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( Fr om t he Rockef el l er Uni ver si t y, New Yor k 10021)

Phagocyt osi s of a var i et y of i ner t and met abol i cal l y act i ve par t i cul at es pl ays

an essent i al r ol e i n met azoan nut r i t i on, met abol i c economy, and def ense agai nst

vi r al , bact er i al , and pr ot ozoan pat hogens . Wi t h t he devel opment of t he l ysosome

concept ( 1- 3) , t he pr ocesses gover ni ng t he i nt r acel l ul ar di gest i on of i ngest ed

par t i cl es have been cl ar i f i ed . I n cont r ast , t he mechani sms whi ch r egul at e t he

i ngest i on phase of phagocyt osi s r emai n poor l y under st ood . The r ecogni t i on of

cont r act i l e pr ot ei ns i n t he cyt opl asm of a var i et y of nonmuscl e cel l s ( 4- 7) ,

i ncl udi ng macr ophages ( 4, 5, 7) , has r esol ved one mechani smwher eby chemi cal

ener gy r el eased dur i ng phagocyt osi s may be coupl ed t o mechani cal pr ocesses
r equi si t e f or membr ane movement and par t i cl e i nt er i or i zat i on . However , no

i nf or mat i on i s avai l abl e whi ch suggest s how a phagocyt e di r ect s t hi s syst em of

cont r act i l e el ement s i n or der t o engul f speci f i c par t i cl es whi ch ar e at t ached t o i t s

pl asma membr ane . That t he pr ocess i s i ndeed speci f i c and l i mi t ed t o t he

segment s of pl asma membr ane t o whi ch t he par t i cl es t o be i ngest ed ar e bound

has been car ef ul l y document ed ( 8, 9) .

The f ast i di ous appet i t e of phagocyt es i s al so wel l known. These cel l s avi dl y

i ngest some par t i cl es wi t h whi ch t hey come i nt o cont act whi l e t hey t ot al l y

i gnor e ot her s ( 8, 9) . The pr esence or absence of opsoni ns ( compl ement and
i mmunogl obul i ns) on t he sur f ace of a par t i cl e i s wi del y r ecogni zed as t he most

i mpor t ant f act or gover ni ng t he f at e of t he par t i cl e . Par t i cl es coat ed wi t h l i gands

such as I gG and/ or compl ement ar e avi dl y i ngest ed by phagocyt es whi l e t he

same par t i cl es l acki ng such l i gands ar e nei t her bound t o, nor i ngest ed by,

phagocyt i c cel l s .

The exper i ment s r epor t ed i n t hi s paper wer e per f or med t o exami ne t he

mechani sms whi ch gover n t he vect or i al and di scr i mi nat or y qual i t i es of t he

phagocyt i c pr ocess and t o def i ne t he f act or s r esponsi bl e f or t he segment al nat ur e
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STUDI ES ON THE MECHANI SM OF PHAGOCYTOSI S

of t he r esponse of t he macr ophage pl asma membr ane t o a phagocyt i c st i mul us .

For t hese pur poses, we have st udi ed t he i nt er act i on of mouse per i t oneal macr o-

phages wi t h sheep er yt hr ocyt es coat ed wi t h i mmunogl obul i ns and wi t h compl e-

ment . By sui t abl e exper i ment al mani pul at i ons, we have pr oduced er yt hr ocyt es

whi ch ar e f unct i onal l y opsoni zed on onl y one " hemi spher e . " These er yt hr ocyt es

bi nd t o t he macr ophage sur f ace but ar e not i ngest ed . These f i ndi ngs l ead us t o

t he concl usi on t hat phagocyt osi s of i mmunol ogi cal l y sensi t i zed er yt hr ocyt es by

macr ophages r equi r es t he sequent i al and ci r cumf er ent i al at t achment of speci f i c

macr ophage membr ane r ecept or s t o l i gands bound t hr oughout t he er yt hr ocyt e' s

sur f ace . I n t hi s ar t i cl e we descr i be t hese exper i ment s and pr opose a gener al

hypot hesi s, consi st ent wi t h our obser vat i ons, t o expl ai n t he mechani sm of

phagocyt osi s .

Mat er i al s and Met hods

Chemi cal s .

	

Tr ypsi n ( l ot no . T- 8253, t wi ce r ecr yst al l i zed) was obt ai ned f r om Si gma Chemi cal

Co . , St . Loui s, Mo . ; ovomucoi d t r ypsi n i nhi bi t or ( OTI ) , ' f r om Wor t hi ngt on Bi ochemi cal Cor p. ,

Fr eehol d, N. J . ; and sodi um f l uor i de, f r om Mal l i nckr odt Chemi cal Wor ks, New Yor k . Br ewer

t hi ogl ycol l at e medi um was obt ai ned f r om Di f co Labor at or i es, Det r oi t , Mi ch . ; a 4. 05% aqueous

sol ut i on was pr epar ed accor di ng t o t he manuf act ur er ' s di r ect i ons .

Macr ophages .

	

The met hods f or har vest i ng and mai nt ai ni ng mouse per i t oneal macr ophages

wer e essent i al l y t hose of Cohn and Benson ( 10) , modi f i ed as descr i bed pr evousl y ( 8) . Per i t oneal

macr ophages obt ai ned f r om mi ce i nj ect ed i nt r aper i t oneal l y wi t h 1 ml of Br ewer t hi ogl ycol l at e

medi um 4 days bef or e har vest ar e desi gnat ed act i vat ed macr ophages . Per i t oneal cel l s wer e

har vest ed, and 3- 4. 5 x 105 cel l s wer e cul t i vat ed on each 13 mmdi amet er gl ass cover sl i p i n 35 mm

Pet r i di shes f or 1- 4 days i n Medi um 199 ( Mi cr obi ol ogi cal Associ at es, Bet hesda, Md . ) wi t h 20° I

heat - decompl ement ed ( 56° C, 30 mi n) f et al bovi ne ser um ( Gr and I sl and Bi ol ogi cal Co . , Gr and

I sl and, N. Y. ) , 100 U/ ml of peni ci l l i n, and 100 j ug/ ml of st r ept omyci n .

Er yt hr ocyt es .

	

Sheep er yt hr ocyt es ( E) i n Al sever ' s sol ut i on ( Ani mal Bl ood Cent er , Syr acuse, N.

Y. ) wer e washed t hr ee t i mes i n sol ut i on " a" of Dul becco' s phosphat e- buf f er ed sal i ne ( PBS) wi t hout

Cal l and Mg+' i ons ( 11) and suspended i n medi um' or Ver onal - buf f er ed gl ucose cont ai ni ng Cal l ,

Mg++, and gel at i n ( VBG) ( 12) .

Compl ement .

	

Ser umwas pr epar ed f r om C5- def i ci ent AKRmi ce and st or ed i mmedi at el y i n 0 . 2-

ml al i quot s at - 70° C. I t ser ved as t he sour ce of C1423 i n al l exper i ment s .

Ant i ser a .

	

Rabbi t ant i sheep E I gG ( l ot no . 10154) , at a pr ot ei n concent r at i on of 5 mg/ ml , was

obt ai ned f r om Cor di s Labor at or i es, Mi ami , Fl a . I t s hemaggl ut i nat i on t i t er f or E, det er mi ned as

pr evi ousl y descr i bed ( 8) , was 1 : 3, 000 . Rabbi t ant i sheep E I gM ( l ot no . 80614) , at a pr ot ei n

concent r at i on of 350 wg/ ml , was al so obt ai ned f r om Cor di s Labor at or i es . I t aggl ut i nat ed E at a

di l ut i on of 1 : 320 .

Rabbi t Ant i mouse Macr ophage I gG.

	

The I gGf r act i on of r abbi t ant i mouse macr ophage ser um

was pr epar ed as pr evi ousl y descr i bed ( 8, 13) , di al yzed agai nst PBS, concent r at ed by vacuum

di al ysi s, mi l l i por e f i l t er ed ( 0 . 45 p, mpor e si ze) , and st or ed at 4° C. The pr ot ei n concent r at i on of t hi s

I gG f r act i on was 12 mg/ ml ; i t aggl ut i nat ed mouse er yt hr ocyt es at a di l ut i on of 1 : 500 .

Rabbi t Ant i mouse Macr ophage F( ab' ) 2 .

	

The F( ab' ) 2 f r agment of r abbi t ant i mouse macr ophage

I gGwas pr epar ed by pepsi n di gest i on, usi ng t he met hod of Ni sonof f ( 14) , as pr evi ousl y descr i bed

( 8) . The pr ot ei n concent r at i on of t hi s F( ab' ) 2 f r act i on was 3 mg/ ml ; i t aggl ut i nat ed mouse er yt hr o-

cyt es at a di l ut i on of 1 : 32 . Rabbi t ant i mouse C3 I gGwas obt ai ned f r om Mi cr obi ol ogi cal Associ at es,

' Abbr evi at i ons used i n t hi s paper : E, sheep er yt hr ocyt es ; E( I gG) , E coat ed wi t h ant i - E I gG;

E( I gM) , E coat ed wi t h ant i - E I gM; E( I gM) C, E( I gM) coat ed wi t h t he f i r st f our compl ement

component s ; OTI , ovomucoi d t r ypsi n i nhi bi t or ; PBS, phosphat e- buf f er ed sal i ne wi t h Cal ' and

Mg+' i ons ; VBG, Ver onal - buf f er ed gl ucose wi t h Cal l , Mg++, and 0. 1%gel at i n .

' The t er m " medi um" as used t hr oughout t hi s paper r ef er s t o Medi um 199 .
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di ssol ved i n PBS at a concent r at i on of 1 mg/ ml , and used i n exper i ment s at a concent r at i on of 10
gg/ ml .

Pr epar at i on of Ant i body- Coat ed E.

	

1 ml of a 517, ( vol / vol ) suspensi on of E i n medi um 199 was
i ncubat ed wi t h 125 t l g of r abbi t ant i sheep EI gG or wi t h 14 p. g of r abbi t ant i sheep EI gMf or 15 mi n

at 37° C. These mi xt ur es wer e cent r i f uged f or 5 mi n at 7508 at r oom t emper at ur e, and t he pel l et ed
er yt hr ocyt es wer e r esuspended i n Medi um 199 at a concent r at i on of 0 . 5%. These pr epar at i ons
( 0 . 5% E coat ed wi t h ant i - E I gGor ant i - E I gM) ar e desi gnat ed E( I gG) and E( I gM) , r espect i vel y .

