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The recognition of im m une com plexes and  opsonized bacteria by 

po lym orphonuclear leukocytes (PM Ns or neutrophils) is m ediated by 

receptors w hich bind to the constant (Fc) portion  of im m unoglobulin  (IgG). 

W ithin the Fey receptor family, the FcyRIIIB isoform  is unique for its 

attachm ent to the cell m em brane via g lvcosyl-phosphatidylinosito l (GPI).

The m olecular basis for transm em brane signaling by FcyRIIIB (as w ell as by 

other G PI-anchored receptors) has been unclear. Spectrofluorim etric data  

obtained using  the calcium indicator Indo -1 dem onstrate that d irect an tibody 

crosslinking of FcyRIIIB on isolated h u m an  PM Ns triggers a rap id , transien t 

rise in in tracellu lar calcium  concentration, com parable to that exh ib ited  by 

crosslinking the m em brane-spanning  FcyRIIA isoform. Inhibition by 

w ortm ann in  an d  by N ,N -dim ethylsphingosine of signaling th ro u g h  either 

FcyRIIA or FcyRIIIB show s sim ilar dose response, suggesting th a t both  

receptors converge on a phosphatidylinosito l 3-kinase and  sph ingosine 

k inase-dependen t pathw ay. Im m unofluorescence m icroscopy and  

in ternalization assays dem onstrate that separately  crosslinked FcyRIIIB and 

FcyRIIA show  sim ilar patterns of m ovem ent on living cells; and
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furtherm ore, w ith o u t d irect invo lvem ent in crosslinking, FcyRIIA co- 

localizes w ith aggregated FcyRIIIB. FcyRIIA is thus im plicated as the essential 

transm em brane elem ent required for signaling  by C PI-anchored FcyRIIIB.

The physical nature of association betw een FcyRIIA and FcyRIIIB 

remains to be elucidated. The observation  that dialkvl-indocarbocvanine (Dil) 

m em brane p robes also co-localize w ith  clustered  FcyRIIIB in vivo, suggests 

that the physical properties of the lipid bilayer in the region of the GPI- 

anchored recep to r are significantly d ifferent from that of bulk m em brane, and 

that o ther m olecules (including FcyRIIA) m ay selectively p artition  into these 

regions. A physical m odel is p roposed  in w hich clustered G PI-anchored 

proteins form  a lipid dom ain  com prised  of sph ingolip ids and cholesterol, and 

organized a ro u n d  hydrophobic in teractions. The partition ing  and  

enrichm ent of FcyRIIA w ithin  these dom ains lead to the subsequen t 

initiation of in tracellu lar signaling. This m odel p rov ides a rationale for the 

intriguing observation  that crosslinked, b u t im m obilized FcyRIIIB does not 

stim ulate n eu tro p h il activity.

O ther experim ents to d irectly  assess the functional dependence of 

FcyRIIIB on FcyRIIA, and to exam ine receptor proxim ity w ith nanom eter- 

scale resolution, are also described.
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I

I n t r o d u c t io n

The m ultigene fam ily o f receptors for the constant or Fc portion  of [gG 

(henceforth called Fey receptors or FcyR) b rid g e  classic hum oral im m unity  

w ith  cell-dependent defense  m echanism s. In po lym orphonuclear leukocvtes 

(PM Ns or neutrophils), low -affinitv  FcyR crosslink  w ith  im m une com plexes 

o r opsonized targets to trigger a pleiotropic response w hich includes 

phagocytosis, deg ran u la tio n , oxidative b u rst an d  an tibody-dependen t cell 

cytotoxicity (ADCC). O ne of the earliest in tracellu lar signaling events detected 

follow ing FcyR stim u la tion  is the tyrosine phosp h o ry la tio n  of several 

cytosolic interm ediates. H ow ever, FcyR in them selves do not exhibit intrinsic 

tyrosine kinase activity. Rather, the in itiation  of the signaling cascade relies 

on  a unique signaling  m odu le  know n as the im m unorecep tor tvrosine-based  

activation motif (ITAM). [1] The canonical ITAM is identified by a p a ir  of 

YXXL sequences separated  by 6-8  amino acids, and  is present in single o r 

m ultip le copies in the cytoplasm ic dom ain  of m ultichain  T cell and  B cell 

antigen and Fc receptors. [2] The tyrosine-phosphorylation  of IT AMs by  sre 

family kinases u n d er cond itions of FcyR crosslinking  has been show n to be 

essential for b ind ing  and  subsequen t activation of dow nstream  n o n recep to r 

syk protein  tyrosine kinases. [3]

As illustrated in F igure 1, the s tru c tu ra l a rrangem ents of m u ltich a in  

an tigen  and Fey receptors are  such that the im m unoglobulin-like ex tracellu lar 

ligand binding dom ain  and  the intracellular ITAM effectors are u su a lly  

contained in separate  su b u n it chains. C uriously , the two FcyR isoform s 

constitu tively  expressed  on  the surface of the h u m an  neu trophils  b o th  

represent exceptions to this rule, albeit in opposite  ways: FcyRIIA (CD32) 

consists of a single C lass I glycoprotein w hich contains bo th  the ligand-
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binding d o m ain  and a slightly m odified ITAM dom ain (in w hich  the two 

YXXL sequences are separated  by 12 am ino acids), on the sam e transm em brane 

peptide. [4j

In con trast, Fc/RIIIB (CD16B) consists of an im m unoglobulin-like Fc 

binding d o m ain  attached to the ou ter leaflet of the plasm a m em brane bv a C- 

term inal am ino  acid-linked glycosyl-phosphatidvlinositol (GPI) anchor [5-7], 

and therefore conspicuously  lacks both  transm em brane and  cvtosolic 

portions. H ow ever, despite  its consequent lack of an associated ITAM 

signaling m odule, Fc/RIIIB most likely plays a p redom inan t role in b inding  

im m une com plexes, w ith  a ten-fold h igher level of expression  than  FcyRIIA, 

as well as a relatively h igher binding affinity to IgG.

The co-expression of two Fc/ receptor isot’orm s in h u m an  neu trophils 

is puzzling  in several w ays. Since Fc/RIIIB and Fc/RIIA have sim ilar ligand 

binding characteristics and  presum ably are both engaged in crosslinking  to 

naturally  occurring  im m une com plexes, it is unclear w hy  tw o recep tor 

isoforms are expressed  w here only one is apparently  required. Ideally  the 

solution to this problem  w ould be th a t the two Fc/R species possessed  

inherently  d ifferen t signaling properties, b u t this rem ains to be dem onstrated . 

This rationale, how ever, begs the question  of transm em brane signaling  by 

FcyRIIIB, w hich  is paradoxical in itself, since G PI-anchored m olecules are 

physically restric ted  from  com m unicating directly w ith  d o w n stream  signaling 

elem ents in the cytosol.

It follow s that the prim ary objectives of this d isserta tion  project have 

been to d e term in e  the functional relation of FcyRIIIB and  FcyRIIA, and  to
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3

characterize the involvem ent of G PI-anchored proteins in transm em brane 

signaling, using the hum an neu trophil as a m odel system . This investigation 

m akes extensive use of isotype-specific m onoclonal antibodies to d irectly  

crosslink either Fc/RIIIB or Fc/RIIA, in o rder to differentiate the relative 

signaling phenotypes of the two receptor species. We observe a strik ing 

sim ilarity in the pharm acologic profiles of Fc/RIIIB and Fc/R IIA -m ediated 

intracellular calcium  release and  their susceptibility  to inhibition of 

phosphatidvlinosito l 3-kinase and  sphingosine kinase, and propose that 

FcyRIIIB and Fc/RIIA converge on a com m on signaling pathw ay at a very 

early  stage following engagem ent of the receptors.

To validate the functional link betw een Fc/R, w e also conducted 

parallel studies using im m unofluorescence m icroscopy and  in terna liza tion  

assays to dem onstrate a probable physical association betw een these Fc/ 

receptor species as well. These results, together w ith findings from o ther 

investigators, led to the developm ent of a physical m odel in w hich 

crosslinked FcyRIIIB triggers intracellular calcium  release by form ing 

specialized lipid dom ains w hich in turn recru it FcyRIIA (containing the 

ITAM effector m odule) as the necessary transm em brane signaling elem ent. 

A lthough the specific properties w hich d istingu ish  these p roposed  lipid 

dom ains from bulk m em brane are unclear, the proposed  m echanism  

prov ides a basis for the involvem ent of o ther signaling m olecules (hence, 

m ultip le  signaling pathw ays) in Fc/R activation. Furtherm ore, the GPI- 

anchoring  structure is im plicated as the im portan t signaling m oiety of 

FcyRIIIB, thus explaining the em pirical observation  that o ther G PI-anchored 

pro teins can also stim ulate neu troph il activity. We suggest that this m odel
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4

m ay in fact represent a new signaling paradigm  for receptors w hich are GPI- 

anchored .
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Ba c k g r o u n d

The first half of this section sum m arizes w hat is know n abou t Fc/R 

signaling  (mainly by Fc/RIIA via the in tracellu lar ITAM effector), followed by 

separate  discussions on the involvem ent of the calcium  second  m essenger 

and a relatively novel bu t ubiquitous enzym e, phosphatidy linosito l 3-kinase, 

in neu troph il activation. The second half is devoted  to the issue of signaling 

by Fc/RIIIB, in the context of previous research exam ining  the s tru c tu re  of 

G PI-anchor proteins and possible m odes of in term olecular in teraction  which 

m ight a llude  to m echanism s of signal transduction .

FcyRIIA signal transduction

D espite the structu ral variations w hich d istingu ish  FcyRIIA from  other 

ITA M -containing antigen and Fc receptors, the m olecular basis for signaling 

by Fc/RIIA is consistent w ith the m echanism  characterized  for o ther receptors 

w hich con ta in  the ITAM effector m odule . In general, the  ev en t w hich  

determ ines the activation of im m une receptors (such as Fc/RIIA) is not 

sim ply the recognition and m onovalent b ind ing  of recep tor to ligand, but the 

c lustering  and  aggregation of these receptors by crosslinking  to im m une 

com plexes or polyvalent ligands. This su p p o rts  the physiological role of Fc/R 

in triggering  neutrophil im m une response upon  contact w ith  large im m une 

com plexes or opsonized targets, ra ther than  to soluble IgG in the bloodstream . 

Indeed, Fc/RIIA has been show n to requ ire  that IgG be a t least d im erized , in 

o rder to bind with low avidity (Ka = 1-3  x 10^ M "l, [8 ])

As previously m entioned, Fc/RIIA  contains only o n e  C -term inal ITAM 

m odule in its cytoplasm ic tail. W hile the consensus ITAM sequence consists 

of two YXXL repeats separated  by 6-8  am ino acids, this in terv en in g  sequence is
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6

extended to 12 am ino acids in the signaling motif for FcyRIIA. [9] The 

functional im portance of ITAM in FcyRIIA signaling w as d em onstra ted  by 

O din and cow orkers, who used both w ildtvpe and truncated  deletion m utants 

of hum an FcyRIIA transfected in m urine P388Di m acrophages to 

dem onstra te  that, while the dele tion  of the carboxyterm inal YXXL m otif (A264) 

from FcyRIIA prevented phagocytosis of IgG-sensitized ery throcy tes and 

in tracellu lar C a -+ release, the com plete removal of the ITAM in A233- 

FcyRIIA blocked all rem aining functionality, including the recep to r's  ability to 

stim ulate  in tracellu lar tyrosine phosphorylation and  endocv tosis  of sm all 

im m une com plexes. [10 ]

The link betw een tyrosine-phosphorvlation  of the ITAM and  the 

progression of dow nstream  in tracellu lar signaling w as d em o n stra ted  in T 

lym phocytes using synthetic non-hydrolyzable phospho tv rosy l pep tide  

analogs of the th ird  ITAM m odule  in the £ chain of the T cell an tigen  receptor 

(TCR)/CD3 complex, (ref. F igure 1, [11]) The association of zeta-chain 

associated pro te in  (ZAP-70, a syk  family kinase) w ith activated  TCR w as thus 

show n to be com petitively inhib ited  by the presence of an  ITAM 

peptidom im etic which w as phosphory la ted  at both ty rosine residues, w hile 

exogenous ITAM peptides phosphory la ted  in only one of the tw o tyrosine 

positions had no observable effect. The blocking of ZAP-70 association w ith 

the d istal ITAM of TCR£ co incided  w ith the inhibition of ZAP-70 

phosphory lation  and  activation by TCR, as well as a reduction  in the extent of 

tyrosine phosphory lation  of a n um ber of cytosolic in term ed iates, suggesting  

that ZAP-70 w as the necessary signaling elem ent im m ediate ly  dow nstream  of 

activated TCR.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



7

Evidence tor the invo lvem ent of src family kinases in the 

phosphory la tion  of ITAM in vivo includes the rapid induction  of lek and fy n  

activity  following TCR stim ulation  [12], as well as blk, li/n and  fyn activation 

triggered by the B cell an tigen  receptor (BCR). [13] Screening of random  

synthetic  peptide libraries for potential src kinase substrates identified a 

p referred  sequence for tyrosine phosphorylation w hich m atched the YXXL 

m otif o f ITAM. [14] The specificity of certain src kinases for particu lar ITAM 

sequences m ay provide a basis for the regulation of m ultip le signaling 

pa thw ays by a single receptor containing several ITAM m odules. The src 

fam ily kinase(s) which recognize an d  bind specifically to Fc/RIIA have not 

been identified  conclusively, b u t lick, lyn, and fgr have all been dem onstra ted  

to b ind  other FcR IT AMs. (review ed in Isakov, [2])

The m odel for signaling  by Fc/RIIA and o ther ITA M -containing 

receptors resembles som ew hat the m echanism  of activation  for receptor 

tyrosine kinases (such as the EGF or insulin receptors), in that receptor 

crosslinking (or dim erization, as the case may be) results in the arrangem ent 

of receptor-associated kinases to a suitable configuration w hich allows 

subsequen t phosphorylation of the relevant tyrosine residues to occur.

Involvem ent of PI 3-kinase in  neutrophil activation

M ounting evidence im plicates phosphatidylinosito l (PI) 3-kinase as a 

central com ponent in m any d iverse  signaling system s, includ ing  those 

involv ing  EGF and PDGF recep to r protein  tyrosine kinases, non-receptor 

p ro te in  tyrosine kinases such as src and  fyn  [15-17], as w ell as Fc/RIIIA 

(CD16A) in natural killer (NK) cells. [18] The enzym e w as also show n to be a 

dow nstream  target of rns [19], m ediating PDGF and  insu lin -dependent
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p p 7 0 ^6 K activation. [20] PI 3-kinase is a heterod im eric  molecule, consisting of 

an 85 kDa regulatory su b u n it (p85) that contains one SH3 and tw o SH2 

dom ains, but no catalytic activity [21-23], and  a 1L0 kDa catalytic subun it (p i 10) 

w hich phosphorylates PI, PI 4-P, and PI 4,5-P2 on  the D-3 position  of the

inositol ring. [24] D ifferent PI 3-kinase isoform s have pu rp o rted ly  been 

identified, based on experim entally-determ ined  characteristics of the catalytic 

subun it, and may be involved in different s ignaling  system s [25-27]; how ever, 

the classification of these separate enzym es is still unclear, and a s tan d a rd  

nom enclature has not yet been established.

The discovery of the seem ingly u b iq u ito u s  involvem ent of PI 3-kinase 

in such diverse signaling pathw ays was a ided  largely by the experim ental 

application  of a fungal m etabolite called w o rtm an n in , which po ten tly  an d  

selectively blocks PI 3-kinase activity w ith  an  estim ated  Ki = 5 nM  in guinea 

pig neutrophils. [28] W ortm annin is h ighly  m em brane-perm eable and  

effectively inhibits m any  cellular processes, in c lud ing  chem otactic p ep tid e  

receptor-m ediated  superox ide  burst in n eu tro p h ils  [28], insu lin-induced  

glucose transport and antilipolysis in rat ad ipocytes [29], as well as FcyR- 

m ediated  phagocytosis in U937 cells and  gu inea  p ig  neutrophils. [30] 

W ortm annin has been show n to irreversibly block PI 3-kinase activ ity  by 

b ind ing  covalently to Lys^O^ Qf the catalytic p i  10 subun it, s ituated  near the 

A TP-binding region of the enzyme. S atura ting  concentrations of PI (4,5) 

b isphosphate  and ATP, how ever, w ere sh o w n  to com pete w ith  w ortm ann in  

bind ing  to PI 3-kinase. [31]

The precise role o f PI 3-kinase in signaling  by FcyR is still unclear, 

although  several lines o f evidence support a role for p85 as an ad ap to r
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molecule, facilitating the assem bly of m ultim eric  signaling  com plexes 

associated with activated  PDGF receptor [32J, insulin  receptor [33], and B cell 

antigen receptor. [34] PI 3-kinase is not p red icted  to interact directly w ith  

FcyRIIA, since prev ious s tu d ies  have show n that the S H I dom ains of p85 

direct the preferential b in d in g  of PI 3-kinase to p ro te ins such as CD2S (a 

surface antigen requ ired  for T cell p ro liferation), w hich contain a tvrosine- 

phosphorvlated YXXM m otif. [35-37] H ow ever, the possibility of a direct 

interaction betw een p85 an d  phosphory lated  FcyRIIA cannot be ruled ou t, 

since p85 w as show n to b in d  to the m em brane-prox im al ITAM (YXXL) in the £ 

chain of CD3, w hich au gm en ts  signaling by the T cell receptor. [38] Also, in 

vitro s tud ies using  recom binan t fusion p ro te in s  of g lutathione-S-trant’erase  

(GST) w ith  the cy top lasm ic dom ain  of FcyRIIA (including  the ITAM m otif), 

dem onstrated  an association  with neu troph il cytosolic PI 3-kinase, w hich  

depended  on phosp h o ry la tio n  of the C -term inal Tyr2^3 Qf FcyRIIA. [39] The 

affinity of PI 3-kinase for non-YXXM m otifs m igh t be augm ented  if b i-den ta te  

binding can take place, as dem onstrated  by m utagenesis studies w hich show  

that both T vr^O  an d  T y r ^ l  of the CD3-e ITAM m u st be phosphory lated  in 

o rder to b ind  the tandem  S H I dom ains of p85. [38]

The w ork p resen ted  in this d isserta tion  ex tends the observation th a t PI 

3-kinase is involved in h u m an  FcyR-m ediated processes, by d em o n stra tin g  

that Fc/RIIIB and Fc/RIIA signaling are equally  susceptib le to inhibition by 

w ortm annin . F u rth erm o re , evidence from  sep ara te  im m unofluorescence 

m icroscopy stud ies an d  assays exam ining F c / recep tor internalization su g g est 

that this aspect of the cell response m ay also involve the activity of the p llO  

catalytic subunit.
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Involvem ent o f calcium in neutrophil activation

The in itiation  of the tyrosine phosphory lation  cascade follow ing Fc 

receptor activation  leads to the activation  of another essential intracellular 

second m essenger system . The transien t rise of free calcium  concentration in 

the cytosol, [C a -+ ]i, triggered by the activation of Fc/R or the G protein- 

coupled chem otactic peptide (formyl M et-Leu-Phe or fMLP) receptor, is 

required for a variety  of functions, includ ing  chem otaxis, p roduction  of 

oxidative m etabolites, exocytosis and  phagocytosis. [40-42] For these reasons, 

as well as o ther technical considerations w hich will be d iscussed  later in the 

section on Experim ental Design, the m easurem ent of [C a-+ ]i by Indo-1 

spectrofluorim etrv  was the m ethod of choice to m onitor F c/R -m ediated  

neu troph il activation  and to com pare the relative signaling  pheno types of 

Fc/RIIIB and Fc/RIIA.

