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Per iphe ra l  blood mononuclear c e l l s  cons i s t  of s e v e r a l  populat ions with 

d i s t i n c t  funct ions and d i s t i n c t  ce l l - sur face  proper t ies .  Cell su r f ace  s t ruc -  

t u r e s  have been used t o  i d e n t i f y  some of these  sub-groups--for i n s t ance ,  

T c e l l s  bea r r ecep to r s  f o r  sheep red b:;sd c e l l s ,  B c e l l s  bear su r f ace  immuno- 

globul in ,  and complement receptor  sites and B and some T c e l l s  bear  receptors  

f o r  t h e  Fc po r t i on  of imunoglobul in .  In add i t i on ,  d i f f e r ences  in the  sur- 

face  charge of T and B c e l l s  have a l s o  been reported.  E lec t rophore t ic  m b i l -  

ity could o f f e r  a rap id  and simple method f o r  both q u a n t i t a t i n g  and sepa ra t i ng  

lymphocyte sub-populations. From a more fundamental po in t  o f  view, it is  

important t o  determine p rec i se  ce l l - sur face  topography of lymphocytes and 

how these  topographic s t r u c t u r e s  r e l a t e  t o  lymphocyte behavior i n  h e a l t h  

and disease.  The i nves t i ga t ions  have p r a c t i c a l  importance, in t h a t  i t  may be 

poss ib le  t o  s epa ra t e  sub-groups of lymphocytes t h a t  could be used therapeu- 

t i c a l l y .  "Suppressor" c e l l s ,  f o r  i n s t ance ,  may be important i n  prolonging 

organ g r a f t s ,  and "Killer1'  c e l l s  could possibly be programmed t o  destroy 

tumors. 

The f i r s t  p a r t  of t h i s  r epo r t  dea ls  with s t u d i e s  on e l ec t rophore t i c  

mobil i ty  of lymphocytes and the  second with s t u d i e s  on lymphocyte a c t i v a t i o n  

and ce l l - sur face  topography. 

PART I. nECTROPHORETIC MOBILITY OF HUMAN PERIPHERAI. LYMPHOCYTES 

INTRODUCTION 

Elec t rophore t ic  mobil i ty  (Em)  of human per iphera l  lymphocytes has 

been examined with the following objec t ives :  To determine d i f fe rences  i n  

EPM of  lymphocytes under immuno-stimulated and imuno-suppressed s t a t e s  (1-4); 

To def ine  the  condi t ions necessary f o r  t h e  separa t ion  of lymphocyte sub-pop- 
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u la t ions  in normal and pathologics i condi t ions (5-12); To i n v e s t i g a t e  
; . 
.:<; - 5 : 

c ,7. ' , I  
inrmMologically ac t ive ,  charged chemical groups on lymphocyte sur faces  (5,13-17) ; 

and t o  i nves t iga t e  pathophysiological mechanisms of  inmnme responsiveness 

(17,18), a s  r e f l ec t ed  by a l t e r a t i o n s  in EPM. I 

Pa t i en t s  challenged by a l a rge  organ g r a f t ,  such as kidney, respond by 

developing various categories  of plasma f ac to r s  (ant ibodies)  and c e l l s  

(lymphl>cytes). Some of these f a c t o r s  a r e  des t ruc t ive  t o  t he  g r a f t  (cyto- 

t ox ic  ant ibodies  and k i l l e r  lymphocytes) and o thers  suppress t h e  developmeet 

of des t ruc t ive  an t ibodies  and lymphocytes (enhancing an t ibodies  and suppressor 

lymphocytes). The des t ruc t ion  of ,  o r  adaptat ion t o ,  a g r a f t  depends on the  

equi l ibr ium es tab l i shed  between these  competing events (19). I f  k i l l e r  and 

suppressor lymphocytes have s u f f i c i e n t l y  d i f f e r en t  degrees of n e t  e l e c t r i c a l  

charge on t h e i r  sur faces ,  d i f f e r e n t  func t iona l  groups of lymphocytes may be 

! dis t inguishable  and separable by prepara t ive  c e l l  e lec t rophores i s .  I f  t h i s  

is the  case, these e l e c t r o k i n e t i c  proper t ies  of lymphocytes could have 

I .  importance i n  both understanding of Fmmunobiology and manipulation of immune 

1 system i n  diseases .  

To eva lua te  the  p o t e n t i a l  of lymphocyte e l ec t rophres i s  a s :  1 )  a means 
I I 
i I of monitoring the  immune s t a t u s  of kindey t ransplan t  r ec ip i en t s ,  2)  i n  pre- 

d i c t ing  the  outcome of kidney t r ansp lan t s  and 3) a s  a method f o r  separa t ion  

of lymphocyte subpopulations, we s tudied  the EPM of unfract ionated human 

per iphera l  lymphocytes and of populations enriched with T and "B" c e l l s  from 

i ! 
i 1 normal adu l t s ,  hemodialysis p a t i e n t s  and kidney t r ansp lan t  r ec ip i en t s .  



MATERIALS 

The normal sub jec t s '  ages ranged from 20 t o  43 years  and included both 

sexes.  No drugs of any kind were taken, f o r  more than a week p r i o r  t o  study. 

The uremic subjec ts '  ages ranged from 25 t o  64 years  and included both sexes.  

They had been on hemdia lys i s  treatment ( 5  hours ,  t h r i c e  weekly) f o r  a t  l e a s t  

one year  and without any in fec t ion  f o r  a t  l e a s t  one month p r i o r  t o  t he  study. 

A l l  of these p a t i e n t s  received multivitamins (one t ab l e t iday ) ,  f o l i c  ac id  

( 1  mglday) , non-absorbable antacid,  and some had been rece iv ing  dihydrotachy- 

s t e r o l ,  fe r rous  s u l f a t e  and ant ihypertensive drugs. The t r ansp lan t  recip- 

i e n t s '  ages ranged from 24 t o  56 years  and a l s o  include both sexes.  They 

had received r ena l  a l l o g r a f t s  3 days t o  11 years p r i o r  t o  the  study. A l -  

though none of these  p a t i e n t s  had in fec t ion ,  some of these  had acute  and/or 

chronic r e j ec t ion ,  and a l l  were receiving varying doses of prednisone and 

aza th icpr ine  a t  the time of  the  study. None received heterogous antilymph- 

ocyte  globulin.  

rnTH0DS 

Cel l  preparat ion 

Lymphocyte separat ion:  per iphera l  venous blood specimens were co l lec ted  

between 9 and 10 ALY (one t o  2 hours postprandial)  from the study subjec ts .  

Twenty-five t o  80 m l  of f r e sh ly  drawn venous blood was mixed wi th  heparin 

(10 U / m l  of blood) without preserva t ives  (Panheparin@, Abotts Laboratory, 

North Chicago, IL.) layered on a Ficoll-HypaqueQ mixture (Sp. gr. 1.078 - 
1.080) , and lymphocytes were separated a f t e r  cen t r i fuga t ion  (1,400 rpm, 40 

min., 20°C). Separated lymphocytes were co l lec ted  from the i n t e r f a c e  and 

washed th ree  times with Ca and Mg f r e e  J* 'c's balanced s a l t  s o l u t i o n  (HBSS, 



Grand Is land Biological  Co., Grand Is land ,  NY) . To renrove "adherent" c e l l s  

(monocytes, neut rophi l ic  leucocytes and B lymphocytes), the lymphocyte pre- 

parat ion was suspended i n  HBSS with Ca and Mg and 10% hea t  i nac t iva t ed  

(decomplemented) f e t a l  c a l f  serum (FCS) , and incubated on Falcon p l a s t i c  

p e t r i  dishes f o r  1 hour a t  37'C i n  95% O2 - 5% C02. Decanted c e l l s  were re- 

. .  
suspended i n  HBSS and the  number of v i ab le  lymphocytes counted i n  a hemo- 

cytometer using the Trypan blue dye exclusion t e s t .  This procedure usual ly 

provides over 90% pure and over 90% v iab le  lymphocytes. 

