\cqUl'lltly 

~mmerscd in a fixative !o,OlutlOl1 (5% (w/v) suJfo~alycyilc and, Ylc (w/v) 

tnchloroaceuc aCld III Milh-Q BIO) for 30 mm and ~tall1l'd wlth COOI11a\~IC hnlll:tnt 

blue. The pH gradient was ycnfled hy mea~unng the pH of Indlvldual gel ..,!tCl''' 

prior to fixmg or by t!1'~ mcluslon of pl marker'i (BIO Raù) 

Western B10tting of IEF Gels 

In order to perfonn Immunoblottlng of the IEF gel, the gel wa.., p< ,ulcd YertlLally 

between 2 gla~~ plates Followlng polyrnenzatlon, one plate wa.., caret .Jly rl'lllo\'l'd. 

and the gel wa.., run under the Identlcal condltlOm a\ olltlll1cd for l..,ocil'ctn, 

focusmg gels except that 100 ng of protelll wa.., ll..,cd per \ampk A ftcr 

electrophore~I~, the IEF gel wa" removed from the glil\ .... pl.lll' and eqlllhhrated lor 

10 mm III tran~fer buffer (125 mM Tm, <Je, mM glyclIll'. and 2W;; (v/v) rnl'lh,lllol, 

pH 8.2) The gel wa.., apphcd 10 Imrnoh!lo!i (PYDF, I\1liilpore) and protclll" Wl'fC 

Iramfcrrcd by clcctrophore~ls 1l~ll1g a Mll11-lran..,blot apparatll, (Bio-Rad) ln tr.lm!cl 

bllffer at ..+0 mA for 18 h Followlf1g the complc!lon of tht: [[ al1"kl, tht: lllclllhr,llll' 

wa~ blod"ed for 1 hour wllh gentle agnauon ln hlock.lng "ollltlOl1 (V,~ (w/v) gcla!lll 

III 20 mM Tn", 500 mM NaC'1 [Tn .... -bllffered ,ahnc, 1 BS 1, pli 7 :)) Prim 10 

Illcllbauon wah the pnmary anuhody, the memhranc \\'.1" wa,hcd tWICC lor 5 min III 

TBS contalnll1g 50/r (v/v) Twl'en-20 (ITBS) Thc memhrane wa" th\,:n Illl'uh.ltcd lor 

l h III a pnmary anllh(x.ly ~ollillon contal11ll1g a 1/1000 dlillllOIl of a lllolHl"peclfÏc 

rabba anl1-mou~e AFP antlbody preparallon III ,1l1l1body ..,Olll!lOl1 (1 (Ir (\II/v) gel.l!ll1 

ll1 TIRS, pIl 75). A "'l'cond wa"h "tep DI 2 x 5 llllll ll1 Tl'BS \\,1" lollownl Ily .t 

1 h ll1CUbatlon wlth 1/30()O dliutlOll of a goat allll-r,lhbll ,1Il11hody cOl1Jugatt:d to 

alkahnc pho"phata~e (Bio-Rad) Afta 3 'IUCCC..,"IVC wa"h ..,tcp" of 5 111111 L:dch, tWILL' 

with TrBS and once wall TilS, the membrane wa.., dcvel0pl'd wllh the alkalIlll: 

pho~phata~e color devdopment rcagcnt~ ilCIP (brolllO-chloro-llldolyl phmphatc p­

tolllldll1C' salt) and r;r'T (p-llltro tctrazohum chlonde) (BIO-Rad) 
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C RESULTS 

Qualitative Separations of Mouse AFP MoleclJlar Variants 

Native alpha-fetoprotem was punfied From mouse ammotic tlUld by procedures 

that havc bcen de..,cnbcd In detail clsewhere (Murglta and Tomasi, 1975a). Pure 

AH) preparations, a~ venfied by conventlonal APAGE and ImmunochffuslOn 

tcchlllquc'l, 'Icrved a~ the ~tartIng matenal for aIl ~ubsequent punflcation procedure~ 

Figure 3 1IIu,trate!'. the typlcal !'.eparatlOn obtamed for 400 !-tg of fetal mouse AFP 

WIth the 20 mM l-hJ!>udme buffer system. As shown In Figure 3, AFP 1<; resolved 

mto !'.even dl'itlnct peaks. WIth one UV-ab~orbIng fraction elutlng 111 the VOId volume 

fol\owed by .,IX well-defmed pea\".., that appeared comecutn:ely 111 the 1 X ml IInear 

~alt gradient Prell!11Inary expenmenb I!1dlcated that both bl..,-tm and plperazlIle 

buffcr.., \,()uld ..,ub.,tllute for l-Iw,udllle (data not .,hown) 

l'he ll1dlvldual fraction, cornpmmg each of the UV-ab.,orbll1g peak'> Hl the proflk 

~hown 111 Figure 3 were I~olated and exam1l1ed for the:r AFP content by 

ImmunodIfimlon !'.tlldles mlng mono!'.pecltk ,1I1t1~era agamst AFP. SIX peaks from 

the Mono Q colullln whlch appeared 111 ,1Icce~~lon at retentlon volumes of 10, I!, 

12, n, 14 and 16 ml developed ~peclflc preCipalO llIle~ wah mltl-AFP anll~era but 

not wlth :Intl.,era ag:un<,t aibulllln, tramfemn, or normal moul,c ,era The 'iIX AFP 

fraclloll'l were }lOmogeneous and mallltall1ed Idcntlcal n:tentlon volume.., when rc­

chromatographed on the saille Mono Q colul11n (data not ... hown) No amlllOtIc tllllJ 

or serum protC1ll~ cOlild be dctectcd l!l the UV -ab~orbJl1g matcnal prc",cllt 111 the 

VOId volume or at a r('tentlon volume of :'i.e) ml A <,evcnth AFt) peak wa ... detected 

1'1 the VOId volume when mdlvldllal fractions from ~everal analytIcal rum \Vere 

comhll1ed. Thl~ ~eventh AFP peak wa!'. readdy Idcnufled when larger quantll1C'i of 

native AI'P were applIed to preparatIve <lmon-exchange col umm 

Isoelcctric Focusing and Immunoblot Analysis of Mono Q Dclincd AFP 

Fractions 

ln order to detenl11lle whether the !'.even dl~tlnct peab ... eparated on the Mono Q 

column repre~cnted ulllquc moleclilar vanallts of AFP, the llldlvKtual fraction'i were 

characterlled by I~oelectric focu~mg Due to the hrnlted quantll1e~ of peaks punfled 

lI"lllg analytIcal [1111'" 1l10~t Isoelcctnc focu~ll1g studles were perfonned on AFP 

1 
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Figure 3. 

Analytical anion-exchange chromotography of 40CJ ~g of purified mouse AFP 

with FPLC Mono Q columns. Mouse AFP was appllcd to the column that hall 

been pre-equihbrated wlth 20 mM [-histIdine, pH 5.60 Fol\oWIng samplc lo.ldlng, 

the column was rinsed and samples were eluted wHh a hnear NaCI gradIent 

extending to 0.15 M N aCl. The elution profIle is based on the ab~orbal1cc al 2XO 

nm. 

.. 
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peaks obtained from preparative anion-exchange columns 

Unfractionated fetal AFP subJected to nar.lJW range Isoekclnc fOCllS1I1g (pli ·l () -

6.5) could be re~olved imo six distinct variants 111 a pl range of 4.7 to .5 1 (hgul~ 

4A). The analysl~ of the seven IIldividlial FPLC punfled AFP pcab r~vealed ..,1,\ 

major lsoclectnc variants corre~ponding 111 moblhty to the 6 I ... ofonm of control 

AFP. The termll1ology lIsed in tlm ~tudy (le Af-P-I through AI'P-?) ddlnt ... thL' 

seven AFP peaks separable on the anlOn-cxchange co!ul11n. AH)-I, .Ippt:allllg III tht: 

Mono Q fall-through, had the most baSIC pl of 5 L whereas AI'P-7 W.I'i the mo:-,t 

acidic (pl 4.7) (Table VIII). It IS notable that 2 l~Omer'i, AFP-4 and AI'P-), 

although distmgUl'ihed by their rPLC retentlon volume", l'xhIl)lled an Idenllcal pl 01 

4.85. Imlllllnoblot analy~ls of the protein III each 01 lhe "'l'ven l'PLC pea!.." W,I'" 

perfonned ll'iIng a rabbI! antl~era that recogllllcd the \eVCIl AI'P I\OIllL'r.., 'l'hL' 

results ~howed that the l~oelectnc 111lcrohcterogeneuy 01 th~ ..,ntn major 

immunoreactIve b.ll1lÎ\ wa~ Identlcal to control AFP (hg. -fB) and conlïrrlltd th,ll 

the protellls recovcreu l'rom each Mono Q ptak. rcpre"cnted unlquc I"ofonm ot AI-P 

Preparative Scale Separation of Seven l\1olecular Variant<, of AFP 

Although the protelll capacIty for the ana!ytlc.li MOllo Q co!ull1n 1 ... ~..,tllllJtt:J 10 

be 25 0 mg or 5 0 mg per ..,mgle pc,lk (Berg~trom et al. 19X3), we lloteJ that Ih~ 

fme reso!utlon of Indivldual peaks of Ar·p began to decrea..,~ wht:I1 qu.lnlltle.., 01 

AFP greater th an 1-2 mg were loaded onto the co!umn Therdort:.1 prt:p.lla\lV~ 

Mono Q IIR 16/1 () amnn-e xchange COIUI'lI1 wlth a 20-fold greatn prot~lI1 l'.lpau t y 

th an the analytlcal column \va~ employed 111 order to gencrate l.trgn yldd ... of ~.Ich 

I~omer for fllrther blOchemical ... tudles. 

The separation parameter~ optll11lzed for the analytlcal colllmn were modlfln! wlth 

the FPLC LCC-50n programmable control Unit to accommodate the preparatlve 

colllmn In the ~calc-lip mode the gradient volume wa'i e\.p.llllkd 20 "',Id to ~()() 0 

ml and the tlO\v-rate lIlcrea..,eJ !rom 1 to X ml/mIr1 Figure) \how.., tht: ... ql.ll.ltHlil 

profile of 200 mg of AFP 011 the i\lono Q IIR i6/IO column eljullIhratt:d WIth 20 

mM '-hl~l1dllle, pH .5 60 The ~even m.IJor UV -ab"orbltlg pca\.. ... \h()w!1 III hgUl~ .5 

were fracuol1dted and analy"ed by double Imllllll1odIfIII\IOn WIth a p.llld 01 

mOllospeCltïc anti'iera. One AFP peak wa" IJentdïed III th~ f1ow-through Ol! thL" 

preparatlve colllmn The SIX lllaJor peaks that ellittU "t:qll~l1tlally III tht: .... dt 
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Figure 4 

Isoelectric focusing and Immunoblot analysis of FPLC purified AFP molecular 

variants. A) Native AFP and the FPLC generated AFP isomers designated AFP-l 

through AFP-7 were analyzed on narrow ampholine range IEF gels (pl 4.0-6.5) that 

wcrc Coomassle stained. 8) For Western blots, 100 ng of control AFP or AFP-l to 

AFP-7 was separated on narrow pH range IEF gels (pl 4.0-6.5) and immunoblotted 

wlth a monospeclfic anti-AFP anubody. 
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Figure 5. 

Preparative scale anion-exchange chromotography of 20.0 mg of AFP. Ten ml 

of mouse AFP at 2.0 mg/ml was loaded onto the Mono Q HR 16/10 column. 

Afler protein applications, the column was rinsed with 20 mM [-histidine, pH 5.60 

and bound proteins we,re. eluted with a hnear Nael gradient over a 360 ml buffer 

volume. The absorbance was measured at 280 nm and the se ven individual AFP 

fractions are indicated as AFP-l through AFP-7. 
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graulent extenumg from 0.05 to 0.15 M Nael were also idenufied as AFP 

contaming fractlom,. Therefore, a total of seven AFP contaimng peaks cOIJd be 

purified ln separation limes of 50 mmutes wuh the preparatlve anion-exchangers 

Thc\c -;even ArP I~oform!->, as dcfmed by thelr specifIe I~oelectne points and FPLC 

n;tcntIon volllmc!-> (Table VIII), mlgrated as ~lIlgle 70,000 ualtons bands on SDS­

PAGE, ... howlllg a mo!eclliar wClght Identical to control unfraetlOnated AFP (data not 

"hown) 

Quantitative Recoveries of Seven AFP Molecular Variants 

ln order to calculatc the at110unt of each Isoform of AFP punfied with the 

preparatlve colllmn, llldlVldllUI pcaks were fractlonated, coneentrated, dialyzed 

agaIn!->t PBS and a~ ... ayeu for thclr AFP content .. peetrophotot11etrlcally By over­

nUll1g the alltomatIc mode on the FRAC-IOO fractIon collector ami manually 

rcgulatmg the fractlOnatlon parameters, mcludlllg tlle thrcshold settlllg and tube 

... wllchlJ1g, Il proved fea~ible to selectlvely l~olate tubes contallllng homogeneous 

Af.P peuh eorre~pondll1g to ll1dlvldual Isot11ers whIle avoidmg those areas on the 

chromatogram contall1ing cro~~-eoI1lar11lnated I\omers Begll1mng with 20.0 mg of 

... tartl!1g matenal, the all101lnt of each molecular vanant punfIed ranged l'rom a low 

of 0.2 mg for AI'P-l to a ma;'.II1lUIl1 of 1 3 mg for AFP-.f re~ultlJ1g 111 a total 

rccowry of 257r (Tahlc VlIJ) Due to the extrcmcly hlgh reproduclbIluy of 

Indlvldllal chromatographlc ~,cpar<ltI()n~, largèr quantltlc\ of cach jl,ofoon could be 

obtaincd by combllllng corre~ponull1g pe<Jk~ l'rom ~èv"Ial 200 mg runs of AFP. By 

m<ll1l1ally controlhng the fraction collector, man y tube .. cont.uned cross-contamJJ1:1tcd 

AI'P I,,()f()rm~ whlch had been IntentIonally excluded 011 II1It1al chro"natographle 

fUllS The~c tube~ could be poolcù anù re-run over tlle Mono Q eolumn 111 order to 

I,1/;!l1Iflcantly II1crea~e the l'mal yleld of the ~even Indlvldu'tI AFP lsomers. 



TABLE VIII 

QUANTITATIVE RECOVERIES OF AFP ISOMERS 

AFP FRACTION" RETENTION VOLUMP ISOELE('TRIC POINTe YIELD OF INDIVIDUAL ISOMERSd 

AFP-I 25 ml 5.1 0.2 mg 

AFP-2 lX9 ml 50 0.52 mg 

Al·P-3 211 ml 49 0.79 mg 

AFP--+ 236 ml 4 X5 1.3 mg 

AFP-5 26~ ml -+ X5 OR mg 

AFP-(l 295 ml 4.X 13 mg 

:\FP-7 .~ IX ml 47 0.3 ml! 

TOTAL 5.21 mg 

',\FP fracl!om wal' ddllled by the FPLe retentlon tIIl1es, ImmunodllTu~\On analy~e~. and ISoelectnc focu~mg patterns 

~rh~ relent1O!1 \ lllllllk'\ are ba"ed on the FPLC elll!lO!1 profIle oc' lO () mg of AFP ~llmlar ta that ,hO\\'n ln FIgure 2. 

Th.: l''l)e!ectnc p()lnh of the 1l1th\'ldu,1I l'omer, W:I" e"l!maled from I~()dectl\e fncu"ll1g gels WhiCh had pl marker~ along',lde natlve 

\1 P 

-}·r,Kt:nn .. I"Cpr, .... l'ntlnOè 1 .lil\ Idu.tl ·\1,1' pl',lk .. \\C[C dl,th7l'd. Cl'IKl'ntr.\lt:d .. lI1d thl' .1111(lIHll (lt pflltcln \\,1" c.dculated ,l' de"Lnhed 111 

\Litl'll,tl .. ,llh1 \h.'ltl\ld ... 



D. DISCUSSION 

The data pre~ented ln thls paper indlcate~ that an automated FPLC system 

ernplnying Mono Q amon-cxchange columns can be ~ultably adapted for the 

dctectlon and rccovery of mokcular vanant~ of mou~c AFP 

The oplllnai chromatographlc cOl1(l!uons for "cparaung AFP vanants were 1l11ually 

e"tahh"hcd on an analytlcal Mono Q column wlth thrcc ,lqllCOU" bllffcr~, /-hl~tJdll1e, 

bt<,-tm, and plperazme, ail havll1g pKa values rangmg l'rom pH 50 - 60 At pH 

valuc" ln thl'" range, about ! pH Ul1lt above the range of ",oelectnc potnb for the 

natIve populatIOn of Ar·p moleculcs (pH 47 - 5.1), the net charge dlffcrencc~ 

bctwecn the Illolecular vananb of AFP appeared optimal to efh:ct thclr re:--o!ut!on on 

al1lon-exchangc colurnn... Chromatography of mome AFP !l1 bufTcr~ of varylllg pKa 

. alue" clther more aCldlc or more ba~lc than the pH 50 - 6 () range contÏrmed that 

the pli chmen wa~ c~~entlal for effective ~eparatton... Although slIl1llar separation 

pattern" were obtamcd Wllh ail three blltfer~ :--et at pH 56, the I-hhtldlllt: butTcr wa~ 

~clected for al! chromatographlc procedure" de~cnbcd helcln Thl~ IS partly becau~e 

hoth hl~-tns 'Hld plperazme are Itkely 10 have tOXIC and/or other adverse efre :t~ on 

lymphocyte tl:,:;ue culture sy~teIll) that we arc pre~ently emplo)'tng to stl,dy tht: 

1I11unoreguiatory propertle" of AFP ",omer~ 

Dunng the cour~c of the"c Il1vC~t1gatIOn!-l, wc nOlcd thal the rc"olutlOI1 of 

I!ldlvldllal peak" began tu (.!ccrea)e when prote III load~ greater than ! 0 mg of AFP 

\/ere appllt:d to the analytlcal column Thl) may be partly attllbuted to the fll1ding. 

Ihat AFP \)omer,> arc known to have alm(ht IdL'ntlcal a 111 111 0 aCll! and carbohydrate 

COl1lpO"ItIO!l'> and thu) the dl)tmglll~hlng charactrn,>t1c~ of cach :\Ie Itkcly to be 

rather ,>ubtle (ZIl1~mcnnan ct al, 1~76). In additIOn, the Ic~olutlon (/1' AFP pcaks 

wa~ ~evercly dII1lll11"hed If "eparaUOll'i were perfO'"med (In mOllse aml1Iotlc fluid li" 

oppo ... ed to (Junfled Af'P plepaW\lOlls. '1'0 generate largel ljuantItles 01 indlvldual 

AFP peak.s, the punflcatlo!1 condltlOllS devcloped for the ail: Iytlcal coluIl1I1 were 

allapted for the preparatlvc M ')110 Q al1lol'-exchange COlllllll1 DcploYll1g the 

prcp:lI<ll1ve colullln, 1l1lHI'ie AFP wa'i efflciently sepalated Into ..,even well-re~olvcd 

I~oforms, a~ deftned hy the c()n)l~tent retentton volumes, the unique l:--oclcctnc 

pOll1ts of }mh'ndual })ofonm compared to the typlcal l'ioelectnc 111Icrohetcrogenetty 

of AI'P, and the Immunoblottmg ~tudle" \Vith anll-AFP antl~era That thr.: addillonai 
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AFP isomer resolved from the vOId volulne of the BR 16/10 column WLl\ not <1\ 

readily detected ln chromatographie runs on the analytlcai column I~ prob.lhIy due tll 

quantItative factors smce thls l'iomer rep-~~ents leS'i than 5% of the total numher 01 

native AFP moleeule~. 

The id~ntlfIeatlon of ~even distinct mOU'ie AFP I~Ol11erS desenbed 111 tlm \tudy 

has not prevlOlIsly bcen reported. Earher l!1ve~l1gal1ons on AH) Il1lcroheterog.l'nl'lI) 

revealed the presence of a maXUllum of ~IX I~odeetnc vanallh dllnng lloIln.d !l'ta 1 

development whleh focu~ed over a pl range of -+ X 1.0 :; 2 (GlI'-lIllC and /.1 1l11l11' 1 111.111. 