In phagocytic cells, as in m yocytes, low resting [C a-+]i levels (< 50nM) 

are m aintained  by the constitutive activ ity  of calcium  p u m p s functionally 

related to the C a - +-ATPase in m uscle sarcoplasm ic reticu lum , w hich 

transport calcium  ions outside the cell, across the plasm a m em brane, or 

sequester it in specialized intracellular sto rage com partm ents. Unlike the 

sarcoplasm ic reticu lum , however, the calcium  storage co m p artm en t in the 

neu trophil is insensitive to caffeine, th u s  excluding ryanodine-sensitive 

channels from consideration  as possible regulators of calcium  release. [43] 

Rather, s tim u la tion  of the fMLP receptor in neutrophils has been show n to 

lead to m obilization  of in tracellu lar calcium  via the conven tional inositol 

(l,4 ,5)-trisphosphate  (IP3 )-dependent pathw ay , in w hich soluble IP3 released 

from the hydrolysis of PIP2 by activated phospholipase C beta (PLC-(3) binds to 

IP3 -gated calcium  release channels in cytoplasm ic storage vesicles. [44]
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U nder conditions where thapsigarg in  inhibits re-uptake of cvtosolic 

calcium  by blocking C a-+-ATPase activity, the transient rise in [C a -+ ]i 

triggered by crosslinking FcyR can be attenuated  by prior stim ulation  of the 

fMLP receptor (and vice versa), suggesting  that the calcium  m essenger 

m ediating bo th  events is released from  the sam e intracellular sto rage 

com partm en t. Since these com partm ents (which w ere nam ed "calciosom es" 

by Lew and  colleagues [45]), were already  found to contain IP3-sensitive 

calcium  channels, the assum ption has been that FcyR-stimulated elevations 

in [C a-+ ]i m ust also originate by an IP3 -dependent m echanism . H ow ever, 

several lines of evidence suggest that a different regulatory pathw ay  exists for 

FcyR. In particu lar, whereas both IP3 production  and the subsequen t 

elevation in [C a-+]i triggered by fMLP are blocked by pertussis toxin (PTX, 

w hich is ind icative of signaling coupled  to G protein  activity), the transien t 

rise in [C a -+ ]i evoked by FcyR crosslinking is PTX-insensitive. W hile this 

finding alone d id  not rule out the possibility that FcyR-triggered calcium  

release is m ed iated  by PLC-y (whose activity is also know n to release IP3 ), 

Rosales an d  Brown also dem onstrated  that IP3 p roduction  follow ing FcyR 

stim ulation  w as disproportionately  sm all, com pared to the am o u n t released 

by activation of the fMLP receptor, and  w as inhibited by pertussis toxin. [44]

I p resen t prelim inary evidence w hich supports  an  alternative 

m echanism  for FcyR-mediated in tracellu lar calcium  release, invo lv ing  a 

novel second m essenger, sphingosine 1-phosphate. This p resum ably  

m em brane-bound  molecule was dem onstra ted  to activate Ca^+-d ep e n d e n t 

events in p latelets [46], and has been show n to m obilize in tracellu lar Ca^+ in 

rat m ast-cells triggered by the FceRI antigen receptor, w hich proceeds via an
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IP3 -in d ep en d en t mechanism. [47] U sing a com petitive inhibitor of 

sp h in g o sin e  kinase, N ,N -dim ethvlsphingosine, to block sph ingosine l- 

p h o sp h a te  production, I d em onstra te  the selective inhibition ot both FcyRIIIB 

and Fc/RIIA -m ediated [C a-+ ]i transients, but not those triggered bv fMLP.

Functional relation of FcyRIIIB and Fc/RIIA

In light of the relatively s tra igh tfo rw ard  transm em brane s ignaling  

m echanism  of FcyRIIA, and the ex ten t to which crosslinking of Fc/RIIA alone 

can trigger neutrophil response, it is unclear how the G PI-anchored recep to r 

isoform  fu rth e r contributes to the activation of PMNs by im m une com plexes. 

C om pared  to Fc/RIIA, the G PI-linked Fc/RIIIB has a ten-fold higher level of 

expression  (135,000 vs. 10,000 recep to rs/cell, [48, 49]) and binds IgG w ith  

relatively h igher affinity (Ka = 4 x 10^ M "l, [50]), leading one to speculate that 

p erh ap s  Fc/RIIIB serves only to im prove ligand binding efficiency for 

signaling  via Fc/RIIA, rather than  function as a bona fide receptor, capable of 

in itia ting  a cellu lar response.

A rgu ing  against this po lar view , num erous studies have d em o n stra ted  

that crosslink ing  Fc/RIIIB, in the absence of direct ligation of Fc/RIIA, does in 

fact lead to neu trophil activation. H ow ever, the relative con tribu tion  of the 

two recep to r species in s tim ulating  an im m une response has been subject to 

debate. Based on experim ents u s in g  auto im m une anti-Fc/R IgM to trigger 

hu m an  neu tro p h ils , FcyRIIIB w as sh o w n  to m ediate in tracellu lar calcium  

flux and  degranulation , since the specific IgM w hich w as used d id  not b ind 

strongly  to targets expressing only  FcyRIIA. [51] Functional studies on 

n eu tro p h ils  from  patients w ith  paroxysm al nocturnal hem oglobinuria  

(w hich arises from defects in G PI-anchor biosynthesis and  results in m uch
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low ered expression of Fc/RIIIB), show  norm al superoxide burst in response to 

IgG com plexes [52], w hile o ther investigations dem onstrate  that d irect 

an tibody  crosslinking of Fc/RIIIB also induces respiratory  burst in norm al 

neu trophils . [53] Separate stud ies using either anti-Fc/R  m A b-coated 

ery throcytes or B cell hybridom as expressing anti-Fc/R  surface IgG [54] to 

trigger neu trophil activity, show ed that both cytolytic activity (ADCC) and  

phagocytosis are m ore effectively m ediated by Fc/RIIA than by Fc/RIIIB. [55,

56]

A lthough  these investigations successfully dem onstra te  th a t FcyRIIIB is 

capable of signaling, the functional role that can be a ttributed  to the GPI- 

anchored  receptor on the basis of these observations is, at best, re d u n d a n t next 

to that of Fc/RIIA. O ther observations suggest instead that Fc/R signaling  

involves m ultip le signaling  pathw ays. The induction  of actin 

po lym eriza tion  by FcyRIIA crosslinking, for exam ple, was show n to be m ainly 

calcium  independent, w hereas C a -+ chelation by BAPTA abrogated  this 

response in Fc/RIIIB-induced cells. [57] M oreover, the s tim ulation  of 

oxidative burst by crosslinking Fc/RIIIB is refractory to inhibition by pertusss 

toxin, w hile the sam e activity  triggered by crosslinked Fc/RIIA is pertussis  

toxin-sensitive. [58]

Still o ther investigations su p p o rt a synergistic relation betw een  the two 

receptor species. After dem onstra ting  that heterotypic Fc/R crosslink ing  was 

m ore effective than  crosslinking  either Fc/R isoform  alone at s tim u la tin g  

n eu troph il phagocytosis of IgG-coated erythrocytes, Kimberly an d  cow orkers 

show ed  that oxidative m etabolites secreted by the neu trophil u p o n  FcyRIIIB 

stim ulation  exerted a positive au to crin e /p aracrin e  effect on Fc/RIIA m ediated
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phagocytosis. [59] The observation that Fc/RIIA signaling can be potentiated 

by Fc/RIIIB crosslinking suggests a com ponent of signaling bv the GPI- 

anchored receptor w hich is separate from Fc/RIIA. A lthough the physical 

m odel which w e propose for Fc/RIIIB signaling does not p reclude the possible 

involvem ent of a lte rna te  signaling m echanism s, a m ajor conclusion  of this 

present s tudy  is that the bulk of signaling by Fc/RIIIB falls on  a pathw ay 

w hich converges w ith  that of Fc/RIIA.

Evidence for signaling by GPI-anchored proteins

U nderlying the question of signaling by Fc/RIIIB is a m uch larger issue 

of the still-undeterm ined  role that G PI-anchored m olecules p lay in plasm a 

m em brane physiology. Evidence for the covalent attachm ent of a m em brane 

protein  to a glycolipid m oiety was first obtained more than 40 years ago, 

th rough  stud ies of the pathogenesis and  etiology of an thrax , w hich  show ed 

tha t a peculiar sym ptom  of livestock infected w ith Bacillus anthracis w as a 

pronounced elevation  of alkaline phosphatase in the bloodstream . [60] The 

soluble factor secreted by B. anthracis w hich caused release of alkaline 

phosphatase from  tissues was determ ined to be a novel phospho lipase  C, 

specific for phosphatidylinosito l (hence, PI-PLC). [61] After o ther cell surface 

enzym es, such as 5’-nucleotidase [62] and acetylcholinesterase [63], w ere also 

found to be released from intact cells by PI-PLC hydrolysis, the identification 

of /nyo-inositol near the C-term inal anchoring region of pu rified  

acetylcholinesterase [64] and  alkaline phosphatase [65] confirm ed the identity 

of a new  class of m em brane proteins w hich w ere covalently linked to 

phosphatidylinosito l. The m ethod of cleaving proteins by exogenous PI-PLC 

(or also by phospholipase D) has since been used to identify a d iverse  group of 

functionally unre la ted  m em brane proteins as G PI-anchored, includ ing  decay
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accelerating factor (DAF, [6 6 ]), Thy-1 [67], carcinoem bryonic antigen (CEA, [6 8 ]), 

the scrapie prion protein [69], the folate receptor [70] and urokinase-tvpe 

plasm inogen activator receptor (UPAR) [71, 72], as well as FcyRIIIB. [5-7]

The biosynthesis of the GPI anchor in m am m alian  cells, as well as the 

signal peptide sequences w hich identify nascent polypeptides for translocation 

and covalent attachm ent to p reform ed anchors p resen t on  the lum inal 

surface of the endoplasm ic reticulum , has been fairly well characterized. [73] 

But w hile the post-translational modification process in itself does not offer 

m any clues as to the functional properties w hich are conferred on the protein  

by the attachm ent of a GPI anchor, the unusual physical d isposition and  

dynam ic behavior of these p ro te ins is ev iden t alm ost im m ediately  follow ing 

their synthesis, and suggest perhaps that the colligative properties of GPI- 

anchored m olecules m ay be essential for characterizing their function on the 

cell m em brane.

From the biophysical stan d p o in t alone, the discovery  of a m olecule 

which is part-protein , part-saccharide, and part-lip id , is interesting since it 

in troduces an entirely  new  struc tu ra l elem ent into the architecture of 

biological m em branes. Based on  the precepts se t forth by fluid-m osaic m odel 

of the lipid b ilayer [74], one m igh t intuitively expect that a pro tein  w hich is 

G PI-anchored w ould  freely diffuse across the m em brane surface, essentially as 

a typical phospholipid  m olecule. In our ow n published  w ork  [75], we used 

intensified video m icroscopy an d  fluorescent polystyrene spheres of 20-30 

nm diam eter, to show  that the GPI-anchored m olecules FcyRIIIB and DAF, 

incorporated into artificial su p p o rted  bilayers com posed of egg lecithin: 

cholesterol (80:20), and attached  to the fluorescent beads via biotinylated 3G8
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or IV.3 antibodies coupled to s trep tav id in  covalently  linked to the surface, 

exhibit a m ean lateral diffusion (D) = 0.56 and 0.25 u m -/se c , respectively.

W hile these values are approxim ate ly  an  o rder of m agn itude h ig h er 

than co rrespond ing  values for typical m em brane-spanning  proteins ((D) <

0.01  f im -/se c ), they are significantly low er than  the diffusion coefficient 

m easured  for fluorescent-conjugated phosphatidv le thano lam ine (PE) u sin g  

the m ethod  of fluorescence recovery after photobleaching (FRAP), w ith  (D) = 

1.3 gm --/sec. The slow er diffusivity of the bead-attached G PI-anchored 

pro te ins m ay be the result of d rag  im posed by the m icrospheres, since the  

diffusiv ity  of PE w ith  sim ilarly attached  fluorescent beads was also estim ated  

to be (D) = 0.26 gm ^/sec.

Perhaps no t surprisingly, the behavior o f G PI-anchored p ro te ins in 

natu ra l biological m em branes appears m ore com plex. H annan and  

cow orkers also used FRAP techniques to show  that new ly synthesized  G PI- 

anchored  proteins were initially clustered  and  im m obile upon de livery  to the 

m em brane surface of MDCK cells, b u t becam e random ly diffusible after 

m aturation . [76] Jacobson and colleagues used chim eric transm em brane and  

G PI-anchored transfectants to dem onstra te  th a t m olecular in teractions o f the 

ex tracellu lar dom ain  were at least as im portan t as the lipidic m oiety in 

de term in ing  the lateral m obility of G PI-anchored proteins. [77] W hile these 

stud ies alone are insufficient to characterize a functional role for g lyco lip id- 

linked m em brane proteins, the observation  of lim ited lateral m obility  o f 

these m olecules in biological m em brane (com pared  to that in artificial 

su p p o rted  bilayers), strongly suggests that G PI-anchored proteins physically
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in teract with o ther m em brane com ponen ts, w hich may allude to their 

physiological role.

The disposition of G PI-anchored p ro te in s w ithin cells is also pecu liar 

and  has led to som e intriguing findings. W hile norm ally restricted to the 

o u te r  leaflet of the plasm a m em brane (or equ ivalen t subcellular 

com partm en t in in tracellu lar vacuoles), new ly  synthesized G PI-anchored  

p ro te ins in polarized kidney or in testinal ep ithelial cells are show n to be 

fu rther confined and  directly  targeted to the apical surface. [78] To identify  the 

m olecu lar de term inan ts of this targeting , recom binant DNA m ethods w ere 

used to append the pep tide sequence signaling  for GPI attachm ent (taken 

from  decay accelerating factor (DAF)), to the C-term inal dom ains of bo th  a 

basolateral m arker protein  (herpes sim plex  glycoprotein D), and  a regu la ted  

secretory  protein  (hum an grow th  horm one). The attachm ent to GPI w as 

thereby  show n to be sufficient to target the delivery of these fusion p ro te ins to 

the apical surface of transfected M adin-D arbv canine kidney (MDCK) 

epithelial cells. [79]

To further characterize the process w hich directs G PI-anchored proteins 

to the apical surface, Brown and Rose p resen ted  intriguing evidence in 

su p p o rt of an association betw een sphingosine-based  lipids and  G PI-anchored 

p lacental alkaline phospatase (PLAP), w hich  form s after the p ro te in  is 

tran sp o rted  to the intracellular Golgi ap p ara tu s. [80] W ith the notable 

absence of protein  m arkers for the baso la tera l m em brane, G PI-anchored 

p ro te ins such as PLAP, together w ith  glycosphingolip ids w ere found  to be 

specifically co-precipitated in low -density , detergent-insoluble com plexes 

isolated from transfected MDCK cells that w ere lysed in cold, nonionic Triton
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X-10(3. These detergent-insoluble structures prov ided  the first dem onstration 

of a hypothesis proposed by Simons and colleagues [81, 82], that GPI-anchored 

proteins and glvcosphingolipids form specialized m icrodom ains which sort 

into apically-directed targeting vesicles.

These findings, however, do not resolve the basic topological issue of 

signaling across the m em brane bilaver by G PI-anchored m olecules. Despite 

their co-localization in the Golgi complex, G PI-anchored PLAP and anv 

associated glvcosphingolipids rem ain shielded from physical contact w ith the 

cytoplasm  proper, and hence cannot directly com m unicate their w hereabouts 

to the cytosolic m achinery responsible for directing vesicu lar traffic.