E ro se t t i ng  procedure : Commercially (Flow Laboratory, Rockville,  MD) 

prepared sheep red blood c e l l s  (SRBC) were washed twice in HBSS, cent r i fu-  

gated a t  2,000 rpm f o r  5 min. at 4"C, and three drops of packed SRBC were 

suspended i n  10 m l  HBSS. Equal volumes of human lymphocytes [ 2 S lo6 lym- 

phocytes/ml of RPMI 1640 (Grand Is land Biological  Co., Grand Is land ,  NY)] 

and 10% FCS and SRBC suspension were combined i n  Falcon p l a s t i c  tubes,  and 

centr i fugated a t  500 rprn f o r  5 min. a t  4OC (20). The c e l l s  were incubated 

overnight (18 hours) a t  4 ' ~ .  The following day, p e l l e t s  were gea t ly  re- 

suspended and c e l l s  with and without r o s e t t e s  (1:mphocytes with three  o r  

more of SRBC were considered a s  rose t te -pos i t ive  c e l l s )  were counted. The 

lymphocytes SRBC suspensions were layered over 12 m l  Ficoll-Hypaque (Sp. gr .  

1.078-1.080) and centr i fugated a t  1,400 rprn f o r  45 min. a t  4°C. Non-rosetted 

lymphocytes were removed from the  in t e r f ace .  The lymphocyte preparat ion 

which did not form r o s e t t e s  with SRBC is r e fe r r ed  t o  as non-T lymphocyte 

preparat ion and contains predominantly B lymphocytes, a s  we l l  as  n u l l  c e l l s  

and a few monocytes. We w i l l  r e f e r  t o  these c e l l s  as "B" lymphocytes f o r  

convenience, recognizing t h a t  i t  is heterogenous with regard t o  c e l l  type. 

Rosetted lymphoyctes (T lymphocytes) i n  the  p e l l e t  beneath the  Ficol l -  

Hypaque were washed once with 0.83% ammonium chlor ide ,  0.17 M T r i s  buf fer ,  
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pH 7.2, r s  l y s e  SRBC (211, co l l ec t ed  by cen t r i fuga t ion  (1C00 r p m  a t  20°C 

f o r  15 mia.) , and washed twice v i t h  HBSS. 

Lymphocyte e lec t rophores i s  

E lec t rophores i s  (EP): Cells t o  be  observed were washed twlce with the 

e l e c t m p h o r e t i c  so lu t ion  of 0.03 mol l i t e r - '  NaC1, buffered to  pH 7.40 k 0 .2  

(280 f 5 mOsm/Kg wi th  4.0 gm/100 m l  of  So rb i to l )  and resuspended in the  same 

so lu t ion  a t  a  concentrat ion of 2 t o  3  X lo6 ce l l s /ml .  EPPl of lymphocytes 

w a s  determined i n  a  Cy l ind r i ca l  Elicroelectrophoresis Apparatus (Type U2, 

Rank Brothers,  Bo t tisham, Cambridge, England) . Both e l ec t rodes  (platinum) 

and c a p i l l a r y  chamber containing e l ec t rophore t i c  s o l u t i o n  were kept  a t  25OC. 

The appl ied f i e l d  s t r eng th  was 3.22 V j c m  (50 Volts and 3.3 d). 

Since EPM of e ry throcytes  and its s t a b i l i t y  have been e s t ab l i shed  (22) ,  

f r e sh  human ery throcytes  obtained from hea l thy  ind iv idua ls  were used a s  a  

re fe rence  ma te r i a l  bs fore  and a f t e r  each measurement of lymphocyte EPM t o  

c a l i b r a t e  the  apparatus.  A small amount of the  c e l l  suspension was in- 

jac ted  d i r e c t l y  i n t o  c a p i l l a r y  chamber wi th  a micro in jec tor  cons i s t i ng  of 

20 cm long polyethylene tubing (1 mm diameter) a t tached  t o  1 m l  d isposable  

syr inge.  The EPM was ca lcu la ted  from the  time taken f o r  the  c e l l s ,  i n  

focus a t  " s ta t ionary  layer"  t o  t r ave r se  a  d i s tance  of 25 o r  37.5 prll (2  o r  3  

g r a t i c u l e  squares) depending on the  speed, so  t h a t  the  time measured was 

between 4 and 10 seconds. The p o l a r i t y  was reversed a f t e r  each aeasurement 

so  as not  t o  po l a r i ze  one e lec t rode .  Measurements were s to red  i n  t he  

memory banks of W-55 (Hewlett-Packard, model HP-55, Cupertino, C A I ,  and 

recorded a t  the  end of each sample s tudy.  The c e l l  sample was used u n t i l  

a l l  c e l l s  had sedimented from view, and except ional ly  slow and deformed 

c e l l s  were excluded from the  study. The procedure was repeated u n t i l  100 

c e l l s  of a  sample had been timed. Each c e l l s  EPM was expressed a s  u n i t s  



def ined  i n  terms o f  v e l o c i t y  (um/sec) and f i e l d  s t r e n g t h  (Vlcm) as fo l lows :  

1 u n i t  = 1 pm set-1 V-1 cm-1. 

E l e c t r o p h o r e t i c  suspension media: Since  opt imal  c o n d i t i o n s  ( i o n i c  

s t r e n g t h  and pH of  t h e  e l e c t r o p h o r e t i c  suspending media) of e l e c t r o p h o r e t i c  

s t u d i e s  on human lymphocytes have n o t  been p rev ious ly  sys temica l ly  i n v e s t i -  

ga ted ,  s t a n d a r d i z a t i o n  o f  t h e s e  cond i t ions  i s  a  p r e r e q u i s i t e  t o  lymphocyte 

e l e c t r o p h o r e t i c  mobi l i ty  measurements. 

1. I o n i c  S t r e n g t h  of Suspension Media. The EPH of normal human lymph- 

ocytes  was determined in e l e c t r o p h o r e t i c  suspension media o f  varying i o n i c  

s t r e n g t h  (0.003, 0.006, 0.01, 0.03, 0.06, 0.10,  0.15 mol l i t e r "  NaC1) whi le  

o t h e r  f a c t o r s  were kep t  c o n s t a n t  ( i s o t o n i c i t y  [280 k 5 d s d k g ]  was maintained 

wi th  va ry ing  concen t ra t ion  of S o r b i t o l  [J. Baker Chemical Co., P h i l l i p s b u r g ,  

NJ], and pH maintained a t  7 .40  f 0.2 wi th  sodium b i c a r b o n a t e ,  and tempera- 

t u r e  was kept  a t  2 5 O C ) .  This  s tudy  showed t h a t  t h e  EPM of lymphocytes was 

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  i o n i c  s t r e n g t h  of t h e  e l e c t r o p h o r e t i c  suspen- 

s j tm medium (Figure  1 ) .  

Since  t h e  mobi l i ty  o f  lymphocytes i n c r e a s e s  markedly wi th  decreas ing  

i o n i c  s t r e n g t h  o f  t h e  suspension medium, g r e a t e r  p r e c i s i o n  i n  t h e  measure- 

ments can b e  achieved a t  lower i o n i c  s t r e n g t h s .  However, a t  very low i o n i c  

s t r e n g t h s  macromolecules may adsorb more r e a d i l y  t o  iha lymphocyte s u r f a c e  

wi th  r e s u l t a n t  changes i n  e l e c t r o p h o r e t i c  behavior .  Thus opt imal  cond i t ions  

had t o  be e s t a b l i s h e d  where t h e  c e l l s  possess  a  h igh m o b i l i t y  b u t  s ~ i l l  d i s -  

p lay e l e c t r o k i n e t i c  s t a b i l i t y .  We e l e c t e d  t o  use a  lymphocyte suspending 

medium of 0.03 mol l i t e r "  i n  subsequent s t u d i e s ,  s i n c e  t h i s  w a s  low enough 

t o  measure c e l l  m o b i l i t y  a c c u r a t e l y  and high enough t o  preclude a r t i f a c t u a l  

changes i n  mobi l i ty  a r i s i n g  from absorp t ion  of macromolecules t o  t h e  periph- 

e r a l  zone of t h e  lymphocytes. 
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2. pH of Suspension Media. Sur face  charge groups a r i s e  e i t h e r  by 

i o n i z a t i o n  of chemical groups o r  by adsorp t ion  o f  ions  from t h e  suspending 

medium. The pK of s u r f a c e  groups may be e s t a b l i s h e d  from a p p r o p r i a t e  pH 

f 8 

versus  mobi l i ty  r e l a t i o n s h i p s ,  where t h e  pK o f  a  s u r f a c e  group occurs  a t  a  

t pH va lue  which corresponds t o  h a l f  the  mobi l i ty  obta indd f o r  a  p l a t e a u  va lue  

of mobi l i ty ,  i . e . ,  a  region where t h e  mobi l i ty  is independent of pH. 

