
INFORMATION TO USERS

The most advanced technology has been used to photo­
graph and reproduce this manuscript from the microfilm 
master. UMI films the original text directly from the copy 
submitted. Thus, some dissertation copies are in typewriter 
face, while others may be from a computer printer.

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these will 
be noted. Also, if unauthorized copyrighted material had to 
be removed, a note will indicate the deletion.

Oversize m aterials (e.g., maps, drawings, charts) are re­
produced by sectioning the original, beginning at the upper 
left-hand comer and continuing from left to right in equal 
sections with small overlaps. Each oversize page is available 
as one exposure on a standard 35 mm slide or as a 17" x 23" 
black and white photographic print for an additional charge.

Photographs included in the original manuscript have been 
reproduced xerographically in this copy. 35 mm slides or 
6" x 9" black and white photographic prints are available for 
any photographs or illustrations appearing in this copy for 
an additional charge. Contact UMI directly to order.

UMI
Accessing the World’s Information since 1938 

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA





Order Number 8820897

M o lec u la r  a n a ly s is  o f  lig a n d  b in d in g  req u is ite s  fo r  h u m a n  B  
ly m p h o c y te  a c tiv a tio n  a n d  to le r a n c e  th ro u g h  m em b ra n e  Ig M

Rudich, Steven M., Ph.D.

City University of New York, 1988

U M I
300 N. Zeeb Rd.
Ann Arbor, MI 48106





MOLECULAR ANALYSIS O F  LIGAND BINDING REQ U ISITES 

FO R  HUMAN B LYMPHOCYTE ACTIVATION AND TOLERANCE THROUGH MEMBRANE IGM

BY

STEVEN M. RUDICH

A d isse rta tio n  subm itted  to  th e  G ra d u a te  Faculty  in B iom edical S c ie n c e s  in partial fulfillment 
o f th e  req u irem en ts  fo r th e  d e g re e  of D octor of P hilosophy, T h e  City U niversity of N ew  York

1 9 8 8



II

This  ma nusc r i p t  has  been read and a c c e p t e d  f o r  t he  Gradua t e  F a c u l t y  in 
Biomedical  Sc i e nces  in s a t i s f a c t i o n  o f  t he  d i s s e r t a t i o n  r e qu i r e me n t  f o r  
the degree  o f  Ddctor  o f  Ph i l o s ophy .

Date P a t r i c i a  K.A. Mongini ,  Ph.D.  
Cha i r pe r son  o f  Examining Committee

(V  '  1 0 - f - )
Date Te r r y  A/ \ Kr u l wi ch ,  Ph.D.  

Ex ec u t i ve  O f f i c e r

Co n s t a n t i n  Bona, M.D. ,  Ph.D.

Jerome Schu 1 m a n .

y Unke l e s s ,  Ph.D.

P
Rober t  Wi nc h e s t e r ,  M.D.

S up e r v i s o r y  Committee

The Ci t y  U n i v e r s i t y  o f  New York



ABSTRACT

MOLECULAR ANALYSIS O F LIGAND BINDING REQUISITES FO R 

HUMAN B LYMPHOCYTE ACTIVATION AND TOLERANCE THROUGH MEMBRANE IGM

by

S te v e n  M. R udich

Advisor: Patricia K. A. Mongini, Ph. D.

T h e  ligand  binding req u is ite s  n e c e s s a ry  to  initiate m e m b ra n e  IgM -m ediated  h u m an  

B lym phocyte c lonal ex p an sio n  a n d  to le ran ce  w e re  in vestiga ted  with a  w e ll-charac te rized  se t of 

so lub le  m urine m onoclonal an ti-h u m an  an tib o d ies . T h e  anti-IgM  m onoclonal an tibody  req u is ites  

s tu d ied  included  th e  affinity a n d  binding sto ich iom etry  for m e m b ra n e  IgM in addition  to  th e  p. chain  

d om ain  specificity. Anti-IgM an tibody  affinity a n d  binding sto ich iom etry  w e re  m e a su re d  by 

equilibrium -binding s tu d ie s  a n d  S c a tc h a rd  plot an a ly sis  with sev e ra l m e m b ra n e  IgM -positive B cell 

lines. Specificity for C p i , C p ^  an d  Cp .4 IgM d o m ain s  w a s  ind icated  by com petition  

rad io im m u n o assay s with enzym atically-derived p. ch a in  d o m a in  f ra g m e n ts  a s  well a s  m u tan t IgM 

m yelom a p ro te in s w hich lacked  h eav y  ch a in  dom ains.

Diversity in ability to induce B lym phocyte DNA sy n th es is  in sp len ic  B cell popu la tions w a s  

o b s e rv e d  am o n g  th e  ligands w hich cou ld  no t b e  attribu ted  to  inhibitory F c -m ed ia ted  signaling . 

A lthough m itogen ic  an tib o d ies  w e re  identified with e a c h  d o m ain  specificity, C p-|-specific  

an tib o d ie s  w e re  a s  a  w hole, th e  le a s t effective stim ula to rs. T h e  T  c e ll-d ep en d en t m itogenic  

capability  of th e  m onoclonal an tib o d ies  w a s  found  to  b e  largely a  d irect linear function of their 

affinities for B cell m em b ran e  IgM. T h e  no tab le  excep tion  to  th is w a s  in th e  c a s e  of th e  C p i-  

specific  m onoclonal an tib o d ies  w hich b o u n d  m o n o gam ously  to  m e m b ra n e  IgM. M ixtures of both



m itogenic  a n d  non-m itogen ic  an tib o d ie s  w e re  found  to  ind u ce  m ark ed  sy n erg y  fo r DNA 

sy n th e s is . T  cell fac to r-in d ep en d en t B cell DNA sy n th es is  w a s  o b se rv e d  fo r ce rta in  m ix tures of 

m onoclonal an tib o d ies  w hich inc luded  a  un iq u e  C m -d ire c te d  an tibody. T h is w a s  in te rp re ted  a s  

indicating th a t supra-op tim al cross-linking of m em b ran e  IgM m o lecu les on  th e  B cell su rface  can  

o b v ia te  th e  req u irem en t for grow th fac to r  signaling.

L igand binding re q u irem en ts  for B lym phocyte to le ra n c e  w e re  s tu d ied  in se v e ra l novel 

B cell m alignant c lonal popu la tions w hich w ere  found to  b e  exquisitely  sen sitive  to  anti-lgM - 

m ed ia ted  inhibition of DNA sy n th e s is . T h e  affinity th resh o ld  for inducing to le ra n c e  w a s  found  to  

b e  significantly le s s  th a n  th a t o b se rv e d  for inducing B cell c lonal ex p an sio n . This, a s  well a s  o th e r 

o b se rv a tio n s , ind ica ted  th a t th e  anti-IgM  an tibody  binding req u is ite s  for to le ra n c e  induction in 

th e s e  B cell leu k em ias a re  m uch  le s s  s tringen t th a n  th e  req u is ite s  for inducing proliferation.
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CHAPTER ONE

In troduction

P e rh a p s  th e  m ost im pressive  ch a rac te ris tic  of th e  im m une sy s te m  is its exqu isite  

specificity  fo r an tig en  (Ag). T h e  elucidation  th a t B lym phocy tes h av e  m em b ran e -b o u n d  

im m unoglobulins (m lg), an d  th a t th is  m lg h a s  th e  s a m e  specificity a s  th e  Ig se c re te d  by ac tiva ted  

ce lls  of th e  s a m e  c lone , h e lp ed  lead  to  th e  a c c e p ta n c e  of th e  id ea  th a t B cell m lg m ay play a  key 

role in A g-induced  activation  of B lym phocy tes. H ow ever, th e  m a n n e r in w hich ligands in th e  

ex tracellu lar milieu ca n  trigger a n d  elicit re s p o n s e s  from  B cells  h a s  b e e n  rigorously d e b a te d  by 

im m unobio log ists for d e c a d e s .  T his d e b a te  h a s  fo c u se d  a ro u n d  th e  following q u estio n : C an  th e  

in teraction  of B lym phocyte m lg with Ag directly resu lt in B cell activation a n d  clonal expan sio n , o r 

alternatively , to le ra n c e  a n d  clonal deletion , or, d o e s  m lg function in a n  entirely  p a ss iv e  m a n n e r  by 

focusing  m itogenic  m o ie tie s  o r  T  ce ll-reactive  e p ito p e s  o n to  th e  B cell su rfa c e ?

T h e  "one non-specific" signal th eo ry  of B cell activation , originally p ro p o se d  by C outinho 

a n d  M oller (1-3), s u g g e s ts  th a t m lg only s e rv e s  to  bind Ag on to  th e  B cell a n d  th a t no activation 

signal is de livered  by ligation of th e  Ag recep to r. T h e  m ain function of m lg is v iew ed  a s  focusing  

a n  intrinsic stim ulan t (polyclonal activator) p re se n t in all A gs on to  a  d istinct non-lg  recep to r on  th e  

su rfa c e  of th e  B cell. A ccording to  th is  hypo thesis , if th e  intrinsic stim ulant is not a  part of a  

particu lar Ag, th an  th e  Ag m ust h av e  th e  cap ac ity  to  recruit a  signaling  m oiety, su ch  a s  A g-specific 

T  lym phocytes, to  th e  B cell su rfa c e  to  elicit B cell im m une re s p o n s e s . T his req u ires  th e  linked, 

c o g n a te  in teraction  of B a n d  T lym phocytes. T h e  activation signal in su c h  a  c a s e  is genera lly  

b e liev ed  to  b e  tran sm itted  w h en  h e lp e r T  ce lls  bind, via th e ir  Ag recep to r, to  B c e ll-p ro c es sed  Ag 

a s s o c ia te d  with m o lecu les  of th e  m ajo r histocom patibility com plex  (MHC) o n  th e  su rface  of 

B cells. T his Ag h a s  to  b e  reco g n ized  by th e  recep to rs  of both  th e  B a n d  T  cell (a lthough  not 

n ecessa rily  a t  th e  s a m e  tim e), h e n c e  th e  "linked" a s p e c t of th e  signal. In addition, th e  T cell
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re c e p to r  a lso  h a s  to  reco g n ize  th e  MHC m o lecu les of th e  B cell, h e n c e  th e  "cognate" a s p e c t  (4). 

O n e  m ajor short-com ing  p re se n te d  by  th is th eo ry  for B cell activation  is th e  inability to  explain  th e  

n e e d  fo r tw o ty p e s  of m lg recep to rs , mlgM a n d  m lgD, in addition to  th e  inability to  acco u n t for th e  

differential in terac tions of m lg recep to rs  with ligands w hich c a n  lead  to  proliferation, bu t m ay a lso , 

u n d e r  ce rta in  c irc u m sta n c es , lead  to  th e  active induction of to le ran ce  (5-10).

M ost o th e r  m o d els  for B cell activation  a re  m odifications of th e  h y p o th esis  originally 

p ro p o se d  by  B re tsc h e r  a n d  C o h n  (1 1 ) w hich p ro p o se s  th a t tw o s ig n a ls  a re  requ ired  to  elicit 

activation , o n e  (a lthough  not n e c e ssa r ily  th e  first [1 2 ]) b e ing  d e liv ered  th ro u g h  th e  m lg recep to r, 

w hile th e  s e c o n d  is g iven by a c c e s s o ry  ce lls  o r th e ir cytokine p ro d u c ts  (13 ,14). T h e  m ost 

co n se rv a tiv e  in terp re ta tion  of th e  "tw o-signal" B lym phocyte activation m o d els  is th a t m lg ligation 

"p u sh es"  th e  cell only so  fa r  a long  th e  activation  p ro g ram  su c h  th a t grow th fac to r recep to rs  a re  

in d u ced  for e x p re ss io n . Proliferation, a s  o b se rv e d  by S  p h a s e  DNA sy n th e s is , is only o b ta in ed  

w h e n  th e s e  n ew ly -ex p re ssed  re c e p to rs  a re  o ccu p ied  by th e  a p p ro p ria te  fac to rs .

A ccordingly, it h a s  b e e n  p ro p o se d  th a t delivery of th e  first signal a lo n e , v ia  m lg ligation, in 

th e  a b s e n c e  of th e  s e c o n d  signal, w ould  lead  to  to le ra n c e  induction. T h e  effect of signal o n e  an d  

tw o o n  B cell im m unity a n d  to le ran ce  w a s  first d e m o n s tra te d  by M etcalf a n d  Klinman (15), w ho 

u s e d  im m ature m urine B ce lls  in a  T c e ll-d ep en d en t B cell cloning sy s tem , th e  sp len ic  fo cu s a s sa y . 

T h ey  found  th a t w h en  ce lls  w e re  co n fron ted  with specific  m ultivalent Ag in th e  a b s e n c e  of T  cell 

help , th e  ce lls  w e re  re n d e re d  to leran t. H ow ever, w h en  B cells  s a w  Ag in th e  co n tex t of T  cell help, 

th e y  fo rm ed  A b-producing c lo n es . O th e rs  h a v e  su g g e s te d  th a t a  differential recogn ition  of Ag by 

mlgM a n d  m lgD  m ay  de te rm ine  w h e th e r in teractions of Ag with a  B lym phocyte resu lt in th e  

induction  of im m unity o r  to le ra n c e  (16,17).

N u m ero u s exp erim en ta l a p p ro a c h e s  h av e  b e e n  d ev ise d  to  ex am in e  th e  role p lay ed  by 

m lg in B cell activation. An indirect role for m lg ligation in B cell triggering is su p p o rted  by reports 

of th e  ability of ac tiv a ted  T  ce lls  o r  th e ir  p ro d u c ts  to  induce  c h a n g e s  in B lym phocyte physiology 

indicative of activation in th e  a b s e n c e  of an y  Ag (18,19). A nother o b se rv a tio n  c o n s is te n t with an  

A g-focusing role fo r m lg is th e  report by  L an zav ecch ia  (20) show ing  th a t bo th  specific  a n d  non­
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specific  binding of Ag to  B ce lls  re su lts  in B cell p ro cess in g  a n d  p re sen ta tio n  of Ag to  T  ce lls  in a  

M H C -restricted  fash io n . T h e  in terp re ta tion  of th e s e  s tu d ie s , in addition  to  th o s e  by  o th e rs , su c h  

a s  Tony, e t al. (21), is th a t m lg a c ts  to  co n cen tra te  Ag on to  th e  B cell, allowing it to  p rep a re  a n d  

p ro c e s s  th e  Ag fo r linked, c o g n a te  in teraction  with th e  T  lym phocyte.

T h e re  is a lso  a  g re a t d ea l of experim enta l ev id en ce  indicating th a t th e  d irect ligation of mlg 

recep to rs  by A gs (or su rro g a te  A gs in th e  form  of anti-lg  Abs) in th e  a b s e n c e  of a c c e s so ry  ce lls  o r 

th e ir p ro d u c ts  c a n  ind u ce  b iochem ical e v e n ts  th a t le ad  to  th e  activation  of resting  B cells 

(14 ,22 ,23). T h e se  ac tiv a ted  B cells h e n c e  b e c o m e  recep tiv e  to  T cell he lp  for fu rth er activation 

a n d  differentiation to  Ig -secreting  ce lls  (13,22). In c o n tra s t to  th e  positive effect of mlgM signaling  

o n  th e  activation a n d  proliferation of m atu re  resting  B cells, in teraction of th e  mlgM o n  im m ature 

B ce lls  with e ith e r Ag o r su rro g a te  anti-lg  Ab c a u s e s  th em  to  b e c o m e  u n re sp o n s iv e  a n d  even tually  

d ie , reflecting a n  im portant to le ra n c e  m e c h a n ism  (5 ,7 ,23). T h e  d ifferent functional resu lts  

o b ta in ed  by mlgM ligation b e tw een  m atu re  a n d  im m ature B lym phocy tes m ay reflect e ith e r a) th e  

d istinct w ay s  in w hich B ce lls  of different activation  o r  differentiation s ta te s  c a n  in terp ret th e  s a m e  

m em brane-in itia ted  b iochem ical s ig n a ls  a n d  /o r  b) d iffe ren ces in th e  kind of mlgM binding a n d  

cross-linking e v e n ts  a n d  th u s  signaling  w hich c a n  ta k e  p lace  on  m atu re , resting  v e rsu s  im m ature 

B lym phocy tes.

A m ajor im pedim ent to  th e  s tu d y  of th e  e ffec ts  of Ag on  B cell im m une re s p o n s e s  h a s  

b e e n  th e  c lonal distribution, a n d  h e n c e  low frequency , of ce lls  specific  for a  g iven  Ag in norm al 

B cell p o p u la tions. A s a  m e a n s  of circum ven ting  th e  en o rm o u s tech n ica l p ro b lem s inheren t in 

iso lating  truly h o m o g e n o u s  p o p u la tio n s of B lym phocy tes to  b e  trig g e red  by  s e le c te d  A gs, a n  

a lte rna tive  a p p ro a c h  in th e  s tu d y  of B lym phocyte activation a n d  to le ran ce  h a s  fo c u se d  o n  using  

anti-m lg A bs a s  su rro g a te  A gs. T he underlying assu m p tio n  in th e  u s e  of anti-lg  re a g e n ts  to  

e n g a g e  m lg Ag recep to rs  is th a t su c h  a n  in teraction m im ics th e  cellu lar c o n s e q u e n c e s  of 

A g-specific  B cell triggering  u p o n  binding Ag. B e s id e s  finding u s e  in th e  d ev e lo p m e n t of m odel 

sy s te m s  to  study  B cell activation  a n d  to le ran ce , th e  u s e  of anti-lg  A bs to  study  B cell physio logy 

m ay  a lso  help  e luc ida te  th e  m ec h a n ism s  of B cell regulation  by a u to lo g o u s  anti-idiotype A bs a s
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well a s  anti-isotypic A bs (rheum ato id  factors). T h e se  la tte r A bs h av e  b e e n  show n  to  o ccu p y  a  

large  portion  of th e  B cell im m une repertio re , w hich p resu m ab ly  re flec ts  s o m e  u n a p p re c ia ted  

physio logical function  (24,25). In addition , s tu d ie s  with anti-lg A bs to  m o d u la te  B cell physio logy 

m ay  help  in th e  form ulation of th e ra p e u tic  s tra te g ie s  for th e  im m unological control of certa in  B cell 

m a lignanc ies (26), so m e  of w hich  h a v e  a lready  b e e n  rep o rted  to  b e  recep tive  to  in vitro anti-lg- 

m ed ia ted  signaling  (27-29).

It h a s  b e e n  m ore  th a n  tw enty  y e a rs  since  Sell a n d  Gell (30) first sh o w ed  th a t rabbit 

lym phocy tes c a n  b e c o m e  ac tiv a ted  to  proliferate by tre a tm e n t w ith anti-allo type se ra , confirm ing 

th a t th e  m lg o n  B lym phocytes c a n  play  a  role in th e  elicitation of th e  B cell im m une re sp o n se . T he 

first report do cu m en tin g  stim ulation  of h u m an  lym phocy tes u sing  anti-lg  s e r a  a p p e a re d  shortly  

th e re a f te r  (31). U nrefu tab le  m o lecu lar ev id e n c e  o b ta in ed  w ith th e s e  ligands h a s  ind ica ted  th a t 

m lg m o lecu les a re  signal tra n sd u c e rs , m o st a n a lo g o u s  to  S a -1 ad ren e rg ic  recep to rs  in th e ir  m ode 

of signal tran sm iss io n . Specifically, recen t ev id en ce  rep o rted  by C am b ie r a n d  co -w orkers (14,22), 

B ijsterbosch  e t al. (32), a m o n g s t o th e rs  (33) in d ica tes  th a t activation of m lg recep to rs  by  Ag (or 

su rro g a te  an ti-lg  Ab) p ro m p ts  th e  hydrolysis of p o ly p h o sp h o in o sitid es  by m em b ran e -b o u n d  

p h o sp h o lip a se  C yielding inositol 1 ,4 ,5 -triphosphate  (IP3) a n d  diacylglycerol (DAG). IP3 

s tim u la tes th e  re le a s e  of C a++  from  th e  en d o p lasm ic  reticulum  a n d  a  la te r C a ++ influx; th is  C a ++ 

a c ts  in co n cert with DAG to c a u s e  translocation  of protein k in ase  C  (PKC) to  th e  p la sm a  

m em b ran e . H ere , ac tiva ted , m e m b ra n e -a s so c ia te d  PKC p h o sp h o ry la te s  its su b s tra te (s ) , altering 

th e  activity of s tru c tu re s  re sp o n sib le  for ion tran sp o rt. T his le a d s  v ia  unknow n in term ediary  e v e n ts  

a n d  /o r third m e s s e n g e rs  to  m e m b ra n e  depo larization  (34), in c re a se d  ex p re ss io n  of c la s s  II MHC 

g e n e  p ro d u c ts  (35 ,36), a s  well a s  th e  p ro to -o n c o g e n e s  c-m yc a n d  c -fo s  (37 ,38). C ells w hich h av e  

u n d e rg o n e  th e s e  e v e n ts  re a c h  a n  activation  s ta te  defin ed  a s  Go* (39). P ro g re ss io n  from  Go* to  

th e  G1 s ta g e  of th e  cell cycle, w hich is ch a rac te rized  by in c re a se s  in cell s ize  a n d  significant 

in c re a s e s  in m RN A  co n ten t, m ay  requ ire  ev e n  m ore  rigorous signaling  co n d itions th a n  th o se  for 

th e  G o to  Go* transition . T h u s  while m ost T-cell d e p e n d e n t A gs c a n  ind u ce  th is la ter transition , 

th e y  c an n o t drive th e  cell p a s t  Go* (40,41). Entry into S  p h a s e  a n d  DNA sy n th es is  a p p e a rs  to  b e
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a n o th e r control point in th e  cell cycle  for B cell activation. B ce lls  driven to  G1 will not g o  any  

fu rther in th e  cycle  u n le s s  th ey  rece iv e  T  cell s ig n a ls  (su ch  a s  th o s e  de livered  by T  cell-derived 

grow th fac to rs) o r  in s tead  h av e  b e e n  cu ltured  from  th e  resting  s ta te  with certa in  T  cell- 

in d e p e n d e n t A gs o r  ce rta in  anti-lg  A bs in high c o n cen tra tio n s  (42-44).

R ecently , F ah ey  a n d  D eF ran co  e t al. (45), studying  to le ra n c e  induction in th e  im m ature 

B lym phom a cell line W EH I-231, h a v e  de te rm in ed  th a t mlgM ligation on  th e s e  cells c a n  trigger th e  

po lyphospho inositide  signaling  path w ay  a s  well. T h e  very  early  b iochem ical c h a n g e s  in B cell 

physio logy  p ro d u ced  a s  a  resu lt of mlgM binding a p p e a r  to  b e  th e  s a m e  b e tw een  W EHI-231 an d  

m atu re , resting  B lym phocy tes, d e sp ite  th e  fact th a t anti-IgM  A bs c a u s e  o p p o site  proliferative 

r e s p o n s e s  in th e s e  tw o cell ty p e s .

T h e  d em o n stra tio n  th a t F ab ' frag m en ts  of anti-lg A bs d o  not stim ula te  B lym phocyte 

activation  (34,46), bu t th a t th e  addition  of a  s e c o n d  b ivalent Ab a g a in s t th e  b o und  F ab ' m o ie ties 

in d u ced  m ito g en es is  (47), a rg u e d  strong ly  in su p p o rt of th e  view  th a t for anti-lg  A bs to  m ed ia te  

signal transduction , c ross-lin k ag e  of m lg m o lecu les is m andato ry . If ligand m ultivalency is ind eed  

a n  e s se n tia l req u irem en t for B lym phocyte  activation, th e n  redistribution  of su rfa c e  Ig probab ly  

p lays a n  im portant role in th e  initiation of th e  activation c a s c a d e . In th e  redistribution of mlgM, 

p a tch in g  of sm all a g g re g a te s  a p p e a r s  to  p re c e e d  ex ten s iv e  cap p in g  of lig an d -recep to r c o m p lex es  

(48). T h e  w ork of Klinman, e t al. (7) with specific A gs an d  th e  w ork of o th e rs  (49) with anti-lg 

ligands h a s  a lso  su g g e s te d  th a t c ro ss-lin k ag e  of m lg recep to rs  is m an d ato ry  fo r inducing 

to le ra n c e .

Dintzis, e t al. (50,51), u sing  w ell-charac te rized  co-po lym ers of acry lam ide a n d  h a p te n  with 

know n h ap ten ic  d en s itie s , c o n c lu d ed  th a t in o rd e r for T  ce ll-in d ep en d en t A gs to  ac tiv a te  B cell 

im m une re sp o n se s , a  ra th e r large m lg-ligand cluster, fo rm ed  from  approxim ately  1 0 -2 0  b o u n d  mlg 

m o lecu les, w a s  n e c e ssa ry . E ach  of th e s e  c lu s te rs  h a s  b e e n  ca lled  a n  im m unon, a n d  th e  id ea  th a t 

m ultiple c lu s te rs  of su ch  c ross-linked  m lg m o lecu les m ust b e  sim u ltaneously  ligated  on  th e  B cell 

su rfa c e  in o rd e r to  a c tu a te  stim ulation of B cell r e s p o n s e s , h a s  b e e n  d e s ig n a te d  th e  "im m unon 

co n cep t" . In addition , th ey  o b se rv e d  th a t c lu s te rs  form ed from  co -po lym ers of le s s  th a n  th e
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h a p te n ic  d en sity  to  c re a te  a n  im m unon, w e re  a b le  to  ind u ce  to le ra n c e  (51). R ecently , how ever, 

P e re lso n  (52) h a s  a rg u e d  th a t su c h  large , c ross-linked  latticed c lu s te rs  of m lg recep to rs  m ay  not 

b e  obligatory  for stim ulatory  signal tran sd u c tio n  bu t ra th e r th a t tw o o r  th ree  cross-linked  m em ­

b ra n e  recep to r m o lecu les m ay b e  a d e q u a te  for m axim al B cell im m une re sp o n se s . In th is regard , it 

shou ld  b e  n o ted  th a t d eg ran u la tio n  of m a s t cell IgE F c recep to rs , w hich like th e  m lg Ag recep to r, 

a re  th o u g h t to  signal in a n  a lp h a -1 ad ren erg ic -ty p e  m an n er, req u ires  sim ple b ivalen t bridging of 

b o u n d  IgE m o lecu les  (53).

In th e ir  form ulation of th e  im m unon co n c e p t fo r B cell im m une triggering, D intzis an d  

co -w o rk ers  did no t d e te rm in e  w h e th e r  sm alle r cro ss-lin k ed  a g g re g a te s  of m lgM , w hich cou ld  not 

b e  c la ssified  a s  im m unons, could  n e v e r th e le s s  initiate so m e  of th e  b iochem ical e v e n ts  a s so c ia te d  

with activation. O n e  m ight a rg u e  th a t in o rd e r to  ob ta in  S  p h a s e  DNA sy n th es is , p e rh a p s  a  critical 

s igna l th re sh o ld  m u st b e  e x c e e d e d , a n d  th is  c a n  only b e  acco m p lish ed  by th e  im m unon, bu t th a t 

all m lg-signaling  is no t ju st m ed ia ted  th ro u g h  th e  form ation  of su c h  s tru c tu re s .

O n e  en ig m a  in re g a rd s  to  an ti-lg -m ed ia ted  B cell signaling h a s  b e e n  th e  requ irem en t fo r a  

relatively high co n cen tra tio n  of so lu b le  anti-lg  Ab bein g  n e e d e d  to  in d u ce  B ce lls  to  sy n th e s iz e  

DNA. M ost anti-lg  ligands d o  not stim ula te  B cell proliferation a t co n cen tra tio n s  < 5 -10  pg/m l, 

optim al stim ulation  is o ften  o b se rv e d  with d o s e s  te n  tim e s  g re a te r  (42-44). In co n trast, m em b ran e  

d ep o la riza tion  a n d  m la  h y p er-ex p ress io n  a re  c learly  d e m o n s tra te d  a t anti-lg Ab co n cen tra tio n s  of 

< 0 .5  pg/m l (54). T h e s e  findings, p lu s  th e  finding th a t 24 -36  h o u rs  of e x p o su re  to  anti-lg  ligands 

is n e c e s s a ry  for signaling  B cell proliferation (42), require  th a t so m eth in g  in addition to  initial 

m odulation  of m lg from  th e  B cell su rfa c e  is n e e d e d  for en try  into th e  G1 s ta g e  of th e  cell cycle.

T his h a s  s u g g e s te d  th a t signaling  th ro u g h  mlgM cross-link ing  m ust e x c e e d  so m e  th re sh o ld  level 

for a  critical period  of tim e to  stim ulate  B cells to  sy n th es ize  DNA (42,55). O n ce  m lg h a s  initially 

b e e n  m o d u la ted  from  th e  B cell su rface , its ra te  of rep lacem en t is sufficiently slow  su c h  th a t h igher 

co n cen tra tio n s  of anti-lg m ay  b e  requ ired  la te r on  in cu lture  to  k e e p  th e  ra te  of m lg cross-lin k ag e  

ab o v e  th e  critical level req u ired  to  in d u ce  triggering.
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R e g a rd le ss  of w h e th e r o r  not th e  im m unon is th e  only signaling  unit derived  from  m lg 

cross-lin k ag e , a  q u e s tio n  of fu n d am en ta l im portance  is just how  a re  mlgM cross-linking e v e n ts  

tra n sd u c e d  into in tracellu lar s ig n a ls  w hich c a n  a lte r B lym phocyte h o m e o s ta s is ?  O n e  of th e  m ost 

likely m ec h a n ism s  by w hich m lg cross-linking le a d s  to  intracellular c h a n g e s  in B cell physiology 

involves th e  a sso c ia tio n  of m lg with o th e r  m e m b ran e -b o u n d  m olecu les . T his h a s  b e e n  su p p o rted  

by  co-precip itation  a n d  chem ical cross-linking s tu d ie s  (56-60). Petrini e t al (60) h a s  ev id en ce  

indicating th a t a  m em b ran e  m olecu le  a n a lo g o u s  to  G c p ro tein  (a  vitam in D binding protein) 

a s s o c ia te s  with mlgM upon  activation. T hey  su g g e s t th a t s in ce  G c protein  h a s  a  high affinity for 

actin  (61), th is protein m ay play a  key  role in prom oting th e  in teraction of m lg ligation with actin an d  

h e n c e  in initiating th e  m e m b ra n e  m odulation  e v e n ts  th a t resu lt in B cell clonal ex p an sio n . W hile 

mlgM ligation w hich resu lts  in triggering of DNA sy n th es is  m ay o r m ay not involve mlgM assoc ia tion  

with actin , it w ould  a p p e a r  th a t mlgM ligation th a t re su lts  in triggering of active to le ran ce  d o e s  not. 

T e a le  a n d  K linm an (62) h a v e  found th a t pharm aco log ical inhibitors of pa tch ing  a n d  cap p in g  do  not 

in terfere  with th e  to le ra n c e  p ro c e s s .

S in ce  it is ab u n d an tly  c lea r th a t anti-lg  A bs m odu la te  B cell physio logy via cross-lin k ag e  of 

m lg recep to rs , it h a s  b e e n  puzzling th a t so m e  anti-lg  A bs c a n  a c tu a te  B cell stim ulation while o th e r 

anti-lg A bs c a n n o t (63-71). This is a n  especia lly  intriguing q u es tio n  in th e  fa c e  of th e  paradox ical 

o b se rv a tio n s  th a t all anti-lg  A bs a p p e a r  ca p a b le  of inhibiting th e  lectin-driven B lym phocyte DNA 

sy n th e s is  (49, 72-74). T h e  qualita tive  d iffe ren ces  b e tw e e n  m itogenic  a n d  non-m itogen ic  anti-lg  

ligands is a s  ye t largely  u n reso lv ed . In addition, th o s e  ligand-binding fac to rs  re sp o n sib le  for th e  

intiation of a  to le ro g en ic  o r  proliferative signal rem ain  to  b e  in v estiga ted . T h e s e  qualitiative 

d iffe ren ces  b e tw e e n  anti-lg  ligands, ie. th e  b inding req u is ite s  for m lg th a t c h a ra c te r iz e  individual 

A bs, a n d  w hich m ay b e  very  im portan t in th e  d ifferentiation  b e tw e e n  m itogen ic  a n d  non-m itogenic  

anti-lg A bs, a s  well a s  in th e  elicitation of a n  activating o r to lerogen ic  signal, will form  th e  b a s is  of 

th is  th e s is  w ork.

A lthough so m e  of th e  d iversity  in m itogenic e ffec ts  of anti-lg  ligands w a s  sh o w n  to  b e  

a ttribu tab le  to  inhibitory s ig n a ls  d e liv ered  by  th e  F c portion  of th e  anti-lg  Ab u p o n  ligation of th e
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IgG F c re c e p to r (64, 75 ,76), F c-m ed ia ted  inhibitory e ffec ts  a re  clearly  not th e  so le  exp lanation  for 

th e  limited signaling  p ro p e rtie s  of so m e  ligands s in ce  F (ab ')2  f rag m en ts  of anti-lg  Ab p rep ara tio n s  

a re  so m e tim e s  found  to  b e  a lso  non-stim ulatory  (71 ,73). R a ther, it h a s  b e e n  su g g e s te d  th a t th e  

d iffe ren ces in th e  ability of anti-lg p rep a ra tio n s  to  deliver s ig n a ls  to  B lym phocy tes m ay involve 

in h eren t d iffe ren ces in th e  V -reg ion-derived  binding p ro p e rtie s  of th e  an ti-lg  ligands. T h a t is, 

d iffe ren ces in m lg binding requ isites , su ch  a s  site  specificity, affinity o r  total avidity, a s  well a s  

binding sto ichiom etry  for mlgM d e te rm in an ts , m ay all lead  to  th e  initiation of different k inds a n d  /or 

d e g re e s  of s ig n a ls  w hich c a n  d irectly  reg u la te  B cell re sp o n s iv e n e s s . B e c a u s e  m ost o b se rv a tio n s  

regard ing  an ti-lg -m edia ted  signaling w ere  o b ta ined  using  polyclonal anti-lg s e ra , a  critical 

a s s e s s m e n t  of how  th e s e  fac to rs influence th e  ability of anti-lg  ligands to  m odu la te  B cell 

physio logy, w a s  not feasib le . R ecen tly , with th e  w id e sp re a d  u s a g e  of m onoclonal A bs, su ch  an  

an a ly s is  is p o ssib le .

E v idence  th a t affinity/avidity d iffe ren ces b e tw e e n  anti-lg  p re p a ra tio n s  c a n  lead  to  different 

k inds of B cell signaling  is p rovided b y  th e  re p e a te d  d em o n stra tio n , originally m ad e  by  P a rk e r (77), 

th a t non-m itogen ic  anti-lg A bs c a n  b e  m a d e  m itogenic by p resen tin g  th e m  to  th e  B cell a s  an  

insoluble m atrix - su c h  a s  th rough  coupling to  acry lam ide b e a d s  (78). T h e  p ro c e s s  of 

insolubilization c re a te s  a  m atrix of ligands a t high fixed den sity  on  th e  su rfa c e  of th e  b e a d , th e  re­

sult of w hich  is a  m uch g re a te r  avidity of in teraction with mlgM m olecu les. In addition, in o n e  of the  

ea rlie s t s tu d ie s  w hich u s e d  M oAbs to  p ro b e  B cell signaling , H am an o  a n d  A sofsky  (79) o b se rv e d  

th a t th e  relative ability of tw o MoAb ligands to  affect B cell proliferation a n d  differentiation w a s  

co rre la ted  with th e ir relative affinity fo r mlgM. Similarly, Zitron a n d  C lev inger (80), using  tw o m urine 

anti-allo-lgO  M oAbs, a lso  n o ted  th a t d iffe ren ces in th e  ability to  induce  m urine B cell proliferation 

m ay  re s id e  in affinity d iffe ren ces b e tw e e n  th e  tw o re a g e n ts .

C onvincing ev id en ce  tha t site  specificity of anti-lg ligands m ay p lay  a  m ajor role in th e  

diversity  o b se rv e d  in th e  ability of anti-lg  ligands to  directly trigger B lym phocy tes is lacking, 

a lth o u g h  it h a s  b e e n  p ro p o se d  by  o th e rs  to  explain  h e te ro g e n e o u s  e ffec ts  in th e  ability of 

d ifferent anti-lg  Ab p re p a ra tio n s  to  elicit B cell re s p o n s e s  (80,81). S o m e  p re c e d e n t for site-
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specific  regulatory  activity of A bs to  o th e r  ce llu lar m e m b ra n e  re c e p to rs  d o e s  exist. V alen te , e t al. 

(82 ,83) h av e  s u g g e s te d  th a t th e  g row th-prom oting  o r cA M P-inducing p ro p ertie s  of A bs to  th e  

thyroid thyrotropin recep to r m ay d e p e n d  up o n  th e ir  ligation to a lte rna tive  d o m ain s  of th is  cell- 

s u rfa c e  recep to r.

T here  a re  sev e ra l possib le  ex p lan a tio n s a s  to  w hy th e  binding of a n  anti-lg ligand to  d is­

tinct s ite s  m ay  vary  in th e  efficiency of signal transduction . S ite-specific  regulation  m ay  d e te rm in e  

th e  e a s e  w ith w hich  conform ational c h a n g e s  a re  initiated a n d  p ro p a g a te d  a long  th e  m lg m olecule 

w h en  distinct m o lecu les  a re  c ro ss-lin k ed  by ligand. S o m e  allosteric  c h a n g e s  d u e  to  specific  

ligand binding m ay b e  n e c e s s a ry  to  ind u ce  asso c ia tio n  of m lg with o th e r e x tra -m em b ran eo u s  

co n s titu en ts  w hich m ay play a n  instrum enta l role in conveying  activation s igna ls  to  th e  cell interior. 

S in c e  cross-link ing  h a s  b e e n  show n to  b e  obligatory  for B cell signaling  (34 ,46), it is p o ss ib le  th a t 

M oA bs w hich a re  m ore  effective cross-link ing  a g e n ts , by virtue of e ith e r th e  location o r  n u m b er of 

e p ito p e s  to w hich th e y  bind p e r  mlgM  m olecule , m ay  b e  m ore effective a t B cell signal 

tra n sd u c tio n .

T hrough  th e  u s e  of a  la rge  p a n e l of anti-IgM  M oA bs with w ell-defined  affinities, binding 

s to ich iom etries, a s  well a s  mlgM site  specific ites, w e  h av e  a ttem p ted  to  d e te rm in e  th e  contribution 

th a t e a c h  of th e s e  fac to rs p lay  in th e  ability of anti-IgM M oAbs to  tra n sd u c e  s igna ls  w hich resu lt in 

th e  a ltera tion  of B lym phocyte physiology. In particular, o u r a tten tion  will fo cu s  on  th e  ligand 

binding req u is ites  n e c e s s a ry  to  induce  h u m an  B cell activation, a s  m e a su re d  by S  p h a s e  DNA 

sy n th e s is , a s  well a s  th e  anti-IgM ligand binding req u is ites  n e e d e d  to  inhibit th e  S  p h a s e  DNA 

sy n th e s is  of sev e ra l novel h u m an  B cell m alignant c lo n es.

U sing th e s e  m odel sy s te m s  to  s tu d y  signaling  req u is ites , w e  in tend  to  a d d re s s  th e  

follow ing q u e s tio n s :

1. Do M oAbs specific for h u m an  IgM differ in their ability to  stim ulate  h u m an  B cell clonal 

e x p a n s io n  o r  alternatively, clonal to le ra n c e ?  If th e re  a re  d iffe rences in th e  abilities of th e s e  M oAbs 

to  ac tiv a te  a n d  inhibit B cell DNA sy n th es is , is th e re  any  corre la tion?



2. Do anti-IgM M oAbs differ in the ir ability to  signal via a  h igh-dose , T  cell in d ep en d en t o r 

a  low -dose, T  cell d e p e n d e n t m e c h a n ism ?

3. Is th e re  an y  indication for stim ulatory, inhibitory, o r  null (neutral) s ite s  on  th e  m em ­

b ra n e -b o u n d  IgM m olecu le , w hich, u p o n  b e ing  b o u n d  by anti-IgM  ligand, deliver different s ig n a ls  

to  h u m an  B lym phocy tes?

4. W hat role d o e s  th e  affinity of th e  anti-IgM ligand for mlgM play  in B cell activation, a s  well 

a s  for inhibition of leukem ic B cell DNA sy n th e s is?

5 . To w hat ex ten t is c ross-linkage  of mlgM m olecu les by anti-IgM ligand n e c e s s a ry  to  elicit 

B cell activation? inhibition? Is a  la rg e  mlgM receptor-anti-IgM  ligand cross-linked  c lu ste r 

(im m unon) a lw ays m andato ry  to  tra n sd u c e  signals, o r  a re  c lu s te rs  of sm aller s ize  c a p a b le  of signal 

t ra n sd u c tio n ?

T his th e s is  will p re se n t four m an u sc rip ts , th re e  of w hich w e re  prev iously  p u b lish ed  (and  

u s e d  in en tire ty  w ith th e  p e rm issio n  of th e  copyrigh t holder), w hich h a v e  a d d re s s e d  th e s e  

q u e s t io n s .
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CHAPTER TWO

H um an B Cell Activation: E vidence  for D iverse S ig n a ls  P rov ided  by V arious 

M onoclonal Anti-IgM A ntibodies*

INTRODUCTION

A nti-im m unoglobulin a n tib o d ie s  h a v e  b e e n  frequen tly  u s e d  to  s tim u la te  B lym phocy tes 

(6 ,6 3 ,71 ,84 ,85 ) s in ce  Sell a n d  G ell's  initial o b se rv a tio n  th a t an ti-allo type A bs ind u ce  th e  prolifer­

ation  of rabbit lym phocy tes (30). H ow ever, ce rta in  in v estiga to rs h a v e  b e e n  u n a b le  to  induce  B 

cell proliferation with anti-lg  A bs (1 ,72) while o th e rs  h a v e  o b se rv e d  th a t th e s e  re a g e n ts  inhibit th e  

ac tiva tion  of B lym phocy tes (49 ,64 ,65).

In s o m e  in s ta n c e s , th e s e  d iv e rg en t findings cou ld  b e  a ttrib u ted  to  p o ss ib le  d iffe ren ces  in 

lym phocyte  popu la tion  s u b s e t  (6 6 ), m atu ra tional s ta g e  (6 6 -6 8 ), cell cy c le  (69 ,70 ,86 ), o r  to th e  

p re s e n c e  of a c c e s s o ry  ce lls  o r  fa c to rs  (70 ,84 ,85 ,87 ). In co n tra s t, o th e r  e v id e n c e  s u g g e s ts  th a t 

th e  n a tu re  of th e  polyclonal Ab itself is  im portant in de term in ing  w h e th e r of no t a n  Ab p rep ara tio n  

is m itogenic  to  th e  B cell. For ex am p le , while in so m e  ex p e rim en ts  inhibitory effec ts  a re  m ed ia ted  

by Fc reg io n s of certa in  Ig s u b c la s s e s  (64 ,75 ,76), th e  fact th a t inhibition h a s  a lso  b e e n  o b se rv e d  

with Ab p re p a ra tio n s  in w hich th e  F c region h a s  b e e n  d ig e s te d  (71 ,73), s u g g e s ts  th a t th e  n a tu re  

of th e  v ariab le  region in fluences th e  regulatory  capab ilities of an ti-lg  re a g e n ts .

T h e  h y p o th es is  underly ing th e  p re se n t s tu d ie s  is th a t th e  re p o n se  of th e  B lym phocyte  to 

anti-lg  A bs is in fluenced  by th e  affinity an d /o r ep ito p e  specificity  of th e  Ab. S in c e  polyclonal 

a n tis e ra  c o n s is t of indeterm inan t m ix tures of m ultiple A bs with d istinct affinities a n d  differing 

specific ities, th is  h y p o th es is  c a n  b e  ex am in ed  m ore  directly by  th e  u s e  of M oA bs. A n u m b er of 

distinct anti-IgM M oAbs w ere  a s s a y e d  for th e  ability to  stim ulate  h u m an  B cell proliferation in th e

* Reproduced from The Journal o f Experimental Medicine. 1985, vol. 162, pp. 
1236-1255, by copyright permission o f The Rockefeller University Press.
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p re s e n c e  a n d  a b s e n c e  of T  cell su p e rn a ta n t. In addition , defined  co m b in a tio n s of th e s e  M oAbs 

w e re  te s te d  to  d e te rm in e  w h e th e r  th e  s ig n a ls  d e liv ered  by co m b in a tio n s of Mo/Mas differ from  th e  

s ig n a ls  p rov ided  by individual M oAbs.

T h e  d a ta  o b ta in ed  s u g g e s t  th a t th e  ligand-binding c h a rac te ris tic s  of individual anti-IgM 

M oA bs in fluence  th e  p re s e n c e  o r  a b s e n c e  of B cell proliferation, a n d  th e  d e g re e  of th e  re s p o n s e  

o b ta in ed . F u rtherm ore , th e  d a ta  sh o w  th a t co m bina tions of ce rta in  individually non-m itogen ic  

M oA bs in d u ce  p ro n o u n c e d  B lym phocy te  proliferation. M oreover, a t high ligand co n cen tra tio n , 

ce rta in  M oAb m ixtures, but not individual M oAbs, deliver s ig n a ls  for B cell activation w hich obviate  

th e  n e e d  fo r ancillary s ig n a ls  p rov ided  by T  cell su p e rn a ta n ts .

MATERIALS AND METHODS

P rep ara tio n  of M urine A nti-H um an H vbridom as. M oAbs VIIIE11 ,1 G 6  a n d  XG9 w ere  

o b ta in e d  in tw o fu s io n s  of th e  n o n -sec re tin g  m urine m yelom a S p  2/0  with s p le e n  ce lls  from  

BALB/c m ice following s ta n d a rd  im m unization an d  fusion  pro toco ls (88 ,89). T h e  s a m e  tw o hum an  

IgM m y elo m a p ro te in s  w e re  im m u n o g en s  for bo th  fu sions. M oA bs M u53 a n d  P 2 4  w ere  

g e n e ro u s ly  d o n a te d  by D rs. D avid P o sn e tt a n d  H enry Kunkel a n d  w e re  d eriv ed  similarly from  

BALB/c m ice im m unized with a n  a g g re g a te d  h u m an  p. chain  an d  intact h u m an  IgM m onoclonal 

an tibody , respective ly . Anti-IgM M oAb 5D 7 w a s  fortuitously d e riv ed  from  s p le e n  ce lls  of BALB/c 

m ice im m unized  with a  partially-purified h u m an  lgG3 m yelom a p ro tein  p rep ara tio n  w hich con ta ined  

so m e  co n tam inating  IgM. Anti-IgM M oAb H B57 w a s  p u rc h a se d  from  th e  A m erican  T ype C ulture 

C ollection (J. K earney , donor).

CBD A -4E5 an ti-hum an  IgD M oAb a n d  PM G 3A -4C6 an ti-hum an  lam b d a  light ch a in  MoAb 

w ere  p re p a re d  a s  d e sc rib ed  for anti-IgM M oAbs excep t th a t a  IgDX m yelom a protein  a n d  a  lg G 3 \ 

m yelom a protein , respective ly , w e re  u s e d  a s  im m unogens. H B45 an ti-h u m an  k a p p a  light chain  

MoAb w a s  o b ta in ed  from  th e  A m erican  T ype C ulture C ollection (J. K earney , donor). 2 2 c6  an d  

SG 171  M oA bs b ind to  m onom orph ic  d e te rm in a n ts  o n  h u m an  la  m o lecu les  (90,91).
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Isolation a n d  Purification of M onoclonal A ntibodies. A nti-lgM -producing hybridom as 

w e re  d e te c te d  in a  so lid -p h ase  en zy m e  linked im m unoso rben t a s s a y  (ELISA) (h o rse -rad ish  per- 

o x id ase -g o a t an ti-m ouse  !g a s s a y  kit; N ew  E ngland  N uclear, B oston, MA) a n d  c lo n ed  a t limiting 

dilution. C lo n e s  w e re  s c re e n e d  for b inding to  n ine h u m an  IgM a n d  fo u rteen  h u m an  m yelom a 

p ro te in s  of o th e r  Ig c la s s e s .  S e le c te d  hybrids w e re  p ro p a g a te d  in irrad ia ted  (350R ), p ris tan e - 

prim ed BALB/c m ice. A scitic fluid w a s  c le a re d  by  centrifugation  a t 17 ,300  x g  for 1 /2  hour, m ad e  

0 .1%  w/v with sod ium  az id e  a n d  s to red  a t 4°C.

Anti-IgM M oAbs 5D 7 (72a  m o u se  isotype) a n d  VIIIE11 (73 m o u se  isotype) w ere  purified by 

affinity ch ro m ato g rap h y  o v er protein-A  S e p h a ro se  (P h arm ac ia  Fine C hem icals , P isca taw ay , NJ). 

A scitic fluid w a s  first p rec ip ita ted  w ith 18%  w/v N a2 S 0 4 - T h e  resolubilized p rec ip ita te s  w e re  

d ia lyzed  a g a in s t 0.2M  P O 4  buffer, pH  8 , b e fo re  being  lo a d e d  o n to  protein-A  S e p h a ro s e . T h e  

differential pH elution tech n iq u e  of Ey e t al. (92) w a s  u s e d  for purification in w hich con tam inating  

lgG1 w a s  rem oved  by w ash ing  with 0.1  M c itra te  buffer, pH 6 , a n d  th e  b o und  lgG 2a o r lgG3 

hybridom a protein  w a s  e lu ted  with 0.1 M citrate, pH 4 .5 . T h e  rem aining anti-IgM M oAbs of lgG1 

m o u se  iso type  (H B57, M u 5 3 ,1G 6 , XG9, a n d  P24) w ere  purified by N a2 S 0 4  precipitation  a n d  ion- 

e x c h a n g e  ch ro m ato g rap h y  o v e r DEAE-Trisacryl (LKB Instrum en ts, Rockville, MD) a s  d e sc rib e d  by 

P a rh a m  e t al. (93), with slight m odificatons. P rotein  w a s  lo ad ed  o n to  co lu m n s in 0.005M  P O 4  

buffer, pH 8 , a n d  e lu ted  by a  linear sa lt g rad ien t from  0.005M  to 0.1 M P O 4  buffer, pH 8 . All 

anti-IgM  M oA bs e lu ted  a t  a  conductiv ity  of b e tw e e n  2 .2 1 -4 .4 6  x 103  pM H O s.

T h e  purified anti-IgM  M oA bs w e re  su b je c te d  to  so d ium  dodecy l su lfa te  po lyacry lam ide gel 

e le c tro p h o re s is  (94) u n d e r  bo th  na tive  a n d  d en a tu rin g  cond itions in a  5 to  12 .5%  acry lam ide  

g rad ien t gel. 2 0  p g  of protein  w a s  app lied  in a  vo lum e of 10 pi. W h en  s ta in e d  with C o o m ass ie  

Blue a n d  a n a ly z e d  on  a  d en sito m e te r, no  deflec tions o th e r  th a n  th o s e  a c c o u n te d  for by Igs w ere  

d e te c te d  o n  b o th  th e  n o n -re d u c e d  a n d  re d u c e d  g e ls . C a lcu la tions b a s e d  u p o n  d en sito m etric  

trac in g s  rev ea led  levels of purity in all p rep ara tio n s  of b e tw e e n  90-95% . In addition, im m uno- 

e le c tro p h o res is  u sing  g o a t an ti-m o u se  se ru m  a n d  g o a t an ti-m o u se  Ig a s  p rec ip ta ting  re a g e n ts  

sh o w e d  only o n e  p recip ita tion  line.
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CBD A -4E5 an ti-hum an  IgD MoAb (7 1  m o u se  isotype) w a s  purified from  hybridom a culture 

s u p e rn a ta n ts  by affinity ch ro m ato g rap h y  on  a  S e p h a ro s e  co lum n co u p led  with a n  affinity-purified 

g o a t an ti-m o u se  Ig. Both 2 2 c6  a n d  SG 171  M oAbs ( 7 2 a  m o u se  iso types) w e re  purified from  

a s c ite s  by  se lec tiv e  elution from  protein-A  S e p h a ro se .