H ow ever, Lisanti and colleagues, focusing m ore closely on the com position of 

the Triton-insoluble complexes relative to that of bu lk  m em brane from 

MDCK cells, observed a pronounced enrichm ent not only  in PLAP and 

sphingolip ids, bu t also in other specific m em brane m olecules w hich formed 

w hat superficially resem bled a transm em brane signaling  assem bly. Besides 

co-purifving other GPI-anchored proteins and  cholesterol in the detergent- 

resistant fraction, Sargiacomo and cow orkers identified  m em brane-associated 

m olecules that either traverse the lipid bilayer (e.g. caveolin) or are oriented 

tow ards the cytoplasm ic surface -- including small o r hetero trim eric GTP- 

b ind ing  proteins, annexin II (a phospholip id  b ind ing  p ro te in  involved in 

exocytic processes), and c-yes (a src family kinase). [83] Because of the distinct 

possibility that the co-purification of these molecules w as m erely an artifact of 

detergen t cell lysis, the report fell short of claim ing th a t these complexes 

represen ted  actual m icrodom ains isolated from the cell m em brane.
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Nevertheless, the identification of a g roup  of molecules associated w ith 

GPI-anchored proteins w hich  (at least theoretically) provided a fram ew ork  for 

transm em brane signaling, led others to investigate the functional relevance 

of these detergent-insoluble m em brane com plexes. The involvem ent of 

caveolin was particularly in trigu ing  for Rothberg and  colleagues, w ho w ere 

investigating the m echanism  of 5-m ethvltetrahydrofolate uptake by a GPI- 

anchored receptor. The endocvtic process (w hich w as term ed potoci/tosis,

[84]), was show n to involve specialized non-clathrin  coated m em brane pits 

called caveolae or tiny caves, w hich were identified by the presence of a 22 

kDa transm em brane surface m arker protein thus called caveolin. [85] It w as 

show n that while ind iv idual folate receptors w ere random ly d is trib u ted  over 

the m em brane surface, c lusters of the G PI-anchored receptor w ere distinctly  

localized w ithin caveolin-coated invaginations, suggesting  that caveolae 

represented a novel endocvtic pathw ay for aggregated GPI-linked folate 

receptors. [86] Having sh o w ed  previously that the cholesterol con ten t in the 

m em brane affected the clustering  of the folate receptor, as well as the 

form ation of the caveolar coat [85, 87], Rothberg and  coworkers postu lated  

that the m em brane com plexes resistant to solubilization by Triton X-100 

m ight in fact be related to caveolae.

Since neutrophils do  n o t express caveolin, it is doubtful w hether the 

m odel of folate receptor-m ediated potocytosis is relevant to signaling  by 

FcyRIIIB. However, in a system  much m ore closely related to neu trophils, 

G PI-anchored molecules h av e  been show n to play a particularly  active role in 

signaling. T lym phocytes are  know n to express large num bers of GPI- 

anchored proteins such as DAF [88], Thy-1 [89-91] and  T cell activating pro tein  

(or TAP, a product of the LY-6 m ultigene locus [92]). Furtherm ore, upon
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an tibody  crosslinking of any one of these proteins, T cells are induced  to 

proliferate, especially w hen co-stim ulated  with phorbol esters. [881 The 

process of T lym phocyte activation  by crosslinked G PI-anchored p ro te ins w as 

observed to bear striking resem blance to that seen w hen the T cell recep tor 

(w hich is also a m ultichain an tig en  receptor contain ing ITAM m odules) 

b inds to major h istocom patibility  (MHC) class m olecules on  an tigen  

presen ting  cells, and thus led to investigations into the invo lvem ent of TCR 

in signaling by G PI-anchored proteins.

Several lines of ev idence dem onstra ted  that expression  of functional 

TC R /C D 3 is absolutely necessary for stim ulation of T cells by crosslinked GPI- 

anchored  proteins. The dow nregu ia tion  of TCR expression  induced  by  m A b 

crosslinking in norm al T-cells, for exam ple, im paired  su b seq u en t s tim u la tio n  

w ith  anti-TAP mAb. [93] Sim ilarly, a m urine T cell line w as used  to 

dem onstrate  that antibody crosslinking  of TAP triggers a p ro liferative 

response, as m easured by [^H l-thym idine uptake, and  that this response is 

abrogated  in TC R/C D 3-negative deletion  m utants. [94] Phorbol m vrista te  

(PM A, which stim ulates p ro te in  kinase C ) and calcium  ionophore  (w hich 

augm en ts  Ca2+ entry into the cytoplasm ), were used to dem o n stra te  th a t the 

signaling  m achinery dow nstream  of TCR/CD 3 was still functionally  in tact in 

these receptor knockout m utan ts, suggesting that the defect in signaling  by 

G PI-linked TAP was directly related to the absence of functional T C R /C D 3. 

Finally, specific deletion of the TC R -a and (3 chains, w hich  con tain  the 

receptor binding dom ains, b u t n o t the signal transducing  ITAM (F igure 1), d id  

not affect the [Ca^+]i transients induced  by Thy-1 crosslinking, b u t inh ib ited  

Thy-1 induced interleukin (IL-2) production . R estoration of TC R -a an d  (3 

gene expression in the TCR m utan ts  also led to the recovery of T h v -l activ ity
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in stim ulating IL-2 production, thus o tte rin g  definitive proof th a t the T cell 

receptor is the requisite transm em brane s ignaling  element for Thy-1. [951

An im portan t inference to be m ade from  these collective s tu d ie s  is that 

the glvcan phosphatidy linosito l anchor itself, the only com m on e lem en t 

am ong the d ifferen t GPI-linked proteins, m u st contain the essen tia l s ignaling  

m oiety w ithin its structu re . [93, 96, 97] W hile the complete chem ical 

s tructure has been determ ined  for only a su b se t of known G PI-anchored 

molecules -- including  protozoal varian t surface glycoprotein (VSG, [98]), Thy- 

1 from rat brain [99], acetylcholinesterase (AChE, [100]) and the com plem en t 

regulatory protein , CD59 [101], both from  h u m an  erythrocytes -- several 

interesting features found in the s tructu re  of GPI (shown schem atically  in 

F igure 2), suggest possible mechanisms for their function. C onsequen tly , two 

general models of signaling  by G PI-anchored receptors have em erged , w hich  

propose that these p ro te ins com m unicate w ith  transm em brane e lem en ts  

th rough  interactions w ith  either the glycan or lipid com ponent of the GPI- 

anchor. [102, 103] These models will be in troduced  later and d iscussed  in the 

context of ou r experim en tal findings.
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Ex p e r im e n t a l  D e s ig n

The analysis of signaling by the Fey receptor system , and in particu lar 

the investigation of FcyRIIIB function, u ltim ately  required  that m ost 

experim ents be perform ed on prim ary  hum an  neu troph ils , since w e found 

no cultured cell line w hich adequately  expressed and su p p o rted  functional 

G PI-anchored Fey receptors in prelim inary screenings. C onsequently , the 

experim ental approaches for this s tudy  w ere greatly  lim ited by technical and 

biological constraints im posed by these prim ary  cells. M ature PM Ns are 

term inally differentiated and relatively short-lived, w ith  an average 

circulation time of approxim ately 8 hrs in the bloodstream . [45] In practice, 

neutrophils are viable for 4-5 hrs after ven ipunctu re  ex traction, leaving a 

rather short w indow  of time to perform  experim ental m an ipu la tions and  

assays. The cellular m achinery of neutrophils is s tripped  dow n to the 

com ponents w hich are essential for defending  the host against foreign 

pathogens, hence they are v irtually  depleted  of endop lasm ic  reticulum  and 

ribosomal m aterial. [45] This fu rther rules ou t the possible application of 

conventional m olecular biological m ethods to m an ipu la te  the FcyR signaling 

pathw ay in this system .

Finally, PMNs are am ong the m ost notoriously  difficu lt p rim ary  cell 

types to handle in the laboratory. For instance, the expression of surface 

antigens (such as FcyRIIIB, but not FcyRIIA) on neu troph ils  m ay be pertu rbed  

during  the isolation of these cells from w hole blood by density  g rad ien t 

centrifugation. [104] PM N activation is also know n to occur by contact w ith 

borosilicate glass or polystyrene. Furtherm ore, even  in the absence of outside 

stim uli, neutrophils can be rendered  unusable by spon taneous hom otypic 

aggregation while in suspension. Paraform aldehyde fixation of specim ens for
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optical m icroscopy is also problem atic, since neutrophils are particu larly  

susceptible to a poorly characterized phenom enon of m em brane "blebbing"

[ 105}, which significantly hinders the accurate analysis of the surface 

d istribu tion  of fluorescence-labeled FcyR. M oreover, n eu troph il reactivity 

appears to vary greatly betw een healthy individuals, and  m ay d epend  also on 

factors such as age, sex, sm oking habits [106], etc... For m any of the larger-scaie 

studies w hich are described, the only solu tion  for ob tain ing  consisten t and 

reliable results is by exhaustive iteration of procedures w hich are refined by 

trial-and-error, as well as by d raw ing  blood sam ples from  the sam e indiv idual 

(usually myself) for the du ra tion  of a particular experim ent.

The spectroscopic m easurem ent of neutrophil activation  by m eans of 

the [C a-+ ] {-sensitive, fluorescent indicator Indo-1 is advan tageous, not only 

because cytosolic free calcium is intim ately involved w ith  Fc/R signaling, b u t 

also because the technique requires a m inim um  of p rep ara to ry  ceil 

m anipulation , and  the results are rapid ly  obtained an d  im m ediately  

interpretable. Similarly, the v isualization of FcyR on the surface of living and  

activated neu troph ils  by im m unofluorescence m icroscopy is essential for 

gaining an im m ediate understand ing  of the G PI-anchored recep tors ' 

behavior, and  for helping to form ulate a proposed m echanism  of their 

function .
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M e t h o d s  & M a t e r i a l s  

Cells

A m urine m acrophage cell line, P38SD ^ was transfected w ith  w ild type 

or m utant hum an FcyRIIA cDNA as described . [101 The transfected P388Di 

cell lines with w ild tvpe FcyRIIA (designated  PW16) and m u tan t tru n ca ted  

receptors (A264 and A233) express 1.1-1.8 x 10^ receptors per cell. The P388Di 

line w as selected as a transfection host to enab le  analysis of FcyRIIA m utan ts 

w ithou t com petition from endogenous FcyRIIA. Large quantities (-10^  cells) 

of hum an neutrophils w ere isolated from  buffv  coat (Leukopac) p repara tions 

obtained from the Blood Donor C enter o f the M ount Sinai H osp ital, and  

collected from the 1.119 g /m l interface of a tw o-step H istopaque (Sigm a, St. 

Louis MO) density  g radient, w ashed, and  subsequently  resuspended  in 

Dulbecco's M odified Eagles (DME) m ed iu m  containing 2% heat-inactivated  

fetal calf serum  (FCS; Sigma) and 20 m M  HEPES, pH  7.4. A lternatively , 

sm aller scale PMN prepara tions (-lO ^ cells) w ere isolated from  w h o le  venous 

blood by a one-step d ifferential cen trifugation  protocol using 

P o lvm orphprep rM (Gibco BRL, G aithersburg  MD) solution, and  he ld  in M2 

incubation buffer (150 mM  NaCl, 20 mM  HEPES, 1 mM C aC b , 5 m M  KC1, and 

L0 mM  glucose, pH  7.55; ref. [107]) at room  tem perature  (rt) un less o therw ise 

noted. In either protocol, contam inating ery throcy tes were rem oved  by 30 sec 

hypotonic lysis.

Derivatization of antibodies

M onoclonal m ouse anti-FcyRIIIB 3G8 w as obtained from  R hone- 

Poulenc (France); w hile anti-FcyRIIA m A b w as purified from the cu ltu re  

su p ern a tan t of a IV.3 hybridom a (A m erican  Type Culture C ollection , 

Rockville MD) by passage over Protein A -sepharose. Fab fragm ents w ere
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prepared  by' digestion of w hole IgG w ith  10 |ig /m l activated papain (Sigma) 

for 4 hrs a t 37°C. Cleaved Fc fragm ents and  undigested  IgG were rem oved 

from so lu tio n  bv im m unoprecip ita tion  w ith  im m obilized Protein G (Pierce 

Chem ical Co., Rockford IL). A m ine reactive fluorophores (Texas Red, 

rhodam ine , and  fluorescein iso th iocyanates or succinim idvl esters; M olecular 

Probes, Eugene OR) were conjugated to Fab in 0.15 M bicarbonate buffer, pH  

S.5, for 4 h rs at 4°C or 1 hr at rt, accord ing  to the suggested protocol. After 

blocking fu rther conjugation w ith  0.15 M hydroxylam ine, unreacted probe 

was rem oved  by passage of the reaction  m ixture over a G-25 Sepharose 

colum n. A bsorbance m easurem ents show ed  typical conjugation ratios of 2-3 

flu o ro p h o res/F ab .

B iotinylated probes w ere p rep ared  by incubating -1  m g of antibody 

d issolved in 1ml of bicarbonate bu ffer (pH  9.2) w ith 1.2 m g sulfo-NHS long 

chain (LC) biotin (Pierce) for 2 h rs  on ice. Excess unreacted LC biotin w as 

separated  by passing the reaction m ixture th rough  a G-25 Sepharose colum n. 

For all deriva tized  antibody probes, the concentrations used to saturate 

labeling of FcyRIIA or FcyRIIIB on  n eu troph ils  in suspension  (< 10^ ce lls /m l)  

were approx im ate ly  2 ( ig /m l of IV.3 Fab and  5 jig /m l of 3G8 Fab, respectively.

Calculation of [Ca^+Ji from Indo-1 fluorescence ratio

In con trast to calcium  p robes w hose fluorescence intensity  changes 

upon  b in d in g  of Ca^+, Indo-1 is a UV excitable indicator derived from the 

C a^+ chela to r BAPTA [108, 109], w hich  exhibits a spectral shift in the 

m axim um  of fluorescence em ission  from  -475 nm  in calcium -free conditions 

to -400 n m  w hen  the probe is sa tu ra ted  w ith  Ca2+. The ratio of the
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fluorescence in tensity  m easured at tw o em ission w avelengths (Em 405/485, 

for instance) is therefore directly related to [C a-+ ]t, and m ore im portantly , is 

independent of cell thickness, and the concentration  of dve w ithin the cell, as 

long as it is below  levels at which [ndo-1 m ay begin acting as a calcium  buffer. 

Indo-l is particu larly  suited to m easure in tracellu lar calcium, since its 

dissociation constan t for calcium  (Kd~300 nM) matches the physiological 

range norm ally  observed in neutrophils.

The ratio R of fluorescence in tensity  at the short w avelength  (Fx.1), 

d iv ided  by the in tensity  at the long w aveleng th  (FX.2)/ can be used to calculate 

[Ca^+] bv the follow ing equation:

l Km ax ~ K/

w here R m in  and  Rm ax are the ratio values m easured at zero and saturating 
<■»

C a -+ conditions, respectively; and Q is a sensitiv ity  param eter defined as 

(FA2)zero/(F?c2)sat/ w here the fluorescence intensities are m easured at the 

long w avelength  u n d er C a -+ free ((F^.2)zero) an d saturating C a -+ conditions.

Calcium spectroscopy

N eutrophils in suspension (3-6 x 10^ cells/m l) were incubated w ith  1.5 

tuM of the calcium  indicator, Indo-1 AM (acetoxym ethvl ester, M olecular 

Probes), and unconjugated 3G8 or IV.3 Fab for 20-30 min (rt). W here 

indicated, cells w ere  also incubated w ith  w ortm ann in  (Biomol Research, 

P lym outh M eeting, PA) d u ring  this in terval. After incubation, the 

neutrophils w ere w ashed by pulse cen trifugation  and resuspended to 

densities of 0.5-2 x 10^ cells/m l, either in M2 incubation buffer or in a 

balanced salt so lu tion  (BSS: 135 mM N aC l, 4.5 mM KC1, 5.6 mM glucose, 0.5
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mM M g C b , I mM C aC b , and  10 mM HEPES, pH 7.4), and  placed in a I cm 

path leng th  q uartz  o r acrylic cuvette. For inhibition studies, N ,N - 

d im ethv lsph ingosine (Biomol Research) was introduced to the labeled cells a t 

the final resuspension step , in the presence of 0.1 m g /m l serum -free album in 

to facilitate incorporation  of the hydrophobic reagent.

T im e-dependent lndo-1 fluorescence was recorded using  a laboratory- 

m odified, com puter-con tro lled  spectrot’luorom eter (SLM, U rbana 1L) capable 

of sim ultaneous d ig ita l acquisition at two em ission w avelengths. Excitation 

at 355 nm  and em ission a t 390 nm  were selected by m onochrom ators, while 

the long w avelength  Indo-1 em ission band was observed th ro u g h  L-37 and  Y- 

44 glass filters (Hova Corp. USA Optics Div. San Jose CA). N eutral density 

filters w ere used to a tten u a te  the excitation light in tensity  in o rd e r to 

m inim ize photob leach ing  of the probe.

C rosslinking of Fab-labeled FcyR w as initiated by add ing  F(ab’)2 goat 

an ti-m ouse IgG (G aM ; Jackson Im m unoresearch, W est Grove, PA) at a 

concentration of -30  g g /m l. (Figure 3) As a positive control an d  to assess cell 

viability, 100 nM fM et-Leu-Phe (fMLP or chem otactic peptide; Sigma) was 

added  to the cell su spension  after the fluorescence ratio had re tu rn ed  to the 

baseline level. A fter background  correction, the fluorescence in tensity  values 

were converted  to in tracellu lar calcium concentration, as described  above, 

(also see ref. [108]) Fluorescence ratio values corresponding to sa tu ra ting  and  

calcium -free conditions, respectively, were determ ined by ad d in g  the calcium 

ionophore 4-brom o-A23187 (10 }iM; Sigma) to the cell suspension , followed 

with 50 mM  EGTA. A value of 300 nM Ca2+ for Indo-1 a t room

tem perature was used. [110]
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F rustra ted  phagocytosis

Proteins w ere covalently coupled to glass as prev iously  described.[ 111] 

Briefly, glass Petri dishes o r coverslips w ere acid-w ashed w ith  C hrom erge®  

(VVVR Scientific), rinsed thoroughly  w ith d istilled  w ater, d ried , and 

d eriva tized  w ith 3-am inopropvltriethoxysilane (Sigma) for 4 m in at rt. A fter 

rinsing  w ith  phosphate  buffered  saline (PBS), the d ishes o r coverslips w ere  

incubated  w ith  0.25% g lu tara ldehyde (Sigma) for 30 m in, rinsed, and then  

incubated  for 1 h r w ith 5 L i g / m l  of G aM  in 0.1 M sodium  carbonate (pH  10). 