Pr epar at i on of Compl ement - Coat ed E( I gM) .

	

Fr eshl y t hawed AKR mouse ser um was di l ut ed
1 : 10 i n VBGand mi xed wi t h an equal vol ume of a 5 17 suspensi on of E( I gM) i n VBG. The mi xt ur es
wer e i ncubat ed f or 10 mi n at 37° C and cent r i f uged f or 5 mi n at 750 g . The pel l et ed er yt hr ocyt es
wer e r esuspended i n Medi um 199 at a concent r at i on of 0. 5%. Thi s pr epar at i on [ 0 . 5% compl e-
ment ( C) - coat ed E( I gM) l i s desi gnat ed E( I gM) C. VBGand al l er yt hr ocyt e pr epar at i ons wer e made
f r esh on t he day of an exper i ment .

At t achment of E( I gG) and E( I gM) C t o Macr ophages .

	

Macr ophage monol ayer s wer e washed,
cover ed wi t h 2 ml of Medi um 199, and pr ecool ed at 4° C f or 30 mi n . 0 . 2 ml of 0 . 5 11 E( I gG) or
E( I gM) C, pr ecool ed at 4° C, wer e added t o each di sh, and pr epar at i ons i ncubat ed at 4° C f or 1 h, t hen
washed t wi ce wi t h i ce- col d medi um. Thi s pr ocedur e r esul t ed i n bi ndi ng of E( I gG) and E( I gM) C t o
macr ophages .

Phase- Cont r ast Mi cr oscopy .

	

Cover sl i p cul t ur es wer e f i xed wi t h gl ut ar al dehyde and exami ned
by phase- cont r ast mi cr oscopy as pr evi ousl y descr i bed ( 8) .

El ect r on Mi cr oscopy .

	

Cover sl i p cul t ur es wer e pr ocessed f or el ect r on mi cr oscopy as pr evi ousl y
descr i bed ( 15, 16) and exami ned i n a Si emens El mi skop I A ( Si emens Cor p . , Medi cal I ndust r i al
Di v . , I sel i n, N. J . ) .

Mi scel l aneous .

	

Pr ot ei n det er mi nat i ons wer e per f or med by t he met hod of Lowr y et al . ( 17) ,
usi ng bovi ne ser umal bumi n as a st andar d . VBGwas pr epar ed as descr i bed by Rapp and Bor sos
( 12) .

Resul t s

I nf l uence of Fc Recept or Bl ockade on t he Upt ake of E( I gG) .

	

Macr ophages

cont ai n on t hei r pl asma membr anes r ecept or s f or t he Fc por t i on of I gG. These

r ecept or s medi at e bi ndi ng of E( I gG) t o t he macr ophage pl asma membr ane ( 18,

19) and par t i ci pat e i n t he i ngest i on of t hese at t ached E( I gG) ( 20, 21) . The

exper i ment s descr i bed bel ow wer e desi gned t o def i ne t he r ol e of t hese pl asma

membr ane r ecept or s i n t he i ngest i on phage of phagocyt osi s ( 22) . Speci f i cal l y, we
wi shed t o det er mi ne whet her t he i ni t i al i nt er act i on of er yt hr ocyt e- bound i mmu-

nogl obul i n mol ecul es [ E( I gG) l wi t h Fc r ecept or s on t he macr ophage pl asma

membr ane i s suf f i ci ent t o " t r i gger " t he i ngest i on of E( I gG) , or whet her i ngest i on

r equi r es t he i nt er act i on of er yt hr ocyt e- bound i mmunogl obul i ns wi t h macr o-

phage Fe r ecept or s not i nvol ved i n t he i ni t i al at t achment pr ocess . These t wo

possi bi l i t i es can be di st i ngui shed f r omone anot her exper i ment al l y by ( a) at t ach-
i ng E( I gG) t o macr ophages vi a t he macr ophages' Fc r ecept or s under condi t i ons

whi ch r ever si bl y i nhi bi t phagocyt osi s, ( b) bl ocki ng unoccupi ed Fc r ecept or si t es

by met hods whi ch do not al t er t he phagocyt i c capaci t y of macr ophages per se,

and ( c) t hen i ncubat i ng t he cul t ur e under condi t i ons whi ch ar e per mi ssi ve f or

phagocyt osi s . These exper i ment al r equi r ement s have been met . The at t achment

and i ngest i on phases of phagocyt osi s wer e di ssoci at ed by i ncubat i ng E( I gG) wi t h

macr ophages at 4° C . At t hi s t emper at ur e at t achment pr oceeds nor mal l y but

i ngest i on i s i nhi bi t ed .

EFFECT OF ANTI MACROPHAGE I gG ON Fe RECEPTOR- MEDI ATED PHAGOCYTO-

si s . Ant i macr ophage I gG was used t o bl ock Fc r ecept or s on t he macr ophage
pl asma membr ane . As shown by Hol l and et al . ( 13) , t hi s i mmunogl obul i n
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pr epar at i on bl ocks at t achment and i ngest i on medi at ed by t he Fc r ecept or , but

has l i t t l e or no ef f ect upon phagocyt osi s medi at ed by ot her r ecept or s ( 13, 23) . The

Fc por t i on of t he ant i macr ophage I gG mol ecul e i s r equi r ed t o bl ock t he Fc

r ecept or s ; F( ab' ) 2 f r agment s of t he same i mmunogl obul i n pr epar at i on bi nd t o

t he macr ophage pl asma membr ane ( 23) but have ( a) no ef f ect on t he capaci t y of

macr ophages t o bi nd C- coat ed er yt hr ocyt es t o t hei r sur f ace ( 23) , or t o bi nd and

i ngest l at ex par t i cl es, I gG- coat ed er yt hr ocyt es, f or mal dehyde- t r eat ed er yt hr o-

cyt es, or opsoni zed pneumococci ( 13, 23) ; and ( b) onl y mi ni mal ef f ect on t he

abi l i t y of act i vat ed macr ophages t o i ngest C- coat ed er yt hr ocyt es vi a t he macr o-

phages' C r ecept or s ( 13, 23) .

E( I gG) wer e i ncubat ed at 4° C wi t h 24 h expl ant ed macr ophages ; af t er a 1 h

at t achment per i od, t he nonbound E( I gG) wer e r emoved by washi ng t he cover

sl i p cul t ur es . These cul t ur es wer e t hen i ncubat ed wi t h ei t her ant i macr ophage

I gG, ant i macr ophage F( ab' ) 2 , or medi um al one f or an addi t i onal 1 h at 4 °C.

Some pr epar at i ons wer e f i xed and exami ned at t hi s poi nt . Ot her s wer e washed,

i ncubat ed wi t h f r esh medi um f or 30 mi n at 37 ° C, t hen f i xed and exami ned . The

r esul t s ar e pr esent ed i n Tabl e I . 93%of t he macr ophages i ncubat ed at 4° C wi t h

E( I gG) bound an aver age of 14 E( I gG) each, but onl y 1%i ngest ed any er yt hr o-

cyt es . When war med t o 37° C f or 30 mi n, 76%of t hese macr ophages i ngest ed an

aver age of ei ght E( I gG) each . Si mi l ar l y, on war mi ng t o 37° C, 83% of macr o-

phages whi ch had been t r eat ed wi t h ant i macr ophage F( ab' ) 2 af t er E( I gG) at t ach-

ment i ngest ed an aver age of seven E( I gG) . On t he ot her hand, on war mi ng t o

37° C, onl y 8%of macr ophages whi ch had been t r eat ed wi t h ant i macr ophage I gG

af t er E( I gG) at t achment i ngest ed an aver age of t wo E( I gG) each . Ant i macr o-

phage I gG di d not cause si gni f i cant r el ease of E( I gG) f r om t he macr ophage

pl asma membr ane ; an aver age of ni ne E( I gG) r emai ned bound t o each macr o-

phage .

These r esul t s show t hat bi ndi ng of I gG- coat ed er yt hr ocyt es t o t he macr ophage

pl asma membr ane vi a i t s Fc r ecept or s i s not suf f i ci ent t o pr omot e i ngest i on of

t hese E( I gG) . Rat her , r ecept or s on por t i ons of t he pl asma membr ane whi ch ar e

not i nvol ved i n t he i ni t i al at t achment pr ocess ar e essent i al f or t he subsequent

i ngest i on of t he er yt hr ocyt es .

TEMPERATURE OF BI NDI NG DOES NOT I NFLUENCE THE FATE OF

E( I gG) . I ncubat i on of macr ophages at 4° C f or sever al hour s has no del et er i ous

ef f ect on cel l vi abi l i t y or on t he capaci t i es of t hese cel l s t o i ngest E( I gG) ,

E( I gM) C [ act i vat ed macr ophages ( 23) ] , or l at ex par t i cl es when t he macr ophages

ar e r ewar med t o 37° C ( dat a not shown) . However , l ow t emper at ur es have many

ef f ect s upon cel l s, one of whi ch i s t o al t er t he physi cal and f unct i onal st at e of cel l

membr anes . Al t hough t hese changes ar e t hought t o be r ever sed when t he cel l s

ar e r et ur ned t o physi ol ogi cal t emper at ur es ( 37° C) , i t was possi bl e t hat t he

i nt er act i on of t he macr ophage pl asma membr ane wi t h ant i macr ophage I gG or

wi t h I gG- coat ed er yt hr ocyt es was qual i t at i vel y di f f er ent at 4° C f r omt he i nt er ac-

t i on at 37° C. To be cer t ai n t hat l ow t emper at ur e- i nduced changes wer e not

r esponsi bl e f or t he obser ved f ai l ur e of E( I gG) t o i ni t i at e phagocyt osi s, and t o

al l ow E( I gG) t o at t ach t o t he macr ophage pl asma membr ane at 37° C, we used

NaF, a r ever si bl e i nhi bi t or of phagocyt osi s, t o t empor ar i l y bl ock t he i ngest i on of

E( I gG) .
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TABLE I

Fc Recept or Bl ockade I nhi bi t s I ngest i on of E( I gG) Pr evi ousl y Bound t o Macr ophages

* E( I gG) wer e at t ached t o macr ophages at 4 °C. Pr epar at i ons wer e washed wi t h f r esh medi um t o
r emove nonat t ached er yt hr ocyt es .

f Each cover sl i p cul t ur e was cover ed wi t h 0. 05 ml of ant i macr ophage F( ab' ) z ( 120 Jug/ ml ) and
i ncubat ed f or 1 h at 4° C .