Purification of H um an  M velom a P ro te in s . S o u rc e s  of m onoclonal h u m an  IgM included 

se ru m  e ith e r  from  p a tien ts  w ith W ald en stro m 's  m acroglobulinem ia o r  from  p a tien ts  with m ixed 

cryoglobulinem ia w ho exhib ited  a  m onoclonal IgM sp ike . IgM p ro te in s  w ere  puified by  euglobulin  

fractionation  (0.005M  p h o s p h a te  buffer, pH  8 .6 ) a n d  e ith er S ep h acry l S -3 0 0  gel filtration o r 

protein-A  S e p h a ro s e  affinity ch rom o to g rap h y  to  rem ove  con tam inating  IgG. In addition, so m e  IgM 

p re p a ra tio n s  w e re  su b jec ted  to  Pevikon  block o r  a g a ro s e  gel p rep ara tiv e  e lec tro p h o res is  a s  a  

prelim inary purification s tep . IgG a n d  IgD m yelom a p ro te in s  w ere  purified by e ith e r (1) absorp tion  

a n d  se lec tiv e  elu tion  from  protein-A  S e p h a ro s e , (2 ) affinity ch ro m a to g rap h y  o v e r  S e p h a ro s e  

co lu m n s co n ju g a ted  with purified m urine hybridom a A bs specific  fo r h u m an  Ig iso ty p es o r  (3) 

N a2 S 0 4  p recip ita tion  follow ed by Pev ikon  block e lec tro p h o res is . IgA m yelom a p ro te in s  w ere  

purified from  se ru m  by a  s e q u e n c e  of s te p s  w hich involved euglobulin  precip itation  to  rem ove  

IgM, N a2 S 0 4  precipitation to  enrich  fo r IgG a n d  IgA, Z n S 0 4  precip itation  to  s e p a ra te  IgG from  IgA 

(95), a n d  p a s s a g e  o v e r protein-A  S e p h a ro s e  to  rem ove  co n tam inating  IgG.

P rep ara tio n  of T  Cell S u p e rn a ta n ts  C ontain ing B Cell G row th F a c to r  Activity. P eripheral 

b lood  m o n o n u c lea r ce lls  from  10 healthy  v o lu n tee rs  w e re  iso la ted  by  F icoll-H ypaque d en sity  

cen trifugation  a n d  cu ltu red  a t a  co n cen tra tio n  of 1.5 x 106 /m l in Linbro 24  well p la te s  (Flow 

L abora to ries, M cLean, VA). T h e  cu ltu re  m edium  u s e d  to  p re p a re  fac to r w a s  identical to  th a t u s e d  

by S red n i (96) bu t included 1%  phytohem agglu tin in  (PHA). A fter incubating  for 3  d a y s  a t  37°C ,

6 %  C O 2  a n d  90 %  relative humidity, ce lls  w e re  pelle ted  a t 2000  rpm  x 10 min a n d  th e  su p e rn a ta n t 

w a s  im m ediately  frozen  a t -70°C . Shortly  befo re  being  u s e d  in ex p erim en ts , all th aw ed  aliquots 

w ere  d ialyzed  v s  culture m ed ia  a t 4°C  for a  m inim um  of five h o u rs  followed by sterile  filtration. P re ­

liminary ex p erim en ts  u sing  a n  affinity-purified g o a t an ti-hum an  IgM A b e s ta b lish e d  th a t a  3 0%  v/v 

d o s e  of su p e rn a ta n t w a s  optim al for en h an c in g  proliferation of h u m an  B lym phocytes. T h e  ability
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of th is  su p e rn a ta n t to  e n h a n c e  B cell proliferation induced  by anti-IgM  M oAbs w a s  sh o w n  to  not 

b e  d u e  to  PHA, in th a t co n cen tra tio n s  of PHA rang ing  from  0.01 to  5 %  did not mimic th e  effect of 

th e  T  cell su p e rn a ta n t w h en  a d d e d  to  purified B cell cu ltu res stim ula ted  with anti-IgM  M oAbs 

(d a ta  not show n).

S o lid -p h ase  R a d io im m u n o a ssa y s . T h e  d eterm ination  of MoAb in hybridom a cu ltu re  

su p e rn a ta n ts  w a s  perfo rm ed  by solid p h a s e  rad io im m u n o assay  (RIA) using  a  m odification of 

te c h n iq u e s  rep o rted  previously  (97). Briefly, 10 pg/m l of purified h u m an  m yelom a pro te in  w a s  

in cu b ated  on  w ells of a  polyvinylchloride p la te  (PVC) for 1 1/2 h o u rs  a t 37°C . After 3  w a sh e s , 

diluted hybridom a Ab w a s  a d d e d  to  m y e lo m a-co a ted  w ells a n d  in cu b ated  for a n  additional 

1 1 / 2  hou rs. B ound M oAb w a s  d e te c te d  by  incubating  w ells with approx im ate ly  2 5 ,0 0 0  cp m  of 

tritium (3H)- labe led , affinity-purified Ab specific  for different m urine Ig iso ty p es (97).

C om petitive-B inding R ad io im m u n o assay . A nalogously  to  th e  d irect-b ind ing  RIA, e a c h  

purified anti-IgM MoAb w a s  c o a te d  o n to  PVC w ells (in duplicate) by incubating  50  pi of a  10 pg/m l 

solu tion of MoAb in e a c h  well a t 37°C  for 90  min. O ne-half hour befo re  th e  e n d  of th is initial 

coating , 1 :1 m ix tures c o m p o se d  of 1 pg/m l of a  3H -labeled  h u m an  IgM m yelom a protein  (specific 

activity = 6 6 7 ,0 0 0  cpm /pg) a n d  e a c h  of th e  so lub le  an ti-p  M oAbs, a t co n cen tra tio n s  rang ing  from  

0 .08  to  5 0  pg /m l in 5-fold dilutions, w e re  p re p a re d . T h e se  m ix tures w ere  in cu b a ted  in a  24-well 

Linbro p la te  a t 37°C  until th e  e n d  of th e  coating  incubation , a t w hich tim e all M oA b-coated wells 

w ere  w a sh e d  a n d  50  pi of e a c h  inhibition m ixture w a s  a d d e d  to  w ells c o a te d  with e a c h  an ti-p  

MoAb. After a  final 3  ho u r incubation , u n b o u n d  3H-lgM  w a s  d isc a rd e d  a n d  p la te s  w ere  w a sh e d  

a n d  a s s a y e d  for b o u n d  3H-lgM . Inhibition c u rv e s  w e re  p lo tted  by  determ in ing  th e  p e rc e n t 

inhibition o b ta in ed  w h en  vario u s co n cen tra tio n s  of so lub le  anti-IgM  MoAb w ere  u s e d  a s  an  

inhibitor. P e rcen t inhibition v a lu e s  w e re  ca lcu la ted  a s  follows:

100 x [1 - (cpm  3H-lgM  b o u n d  in p re s e n c e  of so luble  MoAb inhibitor) /

(cpm  3H-lgM bound  in a b se n c e  of soluble MoAb inhibitor)].

Im m u n o flu o rescen ce  S tu d ie s . For all im m u n o flu o rescen ce  s tu d ie s , 2  x 105  c e lls  in PB S- 

B SA -azide (a s s a y  buffer) w e re  in cu b a ted  with 100 pi of 1000 pg/m l o r  10 pg/m l of purified MoAb
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in a  96-w ell V -bottom ed m icrotiter p la te  (Linbro, Flow L aboratories) for 1 ho u r a t 4°C . M oAbs w ere  

te s te d  a t a  co n cen tra tio n  of 1000 pg /m l to  in su re  sa tu ra tio n  binding of potentially  low affinity A bs 

(93). All te s te d  M oAbs h ad  prev iously  b e e n  u ltracentrifuged  a t 1 08 ,000  x g  for 80  min a t  4°C.

A fter w ash in g  four tim es  with a s s a y  buffer (200 p l/w ash), te tram eth y lrh o d am in e-lab e led  F (ab ')2  

g o a t an ti-m o u se  Ig w a s  incuba ted  with th e  cells for 20  m ins on  ice b efo re  w ash in g . C ells u s e d  for 

sta in ing  included: (a) Daudi, a  lym phoblastoid B cell line (p, k); (b) tw o m lgM -positive chronic  lym­

phocytic leukem ias (p, k an d  p ,X ); (c) an  mlgM -positive hairy cell leukem ia, a n d  (d) a  B type  chronic 

lym phocytic leukem ia, e x p re ss in g  no  d e te c ta b le  mlgM. For flow cytom etric a n a ly se s  (FA CS IV, 

B ecton  D ickinson Im m unocytom etry  S y s te m s , S unnyvale , CA), ce lls  w e re  an a ly zed  by both  for­

w ard  narrow  a n g le  light s c a tte r  an d  flu o re scen ce  em ission  u p o n  excitation  a t 5 1 4 n m  (98). After 

g a ting  fo r v iab le  ce lls  o n  th e  b a s is  o f th e  s c a tte r  signal, th e  f lu o re sc e n c e  of b e tw e e n  1 0 ,0 0 0  to  

15 ,0 0 0  ce lls  w a s  c o m p a re d  with th a t o b ta in ed  w h en  ce lls  w e re  s ta in e d  with 1 0 0  pi of 1 0 0 0  pg/m l 

o r  10 pg/m l of irrelevant control A bs: M O PC -245 fo rY l M oAbs, LPC-1 fo rY 2 a  a n d  FLOPC-21 

for 7 3  M oAbs. D ata  w ere  co llec ted  using  logarithm ic am plification an d  plo tted  a s  n u m b er of cells 

(ordinate) v s. log relative flu o re sc e n c e  intensity  (ab sc issa ). All ga in  a n d  o ffset p a ra m e te rs  w ere  

k ep t c o n s ta n t b e tw e e n  d ifferen t M oA bs.

Isolation a n d  Purification of B L ym phocytes from  H um an S p le e n  F ra g m e n ts . R esidual 

s p le e n  fra g m e n ts  w e re  o b ta in ed  from  bo th  a  norm al s p le e n  rem o v ed  during  a n  o p e ra tiv e  p ro c e ­

d u re  a n d  a  sp le e n  rem o v ed  during su rg e ry  a s  trea tm en t for Felty 's sy n d ro m e. T h e  frag m en ts  

w e re  d iced  a n d  p re s s e d  th ro u g h  a  fine s ta in le ss  s tee l s iev e . After sed im en tin g  tw ice (1 x g) to  

e lim inate  d eb ris , th e  resu lting  single-cell su sp e n s io n  w a s  lay e red  o n  F icoll-H ypaque a n d  c e n ­

trifuged  (2000  cpm , 2 0  min) a t room  tem p era tu re . T h e  in terface layers w e re  h a rv e s te d , w a sh e d  

th re e  tim es  with PB S , a n d  fro zen  in liquid n itrogen. W hen  a s s a y e d  for B cell, T  cell a n d  m onocy te  

m ark ers  by visual indirect im m unofluorescence  with a  m ixture of anti-p, anti-k an d  an ti-X  MoAbs, 

anti-L eu 1, a n d  P 9  a n d  R 17 an ti-m onocy te  M oA bs (99), respective ly , ce lls  from  b o th  sp le e n  

s o u rc e s  w e re  found  to  b e  b e tw e e n  3 1 -3 8 %  lg+, 3 5 -4 0 %  Leu 1+, a n d  <2% + for m onocytic 

m arkers.
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Im m ediately  b e fo re  a n  experim en t, T  ce lls  w e re  rem oved  by rese ttin g  tw ice with 

n e u ra m in id a se - tre a te d  s h e e p  red  b lood  ce lls  (100). T h e  resu lting  sp le e n  cell popu la tion  w a s  

fo u n d  to  b e  > 85%  lg+, < 1%  Leu 1+ a n d  < 1%  P 9 +  o r R 17+. In addition , th e  cell su rfa c e  activation 

an tig en  b o u n d  by  M oAb 4 F 2  (101) w a s  e x p re s s e d  w eakly  on  <1%  of th e s e  T  ce ll-d ep le ted  

s p le n o c y te s .

Cell C ulture C onditions for Inducting B Cell S tim ulation . T  ce ll-d ep le ted  sp len ic  lym pho­

cy te s  w e re  cu ltu red  in fla t-bo ttom ed w ells of a  96-well p la te  (Linbro) a t 2  x 105/well in a  volum e of 

0 .2  ml. M edium  u s e d  fo r cu ltu re  c o n s is te d  of 50 %  Isco v e 's  m odified D u lb ecco 's  m ed ium  a n d  

5 0 %  H am 's  F-12  nutrient m ixture su p p le m e n te d  with bov ine  insulin, p ro g e s te ro n e , transferrin , 

2 -m ercap to e th an o l, tra c e  e le m e n ts  a n d  gen tam icin  (102) an d  15%  fetal calf se ru m  (R ehatu in , 

A rm our P h a rm aceu tica l, P hoenix , AZ, lot. No. W 60006). After 5 6  h o u rs  of incubation , 

proliferation w a s  a s s e s s e d  by a n  add itional 16 ho u r incubation  with 1 pCi/well 3 |-|-thym idine (72.5 

Ci/mmol; N ew  E ngland  N uclear, B oston , MA). W ells w ere  h a rv e s te d  o n to  p a p e r  d isc s  with a  

m ultiple au to m atic  cell h a rv es te r , a n d  incorporation  of 3H -thym idine w a s  d e te rm in ed  by  s ta n d a rd  

liquid scintillation tech n iq u es . W h ere  raw  d a ta  is illustrated, cp m  ±  s ta n d a rd  e rro r of th e  m ean  

(SEM ) from  th re e  identical cu ltu res  a re  repo rted ; o th erw ise , w h en  Acpm  v a lu e s  a re  show n, 

s ta n d a rd  e rro r of th e  d ifference  (S E  diff) b e tw e e n  te s t  trip licates a n d  contro l triplicate cu ltu res  a re  

g iv en .

C alcu lation  of T  Cell S u p e rn a ta n t E n h an cem en t R atio . For e a c h  s e t  of triplicate cu ltu res, 

a n  index re p re se n tin g  th e  d e g re e  of T  cell su p e rn a ta n t-d e p e n d e n t proliferation w a s  ca lcu la ted  by 

com pu ting  th e  quo tien t of th e  A cpm  o b ta in e d  in cu ltu res  in th e  p re s e n c e  of T  cell s u p e rn a ta n t vs. 

th e  A cpm  o b ta in ed  fo r cu ltu res  in its a b s e n c e . Acpm v a lu e s  w ere  u s e d  if a n d  only if th ey  w ere  

>2 .5  tim e s  th e  s ta n d a rd  dev ia tion  of th e  re sp ec tiv e  control cu ltu res . L a rg e r index v a lu e s  ind icate  

th a t a  g re a te r  d e g re e  of proliferation w a s  o b ta in ed  in th e  p re s e n c e  of th e  su p e rn a ta n t.
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R E S U L T S

Specificity of M onoclonal A nti-H um an IgM A bs. T ab le  I is a  com pilation of five ex perim en ts 

d em o n stra tin g  th e  specificity  of M oA bs H B 5 7 ,5 D 7 , VIIIE11, M u 5 3 ,1 G 6 , XG9, a n d  P 2 4  for hum an  

IgM. T h e  binding o b se rv e d  to  all non-IgM  m yelom a p ro te in s w a s  a t le a s t o n e  to  tw o o rd e rs  of 

m agn itude  low er th a n  th a t to  th e  IgM m yelom a p ro te in s G re  o r P an . T h e  binding of anti-light chain  

M oA bs a re  included  a s  con tro ls  for bo th  th e  p re s e n c e  a n d  th e  relative purity of th e  coa tin g  

m y elo m a p ro te in s. T h e  low levels of inapp rop ria te  specific  b inding o b se rv e d  w e re  c o n s is te n t with 

m inor con tam ination  of th e  m yelom a p rep ara tio n s  by b ack g ro u n d  non-m yelom a Ig. S im ilar resu lts 

o b ta in ed  with s e v e n  o th e r IgM, five additional IgG, a n d  tw o m ore  IgA m yelom a pro te ins, not 

illustrated , confirm ed  th e  specificity  a ss ig n m e n t of th e  M oA bs fo r h u m an  IgM.

S e lec tiv e  Binding of A nti-laM M oAbs to  E p ito p es Exp re s s e d  on  laM -bearina  B C e lls . T he 

f lu o re sc e n c e  d istribution h is to g ram s sh o w n  in Fig. 1 d e m o n s tra te  th a t th e  anti-IgM  M oAbs b o u n d  

to  d e te rm in a n ts  e x p o se d  on  th e  su rfa c e  of a  B cell lym phoblasto id  line e x p re ss in g  mlgM. T he 

M oA bs d o  no t b ind to  a  B ty p e  ch ro n ic  lym phocytic leu k em ia  th a t h a d  b e e n  prev iously  found  to 

lack d e te c ta b le  mlgM . Distribution h is to g ram s identical to  th o s e  in Fig. 1 w e re  o b se rv e d  w h en  th e  

M oAbs w e re  te s te d  o n  th re e  additional leukem ias th a t e x p re s s  mlgM (d a ta  no t show n). T he 

h is to g ram s illustrated  w ere  o b ta in e d  usin g  1000 pg/m l of MoAb; sim ilar re su lts  w e re  a lso  o b ta in ed  

w h e n  10 pg/m l of e a c h  MoAb w a s  u s e d  fo r sta in ing  (d a ta  not show n).

R ecognition  of Distiinct E p ito p es o n  H um an  IgM bv Anti-IgM M oA bs. A cross-inhibition  

a s s a y  w a s  perfo rm ed  to  e v a lu a te  w hich  an ti-p  M oAbs a re  d irec ted  to  distinct d e te rm in an ts  o n  

h u m a n  IgM. M oAbs w hich reco g n ize  th e  s a m e  ep ito p e  w ith c o m p arab le  affinities shou ld  e a c h  

reciprocally  inhibit th e  binding of 3H-lgM  to  th e  o ther.

T h e  d a ta  from  T ab le  II d e m o n s tra te  tha t: (a) MoAb 1G 6 b o u n d  to  a  u n iq u e  ep ito p e  on  

h u m an  IgM a s  show n  by th e  fact th a t no  o th e r MoAb w a s  c a p a b le  of com peting  with it in a  

reciprocal fash ion , (b) M oAbs VIIIE11 an d  XG9 b ound  to  th e  s a m e  o r  very sim ilar de term inan t 

s in c e  th e y  strongly  c o m p e te d  w ith e a c h  o th er. This ep ito p e  is p robab ly  distinct from  th a t 

reco g n ized  by all o th e r  M oAbs s in c e  no  o th e r  MoAb c o m p e te d  reciprocally , (c) MoAb 5D 7
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T able  I
Demonstration o f Specificity o f Anti-H um an IgM Monoclonal Antibodies by Solid Phase

Radioimmunoassay

Percent cpm sH-anti-mouse Ig  bound*

M urine  H um an myeloma proteins coated onto assay wells
isotype

G re
0 *x)

Pan
( H

Lac 
(7 IX )

Tsc
(72X)

Dia
( 7 3 k )

T u c
( 7 4 k )

And
(«1X)

Cla
( « 2 k )

W hi
(5X)

H B 57 y l 31.8 32.5 2.3 1.1 0.3 1.3 0.3 1.3 0.9
5D 7 7 2 a 35.0 35.0 1.0 0.5 0.4 1.0 1.0 N D 8 1.5
V II IE 1 1 73 7.3* 13.6 1.9 0.9 0.2 0.9 0.5 0.7 1.0
M u 53 7 I 18.5 27 .4 0.4 0.9 0.2 0.4 0.2 0.3 0.3
1G 6 7 I 20.2 21.7 0 0.1 0.8 0 0.1 0 N D
X G 9 7 I 18.2* 42 .8 2.4 0.6 0.2 0.3 0.6 1.1 0.5
P24 7 I 14.9 18.1 0 0.6 0.4 0.4 0 0.3 N D

Anti-K 7 I 3.8 29.6 4.3 0.8 33.3 28.6 0.4 23.0 1.1
Anti-X 73 20.6 1.9 20.7 21.2 3.5 3.5 20.7 4.3 16.7

*  3H-Iabeled anti-m ouse isotype reagents (97) were used as probes to detect bound m Ab. ~ 2 5 ,0 0 0  
cpm o f 3H -A b  was added to each well. A ll data were corrected for background binding. T h e  results 
represent a compilation o f several experiments.

* G re u  heavy chain preparation was used to coat wells in this experim ent.
8 N ot done.
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F i g u r e  1. A n ti-Ig M  m A b recognize B cell m em brane Ig M . FACS distribution histograms 
with logarithmic amplification fo r both an m lgM -positive lymphoblastoid cell line (Dau) and 
an m lgM -negative chronic lymphocytic leukemia (Ege) are shown. Cells were incubated with 
1,000 Mg/ml o f ultracentrifuged m A b followed by a T R IT C -F (a b ')2 goat anti-m ouse Ig  
reagent. T h e  binding o f each m A b (— ) is compared with the binding o f  an appropriate control
A b  (--------): M O P C -245  is the Ig G l mouse isotype control, LPC-1 is the IgG 2a control, and
FLO PC -21 is the IgG 3 control. T h e  binding o f all anti-ju m A b to the m lgM-positive cell line 
was >1  log greater than the control Abs. In  addition, no significant binding was evident when 
either anti-/x or control Abs were tested on an m lgM -negative cell line.
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T able II
Cross-inhibition RIA to Analyze Epitope Specificity of Anti-IgM Monoclonal Antibodies

Wells coated 
with 10 >tg/ml 

of:

Concentration (pg/ml) o f  soluble mAb needed for 50% inhibition o f  5H-IgM binding to well-bound mAb*

HB57 5D7 VI I I EI I Mu53 1G6 XG9 P24

HB57 0.19 115 175 9 43 35 21
5D7 90 0.64 > 1 ,000 >1,000 23 > 1,000 200
VI I I EI I > 1,000 >1,000 0.52 > 1,000 > 1,000 0.28 > 1,000
Mu53 0.79 > 1 ,000 > 1,000 2.2 >1,000 > 1,000 230
IG 6 > 1,000 > 1,000 > 1,000 >1,000 1.0 > 1 ,000 > 1,000
XG9 > 1.000 > 1,000 0.75 > 1,000 >1,000 0.40 > 1,000

*  P V C  wells were coated with 10 //g /n d  o f purified an ti-IgM  m A b. T h e  ability o f various concentra­
tions o f soluble an ti-IgM  m A b (0 .0 4 -2 5  jug/ml) to inhibit the binding o f 3H -Ig M  (20,501 cpm 
added per well at a 0.5 mg/ml concentration) was evaluated. A ll tests were run in duplicate; the 
standard deviation o f cpm bound from  averaged wells were all < 1 5 %  o f  mean value. T h e  cpm o f 
3H -Ig M  bound to mAb-coated wells in the absence o f soluble inhibitor were as follows: H B 57  
(5 ,055  cpm), 5D 7 (6 ,469), V I I I E I I  (9 ,463), M u 53  (8 ,253), 1G6 (9 ,611), X G 9  (9 ,058), and P24 
(867).
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p resu m ab ly  b inds to  a  u n iq u e  ep ito p e  s in c e  it c o m p e te d  only minimally w ith H B57 a n d  w a s  

inhibited only by IG6 , in a  non-rec ip rocal fash ion , (d) M oAbs H B57 a n d  M u53 could  have  

specificity for th e  s a m e  o r  very  neighboring  site , a s  th e y  a re  a b le  to  reciprocally  c o m p e te  a t low 

c o n c e n tra tio n s . H ow ever, unlike M oAb M u53, th e  b inding of H B57 to  3H-lgM  cou ld  b e  inhibited 

to  so m e  d e g re e  by  all th e  M oAbs. (e) P 2 4  a n d  HB57 a p p e a r  to  reco g n ize  th e  s a m e  o r very 

prox im ate  e p ito p es , s in c e  th ey  y ie lded  identical p a tte rn s  of inhibition w h en  u s e d  to  c o m p e te  with 

all o th e r  insolubilized M oAbs.

R esu lts  o b ta in ed  from  inhibition a s s a y s  in w hich P 2 4  MoAb w a s  insolubilized o n  w ells a re  

not included in T ab le  II b e c a u s e  th e  am o u n t of 3H-lgM  b o u n d  to  su c h  w ells w a s  too  low to  allow 

reliable inhibition c u rv e s  to  b e  m ad e . T his could  reflect e ith er a  low affinity of P 2 4  MoAb for IgM o r 

a  dim inution in its binding capac ity  w h en  th e  MoAb is im m obilized on to  PVC w ells. It shou ld  b e  

n o ted  th a t so lub le  P 2 4  MoAb w a s  very  effective a t binding to IgM -coated  w ells a t MoAb 

c o n cen tra tio n s  a s  low a s  2 .5  pg/m l (d a ta  not show n).

D ifferential Ability of Anti-laM M oA bs to  Indu c e  Proliferation of H um an  S p le n o c v te s .

Fig. 2 illu stra tes th e  re su lts  from  th re e  ex p e rim en ts  d em o n stra tin g  d iffe ren ces in th e  ability of the  

anti-IgM  M oA bs to  induce h u m an  sp len ic  B cell proliferation in th e  p re s e n c e  of T  cell su p e rn a ta n t. 

O v er a  d o s e  ra n g e  of 0 .5  to  1000  pg/m l of Ab, MoAb H B 57 a lw ays in d u ced  th e  g re a te s t  prolifera­

tive re sp o n se . While MoAb 5D 7 in d u ced  a  co n sid e rab ly  low er d e g re e  of stim ulation, it g a v e  a  

sim ilarly s h a p e d  d o s e  re sp o n se  profile to  th a t of MoAb HB57. With bo th , a  long p la teau  of 

m axim al stim ulation  w a s  o b se rv e d  u s in g  co n cen tra tio n s  of 1000 to  n early  20  pg/m l; MoAb 

c o n cen tra tio n s  a s  low a s  2  pg/m l re su lted  in proliferation significantly ab o v e  b ackground .

T h e  co n cen tra tio n  re sp o n se  profiles of M oAbs M u53 a n d  VIIIE11 w ere  sim ilar to  o n e  

a n o th e r  but distinct from  th o s e  of H B57 a n d  5D 7. A m uch  g re a te r  co n cen tra tio n  (>100 pg/m l) of 

th e s e  M oAbs w a s  n e e d e d  to  induce  a  su b s tan tia l d e g re e  of 3H -thym idine u p tak e . F u rtherm ore , 

th e  m axim al level of stim ulation o b ta in ed  w a s  a lw ays m uch low er with H B57 o r5 D 7  MoAbs. 

C o n cen tra tio n s  of M u53 a n d  VIIIE11 M oA bs < 1000  pg/m l did not p ro d u c e  a  definab le  p la te a u  in 

stim ulation .
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F i g u r e  2. Individual anti-IgM  mAb vary in ability to induce human splenic B cell prolifer­
ation. T  cell-depleted human splenocytes from two separate donors (experiments A and B, 
donor 1; experiment C, donor 2) were cultured with various concentrations o f purified anti-/t 
mAb in the presence o f 30% T  cell supernatant. The  proliferative response observed in 
control cultures with the murine myeloma M O PC -245 is also illustrated. T he  data are 
expressed as x  cpm ±  SEM from triplicate cultures. Maximal B cell stimulation was always 
obtained with mAb HB57 and 5D 7 (H B57 >  5D7). mAb V I I IE 1 1 and M u53 induced a lower 
level o f proliferation that was only manifest at high mAb concentrations. 1G6, X G 9, and P24 
mAb usually i iduced an inhibition o f background proliferation, indicated by the solid hori­
zontal line. ro

CO
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In co n trast, M oAbs 1G 6, XG9, a n d  P 2 4  did not induce stim ulation  a t an y  co n cen tra tio n  

te s te d  in five of six ex p erim en ts . In o n e  experim en t, 1G 6 in d u ced  proliferation co m p a ra b le  to  th a t 

of M u53. M oAbs XG9 an d  P 2 4  a lw ays inhibited back g ro u n d  proliferation. In addition, no 

significant proliferation o v e r b ack g ro u n d  w a s  e v e r  o b ta in ed  with th e  irrelevant m u rin e7 1  Ab, 

M O PC -245, a t  c o n c e n tra tio n s  < 1 0 0 0  pg/m l.

W h en  ex p e rim en ts  w ere  p erfo rm ed  using  u ltracen trifuged  MoAb p re p a ra tio n s , th e  

p a tte rn s  of s tim ulation  o b ta in ed  w e re  ind istingu ishab le  from  th o s e  s e e n  w ith n oncen trifuged  

p re p a ra tio n s , su g g e s tin g  th a t Ab ag g reg a tio n  w a s  not a  contributing  fac to r to  th e  differential 

r e s p o n s e s  o b se rv e d . A s d e m o n s tra te d  in T ab le  III, cu ltu res  conta in ing  optim al stim ulatory  d o s e s  

of u ltracen trifuged  an ti-p  M oAbs HB57, 5D 7, VIIIE11, a n d  M u53 w ere  inhibited to  b a ck g ro u n d  or 

below  b ack g ro u n d  leve ls  of proliferation w h en  500  pg/m l so luble  p en ta m e ric  IgM w a s  a d d e d . This 

s u g g e s ts  th a t M oA b-induced proliferation d e p e n d s  upon  th e  an ti-p  - ligand in teraction  a n d  no t on  

a  co n tam in a tin g  m itogenic  m oiety.

M arked A ugm entation  of B Cell Proliferation with C erta in  C om binations of M oA bs. Fig. 3 

illustrates th a t a  1 :1 m ixture of th e  tw o individually non-stim ulatory M oAbs 1G 6 a n d  XG9 resu lted  in 

a  m ark ed  e n h a n c e m e n t of B cell activation. W hile th e  individual M oAbs did not ind u ce  > 1 ,209  ± 

4 6 2  cp m  of 3H -thym idine incorporation  (Acpm ±  S E  diff) a t  an y  d o s e  te s te d , th e  co m b in ed  MoAbs 

(250  pg/m l of e ach ) induced  74,391 ±  4 ,3 9 9  cpm . This level o f stim ulation w a s  co m p a ra b le  to  th a t 

elicited by th e  m ost stim ulatory individual MoAb, HB57. H ow ever, while m axim al stim ulation 

in d u ced  by MoAb H B 57 w a s  ach iev ed  a t 20  pg/m l, m axim al stim ulation induced  by th e  1 :1 1G 6 - 

XG9 MoAb m ixture requ ired  > 5 0 0  pg/m l of to tal Ab.

O n e-to -o n e  m ix tures of e a c h  of th e  anti-IgM  M oAbs, in every  p a ired  com bination , w ere  

te s te d  fo r th e ir  m itogenicity. M ixtures of two M oA bs th a t in d u ced  m ore  th a n  tw ice th e  level of 

3H -thym idine incorporation  o b ta in ed  w ith e ith e r M oAb a lo n e  w e re  c o n s id e re d  to  exhibit th e  

p h e n o m e n o n  of sy nergy . By th is criterion, only th o s e  m ix tures th a t inc luded  MoAb 1G 6 a n d  in 

s o m e  in s ta n c e s  MoAb XG9 exhib ited  synergy . M ost o th e r  com b in a tio n s of M oA bs sh o w e d  an  

additive re s p o n s e  (d a ta  not show n).



T able III
Ability of Soluble Human IgM to Inhibit B Cell Proliferation Elicited 

by Ultracentrifuged mAb Preparations

m A b (^g/m l)
x  cpm (±S E M )

W ithout inhibitor W ith  Ig M  inhibitor

H B 57  (125) 67 ,908  (1 ,198) 4 ,1 9 6  (447)
5D 7  (125) 34,754 (2 ,166) 2 ,1 7 4 (1 8 5 )
V I I I E I I  (500) 7,471 (962) 2 ,1 1 6 (3 2 2 )
M u 53  (500) 7,763 (739) 1,772 (34)

Media 2 ,3 9 9 (1 9 9 ) 2 ,258  (75)

Purified splenic B cells were cultured with H B 57 , 5D 7 , V I I I E 1 1, o r M u53  
anti-IgM  m A b at the indicated concentrations. A ll m A b were ultracentri­
fuged at 108,000 g fo r 80 m in. T h e  top one-third o f each was used for 
culture. 500  ^*g/inl human Ig M  was used as inhibitor.



2 6

8 0
75
7 0
65
6 0
55
5 0ro

b  4 5 
x 4 0  
I  35  

<  3 0  
25  
20

1G6 + XG9

XG9,
1G6

—o

500
- 5 X

4 20 100

/xg/m l total MoAb

F i g u r e  3. Synergy in B cell p ro lifera tion  when a n ti- Ig M  m A b  1G 6 and X G 9  were cocul­
tu red . T  ce ll-dep le ted  splenic lymphocytes w ere cu ltu red  w ith  1G 6 m A b (# )  o r X G 9  m A b  
(O ) o r  1:1 m ixtures o f  the tw o (■ )  a t various m A b  concentrations, in the presence o f  30%  T  
cell supernatant. T h e  m A b  concentrations indicated reflect the total A b  concentration in 
culture. Acpm ±  SE d if f  o f  cu ltu re  triplicates are shown based upon 3 ,1 2 4  ±  225  (x cpm ±  
S E M ) background [3H ]th ym id in e  incorporation . Significant augm entation o f  B cell stimulation  
was observed when as little  as 10 /ig /m l o f  each m A b w ere cu ltu red  together. N o  significant 
stim ulation over background was found when e ither 1G 6 o r X G 9  m A b were cultured  
separately at doses up to  5 0 0  M g/m l.
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T h e ability of 1G 6  a n d  XG9 M oAbs to  induce synergy  in B cell stim ulation is illustrated in 

Fig. 4 , w hich sh o w s tha t: (a) MoAb 1G 6 m arkedly  e n h a n c e d  th e  proliferation induced  by  M oAbs 

X G 9 ,5 D 7 , an d  VIIIE11 but induced  a  m inimal d e g re e  of e n h a n c e m e n t with H B 57 a n d  M u53 an d  

n o n e  a t all with P24. (b) MoAb XG9 exhib ited  sy n erg y  with 1 G 6 ,5 D 7 , a n d  M u53, bu t did not 

m an ifest th is  p h e n o m e n o n  with HB57, VIIIE11, o r P 24 . (c) W h en  cu ltu red  with MoAb M u 5 3 ,1G 6 

a n d  XG9 induced  eq u iva len t levels of 3H -thym idine incorporation. In all o th e r  c a s e s ,  th e  

com bination  of a  g iven  MoAb with 1G 6 a lw ays induced  a  g re a te r  d e g re e  of proliferation th a n  th e  

com bination  of th e  g iven MoAb with XG9. (d) T he inability of XG9 to induce  sy n erg y  w h en  co-cul- 

tu re d  with VIIIE11 is c o n s is te n t w ith th e ir  a p p a re n t recognition  of th e  s a m e  ep ito p e  o n  th e  IgM 

m olecu le  ( s e e  T ab le  II). H ow ever, th e s e  tw o M oA bs co n sis ten tly  in d u ced  different levels of pro­

liferation w h en  cu ltu red  with o th e r  an ti-p  M oAbs. For ex am p le , th e  co-cu lture  of XG9 with 5D 7 (at 

100 pg /m l to ta l Ab) elicited  5 4 ,5 3 4  ±  2 ,2 4 4  cp m  of 3H -thym idine u p ta k e  (XG9 a lo n e  = -1 ,433  ± 

264 ; 5D 7 a lo n e  = 2 0 ,9 5 5  ±  857), w h e re a s  th e  m ixture of M oAbs 5D 7 a n d  VIIIE11 elicited 

3 4 ,4 3 8  ±  4 ,6 1 0  cp m  of 3H -thym idine incorporation (VIIIE11 a lo n e  = 2 ,3 9 3  ± 1 ,032). (e) T he lack 

of sy n erg y  o b se rv e d  in m ix tures conta in ing  e ith e r 1G 6 o r XG9 to g e th e r  with P 2 4  d o e s  not a p p e a r  

to  b e  d u e  to  th e  delivery  of a  n eg a tiv e  signal by MoAb P 24 . T h e  proliferation o b ta in ed  w h e n  P 24  

w a s  co-cu ltu red  with individually-m itogenic anti-IgM M oAbs w a s  not an y  low er th a n  th a t o b ta in ed  

w h e n  th e s e  la tte r M oAbs w e re  u s e d  singly (d a ta  not show n).

A b se n c e  of S v n e rav  B e tw een  1G 6 Anti-IgM MoAb a n d  M oAbs D irected  to  Non-IgM B Cell 

M em b ran e  M olecu les. T h e  possibility  w a s  ex p lo red  th a t th e  sy n erg y  exhib ited  by  MoAb 1G 6 

cou ld  a lso  b e  o b ta in e d  by incubation  with M oA bs d irec ted  to  non-IgM  m o lecu les  o n  th e  B cell 

su rface . T h e  d a ta  in T ab le  IV show  th a t M oAbs specific to  both  IgD (CBDA-4E5) a n d  la (22c6, 

S G 1 7 1 ) did not ind u ce  proliferation a n d  th a t, w h en  th e s e  M oA bs w e re  cu ltu red  with 1G 6 MoAb, 

stim ulation  w a s  not e n h a n c e d . H ow ever, in th e  control, a  significant d e g re e  of e n h a n c e m e n t in 

B cell stim ula ' ' n w a s  ach iev ed  w h en  MoAb 1G 6 w a s  co-cu ltu red  with M u53 an ti-p  MoAb. W hen  

cu ltu red  se p a ra te ly  a t th is  co n cen tra tio n , b o th  M oA bs M u53 a n d  1G 6 in d u ced  no significant 

d e g re e  of proliferation o v e r b ack g ro u n d .
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F i g u r e  4. Synergy in B cell stimulation when an ti-Ig M  m A b 1G6 o r X G 9  are cultured with 
other an ti-IgM  m A b. H um an splenic B cells in medium containing $ 0 %  T  cell supernatant 
were cultured with 250  mg/ml o f  m A b A  an d /o r 250  Mg/ml o f m A b B. T h e  data are expressed 
as Acpm ±  SE diff. Background stimulation was 3 ,293 ±  236 (x  cpm ±  SEM ). Both 1G6 and 
X G 9  m A b did not elicit any significant am ount o f  [3H ]thym idine uptake in cultured cells when 
used individually; however, when m ixed together, o r when mixed with 5D 7  o r M u 53  m Ab, 
both induced synergistic responses (see text). In  addition, when 1G6 m A b was cocultured with 
V I I IE  11, a marked synergy in the level o f  [3H ]thym idine incorporation was observed. N either 
1G6 nor X G 9  m A b elicited proliferation when m ixed with m A b P24. T h e  inhibition o f H B 57- 
induced proliferation obtained when X G 9  was cocultured with H B 57  was reproducible in 
three experiments.
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T able IV
Inability o f IG6 Anti-IgM mAb to Synergize with mAb Directed to Other B Cell Membrane

Molecules

Acpm (SE difT)

mAb A m Ab B

None 1G6 Mu53 4E5 Anti-IgD 22c6 Anti-DR S G I57 Anti-DR

None — -1 ,5 0 7  (552) - 6 7  (696) -4 4 6  (620) -2 ,2 8 7  (610) -8 0 1  (582)

IG6 -1 ,5 0 7  (552) -7 4 8 (5 9 1 ) 8 ,302(929) -1 ,0 6 4 (5 4 9 ) 183 (597) -1 ,2 0 0  (566)

Purified B cells were cultured with 50 /ig/m l o f purified mAb A a n d /o r  m Ab B in m edium  containing 30% T  cell supernatant. Acpm 
represents the cpm in mAb-containing cultures above that in cultures with medium alone (3,864 ±  539 cpm).
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C o m p ariso n  of th e  Effect of T  Cell S u p e rn a ta n t U pon Proliferation Induced  bv  Individual 

Anti-IgM M oA bs o r  MoAb M ixtures. In th e  a b s e n c e  of T cell su p e rn a ta n t, th e  B cell proliferation 

in d u ced  by  MoAb H B 57 w a s  m arked ly  red u ced . N ev e rth e le ss , a  A cpm  of 2 ,5 9 7  ±  269  w a s  

o b ta in ed  w ith a s  little a s  4  pg/m l of M oAb (Fig. 5) a n d  p la teau  levels (Acpm  = 10,451 ±  2,291) of 

stim ulation w e re  re a c h e d  with >20 pg/m l, th e  s a m e  co n cen tra tio n  of H B 57 th a t g a v e  p la teau  

levels in th e  p re s e n c e  of T  cell su p e rn a ta n t (Fig. 2). T he proliferation in d u ced  by all o th e r  

individually-m itogenic M oA bs w a s  a lso  substan tia lly  re d u c e d  in th e  a b s e n c e  of T  cell su p e rn a ta n t; 

in fact, low levels  of stim ulation (Acpm = 1 ,000  - 2 ,500) w e re  o b se rv e d  only in th re e  of s e v e n  

ex p e rim en ts  in w hich B ce lls  w e re  cu ltu red  with m axim al co n cen tra tio n s  of 5D 7 o r M u53 M oAbs.

Fig. 5  a lso  illustrates tha t, in co n tra s t to  individual M oAbs, certa in  m ixtures of anti-IgM 

M oA bs in d u ced  a  significant d e g re e  of B cell proliferation in th e  a b s e n c e  of e x o g e n o u s  T  cell 

su p e rn a ta n t. M oreover, th e  level of p roliferation  a p p ro a c h e d  th a t for th e  s a m e  cu ltu re s  contain ing  

th e  a d d e d  T  cell fac to r so u rc e .

T h e  ability of T  cell s u p e rn a ta n ts  to  e n h a n c e  th e  proliferation of B lym phocy tes cu ltu red  

with v a rio u s co n cen tra tio n s  of individual o r  1 :1 m ixtures of anti-IgM M oA bs is e v a lu a ted  in T ab le  V. 

T he d a ta  d e m o n s tra te d  th a t: (a) th e  proliferation induced  by  e a c h  individual anti-IgM MoAb w a s  

m arked ly  e n h a n c e d  in th e  p re s e n c e  of T  cell su p e rn a ta n t, a s  ind icated  by th e  la rg e  index v a lu es  

(s e e  M aterials a n d  M ethods); (b) C u ltu res stim ula ted  with th e  low -dose stim ulatory M oAbs (HB57 

o r 5D 7) sh o w e d  no  significant d iffe rence  in T  cell su p e rn a ta n t d e p e n d e n c e  a t h igh of low MoAb 

c o n cen tra tio n s . E ven  w h en  MoAb d o s e s  subop tim al for m axim al proliferation w ere  te s te d  (d a ta  

not show n), T  cell s u p e rn a ta n ts  did not e n h a n c e  stim ulation  to  an y  g re a te r  d e g re e  th a n  w h en  o p ­

tim al c o n cen tra tio n s  of MoAb w ere  u se d , (c) In con trast, cu ltu res  stim u la ted  with MoAb m ixtures 

con ta in in g  1G 6 g en era lly  exhib ited  a  high d e g re e  of T  cell su p e rn a ta n t in d e p e n d e n c e  (i.e., low 

index va lu es), m an ifes ted  a t high MoAb d o s e s  bu t dim inishing a t low d o s e s , (d) C u ltu res 

stim u la ted  by  MoAb m ixtures w ithout 1G 6 sh o w ed  a  m uch le s s  p ro n o u n ced , in m an y  c a s e s  

negligible, d iffe ren ce  in T  cell su p e rn a ta n t d e p e n d e n c e  a t high a n d  low M oAb co n cen tra tio n s .
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F i g u r e  5 . Com parison o f  B cell p ro lifera tion  induced by single a n ti- Ig M  m A b  o r m A b  
m ixtures in the presence and absence o f  T  cell supernatant. T  ce ll-d ep le ted  splenic lym pho­
cytes w ere cu ltu red  w ith  the indicated concentrations o f  individual a n ti- Ig M  m A b  o r 1:1 m A b  
m ixtures in the presence (closed symbols) o r absence (open symbols) o f  30%  T  cell supernatant. 
T h e  data are expressed as Acpm ±  SE d iff. Background pro lifera tion  w ith T  cell supernatant 
was 3 ,2 9 3  ±  2 3 6  (x  cpm ±  S E M ). In  the absence o f  T  cell supernatant, the pro liferation  
induced by each ind ividual m A b  was e ith e r m arkedly reduced o r  not detectable. H ow ever, 
when m A b  m ixtures w ere tested, a highly significant degree o f  p ro lifera tion  was obtained in 
the absence o f  an exogenous T  cell factor source. In  some instances (m A b  1G 6 +  5 D 7  and  
1G 6 +  X G 9 ), the level o f  stim ulation observed in the absence o f  T  cell supernatant approached  
that obtained fo r the same cultures in the presence o f  supernatant.
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T a b l e  V

Comparison of the Degree o fT  Cell Supernatant Dependence Exhibited in B Cell Cultures 
Stimulated by High and Low Concentrations of Mitogenic Anti-IgM mAb

A n ti-Ig M  m Ab

Index o f enhancement by T  cell supernatant* with total A b  
concentration at:

500  f i g /m l 20  jig /m l

Exp. A Exp. B Exp. C Exp. A Exp. B Exp. C

H B 57 11.12 5.32 11.09 7.25 4.77 10.96
5D 7 _____t 27 .10 29.13 — — 16.63
V I I I E I I — — 4.67 — — —
M u53 13.11 — 11.64 — — 2.65

1G6 +  X G 9 2.39 2.04 --------

+  H B 57 1.78 1.40 7.50 5.53
+  5D 7 1.27 1.62 15.95 15.11
+  V I I I E I I 3 .29 2.83 - 10.45 5.90
+  M u53 7.19 3.03 — —

X G 9  +  H B 57 5.47 4.73 8.10 6.93
+  5D 7 7.73 8.35 17.29 11.23
+  M u53 7.79 5.42 — —

H B 57 +  5D 7 8.74 5.55 9.92 6.26
+  V I I I E I I 12.23 5.50 9.21 7.17
+  M u53 4.32 4 .24 16.68 8.41

5D 7 + V I I I E I I 13.23 8.32 24.80 8.78
+  M u53 11.35 8.45 — 24.37

V I I I E I I  +  M u53 10.99 4.15 — 6.17

*  Index o f T  cell supernatant (T-supt) enhancement was calculated by dividing the Acpm in anti- 
IgM -stim ulated  cultures containing T-supt by the Acpm in an ti-IgM -stim ulated  cultures without 
T-supt.

* Index was not calculated because the denom inator (Acpm in cultures w ithout T-supt) was too low 
to give a reliable index. Index values were only calculated when both the Acpm observed in anti- 
IgM -stim ulated  cultures containing T-supt and the Acpm observed in stimulated cultures without 
T-supt were each > 2 .5  standard deviations o f the x  cpm in the respective control cultures. Control 
cultures without T-supt exhibited x  ±  SD values o f  2 ,049  ±  370, 2 ,177 ±  355, and 759  ± 1 2 2  cpm 
in Exps. A , B, and C, respectively. C ontrol cultures containing 30%  T-supt exhibited 3,293 ± 4 7 1 ,  
3,124 ±  225, and 1,950 ±  170 cpm in Exp. A , B, and C , respectively.
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F i g u r e  6 . Comparison o f  T  cell supernatant-replacing ability o f  mAbs 1G6 and X G 9. 
Cultures o f  T  cell-depleted splenic lymphocytes containing 250 Mg/ml o f m A b A  were 
supplemented with 250  /ug/ml o f  m A b B (1G 6 or X G 9 ) o r 30%  T  cell supernatant (T-supt) .  
T h e  data are expressed as Acpm ±  SE d if f  o f triplicate cultures. Background cpm in control 
cultures was 3 ,124  ±  225 (x cpm ±  SEM ). In  nearly all cultures, m A b 1G6 functions as well, 
if  not better, than T  cell supernatant in augmenting B cell stimulation; the only exception 
being m A b M u53-stim ulated cultures. In  contrast, m A b X G 9  was unable to augment B cell 
proliferation when used as a costimulator in the absence o f T  cell supernatant.
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C o m parison  of T  Cell S u p e rn a ta n t R eplacing Ability of M oAbs 1G 6 a n d  X G 9. Fig. 6  

illustra tes th a t th e  sy n e rg y  o b ta in ed  by  co-culturing  MoAb 1G 6 with e a c h  of th e  an ti-p  M oA bs in 

th e  a b s e n c e  of T  cell su p e rn a ta n t w a s  a t  le a s t equ ivalen t to  th e  sy n e rg y  o b ta in e d  w h e n  th e  non- 

1G 6 M oAbs w ere  co -cu ltu red  with T cell su p e rn a ta n t a lo n e . Only with MoAb M u53 did th e  T  cell 

fac to r so u rc e  function b e tte r  a s  a  co-stim ulator th an  1G 6 . C o m p ared  with 1G 6 , XG9  w a s  

co n sid e rab ly  le s s  effective a s  a  co-stim ulato r th a n  th e  T  cell su p e rn a ta n t.

W e c o n s id e re d  th e  possibility th a t DEAE-purified 1G 6 w a s  co n tam in a ted  with a  B cell 

grow th fac to r (BCGF)-like factor. Further purification of 1G 6 o n  p ro te in -A -S ep h aro se  o r  on  

S e p h a ro s e  c o u p led  w ith purified g o a t an ti-m o u se  Ig an tibody , re v e a le d  th a t th e  synerg istic  

p ro p ertie s  w e re  a s s o c ia te d  with th e  b o u n d  m o u se  IgG an tibody  (d a ta  not show n).

DISCUSSION

O n e  principal finding in th is  s tudy  w a s  th a t v a rious anti-IgM M oA bs differed significantly in 

th e ir ability to  ind u ce  proliferation of h u m an  sp len ic  B lym phocy tes. H B 57 a n d  5D 7 p ro d u ced  

high p la teau  levels of stim ulation  a t very  low co n cen tra tio n s . T h e s e  tw o M oAbs in d u ced  signifi­

c an t proliferation ab o v e  b ack g ro u n d  with co n cen tra tio n s  a s  low a s  2 pg/m l. M oAbs VIIIE11 an d  

M u53, in co n tra s t, in d u ced  a  le s s e r  d e g re e  of proliferation a n d  only a t high co n cen tra tio n s . 

Finally, anti-IgM  M oAbs 1G 6, P 24 , a n d  XG9 did not p ro d u ce  significant proliferation, bu t usually  

c a u s e d  a n  inhibition of b a ck g ro u n d  3H -thym idine incorporation  o v e r a  b ro ad  d o s e  ra n g e .