A fter final rinsing  with PBS, residual reactive sites w ere quenched  w ith  2% 

FCS. Cells suspended  in DME w ith  2% FCS and  20 mM  HEPES were then  

p lated  onto  the coated glass at a density  -  1 x 10^ ce lls/6  cm diam eter d ish , and  

allow ed  to equ ilib rate  for 20 m in at 37°C. W here indicated , w ortm ann in  w as 

ad d e d  10 m in prio r to cell activation. Finally, Fey receptors w ere ligated to the 

coated glass by addition  of IV.3 or 3G8 Fab (final concentration, 1-5 ,ug/m l) and  

the cells w ere incubated for various time intervals at 37’C. (ref. Figure 4)

For quan tita tive analysis of the phagocytic response by im age-based 

cytom etry , the adheren t cells w ere fixed w ith  0.2% g lu tara ld eh y d e  in PBS and  

then  sta ined  for 15 m in w ith  0.2% Coom assie Blue R-250 d isso lved  in 20% 

m ethanol, and  w ashed repeated ly  w ith 5% acetic acid. Finally, the coverslips 

w ere  quickly d ra ined , air-dried , and m ounted on slides w ith  glycerol for 

observation . D igital im ages w ere acquired using  a m odified  Zeiss A xiovert 

m icroscope eq u ip p ed  w ith  a 10X/0.25 NA A chrostigm at o r a 40X/0.75 N A  

w ate r im m ersion  objective an d  a cooled scientific CCD cam era (OMA V ision, 

EG&G PARC, Princeton NJ). To further enhance the im age contrast p ro v id ed  

by the C oom assie stain, 560nm  transillum ination  light w as selected by a 40nm
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bandpass interference filter (Omega O ptical, Inc., Brattleboro, VT). The 

digitized im age fields were analyzed autom atically using the Image-1 softw are 

package (U niversal Imaging, W est C hester, PA) according to the following 

procedure: After apply ing  a flatfield correction to m inim ize the image 

d istortions d u e  to non-uniform ities in illum ination and pixel sensitiv ity , and 

a m edian filter to reduce noise, each im age was intensitv-histogram  

thresholded to d istingu ish  the opaque cells from the bright background, and 

the indiv idual projected cell areas w ere  determ ined in term s of num ber of 

pixels. [112.j The absolute size of the im age pixel was calibrated by use of an 

objective m icrom eter. Cell fragm ents and  unresolved aggregates w ere 

excluded from analysis on the basis of their size or irregular shape.

FcyR in te rn a liza tio n  assay

l - D[-radiolabeled probes w ere p rep ared  from F(ab')2 fragm ents of rabbit 

anti-goat IgG (RaG; Jackson Im m unoresearch) by incubating 100 ug antibody 

(1 m g /m l in PBS) w ith  15 (il 125l (-100 jiC i/m l) in glass tubes pre-coated w ith 

1 (ig iodogen (Pierce) for 5 m in on ice. The reaction was s topped  w ith  100 (il 

saturated tyrosine solution, and  the conjugated antibody w as purified  by 

passage th rough  a Sepharose G-25 colum n. Isolated neu trophils  in 

suspension (1 x 10^ cells/m l) w ere labeled in triplicate w ith 3G8 or IV.3 Fab 

(and preincubated  w ith  w ortm annin , w here indicated), transferred  to thin- 

walled m icrotubes an d  held a t 4°C on  a program m able therm al controller 

(PTC-100) o r M inicycler™  (MJ Research, Inc.; W atertown MA). After 

addition of G aM  (30 (ig /m l), the sam ples w ere w arm ed to 37°C for 0, 2 or 10 

min to allow  FcyR crosslinking an d  recep to r internalization. Further 

m em brane traffic w as stopped by re tu rn in g  the samples to 4°C, and the cells 

were gently  pelleted and  w ashed by resuspending  in cold buffer containing 5
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u g /m l l-^ l-conjugated RotG. (F igure 10) After 20 min, the labeled cells w ere 

sp u n  dow n and washed twice in 15-fold volum es of cold PBS containing 5"» 

FCS. The pellets were finally resuspended  in 100 (il PBS, and the rad ioactiv ity  

m easured  using an autom atic gam m a counter (1271 Riagamma; LKB VVallac, 

F in land).

Incorporation of ITAM peptidom im etics by hypotonic shock

A peptide  m atching the 25 a.a. sequence bracketing the ITAM m odule  

of hum an  FcyRIIA (N H 2-ADGGYMTLNPRAPTDDDKNIYLTLA-CONH2; FVV: 2725 

(+120)) w as synthesized at the Protein Core Facility of the M ount Sinai School 

of M edicine. For use in control experim ents, a second peptide was also 

p repared  with substitu ted phosphotyrosine residues (M H 2-ADGGY(p)MTLNPR- 

APTDDDKN’lY(p)LTLA-CO NH 2; Fw: 2885 (+240)). Loading of the cells w ith  

pep tide  w as carried out according to the procedure described by M axfield and  

cow orkers. [113] Briefly, stock solutions containing 20 mM  peptide in M2 

buffer and pH  corrected to 7.6, w ere p repared  beforehand. Following the 

p rocedure  previously described for spectrofluorim etric calcium assay, aliquots 

of freshly isolated hum an neutrophils in suspension  (3 x 10^ ce lls/sam ple) 

w ere incubated for 40 min at 37°C, w ith  1.5 uM Indo-1 AM, 5 g g /m l IV.3 Fab, 

an d  10 mM  phosphorylated or unphosphory la ted  ITAM peptide (w here 

indicated). The labeled and loaded neutrophils w ere subsequently pelleted  by 

pu lse centrifugation, and osm otically shocked for 30 sec in 900 (il d istilled  

H 2O  before restoring to isotonic m edium  w ith an additional 100 |il of 10 x 

PBS. The cells w ere then w ashed and  transferred  to suspension (10^ ce lls /m l) 

in 1 cm -path leng th  acrylic cuvettes for analysis.
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To determ ine the efficiency of peptide loading by this m ethod, m ock 

trials w ere perform ed using FITC-dextran conjugate (avg. 1V1VV ~ 19,500; 

Sigma) in place of exogenous ITAM peptide. After hypotonic shock, the 

loaded neu trophils w ere w ashed three tim es by repeated  centrifugation, 

resuspended  in buffer, and the fluorescence intensity  w as m easured in a 

spectrofluorom eter. The concentration of in ternalized FITC dextran  w as 

estim ated to be (at m ost) 5% of the concentration of the incubating so lu tion , 

based on com parison  w ith  the fluorescence of calibration solutions of know n 

FITC-dextran concentration, and  on reasonable estim ates of total cell volum e.

Im m unofluorescence/C onfocal M icroscopy

The d istribu tion  of Fey receptors on living cells w as visualized by 

several m ethods. Isolated hum an  neu trophils w ere labeled w ith either 

rhodam ine-3G 8 o r fluorescein-IV.3 Fab, transferred  to suspension  in custom  

m icrotiter wells w ith  a coverslip bottom , and  view ed on a m odified Zeiss 

A xiovert m icroscope equ ipped  w ith  Plan-N eofluar 100X/1.30 NA oil 

im m ersion objective, 100VV xenon arc illum ination, and  optical filter se ts  for 

rhodam ine and fluorescein (Om ega Optical). U pon direct crosslinking of 

FcyR by addition  of 30(ig /m l G aM , tim e-dependent sequences docum enting  

the kinetics of receptor aggregation were acquired using  the OMA Vision CCD 

cam era.

To investigate the co-localization of FcyRIIA and  FcyRIIIB, n eu tro p h ils  

w ere labeled both w ith  fluoresce in-IV.3 and  biotin-3G8 Fab. The 3G8 Fab- 

bound  receptors w ere then crosslinked in suspension  w ith  10 g g /m l Texas 

Red strep tav id in  (M olecular Probes, Figure 16) A fter allow ing the labeled 

receptors to aggregate, the cells w ere centrifuged onto cleaned glass slides
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(Cvtospin 2, S handon  Southern [nstrum ents, [nc.; Sewicklev PA) and 

prom ptly fixed in ice cold methanol. The sam ples were air-dried  and 

m ounted in glycerol containing t m g /m l of the anti-fading agent, 1,4- 

phenvlened iam ine (Sigma-Aldrich, M ilw aukee WI), and ad justed  to pH  8.0. 

Fluorescence photom icrographs w ere taken  on an O lym pus BX60 system  

m icroscope, eq u ip p ed  w ith a UPlanFl 100X/1.30 NA oil im m ersion  objective 

and with 100VV m ercury  arc illum ination. Exposure settings for 35 m m  slide 

film were contro lled  autom atically (PM-30 Exposure Control Unit, O lym pus 

[nstrum ents). C ontro l sam ples contain ing  one label only, w ere u sed  to verify 

that the con tribu tion  of Texas red fluorescence to the signal detec ted  through 

FITC optics, and vice versa, was not significant.

Confocal laser scanning m icroscopy w as perform ed at the MSSM-CLSM 

core facility, su p p o rted  w ith  funding from  NIH shared  in strum en ta tion  grant 

(1 S10 RRO 9145-01) and  NSF Major Research Instrum entation  g ra n t (DBI- 

9724504). Labeled cells, cytospun on glass, w ere im aged w ith a Leica confocal 

laser scanning m icroscope (CLSM) equ ip p ed  w ith a krypton-argon laser 

source, a Plan A po 100X/1.3 NA oil im m ersion objective, and filter sets 

optim ized for fluorescein and rhodam ine detection. Pinhole se ttings w ere 

adjusted to ob ta in  optical sections of 0.5 urn thickness.

Neutrophil m embrane labeling with D il

Stock so lu tions of tetram ethylindocarbocyanine perchlorate  (Dil, 

M olecular Probes) w ith  various m ethylene chain lengths (C12 , C i6 , and  C i8) 

w ere p repared  in m ethanol (-200 g g /m l) . To im prove Dil so lub ility  in 

aqueous so lu tion , isolated neutrophils w ere  resuspended  in 1 m l iso-osmotic 

m annitol (3 x 10^ ce lls/m l), prior to the ad d itio n  of fluorescein-3G8 Fab (5
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u g /m l)  and 3 ul of stock Dil solution, w here indicated. After 20 min 

incubation at rt, the cells w ere w ashed with M2 incubation buffer containing 

0.1 m g /m l serum album in, and transferred to d rop le ts on glass coverslips 

p recoated with silicone (Sigmacote^®, Sigma), for d irect observation by 

fluorescence microscopy.

D eterm ination  of RET using  far-field  spectroscopic m ethods

To determ ine w hether FcyR co-localization occurs on the nanom eter 

d istance scale, below the optical resolution of both w ide-field  and  confocal 

m icroscopes, neutrophils w ere initially labeled w ith  rhodam ine-conjugated  

3G8 Fab and triggered w ith 30 u g /m l GaM . A pproxim ately 5 -7  m in after 

FcyRIIIB crosslinking, the cells in suspension were fixed briefly w ith  3% cold 

paraform aldehyde, w ashed and  subsequently  labeled w ith  5 u g /m l 

fluorescein-IV.3 Fab in the presence of excess unconjugated 3G8 Fab (to 

sa tu ra te  any free G aM  binding  sites). The double-labeled cells w ere finally 

m ounted  on glass slides in glycerol w ith  1,4-phenylenediam ine (1 m g /m l). 

C ontro l specim ens singly labeled w ith either fluorescein IV.3 or rhodam ine 

3G8 Fab w ere also prepared.

FcyR caps w ere exam ined by using an experim ental setup  constructed 

by T rau tm an and colleagues of AT&T Bell Laboratories (now  Lucent 

Technologies, Inc.) at M urray Hill NJ, to carry ou t near-field optical 

m icroscopy and spectroscopy m easurem ents w ith single-m olecule sensitivity. 

[114, 115] For our experim ents, rather than using the near-field  probe, we 

o p ted  for a sim pler far-field, epi-illum ination optical a rran g em en t (illustrated  

in F igure 18), in which fluorophores w ere excited by a tigh tly  focused beam  of
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light (488 nm) from a picosecond pu lsed  argon ion laser, and observed 

th ro u g h  a standard  1.25 NA/100X oil im m ersion objective lens.

The em itted fluorescence w as d irected  onto one of two alternative 

paths: (I) light b rought in via optical fiber, was dispersed by a m onochrom ator 

/sp ec tro g rap h , onto a liquid nitrogen-cooled CCD camera, which allow ed 

m easurem ent of the fluorescence em ission  spectrum ; (2) the em itted  light, 

after passing through an  interference filter (515 nm /35  nm  FWHM for 

fluorescein, 550 n m /3 0 n m  FWHM for rhodam ine), was focused onto  a low- 

noise avalanche-photodiode detector, o p era ting  in single-photon coun ting  

m ode, w hich enabled both  signal in teg ra tion  for the acquisition of scanned 

im ages, as well as m easurem ent of the fluorescence decay, by m eans of time- 

reso lved  spectroscopic approaches.

In our particu lar experim ent, the fluorescein-IV.3 Fab w ithin  a Fey 

recep tor cluster were specifically selected for analysis of RET. The tim e- 

resolved  nanosecond fluorescence decavs m easured in the absence and  

presence of rhodam ine-labeled 3G8 Fab acceptors yielded fluorescein lifetimes 

td  and  IDA/ from w hich the efficiency of RET could be calculated, (see Results 

for quan tita tive  m ethods.)
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R e s u l t s  I: F u n c t i o n a l  E v i d e n c e

FcyRIIA tethering induces frustrated  phagocytosis

Response to FcyR ligation o f transfected P3SSDI cells

Following reports abou t the T cell responses to crosslinking ligands 

a ttached  to a cell-im perm eant matrix [116], o u r laboratory developed a sim ilar 

assay to determ ine w hether signaling by FcyR is affected bv the 

im m obilization of crosslinking antibody to glass. [ I l l ]  In contrast to 

un treated  borosilicate glass, the glass surface derivatized with F(ab')2 goat 

anti-m ouse IgG (GaM) d id  no t by itself cause adheren t phagocytes to sp read . 

In troduction of IV.3 Fab, how ever, led to the direct coupling of FcyRIIA on 

the m acrophage cell surface, to the F(ab')2 fragm ents of anti-m ouse IgG w hich 

w ere covalently attached to the glass (schem atized in Figure 4), resu lting  in 

the dram atic spreading and flattening of these transfected cells com pared  to 

the untransfected control. (F igures 5A,B) M axim al spreading was seen  after 

10 m in and persisted for at least 4 hrs after ligation. Equivalent results w ere 

ob tained  when cells w ere p lated  on glass sim ilarly  coated with s trep tav id in  

and  triggered w ith bio tiny lated-IV.3 Fab (not show n).

The m orphological changes observed in the PW16 cells are d ep en d en t 

on signaling m ediated by FcyRIIA, and not s im ply  due to the physical ligation 

of the receptor to the substrate. P388Di cells expressing the FcyRIIA m utan ts  

A233, in which the com plete ITAM sequence is deleted, and A264, w h ich  lacks 

the carboxy-term inal YXXL m otif, failed to sp read  under the sam e cond itions 

w hich evoked a response in PW16 (Figures 5C-F), although the level of 

expression of the transfected FcyRIIA deletion  m u tan ts  is com parable. The 

results of the quantitative im age analysis of cell spreading, d isplayed in  F igure 

6 as frequency histogram s of projected cell areas, show  that 10 m in after
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FcyRIIA ligation the area of over SS'h. of PVV16 m acrophages was g rea ter than 

200 g m - 'c e l l ,  w hereas 85‘’» of P388Di cells expressing the A233 and  A264 

deletion m utan ts covered areas less than 200 gm -Zcell. This corroborates 

previous findings that the A233 m u tan t receptors appear to be com pletelv 

non-functional, m ediating  neither ty rosine  phosphorylation, C a -+ flux, 

in ternaliza tion  of sm all complexes, n o r phagocytosis. H ow ever, the rem oval 

of only the carboxy-term inal YXXL m otif in the A264 Fc/RIIA m u tan t 

preserves the norm al endocytosis of sm all complexes, w hile ab rogating  

phagocytosis of IgG-sensitized erythrocytes and Ca~+ release from 

intracellular stores. [10] The sim ilar dependence of the two processes, 

phagocytosis of coated erythrocytes an d  the spreading  response of cells on 

derivatized  glass, on  the presence of in tracellu lar Ca-"1" and on the intact 

expression of FcyRIIA ITAM, strongly  suggests th a t this assay is an accurate 

m easure of the phagocytic response m ediated  by Fc/RIIA.

Phagocytic response of human neutrophils to FcyRIIIB and FcyRIIA ligation 

Sim ilar assays were perform ed on neu troph ils freshly isolated from  

peripheral b lood, and  again, ligation of the transm em brane Fc/RIIA to GotM- 

conjugated glass via IV.3 Fab was show n to result in dram atic cell sp read in g  

com pared to the  unstim ulated  control. (F igure 7) As observed prev iously  in 

m acrophages (F igure 5G), the neu troph il response to Fc/RIIA ligation w as 

blocked in the presence of the in tracellu lar Ca^+ chelator BAPTA, w hich w as 

introduced by preincubating  PMNs for 30 m in w ith  100 gM  of its 

acetoxym ethylester derivative (BAPTA-AM). Furtherm ore, since 

phagocytosis in  neutrophils is absolutely d ep en d en t on tyrosine 

phosphorylation , w e confirm ed that the sp read in g  response w as also 

inhibited in PM N s preincubated for 30 m in w ith  10 g g /m l of the p ro te in

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



tyrosine kinase inhibitor, genistein. (results not show n) In contrast, ligation 

of the G PI-anchored FcyRIIIB to the G aM  derivatized surface bv m eans of 3G8 

Fab was ineffective a t stim ulating  m orphological changes in the neutrophils. 