§ Each cover sl i p cul t ur e was cover ed wi t h 0. 05 ml of ant i macr ophage I gG ( 120 Ag/ ml ) and
i ncubat ed f or 1 h at 4° C.

Macr ophages wer e i ncubat ed f or 1 h at 37° C i n medi um cont ai ni ng 10 - ' M

NaF. E( I gG) wer e added and t he i ncubat i on was cont i nued f or a second hour , at

whi ch t i me t he pr epar at i ons wer e washed and i ncubat ed wi t h ei t her ant i macr o-
phage I gG, ant i macr ophage F( ab' ) 2 , or medi um, al l i n t he pr esence of 10 - 3 M

NaF, f or a t hi r d hour at 37 °C. 3 Some pr epar at i ons wer e f i xed and exami ned at

t hi s poi nt . Ot her s wer e washed, i ncubat ed i n f r esh medi umwi t hout NaF f or 30

mi n at 37° C, t hen f i xed and exami ned . The r esul t s ar e pr esent ed i n Tabl e I I and
ar e si mi l ar t o t hose descr i bed i n Tabl e I . Macr ophages whi ch wer e i ncubat ed

wi t h ant i macr ophage I gGf ai l ed t o i ngest bound E( I gG) , whi l e unt r eat ed macr o-
phages and t hose t r eat ed wi t h ant i macr ophage F( ab' ) 2 i ngest ed bound E( I gG) t o
t he same ext ent as cel l s i ncubat ed f or 30 mi n wi t h E( I gG) i n t he absence of NaF.

Thus, t he t emper at ur e of bi ndi ng of I gG- coat ed er yt hr ocyt es or of ant i macr o-

phage i mmunogl obul i ns t o t he macr ophages di d not al t er t he exper i ment al
r esul t s . At bot h 4° C and 37° C, I gG- coat ed er yt hr ocyt es wer e bound t o macr o-
phages vi a t he macr ophages' Fc r ecept or s ; addi t i on of ant i macr ophage I gG

bl ocked t he subsequent i ngest i on of t hese i mmunol ogi cal l y at t ached er yt hr o-

cyt es .

EFFECTS OF ANTI MACROPHAGE I gG ON E[ I gG] - Fc RECEPTOR I NTERACTI ON.

	

The

evi dence pr esent ed t o t hi s poi nt suppor t s t he hypot hesi s t hat t he f unct i onal
i nt egr i t y of Fc r ecept or s l yi ng out si de t he zone of at t achment of E( I gG) t o t he

macr ophage sur f ace i s a necessar y pr er equi si t e f or t he i ngest i on of t hese I gG-

coat ed er yt hr ocyt es . However , i t i s possi bl e t hat ant i macr ophage I gG di spl aces

er yt hr ocyt e- bound I gG mol ecul es f r om Fc r ecept or si t es wi t hi n t he zone of
at t achment of E( I gG) t o t he macr ophage pl asma membr ane . Wer e t hi s t o occur ,

t hen t he number of E( I gG) - Fe r ecept or bonds coul d be r educed bel ow a t hr eshol d

3 Under t hese condi t i ons over 95% of t he macr ophages wer e vi abl e, as j udged by t r ypan bl ue
excl usi on and by t hei r abi l i t y t o i ngest E( I gG) af t er r emoval of NaF.

Tr eat ment of cul t ur es

Macr ophages

wi t h E( I gG)

at t ached

Aver age no .

of E( I gG) at -

t ached per

macr ophage

Macr ophages
wi t h E( I gG)

i ngest ed

Aver age no .
of E( I gG) i n-

gest ed per

macr ophage

E( I gG) * - 4° C 93 14 1 1
E( I gG) *- 37° C 19 4 76 8
E( I gG) * - * ant i macr ophage 16 3 83 7

F( ab' ) A- 37° C

E( I gG) * - ant i macr ophage 90 9 8 2
I gG§- 37° C
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TABLE I I

Fc Recept or Bl ockade I nhi bi t s I ngest i on of E( I gG) Pr evi ousl y Bound t o Macr ophages at

37° C i n t he Pr esence of NaF

Macr ophages
Aver age no .

Macr ohaesp
Aver age no .

* E( I gG) wer e at t ached t o macr ophages at 37° C i n t he pr esence of NaF, as descr i bed i n t he t ext .

t Each cover sl i p cul t ur e was cover ed wi t h 0. 005 ml of ant i macr ophage I gG( 120 Wg/ ml ) cont ai n-

i ng 10- 3 MNaF and i ncubat ed f or 1 h at 3TC.

necessar y t o " t r i gger " phagocyt osi s of t he bound par t i cl e . To expl or e t hi s possi bi l -

i t y, we exami ned i n det ai l t he ef f ect s of ant i macr ophage I gGon E( I gG) bi ndi ng

and i ngest i on by macr ophages .
E( I gG) wer e at t ached t o macr ophages at 4° C. The nonat t ached E( I gG) wer e

r emoved by washi ng, and t he E( I gG) - macr ophage compl exes wer e i ncubat ed f or
1 h at 4° C wi t h quant i t i es of ant i macr ophage I gG2- t o 10- f ol d gr eat er t han t hose

necessar y t o bl ock i ngest i on of t he at t ached E( I gG) . The cul t ur es wer e t hen

war med t o 37° C i n t he pr esence of excess ant i macr ophage I gG. No el ut i on of
E( I gG) f r omt he macr ophage sur f ace occur r ed, and, as f ound pr evi ousl y, i nges-
t i on of E( I gG) was i nhi bi t ed . Addi t i on of up t o 10 mg/ ml of nonspeci f i c ( pool ed)
r abbi t I gG t o t he i ncubat i on medi um nei t her i nhi bi t ed i ngest i on nor pr omot ed

el ut i on of E( I gG) f r om t he macr ophage sur f ace . Thus, nei t her sol ubl e I gG nor

ant i macr ophage I gGdi spl aced suf f i ci ent er yt hr ocyt e- bound I gG mol ecul es f r om

macr ophage Fc r ecept or s t o cause el ut i on of t he er yt hr ocyt es .

To det er mi ne whet her ant i macr ophage I gG al t er ed t he i nt er act i on of E( I gG)
wi t h t he macr ophage sur f ace i n a st r uct ur al l y r ecogni zabl e f ashi on, E( I gG) -
macr ophage compl exes wer e t r eat ed wi t h ant i macr ophage I gGand exami ned by
el ect r on mi cr oscopy . No change i n t he si ze or conf i gur at i on of t he E( I gG)

at t achment si t e was not ed . These f i ndi ngs, and t hose out l i ned above, i ndi cat e

t hat ant i macr ophage I gG does not cause el ut i on of pr eat t ached E( I gG) and does

not al t er i n a mor phol ogi cal l y r ecogni zabl e manner t he at t achment of E( I gG) t o

t he macr ophage pl asma membr ane . They do not pr ove, however , t hat ant i macr o-

phage I gG has no ef f ect upon t he i nt er act i on of er yt hr ocyt e- bound I gG wi t h
macr ophage Fc r ecept or s i n t he zone of i ni t i al at t achment .

DOES ANTI MACROPHAGE I gGQUALI TATI VELY ALTER Fe RECEPTER FUNCTI ON? To
f ur t her def i ne t he mechani smby whi ch ant i macr ophage I gG bl ocks t he i nges-
t i on of pr eat t ached E( I gG) , we det er mi ned whet her t he bl ockade of Fc r ecept or -
medi at ed phagocyt osi s i s r el at i ve or absol ut e ; i . e . , can t he capaci t y of ant i macr o-
phage I gG t o i nhi bi t phagocyt osi s of pr eat t ached E( I gG) be over come by t he

addi t i on of excess ant i er yt hr ocyt e I gG? E( I gG) wer e bound t o macr ophages at

Tr eat ment of cul t ur es wi t h E( I gG)

at t ached

of E( I gG) at -

t ached per

macr ophage

wi t h E( I gG)

i ngest ed

of E( I gG) i n-

gest ed per

macr ophage

E( I gG) * - Medi um wi t h NaF 78 17 22 5

E( I gG) * - Medi um wi t hout 9 4 80 10

NaF

E( I gG) * - ant i macr ophage 86 17 14 4

I gG$- Medi umwi t hout NaF
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TABLE I I I

Phagocyt osi s of Pr eat t ached E( I gG) by Ant i macr ophage I gG- Tr eat ed Macr ophages :

Ef f ect of Excess Ant i - E I gG

Tr eat ment of cul t ur es

I gG$- 37° C + ant i - E I gG§

( 30 hg/ ml )

* As i n Tabl e I .

t E( I gG) - macr ophage compl exes wer e t r eat ed wi t h ant i macr ophage I gGat 4° C, as i n Tabl e I .
§ E( I gG) - macr ophage compl exes, t r eat ed wi t h ant i macr ophage I gG, wer e i ncubat ed i n t he

pr esence of 30 wg/ ml of ant i - E I gGat 37° C f or 45 mi n .

4° C . Nonat t ached er yt hr ocyt es wer e r emoved by washi ng, and t he E( I gG) -

macr ophage compl exes wer e i ncubat ed wi t h ant i macr ophage I gG, al so at 4° C.

The cul t ur es wer e t hen washed and i ncubat ed i n f r esh medi umat 37° C . Ant i er y-

t hr ocyt e I gG was added t o some of t hese cul t ur es . As shown i n Tabl e I I I , 30

gg/ ml of ant i er yt hr ocyt e I gG over came t he ant i macr ophage I gG- medi at ed i nhi -
bi t i on of phagocyt osi s and pr omot ed t he i ngest i on of E( I gG) . Thus, t he capaci t y
of ant i macr ophage I gGt o i nhi bi t Fe r ecept or - medi at ed phagocyt osi s i s r el at i ve,
not absol ut e, and i s gover ned by t he quant i t y of I gGbound t o t he er yt hr ocyt e .