1973). It IS notable m thl'> reg.ud that the AFP ~ub~peue'l defllleù III tlm \Iuliy 

extended over a range of Isoeleetnc pOtnb very sllllliar to that de\cnhl'd by 

Zimmerman. However, two of the FPLC dcfmed I\omer\ Idenltficu here, AI-p-·t, 

and AFP-5 wcre fOlllld to have IdentIeal pl value\, and thl\ cime I\Oeleetrlc 

sJrnlbnty may have hampered prevlOll'> clfon\ to Idenl1ty .dl 01 the nallvL' Il1olL'clilar 

varlanb of AFP 

The vananb of 1110u\e Af'P have been \hown 10 ul1dergo reproduclble ell.lI1ge'l III 

thelr concentratIon\ wllh ontogeny (ZlIl1l1lennan et al, Iln(), Iltgglll\, 1979, WOllg 

et al., 19~H) The~c precI\ely reguI.lted devt:lopmental ,>hltl\ 111 the l1ulIlher\ and 

ratios of AfP l,>()mer~ may be con'\lstent wIlh an \I11tnuI1oreglilatory fllllC!lOIl f()l 

AFP operatlve at certalll entieal ~tage\ of ge\la!lon Prl'VlOll\ lI1V~~"t1g .. IIOIl\ h,IH' 

ascribed tlll~ potentllll phy~lol()gleal actlvlly to the broad populatloll (lI' n.llive AI'P 

molecules (MurgIta and WIgLClI, 19R 1, Lc:.ler Cl al, 1<)76) We h.l\T IL'LCl1lly 

deterlllll1ed that only one of Ihe ~evcl1 mOll\c AFP Illolccul.\r "an.1Il1'> dl"Lflhnl III 

this report 1<., able 10 cxert pOlent 11111ll11nmllppre"lve ,ICI1VltY ill Vllro (V.III OCI \ el 

al., 19H9) Further 'itudlc-; to ehar~lcten7e lbs I\Ol1ler an." l'wrenlly III pj()gr~ ,,> U,>IIlt! 

both blophyslcal and molecular genctlc approache, (BOl,> n lellU et al, 1 9XX) 

The deteet!on of human AFP III the .ldult 1'> a C01l1111011 dl.lgnml1L ll1l'a,lIre lur 

many dlsea,es The rnca~urement of ~erl1l11 Ar-P 111 prC)!l1allt WOIllL'1l l, U\L'd .1'> ,1 

means of n~\... ,l\\es~rncnt tOI certa1l1 [etai Ill.II [orInal1on\ ( 1 ott.lgcr- Lar\en and 

Norgaard-Peder~()tl, 19XX). AI., weil, hlgb kwl,> of 1\I'P III ,Idlilh lll.ly IlldlCIIL' 

acute and ehronrc IIver ul'iea,e" (Blolll11l'r et al, 1975, Ht..IlII.lh et ,d , 19X·thJ, and 

gem1 ccII tumor, and ga\t!'OllltC'itll1al lleUphl'lm (ShmtL'l' el al, !9XO) It l, 

noteworthy that the detcctIon of ulffcrence.., 'n the nllmhcr\ and rat:o'l of Indlvldu:!1 

lsomers 111 relatIon to certalll dl~ea\e'i ha~ bcen applled for pre'llllllptive dl:tgIH)'>l'\ 
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(Buamah et al., 1 <)~7). Ba~ed on the se findings, It is mteresung to speculate that 

the efficient analyucal '1eparal1on protocol described hcre of mouse AFP I~omcrs 

may be extended 10 human AFP m the claSSification of malignant versus non­

mahgnant di~eases a'l",oClated wllh aberrant re-~ynthesls of AFP. 



III. ISOLATION AND CHARACTERIZATION OF A DISTI]\;('T 

IMMlJNOREGlJLATORY ISOFORM OF ALPIIA-FETOPUOTEIN PI{ODlJCED ln 

THE NORMAL FETUS 



A. INTRODUCTION 

An cxa!l1lnatIOn of AFP profiles dunng [etai ontogeny and III regencrauve 

and carCJrlogclllC evcl1h ha~ Indlcated that predictable changes 111 the ratios of 

I.,ornn., can occur III normal developmcnt and 111 cert<lll1 dl..,ca..,e ..,tate.., This r~ll"e~ 

the 1l1tngulng pm..,lbIllly that quantitative and/or qualItative ch,lI1gc~ III clrculatlI1g 

kwl., of AI-P ..,uh.,peCle" m.l)' be of cllnlCal dlagnmtlc v.due (Bll:lmah ct al, 19X7) 

.lI1d a.., wdl, lllay have functlonal ~lgl1lflcance (Le~tcr et al, 1976, ZII1lIlH.:rman ct al 

1(77) ln pur..,Ult of tlm latter pro"pcct, Yachl1ln and hl.., co-workcr.., wcrc able to 

gather convll1ung çVldcnec th.lI a pmItlve corrclauuIl doc" ll1lked ~eem to nl"t 

betwcen the relatIve concentr.ltloll of ccrt.un !11oleclIlar \'aflant~ ln a gl\Tn t'etal or 

!ll1l10! lknved AI-J> I..,olate and 11\ ImrnllIlO..,llpprC..,..,lve "trellgth (Ycv1t:\\cd III Le"ter 

et al, 1(J77hl Ftndlng~ hy ZII1llllerman et al (ZlI11Inerman et al. 1977) "ugge-.ted 

that the pre"cllcc 01 "laI le aCld rl'\ldllc.., on ccrtall1 AI'P moleuIle" wa.., e~..,entlal for 

rmmurHhllpprl'''''lOn whIle Le..,ter et al (l--e"tl'r ct al, 1(7711) n:portcd otherWl\e 

kavlng open the Important quc..,tlon of the fUl1ctlonal rl'lev.met: ni thc"c "'l'col1tlary 

.,tnll turc" 

ln the pre"cllI Invntlgal1ol1 we have emplo:cd an cllIcwnt al1lon-cxchangc 

colllmn llnkcd to an <llltomatcd \·PLC ~y..,tem to I"olatc "nen mokclliar \an.\J1t" 01 

lllllnne ktal AFP ll1 t)u.ullllln \ultabk for detatled flll1ctlOnal "!Utile,, \Ve "llO\\I 

here th.n .lII the 11111l1Ul1oregul.ll1vL' dCtlVlly a~"ocIatcd wllh AFP 1.., loc,tll7cd tn a 

"lllgk dl\llllet l"'O!11cnc lonl1 and lhat thl" functlon 1" not IIl1"ed to ,Jaire aCld 

l'\prC""IOl1 
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8. MA TERIALS AND METIIODS 

Animais 

Male and female CBA/l mlce were pun:ha~ed fmm Jacboll Labor,llOnC\ (H,lI 

Harbor, MUlne) and SWlS~ Webster mlCC were ohtalnctl l'rom Chark, RIVl:r 

(Montreal, Quebec) Ali the rmec werc hn:tI and malntal!1ni III our m\'11 ,1111111,11 

facilitie~ 

Purification of AFP 

Alpha-fetoprotcln wa"i l~olated from mou~e ammotlc fhlld (MAI-) of prq!Il,11l1 

SWI~~ mlœ 111 late ~tage ge~tat!On (day~ 16-19) Punllc,ltlo!1 01 ~1,\1- dellved AI·!> 

wa~ accompl! .... hed by al1ut)(xly-agarml' aftll111y chrolllalogr.lphy and whl'Il Ill'Ln\.!l y 

followed by a "'l'colltl \tcp employll1g rrl'paralIvc POlY,ICr;.l.ul1ldl' gd l'kLlropIHlll".l\ 

a\ de ... cnhcd l!1 detaIl el\cwht:rc (\1urglta and TOm,I\I, 1 \)7),1) l\ol.ltL'l1 ,\1-(> 

preparatlon\ fllllilled \Illet cntefl,l tor punI)' IllLllldlllg .1 \IIl~k COOIll,!'>\ll' hl li L' (lJ 

~Ilvcr nltr,llc q~lIncd plOll'1Il hand 011 ,tr1,t1ylIl~1\ ,1lh.,II!IIl' ,lI1d SUS-pol;'.lL rylal1l1lk g\.'l 

clectrophorC~I\ IAPAG:: and SDS-PJ\CIFl, and Pt' dCIl'Ll,lhle Lonlall111lal10n wllh 

olher ~erllm or \lAF protelm accordlflg III l'OI1\'L'l1lllmal Ouchletlon)' gel llIIIlI\IOIl 

and Inlmllnoekclrophore\l~ ,mal\'\I\ whell Il,\tl'll ,1( 2 mg/ml AFP 

Anion-E'\change Chromatography 

ChromalOgrdphll: \CparatlOn\ Wèlt: perfonlll:d on li plèparallYl' (Monu <)1 \1 

IIR16/IO) ilI1loIi-nchange column l'oupkd tu a F,I\1 Pmlel!l Llquld 

Chromatogr,lph yI \1 "y\ICm tPh,lrm,ICla FIIIl' Che1l11C'li \, DOl \ ,Il. ('an,ld.!) The 

coluf11n \Va\ eqllllIbralèd \vlth 20 m:\1 I-hl\l1dll1e. pli :) ()() (B~tlkr A), (Slgm,1 

Chcl11lcal Co, St LlHlh), and fractlo!l\ \\l'fl' e1utèd wlth a 11l1llorm lIIH:,lr \all 

gradIent of IOO'lf1 Butler i\ ln .\or;; Burler B (20 m~l /-lll'.tldllll', () 5 M t\,I( 'l, l'II 

.5 60). Twenty mg ~aIllp\e~ of Af'P wcre applted tu Ihe \10110 (JI \1 IIR \(l!lO 

colllmn and bound plOlelI1\ wele dllted wnh tht: 'l,dl glddll'llt ,II .t nov,' 1,ltl' (lI :-; 

ml/mlI1 111 a lotal volume of 32'1 () ml Tcn 111J 1lIlItfl' Ir,IC1IOl1\ Wl'fe lolkl'Inl, and 

llldlvldllal pcah. ... a"i mOliltored by Ol),xo protile\, 'Were pookd and L'()I1Ll'1l11,lll'd to 2 

mg/ml l'lther on the ba,l~ 01 dry welgl1t of Iyophtll/ed \;, npll'\ 01 hy Illl'a\llnng the 

UV ab~orbal1ce at 280 nm and dctcnmmng prolCl11 conœntr tIOIl fro1l1 lhe O\) m 
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Icadmg u.,mg a pre-dctenmned extinctIon coefficient of 0.443 for AFP 

Gel Elcctrophoresis 

Analyw .. al l"oclcctnc focmmg (lEF-PAGE) was perfonned In 8.5% 

polyacryl,lIll1de gel<., U"ll1g a BIORad Protcan vertIcal slab gel electrophorcsis umt 

Bnetly, 25 5 III 1 of acrylarl1ldc ~tock (309c' T' 267o/c C) (BIORad, Mlssissauga, 

Canada) wa:-. combmcd wlth ·15 () ml of 25% .,ucro~e and 13 5 ml of dlstilled watcr 

A five percent ampholinc .,o!ul1on cxtenJlng over a pli range -l 2-4 9 (Phannalyte, 

Phannaua) wa" aJJeJ to tlm mixture. Polymt:n7allOn wa.., InItIatcd WIth 06 ml of 

aIl1Jl101llUm per~lllfatc (20 I11VIllI) and cro ...... -llI1k.mg wa:-. aehll ved wlth 60 ul 

TEMED Two ~lg of prott:ln 111 a 10 ul volume wa" applied to the gel, and :-.umple, 

wele eleetrophon:"ed for 5 hOllr" at 500 volt~ Dell"l :Hl1ctrlC ~cum of the 

I"ockctnc vanant~ wen .. perfonneù wlth an LKB la ... er ùcmitolllcter (LKB 2202 

llltro ... can) Sodium dodccyl ... lllf.lte (SDS)-PAGE w.'''' carned out on 125% 

polyacrylamldc geh wlth the BloRad MIlll-PROTI:?N II Llpp.lratll<" (BIO RaJ). Ten 

ul .,ample ... (2 () pg of protclnl \Vcr!.? II1lxcd III ail :atlo WIth SDS-~ample buller 

(00625 M Tn,,-IICL pli 6 X, 4Sf SOS. :Wllc· glyccrol. () lM dItluothreItol (DTI') and 

o lo/c bromopht:nol blu!.?) and hL'.tlL'd at !Oooe for 5 mlllute" ['kC1IOphore~l" 

through the re~olvlllg gel proc!.?cdcd for 45-60 Il1lIlutc~ at 250 Y For We',tern blot~ 

20 n~ <,ample~ were prcp,m:d In SOS "ample bul fer and run on 12 5% 

polyacryla1l1ll1c gd~ AIk:t11ne PAGE (APAGE) wa, performcd eIl1ploylllg 

cOlldlllons de~cnbed prcvlOlI"ly (!\1urglla and TomaSI, 1975a) 

Western Blot Analysi., 

Ekctrobl()ttlll~ of at1ugen lrom SOS-PAGE gels onto Immobilon PYDF Tramfer 

l\klllhlant:" (MllltporL') was perfonned at 200 mA con "tant CUITent III a TE-52 

l'ramfcr Unll (lloefer SCIL'IlUlic Imtrllmenh) at 10°C ovenllght After 

elcctrqolottlIlg the lIan ... fer mcmhran!.? \Va,> gently agllalcd for 1 hour at room 

temperatllre ln blnd.mg "olutlon (3(/(1 lw/v] gelalIll ln 20 mM 'l'n." 5(iO mM NaCI 

ITn~-buffclL'd ".thne. TBS] pli 75) and \lIbseqllcntly wa,>b~d tWlce 1I1 TBS 

contalllll1g () ()Y1t (v/V) Tweel1 20 (TrBS) Mcmbr:\nc:-. welt: then lt1cubated lI1 a 

1 500 dIlution 01 mono"peclflc rabbll antl-l11omc AFP antl,Cla 11\ al1l1body solution 

(10~ 1 w/v [) ~datIn In TrnS) The I1llroccllulm.e lJ1cmbranes were agall1 nn<;ed 

tWICC for 5 m1l1utc~ In TfBS and then incubated with alkahnc-phmphatase 



conJugated goat anti-rabbit IgO (l'3(X)O dilution 111 anubody ~ol11tlOn) for 1 hOll! 

After 3 succes~lve wash steps (twlCC ln TrBS and once ln TBS) the lIlHllU11O­

reactIve bands were detected wlth the BCIP/NBT color developrncnt ~oll1l1()n 

accordll1g to the manufacturer'., lI1struet!om (BloRad) 

Ncuraminida~c Digestion 

Ten nllllIgrams of puntïed AFP wa~ dialYled ovenllght aga1l1 ... t () 1 M <,(X!rllll1 

acctate, pH .5 () at 4°C The AFP was then dlge~ted wlth 021 1 of ncuramll1ld.l'ol' 

(Clo<;tndiul11 pcrfnngen<;, 2 U/ml, SIgma, Lot # 1OIF-X(57) al 1rC for -t hUllr ... 

The amollnt ot ..,ralle aCid remaming on AFP preparatIons aftl:r neurallllt1lda'oc 

trcatment wa ... dctenmned by the thlObarbllunc aCld a ...... ay (l'BA) a., de.,cnbl'd III 

dctail bclow 

Sialic Acid Assay 

Sialle aClds were hberated from AFP by mlld aeld hydroly~l" u.,lIlg () OS N Il ,S<)1 

and mea.,url:d by the thlObarbllune aCld a,,<,ay (Amlnot!', ll)ôl) Two hU/1drcd pg 01 

AFP or an eqlllvaknt amount of albuIlll/1 ,ervlng a, a Ill'gatlw control ln ,1 total 

volume of 100 !lI wa, mlxcd \Vith 100 III of () OS N 11 2S0 1 and lllcuh.ttl:d ,II X{)"C 

for 1 hour III cppendorf tube;,; AhqllOh of 75 !lI wcn.: rcmowd lrom Ihnl: dlgnl\. 

and oXld!7(~d wlth 37.5 !lI of 25 mM pcmxl!c aeld (lfl () 125 N Il]S(4) at J7"C 101 

30 min Follm .... lllg tlm 1I1cubat!on, 30 III of 2q-, ,Odllllll ar,cnIte I(w/v) III ().5 :".J 

HCII wa~ addcd tD the '101ut!o!1 10 nClItrah7e èxœ,', pal(xLltl: t\ller 2 mil!, Ihe 

yellow color of hberatl:d lOd1l1c di ... appearl:d Nc\.t, 200 !lI 01 () 1 ~1 2-111lobarhlllllll 

acid, pli 90 W,I'< added to the leaetlon ve"et, the Il1I\ture hc,ltt:d III ,\ bOr!ll1g \'>,all'r 

bath for 7.5 lllln, and sllh<;eque!111y cooled 111 .ln lœ halh The chromophor wa ... 

cxtraeted by vigolirom ... hakl11g wlth 750 III of a )fic (v/v) 12 N Ile l/n-bllta/1ol 

solUtlon. The ab~orbancc valul: of the orgarllc ph,i"e \\la, ll1l:a,llIcd al .5-t l ) l!m wllh 

the n-butanol/,ICld .,Olllt!OI1 ... ervll1g a;,; a hl.ll1k N -acety! lleural11ll1ll aud hlallc ~\"Jd. 

Sigma) wa~ ll~ed 10 t: ... IJblI.,h ,1 ~tandard Cllrv~ over the COlllTlllratlon range 01 .4 lX 

~g/ml. 

ln Vit ro Anti-SRBC Ant ibody Rl\SpOn~c 

Pnmary li VItrQ anubody rcspon~c., Wt.:rc generated hy eultunng 1 ()x\o(' CBA/l 

spleen cdIs WIth ~xJ(Y' SRBC in 0 X ml volume~ 111 24 weil r1lleroplat~., «('mlar, 
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Cambndge, MA, Cat. no. 3524) accordmg to a modification of the onginal Mishell­

Dutton method a~ descnbed in detail elsewhere (Mclancon-Kaplan and Murgua, 

19X7). 

Mitogcn Transformations 

Adult CBA/J Lyt 1 +23 thymocytes obtamed by a conventional two step negal1Vc 

"cleCl1on protocol wlth antl-Lyt 2.1 (New England Nuciear) and rabbIt complement 

(Low Tox, Ccdarlane) were cultured to as say for reactivlty to Concanavalin A 

employl!1g a prevlou~ly de~cnbed mlcroculture system (Iloopcr and Murglta, 19X 1). 

Lyt 1 +23 thymocytes (2 5x Hf) were cultured 111 96 weil round botlom I1ucrolltre 

plate~ for 4X hours wIth Concanavalm A (1 Ilg/ml, Phannacla) Total volumes of 

ccli cultule" wa~ 200 III Celb were mall1ta1l1ed al 37°C 111 95c;( humldifHxl air and 

5% COz SIX hour~ pnor 10 harvest1l1g. cultures were puhcd wllh 1 uO tnllatcL! 

thymldlllc (lCN, speclfl': aCllvlty 66 Ci/mmole) Celb were harvesled onlO gla"s 

fibre mat'> wlth a muillple sample harve~tor (Skatron, Flow Llboratorics) and water 

1I1solublc tnttated thymid1l1e incorporatIon wa~ measured WIth a hqUld sCll1ullatlon 

counlcr (LKB 1216 Rack Beta). Re~ults are expres~ed as mean wunts per mll1ute ± 

SEM of tnphcate cultures. 