(Figure 7)

Wortinamiin blocks FcyRllA-mediated spreading response in phagocytes

Preincubation of either PW16 m acrophages or hum an neu troph ils  

with 10 nM w ortm ann in  inhibited cell sp read ing  upon ligation of FcyRIIA to 

the derivatized glass by m eans of IV.3 Fab. In o rder to obtain a quan tita tive 

estim ate of the phagocytic response and its dependence on PI 3-kinase activity, 

we again used im age-based cytom etry to gather statistical data on the projected 

surface area of phagocytes stim ulated by ligation of Fc/RIIA. D ose-inhibition 

curves w ere obtained  by m easuring the phagocytic response as a function of 

w ortm annin  concentration  in the p reincubation  m edium . (Figure 8) O ur 

assays indicate that the IC50  of w ortm annin  is approxim ately 2 nM  in hum an 

neutrophils and  approxim ately  23 nM  in the transfected PW16 m acrophages. 

While the IC50  estim ated  in neutrophils is in good agreem ent w ith  the value 

previously reported  for PI 3-kinase partially  purified  from guinea pig 

neutrophils[28], the ten-fold higher IC50 estim ated  in m acrophages m ay 

reflect an enhanced ability of these cells to sequester or pum p ou t 

w ortm annin, or perhaps a lower intrinsic susceptib ility  of the m urine  PI 3- 

kinase tow ard  the w ortm ann in  inhibitor.

Antibody cross link ing of FcyR triggers intracellular calcium release

We note that the inhibition of frustrated  phagocytosis by w ortm annin  

corresponds to a sim ilar inhibition observed in phagocytes incorporating  the 

C a -+ chelator BAPTA, suggesting that PI 3-kinase m ediates phagocytosis by
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m odulating [C a -+ ji- In principle, the abrogation of intracellular calcium  

release by the presence of w ortm annin w ould place PI 3-kinase upstream  of 

the signaling com ponents responsible for C a -+ m obilization. We w ere 

therefore in terested  in conducting extensive spectrofluorom etric assays of 

[C a-+ || in cells loaded w ith the ratiom etric fluorescent indicator, Indo-L.

In neu troph ils  u n d er norm al control conditions, crosslink ing  of either 

IV.3 Fab-labeled FcyRIIA or 3G8 Fab-labeled FcyRIIIB bv add ition  of G aM  

triggers rapid (< 2 min) and substantial increases in cytosolic free calcium , 

som etim es approach ing  1 jiM. Interestingly, we notice a slight b u t consistent 

lag in the induction  time for calcium release by crosslinked FcyRIIIB 

com pared to FcyRIIA. This phenom enon, which is ev iden t in F igure 9 

(Graph I), m ay be relevant to the kinetics of signaling by the GPI-linked 

receptor. The [Ca^+]i transients triggered by the Fey receptors d id no t reach 

m agnitude of those observed in neutrophils exposed to nanom olar 

concentrations of the chem otactic pep tide , form yl-M et-Leu-Phe (fMLP), which 

was added to the cell suspensions at the end of each assay as a s tandard  

control to en su re  that the intracellular calcium  release m echanism  w as still 

intact.

Wortmannin blocks FcyR triggered [Ca-+]i transients in neutrophils

The release of calcium  from intracellular stores triggered  by 

crosslinking of e ither FcyR species is exquisitely sensitive to inhibition by 

w ortm annin  (IC 50  = 2 nM), as illustrated by the dose response curves in 

Figure 9 (G raph II). In contrast, w ortm annin  does not affect the [Ca^+jj 

transients triggered  by activated fMLP receptor, which m obilizes in tracellu lar 

calcium via the release of IP3 by phospholipase C-beta (PLC-P) activation. [44]
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This suggests e ither that C a - + release in response to FcyR crosslinking is not 

m ediated by the IP3 second m essenger, o r that the Fc/R -m ediated calcium  

m obilization pathw ay  specifically involves PI 3-kinase activ itv  upstream  of 

[P3 production, perhaps by controlling access of PLC-y to substrate .

C orresponding  to the results found  in the frustrated  phagocytosis assay, 

the determ ination  of [C a-+ ]i transien ts in PW16 m acrophages triggered by 

antibody crosslinking of Fc/RIIA show ed  a som ew hat low er sensitiv ity  to 

inhibition by w ortm ann in  (IC50 = 33 nM ) as com pared to neu trophils . (F igu re  

8) A lthough the reason for this low er susceptibility  is unclear, it is satisfy ing 

to note that the relative sensitiv ity  to inhibition by w o rtm an n in  is consisten t 

for each cell type and  is ind ep en d en t o f w hether Fc/RIIA -induced activ ity  is 

m easured by cell sp read ing , or by in tracellu lar calcium release. These 

findings further reinforce the notion  th a t the phagocytic response m ed iated  

by Fc/RIIA absolutely requires the calcium  second m essenger.

Receptor m ed iated  endocytosis is u n a ffec ted  by w o rtm an n in

W hile the in terna liza tion  of Fc/RIIA  upon b in d in g  to im m une 

com plexes has been w ell docum ented , the fate of sim ilarly  crosslinked 

FcyRIIIB has not been characterized. As illustrated by the g raphs in F igure 11, 

we observe that both  3G8 Fab-labeled FcyRIIIB and IV.3 Fab-labeled Fc/RIIA 

are sequestered from  the cell surface w ith in  3 m inutes of crosslinking  at 37°C 

by soluble G aM  (30 u g /m l), based on the decreased b ind ing  of 12t>I-conjugated  

tertiary anti-goat F(ab')2 to crosslinking  G aM  rem aining on the n eu tro p h il 

surface. (Figure 10) At concentrations sufficient to com pletely  block Fc/R- 

m ediated calcium  release and  frustra ted  phagocytosis (< 100 nM ), how ever, 

w ortm annin  did  no t affect receptor in ternalization. In PW16 m acrophages
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incubated w ith  100 nM w ortm annin, w e also did not observe anv significant 

change in the rapid (t < 2 min) endocytosis of 1V.3 Fab-labeled Ftr/RIIA 

crosslinked w ith G «M  (data not show n). This parallels the results from the 

deletion m utants, in w hich the d233 m acrophages are incapable of 

phagocytosis and intracellular Ca2+ release, but remain com petent at 

endocytosis.

D im ethylsphingosine blocks FcyR. m ediated calcium

O ur observation that w ortm ann in  blocks the m obilization of 

in tracellu lar calcium  following FcyR stim ulation, but not after fMLP receptor 

stim ulation, suggests that neu troph il FcyR m ay utilize an en tire ly  d ifferent 

Ca^+ release pathw ay, com pared to tha t know n for the G protein-coupled 

receptor. Following reports that sph ingosine  kinase is involved in FceRI- 

m ediated calcium release in rat basophilic  leukem ia cells [47], w e perform ed 

initial assays to determ ine if D L-t/ireo-dihvdrosphingosine, w hich  w as show n 

to block the calcium flux in RBL cells, had  a sim ilar inhibitory effect on 

hum an  neutrophils. We found, how ever, that the reagent w as poorly soluble 

in aqueous solution, and  difficult to adm in iste r to live cells in suspension . 

H ow ever, we obtained  consistent resu lts  w ith  N ,N -dim ethvlsphingosine, 

ano ther m ore soluble inhibitor of sph ingosine  kinase. As show n  by the 

[Ca“+]i traces in F igures 12A,B, p reincubation  of lndo-1 loaded PMNs w ith  1 

pM  dim ethylsphingosine strongly  inh ib ited  the transient rise in [Ca^+ ]{ 

triggered by either FcyRIIIB or FcyRIIA crosslinking, w ithout significantly 

affecting the [Ca^+Ji elevation triggered by fMLP. These results strongly 

suggest that the calcium  transients observed  following either FcyRIIA or 

FcyRIIIB ligation are m ediated by  the activation of a sphingosine 1-phosphate
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pathw ay , rather than via the m ore conventional IP3-dependent release 

m ech an ism .

We also d e term ined  an approxim ate dose dependence of FcyR- 

m ediated  [Ca— ]i transien ts to inhibition by N ,N -dim ethylsphingosine. 

D uring the course of these studies, we observed that the extent of inhibition 

by a given concentration of the com pound w as affected by variations in the 

density  of neutrophils in the incubation suspension  (1-2  x 10^ cells/m l). We 

believe that this m ay be d u e  to strong partition ing  of the sphingosine 

analogue into the cell m em brane. Indeed, at bu lk  concentrations of 

d im ethy lsph ingosine  h igher than approxim ately  10 jiM, o u r m easurem ents 

of Indo-1 fluorescence indicated that the neu trophil m em branes had  become 

perm eabilized. (data  not show n). Therefore, we have chosen to express the 

concentration  of iM ,N -dim ethylsphingosine in relation to the density of cells 

in suspension , w hich  is p roportional to the volum e fraction of the 

m em brane phase in the partition ing  equilibrium . From the dose curve 

p resented  in Figure 12C, an  IC50  = 0.5 nanom oles/10^ (cells • m l"l) can be 

deduced  for inhibition of FcyR-mediated [C a-+ ]i transient by N,N- 

d im eth v lsp h in g o sin e .

Dependence of FcyRIIIB signaling on FcyRIIA function

Given the s tro n g  evidence that FcyRIIIB and FcyRIIA share convergent 

signaling  pathw ays, I a ttem pted  to directly test the hypothesis that signaling 

by FcyRIIIB actually requires the participation of FcyRIIA. The m ost 

s traigh tforw ard  m eans to verify this hypothesis w ould  be to use antisense 

cDNA or other m olecular biological approach to knock o u t the expression of 

the transm em brane receptor. U nfortunately, as p reviously  m entioned,
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neutrophils are not am enable to this approach. Less d irect m ethods w ere 

therefore required to d is ru p t the signaling activity of FcyRIIA, in o rd e r to 

investigate the residual cell activation upon  crosslinking FcyRIIIB. H ow ever, 

the two experim ents described  here yielded inconclusive results, an d  will 

require further m odification to be useful for fu ture investigations.

Analysis of sequential FcyR crosslinking

The evidence of decreased binding  to IV.3 Fab-labeled

neutrophils crosslinked w ith  G aM  (previously show n in F igure 11), suggests 

that the surface density  of FcyRIIA is significantly reduced for a period  lasting 

from 2 to at least 10 m in after initial an tibody  crosslinking. We have also 

show n from the observed [Ca^+][ kinetics that, w ithin this sam e tim e 

interval, neutrophils can recover from FcyR stim ulation to baseline [C a -+ ]i 

levels and are responsive to triggering by  a d ifferent second stim u lus (usually  

fMLP). Based on these observations, the dependence of FcyRIIIB signaling  on 

interaction w ith FcyRIIA could be inferred (at least in principle), by a relative 

decrease in the am plitude of the [Ca^+jj response triggered by crosslinking 

FcyRIIIB during  the in terval w hen FcyRIIA is presum ably  dep le ted  from  the 

n eu troph il surface.

The results of such  an experim ent are sum m arized  in the panels 

show n in Figure 13. Isolated neutrophils w ere labeled w ith  both  b io tinylated  

IV.3 Fab and unconjugated 3G8 Fab, loaded w ith the Indo-1 calcium  probe, 

and  transferred into cuvettes for spectrofluorim etric m onitoring. 

A pproxim ately 10 m in after FcyRIIA crosslinking had been induced  by  the 

add ition  of 30 jig /m l streptavid in , G aM  (also 30 (ig /m l) w as also ad d ed  to the 

neutrophil suspension to trigger FcyRIIIB-mediated calcium  release. As
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expected, the crosslinking of FcyRIIA itself stim ulated  a brief [C a-+ ]i transien t 

(Fig. 13A); bu t surprisingly , the subsequen t rise in [Ca^+jj following Fc/RIHB 

crosslinking w as even  larger in m agn itude  than that observed in control 

specim ens labeled on ly  w ith 3G8 Fab, in w hich FcyRIIIB was crosslinked 

w ithout p rio r activation  of FcyRIIA. (Fig. 13B)

To assess w hether this ap p aren t po ten tia tion  was caused by G aM  cross­

reacting w ith  biotin-IV.3 Fab-labeled FcyRIIA crosslinked by s trep tav id in , I 

also perform ed the sam e experim ent on cells labeled only w ith  biotinylated  

IV.3 Fab. U nder these conditions, the add itio n  of G aM  did  no t evoke an 

add itional [Ca^+jj response after that triggered  by the initial crosslinking w ith 

streptavid in . (Fig. IOC)

For the sake of com pleteness, I also perform ed a set of experim ents in 

w hich PMNs w ere labeled w ith b io tinylated  3G8 Fab and unconjugated  IV.3 

Fab, and the o rder o f FcyR crosslinking w as reversed. The results, w hich are 

not show n, w ere exactly analogous to those described above, in that: (1) 

crosslinking FcyRIIA following activation of FcyRIIIB produced a larger 

[C a -+ ]i transien t th an  that observed  w hen  FcyRIIIB was not initially 

crosslinked, and  (2) add ition  of G aM  d id  no t further stim ulate biotin-3G8 Fab 

labeled neu troph ils  w hich had  been  prev iously  triggered w ith  strep tav id in .

Inhibition of FcyR signaling by exogenous IT A M  peptide incorporation

The successful use of ITAM peptidom im etics to characterize the early 

events follow ing T cell receptor activation [11], inspired me to ad o p t this 

technique to exam ine the m echanism  of FcyR signaling in neu troph ils . The 

rationale beh ind  this approach is that the in troduction of an exogenous
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oligopeptide containing the ITAM sequence of FcyRIIA (or its bi- 

phosphorvlated  analogue) should specifically inhibit o r a t least significantly 

perturb  signaling by FcyRIIA, by com petitively b inding cytosolic signaling 

m olecules w hich w ould  otherw ise recognize the activated receptor.

An o ligopeptide w as synthesized at the Protein Core Facility of the 

M ount Sinai School of M edicine, w hich closely m atched the 25 am ino acid 

sequence bracketing the ITAM m otif of FcyRIIA. For use as a control, the 

sam e pep tide  sequence was also prepared  w ith  phosphotvrosine substitu ted  at 

both tyrosvl positions. D esigning a m ethod to reliably incorporate these 

peptidom im etics into viable neutrophils, p ro v ed  to be the m ost problem atic 

step in this experim ent. W hile electroporation  w as show n to effectively 

perm eabilize PM Ns to diffusion of sm all pep tides [117], the recovery of cell 

m em brane integrity  following such a p rocedure  was not rap id  enough  to 

perm it subsequen t analysis of calcium ion flux by Indo-1 spectrofluorim etry. 

Therefore, I op ted  for a m ethod successfully im plem ented by Maxfield and 

cow orkers to incorporate peptide inhibitors into neutrophils. [113]

U nfortunately , the prelim inary results w hich I obtained through 

[C a-+ ]i m easurem ents w ere not encouraging. Even at the highest pep tide  

concentrations w hich w ere practical, neither the unphosphory la ted  nor the 

phosphory lated  ITAM peptidom im etics significantly  pertu rbed  the [Ca^+]i 

transients stim ulated  by crosslinking FcyRIIA. (data not presented) W ithout 

this crucial result, I could not continue the investigation to test w hether these 

synthetic pep tides could alter signaling by the G PI-anchored receptor.
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R e s u l t s  II: P h y s i c a l  e v i d e n c e

Surface d istrib u tio n  studies of FcyRIIA a n d  FcyRIIIB

FcyR capping: "active vs. passive" response to crosslinking.

The surface d istribution of FcyRIIA and FcyRIIIB was exam ined by 

im m unofluorescence m icroscopy on live neu troph ils  labeled w ith  

fluorophore-conjugated IV.3 and 3GS Fab. In cells labeled onlv w ith  

fluorescein-3GS Fab, the GPI-linked FcyRIIIB is initially uniform ly d istribu ted  

over the m em brane surface. W ithin 5 -7  m in of receptor crosslinking  by 

G aM , how ever, the distribution of FcyRIIIB appears coalesced into po lar caps, 

as illustrated by the image sequence in F igure 14A. Similar receptor capping  

is also displayed by crosslinked FcyRIIA. (data not shown) A lthough  

clustering  of FcyR is im m ediately ev id en t upo n  G aM  crosslinking, the 

progression to large polar aggregates requires up to 10 min at room  

tem perature. C om pared  to the kinetics of FcyR-mediated in tracellu lar 

calcium  release, the form ation of the FcyR cap requires significantly longer 

tim e, and is probably  not the event w h ich  initiates cytosolic signaling  in the 

neutrophil. On the other hand, receptor capp ing  m ay reflect the p rogression  

of intracellular signaling events (such as F-actin polym erization and  

cytoskeletal reorganization) which occur farther dow nstream  of FcyR 

activation .

To illustrate that the Fey receptor capp ing  reflects an active signaling  

process, as opposed  to passive clustering in response to b inding of 

m ultivalen t ligand, w e studied the ev o lv em en t of the surface d is trib u tio n  of 

h u m an  FcyRIIIB transfected into a ra t basophilic  leukemia cell line (RBL- 

6CD5), d u rin g  crosslinking with G aM . As show n in the second pa ir of im ages 

in Figure 14B, the labeled FcyRIIIB ap p ears  initially distributed in patches
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approxim ately 1-2 um in diam eter on the cell surface. Upon receptor 

crosslinking, these patches are observed to condense and p erh ap s fragm ent 

into sm aller c lusters w ith  diam eters equal to, o r sm aller than, the optical 

resolution of ~ 250 nm . In m arked con trast to the results seen on 

neutrophils, the aggregation  of FcyRIIIB on the surface of 6CD5 cells, even 20 

min after receptor crosslinking, does no t proceed further to form  receptor 

caps. This correlates well with o u r observation  that an tibody crosslinking  of 

FcyRIIIB in 6CD5 cells evokes little or no in tracellu lar calcium  response (data 

not show n), w hich  m ay in fact be a p rerequisite  for the receptor capping  

process.