CONCENTRATI ON OF ANTI ERYTHROCYTE I gGREQUI REDTOOVERCOME ANTI MACRO-

PHAGE I gG- MEDI ATED Fc RECEPTOR BLOCKADE . An aggl ut i nat i ng concent r at i on

of ant i - E I gG i s needed t o pr omot e i ngest i on of E( I gG) by ant i macr ophage I gG-

t r eat ed macr ophages . These aggl ut i nat ed er yt hr ocyt es cannot be bound t o mac-

r ophage monol ayer s i n a r epr oduci bl e f ashi on . For t hi s r eason, t o det er mi ne t he

mi ni mumquant i t y of ant i er yt hr ocyt e I gG r equi r ed t o i ni t i at e t he i ngest i on of E
by ant i macr ophage I gG- t r eat ed macr ophages and t o compar e t hi s quant i t y wi t h
t he quant i t y of ant i er yt hr ocyt e I gGnecessar y t o pr omot e t he i ngest i on of E by
nont r eat ed macr ophages, we ut i l i zed t he met hod out l i ned bel ow.

E coat ed wi t h ant i E I gM and t he f i r st f our C component s [ E( I gM) C] bi nd t o

t he pl asma membr anes of nonact i vat ed macr ophages but ar e not i ngest ed ( 9,
23) . We i ncubat ed E( I gM) C wi t h macr ophages f or 30 mi n at 37° C . Vi r t ual l y al l of

t he macr ophages bound an aver age of 20 er yt hr ocyt es each ; l ess t han 5%of t he

macr ophages i ngest ed any er yt hr ocyt es . Some of t hese cul t ur es of E( I gM) C-

macr ophage compl exes wer e i ncubat ed wi t h ant i macr ophage I gG; ot her s wer e

not . Bot h set s of cul t ur es wer e t hen i ncubat ed i n t he pr esence of var yi ng
concent r at i ons of ant i er yt hr ocyt e I gG f or an addi t i onal 45 mi n at 37 ° C, and t he

number of macr ophages i ngest i ng er yt hr ocyt es was scor ed mi cr oscopi cal l y . The
r esul t s ar e pr esent ed i n Fi g . 1 . Less t han 2 p, g/ ml of ant i er yt hr ocyt e I gG

pr omot ed mar ked i ngest i on ( phagocyt i c i ndex >250) of t he at t ached E( I gM) C by

E( I gG) * - medi um, 4° C- - >37° C 35 20 65 4

E( I gG) * - ant i macr ophage 83 13 15 4

I gG$~37° C

E( I gG) * - ant i macr ophage 20 10 80 10

Macr ophages
Aver age no .

Macr ophages
Aver age no .

wi t h E( I gG)
of E( I gG) at -

wi t h E( I gG)
of E( I gG) i n-

at t ached
t ached per

i ngest ed
gest ed per

macr ophage macr ophage
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STUDI ES ON THE MECHANI SM OF PHAGOCYTOSI S

FI G. 1 .

	

The quant i t y of ant i - E I gGnecessar y t o pr omot e i ngest i on of bound E( I gM) C by

nonact i vat ed macr ophages i s i ncr eased by t r eat ment of t he E( I gM) C- macr ophage compl exes

wi t h ant i macr ophage I gG. E( I gM) C wer e bound t o nonact i vat ed macr ophages at 37° C. Some

pr epar at i ons wer e t hen i ncubat ed at 4° C f or 1 h wi t h ant i macr ophage I gG ( 4) ; ot her s wer e

not ( O) . Var i ous quant i t i es of ant i - E I gG ( absci ssa) wer e t hen added and t he cul t ur es

i ncubat ed at 37° C f or 45 mi n . I ngest i on of er yt hr ocyt es by macr ophages was scor ed mi cr o-

scopi cal l y . Phagocyt i c i ndex ( or di nat e) i s t he number of er yt hr ocyt es i ngest ed per 100

macr ophages .

macr ophages whi ch had not been pr et r eat ed wi t h ant i macr ophage I gG. I n

cont r ast , 30 l eg/ ml of ant i er yt hr ocyt e I gG was r equi r ed t o achi eve a compar abl e

phagocyt i c i ndex by macr ophages t r eat ed wi t h ant i macr ophage I gG. Thus, t he

quant i t y of ant i er yt hr ocyt e I gGnecessar y t o over come t he phagocyt osi s- i nhi bi t -

i ng ef f ect of ant i macr ophage I gGi s 15- f ol d gr eat er t han t he quant i t y needed t o

pr omot e t he phagocyt osi s of pr eat t ached er yt hr ocyt es by nont r eat ed macr o-

phages .

I n vi ew of t he f ai l ur e of ant i macr ophage I gGt o cause r el ease of E( I gG) f r om

t he macr ophage Fc r ecept or s, i t seems unl i kel y t hat ant i macr ophage I gG i n-

hi bi t s t he i ngest i on of pr eat t ached E( I gG) by r educi ng t he number of E( I gG) - Fc

r ecept or i nt er act i ons bel ow a t hr eshol d val ue whi ch must be achi eved i n or der t o

t r i gger phagocyt osi s of t he bound er yt hr ocyt es . Never t hel ess, t hi s possi bi l i t y

cannot be r i gor ousl y excl uded . For t hi s r eason we chose a second syst em i n

whi ch t o t est t he i mpor t ance of r ecept or - l i gand i nt er act i ons i n t he phagocyt i c

pr ocess .

Phagocyt osi s of E( I gM) CMedi at ed by t he Macr ophage CRecept or .

	

The dat a

pr esent ed t o t hi s poi nt ar e consi st ent wi t h t he vi ew t hat r ecept or s whi ch do not

par t i ci pat e i n t he i ni t i al bi ndi ng of E( I gG) t o t he macr ophage sur f ace ar e

essent i al f or subsequent i ngest i on of bound E( I gG) . They suggest t hat sequen-

t i al , ci r cumf er ent i al at t achment of membr ane r ecept or s t o l i gands t hr oughout

t he sur f ace of t he par t i cl e i s necessar y f or phagocyt osi s of t hat par t i cl e . To

f ur t her t est t hi s hypot hesi s, we asked whet her par t i cl es cont ai ni ng l i gands on

onl y one hemi spher e ar e phagocyt i zed by macr ophages . I n t hese exper i ment s,

we used E( I g1VI ) C and 2- 4 day expl ant ed act i vat ed macr ophages . We have
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TABLE I V

Tr ypsi n I nhi bi t s t he I ngest i on of E( I gM) C by Act i vat ed Macr ophages

* E( I gM) C wer e at t ached t o macr ophages at 4° C . Pr epar at i ons wer e washed wi t h f r esh medi um t o

r emove nonat t ached er yt hr ocyt es .

f Cul t ur es of E( I gM) C- macr ophage compl exes wer e i ncubat ed i n t he pr esence of 750 Ag/ ml of

t r ypsi n f or 30 mi n at 4° C and washed t wi ce wi t h medi umWC) cont ai ni ng 750 wg/ ml of OTI and

t wi ce wi t h medi umal one .

pr evi ousl y shown t hat macr ophages har vest ed f r om t he per i t oneal cavi t i es of

mi ce i nj ect ed i nt r aper i t oneal l y wi t h t hi ogl ycol l at e medi um phagocyt i ze

E( I gM) C ( 23) . Si nce t hi ogl ycol l at e- i nduced per i t oneal macr ophages ar e mor e

act i vel y phagocyt i c and exhi bi t some of t he pr oper t i es of i mmunol ogi cal l y

st i mul at ed macr ophages, we have cal l ed t hem" act i vat ed" macr ophages . Phago-

cyt osi s of E( I gM) C by t hese t hi ogl ycol l at e- act i vat ed macr ophages occur s i nde-

pendent l y of t hei r Fc r ecept or s and i s medi at ed by t he C3b r ecept or s pr esent on

t he macr ophage pl asma membr ane ( 23) .

E( I gM) C wer e bound t o t hi ogl ycol l at e- act i vat ed macr ophages at 4° C as de-

scr i bed i n t he Mat er i al s and Met hods . Some pr epar at i ons wer e t hen i ncubat ed

wi t h t r ypsi n ( 750 wg/ ml ) at 4° C, washed wi t h medi umcont ai ni ng OTI t o i nhi bi t

f ur t her pr ot eol ysi s, and t hen f i xed and exami ned . Ot her pr epar at i ons wer e

i ncubat ed f or an addi t i onal 45 mi n at 37° C, t hen f i xed and exami ned . The r esul t s

ar e shown i n Tabl e I V. 98%of macr ophages bound an aver age of 20 E( I gM) C

each ; no i ngest i on was not ed ( Tabl e I V, l i ne 1) . Tr ypsi n t r eat ment at 4° C di d not

appr eci abl y al t er t hese r esul t s ( Tabl e I V, l i ne 2) . When cul t ur es whi ch had not

been i ncubat ed wi t h t r ypsi n wer e war med t o 37° C, 88%of macr ophages i ngest ed

an aver age of 16 E( I gM) C each ( Tabl e I V, l i ne 3) . When t r ypsi ni zed cul t ur es

wer e war med, however , onl y 9% of macr ophages i ngest ed an aver age of t wo

E( I gM) C each ( Tabl e I V, l i ne 4) . Tr ypsi n t r eat ment at 4° C di d not cause el ut i on

of E( I gM) C f r om t he macr ophage sur f ace ; 81% of t hese macr ophages had an

aver age of 20 E( I gM) C each st i l l bound t o t hei r pl asma membr anes . Mor eover ,

t he capaci t y of t r ypsi n t o i nhi bi t t he i ngest i on of E( I gM) C was cl ear l y r el at ed t o

t he enzymat i c and not t he physi cal pr oper t i es of t hi s enzyme . Tr ypsi n whi ch had

been pr ei ncubat ed wi t h OTI had no i nhi bi t or y ef f ect upon t he i ngest i on of

E( I gM) C by act i vat ed macr ophages ( dat a not shown) .