We determined t h e  EPM of l r sphocy tes  i n  media va ry ing  i n  pH from 3.0 

I t o  11.0, whi le  i o n i c  s t r e n g t h  was kept  cons tan t  a t  e i t h e r  0.03 o r  0. L5 mol 

l i t e r - '  N a C 1 .  Again t h e  i n f l u e n c e  of i o n i c  s t r e n g t h  on lymphocyte mobi l i ty  

was profound, bu t  t h e  pH d i d  n o t  have a  s i g n i f i c a n t  e f f e c t  on lymphocyte 

m o b i l i t y ,  i n  the  range between pH 6.0 and 9.0 (Figure  2) . The mobi l i ty  is 

markedly reduced i n  media of pH< 6.0. Thus, t o  avoid pH dependent e f f e c t s  

on m o b i l i t y ,  it was decided t o  f i x  the  pH a t  7.40 f 0 .2  i n  subsequent s t u d i e s .  

3 .  R e v e r s i b i l i t y  of E l e c t r o p h c r e t i c  ? fob i l i ty  of Lymphocvtes . I n  

s e p a r a t i n g  lynphocvtes from o t h e r  blood components the  c e l l s  a r e  repea ted ly  

exposed t o  s o l u t i o n s  of va ry ing  i o n i c  s t r e n g t h  and chemical composition. 

Since  i o n i c  s t r e n g t h  a f f e c t s  lymphocyte e l e c t r o p h o r e t i c  m o b i l i t y ,  i t  vas  
I 

important t o  e v a l u a t e  t h e  e f f e c t s  of repeated exposure o f  lymphocytes t o  

m d i a  wi th  varying i o n i c  s t r e n g t h  03 the  f i n a l  e l e c t r o p h o r e t i c  mobi l i ty .  

Lynphocytes were suspended i n  a medium of 0.15 mol l i t e r - '  i o n i c  
! .  

s t r e n g t h  a t  pH 7 . 4  2 0.2 and then d iv ided  i n t o  s e v e r a l  a l i q u o t s  . The 

a l i q u o t s  were then resuspended i n  media o f  varying i o n i c  s t r e n g t h  (0.003 - 
I .  

0.15 mol l i t e r - '  laC1) f o r  one hour ,  and then re tu rned  t o  t h e  o r i g i n a l  media 
I 

(0.15 rnol l i t e r - '  BaC1) and lymphocyte mobi l i ty  vae determined on each 

I: a l i q u o t .  Resu l t s  of t h i s  experiment i n d i c a t e d  t h a t  a l t e r a t i o n s  i n  mohi l i ty  

induced by changes i n  i o n i c  s t r e n g t h  are reversed when t h e  i o n i c  s t r e n g t h  

is r e s t o r e d  to  i t s  o r i g i n a l  va lue  (Table 1 ) .  E?cyosure of lymphocytes t o  



t h e  v a r i o u s  s o l u t i o n s  used i s  t h e r e f o r e  u n l i k e l y  t o  modif) t h e  u l t i m a t e  

r e s u l t s  o f  lymphocyte e lec . : rophoret ic  mohi l i  t y  . 
Subsequent t o  t h e s e  exper iments ,  a l l  lymphocyte e l e c t r o p h o r e t i c  s t u d i r s  

were conducted i n  a suspension medium o f  0.03 mnl l i ter ' '  NaC1 i o n i c  

s t r e n g t h ,  buf fe red  t o  pH 7.40 f 0.2  w i t h  sodium b i c a r b o n a t e ,  a t  25'C. The 

suspension media a l s o  con ta ined  4.0 gmilOO m l  of  S o r b i t o l  t o  mainta in  iso- 

t o n i c i t y  (280 f 5 dsm/Kg) . 
S t a t i s t i c a l  ana lyses .  S t a t i s t i c a l  s i g n i f i c a n c e  of  t h e  d i f f e r e n c e s  ob- 

served between mean va lues  of i n d i v i d u a l s  o r  groups were e v a l u a t e d  by t h e  

c r i t i c a l  r a t i o  method (23) .  

R e s u l t s  

E l e c t r o p h o r e t i c  Y o b i l i t y  of  P e r i p h e r a l  Lymphocvtes from Jormal Adults ,  

H e m d i a l y s i s  P a t i e n t s  and Renal Transp lan t  Rec ip ien t s .  EP?! was determined 

on 1 3  lymphocyte specimens ob ta ined  from 7 i-.ealthy a d u l t s  (4  males ,  3 females;  

age range from 2.5 t o  42 y e a r s ) .  The r e s u l t s  o f  t h i s  s tudy  a r e  shown i n  

Table 2. Range of EPM was -1.24 t o  -2.25, and mean (2  SE) was -1.79 2 0.01. 

S t a t i s t i c a l  a n a l y s i s  of these  d a t a  i n d i c a t e s  t h a t  t h e r e  a r e  no s i g n i f i c a n t  

d i f f e r e n c e s  i n  mean EPY between male (1.78 f 0.01) and female (1.80 f 0 .01) ,  

among i n d i v i d u a l s  o r  i n  t h e  same s u b j e c t s  wi th  d i i f e r e n t  specimens,  sampled 

on d i f f e r e n t  days.  

Most o f  *.he lymphocyte EPM frequency polygons his tograms ob ta ined  i n  

t h i s  s tudy  appeared t o  have a bimodal distribution, s u g g e s t i n g  the  presence 

of  a t  l e a s t  two major and p o s s i b l y  s e v e r a l  minor lymphocyte subpopula t ions  

(Figure  3). Xowever, e x a c t  l o c a t i o n s  of Lhe peaks i n  the  h is tograms v a r i e d  

sonewhat from i n d i v i d u a l  t o  indj . ' .dual  and even i n  t h e  same i n d i v i d u a l  

sampled over  a per iod of weeks. .!,us, composite frequency polygons of 



lymphocyte EP# from these sub jec t s  revealed l e s s  of a b i m d a l  appearance 

and r e su l t ed  in masking of the presence of lymphocyte subpopulations 
!a . 

(Fi gum 4) . 
@ EPM of per iphera l  lymphocytes were s e r i a l l y  determined from cadaveric 

. I  ! 

kidney t ransp lan t  r ec ip i en t s  before  and a f t e r  t r ansp l an t a t i on  (Short- 'tnn 

Study). This study included a t o t a l  of 18 EPM determinat ioas  from 6 i 7 

1 

r e c i p i e n t s ,  s t a r t i n g  from 3 t o  12 hours p r i o r  t o  t r ansp l an t a t i on  (pre- i .  
i 

immunosuppressive therapy) and repeated by 48 hours a f t e r  t r ansp l an t a t i on ,  i 
f o r  a minimum of two, and a maximum of f i v e  times, a t  about one weak i n t e r v a l s .  1 This study includes 5 amle and 1 female r e c i p i e n t s ,  and t h e i r  ages ranged 

from 27 t o  50 years .  A l l  were rece iv ing  innnunosuppressive therapy, cons i s t i ng  
I I 

of 50 to  500 mg of prednisone and 1 C O  t o  200 rng of aza th iop r ine  per day a t  

the time of the study. Among these ,  3 r ec ip i an t s  have funct ioning kidneys * t  

and 3 subsequently l o s t  t h e i r  kidneys due t o  i r r e v e r s i b l e  r e j ec t i on .  

EPM of per iphera l  lymphocytes from 4 kidney t r ansp l an t  r ec ip i en t s  ( 2  

male and 2 female, whose ages ranged from 22 t o  58 years )  with well-functioning 

g r a f t s  from 1 t o  3 years  were a l s o  s tud ied  (Long-term Study). ~ 1 1  of 

these pa t i en t s  were being t r e a t e d  wi th  r a the r  small  f ixed  doses of prednisona 

(0 - 20 mglday) and aza th iopr lne  (50 - 120 mg/day) f o r  inrmunosuppressioa. No 

EPM s t u d i e s  were conducted on t h e  lymphocytes of  these l a t t e r  p a t i e n t s  p r i o r  

t o  t ransp lan ta t ion .  

The r e s u l t s  of these s t u d i e s  a r e  shown i n  Table 3 (Short-term Study) and 
I : 
I . 