Hone Marrow CcII Activation 

The 1l1ltogCl1lC effecl of whole native AFP and its indlvldual l"Iomeric fom1s on 

cultured bone marrow cell ... wa~ mea'iured by meth(xis wc have recently de~cnbed 

cl"ewhere (lIo"k.m ct al, 19R5c) ln bnef, ho ne marrow cells were collectcd by 

nll~llIng the til)las ,md fcrnur~ of CBA/1 mlcc WIth PHS USll1g a 'iterile 5 ml ~yrl" 

anù a 2S-gaug~ l1t:cdlc CciI" \Vere cultur~ù 111 96-wcll round-bottol11 I11lcrotller 

platc'i at a conccn~ratlon of 2.5xl05 eclIs per well 111 a total volume of n.2 ml for 

-lX hour" arter wlllch culture" wel~ puh~d wlth tntlatcd thymidine, harvested, and 

counted as dc"cnbcd ahovc for ConA reactlons. 

~ntcrfcron Boosted In Vitro NK Activity 

!n vllro Il1ca'iurements of ~pontancolls and lymphokll1c bùostcd anti-Y AC NK 

.ICtIVIty 111 CHAI] ~plccn were pcrfOlmcd as prevlOu'ily des..:rlbcd (Cohen et al , 

I()X6). Cdb wel~ cultllled in bcove's modlfted Dulbecco's EugIes medlull1 
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containing 5 x 10 sM 2-mercaptoethanol, 100 Ulml pCBlcllhn, and lm ~g/ml 

streptomycin, and supplemented wnh fresh 0.5% CBA/J NMS. Splcnic cffcclor 

cells were stlmulated for 24 h'Jurs with 5000 U IfN (alpha and beta lIlterfl':ron t'Will 

mou se flbrobla~t~; Enzo BlOchemicals, N.Y.) In 24 weil Costar pl:llt.:, al 5, lO" Iml 

in a total volume of 2 ml. Effector rells '.t an Err ratio of 1 00.1 were then 

assayed for NK lytic activuy agalllst ~ICr labelled Y AC-l targcts. 

C. RESULTS 

Definition of AFP Isomerie Forms 

An analy~ls of the protCIll content of MAF on APAGE revealed as expected the 

three major protelll componenh (Fig 6A) previoll~ly lkflned a., tran:.fernn, AI'P, 

and albumm (Murglla and Toma~l, 1975a) The punty of the 11Igh Imlhgram 

quantltles of AFP u~ed throughout the ... e ..,tudle., wa" e:.tablI..,hed by dellloll"trallllg a 

single band on analytical APAGE (Fig 6B) a.., weil a.., hy convcntIon.1I 

immunodiffuslOn test~: wllh a panel of anl1bodle.., dlrected agall1:.t potcnl1al 

contaminatmg matenal pn::..,ent 111 MAF. In contra:,t to the ..,lI1gle broad h.1Ild 01 

AFP detected on APAGE Il wa~. rolltlllCly pO~'Ilhle to vI..,llallle "l:, I.,oelcctnc 

vanants 111 1EF gels (Fig 6('\ u..,lIlg narrow range arnphohnc'l C\.tenùll1g ovcr the 

pH range of 4.2 - 4.9 Thc relatlve amollnt of each AFP van.IIlt prc..,ent \Il tHe 

ge~tatlOnal ~tage MAF was ùetemul1ed by demltometnc "can" 01 the IlcF gel., (hg 

6D). As shown III FIg. 6F, the proportIons of lI1dlVleluul AFP "uh"peuC\ 111 relation 

to the total number of natIve AFP molecule" ln the tc"t ",Ullple W,\" IOllllU 10 l:lngl' 

From a low of 6% tn a llIaXlmum of 26%. FIglln.: 6E dCll()lt~., the h:nllillology (le, 

AFP-I through AFFI-7) l • .,eù throughollt Ihls ..,tuùy 10 ldenufy the "CVl'1l AH' l.,Olller., 

~eparable on the Mono Q COIUll111 Ilnked 10 the FPLC "y ... tClll It Will lw IlOted "Olll 

data pre~eIlteel 111 hguœ 7 that the fOllrth I.,oelcctnc hOll1er lkflllCd by 1\'0. pl (lI ·l X 

on IEF gel-.. spins llltc t\\O well defmed van:ll1h on the \10no () COllllllll hnally, 

Figure 6G "how<; the swhc aCIel content 01 each of the punlieù l'PLC delined 

isomers. 

Quantitative Rccovery of Individual AFP Isomers 

After first estabhshing optimal separation condll1o!l:' for IllÙIVldu.tl AI'P I"omer.., 
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FIgure 6. 

Biochcmical and elcctrophoretic analysis of the molecular heterogeneity of AFP. 

(A) Coomassie blue stamed protein pattern of mouse amniotic fluid MAF, and MAF 

derived purified AFP (8) on alkaline PAGE g'!}s. The three major protein 

componcnts of MAF; albumin (Alb), AFP, and transferrin (Tf) are shown. (C) 

Analyucal lsoelectric focusing (IEF) gel analysi~ of pure AFP showing six 

isoeleclnc variants with pI's ran~ing from 5.1 (top) to 4.7 (bottom). The 

densitometer scan of the IEF gel (D) was used to calculate the proportion of 

mdividual subspecles to the total number of native AFP molecules (F). The 

terminology used throughout this study to define the seven FPLC generated AFP 

isomers IS shown (E). (G) The sialic aCld content of each isomer as determined by 

the thiobarbituric assay. 
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Figure 7. 

Resolution of seven isomeric forms of AFP on a preparative anion exchan~c 

Mono Q HR16/10 column. Twenty mg of mou se AFP was applied to the Mono Q 

HR16/10 column equilibrated with 20 mM l-histidine, pH5.60. AFP Isomers 

retained on the column were eluted sequentially with a hnear salt gradient up 10 

0.15 M NaCl over a total buffer volume of 325.0 ml. Peaks containing AFP are 

indicated and labelled as isomeric fonns AFP-l 10 APP-7. The minor peak al the 

80 ml elution volume IS not AFP and 1~ unidentified. The in~ert shows a 

Coomassie blue stained 1Er gel of control AFP and the AFP Isomers identitïed 111 

the chromatogram. 
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on an analytical size Mono Q HR5/5 column (data not shown), we pnx:eeded 10 

perfonn separations on a preparative Mono Q HR 16/1 0 column for the purpose of 

obtaining the milhgram quantItles of each lsomcr nceded for eventual ll~e III the 

planned functlOnal test". The elutIon profile ~hown 111 Figure 7 for 20 mg of AFP 

was very sInular tn that routHlcly obscrvcd on the pl chmlllary analytlcal scale runs. 

The mm0f r,eak whlch con~l"tently elutcd al a!1proxlIllatcly gO ml IIlto the run fmlcd 

to react with any of our anUscra Jlrcctcd dgall1"t MAF or NMS components and dld 

not show a discernable Coomassie blue or sIlvcr ~ta1l1ed hand on APAGE or lEF 

gels. Moreover, the uniJentifïed matenal 111 this peak wa.., ll1aclive In the fUllctIonal 

tests descnbeJ In Figure 9 To help confmn that the "cven major pcaks gencrated 

on FPLC reprcscllted di~l1nct isomcnc fonns of AFP, cach llldlviduai peak wa" 

exammed on narrow range IEF gels. A~ shown 111 Figure 7 (l11sert), each of the 

FPLC pC3ks dld indeed represent a 1I111quC Isomcr havlIlg a diftàcnt Isoc1ectnc pOlllt 

within the pH range of 47 to 5.1, with the exceptIOn of AfP-4 and AFP-) whlch 

exhlbited idenucal protem bandIng al an approxlInate pl of 4.),; The ~evcn AFP 

variants, defincd by tnclr 11lghly reproducible rctcntlon volumes on Mono Q al1lon­

exchange column chromatography were therefore tenned AFp·I through AI'P-7, WIth 

AFP-l ~lppeal1ng 111 the VOId volume. In order 10 funha yen! y Ihat each prolclIl 

band seen In the IEF gel and defïncd by the FPLe chromatogr,ul1 \Va.., an AFP 

variant, we compareJ thclr MW. on SOS-PAGE and perfnnmxi lInmul1ohlot 

analysis. As shown 111 Fig l'lA, the protclm recoven:d iIo!11 the ...,even pcab on the 

chromatogram each had M.W 's of 69 Kd, Idenl1cal 10 that for contIt)1 

unfraetionated AFP. Western hInt analy~ls ll"ll1g !11o!1o-"peclflL antI-moll"C AFP 

anubodles cOllfirmed that thc prote111 rec()v~red flOm cach FPLC gcneraled pC<Jk 

represented punfïed AFP moleculcs (Fig ~B). The 1I11mllnohl()l~ were negauve 

when developed wlth anUsera speciflC for nther known compone nt" of MAF (data 

not shown). 

Comparative Immunoregulatory Effects of the Seven Distinct Isomerie Forms of 

AFP 

In earher studles we had cstabhshed that AFP lS capable of exertlOg strong 

immunosuppressive effects on 111 VItro antl-SRBC antIbody respon"cs (MlIrgita and 

Tomasi, 1975a), Lyt 1 +23 Con A reactIve thymocyte respon~c" (Hooper et al., 19H7) 

... 
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Figure 8. 

Molecular weight characterization and immunoblot analy&As of AFP molecular 

variants purified by FPLC anion-exchange chromatography. 

Two Ilg of control AFP or Mono Q defined AFP isomers AFP-l to AFP-7 were 

separated on 12.5% SDS-PAGE and stained with Coomassie blue (Figure SA). For 

Western blots (Figure ~B), 20 ng cf protein containing control AFP or AFP-l to 

AFP-7 was separated cn 12.5% SDS-PAGE and ImmUlloblotteû witl! :l monospecific 

anti-AFP antibody. Arrows indlcate location of M.W.M. which lIlclude 

phosphorylase b (94 Kd), bovine serum albumm (67 Kd), ovalbumin (43 Kd), 

carbonic anhydrase (30 Kd), soybean trypsin inhibitor (20.1 Kd). 
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and natural killer cell activity augmented in vitro by lymphokines (Cohen et al., 

1986). 

As shown in Figure 9A, 98 and 9C, a purified control AFP sample 

containing the full spectrum of isomeric forms perfomled as expected from our 

previously published studies by efficlelItly inhibiung each of the in vitro lymphocyte 

functions tested However, what IS equally c1ear and particularly stnking in this 

senes of cxperiments IS that of the seven AFP Isomers tested in paralIel, only AFP-

1 was able to mediate a suppressive effect comparable to control unfractionated 

AFP. Isomers AFP-2 trrough AFP-7 were entirely without effect in these assay 

cultures even when tested at concentrations as hlgh as 200 and 400 Ilg/ml. The 

distinction In functional actÎvlty between AFP-I and the other isomers is even more 

apparent From dtlutlon analysis data shawn ln FIgure 10. Here a representative 

dose-response curve extendmg from 100 Ilg/ml ta 0.01 Ilg/ml of each purifled 

isomer shows that AFP-I is a more efficient suppressor of Lyt 1 +23- Con A 

thymocyte responses th an is unfractionated control AFP, while the remaining six 

lsomers agaIn failed at al! concentratIOns ta i'lfluence this reactlon. Thus, Con A 

responses in the presence of variou~ amounts of isomers AFP-2 through AFP-7 

al ways fell within the ~tandard error of the mean for albumin control responses as 

denoted in Figure 10 by the dotted lines. 

Recent "tudle" by Hoskm ct al. (Hoskm et al., 1985c) have shown that 

cultured bone marrow cells undergo a strong prohferative response in the presence 

of AFP. We therefore examllled the effect of each of the FPLC separated ~somers 

on cultured bone marrow cells to determine w~ich of the mole .ular variants could 

demonstrate growth promoting aCtlvlty. As shown ln Figure 90, augmented bone 

marrow œil proltfcration in the presence of AFP-l is comparable to that mcdtated 

by control AFP whde the olher isomers displayed moderate stimulatory capacity 

whlch was sull weil above control vaIlles in the presence of media alone or 

albumlll. 

The Role of Sialic Acid in AFP-Mediated Immunosuppressive Activity 

Evidence that sorne of the microheterogeneity of mouse AFP cou Id be 

attributahle to variabllity in the smlic acid (NANA) composition of its subspecies 

(Zlmmennan et al., 1976) prompted us to investtgate the relative amount of NANA 



Figure 9. 

Comparative immunoregulatory effects of the seven FPLC defined AFP isol11crs 

on in vitro lymphocyte functional assays. Control AFP and each mdlvidual AFP 

isomer were tested for functional activity on T-dependent antlb<xiy response~ 

(Figure 9A). CBNJ spleen cells (lOx 106
) were cultlJfed wlth 3x lO6 SRBC and 200 

Ilg/ml of NMS, control AFP, or the indlcated Isomers 111 a total volume of n.x ml 

RPMI, 10% F"S. After four days of mcubatlOn, anti-SRBC actlVlty wa" assay~d 

Figure 9B shows adult CBA/J Lyt 1 +23 thymocytes (2.5x lO5) co-cultured with 1 

llg/m1 CanA and 200 Ilg/ml of the lI1dicated protcins. Prohfcrative re~ponse ... were 

measured at 48 hours of culture. In Figure 9C mouse albunun, control AFP, and 

AFP-l to AFP-7 were tested for thclr suppresslve activlty on lI1terferon bomted NK 

cell activity. Adult CBA/J spleen cells were incubated wllh lI1terferon and the 

indicated proteins for 24 hours. After 24 hours, the NK act:vlty of the ct'lb 

measured against 51Cr_ y AC. Bone marro'L ' cell prohferatlve re~pon~es (Figure 91» 

were measured after cultunng normal adult CBA/J cells (2 5x \05
) with the ll1dlcat~d 

proteins for 48 hours, as described in the materials and l1leth(xis. 
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Figure 10. 

Dose-response effect of control AFP versus AFP-) and the non-supprcssi"c 

isomers on ConA stimulated Lyt 1 +231hymocytes. Adult CBA/J Lyt 1 +23 

thymocytes were cuiiured with ConA in the presence of control AFP and punficd 

isomers at the concentratIon~ mdicated. The area wlthm the dotted lllle~ ~h()w~ 

control LyL 1 +21 respon~es in the presence of eIther mouse aihulllm or the Mono <) 

defintd isomers AFP-2 to AFP-7. After 4R hours of culture, prohfcratIvc rc .... pon~c.., 

were measured by JH-thymldme incorporatIon a'i de'lcnbcd 10 the matcnab and 

methods. The Insert shows the lsoelectnc focusing pattern of control AI'P and 

AFP-I. 
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present in each purified AFP Isomer. Using a mlxhtication of the tilloharbttum: 

aeid assay (TBA) (Ammoff, 1961), the moles of NANA per mole of protC1I1 WCIC 

calculated for each FPLC dcfmed AFP l"omer. As notcd 111 Figure 6G, therc wa\ a 

progressive mcrease 10 ~Ialic aCld resldues on AFP-2 to AFP-7 wtth AFP-7 ltavlIlg 

four moles of NANA per mole of protem AFP-2 wa'\ a~\llmcd to lac\., NANA 

entirely because it gave low value~ ~Imllar to that of mou\c alhul11ln, a protelll 

known to have no covalently coupled NANA re'\ldue'l It 1'1 notahle tltat AI'P-I ha\ 

a sialic aCld content ~lmllar 10 AFP-3 l'ven though the IWO I\OI11L'P; exhlblt dl\llIlet 

pI's and FPLC retenuon voillme~ Thl~ findlllg mdlcate'l that hoth the :l11l01l­

exehange eolumn, and IEF gels are re~olv1l1g charge dlffcn.:nœ\ 111 thc\c l~omCI" 

that are lI1dependent of ~Ialtc aCld content 

Confhctmg result~ have emerged rcgardll1g the contrlhutlon of covalelllly 

hnked slahc residue~ to the suppre~\lve actlvlty of AFP (ZlTnmermall et al , 1977, 

Lester et al, 1977) Expenment~ were therefore pcrfomled III WlllCh the 1l1111lUIlO­

suppresslve aCl1vlty of AFP wa~ a~'Ies\ed follow1I1g cleavage of the '>lalte aeld,> by 

neuram1l11da~e dlge~t\On The effectlvenc~" of rel110val of the"e rC"lduL''> wa" 

confirrned by the TBA a~say and the data ~hown 111 Table IX 1I1dlcate that then.' 

was an RO~ reductlon 111 stahc aCld re'ildue" follow1I1g cnlyme treatment of two 

separate AFP preparatlon~ Thu". accord1l1g to our l11ea\urel11ent<; cluyrnat1eally 

treated AFP preparatlon" usually retamed between 15 and 20 percent of thelr "Ialtc 

acid content whlch mlght sugge~t the eXI'>!ence of an cn/yme rt:'>l'>tant population 

More exhaustive attempb to achlcve complete dlge\tlOIl 1I1cludlllg 1I1erea"ed eluyme 

to protem ratlm, longer lI1cubatlon llll1e~, reeychng on Sepharo"e-hollnd 

neuramlnlda-;e colun1l's and the me of neurall11nlda,>e denved from \'ll)f/(J c!zo/era 

failed to lI1crease the efflclcncy of dlge"tlon The functlonal actlvlty of IWO 

different enzyme treated AFP preparatlom wa,> deterr11lncd hy mca'>llflng thclr cfket 

at 200 llg/rn1 on Con A ~l1mulated Lyt 1 +23 thymocyte re~pon"e~ A~ ~hown 111 

Table IX the de~lalylated AFP prcparatlons were only \lightly le"" 'lIrpre"~lve than 

the untreated control AFP Whde a pm~lble contnbutlon 10 the "uppre ... "or 

mechanl"im by the ~mall amount of enzyme re"l,>tant "!allc aCld re ... uJue ... rernall1\l1g 

on the de~Jalylated ~amples cannot be excluded, the mmt likely eonclll"lOn from 

these experiments IS that smhc aClds play no central role ln medmtlng the 

immunosuppressive effeet of AFP ThiS conc!U\lIOn 1" ,>upported by our tindll1g" 



T\ULE IX 

EFFECTS OF NElJRAMINIDASE DIGESTION ON AFP MEDIATED SUPPRESSIVE ACTIVITY 

Sample Moles of NANA PER Lvt l'l· ConA Thvmocvte ResQonseb 

mole of proteina Exp. 1 E\p.2 Exp. 3 

eH cpm ± SE) 

Media 77,384 ± 5,148 31,531 ± 3,637 94.962 ± 6,522 

Control AFP 3.16 ± 0.50· 2.919 ± 293 1,749 ± 4S0 7.887 ± 523 

AFP-Deslalylated< 0.69 :t- 0.12 5.969 ± 734 4,719 ± 1,253 NDI 

AFP-De~lalylatedd 0.75 ± 0.14 6.373 ± 783 4.005 ± 479 9,877 ± 526 

'SialIc acids were hberated from the protem by mlld aCld hydrolysls, and the free sialic aCld content was measured by a modification of the TBA 
as~ay. 

b Adult CBA/J Lyt 1 +23· thymocytes (2.5X 1 œ) were co-cultured WIth l ~g1ml of Con A and 200 ~g/ml of the mdicated proteins. Proliferauve 
responses were mea~ured at 48 hours of culture. 

'Ten mg of control AFP was dlgested wnh 0.2 U neuramlmdase (c. Perfnngem) for 4 hours al 37°C In O.] M Na acctatc, pH 5.0. 