Ef f ect s of Tr ypsi n .

	

Ther e ar e sever al ways i n whi ch t r ypsi n coul d have

bl ocked t he i ngest i on of E( I gM) C. Tr ypsi n, at concent r at i ons of 500- 1, 000 t ag/ ml
and at 37° C, dest r oys t he C r ecept or act i vi t y of t he macr ophage pl asma mem-

br ane ( 19, 20) . I n t he exper i ment s descr i bed i n t hi s paper , t r ypsi n was used at a

Tr eat ment of cul t ur es

Macr ophages

wi t h E( I gM) C

at t ached

Aver age no .

of E( I gM) Cat -

t ached per
macr ophage

Macr ophages

wi t h E( I gM) C
i ngest ed

Aver age no .

of E( I gI I 1) C i n-

gest ed per
macr ophage

% %

E( I gM) C* - >, 4° C 98 20 0 0

E( I gM) C* - t r ypsi nt 96 20 0 0

E( I gM) C* - 37°C 10 10 88 16

E( I gM) C* - t r ypsi n$- 37° C 81 20 9 2
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concent r at i on of 750 j i g/ ml , but at 4° C. Despi t e t hi s di f f er ence i n t emper at ur e, i t

was possi bl e t hat t r ypsi ni zat i on of E( I gM) C- macr ophage compl exes at 4° C r e-

moved t he C r ecept or s f r om t he macr ophage sur f ace . I f t hi s wer e t he case, t he

si t uat i on r esul t i ng f r om t he t r ypsi ni zat i on of E( I gM) C- macr ophage compl exes

woul d be anal ogous t o t hat descr i bed f or E( I gG) - macr ophage compl exes t r eat ed

wi t h ant i macr ophage I gG, i . e . , f unct i onal r emoval of speci f i c r ecept or s f r om

por t i ons of t he pl asma membr ane whi ch ar e not i nvol ved i n t he i ni t i al er yt hr o-

cyt e bi ndi ng . Al t er nat i vel y, t r ypsi n coul d have dest r oyed er yt hr ocyt e- bound

C3b compl et el y or conver t ed t he C3b mol ecul e t o a f or mof C3 not r ecogni zed by

t he macr ophage C r ecept or .

EFFECT OF TRYPSI N ON THE MACROPHAGE C RECEPTOR. Macr ophages wer e

t r ypsi ni zed ( 750 p, g/ ml ) at 4 ° C, washed wi t h medi um cont ai ni ng OTI and t hen

wi t h f r esh medi um, and i ncubat ed f or 45 mi n at 37° C wi t h E( I gM) C. Bi ndi ng

and i ngest i on of E( I gM) C occur r ed t o t he same degr ee as wi t h macr ophages not

pr et r eat ed wi t h t r ypsi n under t hese condi t i ons ( dat a not shown) . Thus, i t

appear ed t hat t he t r ypsi ni zat i on pr ocedur e had no del et er i ous ef f ect upon t he

phagocyt i c capaci t y of t he macr ophages or upon t he f unct i onal act i vi t y of t hei r C

r ecept or s .

EFFECT OF TRYPSI N ON E[ I gM] C.

	

E( I gM) C wer e t r ypsi ni zed at 4° C, washed

wi t h medi um cont ai ni ng OTI and t hen wi t h f r esh medi um, and i ncubat ed f or 45

mi n at 37° C wi t h nonact i vat ed or wi t h act i vat ed macr ophages . Macr ophages

f ai l ed t o bi nd or i ngest t hese t r ypsi ni zed E( I gM) C ( Tabl e V, l i nes 2 and 5) . Thus,

t r ypsi ni zat i on, under t he condi t i ons used, had no ef f ect on t he macr ophage C

r ecept or but ei t her dest r oyed er yt hr ocyt e- bound C3 or conver t ed C3b t o a f or mof

C3 not r ecogni zed by t he macr ophage pl asma membr ane .

I n or der t o di st i ngui sh bet ween t hese t wo possi bi l i t i es, t r ypsi ni zed and cont r ol

E( I gM) C wer e r eact ed wi t h ant i - C3 I gG and i ncubat ed wi t h act i vat ed or nonact i -

vat ed macr ophages f or 45 mi n at 37° C . The r esul t s ar e pr esent ed i n Tabl e V.

Nonact i vat ed macr ophages, whi ch do not i ngest vi a t he C r ecept or , i ngest ed

bot h t r ypsi ni zed ant i - C3 I gG- coat ed E( I gM) C and cont r ol ant i - C3 I gG- coat ed

E( I gM) C. As expect ed, act i vat ed macr ophages f ai l ed t o bi nd t r ypsi ni zed

E( I gM) C, but 75% of t hese macr ophages i ngest ed an aver age of si x t r ypsi n-

t r eat ed, ant i - C3 I gG- coat ed E( I gM) C each . Thus t r ypsi ni zat i on of E( I gM) C at

4° C di d not ent i r el y degr ade or r emove er yt hr ocyt e- bound C3 ; t he t r ypsi n

t r eat ment conver t ed C3b on t he er yt hr ocyt e sur f ace t o a f or m of C3 whi ch i s

i nact i ve as a l i gand f or t he macr ophage C r ecept or but i s st i l l r ecogni zed

i mmunol ogi cal l y by ant i - C3 I gG.

These dat a suggest t hat , under t he condi t i ons empl oyed, t r ypsi n exer t s i t s

f unct i onal l y si gni f i cant ef f ect s on er yt hr ocyt e- bound C3b mol ecul es and not on

er yt hr ocyt e- bound I gM or on t he macr ophage sur f ace . To conf i r m t hi s sugges-

t i on, and t o be cer t ai n t hat E( I gM) C- macr ophage compl exes exhi bi t t he same

t r ypsi n sensi t i vi t y as E( I gM) C and macr ophages t r ypsi ni zed separ at el y,

E( I gM) C- macr ophage compl exes wer e t r ypsi ni zed at 4° C, t r eat ed wi t h ant i - C3

I gG at 4° C or wi t h a C sour ce ( C5- def i ci ent mouse ser um) at 37° C, and t hen

i ncubat ed at 37° C . 49%of macr ophages i n cul t ur es t r eat ed wi t h ant i - C3 I gG and

63%of t he macr ophages i n cul t ur es t r eat ed wi t h f r esh C5- def i ci ent mouse ser um

i ngest ed an aver age of f i ve and si x E( I gM) C each, r espect i vel y, as i ndi cat ed i n
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* Tr ypsi ni zed ( 750 wg/ ml , 30 mi n, 4 ° C) or nont r ypsi ni zed E( I gM) C wer e i ncubat ed f or 15 mi n at
37° C wi t h 10 gg/ ml of r abbi t ant i mouse C3 I gG. Cont r ol exper i ment s showed t hat ant i - C3 I gG
di d not pr omot e bi ndi ng or i ngest i on of E or E( I gM) by nor mal or by act i vat ed macr ophages .

Tabl e VI . The capaci t y of added mouse C t o r est or e er yt hr ophagocyt i c act i vi t y i s

especi al l y si gni f i cant and conf i r ms t hat t he t r ypsi n t r eat ment does not f unct i on-

al l y al t er t he C- f i xi ng capaci t y of er yt hr ocyt e- bound I gM, t he C- bi ndi ng capac-

i t y of E, or t he bi ndi ng and phagocyt i c act i vi t i es of macr ophage C3b r ecept or s .

EFFECT OF TRYPSI N ON THE E[ I gM] C- MACROPHAGE- BI NDI NG SI TE .

	

I n or der t o be

cer t ai n t hat E( I gM) C r emai ned bound t o t he macr ophage by t he i nt er act i on of

er yt hr ocyt e- bound Cab wi t h t he macr ophage' s C3b r ecept or s i n cul t ur es sub-

j ect ed t o t r ypsi n t r eat ment , t r ypsi ni zed E( I gM) C- macr ophage compl exes wer e

i ncubat ed at 37° C f or 30 mi n wi t h heat - i nact i vat ed C5- def i ci ent mouse ser um, a
sour ce of C3b i nact i vat or . C3b i nact i vat or i s a heat st abl e ser um pr ot ei n whi ch

cl eaves C3b i nt o t wo f r agment s, er yt hr ocyt e- bound C3d and f l ui d- phase C3c ( 24-

26) . Si nce t he pl asma membr ane of t he mouse per i t oneal macr ophage does not

r ecogni ze C3d ( 9) , t r eat ment of t hese pr epar at i ons wi t h C3b i nact i vat or shoul d

r esul t i n r el ease of t he er yt hr ocyt es f r om t he sur f ace of t he macr ophage . As

shown i n Tabl e VI I , t he maj or i t y of bound E( I gM) C wer e el ut ed f r om macr o-

phages by t hi s pr ocedur e . These r esul t s i ndi cat e t hat , i n t r ypsi ni zed pr epar a-

t i ons, E( I gM) C r emai ned bound t o t he macr ophage sur f ace by C3b- C3b r ecept or

bonds .