Table 4 (Long-term Study). The mean (fSE) EPM of lymphocytes i n  p a t i e n t s  on 

maintenancr hemodialysis treatment (-1.87 f0 .04)  determined immediately be fo re  

t t ansp lan tac ion  was higher but not s t a t i s t i c a l l y  s i g n i f i c a n t  than the mean EPM . I . 
of normal lyru?hocytes (-1.7920.01). After  t r ansp l an t a t i on ,  however, mean EPM of i 

, , 

per iphera l  lymphocytes was s i g n i f i c a n t l y  decreased (IfeaniSE: -1.7620.02, p <0.05) 
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, Those p a t i e n t s  

who re ta ined  t ransplanted kidneys f o r  1 t o  3 years ,  not  only had a 

s i g n i f i c a n t l y  (p < 0.05) lower mean EPM of t h e i r  pe r iphe ra l  lymphocytes 

(Mean fSE: -1.68 t 0.04) compared t o  hemodialysis p a t i e n t s  bu t  d s a  when 
kt{ j 
ii:?.t t 
. , - compared t o  t h a t  of the pa t i en t s  immediacsly pos t - t ransp lan t .  However, t he re  

was no d i f fe rence  i n  mean EPM of pe r iphe ra l  lymphocytes between kidney t rans-  
;,': . , : I  . , i  I p l an t  r ec ip i en t s  whose g r a f t s  had functioned (Mean f S E :  -1.78 f 0.02) and those , ; . I  5 

# 

: :f whose g r a f t s  had r e j ec t ed  (-1.74 f 0.02) . 
: x i  ' 

Thus, EPM of pe r iphe ra l  lymphocytes in kidney t r ansp l an t  r ec ip i en t s  is 

s i g n i f i c a n t l y  lower than t h a t  of hemodialysis p a t i e n t s ,  regard less  of doses of 

. - ~ s  

. ,+ 
Fmmunosuppressive drugs, durat ion of kidney t r ansp l an t a t i on ,  o r  presence o r  

, :I . : absence of re jec t ion .  Simple determination of EPM of pe r iphe ra l  lymphocytes 
1 : 

i n  t ransp lan t  r e c i p i e n t s ,  however, does not  provide any information on 

subsequent outcome of t he  g r a f t s .  
- -4 i 

? 7 

. : I  The EPM frequency polygons of per iphera l  lymphocytes in p a t i e n t s  receiving 
j i 

,f 1 
: i hemodialysis treatment waO d i s t i n c t l y  d i f f e r e n t  from normals and was charac- 

t e r i zed  by a polymodal pa t t e rn ,  conpared to  the  bimodal, pa t t e rn  seen  i n  

normals (pre- t ransplant  freqwr.cy polygons i n  Figures 5 and 6 ) .  

Af te r  t ransp lan ta t ion ,  the polymodal p a t t e r n  of t he  frequency polygon of 

EPM changed f u r t h e r ,  usual ly  wi th in  one week, i n t o  another pa t t e rn  t h a t  was 

a l s o  polymodal, bu t  charac te r ized  by increased proport ions of lower mobili ty 

lymphocytes and deerelsed proportions of high mobil i ty  lymphocytes, assoc ia ted  

with a decreased mean EPM (post- t ransplant  fzeqwncy polygons i n  Figures 5 

and 6) .  This increased proportion of lymphocytes with slow mobil i ty  is more 

prominent and cons is ten t  i n  kidney t r ansp l an t  r e c i p i e n t s  more than 1 year 

a f t e r  the  t ransp lan ta t ion  (post- t ransplant  frequency polygon i n  Fig. 6) than 

i n  the r ec ip i en t s  wi th in  3 montr~s a f t e r  t r ansp l an t a t i on  (pos t - t r ansp l an t  



frrqueaq polygoa in Pig. S! . 
We have not detected differences in the evolutloa of EPH frequhlpcy poly- 

gons khrrco. those recipieuts who lost and those tha t  kept their kidueys, nor 

s- 

-re t h e n  specif ic  p a t t e n u  of evolution of the frequency p o l y m  a t  dif- 

.-g - - fereat  tim foliating kidney transpl.atation in the same patients.  

ElectroPhoretic M o b i l i t ~  of P e r i h e r a l  T aud "B" Lpllphocrtes ia loxmal 

Adults. Bcrodialmis Pat icats  a d  Kidney h w ~ h n t  Recipients. EPM of T aud 

B lymphocytes were studled in 5 aomal adults, 5 uredc pat ients  receiving 

chroafc maintenance herodialysis and 15 kidney transplant recipients. 

The n o d  subjects' ages ranged from 20 t o  40 years, and 3 were males 

and 2 females. The uremic subjects'  ages ranged from 25 t o  64 years and all 

these were males and had been s tab le  on hemdialysis fo r  a t  l e a s t  one year 

pr ior  to  the study. Ages of the transplant recipients ranged from 24 to  56 

years, and a l l  but three of these recipients w e r e  m a l e .  Seven of the patients 

received r e d  al lograf ts  3 t o  28 days pr io r  t o  t h i s  experiment (Short-term 

Study), and were on iarrnmosuppressive therapy consisting of 50 t o  200 mg of 

preduisme and 10C to 200 mg of azathioprine per day. The remaining 8 trans- 

plant recipients received renal a l lograf ts  8 months t o  11 years p r io r  t o  this 

experiment (Loneterm Study), and were a lso on immunosuppressive drugs but 

w e r e  receiving laver doses of prednisone (10 to  20 @day) and azathioprine 

(100 %/day). Although all the patients in the Long-term Study group had 

good and s tab le  graft  functitm (serum creatinine ,< ?.O mg/100 m l ) ,  3 of the 

7 patients in  t h ~  Short-term Study group had no s ignif icaut  g ra f t  fuuction a t  

the time of the study and 2 of these patients subsequently l o s t  t he i r  trans- 

plants due t o  irre--ersible graf t  rejection. 

Results of these studies are shown i n  Table 5 and i n  Figures 7 to 12. 

Although the mean EPM of 1 and "8" lymphocytes were ident ical  i n  normal 



adul ts ,  the maan l3P3 uf "B1' l m h o c y t a s  were s ign i f i can t ly  l a v e r  (p < 0.003) 

than t h a t  of T lpaphocptes in both dialysis pat ients  and t ransplant  rec ip ients .  

Furthenaon,  EPM of T aud "8" l m h o c p t e a  of both d i a l y s i s  pa t i en t s  and trans- 

p l a t  rec ip ients  were also s ign i f i can t ly  lower (p < 0.003) than t h a t  of normals, 

and the BPW of "B" lpmphocytes in transplant  rec ip ients  exhibi t s  the  lowest 

nmbility. Mean EPM of e i t h e r  T and "8" lyaphocytes of the  immediate post- 

t ransplant  pa t ients  (Short-term Study group) were, houever , s iml la r  t o  t h a t  

of  pa t ients  several umnths t o  severa l  years post- t ransplant  (Long- term Study 

group). n u s ,  EPM of both T and "8" lymphocytes a r e  s ign i f i can t ly  decreased 

i n  hemdia lys i s  pa t i en t s  and kidney t ransplant  rec ip ients .  However, the 

slowest EPM is most consistently observed i n  "B" lymphocytes from transplant  

rec ip ients ,  but  the degree of slowness correlated poorly with duration of 

t ransplantat ion,  doses of immunosuppresive drugs, degree and s t a b i l i t y  of the  

kidnc3y function o r  eventual outcome of the transplanted kidney. 

Composite frequency polygons of T and "B" lymphocytes s tudied i n  a l l  

three  groups appeared t o  have Gaussian d i s t r ibu t ion  with minimum skewness 

t o  e i t h e r  h i& o r  lower mobility s i d e ,  suggesting tha t  both T and "B" lympho- 

cyte subpopulations were e lec t rophore t ica l ly  r e l a t ive ly  homogenous c e l l  

populations. Despite the s ign i f i can t  differences between the =an EPM of T 

and "B" lymphocytes i n  both hemodialysis pa t ients  and t ransplant  r ec ip ien t s ,  

major port ions of EPM frequency polygons were superimposed on each other  i n  

both groups of pa t ients .  Thus, i t  appears tha t  T and "B" lymphocyte sub- 

populations a r e  d i f f i c u l t  t o  iden t i fy  o r  separate from one another as homo- 

genous c e l l  populations by mans  of lymphocyte electraphoresis  , except f o r  

the small f rac t ions  of c e l l s  i n  areas of e i t h e r  extreme high o r  low mobility. 