T h e s e  find ings, to g e th e r  w ith th e  re su lts  of re c e n t rep o rts  (7 3 ,7 8 ,8 0 ,8 6 ,1 0 3 ), b e a r  

im portantly  on  p a s t s tu d ie s  (1 ,6 ,3 0 ,4 9 ,6 3 -7 2 ,7 5 -7 7 ,8 4 ,8 5 ,8 7 ) of th e  e ffec t of polyclonal anti-IgM  

A bs o n  B cells. T he A bs in anti-lg s e ra  a re  a  mixture of distinct sp e c ie s  th a t a re  likely d raw n from 

th e  d ifferent p ro to type  M oA bs d e sc r ib e d  ab o v e . A s a  resu lt, th e  d e g re e  of p roliferation  elicited 

an d  d o s e  requ ired  fo r optim al stim ulation by polyclonal A bs will to  so m e  d e g re e  reflect th e  n a tu re  

of th e  individual A bs com prising  su c h  polyclonal p rep ara tio n s.

How is it th a t different M oAbs, e a c h  with specificity fo r th e  s a m e  m olecu le, a re  ab le  to  elicit 

su c h  different d e g re e s  of stim ulation? A n u m b er of fac to rs  m ay  influence th e  ability of d istinct



3 5

anti-IgM  M oA bs to  induce  proliferation of B lym phocy tes. T h e  avidity of a n  MoAb for e p ito p es  on  

m em b ran e  Ig is a  likely factor. In th is  regard , H am ano  a n d  A sofsky h av e  recen tly  d e sc rib ed  an  

a sso c ia tio n  b e tw een  th e  affinity of tw o rat M oAbs to  m o u se  IgM a n d  th e ir  ability to  induce  

differentiation of a  m urine B cell line (79).

T h e  ability to  induce  B cell proliferation cou ld  a lso  b e  in fluenced  by th e  ep ito p e  specificity 

of th e  MoAb. This a sso c ia tio n  could  reflect th e  m ech an ism  by w hich B ce lls  rece ive  stim ulatory 

s ig na ls . T h ere  a re  a t le a s t tw o exp lana tions of how  anti-lg A bs trigger B cell proliferation, w hich a re  

not n e c e ssa rily  m utually exclusive. B inding to  certa in  e p ito p es  m ay  c a u s e  a  conform ational 

c h a n g e  in th e  mlgM m olecule w hich a id s  in th e  initiation of intracellular s ig n a ls  requ ired  for p ro ­

liferation. Alternatively, s ig n a ls  m ay a rise  from  th e  ag g reg a tio n  of mlgM m o lecu les (104). With 

reg a rd  to  th is  la tte r m ech an ism , it is likely th a t an  MoAb w hich reco g n ize s  a n  ep ito p e  multiply - 

e x p re s s e d  o n  a  mlgM m olecu le  will b e  m ore efficient a t cross-linking mlgM m olecu les th a n  an  

MoAb th a t re c o g n iz e s  a  singly e x p re s s e d  ep ito p e .

M any of th e  anti-IgM  M oAbs found to  exhibit distinct p a tte rn s  of stim ulation in th is study  

a lso  reco g n ize  un iq u e  e p ito p e s  o n  IgM. T h e se  re su lts  a re  com patib le  with th e  possibility th a t 

ep ito p e  specificity in fluences m itogenic  potential. In addition , Ju lius, e t al. (103), a s  well a s  Zitron 

an d  C lev inger (80), h av e  rep o rted  th a t tw o MoAb pa irs , d irec ted  to  e p ito p e s  o n  d ifferent d o m ain s  

of th e  m urine IgM a n d  IgD m olecule, respectively , vary  in th e ir ability to  induce  B cell proliferation. 

T h e  binding to  a  particularly sen sitiv e , d o m a in -a sso c ia te d  ep itope  m ay  b e  im portan t in signaling 

s in ce  th e  recen t d a ta  of Leptin (78) ind icate  th a t tw o so lub le  rat an ti-m urine IgM M oA bs which 

s h a re  d o m ain  specificity  an d  iso type  with th e  m itogenic MoAb d e sc r ib e d  by Ju liu s , e t al. (103) 

bo th  fail to ind u ce  m urine B cell proliferation.

T h e  effec ts  of Ab binding to  F c  re c e p to rs  h a s  b e e n  sh o w n  to  in fluence B cell activation  by 

anti-lg  A bs (64 ,73 ,75 ,76). H ow ever, it is unlikely th a t a n  F c reg io n -m ed ia ted  m ech an ism  is 

re sp o n sib le  for all d iffe ren ces in th e  m itogenic  c h a ra c te r  of th e  individual an ti-p  M oAbs in th is  

s tudy , s in c e  five of th o s e  th a t d isp lay ed  functional d iffe ren ces w e re  of th e  s a m e  7 1  iso type . T h e  

possibility  c a n n o t b e  ex c lu d ed  th a t th e  d ifference in stim ulatory  cap ac ity  b e tw e e n  M oA bs XG9
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( 7 1  m urine isotype) a n d  VIIIE11 ( 7 3  m urine isotype) could  b e  d u e  to  F c  d iffe rences, s in ce  th e  

ava ilab le  ev id en ce  in d ica tes  th a t th e y  bo th  bind to  th e  s a m e  ep itope .

Of particu lar in te rest is th e  finding th a t th e  individually non-stim ulatory  M oAbs 1G 6 a n d  

M oA bs XG9 give a  very  s tro n g  m itogenic  re s p o n s e  w h e n  in cu b a ted  to g e th e r . M oreover, sy n erg y  

w a s  o b se rv e d  w h en  e ith er M oAbs 1G 6  o r XG9 w a s  co-cu ltured  with all bu t tw o of th e  anti-IgM 

M oAbs. T his w a s  a p p a re n t not only a t  high co n cen tra tio n s (250  pg/m l) of e a c h  MoAb, bu t a lso  at 

c o n cen tra tio n s  a s  low a s  10 pg/m l. Indeed , th e  only in s tan ce  in w hich 1G 6 did not m arkedly  a u g ­

m en t ex isting  stim ulation w a s  in co -incubation  with H B57 in th e  p re s e n c e  of T  cell su p e rn a ta n t. 

T h is could  reflect th e  fac t th a t in su ch  cu ltu res H B57 MoAb a lo n e  elicits a  near-m axim al B cell 

r e s p o n s e . T his possibility  is s tre n g th e n e d  by th e  o b se rv a tio n  th a t, in th e  a b s e n c e  of T  cell 

su p e rn a ta n t, 1G 6 strikingly e n h a n c e s  th e  m axim al stim ulation ach iev ed  with HB57. It is im portant 

to  c o n s id e r  th a t MoAb 1G 6 in d u ced  sy n e rg y  in B cell proliferation w h en  co m b in ed  w ith o th e r  

anti-IgM M oA bs bu t not w h en  co m b in ed  with M oAbs to  o th e r  su rface  m o lecu les , su c h  a s  an ti-la  o r 

an ti-5 - H ow ever, s ince  a  limited n u m b er of anti-la  an d  an ti-5  M oA bs w ere  te s te d , th e  possibility 

rem ain s th a t o th e rs  m ight d isp lay  sy n erg y  with MoAb 1G6.

At p re se n t, th e re  is no  sa tisfac to ry  in terp re ta tion  for th e  a b s e n c e  of sy n erg y  b e tw e e n  

M oAbs XG9 a n d  H B 57 e v e n  in th e  a b s e n c e  of T  cell su p e rn a ta n t. O n e  re a so n a b le  exp lana tion  

m ay  b e  th a t, w h en  com bined , th e y  h a v e  a  re d u ced  ability to  induce  positive s ig n a ls  for B cell 

proliferation. T his could  a lso  explain th e  inability of M oAbs 1G 6 a n d  XG9 to  induce  B cell 

proliferation w h en  e ith e r w a s  u s e d  in com bination  with P 2 4 .

At le a s t th re e  p o ss ib le  m e c h a n ism s  for th e  sy n erg y  d e m o n s tra te d  in co -cu ltu res  of an ti-p  

M oAbs with M oAbs 1G 6  (or XG9) c a n  b e  co n sid e red : (a) cyclic co m p lex es  m ay form  b e tw een  

MoAb 1G 6, mlgM an d  o th e r an ti-p  M oAbs, w hich lead  to  a  g re a te r  overall avidity of th e  ligands for 

mlgM. Ehrlich e t al. (104) h av e  recently  d esc rib ed  cyclic co m p lex es  of M oAbs th a t d isp lay  a  h igher 

affinity fo r an tigen  th a n  th e  individual M oAbs. In addition, P a rh a m  (105) h a s  sh o w n  th a t th e  b ind­

ing of certa in  M oAbs to  a  MHC m olecule  in d u ces  conform ational c h a n g e s  th a t affect th e  affinity 

w ith w hich o th e r M oA bs bind to  a lternative  e p ito p es  on  th e  m olecule , (b) T h e  ability of MoAb 1G 6
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to  induce  sy n erg y  m ay  sim ply reflect its un ique  ability to  co llabo ra te  with o th e r M oAbs in inducing 

efficient c ro ss-lin k ag e  of mlgM m o lecu les  a n d  c o n se q u e n t stim ulatory  m icro -patch  form ation  (50) 

o n  th e  B cell m em b ran e . It is unlikely th a t th is m ech an ism  is so lely  re sp o n sib le  for th e  o b se rv e d  

sy n e rg y  s in c e  o th e r  p a irs  of M oAbs w hich bind to  un ique  e p ito p es  a n d  th u s  sh o u ld  b e  c a p a b le  of 

in creasin g  cross-linkage  (e.g . M oAbs 5D 7 a n d  VIIIE11 o r M oAbs M u53 a n d  VIIIE11) d o  not d isplay  

sy n erg y  w h en  com bined , (c) T he ex cep tional ability of 1G 6 MoAb to  sy n erg ize  m ay reflect its 

u n iq u e  capability  to  induce conform ational c h a n g e s  th a t e n h a n c e  th e  efficiency of signal tra n sfe r  

from  mlgM to  th e  B cell interior after binding to  mlgM with a n o th e r anti-IgM Ab.

S tu d ie s  with anti-IgM A bs from  polyclonal a n tise ra  (44,106) h av e  show n  th a t B cell p ro ­

liferation elicited by low Ab co n c e n tra tio n s  is d e p e n d e n t up o n  T  cell fac to rs , while proliferation 

elicited by high co n cen tra tio n s  of Ab is relatively T  cell in d ep en d en t. In co n trast, o u r ex p erim en ts  

w ith individual anti-IgM M oAbs ind icate  th a t, irrespective  of th e  d o s e  of Ab, th e  proliferation in­

d u c e d  by e a c h  individual MoAb is significantly e n h a n c e d  by th e  p re s e n c e  of a  T  cell fac to r so u rce .

Of particu lar in te rest in th is s tu d y  is o u r finding th a t th e  co-cultivation of MoAb 1G 6 with 

o th e r  anti-IgM  M oAbs circum ven ts th e  n e e d  for a  se c o n d  signal to  b e  de livered  to  B cells by T  cell 

su p e rn a ta n t. W e did not ex am in e  w h e th e r th e s e  MoAb m ix tures, a t  high co n cen tra tio n s , recruit 

th e  proliferation of a  B cell su b p o p u la tio n  th a t d o e s  not requ ire  s e c o n d  s ig n a ls  from  e x o g e n o u s  

fac to rs , o r  w h e th e r s ig n a ls  from  th e s e  m ixtures a b ro g a te  th e  n e e d  for additional signaling  to  o n e  

re sp o n s iv e  B cell subpopu la tion . In addition, a lthough  th e  d a ta  clearly  sh o w  th a t MoAb 1G 6 h a s  

specificity for h u m an  IgM, th ey  do  no t rule ou t th e  possibility th a t 1G 6 m ay  c ro s s re a c t with th e  

B C G F recep to r o n  h u m an  B lym phocytes a n d  th e re b y  mimic th e  effec ts of BCG F. G iven th a t B 

ce lls  a re  c a p a b le  of sec re tin g  B cell grow th fac to r w h en  infected  with E pste in -B arr Virus (107), it is 

a lso  co n ce iv ab le  th a t th e  s ig n a ls  de livered  by MoAb 1G 6, in com bination  w ith a n o th e r  anti-IgM 

MoAb, ind u ce  B ce lls  to  s e c re te  th e ir ow n e n d o g e n o u s  grow th fac to r th a t e lim in a tes  th e  n e e d  for 

e x o g e n o u s  factor. T h e s e  p o ssib le  m e c h a n ism s  for th e  u n iq u e  p ro p e rtie s  of MoAb 1G 6 rem ain  to  

b e  in v es tig a ted .
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SUMMARY

S e v e n  m urine m onoclonal an tib o d ie s  (MoAbs) with d ifferent b inding ch a ra c te ris tic s  for 

h u m an  IgM varied  m arkedly  in the ir ability to  induce proliferation of T  ce ll-d ep le ted  h u m an  

sp le n o c y te s . Tw o M oAbs (HB57 a n d  5D 7) th a t b ound  to  distinct e p ito p e s  on  IgM w ere  highly 

effective initiators of B cell proliferation a t very  low co n cen tra tio n s, in th e  p re s e n c e  of a  T  cell factor 

so u rc e . In th e  a b s e n c e  of T  cell su p e rn a ta n t, bo th  H B 57 a n d  5D 7 M oA bs p ro d u c e d  a  m arkedly 

re d u ced  d e g re e  of stim ulation a t all co n cen tra tio n s. Tw o additional anti-IgM M oAbs (VIIIE11 an d  

M u53) w e re  d istinctive in th a t, ev en  a t  high co n cen tra tio n s , only limited proliferation w a s  o b se rv e d  

c o m p a re d  with th e  first g ro u p  of M oAbs. T his proliferation d e p e n d e d  o n  th e  p re s e n c e  of T cell 

su p e rn a ta n t. C om petitive-b inding  s tu d ie s  rev e a le d  th a t th e  ep ito p e  reco g n ized  b y  M oAb M u53 

m ay  b e  identical o r  very  proxim ate to  th a t reco g n ized  by HB57. T h ree  o th e r M oAbs (1G 6, XG9, 

a n d  P24) in d u ced  little o r  no  proliferation. 1G 6 b o u n d  to  a  u n iq u e  ep ito p e  o n  th e  IgM m olecule, 

w h e re a s  XG9 sh a re d  a  de te rm in an t with VIIIE11 MoAb. R egulatory  in fluences of Fc recep to r 

b inding c a n n o t acco u n t for all th e  d iversity  in proliferation o b se rv e d  with th e  individual anti-IgM 

M oA bs.

M arkedly a u g m e n te d  proliferation w a s  o b ta in ed  w h en  B cells w e re  cu ltu red  with certa in  

co m b in a tio n s of anti-IgM  M oAbs in th e  p re s e n c e  of e x o g e n o u s  T  cell su p e rn a ta n t. T he 

proliferation in d u ced  in th e  a b s e n c e  of T cell su p e rn a ta n t by  high co n c e n tra tio n s  of MoAb 

m ix tures th a t included  1G 6 a p p ro a c h e d  th a t o b se rv e d  for th e  s a m e  m ixtures in th e  p re s e n c e  of T  

cell su p e rn a ta n t. T h e  d a ta  su g g e s t th a t ce rta in  s ig n a ls  d e liv ered  th rough  m e m b ra n e  IgM can  

b y p a s s  th e  n e e d  for T  cell su p e rn a ta n t in th e  activation of h u m an  B lym phocytes.
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CHAPTER THREE

A nalysis of th e  D om ain Specificity of V arious M urine A nti-H um an IgM M onoclonal A ntibodies 

Differing in H u m an  B L ym phocyte S ignaling  Activity*

INTRODUCTION

For so m e  y e a rs  polyclonal an tib o d ies  th a t bind to  m e m b ra n e  im m unoglobulin  o n  B cells 

h a v e  b e e n  reco g n ized  a s  tra n s d u c e rs  of s ig n a ls  th a t m o d u la te  bo th  B lym phocyte ex p an sio n  

(6 ,63 ,108) a n d  lg sec re tio n  (85). R ecently , w ork in th is  (109), a s  well a s  o th e r  labora to ries 

(7 8 ,8 0 ,8 1 ,1 1 0 ) h a s  d e m o n s tra te d  th a t c o n s id e ra b le  h e te ro g en e ity  ex is ts  in th e  c a p ac ity  of 

individual anti-im m unoglobulin  m onoclonal an tib o d ies  to  tra n s d u c e  s ig n a ls  for bo th  th e  induction 

of DNA sy n th es is  in resting  B lym phocy tes (103) a s  well a s  for th e  inhibition of DNA sy n th es is  in 

certa in  ac tiv a ted  B cell popu la tions (111). B e c a u se  anti-IgM an tib o d ies  of th e  s a m e  m urine iso ­

ty p e  exh ib ited  d ifferen t functions, th e  b a s is  for th is  h e te ro g en e ity  w a s  sh o w n  not to  b e  re la ted  to  

Fc reg ion  d iffe ren ces in th e  MoAb (109). Accordingly, c h a rac te ris tic s  of th e  variab le  reg io n s  of 

th e  anti-lg  M oAbs w e re  an a ly zed  to  d e te rm in e  th e  n a tu re  of th e  signal de livered  to  th e  

B lym phocyte.

A s part of a n  effort to  m ore  p rec ise ly  u n d e rs ta n d  th e  p a ra m e te rs  involved in th e  su rface - 

IgM - ligand in teraction  th a t m ight b e  re sp o n sib le  for d ivergen t MoAb B cell signaling  capab ilites , 

w e  h av e  localized  th e  site  of binding of th e s e  M oA bs to  particu lar d o m a in s  o n  th e  IgM m olecule.

In addition , th ro u g h  th e  u s e  of MoAb cross-inhibition  rad io im m u n o assay s , th e  q u e s tio n  of 

w h e th e r  A bs th a t b ind to  th e  s a m e  d o m a in  a re  d irec ted  to  th e  s a m e  o r different e p ito p es  w a s

* Reprinted with permission from M olecular Im m unology, vol. 24, Steven M. 
Rudich, Edith Mihaesco, Robert Winchester and Patricia K. A. Mongini, 
Analysis of the Domain Specificity of Various Murine Anti-Human IgM 
Monoclonal Antibodies Differing in Human B Lymphocyte Signaling Activity, 
Copyright 1987, Pergamon Journals, Ltd.
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exam ined . Inform ation on  MoAb s ite  specificity, com bined  with a  critical ap p ra isa l of anti-IgM MoAb 

affinity a n d  sto ichiom etry  to  B cell m em b ran e  IgM (R udich a n d  Mongini, in prepara tion), m ay  give 

u s  b e tte r  insigh ts into th e  n a tu re  of th e  binding e v e n ts  requ ired  for signaling  by anti-IgM  M oAbs.

MATERIALS AND METHODS

H um an laM proteins. H um an IgM m yelom a m acroglobulin "Pan" w a s  of k ap p a  light chain  

ty p e  a n d  did not p o s s e s s  rheum ato id  fac to r activity. This euglobulin  w a s  purified by dialysis 

a g a in s t cold  distilled w a te r  a n d  p a s s a g e  o v er a  90  x 2 .6  cm  S ep h acry l S -3 0 0  ge l filtration colum n 

(P h arm acia ) in PBS-A  (p h o sp h a te -b u ffe red  sa lin e  + 0 .02%  azide). IgM "Pan", from  th e  m iddle 

portion of th e  ex c lu d ed  peak , w a s  u s e d  fo r all enzym atic  d ig es tio n s  a n d  w a s  a lso  th e  p ro b e  u s e d  

in e ith er tritiated o r  fodinated form  fo r rad io im m u n o assay s (RIAs).

Mu h eav y  chain  d is e a s e  (pHCD) p ro te in s BOT a n d  DAG, d e sc r ib e d  previously  (112,113), 

w e re  a lso  u se d  in so m e  ex p erim en ts . T hey  a re  m utan t p ro te in s th a t com pletely  lack an d  Cp-j 

h eav y  chain  d o m ain s  a s  well a s  light ch a in s . H ow ever, th ey  a re  p en tam eric  an d  d o  p o s s e s s  

norm al IgM C p 2 , CM3 , an d  C p4  dom ains.

P rep ara tio n  of enzvm atic  frag m en ts  from  H um an laM "Pan".

Fc5 p. IgM w a s  tre a te d  with T P C K -treated  trypsin  (S igm a C hem ical C o., St. Louis, MO,

No. T -8642) in a  20-to-1 su b s tra te -to -en zy m e  (S:E) w eight ratio a t 65°C  for 10 min, following th e  

m ethod  of P lau t a n d  T om asi (114). D igestion  w a s  te rm in a ted  by  th e  addition of so y b e a n  trypsin 

inhibitor (S igm a, No. T-9003). After cooling, th e  d igestion  m ixture w a s  p la c e d  o v e r a  ca lib ra ted  

S ephacry l S -3 0 0  gel filtration colum n (90 x 2 .6  cm ) equilib rated  with 0.1 M Tris-HCI, 0 .15  M NaCI, 

pH 7 .3  (TBS). FC5 P  e lu ted  in th e  s e c o n d  of five p e a k s .

C p4. N on-reducing  5 -20%  g rad ien t SD S -P A G E  an a ly s is  of th e  pro te in  in th e  first p e a k  

from  th e  65°C  trypsin  d ig es t sh o w ed  only two b a n d s  - o n e  a t approxim ately  380  kiloD altons (kDa) 

a n d  a n o th e r at 14 kD a. U pon reduction , th e  sm aller b an d  rem ain ed  intact. B e c a u se  of its s ize , th e  

fac t th a t it w a s  non-reducib le , a n d  th e  rep o rted  te n d e n c y  of enzym atically  c le a v e d  C P4  to  a g g re ­

g a te  with o th e r IgM m oieties (115), w e  c o n s id e red  th a t th is sm alle r frag m en t m ay  h av e  b e e n  C P4 .
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T o s e p a ra te  th e  a p p a re n t CP4  frag m en t from  th e  la rg e r m olecu lar w eight (mol. wt) m oieties, th e  

p ro tein  in p e a k  1 w a s  v acu u m  c o n c e n tra ted  a n d  th e n  d ialyzed  a t 4°C  a g a in s t 5  M guan id ine  

hydrochloride (GuHCI). T h e  p ro tein  w a s  th e n  app lied  to  a  6 4  x 1.3 cm  colum n of AcA-54 

equ ilib ra ted  with 5 M GuHCI. T he s e c o n d  p e a k  o b ta ined , conta in ing  th e  low mol. w t C m  dom ain , 

exh ib ited  a  sing le  b an d  a t 14  kD a a n d  w a s  co n seq u en tly  d ia lyzed  a g a in s t PBS-A.

C p3 . 5 -20%  g rad ien t S D S -P A G E  an a ly sis  of th e  fourth p e a k  from  th e  65°C  trypsin  d ig est 

sh o w e d  tw o b a n d s  - o n e  a t approx . 63  kD a, co rresp o n d in g  to  co n tam ina ting  F a b p  from  th e  

n eighboring  h ig h er mol. w t p e a k , a n d  an o th e r, m uch  m ore  p ro m in en t n o n -reduc ib le  b a n d  of 

2 0  kD a, w hich  w a s  c o n s id e red  to  b e  possib ly  C P3  (116). To iso late  th is low mol. w t fragm en t, th e  

pro te in  in th is  fourth p e a k  w a s  v acu u m  co n c e n tra ted  a n d  app lied  to  a n  AcA-54 gel filtration 

co lum n (93 x 1.3 cm ) equilib rated  in PBS-A . T he elution profile sh o w ed  an  initial sm all p e a k  of 

F ab p , follow ed by a  la rg e  s e c o n d  p e a k  of Cp .3 a n d  s u b s e q u e n t p e a k s  of low er mol. w t pep tid es .

F(ab'12 p . IgM w a s  tre a te d  with T PC K -treated  trypsin in a  100-to-1 S :E  w eight ratio a t 37°C  

following th e  p ro c e d u re  of Miller a n d  M etzger (117). T h e  d igestio n  w a s  te rm in a ted  a fte r 24  h rs  by 

th e  addition  of so y b e a n  trypsin  inhibitor. A fter cooling, th e  m ixture w a s  ap p lied  to  a  146 x 3.1 cm  

co lum n of S ep h ac ry l S -2 0 0  equ ilib ra ted  in PBS-A. T h ree  p e a k s  w e re  o b ta in ed , th e  s e c o n d  of 

w hich c o n ta in e d  th e  F (ab ')2 P  frag m en t.

C p 2 . T h e  cold  p e p s in  c le a v a g e  m eth o d  of Lin a n d  P u tn a m  (118) w a s  follow ed to  p ro d u ce  

th e  C p 2  frag m en t. U pon gel filtration th ro u g h  S ep h ac ry l S -2 0 0  (146  x 3.1 cm ), tw o w ell-defined 

p e a k s  w e re  o b ta in ed  - th e  first of w hich  co n ta in ed  C p 2 -

P rep a ra tio n  of re d u c e d  p ro d u c ts  from  IgM "Pan".

H-L. Half m olecu les of IgM m o n o m er (H-L) w ere  p ro d u ced  a s  essen tia lly  d e ta iled  by Vidal 

a n d  C o n d e  for th e  production  of IgM "subunits" (119). IgM w a s  m a d e  0 .0 5  M with l-cysteine 

(S igm a, No. C -7755) a n d  ro ta ted  for 8  min a t  room  tem p era tu re . After cooling th e  m ixture o n  ice, a  

10%  m olar e x c e s s  of io d o ace tam id e  (S igm a, No. 1-6125) w a s  ad d e d . After a n  additional 1 hr 

incubation  a t 4°C , th e  m ixture w a s  run  o v er a  S ephacry l S -3 0 0  gel filtration co lum n (90 x 2 .6  cm ). 

T h e  sin g le  p e a k  o b ta in ed  w a s  a n a ly z e d  by  non-reducing  S D S -P A G E  w hich re v e a le d  th a t
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approxim ately  80 %  of th e  protein w a s  in th e  form  of H-L (mol. wt 9 6  kDa). T h e  rem aining 

c o m p o n e n ts  w e re  d ivided a lm o st equally  into p  an d  light c h a in s  (mol. w ts  78  a n d  25 .5  kD a, 

respectively), a n d  IgM m o n o m er (mol. w t 210  kDa).

O th e r laM frag m en ts .

p. chain . Mu chain  w a s  p u rc h a se d  from  B ehring D iagnostics (C alb iochem -B ehring  Corp., 

La Jo lla , CA, ca t. no. 4 0 1850); it g a v e  a  s ing le  b an d  of approx im ately  78  kD a on  both  n o n -red u ced  

a n d  re d u c e d  SD S -P A G E .

Trvptic c le a v a g e  p ep tid e  T 27  (G ln272 - Lvs287). This fragm en t w a s  p ro d u ced  from  

trypsin  c le a v a g e  of pH CD  protein  BOT a s  d e ta iled  previously (120) a n d  is p art of th e  am ino acid  

s e q u e n c e  in side  th e  d isu lph ide  b o n d  loop of th e  IgM C p 2  d o m ain  ( s e e  Fig. 7B).

C N B r c le a v a g e  frag m en ts  H5 (P h e3 1 3  -M et331). H6  (C vs332  -M et484). H7 (G ln485 - 

M et5 0 lL  H8  (P ro 5 0 2  -M et563L T h e s e  frag m en ts  w e re  p ro d u c e d  from  C N B r c le a v a g e  of th e  

FC5 P  frag m en t of BOT a s  d e sc r ib e d  by  B arn iko l-W atanabe e t al. (121). T o g e th e r, th e y  co n stitu te  

th e  C O O H -term inal IgM se g m e n t com prising  th e  last 2 2  r e s id u e s  of C p 2 , co n tin u ed  w ith th e  e n ­

tire C P3  a n d  C P4  d o m ain s, excluding th e  C O O H -term inal o c tap ep tid e  of th e  p  cha in . T he 

num bering  s c h e m e  fo r th e  C N B r c le a v a g e  frag m en ts  a s  well a s  fo r p ep tid e  T 27  is b a s e d  upon  IgM 

m acroglobulin  G al (1 2 2 ).

R adiolabeling  of loM P an .

P rep ara tio n  of 3H-lgM . IgM w a s  tritiated  with 3 H -sodium  borohydride (N ew  England 

N uclear) by  th e  reductive  m ethylation  p ro ced u re  (123). T h e  specific  activity of th e  p rep ara tio n  

u s e d  w a s  6 6 7 ,0 0 0  cp m /p g .

P rep ara tio n  of 1251-lgM. IgM w a s  iod inated  with carrier-free  1 2 5 lodine (N ew  England 

N uclear) u sin g  th e  chloram ine-T  m ethod  (124). Typical specific  activities of 1 2 3 l-|gM p rep a red  

w ere  g re a te r  th a n  1.5 x 10 6  cpm /pg .

R ad io im m u n o assay s.

IgM fragm en t inhibition rad io im m unoassay . Polyvinyl chloride (PVC) w ells w e re  c o a te d  

with 25  pi of a  25  pg/m l solution of anti-IgM MoAb diluted in PBS-A  for 1 1/2 to  2  h rs a t 37°C . After
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w ash in g  w ith P B S , non-specific  b inding s ite s  w e re  b locked  by a  1/2 h r incubation  w ith 125 pi of 

1% B SA -PB S-A . U pon a n  add itional P B S  w a sh , 25  pi of th e  ind ica ted  inhibitors, a t co n cen tra tio n s  

usually  of 0 .1 5 ,1 .5 ,1 5 ,1 5 0 ,  a n d  3 0 0  pg/m l in 1% BSA -PBS-A , w e re  a d d e d  to  th e  ap p ro p ria te  

w ells for 2-2  1/2 hrs. Finally, 25  pi of 1 2 5|-|gM  (70-90 ,000  cpm ) w a s  a d d e d  to  e a c h  well for 

1 1 /2  h rs. P la te s  w e re  w a sh e d  a n d  individual w ells ev a lu a ted  for b o u n d  1 2 5 l-lgM by  u s e  of a  

g a m m a  co u n te r. Inhibition c u rv e s  w e re  p lo tted  by determ in ing  th e  p e rc e n t inhibition o b ta in ed  

w h en  v a rious co n cen tra tio n s  of IgM o r IgM fragm en t w ere  u se d  a s  a n  inhibitor o f 12^|-|gM  binding 

to  th e  w ell-bound anti-IgM MoAb. P e rc e n t inhibition v a lu e s  w e re  ca lcu la ted  a s  follows:

1 0 0  x [1 - (cpm  " l^ i- ig M  b ound  in th e  p re s e n c e  of inhibitor + cp m  125|-igM  b ound  in th e  a b s e n c e  

of inhibitor)]. T h e  p icom ole (pm ole) am o u n t of inhibitor n e c e s s a ry  to  d im inish th e  b inding of 

"*^5|_|gM to  im m obilized anti-IgM MoAb by 50 %  w a s  u s e d  a s  a  m e a n s  of evaluating  th e  p re se n c e  

of e p ito p e s  o n  d ifferent IgM frag m en ts .

C ross-inhibition rad io im m u n o assay . T h e  ability of various so lub le  anti-IgM M oAbs to  

inhibit th e  b inding of 2 H-lgM to PVC w ell-bound anti-IgM MoAb w a s  e v a lu a te d  by m e th o d s  

prev iously  d e sc r ib e d  (109). T h e  only m odification c o n s is te d  of a  c h a n g e  in th e  M oAb coating  

co n cen tra tio n  from  10 pg/m l to  2 5  pg/m l. Inhibition cu rv es  w ere  d e te rm in ed  in a  m a n n e r 

a n a lo g o u s  to  th a t u s e d  in th e  IgM frag m en t inhibition RIA.

S od ium  d odecv l su lfa te-po lvacrv lam ide  gel e lec tro p h o res is  fSD S-PA G E ). SD S -P A G E  

w a s  p erfo rm ed  acco rd in g  to  th e  m eth o d  of Laem m li (94). S a m p le s  run u n d e r  reduc ing  conditions 

co n ta in ed  5 %  2 -m ercap to e th an o l in th e  sa m p le  buffer. Mol. wt d e term ination  w a s  by co m p ariso n  

to  s ta n d a rd  c u rv e s  p re p a re d  from  th e  e lec tro p h o res is  o n  th e  s a m e  g e l of p ro te in s  of know n mol. 

w t (S igm a, N os. M W -SD S-7 an d  M W -SDS-6 H). Mol. w ts could  not b e  dete rm in ed  for intact IgM a s  

well a s  for pH C D  p ro te in s  BOT a n d  DAG u n d e r non-reducing  conditions. All p ro te in s  w e re  

an a ly z e d  with e ith er 5 -1 5 %  o r  5 -20%  g rad ien t acry lam ide ge ls .

P repara tion , c h a ra c te rization, a nd purification of m urine m onoclonal an ti-hum an  laM 

an tib o d ie s  (anti-IgM M oA bsl. T h e  p rep ara tio n , isolation, a n d  purification of s e v e n  of th e  n in e teen
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m urine an ti-hum an  IgM M oAbs u s e d  in th is study , i.e. XG9, VIIIE11, HB57, M u53, P 2 4 ,5 D 7 , an d  

1G 6 h a s  b e e n  p rev iously  d e sc r ib e d  (109).

G en era tio n  of additional m urine an ti-hum an  laM M oAbs d e sc rib e d  in th is report. M oAbs 

VIIIF10, IIF 5 ,2B 11, V IIIB 5,1X11, XG4, an d  IF11 w ere  o b ta ined  in th e  s a m e  tw o fu sions in w hich 

M oAbs XG9, VIIIE11, a n d  1G 6 w ere  g e n e ra te d  (109). MoAb B«1 w a s  o b ta in ed  in a  s e p a ra te  

fusion u sin g  a  different im m unogen  - a  pk  m acroglobulin  having rheum ato id  fac to r activity. M oAbs 

M u18 a n d  P 1 9  w ere  d eriv ed  from  th e  s a m e  fu sio n s a s  M oAbs M u53 a n d  P 24 , respec tive ly  (109). 

Lastly, anti-IgM  M oAbs 4-3 a n d  19 6 .6 b  w ere  derived  in a  d istinct fusion  w hich u s e d  th e  s a m e  

im m u n o g en  a s  th a t for th e  g e n e ra tio n  of M oAbs P 1 9  a n d  P 24 . M oA bs M u18, P 19 , 4-3 , a n d  

196 .6 b  a s  well a s  M oA bs M u53 an d  P 2 4  (109) w ere  kindly d o n a te d  by Drs. David P o sn e tt a n d  

H enry K unkel. All M oA bs w e re  c lo n ed  tw o tim es  a t limiting dilution (p e rcen t positive w ells 

b e tw e e n  2-7% ) b efo re  fu rther ch arac teriza tio n . T h e  M oAbs d e sc r ib e d  will b e  m a d e  availab le  to  

in te re s te d  in v estig a to rs .

C harac te riza tion  a n d  purification. T h e  a b o v e  newly d e sc rib e d  anti-IgM M oAbs w ere  c h a r­

ac te rized  for un ique  specificity to  IgMk an d  IgM by solid p h a s e  RIA a s  well a s  by im m unofluores­

c e n c e  o n  m e m b ra n e  IgM -positive B ce lls  u sin g  te c h n iq u e s  prev iously  d e sc r ib e d  (109). Purifica­

tion of th e s e  M oAbs (all of m o u se  g a m m a  1 isotype) w a s  ach iev ed  by affinity ch ro m ato g rap h y  over 

protein-A  S e p h a ro s e  (P harm acia ). 7 1  Ab w a s  specifically e lu ted  with 0.1 M citra te  buffer, pH 6.0 

(92). Alternatively, so m e  of th e s e  A bs w ere  purified by th e  u s e  of a  com m ercia l protein-A  

S e p h a ro s e  gel specia lly  optim ized for th e  purification of m urine 71  A bs (M APS, B io-R ad, R ich­

m ond , VA). A nalysis by  im m unoelec trophoresis  with an tise ru m  a g a in s t m urine se ru m  c o n ­

s titu en ts  a s  well a s  SD S -P A G E  indicated  th a t th e  level of purity of e a c h  MoAb p rep ara tio n  

e x c e e d e d  90% . In addition, all bu t four (M u18, IIF5, 2B 1 1, a n d  VIIIB5) of th e  n in e te e n  purified 

anti-IgM M oAbs w ere  e v a lu a ted  for purity by m e a su re m e n t of the ir ability to  bind to  affinity co lum ns 

of IgM -S epharose . With th e  ex cep tion  of M oAbs 1X11, XG4, P 19, P 2 4  a n d  IF11, g re a te r  th a n  

9 5 %  of th e  p ro tein  app lied  to  th e  Ig M -S ep h aro se  co lum n rem a in ed  bou n d , e v e n  a fte r  ex ten s iv e  

P B S  w ash ing . In th e  c a s e  of th e  ex cep tiona l five M oAbs, from  60 -75%  of p ro tein  app lied  in a  first
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p a s s a g e  th ro u g h  th e  co lum n b o u n d . T h e  IgM -binding po ten tia l of th e  n o n -b o u n d  p ro tein  w a s  

found  to  b e  identical to  th a t of th e  original MoAb p repara tion . In addition, u p o n  re -p a s s a g e  o v er a  

fre sh  Ig M -S ep h aro se  co lum n, th e  n o n -b o u n d  p ro tein  exhib ited  a  sim ilar p e rc e n ta g e  of binding. 

W e c o n s id e r  th is  low efficiency binding to  b e  indicative of th e  low er affinity n a tu re  of th e s e  

M oA bs.

N -term inal am ino ac id  s e q u e n c e  determ inations. M icro-Edm an d eg rad a tio n  w a s  

p erfo rm ed  acco rd in g  to  th e  m eth o d  of C h a n g  e t al. (125) u sin g  D A B IT C -phenylisothiocyanate 

d o u b le  coupling  follow ed by thin lay er ch ro m ato g rap h ic  identification of th e  am ino  ac id  derivatives 

lib era ted .

Hvdrophilicitv an a ly sis  of uH C D  protein  BOT. T he m ethod  of H opp a n d  W oo d s (126) w a s  

u s e d  to  an a ly z e  th e  hydrophilicity of m u h eav y  chain  d is e a s e  pro te in  BOT.

R E S U L T S

H um an IgM fragm en ts. Fig. 7A  illustrates th e  IgM m oieties a n d  frag m en ts  p re p a re d  an d  

u s e d  in th is  s tudy . M olecular w e ig h ts  of th e s e  frag m en ts , d e te rm in ed  by S D S -P A G E  (Fig. 8 ), 

g en era lly  a g re e  with previously  p u b lish ed  v a lu e s  (116 ,117 ,127 -129). In nearly  all c a s e s  th e  

frag m en t p rep a ra tio n s  a re  free  of m ajor con tam in an ts . T h e  se c o n d  m ajor non-light ch a in  b an d  

s e e n  in th e  F (ab ')2 P  p rep ara tio n  u n d e r  reducing  cond itions (Fig. 8 B, lan e  f, app rox . 3 6  kDa) likely 

reflects c le a v a g e  of th e  p. heav y  chain  a t a  trypsin site  m ore N-term inal to  th e  m ain  site  w hich g e n ­

e ra te s  th e  45  kD a F d 'p  b an d . This additional b an d  rem ain ed  upon  affinity purification of F (ab ')2 P 

o v e r a  m onoclonal an ti-hum an  k ap p a  light c h a in -S e p h a ro se  co lum n (d a ta  not show n).

N -term inal am ino  acid  s e q u e n c e  an a ly sis  w a s  perfo rm ed  to  confirm  th e  identity of certa in  

frag m en ts . A nalysis of th e  C p2  fragm en t rev ea led  a  N-term inal s e q u e n c e  of Val-lle-A la-Glu-etc 

(Va,223  * Va,235) w hich co rre sp o n d s  exactly  to  th e  first 13 re s id u e s  of th e  C p 2  frag m en t (Gal 

num bering , [122]). A nalysis of th e  am ino-term inal 10 re s id u e s  of th e  C P3  p rep a ra tio n  rev ea led  

tw o d istinct s e q u e n c e s :  o n e  beg inn ing  a t Gly3 2 i  (co rresp o n d in g  to  C p 3 a  of B ubb a n d  C o n rad ie  

[116]) a n d  a  s e c o n d , sm alle r fragm en t w hich h ad  a  s e q u e n c e  th a t b e g a n  a t ASP3 3 7 , very  n e a r  to
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VL CL

IgM  Frggm wrt Size (kDa)
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H -L  9 6 .0
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No. o f  am ino acid»

16 (Gin272 -  Ly* 2 87 )

19 ( P h s 3 l3 - M r t3 3 l )  

153 (C y s 3 3 2 - M a t  4 8 4 )
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62 (P ro 5 0 2  -  M et5 6 3 )
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□ □
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L
Fig. 7. (A ) Ig M  enzymatic fragments used in this study, their size (in kD a, as determined from 
non-reducing SDS-PAGE) and their approximate location on the Ig M  molecule. The dotted line in the 
C//3 fragment indicates the additional amino-terminal sequence found in this domain preparation. (B) 
Sequenced peptides from BOT //H C D  protein. The number o f amino acids comprising each peptide, as 
well as the first and last amino acid for each, are indicated. Also shown is a hydrophilicity profile of the 

parent protein BOT, computed using the method o f Hopp and Woods (1 2 6 ).



Mot w t 
(fcDo)

Fig. 8. SDS-PAGE analysis of IgM fragments under non­
reducing (A) and reducing (B) conditions. Lane a: intact 
IgM, b: n chain, c: BOT juHCD, d: DAG ^HCD, e: Fc5/i, 
f: F(ab')2/*, &'■ Q i2, h: Cju3, i: Qi4, j: H-L. Results in lanes 
a-i were compiled from three separate 5-20% gradient gels, 
lane j was obtained from a 5-15% gradient gel. No band is 
seen in lane a of (A) since intact IgM is completely retained 

in the gel comb.
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th e  tru e  beg in n in g  of th e  C p 3  d o m ain  a s  d e te rm in ed  by n u c leo tid e  s e q u e n c e  hom ology  (130). 

B e c a u se  of lim itations in th e  am o u n t of m aterial available, only th e  N -term inal am ino acid  of th e  

C1J.4 dom ain  w a s  determ ined . This am ino  acid, Val, is co n s is ten t with th e  N-term inal am ino acid 

Val4 4 2  of C 1J4  (128).

Fig. 7B  sh o w s  se v e ra l additional fully s e q u e n c e d  IgM p ep tid e  frag m en ts  u s e d  in th is  

work. T h e se  include th e  BOT pH CD  protein  tryptic c le a v a g e  product T 27  a s  well a s  BOT CNBr 

c le a v a g e  frag m en ts  H5, H6 , H7, a n d  H8 . T h e  hydrophilicity profile of IgM c o n s ta n t reg ion  dom ain s 

C p 2 > C p 3 , a n d  C m  from  BOT is a lso  sh o w n  a s  a n  indicator of th e  d e g re e  of ex ternal e x p o su re  

an d  h e n c e  p red ic ted  relative antigenicity  of th e  am ino  ac id  s e q u e n c e s  from  w hich th e s e  frag ­

m e n ts  d erive  (126).

A nalysis of F c5  u- an d  F fab")2 u-b indina soecifcitv  of anti-laM  M oAbs. N ine teen  anti-IgM 

M oAbs w ere  e v a lu a te d  by inhibition RIA for binding to  FC5P  an d  F (ab ')2 |i , tw o m ajo r enzym atic  

f ra g m e n ts  of IgM w hich to g e th e r  e n c o m p a s s  th e  en tire  s e q u e n c e  of th e  h u m a n  IgM m olecu le  

( s e e  Fig. 7A). T h is analy sis  rev ea led  th a t while intact IgM c a n  inhibit labe led  IgM binding to  all 19 

M oAbs (Fig. 9A), FC5 P  an d  F (ab ')2P  exhibit recip rocal p a tte rn s  of inhibition with th e s e  M oAbs 

(Fig. 9B  a n d  9C ). T h u s, th e  F csp -b ind ing  M oAbs, 4 - 3 , 1 G 6 ,5 D 7 ,1 9 6 .6 b , a n d  IF11, sh o w e d  no 

binding to  F (ab ')2 P  w ith th e  ex cep tion  of MoAb 4-3 , w hich w a s  inhibited by th e  h ig h es t d o s e  of 

F (ab ')2 P  te s te d  (26.8 p m oles/25  pi = 150  pg/m l). T he F csp -n o n -reac tiv e  M oAbs, XG9, VIIIF10, 

IIF5, 2B 11, VIIIB5, X G 4 ,1X11, VIIIE11, P19, B«1, HB57, P 24 , M u18, an d  M u53, all sh o w ed  

binding specificity for F (ab ')2 P- H ow ever, th e  efficiency with w hich th e s e  M oA bs b o u n d  F (ab ')2P  

sh o w e d  co n s id e ra b le  variation. With reg ard  to  th e ir binding avidity for F (ab ')2P, a s  d e te rm in ed  by 

th e  c o n cen tra tio n  of frag m en t requ ired  for 50 %  inhibition of MoAb binding to  lab e led  IgM, th e s e  

M oAbs sh o w ed  th e  following hierarchy: XG4 = 1X11 > IIF5 = VIIIB5 = VIIIF10 > XG9 = 2B11 »» HB57 

> M u18 > M u53 « VIIIE11 > B<*1«P19 > P24.

Distinction b e tw een  Cu1 an d  C u 2  dom ain  specificity of F (ab ')2  u  -binding anti-laM  

M oA bs. Cp-| -specific, F (ab ')2 P-binding anti-IgM M oAbs w e re  d is tin g u ish ed  from  C p 2 -specific, 

F (ab ')2 P-binding anti-IgM M oAbs by th e ir relative ability to  bind th e  pH C D  p ro te in s  BOT a n d  DAG
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Fig. 9. Competitive inhibition of the binding of 125I-IgM to 
immobilized anti-IgM MoAbs by intact IgM, Fcsfi, and 
F(ab')2 fi. Abscissa values are picomoles of inhibitor per well 
(25 fil). In this and the remaining figures, MoAbs are listed 
from top to bottom according to increasing amount of 
inhibitor required to produce 50% inhibition of l25I-IgM 

binding to the well-bound MoAb.
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with d e le te d  Cp-j d o m a in s  in a n  inhibition RIA. A s illustrated  in Fig. 10, binding of M oAbs HB57, 

M u18, M u53, a n d  4-3  to  lab e led  IgM w a s  inhibited by very  low co n cen tra tio n s  of bo th  BOT an d  

DAG. MoAb P 2 4  w a s  a lso  inhibited by  th e s e  m u tan t p ro te in s  bu t h ig h er co n cen tra tio n s  w ere  

n e c e s s a ry  to  ach ieve  co m p arab le  levels of inhibition. M oAbs XG9, VIIIF10, IIF 5 ,2 B 1 1, VIIIB5, 

X G 4 ,1X11, VIIIE11, a n d  P19  w ere  not inhibited by an y  co n cen tra tion  of DAG pH C D  pro tein  te s te d . 

Inhibition with th e s e  la tte r M oAbs s e e n  with high c o n cen tra tio n s  of BO T (7.2 p m o les /2 5  pi =

150 pg/m l) m ost p robably  reflects th e  very  m inor con tam ination  with intact IgM, bare ly  visible on  

S D S -P A G E  g e ls  (Fig. 8 B, lane  c). T h e  F csp-b ind ing  anti-IgM  M oAbs 4 - 3 ,1G 6, 5 D 7 ,1 9 6 .6 b , a n d  

IF11 w e re  all significantly inhibited by both  BOT a n d  DAG, a s  ex p ec ted .

In a n  a ttem p t to  fu rther confirm  th e  C p 2 -binding specificity of M oA bs HB57, M u18, M u53, 

B « 1 , a n d  P 24 , th e  inhibitory effect of iso la ted  C p 2  on  th e  b inding of th e s e  M oA bs to  rad io labe led  

IgM w a s  ev a lu a ted . T h e  d a ta  in Fig. 11A indicate th a t m ost of th e s e  M oAbs bind very  well to  iso­

la ted  C p 2  dom ain . W hile th e  binding of M oAbs HB57, Mu 18, a n d  M u53 to  lab e led  IgM w a s  

inhibited by <0 .10  p m o les  of C p 2 , th e  inhibition of b inding with MoAb B«1  requ ired  co n sid e rab ly  

g re a te r  am o u n ts . M oAb P 2 4  w a s  inhibited by only th e  h ig h est am o u n t of C p 2  te s te d  (214  p m o les  

= 300  pg/m l). T he C p-|-specific anti-IgM MoAbs XG9, VIIIF10, IIF5,2B 11, VIIIB5, X G 4 ,1X11,

VIIIE11, a n d  P 19  w e re  not reac tive  with th e  C p 2  dom ain , with th e  ex cep tio n  of MoAb XG4, w hich 

w a s  only inhibited by very  high am o u n ts  of th is fragm ent. T his m ay reflect a  slight con tam ination  of 

th e  C p 2  p rep ara tio n  with a  fragm en t con tain ing  th e  XG4 ep itope  o r a  very  low affinity interaction 

b e tw e e n  th is  C p-|-b inding Ab a n d  C p 2 -

T h e  inefficient binding of MoAb P 2 4  to  iso la ted  C p 2  dom ain  m ay  b e  in p a rt re la ted  to  its 

uniquely  co m p ro m ised  ability to  bind p en tam eric  IgM m o lecu les  with d e le tio n s  of th e  Cp-| dom ain , 

ie. BOT a n d  DAG, a s  d e m o n s tra te d  in T ab le  VI. T he d im in ished  binding of P 2 4  to  th e s e  pH CD  

p ro te in s  w a s  ev id en ced  by a n  in c re a se  in th e  p m o les  of pH C D  protein  relative to  p m o les  of intact 

IgM n e e d e d  for 5 0 %  inhibition.

Distinction b e tw e e n  C u3  a n d  C u 4  dom ain  specificity of Fc5 u-b ind ina  anti-laM .M oAbs., 

F csp -b ind ing  anti-IgM  M oAbs 5 D 7 ,1 9 6 .6 b , 4 - 3 , 1G6, a n d  IF 11 w ere  te s te d  for th e ir  ability to  bind
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and (C) C/z4 as inhibitors of 125I-IgM binding to Fc5/i-reactive anti-IgM MoAbs.



Table V I. The avidity o f C /i2-specific M o A b  P24 to Ig M  is substan­
tially reduced upon deletion o f the C/q domain_________

A n ti-Ig M  M oA b Experiment

Ratio o f amount o f inhibitor 
required for 50%  inhibition"

B O T ^ H C D  D A G /iH C D

Intact Ig M  Intact Ig M

B a l A 1.42 N D 6
B 1.58 2.01

HB57 A 2.27 N D
B 1.01 1.54

M u l8 A 0.99 N D
B 0.73 0.99

M u53 A 1.27 N D
B 0.91 1.26

P24 A 7.66 N D
B 13.12 34.83

"Ratio determined from the quotient o f  pmole amount o f f i H C D  
protein-f-picomole amount o f intact Ig M  needed for 50%  
inhibition o f l25I- Ig M  binding to an ti-Ig M  M oA b.

*N D : not determined.
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iso la ted  C p 3  a n d  Cp .4 IgM d o m ain s  in a n  inhibition RIA (Fig. 1 1 B a n d  11C). N one of th e s e  A bs 

b o u n d  to  th e  C p 3  d om ain , y e t th e y  all b o u n d  to  th e  C m  m oiety. A lthough th e  a b so lu te  a m o u n ts  

of C m  req u ired  for inhibition of MoAb binding to  lab e led  IgM w a s  co n sid e rab ly  g re a te r  th a n  th e  

am o u n ts  of FC5 P  inhibitor requ ired  ( s e e  Fig. 9B), th e  inhibition w a s  specific  in th a t n o n e  of th e  

C|x-j- o r  C p 2 -binding anti-IgM M oAbs w ere  inhibited to  an y  d e g re e  by th is frag m en t (T able VII).