Whi l e t he above exper i ment demonst r at ed t hat E( I gM) C r emai ned at t ached

t o macr ophages by t he macr ophages' C3b r ecept or s af t er t r ypsi n t r eat ment , i t

was possi bl e t hat t r ypsi n dest r oyed some C3b- C3b r ecept or bonds i n t he at t ach-

ment zone . I f t hi s wer e t he case, t hen t he number of t hese bonds r emai ni ng

coul d have been r educed t o a l evel i nsuf f i ci ent t o t r i gger er yt hr ocyt e i ngest i on

but st i l l suf f i ci ent t o mai nt ai n er yt hr ocyt e at t achment t o t he macr ophage
sur f ace . We r easoned t hat i f t her e i s some t hr eshol d number of C3b- C3b r ecept or

i nt er act i ons whi ch i s suf f i ci ent t o medi at e E( I gM) C bi ndi ng but i nsuf f i ci ent t o

t r i gger E( I gM) C i ngest i on, t hen we shoul d be abl e t o pr oduce er yt hr ocyt es

Physi ol ogi c

st at e of macr o-

phages

Tr eat ment of

E( I gM) C

Macr o-

phages wi t h

E( I gM) C at -

t ached

Aver age no .

of E( I gM) C

at t ached per

macr ophage

Macr o-
phages wi t h

E( I gM) C i n-

gest ed

Aver age no .

of E( I gM) C

i ngest ed per

macr ophage

% ° I

Nonact i vat ed None 85 14 11 2

Nonact i vat ed Tr ypsi n 6 1 5 1

Nonact i vat ed Ant i - C3 I gG* 3 12 95 8
Nonact i vat ed Tr ypsi n, t hen 6 7 89 4

ant i - C3 I gG*

Act i vat ed Tr ypsi n 2 1 1 1
Act i vat ed Tr ypsi n, t hen 12 4 75 6

ant i - C3 I gG*
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Ant i - C3 I gGor Fr esh Mouse Ser umPr omot e I ngest i on of Tr ypsi ni zed E( I gM) C

Pr evi ousl y Bound t o Act i vat ed Macr ophages

+ f r esh mouse ser um$

* Cover sl i p cul t ur es cont ai ni ng t r ypsi ni zed ( 750 Wg/ ml , 4° C, 30 mi n) E( I gM) C- macr ophage com-

pl exes wer e i ncubat ed f or 15 mi n at 4° C i n medi umcont ai ni ng 10 p, g/ ml of r abbi t ant i mouse C3

I gG. The cel l s wer e t hen washed, i ncubat ed i n f r esh medi um at 37° C f or 30 mi n, and t hen f i xed

and exami ned .

t Cover sl i p cul t ur es wer e t r ypsi ni zed at 4° C as descr i bed above, washed, and t hen i ncubat ed at

37° C f or 30 mi n i n medi umcont ai ni ng 30%f r esh mouse ser um.

TABLE VI I

Heat - I nact i vat ed Mouse Ser umCauses El ut i on of E( I gM) C f r om t he Macr ophage

Sur f ace

STUDI ES ON THE MECHANI SM OF PHAGOCYTOSI S

TABLE VI

* E( I gM) C- macr ophage compl exes wer e i ncubat ed f or 30 mi n at 4° C wi t h 750 Ag/ ml of t r ypsi n,

washed WC) t wi ce wi t h OTI , and t wi ce wi t h f r esh medi um.

t Cover sl i p cul t ur es wer e t r ypsi ni zed at 4° C as descr i bed above, washed, and t hen i ncubat ed at

37° C f or 30 mi n i n medi umcont ai ni ng 30%heat - i nact i vat ed ( 56°C, 30 mi n) mouse ser um, a sour ce

of Cab i nact i vat er .

coat ed wi t h l i mi t i ng di l ut i ons of C3b, whi ch bi nd t o t he macr ophage sur f ace but

ar e not i ngest ed .

E( I gM) wer e i ncubat ed f or 10 mi n at 37° C wi t h var i ous di l ut i ons of C5-

def i ci ent mouse ser um. These E( I gM) C, wi t h di f f er ent quant i t i es of C3b on t hei r

sur f aces, wer e t hen i ncubat ed at 4° C wi t h act i vat ed macr ophages . Cover sl i p

cul t ur es wer e washed t o r emove nonbound er yt hr ocyt es and t hen i ncubat ed f or

45 mi n at 37° C . At t achment and i ngest i on wer e scor ed mi cr oscopi cal l y . As t he

Macr ophages
Aver age no .

Macr ophages
Aver age no .

Tr eat ment of cul t ur es wi t h E( I gM) C
of E( I gM) Cat -

wi t h E( I gM) C
of E( I gM) Ci n-

at t ached
t ached per

i ngest ed
gest ed per

macr ophage macr ophage

eI %

E( I gM) C, 4° C- t r ypsi n- >37° C 89 10 2 1
E( I gM) C, 4 ° C~t r ypsi n- ant i - 51 10 49 5

C3 I gG* - 37° C

E( I gM) C, 4° C- t r ypsi n- - >37° C ND ND 63 6

Tr eat ment of cul t ur es

Macr ophages

wi t h E( I gM) C

at t ached

Aver age no .

of E( I gM) Cat -

t ached per
macr ophage

Macr ophages

wi t h E( I gM) C

i ngest ed

Aver age no .

of E( I gM) Ci n-

gest ed per
macr ophage

% %

E( I gM) C, 4° C- medi um- 37° C 15 18 75 14

E( I gM) C, 4° C~t r ypsi n* - 37° C 74 19 7 2

E( I gM) C, 4° C- t r ypsi n* - 37° C 15 6 6 2

+ heat - i nact i vat ed mouse se-

r um$

 o
n
 J

a
n
u
a
ry

 1
9
, 2

0
1
6

je
m

.ru
p
re

s
s
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 

Published June 1, 1975

http://jem.rupress.org/


GRI FFI N, GRI FFI N, LEI DER, AND SI LVERSTEI N

	

1275

Ser um di l ut i on

FI G. 2 . I nf l uence of t he concent r at i on of C5- def i ci ent mouse ser um used t o pr epar e

E( I gM) C on t he i nt er act i on of E( I gM) C wi t h act i vat ed macr ophages . E( I gM) wer e i ncubat ed
wi t h var i ous di l ut i ons of C5- def i ci ent mouse ser um( absci ssa) . The r esul t i ng E( I gM) C wer e

t hen i ncubat ed at 37° C f or 45 mi n wi t h act i vat ed macr ophages . At t achment ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) and

i ngest i on ( O) wer e scor ed mi cr oscopi cal l y and ar e pl ot t ed as per cent of maxi mum at t ach-

ment or i ngest i on ( or di nat e) .

concent r at i on of mouse ser umused t o pr epar e E( I gM) C was di mi ni shed, bot h

at t achment and i ngest i on f el l i n par al l el ( Fi g . 2) . We coul d f i nd no concent r at i on

of er yt hr ocyt e- bound C3b whi ch medi at ed pr edomi nant l y bi ndi ng but not i nges-

t i on of E( I gM) C by macr ophages . Ther ef or e, di sr upt i on by t r ypsi n of some C3b-

C3b r ecept or bonds i n t he zone of at t achment of E( I gM) C t o macr ophages i s not

suf f i ci ent t o account f or t he f ai l ur e of macr ophages t o i ngest bound E( I gM) C.

Di scussi on

The phagocyt osi s of par t i cul at e mat er i al s by cel l s can be separ at ed exper i men-

t al l y i nt o t wo st eps : ( a) at t achment of t he par t i cl e t o t he cel l s' sur f ace and ( b)

i ngest i on of t he par t i cl e ( 22) . The f or mer occur s i n t he col d or i n t he absence of

t he gener at i on of met abol i c ener gy, whi l e t he l at t er i s hi ghl y t emper at ur e

dependent and r equi r es act i ve cel l ul ar met abol i sm. We have t aken advant age of

t hese di f f er ences t o di ssoci at e t he at t achment and i ngest i on phases of phagocyt o-

si s f r omone anot her . E( I gG) and E( I gM) C wer e at t ached t o macr ophages at 4° C.

Macr ophages i ncubat ed at t hi s t emper at ur e r emai ned vi abl e and, upon war m-

i ng t o 37° C, exhi bi t ed uni mpai r ed phagocyt i c capaci t i es as measur ed by t hei r

i ngest i on of l at ex par t i cl es ( dat a not pr esent ed) , E( I gG) ( Tabl e I ) and E( I gM) C

( Tabl e I V) . Si mi l ar r esul t s wer e obt ai ned when er yt hr ocyt es wer e at t ached t o

macr ophages at 37° C i n t he pr esence of NaF. These er yt hr ocyt es wer e pr ompt l y

i ngest ed upon r emoval of t hi s met abol i c i nhi bi t or . By t hese met hods we have

achi eved a syst emwhi ch i s hi ghl y synchr onous, t her eby f aci l i t at i ng anal ysi s of

t he i ngest i on phase of phagocyt osi s .

" Tr i gger " vs . " Zi pper " Mechani smof Phagocyt osi s .

	

Pr evi ous st udi es ( 8, 9) ,

have shown t hat t he st i mul us t o phagocyt i ze one par t i cl e does not pr ompt t he

i ngest i on of ot her par t i cl es at t ached t o t he macr ophage sur f ace . Rat her , t he
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STUDI ES ON THE MECHANI SM OF PHAGOCYTOSI S

r esponse of t he macr ophage pl asma membr ane t o a phagocyt i c st i mul us i s

conf i ned t o t he segment of membr ane i mmedi at el y adj acent t o t he par t i cl e
i ni t i at i ng t hat st i mul us ( 8, 9) . Fr om t he segment al nat ur e of t he r esponse, we
i nf er t hat t he si gnal t o phagocyt i ze a par t i cl e i s i ni t i at ed by t hat par t i cl e and
t hat , i f any membr ane- bound or sol ubl e i nt r acel l ul ar f act or s ar e act i vat ed by
t hi s si gnal , t hei r ef f ect s ar e r est r i ct ed t o t he segment of membr ane adj acent t o
t he par t i cl e . I mpl i ci t i n t hi s st at ement i s t he concept of a si gnal t r i gger i ng'
i ngest i on of a membr ane- bound par t i cl e . However , t her e i s no compel l i ng

evi dence t hat t her e i s a si gnal whi ch t r i gger s i ngest i on . Ther e i s no mi ni mum

number of par t i cl es whi ch must be bound bef or e t he macr ophage begi ns t o
i ngest t he par t i cl es . Mor eover , t her e i s no si ze whi ch di st i ngui shes par t i cl es

l ar ge enough t o be i ngest ed by macr ophages f r omt hose t oo smal l t o be phagocy-
t i zed . Bact er i a, l at ex par t i cl es 1. 1- 14 Ami n di amet er , and a var i et y of mamma-
l i an and avi an er yt hr ocyt es ar e i ngest ed by macr ophages . These par t i cl es ar e
cont ai ned wi t hi n vacuol es, t he si zes of whi ch var y wi t h t he di amet er of t he
par t i cl e bei ng i ngest ed, and t he membr anes of whi ch ar e gener al l y cl osel y
apposed t o t he ent i r e sur f ace of t he phagocyt i zed par t i cl e .