Modification, h o v e ~ e r ,  of the net  surf  ace e l e c t r i c a l  charge of lymphocytes, 

by chemical o r  immunological treatment, may allow such separation. 
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Ef fec t s  of Mathvl~rednisolone and Transplant Recipients '  Sera on I 

f 
i '  

Electrophoret ic  Mobility of B Lymphocytes. Lymphocytes were obtained from \ 
i 

5 normal adu l t s  ( 3  males and 2 females wi th  age range from 27 t o  38 years) .  I 

Each sub jec t ' s  "B" lymphocytes, separated by the  method descr ibed previously,  I 
! 

were divided i n t o  th ree  port ions and were stsfended i n  HBSS containing e i t h e r  F 
! 

20% donor's serum, 20% donor's serum with 10.  ug/ml of succ inyl  methyl- t 
f 

prednisolone (Solu-Medrop, Up john Co., Kalamaroo, Mich. ) , o r  20% t ransplan t  

r ec ip i en t ' s  serum a t  a c e l l  concentrat ion of 10 X 106/ml, and were incubated a t  

37'C i n  95% O2 - 5% C02 f o r  18 hours. A t  the  end of incubation, the  "B" 

lyuqhocytes were washed twice with HBSS followed by two more washes with 

e l ec t rophore t i c  suspension media. The s e r a  used i n  t h i s  experiment had been 1 
obtained from 5 t ransplan t  r e c i p i e n t s  on the same day w e  had s tudied  the EPM 

of  t h e i r  T and "B" lymphocytes t h a t  were shown t o  have reduced mobi l i t i es .  

The r z s u l t s  of t h i s  study a r e  shown i n  Table 6. EPM of "B" lymphocytes 

were not a f f ec t ed  by incubat ion with methylprednisolone a t  a concentrat ion 

of 10 vg/ml f o r  18 hours incubation. Although i n  vivo e f f e c t s  of methyl- 

prednisolone on the EPM of "B" lymphocytes might be d i f f e r e n t ,  it appears 

t h a t  the observed slow EPM of "B" lymphocytes i n  t ransplan t  r ec ip i en t s  

i 
was probably not  due t o  c i r c u l a t i n g  methylprednisolone . Contrary t o  ae thyl- 

prednisolone, EPM of "B" lymphocytes was r a t h e r  increased when the c e l l s  

were incubated i n  20% t r ansp lan t  r ec ip i en t s  s e r a  f o r  18 hours.  Thus, 

decreased F S M  of "B" lymphocytes observed i n  t r ansp lan t  r ec ip i en t s  was 

ev ident ly  not caused by any humoral f a c t o r s ,  e i t h e r  immunological o r  pharma- 

cological ,  present i n  t he  r ec ip i en t s  ' se ra .  

Ef fec ts  of Normal Sera on Elec t rophore t ic  Mobility of B Lymphocytes 

from Kidney Transplant Recipients.  A t  t h i s  t i n r e ,  "B" lymphocytes were 



obtained from two t r ansp lan t  r ec ip i en t s  (25 and 32 year  o ld  males, 3 weeks 

and 3 months post- t ransplant ,  respec t ive ly) .  Each r ec ip i en t ' s  "B" lynpho- 

cy tes  were divided i n t o  two port ions and were suspended in HBSS containing 

20% of  e i t h e r  the p a t i e n t ' s  own serum o r  f r e sh ly  prepared normal human AB 

serum, and i n c u b a t ~ d  f o r  18 hours a t  37°C i n  95% O2 - 5% C02. A t  the end of 

incubation, t he  "8" lymphocytes were washed twice wi th  HBSS followed by 

two mre washes with e l ec t rophore t i c  suspeasion media. 

The results of t h i s  study a r e  shown i n  Table 7. Although the  number of 

cases s tud ied  i n  t h i s  experiment i s  small, the t rend of the r e s u l t s  is  t h a t  

decreased EPM of "B" lymphocytes from t r ansp lan t  r e c i p i e n t s  was not  reversed 

by incubation of the lymphocytes i n  normal human se ra .  Thus it  seems t h a t  

the a l t e r a t i o n  of sur face  e l e c t r i c a l  d e n s i t i e s  i n  "B" lymphocytes observed i n  

i the t ransplan t  r ec ip i en t s  is an i r r eve r s  i b  l e  i n t r i n s i c  phenomenon of the 

c e l l s  r a the r  than a t rar is ient  a l t e r a t i o n  of the c e l l  sur face  due t o  extra-  

1 c e l l u l a r  f ac to r s .  

Discussion 

End-stage kidney disease is unfortunately a common, o f t e n  f a t a l  disease,  

and i t  claims about a half-mil l ion l i v e s  every year  i n  the  U.S. alone (24).  

The only ava i lab le  treatments f o r  end-stage kidney d isease ,  chronic d i a l y s i s  

and kidney t ransplan ta t ion  have been extensively s tudied ,  experimentally and 

c l i n i c a l l y  f o r  the pas t  two decades. Although d i a l y s i s  treatment can prolong 

l i v e s  of these pa t i en t s ,  many of  the p a t i e n t s  have chosen kidney t ransplan ta t ion  

a s  the  ul t imate treatment f o r  the  d isease  s ince  only a successfu l  kidney 

t ransplan ta t ion  can cure the b a s i c  disease.  As a r e s u l t ,  more than 8,000 

kidney t ransplan ta t ions  had been performed as of 1974 i n  the U.S., and i t  



bm been pro jec ted  t h a t  a t  l e a s t  3,500 kidney t r ansp l an t a t i ons  w i l l  be per- 

fcrmad each year  i n  t h e  following years  (25). Unfortunately,  however, r e s u l t s  

c1.i g r a f t  s u r v i v a l  a t  2 years  have remained i n  t he  range o f  40%- 85% depending 

,a the  kidney donor (26, 27), and, according t o  Terasak i ' s  recent  f i nd ings ,  

:he su rv iva l  r a t e  of cadaveric  kidney t r ansp l an t s  is a c t u a l l y  decreasing a t  

a r a t e  o f  2% p e r  yea r  (28). Among o t h e r  f a c t o r s ,  the  immunologic b a r r i e r  

r.rd t r ansp l an t  r e j e c t i o n  have been the  major cause of kidney t r ansp l an t  

f a i l u r e ;  more than 60% in genera l  (26) and over  80% i n  some r e c i p i e n t s  of 

cadaveric  donor g r a f t s  have f a i l e d  (27 ) .  

Recognition of foreignness  and a c t i v a t i o n  of  t he  immune resDonse i s  a 

funct ion of  receptors  on the sur face  of the lymphocytes. Each s p e c i f i c  group 

o f  lymphocytes, whether c l a s s i f i e d  morphologically o r  func t iona l ly  has s p e c i f i c  

receptors  cons i s t i ng  of su r f ace  chemical groups. Since EPM of lymphocytes 

is a measure of the Zeta p o t e n t i a l  of the c e l l s ,  the  EPM depends on t h e  

n e t  a l e c t r i c  1 charge dens i ty ,  which is negat ive and a r i s e s  from a-carboxyl 

groups of  N-acetyl neuraminic ac id ,  phosphate groups o r  p ro t e in  carboxyl 

gn3ups (14). Some p o s i t i v e  charge groups such a s  amino groups a l s o  exist a t  

the 1-lmphocyte sur face .  Thus, measurements of EPM may be a u se fu l  means t o  
- .. .- - .- . 

study sur face  p rope r t i e s  of t he  lymphocjtes. 