"The expcnment descnbed In (c) was repeated under the Identlcal conditions 

"The moles of NANA per mole of AFP was detennmed from thrre different preparatIOn,> of AFP 

INOl donc 

co 
'-" 
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that the immunosuppressive AFP-l isomer contains essentially the same amounl of 

sialic acid as does the non-suppressive AFP-3 isomer. 
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D. DISCUSSION 

Accumulating evidence continues to support the concept put forth by 

Murgita and colleagues (Murgita and Tomasi, 1975a, Murgita and Wlgzell, 1981) 

that ImmunoregulatIon is one of the biological functions of AFP. The most weil 

studled moolliating ll1flllCnCe of AFP on lymphocyte respon~c~ is immunosllppression 

(Murgita and Wigzell, 1 tJR 1). However, AFP may also exert a nntogcmc or growth 

promotmg influence on m vitro cdl growth (Ilo-,km et al., 1985c), whlch IS to '!ome 

cxtent remirmcent of prevlOlIsly observed cffcets by albumin and tran"ferrin (lscover 

and Melcher~, 1978), two ~erum proteins shown to be related to AFP m tenns of 

unmunologlc cro~,,-reaCtlvlty of their unfolded polypeptide chams (Pckkala-Flagan 

and Rll()~lahtI, 1977) Recent cVlàcnce pOInts to the fact that the 

Immunosuppre~slvc effee!', of AFP an.: most pronounct.:d on autOimmunc reacuons as 

measured hoth .!Q vitro (Hooper et al., 1981, 1987, O'Neill et al., 1982, Brenner et 

al., 1980) and In VIVO (Brenner ct al., 1 tJ84, Bu<;chman et al, 1987). ThIS has lead 

u" to propose that in order tn ensure nonnal emlH yOl1lc ùevelopment, AFP 

molecllics mOly have cvolved a speclUltzed regulatory functlon to selccuvely control 

potenl1ally hannful expressiom. of autosemltlzation (I-IosJ...1l1 and Murgita, 1985b). 

Accordll1g tn thls reasoning, the devciopi ng: Immune system of the felus and the 

newborn as weil as cenain adlllt matel nal llnmunorespon!->lvC e lements (Murglta, 

1976) arc subdued by circulating lInmunoregulatory AFP molcculc" ln '\uch a 

manner that they functlon ~uffïClently well to protect agall1~t ~uch extcrnal II1sults as 

infectiolls agent~ and alloaggre"'~lve maternaI lymphocytes whtle al the same time 

allowing for appropriatc checks on unwarranted autoaggres'il"vc self-recognitIon 

event'i. 

AFP IS known to eXlst a'! a group of clo~ely relateù molecul,if vanants and 

studies by Znnmennan et al. (ZlIl:meml:m et al., 1973. 1976) have demonstrated 

patterns of what appear to be prcclsely rcgulated developmental shifls 111 the 

number~ anJ ratios of lIIdlvlùllal Isomer~ throughout the perll1atal penod. ThiS 

raises the important question as to whether the immul1osupprc~~l ve activtty that up 

to now we and many other lI1vcstlgators 10 thls area have generally ascribed to the 

broad population of AFF l110lecules produced by the fetll'i can be attributed instead 

to what is perhaps a unique molecular vanant that IS under tlghl ontogenetic control 



during nom1al physiological conditions. It is notable in this regard that there haw 

been previous reports concerned with attempts to correlate immunoregulatury activlly 

with the presence of one or more naturally occurring IsomCfS III a glvcn preparation 

of AFP (Lester et al., 1976, 1977b, Zimmennan et al, 1 (77) 

Lester et al. (Lester et al., 1976, 1977b) were the ftfst tn pnlVlùe eVlùence 

suggesting a connection bet\l/ccl1 the proportlon~ of ccrtall1 e1ectronegauve isomenc 

fonns present in human fetal and tumor denved AFP Isolale" and the abJllty of 

those lsolates to ~upprc!-ls I11ltogen and allountlgen lflduerù Iymphocytc 

transfonnation. Thus, fetal lIver AFP was nouerù to have a rdatIvely hlgh content 

of electronegative l!-lOmerS, and wa~ found tu be ~trongly 111111111110!-lUpprC"!-lIVe III 

contrast to the generally les ... flll1et\()l1ally .lcttvc tumor-dcnwù product WlllCh wa ... 

shown to COl1ta1l1 lowcr Icvcb of the ncgatlve1y charged molccular v.lnanh 01 AI·P. 

Lester et al. (Lester ct al , 1976, 1977h) al ... o te"trd the 1Il1mllnO!-lllppre!-l~IVe 

potency of fetal livcr AFP isolate ... , after enzymatlc de<.,talylatlO/l and show cd that 

functional activity of thcsc lsolates wa~ not altcred by femoval of ~tahc aCld 

residues. Ontogeny studics 1fl the Illurine !-ly!-llCm by Zlmmcnnan ct al (Zllllmerman 

et al., 1973, 1976) showed reprodllclble changes 111 the concentrat1om of I11dlVldual 

electrophorcuc vanants of AFP and thts was attnbllted 10 J1lcreasmg IC'vcb of 

sialyltransfera'ic aCHvlty 111 both the yolk ~ac and t'etai I1vcr. Thus, latc gestattonal 

stage AFP isolates conta1l1ed a higher proportion of morc \lalylatcd vanant<., th an dit! 

AFP preparatIons lsol<lted earher in ontogeny. When a,,~e"~1I1g the funC110nai 

activity of sia!ylated versus non-swlylated f0ll11S of AFP on pnmary T cdl 

dependent anttbody responses, the.,e allthors provlded eVldence "'l1gge~t1l1g that only 

the more sialylated vanants of AFP were Immunosllppre"'~lve (Zlmmcrman et al , 

1977). ThiS was lB contra~t wuh the f1l1dmgs of Le<;ter et al. (Lester et al, 1 <)76, 

1977b), and thus the mie of siahc acid<; in AFP-mediated Immllnosuppre~"t{)tl ha ... 

remained contentious. ClanflcatIon and extension of these carber find1l1g ... have 

been harnpered in the pasl largely due to the lack of a suttablc procedure tn isolate 

indivldual molecular vanants of AFP 111 quanutles sufflclent for dctmlcd funcl10nal 

studles. 

While many techniques have been dcsenbed for analyL1I1g the 

microheterogeneity of AFP molecules mo!>t have been dcvcloped and dcployed 

primarily for analytIcal purposes and as such are either not rcadlly adaptable tn 
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upsealing or faII to have the necessary resolving power required to separate on a 

preparative seale each of the closely related moleeular vanants. In order to 

()vereome such lImitations we have developed a punfication protocol for separating 

AFP mto sevcn dl'itll1ct isomeric [orms employmg Mono Q amon exchange columns 

coupled to an automatcd FPLC system. The separatIon profIle shown m Figure 7 

demonstrates the cfflcacy of t111S mcthod for detcctll1g lI1(hviduul molccular vanants 

of AFP and for recovcnng each I~omer In pure fOnTI. The lise of l-hlstldme buffer 

at pH 5.60 resulted ll1 elution of the AFP-I isomer ll1 the void volume while the 

remall1ing SIX FPLC defined Isomers were r~tained on the column and emerged 

sequentlally with a linear mcrease 111 salt The ~IX isomers eluted wah the salt 

gradient 'ihow a linear Increase l1l ~Iahc aCld content (f'igure 6G) cxtcnding from the 

AFP-2 I~omcr whlch lacb "Jalle aCld moleCllle~ ln a ma:-'Imum of four resIdues per 

mole of proteln for AFP-7, r:mlllg the obvlou<; pO""lbtlay that the ob~erved 

11I1croheterogenelty IS largcly due to dlfferences lf1 'iJallc aeld content. Howevcr, 

studies hy Le'itcr el al. (Lester ct al., 1977b) and by U~ (unpubhshed rC'iults) clearly 

show that de~Jalylation rcduce~ but does not aboh~h AFP microheterogcneity. 

Moreover, IS()mer~ AFP-I and AFP-3 as well as AFP-4 and AFP-5 contain simllar 

amounts of sialic aCids (FIgUle 6G) and yet arc ea<;ily dl~tIngllishable on the Mono 

Q column separation prof Iles Wc have also determlllcd ln prcliminary expenments 

not shown hcrc as ha ... Yachnm \ group previously (Yachnlll et al., 1980) that 

dehpidatlOn of a native AFP l~olate has no slgmficant cffect on Ils isoelcctnc or 

FPLC generatcd pattern of mlcrohetcrogcnelty Much of the blOchemical bases for 

the vanous dl~tInct subpopulatlons of AFP molecule~ may therefore involve 

genctically detemiincù amll10 acid :mb~ututJons, rather than or III addJtlOn to, ligand 

binding and post-synthetlc change~ in chenllcal composltion~. 

Whde the earlier work of Lester ct al. (Lester et al., 1976, 1977b) 

and ZlInmerman et al (Zlmmerman et al, 1976, 1977) e!ted above certainly points 

to the conclusIon that immunosupprcs<;lOn IS a property of somE but not all 

molccular variants of AFP syntheslzed by the nomlal fetus the results of the present 

Illvcsl1gation are the ftrst to show eoncluslvely and m a direct manncr that AFP­

medulted immunoregulatory ael1Vlty lS 111 faet a umque property associated with a 

SIngle dIstinct isomenc foml WhICh represents only 6% of the fetal population of 

AFP molecules ThiS finn conclusion was reached by punfying eaeh of the seven 



molecular variants of fetal AFP to homogeneity followed hy charactei'ization 

according to their distinct retentlon volumes on FPLC elution profiles, thclr siahc 

acid content, and their molecular weight and dlsplay of <;pecdïc AFP antigel1\c 

determinants by Western blottmg. Each Isomer was then th()[oughly tc<;ted for 

functional activity using several different 111 vitro lymphocyte a~~ay sy~tems known 

from our previous ~tlldle<; (Mllrglw and Toma~l, 1975a, 1 (>7Sb, Hosklll et al., 19X5c, 

Cohen et al., 19X6, Hooper cl al.. 1(87) 10 he hlghly senSItIve to AFP-medwted 

immllnoregulatory effects Thus, we show 111 Figure 9 that the AFP-I I~onll'r 

suppresses .!.!l Vitro anubody synthe:-'ls, T cel! mitogen reactlvlly and lymphokine 

boosted NK activity with eqllal or greater efficlcncy (~ee Figure 10) than docs a 

whole unfractionated control AFP piepar.ltlon The faet that 'iuppres<"lOn never 

reaches 100% ln these functlonal as~ays agrees wllh earher concJlI~lom that a 

subpopulatJon ()1 lymphocyte" I~ re"istant to the inhlbnory cffcct of AFP (Lester et 

al., 1978, Peck ct al, 19na) The rcmaJl1l11g SIX l'iomenc lorms, AH)-2 through 

AFP-7 were entirely wnhout effect Jl1 these fUl1clJonal a~~ays leavll1g open the 

interestll1g queStIon a'l to what other roles these vanant'l may play III normal and 

disease states. It IS pm'llble to sunl11se that AFP l~omeI '1 2 through 7 whlch 

represent more than 90% of the total number of fetal AFP molccllle~ JO the 

circulation may have 'lome functlons 111 common wlth albul11l11 '111ch a'i mall1talllll1g 

osmotic pressure and, through ligand b1l1dmg propertIC'l, \crving as pla\ma camer 

molecules Important for both transport and for dctoxlflcatlon as ln the ca~e of 

estrogens whcre the estrophihc propcrtlC~ of AFP I~ hypothe<;lzcd to serve a 

protecUve role on fetal tissues l'rom the effect~ of Clrculatll1g maternai estrogcns 

(Attardl and Ruoslahti, 1976). Expenment~ are presently underway to examine 

these possiblhues 

Aiso shown in Figure 9 are data on the comparatlve 111 Vitro growth promol1ng 

effect of control unfractionated AFP versus each of the seven punficd I<;omcr'l 011 

cultured bone marrow cells. Wc have reported prevlOusly on ~tudle~ .,howlng an 

mmlUnoenhancll1g effect of AFP (Peck et al, 1978a) wlth one Important fllnCtlonal 

mamfestation of this acuvity bemg the induction of T (Murglta et al., 1977, 1 978a, 

1981, Hooper et al., 19R6) and B cell-like (Hamel et al, In7, Gronvlk et al. 19X7, 

Hoskin et al., 1989a) natural suppres~or cells. The growth stITnlllatll1g propertlc<; of 

AFP, as measured by increased tntlated thymldme incorporatIon III cultured bone 
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marrow celIs, resides most strongly with the AFP-l isomer, although the other 

isomers show sorne ability to mamtain bone marrow cell growth as does albumin 

(Figure 9D). We have previously suggested (Hoskin et al., 1985, Hamel et al., 

1987) that the growth promoting effect of AFP which is partlcularly evident on the 

bone marrow, may be an exaggerated form of a shared property with albumin which 

IS known to he Important for mammalian cell growth in vitro (Polet and Spieker­

Polet, 1976). 

The essential biochemical dlstinction(s) between the Immunoregulatory AFP-l 

molecules and the other six isomers which lack this functional property remains ta 

be determmed We have stated prevIOusly (Murgita and Tomasi, 1975a, Murgita. 

and WlgzelI, 19R1), as has Le~ter et al. (Lester et al, 1977b), that wlth avaIiable 

data lt ~eems more hkely that m1l11Unosupprcssion WIll praye ta be an mtrmsic 

property of certam AFP molecules rather than bcing attnbutable, as sorne have 

suggested (Pam1clee et al., 1978, Deutsch, 1983), ta a putative Ilon-covalently bound 

mOlety which ~omehow Impam funcuonal actJVIty ta the complex The mtlonale 

for this reasonll1g IS bascd on our collective expcrience In the use of stnngent 

purificatIOn procedures for AFP, WhiCh have lI1Clllded exposure 10 strong dena.tunng 

agents, pH extleme", and hlgh salt followcd by extcn~lve dialysis Whik illl lhesc 

conditions would tend 10 favor dl~soclation and removal of low molecular weight 

mOle tICS bound ta f\.FP moleculcs, they fatl, In our hands, 10 diminish functional 

activity of pllnfied AFP. Moreover, Yachnm et al (Yachn1l1 et al., 1980) have 

successfully perfonncd furthcr carcful studlcs designcd to cxcludc any ligand bmding 

role for such known factors as hydrocortisone, prostagIandms, fatty aClds or 

oxygenated sterol compounds a~ clements contribuung to the immunosuppressive 

action of AFP. Nevertheless, It IS still not possible to fonnally discharge the 

posslbihty that AFP may aet in conjuncuon wnh other, as yet unidentified factors 10 

a compltcated manner ir. order to impart effectIve lymphocyte inhlbiting activity. 

However, on the basis of the findings 111 the present investigatIon any alleged co­

factor mvolved In the immunoslIppressive rnechanism of AFP wou Id presumably 

have to show specificity for the functionally active AFP-] molecular variant. 

Expenments presently underway in our laboratory including functlonal analysis of 

modified synthetic and recombmant AFP peptides (Boismenu et al., ] 988) are aimed 

at reaching a defmitive answer to this central question. 



IV. THE FATTY ACID BINDING PROPERTIES OF DISTINCT ISOFORMS OF 

MOUSE ALPHA-FETOPROTEIN 

EVIDENCE THAT LONG-CHAIN POLYUNSATURATED FATTY ACIDS ARE NOT 

INVOLVED IN ALPHA-FETOPROTEIN MEDIATED IMMUNOSUPPRESSION 
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A. INTRODUCTION 

Alpha-fetoprotein and albumm have comparable adsorption and transport roles for 

many endogenous and exogenous rnolecules including non-esterified fatty acids 

(Savu et al., 1981, Parrnelee et al., 1981), bilirubin (Hsia et al.. 1980), metals (Wu 

et al., 1987), and estradiols in the case of rodent AFPs (Savu et al., 1981, Nunez et 

al., 1987). The physiologlcal role of the binding properties of AFP are proposed to 

include the transport and cell delivery of long chain fatty acids to developing tissues 

(Laborda et al., 1989, Uriel et al., 1987, Torres et al., 1989), maternal-fetal 

transplacental transfer of polyunsaturated fatty acids (Hsia et al., 1987) (PUFA) and 

the regulation of estrogen-stimulated uterine growth in Immature mice (Mizejewski 

and Warner, 1989). 

One common property shared by aIl mammahan AFPs studied ta date is their 

high affimty bmding of certain polyunsaturated fatty aClds (PUFA) includmg 

arachldomc acid (20.4, n-6) and docosahexaenoic aCld (22:6, n-3) (Savu et al., 1981, 

Parmelee et al., 1978, Hsia et al., 1987, Calvo et al., 1988). This finding prompted 

several researchers ta propose that the immunosuppressive actlvity of AFP may be 

related to the quantiues of complexed 20:4 and 22:6 (Parmelee et al., 1978, Nunez 

et al., 1987, Unel et al., 1987, Deut~ch et al., 1983). Arachldonic acid, at 

sufflclcntly hlgh concentrations, has been shown to directly mhibit mitogenic 

responses of T cells (Kelley and Parker, 1979), regulate Ca2
+ homeostasls ln T cells 

(Chow et al., 1990), and prevent cytotoxlc T lymphocyte de granulation (Richieri et 

al., 1990). Furthennore, 20:4 is the precursor of the biologically active eicosanoids 

such as prostaglandins and other enzymatic metabolites whlch are able to regulate 

1I11Il1UnC responses. The amounts and types of elcosanOids syntheslzed Cdn in tum 

be modlliated by the uptake of PUFAs such as 22:6 (reviewed m Hwang, 1989). 

For examplc, prostaglandin ~ can inhibit mitogen-induced T cell proliferation 

(Yachmn et al, 198Oc) and major histocompatibIiity Class II antlgen expression on 

macrophages (Lu et al., 1984). Deutsch and co-workcrs flrst reported 111 1983 that 

defattcd human AFP could no longer suppress mitogen responses unless 

reconstituted with 20:4 (Deutsch, 1983) In addItion, Nunez et al found that the 

ImnUlI10S11pprcssive potency of mouse AFP preparations cou Id be increased with the 

addition of exogenous 22:6 directly into the mitogen assay (Nunez et al., 1987). 



However, Yachnin et al. reported otherwise, concluding that the suppression of 

lymphocyte transfonnations by human AFP could not be atlnbuted to PUFAs or 

prostaglandins (Yachnin et al., 1980a, 1980b, 198Oc), leavinr unresolv~d the role of 

these PUFAs in AFP-mediated immunoregulation. 

Vallette et al. (Vallette et al., 1989) have recently demonstrated that the relative 

content of unsaturated fatty acids bound by rat AFP contributes to the generation of 

transient forms of AFP differing in their endocnne and immune functlons and 

Aussel et al. (Aussel et al., 1973) previously showed that dist1l1cr rat AFP isofomls 

differ in their estlOgen bmd1l1g properties. This raises the import.mt que~t1()n as to 

whether the immunosuppressive activity of AFP is an intrin~ic property of cen:ull 

AFP molecules rather than bemg altnbutable to a putatlve non-covalcntly bOllnd 

ligand sllch as 20:4 or 22:6. Thus, although PUFAs such as 20:4 and 22:6 can 

modulate Immune responses (Hwang, 1989, Lokesh et al, 1988), thelï role \Il AFP­

mediated immunosuppresslon has remained a contentiolls Issue. 

In the present investigation, we have analyzed the qllantiues of fatty ,lClds 

eomplexed with native mousc AFP, seven natllral Isomene fomls of AH', 

delipidated AFP preparations, and mouse albumlll by gas chromatography, and 

assayed the preparations for immunosuppressive actlVIty. We show herc that the 

associatIon of the long-chain PUFAs, 20:4 and 22:6, with AFP 1110lccllleS 1S not 

responsible for the immunoregulatory activities of the protein. 

d 
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B. MA TERIALS AND METHODS 

Animais 

Mule and female C3H and Swiss Webster mice were purchased from Charles 

RIver Laboratories (Montreal, Canada) and were bred and maintained in our own 

animal facIhties. 

AFP Purification 

AFP was isolated from mouse amniotic fluid (MAF) extracted from pregnant 

Swiss mice in late stage gestation (days 15 - 18). The purification of AFP was 

pelfomled by passaging MAF through anti-nonnal mou~e sera affinity columns as 

rreviously descnbed (Murglta and TomasI, 1975a). Punfied AFP was adjusted ta a 

concentratIon of 2 mg/ml 111 phosphate buffered saline (PBS); and the purity of AFP 

preparatIons was canfirmed by alkaline and SOS polyacrylamide gel electrophoresis, 

and munumxiIffusIOn. 

Separation of AFP Isoforms 

Seven distInct molecular variants of mouse AFP were separated and purified by 

preparauve anion-cxchange chromatography with Mono Q columns linked to a fast 

protem liqUid chromatography system as previausly describerl (van Oers et al., 

1990). The seven I~oforms were defined by their respectIve chromatographic 

retentlon volumes, isoelectric points, and immunoblatting patterns with an ti-AFP 

.mUsera. 