Thus t he magni t ude and qual i t y of t he r esponse of t he macr ophage pl asma

membr ane t o a phagocyt i c st i mul us appear s t o be gover ned by t he number , si ze,
and shape of t he par t i cl es at t ached t o i t . The obser ved capaci t y of macr ophages

t o i ngest par t i cl es of a var i et y of si zes i ndi cat es t hat t her e i s no " t hr eshol d" si ze
or l evel of st i mul at i on whi ch a par t i cl e must achi eve t o i ni t i at e a phagocyt i c
r esponse . Rat her , t hese dat a suggest t hat t he macr ophage pl asma membr ane i s
capabl e of a phagocyt i c r esponse whi ch i s exact l y pr opor t i onal t o t he si ze and
number of par t i cl es pr esent ed t o i t . I n t hi s way, as i n t he segment al nat ur e of
t he membr ane r esponse, phagocyt osi s di f f er s i n a qual i t at i ve sense f r omt he " al l
or none" r esponse of neur ons t o an el ect r i cal st i mul us ( 27) . I n t he case of t he
neur on, pr opagat i on of an act i on pot ent i al i s a quant i t at i vel y i nvar i ant cel l -
wi de membr ane r esponse t r i gger ed by st i mul i of gr eat er t han a gi ven t hr eshol d
i n magni t ude. St i mul i of l ess t han t hi s t hr eshol d val ue may al t er t he membr ane

pot ent i al but t hey do not t r i gger pr opagat i on of an act i on pot ent i al . I n cont r ast ,
t he macr ophage pl asma membr ane r esponds segment al l y and i n exact pr opor -
t i on t o t he si ze of t he phagocyt i c st i mul us .

Thi s capaci t y of t he macr ophage t o modul at e i t s r esponse t o a phagocyt i c
st i mul us suggest ed t o us t hat t he r esponse of t he cel l ' s pl asma membr ane i s
r egul at ed di r ect l y by t he par t i cl e bei ng i ngest ed and t hat i t i s not t r i gger ed by a
speci f i c st i mul us of set magni t ude. Rat her , we consi der ed t hat t he st ep by st ep
i nt er act i on of membr ane r ecept or s wi t h par t i cl e- bound l i gands may r esul t i n a
zi pper s- l i ke movement of t he membr ane ar ound t he par t i cl e . These t wo possi bl e
mechani sms, t r i gger i ng and zi pper i ng, can be di st i ngui shed exper i ment al l y as
i l l ust r at ed i n Fi gs . 3 and 4 . A t r i gger mechani sm assumes t hat once a gi ven

4 We use t he t er m t r i gger t o mean a si gnal whi ch, above a set t hr eshol d, pr eci pi t at es a cel l ul ar
r esponse whose magni t ude i s i ndependent o£ t he si gnal ' s i nt ensi t y .

s We use t he t er m zi pper t o descr i be l i gand- medi at ed ci r cumf er ent i al spr eadi ng of t he pl asma
membr ane ar ound a par t i cl e . Al t hough a zi pper j oi ns onl y edges t o one anot her , we use t hi s t er m
her e t o convey t he i dea of sequent i al r ecept or - l i gand i nt er act i ons whi ch l ead t o t he cl ose apposi -
t i on of t wo sur f aces .
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c) " t r i gger i ng"

	

?

	

d) " zi pper i ng . 1

a) Por t i cl es at t ach t o

t he cel l sur f ace.

Phagocyt osi s

	

Par t i al engul f ment

FI G. 3 .

	

Mechani sms of phagocyt osi s of E( I gM) C: al t er at i ons of t he par t i cl e sur f ace . ( a)
Er yt hr ocyt es coat ed wi t h I gM and C ( 1) bi nd t o t he macr ophage pl asma membr ane vi a

r ecept or s ( v) f or C3b. ( b) Cab mol ecul es ( l i gands) out si de t he at t achment zone ar e cl eaved
by mi l d t r ypt i c pr ot eol ysi s . ( c) I nt er act i on of par t i cl e- bound l i gands wi t h membr ane r ecep-
t or s t r i gger s phagocyt osi s . ( d) Recept or s bi nd t o l i gands on t he l ower hemi spher e of t he
par t i cl e, but cl osur e of t he phagocyt i c vacuol e ar ound t he par t i cl e does not ensue because
t he upper hemi spher e of t he par t i cl e l acks l i gands whi ch can bi nd ( zi pper ) t o membr ane
r ecept or s on t he advanci ng pseudopods .

c) " t r i gger i ng

	

?

	

d) ° zi pper i ng"

l

b) Li gands out si de t he at t achment

zone r emoved exper i ment al l y

( J) Par t i cl es bi nd t o

membr ane r ecept or s

b) Unoccupi ed membr ane r ecept or s

bl ocked exper i ment al l y

Phogocyt osi s

	

Par t i al engul f ment

FI G. 4 .

	

Mechani sms of phagocyt osi s of E( I gG) : al t er at i ons of cel l membr ane r ecept or s . ( a)
I gG( Y) coat ed er yt hr ocyt es bi nd t o t he macr ophage pl asma membr ane vi a r ecept or s h- r ) f or
t he Fc por t i on of I gG. ( b) Unoccupi ed membr ane Fc r ecept or s ar e bl ocked exper i ment al l y
and t he E( I gG) - macr ophage compl exes ar e i ncubat ed under condi t i ons f avor abl e f or phago-
cyt osi s . ( c) I gG bi ndi ng t o membr ane r ecept or s t r i gger s phagocyt osi s . ( d) Cl osur e of t he
phagocyt i c vacuol e does not occur because membr ane r ecept or s cannot at t ach t o par t i cl e-
bound I gGand t he advanci ng membr ane pseudopods cannot zi pper t oget her .

number of par t i cl e- bound l i gands at t aches t o membr ane r ecept or s, a st i mul us

wi l l be i ni t i at ed whi ch pr edest i nes t he par t i cl e f or i ngest i on . The zi pper mecha-
ni sm, on t he ot her hand, suggest s t hat phagocyt osi s wi l l occur onl y i f macr o-

phage membr ane r ecept or s can bi nd t o l i gands t hr oughout t he sur f ace of t he

par t i cl e .
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I f par t i cl es coat ed wi t h appr opr i at e l i gands such as I gG or C3b, ar e i ngest ed

by a t r i gger mechani sm i ni t i at ed by t hei r at t achment t o r ecept or s on t he

macr ophage pl asma membr ane, t hen t hey shoul d be i ngest ed even when l i gands

ar e r emoved f r om t he nonat t ached sur f aces of t he par t i cl es ( Fi g . 3 c) or when t he

r ecept or s t hat ar e not i nvol ved i n t he i ni t i al bi ndi ng pr ocess ar e bl ocked ( Fi g . 4

c) . I f , on t he ot her hand, i ngest i on of bound par t i cl es r equi r es t he st epwi se

bi ndi ng of l i gands t o appr opr i at e membr ane r ecept or s of macr ophages, t hen

i ngest i on shoul d not pr oceed i f l i gands ar e r emoved f r om t he nonat t ached

sur f ace of t he par t i cl e ( Fi g . 3 d) or i f membr ane r ecept or s not i nvol ved i n t he

i ni t i al at t achment pr ocess ar e bl ocked ( Fi g . 4 d) . I n a f unct i onal sense, we have

const r uct ed er yt hr ocyt e- macr ophage compl exes anal ogous t o t he si t uat i ons de-

pi ct ed i n Fi gs . 3 b and 4 b and f i nd t hat i ngest i on of t he par t i cl es behaves as

pr edi ct ed by t he zi pper mechani sm.

Phagocyt osi s Medi at ed by t he C Recept or s . Phagocyt osi s of E( I gM) C by

" act i vat ed" macr ophages occur s i ndependent l y of t hei r Fc r ecept or s and i s

medi at ed by Cab r ecept or s pr esent on t he macr ophage pl asma membr ane ( 23) .

E( I gM) C wer e bound t o C3b r ecept or s of act i vat ed macr ophages at 4° C, and t he

E( I gM) C- macr ophage compl exes wer e i ncubat ed wi t h t r ypsi n at 4° C ( Fi gs . 3 a

and b) . Fr omt he dat a pr esent ed ( Fi g . 2, and Tabl es V and VI I ) , i t seems l i kel y

t hat t he C3b mol ecul es whi ch bound t he er yt hr ocyt es t o t he macr ophage sur f ace

wer e pr ot ect ed f r om t r ypt i c pr ot eol ysi s by t hei r i nt er act i on wi t h t he macr o-

phage' s Cab r ecept or s . C3b mol ecul es not so pr ot ect ed wer e cl eaved t o a f or mof

C3 not r ecogni zed by t he macr ophage C r ecept or s ( Tabl e VI ) . Thus t r ypsi ni za-

t i on pr ovi ded an ef f i ci ent means of obt ai ni ng " par t i al l y opsoni zed" par t i cl es, i . e . ,

er yt hr ocyt es bear i ng C3b l i gands onl y on t he por t i ons of t hei r sur f aces whi ch

wer e at t ached t o cor r espondi ng r ecept or s on t he macr ophage sur f ace . Al t hough

t hese t r ypsi ni zed E( I gM) C r et ai ned f unct i onal l i gands ( C3b mol ecul es) i n t he

zone of at t achment t o t he macr ophage sur f ace, t hey wer e not i ngest ed when t he

macr ophages wer e war med t o 37° C ( Tabl e I V) . These f i ndi ngs suppor t t he zi pper

mechani sm descr i bed i n Fi g . 3 d .

Phagocyt osi s Medi at ed by t he Fc Recept or .

	

E( I gG) - macr ophage compl exes,

f or med at 4° C, wer e f ur t her i ncubat ed at t hi s t emper at ur e wi t h ant i macr ophage

I gG t o bl ock Fc r ecept or s . When t hese cul t ur es wer e subsequent l y i ncubat ed at

37 ° C under condi t i ons opt i mal f or par t i cl e i ngest i on, phagocyt osi s of t he I gG-

coat ed er yt hr oyct es di d not occur . Fai l ur e of t he bound E( I gG) t o be i ngest ed was

not a r esul t of i nhi bi t i on of t he cel l s' phagocyt i c capaci t y, but r at her of speci f i c

Fc r ecept or bl ockade, f or t hi s ant i macr ophage I gG f r act i on does not bl ock t he

pr ocesses of par t i cl e at t achment and i ngest i on i n gener al ( 13, 23) . Mor eover ,

F( ab' ) 2 f r agment s of t hi s same ant i macr ophage I gGdi d not i nhi bi t t he i ngest i on

of E( I gG) ( Tabl e I ) .