Sever:' i nves t i ga to r s  have attempted t o  d i s t i ngu i sh  subpopulations of 

normal human pe r iphe ra l  blood lymphocytes by means of EPM, and the  s t u d i e s  

h ~ v e  shown the presence of an e s s e n t i a l l y  unimodal mobil i ty  d i s t r i b u t i o n  

(9 ,  l o ) ,  de sp i t e  ronsiderable  d i f f e r ences  i n  mob i l i t i e s  between T and B 

lymphocytes (8, 29, 30). This is contrary t o  repeated observations of a 

bima.21 d i s t r i b u t i o n  of lymphocyte mobili ty i n  mice (6 ,  31 - 33). Our s tudy ,  

Farever,  suggests  t ha t  there  a r e  a t  l e a s t  two e l ec t rophore t i ca l l y  d i s t i ngu i shab le  
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subpopulations in normal human per iphera l  lynphocytes, although electro-  

phore t ic  proper t ies  of the two populations overlap considerably. Since the  

41 ranges and means of pooled T and "8" lymphocytes' EPM da ta  i n  t h i s  study 

i 1 I 
a r e  i den t i ca l ,  bimodal d i s t r i b u t i o n  of pe r iphe ra l  lymphocyte mobili ty is 

unl ike ly  due t o  d i f f e r e n t  EPM d i s t r i b u t i o n  of T and "8" lymphocytes.* AS 

Vassar a t  a1 (9) pointed out ,  however, t he re  is considerable v a r i a b i l i t y  i n  

--,! d i s t r i b u t i o n  o f  lymphocyte mobili ty from indiv idua l  t o  ind iv idua l  and even 

i n  the same subjec t  sampled pe r iod ica l ly  over the course of s eve ra l  weeks, 

v a r i a b i l i t y  in  the mean EPM remains small. Therefore,  composite frequency 

polygons pooled from many sub jec t s  conceal the  bimoda.1. d i s t r i b u t i o n  of 

ind iv idua l  EPM of per iphera l  lymphocytes, thus i nd ica t ing  t h a t  pooling of 

e l ec t rophore t i c  da ta  can be misleading. 

Individual  frequency polygons of lymphocyte EPM from chronic hemodialysis 

pa t i en t s  and kidney t ransplan t  r ec ip i en t s  a r e  d i s t i n c t l y  d i f f e r e n t  from 

normal and a r e  character ized by a polymodal d i s t r i bu t ion .  EPM frequency 

polygons from t ransplan t  r ec ip i en t s  a r e  f u r t h e r  a l t e r e d  from normals and 

hemodialysis pa t i en t s  because of an increased proportion of slow mobility 

lymphocytes. Here again, ind iv idua l  frequency polygons vary s o  widely tha t  

coaposi te  s tud ie s  of lymphocyte mobili ty from these pa t i en t s  completely 

1 conceals the d i s t r i b u t i o n  seen i n  ind iv idua l  cases. As shown i n  subsequent 

I s tud ie s ,  the increased proportion of slow mobility lymphocytes pr imari ly  

I . , 
consisted of "13" lymphocytes with T lymphocytes making a r a t h e r  small  

contr ibut ion t o  i t .  The increased proportion of slow "B" lymphocytes is 
. , 

most evident  i n  the t ransplan t  r ec ip i en t s  . . . 

, , 

Since decreased e lec t rophore t ic  mobili ty of "B" lymphocytes is  uniformly j :  
i 

observed i n  a l l  t ransplan t  r ec ip i en t s ,  regardless  of the durat ion of rena l  

I 
. . 1 ; I  &Heparin and ammonium ch lo r ide - t r i s  buf fer  used i n  t h i s  experiment 
i 1 .  

I w i l l  not a f f e c t  the EPM of the lymphocytes ( 4 0 ) .  However, i t  is ; I :  

not c e r t a i n  whether o r  not E r o s e t t e  formation w i l l  a l t e r  EPM of I i . 1; 
T lymphocytes a f t e r  SRBC a r e  removed. 



t ransplan ta t ion ,  doses of immunosuppressive drugs and the  degree of g r a f t  

funct ion,  t h i s  change is probably not  due t o  s u r g i c a l  s t r e s s ,  immunosuppressive 

drugs o r  uremic toxins.  Thus, i t  appears t h a t  decreased mobil i ty  of B lymph- 

. ocytes  i n  these p a t i e n t s  r e f l e c t s  a c t u a l  a l t e r a t i o n s  of B lymphocyte subpopu- 

l a t i o n s  o r  a l t e r a t i o n s  i n  func t iona l  s t a t u s  ( thus modifying n e t  e l e c t r i c a l  

charge of lymphocyte sur face)  of e x i s t i n g  B lymphocyte subpopulations as a 

response t o  kidney t r ansp lan ta t ion  per  se. This view is  f u r t h e r  supported 

by t h e  observat ions t h a t  the EPM of "B" lymphocytes from normal sub jec t s  is  

not  decreased by incubat ing them i n  t r ansp lan t  r ec ip i en t s '  s e r a  with o r  

without methylprednisolone and the EPM of "B" lymphocytes from t r ansp lan t  

r ec ip i en t s  is not normalized by incubat ing them i n  normal human se ra .  Although 

Bert e t  a 1  (2) have shown t h a t  prednisolone can reduce EPM of per iphera l  

lymphocytes i n  v i t r o ,  the concentrat ion of the drug they used (100 ug/mC) is 

f a r  beyond pharmacologic l e v e l s  and is 10 times higher  than ours  (10 pg/ml). 

The l e v e l  we used is an equivalent  serum concentrat ion of t he  drug t o  t h a t  

found 2 hours a f t e r  1,000 mg intravenous adminis t ra t ion  i n  adu l t s  (34).  

Furthermore, none of the t ransplan t  r ec ip i en t s  we s tudied  ever  have received 

more than 500 mg of prednisolone per  day. Thus these experiments r u l e  ou t  

any d i r e c t  e f f e c t s  of methyl prednisolone o r  o ther  humoral f a c t o r s  i n  the 

t ransplan t  r ec ip i en t s  a s  a cause of the decreased "B" lymphocyte EPM i n  the  

p a t i e n t s ,  although a l t e r a t i o n s  i n  subpopulations could c e r t a i n l y  r e s u l t  from 

t h e  i n  vivo e f f e c t s  of immunosuppressive drugs. 

Decreased EPM of lymphocytes has been observed i n  lymphocytes t r ea t ed  

wlth anti-lymphocyte globul in (1,2,35,36) , prednisolone (1 ,2) ,  and aspara- 
. . I . 

ginase (37),  i n  imuno-stimulated lymphocytes [ t r e a t e d  with PHA ( I ) ,  
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as p u r i f i e d  p r o t e i n  der iva t ives  (1,15,22) 1, i n  anti-imnnmoglobulln antibody 
+ .. 

I ,  

:.:I t r e a t ed  lymphocytes (14,18,38) , enzymc t r ea t ed  lymphocytes [neuraminidase (13, 
. . 

1% ! 
- ;  

, - 
16) 1 and i n  c e r t a i n  diseases  [rheumatoid a r t h r i t i s  (12) 1. Thus, reduct ion . . 

' I 
, - 

i n  EPM of lyaphocytes Is a non-specific phenomenon common t o  s eve ra l  

immunologic and non-immunologic manipulations. Since, according t o  the  

clonal  theory (39) , an e n t i r e l y  new subpopulation of lymphocytes cannot be 
8 

produced by kidney t ransplan ta t ion ,  a series of s t u d i e s  suggests  t h a t  decreased 
. - 

EPM of "B" lynphocytes i n  kidney t ransplan t  r ec ip i en t s  is due t o  e i t h e r  rapid 

p r o l i f e r a t i o n  of e x i s t i n g  small numbers of "B" lymphocytes with low ne t  

negative e l e c t r i c a l  dens i t i e s  o r  a l t e r a t i o n s  i n  func t iona l  s t a t u s ,  which 

inf luences the n e t  e l e c t r i c a l  densi ty  on the  sur face  of e x i s t i n g  "B" lympho- 1 

cyte subpopulation a s  a response t o  e i t h e r  kidney t r ansp lan ta t ion  o r  Fmmuno- 

suppressive therapy. However, morphological and func t iona l  cha rac t e r i s  t i c s  
'i. 

of the "B" lymphocyte subpopulation with very low EPM i n  t ransplan t  r ec ip i en t s  

remain to  be c l a r i f i e d .  A preparatory c e l l  e lec t rophores i s  could sepa ra t e  

t h i s  s p e c i f i c  subset  of "B" lymphocytes with very low EPM from the  rest of "B" 

lymphocytes a s  wel l  a s  T lymphocytes, and should provide an opportunity t o  

study the  immunobiological nc ture  of these c e l l s .  

Since we have not observed any d i f fe rences  i n  E P M  of e i t h e r  per iphera l  

lymphocytes o r  per iphera l  T and "B" lymphocyte subpopulations be tween those 

who kept t ransplanted kidneys and those who r e j ec t ed  kidneys, simple 

determination of lymphocyte E P M  does not  provide prognostic i n f o m a t i o n  on 

e i t h e r  immunological i n t e r r e l a t ionsh ip  between the  hos t  and t h e  g r a f t  

( r e j ec t ion  :7s. adaptat ion)  o r  eventual  f a t e  of t h e  g r a f t .  