A nalysis of th e  d e p e n d e n c y  of light ch a in  for ep ito p e  e x p re ss io n  in F fab ')2  u  - binding 

anti-IgM M oAbs. To d e te rm in e  w hat role, if any, light chain  m ay play  in form ing th e  dete rm in an t 

b o u n d  by th e  F (ab ')2 P-specific  anti-IgM  M oAbs, w e  te s te d  th e  ability of bo th  p. ch a in  (which lacks 

light chain) a n d  half-m olecu les of IgM m o n o m er (H-L) to  inhibit th e  binding of lab e led  IgM to  th e s e  

M oAbs. H-L w a s  c h o s e n  a s  th e  light chain -con tain ing  m oiety b e c a u s e  it sh o u ld  m ore  closely  

re se m b le  p  chain  in te rm s  of v a lency  th a n  intact p en tam eric  IgM. Fig. 12 sh o w s th a t while th e  

C pi-b ind ingan ti-IgM  M oA bsX G 9, VIIIF10, IIF5,2B 11, VIIIB5, X G 4 ,1X11, VIIIE11, an d  P 1 9 w e re a ll  

effectively inhibited in th e ir b inding to  lab e led  IgM by H-L, p  ch a in  w a s  ineffective a t cau s in g  

inhibition. In co n tra s t to  th e  C p-|-specific  anti-IgM M oAbs, all of th e  C p 2 -specific anti-IgM  M oAbs 

w ere  inhibited by b o th  H-L a n d  p  ch a in . M oA bs HB57, M u18, a n d  M u53 w e re  m o re  effectively 

inhibited th a n  B«1 a n d  P 2 4  M oAbs. T h e  le s s  effective inhibition o b se rv e d  with th e s e  la tte r 

M oAbs m ay , in part, reflect th e ir low er affinity. H ow ever, o th e r  co n sid e ra tio n s , su c h  a s  

m odification of th e ir  re sp e c tiv e  e p ito p e s  following th e  lo ss  of d isu lph ide  linkage b e tw e e n  tw o p  

ch a in s  o r  ineffective non-covalen t re -asso c ia tio n  of th e  p  chain  o r  pk ch a in  un its m ay  a lso  

c o n tr ib u te .

T ab le  VII su m m a riz e s  resu lts  from  inhibition RIAs u se d  to  d e te rm in e  th e  dom ain  specificity 

of th e  n in e te e n  anti-IgM  M oAbs.

A nalysis of anti-laM  MoAb binding to  trvotic p ep tid e  a n d  CNBr c le a v a g e  frag m en ts  of 

pH C D  protein  BOT. In a n  a ttem p t to  m ore  prec ise ly  define  th e  d e te rm in a n ts  to  w hich o u r C p 3 - 

a n d  C p ^ sp e c if ic  anti-IgM M oAbs bind, u s e  w a s  m ad e  of bo th  tryptic p ep tid e  a n d  CN Br c le a v a g e  

frag m en ts  of pH CD  pro tein  BOT in inhibition RIAs. CNBr c le a v a g e  frag m en ts  H5 (P h e 3 -j3 - 

M et3 3 i ) ,  H6  (C ys3 3 2 -M et4 8 4 ), H 7 (G ln4 8 5 -M et5 o i ) ,  a n d  H8  (P ro5 0 2 -M et5 6 3 ) (121), w hich



Table VI I.Summary o f the efficacy o f various soluble IgM moieties at inhibiting ,2SI-IgM  binding to well-bound anti-IgM  M oAb

Picomoles of inhibitor required for 50% inhibition of ,25I-IgM binding to well-bound anti-IgM MoAb

Soluble inhibitors
Well-bound -------------------------------------------------------------------------------------------------------------------------------------

anti-IgM Intact
MoAb IgM H-L fi chain BOT DAG Fcj/i F(ab ’)2n Cfi2 Cfi} Cm

Qt,-binders XG9 0.028 1.003 »100 2.375 »10 »15 0.140 »250 » 5 0 »1000
VIIIFIO 0.017 0.482 >  100 2.370 » 1 0 » 1 5 0.110 »250 » 5 0 »1000

IIF5 0.017 0.323 >  100 2.450 » 1 0 » 1 5 0.098 »250 » 5 0 »1000
2B11 0.014 0.815 >  100 2.330 » 1 0 »15 0.124 »250 » 5 0 »1000

VIIIB5 0.015 0.505 81.500 2.230 » 1 0 »15 0.100 »250 » 5 0 »1000
XG4 0.013 0.211 > 100 2.310 » 1 0 »15 0.062 208.072 » 5 0 »1000
1X11 0.013 0.354 >  100 2.050 » 1 0 >  15 0.062 »250 » 5 0 »1000

VIIIE11 0.110 2.057 »100 3.310 » 1 0 >  15 0.715 »250 » 5 0 »1000
P19 0.050 > 80 »100 2.500 » 1 0 » 1 5 > 3 »250 » 5 0 »1000

C/i2-binders Bal 0.025 53.711 7.850 0.047 0.048 »15 2.800 6.150 » 5 0 »1000
HB57 0.012 1.003 0.910 0.023 0.028 >  15 0.270 «0.1 » 5 0 »1000
P24 0.037 > 8 0 38.500 0.470 0.350 »15 > 5 215.000 » 5 0 »1000

M ul8 0.035 1.784 0.810 0.025 0.025 >  15 0.400 «0.1 » 5 0 »1000
Mu53 0.044 2.669 1.200 0.031 0.035 >  15 0.600 «0.1 »5 0 »1000

C/t4-binders 5D7 0.087 N D “ 1.750 0.067 0.172 0.046 » 5 »250 » 5 0 265.000
196.6b 0.044 ND 1.950 0.063 0.110 0.046 » 5 »250 » 5 0 290.000

4-3 0.068 ND 0.910 0.047 0.054 0.038 > 3 »250 »5 0 100.000
IG6 0.051 ND 1.750 0.113 0.175 0.040 » 5 »250 » 5 0 340.000
IF11 0.060 1.221 1.490 0.096 0.225 0.070 » 5 »250 » 5 0 71.500

“ND: not determined.
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co n stitu te  all am ino  ac id s  from  th e  la s t 2 2  in th e  C p 2  dom ain  to  9  am ino  ac id  re s id u e s  inside th e  

se c re to ry  dom ain , w e re  a s s a y e d  fo r th e ir  ability to  interfere with th e  binding of w ell-bound C p 2 - 

a n d  Cp-4 -specific  anti-IgM M oAbs to  1 2 5 l-lgM. In th is  a s s a y , n e ither th e  C p 2-binding A bs HB57, 

M u18, M u53, B « 1 , a n d  P 2 4  n o r th e  C m -b in d in g  A bs 5 D 7 ,1 9 6 .6 b , 4 - 3 ,1G 6, a n d  IF11, sh o w ed  

specificity for an y  of th e s e  CN Br c le a v a g e  frag m en ts , ev e n  w h e n  frag m en t c o n cen tra tio n s  a s  high 

a s  5 0 0  pg/m l of BO T eq u iva len t w e re  u s e d  (d a ta  not show n).

C p 2  tryptic p ep tid e  fragm en t T 27 (Gln2 7 2 -Lys2 8 7 ) w a s  a lso  te s te d  for its ability to  inhibit 

th e  binding of 1 2 5 l-lgM to w ell-bound  C p 2 -binding anti-IgM M oAbs. T 27, w h o se  s e q u e n c e  is 

lo c a te d  w ithin th e  in tra-dom ain  d isu lph ide  bo n d  loop  of C p 2 , w a s  fo u n d  to  c o rre sp o n d  to  th e  m ost 

hydrophilic reg ion  of th e  h u m an  IgM m o lecu le  a s  d e te rm in ed  by th e  m e th o d  of H opp a n d  W o o d s 

( s e e  Fig. 7B; 126). E ven  w h e n  u se d  a t a  co n cen tra tio n  of 10 0 0  p m o les /2 5  pi, tryptic p ep tid e  

frag m en t T 27 c a u s e d  no  inhibition of labe led  IgM binding to an y  anti-IgM  MoAb (d a ta  not show n).

C ross-inhibition an a ly sis  of anti-IgM  M oAbs. Cross-inhibition RIAs w ere  perfo rm ed  in an  

a ttem p t to  d e te rm in e  w h e th e r individual anti-IgM M oA bs w hich bind to  th e  s a m e  dom ain  re c o g ­

nize  d istinct e p ito p es . T h e  resu lts  with th e  Cp-j-specific anti-IgM M oAbs show n  in T ab le  VIII 

indicate th e  following: a) M oAbs XG9, VIIF10, IIF5, 2B 11, VIIIB5, X G 4 ,1X11, an d  VIIIE11 all bind to  

th e  s a m e  o r very  proxim al ep ito p e  on  th e  Cp-| d o m ain  s in ce  th e s e  e ig h t A bs strong ly  inhibit e a c h  

o th e r 's  binding. T h e  am o u n t of Ab req u ired  fo r inhibition of 3 H-lgM binding to  h o m o lo g o u s well- 

b o u n d  Ab o r o th e r  w ell-bound A bs of th is  g ro u p  likely reflec ts  th e  relative affinity of e a c h  of th e s e  

M oAbs; b) MoAb P 1 9  probab ly  b in d s to  a  d istinct but proxim al ep ito p e  s in c e  it sh o w s  reciprocal 

inhibition not only with th e  fo rm er MoAb g roup  but a lso  with MoAb B « 1 .

With reg ard  to  C p 2 *specific anti-IgM M oAbs, th e  following a re  ind icated : a) M u18 an d  

M u53 M oAbs a p p e a r  to  bind to  th e  s a m e  ep ito p e  s in ce  th e y  reciprocally  inhibit e a c h  o th e r 's  

binding a t low co n cen tra tio n s  a n d  e a c h  ac t similarly with th e  en tire  p a n e l of M oA bs w h e th e r th ey  

a re  u s e d  a s  im m obilized ligands o r so lub le  inhibitors, b) MoAb B«1 very  likely b in d s to  a  site  

distinct o n  th e  C p 2  do m ain  th a n  th e  o th e r  four m em b ers  of th is  C p 2 -specific  MoAb group . It is 

com plete ly  non-com petitive  w ith H B 57 a n d  c o m p e te s  just w eakly  with bo th  Mu 18 a n d  M u53 - in a



TableVlllAnti-IgM  M oA b cross-competition radioim m unoassay to  determ ine if M oAbs th a t bind to  the same dom ain bind to the same o r  distinct epitope

Well-bound 
anti-IgM MoAb

Concentration (pg/ml) o f soluble anti-IgM MoAb needed for 50% inhibition of 3H-IgM binding to well-bound anti-IgM MoAb"

Soluble anti-IgM MoAbs

XG9 VIIIFIO IIF5 2BU VIIIB5 XG4 IXU VIIIEU P19 B«1 HB57 P24 M ul8 Mu53 IFU  196.6b 4-3 1G6 5D7

Cp.-binding

Cpj-binding

Cp4-binding

XG9 0.33 0.38 0.61 1.10 0.59 0.69 1.28 1.37 > 50 >50 > 50 > 5 0 > 5 0 > 50 > 5 0 > 5 0 > 5 0 > 50 > 5 0
VIIIFIO 0.30 0.42 0.38 0.32 0.39 0.58 1.01 1.88 > 50 > 50 > 50 > 5 0 > 50 > 50 30.10 > 50 > 5 0 > 50 > 50

IIF5 0.28 0.27 0.31 0.57 0.42 0.49 0.95 1.82 > 5 0 > 50 > 50 > 50 > 5 0 > 50 > 50 > 5 0 > 50 > 50 > 50
2B11 0.31 0.53 0.48 0.54 0.50 0.61 1.34 1.40 > 5 0 >50 > 50 > 50 > 5 0 > 50 > 5 0 > 5 0 > 5 0 >50 > 50

VIIIB5 0.17 0.33 0.27 0.34 0.22 0.62 0.99 0.72 46.25 >50 >50 > 50 > 5 0 > 50 24.64 > 5 0 > 5 0 >50 > 50
XG4 0.21 0.21 0.26 0.35 0.26 0.72 1.08 0.45 15.50 > 50 >50 > 5 0 > 50 > 50 25.05 > 50 > 5 0 > 50 > 50
1X11 0.29 0.30 0.26 0.48 0.24 0.49 1.02 0.28 17.50 > 50 > 50 > 50 > 5 0 > 50 29.80 > 5 0 > 50 > 50 >50

V IIIE ll 0.29 0.33 0.42 0.74 0.53 0.54 0.99 12.37 > 5 0 > 50 > 5 0 > 5 0 > 5 0 > 50 > 5 0 > 5 0 > 5 0 > 50 > 5 0
P19 0.18 0.19 0.20 0.33 0.23 0.43 0.82 0.41 4.80 11.73 > 5 0 > 50 > 5 0 > 50 33.35 > 50 > 5 0 > 50 > 50

Botl > 5 0 > 50 > 5 0 > 50 > 5 0 > 50 > 5 0 > 50 21.30 1.86 > 5 0 > 5 0 8.53 10.17 > 50 > 5 0 > 50 > 50 > 50
HB57 > 5 0 > 50 > 5 0 > 50 > 50 > 50 > 5 0 > 5 0 > 5 0 > 50 0.35 19.00 25.20 11.63 > 50 > 5 0 > 50 > 50 > 50
P24 0.37 0.62 2.00 > 50 8.90 > 50 50.00 > 50 0.26 0.30 0.25 6.18 0.69 1.70 20.00 0.38 0.24 6.88 6.70

M ul8 > 50 > 5 0 > 5 0 > 50 > 50 > 50 > 5 0 >50 > 5 0 > 50 5.80 > 5 0 3.44 7.65 > 5 0 > 5 0 > 50 > 50 > 5 0
Mu53 > 5 0 > 5 0 > 5 0 > 50 > 5 0 > 50 > 5 0 > 50 > 5 0 23.50 0.48 > 5 0 0.52 1.39 > 50 > 50 > 5 0 >50 > 50

IFI1 > 50 > 5 0 > 50 > 5 0 > 50 > 5 0 > 50 > 5 0 > 50 > 50 >  50 > 50 > 50 > 50 8.78 > 50 0.21 1.22 > 50
196.6b > 5 0 > 50 > 5 0 > 5 0 > 50 > 5 0 > 50 > 5 0 > 50 > 5 0 > 5 0 > 50 > 5 0 > 50 > 50 0.25 0.47 > 5 0 > 5 0

4-3 > 5 0 > 50 > 5 0 > 5 0 > 50 > 5 0 > 50 > 5 0 > 50 > 5 0 > 5 0 > 50 > 5 0 > 50 > 50 4.00 0.20 0.27 > 5 0
1G6 > 5 0 > 5 0 > 5 0 > 50 > 50 > 5 0 > 50 > 5 0 > 50 > 5 0 > 5 0 >50 > 5 0 > 5 0 >50 49.00 0.39 1.71 > 5 0
5D7 > 5 0 > 5 0 > 5 0 > 5 0 > 5 0 > 5 0 > 50 > 5 0 > 50 > 5 0 > 5 0 > 50 > 5 0 > 5 0 > 50 17.00 > 50 19.00 0.71

°See Materials and Methods for details on assay procedure.
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m a n n e r th a t w ould  imply steric  h ind rance . B«1 a lso  c o m p e te s  for 3 H-lgM with P 19 , w h e re a s  

H B57, P 24 , M u18, a n d  M u53 M oAbs d o  not. c) M oAbs H B 57 a n d  P 2 4  m ay  b ind to  th e  s a m e  o r 

very  n e a r  s ite s  o n  th e  C p 2  dom ain  s in c e  th ey  inhibit e a c h  o th e rs  binding in a  recip rocal m an n er. 

T h e  n e c e s s ity  fo r high so lub le  P 2 4  c o n c e n tra tio n s  for h o m o lo g o u s inhibition a n d  th e  p ro p en sity  

of w ell-bound  MoAb P 2 4  to  b e  inhibited by nearly  every  so lub le  inhibitor in th e  Ab p an e l a tte s t  to 

its low affinity n a tu re . W hen  cond itions a re  c h o s e n  su ch  th a t th e  avidity of MoAb H B 57 is co m ­

prom ised , ie. by co a ting  th e  H B57 MoAb o n  w ells a t a  low er co n cen tra tion , it sh o w s  a  p a tte rn  of 

inhibition by o th e r  so lub le  MoAb inhibitors sim ilar to  th a t of MoAb P 2 4  (109). d) M u18 a n d  M u53 

likely bind to  a  distinct, a lthough  proxim al ep ito p e  o n  th e  C p 2  d o m ain  from  th a t b o u n d  by M oAbs 

H B57 a n d  P24. T his is in part ind icated  by the ir d isco rd an t reactivity with B « i . T h u s, w h e re a s  

bo th  H B 57 a n d  P 2 4  a re  p o o r inhibitors of 3 H-lgM binding to  w ell-bound  B «1 , b o th  M u18 an d  

M u53 c a n  ind u ce  significant levels of inhibition. A fu rther indication th a t M u53 b in d s a n  ep itope  

d istinct from  H B 57 c o m e s  from  th e  p rev io u s o b se rv a tio n  (109) th a t, w h en  c o a te d  to  w ells a t th e  

low ligand co n cen tra tio n  of 10 pg/m l, H B 57 is significantly inhibited in binding to  3 H-lgM by a  

n u m b e r of M oA bs w hich do  not affect M u53 binding. T h e  sensitiv ity  of th is  w ell-bound  H B57 to 

inhibition by M oA bs w hich w e  now  know  bind to  d istinct d o m a in s  likely reflec ts a n  u n u su a l s e n s i­

tivity of th is Ab to  blocking by s teric  h ind rance , s in ce  H B57 a p p e a rs  to  b e  of very  high affinity (d a ta  

not show n; R udich a n d  M ongini, in p rep ara tio n ).

Cross-inhibition an a ly s is  with th e  C p ^ sp e c if ic  anti-IgM M oA bs show : a) MoAb 5D 7 likely 

b inds to  a  un iq u e  d e te rm in an t o n  th e  C P 4  dom ain . It is com plete ly  non-com petitive  with th e  en tire 

p an e l of M oA bs w h en  u se d  a s  a  so lub le  inhibitor a n d  is inhibited only w eakly , a n d  non-reciprocally  

by 196 .6b  a n d  1G 6, in a  m an n e r co n sis ten t with s teric  h indrance , b) MoAb IF11 a lso  likely h a s  

specificity for a  un ique  d e te rm in an t o n  th e  C P4  dom ain . T h u s, only tw o C p 4 *specific anti-IgM 

M oAbs, 4 -3  a n d  1G 6, interfere with IF11 binding to  labeled  IgM bu t th is  is non-rec ip rocal in n a tu re . 

In addition, IF11, in m ultiple ex p erim en ts , co n sis ten tly  c a u s e d  so m e  titra tab le  inhibition of 3 H-lgM 

binding to  w ell-bound C p-j-specific  M oA bs w hile th e  rem ain ing  C p 4 -specific  M oAbs c a u s e d  no 

inhibition w ith C p-|-specific  A bs, e v e n  a t th e  h ig h e s t d o s e s  te s te d , c) T h re e  M oA bs, 196 .6b , 4-3 ,
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a n d  1G 6 , all likely bind to  distinct but very  n e a r  de te rm in an ts  o n  th e  C m  dom ain . T his is indicated  

by th e  o b se rv a tio n s  th a t i) MoAb 4 -3  c o m p e te s  strongly  with bo th  1 G 6  a n d  1 9 6 .6 b  M oA bs in a  

rec ip rocal fa sh io n , bu t M oA bs 196 .6 b  a n d  1G 6 sh o w  very  negligible recip rocal inhibition with o n e  

a n o th e r, ii) bo th  so lub le  4-3  a n d  1G 6  c o m p e te  very  effectively with w ell-bound  IF11, w h e re a s  

196 .6 b  d o e s  not, a n d  iii) bo th  so lu b le  196 .6b  a n d  1G 6 M oAbs, bu t not 4 -3 , a p p e a r  to  sterically  

in terfere  w ith th e  b inding of lab e led  IgM to  w ell-bound  5D 7 MoAb.

DISCUSSION

T he d o m ain  specificity of n in e te e n  m urine m onoclonal an ti-hum an  IgM an tib o d ies  w a s  

d e te rm in e d  b y  com petition  so lid -p h a se  RIA m e th o d s . T h e s e  M oAbs h a v e  b e e n  sh o w n  

prev iously  to  differ significantly in th e ir  capac ity  for B cell signal tran sd u c tio n  in b o th  norm al B 

lym phocy tes (109) a n d  B leukem ic p opu la tions (111). U sing a  com bination  of en zy m atic  c le a v a g e  

frag m en ts , C p.-|-deleted heav y  chain  d is e a s e  p ro te in s a n d  iso la ted  C|_| d o m ain s  of h u m an  IgM, w e 

h a v e  sh o w n  Cp-j dom ain  specificity fo r n ine  of th e  M oAbs, C p 2  specificity fo r five M oA bs, an d  

C p 4  specificity for a n  additional five M oAbs.

Interestingly , of th e  n in e teen  M oAbs, w hich d e riv ed  from  eigh t d ifferent fu s io n s , n o n e  

w e re  found  to  h a v e  specificity for C P3 . P e rh a p s  th e  large am o u n t of ca rb o h y d ra te  in th is  dom ain  

o b s c u re s  IgM an tigen ic  s ite s , o r  alternatively  p re d isp o se s  for ca rb o h y d ra te -sp ec ific  M oAbs c ro s s ­

reac tive  with o th e r  Ig c la s s e s . M oAbs of th e s e  la tte r specificity w ould h a v e  b e e n  lost in th e  

se le c tio n  p ro c e s s .

T he Cp-j-binding ability of anti-IgM M oAbs XG9, VIIIF10, IIF5 ,2B 11, VIIIB5, X G 4 ,1X11, 

VIIIE11, a n d  P 1 9  w a s  m ost clearly illustrated  by th e  inability of th e s e  re a g e n ts  to  bind th e  Cp-| 

d o m a in -d e le ted  pH C D  p ro te in s  BOT a n d  DAG. A dditional ev id en ce  th a t th e s e  M oA bs bind to  

ep ito p e s  o n  th e  Cp-| dom ain  w a s  p rov ided  by th e  light ch a in  req u irem en t for ep ito p e  ex p re ss io n . 

T his s u g g e s ts  th a t th e  d e te rm in an ts  a re  conform ational in n a tu re , s in c e  tw o d istinct po lypep tide  

c h a in s  a re  n e e d e d  for th e ir ex p re ss io n . W h eth e r th e  ac tu a l e p ito p e s  a re  co m p rised  of am ino  acid  

re s id u e s  from  b o th  c h a in s  o r  w h e th e r o n e  ch a in  strong ly  in fluences th e  am ino  ac id  conform ation
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of th e  o th e r  c a n n o t b e  d e te rm in ed  from  th e s e  d a ta . All of th e  C p-j-specific  M oAbs, e x c e p t P19, 

a p p e a r  to  bind th e  s a m e  ep ito p e  o r  very  proxim ate e p ito p es  s in ce  th e y  all strongly  cross-inh ib it 

o n e  a n o th e r  a n d  sh o w  sim ilar p a tte rn s  of w e a k  inhibition with certa in  o th e r  M oAbs.

T h e  C ^ -b in d in g  specificity of anti-IgM M oAbs HB57, M u18, M u53, B «1 , a n d  P 2 4 w a s  

confirm ed by a  n u m b e r of o b se rv a tio n s . E ach  of th e s e  M oA bs b o u n d  bo th  to  pH C D  p ro te in s  with 

Cp-j d e le tio n s  a n d  to  F (ab ')2 p: tw o IgM m oieties w hich h av e  in com m on  th e  en tire  C p 2  dom ain  

a n d  th e  s e v e n  N -term inal am ino  ac id s  of th e  C 113 dom ain . Specificity for th e  am ino te rm inus of 

Cp .3 a p p e a re d  unlikely s in ce  FC5 P  (which co n ta in s  th e  en tire  C 113 dom ain), a s  well a s  iso lated  

C p 3 , did not b ind to  th e s e  five anti-IgM  M oAbs. A dditional co rrobo ra tion  of C p 2 -binding 

specificity c a m e  from  th e  fac t tha t, w ith th e  ex cep tion  of P 2 4  a n d  B «1 , th e s e  M oAbs sh o w ed  

s tro n g  in teraction  with iso la ted  C p 2  dom ain .

T h e  relatively p oo r binding of ( ^ - s p e c i f i c  anti-IgM M oAbs B*1 a n d  P 2 4  to  iso la ted  C p 2 

m ay b e  d u e  to  o n e  o r  m ore of th e  following: a) an  intrinsically low er avidity of th e s e  M oA bs for IgM; 

b) a n  ob fu sca tio n  o r  lo ss  of th e  e p ito p e s  a s  a  resu lt of th e  ag g reg a tio n  of iso la ted  C p 2  dom ain  

(118); o r c) a  lo ss  of th e  e p ito p e s  fo r th e s e  M oA bs b e c a u s e  of proximity to  th e  p ep s in  c le a v a g e  

s ite s . In addition, a s  T ab le  VI d e m o n s tra te s , th e  a b s e n c e  of th e  Cp-j dom ain  in pH CD  p ro te in s 

a p p e a rs  to  dim inish th e  avidity of P 2 4  for its de te rm in an t, su g g e s tin g  th a t th is  ep ito p e  m ay b e  

significantly in fluenced  by in te rac tio n s b e tw een  th e  C p-jand  C p 2  d o m ain s . W e sh o u ld  n o te  th a t 

th is  le s s  efficient b inding of M oAb P 2 4  to  th e  C p-j-de le ted  pH C D  p ro te in s re la tive to  in tact IgM 

sh o u ld  no t re p re se n t d iffe ren ces  in binding avidity d u e  to  c h a n g e s  in ep ito p e  n u m b e r s in c e  

th e s e  pH C D  p ro te in s a re  pen tam eric , like intact IgM.

R esu lts  from  MoAb cross-inh ib ition  a n a ly se s  s u g g e s t th a t th e  five C p 2 -specific  M oAbs 

reco g n ize  a t  le a s t th re e  distinct ep ito p es . N one of th e s e  M oAbs sh o w e d  binding to  tryptic p e p ­

tide T 27, a  s e q u e n c e  of am ino  ac id s  w hich by hydrophilicity analy sis  ( s e e  Fig. 7B) w a s  p red ic ted  

a s  having a  high probability of constitu ting  a n  an tigen ic  d e te rm in an t in th e  h u m an  IgM m olecule. It 

rem a in s  p o ss ib le  th a t o n e  of th e  C p2  d e te rm in an ts  e n c o m p a s s e s  th is  s e q u e n c e  bu t th a t, in th e
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T 2 7  p ep tid e , a n  insufficient n u m b er of am ino  ac id s  o n  e ith e r  s id e  of th e  hydrophilic reg ion  

p re v e n ts  effec tive  e p ito p e  p re se n ta tio n .

It is of in te rest to  n o te  th a t M oAbs P 1 9  a n d  B «1 , with C m  a n d  Cp .2 specificity, re s p e c ­

tively, sh o w  a  mild d e g re e  of rec ip rocal cross-inhibition. Tw o p o ssib le  ex p lan a tio n s  fo r th is  finding 

a re : a) th e  e p ito p e s  for th e s e  tw o M oA bs a re  very  n e a r  to  o n e  a n o th e r  in th e  th ree -d im en sio n a l 

s tru c tu re  of th e  IgM m olecule  a n d  th u s  allow for s te ric  h in d ran ce  o r  b) th e  b inding of o n e  MoAb 

in d u ces  a  conform ational c h a n g e  in th e  IgM m olecule  w hich is m anifest by a  d e c re a s e  in th e  

b inding avidity of th e  o th e r  MoAb fo r a  d istinct ep ito p e  (105).

T h e  C m -b in d in g  specificity  of M oAbs 5 D 7 ,1 9 6 .6 b , 4 - 3 , 1G 6, a n d  IF11 w a s  d e m o n ­

s tra te d  by  th e  b inding of th e s e  five M oA bs to  FC5 P. a n d  iso la ted  C m  bu t lack  of b inding to  

F (ab ’)2 H a n d  iso la ted  Cp.3 . A w e a k  inhibition of labe led  IgM binding to  M oAb 4-3  by  F (ab ')2 H m ay 

reflect th is M oAb's h ig h er avidity fo r p o ss ib le  con tam inating , albeit u n d e te c ta b le , n a tive  IgM o r  its 

very  low affinity in teraction  w ith a n  F (ab ')2 P  ep itope . T h e  exceptionally  high p icom olar quan tities 

of Cp .4 requ ired  for inhibition of F csp -sp ec ific  MoAb binding to  labe led  IgM m ay  reflect bo th  a  

low ered  va len cy  of d e te rm in an ts  e x p re s s e d  o n  th is iso la ted  fragm en t a s  well a s  a  po ten tia l lo ss  of 

tru e  conform ation  during  th e  p rep a ra tio n  of C m -

T h e  d e te rm in an ts  to  w hich th e  five C m -sp ec if ic  M oAbs bind a re  likely all d istinct a n d  m ay 

b e  conform ational in n a tu re . E v id en ce  for th e  latter c o m e s  from  th e  fac t th a t th re e  co n secu tiv e  

C N B r c le a v a g e  p e p tid e s , e n c o m p a ss in g  th e  en tire  C m  dom ain , did not bind to  th e s e  anti-IgM  

M oAbs. A lthough it is p o ss ib le  th a t th e  e p ito p es  w e re  lo ca ted  a t th e  c le a v a g e  s ite s , th e  fac t th a t 

bo th  hydrophilicity a n d /5-turn a n a ly s e s  of th is  dom ain  (which h av e  b e e n  u s e d  to  p red ic t an tigen ic  

s ite s  in pro te in  m o lecu les  [126,131]), re v e a le d  th a t n o n e  of th e  m eth ion ine  c le a v a g e  s ite s  

o ccu rred  a t m ajor hydrophilic o r  /5-turn reg ions of th e  C m  dom ain  (Fig. 7  a n d  R udich, u n p u b lished  

o b se rv a tio n s) , s u g g e s ts  th a t th is  m ight b e  unlikely.

Of th e  C m -sp e c if ic  A bs, MoAb IF11 w a s  un ique  in its w eak  inhibition of th e  binding of all 

th e  C p i-sp ec if ic  M oAbs to  labe led  IgM. T h e  re a so n  fo r th is m ay  be : a) s te ric  in terference  of C m -  

specific  MoAb binding to  IgM by  IF11 a fte r th is la tter MoAb h a s  b o u n d  to  its C m  epitope;
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b) induction of a  conform ational c h a n g e  in th e  IgM m olecu le  following IF11 binding w hich a lters  

th e  ability of C|j.-j -specific  M oAbs to  b ind to  th e ir de te rm inan t; c) p re s e n c e  of a  w eak  c ro s s ­

reactivity of C ^ -b in d in g  IF11 with a n  ep ito p e  on  th e  Cp-| dom ain ; a n d  d) p o ss ib le  bi-clonality of 

th e  M oAb IF11 p repara tion . T h e  third possibility a p p e a rs  unlikely s in ce  F (ab ')2 P  sh o w e d  no 

reactivity  with IF11. T h e  fourth  possibility is c o n s id e re d  highly unlikely s in c e  th e  IF11 hybridom a 

w a s  c lo n ed  tw ice a t limiting dilution, with a  positive freq u en cy  of only 2-5% .

T h e s e  s tu d ie s  d esig n a tin g  th e  do m ain  specificity of th e  anti-IgM  M oA bs, co m b in ed  with 

know n inform ation on  th e  functional p ro p e rtie s  of th e  M oAbs, allow u s  to  m ak e  so m e  co n c lu s io n s  

reg a rd in g  th e  role of do m ain  specificity in th e  signal tran sd u c tio n  capab ilities  of A bs to  m em b ran e  

IgM. W e find th a t th e re  is no a b so lu te  a sso c ia tio n  b e tw een  th e  dom ain  specificity of anti-IgM 

M oAbs a n d  th e  ability to  elicit s igna ls  for h u m an  B cell proliferation s in ce  th o s e  un ique  M oAbs 

w hich  w e  h a v e  rep o rted  to  b e  m itogenic  for B cells, ie. H B 5 7 ,5 D 7 , M u53, a n d  VIIIE11 (109) show  

specificity  fo r e ith e r C p - |, C pg . o r  C m .  In addition, inhibitory signal tran sd u c tio n  d o e s  not a p p e a r  

to  h av e  a n  obligatory requ irem en t for ligand binding to  a  particular dom ain  s in ce  all 19 anti-IgM 

M oA bs c a n  tra n s d u c e  inhibitory s ig n a ls  w hich a b ro g a te  th e  s p o n ta n e o u s  o r  in d u ced  DNA 

sy n th e s is  of certa in  h u m an  B cell leukem ias (111). C learly, specificity for th e  p  chain  dom ain  

n e a re s t  th e  m em b ran e , ie. CP4 , d o e s  not re d u c e  th e  signaling p ro p e rtie s  of anti-IgM  A bs. This is 

c o n s is te n t with o u r ob se rv a tio n s  th a t all th e  M oAbs with C p4  specificity, a s  well a s  th o s e  with Cp-| 

a n d  C p 2  specificity, bind m e m b ra n e  IgM (109  a n d  u n p u b lish ed  resu lts).

In th e  a b s e n c e  of a n y  indication th a t ligand dom ain  specificity is exclusively  re sp o n sib le  

fo r th e  h e te ro g en e ity  o b se rv e d  in th e  ability of anti-IgM M oAbs to  elicit B cell proliferation, it is 

likely th a t o th e r  p a ra m e te rs  of lig and -recep to r in teraction su c h  a s  affinity b e tw e e n  anti-IgM an d  

m e m b ra n e  IgM an d  th e  sto ich iom etry  of ligand binding a re  involved. T h e  contribu tion  of th e s e  

b inding ch a ra c te ris tic s  to  th e  elicitation of effective signal tran sd u c tio n  in h u m an  B lym phocy tes 

will b e  th e  top ic  of a  su b s e q u e n t report (R udich an d  M ongini, in p repara tion ).
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SUMMARY

T h e  dom ain  binding specificity  of n in e te e n  m urine an ti-h u m an  IgM m onoclonal an tib o d ies  

th a t h a v e  show n  c o n s id e ra b le  h e te ro g e n e ity  in th e  tran sd u c tio n  of stim ulato ry  a n d  inhibitory 

s ig n a ls  to  B lym phocy tes w a s  e v a lu a te d  by  com petition  rad io im m u n o assay s . T hrough  th e  u s e  of: 

a) enzym atic  frag m en ts  of IgM w hich e a c h  e n c o m p a ss  m ore th a n  a  sing le  C|_| dom ain , ie. FC5P  an d  

F (ab ')2 U. b) iso la ted  sing le  d o m ain s, C p 2 , Qj.3 , a n d  Cp.4 , an d  c) m u h eav y  chain  d is e a s e  p ro teins, 

nine anti-IgM M oAbs w ere  found  to  h a v e  C p i dom ain  specificity, five to  h a v e  C p^-specificity , an d  

five o th e rs  to  h a v e  C m -spec ific ity . Ineffective binding to  iso la ted  p  ch a in  d e m o n s tra te d  th a t C p-|- 

specific  M oA bs w ere  d irec ted  to  e p ito p e s  w hich requ ire  light ch a in  fo r ex p re ss io n . T h e  lack  of 

b inding of th e  C p4 -specific  M oA bs to  CN Br c le a v a g e  frag m en ts  of FC5 P  s u g g e s t  th a t th e  d e te r ­

m inan ts reco g n ized  by  th e s e  M oA bs m ay  a lso  b e  conform ational in na tu re . C ross-inhibition 

a n a ly s e s  w e re  u s e d  to  d e te rm in e  th e  n u m b er of un iq u e  e p ito p e s  re c o g n iz e d  by th e  anti-IgM  

M oA bs. R esu lts  from  th e s e  ex p e rim en ts  sh o w e d  th a t: a) e igh t of th e  n ine M oAbs specific  for Cp-| 

likely b ind to  a  sing le  ep ito p e , o r very  prox im ate  e p ito p es , b) th e  five C p 2 -specific  M oAbs 

reco g n ize  a t le a s t th re e  distinct e p ito p e s , a n d  c) th e  five C p 4 -specific  M oA bs e a c h  reco g n ize  a  

s e p a ra te  d e te rm in an t. A co m p ariso n  of th e  know n B cell activating  p ro p e rtie s  of th e s e  M oAbs 

w ith th e ir specificity fo r th e  v a rious s e g m e n ts  of th e  IgM m olecu le  ind icate  th a t m itogenicity can n o t 

b e  a ttrib u ted  to  se lec tiv e  b inding to  a n y  o n e  dom ain .
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CHAPTER FOUR

H um an  L eukem ic B Cell A ctivation: F unctional C o n se q u e n c e  of M em b ran e  IgM In teraction  with 

Anti-IgM Ligand is a n  A lterable Cell C haracteristic*

INTRODUCTION

R e c e n t s tu d ie s  s u g g e s t  th a t th e  p h en o ty p ic  d iversity  of B cell leu k em ias a n d  lym phom as 

c o rre sp o n d s  to  d iversity  within th e  poo l of norm al B lym phocy tes (132 ,133). T h u s, th e  m em b ran e  

an tig en  e x p re ss io n  of distinct m alignan t B cell popu la tio n s a p p e a rs  to  reflect th e  p a tte rn  of cell 

su rfa c e  m ark er acquisition  during B lym phocyte  m atura tion  (134-136) a n d  m any  functional 

c h a rac te ris tic s  of m alignant B ce lls  likely mimic th o s e  of d efin ed  s u b s e ts  of norm al B lym phocytes 

(133). It h a s  b e e n  su g g e s te d  th a t th e  p h e n o ty p e  of norm al B ce lls  a t  e a c h  s ta g e  of differentiation 

will b e  b e s t  e lu c id a ted  by s tu d ie s  of c lonal p o p u la tio n s of m alignant B ce lls  of th e  co rresp o n d in g  

differentiation s ta te . This is su p p o rted  by th e  fac t th a t m any fe a tu re s  of m alignan t ce lls  initially 

th o u g h t to  b e  a b e rra n t w e re  ultim ately sh o w n  to  b e  reflective of th o s e  of norm al, bu t a t th e  tim e 

u n d isc o v e re d , ce lls  o r  fu n c tio n s (1 3 3 ,1 3 7 -1 4 1 ).

O n e  particu lar functional fea tu re  of norm al polyclonal B cells w hich h a s  b e e n  m im icked in 

o ccas io n a l leukem ia o r  lym phom a cell popu la tions is sensitivity  to  stim ulatory o r  inhibitory signal 

tran sd u c tio n  by ligands th a t cross-link  m e m b ra n e  IgM. T h e  relatively in frequent e x am p le s  of 

m lgM -m edia ted  stim ulatory  signal tran sd u c tio n  th a t resu lt in e n h a n c e d  in vitro DNA sy n th e s is  of 

m alignan t B cell c lo n e s  a re  th o u g h t to  re p re se n t a n  activation  p h en o m en o n  ch a rac te ris tic  of m a ­

tu re  resting  B ce lls  (8 ,28). In co n trast, signaling  th rough  m em b ran e  IgM w hich resu lts  in inhibition 

of DNA sy n th e s is  h a s  b e e n  th o u g h t to  re p re se n t a  form  of to le rg en ic  signal tran sd u c tio n  m ost 

c learly  m an ifest in norm al im m ature B lym phocy tes (7 ,9 ,10 ,142).

* Reproduced from B lood. 1987, vol. 70, pp. 1193-1202, by copyright permission 
of Grune & Stratton, Inc.
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W e h a v e  a ttem p ted  to  identify m alignant B cell popu la tions th a t will facilitate clonal s tu d ies  

of th e  m e c h a n ism s  of stim ulatory  a n d  inhibitory signal tran sd u c tio n  following ligand binding to  

mlgM. T his h a s  involved a  s c re e n  of d iv erse  m em b ran e  IgM -positive B cell leukem ias for 

re sp o n s iv e n e s s  to  so lub le  anti-IgM  an tibody  following in vitro cu lture . In th is  repo rt w e  d o cu m en t 

ex a m p le s  of positive a n d  n eg a tiv e  signal tran sd u c tio n  by so lub le  anti-IgM an tib o d ies  in a  form  of 

leukem ia  th o u g h t to  re p re se n t a  m alignancy  of m atu re  B lym phocytes, i.e. hairy cell leukem ia 

(134 ,135). W e fu rth er d e m o n s tra te  th e  un iq u e  finding th a t so lub le  fac to rs  from  ac tiv a ted  T  ce lls  

c a n  m o d u la te  th e  re s p o n s iv e n e s s  of o n e  of th e  leukem ic cell popu la tio n s to  an ti-lg  ligands su c h  

th a t a n  inhibitory ra th e r th a n  a  stim ulatory signal is tra n sd u c e d  following m em b ran e  Ig cro ss- 

linking. T h e s e  findings ind icate  th a t th e  n a tu re  of m em b ran e  IgM -m ediated  s igna l tran sd u c tio n  in 

ce rta in  B ce lls  with m a tu re  functional p h en o ty p e  c a n  b e  c h a n g e d  following e x p o su re  to  certa in  

T  cell fac to rs . T his m od u la ted  re s p o n s e  m ay  mimic th a t of a n  in frequent subpo p u la tio n  of norm al 

m a tu re  B lym phocytes w hich is m a sk e d  in activation s tu d ie s  utilizing polyclonal B ce lls . Both th e  

h e te ro g e n e ity  in re s p o n s iv e n e s s  to  m e m b ra n e  Ig binding ligands o b s e rv e d  with th e s e  leukem ic 

po p u la tio n s a n d  th e  ability to  c h a n g e  th e  functional p h en o ty p e  of a  g iven  leukem ic  c lo n e  m ay 

h a v e  im portan t im plications fo r th e  u s e  of anti-lg  ligands in im m unotherapy .

M A T E R IA L S  AND M E T H O D S

Leukem ic a n d  norm al B cells. T h e  m alignant B cell sp e c im e n s  u se d  in th is  s tudy  w ere  

o b ta in ed  from  Dr. J a n e t  C u ttn e r of th e  M ount S inai S choo l of M edicine. P a tien ts  w e re  afflicted 

w ith e ith e r ch ro n ic  lym phocytic leukem ia  (CLL), poorly d ifferen tia ted  lym phocytic lym phom a 

(POLL) o r  hairy cell leukem ia (HCL). N eoplastic  cells w ere  c lassified  a s  HCL b a s e d  o n  m orphology 

a n d  ta rtra te  re s is tan t ac id  p h o s p h a ta s e  positivity (143). P a tien t sa m p le s  c o n s is te d  in 12 c a s e s  of 

p e rip h era l b lood  (PB) o r leu k o p h o resis  sp e c im e n s  an d  in 1 c a s e  (SA P) of a  s p le e n  sp ec im en . In 

all in s tan ces , sp e c im e n s  w e re  o b ta in ed  prior to  th erap y . C ells w e re  s to red  in th e  v a p o r p h a s e  of 

liquid n itrogen  until u s e .  T h e  cell p o p u la tio n s se le c te d  for functional s tu d ie s  c o n s is te d  of th o se  

with relatively high leukem ic cell c o u n ts  to  m inim ize effects of con tam inating  ce lls  a s  well a s  to
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in su re  availability of su b s tan tia l n u m b ers  of ce lls  for e x te n d e d  s tudy . Prior to  b e ing  functionally 

te s te d  for receptivity  to  anti-IgM  A b-m ed ia ted  signaling , th e  cell p o p u la tio n s w e re  s c re e n e d  for 

ex p re ss io n  of m em b ran e  IgM by v isual im m unofluo rescence  with H B57 an ti-hum an  IgM 

m onoclonal an tibody  (109) a n d  f lu o resce in -co n ju g a ted  g o a t F (ab ')2  an ti-m o u se  Ig.

N orm al B cell a n d  T  cell p rep a ra tio n s  w e re  o b ta in ed  from  norm al vo lu n teer h u m an  PB by 

tw ice rose tting  Ficoll-H ypaque iso la ted  ce lls  with n e u ram in id ase -trea ted  s h e e p  red  blood cells, a s  

p rev iously  d e sc r ib e d  (109). S h e e p  red  b lood  ce lls  w e re  rem o v ed  from  th e  ro se tte -positive  

(ER -positive) cells by lysis with am m onium  chloride in Tris buffer.

C vtotoxic d ep le tion  of m o n o cv tes  a n d  T  ce lls  from  leukem ic  cell p rep a ra tio n s . Potential 

co n tam inating  m o n o cy tes  a n d  T  ce lls  w e re  rem oved  from  leukem ic  cell p opu la tions by trea tm en t 

with th e  p an -T  cell M oAbs, BW 2 6 4 /5 0  (CD7) a n d  T 3 /2 ad  2A2 (CD3) (144), b o th  of IgM isotype, 

th e  p an -m o n o cy te  M oAbs, M0S-1 a n d  M 0P-9 (Leu M3) (99) of lg G 2 a  an d  lgG 2b iso types re sp e c ­

tively, a n d  co m p lem en t (C). Briefly, th e  p ro c e d u re  en ta iled  incubating  leukem ic cells at 

10  x 1 0 6/m l in e ith e r m edium  ( s e e  cu ltu re  m edium  form ulation), o r  m edium  su p p le m e n te d  with 

co n c e n tra tio n s  of th e  p a n  T  M oA bs a n d /o r  th e  p an -m o n o cy te  M oA bs fo u r tim es  th e  co n cen tra tio n  

sh o w n  to  b e  sa tu ra tin g  for norm al PB  T  ce lls  o r  m onocy tes, resp ec tiv e ly  by prev ious 

im m u n o flu o rescen ce  a n a ly se s . Following 4 5  m ins of incubation  w ith o c c a s io n a l shak ing , th e  cells 

w e re  cen trifu g ed  a n d  re s u s p e n d e d  in a  1 :5 dilution of low b ack g ro u n d  cytotoxicity rabbit se ru m  

(P e l-F reez , R o g ers , AR) a s  th e  so u rc e  of C. A fter incubation  a t 3 7 ° C  for 4 5  m ins, th e  ce lls  w ere  

w a s h e d  a n d  p la c e d  in cu lture  a t a  co n cen tra tio n  of 2 x10 ^ /2 0 0  pi. T h e  e ffec tiv en ess  of th is 

p ro c e d u re  a t d ep le ting  p o ssib le  co n tam ina ting  T  ce lls  a n d  m o n o cy te s , w hich w e re  virtually 

u n d e te c ta b le  in th e  original leukem ic cell p re p a ra tio n s  by  im m u n o flu o rescen ce  sta in ing , w a s  

ev id en ced  by 6 8 %  specific  cytotoxicity of norm al PB ce lls  with th e  p an -T  cell MoAb cocktail + C 

a n d  a  52 %  cytotoxicity of PB cells from  a  p atien t with m yeloproliferative d is e a s e  with th e  p a n ­

m onocy te  M oAb cocktail + C. T his la tte r cell population  h a d  b e e n  sh o w n  to  b e  58 %  positive for 

M0S-1 a n d  M 0P-9 by visual im m unofluorescence  m icroscopy while norm al PB ce lls  routinely 

co n ta in  50 -70%  T  ce lls  by im m u n o flu o rescen ce  an a ly sis .
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Im m u n o flu o rescen ce . B inding of M oA bs to  th e  su rfa c e  of leukem ic ce lls  w a s  d e te rm in ed  

by indirect im m u nofluo rescence  a s s a y s  with th e  f lu o re scen ce-ac tiv a ted  cell so rte r, FA CS IV 

(B ecton  D ickinson) a s  d e sc r ib e d  (98 ,99 ,109 ).

T h e  identity, specificity, a n d  m urine iso type  of th e  M oAbs u s e d  fo r th e  

im m unofluo rescence  a s s a y  a re  a s  follows: H B 57 an ti-hum an  IgM (lgG1) o b ta in ed  from  A m erican 

T ype C ulture Collection (ATCC) (109); 4E 5 an ti-hum an  IgD (lgG1) (109); HB61 an ti-hum an  k ap p a  

light chain  (lgG1) from  ATCC (109); 4 C 6  an ti-lam bda light chain  (lgG3) (109); M 0P-9 (Leu M3) anti­

m onocyte  (lgG2b) (99); 89bl an ti-pan  T  cell (lgG1) (145); Leu 1 (lgG 2a) with specificity for all T  cells 

an d  a  s u b s e t  of B ce lls  (138) from  B ecto n  D ickinson; 91 d4  (Leu 1-like) (Ig G l) (138 ,145); FM C7 

anti-lim ited B cell (IgM), a  gift of Dr. H eddy  Z ola (146,147); 4 F 2  with specificity for a n  activation 

m ark er o n  lym phocy tes a n d  m o n o cy tes  (lgG 2a) from  ATCC (101); 5E 9 anti-transferrin  recep to r 

(lgG1) from  ATCC (148); S 1 5 7  m onom orphic anti-DR (lgG 2a) (149); B1 (lgG 2a) an d  B4 (lgG1) e ach  

an ti-pan  B cell (150,151); B2 anti-lim ited B cell (IgM) (152,153); J5  anti-CALLA (lgG 2a) (154); an d  

PC-1 an ti-p lasm a cell (IgM) (155). T h e  latter five A bs, i.e. B1, B2, B4, J5 , a n d  PC-1 w ere  o b ta ined  

from  participation  in th e  S e c o n d  In ternational C o n g re s s  of L eukocyte A ntigens. HB57, 4E 5 ,

H B 61, 4C 6 , 89bl, 91 d4 , a n d  FM C7 w e re  u s e d  in su p e rn a ta n t form  for sta in ing . M 0P-9, B1, B2,

B4, J5 , PC -1, a n d  5 E 9  w ere  u s e d  in d ilu ted  a sc i te s  form . 4F 2 , Leu 1, a n d  S 1 5 7  w ere  u s e d  a s  

purified p ro te in s d ilu ted  to  50  pg/m l in a s s a y  buffer, i.e. P B S  + 1%  bovine se ru m  album in (BSA) + 

0 .1 %  sod iu m  az id e . T h e  iso type  contro l Igs c o n s is te d  of purified m yelom a p ro te in s , M OPC-21 

(lgG1), U PC -10 (lgG 2a), J6 0 6  (lgG3), M O PC -195S  (lgG2b) an d  M O PC -104E  (IgM) a t a  co n cen tra ­

tion of 5 0  pg/m l in a s s a y  buffer. T h e  IgG M oAbs w ere  u ltracentrifuged in a  airfuge (B eckm an In­

s tru m en ts , P a lo  Alto, CA) a t  100 ,000  x  g for 3 0  min, a n d  th e  IgM M oAbs a t 100 ,000  x g  for 10 min 

prior to  u se .

R e a g e n ts  fo r culture. T h e  an ti-h u m an  IgM m urine M oAbs H B57 a n d  XG9 an d  th e  m urine 

IgG m yelom a p ro te in s  M OPC-21 a n d  M O PC -245, of undefined  specificity, w ere  purified from  

m urine asc itic  fluid a s  d e sc r ib e d  e lse w h e re  (109). F (ab ) '2  f rag m en ts  of H B57 w ere  p re p a re d  by 

p ep sin  d igestion . Briefly, thirty m g of purified MoAb in 0.1 M citrate, pH 3 .6 , w a s  tre a te d  with
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p ep sin  (S igm a C hem ical Co.) a t 37°C  with a n  en zy m e to  su b s tra te  ratio of 1 :60 for 1 hour. 