Extraction and Gas Chromatography of Fatty Acids 

Fatty aClds in alpha-fetoprotein and albumin preparations were extracted by the 

method of Folch et al. (FoJch et al., 1956) after the addItIon of 8 J.lg of 10,13-

nonadecadienOic aCld (19.2) In sorne experiments, the protein precipitate which 

fomlcd at the aqueous mtetface was retamed and dlalyzed versus PBS to effect 

resolublhzauon. After converSIOn to thelr methyl esters by treatment wlth 

diazomethane, the fatty aClds were quantitated usmg a mode 1 3300 Varian gas 

chromatograph wuh a flame ionization detector. The column employed was a J&W 

fused slhca capillary column (DB23, 30 m x 0.32 mm and 0.25 ~M film thlckness). 
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The amounts of fatty aClds were culculated by comparison of thelr peak areas wllh 

that of the tnternal standard, 19:2. 

Removal of Free Fatty Acids from AFP 

Free fatty aClds were extracted [rom AFP preparations using cartridges of ODS 

silica (Waters C lK Sep-Paks, Mlihpore Canada Ltd.) as described by Powell (Powell. 

1982). AFP (5 mg) in PBS was mlxed with absolute ethanol to a final 

concentration of 30% ethanol, and thls solution was aCldlfied to a pH of ca 3 0 

with the addition of 1.0 M cltnc acid. After loading the ~arnple 0010 the cartndgc, 

unadsorbed protein material was nnsed through the cartridge wlth 30% ethanol in 

water (20.0 ml). Fatty acids retatned on the column werc then cluted wlth gO'k' 

ethanol ln water (20.0 ml), and absolute ethanol (lO 0 ml). The matenal 111 the 

acidified 30% ethanol fractions was Iyophlhzed, rccon'otltuted III watcr, and dlaly/cd 

versus PBS. In sorne cases, the aCldifIed 30% ethanol fracllon" wcre dlalyled 

Immediately versus PBS followed by concentration on YM-5 memhranes wlth an 

Amicon filtration unit (Amlcon, Canada). Prote ms in these fractlons wcre adjll~tcd 

to a concentration of 1 mg/ml. In certall1 expcnmenh, fatty aClds were extractcd 

from AFP using a charcoal adsorpuon procedure descnbed by Chen (Chen, 19(7) 

Briefly, 2 mg of AFP or albumm were dmlyzed versu~ dl~tllled watcr (Mllll-Q IIP, 

Millipore Corporation), cUiefully adju~ted to pH 30 wlth the addltlon of 1 M cltne 

acid, and sub~equently stirred for 4 hours at 4°C wllh pre-wa~hed charcoal (Nont 1\, 

Fisher SClentific Ltd). The solutIon was then centnfllged al 20,OOOg for 15 111111 

The supernatant containing the hpld-free protetn wa" filtercd through () 22 Ilm flIter ... 

(Millex-GS filters, Millipore) and the pH was re-adJu'>ted to pli 70 hy dlalyw; 

versus PBS 

Preparation of Fatty Acid - Protein Complexes 

Arachldonic acid and 4,7,10, 13,16,19-docosahexaenOlc aCld (CalblOchcm Corp ) 

were purified on an open colurnn of slhcic aCld (BlOrad Laboratone .... ) and adJu'oted 

to a concentration of 10 lM in 100% cthanol before u~e. Each fatty aCld wa,-; added 

to natIve unfractionated AFP, punfied AFP I~oform" and mou)c alhumlll (2rng/ml) 

at a final concentration of 2.86 mM, and lllcubated for 24 hour~ at ·fe The'oe 

amounts correspond to a lOO-fold molar exces,-; of FFA cornpared 10 the 1 () mole 
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FFA normally bound by MAF-derived AFP. After the completion of the 24-hour 

mcubatlon, the protein preparatIons were dialyzed versus PBS to remove unbo md 

fatty acids Complexed FFAs were subsequently quanutated by GC. In certain 

expenments, unb0und fatty aClds were removed by density gradient centrifugation. 

Briefly, 2.5 ml of protein (2-4 mg of protem) was mixed wlth 1.42 ml of a solution 

contlllmng 1 87 M NaCi and 2.06 M KBr (demlty = 1 23~}) to generate a final 

denslty of 1.15 Thcse preparations were centnfugated at 100,000 X g for 4 hours. 

Under these conditions, non-protem contaIn1Og fatty aClds micelles floated at the top 

of the gradient. The lower phase contaming the protein was dlalyzed against PBS, 

and concentrated wtth Centncon-IO ultrafiltratIOn units (Amlcon Canada Ltd.) prior 

to GC analysl~ 

A mixture of (30 nM) araChldol11c aCld and docmahexaenOlc aCld (30 nM) were 

also Incubated directly wlth CD4+ CD8 T lymphocytes (2 5x 106 cells/ml) for 48 

hours at 37°C. The~e concentrations approximate the quantItIes of 20.4 and 22:6 

that are nomlally complexed wIth native AFP preparatIons present III tissue culture 

expenments Expenmcnts were also perfomled with samples of AFP-4 (1.0 mg/ml) 

that had been dIalyzed for 20 hours at 4°C in 10.0 ml of mOllse amniouc flUid. 

Mitogen Transformations 

Adult C3H CD4· CD8 thymocytes obtamed by a convenuonal two step negative 

selectIon protocol wIth antt-Lyt 2.1 antisera (New England Nuclear) and rabbit 

complement (Low Tox, Cedarlane) were cultured to assay for reactivity to 

Concanavahn A employing a previously descnbed mlcroculture system (Hooper and 

Murgita, 1981). CD4+ CD8 thymocytes (2.5x 1 05
) were cultured 10 96-well round 

bottom microtitre plates for 48 hours with Concanavalin A (1 ~g/ml, PharmacIa 

Fine Chemicals). Total volumes of cell cultures were 200 ~l. Cells were 

maIntaIned at 37°C In 95% humidified air and 5% CO2• S'x hours pnor to 

harvestll1g, cultures were pulsed wnh 1 ~Ci !3H] thymidIne (66 CI/mmole, ICN 

Biomedlcals Canada). Cells were harvested onto glass fibre mats with a multiple 

sample harvestor (Skatron, Flow Laboratories) and water Insoluble [3H] thymidine 

incorporation was measured with a liquid SCIntIllation counter (LKB 1216 Rack 

Beta, Phamlacia Fine Chemlcals). Results are expressed as mean counts per 

minutes ± SEM of triplicate cultures. 
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c. RESULTS 

Fatty Acid Composition of Mouse AFP 

Previous reports have indicated that free fauy aClds (FFA) are the only type of 

lipids assocIated wah mouse and rat AFP (Savu et al., 1981. Calvo et al, 1(88). 

To identlfy the fatty acids a~",ocIated wlth mou~e AFP, aIl the non-estcnflcd FFA., 

bound by MAF-denved AFP were extracted with orgamc ~olvenh, convertcd to 

methyl ester denvatives and analyzed by gas chromatography (GC). Figure Il A 

shows a representauve profile of the fatty aCld~ separated on a OB-23 fu~ed .,llIea 

column. SIX major componenb wcre detected and subsequently Identlflcd by 

companng thelr retentIon lImes wilh those from a mixture of methylatcd fatty aCld 

standards. The major non-esterified fatty aCld~ Iden!lfIed lIlc1uded paltllltIc and 

(16:0), stearic aCld (18.0), 01eIC aCld (18: 1), hnolclc aCIJ (18 2), araehldoll1e aClo 

(20:4), and 4,7,1O,13,16,19-docosahexaenOic aClo (22 6) The type~ of FFA bound 

to mouse AFP are very simllar to that reported for human AFP (Panllclce et al , 

1978). The peak wIth a retention lIme of 17.0 mlll 111 Figure Il I~ 19 2, an II1lernal 

standard added prior to the extractlon of the fatty aCld~ from the protCIl1 

Quantitative Measurements of Fatty Acids Bound to AFP 

The concentratIons of the six fatty aCld~ IdentIfled 111 Figure 11 A were cakulatcd 

by comp.mng the relative peak area of eaeh to that of the II1ternal standard. The 

molar rauos of each fatty acid extracted from AFP arc shawn 111 Table X The 

quantIties ranged from a low of 009 mol arachldonlc aCld and hnolclc aCld pcr mol 

of AFP to a maximum of 0.34 mol for palnlltic aClo, cl)Illpming a total of 1 () mol 

of fatty aCld per mol of AFP. Mouse albumlll exhlbIted a total fauy aCld contcnt 

of 0.70 mol, but contained only 0.03 mol of each of 20.4 and 22'6, re"pcctlvdy, 

levels which were near the GC detectIOn hmIt~ of 0 () 1 mol of FA/mol of protClll 

(Table XI). Human fetal album1l1 wao.; prevloll<;ly reporteo to contalll 005 and () ln 

mol of 20:4 and 22'6, respectlvely (Parmelee et al, 197H) 

The Role of Arachidonic Acid and Docosahexaenoic Acid in AFP-Mcdiatcd 

Immunos,~ppressive Activity 

It has been previously estabhshed that AFP is capable of exertmg strong 
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Figure Il. 

Gas chromatograms of the fatty acids from mouse amniotic tluid-derived alpha­

fctoprotein. A) Alpha-fetoprotein (2.0 mg) was incubated with 8 Ilg of 19:2 as an 

uHcrnal standard. Fatry acids were extracted from AFP by chlorotorm:methanol, 

converted to their methyl esters, and chromatographed on a fused silica capillary 

column as descnbed m "Material and Methods". The identIty of mdividual futty 

aCld componems was confiImed by the addition of fatty acid standards and are 

labelled accordingly. B) Preparations of AFP werc passed ovcr OOS slhca cartndgc'l 

and the resiJual fany acids remainmg on AFP were extracted, methylated, and rUll 

on the Ge. C) In one expenment, fany acid~ were extracted from AFP by 3 

successive chloroforrn/methanol e,:tractlons. FollowlIlg each extraction, the protein 

was re-solubolized by dlalY'>l'i aga1l1'1t PBS Resldual fany acids remaining 

complexed to AFP were analyzed by GC during the thlrd extraction. For 

comparative purpmes, the approxlmate peak areas of the internaI standard are 

~75,OOO (A), I,non,ooo (B), and 540,000 (C). 
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TABLE \: 

F ATTY ACID COMPOSITION OF NATIVE AFP A;\iD ITS SEVEN INDIVIDUAL MOLECULAR VARIANTS 

MOLES FATTY ACID/MOLE PROTEIN" 

PROTE IN SAMPLE 16:0 18:0 18:1 18:2 20:4 22:6 TOTAL 

Native AFP (6) 0.34 ± 0.18 0.18 ± 0.10 0.17 ± 0.08 0.09 ± 0.02 0.09 ± 0.05 0.14 ± 0.03 1.00 ± 0.46 

AFP-1 (2) 0.39 ± 0.18 0.24 ± 0.02 0.18 ± 0.02 0.13 ± 0.03 <0.02 <0.02 1.02 ± 0.25 

AFP-2 (3) 0.66 ± 034 061 ± 0.40 0.14 ± 0.10 0.06 ± 0.03 <0.01 <0.01 1.47 ± 0.87 

AFP-3 (3) 0.42 ± 0.07 0.49 ± 0.10 0.12 ± 0.08 0.04 ± 0.03 <0.01 <0.01 1.08 ± 0.28 

AFP-4 (3) 0.39 ± 0.08 0.54 ± 0.11 0.12 ± 0.08 0.05 ± 0.01 <0.01 <0.01 1.10 ± 0.28 

AFP-5 (3) 0.44 ± 0.20 0 49 ± 0.09 0.08 ± 0.02 0.03 ± 0.02 <0.01 <0.01 1.04 ± 0.33 

AFP-6 (3) 0.40 ± 0.14 0.55 ± 0.17 0.08 ± 00.+ 0.02 ± 0.01 <0.01 <0.01 1.04 ± 0.36 

AFP-7 (3) 0.42 ± 0.02 0.48 ± 0.10 0.08 ± 0 02 0.04 ± 0.03 <0.01 <0.01 1.02 ± 0.17 

aFree fatty acids were exrracted with chlorofonn: methanol. The fatty acids in the extracts were methylated and quantitated by gas 
,::hromatography as described under "Materials and Methods". The moles of fatty acid per mole of prote in for 16:0, 18:0, 18:1, 18:2, 20:4, 
and 22:6 are means ± S.E. of detenninatlOns camed out on two to six different preparations of the proteins indicated. The numbers in 
parentheses are the number of detemunations per protein. 
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immunosuppressive effects on several in vitro functional assays (Murgita and 

Wigzell, 1981) and more recently we have demonstrated that all this 

immunoregulatory activity is associated with only one of scven natural Isomenc 

forms of AFP (van Oers et al., 1989). Confhcting results have emergcd rcgan.hng 

the contribution of the PUFAs 20:4 and 22:6 complexed 10 AFP m mediatmg the 

immunosuppressive functton<; of the prote in (N unez et aL, 1987, Hsia et al., 1987, 

Deutsch, 1983, Yachnin et al., 1980c, Vallette et al., 1999). 1'0 asscss the potentIaI 

contribution of thesc fatty acids in AFP-mcdlated nnmunosuppresslOn, wc compared 

the fatty acid compOSitIOn of the biologlcally active molecular variant of mouse 

AFP, termed AFP-l, with the six non-suppresslve mouse AFP Isoforms, AFP-2 

through AFP-7 The seven 1l1dlvidual Isofonns of mouse AFP werc separatcd on a 

Mono Q anion-exchange column as prevlOusly descnbed (van Oers et al, 1990) and 

the non-estenfïed fatty acids bound by each were extractcd wlth 

chloroform:rnèthanol and analyzed by gas chromatography. As shown In Table X, 

the total amount of FFAs bound by the different isofonns was relatively constant at 

1.0 mol FA/mol of protein but the levels of arachldonic acid and dOCos::~lexaenoic 

acid were below the GC detection limits. These results suggest that 20:4 and 22:6 

are lost during the purificatIOn of the AFP IsofomlS by anlon-cxchange 

chromatography. The low content of 20:4 and 22:6 111 punfïed AFP-l wou Id 

suggest that its immunoregulatory acuvity does not require the presence of the se 

fatty acids. As shown in Table XI, the PBS solution uscd for dmlyzmg the AFP 

isoforms contained residual quantities of 16:0 and 18:0 which may have contnbuted 

to some of the \I1creases noted in the isofomls. 

Immunosupprcssive Activity of AFP Preparations FollO\/ing Fatty Acid 

Adsorptions and Re-associations with Arachidonic Acid and Docosahexacnoic 

Acid 

To detennine the role of PUFAs such as 20:4 and 22.6 In AFP-medwted 

immunoregulation, experiments were performed 111 which the ImIl1UnO~upprc<;slve 

activity of AFP was assessed following the removal of complexed fatty acid .. by 

adsorption to OOS silica cartndges Figure Il B shows the Ge fatty aCid prof de of 

residual FFAs assocIated wlth AFP followmg OOS sllica ad .. orptlon. Thcre wa.., a 

40% reductIon in the combined molar content of 16:0, 18.0, 18 1, and 18.2. More 



T .\BLE XI 

QUANTITIES OF FATTY ACIDS BOUND BY AFP, ALBUMIN, DELIPIDATED PROTE IN PREPARATIONS, 
AND DEF A TTED SAMPLES RE-ASSOCIA TED WITH 20:4 AND 22:6 

MOLES FATTY ACID/MOLE PROTEIN" 

PROTEIN SAMPLES 16:0 18:0 18:1 
Native AFP 0.33 ± 0.18 0.18 ± 0.10 0.17 ± 0.08 

Mouse Albumin 

AFP-ODS Slhca 
Adsorbed 

AFP-Delipldated 
by Chlorofonn/ 
rncthanol 

AFP-4 to AFP-7 
+ 20:4, 22:6 

Albumm 
+ 20:4, 22:6 

Native AFP 
+ 20:4, 22:6 

PBS 
+ 20:4, 22:6 

0.18 ± 0.04 0.06 ± 0.01 0.10 ± 0.02 

0.15 0.15 0.09 

0.03 0.01 0.02 

0.33 0.16 <0.01 

0.24 <0.01 <0.01 

0.15 0.09 0.03 

0.15 0.07 <0.01 

18:2 20:4 
0.09 ± 0.02 0.09 ± 0.C5 

0.31 ± 0.06 0.03 ± 0.01 

0.07 <0.01 

0.01 <0.02 

<0.01 0.77 

<0.01 0.79 

<0.02 0.28 

<0.01 <0.01 

22:6 
0.14 ± 0.03 

0.03 ± 0.01 

<0.01 

<0.01 

l.82 

LI1 

0.83 

<0.01 

TOTAL 
1.002 ± 0.46 

0.70 ± 0.14 

0.46 

0.10 

3.08 

2.15 

1.38 

0.22 

1-' 
0 
\.Cl 

"Non-estenfied fatty aClds bound by the mdicated protems were extracted ~nd analyzed a\ dc~cribed under "Matenals and Method~". 
Preparatlon~ of AFP were dellpldated by chlorofonn IllCth:lIlOI c\.tractlons or llSlIlg OOS \lhca cartndgcs as mdlcated m "Materials and 
:\1cthod,-" Defattcd protCI!1 '-ampk,- ànu PBS \\cre IIlCuh,lll'd \\'1111 ,\ j()()-molar excl''-'- of 20 -+ and 226. and the Ff.A-protèll1 complexe'­
WhICh (oll11cd \\CIl' ljU,illl11U.:-- hy Ge dIldl)'-l\ 
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importantly, a quantitative analysis of the remaimng FFAs indicate that the 

quantities of 20:4 and 22:6 are below the GC detectlon limits of 0.01 mol of fatty 

acid per mol of protein (Table XI). The functional activlty of AFP passed over 

OOS silica cartridges was assayed by measuring Hs suppresslve effects at 

concentrations ranging from 100 Ilg/ml to 1 5 Ilg/ml on Con A-stltnulated CD4' 

C08- thymocyte responses. As shown in Figure 12, AFP depleted of 20.4 and 22:6 

shows a titratable suppressive activHy comparable to control untreated AFP. 

Samples of AFP that had been exposed to either 30% ethanol or 30% ethanol at pli 

3.0, conditions required for fatty aCld adsorption to OOS sllica, mamtamed 

suppressive activities equivalent to control AFP. The CD4+ CD8 thymocyte 

responses were also unaffected by the addiuon of albumm controls adJll .. ted 10 30% 

ethanol, titrated to pH 3.0, and pa~sed over OOS silica cartndges. 

In an attempt to increase the efficlcncy of fatty aCld depleuons, native AFP 

preparations were also delipidated by chlorofom"l/methanol extractlons. Followll1g 3 

successive chlorofonn/methanol extractions on the same sample of AFP, roughly 

90% of the FFAs were removed (Table XI). More importantly, the \evcls of 20:4 

and 22:6 were again below the GC detection units (Fig. II C). As shown 111 Table 

XII, the fatty acid-depleted AFP preparation inhiblted the ConA indllced CD4' CDX 

thymocyte response by 82%, similar to the 89% suppres~ion seen WIth native AFP. 

Due to the large protein loss which occliITed with the chlorofonn/methanol 

extraction procedures, this method was not suitable for generatlllg larger amounts 01 

delipidated AFP which wou Id be needed for further functlOnal studie~. 

Experiments were also performed to directly assess the effects of 20:4 and 22:6 

on T-cell mitogen responses, and the functional contnbutlon of thcse PUFA .. on 

seve rai non-suppressive protein preparations. As shown in Table XII, the additioll 

of 3XlO-8M AA and DHA directly 10 the nlltogen assay had no notlceablc effect on 

[3HI thymidine incorporation. Thesc concentrations approxlmate the 4lJantItIt:.., of 

20:4 and 22:6 nonnally complexed on native AFP preparations added to the lI~"'lIe 

culture a~say. Control AFP, a mixture of AFP-2 to AFP-7, a single I~ofonn AFP-4, 

and mou se albumin were also incubated wuh a lOO-molar exccs~ of 204 and 22 6 

Non-complexed FFAs were removed by dialysls, and the effeCtlvene..,~ of FFA 

binding was confinned by GC analysis. As shown In Table XI, ccli protelOs 

exhibited a significant increase in the combined molar content of 20:4 and 22:6 
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Figure 12. 