Wortmannin disrupts receptor cap formation

The inhib ition  of PI 3-kinase by w o rtm an n in  p rofound ly  d isru p ts  the 

aggregation of FcyR in the neutrophil. S how n in Figure 15 are  confocal 

images of PM Ns labeled w ith only one probe, either rhodam ine-3G 8 or 

fluorescein-IV.3 Fab, and  preincubated w ith  30 nM  w ortm annin , 5 m in after 

crosslinking w ith  G aM  (as described in M ethods). Instead of coalescing into 

large patches on  the surface, aggregates of FcyRIIA and FcyRIIIB ap p ear to be 

distributed in a d ispersed  pattern th ro u g h o u t the entire area sub ten d ed  by the 

cell. The exact location of the receptor c lusters w ith  respect to the cell surface 

is difficult to ascertain . Given that the cells w ere cytospun before fixing, the 

FcyR aggregates m ay actually be on the surface, since the thickness of the 

flattened cells m ay  be com parable to the d ep th  resolution of the confocal 

microscope. N evertheless, the localization of the fluorescent c lusters w ith in  

the cytosol w ou ld  be in agreem ent w ith  the results of o u r in terna liza tion  

assays, w hich indicate that w ortm annin does not block Fey recep tor 

in ternaliza tion  follow ing crosslinking.
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Co-localization of FcyRIIA zuith aggregated FcyRIIIB

A lthough FcyR co-localization is a natural consequence of b ind ing  to 

nonspecific im m une com plexes (w hich we dem onstrate  in F igure 17C), we 

w ere interested in determ in ing  if the lateral red istribu tion  of FcyRIIA m ight 

also be affected by large-scale m ovem ent of the G PI-anchored isoform. Such a 

finding w ould more clearly dem onstra te  a physical association betw een the 

tw o receptor species. To investigate this possible effect u sing  fluorescence 

m icroscopy, however, required a d ifferent labeling s tra tegy  from  that used 

previously. Since both 3G8 and  IV.3 m Abs are m urine-derived , w e w ere 

restricted from using polyclonal G aM  to selectively crosslink 3G8 Fab-labeled 

FcyRIIIB, in the presence of fluorescein-conjugated IV.3 Fab b o und  to FcyRIIA. 

As a result, two different labeling schem es were developed , both  of w hich 

enab led  the visualization of the relative d istribu tion  of FcyRIIIB an d  FcyRIIA, 

at the sam e time perm itting  the selective ligation an d  crosslinking  of 

FcyRIIIB.

The first technique involved an  initial labeling of PM N s w ith  

rhodam ine-3G 8 Fab (only), follow ed by crosslinking of the labeled FcyRIIIB 

w ith  G aM . Before the secondary  add ition  of fluorescein-conjugated IV.3 Fab 

to probe for FcyRIIA how ever, the cells w ere fixed briefly  to preserve the 

surface distribution of aggregated  FcyRIIIB, and exposed to unconjugated 3G8 

Fab to block further reactivity w ith  the crosslinking G aM . The results 

ob ta ined  by this m ethod w ere som ew hat inconsistent, d u e  p rim arily  to the 

in terven ing  step of parafo rm aldehyde fixation, w hich caused  m em brane 

blebbing and significantly altered  surface FcyR d istribu tion , (data not shown.)
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To obviate these difficulties, we developed a one-step double labeling 

technique (described in the M ethods section and  show n in Figure 16) w hich 

uses Texas Red-conjugated s trep tav id in  to specifically crosslink b io tinylated 

3G8 Fab-labeled FcyRIIIB, in the presence of fluorescein-[V.3 Fab bound to 

FcyRI[A. A lthough the experim en t was substantially  stream lined by adop ting  

this strategy, the labeled neu troph ils  still required fixing to allow w ashing  of 

excess fluorescent strep tavid in . We chose therefore to cvtospin the labeled 

cells onto  glass slides, and  to fix the cells in cold m ethanol, thus elim inating  

the artifacts of paraform aldehyde fixation entirely.

This second m ethod y ielded  satisfactory results, as represented by the 

photom icrographs in F igures 17A.1-3, and confirm ed using confocal 

m icroscopy (Figure 17B), bo th  of w hich show  that the d istribution  pattern  of 

fluorescein labeled Fc/RHA overlaps w ith regions of aggregated FcyRIIIB, 

identified  by Texas Red fluorescence. Because these cells were subjected to 

cy tosp inn ing , the resulting m orphology is clearly flattened from the spherical 

form  typically observed for live neutrophils in suspension. Again, because of 

the reduced thickness of the cells, it is impossible, even at the 0.5 pm  d ep th  

reso lu tion  of the confocal se tup , to establish w hether the receptor clusters are 

s itua ted  on the cell surface or are internalized in vesicular structures, as w e 

w o u ld  expect from the resu lts of o u r internalization assays. We confirm ed 

th a t the observed punctate p a tte rn  of fluorescence truly represented the 

localization of labeled FcyR, by im aging unlabeled cells w hich w ere sim ilarly  

p rep ared , and which exhibited  no detectable au to  fluorescence. Furtherm ore, 

in cells w hich were cy tospun an d  fixed w ithin 1 min of addition of Texas Red 

s trep tav id in , both fluorescent-labeled probes appeared  uniform ly d istribu ted  

over the area of the flattened cells, (not show n)
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In cither experim ents, the com plem entary  labeling and  crosslinking 

com bination w as applied , i.e., using b io tiny lated  IV.3 Fab and tluorescein- 

conjugated 3G8 Fab. In this case, we found th a t the co-m igration of labeled 

FcyRIIIB into capped  regions of crosslinked Fc/RIIA was far less p rom inen t 

(data not show n), perhaps due to the large excess of GPI-anchored FcyRIIIB 

w ith respect to the population  of the transm em brane isoform.

Receptor capping vs. receptor internalization

The m ovem ent of FcyR w hich w e have observed in living neu trophils , 

using im m unofluorescence m icroscopy and  in ternalization assay, represents 

a behavior w hich clearly is relevant to their physiological function. But 

w hile we dem onstra te  that fluorescent-labeled Fey receptors form po lar caps 

on the cell surface w ith in  5-7 min of crosslinking, we also show  th a t m ore 

than 2 /3  of bo th  FcyRIIA and FcyRIIIB are sequestered  from the surface 

following receptor crosslinking, w ith  sim ilar kinetics. These findings are not 

necessarily contradictory , but rather, m ay reflect two similar, yet d istinct, 

biological processes w hich are both induced  by  crosslinking FcyR as w e have 

done. The m echanistic differences w hich  d istingu ish  phagocytosis from  

receptor-m ediated endocytosis, are p resen tly  unclear. Flowever, differences in 

tem perature m ay significantly affect the relative rates of these processes. In 

contrast to the rap id  endocytosis w hich we observe at 37°C by in ternalization  

assay, at am bien t tem peratures (18-23°C) m em brane traffic m ay slow  dow n 

sufficiently to allow  crosslinked FcyR to aggregate uato large caps a t the surface 

before a m ajority  of the receptor becom es incorporated  into the cell. W hether 

the capped receptors are truly exposed a t the surface, or are already contained 

in vesicles just u n d ern ea th  the plasm a m em brane, is a detail w hich w e have
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not vet e lucidated . Nevertheless, tor p u rp o ses  of this study, the physicial 

disposition of FcyRIIIB consistently parallels that of FcyRIIA, u nder all 

situations exam ined . This evidence alone is sufficient to suggest that the two 

receptor species a re  physically associated.

Analysis o f the FcyR cap by fluorescence resonance energy transfer

G iven the physical evidence from  optical m icroscopy for an association 

between FcyRIIA and  FcyRIIIB, I w as in terested  in determ ining w hether the 

co-capping recep to rs  come into d irect in term olecu lar contact. Due to the 

d iffraction-lim ited  resolution > 0 .2  gm , in h eren t to conventional optical 

system s, p rox im ity  on the m olecular scale canno t be ascertained, even  from 

perfectly o v e rlap p in g  fluorescence d istribu tions.

In con trast, the m ethod of fluorescen t resonance energy transfer (RET) 

can be used to investigate m olecular p rox im ity  on the nanom eter d istance 

scale. RET is th e  non-radiative m echanism  by w hich an excited donor 

fluorophore (D) transfers its excitation energy  to an  appropriate acceptor 

molecule (A). Since this quantum -m echanical exchange occurs via d ipole- 

dipole in teraction, the rate of RET decreases w ith  the inverse sixth pow er of 

the D-A sep ara tio n  distance, R. In practice, RET can be detected over distances 

com parable to the  dim ensions of biological m acrom olecules, and  is 

characterized by  the Forster radius, Ro, w hich  is uniquely  determ ined for a 

given donor-accep to r pair and is m ain ly  d e term ined  by the extent of overlap  

betw een the D em ission  and the A abso rp tio n  spectra. (Ro tor a fluorescein 

donor and  rh o d am in e  acceptor, for exam ple, is approxim ately 5 nm.) At a 

separation d is tan ce  of Rq, an excited fluorophore is as likely to em it a photon ,
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as it is to transfer its excitation energy to the nearby acceptor m olecule. U nder 

these circum stances, the s tead y  state fluorescence intensity (F) and  excited 

sta te  lifetim e (r) of the d o n o r fluorophore in the presence of the acceptor 

(subscrip t d a ) a re reduced to half the values m easured in the absence of A 

(subscrip t □)- The efficiency of RET (E-p) can readily be calculated from these 

m easurem ents, by the follow ing relation:

tda = 1 - FDA
. td L f d J

The process of RET contributes to the rate of depopulation  of the 

excited state  donors, w hich can be m easured by a deviation in the steady state 

in tensity  of the donor fluorescence or by a shortening of the donor 

fluorescence lifetime. The practice of detecting RET by steady state 

fluorescence intensity  (a lthough  used extensively by Petty and  cow orkers. 

[1 0 2 , 118]) requires laborious calibration procedures to ensure accurate data, 

since fluorescence in tensity  is highly d ep en d en t on fluctuations in excitation 

in tensity , probe concentration, as well as fluorophore photobleaching.

O n the o ther hand, the excited state  lifetime is an intrinsic p roperty  of 

the fluo rophore , in d ep en d en t of concen tration  (w ithin reasonable limits), 

op tical p a th len g th  and excitation intensity. For these reasons, w e op ted  to 

m easure  RET by tim e-resolved fluorescence spectroscopy on clusters of 

labeled FcyR, using  a novel experim ental set-up developed by Dr. Jay 

T rau tm an  (form erly at Bell Labs, M urray Hill NJ; [114, 115]), and  following 

the p ro ced u re  described in M ethods & M aterials. This technique allow ed us 

to exp lo re  the use of an  experim ental se tup , originally in tended  for near-field 

scann ing  optical m icroscopy (NSOM), for determ ining the d istrib u tio n  of 

fluorescent-labeled 3G8 an d  IV.3 mAbs w ith  spatial resolution better than the
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optical diffraction-Iim it an d  w ith single molecule sensitiv ity . In the context 

of o u r biological system, a close proxim ity (on the m olecular scale) betw een 

FcyRIIIB and FcyRIIA could  be inferred, by the detection of a decrease in the 

excited state lifetime of fluorescein-labeled IV.3 Fab bou n d  to FcyRIIA 

(participating as RET donors), in the presence of rhodam ine-labeled  3G8 Fab 

bound to FcyRIIIB (functioning as RET acceptors).

We perform ed such  an analysis, using a novel experim ental set-up 

(illustrated in Figure 18) w hich perm its the s im ultaneous m easurem ent of 

em ission spectra and tim e-resolved  decays of ind iv idual fluorescent clusters 

on the surface of fixed cells, as well as the acquisition of im ages by piezo­

electric scanning of the excitation source over the cell area. Because the 

fluorescein and Texas Red fluorophores are unlikely to partic ipate  in RET, we 

had to resort to the orig inal m ethod  of double labeling, w hich  involved the 

in term ediate paraform aldehyde fixation step. The series of com posite 

d iagram s in Figure 19 show  im ages o f representative cells obtained w ith the 

far-field im aging system  p rev iously  described, together w ith  the 

co rresponding  fluorescence spectra and  tim e-resolved decays m easured from 

the indicated regions. U nder all conditions, the fluorescence decays were 

com plex, requiring at least tw o exponentials to achieve acceptable fits. From 

the experim ental data w hich  w e collected, no definite change w as observed in 

the average excited state lifetim e of the fluorescein label in the presence of 

rhodam ine acceptors.

W hile a shorter d o n o r lifetim e w ould  have s trong ly  suggested  that the 

two species of Fey receptors w ere b rough t into close proxim ity, a lack of RET 

shou ld  not be taken as conclusive evidence of the absence of such interaction,
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as this m ay sim ply result from the specific m ethod of labeling the Fey 

receptors. Given the strong d istance dependence and relatively sh o rt range of 

RET, the physical dim ensions of the Fab fragm ents may contribute 

substan tia lly  to the distance separa ting  donor and acceptor m olecules, thus 

p rec lud ing  the occurrence of RET.

Co-localization of D il with FcyRIIIB

A previous report that various fluorescent lipophilic tracers, such  as 

the cationic m em brane probe Dil, w ere nonrandom ly  d istribu ted  w ith  FceRI 

in RBL cells [119], suggested that the p roperties of the lipid bilaver 

im m ediately  su rrounding  certain  m em brane proteins m ight be significantly  

a ltered  from those of bulk m em brane. Such local properties m igh t lead to the 

fo rm ation  of discrete lipid dom ains on the plasm a m em brane en riched  in 

specific proteins and other com ponents. To determ ine w hether such  

b ehav io r w as exhibited by FcyRIIIB in neutrophils, I perform ed p re lim inary  

experim ents to observe the d istribu tion  of Dil, w hich is anchored to the 

m em brane via two saturated , 16-carbon long (Ci6:0) m ethylene chains, in 

relation to that of fluorescein-3G8 Fab-labeled FcyRIIIB. As illustrated  by the 

fluorescence m icrographs in F igure 22, the lipophilic probe is found to 

p referen tia lly  m igrate w ith  fluorescein-labeled FcyRIIIB, into the reg ion  of the 

G PI-anchored receptor cap induced by  crosslinking w ith G aM .

Based on the structural analysis of acetylcholinesterase and  CD59 from 

h u m an  erythrocytes, w hich has revealed  an  unusual, 22-carbon long, 

m ultip ly -unsa tu ra ted  acylation (C2 2 :4 ) of the GP1 anchor at the sn2 position  

[100 , 1 0 1 ], we speculated that a possible determ inant for the co-localization of 

FcyRIIIB and D il-C i6 m ay be the m atching  of the hydrophobic chain-length

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



54

betw een the respective lipid m oieties o f the tw o molecules. This hypo thesis , 

previously p roposed  u n d e r  the denom ination  of "m attress m odel" of lip id- 

protein  interaction [120], could be tested by com paring  the d istrib u tio n s  of 

o ther derivatives of Dil w ith  d ifferent m ethy lene chain  lengths, such  as C l 2  

and  C i8 , w ith that of aggregated FcyRIIIB.

Although I also p resen t exam ples of D il-C i2  and  D il-C is co-localization 

w ith  aggregated FcyRIIIB in Figure 22, the success of these subsequen t 

experim ents w as opposed  by technical difficulties, relating to the fact th a t the 

variations in the length  of the Dil m ethy lene chains dram atically  ch an g ed  

the diffusivity of these lipophilic probes and  their partitioning  to the cell 

m em brane. Both these factors had a larger effect on the overall p a tte rn  of Dil 

labeling than that expected  from hydrophob ic  chain-length  m atch ing  alone.
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D is c u s s io n

The prim ary  goal of this d issertation project w as to determ ine the 

signaling  capacity  of FcyRIIIB, w hose topology in the p lasm a m em brane 

a rgues against its ability to function as a signaling receptor. The analysis of 

FcyRIIIB signaling is com plicated by the fact that a second isoform, FcyRIIA, is 

also expressed on the neutrophil surface and shares the sam e ligand b ind ing  

specificity  as FcyRIIIB. Furtherm ore, the transm em brane isoform  contains a 

cytosolic ITAM effector m odule w ith  know n signaling  p roperties. In o rder to 

d istin g u ish  betw een signal activation by either G PI-anchored  and  

transm em brane  FcyR, isotype-specific mAbs w ere u sed  to selectively engage 

e ith er FcyRIIA or FcyRIIIB by direct antibody crosslinking. This allow ed us to 

characterize the relative signaling phenotypes of the tw o receptor isoform s 

an d  u ltim ately  p ropose a possible rationale for their co-existence.

The m ajor findings of this investigation can be su m m arized  as follows:

1 . In the absence of d irect ligand binding to FcyRIIA, and  w ithou t pre- or co­

stim ulation  by o ther exogenous factors, an tibody  crosslinked  FcyRIIIB is 

capable of delivering  an intracellular signal to the  neu troph il, leading to 

robust [Ca^+Jj transients and receptor capping;

2 . W ith few exceptions, the signaling phenotype o f an tib o d y  crosslinked 

FcyRIIIB is identical to that of sim ilarly crosslinked FcyRIIA, especially 

w ith  regard  to the susceptiblity of [Ca^+ji transien ts  to inhibition by 

w o rtm an n in  an d  N ,N -dim ethylsphingosine, w h ich  in tu rn  inhibit PI 3- 

k inase and  sph ingosine kinase activity, respectively;
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3. As visualized by im m unofluorescence m icroscopy and by in terna liza tion  

assay, the physical d isposition  of both FcyR are rem arkably sim ilar un d er 

conditions of d irect an tibody crosslinking, both  in the presence and 

absence of w ortm ann in . Furtherm ore, FcyRIIA co-locaiizes in the region 

of crosslinked and  aggregated  FcyRIIIB.

We therefore propose a m odel in which the segregation of FcyRIIA into lipid 

dom ains induced by crosslinking of G PI-anchored molecules, constitu tes  the 

initiation of the FcyRIIA signaling  cascade an d  subsequen t activation of the 

neu troph il im m une response .