D igestion  w a s  te rm in a ted  by raising  th e  pH > 8  by th e  addition of so lid  Tris. Potential u n d ig es ted  

Ab w a s  rem o v ed  by p a ss in g  th e  d ig e s t o v e r p ro te in -A -S ep h aro se  (P h arm acia ) by th e  m eth o d  of 

Ey e t al. (92). P ro te in -A -S ep h a ro se  n o n b o u n d  Ab w a s  v a c u u m -c o n c en tra te d  an d  s ie v e d  th rough  

a  S ep h acry l S -200  (P harm acia) gel filtration colum n. F ractions from  a  sing le o b se rv ed  p e a k  w ere  

c o n c e n tra te d  a n d  a n a ly z e d  by so d ium -dodecy l-su lfa te  po lyacry lam ide g e l e lec tro p h o res is  

(SD S-PA G E ) for purity. A nalysis of th e  H B57 p ep sin -d ig es ted  Ab in a  5 -20%  g rad ien t ge l u n d e r 

n o n -red u c in g  cond itions re v e a le d  only o n e  b a n d  of m o lecu lar w eigh t 1 1 0 ,0 0 0  in c o n tra s t to  th e  

150 ,000  mol. w t b a n d  of intact MoAb. G oat an ti-hum an IgM Ab in F (ab ) '2  form  w a s  th e  kind gift of 

Dr. N icholas Chiorazzi.

T  cell su p e rn a ta n ts  u s e d  in th e s e  s tu d ie s  w e re  derived  from  cu ltu re s  of PH A -stim ulated  

m ixtures of PB ce lls  of a llo g en e ic  individuals a s  h a s  b e e n  d esc rib ed  previously  (109). Briefly, 

e a c h  su p e rn a ta n t lot w a s  g e n e ra te d  b y  pooling PB cells from  fou r to  te n  different healthy  d o n o rs  

an d  culturing th em  a t  a  co n cen tra tio n  of 1.5  x 106/ml in 24-w ell p la te s  in th e  p re s e n c e  of 2 pg/m l 

phy tohem agglu tin in  (PH A -P; Difco L abora to ries, Detroit, Ml). S u p e rn a ta n ts  w ere  rem o v ed  a fte r 

th re e  d a y s  of incubation  a n d  d ia ly zed  in Isco v e 's-H am 's  su p p le m e n te d  cu ltu re  m edium  b efo re  

be ing  fro zen  in a liquo ts  a t -70°C . T h e  ex p erim en ts  show n in th is repo rt w e re  rep ro d u ced  with 

th re e  d istinct lots of ac tiv a ted  T  cell su p e rn a ta n ts . In so m e  ex p erim en ts , purified anti-PH A -P Ab 

(C ollaborative R e se a rc h , Lexington, MA) w a s  a d d e d  to  te s t  for p o ss ib le  effec ts  of con tam inating  

PHA-P. 46-phorbo l 128  m yristate 13«  a c e ta te  (PMA) w a s  ob ta in ed  from  S igm a C hem ical Co. 

P o k ew eed  m itogen  (PWM) w a s  o b ta in ed  from  G ibco L aboratories, C hagrin  Falls, OH.

Cell C ulture. C ells w e re  routinely cu ltured  in 96-well m icrotiter p la te s  (Flow L aboratories, 

M cLean, VA) a t 2 x 1 0 3  ce lls  p e r  0 .2  ml cu lture  volum e in a  hum idified 37°C  incubator with 5%

C O 2 . M edium  u s e d  for culture w a s  a  H am 's-lsco v e 's  mixture with 15%  fetal calf se ru m  a n d  add i­

tional su p p le m e n ts  d e sc r ib e d  e ls e w h e re  (109). DNA sy n th e s is  w a s  a s s e s s e d  by u p tak e  of an  

18 hr p u lse  of 1 pC i 3 H-thym idine (N ew  E ngland  N uclear). C u ltu res w e re  h a rv es ted  from  tw o to 

eight d a y s  a fte r initiation by  p rev iously  d e sc r ib e d  te c h n iq u e s  (109). T h e  d a ta  a re  show n  a s  th e
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m ean  3 H -thym idine u p tak e  in th re e  to  five rep lica te  cu ltu res +  s ta n d a rd  e rro r of th e  m e a n  (SEM ).

A ssay  fo r Ig secre tio n . C u ltu res of certa in  leukem ic ce lls  w e re  a s s e s s e d  fo r Ig sec re tio n  

by rad io im m u n o assay  (RIA) of cu ltu re  su p e rn a ta n ts . Following cu ltu re  from  dO to  d 4  (d5) in th e  

p re s e n c e  o r  a b s e n c e  of anti-IgM MoAb a n d  /o r T  cell su p e rn a ta n t, ce lls  w e re  w a s h e d  four tim es 

with w arm  m edium  w hile in cu lture  w ells a n d  su b se q u e n tly  recu ltu red  fo r a n  additional th re e  to  

four d a y s  in m ed ium  w ithout anti-IgM MoAb o r T  cell su p e rn a ta n t. T h e  w ash in g  a n d  recu lture  p ro ­

c e d u re  w a s  p erfo rm ed  to  rem o v e  so lub le  anti-IgM  Ab from  th e  first cu ltu re  period  th a t m ight in ter­

fe re  w ith de tec tio n  of s e c re te d  IgM by th e  RIA. E vidence  for th e  rem oval of anti-IgM Ab w a s  

o b ta in e d  u p o n  o b se rv in g  th a t th e  addition  of anti-IgM Ab to  IgM se c re tin g  cu ltu re s  ju s t prior to  th e  

w a sh  a n d  recu ltu re  period  re su lted  in no lo ss  in am o u n t of IgM d e te c te d  by RIA. At th e  e n d  of th e  

s e c o n d  cu ltu re  period , th e  p o o led  su p e rn a ta n ts  from  qu in tup lica te  c u ltu re s  w e re  e v a lu a te d  for 

th e  p re s e n c e  of IgM, IgG, a n d  lgA1 an tibody  by a  m odification of a  solid p h a s e  RIA d esc rib ed  

prev iously  (97 ,156). Briefly, polyvinylchloride w ells w e re  c o a te d  with purified an ti-hum an  k ap p a  

MoAb a t 20  ug/m l in P B S . S eria l d ilutions of cu ltu re  su p e rn a ta n t in 1%  B SA -contain ing P B S  w ere  

th e n  in cu b a ted  on  th e  c o a te d  w ells. V arious co n cen tra tio n s  of purified h u m an  IgM k ap p a , lgG1 

k ap p a , a n d  lgA1 k a p p a  m yelom a p ro te in s  w ere  a lso  in cu b ated  o n  an ti-k ap p a  c o a te d  w ells. B ound 

Ig w a s  d e te c te d  with 3 H -labeled  MoAb p ro b e s  to  h u m an  Ig c la s s e s  w hich h a v e  b e e n  d e sc rib e d  

e lse w h e re  (3 H -HB57 anti-IgM , 3 H-DC an ti-pan  IgG, a n d  3 H-CBA 1C-7B10 anti-lgAI [156]). T he 

am o u n t of Ig of e a c h  iso type  in cu ltu re  su p e rn a ta n t w a s  d e te rm in ed  by  u s e  of s ta n d a rd  cu rv es  

e s ta b lish e d  with th e  a p p ro p ria te  h u m an  Ig m yelom a p ro te in s. T h e  th re sh o ld s  of sensitiv ity  of 

th e s e  RIAs for IgM, IgG, a n d  lgA1, w ere  4 ,3 1 ,  a n d  8  ng/m l, respectively .

R E S U L T S

Identification of tw o leukem ic c lo n e s  with receptivity  to  signal tran sd u c tio n  bv so lu b le  anti- 

IgM liaand. M em brane IgM -positive m alignant cell p rep ara tio n s  from  five p a tien ts  with hairy cell 

leukem ia , five p a tie n ts  with chronic  lym phocytic leukem ia, a n d  o n e  pa tien t with poorly differenti­

a te d  lym phocytic lym phom a w e re  te s te d  for possib le  m odulation  of in vitro DNA sy n th e s is  by  a
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m urine m onoclonal an ti-hum an  IgM M oAb (HB57). This ligand h a s  prev iously  b e e n  show n  to b e  

m itogenic in so luble  form  for norm al h u m an  B lym phocytes (109). T h e  d a ta  in T ab le  IX indicate 

th a t within th is  leukem ic pan e l, tw o HCL c lo n e s  sh o w ed  striking a n d  d istinctive re s p o n s e s  to  

cu ltu re  w ith a  100  pg/m l co n cen tra tio n  of th e  so lub le  anti-IgM Ab. KON leukem ic cells, w hich e x ­

hibited no b ack g ro u n d  DNA sy n th es is , sh o w ed  very  significant in c re a s e s  in 3 H -thym idine in­

co rpora tion  in th e  p re s e n c e  of th e  ligand. In co n trast, LUB cells  exhib ited  a  high level of b ack ­

g ro u n d  DNA sy n th e s is  w hich w a s  s u p p re s s e d , i.e. 9 4 %  inhibition, by th is  MoAb. T h e  ab o v e  

re s p o n s e s  w e re  not res tric ted  to  th e  u s e  of th e  H B 57 MoAb. Identical s tim ulatory  a n d  inhibitory 

p h e n o m e n a  w e re  o b se rv e d  w ith a  polyclonal F (ab ) '2  p rep a ra tio n  of affinity-purified g o a t 

an ti-hum an  IgM antibody  (d a ta  not show n). T h e  tw o hairy cell leukem ia c lo n e s  w hich m anifest 

re s p o n s iv e n e s s  to  anti-IgM ligands w e re  b o th  c h a ra c te r iz e d  by a n  u n u su a l h yperleukocy tosis  for 

th is  form  of leukem ia. It rem ain s to  b e  d e te rm in ed  w h e th e r receptivity to  anti-IgM m ed ia ted  signals  

is charac teristic  of su ch  form s of th is  m alignancy.

An e x te n d e d  kinetic an a ly s is  of th e  in vitro DNA sy n th e s is  o b se rv e d  with KON an d  LUB 

leukem ic cells bo th  in th e  p re s e n c e  a n d  a b s e n c e  of anti-IgM ligand is sh o w n  in Fig.13. KON cells 

stim ula ted  with H B57 Ab sh o w ed  m axim al a n d  su s ta in e d  levels of 3 H -thym idine u p tak e  from  d4- 

d 8  of cu lture . T his DNA sy n th e s is  d id  not resu lt in ex ten s iv e  a n d  p ro lo n g ed  in vitro proliferation, 

ho w ev er (d a ta  not show n). T h e  s p o n ta n e o u s  DNA sy n th e s is  ch a rac te ris tic  of LUB ce lls  p e a k e d  at 

d 4  of cu ltu re . T his a lso  w a s  a  tran s ien t p h en o m e n o n  in th a t cell lines of th e s e  ce lls  could  not b e  

e s ta b lish e d  w ithout transfo rm ation  by  E pste in  B arr Virus (d a ta  not show n). LUB cells  cu ltu red  in 

th e  p re s e n c e  of anti-IgM ligand sh o w e d  s u p p re s s e d  levels  of DNA sy n th e s is  th ro u g h o u t th e  o n e  

to  s e v e n  d a y s  of cu ltu re  (Fig. 13), w hich  did not reflect a  ligand-induced  d e c re a s e  in viability 

(d a ta  not show n).

A s ind icated  in Fig. 14, a  striking d ifference w a s  n o ted  in d o s e  re q u ire m e n ts  for stim ula­

tory signal tran sd u c tio n  in KON ce lls  v e rs u s  inhibitory signal tran sd u c tio n  in LUB cells. W hile 

g re a te r  th a n  9 5 %  inhibition of DNA sy n th e s is  w a s  ach iev ed  by co n cen tra tio n s  of H B57 ligand a s  

low a s  10 ng/m l, stim ulation of DNA sy n th e s is  in KON cells w a s  b e s t a c h ie v e d  by th e  h ighest



Table IX. R esponses of Membrane IgM-positive Malignant B Cell Populations to  Soluble Anti-IgM Antibody

Donor
Leukemic

Classification Cells/m m 3 Medium

cpm 3H-Thymidine Uptake (X ±  SF.M)

M OPC-21
(M O PC -245)

H B -57 A nti-IgM  
MoAb

KON HCL 3 4 0 , 0 0 0 3 5 3  ±  4 8 4 4 5  ±  9 9 1 5 ,9 3 6  ±  1 ,0 4 9

LUB HCL 2 6 2 , 0 0 0 1 1 ,1 4 7  ±  1 3 7 1 1 ,3 5 0  ±  4 4 0 6 5 5  ±  4 3

LIE HCL 3 5 , 4 0 0 1 ,6 3 2  ±  1 8 3 2 , 3 8 0  ±  1 6 6 2 , 3 5 0  ±  5 6

ZAL HCL 8 9 , 0 0 0 2 5 5  ±  3 0 ND 3 6 3  ±  2 2

SAP HCL Spleen 2 ,1 3 1  ±  3 2 4 2 , 2 3 4  ±  5 2 2 4 , 2 1 2  ±  3 5 0

LAN CLL 3 2 4 , 0 0 0 2 1 9  ±  2 1 6 1  ±  6 1 7 5  ±  11

SCH CLL 6 6 , 8 0 0 9 4  ±  7 2 3 5  ±  2 2 1 5 7  ±  6

DAV CLL 5 0 6 , 0 0 0 4 7 0  ±  1 2 3 7 3 2  ±  1 7 1 4 3  ±  4 2

WHI CLL 8 0 , 0 0 0 3 9 9  ±  4 4 ND 7 5 3  ±  4 2 3

BRE CLL 3 3 0 , 0 0 0 1 1 8  ±  1 2 ND 1 4 0  ±  4 4

SCH PDLL 1 4 9 ,0 0 0 3 9 5  ±  6 1 ND 2 5 9  ±  2 4

Populations o f peripheral b lood cells (exception  =  SAP sp leen) o f e ither HCL, CLL, PDLL classification  w ere  characterized  a s  positive for m lgM  by 
visual im m unofluorescence m icroscopy  an d  cultured  a t  2  x  10 5 per well in th e  p resen ce  of 1 0 0  jtg /m L  H B-57 anti-IgM  M oAb or M O PC -21 (M O PC -245) 
m yelom a protein  a s  a m urine lgG1 contro l. A fter 4 8  to  7 2  hours, th e  cu ltu res w ere  pu lsed  w ith  1 pCi per well 3H -thym idine an d  cu ltu res con tinued  for an 
additional 18 hours . Cells w ere  h a rv es ted  o n to  g la ss  filters an d  co u n ts  per m inu te o f 3H -thym idine incorporation  w a s  d eterm ined  by  scintillation counting  
techn iques.

A bbreviation: ND, n o t done.



©
<d**a
3
©
.5‘*6
E

i
Z

CO

Eao

10

410

310

2
10

A 1 2 3 4 5 6 7 8 B 1 2 3 4 5 6 7 8

D ay of cu lture

Fig 13. Tim e cou rse o f  th e  positive and n egative e ffec ts  of 
soluble anti-IgM Ab on DNA syn th esis  of cultured KON and LUB 
HCL B cells. Cells w ere  incubated w ith  1 0 0 /tg /m L  o f soluble HB-57 
anti-IgM MoAb, control M OPC-245 m yelom a protein or medium  
alone for various intervals. DNA syn th esis  w a s  a s s e s s e d  by uptake 
o f an 18-hour pulse of 1 /iCi 3H-thymidine at th e  term ination of the  
culture period. The data rep resen t th e  m ean of cpm  3H-thymidine
uptake in quintuplicate cu ltures. O— O. Medium only; O O,
+  100M g/m L MOPC-245; • ---- • ,  +  100jug/m L  HB-57 anti IgM.
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o f  H B -57 anti-IgM  M oA b. T h e  in corp ora tion  o f  an  1 8 -h o u r  p u lse  o f  
3H -thym id ine w a s  m ea su red  on  d 5  (KON c e lls )  or d 4  (LUB c e lls ) .
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co n cen tra tio n  of Ab te s te d , i.e. 100  pg/m l. T h e  Fc portion of th e  an tibody  ligand did  no t 

con tribu te  to  th e  tran sd u c tio n  of inhibitory s ig n a ls  in LUB cells  a s  ind ica ted  by th e  identical 

inhibitory e ffec ts  of in tact a n d  F (ab ) '2  fo rm s of H B57 anti-IgM  an tibody  (Fig. 14). H ow ever, th e  

p re s e n c e  of th e  Fc portion of th e  ligand did d a m p e n  its stim ulatory  effec ts  for KON ce lls  s in ce  

F (ab ) '2  f rag m en ts  co n sis ten tly  in d u ced  h ig h er levels of 3 H -thym idine u p tak e  th a n  th e  in tact Ab 

(Fig. 14). S im ilar F c-m ed ia ted  dow n regulation  of th e  m itogenic p ro p ertie s  of anti-lg ligands h a s  

b e e n  prev iously  o b se rv e d  with norm al B ce lls  (75,157). M em brane IgM cross-linking w a s  

n e c e s s a ry  for bo th  fo rm s of signaling  in th a t F ab ' frag m en ts  of H B57 w e re  functionally 

co m p ro m ised  (d a ta  not show n).

M odulatory effec ts  o f  ac tiv a ted  T  cell su p e rn a ta n t o n  signal tran sd u c tio n  th ro u g h  m em ­

b ra n e  IgM in KON leukem ic cells. A ctivated T  cell su p e rn a ta n ts  a n d  p u r  . ^  T cell fac to rs , su ch  a s  

B cell grow th fac to r (BCGF) a n d  interleukin 2 (IL2) h av e  b e e n  sh o w n  to  exhibit sy n erg y  with 

so lub le  anti-IgM  Ab in inducing th e  proliferation of norm al resting  B ce lls  (7 0 ,8 6 ,1 0 9 ,1 5 8 ) an d  

s o m e  m alignan t B cell popu la tio n s (1 3 7 ,159 ,160). T h e  T  cell fa c to rs  a re  th o u g h t to  p ro m o te  th e  

cell cycle  p ro g ressio n  of B cells w hich h av e  received  activation s ig n a ls  from  m em b ran e  IgM c ro ss- 

linking e v e n ts . O u r s tu d ie s  with KON leukem ic cells, how ever, sh o w e d  th a t th e  b eh av io r of th e s e  

ce lls  in cu ltu re  with ac tiva ted  T  cell su p e rn a ta n ts  differed significantly from  th a t of norm al 

polyclonal p opu la tions of periphera l b lood  B ce lls  (T able X).

Firstly, unlike norm al B cell popu la tions, KON cells  sh o w e d  significant in c re a s e s  in 

3 H -thym idine u p tak e  w h en  cu ltu red  w ith T  cell su p e rn a ta n t a lo n e . T h e  in c re a s e s  w e re  m an ifest 

a s  early  a s  tw o d a y s  of culture an d  p e a k e d  o n  d ay  4  of culture. T  cell su p e rn a ta n ts  from  th re e  d is ­

tinct lots te s te d  all h ad  m axim al m itogenic  effec ts  a t th e  h ig h es t co n cen tra tio n  te s te d , i.e. 25% , 

but cou ld  induce  significant DNA sy n th e s is  a t co n cen tra tio n s  a s  low a s  1%  (d a ta  not show n). T he 

KON cell activating m oiety in th e  T  cell su p e rn a ta n ts  is not d u e  to  residua l PH A -P u s e d  to  stim u­

late  T  cell fac to r production  sin ce , a s  sh o w n  in T ab le  XI, a  concen tra tion  of anti-PH A -P, w hich c a n  

com ple te ly  a b ro g a te  th e  re s p o n s e  of p e rip h era l blood T  ce lls  to  PH A -P, did no t inhibit th e  

leukem ic cell re s p o n s e  to  T  cell su p e rn a ta n t. Furtherm ore, KON cells  sh o w e d  no  re s p o n s e  to  a



Table X. Effect of Activated T Cell Supernatant on DNA Synthesis of Normal and Leukemic B Cells in the Presence
and A bsence of Anti-IgM Ab

Cells

100 #ig/mL 
HB-57 

Anti-IgM

cpm 3H-Thymidine Uptake (X ± SEM)

No T Cell Supnt +  25%  T Cell Supnt

N orm al ER-peripheral b lood cells — 1 ,6 8 0  ±  5 7 1 ,9 6 1  ±  2 5 6

+ 4 ,3 4 3  + 2 1 0 1 1 ,6 1 5  ±  8 8 3
KON leukem ic B cells — 1 4 5  ±  3 2 1 4 ,5 8 6  ±  9 4 8

+ 2 4 ,3 1 1  ± 8 9 8 3 ,8 5 5  ±  9 4 1
LUB leukem ic B cells — 3 2 ,6 4 3  ±  3 ,5 7 4 2 9 ,4 3 8  ±  1 ,0 4 5

+ 1 ,6 8 8  + 17 6 2 ,2 0 9  ±  1 8 0

N orm al hum an  peripheral b lood  B cell p repara tion  (ER negative  cells) an d  KON an d  LUB leukem ic B cells (2  x  1 0 s per culture) w ere  te s te d  for 
resp o n siv en ess  to  soluble anti-IgM  A b in th e  p re sen ce  an d  a b sen ce  o f 2 5 %  su p e rn a ta n t from  ac tiv a ted  T cell cu ltu res. The d a ta  w ere  o b ta ined  from  th ree  
to  five replicate  cu ltu res h a rv es ted  on d 4 .

A bbreviation: S u p n t, su p e rn a tan t.



Table XI. Mitogenic Activity of T Cell Supernatant for KON Leukemic B Cells Is Not Due to  Contaminating PHA-P*

Cells Stimulant

cpm 3H-Thymidine uptake (X 

No Ab

± SEM)

+  Anti-PHA-P 
(50 f ig /m L)

KON N one 17 7  ±  3 9 1 9 7  ±  4 2
T cell su p n t (25% ) 4 ,2 6 7  ±  1 5 7 4 ,0 4 1  ±  141
PHA-P (0 .5  pg /m L ) 2 9 9  ±  6 4 2 5 2  ±  3 2

P B T  cells (ER +  ) N one 5 6 0  ±  2 1 6 2 9 5  ±  7 9
T cell s u p n t (25% ) 5 5 6  ±  1 3 9 4 4 5  ± 4 4
PHA-P (0 .5  pg/m L ) 1 3 ,7 2 0  ±  78 1 2 4 6  ±  6 5
PW M  (1 :4 0 0  vol/vol) 1 8 ,2 4 2  ±  1 ,5 4 3 1 7 ,2 4 7  ±  3 ,6 9 7

*KON leukem ic PB cells or ER positive cells from  norm al PB w ere  cu ltu red  a t  2  x  1 0 5 per well w ith  th e  various ac tiv a to rs  in th e  p re sen ce  or ab se n c e  of 
5 0  p g /m L  purified an ti-P H A -P  Ab. The concen tra tion  of PHA-P m itogen  te s te d  w a s  th a t  w hich w ould  be  maximally ex p ec ted  to  b e  p re se n t in cu ltu res 
con tain ing  2 5 %  ac tiv a ted  T cell su p e rn a tan t. KON cells w ere  h a rv es ted  on d 4 , norm al T cells w ere  h a rv es ted  on  d 3  follow ing an  18 -hou r pu lse  w ith  1 pCi 
3H -thym idine.
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co n cen tra tio n  of PH A -P w hich w ould  b e  m axim ally p re se n t in cu ltu re s  conta in ing  25%  T  cell 

su p e rn a ta n t.

A se c o n d  a n d  m ore surprising  finding with KON cells, show n  in T ab le  X, w a s  th a t c o ­

cu lture with bo th  anti-IgM Ab a n d  T  cell su p e rn a ta n t resu lted  in a n  an tag o n ism  in th e  induction of 

DNA sy n th es is , i.e. th e  3 H -thym idine u p tak e  w a s  significantly below  th a t o b se rv e d  with e ith er 

ac tiva to r a lone . T h e  s u p p re s s e d  DNA sy n th e s is  n o ted  o n  d 4  of cu ltu re  (T able X) d id  not reflect a  

shift in th e  k inetics of p e a k  3 H -thym idine u p tak e  in th a t significant inhibition w a s  n o ted  from  d2-d8  

of cu lture (d a ta  not show n). In c o n tra s t to  KON cells, LUB ce lls  did no t re sp o n d  to  cu lture  a lo n e  

with T cell su p e rn a ta n t by fu rther in c re a s e s  in 3 H -thym idine u p ta k e  n o r did th e  addition of T  cell 

su p e rn a ta n t m o d u la te  th e  inhibitory e ffec t of anti-IgM Ab o n  th e  b a ck g ro u n d  DNA sy n th e s is  of 

th e s e  ce lls.

T h e  d a ta  sh o w n  in T ab le  X su g g e s t tha t, a fter ex p o su re  to  factor(s) from  activa ted  T  cells, 

KON cells  b e c o m e  recep tive  to  inhibitory ra th e r th a n  stim ulatory  s ig n a ls  following m em b ran e  IgM 

cross-linking. F u rth e r a n a ly s is  of th is  p h e n o m e n o n  rev ea led  th a t inhibitory s igna l tran sd u c tio n  

could  b e  ach iev ed  by H B57 anti-IgM  MoAb co n cen tra tio n s  w hich w e re  o rd e rs  of m agn itu d e  low er 

th a n  th o s e  requ ired  for tran sd u c tio n  of stim ulatory  s ig n a ls  in th e  a b s e n c e  of T  cell su p e rn a ta n t 

(T able XII). A lthough th e  DNA sy n th e s is  in T  cell su p ern a tan t-s tim u la ted  cu ltu res  conta in ing  high 

c o n cen tra tio n s  (200  pg/m l) of H B57 anti-IgM Ab w a s  significantly le s s  th a n  th a t o b se rv e d  in cul­

tu re s  with e ith e r ac tiva to r a lone , significant levels of DNA sy n th e s is  w e re  still d e te c ta b le  in th e s e  

cu ltu res , i.e. 7 ,6 8 9  ±  258  cp m  3 H -thym idine u p tak e . T his likely re flec ts  a  residual, a lthough  

com p ro m ised , stim ulatory  signal from  th e  high co n cen tra tio n  of H B57 anti-IgM  Ab, w hich in th e  

a b s e n c e  of T  cell su p e rn a ta n t, in d u ced  72 ,7 8 9  ±  2 ,4 0 0  cp m  3 H -thym idine u p tak e . S upportive  of 

th is  is th e  fact th a t anti-IgM MoAb XG9, w hich is not m itogenic for KON cells, c a u s e s  >95%  inhibi­

tion of T  cell su p e rn a ta n t- in d u c ed  DNA sy n th e s is  a t  ligand c o n c e n tra tio n s  ranging  from

0 .5  to  200  pg/m l. It shou ld  b e  n o ted  p a ren the tica lly  th a t th e  d iffe ren ce  in stim ulatory  signaling 

p ro p ertie s  of H B57 a n d  XG9 M oA bs h a s  a lso  b e e n  o b se rv e d  with norm al B lym phocy tes (109) 

a n d  re flec ts  th e  d istinct ep ito p e  specificity  a n d  cross-link ing  po ten tia l of th e s e  an tib o d ies



T able XII. Inhibitory S ign a l T ra n sd u ctio n  in T Cell S u p ern a ta n t  
S tim u la ted  KON L eu k em ic C ells  Is A ch iev ed  by L ow  a s  W ell 

a s  High C o n c e n tr a tio n s  o f  A nti-IgM  Ligands

Cone
cpm  3H-Thymidine U ptake (X ± SEM)

MoAb l^g/m L) No T Cell S upn t +  2 5 %  T Cell Supnt

N o n e — 1 5 5  ± 19 1 6 ,9 2 7  ± 6 9 0
HB57 a n ti-Ig M 2 0 0 7 2 ,7 8 9  ± 2 ,4 0 0 7 ,6 8 9  ± 2 5 8

5 0 1 2 ,4 6 2  ± 3 5 2 2 ,2 0 5  ± 1 3 2
10 5 7 5  ± 8 2 7 5 3  ± 1 7 6
0 .5 3 7 5  ± 126 5 5 7  ± 5

0 .0 5 2 6 5  ± 8 8 2 ,9 0 8  ± 2 9
0 .0 0 5 1 8 8  ± 3 4 1 2 ,5 9 4  ± 9 1 2

XG9 a n ti-Ig M 2 0 0 3 9 5  ± 2 6 6 2 7  ± 6 4
5 0 3 1 9  ± 16 5 0 6  ± 5 7

5 2 7 3  ± 5 9 5 4 9  ± 5 7
0 .5 1 0 8  ± 18 6 4 6  ± 4 5
0 .0 5 1 4 4  ± 2 2 2 ,4 3 8  ± 5 9
0 .0 0 5 10 2  ± 4 9 1 5 ,2 2 1  ± 3 9 5

2 x  10s KON leukemic B cells w ere incubated in the presence or 
absence of activated T cell supernatant with various concentrations of 
HB-57 or XG9 anti-IgM M oAbs. Cultures w ere terminated on day 5 of 
culture after an 18-hour pulse with 3H-thymidine.
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(S . R udich a n d  P. Mongini, m anuscrip t in p repara tion ).

T h e  anti-IgM A b-m edia ted  inhibitory signal tran sd u c tio n  o b se rv e d  in T  cell su p e rn a ta n t-  

ac tiv a ted  KON cells  m im ics th a t o b se rv e d  with LUB cells  (Fig. 14). T hus, inhibition in bo th  c a s e s  

w a s  m ed ia ted  by very  low ligand co n cen tra tio n s, a n d  in both  c a s e s  F (ab ) '2  frag m en ts  of 

anti-IgM MoAb w ere  a s  efficient a t transduc ing  inhibitory s igna ls  a s  intact Ig (d a ta  not show n with T  

cell su p e rn a ta n t-a c tiv a te d  KON cells).

Anti-laM Ab d o e s  not induce  term inal d ifferentiation of leukem ic ce lls . T h e  n eg a tiv e  

effect of anti-IgM  A b on  T  cell su p e rn a tan t-in d u ced  KON DNA sy n th e s is  a n d  s p o n ta n e o u s  LUB 

cell DNA sy n th e s is  d o e s  not reflect a n  induced  differen tation  to  im m unoglobu lin -secre ting  p la sm a  

ce lls. T h u s, KON cells  did not s e c re te  IgM, IgG, o r  lgA 1, ab o v e  th e  th re sh o ld  of d e tec tio n  of th e  

ra d io im m u n o a ssa y s  d e sc r ib e d  in M ateria ls a n d  M ethods, w h en  p recu ltu red  e ith e r  in th e  p re se n c e  

o r  a b s e n c e  of anti-IgM ligand an d /o r T  cell su p e rn a tan t. W hile LUB cells did s e c re te  a  su bstan tia l 

am o u n t of IgM a fte r p recu ltu re  in m ed ium  w ithout Ab (2 ,920  ng/m l), th e  p recu ltu re  of th e s e  cells 

w ith 0 .0 1 0  to  100  pg/m l H B57 re su lte d  in a  significant reduction  in s u b s e q u e n t IgM production  

( < 6  ng/m l). C o m p arab le  inhibition of Ig sec re tio n  from  CLL lym phocy tes by anti-idiotype Ab h a s  

b e e n  p rev iously  rep o rted  (27). T h e re  w a s  no indication th a t th e  inhibition of IgM sec re tio n  in LUB 

cells  w a s  a c c o m p an ied  by a  shift in th e  iso type of A b sy n th es ized  (d a ta  not show n).

C ultu re  of KON cells with b o th  anti-IgM  MoAb a n d  m itogenic  ohorbol e s te r  d o e s  not result 

in inhibition of DNA sy n th es is . Anti-IgM Ab did  not induce  a  n eg a tiv e  signal for DNA sy n th es is  

w h e n  a d d e d  to  KON cell cu ltu res  w ith a n o th e r  in d e p e n d e n t ac tiva to r of th e s e  leukem ic ce lls , 

i.e. 0 .8  pM phorbol m yristate a c e ta te  (PMA). R ather, th e  co-cu lture  of 1 pg/m l H B 57 anti-IgM Ab 

a n d  0 .8  pM PMA resu lted  in 3 H-thym idine u p tak e  so m e w h a t g re a te r  th a n  th a t s e e n  w ith e ither 

stim ulus a lo n e . T h u s , th e  3 H -thym idine incorporation  (cpm ) ab o v e  b ack g ro u n d  in cu ltu res  

conta in ing  anti-IgM MoAb a lone , PMA a lone , o r  th e  com bination  of anti-IgM MoAb a n d  PMA w a s  

730  ±  22 ; 1 7 ,9 8 1  ±  907 ; a n d  2 9 ,2 6 4  ±  767, respec tive ly  (b ackground  = 3 1 8  ±  49). S im ilar 

p h e n o m e n a  w ere  o b se rv e d  w h en  d o s e s  of PMA a s  low a s  0 .0 0 0 8  pM w e re  te s te d  

(d a ta  not show n).
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C o m p ariso n  of cell su rface  a n tig e n s  o n  KON a n d  LUB hairv cell leukem ia  lym phocytes. 

Cell m e m b ra n e  an tig en  e x p re ss io n  o n  th e  tw o HCL cell p o pu la tions w hich, in th e  a b s e n c e  of 

T  cell fac to rs , d isp lay ed  co n trastin g  re s p o n s e s  to  anti-IgM ligands w a s  e v a lu a te d  by u s e  of th e  

FA CS. T h e  d a ta  show n  in T ab le  XIII indicate th a t both  KON an d  LUB leukem ic cell popu lations 

w e re  positive  for IgM, k ap p a . W hile th e  KON cell popu lation  w a s  b righ ter th a n  th e  LUB p o p u la ­

tion, bo th  HCL c lo n e s  e x p re s s e d  substan tia lly  g re a te r  a m o u n ts  of mlgM th a n  all s tu d ied  CLL 

c lo n e s  (d a ta  not show n). A very  tow level of norm al B cell contam ination  in th e  KON cell p re p a ra ­

tion w a s  ind ica ted  by a n  inc idence  of lam b d a  light ch a in  positive ce lls  of only 1 .4%  a b o v e  th e  g a te  

s e t  for 5%  positive ce lls  w ith a n  iso type  m a tch ed  contro l MoAb, J6 0 6 . By th is  s a m e  com parison , 

th e  LUB cell p rep a ra tio n  co n ta in ed  6 .1 %  lam bda-positive  ce lls  a b o v e  b ack g ro u n d .

B oth KON a n d  LUB leukem ic ce lls  clearly  e x p re s s e d  C D 20 p a n  B cell m o lecu les  a n d  

HLA-DR m o lecu le s  a s  ind ica ted  by s tro n g  positive s ta in ing  with M oAb B1 a n d  MoAb S 157 , 

respective ly . In addition, th e y  bo th  sh o w e d  positive  ex p re ss io n  of a n  a c tiv a tio n -a sso c ia ted  

m o lecu le  reco g n ized  by 4 F 2  a n d  e x p re ss io n  of C D 19 (B4) a n d  CD 5 (L eu1-91d4). T h e  la tter is a  

m em b ran e  m olecu le  found  o n  all T  lym phocytes, a  sm all su b popu la tion  of norm al B cells a n d  m ost 

ch ron ic  lym phocytic leu k em ias  (138 ,145). B oth cell popu la tio n s w e re  very  w eak ly  s ta in e d  by B2 

(CD 21), a  m ark er m o st clearly  e x p re s s e d  o n  le s s  m a tu re  B cells (153). N either KON o r LUB cells 

sh o w ed  significant sta in ing  with J 5  (CD10) o r  PC -1, indicators of p re c u rso r B ce lls  a n d  p la sm a  

ce lls , re sp ec tiv e ly  (154 ,155).

T h e  m ajor su rfa c e  m ark er d iffe ren ces b e tw e e n  KON a n d  LUB cells  a p p e a re d  to  b e  in th e  

e x p re ss io n  of m e m b ra n e  IgD a n d  th e  B cell subpo p u la tio n  m ark er FM C7, w hich is found  o n  50%  

of norm al p e riphera l b lood B cells  a n d  o n  m ost HCL (146 ,147). W hile KON ce lls  w e re  consisten tly  

positive for m lgD an d  FM C7, th e  e x p re ss io n  of th e s e  m o lecu les  o n  LUB ce lls  w a s  so  w eak  a s  to  

b e  q u e s tio n a b le .

It sh o u ld  b e  n o ted  th a t in m ultiple in s ta n c e s  th e  f lu o re sc e n c e  in tensity  of leukem ic ce lls  

positively  s ta in e d  with th e  B ce ll-d irected  A bs o v e rlap p ed  with th a t of control popu la tio n s a n d  th u s  

th e  p e rc e n ta g e  of ce lls  g a te d  a s  positive w a s  le s s  th a n  100% . S ince  th e  s ta in ing  profiles of both



Table XIII.F ACS Analysis o f M em brane A ntigen Expression on KON and LUB Leukemic Cells

Ab Tested Specificity

KON Leukemic Cells 

Percent
Positive* A M F If

LUB Leukemic Cells 

Percent
Positive* A M  F i t

H B 57 IgM 9 1 .9 9 2 8 4 .2 7 5

C BD A -4E5 IgD 8 0 .6 4 5 7 .5 1 0

H B61 K appa  ligh t chain 9 4 .3 1 0 2 8 0 .2 6 4

P M G 3A -4C 6 L am bda  light chain 1 .4 - 3 6 .1 9

M 0P-9 (LeuM 3) P an  m o n o c y te 2 .4 - 1 1 3 .7 6

8 9 b t (CD3) P an  T  cell - 2 . 3 - 6 1 .0 0

B1 (C D 20) P an  B cell 9 2 .1 1 2 5 8 5 .9 7 6
B 2 (C D 21) L im ited  B cell 2 6 .8 15 8 .7 1 4
B 4 (CD 19) P an  B cell 7 6 .9 3 7 5 7 .1 3 2
FM C7 L im ited  B cell 3 7 .7 2 0 1 3 .2 7
J 5  (CD 10) CALLA 3 .2 0 - 0 . 6 - 1

PC-1 P la sm a  cell 7 .7 5 1 2 .6 15
Leu I f  (CD5) P an  T  an d  lim ited  B 8 8 .3 4 8 5 7 .5 3 7
4 F 2 A ctivation  an tig en 8 5 .3 4 3 3 1 .4 2 6
S 1 5 7 HLA-DR 8 4 .1 7 5 8 9 .1 7 2
5 E 9 T ransferrin  re c e p to r 0 .0 3 2 .7 6

•T h e  p e rc e n t p o sitiv e  v a lu es re p re se n t th e  p e rc e n t o f cells th a t  sh o w e d  sta in in g  ab o v e  b ack g ro u n d  w ith  th e  flu o re scen ce  th re sh o ld  (ga te ) s e t  a t  5 %  
positiv ity  w ith  e a c h  re sp e c tiv e  iso ty p e  co n tro l A b. T he v a lu es  sh o w n  are  th e  m e a n  from  tw o  ex p e rim e n ts  in w h ich  frozen  a liq u o ts  o f th e  s a m e  leukem ic 
cell p rep a ra tio n  w e re  u se d  fo r e a c h  rep lica te  ex p erim en t.

fT h e  AM  FI (m ean  flu o re scen ce  in tensity ) v a lu es  w e re  d e te rm in e d  by  su b tra c tin g  th e  m e a n  ch an n e l flu o re scen ce  o b se rv e d  w ith  iso ty p e  m a tc h e d  
co n tro l M oA b from  th a t  o b se rv e d  w ith  th e  t e s t  M oA b. T he  v a lu es sh o w n  a re  th e  m e a n s  from  tw o  ex p e rim e n ts  in w h ich  th e  logarithm ic  am plifica tion  of 
th e  f lu o re scen ce  signal w a s  sim ilar (6 0  c h a n n e ls  p e r  d e c a d e  in f irs t ex p erim en t; 71  ch an n e ls  p e r  d e c a d e  in th e  s e c o n d  e x p e rim en t o n  a  2 5 5  ch anne l 
sca le).

JL eu  1 M oA b w a s  u se d  in o n e  ex p e rim en t w hile  91  d 4  M oA b, w h ich  reco g n ize s  th e  s a m e  m o lecu le  a s  Leu 1 a n d  g av e  iden tica l p ro files to  Leu 1, w a s  
u s e d  in th e  se c o n d  ex p e rim en t.



TableXIV.Functional R esponses of KON and LUB Leukemic B Cells Depleted of Contaminating T Cells and M onocytes

3H-Thymidine Uptake (X ± SEM) 
Pre-culture Treatment With

Cells D 0-4  Culture In Medium C Pan T MoAb
Pan Monocyte 

MoAb

PanT +  
Pan Monocyte 

MoAbs +  C

KON M edium 6 1 5  ±  8 4 5 0 9  ± 4 8  2 5 0  ± 2 2 1 4 9  ±  3 2 2 5 2  ±  7 3

1 A 8/mL anti-IgM 5 8 9  ±  1 0 0 1 ,0 3 7  ± 1 4 4  4 3 9  ± 14 2 8 3  ± 1 2 0 5 5 6  ±  4 2
1 0 0  p g /m L  anti-IgM 1 4 ,3 2 7  ±  1 9 5 0 3 6 ,3 9 8  ± 2 7 0 5  2 3 ,3 5 7  ± 3 1 4 2 0 ,9 1 2  ± 131 3 1 ,3 5 5  ±  1 5 7 2
2 5 %  T cell su p n t 
1 p g /m L  anti-IgM

1 5 ,9 2 4  ±  7 7 2 2 1 ,3 2 4  ± 1 1 0 8  1 7 ,2 0 8  ± 6 3 6 1 2 ,7 5 8  ±  4 2 1 4 1 5 ,8 4 6  ±  3 9 9

+  2 5 %  T cell su p n t 6 9 1  ± 26 1 ,7 8 7  ± 2 5 4  6 7 6  ± 7 4 7 1 2  ±  2 5 8 0 6  ±  3 6
LUB M edium 3 4 ,4 5 6  ±  1 3 8 6 4 6 ,8 2 6  ± 1 4 1 9  5 5 ,5 4 5  ±  1 6 4 0 4 5 ,7 3 8  ±  4 8 2 0 4 0 ,3 2 7  ±  8 3 6

1 jtg /m L  anti-IgM 2 9 8  ± 6 4 3 1 8  ± 8 4  4 2 0  ±  3 5 3 3 1  ±  4 6 2 1 7  ±  13

KON and  LUB cells w ere  d ep le ted  of possib le  con tam inating  T cells and  m o n o cy tes  by tre a tm e n t w ith  pan  T cell M oAb, and  pan  m onocy te  M oA bs and  
co m p lem en t a s  described  in M aterials an d  M ethods. 2  x  1 0 5 tre a te d  cells w ere  then  cultu red  w ith  m edium , 1 or 1 0 0  Mg/mL H B-57 anti-IgM  M oAb, 
a n d /o r  2 5 %  ac tiv a ted  T cell su p e rn a ta n t for four days. DNA sy n th e s is  w a s  a s s e s se d  by up take  of 3H -thym idine during th e  la s t 18  hours of culture.
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LUB a n d  KON cells  with th e s e  A bs n e v e r  ind icated  a  b im odal distribution (d a ta  no t show n), th e  

p e rc e n t positivity in th e s e  c a s e s  likely re p re se n ts  th e  p roportion  of ce lls  b ea rin g  th e  an tig en  

a b o v e  a  ce rta in  th re sh o ld  level of d e tec tio n .

T h e  functional ch a rac te ris tic s  of KON a n d  LUB leukem ic cell popu la tions  a re  not d u e  to 

co n tam in a tin g  T  ce lls  a n d  m o n o cv te s . T h e  a b s e n c e  of co n sis ten tly  m e a su ra b le  n u m b e rs  of 

con tam inating  T  ce lls  a n d  m o n o cy tes  by FA C S an a ly sis  w a s  cha rac teris tic  of both  th e  KON an d  

LUB cell p rep a ra tio n s  (T able XIII). N ev erth e less , to  elim inate th e  possibility th a t a  low level 

co n tam in a tio n  with th e s e  ce lls  m ight con tribu te  to  th e  functional ch a ra c te ris tic s  of th e  leukem ic 

cell popu lation , w e  te s te d  th e  functional reactivity of KON a n d  LUB ce lls  following tre a tm e n t w ith 

m o n ocy te -spec ific  a n d  T  cell-specific  cytotoxic A bs p lu s  co m p lem en t. F o r d ep le tion , cond itions 

w e re  u s e d  th a t h ad  b e e n  e s ta b lish e d  to  specifically  d e p le te  m o n o cy te s  a n d  T  ce lls  from  n o n ­

leukem ic peripheral b lood  (s e e  M aterials a n d  M ethods section). T h e  d a ta  in T ab le  XIV indicate 

th a t all th e  p h e n o m e n a  s e e n  with th e  u n tre a te d  cell p o pu la tions rem ain  in tact in th e  cell 

p o p u la tio n s tre a te d  w ith th e  specific  M oA bs a n d  C.

DISCUSSION

T h e d a ta  p re s e n te d  h e re  d o c u m e n t th a t ce rta in  c lonal popu la tio n s of hairy cell leukem ia  B 

lym phocy tes c a n  rece iv e  e ith e r stim ulatory  o r inhibitory s ig n a ls  fo r DNA sy n th e s is  w h en  cu ltu red  

in th e  p re s e n c e  of so lu b le  anti-IgM  a n tib o d y -su p p lem en ted  m edium . In h eren t suscep tib ility  to  

inhibitory signal tran sd u c tio n  w a s  e v id e n c e d  in a  leukem ic c lo n e , LUB, w hich exhib ited  significant 

b ack g ro u n d  DNA sy n th es is . In co n tra s t, stim ulatory s igna l tran sd u c tio n  w a s  d e te c te d  in a  distinct 

c lone , KON, w hich  sh o w e d  no b a ck g ro u n d  DNA sy n th e s is . T h e se  s tu d ie s  su b s ta n tia te  a  grow ing 

s e t  of o b se rv a tio n s  th a t certa in  tran sfo rm ed  B cell p opu la tions a re  extraordinarily  su scep tib le  to  in 

vitro g row th  regu lation  by  m e m b ra n e  Ig cross-linking ligands (8 ,9 ,28 ,159-163). T h e  particu lar 

finding th a t o n e  hairy cell leukem ic c lone , KON, rece iv es  stim ulatory s ig n a ls  for DNA sy n th e s is  

from  so lu b le  anti-lg ligands w ithout th e  n e e d  for a c c e s so ry  T  cell-derived  fa c to rs  is u n co m m o n  bu t 

is in a g re e m e n t with th e  recen t report of B aek e r a n d  R o thste in  with a  poorly d ifferen tia ted
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lym phocytic lym phom a (28). S in ce  B cell m alignancies likely re p re se n t clonal ex p an sio n  of norm al 

B cell s u b s e ts , th e s e  latter o b se rv a tio n s  a re  of particu lar im portance  in th a t th ey  strongly  imply tha t 

ancillary T  cell fac to rs  a re  not obligatory for th e  proliferation of all h u m an  B cells  an d  th a t m em b ran e  

IgM cross-linking can , a t least in so m e  in stan ces, suffice a s  th e  activating signal.

It sh o u ld  b e  e m p h a s iz e d  th a t th e  DNA sy n th e s is  o b se rv e d  in KON leukem ic cell p re p a ra ­

tions is highly unlikely d u e  to  th e  proliferation of con tam inating  norm al B lym phocytes. First, a s  

ju st m en tio n ed , th e  anti-IgM  A b-induced  KON cell DNA sy n th e s is  w a s  in d e p e n d e n t of a c c e s so ry  

T  cell fac to rs while norm al peripheral blood B cells required  ancillary T  cell fac to rs for optim al stim ­

ulation by th is ligand. S eco n d , FA C S ana lysis , a s  well a s  v isual cell su rface  im m unofluo rescence  

ana ly sis , sh o w e d  KON cells  to  co n ta in  insignificant n u m b ers  of lam bda  light ch a in  positive cells,

i.e. < 2% . This im plies a  m axim al norm al B lym phocyte contam ination  of 4% . Third, w h en  norm al B 

ce lls  a re  a  cu ltu red  a t 2  x 104  ce lls/cu lture  (the  n u m b er e x p e c te d  if norm al B ce lls  constitu ted  

ev e n  10%  of th e  leukem ic cell p re p a ra t io n ) no 3 H -thym idine incorporation  a b o v e  b ack g ro u n d  is 

o b s e rv e d  (u n p u b lish ed  resu lts).

A un ique  o b se rv a tio n  m ad e  in th is study  w a s  th a t ac tiva ted  T  cell su p e rn a ta n ts  could  

m o d u la te  th e  o u tco m e  of m e m b ra n e  IgM -m ediated signal tran sd u c tio n  in th e  KON leukem ic B cell 

popu la tion  su c h  th a t neg a tiv e  ra th e r  th a n  positive effec ts  o n  DNA sy n th e s is  w e re  o b se rv e d . This 

p h e n o m e n o n  b e c a m e  initially a p p a re n t o n  noting th a t KON ce lls  re sp o n d e d  w ith DNA sy n th e s is  

to  ac tiv a ted  T  cell su p e rn a ta n t a lo n e  o r  to  high co n cen tra tio n s  of so luble  anti-IgM  an tibody  a lo n e  

bu t th a t th e y  exh ib ited  significantly d e p re s s e d  levels of DNA sy n th e s is  w h en  cu ltu red  with both  

activating  m o ie ties sim ultaneously . A lthough o b se rv e d  a t all ligand co n cen tra tio n s , anti-IgM Ab- 

m e d ia ted  inhibitory signal tran sd u c tio n  w a s  m ost p ro n o u n ced  a t very low Ab co n cen tra tio n s  th a t 

w e re  non-m itogen ic  in th e  a b s e n c e  of T cell su p e rn a ta n t. Interestingly, th e  phorbol e s te r-  

induced  DNA sy n th e s is  of KON cells  w a s  com pletely  re s is tan t to  anti-IgM A b-m ed ia ted  inhibitory 

signal tran sd u c tio n . T his re s is ta n c e  m ay  reflect th e  recently  d e sc rib e d  cap ac ity  of PMA to  block 

an ti-lgM -m ediated  phosphatidylinosito l m etabo lism  a n d  cy top lasm ic C a 2+  in c re a s e s  in m urine B 

ce lls  (164 ,165), a lthough  o th e r  ex p lan a tio n s a re  a lso  p o ssib le .
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T h e  an tag o n is tic  p h e n o m e n o n  exhib ited  w h en  anti-IgM  Ab a n d  T  cell su p e rn a ta n t w e re  

co m b in ed  in cu lture w a s  not d u e  to  supra-op tim al signaling  v ia  a  com m on  activation p a th w ay  since  

(a) non-m itogenic  anti-IgM M oA bs w e re  c a p a b le  of inhibiting T  cell su p e rn a ta n t- in d u c ed  KON cell 

DNA sy n th es is , a n d  s in ce  (b) suboptim ally  m itogenic co n cen tra tio n s  of anti-IgM  MoAb H B 57 

inhibited th e  DNA sy n th e s is  in d u ced  by  suboptim ally  m itogenic  c o n cen tra tio n s  of T cell 

su p e rn a ta n t (unpu b lish ed  resu lts). F u rtherm ore , th e  T  cell su p e rn a ta n t- in d u c ed  c h a n g e  in th e  

n a tu re  of m lgM -m ediated  signaling in KON cells  did not reflect a  T  cell fac to r-induced  m odulation 

of mlgM e x p re ss io n  s in ce  FA CS an a ly s is  of KON cells incubated  with T  cell su p e rn a ta n t for 2, 6, 

2 4 ,3 6 ,  o r  44  h o u rs  rev ea led  levels  of mlgM not significantly different from  control ce lls  

(u n p u b lish ed  re su lts).