Dose-response effect of control AFP and PUF A depleted AFP preparations on 

Con A-stimulated CD4+ CDS" thymocytes. Adult C3H CD4+ CD8" thymocytes 

[2.5xl(FSJ were cultured with 1 J,Lg/ml ConA in the presence of varying concentratIon 

of control AFP (.), AFP exposed 10 30% ethanol (0), AFP titrated to pH 3.0 in 

30% ethanol (.), and AFP passed over ODS silica cartridges (.) as described in 

"Materials and Methods". Control albumin, albumin exposed to 30% ethanol at pH 

7.0 or 3.0, and albumin eluted through OOS siIica were all without effect in thlS 

assay (.6). Proliferation responses were measured at 48 hours of culture by [3H] 

thymidine incorporation as described in "Materials and Methods". 
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T:\BLE XII 
REGLL-\llO'\ OF THE C():,\-\ STI\ILL \TEO CD"'- CDS T11't \10CYTE RESPO'\SE 

SAMPLE 
Exp't l Nauve AFP 

Delipidated AFpn 

20:4 (3 X 10 ~Y1) 

22:6 (3 X 1O-8M) 

Exp't ne Natlve AFP 

Native AFP 

AFP-2 - AFP-7 

AFP-2 - AFP-7 

Albumin 

Albumin 

AFP-4 

AFP-4 

PBS 
PBS 

Exp't III MAF-CTL 

AFP-4 (MAF) 

CD·h CDS- CO'\ A THY\iOCYTE RESPO'\SEd 
TREA r\IE~T RESPOl\SE CO:'\ TROL RESPO:'\SE 
j'l;one 4058 ± 1328 35.432 ± 7479 

ChlorofoITIl/Methanol 6210 ± 1833 35.432 ± 7479 

None 

None 

None 

20:4; 22:6 

Reassociated 

None 

20:4; 22:6 

Reassociated 

None 

20:4; 22:6 

Reassociated 

None 

20:4; 22:6 

Reassociated 

None 

20:4; 22:6 

Rt:associated 

None 

20 hour dialysis 

agamst MAF 

37,952 ± 4525 

34,516 ± 4162 

9800 ± 2118 

7534 ± 967 

109,130 ± 6793 

77,220 ± 4750 

148,650 ± 35,221 

137,025 ± 1591 

123,378 ± 33,788 

177,195 ± 18,172 

135,276 ± 8240 

152,342 ± 12,142 

4318 ± 619 

72.291 ± 1676 

35.432 ± 7479 

35,432 ± 7479 

87,062 ± 13,172 

87,062 ± 13,172 

87,062 ± 13,172 

87,062 ± 13,172 

135,276 ± 8240 

135,276 ± 8240 

135,276 ± 8240 

135,276 ± 8240 

135,276 ± 8240 

135,276 ± 8240 

68,408 ± 16,256 

68,408 ± 16256 

7c SCPPRESSIO:\ 
89 

82 

o 
o 

89 

91 

C 

10 

o 
o 

9 

o 

o 
o 

94 

o 
...... 
...... 
w 

"Adult C3H CD4+ CD8- thymocytes (2.5 X lO5) \Vere co-cultured \VIth 1 llg/ml Cor.A and 100 llg/ml of the mdlcated protems or 3 X 10-
hM of the mdlcated fatty aCld~ ProhferatlVè re~pomè~ \Vere mea~ured at 48 houp ... Ind control re~ponse is maximum 3H-thymldme 
lIlcorpor,ltlon 111 111l' pl e .... enœ of media ,done 
hDèllpld.\lI()[1 .... \\èlè ]1èlilHl11L'd ,l' lk'cnhèd ln '\1.llèll.d, .mL! \klhod,' 
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Native AFP complexed 1.11 moles, AFP-2 to AFP-6 bound 2.) 2 moles of thcse 

FFAs, AFP-4 had a molar binding content of 2.59 moles whereas mou se albumlll 

re-associated with 1.9 moles of these fatty acids per mole protcin. When PBS 

controls containing 20:4 and 22:6 were preparcd in a similar manncr, these PUFAs 

were not detected following dialysis. It IS notable that the quantltles Of 20:4 and 

22:6 bound by the AFP isoforms are near the saturable fany aCld bll1dlllg capaclly 

published for AFP (Savu et al., 1981, Parmelee et al., 1978, Unel et al., 1987, 

Torres et al., 1989, Hsia et al., 1987, Calvo et al., 1(88). The functlonal acUvltlCS 

of FFA complexes of control AFP, AFP-4, AFP-2 to AFP-7, and albumm (100 Ilg 

protein/ml) were determined by measuring their effects on ConA-stimulatcd CD4+ 

CD8- thymocyte responses. As shown in Table XII, only control AFP preparation,> 

were immunosuppresslve, supporting the conclusion that 20.4 and 22:6 play no 

central role in AFP-mediated Immunosuppresslve activity. To help rule out the 

possibility that some other associated molecule was resp()I1slble for AFP-mcdlatcd 

immunosuppression, AFP-4 was directly dialyzed versus mouse amnioue flllld. 

Following 20 hours of dialysis, the immunosuppressive properues of the AFP in 

MAF could not be transferred to AFP-4. 
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D. DISCUSSION 

Extensive investIgations in both the human and murine systems continue to 

suppon the concept that one of the major functions of AFP is immunoregulation 

(reviewed 10 MurgIta and Wigzell, 1981, Yachnin, 1983). The major purpose of 

thls study was to detenmne whether the lmmunosuppressive activity of AFP is an 

intrinsic property of certain AFP molecules or whether it is due to the association of 

non-covalently complexed PUFAs. 

AFP, like serum Lllbumm, possesses 2 or 3 bmdlng sites for FFAs and IS 

considered the major physiologlcal binding and transport rrotein of PUFAs m the 

serum dunng fetal development (Savu et al., 1981, Pannclee et al, 1978, Laborda el 

al., 1989, Uriel et al., 1987, Calvo ct al., 1988). It is noteworthy that AFP, ln 

contrast to album1O, has a preferenual affmay for PUFAs including arachidonic acid 

and docosahexaeoOlc acid (Savu et al., 1981, Parmelee et al., 1978, Hsia et al., 

1980, Imgvarsson and Carlsson, 1978). These propertles, combmed wah the 

observation that AFP can mediate the transfer of 20:4 mto cells (Unel et al., 1987, 

Torres et al., 1989), the IdentificatIon of AFP receptor<: on actIvated T cells (Torres 

et al., 1989), and the know ledge that PUF As can modulate Hnmune responses 

(Hwang, 1989) prompted ~everal re~earehers to propose that the lmmunoregulatory 

actIvaies may be related to the APP-PUFA complex. Thu'i, Deutsch suggested that 

defatted human AFP preparatIon'i would not suppress mltogen-lOduced T-cell 

responses unlcss the protem was reconstItu·-;d WIth arachldollle aCld (Deutsch, 1983). 

Nunez et al. reported (Nunez et al., 1987) that the exogenous addwon of 1 jlg of 

22:6 dlrectly into a spleen cell mitogen assay contalOing AFP could mcrease the 

inhibItory propenies of the protem 2-3 fold These authors attributed previously 

reponed vanablhues 111 the imrnunosuppressive actlVIties of dlfferent AFP 

preparations (Lester et al., 1976) to the relative concentration of the saturated and 

unsaturated fatty acids bound to AFP (Nunez et al., 1987, Deutsch, 1ge3) 

Thcre fore , sarnples of AFP eonta1l1111g a high molar content of 20:4 and 22:6 were 

proposed to demonstrate more enhanced Immunosuppressive aetivities (Nunez et al., 

1987). 

The faet that many of these conclusions were based on indirect eVldence with no 

quantItative analysls of the FA-protein complexes used in the assays, leaves 
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unresolved the contribution of PUFAs In AFP-mediated mmlUnoregulatIon In 

contrast to these reports, Yachnin et al. have found no correlatIon betwecn the 

individual or total fatty acid content of fetal or tumor-derivcd human AFP sal11pk~. 

and the capaclty of these preparations to inhiblt T-ccll mltogcn rcsponses (Yachllln 

et al., 1980c). Furthermore, the sc authors dcmonstrated that FFAs at concentration ... 

of 10-1 M had no significant suppressive effect on lymphocyte tran~fonnatlOn~ ln 

this investigation, we have demonstrated that the lIllmunosuppre~slVt~ actlvlty of 

mouse AFP is not mediated by complexed long-cham PUFAs. GC analysls ~howed 

that MAF-derived AFP complexes with 6 distmct fatty aCId~ compnsmg a total of 

1.0 mol of fatty aCld per mol of protein (Table X), similar to the quantltles 

associated wIth ammotIc fluid-denved rat AFP (0.8 mol/mol protelll) (Calvo et al , 

1988). We have recently succeeded m separatmg mou!:.e AFP into ... even dl..,Ullct 

isofonns by amon-exchange chromatography (van Oer!:. et al., 1990). Slncc we 

detennmed that all lmmunoregulatlve aCI1VIty of mouse AFP W<l!:. as!:.ocI:ltcd wlth 

only one of these seven molecular vanants (van Oers et al, 1989), Il I!:. concclvahle 

that this Isofonn (AFP-1) had FFA bmding charactcristIc!:. dlstmct l'rom the 6 nOIl­

suppressive v,mants WhlCh contributed to Ils actIvity. Usmg a combmatlon of 

amon-exchange chromatography and GC analysls wc have found sm1l1ar quanl1tles 

of 16:0, 18:0, 18: 1 and 18:2 for all seven punfied lsoform!:. eomprblOg a total of 1 

mole of FFA/mole of protem (Table X). These re ... ult<, are consistent wlth prev)()u<, 

reports showing that distinct rat AFP subspeCl~s have Idcnllcal fatty aCld 

composItIons (Calvo et aL, 1988). More importantly, there wa!:. no detectable 20:4 

and 22:6 bound to any of the seven Isofom1s 111 compari'\on to native AFP. 1'1111, 

may be a result of the chromatographie procedure ùeveloped for '\eparaung the 

molecular vanants of mouse AFP. Com.istent wIth this hYPoihem IS the report of 

Calvo et al. documentmg a selectlve Ims 111 the relatIve proportIOns of 20 4 and 

22:6 bound by rat and pig AFP following affimty chromatography procedurc!:. (Calvo 

et al., 1985). We found that ail seven Isofom1S had an elcvated molar eontcnt of 

16:0 and 18:0. ThiS may be due to contam1l1atIon wlth exogeneou!:. saturatcd fatty 

acids during the isolation and punfieation procedures ~Ince we deteclcd small 

amounts of 16:0 and 18:0 in our preparations of PBS (Table XI) 

The aforementioned results wou Id suggest that the Immunoregulatory aetlvlty of 

AFP does not require the complexed PUFAs 20:4 and 22:6 Thi .. mterpretauon wa<, 
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substanuated by subsequent experiments showing that AFP batehes delipidated by 

passmg through ODS slliea eartndges suppressed mitogen responses whereas 

equivalent amounts of untreated or defatted albumin were wIthout effect. In 

addition, we were unable to con vert non-suppressive molecular variants mto an 

active isoform hy re-assoclating AFP subspecles with approxlmately 3 moles of 20:4 

and 22:6 per mole of protein. It IS worth notmg that the molar content of FF A in 

different AFP prepardtIOnS ranges between 1 and 3 depcnoll1g on both the tissue 

source and gestatlonal Ume point of AFP bolation (Une! et aL, 1987, Calvo et aL, 

1988). For example, rat ammotlc tlUld-derived AfP contam less FFA (0.8 mol/mol 

protein) than that of fetal sewm (1 4 mol/mol protem) The<;e differences are 

hypotheslzed to be due to the lower lcveb of 20'4 and 22:6 in the amniotlc tlUid 

(Calvo et al, 19R8) Tlm ob~ervatloT1 would be ll1 agreement wlth our re~ults 

showll1g that the additIOn of exogenous 20:4 and 22 6 to MAF-denved AFP-4 

mcreased Its FFA molar content to the maximal bmding capaclty of 3 moles/mol of 

protem (Parmelec et al, 1978, Hsia et al., 1981). In spite of the normally low 

quantiues of 20.4, and 22:6 111 ammotIc tlUld, MAF-derived mouse AFP i') very 

effective at .... uppres"ing mltogen respomes at concentrations as low as 6.25 ~g/m1. 

In fact, the concentratlOm of 20 4 and 22 6 bound by AFP in these assays are at 

least 50-fold lower than that required to dlrectly mhlblt T œil I11ltogell responses 

(Kelley and Parker. 1979) The conclu'>lon that 10:4 and 22'6 are not e~sentlal for 

AFP-medlated llnlllul1Ofegulation 1 .... 111 agreement WIth results prc'lcnted by Yachnin 

et al (Yachnll1 et al, 1980c) ~howl11g no correlation between fatty aCld composItion 

and the Immllnosupprcs~lve potency of dlfferent human AFP pleparatlOns. It IS 

pOSSible that the prevlOusly reportcd los" of lInmunoactl vlty could have been due to 

the del!pldatlon procedure uulized for dcfatt1l1g AFP Yachnm and co-workers 

attempted to rcpeat the charcoal ad'iorptlor. cxpenmenh of Deutsch ct al (Deutsch, 

19H3), but found that the prt)longcd expo~ure of AFP at pH 3.0. a conditIon 

reqUlred for charcoal adsorptIon of FFAs, resulted 1!1 a loss of Immunosuppressive 

actlvlty. Although, we have found that m()u~e AFP, tItrated to pH 3.0 was equally 

effective a~ native AFP in suppresslI1g mltogen ICSpOn"ies, we were unable to 

generate consistent results wlth charcoal adsorption experiments (unpublished 

observations). There is sorne eVldence to suggest that AFP exposed to chareoal at 

pH 3 may undergo a profound denaturatlOn in its hydrophoblc blI1ding sites 
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(Pannelee et al., 1978). Fluorescence spectroscopy and circular dichrOism stUlilc~ 

have revealed dramatic conformation al changes in the AFP molcclile at aCldlc and 

basic pH values (Zizkovsky et al., 1983). These observations SllggC~t that the 

charcoal treatment itself may in fact denature the protetn, resulung III a loss of 

biological ucttvity. lt is also known that the direct addition of rFA to ccli culture., 

may have strong cytotoxic cffects on the cclls If tntern,lltœd III exct' S~ (Kelley and 

Parker, 1979, Chow and Jondal, 1990) Since no vlabllt.v data ',vere reported l\l tht: 

experiments of Deutsch (Deulsch, 1983), and Nllnez et al (r\jllnez el al, 1987), It 1'1 

possible that the sllppresslve effects measured in thelr assays may have bcen a result 

of cytotoxlC effecb of exogenollsly added FFAs 

Although we have shov/n here that fany aClds are unhkely LO contnbute tn the 

immunosllppres'>lve activtty of AFP, wc cannot exc\udc the pos'>lblltty that sOll1e 

other non-covakntly bOllnd molccule or llndetected fatty acid mctaboltte may be 

involved, Throughollt the COLm.e of our lI1ve~tIgatlOn ... , 1l1011~e Arp wa,> ~llbJcctcd to 

temperature and pH extreme ... , denatunng agenb, and hlgh- ... alt conccntIatlon.,. Ail 

these condlt1()n~" w!llch normally favor the diSSOCiatIon of small mo!eclllc ... , fatled to 

dmllnish the functLonal actlvlty of mou se AFP. Moreover, preparatI()n~ of Arp 

passed over ODS slhca cartndges at elhanol concentrations of 15%, conditions used 

to absorb prostaglandll1s, thromboxanes, and monohydroxyclcosatctracllOlc aCld., 

(Powell, 19~Q.), WCle as equally supprcsslve as control AFP (unpllbb~hed 

observations ). 

Recent expenments by Torres et al. have revealed the pre ... cnce of Arp reccptor"i 

on activated T lymphocytes (Toress et al, 1989), and Unel and co-workers Ilave 

shown that AFP can mediate the transfer of arachldonic aCld into cultured ccli line"i 

(Uriel et al., 1987). Since 20.4 IS the prccur ... or of the elcosanOld<;, the~e authors 

proposed that the aradndonIc aCld metab()ltte~ sllch a.., pro...taglamhn ... rnay regulate 

lymphocyte functioll'l. Howevcl, Yachl1ln and co-workcr,> have demon~trated that 

AFP-medtated SUpplcsslon of T-cell mltogen n:"'pome ... 1" Ilot affected hy 

indomethaclll, L1 cyclooxygenase lllhlbitor plcventlllg prmtaglandll1 ~ynthe"'l~ 

(Yachnin et al., 1980c), ruhng out the pO"islblllty that Ar,p act'; by ,>url1ulal1ng 

prostaglandIl1 productIon Consistent wlth the ... e rcslllh l~ the report "howlllg thal 

AFP-medlatcd inhibition of major hl~tocompatlbllity complex Cla,>s Il antlgen 

expression on macrophages IS not due to the presence of arachldonIc aCld or the 
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synthesis of prostaglandins (Lu et al., 1984). It is also relevant to this line of 

l'easoning that prostaglandin synthesis in the human placenta and fetal membranes is 

actually inhiblted by AFP (Aussel, 1984). The essential biochemical distinction 

between the immunoregulatory AFP isoforrn and the lemainmg six non-sllppressive 

molecular variants remains to be elucidated. In a series of reports correlating 

bIOlogie al actlvlty with the presence of specifie human AFP elrctrophoretic vanants 

(Lester et al., 1976), a post-translatlOnal modification was postlilated to control the 

immunosuppressive potency of human AFP isomers (Lester et al., 1977a). 

Experiments are presently underway in our laboratory to detem1Ïne whether a similar 

post-transcriptlOnal or post-translatlOnal modification may modulate the 

Immunoregulatory actlvity of mouse AFP lsofonns. These studies will include 

functional analysis of mo<hfied synthe tic and recombinant AFP peptIdes (BOlsmenu 

ct al., 1988). 
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V. GESTATIONALLY REGULATED EXPRESSION OF A 

BIOLOGICALLY ACTIVE ALPHAuFETOPROTEIN ISOFORM 
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A. INTRODUCTION. 

Alpha-fetoprotein is a well-eharaeterized oneo-fetal moleeule, nonnally 

expres~cd by embryomc tissues including the fetal liver, yolk sac, and 

gastroInlcstinal tract (reviewed In Ruoslahti and Sepppala, 1979, Abelev, 1971). The 

tran~cnptlOnal activation of AFP occurs at about day 10 of fetal development in the 

m()u~e, re~ultIng in a hnear inerease in the quantities of AFP detectable in fetal 

serum and tissue extracts (Kahan and Levme, 1971, Hau et al. 1981, Nahon, 1987). 

Several weeks after birth, murine AFP transcnption declines sharply, resultmg in an 

approximate 10,000 fold reducuon in AFP mRNA levels, so that the concentration 

of serum AFP deçreases from 2 mg/ml to less than 200 ng/ml at 3 weeks of age 

(Olsson et al., 1977, Camper et al., 1989). Many of the classical approaches for 

detectlllg and punfylllg AFP have Indicated that AFP eXlsts as a family of closely­

related molecular vanants (Kerckaert et al., 1979, Smith and Kelleher, 1980, Lester 

et al., 1976, 1978b). In several mammalian species, there IS a predictable pattern of 

isofom1 expressIon which is gestationally regulated, as process referred to as a 

developmental microheterogeneity (Gustine and Zimmennan, 1973, Higgins, 1979, 

Smith and Kelleher, 1980, Wilson and Zimmennan, 1976). 

ln the present Investigation, we have exammed the immunosuppressive 

activitc'l of munnc AFP purificd from mouse amniotic fluid isolated at specifie 

stages of fctal dcvclopment, on CD4+CDS- thymocyte mitob~n responses. We show 

here that the most effective immunosuppressive AFP preparations were isolated from 

fetuses at days 10.5, 12.5 and 14.5 of gestation, time points which exhibited the 

greatest relative amount of an immunoregulatory isofonn, AFP-I. 
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B. MATERIALS AND METHODS 

Animais and Amniotic Fluid Collection 

CFW SWlSS Webster mlce, purchased from Charles River (St. Con~tant. 