Conclusions 

Elec t rophore t ic  n o b i l i t y  of  pe r iphe ra l  lymphocytes from normal adu l t s  , 

chronic  maintenance hemodialysis p a t i e n t s  and kidney t r ansp l an t  r e c i p i e n t s  

a t  var ious c l i n i c a l  s t a g e s  have been measured using a Cy l ind r i ca l  Micro- 

e l ec t rophores i s  Apparatus, and the  following conclusions have been drawn 

from the  r e s u l t s  of t h i s  study: 

a.  E lec t rophore t ic  mobili ty of per iphera l  lymphocytes from normal 

sub jec t s  show a bimodal d i s t r i b u t i o n ,  suggest ing the  presence of a t  l e a s t  two 

e l ec t rophore t i ca l l y  d i s t i ngu i shab le  lymphocyte subpopulations i n  pe r iphe ra l  

blood. 

b. E lec t rophore t ic  mobil i ty  of "B" lymphocytes from hemodialysis 

p a t i e n t s  and kidney t r ansp l an t  r e c i p i e n t s  is s i g n i f i c a n t l y  decreased from 

normal, and t r ansp i an t  r ec ip i en t s  e x h i b i t  t h e  g r e a t e s t  change. 

c .  A series of experiments suggest  t h a t  decreased e l ec t rophore t i c  

mobil i ty  of "B" lymphocytes i n  kidney t r ansp l an t  r ec ip i en t s  is due t o  a c t u a l  

a l t e r a t i o n s  i n  proport ions of subse ts  of "B" lymphocytes and/or a l t e r a t i o n s  

i n  func t iona l  s t a t u s  of e x i s t i n g  "B" lymphocyte subse ts  as a response t o  

Wdne.y t r ansp l an t a t i on .  

d. E lec t rophore t ic  mobil i ty  of lymphocytes co r r e l a t ed  poorly with 

durat ion of t r ansp l an t a t i on ,  doses of immunosuppressive drugs,  presence o r  

absence of r e j ec t i on  episode o r  eventual  outcome of  the  t ransp lan ted  kidney. 

a. E lec t rophore t ic  technique can be used t o  i d e n t i f y  and sepa ra t e  a 

subse t  of "B" lymphocytes with very low e l ec t rophore t i c  mobi l i ty  from both 

T and "B" lymphocytes with higher  e l ec t rophore t i c  mobil i ty  i n  kidney 

t ransp lan t  r ec ip i en t s .  
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LEGENDS TO FIGURES 

Figure 1. Electrophoretic mobility of peripheral lymphocytes from normal - 1 ,  
I ' 

subjects in varying ionic strengths of suspension media. ! ' 
I '7 

c ,  . ' f .  , , . -  i 
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Figure 2. Electrophoretic mobility of peripheral lymphocytes from normal : .  . . 

subjects in varying pH and ionic strengths of suspension media. 

Figure 3. A representative electrophoretic mobility of peripheral lymphocytes 

from a normal subject (case No. 3 in Table 2). 

i -1 . .. 

- i Figure 4. A composite frequency polygon of electrophoretic mobility of 
' I  

I 
peripheral lymphocytes from 7 normal sub! ects . 

Figure 5 .  Electrophoretic mobility of peripheral lymphocytes from a patient 

pre and post kidney transplantation (case No. 4 in Table 3). 

Figure 6. Electrophoretic mobility of peripheral lymphocytes from a patient 

, . pre and post kidney transplantation (case No. 5 in Table 3). 

Figure 7. Electrophoretic mobilities of peripheral T and "B" lymphocytes 

from 5 normal subjects. 

Figure 8. Electrophoretic mobilities of peripheral T and "B" lymphocytes 

from 5 hemodialysis patients, 

Figure 9. Electrophoretic mobilities of peripheral T and "B" lymphocytes 

from 17 kidney transplant recipients. 

Figurelo. Comparison of electrophoretic mobilities of peripheral T 
. , 

lymphocytes among normal subjects, helrodialysis patients, and 
i 

kidney transplant recipients. . ! ,  

/ j 



Figure 11. Coaparison of electrophoretic mobil it ies  of peripheral 

B lymphocytes among normal subjects, hernodialysis 

patients, and kidney transplant recipients. 

Figure 12. Comparison of electrophoretic mobil it ies  of peripheral 

"B" lymphocytes of kidney Lransplmt recipients between 

short-term and long-term follow-up groups. 



TABLES 

Tdble 1. Reversibility of electrophoretic mobility of lymphocytes 

in differenct ionic strengths. 

Table 2. Electrophoretic mobility of peripheral lymphocytes from 

normal subjects . 

Table 3. Electrophoretic mobilities of peripheral lymphocytes from 

hemodialysis patients and kidney transplant recipients. 

Table 4. Electrophoretic mobility of peripheral lymphocytes from 

transplant recipients (long-term study). 

Table 5 .  Electrophoretic mobilities of T and "B" lymphocytes from 

normal subjects, hemodialysis patients, and kidney 

transplant recipients. 

Table 6. Effects of methylprednisolone and transplant recipient's 

serum on electrophoretic mobility of "B" lymphocytes 

from normal subjects. 

Table 7. Effects of normal serum on electrophoretic mobility of 

"B" lymphocytes from transplant recipients. 
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Figure 2 

ELECTROPHORETIC MOBILITY OF LYMPAOCYT ES IN 
VARYING pH OF SUSPENDING MEDIA 
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Figure 3 
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Figure 5 

Figure 5 

A TRANSPLANT PATIENT 
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ELECTROPHORETIC MOBILITY 
OF LYMPHOCYTES IN NORMAL ADULTS 

l o  - 
- - T Lym~hocytes  

6 a -1.84 i 0.02 
8 - 

V) - - - 
w 
" 6 -  
'L 

0 - - 
C 

; 4 
- 

a" - 
2 - 

- 
-1.2 -1.4 -1.6 -1.8 -2 .0  - 2 . 2  -2.4 - 2 . 6  

Figure 7 Mobility ( b / s e c / V / c m )  

ELECTROPHORETIC MOBILITY 

14 r 
OF LYMPHOCYTES IN UREMIC PATIENTS 

- T Lymphocytes 
10 3'-1.75 r o 02 

* - - 0  8 i.~rnonocvtes 
"l - - G *  -1.66 t 0.02 :: a - 
0 - 

6 : 
P 

I 
4 - 
2 .  I 

d 
: ;-' 

-1.2 -1.4 -1.6 - 1  8 -2 .0  -2.2 -2.4 -2.6 
Figure 8 Uobll~ty I ~ / S ~ C / V / C ~ I  



ELECTROPHORETIC MOBILITY OF LYMPHOCYTES 
IN RENAL TRANSPLANT RECIPIENTS 
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Figure 9 
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ELECTROPHORETIC MOBILITY OF 8 LYMPHOCYTES 

10 r -4 Normal. n.5 
3s-1.79 t 0.02 - u r r m ~ e , n * S  
3.-1.66 t 0.02 

2.-l 59 i 0.02 

Mob~l~ty ( p / $ec /V / cm)  
Figure 11 
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Table 1 

REVERSIBILITY OF ELECTROPHORETIC MOBILITY OF LYMPHOCYTES 

Phase I* Phase 11* 

Mobi 1 i t y  Mobi l i ty  
Ion ic  Streng h f, (um/sec/V/cm) I o n i c  Streng h t, (um/sec/V/cm) 
jmol. l i t e r '  Mean * SEM (mol . 1 i ter '  Mean * SEM 

* Lymphocytes a r e  suspended i n  vary ing i o n i c  st rength media f o r  an 
hour (Phase I ) ,  tnen resuspended i n  0.15 mol . 1 i t e r ' l  NaCl media 
f o r  an hour (Phase I I ) .  