A lthough it h a s  prev iously  b e e n  s u g g e s te d  th a t n eg a tiv e  regu la tion  of DNA sy n th e s is  

th rough  mlgM cross-linking is a  p h e n o m en o n  intrinsic to  im m ature  B ce lls  a n d  th a t positive 

signaling  of DNA sy n th e s is  th ro u g h  mlgM is a  p h e n o m e n o n  re p re se n ta tiv e  of m ore  m atu re  B cell 

su b p o p u la tio n s  (10 ,158), our o b se rv a tio n s  with KON cells ind ica te  th a t ce rta in  B ce lls  e x p re ss in g  

a  m atu re  functional p h en o ty p e  c a n  a lso  b e  negatively  reg u la ted  in cell cycle  tu rn o v er by m em ­

b ra n e  IgM cross-linking ev en ts . In th e  KON clone , susceptibility  to  inhibitory o r  stim ulatory  signal 

tran sd u c tio n  a p p e a rs  to  b e  d e te rm in ed  by th e  p re s e n c e  o r a b s e n c e  of a  T  ce ll-derived  factor(s) 

th a t c a n  in d ep en d en tly  ac tiv a te  th e  B ce lls . In th is  con tex t, th e  o b se rv a tio n s  of Linton an d  

Klinm an th a t recen tly  stim u la ted  se c o n d a ry  B ce lls  exhibit a  period  of to le ra n c e  susceptib ility  to  

m e m b ra n e  Ig-binding ligands (166 ,167) m ay b e  particularly re levan t.

T h e  neg a tiv e  signal tran sd u c tio n  in T cell su p e rn a tan t-ac tiv a ted  KON cells  a p p e a rs  to  b e  

a n a la g o u s  to  th e  m lgM -m ediated  inhibitory signaling inheren t to  LUB leukem ic cells. W e h av e  

c o n s id e re d  it p o ss ib le  th a t LUB ce lls  s e c re te  a n  au to crin e  grow th fac to r co m p arab le  to  th e  KON 

cell stim ulatory grow th fac to r in ac tiv a ted  T  cell su p e rn a ta n ts  a n d  th a t th e  m ech an ism  of inhibition 

exh ib ited  in b o th  cell ty p e s  is identical. H ow ever, ex ten s iv e  ex p e rim en ts  h a v e  re v e a le d  no 

ev id e n c e  for sy n th e s is  of su c h  a  grow th fac to r by LUB cells. T hus, unlike lines w hich s e c re te  

au to c rin e  grow th fac to rs  (107 ,140 ,168-170), cond itioned  m edium  from  LUB cells, a s  well a s  cell
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ly sa te s , d id  no t a u g m e n t th e  g row th  of limiting c o n cen tra tio n s  of LUB cells  a n d  did  not induce  

S  p h a s e  en try  of e ith e r KON ce lls  o r anti-IgM A b-stim ulated  norm al B lym phocy tes (unpub lished  

resu lts). It is a lternatively  p o ss ib le  th a t LUB leukem ic ce lls  e x p re s s  certa in  o n co g en ic  e le m e n ts  

th a t m aintain  th em  in a  s ta te  a n a la g o u s  to  th e  activation s ta te  re a c h e d  by KON cells  a fter e x p o su re  

to  T cell fac to rs . In th is reg ard , th e  leukem ic ce lls  d e sc rib ed  h e re  cou ld  provide in teresting  m odels 

fo r te s tin g  th e  h y p o th es is  th a t o n c o g e n e s  mimic th e  b iochem ical e v e n ts  a s s o c ia te d  with certa in  

lig an d -recep to r in te rac tio n s (171-173).

A nalysis of cell m e m b ra n e  an tig en  ex p re ss io n  o n  p e rip h era l b lood  iso la ted  KON a n d  LUB 

leukem ic cells ind icated  clearly  th a t th e s e  hairy cell leukem ia cells a re  of th e  B cell lineage . S ince  

norm al B lym phocy tes h a v e  b e e n  sh o w n  to d e c re a s e  the ir m lgD  e x p re ss io n  following activation  

(174), th e  p re s e n c e  of significant m lgD on  KON cells  but little o r  no mlgD o n  LUB cells is c o n s is ­

ten t with LUB ce lls  rep resen tin g  a  slightly m ore ac tiv a ted  s ta te . It is of in terest th a t n e ither cell 

p o pu la tion  exh ib ited  a  tru e  resting  B cell p h en o ty p e  in th a t b o th  e x p re s s e d  su b stan tia l a m o u n ts  

of th e  activation  a s s o c ia te d  m o lecu le , 4F 2  (101). H ow ever, th e s e  leukem ic  lym phocy tes m ay 

re p re se n t ac tiv a ted  ce lls  w hich h a v e  rev erted  to  a  resting  "secondary" 4 F 2  - positive s ta te  a s  

recently  d e sc r ib e d  in norm al T  ce lls  by S u o m ala in en  (175). C o n sis ten t with th is is the ir lack of 

significant tran sfe rrin  re c e p to r  ex p re ss io n .

A lthough w e  h a v e  no t ye t identified th e  p re c ise  cy tokine(s) from  ac tiv a ted  h u m an  T  cells 

re sp o n s ib le  for b o th  activating  th e  ce lls  a n d  m odulating  m e m b ra n e  IgM -m ediated  signaling , th e s e  

effec ts  of u n se p a ra te d  fac to rs  from  polyclonally ac tiva ted  T  ce lls  o n  a n  iso la ted  hairy cell leukem ic 

B cell c lo n e  a re  likely re levan t to  th e  regulation  of leukem ic grow th in vivo. T h e  findings imply tha t 

a c tiv a ted  T  ce lls  m ay h av e  m ajor ro les in expand ing  th e  in vivo grow th of certa in  leukem ic B cell 

c lo n e s  a n d  furtherm ore, th a t in vivo trea tm en t w ith m lg-binding ligands m ay b e  particularly useful 

for negatively  regulating  th e  T  cell fa c to r-e n h an c e d  grow th of so m e  of th e s e  leu k em ias a s  well a s  

th e  s p o n ta n e o u s  grow th of ce rta in  o th e r  leu k em ias.

S in ce  no t all m lgM -positive leukem ic B cell c lo n e s  exhibit su c h  exqu isite  sensitivity  to  m lg- 

m e d ia ted  sig n a l tran sd u c tio n , it w ould  a p p e a r  th a t in vitro sc re e n in g  of th e  re sp o n s iv e n e s s  of
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distinct leukem ic cell popu la tio n s to  anti-lg  ligands, bo th  in th e  p re s e n c e  a n d  a b s e n c e  of T  cell 

fac to rs , m ight in c re a se  th e  likelihood of effective in vivo anti-idiotype im m uno therapy  (26). C learly 

th e  efficacy of th e s e  in vivo A b tre a tm e n ts  a t dim inishing tu m o r load is likely to  b e  g reatly  

in fluenced  by  th e  cha rac teris tic  w ay  in w hich a  m alignant B cell population re sp o n d s  to  anti-lg 

ligands.

SUMMARY

A functional s tu d y  of sev e ra l h u m an  m alignant B cell p o pu la tions h a s  ind icated  th a t 

o c c a s io n a l leukem ic c lo n e s  a re  extraordinarily  sensitive  to  signal tran sd u c tio n  th ro u g h  m em b ran e  

IgM. O n e  iso la ted  hairy cell leukem ia  (HCL) with low background  DNA sy n th es is  w a s  stim ulated  to 

significant levels  of DNA sy n th e s is  w h en  cu ltu red  with high (100  pg/m l) co n cen tra tio n s  of so lub le  

anti-IgM ligands. In co n tra s t to  th e  activation of norm al periphera l b lood  polyclonal B cells, th is 

DNA sy n th e s is  w a s  com plete ly  in d e p e n d e n t of a c c e s s o ry  T  cell fac to rs . A lthough th e  HCL c lone  

could  a ls o  b e  in d u ced  to  e n te r  S  p h a s e  by incubation  in m ed ia  su p p le m e n te d  with only ac tiva ted  

T  cell su p e rn a ta n t, cu ltu re  of th e  c lo n e  with ac tiva ted  T  cell su p e rn a ta n t p lu s anti-IgM Ab resu lted  

in DNA sy n th es is  th a t w a s  significantly le s s  th an  th a t induced  by e ith e r ac tivator a lone . Factor(s) in 

T cell su p e rn a ta n t a p p e a r  to  m odu la te  th e  leukem ic c lo n e  so  th a t th e  binding of ligand to  m em ­

b ra n e  IgM is p erce ived  a s  a n  inhibitory ra ther th a n  a  stim ulatory signal for DNA syn th esis . In te rm s 

of Ig F c  in d e p e n d e n c e  a n d  low ligand d o s e  req u irem en ts , anti-IgM  A b-m ed ia ted  inhibitory signal 

tran sd u c tio n  in th e  T cell su p e rn a tan t-ac tiv a ted  HCL c lo n e  w a s  found  to  mimic anti-IgM Ab- 

m ed ia ted  su p p re ss io n  of th e  sp o n ta n e o u s  DNA sy n th e s is  of a n  a lte rn a tiv e  HCL c lo n e . T he 

functional re su lts  s u g g e s t th a t th e  ty p e  of signal tra n sd u c e d  by anti-lg  ligands m ay  reflect 

d iffe ren ces  in th e  activation  s ta te  of recep tiv e  leukem ic B cells.
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CHAPTER FIVE

A nti-lgM -M ediated B Cell S ignaling : M olecular A nalysis of L igand Binding R eq u is ite s  for

H um an B Cell Activation an d  T o lerance

INTRODUCTION

T h e  p re c ise  role of m e m b ra n e  Ig in regu lating  th e  physio logy  of B lym phocy tes h a s  b e e n  

a  top ic  of c o n s id e ra b le  d e b a te  for o v e r  a  d e c a d e . T he en su in g  investiga tions h a v e  ind icated  th a t 

no sing le  m ech an ism  ex is ts  by  w hich m lg co m m u n ica tes  th e  p re s e n c e  of ex tracellu lar s igna ls  to 

th e  B cell. R a ther, d e p en d in g  upon  th e  n a tu re  of th e  ex tracellu lar ligand, m lg a p p e a rs  a b le  to  

function in a t le a s t th re e  d istinct fa sh io n s . If th e  ligand co n ta in s  a  polyclonal B cell activating 

m oiety a s  p art of its s truc tu re , m lg c a n  p assive ly  focus th e  activating m olecule  o n to  th e  B cell su r­

fa c e  a n d  e n a b le  it to  directly stim ulate  th e  B cell (1). Alternatively, if th e  ligand h a s  T  cell-reactive 

ep ito p es , m lg c a n  fo cu s  th e  ligand on to  B ce lls  bearing  c la s s  II m ajor histocom patibility an tig en s 

a n d  a id  in th e  p re se n ta tio n  of su c h  e p ito p e s  to  T  lym phocy tes (2 0 ,2 1 ,1 7 6 ,1 7 7 ). In th is  c a s e ,  th e  

T  cells a n d  their p roducts directly stim ulate  th e  B cells. Finally, m lg c a n  directly signal b iochem ical 

c h a n g e s  w ithin B lym phocy tes. T his la tte r p h en o m e n o n  a p p e a rs  to  o c c u r  only following 

in teraction  with ligands w hich c a n  cross-link  m lg m o lecu les (22,23).

S tu d ie s  a im ed  a t elucidating  th e  m ech an ism  of d irec t signal tran sd u c tio n  th ro u g h  m lg 

clearly  indicate th a t not all m lg cross-linking e v e n ts  resu lt in B cell activation, defined  a s  an y  

c h a n g e  in lym phocyte  physio logy  w hich in c re a s e s  th e  ce lls ' cap ac ity  to  m ount a n  im m une 

re s p o n s e  (14). In s tead , th e  physio logical o u tco m e  of th e  b iochem ical s igna l c a s c a d e  initiated 

a fte r mlgM  cross-link ing  a p p e a rs  to  d e p e n d  u p o n  th e  prior differentiation o r activation  s ta te  of th e  

recep tive  B cell. Im m ature B cells a n d  certa in  ac tiva ted  B cell popu la tions c a n  rece ive  inhibitory
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(to lerogen ic) s ig n a ls  fo r th e ir  c lonal e x p a n s io n  o r  function  (1 5 ,2 3 ,1 6 7 ,1 7 8 -1 8 0 ), w hile m atu re , 

res tin g  B ce lls  a re  su sc e p tib le  to  stim ulation  (69,70).

T h e  m ech an ism  of d irect tra n sm e m b ra n e  signaling  th ro u g h  m lg h a s  b e e n  p redom inantly  

stu d ied  with anti-lg A bs w hich h a v e  th e  cap ac ity  to  signal B ce lls  in d ep en d en tly  of th e ir  an tigen  

specificities. Both stim ulatory  a n d  inhibitory signal tran sd u c tio n  with th e s e  ligands a p p e a r  to  

involve th e  activation  of p h o sp h o lip a se  C, w hich in tu rn  c le a v e s  phosphatidy linosito l 4 ,5 - 

d ip h o sp h a te  (P td ln sP 2 ) (3 2 ,4 5 ,1 8 1 ,1 8 2 ). Following P td ln sP 2  hydro lysis, th e  induction  of bo th  

stim ulatory  an d  inhibitory s ig n a ls  involves th e  g en e ra tio n  of a t le a s t so m e  com m on  s e c o n d  m e s ­

s e n g e r s  (14 ,22 ,23). It h a s  b e e n  s u g g e s te d  th a t th e  d isp a ra te  effec ts  o n  cell proliferation of th is 

com m on  signaling  p a th w ay  m ay  reflect e ith e r su b tle  varia tions in th e  b ip roduc ts of inositol p h o s ­

p h a te  m etabo lism  in different cell ty p e s , o r  alternatively , th e  p re s e n c e  of d istinct e le m e n ts  in th e  

d iv e rse  B cell popu la tio n s w hich in te rp re t th e  re c e p to r-g en e ra te d  s ig n a ls  in d ifferent w a y s  (23).

B e c a u se  b o th  stim ulatory  a n d  inhibitory signal tran sd u c tio n  th ro u g h  mlgM involve sim ilar 

early  b iochem ical reac tio n s, it is intriguing th a t th e  d o s e  req u irem en ts  for ach iev ing  stim ulation o r 

inhibition h a v e  g en era lly  b e e n  found  to  differ by o n e  o r m ore  o rd e rs  of m agn itu d e  

(6 ,9 ,4 2 ,4 3 ,4 9 ,6 3 ,7 2 ,7 3 ,1 7 8 ,1 8 3 ). T h u s, w hile inhibition of p la sm a  cell d ifferentiation  a n d  DNA 

sy n th e s is  of m any  tran sfo rm ed  B ce lls  c a n  b e  o b se rv e d  w ith ng/m l co n cen tra tio n s  of anti-lg 

ligands, stim ulation of DNA sy n th e s is  of resting  m atu re  B cells by  su c h  lig an d s req u ires  ng/m l 

co n cen tra tio n s , e v e n  in th e  p re s e n c e  of ancillary T  cell grow th fac to rs . This s u g g e s ts  th a t th e  

ligand binding req u is ite s  fo r triggering  B cell to le ra n c e  m ay  b e  significantly different from  th o s e  for 

triggering  B cell c lonal ex p an sio n .

In th is report, w e  h a v e  a tte m p te d  to  rigorously e v a lu a te  th e  b inding req u is ite s  for eliciting 

th e  activation  an d  alternatively, th e  inactivation of B lym phocy tes th ro u g h  m lg cross-linking. By 

em ploying a  large p an e l of an ti-hum an  IgM m onoclonal A bs, w e  ex am in e  how  th e  s ite  specificity, 

th e  affinity, an d  th e  v alency  of e p ito p e s  b ound  o n  mlgM affect th e  cap ac ity  for stim ulation o r
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inhibition of DNA sy n th e s is  in th e  app rop ria te ly -sensitive  h u m an  B lym phocy tes. T h e  d a ta  show n 

clearly  ind ica te  th a t th e  binding req u is ite s  for inducing inhibition of B cell DNA sy n th e s is  a re  m uch 

le s s  s tringen t th a n  th o s e  for stim ulation. This m ay  reflect d iffe ren ces in th e  s iz e  of th e  c ro ss -  

linked mlgM c lu s te r  a n d /o r d iffe ren ces  in th e  n ecess ity  for co n tin u o u s mlgM  cross-link ing  for 

ach iev ing  th e s e  d istinct functional e v e n ts . S in ce  th e  cap ac ity  of h u m an  B ce lls  to  b e  actively 

s ig n a led  by m urine anti-IgM  M oAbs likely e x te n d s  to  a u to lo g o u s  an ti-lg  A bs, th e s e  s tu d ie s  

prov ide c o n s id e ra b le  insight into th e  fac to rs  controlling th e  p o ten tia l of anti-idiotype A bs an d  

rheum ato id  fac to rs  to  a c t a s  positive o r  nega tive  regu la to rs of h u m an  B cell function.

M A T E R IA L S  A N D  M E T H O D S

M urine Anti-H um an IgM M oAbs. T h e  p repara tion , isolation, purification, a n d  c h a ra c ­

terization  of all te n  m urine an ti-hum an  IgM M oAbs u s e d  in th e s e  s tu d ie s , ie. XG9, P 19 , HB57,

P 24, M u18, M u53, 5 D 7 ,4 - 3 , 1G 6, a n d  IF11 h av e  b e e n  d e ta iled  in p rev io u s pub lications 

(109 ,184). With th e  excep tion  of 5D 7 (lgG 2a  m urine iso type), all M oAbs a re  of th e  lgG1 isotype.

P repara tion  of Anti-laM MoAb F ab ' an d  F fab 'lo  F ragm en ts. F a b 'f ra g m e n ts  of m ost 

anti-IgM  M oA bs w ere  o b ta in e d  from  th e  reduction  of th e  co rre sp o n d in g  F (ab ')2  f rag m en ts  

p re p a re d  by p e p s in  d igestion  (185). O ptim al cond itions for F (ab ')2  isolation for e a c h  MoAb w ere  

initially d e te rm in ed  by 'm ini-prep ' an a ly s is  in w hich th e  te m p e ra tu re , tim e, a n d  pH of th e  d igestion  

a s  well a s  th e  en zy m e-to -su b stra te  (E:S) ratio w a s  varied . M ini-preps w e re  run o n  5-20%  

SD S -P A G E  g e ls  (184) a s  a  first indicator of th e  efficiency of th e  reaction . T h o se  p re p s  w hich w ere  

a c c e p ta b le  by SD S -P A G E , ie. show ing  little o r no  u n d ig e s te d  IgG a n d  p redom ina te ly  o n e  F (ab ')2  

b an d , w e re  th e n  an a ly zed  for IgM -binding ability by so lid -p h ase  RIA (109) u sin g  a  tritiated rat 

a n ti-m o u se  k ap p a  light ch a in  MoAb a s  p ro b e  (kindly provided  by Dr. C onstan tin  B ona). R eaction  

cond itions w hich y ielded  optim um  re su lts  o n  both  th e  gel a n d  RIA a s s a y s  w ere  found  to  vary 

b e tw e e n  th e  d ifferent M oAbs. In g e n e ra l, for 71 A bs, th e  cond itions w ere : buffer of 0.1 M citra te ,
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pH 3 .6 , te m p e ra tu re  of 3 7 °C , a n  E :S  ratio of 1 :60, a n d  a  reaction  tim e of b e tw e e n  1 -1  1/2 h. 

H ow ever, M oAb IF11, u n d e r  su c h  cond itions, only y ie lded  F ab ' f rag m en ts . No s e t  of cond itions 

w e re  identified for optim al p roduction  of F (ab ')2  f rag m en ts  from  th e  lg G 2 a  Ab 5D 7. T his MoAb 

h a d  a  p ro p en sity  fo r d igestio n  to  F ab ' f ra g m e n ts  only. C ond itions u s e d  for F ab ' frag m en t p ro d u c­

tion of th is Ab w ere : buffer of 0.1 M citra te , pH 4 .2 , te m p  of 3 7 °C , E :S  ratio of 1 :20 , a n d  a  reaction  

tim e of 3  h. L arge  sc a le  p rep ara tio n  of th e  frag m en ts  u s e d  in th is  s tu d y  involved d igesting  

> 2 5  m g of purified MoAb with th e  ap p ro p ria te  vo lum e of a  5  m g/m l solu tion  of p ep s in  (S igm a 

C hem ical C o.). D igestions w e re  te rm in a ted  by raising  th e  pH of th e  m ixture to  >8 by th e  addition 

of solid T ris (S igm a C hem ical C o.). Any potentially u n d ig es ted  intact Ab w a s  rem o v ed  by p a s s a g e  

of th e  d ig e s t o v e r protein-A  S e p h a ro s e  (P harm acia ) a s  d e sc r ib e d  (92). N on-bound  MoAb w a s  

v acu u m  c o n cen tra ted  in 0.01 M Tris-HCI, 0 .15  M NaCI, pH 7 .3  (TBS). F (ab ')2  frag m en ts  (or Fab ' 

frag m en ts  in th e  c a s e s  of M oAbs 5 D 7  a n d  IF11) w e re  fu rth er purified by siev ing  th e  protein-A  

non-b o u n d  m ateria l th ro u g h  a  ca lib ra ted  S ep h acry l S -2 0 0  gel filtration co lum n (P h arm acia) e lu ted  

in T B S an d  run at < 3 m l/cm 2-h. In all c a s e s  a  single sh a rp  p e a k  w a s  ob ta in ed  an d  vacuum  

c o n c e n tra ted  in PB S- 0 .0 1 %  a z id e  (PBS-A) to  >1 m g/m l. A nalysis of frag m en ts  in a  5 -20%  

g rad ien t S D S -P A G E  ge l u n d e r  non -reduc ing  cond itions rev ea led  only o n e  m ajor b a n d  a t a n  a v e r­

a g e  mol. wt of 110 kD (or 5 2 .4  kD for th e  5D 7 a n d  IF11 M oAbs).

P roduction  of F ab ' fra g m e n ts  requ ired  th e  reduction  of th e  iso la ted  F (ab ')2  f ra g m e n ts  with 

cy s te in e  (S igm a C hem ical C o.; a d d e d  a s  a  solid to  a  final co n e  of 10 mM afte r sparg ing  th e  solution 

with N2 ) for 1 - 1 / 2  h a t  3 7 °C . T h e  re d u ced  protein  w a s  th e n  alkylated  for 1 -1 /2  h a t room  tem p  in 

th e  d a rk  by add ing  solid iod o ac team id e  (S igm a C hem ical Co.) to  a  final co n cen tra tion  of 30  mM. 

T h e  re d u c e d  a n d  a lky la ted  solution w a s  th e n  s iev ed  th ro u g h  a  S -2 0 0  ge l filtration co lum n.

A nalysis of th e  sing le  p e a k  o b ta in ed  by 5 -2 0 %  g ra d ie n t S D S -P A G E  u n d e r  non -reduc ing  

cond itions re v e a le d  ju st o n e  m ajor b a n d  a t  a n  a v e ra g e  mol. wt of 5 2 .4  kD. C alcu lations b a s e d
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u p o n  d en sito m etric  trac in g s  of th e  C o o m a ss ie  Blue s ta in e d  g e ls  rev ea led  th a t th is  m ain  p e a k  

a c c o u n te d  fo r o v e r  9 5 %  of s ta in e d  deflec tions.

lodination of MoAb F ab ’ F rag m en ts . MoAb F ab ' frag m en ts  w ere  iod inated  w ith carrier-free 

1 2 5 lodine (N ew  E ng land  N uclear) u sin g  a  m odification of th e  ch loram ine-T  m eth o d  (124). In a  

typical iodination, ~250  p g  of fre sh ly -thaw ed  F ab ' p ro te in  (a t a  co n cen tra tio n  of >1 m g/m l in 

PBS-A) w a s  lab e led  with 1 to  1 .25  m Ci o f 12^ | . A fter th e  protein  a n d  iodine w e re  a d d e d  to  th e  

reaction  v e s s e l  (12 x 75  m m  plastic  te s t  tube), th e  m ixture w a s  buffered  by th e  addition of a  

vo lum e of 0 .2 5  M p h o sp h a te  buffer, pH  7 .5 , e q u a l to  th a t of iodine ad d e d . 10 pi of a  fresh ly  

p re p a re d  solu tion of ch lo ram ine-T  (E a s tm a n  K odak C hem icals , R o ch este r, NY) a t a  concen tra tion  

of 1 m g/m l in 0 .0 5  M p h o sp h a te  buffer, pH 7.5  (iodination buffer) w a s  a d d e d  to  th e  reaction  

v e sse l, w hich  w a s  v o rtex ed  vigorously  for 30  s . After 30  s, 10 pi of freshly  p re p a re d  sod ium  

m etabisulfite  (E a s tm a n  K odak C hem ica ls; 2 m g/m l in iodination buffer) w a s  a d d e d  to  th e  v e sse l 

a n d  a g a in  v igorously  vortexed . After a n  additional 6 0  s, 100 pi of p o ta ss iu m  iodide (F ish er 

Scientific C o., Fair Lawn, NJ; 5  m g/m l in iodination buffer) w a s  a d d e d  to  th e  v e sse l. After a  final 

vortexing, th e  lab e led  F ab ' protein , a s  well a s  free  12^l, w e re  s e p a ra te d  by im m ediate  p a s s a g e  

o v e r a  PD -10 gel filtration co lum n (P harm acia) w hich h ad  b e e n  previously  equ ilib rated  with 10%  

B SA -PB S-A  a n d  th e n  w a s h e d  ex ten siv e ly  with PB S-A  until th e  O D 2 8 O = °-

Im m ediately a fte r pooling th e  la rg e  mol. w t fractions, trichloroacetic  ac id  (TCA) precip itable 

p ro te in  w a s  m e a su re d . T h e  p e rc e n t TCA precip itab le  c o u n ts  for all but o n e  of th e  iod inated  F ab ' 

M oAbs w a s  >97% . T h e  excep tion , MoAb 5D 7, g a v e  a  va lu e  of ~ 90% .

T h e  specific  activity (sp  act) of e a c h  iod inated  M oAb F ab ' fragm en t w a s  d e te rm in ed  by 

quan tita ting  th e  lab e led  protein  with th e  B io-R ad P ro te in  A ssa y  Kit a s  p e r  th e  m an u fac tu rers ' 

in structions (B io-R ad, R ichm ond, CA). B ovine g a m m a  globulin w a s  u s e d  a s  th e  p ro tein  s tan d a rd . 

Typical s p  a c ts  o b ta in ed  using  th is  m e th o d  w ere  b e tw e e n  2 to  6  x 106  cp m /p g  . A fter determ ining  

th e  s p  a c t of e a c h  iod inated  MoAb F ab ', th e  poo led  frac tions w e re  m a d e  1%  with re sp e c t to  BSA.
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D eterm ination  of IgM -bindable activity of e a c h  lab e led  F ab ' p rep a ra tio n  w a s  d e te rm in ed  by 

p a ss in g  e a c h  lab e led  fragm en t o v e r a n  IgM -S epharose  co lum n conta in ing  a  v a s t  e x c e s s  of IgM. 

O n e  ml of p a c k e d  h u m an  IgM -coupled S e p h a ro s e  (~ 6  m g IgM/ml gel), o r  o n e  ml of S e p h a ro se  

b e a d s  tre a te d  in a  identical m a n n e r  bu t conta in ing  no  c o u p led  pro tein , w e re  p a c k e d  into P a s te u r  

p ip e tte s . A pproxim ately 8 0 ,0 0 0  cp m  (~26 ng) of e a c h  iod inated  MoAb F ab ' frag m en t w a s  th e n  

slowly lo ad ed  a n d  p a s s e d  th ro u g h  th e  co lu m n s. 9 8 -1 0 0 %  of th e  lab e led  p ro te in  w a s  consis ten tly  

re trieved  from  th e  contro l co lum ns. T h e  p e rc e n ta g e s  of Ig M -S ep h aro se -b in d ab le  p ro tein  w e re  a s  

follow s: XG9 = 8 8 .8 4 , P 1 9  = 8 9 .41 , H B 57 = 9 1 .1 3 , P 2 4  = 8 7 .7 6 , M u18 = 9 2 .1 4 , M u53 = 8 5 .12 , 

5D 7 = 9 2 .74 , 4 -3  = 8 7 .5 4 , 1G 6 = 9 4 .2 1 , a n d  IF11 = 8 4 .8 8 .

M ost of th e  iod inated  MoAb F ab ' frag m en ts  w e re  a lso  a s s a y e d  to  co m p a re  the ir relative 

b inding affinities fo r h u m an  IgM with th a t of th e  u n lab e led  p a re n t F ab '. A com petition  so lid -p h ase  

RIA (184) w a s  d ev ised  o n  polyvinylchloride (PVC) w ells using  a  limiting am o u n t of h u m an  IgM a s  

coating  Ag (2 pg/m l in PBS-A). A fter p re-coating  th e  w ells with IgM, a  co n stan t, sa tu ra tin g  

co n cen tra tio n  of lab e led  F ab ' w a s  a d d e d . T e s t w ells a lso  c o n ta in e d  d efin ed  a m o u n ts  of 

u n lab e led  F ab ' to  ach iev e  vario u s ra tio s of lab e led  to  u n lab e led  F ab ' (1 : 8 , 1 :4 .... 4 :1 ,8 :1 ) . After 

an  overn igh t incubation  a t 4 ° C , th e  p la te s  w e re  w a s h e d  a n d  th e  a m o u n t of b o u n d  rad io lab e led  

ligand w a s  m e a su re d  with a  g a m m a  c o u n te r  (B eckm an  Instrum ents, P a lo  Alto, CA). T h e  ex p ec ted  

a s  well a s  o b se rv e d  cp m  b o u n d  w e re  th e n  c o m p a re d  a n d  u s e d  a s  a n  indicator of th e  relative 

b inding efficiency of th e  iod inated  MoAb vs. th a t of th e  u n lab e led  p a ren t. In all c a s e s  te s te d , th e  

o b se rv e d  v a lu e s  did not differ from  th e  p red ic ted  by m ore  th a n  50% , indicating th a t th e  iodination 

p ro c e d u re  d id  not ap p rec iab ly  d im inish th e  native binding affinity of th e  M oAb F ab ' frag m en ts .

P en tam eric  an d  M onom eric H um an  laM Isolation.

P en tam eric  IgM. T h e  IgM m yelom a protein  "Pan" w a s  u s e d  a s  th e  so u rc e  of h u m an  p e n ­

tam eric  IgM in th e s e  s tu d ies . Its isolation a n d  purification h a v e  b e e n  d e ta iled  e lse w h e re  (184).
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M onom eric IgM. M onom eric un its of th e  IgM m acroglobulin  P a n  w ere  p re p a re d  for u s e  in 

e lec tro n  m icroscopy  s tu d ie s  by  2 -m ercap to e th y lam in e  (2-MEA) reduc tion  of th e  p e n ta m e r (186). 

'M ini-prep' an a ly sis  w a s  first p erfo rm ed  to  d e te rm in e  optim um  2-M EA co n cen tra tio n s  a s  well a s  

reac tion  tim es. T h e  m in i-preps w ere  an a ly zed  o n  5 -1 5 %  g rad ien t SD S -P A G E  g e ls . C onditions 

w ere  n e v e r found  w hich g a v e  only IgM m onom er. V ariab les w ere  optim ized, how ever, for a  

reduction  p ro d u c t w hich  co n ta in ed  -3 5 %  m o n o m er (mol. w t 2 1 2  kD), -5 5 %  u n re a c te d  a n d  high 

mol. w t reduction  p ro d u c ts  of p en tam eric  IgM (mol. w t > 500 kD), an d  -1 0 %  low er mol. wt 

reduction  p ro d u c ts  (mol. w t <100 kD). For p rep ara tio n  of IgM m onom er, 166 m g of purified IgM 

p e n ta m e r (16.6  mg/ml) w a s  dialyzed vs. 0 .05  M Tris-HCI, 0 .5  M NaCI, pH 8 .2  (TBS-pH 8.2) 

overn igh t a t 4 °C . After w arm ing  th e  p ro tein  to  3 0 °C , n itrogen  w a s  b u b b led  th ro u g h  th e  solution 

a n d  solid 2-MEA (C albiochem  B iochem icals, La Jolla , CA) w a s  th e n  im m ediately a d d e d  to  a  final 

c o n e  of 0 .003  M. T h e  protein  w a s  ro ta ted  slowly for 1/2 h a t 3 0 ° C  a n d  th e n  alkylated  by th e  

addition of solid iod o ace tam id e  to  a  final co n e  of 0 .006  M. Alkylation w a s  perfo rm ed  in th e  dark  for 

1 h o n  ice. At th e  e n d  of 1 h, th e  re d u c e d  pro te in  w a s  d ia lyzed  in th e  co ld  v s. T B S, pH 8 .2  

conta in ing  0 .012  M io d o ace tam id e  fo r 5  h. M onom er IgM w a s  s e p a ra te d  from  bo th  h igher an d  

low er mol. w t reduction  p ro d u c ts  by siev ing  th ro u g h  a  ca lib ra ted  S ep h ac ry l S -3 0 0  ge l filtration 

co lum n e lu ted  with 0.1 M Tris-HCI, 0 .15  M NaCI, pH 8 .0  a n d  run a t < 2 .5  m l/cm 2 -h. Two m ain 

p e a k s  a n d  o n e  very m inor p e a k  w ere  o b ta ined . Individual fractions from  th e s e  p e a k s  w ere  

a n a ly z e d  o n  5 -1 5 %  g ra d ie n t S D S -P A G E  g e ls  u n d e r  b o th  reduc ing  a n d  n o n -red u c in g  conditions. 

T h e  a sc e n d in g  limb of th e  s e c o n d  p e a k  c o n s is te d  of nearly  p u re  IgM m onom er, w ith a  very  slight 

am o u n t of H-L (half-m olecules of m onom er, mol. w t 9 7 .7  kD). T h e s e  frac tions w e re  poo led , 

v acu u m  c o n c e n tra te d  v s. PBS-A  a n d  s to re d  a t -7 0 °C . D ensitom etric  trac in g s of SD S -P A G E  

a n a ly s e s  of th e  p o o led  pro te in  re v e a le d  th a t > 9 0 %  of C o o m a ss ie  B lue s ta in e d  deflec tio n s w ere  

from  th e  m o n o m er b an d , th e  rem aining 10%  w ere  derived  alm ost entirely  from  a  w e a k  H-L b an d . 

Final yield of IgM m onom er w a s  -  8 %  of theoretical m axim um .
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Cell so u rc e s . N on-m alignant hum an  B lym phocytes w e re  o b ta in ed  a s  residual surgical 

sp len ic  frag m en ts  from  a  norm al pa tien t having a  sp le e n  rem oved  during a n  o p era tiv e  p ro ced u re , 

from  a  p atien t with a  sp len ic  cyst, a n d  from  a  pa tien t suffering from  Felty 's syn d ro m e (109).

Iso la ted  B cell en rich ed  p o pu la tions w e re  o b ta in ed  by  tw ice ro se tting  ou t T  ce lls  with 

n eu ram in id ase -trea ted  S R B C s a s  d e sc rib ed  (109). W hen  an a ly zed  for cell su rface  m ark ers  by 

indirect im m u n o flo u rescen ce  sta in ing  with th e  FA C S (FA C S IV, Bectin  D ickinson), th e s e  p o p u la ­

tio n s w e re  found  to  con ta in  > 85%  Ig-positive a n d  Leu 16  (C D -20)-positive B cells, < 1%  89b1 

(CD 3)-positive T  ce lls  (145), an d  < 2%  P 9  (Leu M 3)-positive m onocytic ce lls  (99). In addition, the  

T ce ll-d ep le ted  cell p o pu la tions from  th e  s p le e n s  w e re  found  to  co n ta in  < 4%  ce lls  positive  for th e  

ac tiv a tio n -asso c ia tio n  m olecu le  b o u n d  by MoAb 4 F 2  (101).

T he leukem ic B cell sp e c im e n s  u s e d  in th is s tu d y  w ere  con trib u ted  by D rs. Ilona S ze r, 

S te p h a n ie  S e re m e tis , a n d  J a n e t  C u ttner. T h e  Bia a n d  Lan clonal cell popu la tio n s w e re  o b ta in ed  

by leu k o p h o resis  of p a tie n ts  with ch ron ic  lym phocytic leukem ia  (CLL). Kon a n d  Lub clonal cell 

p opu la tions w ere  o b ta in ed  from  p a tien ts  with hairy cell leukem ia  (HCL) a n d  h a v e  b e e n  d esc rib ed  

e lse w h e re  (111). At th e  tim e of sam pling , all d o n o r p a tien ts  h ad  p e rip h era l w hite b lood  cell co u n ts  

> 2 6 2 ,0 0 0  ce lls/m m 3 , insuring little o r  no co n tam ination  with non-leukem ic  cells. This w a s  

confirm ed by indirect im m u n o flu o rescen ce  sta in ing  w ith T  cell, m onocy te , a n d  B cell-specific 

MoAb p ro b e s  (111). FA CS an a ly sis  of th e  leukem ic cell popu la tions with Ig h eav y  a n d  light chain- 

specific  M oAbs an d  a  f lu o resce in -co n ju g a ted  g o a t F (ab ')2  an ti-m o u se  Ig-probe re v e a le d  th e  

following m em brane Ig p heno types: Bia ( p ,5 . \ ) .  Lan (p ,5 ,k ), Kon (|i,<5,k) an d  Lub (p ,5 .k ). B cells 

from  th e  lym phoblasto id  cell line D audi (ATCC; p .S .k )  w e re  a lso  u s e d  for so m e  ligand-binding 

e x p erim en ts . With th e  ex cep tio n  of D audi, th e  individual B cell p o p u la tio n s u s e d  in th e s e  s tu d ies  

w ere  frozen  a t th e  s a m e  tim e in multiple aliquots a n d  s to re d  in th e  v a p o r p h a s e  of liquid n itrogen 

until u se . T h e  T  lym phoblasto id  cell line KE37 (m lg-negative) w a s  u s e d  a s  a  control for n o n ­

specific  binding in th e  ligand-binding ex p erim en ts .
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Cell cu ltu re  conditions. T  ce ll-d ep le ted  sp len ic  lym phocy tes a n d  leukem ic B ce lls  w e re  

cu ltu red  in a  hum idified 3 7 ° C  in cubato r a t 5%  C O 2 , in fla t-bo ttom ed w ells  of 96-w ell m icroculture 

p la te s  a t 2  to  2 .5  x 1 0 3 cells p e r  well in a  volum e of 0 .2  ml. M edium  u s e d  for all functional a s s a y s  

w a s  a  H am 's F -12 /lsco v e 's  m odified D ulbecco 's  m edium  m ixture with 15%  fetal calf se ru m  an d  

additional su p p le m e n ts  a s  d e sc r ib e d  e lse w h e re  (109). DNA sy n th e s is  w a s  a s s e s s e d  by  u p tak e  of 

an  18 h  p u lse  of 1pCi 3 H -thym idine (72 .5  Ci/mmol; N ew  E ngland  N uclear). C u ltu res w e re  

h a rv e s te d  a n d  3 H -thym idine incorporation w a s  m e a su re d  (109). W h ere  raw  d a ta  is illustrated, 

cp m  ±  SEM  from  th re e  identical cu ltu res  a re  reported . D a ta  ind ica ted  a s  A cpm  re p re se n ts  th e  

d ifference  b e tw e e n  th e  cp m  in te s t  v s . contro l cu ltu res . SI v a lu e s  rep o rted  re p re s e n t th e  quo tien t 

o b ta in e d  by  dividing th e  cp m  m e a su re d  in te s t  w ells by  th e  cp m  o b se rv e d  in control cu ltu res.

T cell fac to rs. A ctivated T  cell su p e rn a ta n ts  (supn ts) conta in ing  grow th fac to rs  fo r B cells 

w e re  o b ta in ed  from  cu ltu res  of PH A -stim ulated  m ixtures of p e rip h era l b lood ce lls  of a llo g en e ic  

individuals a s  d e sc rib e d  prev iously  (109 ,111). In s o m e  exp erim en ts , a  partially-purified B cell 

grow th fac to r (BCGF) p repara tion  w a s  utilized (C ellular P roducts, Inc., Buffalo, NY) an d  found  to  

mimic th e  effec ts  of ac tiv a ted  T  cell su p n ts .

Equilibrium-Binding A nalysis. L igand cell-binding a s s a y s  u s e d  fo r all S c a tc h a rd  a n a ly se s  

w e re  p erfo rm ed  u s in g  th e  p h th a la te  oil m ethod  of se p a ra tin g  ce ll-bound  from  fre e  ligand (187). 

T his m eth o d  en ta ils  a  single, rapid  sed im en ta tio n  of ce lls  th ro u g h  a  v isco u s  oil a n d  th u s  h a s  th e  

d e c id e d  a d v a n ta g e  of minimally pertu rb ing  th e  b inding equilibrium  of label to  ce lls , s in c e  no cell 

w a sh in g s  a re  n e c e ssa ry . T h e  a s s a y  w a s  perfo rm ed  in sm all (400 pi) ep p en d o rf tu b e s  w hich w ere  

previously  c o a te d  w ith DMEM + 1  %  BSA  + 1 5  mM sod ium  az id e  overn igh t a t 4 ° C  a n d  th e n  dried. 

T h is p re -coa ting  w a s  d o n e  to  d e c re a s e  th e  non-specific  binding of label to  a s s a y  tu b e s . In 

addition, im m ediately  prior to th e  s ta rt of a n  experim en t, e a c h  iod inated  MoAb F ab ' frag m en t w a s  

u ltracen trifuged  a t ~100 ,0 0 0  x g f o r 8  m ins (B eckm an  Airfuge, B eck m an  Instrum en ts) with only 

th e  to p  o n e -h a lf vo lum e b e in g  u s e d  fo r ligand-binding an a ly s is . M edia u s e d  fo r th e  a s s a y
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c o n s is te d  of th e  a b o v e  coa tin g  m ed ium  p lus 5 0  mM 2-deoxy-D -g lucose  (ICN B iochem icals, 

C leveland , O.) to  b lock po ten tia l anti-IgM  F ab ' fragm en t in ternalization (188).

C ells u s e d  in th e s e  a s s a y s ,  w hich included  th e  leukem ic B ce lls  Bia, Lan, a n d  Lub, th e  

B lym phoblasto id  cell line D au, a n d  th e  T  cell line K E37, w e re  purified by cen trifugation  th ro u g h  

Ficoll/H ypaque a t 4 °C . In terface lay e rs  w ere  h a rv e s te d  a n d  w a sh e d  tw ice with DMEM + 1 0 %  F C S  

a t 4 °C . T h e  final cell pellet w a s  th e n  re su sp e n d e d  in a s s a y  m edia  a n d  trypan  b lue viability w a s  

de te rm in ed . In a lm o st all c a s e s ,  th e  a v e ra g e  viability of th e  starting  cell popu lation  w a s  >95% .

(T he Lan cell population  h ad  a  starting  viability of < 90% ). T h e  n u m b er of ce lls  u s e d  for a n a ly se s  

v aried , d e p e n d in g  u p o n  th e  mlgM  d en sity  of th e  cell population , th e  s p  a c t of th e  MoAb F ab ' 

fragm en t, a n d  its affinity for IgM. A ssa y s  with Bia ce lls  utilized 1 .3  to  3 .5 5  x 107  cells/m l; th o s e  with 

D au = 1 .22  to  2 .5  x 107/ml; Lan = 0 .6  to  1 .75  x 10 7/ml; Lub = 2 .5 4  to  11 .85  x 107/ml; a n d  

K E37 = 2 .5  x 107/ml.

N on-specific binding of label to  cells w a s  a lw ays d e te rm in ed  in tw o different w ays: a) by 

a ssa y in g  th e  binding of ligand to  ce lls  in tu b e s  conta in ing  a  100:1 p icom olar ratio of p e n ta m e r IgM 

to  F a b ’ ligand, a n d  b) by  m easu rin g  th e  binding of iod inated  F ab ' f ra g m e n ts  to  th e  T  cell line KE37. 

B oth g a v e  levels  of b ack g ro u n d  binding w hich w e re  not significantly d ifferent. In addition , in m any 

ex p e rim en ts , non-specific  b inding w a s  e v a lu a te d  by substitu ting  u n la b e le d  F ab ' fo r p en tam eric  

IgM. In th e s e  in s ta n c e s , th e  d e g re e  of b a ck g ro u n d  binding did no t significantly c h a n g e .

Prior to  th e  equilibrium -binding a n a ly se s , e a c h  MoAb F ab ' frag m en t w a s  a s s a y e d  to  

d e te rm in e  th e  k inetics for reach ing  equilibrium  o n  th e  D au cell line a t 4 ° C  (d a ta  not show n). 

Equilibrium w a s  a s s u m e d  to  b e  a tta in ed  w h en  a  two-fold in c re a se  in reaction  tim e did not give 

m ore  th a n  a  10%  in c re a se  in th e  a m o u n t of ligand b o u n d  to  th e  cell (189). A lthough equilibrium  

for m ost MoAb F ab ' frag m en ts  w a s  re a c h e d  by 1/2 to  1 h a t 4 °C , a n  incubation  tim e of 2  h w a s  

u s e d  for e a c h  Ab stu d ied .
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T h e  equilibrium -binding e x p e rim e n ts  w e re  perfo rm ed  a s  follows: 2 :3  se ria l dilutions of 

iod inated  MoAb F ab ' frag m en ts  in a s s a y  m ed ia  w e re  a d d e d  with ce lls  to  p re -c o a ted  ep p en d o rf 

tu b e s  to  a  final vo lum e of 200  pi. T rip licates w e re  run w h en  label w a s  u s e d  a lo n e , a n d  d u p lica tes  

w e re  u s e d  fo r a s s e s s in g  b ack g ro u n d  binding with e x c e s s  IgM. T h e  tu b e s  w e re  slowly ro ta ted  for 

2 h a t 4 ° C  to p rev en t cell settling. 150  pi of th e  cell m ixture w a s  th e n  quickly rem o v ed  a n d  gently  

lay e red  o v e r 150 pi o f p re -co o led  p h th a la te  oils (a  2:1 vol/vol m ixture of dibutyl: dioctyl p h th a la te  

[E astm an  K odak C hem icals]) in 7  x 5 0  m m  (400pl) po lyethy lene  m icrofuge tu b e s  (B eckm an) an d  

cen trifuged  in a  m icrofuge (B eckm an Instrum ents) a t 12 ,000  x g  for <1 min a t 2 2 °C . S e p a ra tio n  of 

th e  cell pelle t from  th e  non -b o u n d  ligand in th e  a q u e o u s  lay er w a s  a c h ie v e d  by freez in g  th e  tu b e s  

a t -7 0 °C  a n d  saw ing  off th e  tu b e  tip. T h e  ce ll-bound  cp m  in th e  pelle t w a s  d e te rm in ed  with th e  

u s e  of g a m m a  coun ter. T h e  d a ta  w e re  p lo tted  a s  sim ple  binding iso th e rm s a n d  w e re  an a ly zed  by 

th e  LIGAND co m p u te r  p rog ram  (190) to  give th e  equilibrium  binding c o n s ta n ts  (Ka) a n d  th e  

n u m b e r of e p ito p e s  b o u n d  by MoAb F a b ' ligand, in addition to  th e  p e rc e n t coefficien t of v a rian ce  

of th e s e  v a lu e s  (190 ,191).

Propidium  iodide an a ly s is . T h e  DNA co n ten t of individual nuclei from  cu ltu red  Kon 

leukem ic cells w a s  m e a su re d  with th e  FA CS IV using  propidium  iodide (PI) a s  a  m ark er (69).

Briefly, cells w e re  cen trifuged  a n d  s ta in e d  with 5 0  pg/m l PI (S igm a C hem ica l C o.) in 0 .1%  sod ium  

citra te  a n d  0 .1 %  N onidet P -40  d e te rg e n t (S igm a C hem ical C o.). A pproxim ately  10 ,0 0 0  nuclei 

w ere  a n a ly z e d  for e a c h  sam p le . D ebris w a s  exc luded  from  an a ly s is  by gating  b a s e d  u p o n  forw ard 

light sc a tte r . T he am o u n t of DNA w a s  a s s e s s e d  by th e  level of f lu o re sc e n c e  em issio n  at 

608 -655  nm  following excitation a t 4 8 8  nm. S eg reg a tio n  of cells in G o (G1) vs. S , G 2, a n d  M w a s  

b a s e d  u p o n  s lo p e  ex trapolation  a s  d e sc r ib e d  (36). Briefly, G o (G1) ce lls  w e re  c o n s id e re d  to  b e  

th o s e  falling b e tw e e n  th e  g a te s  s e t  b y  linear ex trapo la tion  of th e  a sc e n d in g  a n d  d e sc e n d in g  lim bs 

of e a c h  diploid cell p e a k  to  b a se lin e . C ells a b o v e  th e  g a te  s e t  by ex trapo la tion  of th e  d e sc e n d in g  

limb of th e  diploid p e a k  w ere  co n s id e re d  to  b e  in S , G 2, o r  M.
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Im m unoelec tron  m icroscopy. Im m unoelectron  m icroscopy  w a s  perfo rm ed  a s  previously  

de ta iled  e lse w h e re  (192 ,193). Briefly, fresh ly  c le a v e d  m ica  s h e e ts ,  o n to  w hich a  thin film of 

c a rb o n  w a s  c o a te d , w ere  serially  floa ted  onto : a  1%  tryp tophan  solution; H2 O ; MoAb F (ab ')2  

frag m en ts , IgM m o n o m er o r  th e ir im m une co m p lex es  g e n e ra te d  by  in teracting  th e  individual 

co m p o n e n ts  in a  1 :1 ratio, e a c h  a t 1 m g/m l in 0 .15  M am m onium  a c e ta te ; 0 .3  M am m onium  

a c e ta te ;  a n d  a  2 %  uranyl fo rm ate  sta in ing  solution. All re a g e n ts  w e re  p laced  a s  large d rop le ts  

o n to  a  Telfon ring slide a n d  kep t a t  4 °C . T h e  po lished  dow n sid e  of a  c o p p e r  grid w a s  gently  

p la c e d  up o n  th e  c a rb o n  film floating o n  to p  of th e  sta in . After insuring th a t th e  c a rb o n  m em b ran e  

h ad  a d h e re d  to  th e  grid, th e  g rid -m em b ran e  com plex  w a s  quickly rem o v ed  from  th e  su rfa c e  of th e  

sta in ing  well an d  e x c e s s  sta in  w a s  rem oved  by capillary action. In su c h  a  p ro ced u re , th e  ca rb o n  

m e m b ra n e  fo lds b a c k  u p o n  itself a n d  th u s  tra p s  a  thin film of s ta in  b e tw e e n  tw o folds of th e  

p ro te in -co a ted  film o n  th e  grid. T h e  g rid s w e re  ex am in ed  o n  a  JE O L  CEM  C X -100 e lec tron  

m ic ro sco p e  a n d  p h o to g ra p h e d  a t 1 0 0 ,0 0 0  d ia m e te rs  m agnification. N eg a tiv es  w e re  p ro jec ted  to  

a  to ta l m agnification of 2 6 0 ,0 0 0  x fo r ana ly sis .