Quebec, Canada) were breù and maintained in our own al1lmal care faclllly 

regulated at 25°C with a 12-h hghtldark cycle. Pregnancle~ were obtall1cd by 

caging 5 CFW females with 1 male ovemight. The mormng of ùctectIOn of a 

vaginal plug was designated as day 0.5 of gestation. Mouse amniotlc flllld (MAI-') 

was collected from day 10.5, 12.5, 14.5, 16.5 and day 18.5 embryonic sac:... The 

fluids from different fetuses were pooled, centrifuged, and the supernatants wcrc 

stored at -20"C until further use. It should be noted that day 105 l'ctuscs contamcù 

very little MAF (less than 5 III per fetus) and the MAF was ca:..lly contanunatcd 

with fetal serum components. Day 18.5 MAF was extremely viscoll'i, and abo 

proved difficult to extract. 

Purification of Alpha-fetoprotein 

AFP was punfied from MAF by anubody-agarose affimty chromatography as 

described ln detail elsewhere (Murgita and Tomasi, 1975a). Whcre necessary, AFP 

was purified by a second chromatographie separation on a Mono S IIR5/5 cauoll­

exchange column coupled tG a fast protein hquid chromatography ([<'PLC) :..y~tcm 

(Pharrnacia Fme Chemicals, Baie d'Urfe, Canaùa). The column wa.., eqlllhbratcd 

with 50 mM formate, pH 4.25. Samples contammg betwcen 2-4 mg of AFP, 

previously dialyzed agamst the formate buffer, were loadeù onto the COlUIllIl. and 

fractions were eluted wllh linear salt gradient extending to 1 () M NaCl ln 50 mM 

formate, pH 4.25. Fractions were collected and indlVldual peaks, as mOl1lwred by 

the 00280 absorption profile were poolcd and concentratcd wlth Centrlcon- lO 

ultrafiltration umts (Amicon. Canada). Fractions contammg AFP werc lùenufled by 

a combinatlon of sodium dodecyl sulfate and alkahnc polyacrylalllldc gel 

electrophoresis, and ouchterlony double lIllI11Unudiffuslon analysis outhned 111 dctail 

elsewhere (van Oers et al., 1990). 

Isoelectric Focusing 

Analytical isoelectnc focusing was pel formed in 5% polyacryluI11lde gel-. 
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using a Biorad horizontal mini-IEF ceU according to the manufacturer's instructions 

(Biorad Ltd., Mississauga, Canada). One III samples containing 0.1-1 Ilg of MAF 

or purified AFP were loaded onto the gel, and electrophoresed at a constant voltage 

of lOOV for 15 minutes, followed by an additional 15 min. at 200V and finally 

450V for 1 hour. The best re:iolution of distinct AFP Isoelectrlc variants was 

obtalned in pH 4.0-6.5 amphohne gradients (pH 4.0-6.5 Pharmalyte, Pharrnacia Fine 

Chemicals, Baie d 'Urfe, Canada). At the compleuon of electrophoresis, the gel was 

immersed in a fixative solution [5% (w/v) sulfosalicylic acid, 5% (w/v) 

trichloroactic acid in disulled water] for 30 min. and stained with Coomassie 

brilliant blue, or sil ver stamed. 

Mitogen Transformations 

Adult C3H CD4+CDS- thymocytes were obtained by a onf'-step negauve 

selection protocol wlth antI-CD8 antisera (kindly provided by Dr. M.H. Julius; 

McGill University) and rabblt complement (Low-tox, Cederlane Laboratories, 

London, Canada) Thymocytes (lOx107
) were incubated with anti-CD8 0/50) and 

rabbit complement 0/10 dilution, 10.0 ml volume) for 60 min. at 37°C. Viable 

lymphocytes were washed several urnes in phosphate-buffered saline (PBS), and 

resuspended in RPMI-I640 (Aow Laboratories, Canada) supplemented wlth 0.5% 

autologous normal mouse sera, plus 20 mM Hepes, 5x 10 5 M 2-mercaptoethanol, 4 

mM L-glutamme, 100 U/ml pel11cllhn, and 100 Ilg/ml Slreptomycm. CD4+CD8-

thymocytes (2.5x 1 ( 5
) were cultured in 96-well round bottom plates for 48 hours 

wnh Con A (1 Ilglml, Phannacia Canaùa Ltd.) and MAF or AFP added at the 

initiation of cultures at concentrations ranging from 100 Ilg/ml to 0.005 Ilg/ml. 

Cultures were maintained at 3rC in 95% humidlfied air and 5% CO2• Six hours 

before harvestmg, cultures were pulsed wlth 1 IlCI (3H] thymidine (66 CI/mmole 

specIfic actlvity) (ICN Biomedlcals, St. Laurent, Canada). CeUs were harvested 

onto glass fibre flIter mats wIth a muluple sample harvestor (Skatron; McLean, 

Virglllia) and water insoluble (1HJ thymidine incorpo~ation was measured with a 

liquid scintillation counter (1216 Rack Beta, LKB Instruments, Inc.). Results are 

expressed as mean cpm SEM of triphcate cultures. 



C. RESULTS 

Concentration of Mouse AFP in Amniotic Fluid At Different Days of Gestation 

The concentranon of munne AFP in MAF isolatcd from ~everal gcstational 

time points was measured by rocket immunoelectrophoresls. A~ ~hown 111 Table 

XIII, the AFP concentratIon 111 CFW mlce lllcreased progresslvely from 

approximately 260 ~g/ml at day 10.5 of gestatiOn to a maximum of 2.2 mg/ml hy 

day 18.5. The total volume of extractab1e MAF, estlmated by poohng the contents 

of 40-80 fetuses, was very low at day 10.5 (5 ~l/fetus). By day 165, the fetus 

contamed approxm~ately 100 ~l of isolatable MAF. Howc\ler, the volume of MAF 

decreased markedly by day 18.5 with 1I1dlviduai fetll~e~ contallllllg betwecn 10-20 

Ill/fetus. 

Analysis of AFP Isoforms at Different Gestational Time Points 

An analysis of the protem content of MAF on APAGE rcvealcd 3 major 

protein components prevlOusly defined as transferrin (TF), AFP, and albumlll (ALB) 

(Figure 13). Densitometric scans of the APAGE gels lIldicated that the rclatlVC 

percentages of AFP, ALB, and Tf ranged from 43-61 %, 30-43%, and 7-I.VkJ, 

respectively, from days 10.5 to 18.5 of ontogeny (Table XIII) Thc relatIvc 

proportions of AFP increased from 43% to 61 % by day 18.5 of gestation 111 rclatlOll 

to transferrin (Tf) and albumm (ALB). These values are very 'i1I11l1ar 10 thc 

composition of days 16-19 mouse ammotic fluid reported by Murglta and Toma,>. 

(Murgita and TomasI, 1975a). 

Native AFP was punfled from MAF that had been l'iolated from 1l111nm: 

fetuses at daY'i 12.5, 14.5, 16.5, and 18.5 of ge~tatIon by procedurcs that have bccn 

described in detail elsewhere (Murglta and Toma~i, 1975a). Pure AFP, a~ vcnflcd 

by conventional APAGE (Figure 13) and Immunodlffu<.,JOn technHlllc,>, W,I'> 

subsequently charactenzed hy Isoelectnc focu~lI1g As ,>hown III Figure 14, l'etai 

mou se AFP purificd from a pool of MAF (days 15-19 felU~e~), and ,>uhJl'ctt:d to 

narrow range isoelectnc focusing (pH 4.0-6.5), cou Id be rc~()lvcd mto 6 dhtIllct 

variants, as prevlOusly reported (Zlmmerman et al, 1976, Wong ct al, 1 tJXX, van 

Gers et al., 1990). A comparative analy~is of the l'ioclectnc vananh of AI'P from 

day 12.5, 14.5, 16.5, and 18.5 MAF revealed a c1ear dl'iunctlon lt1 the pattern 01 
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TABLE XIII 

CONCENTRATION OF MOUSE AMNIOTIC FLUID·DERIVED ALPHA·FETOPROTEIN 
AT DIFFERENT STAGES OF FET AL OEVELOPMENT 

MOUSE AMNIOTIC 
FLUID 

(DAys)a_ 

10.5 

12.5 

14.5 

16.5 

18.5 

AFP 
CONCENTRATION 

(ug/mlt_ 

259 ± 63 

657 ± 55 

1170 ± 180 

î580 ± 200 

2220 ± 180 

RELATIVE PERCENT AGE OF TOTAL PROTEINe 

AFP TRANSFERRIN AL8UMIN 

43% 13% 43% 

51% 7% 43% 

56% 10% 34% 

58% 12% 30% 

61% 12.5% 38% 

aGes tauon al time points at WhlCh MAF was isolated. 

b'J'he concentrations of mouse AFP in MAF were calculated with a rocket immunoelectrophoresis procedure. 

,.-... 

cs amples of MAF were run on 10% alkalme polyacrylamlde gels. The gels were scanned wnh a Bio-rad densitometer to calculate the relative 
proportIOns of mdlvidual protems. f-' 

N 
Ul 

_1 
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Figure 13. 

Polyacrylamide gel electrophoresis of mouse amniotic fluid isolat cd from 

ditTerent gestational lime points. A) Mouse amniotic flUld and 8) purificd AFP 

were analyzed on 10% poylacrylamide gels that were Coomassle blue stalllcd. 
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Figure 14. 

Comparative isoelectric focusing analysis of AFP preparations purified from 

several days of murine gestation. AFP, purified from day 12.5, 14.5, 16.5, and 

18.5 MAF, was analyzed on narrow ampholine range IEF gels (pH 4.0-(5) that 

were sIl ver stained. 
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isoelectric heterogenetty during this perinatal period. At day 12.5 of fctal olltogcn)'. 

there are only 4 detectable AFP isoelectnc vanants with pl' s ranging from pli 4.X5-

5.1. By day 14.5, aIl six isoelectric variants (pH 4.7-5 1) arc prc~l'nt, hut the 

relative amounts of the pl 4.9-5.1 subspecies decreased relative ln day 12.5 liy day 

18.5, the AFP isomer exhibiting a pl of 5.1 wm: barely deteclablc on ~tlv~r !o.talllcd 

IEF gels. These results indicate that the relative proportion.. of the IllOlC ha'ilc 

isoelectric variants of murine AFP decrease dunng the coursc ot letal olllOgcny 

The fluctuations in isomer dlstnbution at the Ume pOlllts anal)' led IS s1I1111ar to that 

originally noted by Zimmerman et al. (Zlmmemlan et al., 1976), who deflllcd the 

changes in AFP Isomer concentrations as a developmental nm:rohetcmgcnelly 

(Zimmerman and Madappall y, 1973). 

Comparative Immunosuppressive Properties of AFP Isolated From Several Timc 

Points in Fetal Development 

Extensive mvesugatIOns from this lab have shown that AFP IS capable 01 

exerting selective Immunoregulatory effects ill. Vitro (Murgllu and Wlgœll. 1 9X 1), 

and we have recently Identified a smgle natural subspecles of rnou~e AI'P wlm:h 

contams aIl the immunosuppresslve actlvity normally ascnbcd ln the heterogenoll" 

population of AFP molecules (van Oers et al., 1989). ThiS Isoform, tcrmed AFP-l, 

exhibited a basic isoelectnc pOlllt of pH SI, and compnse'i approXlTllately 6c!tJ of 

the native AFP molecules punfIed from the MAF pooled from day 15-1 <) fetme" 

As shown in Figure 14, the appearance and relative quantltlc'i of AH)-l 1I1 the 

different AFP samples was developmentally regulated Expenmcnt~ were thelcfore 

performed to compare the nnmunosuppresSlOn properl1C~ of MAF-denved AFP 

isolated from dlfferent gestatlonal days Insufflclcnt quantltle-., of day 10 S MAI· 

prevented us from purifying the AFP from the~c sample", and the MAI' wa'i addnl 

directly to the assays. As shown In Figure 15A, nal1ve AFP (day'i 15-19 t'itAl') 

effectively sllppres~es a CD4+CDR Con A thyrnocytc a..,,,ay In a do'-,e-dcpcndcnt 

manner at concentrations extcndIng [rom 100 Ilg/ml to 6 2S Ilg/ml 1I0wcver, the 

dose-response efft~cts of day 10 5 MAF, and day 12 5, 14 5, 16 Sand 1 X 5 AI' P on 

mitogen stimulated CD4+CD8 thymocytes vancd comlderably Day 1 () 5 MAI' 

exhiblted the greatest inhlbItory acuVIty, effectIvely ~llpprc)~mg the 11l1togen rcaC110n 

at concentrations below 1.0 Ilg/ml. Day 12.5 AFP demon"trated '-,uppre""lve clfect'-, 



131 

Figure 15. 

Dose-response effect of native AFP purified from days 15·]9 MAF versus day 

10.5 MAF and day 12.5, 14.5, 16.5, and 18.5 AFP on Con A stimulated 

CD4·CD81hymocytes. Adl!lt C3H CD4+CDS" thymocytes were cultured wlth Con A 

m the presence of A) native AFP (days 15-19) (.) and the gestational stage 

specifie day 10.5 MAF (x) and day 12.5 AFP (+); or B) native AFP (.) and day 

14.5 AFP (0); day 16.5 AFP (0); and day 18.5 AFP (Â) at the concentrations 

mdicated. After 48 hours of culture, proliferative responses were measured by [3HJ 

thymidine incorporation as described in the Materials and Methods. 
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below 10 ug/mL For comparative purposes, the se results are shown on a loganthmic 

sc ale in Figure 15A. In contrast, AFP purified from day 14.5 MAF exhibltcd 

suppressive activities comparable to control unfraetionated AFP (days 15-19 poo\) 

(Figure 15B). The AFP preparations from day 16.5 werc less effective at 

suppressing the mitogen response in comparison tù control AFP wlllie day 1 X 5 AFP 

exhibited inhibitory properties only at the hlgher concentrations of 50 and Ion 
Ilg/ml. Therefore, the distinction 111 funetional activlty between these preparations 

appears 10 be directly related to the normal physlOlogieal dec1ine~ in the relative 

concentrations of the immunoregulative isoform, AFP-l in the AFP preparations 

purified from gestational stage specifie MAF. 
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D. DISCUSSION 

The major purpose of this study was to characterize the immunoregulatory 

propertlcs of murine AFP molecules purified from specifie stages of fetal 

devclopmcnt. 

Alpha-fetoprotem is the major fetally-derived protein component in mouse 

amniotIc fluid (MAF), compnsing approxImately 50% of the total protein content in 

MAF (Gustme and Zimmennan, 1973, MurgIta and TomasI, 1975a). We detemlined 

that the concentration of AFP in MAF increases progressively through the course of 

gestation, reaching levels of 2.2 mg/ml by day 18.5 of murine ontogeny. Our 

present fIndings are In general agreement WIth earher studies showing a jinear 

increase In AFP levels in fetal tissue extracts (Kahan and Levme, 1971) and fetal 

serum samples (Hau et al., 1981). Furthennore, Mizejewski et al. have estimated 

that the concentral1on of AFP in MAF Isolates poo1ed from days 16-19 of gestation 

to he 1 mg/ml. 

Numerous investatIons have revealed that mammalian AFPs from several 

specles are present in the circulation as a naturally occurring heterogeneous 

populatIOn Jf molecules (reviewed in Smith and Kelleher, 1980). Furthennore, 

many groups have characterized predictable changes in ratIos of AFP subspecles 

dllring normal embryoI1lc development (Gusune and Zimmerman, 1973, HIggins, 

1979, Kerckaert et al., 1979, Hau et al., 1981, Wong et al., 1988). Using lsoelectric 

focusing techniques, we observed the presence of 4 Isoelectnc variants (pl 4.9-5.1) 

at day 12.5 of ontogeny. This was followed by a graduai lI1crease in more acidlc 

AFP I~oelectric variants (pl 4.7-4.9) throughout the time course studied. These 

resliit are consIstent with the onginal observations of Gustine and Zmunerman 

descnhmg the developmentally reglilated expression of murine AFP sllbspecies 

lcadlI1g to the maximal expre~slOn of aCIdIC variants (pl 4.8-4.9) by day 18.5 

(Gustllle and Zllllmenllan, 1973) 

The results of the present investigation provide strong eVIdence supporting 

our prcvlOu~ conclUSIOn that AFP-medmted Immunoregulatory dL!l'.'!ty is a property 

lII1lqllcly assoclated wIth a slI1gle distInct molecular subspecles of murme AFP, 

termcd AFP-l (van Gers et al, 1989, 1990) Thus, in Figure 15, we have shown a 

dear dlfference lI1 the Immll110SUppressive propertIes of AFP, purified from distlI1ct 
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gestational time points, on mitogen sumulated CD4+CDS- thymocytes. The 1110"t 

potent inhibitory preparations of murine AFP appear at days 10.5-145 of fetal 

development. Thereafter, a graduai diminution in Immunoregulatory actlVlty OCCUh. 

wah AFP preparations from day 18.5 feluses exhlblt1l1g marg1l1al Mlpprcssl Vl' 

activities. A comparative analysis of these preparations on IEF gels lI1dlCaled thal 

the highest quantlties of AFP-l relative to the non-suppressive isoforms appcaI al 

days 10.5, 12.5, and 14.4 of gestatIOn. 

These findll1gs also confiml the reports of Lester et al. who 1l1ltially 

suggested that a relationship existed between Immunosuppression and the presence 

of specific molecular subspecies of human AFP (Lester et al., 19nb). These 

authors found that fetal hver preparatIOns contaimng hlgh proportlOIH. of an 

electronegatlve AFP isomer were more funcuonally active than tlllllor-lknVl'd 

samples (Lester et al., 1976). It should be noted that the IInmllnoregulatory AH) 

isoform that we have Identified is present 111 moU'lc aml1lotlc t1111d The 

heterogeneity of murine AFP, compns1l1g all 6 lsoclectnc vanants, a" detected ln 

MAF, is proposed to ongll1ate from the fetal yolk sac a~ early a.., day 10 of ll111nlle 

ontogeny (Wilson and Zimmerman, 1976). In contrast, the fetal hvcr l~ reportcd to 

generate a more restricted pattern of AFP sUbspccles whlch are relca~ed dlrectly Illto 

the fetal serum Thus, as reported by Zimmemlan et al , the hver contributc'I a very 

minor quantity of the the more baSIC isoelectric vanant" (pH 4 9-5 2), lI1cludlllg AFP 

molecules wah a pI= 5.1 (Zimmennan et al, 1(76) IIowevcr. the fUllCtlOnal 

properties of fetal semm AFP Isofonns an~lI1g from the hver remall1'\ to be 

detemlined. 

The results that we have obtall1ed may account for ~ome of the putatIve 

failures to idenufy immunosuppresslve act;vlty ln AFP Isolates (Shepp:ml et al. 

1977, Sell et al., 1977). It I~ possible that thc!\c lI1Ve~tIgallons may have lI~t:d I\I'P 

preparations lacklllg the fllllcuonai Isofonn. Thercfore, l';olates of AFP from MI\I' 

isolated later than day 16 of gestatIon would exhiba ncghglble ..,uppre<'~lve el l'cc\<, 

on immune responses 

The dcvelopmentally regulated expressIOn of a ul11qlle Immunoregulatory AI'P 

Isofoml 111 the fctus may compnse one of the sevcwl domll1ant Immllllmllppre<,<,or 

mechamsms ncccssary JI1 regulating both l'etai and maternai Immune re~rOl1<,e.., (van 

Oers et al, 1989, revlewcd 111 Murglta and Wlgzell, 1979, 1981) ln addition, tht: 
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presence of six non-suppresslve isoforms (van Oers et al., 1989) throughout the 

course of fetal development may reflect the important binding and transport roles for 

AFP molecule!:> (reviewed in Ruoslahti and Seppala, 1979). Thus, the AFP isofonns 

may be involved in the uptake and tissue distribution of numerous ligands mcluding 

fatty acids (Uriel et al., 1987), and metais (Wu et al., 1987). 