S ignaling capacity of G PI-anchored FcyRIIIB

In light of the ab u n d an t evidence collected from studies of GPI- 

anchored protein activity in T lym phocytes, w e w ere not surp rised  to observe 

that antibody crosslinked FcyRIIIB stim ulates activity in the closely related  

neutrophil. H ow ever, this finding does have significance in the context of 

the longstanding controversy  over the relative signaling  roles p layed  by 

FcyRIIIB and FcyRIIA. C learly, the results of this investigation su p p o rt the 

ability of the G PI-anchored isoform to function as com petent receptor for 

intracellular signaling, corroborating  previous reports that FcyRIIIB 

m odulates [C a-+ ]i transien ts as well as neu troph il degranulation. [51, 121] 

W atson and cow orkers recently  reported tha t the m obilization of in tracellu lar 

calcium  by antibody crosslinked FcyRIIIB requires neu trophil “p rim in g "  w ith 

either tum or necrosis factor (TNF-a) or g ranulocyte-m acrophage colony 

stim ulating factor (GM-CSF). [122] How ever, I have not observed such  a 

requirem ent for eliciting a response from crosslinked FcyRIIIB, and  rem ain
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uncertain of the reasons for this d iscrepancy, particularly since the m ethods 

that we used in o u r respective stud ies w ere very similar.

The dependence of the initial s ignaling  event on Fey recep to r 

crosslinking and aggregation appears to be even  more critical for FcyRIIIB 

than for FcyRIIA. W hile we note that the inability of im m obilized 3GS Fab to 

stim ulate frustrated  phagocytosis in neu tro p h ils  was the only  significant 

difference observed in the signaling p ro p erties  of the two FcyR species, this 

seem ingly anom alous result corroborates an o th er in teresting s tu d y  w hich 

show ed that, w hile T lym phocytes w ere activated by TC R/C D 3 ligation  to a 

cell-im perm eant m atrix, the sam e ligation of either G PI-anchored TAP or 

Thy-1 failed to have the sam e effect. [116] We believe that this phenom enon  

reflects the inherently  different requ irem ents for signaling by crosslinked  

FcyRIIIB, com pared  to FcyRIIA. W hile in principle, the activation o f FcyRIIA 

by phosphorylation of ITAM can occur w ith  the juxtaposition of ju s t two 

receptors, the m in im um  num ber of G PI-anchored  receptors req u ired  to form 

a lipid dom ain is presum ably  m uch larger. Clearly, the te thering  of FcyRIIIB 

to im m obilized G aM  via 3G8 Fab w ould  interfere w ith this c lu stering  process. 

O ur proposal that signaling by FcyRIIIB requires the form ation of aggregates 

com prising a critical threshold  num ber of receptors, is su p p o rted  by other 

lines of evidence w hich show  that b iva len t ligands (and even  low -valency 

im m une com plexes) are ineffective a t triggering  neu trophil ac tiv ity  th rough  

FcyRIIIB. [122,123]

A technical issue w hich is re levan t to the investigation of FcyRIIIB 

signaling is the choice of m ethod used  to specifically activate FcyR. W hile I 

have relied on isoform-specific 3G8 an d  IV.3 mAb to directly  crosslink
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FcyRIIIB and  FcyRIIA respectively; o ther investigators have used Fab 

fragm ents of these same an tibod ies to selectively exclude FcyR from 

partic ipa ting  in crosslinking to nonspecific IgG com plexes. A lthough the 

same objective of engaging a specific FcyR isoform is theoretically  achieved, 

the results o f experim ents u sing  the latter m ethod generally  a ttrib u te  a m uch 

low ered signaling  capability to FcyRIIIB than I have observed using  the 

form er technique. [124, 125] In light of o u r p roposed  m odel, I suspect that the 

addition of IV.3 Fab to block FcyRIIA binding  to com plexed IgG m av in fact 

stericallv oppose  the close association  of the transm em brane receptor w ith  

aggregated  FcyRIIIB, which m igh t o therw ise occur if FcyRIIA w ere unbound . 

As a result, a lthough  the G PI-anchored receptor is indeed  selectively 

crosslinked, the additional p resence of IV.3 Fab m ay actually  inhibit FcyRIIIB- 

m ediated  signaling. This suggestion , w hile en tirely  speculative , is su p p o rted  

by several p rev ious studies in w hich  neu trophil deg ran u la tio n  or [Ca^+ ]i 

transients, triggered  by com plexed 3G8 mAb or o ther FcyRIIIB-specific target, 

was greatly  a ttenuated  by p reincubation  of PM Ns w ith  IV.3 Fab. [51, 126]

Pharmacologic inhibition of FcyR signaling

Implication o f  PI 3-kinase involvement

The involvem ent of PI 3-kinase in n eu troph il FcyR signaling  has 

already been extensively d o cum en ted  [127], and  was in fact one of the first 

system s used  to dem onstrate the efficacy of the w o rtm an n in  inhibitor. [30]

The p u rp o se  of using  the PI 3-kinase inhibitor in this investigation , how ever, 

was to d em o n stra te  the congruence of signaling by FcyRIIIB and  FcyRIIA. The 

po ten t inh ib ition  of FcyRIIIB-mediated calcium  release by w o rtm an n in  

suggests that PI 3-kinase is d irectly  involved in its signaling  pathw ay; ye t the 

cytosolic enzym e, even w hen translocated  to the inner leaflet of the plasm a

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



59

m em brane, cannot come in d irect contact w ith the C PI-anchored receptor. 

C learly, an interm ediate signaling  m olecule is required  to couple FcyRIIIB and 

PI 3-kinase, and  I believe that FcyRIIA is the m ost likelv candidate, since it not 

only co-loealizes to the site of FcyRIIIB signaling, b u t inhibition of PI 3-kinase 

activity d isru p ts  FcyRIIA signaling w ith identical efficacy.

The resu lts from im m unofluorescence m icroscopy and in ternaliza tion  

assays, to track the m ovem ent of FcyRIIA and FcyRIIIB follow ing an tibody  

crosslinking, correspond exactly w ith  those of a separate  s tudy  show ing that 

w o rtm an n in  does not block the in ternalization of PDGF o r transferrin  

receptors, b u t dram atically inhibits the trafficking of endosom al vesicles to 

the lysosom al degradative pathw ay, and alters the s truc tu re  and form ation of 

endosom es th rough  a yet uncharacterized  m echanism . [128] These findings 

lend su p p o rt to the possibility that the enzym atic activ ity  of PI 3-kinase m ay 

also p lay  a significant role in FcyR signaling. In the course of this 

investigation , po lyphosphory lated  inositol lipids, and  in particular, those 

w hich are  3-OH phosphorvlated , have gained increasing recognition for their 

functional involvem ent in regu la ting  m em brane traffic and  endocvtic 

transpo rt processes. [129] For instance, PI (3,4,5)-trisphosphate, which is 

norm ally  found in trace am ounts in quiescent cells unless PI 3-kinase is 

activated , has been show n to function as a bona fide  second m essenger, 

activating  c-akt (also called pro te in  kinase B or PKB) by b inding  to its 

p leckstrin  hom ology dom ain  an d  recruiting an u p stream  kinase w hich 

p h o sp h o ry la tes  akt on Thr308/ leading  to activation of the proto-oncogene. 

[130]
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W hether PI 3-kinase binds directly to phosphorylated  FcyR.HA or 

indirectly via ano ther phosphorylated  in term ediate rem ains to be 

determ ined . N onrecep tor protein  tyrosine kinases of the syk  familv contain 

dual conserved SH2 m otifs which can bind directly  to various phosphorylated  

ITAMs. (see Isakov for review , [2]) Furtherm ore, crosslinking of FcyRII on 

prom yelocvtic HL60 cells has been show n to rap id ly  induce phosphorylation 

of p 7 2 [131] An in teresting  experim ent to determ ine if PI 3-kinase is 

activated dow nstream  of syk  w ould be to exam ine the phosphorylation  and  

activation state of PI 3-kinase upon FcyR stim ulation  in neutrophils 

preincubated w ith piceatannol, a specific inhibitor of syk kinase. [132] 

N evertheless, we p red ic t that the m olecular basis for involvem ent of PI 3- 

kinase is the sam e for both  FcyRIIA and FcyRIIIB-mediated signaling.

Evidence for an alternate intracellular Ca~ + release pathzvay involving 

sphingosine kinase

In light of a p rev ious report by Rosales and  Brown, w hich suggested  a 

possible dissociation of FcyR-mediated [C a-+ ]i transients from the 

conventional IP3-d ep en d en t release m echanism  [44], we dem onstrate  that N, 

N -dim ethylsphingosine, a substrate  analogue w hich com petitively inhibits 

the production of sph ingosine  1-phosphate by sphingosine kinase, inhibits 

the transient [C a-+ ]i rise m ediated by ligation of FcyRIIA or FcyRIIIB, b u t not 

by stim ulation of the fMLP receptor. A part from  confirm ing the convergence 

of the two FcyR signaling  pathw ays, these findings sup p o rt the existence of an 

alternate  calcium m obilization  pathw ay in the neu trophil, separate from  the 

classic IP3 pathw ay. Sphingosine 1-phosphate w as previously identified as 

the active signaling m oiety in the autocrine stim ulation  of blood platelets [46] 

and w as show n to trigger calcium -dependent proliferation of Swiss 3T3
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fibroblasts. [ 1331 Treatm ent of perm eabilized  fibroblasts w ith heparin  to block 

IP v g a ted  calcium release, d id  n o t abrogate the calcium  response to 

sphingosine l-phosphate . [134] Kinet and  cow orkers dem onstra ted  that 

sphingosine kinase m ediates in tracellu lar calcium  release by an  IP3 - 

independen t m echanism  in rat m ast cells (RBL-2H3), by show ing  that cells 

p reincubated  w ith  the sph ingosine  analogue, D -L-f/zrco-dihvdrosphingosine, 

did not d isp lay  intracellular calcium  release upon stim ulation  by FceRI, bu t 

w ere responsive to norm al s ignaling  by IP3 . [47]

A lthough its exact m echanism  of action is unknow n, sph ingosine 1- 

phosphate  has been show n to m obilize calcium  exclusively from  

thapsigarg in-sensitive in tracellu lar pools. [134] P retreatm ent of neu trophils 

w ith thapsigarg in  was also used  to help dem onstrate that Fey receptor 

crosslinking and  fMLP chem otactic pep tide  utilize two d istinct pathw ays to 

m obilize calcium  from  a com m on cytosolic com partm ent [44] The 

m obilization of calcium  from  the sam e in tracellu lar pool by tw o different 

second m essengers and  stim uli, sph ingosine  1-phosphate by FcyR activation 

and  IP3 by the fMLP receptor m ig h t seem  counter-in tuitive. H ow ever, w e 

note that sphingosine 1-phosphate  is probably m em brane bound , as opposed  

to the w ater-soluble IP3 . We therefore expect that signaling th rough  FcyR- 

activated sphingosine kinase w o u ld  produce a m ore localized calcium  signal 

(appropria te  for m ediating phagocytosis, for exam ple), than that triggered by 

the chem otactic peptide.

Functional role o f FcyRIIA in signaling  by FcyRIIIB

The strik ing  sim ilarity  in signaling  phenotypes of FcyRIIA and 

FcyRIIIB, as dem onstrated  by the evidence presented thus far, suggests that the
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tw o receptors converge on a com m on signaling pathw ay at an early  s tep  

follow ing recep to r activation. This functional link is validated  by ev idence  

from o ur im m unofluorescence m icroscopy studies, which reveal th a t 

fluorescentlv labeled FcyRIIA co-localizes w ith  crosslinked FcyRIIIB 

aggregates, in the notable absence of direct FcyRIIA ligation, suggesting  th a t 

the tw o recep tor iso forms are som ehow  physically associated on the p lasm a 

m em brane as well. Since the end -d istribu tion  of FcyRIIA resulting  from  

FcyRIIIB crosslink ing  is rem arkably sim ilar to the pattern  observed w h en  

FcyRIIA itself is d irectly  crosslinked, I propose that the transm em brane Fey 

receptors are  sufficiently  clustered u n d e r these conditions to initiate 

in tracellu lar s ignaling  by means of ITAM phosphorylation . (F igure 20) In this 

m anner, I believe that the signaling phenotype of FcyRIIIB is d e te rm in ed  

largely by the characteristics and function of FcyRIIA. The requ irem ent for a 

threshold  n u m b er o f FcyRIIA being b ro u g h t into proxim ity  w ith in  th ese  

cluster m ay con tribu te  to the longer tim e delay observed for the m obilization  

of in tracellu lar C a - + following FcyRIIIB crosslinking.

I a ttem p ted  to validate this hypothesis using several d ifferent 

experim ental approaches. From a functional s tandpoin t, the d ep en d en ce  of 

FcyRIIIB signaling  on FcyRIIA function could  be dem onstra ted  in n eu tro p h ils , 

under conditions w here  either the surface expression of FcyRIIA w as 

dow nregu la ted , or FcyRIIA activity w as com petitively blocked by the 

incorporation  o f exogenous ITAM peptidom im etics. U nfortunately , n e ith e r 

of these experim en ts  produced conclusive results. Prior an tibody  crosslink ing  

of FcyRIIA in neu troph ils , for exam ple, failed to attenuate  the su b seq u en t 

calcium  response triggered by FcyRIIIB crosslinking, probably because the  

transm em brane receptor was not en tire ly  rem oved from the cell surface. It is
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also conceivable that the biotin-lV.3 Fab-labeled FcyRIIA crosslinked bv 

s trep tav id in  som ehow  augm ented signaling bv FcyRIIIB, even though  the 

FcyRIIA clusters  presum ably should  have been sequestered from the cell 

surface.

As p rev iously  m entioned, the problem  w hich m ost likely th w arted  the 

successful inh ib ition  of FcyR signaling by ITAM peptidom im etics w as the 

m ethod of incorporating  the ITAM peptide into the neutrophil. W hile I was 

originally  concerned  that the neutrophils w ould  no longer be viable after the 

long incubation  w ith  10 mM peptide solution, the end-result w as that the 

[C a-+Ji transien t elicited by FcyRIIA crosslinking w as as robust as if the 

peptide (or its phosphorylated  analogue) had not been present a t all. We 

m ust consider that, for the incorporated ITAM p ep tid e  to have an  effect, it 

ough t to be localized at the inner plasm a m em brane surface, near 

en dogenous FcyRIIA. D epending on the actual efficiency of loading, the 

cytosolic concen tration  of incorporated peptide m ay have reached levels as 

high as 100 jiM. H ow ever, the effective concentration at the inner m em brane 

surface m ay have been substantially  lower, and insufficient to p ertu rb  

signaling by FcyRIIA.

Physical m odel of GPI-anchored receptor function

The critical issue which rem ains to be addressed  is the physical natu re  

of the association betw een FcyRIIA and aggregated FcyRIIIB. A lthough  in 

principle, an y  one of three m odes of m olecular interaction can occur, 

involving e ith e r the protein or the glycan or the lipid com ponents of 

FcyRIIIB, several lines of evidence implicate the G PI anchor itself as the 

im portan t s ignaling  moiety. A part from the collective studies on T

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



64

lym phocyte activation, w hich were previously described [8 8 , 93, 96], GPI- 

anchored proteins o ther than FcyRIIIB (CD 16) have also been sh o w n  to 

sim ilarly trigger [Ca“ +]i transients in neutrophils, including CD4S, CD55 

(decay accelerating factor), CD58 (LFA-3), CD59, and CD67. [135] Finally, 

purified GPI anchors from  Plasmodium falciparum, Trypanosoma brucei, and 

Lcishmania mcxicana w ere recently show n to function as agon ists  of cvtokine 

production w hen ad d ed  to m acrophage host cells. [97] These results, in 

conjunction w ith  o u r ow n experim ental findings, argue ag a in st p ro te in - 

protein interactions as the m ajor determ inant of FcyR co-localization. The 

other two m odes of m olecular interaction, involving p rim arily  the GPI- 

anchor itself, have both  been substantiated experim entally, an d  lead to two 

distinct hypotheses for signaling by G PI-anchored receptors.

Sehgal and cow orkers presented in triguing  evidence th a t FcyRIIIB- 

m ediated [C a-+ ]( transients and  superoxide production w ere g reatly  

d im inished in neu troph ils  exposed to 0.15M N -acetyl-D -glucosam ine 

(NADG) or D -m annose, sugars which are com m on bu ild ing  blocks for the 

variable N- and O -linked chains which branch from the conserved  core 

oligosaccharide chain covalently  linking the protein  to phosphatidv linosito l 

[101] (ref. F igure 2), b u t not to the sam e concentration of o ther saccharides. 

[136] Exogenous NADG w as also dem onstrated to specifically d is ru p t co­

capping of FcyRIIIB w ith  com plem ent receptor 3 (CR3), w hich is a beta 2 

integrin (C D llb /C D 1 8 ). [102] By noting that CR3 contains a p u ta tiv e  lectin­

like b inding site w hich could recognize the glycosyl branches o f GPI, Petty and 

colleagues proposed  tha t the observed signaling by FcyRIIIB occurred  by direct 

linkage w ith the integrin. [118] This m odel is appealing not only  for its 

definition of a com plete transm em brane signaling path  for G PI-anchored
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receptors, but also because integrins are know n to plav a variety of roles in 

m odulating  FcyR-mediated neu troph il activity. [137] H ow ever, several 

unresolved issues raised by this p roposed  m echanism  lead us to question  

w hether this tru ly  represents the p rim ary  m ode of FcyRIIIB signaling. In 

particular, an im plicit stoichiom etry is suggested by the direct coup ling  of CR3 

molecules w ith a p resum ably  random  subpopu lation  of G PI-anchored 

proteins on the neu tro p h il surface. A ssum ing that the integrin is not 

d ifferentially sensitive to aggregated  vs. independen t GPI-linked m olecules, it 

is unclear how  CR3 m ay selectively m ediate activation by crosslinked 

FcyRIIIB. M ost im portan tly , the studies by Petty and colleagues specifically 

exclude FcyRIIA from  analysis, b u t do not address its possible role as a 

transm em brane signaling  com ponen t of FcyRIIIB. While we believe that the 

natural proxim ity  and  signaling capacity of FcyRIIA makes it the ideal 

candidate for augm enting  FcyRIIIB signaling, the dem onstrated  association of 

FcyRIIIB w ith  other m olecules such  as the beta 2 integrin suggests the 

existence of o ther signaling  partners  (different from FcyRIIA) w hich could 

explain the observed synergism  betw een the tw o FcyR isoforms.