Low t emper at ur e- i nduced al t er at i ons of t he macr ophage pl asma membr ane

wer e not r esponsi bl e f or t he f ai l ur e of ant i macr ophage I gG- t r eat ed cel l s t o i ngest

at t ached E( I gG) , si nce si mi l ar r esul t s wer e obt ai ned when E( I gG) bi ndi ng and

Fc r ecept or bl ockade wer e accompl i shed at 37° C i n t he pr esence of NaF ( Tabl e

I I ) . Under t hese condi t i ons as wel l , macr ophages whose Fc r ecept or s had been

bl ocked f ai l ed t o i ngest bound E( I gG) , whi l e t hose whi ch had not been t r eat ed

wi t h ant i macr ophage I gG i ngest ed bound E( I gG) nor mal l y .
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The mechani smby whi ch ant i macr ophage I gG i nhi bi t s Fc r ecept or - medi at ed

phagocyt osi s was expl or ed i n det ai l . Ant i macr ophage I gG t r eat ment of E( I gG) -

macr ophage compl exes di d not cause el ut i on of t he at t ached er yt hr ocyt es and

di d not al t er t he si ze or conf i gur at i on of t he E( I gG) at t achment si t e as moni t or ed

by el ect r on mi cr oscopy . These f i ndi ngs suggest t hat ant i macr ophage I gG act s by

bl ocki ng Fc r ecept or si t es out si de t he zone of i ni t i al i nt er act i on of E- bound I gG

mol ecul es wi t h macr ophage membr ane Fc r ecept or s ; t hey ar e consi st ent wi t h a

zi pper mechani smof phagocyt osi s as i l l ust r at ed i n Fi g . 4 d . However , addi t i onal

exper i ment s ( Tabl e I I I ) showed t hat ant i macr ophage I gG bl ockade of Fc r ecept or

f unct i on can be over come by excess ant i - E I gG. The quant i t y of ant i - E I gG

necessar y t o over come t he ef f ect s of ant i macr ophage I gG i s 15- f ol d gr eat er t han

t he amount of ant i - E I gG needed t o pr omot e er yt hr ophagocyt osi s i n macr o-

phages whi ch have not been t r eat ed wi t h ant i macr ophage I gG( Fi g . 1) . Because

of t hese quant i t at i ve consi der at i ons, we cannot r i gor ousl y excl ude t he possi bi l -

i t y t hat ant i macr ophage I gG r educes t he i nt er act i on of E- bound I gG wi t h

macr ophage Fc r ecept or s bel ow a t hr eshol d necessar y t o t r i gger phagocyt osi s

( Fi g . 4 c) .

Recent l y, we have obt ai ned addi t i onal evi dence i n suppor t of t he zi pper

mechani sm of phagocyt osi s . Mouse B l ymphocyt es wer e i ncubat ed wi t h ant i -

mouse i mmunogl obul i n I gG at 4° C . These l ymphocyt es, wi t h I gG coat i ng t hei r

ent i r e sur f aces, wer e r eadi l y i ngest ed when i ncubat ed wi t h macr ophage mono-

l ayer s at 37° C f or 30 mi n . Ot her pr epar at i ons of I gG- coat ed l ymphocyt es wer e

war med t o r oom t emper at ur e f or 20 mi n t o per mi t i mmunogl obul i n cappi ng

bef or e bei ng i ncubat ed wi t h macr ophages . These capped l ymphocyt es, wi t h

ant i - i mmunogl obul i n I gG l ocat ed on onl y one pol e of t he cel l s, bound t o t he

macr ophage pl asma membr ane vi a t hei r i mmunogl obul i n caps but wer e not

i ngest ed . Det ai l s of t hese exper i ment s wi l l be t he subj ect of a f ut ur e communi ca-

t i ons

Requi r ement f or Met abol i c Ener gy . Al t hough t he zi pper hypot hesi s ac-

count s f or t he sel ect i vi t y and speci f i ci t y of t he phagocyt i c pr ocess, i t does not

di r ect l y expl ai n i t s dependence upon met abol i c ener gy . Pr esumabl y met abol i c

ener gy i s needed t o move t he pl asma membr ane i nt o apposi t i on wi t h t he par t i cl e

sur f ace, t o ef f ect possi bl e t r ansl at i onal movement s of r ecept or s i n t he pl ane of

t he membr ane, and t o f use t he membr anes of advanci ng pseudopods as t hey

meet at t he apex of t he par t i cl e bei ng i ngest ed . The mechani sms by whi ch t he

pseudopods ar e ext ended ar e not known, but r ol es f or cyt opl asmi c cont r act i l e

el ement s ( act i n and myosi n) have been pr oposed ( 4- 7) . I ndeed we have obser ved

a massi ve zone of pol ymer i zed mi cr of i l ament s whi ch i s conf i ned t o t he por t i on of

cyt opl asmi mmedi at el y subj acent t o t he par t i cl e bei ng i ngest ed . 7 I t seems l i kel y,

t her ef or e, t hat cyt opl asmi c cont r act i l e el ement s pr ovi de t he l ocomot i ve f or ce f or

t he advanci ng pseudopods . The i nt er act i on of membr ane r ecept or s wi t h l i -

gands on t he sur f ace of t he par t i cl e det er mi nes t he spaci al or i ent at i on of t hese

pseudopods and may r egul at e t he pol ymer i zat i on of t hei r under l yi ng cont r act i l e

el ement s .

s Gr i f f i n F. M. , J . A. Gr i f f i n, and S. C. Si l ver st ei n . Manuscr i pt i n pr epar at i on .
Si l ver st ei n S. C. , F. M. Gr i f f i n, and J . A. Gr i f f i n . Manuscr i pt i n pr epar at i on .
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The zi pper mechani smi s consi st ent wi t h Nor t h' s ( 28) suggest i on t hat spr ead-

i ng of cel l s on sur f aces r ef l ect s t hei r at t empt t o phagocyt i ze a par t i cl e of i nf i ni t e

di amet er . Mor eover , or i ent ed cel l movement , as i n chemot axi s, al so may be

r egul at ed by a zi pper - l i ke mechani sm, as suggest ed by Car t er ( 29, 30) . Gr a-

di ent s of sur f ace- bound, as opposed t o f l ui d- phase, l i gands may f aci l i t at e t he

movement of cel l membr ane pseudopods i n t he di r ect i on of i ncr easi ng l i gand

densi t y . The net r esul t i s t he movement of t he cel l t owar d t he r egi on of gr eat est

l i gand densi t y .

Summar y

These exper i ment s wer e desi gned t o eval uat e t he r ol e of macr ophage pl asma

membr ane r ecept or s f or t he t hi r d component of compl ement ( C) and f or t he Fe

por t i on of I gG i n t he i ngest i on phase of phagocyt osi s . Sheep er yt hr ocyt es ( E)

wer e coat ed wi t h ant i - E I gG [ E( I gG) ] ; t hese E( I gG) wer e t hen at t ached t o

cul t i vat ed monol ayer s of mouse per i t oneal macr ophages under condi t i ons whi ch

r ever si bl y i nhi bi t i ngest i on of E( I gG) . The E( I gG) - macr ophage compl exes wer e

f ur t her i ncubat ed under si mi l ar condi t i ons wi t h an ant i macr ophage I gG f r ac-

t i on whi ch bl ocks Fc r ecept or - medi at ed i ngest i on but has no ef f ect upon i nges-

t i on medi at ed by ot her phagocyt i c r ecept or s . When t hese cul t ur es wer e subse-

quent l y i ncubat ed under condi t i ons opt i mal f or par t i cl e i ngest i on, phagocyt osi s

of t he I gG- coat ed er yt hr ocyt es di d not occur ; t he er yt hr ocyt es r emai ned bound t o

t he Fc r ecept or s of t he macr ophage pl asma membr ane .

To det er mi ne whet her l i gands must cover t he ent i r e sur f ace of an at t ached

par t i cl e t o per mi t i ngest i on of t hat par t i cl e, C- coat ed E [ E( I gM) C] wer e bound t o

t he C r ecept or s of t hi ogl ycol l at e- i nduced ( act i vat ed) macr ophages at 4° C .

E( I gM) C- macr ophage compl exes wer e t hen t r ypsi ni zed at 4° C, a pr ocedur e

whi ch r esul t ed i n cl eavage of er yt hr ocyt e- bound C3b mol ecul es t o a f or m of C3

not r ecogni zed by t he macr ophage r ecept or s f or C3b . Under t he condi t i ons used,

t r ypsi n di d not af f ect t he at t achment of E( I gM) C t o t he macr ophage sur f ace or

t he macr ophage r ecept or s f or C3b . When t hese t r ypsi n t r eat ed E( I gM) C- macr o-

phage compl exes wer e i ncubat ed at 37° C, t he bound E( I gM) C wer e not i ngest ed ;

t he er yt hr ocyt es r emai ned at t ached t o t he macr ophage pl asma membr ane vi a

t he macr ophage' s C r ecept or s .

These r esul t s i ndi cat e t hat at t achment of a par t i cl e t o speci f i c r ecept or s on t he

macr ophage pl asma membr ane i s not suf f i ci ent t o t r i gger i ngest i on of t hat

par t i cl e . Rat her , i ngest i on r equi r es t he sequent i al , ci r cumf er ent i al i nt er act i on

of par t i cl e- bound l i gands wi t h speci f i c pl asma membr ane r ecept or s not i nvol ved

i n t he i ni t i al at t achment pr ocess .

We ar e gr at ef ul t o Doct or s Cel so Bi anco, Zanvi l Cohn, and James Hi r sch f or many st i mul at i ng

di scussi ons and f or cr i t i cal r eadi ngs of t hi s manuscr i pt .

Recei ved f or publ i cat i on 28 Jul y 1975 .
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