RESULTS

D om ain a n d  E pitope Specificity of M urine A nti-H um an IgM M oAbs. T ab le  XV lists th e  

m urine an ti-hum an  IgM M oAbs u se d  in th is  s tu d y  a n d  sh o w s th e  p  ch a in  dom ain  specificity a s  well 

a s  a  d e s ig n a tio n  of th e  n u m b e r of un iq u e  e p ito p e s  b o u n d  by th e s e  M oAbs. P rev io u s c o m p e ­

tition RIAs s u g g e s te d  th a t th e  tw o C p-|-specific  M oAbs b ind u n iq u e  d e te rm in a n ts  o n  th e  IgM Cp^ 

do m ain ; th e  four C p 2 -specific  M oAbs b ind to  a t le a s t tw o distinct e p ito p e s ; a n d  e a c h  of th e  four 

C p 4 -specific  M oA bs bind a  d istinct ep ito p e  (184).

E valuation of Anti-laM MoAb Affinity for mlaM  on  H um an B Cell P opulations. In o rd e r to 

re la te  b inding affinity to  th e  po ten tia l for tra n sm e m b ra n e  signaling , b inding c o n s ta n ts  w e re  o b ­

ta in e d  fo r anti-IgM  MoAb in teractions w ith m em b ran e  IgM. C ellu lar equilibrium -binding ex-
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TABLE XV. Human IgM Domain and Epitope Specificity of Murine anti-IgM MoAbs

|i chain domain Epitope
MoAb sp e c ific ity * designation'

XG9 Cp1 a
P19 Cp1 b

HB57 Cp2 c
P24 Cp2 c (c1)

Mu18 Cp2 d
Mu53 Cp2 d (d1)

5D7 Cp4 e
4 -3 Cp.4 f
1G6 Cji4 9
IF11 C(i4 h

* IgM ji chain specificity was established by inhibition RIAs using both enzymatically- 
derived IgM domain fragments and domain-deletion mutant proteins (184).

** MoAbs were defined as binding to the same or distinct epitopes based upon competition 
RIAs (184). The designations c (c') and d (d') indicate that these MoAbs cannot be 
unequivocally distinguished as binding to the same or very proximate sites as the MoAbs 
binding to c and d epitopes, respectively.
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p e rim en ts  u sin g  MoAb F ab ' frag m en ts  w e re  p erfo rm ed  with four d ifferent IgM -positive clonal B cell 

p o p u la tio n s to  ob ta in  a  binding c o n s ta n t (Ka) th a t w a s  likely re p re se n ta tiv e  of MoAb binding to 

polyclonal B cell p o p u la tions.

T ab le  XVI su m m arize s  d a ta  from  equilibrium -binding ex p erim en ts  an a ly z e d  by  th e  m ethod  

of S c a tc h a rd  (190 ,194 ,195) a n d  sh o w n  a s  Ka v a lu e s  m e a su re d  a t 4 °C . T h e  M oAbs a re  listed in 

d e sc e n d in g  o rd e r  of F ab ' affinity: H B 57 having  th e  g re a te s t  a v e ra g e  Ka with MoAb IF11 having 

th e  low est. In g e n e ra l, affinities m e a s u re d  o n  d ifferent B cell popu la tio n s w e re  qu ite  c o n s is ten t 

with o n e  a n o th e r (av e rag e  variation = 25 .2  ±  4 .8%  [x + SEM]). (The day-to -day  a v e ra g e  variation 

of s e p a ra te  d e te rm in a tio n s m ad e  o n  th e  s a m e  cell population  w a s  21 .3  ±  5 .6 %  [x ±  SEM ]). O n e  

MoAb, XG9, how ever, did h a v e  a  significantly low er affinity o n  Lub leukem ic ce lls  (1 .03 ±  0.31 x 

107  M’1) th a n  o n  th e  rem ain ing  th re e  cell p opu la tions (m ean  Ka = 6 .95  ±  1 .59 x 10 7 M '1).

Ka v a lu e s  sh o w n  for th e  low er affinity M oAbs (P19 , P 24 , a n d  IF11) w ere  d e te rm in ed  with 

le s s  p rec ision  th a n  th o s e  of th e  rem aining A bs. This w a s  in part d u e  to  th e  fact th a t only cell 

popu la tio n s ex p re ss in g  high d ensity  mlgM (D au a n d  Lan) y ielded  usefu l S c a tc h a rd  d a ta  for P 2 4  

a n d  IF11, an d  in part d u e  to  th e  availability of few er reliable d a ta  po in ts for S ca tch a rd  an a ly sis  with 

th e s e  low affinity M oAbs, ie. few er d a ta  po in ts fulfilled th e  req u irem en t of b e ing  100-fold ab o v e  

b a ck g ro u n d  binding o b se rv e d  with e x c e s s  IgM a d d e d  to  a s s a y  tu b e s  (189).

A nalysis of th e  sto ich iom etry  of MoAb F ab ’ binding to  mlgM. A lthough e a c h  mlgM 

m olecu le  c o n s is ts  of tw o identical h eav y  ch a in s , it c a n n o t b e  unequ ivocally  co n c lu d ed  th a t all 

anti-IgM  M oA bs reco g n ize  e p ito p e s  w hich a re  divalently e x p re s s e d  o n  e a c h  mlgM m olecule. 

A lternatively, it is p o ss ib le  th a t so m e  M oA bs bind to  univalently  e x p re s s e d  e p ito p e s  (196 ,197) o r  

p e rh a p s  to  d e te rm in a n ts  redun d an tly  e x p re s s e d  on  e a c h  h eav y  ch a in . B e c a u se  th e  n u m b e r of 

b indab le  e p ito p e s  o n  mlgM m ight h a v e  im portant im plications fo r th e  cross-linking po ten tia l of 

anti-IgM M oAbs, th e  binding sto ichiom etry  of MoAb F ab ' for mlgM w a s  ev a lu a ted .
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TABLE XVI. Analysis of anti-IgM MoAb affinity for B cell Membrane IgM

MoAb Fab'

— 7
Ka (x 10 ) values for Fab' affinity on various B cell populations*

Mean affinity 
Ka (x 10“ 7) 

*  SEMBia Dau Lan Lub

HB57 64.72±17.74 [6]° 48.78 [5] 51.34 [12] 48.85  [4] 55.68 *  6.73

5D7 15.15 [11] 12.21 [5] 11.39 [11] 10.84*0 .13  [8] 12.06 *  0.66

XG9 4.73±0.41 [5] 6 .09 *0 .83  [13] 10.04 [4] 1 .0 3 *0 .3 1  [3 4 ]* * 6.34 *  1.02

M u18 4.48 [5] 4.04 [4] 5.45 [6] 4.66 [5] 4.66 *  0.30

4 -3 1.63 [9] 1.85 [12] 2.52 [1] 1.84 [5] 1.96 *  0.20

Mu53 1.30 [5] 1.96 [12] 2.01 [3] 1.45 [9] 1.68 *  0.18

1G6 0.72 [6] 0 .65 [11] 0.77 [9] 0 .67 *0 .08  [15] 0.69 *  0.03

P19 ~ 0.17 [9] -  0.31 [10] ~ 0.74 [9] ~ 0.25 [26] ~ 0.37 *  0.13

P24 N D f ~ 0.14 [67] ~ 0.27 [28] ND ~ 0.20 *  0.06

IF11 ND ~ 0.02 [26] ND ND ~ 0.02

* The data represent the Ka x 10"7 values from 1 to 3 independent determinations on each 
clonal B cell population. In instances where >1 determination was made, the mean value ± 
SEM of the Kaas well as the mean of the percent coefficient of variation is shown.

° Percent coefficient of variation of the Scatchard plot as determined by the computer program 
LIGAND (190,191).

** The Ka value for MoAb XG9 Fab' on the Lub B cell population was consistently found to be 
significantly lower than that measured on all other B cell populations. For this reason this 
variant affinity was not used in the calculation of the mean affinity for XG9 MoAb.

t  not determined.
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S c a tc h a rd  plot a n a ly se s  of equilibrium  binding d a ta  allow s a  derivation of th e  n u m b er of 

b o u n d  e p ito p e s  a t ligand sa tu ra tio n  (n) (190 ,198 ,199). T h e  left h a n d  portion of T ab le  XVII sh o w s 

v a lu e s  for th e  to tal n u m b e r of b o u n d  mlgM e p ito p e s  p e r  cell u n d e r  sa tu ra tin g  cond itions with F ab ' 

frag m en ts  of e a c h  of th e  se v e n  h ig h est affinity M oAbs. D ata, sh o w n  only for th re e  c lonal B cell 

popu la tio n s, did not include th e  B cell line D au b e c a u s e  D au ce lls  u s e d  in binding s tu d ie s  w ere  

derived  from  multiple f re e z e s  of th e  in vitro cu ltured  line an d  any  variation in th e  a v e ra g e  mlgM 

d en sity  of th e s e  ce lls  cou ld  h a v e  led to  e rro r in o u r  co m p ariso n  of M oA b-binding sto ichiom etry . 

T h e  d a ta  ind ica te  th a t, with th e  c le a r  ex cep tio n  of MoAb 5D 7, a n d  th e  p o ss ib le  ex cep tio n  of MoAb 

M u18, all of th e  M oAbs bind to  a  co m p arab le  n u m b er of e p ito p es  within e a c h  of th e  cell 

p o p u la tio n s te s te d . 5D 7 co n sis ten tly  b o u n d  to  a n  ep ito p e  e x p re s s e d  w ith a  tw o to  th re e  fold 

g re a te r  f req u en cy  th a n  th e  e p ito p e s  b o u n d  by  th e  rem ain ing  M oA bs. T h is d iffe rence  a p p e a rs  to  

b e  significant s in ce  rep licate  n va lu e  d e te rm in a tio n s  m a d e  o n  th e  s a m e  cell popu la tion  bu t on  

s e p a ra te  d a y s  resu lted  in a n  a v e ra g e  variation of 3 5  ±  7%  (x ±  SEM , ra n g e  = 2-63% ). T h e  multiple 

s ite s  b o u n d  by MoAb 5D 7 F ab ' a p p e a re d  to  b e  identical s in ce  all derived  S c a tc h a rd  p lo ts w ere  

linear a n d  con fo rm ed  to  a  o n e -s ite  bu t not tw o-site re c e p to r com plex  w h en  e v a lu a te d  by th e  

LIGAND co m p u te r p rogram  (190, d a ta  not show n).

T h e  right h an d  portion of T ab le  XVII lists norm alized  v a lu e s  for th e  n u m b er of ep ito p es  

b o u n d  p e r  mlgM m olecule. This norm alization w a s  b a s e d  u p o n  th e  a ssu m p tio n  th a t th e  Cp-j- 

specific  MoAb XG9 b inds to  tw o d e te rm in an ts  p e r mlgM m olecule. This w a s  c o n s id e red  a  valid 

a ssu m p tio n  for tw o re a so n s : a) th e  tw o Cp-j d o m ain s a re  widely sp a c e d  a p a rt o n  th e  F a b  a rm s of 

IgM (200), a n d  b) im m unoelec tron  m icroscop ic  d a ta , to  b e  p re s e n te d  later, su p p o rte d  th e  

ex is ten ce  of a  XG9-binding d e te rm in an t on  e a c h  F ab  arm  of mlgM.

T h e  norm alization  of d a ta  allow ed co m p ariso n  of th e  relative n u m b er of M oA b-definable 

e p ito p e s  p e r  mlgM m olecule in th e  th re e  B cell popu la tions te s te d . A nalysis of th e  m ean  mlgM 

e p ito p e  va len cy  o b ta in ed  from  e a c h  M oAb in d ica tes  th a t th e  C ^ -s p e c i f ic  M oA bs H B 57 a n d



TABLE XVII. Evaluation of the valency of MoAb-definable epitopes on human membrane IgM

MoAb Fab’ f

-4
Number of epitopes per cell (n x 10 ) t Normalized number of epitopes per mlgM molecule* Proposed 

valency per 
mlgM moleculeBia Lan Lub Bia Lan Lub Mean ± SEM

XG9 2.3 ± 0.1 [3]° 24.2 [4] 2.4 ± 0.4 [30] 2 .0 2 .0 2 .0 2 .0 2

HB57 1.9 ± 0.5 [2] 17.3 [2] 2.7 [1] 1.7 1.4 2 .2 1.8 ± 0.2 2

Mu18 1.3 [3] 12.7 [3] 2.1 [3] 1.1 1.1 1.8 1.3 ± 0.2 2 (1?)

Mu53 2.6 [4] 20.7 [3] 3.4 [7] 2 .3 1.7 2 .8 2.3 ±  0.3 2

5D7 3.8 [3] 64.4 [3] 8.8 ±  2.1 [3] 3 .3 5 .3 7 .2 5.3 ± 1.1 6 (4?)

4 -3 2.0 [7] 16.5 [1] 2.6 [4] 1.8 1.4 2 .2 1.8 ±  0.2 2

1G6 1.8 [5] 16.8 [7] 3.3 ±  0.7 [11] 1.6 1.4 2 .8 1.9 ±  0.4 2

f  Because of the lesser reliability of cell-binding data from low affinity ligands, MoAbs P19, P24 and IF11 have been 
excluded from this analysis.

f  The number of epitopes per cell is equal to the number of Fab' molecules bound per cell at saturation as derived from 
the Scatchard plot.

* The number of epitopes per mlgM molecule was calculated by normalizing all n x 10"4 values to that of XG9 Fab' on the 
basis that this Cp.1-specific MoAb binds to two epitopes per mlgM molecule. The formula used was the following: 
normalized number of epitopes per mlgM molecule for MoAb "x" = [(number of bound epitopes per cell observed with "x") 
x 2 ]  + number of bound epitopes per cell observed with MoAb XG9.

° In instances in which >1 equilibrium-binding experiment was performed, the average ”n" ±  SEM are given. Numbers in [ ] 
indicate the % CV of the "n" value(s).
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M u53, a n d  th e  C m -sp e c if ic  M oAbs 4 -3  a n d  1G 6 , likely b ind to  d iv a len tly -ex p ressed  d e te rm in an ts  

o n  mlgM - th e  e p ito p es  p re su m ab ly  arising  from  e a c h  of th e  tw o p. c h a in s  w hich com p rise  th e  intact 

IgM m olecu le . By th is  an a ly sis , th e  C m -sp e c if ic  MoAb 5D 7 a p p e a rs  to  recogn ize  a n  ep ito p e  with 

a  v a len cy  of four to  six p e r  mlgM m olecule  (ie. tw o to  th re e  p e r  p  h eav y  chain). T h e  C p 2 -specific 

M oAb M u18 co n sis ten tly  y ielded  a  no rm alized  ep ito p e  n u m b er w hich w a s  le s s  th a n  th a t of th e  

C p i -d irec ted  MoAb XG9. S in ce  th is  ep itope  n u m b er w a s  a lw ays g re a te r  th a n  o ne-ha lf th a t of 

XG9, th e  u n iva len t v e rs u s  b ivalen t n a tu re  of th is  d e te rm in an t c a n n o t b e  unequ ivocally  e s ta b lish e d  

by o u r p re se n t d a ta .

R ela tionsh ip  flLantLAaM do m ain  specificity to  m itogenic  po ten tia l for h u m an  B sp len o - 

cy tes. Fig. 15 e v a lu a te s  th e  im p o rtan ce  of IgM dom ain  specificity to  th e  relative cap ac ity  of soluble 

anti-IgM  M oAbs to  trig g er sp len ic  B lym phocyte proliferation in th e  p re s e n c e  of 3 0 %  T  cell su p n t 

a s  a  so u rc e  of ancillary grow th fac to rs. T h e  d a ta  indicate th a t n e ith e r of th e  Cp-j- specific  M oAbs, 

d irec ted  to  tw o d istinct e p ito p es , w e re  a b le  to  elicit su b stan tia l DNA sy n th e s is  a t a n y  d o s e  te s te d  

(co n cen tra tio n  ran g e : 2  to  1000  pg/m l). F u rth e r functional s tu d ie s  with a n  additional s e v e n  C p-|- 

specific  M oAbs, th a t h a v e  b e e n  d efin ed  a s  binding to  th e  s a m e  o r very  proxim al d e te rm in an t a s  

th a t of MoAb XG9 (184), h av e  ind ica ted  th a t th e s e  M oAbs a re  a s  a  w hole e ith e r  non-m itogenic  o r 

only w eakly  m itogenic  fo r h u m an  B ce lls  (109; d a ta  not show n). In co n trast, all but o n e  of th e  C p 2 - 

b ind ing  M oA bs te s te d  w ere  a b le  to  ind u ce  su b stan tia l DNA sy n th e s is , a lthough  th e  d o s e s  

req u ired  to  induce  proliferation v a ried  co n siderab ly . Of th e  four C p 4 -d irec ted  M oAbs, 5D 7 w a s  

excep tionally  m itogen ic  a t low ligand co n cen tra tio n s , M oAb 4-3  requ ired  high ligand 

c o n cen tra tio n s  for significant B cell stim ulation, a n d  M oAbs 1G 6 a n d  IF11 w ere  only very  w eakly  

m itogen ic  a t th e  h ig h es t d o s e s  te s te d .

T h e  a b o v e  d a ta  ind icate  th a t a lthough  so lub le  anti-IgM  M oA bs of Cp^ -dom ain  specificity 

m ay b e  im paired  in the ir capac ity  for triggering h u m an  B cell DNA sy n th es is , th e  binding of ligands 

to  e ith e r th e  C p 2  o r  m em brane-prox im al CP4  dom ain  c a n  resu lt in significant B cell proliferation.
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R o u re  15. H um an B cell proliferation elicited bv dom ain-specific  anti-laM  MoAbs. T cell-dep leted  sp len ic  B lym phocytes w ere  cu ltured  with th e  

indicated  co ncen tra tions of anti-IgM MoAb in th e  p re se n c e  of 30%  T cell su p n t. T he d a ta  a re  e x p re sse d  a s  Acpm ±  S E  diff from  triplicate cu ltu res 

a t 72 hrs an d  w ere  o b ta in ed  from  th re e  rep resen ta tiv e  ex perim en ts in w hich th e  a v e ra g e  background  proliferation in th e  a b s e n c e  of MoAb w a s  

2120 ±  529 cpm  (x ±  SEM ). W hile no C p i-sp ec ific  MoAb induced  su b stan tia l B cell DNA sy n th esis , th e re  w a s  diversity in th e  ability of both  Cp2 ‘ 

an d  C |i4 -binding M oAbs to  elicit proliferation.
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S in ce  not all M oA bs to  th e  C ^ a n d  C m  d o m ain s  elicited th e  s a m e  d e g re e  of stim ulation , binding 

ch arac te ris tic s  o th e r th a n  IgM dom ain  specificity m ust play  a  critical role in determ ining  th e  

triggering  po ten tia l of th e s e  ligands.

R elationsh ip  of anti-laM  M oAb affinity to  poten tia l for triggering B cell DNA sy n th es is .

Fig. 16 e v a lu a te s  th e  capac ity  of individual M oAbs of differing affinities to  stim ulate  in vitro B cell 

DNA sy n th e s is  a t e ith er low (10 to  2 0  pg/m l) o r  high (100  to  300  pg/m l) ligand  co n cen tra tio n s . 

S how n  a re  p lo ts of th e  m ean  index of stim ulation (SI) ach iev ed  by intact fo rm s of th e  M oAbs a s  a  

function of th e  affinity of th e  MoAb F ab ' fragm en ts. T h e  d a ta  c learly  indicate th a t a t low ligand 

co n cen tra tio n s , only th e  tw o h ig h est affinity anti-IgM  M oAbs, ie. H B57 a n d  5D 7 (Ka = 5 .6  a n d  

1.2 x 1 0 8 M '1 , respectively) a re  ab le  to  induce significant DNA sy n th es is  in so luble  form . G re a te r  

ligand co n c e n tra tio n s  a p p e a re d  to  c o m p e n sa te  for d im in ished  ligand affinity a n d  allow for 

induction  of DNA sy n th e s is  by A bs w ith F ab ' b inding affinities of 0 .3 8  to  4 .6 6  x 1 0 ?  M '1 

(Fig. 16B). M oAbs with un ivalen t Ka < 0 .38  x 1 0 ^  M '1 a p p e a re d  to  b e  non-stim ulatory , ev en  a t 

high ligand co n cen tra tio n s . W ith th e  very  n o tab le  ex cep tio n  of MoAb XG9, a  d irect rela tionsh ip  

w a s  o b se rv e d  b e tw e e n  MoAb b inding  affinity a n d  th e  stim ulatory  po ten tia l of th e  Ab. Indeed , 

w hen  a  least s q u a re s  linear reg re ss io n  analy sis  w a s  perfo rm ed  of th e  d a ta  (excluding MoAb XG9 

a n d  th e  low est affinity Ab IF11), a  reg re ss io n  line w a s  o b ta in e d  w ith a  correla tion  coefficient of 

0 .9 8 5  (d a ta  not show n).

MoAb XG9 h a s  a  propensity  for m o n o g am o u s binding in terac tions with m onom eric  laM. 

S in ce  th e  sp a c in g  b e tw e e n  d u p lica ted  Cp-) e p ito p e s  o n  th e  F a b  a rm s  of a  mlgM m olecu le  m ight 

b e  e x p e c te d  to  app rox im ate  th e  allow able  sp ac in g  b e tw e e n  th e  tw o an tigen -b ind ing  s ite s  of an  

Ab m o le c u le , w e  c o n s id e red  th e  possibility th a t th e  C p-j-specific XG9 MoAb m ight b ind to  mlgM in 

a  m o n o g a m o u s  fash io n  (199), ie. o n e  intact XG9 A b m olecu le  binding to  bo th  Cp-| e p ito p e s  within 

th e  s a m e  IgM m olecu le . This w ould h a v e  im portant im plications for th e  m itogenic  p ro p ertie s  of 

M oAb XG9 s in c e  a  high proportion  of m o n o g a m o u s  binding w ould  re d u c e  th e  cap ac ity  of th is  high
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Figure 16. R elationship  of MoAb affinity for m em b ran e  laM to m itoaenic potential for hum an  B 

lym phocy tes a t both  low a n d  high ligand co n cen tra tio n s . 2  x 10^ T  ce ll-dep le ted  sp le n o c y te s  

w e re  cu ltu red  in th e  p re se n c e  of 30 %  T  cell su p n t. T h e  stim ulation index (SI) u s e d  for e a c h  MoAb 

re p re se n ts  th e  m ean  ±  SEM  of SI v a lu e s  o b ta in ed  from  b e tw een  1 to  4  s e p a ra te  ex p erim en ts  in 

w hich cells w e re  cultured  with 10 to  20  ng/m l of MoAb, a n d  from  4  to  7  s e p a ra te  ex p erim en ts  in 

w hich ce lls  w ere  incubated  with 100 to  300  pg/m l of MoAb. T h e se  indices a re  p lo tted  a s  a  

function of th e  m ean  Ka of th e  MoAb F ab ' frag m en ts  ( s e e  T ab le  XVI). W hile only th e  h ighest 

affinity M oAbs (HB57 an d  5D7) w ere  c a p a b le  of inducing B cell DNA sy n th es is  a t limiting 

co n cen tra tio n s  (10-20 pg/m l), a t high ligand input (100-300  ng/m l) th e re  w a s  a  d irect linear 

re la tionsh ip  b e tw een  MoAb Ka a n d  proliferation-inducing capacity . T he low est affinity M oAbs 

(IF11, P 24 , a n d  P19) w ere  g en era lly  non-stim ulatory , w h e re a s  M oAbs of p rog ressively  h igher 

affinity w e re  increasingly m ore  m itogenic.
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affinity Ab to  cross-link  mlgM, a  p ro c e s s  w hich is obligatory for d irect signaling  by anti-lg ligands 

(34,46).

T h e  capac ity  fo r m o n o g am o u s binding of MoAb XG9 to  IgM w a s  e v a lu a te d  by  im m uno- 

e lec tro n  m icroscopic  an a ly s is  of im m une co m p lex es  fo rm ed  b e tw e e n  m onom eric  IgM (Fig. 17, 

p a n e ls  A1 a n d  A2) an d  F (ab ')2  f rag m en ts  of XG9 (p an e ls  A3 a n d  A4). Of th o se  im m une co m ­

p le x e s  fo rm ed  b e tw e e n  m onom eric  IgM a n d  XG9 F (ab ')2 , 7 2%  w e re  in d eed  found  to  b e  in th e  

form  of m o n o g a m o u s  in terac tions a s  ind ica ted  in p a n e ls  B1-B4 a n d  C 1-C 3, a n d  show n  

schem atica lly  in p an e l C4. T he rem ain ing  co m p lex es  w e re  o b se rv e d  to  h a v e  e ith e r  o n e  XG9 

F (ab ')2  b o u n d  to  tw o m onom eric  IgM m o lecu les  in a  b ig am o u s m an n er, o r  alternatively, o b se rv e d  

to  h av e  XG9 F (ab ')2  m o lecu les b ound  to  IgM m o n o m er via o n e  arm  only (d a ta  not show n). T he 

m o n o g am o u sly  b o u n d  XG9 F (ab ')2  m o lecu les  a p p e a re d  to  h a v e  m ore  c o m p a c te d  d im en sio n s  

th a n  w h en  found  in free , n o n b o u n d  form . T his h a s  b e e n  prev iously  n o ted  with a n ti-k ap p a  MoAb 

binding to  m o u se  IgG m o lecu les  (192) a n d  w a s  c o n s id e re d  to  b e  d u e  to  g eo m etric  co n stra in ts  

th a t p re v e n t th e  im m une com plex  from  lying on  th e  s a m e  fla tten ed  p lan e .

P a n e ls  D 1-D4 a n d  F 1-F 4  of F ig .17  sh o w  th e  co n trastin g  ty p e s  of co m p le x e s  o b se rv e d  

b e tw e e n  m onom eric  IgM a n d  th e  F (ab ')2  fragm en t of th e  C m -sp e c if ic  MoAb 1G 6 (show n a lo n e  in 

p a n e ls  A5 a n d  A6). T h e  resu lts  clearly  indicate th e  b ivalent n a tu re  of th e  1G 6 ep ito p e . Of th e  

im m une c o m p lex es  fo rm ed, > 75%  h a d  tw o 1G 6 F (ab ')2  m o lecu les  b o u n d  p e r  IgM m o n o m er 

(show n schem atica lly  in p a n e ls  E3 a n d  E4, a n d  G 2-G 4), w h e re a s  th e  rem a in d e r of o b se rv e d  

im m une c o m p lex es  h a d  only o n e  F (a b ')2  b o u n d  p e r  m olecu le  of m o n o m er (p a n e ls  E1 a n d  E2, 

a n d  G 1). M onogam ous binding of 1G 6 F (ab ')2  to  m onom eric  IgM w a s  not d e tec tab le .

Inhibition of leukem ic B cell DNA sy n th e s is  c a n  b e  ach iev ed  bv M oA bs having  C u 1 . C u2. 

a n d  Cp.4-bindina specificities. T h e  susceptib ility  of ce rta in  m alignan t B cell p o p u la tio n s to  n e g ­

ative regu la tion  by anti-lg  ligands (10 ,2 3 ,2 7 ,1 1 1 ,1 6 7 ) h a s  b e e n  u s e d  a s  a  m e a n s  of ev a lua ting  th e  

ligand-binding req u is ite s  for inhibitory (to lerogenic) sig n a l tran sd u c tio n  a n d  co n tra s tin g  th em  with



F igu re  17. Im m u n o elec tro n  p h o to m ic ro g rap h  of im m une  c o m p le x e s  fo rm ed  b e tw e e n  M oAb F fab 'lo 

f ra g m e n ts  XG9 a n d  1 G 6  a n d  h u m a n  IgM m o n o m er. Im m une  c o m p le x e s  w e re  fo rm e d  from  

m o n o m eric  IgM a n d  th e  F (a b ')2  f ra g m e n ts  of M oAbs XG9 o r 1G 6 a n d  a n a ly z e d  by im m unoelec tron  

m ic ro sco p y  ( s e e  M ateria ls a n d  M eth o d s fo r fu rth e r  de ta ils) . R ow  A: P a n e ls  A1 a n d  A2 sh o w  th e  

h u m an  m onom eric  IgM m olecu le  a lo n e ; P a n e ls  A3 a n d  A4, a n d  A5 a n d  A 6 sh o w  F (ab ')2  frag m en ts  of 

M oA bs X G 9 a n d  1G 6, re sp ec tiv e ly . R o w s B a n d  C sh o w  im m u n e  c o m p le x e s  fo rm ed  b e tw e e n  

m o n o m er IgM an d  th e  F (ab ')2  frag m en t of MoAb XG9; p a n e l C 4  in d ica te s  th e  in terp re ta tion  of th e s e  

p h o to m ic ro g ra p h s  in sc h e m a tic  form , ie. m o n o g a m o u s  b ind ing  of th e  M oAb F (a b ')2  frag m en t to  

m o n o m er IgM. R ow s D a n d  E, an d  R ow s F a n d  G: Im m une co m p lex es fo rm ed  b e tw e e n  m onom er IgM 

a n d  F (a b ')2  frag m en t of M oAb 1G 6 (R ow s D an d  F) a n d  in terpretive sc h e m a tic  illustrations of th o s e  

im m une co m p lex es  (R ow s E an d  G, respectively).
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th e  binding req u is ite s  fo r activation  of B cell DNA sy n th es is . Fig. 18 illustra tes th e  ability of th e  

dom ain -spec ific  anti-IgM  M oA bs to  inhibit th e  DNA sy n th e s is  of tw o p rev iously  d e sc r ib e d  hum an  

HCL B cell p o pu la tions (111): Kon, w hich c a n  b e  induced  to  in vitro DNA sy n th e s is  by  cu ltu re  in 

e x o g e n o u s  T  ceil fac to r-con tain ing  su p n t, a n d  Lub, w hich  sy n th e s iz e s  DNA sp o n ta n e o u s ly . T h e  

d a ta  a re  p lo tted  a s  d o s e - re s p o n s e  profiles of pg/m l M oAb a d d e d  to  cu ltu re  v e rsu s  th e  cpm  

3 H -thym idine incorporation  o b se rv e d . T h e  stipp led  b a rs  ind icate  th e  level of DNA sy n th e s is  in 

th e  B cell popu la tio n s in th e  a b s e n c e  of a d d e d  MoAb. T h e  d a ta  o b ta in ed  c learly  ind icate  tha t, in 

c o n tra s t to  th e ir ex trem e  diversity in inducing norm al B cell proliferation (Fig. 15), all M oAbs, 

irrespective  of the ir IgM do m ain  specificity, c a n  signal th e  inhibition of leukem ic B cell DNA 

sy n th e s is . In fact, m o st A bs, with th e  excep tion  of M oAb P 2 4  on  Kon ce lls , could  inhibit th e  

leukem ic  re s p o n s e  by > 90 %  . T his M oA b-m ediated  inhibition h a s  b e e n  sh o w n  prev iously  to  b e  

d u e  to  th e  IgM -binding specificity of th e  ligands a n d  to  b e  in d e p e n d e n t of A b F c  (111). W hile B 

cell activation  to  DNA sy n th e s is  requ ired  pg/m l co n cen tra tio n s  of ligand (Fig. 15), inhibition of 

DNA sy n th e s is  in th e s e  leukem ic c lo n e s  cou ld  b e  ach iev ed  w ith ng/m l d o s e s .

Affinity req u is ite s  for an ti-laM -m edia ted  inhibitory signaling. A lthough all anti-IgM M oAbs 

w e re  c a p a b le  of tran sd u c in g  inhibitory signals , so m e  varia tion  in th e  co n cen tra tio n  of Ab n e e d e d  

to  d o  s o  w a s  o b se rv e d . T h e  d a ta  in Fig. 19 indicate th a t th e  diversity  in th e  inhibitory signaling 

poten tia l of certa in  M oAbs reflects th e ir  affinity for mlgM. T hus, th o s e  M oA bs w hich required  

significantly g re a te r  am o u n ts  of ligand to  a c tu a te  50 %  inhibition of leukem ic B cell DNA sy n th esis , 

ie. P 19 , P 24 , a n d  IF11, h a v e  th e  low est affinity for mlgM (Ka = 0 .37 , ~0 .20 , a n d  ~0.02 x 107  M"1 , 

respectively ). With th e s e  th re e  ligands, a  d irect rela tionsh ip  w a s  n o ted  b e tw e e n  MoAb affinity an d  

inhibitory potential. H ow ever, M oAbs with F ab ' binding afinities > 0 .6 9  x 107  M '1 did not a p p e a r  

to  d istingu ish  th e m se lv e s  in th e ir cap ac ity  to  c a u s e  inhibition. T his s u g g e s ts  th a t a  th resh o ld  

affinity ex is ts  for inhibitory signaling by anti-lg ligands, ab o v e  w hich in c re a s e s  in affinity h av e  a  

m inim al effect up o n  th e  cap ac ity  to  ind u ce  a n  inhibitory signal.
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f ig u re  18. AH anti-laM  M o A b scan  tran sd u ce  inhibitory signals  for leukem ic B cell DNA sy n thesis . 2  x 105  Kon leukem ic B cells (111) + 25%  T  cell 

su p n t o r  2 x 103  Lub HCL cells  in non-T  cell su p n t su p p lem en ted  m edium , w ere  cu ltured  with th e  ind icated  co n cen tra tio n s of anti-IgM MoAb. T he 

d a ta  a re  e x p re s se d  a s  cpm  3 H-thym idine incorporation o n  d 4  of culture. S tippled  b a rs  ind icate  th e  level of DNA sy n th es is  ob ta ined  w h en  th e s e  

cells w ere  cu ltured  in th e  a b s e n c e  of MoAb. All anti-IgM MoAbs, irrespective of the ir dom ain  specificity, w e re  ab le  to  inhibit th e  DNA sy n th es is  of 

th e s e  leukem ic c lo n es . 1
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Figure .19. Effect of MoAb affinity u pon  ability to  inhibit leukem ic B cell DNA syn th esis . T h e  concen tra tion  of intact MoAb required  for 5 0 %  inhibi­

tion of leukem ic B cell ^H -thym idine incorporation w a s  ca lcu la ted  from  d o se -re sp o n se  profiles o b ta in ed  from  a t least tw o s e p a ra te  ex perim en ts o n  

both Kon a n d  Lub HCL B cells (Fig. 18). T h e  m ean  v a lu es  a re  plotted a s  a  function of MoAb Fab ' affinity. In th e  c a s e  of Lub cells, MoAb XG9 is 

indicated  a s  having a  low er affinity, XG9*. th an  on  Kon ce lls  (s e e  legend  T ab le  XVI). T he com posite  d a ta  indicate th a t th e  inhibition of leukem ic B cell 

DNA sy n th es is  by in tact Ab is relatively in d ep en d en t of affinity, until a n  Fab ' affinity th resho ld  of approxim ately 0 .4  x 1 0 ?  M '1.
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Binding req u is ite s  fo r  stim ulatory  a n d  inhibitory signal tran sd u c tio n  differ in a  clonal B cell 

population . O ur d a ta  indicate tha t, co n tra ry  to  the ir co m prom ised  signaling cap ac ity  for DNA 

sy n th e s is , M oAbs with a  high p ro p en sity  fo r m o n o g am o u s binding in terac tions with m lgM , a s  well 

a s  M oA bs of in te rm ed ia te  affinity, a re  not im paired  in th e ir  to le ro g en ic  po ten tia l. T h e s e  o b ­

se rv a tio n s , ta k e n  to g e th e r  with th e  su b s ta n tia l d ifference  in ligand co n c e n tra tio n s  req u ired  for 

e a c h  form  of signaling , s u g g e s t  th a t th e  ligand binding req u is ite s  for triggering  inhibition of DNA 

sy n th e s is  th ro u g h  mlgM a re  significantly le s s  restrictive th a n  th o s e  for triggering  stim ulation of 

DNA sy n th es is . H ow ever, g iven th a t stim ulatory signal tran sd u c tio n  w a s  e v a lu a ted  in norm al 

h u m an  B lym phocy tes, a n d  inhibitory signal transd u c tio n  w a s  e v a lu a ted  in m alignant B cell c lo n es, 

it is p o ss ib le  th a t th e  d istinc tions reflect in h eren t d iffe ren ces  in th e  req u is ite s  for tra n sm e m b ra n e  

signaling  in norm al v e rs u s  leukem ic cell popu la tions ra th e r  th a n  d iffe ren ces in th e  m ec h a n ism s  of 

sign a lin g  o p p o s in g  functional p h e n o m e n a .

T o d isc e rn  b e tw e e n  th e s e  possib ilities, w e  h a v e  utilized th e  u n u su a l HCL c lo n e , Kon, 

w hich c a n  rece iv e  stim ulatory, o r  alternatively, inhibitory s ig n a ls  from  anti-IgM ligands, d ep en d in g  

u p o n  th e  ce lls ' s ta te  of activation. T h e  bi-functional n a tu re  of th is  c lone  is illustrated in T ab le  XVIII 

a n d  h a s  b e e n  d e sc r ib e d  in g re a te r  de ta il in a  prev ious repo rt (111). T h e  d a ta  show n  indicate th a t 

in th e  a b s e n c e  of a c c e s s o ry  T  cell fac to rs , th e  Kon cell c lo n e  c a n  re sp o n d  with very  significant 

levels of DNA sy n th e s is  to  200  pg/m l co n cen tra tio n s  of th e  h igh affinity M oAb, H B57. H ow ever, 

in th e  p re s e n c e  of activating  fac to rs  in T  cell supn t, th e  DNA sy n th e s is  of th e  c lo n e  is negatively  

reg u la ted  by low a s  well a s  high d o s e s  of th e  anti-IgM ligand.

A c le a r  d iffe rence  in ligand binding req u is ite s  fo r ach iev ing  stim ulation v e rs u s  inhibition of 

DNA sy n th e s is  is ind ica ted  w h en  Kon cells a re  cu ltu red  with th e  C p-j-specific M oAb XG9, th e  C m -  

specific  MoAb 1G 6, o r  th e  bi-clonal m ixture of th e s e  tw o A bs e ith e r in th e  p re s e n c e  o r  a b s e n c e  of 

T  cell su p n t. P rev io u s s tu d ie s  with norm al B lym phocytes h a v e  sh o w n  th a t th e s e  tw o non- 

m itogenic  A bs exh ib ited  striking sy n e rg y  w h en  m ixed to g e th e r  in cu ltu re  in a  1 :1 ratio (109). T he
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TABLE XVIII. Kon leukemic B cell clone receives either stimulatory or inhibitory signals
from anti-IgM MoAb depending upon the cell's activation state.

cpm 3H-thymidine uptake (d5)* 
(x ± SEM)

Percent of cells 
in S, G2, or M (d4)“

Anti-IgM MoAb
Total Ab cone 

(u q /m l) no T supnt + T supnt no T  supnt + T supnt

None - 460 ±  40 19,929 ± 2178 1 .0 8.1

HB57 2 493 ±  13 813 ±  146 2 .0 1 .4

2 0 0 40,596 ±  5980 6,827 ± 4 1 0 10 .7 4 .2

* 2 x 105 Kon leukemic B cells were cultured with or without HB57 anti-IgM MoAb in the
presence or absence of 25%  T cell supnt. Proliferation was assessed on day 5 after 
a 18 h incubation with 3H-thymidine. The mean ± SEM from triplicate cultures are shown.

** Percent cells in S, G2, or M was determined from day 4 cultures by propidium iodide 
staining using the FACS as detailed in the Materials and Methods.
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f ig u re  2Q. BindiDQ-reauisites for stim ulatory an d  inhibitory signal transduc tion  through m em b ran e  laM differ in a  clonal B cell population. 3 x  105  

Kon leukem ic B cells w ere  cultured alone (A) o r  in th e  p re se n c e  of 25%  activated  T  cell supn t (B) with e ither MoAb 1G 6 or XG9 F (ab ')2  frag m en ts  o r 

a  1 :1 m ixture of th e  tw o a t th e  indicated  total Ab concen tra tions. Stim ulation index ca lcu la ted  in (A) w a s  b a s e d  upon  a  background  level of 

stim ulation (Kon with m ed ia  alone) of 4 5 4  ±  93  cp m  (x ±  SEM ). P e rcen t inhibition of T  cell supn t-induced  DNA sy n th es is  in (B) w a s  b a s e d  o n  T  cell 

factor-induced DNA sy n th es is  of 5 7 1 7  ±  3 0 4  cpm  (x ±  SEM ). In th e  a b s e n c e  of T  cell facto rs, (A), M oAbs 1G 6 an d  XG9 individually did not induce 

su b stan tia l 3 H-thym idine u p tak e  in Kon cells, but th e  m ixture of th e s e  A bs a t high ligand co n cen tra tio n s sh o w ed  striking synergy  in th e  stim ulation 

of Kon cell DNA syn th esis . In th e  p re se n c e  of stim ulatory T  cell su p n t (B), th e  individual M oAbs an d  th e  MoAb m ixture w ere  all c a p a b le  of 

tran sd u c in g  inhibitory s ig n a ls  a t co m p arab le  low ligand concen tra tions. 11 
8
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d a ta  in Fig. 20A  sh o w  th a t th is  synerg is tic  effect is rep ro d u ced  with Kon leukem ic ce lls  in th e  

a b s e n c e  of T  cell su p n t. H ow ever, w h en  th e  ac tion  of th e s e  ligands o n  T  cell su p n t-ac tiv a ted  Kon 

ce lls  (Fig. 20B) is c o m p a re d  with th e ir  e ffect o n  resting  Kon ce lls  (Fig. 20A), sev e ra l co n trastin g  

o b se rv a tio n s  c a n  b e  m ad e  w hich a re  of re lev an ce  to  th e  mlgM signaling p ro c e s s  for activation  o r 

inactivation of B cell DNA sy n th es is : (A) Unlike th e  sy n erg y  o b se rv e d  b e tw een  M oAbs XG9 an d  

1G 6 a t  inducing Kon cell DNA sy n th es is , th e  individual M oAbs a re  a s  effective a s  th e  m ixture a t 

inhibiting T  cell supnt-in itia ted  DNA sy n th es is , ie. no  sy n e rg y  is o b se rv e d  fo r inhibitory signaling . 

(B) W h e re a s  a  very high MoAb co n cen tra tio n  is requ ired  for stim ulation of Kon cell DNA sy n th es is  

( s e e  a lso  T ab le  XVIII), inhibition of Kon cell T  su p n t-in d u ced  DNA sy n th e s is  req u ire s  o rd e rs  of 

m ag n itu d e  le s s  ligand.

DISCUSSION

T h e  g o a l of th e  w ork p re se n te d  in th is report w a s  to  critically ex am in e  th e  ligand binding 

req u is ite s  for d irec t induction of DNA sy n th e s is , o r  alternatively  to le ra n c e , th ro u g h  B cell 

m em b ran e  IgM recep to rs . F unctional s tu d ie s  with a  w ell-characterized  p an e l of M oAbs with 

know n do m ain  specificities, affinities, a n d  binding sto ich iom etries for h u m an  mlgM  h a v e  ind icated  

th a t a lth o u g h  cross-link ing  of mlgM m o lecu les  is n e c e s s a ry  for bo th  fo rm s of signaling, th e  ligand 

req u irem en ts  fo r eliciting B cell DNA sy n th e s is  a re  co n sid e rab ly  m o re  d em an d in g  th a n  th o s e  for 

inducing inhibition of DNA sy n th e s is  in ac tiv a ted  B cell popu la tions. This d iscu ss io n  will first focus 

on  a n  evaluation  of th e  req u is ites  for B cell clonal ex p an sio n  an d  la te r fo cu s  on  a  co m p ariso n  of 

th e s e  re q u is ite s  with th o s e  fo r ac tive  to le ro g en ic  s igna l transduc tion .

T h e  d a ta  p re s e n te d  h e re  ind icate  th a t th e  prev iously  d e sc r ib e d  diversity  in th e  ability of 

th e  so lub le  anti-IgM M oAbs to  induce  B cell DNA sy n th es is  (109) is, for th e  m ost part, a  d irect 

resu lt of affinity d iffe ren ces am o n g  th e  anti-IgM  ligands. With o n e  ex p la inab le  excep tion , w e  have  

found  th a t M oA bs with a  un ivalen t K a > 1.68 x 107  M‘1 w ere  ab le  to  ind u ce  significant leve ls  of
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3 H -thym idine u p tak e  in th e  p re s e n c e  of ancillary T  cell fa c to rs  an d  th a t th e  d e g re e  to  w hich th e s e  

A bs cou ld  initiate th e  DNA sy n th es is  of resting  B lym phocy tes w a s  directly  co rre la ted  with the ir 

un ivalen t binding affinities. B e c a u se  stim ulatory  signal tran sd u c tio n  by anti-lg  A bs req u ires  

b ivalen t b inding of th e  ligand (34 ,46), a n d  b ivalent MoAb binding to  cell m e m b ra n e  a n tig e n s  is 

c h a ra c te riz e d  by a t le a s t a  10 to  100 fold e n h a n c e m e n t in affinity o v e r th a t exhib ited  by univalen t 

F ab ' frag m en ts  (198,201), w e  m ight e x p e c t th a t th e  minimal binding avidity of a  so luble  anti-IgM 

ligand n e e d e d  to  ind u ce  h u m an  B cell DNA sy n th e s is  w ould  b e  > 1 .68  x 108 "9  M '1 .

W hile th e  high affinity ligands, H B57 an d  5D 7, induced  m axim al B cell 3 H -thym idine 

u p tak e  a t relatively low ligand co n cen tra tio n s  (10 to  20  pg/m l), th e  in te rm ed ia te  affinity A bs with 

un ivalen t b inding affinities of 1 .68  to  4 .6 6  x 107  M '1 elicited DNA sy n th e s is  only a t m uch  h igher 

ligand co n cen tra tio n s . T his inverse  re la tionsh ip  b e tw een  ligand affinity a n d  co n cen tra tio n  

requ ired  for signaling  is a  m anifestation of th e  law of m a ss  action, Ab + Ag &  [Ab • Ag], T hus, th e  

g re a te r  th e  n u m b e r of fre e  Ab m olecu les , th e  g re a te r  th e  probability  of com plex  form ation (202), 

particularly if th e  d issociation  ra te , k^, is high, a s  with low affinity ligands (203). A minimal affinity 

th re sh o ld  for signaling  th e  DNA sy n th e s is  of B ce lls  d o e s  ex ist, how ever, s in c e  M oAbs with 

un ivalen t Ka < 1 .68 x 107  M '1 , ie. 1G 6, P 19 , P 24 , an d  IF11, w e re  all genera lly  ineffective a t 

inducing S  p h a s e  en try  a t  co n cen tra tio n s  up  to  3 0 0  pg/m l. It w ould  a p p e a r  th a t below  th is 

th re sh o ld  affinity, th e  ligands d o  not b ind  to  mlgM long en o u g h  to  a c h ie v e  sufficient inter-linkage 

of mlgM recep to rs .

T he only ligand w hich d ev ia ted  from  a  d irect linear rela tionsh ip  b e tw e e n  MoAb Ka an d  

proliferation-inducing capability w a s  MoAb XG9. This relatively high affinity Ab (Ka = 6 .3 4  x 

107  M '1) w a s  co n sis ten tly  non-m itogenic  for norm al h u m an  B cells, e v e n  w h en  cu ltu red  a t c o n ­

cen tra tio n s  a s  high a s  1 mg/ml. A likely exp lanation  for th e  ineffectual stim ulatory  capability of this 

MoAb w a s  o b ta in ed  up o n  im m unoelec tron  m icroscopic  a n a ly s is  of th e  im m une c o m p lex es  form ed 

b e tw een  F (ab ')2  f rag m en ts  of XG9 a n d  m onom eric IgM. This study  rev ea led  th a t MoAb XG9 h a s  a
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pred ilection  fo r m o n o g a m o u s  b inding  to  th e  b iv a len tly -ex p ressed  C p^ e p ito p e s  of IgM 

m olecu les. T h e  te n d e n c y  to  b ind to  IgM in th is m a n n e r  p resu m ab ly  re flec ts  th e  fac t th a t th e  s p a c ­

ing b e tw e e n  th e  Cp-| e p ito p e s  a p p ro x im a te s  th e  flexible sp a c in g  b e tw e e n  th e  b ivalen t com bining 

s ite s  of th e  MoAb. S in c e  m o n o g a m o u s  binding p re v e n ts  th e  cross-link ing  of mlgM m olecu les 

( s e e  Fig. 21 A), th is  M oAb is in d eed  e x p e c te d  to  d isp lay  a  d im in ished  m itogenic  p h en o ty p e .

W e sh o u ld  no te  th a t o n e  a lternative  exp lanation  for th e  low stim ulatory  cap ac ity  of MoAb 

XG9 is th a t th e  affinity of th is Ab for mlgM o n  th e  th re e  sp len ic  B cell p opu la tions u s e d  in functional 

s tu d ie s  is low er th a n  th a t m e a su re d  o n  th re e  of th e  four c lonal B cell p o p u la tio n s u s e d  fo r affinity 

m e a su re m e n ts  a n d  is m ore  a n a lo g o u s  to  th e  affinity m e a su re d  o n  th e  ab e rra n t Lub HCL B cell 

population . T his m ight b e  p o ssib le  if allo type varia tion  w a s  re sp o n sib le  fo r th e  d iffe ren ces in XG9 

binding affinity n o ted  b e tw e e n  Lub a n d  th e  rem ain ing  B cell pop u la tio n s. W e c o n s id e r  th is 

exp lan a tio n  highly unlikely, how ever, s in ce  w e  h a v e  n e v e r  o b se rv e d  an y  functional varia tion  

indicative of p o ss ib le  allotypic variation  w h en  B cell popu la tio n s from  > 15 different periphera l 

b lood  o r  s p le e n  d o n o rs  w e re  te s te d , ie. XG9 h a s  b e e n  uniform ly non-m itogen ic . T h e  ab erran tly  

low Ka for MoAb XG9 on  Lub m ay b e  d u e  to  germ -line m utation  in th e  Lub leukem ic c lone , o r  

a lternatively  d u e  to  un ique  g lycosylation of Lub mlgM w hich e ith e r directly  o r  indirectly low ers th e  

affinity of XG9 binding to  C p-j.

A lthough e v id e n c e  fo r m o n o g a m o u s  binding of MoAb X G 9 to  IgM d e sc r ib e d  ab o v e  w a s  

b a s e d  u p o n  an a ly sis  of its' in teraction with so luble  m onom eric  IgM, it is likely th a t MoAb XG9 a lso  

b inds in a  m o n o g am o u s fash io n  to  IgM m o lecu les o n  th e  B cell su rface . This is ap p re c ia ted  if o n e  

c a lcu la tes  th e  a v e ra g e  d is tan ce  b e tw e e n  mlgM m o lecu les o n  th e  su rfa c e  of a  m a tu re , resting  B 

lym phocyte. T hus, if a  B cell sp h e re  of 7  m icrons in d iam e te r h a s  ~ 105 mlgM m olecu les on  its 

su rface , e a c h  mlgM m olecu le  w ould  b e  e x p e c te d  to  b e  s e p a ra te d  by a  d is ta n c e  of ~500 A. S in ce  

th is  d is ta n c e  is m uch  g re a te r  th a n  th e  d is ta n c e  b e tw e e n  th e  d u p lica ted  Cp-j e p ito p e s  o n  th e  F ab  

a rm s  of IgM (< 140 A) (202,204), it is highly p ro b ab le  th a t m o n o g a m o u s  binding e v e n ts  will b e
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Figure 21, S ch em atic  m odels for anti-loM  MoAb in teraction with m em b ran e  laM ep ito p es.