In conclusion, our results wou Id suggest an essentia1 immunoregulatory role 

for AFP-l at cfltleal stages of fetal development. These findings should therefore 

contnbute to the resolution of out~:tanding questions regarding the structure/function 

relatlonships of this onco-fetal moIecuIc. Experiments including biophysical and 

recombinant DNA techmques are currently in progress to delineate the biochemical 

characteristIcs of this unique AFP Isofonn. 
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VI. GENERAL CONCLUSIONS 

Alpha-fetoprotem is a well-charactenzed onco-fetal moleclile that ha~ attracl~d 

considerable attention for Us potential as a diagnostic markcr In a multlphcily of 

diseases (Abelev, 1971, Smith and Kelleher, 1989), and becall~e of the acclll11ulallng 

evidence supporting the concept that AFP has an cssentJal 1I1l11111nnreguialory mie 

during normal embryogenesls (revlewed In Murglta and W 197CIl, 1 ()79, Il)X1) The 

AFP molecules characterized 111 seve rai mammahan speclcs have bcel1 shown to 

exist in the circulatIOn as a heterogeneous populatlOn of lsofOlm~ (Alpcrt ct al , 

1972, Gustine and Zimmerman, 1972b, Bayard and Kerckaen, 1977, Clarke, 1 ()XO) 

The precisely coordinated appearance of closely related molecular 'itlb~pCCles of AI-P 

during fetal development and in severa1 dlsease~ mIses the l!ltngu1l1g pm, .... lhlhty Ihal 

particular patterns of Isoforn1 expressIon may be of fllnctJonal rdevance 

(Zimmerman et al, 1973, 1977, Lester ct al, 1976, Wong el al, 19XX) Indccd, 

Lester et al. reported a positIve correlation bctween the rclallve content of a ~pecIlic 

AFP subspecies 111 fetal or hepato :1a-denved human AFP sample'i, and the caraClly 

of these prep'~ations to suppress in VItro Immune respon~cs (Les 1er cl al, 1976, 

1977a, 1977b) 

To defmlUvely address the relationship of AFP mlcrohetcrogcnelty \() blologlc.lI 

funcl1on, wc devised a rapid protocol for punfymg molecular vanant .... of !llOu .... c 

AFP with Mono Q anion-exchange columns hnkcd to an FPLC ... y ... tCI11 (van Ocr .... ct 

al., 1990). We reported the flrst ~uccessful method for Idenufylllg and I .... olatlllg 

seven AFP subspecies 10 quantitative amOllnb 'iufflclcnt for lIl-dcpth funCl1011.1l 

studies. The ~even j<;ofom1s descnbed he rc 111 , tcrnlcd AFP-I tn Af'P-7, wcre dclinrd 

by their reproduclble FPLC retentJon profile'i, dl'it1l1Ct I .... oclectnc p01l1h, 1I1HnUl1e 

reactivity with mltl-AFP antIbodie~, and common MW ... of 70 Kd corre .... pondlllg to 

natIve AFP. We detem1\ned that AFP-2 to Af'P-7 had a progrc ........ lve ./lcrea"e III 

sialic acid content from 0-4 resldlle~/!ll()l Tlm 1 .... con .... l....rcnt wlth an earhcr propo..,al 

by Zimmennan et al that the relative extent of ~Ialylatloll of AI'P molcculn would 

contribllte tn the fonnatlOl1 of 5 mllnllC AFP charge vananh (Zllmncrman et al , 

1973, 1976) It lS notable 1Il Ilm regard that AFP-l and AFP-j cxhlhncd a <"1Il111ar 

NANA content of 1.0 mol/mol of protCIIl, wh de l,>oform<; AFP-4 and AFP-5 had a 

cOmpOSItIOn of approxlmately 2 mole~/mol of protCIIl Thcreforc, although a 
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proportion of munne AFP microheterogeneity may be accounted for by NANA 

variablhty, addltlonal undefined biochemical properties are likely to have contnbuted 

to the formation of the 7 isomcrs. 

The immunoregulatory activity of the seven AFP isoforms were examined in 

several in .Y!!ill funcoonal assays including T-D antibody responses, CD4+CD8' 

thymocyte mitogen reacl1vlty, lymphokine boosted NK cytolytic activity and bone 

marrow ccli prolIferatIOn (Murgita et al., 1981, Hooper et al" 1983, Hoskm et al., 

1985c, Cohcn ct al., 1986). Ail four assay systems are partlcularly sensitive to the 

immunoregulatory effects of the native population of unfractionated AFP molecules. 

We detem11ned that ail the Immunosuppressive activity of native AFP was localized 

in a smgle Isomerie form of the molecule, AFP-l, representing 6% of the total 

populatIOn of native AFP molecules. Furthermore, ail seven subspecies stimulated 

bone marrow cell growth with AFP-l exhibning the greatest growth promoting 

effect (van Oers et al., 1989) These findmgs are the first direct demonstration that 

a umque subspecles of mouse AFP is capable of mediating ail the Immunorcgulatory 

properties nonllally ascnbed to native AFP Smce Zimmerman et al. had previously 

sllgge~ted that only the more sialylated forms of munne AFP were suppressive 

wh! le Le~ter et al. demonstrated no relationship betwcen stallc acid content and 

function, we exammed the potential contnbution of the NANA rcsldues (Lester er 

al, 1976, Zanmerman et al., 1976). We determined that AFP-l contams 1 mol 

NANA/mol AFP, con~lderably less th an the 3-4 moles associated wnh the 

sllpprCS~I\,e population of AFP molecules descnbed by Zlmmemlan et al. 

(Zimmerman et al, 1977) Furthermore, neuramlmdase digestion of native AFP did 

not affect the lI1hlbitory functlOns, making lt unhkely that siahc aCld resldues are 

necessary for the in Vitro expressIOn of AFP-medlatcd supprcsslve function. This IS 

m agreement with the carher findmgs of Yachmn et al. who noted no 10ss In the 

ImmlUlmllpprcsslve potency of deslalylated human AFP preparatIons (Yachnin et aL, 

1976), 

An Important phY~lOloglcal role for AFP dunng gcstation is proposed lO be 

lhe transport and ccli delIvery of FFAs, III particular AA and DHA, to developmg 

tI~~ues (Laborda el al., 1989), Fllrthemlore, and of partJcular relevance to the present 

re~earch, are reports SllggC~tlI1g that the physiolog1cal interaction of AFP with AA 

and DHA lS nece~sary for the expression of AFP-mediated immunoregulatJon 
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(Pannelee et al., 1978, Nunez et al., 1987, Deutsch, 1983). Il IS concelvable lhal 

AFP-l has a higher molar content of AA and DHA in companson 10 the other 

isofonns which would contributc to its immunoregulatIve functlOn. 1'0 address !lm. 

potentially Important association, we initIally elucldated the fatty aCld COmpmItIOIl of 

native AFP and the seven AFP isofonns by extractmg the FFAs and analyz1I1g lhem 

by Ge. AlI the AFP subspecies had a slmilar FFA eompm.iflon lIlcludlllg 160, 

18:0, 18: 1, and 18:2 comprising a total of 1 0 mol FFA/mol protem, lI1dicatlllg that 

no FFA bindmg variations existed among the isof()ffi1s Howcver, ail ..,CVCII vanant:-. 

had quantities of AA and DHA below the GC detection Iirlllts, al kast 8-fold lowcr 

than that deteeted In native AFP. ThiS observation IS consi~tent WIth the repon~ of 

Calvo et al noting a selective loss of PUFAs on rat and plg AFP follow1l1g aftllllty 

chromatography (Calvo et aL, 1985) Despite the absence of detectable qllantilles of 

AA and DHA, AFP-I was extremely effectIve at mhibitmg nmogen ~tlll111latcd 

CD4+CD8 thymocyte responses. In addltIonal expenments, we detenl1lned that natIve 

AFP preparations depleted of AA and DHA by octadecybIlyl sIlica cartndgc.., 

exhlblted comparable functIonal activities as untreated AFP. Furthermore, 

preparatIons of non-suppres~lve AFP Isoforms speclfleally re-cornplcxed wlth a 2-3 

molar excess of AA and DHA were without efreet in the functlonal as..,ays Takcn 

together, these results suggest that the complexed PUFAs AA and DHA are nm 

required for AFP-medlated immunoregulation. ThIS i~ further supported by the 

observation that mouse albumm, complexmg 0.05 moles and () 03 molt: ... of AA and 

DHA per mol of prote1f1, respectIvely, ha~ no known Immllno..,upprt_~"''''IVC func!lon.., 

The cumulatlve senes of expenl11cnts we have conducted (van Oer\ et al . 

1989, 1990), coupled wlth the findmg-. of ~everal other Il1ve:-.tlgator:-. (Z1l11l11erm:tn et 

aL, 1977, Lester et al, 1976, 1978a, Yachl11n, 1983, Lu ct al, 1(84) wou Id ..,ugge\t 

that the Immunoregulatory actIvltle~ of AFP are mtnmle to the protClIl IllOlecule 

We have noted from prehl11l11ary ongomg studles that the ~llppre"'~lve propcrtle'l of 

AFP are protease sensitive (lInpubli~hed ob~ervatlons) In addition, human, rat, and 

mOllse AFP are ail able to suppre~:-. munne AMLR-. (i looper et al, 19H2), wilde PI); 

AFP has been shown to inhiba PHA-~tlmulated human, IJlg, moU<.,c, and frog 

lymphocytes (Kovaru et al., 1978). These results would ... ugge ... t that a ..,trong 

phylogenetlc conservation of biologlcal actlvlty eXI~ts among the AFP molecllle ... 

from several speeles. 
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The central ftnding of the present investigation IS that aIl the 

immunoregulatory actlvity IS localizcd to a stngle molecular vanant, AFP-l. The 

biochemlcal features contributing to the formatIon of a unique Immunosuppressive 

variant 10 the fetal circulatIOn remain to be elucldated. We have investigated the 

possiblilty that an aa sequence vmability and/or protem mc)(hfication(s) may account 

for the fomlauon of AFP-l by compmng N-terminal aa sequences of AFP-l and 

several non-suppresslve variants. PreI:minary results have revealed a vanability at 

position 15 of AFP-l WhlCh does not correspond to the published senne residue also 

Idenufled In the 2 non-suppressive subspecies. In one preparatIon, an asparagme 

was Identlfied whde the sequence of a second AFP-l sample suggested the presence 

of a lysine. The significance of thls fmd1l1g IS currently being assessed, but may 

mdicate the pre~ence of a post-translatIonal mochfication at the serine resldue 

Comparative 2-d protease mappmg and microsequencing may facilitate the 

identiflcallon of this and other am1l1o aCld sequence differences. 

The heterogeneous population of murine AFP molecules 111 the amniouc fluid 

appcar to be syntheslzed by the felal yolk sac (Wilson and Zlmmerman, 1976). In 

contra~t, the fetal iIver IS thought to primarily secrete maxllnally sialylated variants 

into the pla'ima S1I1ce the fetal serum also contain~ a proportion of underslalylated 

AFP ~ubspeclcs, Wilson and Zimmelman suggested that both the yolk sac and the 

hver contnbutcd to the group of AFP subspecies m the fetal CirculatIon. We wou Id 

propose that the populatIon of AFP subspecies 111 the fetal serum would compnse 

the llnmunoregulatory i~ofonn that we have Idenufied in the .lml1lotic fluid We 

speculate that the regulated exprc'ision of AFP molecules dunng devclopment may 

be 11l1p0I1ant 111 modulaung fetal/maternal Immune responses However, the 

funcuonal propertles of AFP Isofomls 111 the fetal and newborn serum warrant 

f urther mve~tlgaw)[1 

The eI11erg1l1g pattern of II11ll1Une respon~lvenc~s 111 the fetus IS preceded by 

quantitative and qualitative maturatIon al changes ll1 dlfferent lymphoid cell 

populatIOns For example, the mllflnc T cell receptor and Immunoglobulin gene 

rearrangements are ll11uated near days 13-14 of gestatIon, followcd by the 

subsequent ~urface cxpre~slOn of thclr rearranged gene prodllct~ which are detectable 

t'rom day 16 onwards (LevItt and Cooper, 1980, von Boehmer, 198X, Strominger, 

19~9, Fcmd. et al, 1989) Howcver, slgmflcant mamfestatlons of cell-medlated and 
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humoral immune responses appear to lag com.lderably beh1l1d the functIonal 

maturation of the cellular components (revlewed 1ll MlirgIta and WIgzcll, IlJ8 1) The 

demonstratlOn in this thesis that AFP-l can ~lIppre~s several 111 VItro Ul1ll1Ulle 

reactions continues to support the original concept of MurgIta and Toma"l that 

immunoregulation is one of the phYSlOloglcal functions of AFP 

The appearance of immunoreglilatory AFP molccules carly 111 ontogcny may 

be Important for regulating the antlgen present1l1g functlOns of several œil type~ As 

originally proposed by Lu et al., certam AFP molcculc~ may prevent the 1I1ductlon 

of cell-mediated and humoral Immune response~ by down-regulaung the cxp;e~"'lOn 

of la antlgens on APCs (Lu et al., 1989). This would prevent the potentIal 

actIvation of T cells until the aC4111~ltlon of ~elf-tolerance IS complete 111 the fetu~ 

and newborn (von Boehmer et al, 1989, Lo et aL, IlJ86) Lu ct al have reponcd a 

delayed ontogenesls of la-posItive macrophages, SplelllC dendnllc ccli.." and B 

lymphocytes in the fetus and neonatai rodent until about 3 week.., of age 111 the 

newborn (Lu et al, 1979, 1(80) The absence of la beanng APCs wa~ not found to 

be the result of any mtrinsic functionai Immaturity slllce the ccl!.., dl..,played 

phagocytic actÎVIty, secreted IL-l. and expres~cd surface la when cultllred !!l VltIO 

with gamma-lI1terferon (Lu, 1984, Hardy et al., 1(73) The reglllation of APC 

function m vivo wa~ thus attnblltcd 10 severai Imll1ulloregulatory factors lIlcludll1g 

prostagland1lls and AFP (Lu, 1984). ThiS hypothe'm was sllpported by the flndlng-; 

that AFP cou Id down-regulate constltutlve and lymphok\l1e-Induced Mlle Cil 

antigen expressIOn on macrophages and dendnl1c cel!~ (CraHlle ct al, J 989, Lu t:'t 

411., 1984). FUlthemlore, the onset of APC funCtlon ln the newborn corrclakd wlth 

the physlOlopcal decllne in serum AFP concentration (Oh..,on ct al, 1977, 

Mizejewski et al, 1983) 

It is aiso llltere!ltlllg to note that fetal and newborn 1ll1CC have a deflclency Jl1 

NK cell aCllvIty ln fact, functIonal NK eclls can only be dctected 3 week\ after 

birth III the newborn rodent (Rooer et al., 198 J) The..,e report" arc CO!1..,I..,tent wlth 

the findmgs of Cohen et al. that AFP can down-rcgul.lte Iymphoklnc aell vated N K 

ccli aCllVIty (Cohen et aL, 1(86), and the observatIon that NK functlon me.., after 

birth (Roder et al., I9~ 1) III pro!"':)ftlOn ta the normal dedllic ll1 AFP expre"..,lon 

(Olsson et al., 1977). The regulation of fetal NK ccli functlon by an 

immunoregulatIve AFP molecule may be one of several ~uppre~slve mechalll..,m.., 
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necessary to prevent autodestruction of fetal tissues which are potential NK ceU 

targcts (Hanson et al, 1981) The early appearance of a suppressive AFP molecule 

may also play a role In controlhng the acuvation of decldual NK-like cc1ls. Croy et 

al. have noted a transient increase in munne decldual NK ccli activity dunng 

murine embryogenesis. However, this activity dec1ines to negligible levels after day 

1 () of gestation (Croy et al., 1985, Gambel et al., 1985). Gendron and Baines have 

presented prehminary eVldencc suggesting that the modulation of this activtty may 

be attributablc to a combmatlOn of uncharacterized high MW compounds and low 

MW suppresslve compounds such as prostaglandms (Gendron and Baines, 1989, 

1990). Clark and co- workers have reported that non-T suppressor ceUs ma y be 

involved in the control of these decldual NK ceUs (Clark et al., 1986). It is 

conceivable that a combination of suppressor ceUs, arachidonic aCld metabolites, anù 

the ImmunoregulatIve AFP lsoform expressed as early as day 10 in gestation arc 

required for the control of decidual NK cell activatIon. 

We have determmed that ail seven AFP isoforms exhlbit immunoenhancmg 

aCtlvities, wnh AFP-l demonstrating the greatest stimulatory effects on munne bone 

marrow ce1\s. The growth promoting actlviues of AFP are hypothesized to reflect an 

imtial phase of suppressor ccli mductlon in vivo (Hamel et al., 1987). For example, 

experiments from this laboratory have shown that native unfractionated murine AFP 

can stlmulate the proliferatIon of two di~tInct bone marrow ccli populations (Hoskin 

et al., 1985c). One population comists of non-T natuml suppressor (NS) cells whlch 

arc normally present In newborn spleen, adult bone marrow, and the spleens of 

lsopregnant and allopregnant adult mlce (Hoskm et al., 1990). The ~econd cell 

subset compnses the T-llke cells, which are phenotyplcally IdentIcal to the natural 

newborn T suppressor relis and the induclble population of adult spleen T mhibltory 

cells (Hoskm et al., 1985c, Hamel et al, 1987, Murgita et al., 1977, 1981) Both 

populatIons of AFP-mduclble cells are capable of suppressing newborn autologous 

MLR .. ll1 vitro, reactIons which arc thought to reflect potentiJI autorcactÏve events 111 

l'etaI and newbom ammab (Hamel et al, 1987, Hooper and ~urgIta, 1981). These 

fCsults led to the "peculallon that the AFP-mduccli prolIferatIon of bone marrow­

denved 1'- and non-1'- cells 111 vitro may represent the mductIOn of NS cells m 

vivo, whlch wou Id be necessary for regulatmg potential autoreactive responses in the 

fetus and neonate (Hoskin et al, 1985c). 
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In addii.Îon, Hoskin and Murgita have suggested that the presence of 

relatively high maternaI AFP Ievels during pregnancy may 10 fact act as eftïm~nt 

inducers of the NS cells in isopregnant and allopregnant mlce (Hosklll et al, 1(90). 

Recent studies have aiso shown that the maternaI immune system IS capable of 

responding to a variety of syngeneic antigens on fetal and placenta! tissues 

(Hamilton, 1983). Dunng certain stages of pregnancy, the maternaI Imlllune sy~tel11 

appears hyper-responslve as demonstrated by the increased mitogen responslvene~s 

of thymocytes and bone marrow cells, and the increa~ed proliferation of T cdb 

recognizing self antigens as measured in AMLRs (Hoskin and Murgita, 1985a, 

1985b). These speCifie maternaI anu-fetai responses may be potenttally hannful to 

the development and survival of the fetus unless properly controlled. Thc natllrally 

occurring NS cells 10 the spleens of isopregnant and allopregnant mlcc wOllld 

function by inlubiting the maternai reactions a3ainst autologous anugens (llosklll ct 

al., 1989, 1983, Gronvik et al., 1987). 

In conclusion, we have descnbed the eXistence of a smgle lll11nnC AFP 

isoform in the developmg [etus which exhlblts well-detïned immllnorcgulatory 

properties prevlOusly associated with the population of unfractlonated AFP 

molecules. These findmgs have addressed some of the central questions conccrnmg 

the structure/function propertles of AFP molecules, and have Important implications 

in our understanding of the immunological basls of the maternal/fetal relatlonshlp 
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