A lthough the specific interactions w hich occur w ithin the hydrophobic 

core of the m em brane bilayer are am ong the least w ell-characterized, w e 

believe that they form  the basis for co-localization of FcyRIIA w ith aggregated  

FcyRIIIB. The physical evidence p rov ided  by previous studies of the 

colligative p roperties of G PI-anchored proteins, sphingolip ids and  cholesterol 

[76, 86 , 87], together w ith  the characterization of detergent insoluble 

m em brane com plexes involv ing  G PI-anchored proteins and  o ther signaling  

m olecules [80, 83], led Sim ons and  Ikonen to propose a formal m odel in 

w hich sph ingolip ids and  cholesterol form functional "rafts" in the plasm a
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m em brane, to w hich specific signaling m olecules such as G PI-anchored 

proteins, transm em brane peptides, and acvlated tyrosine kinases can dock and 

thereby perform  in tegrated  signaling functions across the m em brane. (Figure 

23 and [103]) and We su p p o rt the basic tenets of this model, bu t p o in t ou t that 

FcyRIIIB appears to be uniform ly and  random ly distributed over the 

neu trophil m em brane surface prio r to an tibody  crosslinking. Therefore, we 

suggest that these rafts, if they indeed exist, m ay be transient en tities w hich 

dynam ically form and disassem ble, d riven  in o u r specific instance by 

crosslinking of G PI-anchored m olecules to m ultivalent ligand.

C learly, one critical issue rem ains unresolved in this m odel: the nature 

of the cohesive force w hich  attracts certain  lipids, transm em brane pro te ins 

such as FcyRIIA, and  o ther signaling m olecules to form lipid do m ain s  w ith 

aggregated G PI-anchored proteins represen ted  by FcyRIIIB. One hypothesis is 

that these com ponents form  therm odynam ically  stable, ordered  

m icrodom ains enriched  in phospho lip ids bearing saturated  fatty acyl chains, 

as well as cholesterol and  sph ingolip ids, w hich are thus resistant to low- 

tem perature  solubilization  by nonionic detergents such as Triton X-100. [138] 

This notion w as successfully  tested by using  placental alkaline phosphatase  

(PLAP), w hose G PI-anchor contains d u a l satu ra ted  C i4;0 fatty acyl chains. 

H ow ever, it is no t know n w hether this principle is equally valid for o ther 

G PI-anchored p ro te ins w ith  different lipid chains, such as those found  in 

acetylcholinesterase and  CD59, bo th  isolated from  hum an ery throcytes, which 

contain a highly unu su a l C22:4  acylation at the glycerol sn2 position, and  an 

ether-linked C i8:0 a t sn l .  [100 ,101 ] Since the chemical structure  of the GPI- 

anchor for FcRIIIB is not yet know n, it is unclear w hether FcRIIIB also shares 

this acylation pattern , or if the patte rn  of lipidation in G PI-anchors is cell
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lineage-specific. We postulated, however, that p erh ap s  lipid molecules were 

organized around  the G PI-anchored proteins on the basis of fattv acid chain 

length, since the packing of sho rter chain phospho lip ids around  GPI would be 

therm odynam ically  unfavorable d u e  to the ensu ing  exposure  of hydrophobic 

lipid surfaces to the aqueous environm ent. (F igure 21) The experim ents 

which I a ttem p ted  to perform  in o rder to test this hypothesis, using  various 

chain length  Dil lipophilic probes, were not en tirely  successful for the 

technical reasons discussed above.

A lthough  further investigations are clearly necessary  to validate this 

proposed m echanism , the evidence I presented on  the signaling  capacity of 

FcyRIIIB, p rov ides new insight into the functional arch itecture of the 

neu trophil p lasm a m em brane. W hile the functional m echanism  for m any 

signaling m olecules has been a ttribu ted  to conform ational or structural 

changes occurring  w ithin the m olecule itself, the signaling  capability  of GPI- 

anchored p ro te ins may rely on their ability to induce changes in the local 

com position of the intrinsically heterogeneous p lasm a m em brane, thereby 

creating the conditions for the form ation of sup ram olecu lar assem blies 

including all the com ponents requ ired  for generating  specific cellular 

responses u p o n  contact w ith  crosslinking im m unogenic stim uli.
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Figure 1. S tructural topology of various ITAM recep tors. U nlike T cell 
and B cell antigen receptors (as well as o ther Fc receptors), 
FcyRIIA contains both ligand b inding an d  ITAM do m ain s  on a 
com m on transm em brane pep tide  chain. FcyRIIIB, on the other 
hand, contains only the extracellu lar IgG-Fc recognition  dom ain , 
covalently linked to a G PI-anchor. (Schem atic ad ap ted  from  
illustration in review by Isakov [2] and  m odified  to include 
FcyRIIIB.)
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Figure 2. Core structure of g lycosy lphosphatidy linosito l anchor. Despite 
the evolutionary diversity  o f G PI-anchored proteins, the 
structural arrangem ent of the core glycan chain linking 
ethanolam ine to the inositol ring  is well conserved. In several 
GPI-linked proteins (acetylcholine an d  CD59, for exam ple, [100, 
101 ]), the phosphatidylinosito l m oiety  contains an u n u su a l, 
m ultip lv-unsaturated  22-carbon length  chain at sn2, (R2 ) as well 
as a separate palm itovlation of the inositol ring at the 3 '-O H  
position. Arrows indicate hydroly tic  sites of Pl-specific 
phospholipase C and phospholipase D activity.
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Figure 3. Selective FcyR activation by direct antibody crosslinking. Fab
fragm ents of m u rin e-d eriv ed  3G8 (anti-FcyRIHB) o r IV.3 (anti- 
FcyRIlA) mAb w ere used  to specifically b ind the FcgR species in 
question. C rosslinking w as initiated by ad d in g  F(ab ')2  of 
polyclonal an ti-m ouse goat IgG (GaM ).
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Figure 4. Cell activation by "frustrated phagocytosis" assay. PMNs or
m acrophages p lated  on derivatized  glass coated w ith G aM , are 
triggered by the add ition  of 1V.3 Fab, w hich tethers and 
crosslinks FcyRIIA onto the s ta tionary  surface.
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Figure 5. The resp o n se  to FcyR ligation  of P388D i m acrophages,

transfected  w ith  e ith er w t or trunca ted  Fc/RIIA . Cells w ere 
plated on  coverslips coated with F(ab')2 anti-m ouse IgG (C aM ), 
and s tim u la ted  by add ing  l |ig /m l anti-Fc/RIIA  mAb 1V.3 Fab. A. 
wt Fc/RIIA, unstim u la ted  control (M S); B. w t Fc/RIIA, s tim u la ted  
(S); C. A264, NS; D. A264, S; E. A233, NS; F. A233, S; G. w t Fc/RIIA 
loaded w ith  C a“ + chelator BAPTA, S; H. w t Fc/RIIA 
p reincubated  w ith  genistein, S. (described in M ethods)
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Figure 6. H istogram s show ing  the frequency d istrib u tio n  of the p ro jected  
areas of cells expressing w t or m utated  Fc/RIIA d u rin g  fru stra ted  
phagocytosis. Data was collected on transfected P388D^ 

m acrophages stim ulated for 0, 10, o r 60 min, using im age-based 
cytom etry  (as described in M ethods). While ligation of w t 
Fc/RIIA evoked a rapid and sustained cell sp read ing  response, 
no stim ulation  was observed w ith ligation of truncated  Fc/RIIA  
m utan ts A233 and  A264.
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Figure 7. T e th e rin g  of Fc/RIIA (but n o t of Fc/RIIIB), s tim ulates fru stra ted  
phagocy tosis  in  hum an  n eu tro p h ils . H istogram s rep resen t the 
observed response of isolated PM N s p lated on G aM -coated  glass 
coverslips, 15 m in after stim ulation  by the add ition  of e ith er 
anti-FcyRIIA [V.3 or anti-Fc/RIIIB 3G8 Fab. U nstim ulated cells 
were used  as a negative control.
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Figure .S. D ose-dependent in h ib itio n  of FcyRIIA-mediated [Ca^+U 

transients an d  frustrated phagocytosis by the PI 3-k inase 
in h ib ito r, w ortm ann in . Data acquired by indo-1 calcium  
spectrofluorim etrv (0,113) o r by image-based cytom etry  of spread 
cells ( • ,■ )  of both neutrophils (O ,* ) and P388Di cells transfected 
with w t Fc/RIIA (□ ,■ ), p lo tted  as percentage of m axim um  
observed response (e.g., in the absence of w ortm annin). Efficacy 
of PI 3-kinase inhibition by w ortm annin  was consisten t for each 
cell type, w ith  estim ated IC50  = 2 nM and 23 nM  in PM Ns and 

m acrophages, respectively.
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Figure 9.

Graph I

Graph II

85

M obilization of intracellular calcium mediated by either FcyRIIA 
or FcyRIIIB, is equally susceptible to inhibition by wortmannin.

R epresentative [Ca^+Jj transients in isolated hum an 

neutrophils, stim ulated by d irect G aM  crosslinking of 3G8 Fab- 
labeled FcyRIIIB (solid lines) or IV.3 Fab-labeled FcyRIIA (dashed 
lines).

Dose response curves show ing  percent inhibition of peak [C a-+ ]i 

triggered by antibody crosslinking of Fc/RIIIB (O), Fc/RIIA (□), 
o r fMLP stim ulation (A).
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Figure 10.

88

M ethod for observ ing  FcyR in terna liza tion . l-^ I-co n ju g a ted  
anti-goat F(ab')2 o f rabbit [gG (RaG) is used to m onito r the 
presence of crosslinking G aM  on  the neu troph il surface.
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Figure 11. In ternalization  of an tibody-crosslinked  FcyRIIIB or FcyRJIA is
unaffected  b y  PI 3-k inase in h ib itio n . Kinetics of sequestration of 
G aM -crosslinked 3G8 Fab-labeled FcyRIIIB (0,111) o r IV.3 Fab- 
labeled FcyRIIA (• ,■ ) , in  the presence (□ ,■ ) or absence (O ,# ) of 
w ortm ann in  (100 nM), as determ ined  by in ternalization  assay. 
1-5[_conjUga t.eci F(ab')2 anti-goat IgG was used to probe for 

crosslinked FcyR on the cell surface, (described in M ethods)
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Figure 12. N ,N -d im eth y lsp h in g o sin e  in h ib its  tran sien t [Ca^+ Ii rise
stim u la ted  by  crosslinked  FcyRIIIB o r FcyRIIA, b u t no t by fMLP.
R epresentative spectrofluorim etric  [C a-+ ]i traces of lndo-1 
loaded neu troph ils , triggered by an tib o d y  crosslinked FcyRIIIB 
(plot A) o r FcyRIIA (plot B), in the presence (dashed lines) or 
absence (solid  lines) of N ,N -d im ethy lsph ingosine  (~ 1 nanom ole 
per 1C)6 ce lls /m l), followed by 100 nM  chem otactic peptide as a 
control s tim u lus; C . Sum m ary of d o se-d ep en d en t inhibition of 
FcyR-m ediated calcium  response b y  d im ethylsphingosine.
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Figure 13. S eq u en tia l s tim u la tio n  of Fey receptor isoform s. Representative 
[C a-+ |i traces recorded from lndo-1 loaded n eu troph ils  labeled 

w ith both biotinylated IV.3 Fab and unconjugated 3G8 Fab. A. 
FcyRIIA was first crosslinked w ith s trep tav id in  (30 (ig /m l) to 
induce receptor internalization. FcyRIIIB w as subsequen tly  
crosslinked w ith G aM  (30 g g /m l), followed finally  w ith  
stim ulation  by chem otactic peptide (100 nM); B. Sam e procedure, 
on cells labeled only w ith  3G8 Fab; C. Same p rocedure , on cells 
labeled only  w ith biotin-lV .3 Fab.
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Figure 14. Aggregation of FcyRIIIB follow ing direct antibody crosslinking.

A.l A.2

A.3 A.4

A.1-4. Image sequence show ing the form ation of fluorescein-3G8 
Fab labeled FcyRIIIB receptor caps, which occurs w ith in  7 m in of 
crosslinking w ith  G aM  at rt. A nalagous results w ere obtained  
w ith antibody crosslinked FcyRIIA (not shown); B .l-2. O n rat 
basophilic leukem ia cells (RBL-6CD5) transfected w ith  
huFcyRIIIB, the d istribu tion  of labeled receptor is initially 
patched, and  does no t coalesce into larger aggregates upon  
receptor crosslinking.
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Figure 15. W ortm ann in  d is ru p ts  pattern  o f FcyR. agg regation . Fluorescence 
confocal im ages of neutrophils labeled e ith er w ith  rhodam ine- 
conjugated 3G8 Fab (left panels) or w ith fluorescein-conjugated 
1V.3 Fab (r ig h t panels), approxim ately  7 m in after crosslinking 
w ith 30 [ ig /m l G aM . (described in M ethods) In neutrophils 
preincubated  w ith  w ortm annin  (30 nM, lo w er panels), the FcyR. 
aggregates a re  d ispersed th roughout the cytosol, com pared  to the 
receptor capp ing  behavior norm ally  observed, (u p p e r panels)
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Figure 16. Fluorescent d o u b le -lab e lin g  strategies to v isua lize  FcyR co­
localization. To exclude co-localization by heterotypic 
crosslinking, 3G8 Fab w ere derivatized w ith  long-chain (LC) 
biotin, and crosslinked w ith Texas Red strep tav id in .
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Figure 17. FcyRIIA co-localizes w ith  an tib o d y  crosslinked  FcyRIIIB.

B.l C.l

B.2 C.2

A .1-3 C onventional fluorescence photom icrographs sh o w in g  
o v erlap p in g  Fey receptor d istrib u tio n s. Texas R ed-conjugated 
s trep tav id in  (15 ug /m l) w as a d d e d  to neutrophils p rev io u sly  
labeled w ith  both fluorescein-IV.3 Fab and  b io tinylated 3G8 Fab. 
A fter crosslinking 7 min, the cells w ere cvtospun on to  g lass and  
fixed in cold methanol, (as described  in M ethods); B .l-2 . Confocal 
im ages of sim ilarly p repared  cells; C .l-2 . H eterotypic crosslinking  
of rhodam ine-3G 8 Fab labeled FcyRIIIB w ith  fluorescein-IV .3 Fab 
labeled FcyRIIA, using 30 g g /m l  G aM .
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F igure 18.

105

Experim ental se tu p  for tim e-resolved fluorescence spectroscopy 
usin g  far-field  optics. Schematic design by Dr. Jay Trautm an 
(form erly of Bell Laboratories, M urray Hill, NJ).
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Figure 19. S u m m ary  of fluorescence resonance energy  tran sfe r (RET) 
an a ly sis  o f co-localized FcyR. Fluorescent-labeled Fab probes 
located w ith in  FcyR clusters w ere analyzed for RET, using  time- 
reso lved  spectroscopy. N eu troph il p reparation  and  
experim en tal setup are described  in M ethods (also in the 
A ppendix). Basically, after an initial scan to select a region for 
analysis (first set, arrow s indicate selected target areas), the 
fluorescence em ission from  selected cluster analyzed  spectrally  
(second  set) as well as by fluorescence excitation decay (th ird  set). 
The results of three separate  trials are show n: A. FcyR cluster 
con ta in ing  bo th  fluorescein IV.3 and  rhodam ine 3G8 Fab; B. 
FcyR cluster containing fluorescein EV.3 only; C. FcyR c luste r 
con ta in ing  only rhodam ine 3G8 (excited at rhodam ine 
w avelength). The sim ilarity  in fluorescein lifetim e 
m easu rem en ts  in A, relative to B, indicates that RET d id  not 
occur betw een fluorophores in sam ple A.
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Figure 20. Functional m odel for sig n alin g  by FcyRIIIB. C lustering of G Pl- 
anchored FcyR isoform  leads to co-aggregation of m em brane- 
spanning  FcyR species. Juxtaposition of [TAM effectors in tu rn  
leads to in itiation  of the intracellular signal.
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Figure 21. Lateral o rgan ization  of lip id  bilayer, b ased  o n  hydrophob ic  chain 
length m atch ing . Given the heterogeneity  o f constituen t 
phospholipids in biological m em brane, the lip id  bilayer may be 
better represented by leaflets which vary  in their partial 
thickness. G PI-anchored proteins co n ta in ing  long lipid chains 
might then be expected to co-localize w ith  p h ospho lip id s of 
sim ilar chain  length.
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Figure 22. D il co-localization w ith  FcyRIIIB. Sets of paired fluorescence 
images show ing the effect of FcyRIIIB crosslinking on the re­
d istribution  of various chain -leng th  derivatives of the Dil 
lipophilic probe, (see M ethods) A lthough all three cells selected 
for illustration show  evidence of Dil m igration w ith  crosslinked  
FcyRIIIB, the effect w as m ore p ronounced  in PMNs labeled w ith  
Dil-Ci6. (m iddle set)
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Figure 23. "S ignaling  raft" m odel for transm em brane signaling  by  G PI-
anchored  p ro te in s , (extension of conceptual m odel p ro p o sed  bv 
Simons and Ikonen, [103 J) Direct antibody crosslinking leads to 
form ation of a m em brane dom ain  enriched in sph ingosine- 
based lipids and  cholesterol, d raw ing  other signaling m olecules 
(including transm em brane proteins and doubly-acvlated  src 
family kinases) to transduce signals across the lipid bilaver. The 
physical param eter w hich defines the lipid com position  a ro u n d  
the cluster of G PI-anchored proteins is uncertain, bu t is dep icted  
here as the hydrophob ic  chain length.
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