A) M onogam ous binding to  d iv a len tly -ex p ressed  e p ito p e s  on  C p i ; B) B igam ous binding to 

d iva len tly -exp ressed  e p ito p e s  o n  a n o th e r  mlgM dom ain ; C) B igam ous binding to  univalently- 

e x p re s s e d  ep ito p es  o n  mlgM .
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favo red  o v e r  b ig am o u s binding of MoAb XG9 to  d istinct mlgM m olecu les. F u rtherm ore , a s  th e  

d en sity  of mlgM d im in ishes th rough  g rad u a l cap p in g  an d  th e  slow  re -ex p re ss io n  of new  mlgM 

m o lecu le s  (2 05 ,206), th is  p h e n o m e n o n  likely b e c o m e s  e v e n  m ore  a c c e n tu a te d .

S tructu ra l co n sid e ra tio n s , a s  well a s  o u r im m unoelec tron  m icroscopy  ev id en ce , su g g e s t 

th a t C p 2  a n d  C p /p sp ec ific  A bs h av e  a  low er probability of e n g ag in g  in m o n o g a m o u s  binding 

in terac tions with mlgM th a n  Cp-j -specific  A bs. D uplicated  e p ito p es  in th e  C p 2  a n d  C P4  reg ions 

a re  e x p e c te d  to  b e  topographically  m o re  proxim al to  o n e  a n o th e r  s in c e  th e s e  d o m a in s  sho w  

c o n s id e ra b le  h o m o lo g o u s in teraction  (200 ,207). In th e s e  in s ta n c e s , th e  inappropria te ly  narrow  

an g le  n e c e s s ita te d  b e tw een  MoAb F ab ' a rm s for mlgM binding, a s  well a s  th e  topographically  

p o la r o rien ta tion  of e p ito p e s  o n  e a c h  s id e  of th e  g lobu lar s tru c tu re  of th e  p a ired  h o m o lo g o u s 

d o m a in s , w ould  b e  e x p e c te d  to  p rec lu d e  m o n o g a m o u s  b inding of M oA bs to  e p ito p e s  o n  th e s e  

IgM d o m ain s. Em pirical cap p in g  o b se rv a tio n s  w ith th e  m lgM -positive HCL c lo n e  Kon su p p o rt th e  

a b o v e  co n c lu s io n s  in th a t th e  C p-|-specific  MoAb XG9 w a s  m uch  le s s  effective a t inducing 

c ap p in g  of Kon cell mlgM th a n  non-Cp-| -binding M oAbs of m uch  low er affinity (unpub lished  

resu lts).

T h e  d a ta  a n d  co n c lu s io n s  reg a rd in g  th e  functional e ffec ts  of MoAb XG9, a n d  o th e r  C p-p  

specific  M oAbs w hich  b ind to  th e  s a m e  o r ne ighboring  e p ito p e s  (109 ,1 8 4 ; u n p u b lish ed  resu lts), 

a re  in d eed  c o n s is te n t with a n d  provide a n  exp lanation  for th e  d a ta  of Goroff e t al. (81) w ith a  s e t  of 

an ti-m urine IgD M oA bs. T h e s e  investig a to rs  repo rted  th a t high affinity M oA bs d irec ted  to  th e  Fd 

portion of m urine IgD w e re  ineffective a t cap p in g  a n d  stim ulating m o u se  B cell DNA sy n th es is , 

w h e re a s  high affinity M oAbs to  th e  F c portion of m urine IgD w e re  g o o d  a t inducing cap p in g  an d  

w ere  very  m itogenic. In addition , s in c e  m o n o g am o u s binding h a s  recen tly  b e e n  sh o w n  to  b e  

ch a rac te ris tic  of a  high proportion  of anti-idiotype in te rac tions with bo th  so lu b le  a n d  ce ll-bound  Ig 

m o lecu le s  (1 9 3 ,201 ,208 ), o u r d a ta  h a v e  s tro n g  functional im plications for th e s e  A bs. T hus, 

anti-idiotype A bs w hich h a v e  a  p ropen sity  for m o n o g am o u s binding in te rac tions w ith m lg shou ld
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b e  e x p e c te d  to  b e  significantly im paired  in th e ir cap ac ity  for inducing th e  clonal e x p a n s io n  of B 

lym phocy tes, re g a rd le s s  of th e ir affinity fo r the ir re sp ec tiv e  id io topes.

T his report h a s  a lso  a tte m p te d  to  a d d re s s  th e  ex ten t to  w hich  va len cy  of e x p re s s e d  ep i­

to p e s  o n  mlgM in fluences th e  stim ulatory  p ro p ertie s  of anti-IgM ligands. A s show n  in Fig. 2 1 B an d  

C , d iffe ren ces  in th e  v a len cy  of reco g n ized  d e te rm in an ts  could  h a v e  significant e ffe c ts  o n  th e  

cross-link ing  po ten tia l of anti-lg  ligands. T h u s , M oAbs d irec ted  to  d iv a len tly -ex p ressed  e p ito p es  

o n  reg io n s of th e  mlgM m olecule  th a t allow  b ig am o u s binding shou ld  cross-link  neighboring  mlgM 

m o lecu le s  a n d  ultim ately yield linear c o n c a te m e rs  of th e s e  m o lecu les  ( s e e  Fig. 2 1 B). In co n trast, 

M oA bs d irec ted  to  u n iv a len tly -ex p ressed  e p ito p e s  shou ld  only form  d im ers  of mlgM 

( s e e  Fig. 2 1 C). S in ce  D inztis e t al. (50) h av e  su g g e s te d  th a t a  la rge  nu m b er, from  te n  to  tw enty, 

m lg m o lecu les  m ust b e  cross-linked  for induction of B cell Ig sec re tio n  by  a  T  cell in d e p e n d e n t 

a n tig en , it m ight b e  p red ic ted  th a t A bs w hich bind to  u n iv a len tly -ex p ressed  e p ito p e s  w ould  b e  

significantly im paired  in th e ir signaling  potential.

With th is in m ind, w e  h av e  an a ly zed  th e  sto ichiom etry  of MoAb F ab ' binding to  mlgM. O ur 

a n a ly s is  strongly  s u g g e s ts  th a t all of th e  M oAbs, with th e  excep tion  of 5D 7, a n d  p e rh a p s  M u18, 

b ind to  tw o  d e te rm in an ts  p e r mlgM m olecu le . T herefo re , m o st of th e  M oA bs w ith d istinct 

m itogenic  p ro p ertie s  a re  not d isting u ish ab le  in th e  v alency  of reco g n ized  e p ito p e s  o n  m lgM . It is 

th u s  e x p e c te d  tha t, p rov ided  th e ir  affinity is sufficiently high, th e s e  M oA bs sh o u ld  b e  c a p a b le  of 

form ing linear cross-linked  a g g re g a te s  of m ultiple mlgM m o lecu les .

M onoclonal Ab Mu 18 co n sis ten tly  b o u n d  few er e p ito p e s  a t sa tu ra tio n  th a n  th e  p ro to type  

Ab to  a  d iv a len tly -ex p ressed  ep ito p e , MoAb XG9. H ow ever, s in ce  th e  n u m b e r  of e p ito p e s  b o und  

by th is  MoAb w a s  a lw ays g re a te r  th a n  one-half th e  n u m b er of e p ito p e s  b o u n d  by  XG9, w e  w ere  

no t ab le  to  co n c lu d e  th a t M u18 unequ ivocally  b inds to  a n  un ivalen t d e te rm in an t. T h is  d im in ished  

e p ito p e  v a len cy  o b se rv e d  with MoAb M u18 m ay re p re se n t: a ) s teric  in te rfe ren ce  p rev en tin g  

M u18 b inding  to  tw o proxim al s ite s , b) a n  in d u ced  c h a n g e  in th e  configuration  o f o n e  ep ito p e
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following initial binding to  th e  hom o lo g o u s d e te rm inan t, o r  c) th e  o c c a s io n a l unilateral a sso c ia tio n  

of mlgM m o lecu les  with o th e r m em b ran e  m o lecu les w hich sterically  in terfere with MoAb M u18 

binding to  o n e  of its tw o ep ito p es . S in c e  S c a tc h a rd  p lo ts of MoAb M u18 F ab ' binding to  all four B 

cell popu la tio n s a s s a y e d  w e re  uniformly linear an d  did not conform  to  a  tw o recep to r-s ite  m odel 

(d a ta  not show n), possibilities (a) a n d  (b) ab o v e , w hich invoke bo th  a  "native" an d  a  

"com prom ised" affinity site , s e e m  unlikely.

D esp ite  th e  low ered  a v e ra g e  va len cy  of M u 1 8 -d esig n a ted  e p ito p e s  o n  mlgM , th is  re la ­

tively high affinity Ab w a s  a s  m itogenic  a s  w ould h av e  b e e n  e x p e c te d  if affinity w e re  th e  so le  

indicator of m itogenicity. This m ay reflect th e  fact th a t all M u18 e p ito p es  o n  norm al sp len ic  B 

lym phocytes a re  availab le  for d ivalen t binding an d /o r th a t signaling to  DNA sy n th es is  c a n  b e  a s  

effectively induced  by form ation of m ultiple s tab le  d im ers of mlgM a s  by form ation of linear c ro ss- 

linked lattices of mlgM. This la tte r possibility h a s  b e e n  recently  ra ised  by P e re iso n  (52) a s  a  

ch a llen g e  to  th e  im m unon c o n c e p t of Dintzis e t al. (50). F u rther w ork  w ith high affinity ligands 

hav ing  u n equ ivoca l b inding specificity  for un ivalen t e p ito p e s  sh o u ld  clarify th e  m inim al s iz e  of th e  

signaling  unit fo r inducing B cell DNA sy n th es is .

T h e  C p 4 -specific MoAb 5D 7 w a s  un ique  am o n g  th e  p an e l of anti-IgM M oA bs in its ability 

to  reco g n ize  a n  ep ito p e  with a  v a len cy  of g re a te r  th a n  two p e r  mlgM m olecule. B e c a u se  th e  

hybridom a clon ing  conditions, th e  u n u su a l iso type of th is  MoAb, a n d  th e  u n u su a l en zy m atic  frag ­

m en ta tion  ch a rac te ris tic s  of th is  M oAb all a tte s t to  its m onoclonality, w e  d o  not c o n s id e r  th a t th is 

Ab re p re se n ts  a  m ixture of A bs to  distinct d e te rm in an ts . R a ther, 5D 7 m ay  reco g n ize  a  re p e a te d  

s e q u e n c e  of linearly -arranged  am ino  ac id s  o r  re p e a te d  conform ational e p ito p e s  o n  th e  IgM C m  

dom ain . A s e a rc h  of th e  C m  dom ain  s e q u e n c e  for a  rep ea tin g  unit of four to  six am ino  ac id s  p ro ­

v ided  no  e v id e n c e  for a  re p e a te d  linear d e te rm in an t (130 ,209). E v id en ce  th a t th e  5D 7 e p ito p es  

m ay  b e  conform ational in n a tu re  is su p p o rted  by th e  fact th a t so lid -p h ase  com petition  RIAs with 

th e  th re e  c y a n o g e n  brom ide c le a v a g e  frag m en ts  of C m  sh o w e d  no  in teraction  with MoAb 5D 7,
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w hile th e  iso la ted  intact C m  dom ain  w a s  ab le  to  bind MoAb 5D 7. A lthough it is a lso  possib le  tha t 

5D 7 b in d s  to  r e p e a te d  e p ito p e s  o n  a n  IgM -specific ca rb o h y d ra te , cu rren t e v id e n c e  (209 ,210) 

d o e s  not su p p o rt th e  p re s e n c e  of a  C p 4 -a s so c ia te d  ca rb o h y d ra te  o n  h u m an  m e m b ra n e  IgM.

D esp ite  th e  fac t th a t a  high ep ito p e  v a len cy  m ight b e  e x p e c te d  to  e n h a n c e  th e  form ation 

of large, b ra n c h e d  la ttices of cross-linked  mlgM m o lecu les by MoAb 5D 7, th is  Ab did not d isplay  

m itogenic capab ilities ab o v e  th a t e x p e c te d  from  its F ab ' affinity a lone . T his m ay reflect 

a) su p p re ss iv e  s ig n a ls  from  th e  Y 2 a  Fc of th is Ab (75,178), b) s te ric  h in d ran ce  w hich p rev en ts  

effective binding of intact 5D 7 Ab m o lecu les to  all p o ssib le  s ite s , o r  c) th e  fac t th a t large c ro ss- 

linked la ttices of mlgM m o lecu les a re  no  m ore effective a t tran sd u c in g  stim ulatory  s ig n a ls  th an  

sm aller, le s s  com plex  cross-linked  c lu s te rs  of mlgM.

W e h av e  e lsew h ere  with norm al B ce lls  (109), a n d  he re , w ith Kon leukem ic B ce lls, show n 

th a t th e  non-m itogen ic  C p-j-specific  MoAb XG9 a n d  th e  non-m itogen ic  C p 4 -specific  MoAb 1G 6 

exhibit p rofound  sy n e rg y  in th e  induction  of B cell DNA sy n th es is . S e v e ra l fac to rs  m ay contribu te  

to  th is sy nergy . First, th e s e  tw o M oAbs likely sho w  no in te rfe ren ce  in binding to  mlgM b e c a u s e  

th ey  a re  d irec ted  to  th e  m ost d ista l p  h eav y  ch a in  d o m ain s  (184). S e c o n d , th e  C p ^ s p e c if ic  MoAb 

1G 6 m ay  help  p rom ote  a  g re a te r  d e g re e  of b ig am o u s XG9 binding in terac tions with mlgM  by 

cross-linking mlgM  a n d  bringing neighboring  mlgM m o lecu les into c lo se r  proximity. T h e  en d  

resu lt of th e  s tab le  binding of ligands to  m ultiple isotypic d e te rm in an ts  is likely th e  c rea tio n  of a  

m ore com plex  rece p to r-ag g re g a te d  c lu s te r  a n d  a n  in c re a se  in th e  overall avidity of th e  multi-ligand 

com plex . In th is  la tte r regard , it h a s  b e e n  clearly  d o c u m e n te d  th a t m ix tures of M oAbs to  distinct 

s ite s  o n  th e  s a m e  an tig en  exhibit a  substan tia lly  g re a te r  avidity th a n  th e  individual M oAbs to  the ir 

re sp e c tiv e  e p ito p e s  o n  th e  s a m e  an tig en  (104).

U se  of th e  p an e l of anti-IgM M oA bs for signaling th e  inhibition of DNA sy n th e s is  in certa in  

ac tiv a ted  h u m an  leukem ic B cell p opu la tions h a s  rev ea led  th a t th e  b inding req u is ite s  for inhibitory 

signaling th rough  mlgM a re  m uch le s s  rigorous th a n  th o s e  for stim ulation of norm al B cell DNA
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sy n th es is . This finding with leukem ic B ce lls  h a s  so m e  physiologic sign ificance for norm al B cells 

s in ce  th e  inhibitory signaling  p ro c e s s  in leukem ic ce lls  m ay  mimic th e  m ech an ism  involved in th e  

m etabolically  ac tive  p h e n o m e n o n  of n e o n a ta l B cell to le ra n c e  (1 0 ,23 ,167 ,179).

S e v e ra l o b se rv a tio n s  ind ica ted  th a t induction of B cell DNA sy n th e s is  a n d  th e  induction of 

B cell to le ra n c e  h a v e  distinct ligand binding req u is ites . First, th e  ligand c o n cen tra tio n s  requ ired  to 

ach iev e  m axim al inhibition of B cell DNA sy n th e s is  w e re  o rd e rs  of m ag n itu d e  low er th a n  th e  d o se  

re q u ire m e n ts  fo r stim ulation  of B cell DNA sy n th e s is  (6 ,4 2 ,4 3 ,4 9 ,6 3 ,7 2 ,7 3 ,1 7 8 ,1 8 3 ). S e c o n d , 

while th e  cap ac ity  to  initiate inhibitory signaling  w a s  clearly  affinity in d ep en d en t a t un ivalen t ligand 

binding affinities > 0 .69  x 107  M '1 , a n  u p p e r th resh o ld  for ach iev ing  m axim al stim ulation  of B cell 

DNA sy n th e s is  w a s  n e v e r o b se rv e d  with o u r individual M oAbs. Third, w hile a  high affinity Cp-j- 

specific  MoAb with a  p rop en sity  for m o n o g a m o u s  binding to  mlgM w a s  found  to  b e  significantly 

im paired in cap ac ity  to  initiate B cell DNA sy n th esis , th e  sa m e  Ab w a s  qu ite  c o m p e ten t a t initiating 

B cell to le ran ce . Finally, w hile anti-IgM  M oAbs to  distinct C p  d o m ain s  m an ifest significant synergy  

in th e  induction  of h u m an  B cell DNA sy n th es is , co m b in a tio n s of M oAbs did  not sh o w  sy n erg y  in 

signaling  th e  inhibition of leukem ic B cell DNA sy n th es is .

It is im portan t to  n o te  th a t th e  d iffe ren ces  in ligand binding req u is ite s  fo r th e  induction of 

norm al B cell DNA sy n th e s is  a n d  th e  su p p re ss io n  of leukem ic DNA sy n th e s is  w e re  not d u e  to  

in h eren t d iffe ren ces in th e  w ay  in w hich m lgM -binding e v e n ts  a re  tra n sd u c e d  into s ig n a ls  in 

norm al v e rsu s  leukem ic ce lls  p e r  s e . E vidence for th is w a s  o b ta in ed  from  a  leukem ic B cell clone, 

Kon, w hich could  rece iv e  stim ulatory, o r  alternatively, inhibitory s ig n a ls  following mlgM c ro ss- 

linking, d e p en d in g  u p o n  its s ta te  of activation . T h e  binding req u is ite s  for ach iev ing  DNA 

sy n th e s is  in th is c lo n e  w ere  found  to  b e  c o m p arab le  to  th o s e  fo r inducing norm al B cell 

proliferation a n d  to  differ significantly from  th e  req u isite s  fo r c a u s in g  inhibition of th e  T  cell factor- 

in d u ced  DNA sy n th e s is  of Kon.
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How c a n  w e  explain  th e  distinction in binding req u is ite s  for activation  a n d  inhibition of B 

cell DNA sy n th e s is ?  W e h a v e  c o n s id e re d  th a t o u r re su lts  a re  co n sis ten t with tw o possibilities.

A) T h e  triggering of stim ulatory  s ig n a ls  m ay  requ ire  a  g re a te r  cross-linked  recep to r c luster, 

im m unon, th a n  th e  triggering  of inhibitory s ig n a ls . T hus, stim ulatory  signal tran sd u c tio n  m ay  b e  

a c h ie v e d  only w ith high affinity ligands, o r  alternatively , high co n cen tra tio n s  of in te rm ed ia te  affinity 

ligands, w hich a re  c a p a b le  of stabilizing su c h  c lu s te rs  (s e e  Fig. 22A). In th is c a s e ,  com binations of 

anti-lg ligands, by increasing  th e  overall avidity of mlgM binding, a s  well a s  by crea tin g  larger, m ore 

co m p lex ly -b ran ch ed  c ro ss-lin k ed  la ttices, w ould  b e  e x p e c te d  to  b e  e v e n  m ore  op tim al condu its  

for stim ulatory  signal tran sd u c tio n . T h e  su g g estio n  th a t sm all recep to r a g g re g a te s  m ay  be  

a d e q u a te  fo r triggering  to le ra n c e  h a s  b e e n  p rev iously  m a d e  by T e a le  a n d  K linm an (7,62) upon  

noting th a t ph arm aco lo g ica l inhibitors of m lg p a tch in g  did not a b ro g a te  th e  induction  of to le ran ce  

in im m ature  B lym phocy tes.

(B) T h e  s e c o n d  p o ss ib le  exp lan a tio n  for th e  d istinct ligand-binding req u is ite s  for stim u­

latory a n d  inhibitory signal tran sd u c tio n  re la te s  to  th e  a p p a re n t req u irem en t fo r m ultiple ro u n d s of 

mlgM  cross-link ing , cap p in g , e n d o c y to s is /sh e d d in g  for stim ulatory  signal tran sd u c tio n  but not for 

inhibitory signal tran sd u c tio n  ( s e e  Fig. 22B). O u r ow n un p u b lish ed  o b se rv a tio n s , a s  well a s  th e  

w ork of o th e rs , h a s  ind icated  th a t for S  p h a s e  en try  of an ti-lg -trea ted  resting  B ce lls, ligand m ust 

b e  p re s e n t  fo r a n  interval of 24 -36  h (42 ,43 ,206), w hile inhibition of DNA sy n th e s is  n e c e s s i ta te s  

th e  p re s e n c e  of anti-IgM ligand for only a  few  h o u rs  (10). T h is d ifference  in th e  req u irem en ts  for 

co n tin u ed  mlgM  cross-linking b e c o m e s  significant w h en  o n e  co n s id e rs  th a t, a fte r a n  initial cycle of 

cap p in g  a n d  e n d o cy to s is , th e  B cell slowly re -e x p re s s e s  its lost m lg (205). C o n tin u ed  signaling 

via mlgM c ro ss-lin k ag e  u n d e r su ch  low mlgM d ensity  w ould likely b e  ach iev ed  e ith e r by  very high 

affinity ligands o r  by high d o s e s  of in te rm ed ia te  affinity ligands. This exp lanation  h a s  b e e n  

p ro p o se d  by D eF ran co  e t al. (42) to  he lp  explain  th e  req u irem en ts  for high c o n cen tra tio n s  of 

anti-IgM ligands a t late, but not early , in tervals in th e  stim ulation of m urine B lym phocytes.
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Figure 22. M odels for mlaM cross-linkina e v e n ts  w hich lead  to  stim ulatory o r  inhibitory s igna ls  for 

B cell DNA syn thesis . A) Stim ulatory a n d  inhibitory signal transduc tion  m ay differ in th e  minimal 

requ isite  unit of cross-linked  recep to rs. B) Unit signal for activation an d  su p p re ss io n  of B cell 

DNA sy n th e s is  m ay b e  ach iev ed  by cross-linking sim ilar n u m b ers  of recep to rs . H ow ever, the  

activation  of DNA sy n th es is  m ay require  re p e a te d  cy c les  of mlgM cross-linking u n d e r conditions 

of ex trem ely  low recep to r density .
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T h e  s tro n g  influence th a t mlgM re c e p to r d en sity  p lays on  ligand req u is ite s  fo r signaling  

m ay  a lso  b e  re lev an t to  inhibitory signaling if th e  recep to r den sity  is low en o u g h . T h u s, o u r  u n ­

p u b lish ed  w ork h a s  ind ica ted  th a t in o rd e r  to  inhibit th e  T  cell fac to r-induced  DNA sy n th e s is  of a  

B cell ch ron ic  lym phocytic leukem ic c lone  w hich e x p re s s e d  very  low levels of mlgM ( ~2 x 103 

m olecules/cell), o rd e rs  of m agn itu d e  g re a te r  a m o u n ts  of th e  low er affinity anti-IgM M oA bs w ere  

n e c e s s a ry  th a n  fo r inhibitory signaling  of Lub a n d  Kon ce lls  (show n h e re , Fig. 18), w hich b e a r  

~2 x 104  a n d  10® mlgM m olecu les p e r  cell, respectively . F urtherm ore, M aruyam a e t al. (178) have  

found  th a t significantly g re a te r  a m o u n ts  of anti-IgM M oAbs w e re  requ ired  to  inhibit T  cell factor- 

driven IgG an d  IgA large  B cell differentiation th a n  to  inhibit similarly induced  IgM large  B cell 

d ifferentiation. T h e s e  o b se rv a tio n s  c a n  b e  ex p la in ed  in light of o u r a b o v e  d isc u ss io n  if o n e  

c o n s id e rs  th a t th e  mlgM d en sity  o n  a  la rge  B cell th a t h a s  recently  sw itched  iso ty p es a n d  is p o ised  

to  differentiate to  IgG o r IgA p la sm a  cells is very low.

W e c o n s id e r th a t th e  s e c o n d  ex p lan a tio n  d is c u s s e d  a b o v e  fo r diversity  in ligand-binding 

req u is ite s  for activation  o r inhibition of B cell DNA sy n th es is  m ay  b e  th e  m o st physiologically 

re levan t. T his b ia s  is b a s e d  u p o n  th e  recen t o b se rv a tio n s  of m any  o th e r  investiga to rs w hich indi­

c a te  th a t anti-lg  MoAb ligands th a t a re  ineffective a t inducing th e  DNA sy n th e s is  of resting  B cells 

c a n  n e v e rth e le ss  initiate a  n u m b er of early  ac tivation-related  b iochem ical c h a n g e s  in B ce lls  th a t 

p re c e e d , o r  a re  co n cu rren t with, a n  initial cycle  of m lg capp ing . E xam ples of su c h  early  pre- 

proliferative e v e n ts  include m e m b ra n e  depo lariza tion  (36), a n d  in c re a se d  c -m yc (37) a n d  m em ­

b ra n e  la  ex p re ss io n  (36,81). T h is s u g g e s ts  th a t rigorous ligand binding req u is ite s  for B cell DNA 

sy n th e s is  m ust not b e  m et in th e  first e n c o u n te r  of ligand with restin g  B ce lls  bu t ra th e r m u st b e  

m e t a t so m e  point following a n  initial cy c le  of cap p in g  a n d  en d o cy to sis . T h e  in fe ren ce  h e re  is  tha t 

th e  form ation of a  la rge  a n d  com plex  im m unon, a s  show n  in Fig. 22A, m ay not b e  n e c e s s a ry  for 

th e  activation  of res tin g  B lym phocy tes. A lthough it rem ain s to  b e  d e te rm in ed  w h e th e r th e  

binding req u is ite s  for inducing B cell to le ra n c e  a re  subtly  different from  th o s e  for inducing early
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pre-proliferative c h a n g e s  in resting  m atu re  B cells, th e  cu rren t d a ta  a re  com patib le  w ith th e  

h y p o th es is  th a t b inding req u is ite s  for inducing a n y  early  b iochem ical p h e n o m e n a  in B ce lls  with a  

norm al d en sity  of mlgM a re  th e  sa m e . T h e  inhibitory o r stim ulatory resu lt of th e s e  early  signals  

w ould d e p e n d  upon  th e  activation  s ta te  of th e  particu la r B cell popu lation  b e ing  s tu d ied  

(111 ,167 ,178). In o rd e r for early  pre-proliferative c h a n g e s  in s tim u la ted  resting  B ce lls  to  le ad  to  

clonal ex p an sio n , o n e  of tw o e v e n ts  is n e c e ssa ry . T h e se  a re : a ) fu rther mlgM cross-linking by 

ligands th a t c a n  form  s tab le  co m p lex es  of mlgM a g g re g a te s  u n d e r  cond itions of low mlgM density , 

o r b )  signaling  by ac tiv a ted  c la s s  II M H C -restricted h e lp e r T  ce lls  o r  the ir p ro d u c ts  (14 ,20,211).

T h e  biological im plications of o u r s tu d ie s  on  ligand-binding req u is ite s  for B cell signaling  

w ould a p p e a r  to  h a v e  th e  m o st im m edia te  re lev an ce  to  th a t role p lay ed  by a u to lo g o u s  rheum ato id  

fac to rs  o r  anti-idiotype A bs in th e  regulation  of th e  B cell im m une re sp o n se . S in c e  m any  

anti-idiotype A bs m ay h a v e  a  predilection  fo r binding idiotypic d e te rm in an ts  in a  m o n o g am o u s, 

"XG9-like" m a n n e r  (1 9 3 ,201 ,208), th e s e  A bs m ay b e  ineffective a t inducing th e  clonal ex p an sio n  

of B lym phocy tes bu t ac tive  in th e  n eg a tiv e  regulation  of th e  m atu ra tion  o r  d ifferentiation of 

id io type-positive B cell c lo n e s  (212-214). Furtherm ore , s in c e  m o st h u m an  rh eu m ato id  fac to rs  

a p p e a r  to  b e  of relatively low affinity (215), th e s e  ligands might b e  p red ic ted  to  m anifest a  m ore  

d irect role in th e  n eg a tiv e  fe e d b a c k  su p p re ss io n  of B cell re s p o n s e s  th a n  in B cell clonal 

e x p a n s io n  (2 5 ,2 1 6 ).

S U M M A R Y

T h e  ligand binding re q u is te s  for m em b ran e  IgM -m ediated  signaling of h u m an  B 

lym phocyte clonal e x p a n s io n  an d  B cell to le ran ce  w ere  in vestiga ted  with a  w ell-charac te rized  se t 

of so lub le  m urine m onoclonal an ti-hum an  IgM an tibod ies. E valuation of th e  im pact of p. chain  

d om ain  specificity, affinity, a n d  binding sto ich iom etry  for m e m b ra n e  IgM o n  A b-induced  regulation  

of norm al a n d  leukem ic B cell DNA sy n th e s is  rev ea led  th a t th e  ligand binding req u is ites  for
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inducing  or, alternatively , s u p p re s s in g  B cell DNA sy n th e s is  a re  significantly different. First, while 

th e  induction of S  p h a s e  en try  requ ired  |ig /m l co n cen tra tio n s  of ligand, o rd e rs  of m ag n itu d e  low er 

c o n c e n tra tio n s  of ligand su fficed  for inhibitory signaling . S e c o n d , while a n  u p p e r  affinity 

th re sh o ld  for ach iev ing  m axim al stim ulation of B cell DNA sy n th e s is  w a s  n e v e r d e te c te d , inhibitory 

signa ling  by  b ivalen t ligands a p p e a re d  to  b e c o m e  relatively affinity in d e p e n d e n t a t F ab ' binding 

affinities > 0 .6 9  x 1 0 ^  M '1 . Third, while a  Cp.^ -specific MoAb with a n  e n h a n c e d  inc idence  of 

m o n o g a m o u s  binding to  mlgM  w a s  ineffective a t  inducing B cell DNA sy n th es is , th e  Ab w a s  not 

significantly co m p ro m ised  in ability to  initiate inhibitory signals . Finally, w h e re a s  M oAbs to  distinct 

d o m a in s  could  sh o w  striking sy n e rg y  in th e  induction of B cell DNA sy n th e s is , sy n e rg y  w a s  not 

n o te d  fo r inhibitory signal tran sd u c tio n . T h e s e  d iffe ren ces cou ld  b e  o b s e rv e d  in a  c lonal B cell 

p o pu la tion  w hich  positively  o r n ega tive ly  re sp o n d e d  to  mlgM ligation d e p en d in g  u p o n  its s ta te  of 

activation . T h e  a ccu m u la ted  o b se rv a tio n s  ind icate  th a t th e  ligand binding req u is ite s  fo r inhibitory 

s igna l tran sd u c tio n  in h u m an  B lym phocy tes a re  m uch le s s  rigorous th a n  th o s e  fo r stim ulatory 

signa l tran sd u c tio n  a n d  s u g g e s t  th a t m an y  physiologically re lev an t anti-lg an tib o d ies  a re  m ore 

likely to  function  in th e  n eg a tiv e  fe e d b a c k  regulation  of B cell re s p o n s e s  th a n  in th e  d irect 

triggering  of h u m an  B cell clonal ex p an sio n .
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C H A P T E R  SIX

G en era l D iscussion

T his th e s is  h a s  fo c u se d  o n  a n  evaluation  of th e  b inding req u is ite s  fo r h u m an  B cell clonal 

e x p a n s io n  a n d  clonal su p p re ss io n  th ro u g h  ligation of th e  m e m b ra n e  IgM Ag recep to r. By utilizing 

anti-IgM  M oA bs of defined  s ite  specificity, affinity, a n d  binding sto ich iom etry  for h u m an  IgM, w e  

h av e  a tte m p te d  to  d istingu ish  th e  ligand  binding ch a ra c te ris tic s  n e c e s s a ry  fo r stim ulatory  a n d  

inhibitory signaling  a n d  fu rther to  e lu c id a te  th e  physica l n a tu re  of th e  c ro ss-linked  unit of mlgM 

m o lecu les  n e c e s s a ry  for e a c h  form  of signaling .

O u r an a ly s is  to  d a te  strongly s u g g e s ts  th a t affinity of a  ligand is of p a ram o u n t im portance 

in d e te rm in ing  th e  signaling  p o ten tia l of an ti-iso type  an tib o d ies . O u r d a ta  fu rth erm o re  ind icate  

th a t s ig n a l tran sd u c tio n  for ach iev ing  DNA sy n th e s is  h a s  a  m uch  h igher affinity requ isite  th an  

inhibitory s ig n a l tran sd u c tio n . T h e s e  co n c lu s io n s  a re  com patib le  with a n d  e x te n d  th e  varied  

rep o rts  of o th e r  lab o ra to ries. Leptin (78), w orking in th e  m urine sy s te m , found  th a t of 17  rat 

an ti-m urine IgM M oAbs, d irec ted  to  e a c h  of th e  four IgM C h  d o m ain s, n o n e  w ere  ab le  to  induce  

proliferation in so lub le  form , e v e n  in th e  p re s e n c e  of T  cell fac to rs. Yet, th e y  e a c h  w e re  a b le  to 

inhibit L P S -in d u ced  B cell proliferation a n d  m atu ration . Low affinity of th e  ligands a p p e a re d  to  b e  

o n e  likely exp lan a tio n  fo r th e  non-stim ula to ry  p ro p ertie s  of th e  so lu b le  M oAbs s in c e  w h en  th e s e  

M oAbs w e re  co u p led  on to  a n  inert su pport, th e y  all induced  B cell DNA sy n th es is . M aruyam a 

e t al. (178) w ere  ab le  to  o b se rv e  stim ulation of h u m an  B cell DNA sy n th e s is  by th re e  so luble  

anti-IgM  M oAbs a n d  found  th a t th e  low est relative affinity Ab w a s  th e  le a s t effective a t triggering 

proliferation. H am an o  an d  A sofsky (79) a lso  n o ted  th a t ability to  inhibit B cell hybridom a
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proliferation a n d  differentiation co rre la ted  with ligand affinity. T h e  low est affinity of tw o anti-m urine 

IgM M oA bs w a s  th e  le a s t efficient s ig n a i tran sd u ce r.

In a g re e m e n t with Leptin (78), w ho  u s e d  anti-IgM M oAbs, Goroff e t al. (81) a lso  found  th a t 

non-m itogen ic  anti-lgD  M oAbs c a n  b e  m a d e  m itogenic by virtue of b e in g  m a d e  insoluble. In th is  

la tte r s tudy , non-m itogenicity  of so lub le  anti-lgD  M oA bs w a s  found  in so m e  c a s e s  to  b e  co rre la ted  

with low relative affinity and , in o th e r  c a s e s ,  with Fd specificity a n d  p o o r cross-linking ability. A 

c le a r  exp lana tion  for w hy certa in  high affinity anti-lgD  M oAbs w ere  po o r cro ss-lin k ers  a n d  non- 

m itogenic  w a s  not ev iden t a t th e  tim e. O ur e x p e rien ce  with th e  C p-j-binding XG9 MoAb s u g g e s ts  

th a t a  p ro p en sity  fo r m o n o g a m o u s  b inding to  m lgD  m ay  h a v e  b e e n  resp o n sib le .

B e c a u s e  m atu re , resting  B lym phocy tes b e a r  both  IgM a n d  IgD of identical Ag specificity, 

it h a s  b e e n  s u g g e s te d  th a t th e s e  tw o re c e p to r  m o lecu le s  s e rv e  d ifferen t fu n c tio n s (16 ,17). 

P e rh a p s  m lgD, w ith its longer a n d  m ore  flexible h inge  (200), m ay  b e s t  s e rv e  to  c a p tu re  

m ultivalent, T  ce ll-in d ep en d en t ligands a n d  trigger B ce lls  in a  m ore  d irect m an n er. In co n trast, 

mlgM, being  ra th e r inflexible a n d  devo id  of a  h inge (200,207), m ay  play a  m ore  im portant role in 

b inding p au c iv a len t T  c e ll-d ep en d en t A gs a n d  focusing  th e m  for c o g n a te  T  cell help . In addition, 

it h a s  b e e n  p ro p o se d  th a t th e s e  tw o m e m b ra n e  iso ty p es  m ay  s e rv e  d ifferent fu nc tions for B cell 

to le ran ce , with mlgM  bein g  m ore  efficient a t tran sd u c in g  to le ro g en ic  s ig n a ls  (16 ,17). T h e  differing 

s tru c tu re s  a n d  possib ly  different functional ro les  of mlgM an d  m lgD m ak e  it highly ap p ro p ria te  th a t 

rigorous co m p ariso n s  b e  m a d e  of th e  ligand signaling  req u isites  th ro u g h  mlgM a n d  m lgD with 

p a n e ls  of specific  A bs. F u rther w ork defining th e  m inimal affinity req u is ite s  for signaling  with 

anti-lgD  M oAbs m ay  e lucidate  w h e th e r signal tran sd u c tio n  th rough  m lgD  differs in its ligand 

binding req u is ite s  from  signal tran sd u c tio n  th rough  mlgM. O n e  m ight pred ict th a t a s  a  resu lt of its 

m ore  ex ten s iv e  a n d  flexible h inge, th e  affinity req u irem en ts  fo r cross-link ing  m lgD m ay  b e  

so m e w h a t le s s  restrictive th a n  for cross-linking mlgM.
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T h e  p h e n o m e n a l sy n e rg y  n o ted  b e tw e e n  certa in  co m b in a tio n s of anti-IgM  M oAbs is likely 

a  reflection of th e  e n h a n c e d  avidity a s so c ia te d  with a  m ulti-ligand com plex . S tab le  b inding of th e  

ligands in th is  com plex  a p p e a re d  to  b e  in fluenced  by th e  do m ain  specificity  of th e s e  M oAbs. 

T h u s , sy n e rg y  w a s  m o st n o ted  b e tw e e n  M oAbs d irec ted  to  d istinct d o m a in s  w hich w e re  le s s  ap t 

to  sterically  interfere with o n e  a n o th e r a n d  m ore  likely to  stab ilize  o n e  a n o th e rs ' binding to  mlgM 

(217). T h e s e  o b se rv a tio n s  a n d  co n c lu s io n s  likely re la te  to  th e  o ccas io n a l su p ra-add itive  signaling 

o b se rv e d  by  Sell (218) with anti-allotypic A bs d irec ted  to  d istinct e p ito p e s  o n  rabbit IgG 

m o lecu les . T h e  ability of C p i -binding M oAbs to  effectively sy n e rg ize  w ith C m -sp e c if ic  M oAbs, 

d e sp ite  th e  fac t th a t w h en  cu ltu red  individually, a  la rg e  p e rc e n ta g e  of th e  C p i-sp e c if ic  MoAb 

b inding is m o n o g am o u s, p resu m ab ly  reflec ts th e  ability of non-C p-|-specific  A bs to  bring mlgM 

m o lecu les  c lo se  to g e th e r  su c h  th a t b ig am o u s binding of Cp-) -b inding M oA bs is a  m ore  favo rab le  

e v e n t th a n  in th e  a b s e n c e  of su c h  binding. W e h av e  a lso  n o ted  ex cep tio n a l sy n e rg y  b e tw e e n  

tw o C ^ -s p e c i f ic  M oAbs, 5D 7 a n d  1G 6. T he fact th a t cross-inhibition  a s s a y s  sh o w ed  th e s e  

M oA bs to  b ind  e p ito p e s  relatively d is tan t from  o n e  a n o th e r  o n  C m  m ay  exp la in  th is  ob serv a tio n .

In addition  to  topograph ica l location, affinity of th e  individual ligands in th e  m ixture 

a p p e a re d  to  in fluence th e  cap ac ity  fo r sy n e rg y  b e tw e e n  p a irs  of M oAbs. T h u s, m ixtures, with o n e  

ligand of un ivalen t Ka < 0 .4  x 1 0 ?  M_1, in g en era l did not a p p e a r  to  m an ifest su b stan tia l synergy . 

W hile M oAbs of K a ~ 0 .7x 1 0 ?  M"1, ie. MoAb 1G 6, w ere  c a p a b le  of show ing  very  significant 

sy n e rg y  with o th e r  h ig h er affinity ligands, th e  co n cen tra tio n  of MoAb 1G 6 relative to  th e  high 

affinity ligand requ ired  for m axim al synergy  w a s  significantly g rea te r. In th e  m ixtures of 1G 6 + XG9, 

a n d  1G 6 + 5D 7, g re a te r  th a t 100 pg/m l co n cen tra tio n s  of MoAb 1G 6, but only  10 pg/m l 

c o n cen tra tio n s  of M oAbs XG9 o r 5D 7 w ere  requ ired  for m axim al sy n e rg y  (unpub lished  resu lts).

A novel o b se rv a tio n  m a d e  during  th e s e  s tu d ie s  w a s  th a t ce rta in  m ix tures of M oAbs w ere  

ab le  to  signal G o => S  transitions in th e  a b s e n c e  of T  cell factors. T h e  only m ixtures cap a b le  of 

ach iev ing  very significant G o =>S  transitions in th e  a b s e n c e  of T  cell he lp  w ere  th o s e  w hich
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included  th e  C ^ -s p e c if ic  MoAb 1G 6 plus a  relatively high affinity Cp-j-specific MoAb. With th e s e  

M oAb com binations, th e  signal(s) g e n e ra te d  to  drive G o = >S  transitions in th e  a b s e n c e  of T  cell 

he lp  w e re  a lm o st a s  efficient a s  th e  s ig n a ls  g e n e ra te d  in th e  p re s e n c e  of su c h  help , s in c e  th e  

addition  of ancillary T  cell su p n t to  th e s e  cu ltu res  did not induce substan tia lly  h ig h er levels of DNA 

sy n th e s is . T h e  only individual M oAb w hich  cou ld  induce  significant S  p h a s e  en try  of resting  

norm al B cells, o r th e  Kon leukem ic B cell c lone , in th e  a b s e n c e  of T  cell grow th fac to rs  w a s  th e  

h ig h est affinity Ab, HB57. H ow ever, G o  =>S signaling of resting norm al B cells by H B57 a lo n e  w a s  

substan tia lly  co m prom ised  o v e r th e  G o =>S signaling o b se rv e d  by H B57 in th e  p re s e n c e  of T  cell 

grow th fac to rs.

It is c o n s id e re d  likely th a t th e  cap ac ity  of anti-lgM -binding ligands to  induce  S  p h a s e  entry  

w ithout th e  ancillary signaling  prov ided  by T  cell fac to rs  is a  reflection of th e  affinity of th e  ligand or 

ligand m ixture. T h e  capac ity  of high affinity ligands to  m ore effectively cross-link  mlgM m olecu les 

o v e r  a  su s ta in e d  interval, u n d e r  cond itions of low mlgM density , p re su m ab ly  allow s fo r re p e a te d  

signaling  th ro u g h  mlgM. This signaling  th e n  b y p a s s e s  th e  requ irem en t for activation  of ancillary 

signaling  p a th w ay s  utilized by T  cell g row th fac to rs.

It is a lso  p o ssib le , how ever, th a t in th e  c a s e  of th e  synerg istic  m ixtures of M oAbs 

con ta in ing  MoAb 1G 6, additional e le m e n ts  c o m e  into play  to  p rovoke a  T  cell fac to r-in d ep en d en t 

r e sp o n se . P e rh a p s  th e  binding of MoAb 1G 6 to  a  un ique  site  n e a r  th e  B cell m e m b ra n e  le a d s  to  

a llosteric  c h a n g e s  in th e  mlgM m olecu le  w hich, w h en  com bined  with a c c e s so ry  cross-lin k ag e  

m ed ia ted  by a  C p-|-specific  MoAb, le a d s  to  optim al a sso c ia tio n  with o th e r non-lg  m em b ran e  

c o n s titu e n ts  w hich a re  re sp o n sib le  fo r d irect signal tran sd u c tio n . R e c e n t o b se rv a tio n s  from  o th e r 

lab o ra to rie s  h av e  ind ica ted  o r  h a v e  s u g g e s te d  th e  id ea  th a t binding of ce rta in  M oA bs to  ep ito p es  

o n  MHC m o lecu les  (105 ,219) o r T  cell recep to rs  (220) c a n  induce  conform ational c h a n g e s  in 

th e s e  m o lecu les . S in ce  th e s e  m o lecu les  a re  all part of th e  s a m e  su p e rg e n e  family (221), it is not 

u n re a so n a b le  to  c o n s id e r  th a t sim ilar M oA b-induced conform ational c h a n g e s  o ccu r in th e  hum an
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IgM m olecule . It is a lternatively  p o ss ib le  th a t th e  significant T  ce ll-in d ep en d en t signaling  a s s o c i­

a te d  with m ix tures of M oAbs contain ing  MoAb 1G 6 m ay b e  d u e  to  MoAb 1G 6 cross-reactiv ity  with 

a  grow th fac to r  re c e p to r o r  o th e r  m e m b ra n e  co n stitu en t with a  signal tran sd u c tio n  function.

A lthough m ost individual M oAbs w e re  u n a b le  to  induce  resting  B ce lls  to  e n te r  S  p h a s e  

in th e  a b s e n c e  of T  cell facto rs, m any  w ere  cap ab le  of causing  G o =>G1 transitions in resting  

B cells. W e h a v e  u se d  a s  criteria for G o =>G1 activation th e  capacity  to  induce re sp o n s iv e n e ss  to 

T  cell grow th fac to rs  (13,222), o r  h e re  specifically, th e  capac ity  to  induce  B cell DNA sy n th e s is  in 

th e  p re s e n c e  of ac tiva ted  T  cell su p n ts . W e h av e  no d irect e v id e n c e  for th e  cap ac ity  of an y  of o u r 

ligands to  induce  early  b iochem ical e v e n ts  a s so c ia te d  with Go*, a  pre-G 1 activation  p h a s e  

d esc rib ed  by C am bier et al. (39) an d  K laus e t al. (43). H ow ever, th e  fact th a t all o u r ligands c a n  

initiate to le rogen ic  sig n a ls , ta k e n  to g e th e r  with th e  fac t th a t ac tive  signaling  of B cell to le ran ce  an d  

B cell activation  a p p e a r  to  involve so m e  a n a la g o u s  early  b iochem ical p h e n o m e n a  (14,23), 

su g g e s ts  tha t all our ligands ca n  c a u s e  at le a s t so m e  G o =>Go* transitions. C om patib le with this 

conclu sio n  a re  th e  findings of o th e rs  (36 ,37) th a t anti-IgM  MoAb ligands th a t c a n n o t ind u ce  DNA 

sy n th e s is  e ith e r in th e  p re s e n c e  o r  a b s e n c e  of grow th fac to rs c a n  induce G o =>Go* activation of 

resting  B cells.

A s show n  in Fig. 23 , it w ould a p p e a r  th a t th e  cap ac ity  of ligands to  induce  e a c h  of th e  

ac tiv a tio n -asso c ia ted  cell cycle  transitions is a  d irect reflection of the ir affinity for mlgM. M oAbs of 

very low affinity, su c h  a s  IF11, P 24 , P 19 , an d  1G 6, w hich p resu m ab ly  c a n  ju st induce  minimal 

pertu rbation  of th e  mlgM m olecule u p o n  ligation, c a n  induce  G o =*Go* transitions. W hile Go*

B cells  u n d e rg o  so m e  of th e  early  pre-proliferative c h a n g e s  a s so c ia te d  with activation, th e y  a re  

not d riven  fa r en o u g h  into cycle  to  e x p re s s  grow th fac to r recep to rs . H ow ever, th e  m la  hy p er­

ex p re ss io n  w hich h a s  b e e n  show n by o th e rs  to  b e  induced  o n  B ce lls  a t Go*, m ay m ak e  th e s e  

ce lls  m ore  a m e n a b le  to  d irec t c o g n a te  in teraction  w ith la -restric ted  T  lym phocy tes (14 ,35). T hus, 

su c h  ligands, w hich a re  co m prom ised  in capacity  to  ex tensively  cross-link  mlgM a n d  signal
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CELL CYCLE
TRANSITION G0 ----------- ►  G0*  ►  G± -----------
STATES

1G6 5D7 HB57
mAbs P19 Mul8

P24 4-3 XG9+1G6
1F11 Mu53 and other

mixtures

RELATIVE low intermediate high
AFFINITY

Figure 23. C apacity  Q lanti-laM  M oAbs to  induce  th e  various cell cvcle transitions a p p e a rs  to  b e  

directly related  to  liaand affinity for mloM. C apacity  to  induce Go=>Go* transition is inferred from 

ability to  tran sd u ce  s ig n a ls  for inhibition of leukem ic DNA sy n th es is . C apac ity  to  induce  

Go=>Go*=^G1 transition is indicated  by induction of B cell DNA sy n th esis  in th e  p re se n c e  of 

ancillary T cell growth factors. C apacity  to  induce Go=>Go*=>G1=>S transition is indicated by 

induction of DNA sy n th e s is  in th e  a b s e n c e  of T  cell g row th fac to rs.
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S  p h a s e  en try , m ay, in th e  p re s e n c e  of th e  ap p ro p ria te  T  ce lls, e n h a n c e  th e  clonal e x p a n s io n  of 

B ce lls. This situation  is m o st a n a la g o u s  to  T ce ll-d ep en d en t signaling  by p aucivalen t A gs with 

relatively low affinity in terac tions with mlg.

In term ediate  affinity anti-IgM M oAbs, su c h  a s  M u 5 3 ,4-3, M u18, a n d  5D 7, all a p p e a r  

c a p a b le  of eliciting en o u g h  mlgM cross-linking to  activa te  th e  b iochem ical m ach inery  ap p ro p ria te  

to  drive resting  B lym phocytes from  G o => G 1 . H ere, th e  cells e x p re s s  recep to rs  for grow th fac to rs, 

a n d  c o g n a te  T-B co llaboration  (211) m ay b e c o m e  le s s  e sse n tia l fo r p rom oting DNA sy n th es is . 

P resu m ab ly , m ore  highly m ultivalent A gs, o r  d ivalen t A gs with in te rm ed ia te  affinity in te rac tions 

with mlgM, w ould mimic th e  physiological e ffec ts  of th e s e  anti-IgM ligands.

Finally, th e re  a re  th o se  ligands, w hich by th e  n a tu re  of th e ir  ex trem ely  high affinity binding 

to  mlgM, a re  c a p a b le  of driving resting  B lym phocytes from  G o all th e  w ay  to  S  p h a se . T h e se  

lig an d s include th e  MoAb HB57, to  a  partial d e g re e , a n d  esp ec ia lly  M oAb m ixtures exem plified  by 

th e  C |i4-specific MoAb 1G 6 a n d  th e  -specific  MoAb XG9, am o n g  se v e ra l o th e rs . T h e  

th resh o ld  un ivalen t affinity n e c e s s a ry  to  induce G o =>S transitions m ust e x c e e d  th a t of HB57, ie. 

5 .6  x 1 0 8 M '1, s in ce  th is MoAb w a s  only m arginally su ccessfu l a t inducing T  cell factor- 

in d e p e n d e n t DNA sy n th e s is . Highly m ultim eric T -in d ep en d en t ty p e  2  A gs (223), a n d  p aucivalen t 

A gs with very  high affinity in teractions with m lg, m ay  mimic th e s e  ligands in th e ir m o d e  of action.
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