Table 2 

ELECTROPRORETIC M O B I L I T Y  OF PERIPHERAL LYMPHOCYTES 

FROM NORMAL SUBJECTS 

tP! 
Case No. Sex Age um/sec/V/cm 

Mean i SEM 

6 Femal e 35 -1.77 i 0.01 
-1.83 * 0.01 

7 Femal e 2 5 -1.81 iO.01 

Mean i SEM 
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Table 3 

ELECTROPHORETIC MOBILITY OF PER1 PHERAL LYMPHOCYTES FROM 
HEMODIALYSIS PATIENTS BEFORE AND AFTER 

KIDNEY TRANSPLANTATION (SHORT-TERM STUDY ) 

- 
Elect rophore t ic  Mobi 1 i t: 

(um/sec/V/cm) 
(Mean 2 SEM) Subsequent 

Case No. - Pre-Txpl* Pos t -Txpl*  C l  i n i  ca l  Course 

1 -1.86 k0.03 -1 .78 i0 .04  (9 ) *  Funct ioning 

2 -1.81 20.02 -1.79 i 0.03 ( 6  Funct ioning 

3 -1.88t0.02. -1.69 i 0 . 0 2  (7 )  Funct ioning 
-1.76 i 0 . 0 2  
-1.88 i 0.02 

(14) 
(22 

-1 .77 i 0.02 ( 30) 

4 -1.96 i 0 . 0 2  -1.81 2 0.02 (7  Rejected 

5 -1.86 i 0 . 0 2  -1.71 20.02 (15) Rejected 
-1.67 i 0 . 0 4  ( 2 5 )  
-1.79 i 0.02 
-1.67 i 0.04 

(31 
( 38) 

6 -1 .SO i 0.32 -1 -76 2 0.02 (7 )  Rejected 

Mean iSEM -1.87 i 0.04 -1.76 i 0.02 

* 'fxpl = Transplantat ion 
** Figures i n  parentheses i nd i ca te  days pos t - t ransp lan ta t ion  



Table 4 

ELECTROPHORETIC MOB1 LITY OF PER1 PHERAL LYMPHOCYTES 
FROM TRANSPLANT REC I P I ENTS (LONG-TERM STUDY ) 

Elec t rophore t ic  Mobil i t y  
Months (u/sec/V/cm) 

Case No. Post-Txpl (Mean 2 SEM) 

1 3 1 7.79 2 0.01 

Poan 2 SEM -1.58 5 0.04 
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Table 5 

ELECTROPHORETIC MOBILITY OF T AND "B" LYMPHOCYTE3 
FROM KORMAL SUBJECTS, IJEMODIALYSIS PATIENTS 

AND TRANSPLANT RECI PIENTS 

Electrophoret ic  Mobi 1 i t y  S ta t i s  ti ca 1 
( um/ sec/ V/ cm) Signi f icance 

Subjects Mean 2 SEM 

T Lymphocytes B Lymphocytes 

Normal Subjects 
(N = 5) -1.84 + 0.02 -1.79 + 0.02 NS 

Hemodialysis o 
Pat ients (N = 5) 0 -1.6620.02 p<0.003 

v 
Transplant 

Recipients (N  = 17) -1.75 20.02 v -1.59k0.02 p<0.003 

N indicates number o f  subjects studied. 
NS indicates no s t a t i s t i c a l  signif icance. 
Arrows denote data o f  tvia groups from which s t a t i s t i c a l  

evaluation was made. 



Table 6 

EFFECTS OF METHYLPREDNISOLONE AND TRANSPLANT 
RECIPIENTS ' SERA ON ELECTROPHORETIC 

MOBILITY OF B LYMPHOCYTES 

Normal Serum Normal Serum Transplant 
With MP* Reci p i  ent  ' s Serum 

M o b i l i t y  M o b i l i t y  M o b i l i t y  
Case ( urn/ secl Vlcm) (um/sec/V/cm) (uml sec/V/ cm) 
No. Mean + SEM Mean + SEM Mean + SEM 

1 -1.50 + 9.02 -1.69 + 0.02 -1.63 + 0.02 

-1 .60 + 3.02* 

2 -1.62 + 0.02 -1.64 + 0.03 -i .69 + 0.02 

3 -1 .59 5 0.02 -1.61 + 0.02 -1.66 + 0.02 

4 -1.50 + 0.02 -1.55 + 0.02 -1 .60 + 0.02 

5 -1 .46 + 0.02 -1.44 + 0.02 -1.60 + 0.02 

Mean 2 SEM -1.53 + 0.03 -1 .59 + 0.04 -1.63 2 0.02 

* Succinyl methylpredni solone. 
** Repeated the experiment on the same subject.  



Table 7 

EFFECTS OF NORMAL SERA ON 
ELECTROPHORETIC MOB1 LITY OF B LYMPHOCYTES 

FROM TRANSPLANT RECIP!ENTS 

Electrophoretic Mobil i ty 
( urn/ sec/V/cm) 

Mean k SEM 

Trans p l  a n t  Reci p i  ent ' s 
Case No. Own Serum Normal Serum 

Mean k S EM -1.49 k 0.02 -1.41 + 0.02 
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Appendix I 
.& 

STATISTICAL, ANALYSIS: 

In August 1976, raw data of electrophoretic mobility 

measurements on the peripheral lymphocytes from normal subjects 

and kidney patients were referred to Dr. Petter H. Bartels, 

Opital Sciences Center, University of Arizona, Tucson, Arizona. 

The data was sent to him to analyse the statiscal significance 

of the observed results and specifically to answer the following 

questions: 

1. Is the normal adult lymphocyte mobility histogram a unimodal 

or a polymodal distribution? 

2.  Do the histograms of uremic and transplant recipients differ 

significantly from the histogrvns of normal patients? 

3. Are there statistically significant differences in B cells 

from normal, uremic, and transplant patients, and what 

descriptive statistics would lend themselves to such a 

determination? 

4 .  What are recommended sample sizes? 

Dr. Bartels provided us the following answers as the conclusion 

of his statistical study and recommendations: 

1. The measuring precision of tL technique used is about 0.02 

mobility units. 

2.  The normal adult mobility histogram of peripheral blood lymphocytes 

is clearly polymodal. 

3 .  The mobility histogram of uremic patients is clearly different 

from that of normal patients. The histogram is also polymodal, 

but exhibits a shift in the frequency of occurrence of cells 
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with high mobili ty.  There does not  appear t o  be a change i n  

mobil i ty  of t he  f r a c t i o n  below 1.90 mobi l i ty ,  but  a change I 
i n  t h e  number of cells i n  t he  d i f f e r e n t  modes i n  t h a t  range. 

There is an increased i n  t he  number of c e l l s  i n  t he  higher 

mobil i ty  range. By inspect ion,  it appears from t h e  two 

p r o f i e l s  based on 1500 and 400 measurements respec t ive ly ,  

t h a t  these d i f f e r ences  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  

4. The p r o f i l e s  of both B and T c e l l  p repara t ions  each exh ib i t  

a number of peaks and shoulders ,  as w e l l  as minima. The 

most prominent f ea tu re s  a r e  i n  exce l l en t  agreement with t h e  

maxima o r  shoulders  found i n  t h e  whole per iphera l  blood 

preparat ions,  both i n  normal, and i n  uremic pa t i en t s .  Some- 

what surpr ins ingly ,  t he re  does not  seem t o  be a s i n g l e  "B c e l l "  

peak, o r  a s i n g l e  "T" c e l l  peak, bu t  r a t h e r ,  each p r o f i l e  

shows d i s t i n c t l y  4 - 7 peaks. 

5 .  For p r o f i l e s  as s t ruc tu red  as those found, and with f r a c t i o n s  

which hold but a small number of c e l l s ,  a minimum number of 

200 mobil i ty  measurements appears ind ica ted ,  with more i f  

possible .  

Recommendations: 

The ana lys is  of e l ec t rophore t i c  p r o f i l e  da t a  should be preceded by 

a preprocessing s t e p ,  which may include a weighted running average 

opt ion followed by an encoding of the  detected peaks and minima and 

of shoulders.  This encoding may use a chain code, o r  some h e u r i s t i c a l l y  

defined grammar. It may then be followed by alignment algorithms, 

using a l e a s t  squares f i t  c r i t e r i o n ,  o r  grammatical line-up 

procedures, Preprocessing w i l l  then have t o  be followed by 



decomposition into components, either analytically, or by best 

fit Gaussian fitting algorithms in an iterative fashion. 

Algorithm for the multivariate assessment of proportions, 

confidence regions and tolerance regions for the multivariate mean 

vectors of profiles of different patient groups exist on our system 

and could be adapted at rather moderate cost. 

It will be necessary to design future experiments according to 

definite designs laid out to test specific hypotheses, to assess 

the run to run, pqtieni to patient, and state of health mean squares. 

Measures of similarity, and for multivariate trend description 

must be defined to assess post transplant profiles, relative to 

normal profiles, and a large data base will have to be accumulated, 

and set up in a well organized fahsion so that eventually 

prognostic clues can be provided for pretransplant patients. 



SmM4RY AND REC0MME:NDATIONS 

A series of experiments was conducted to evaluate the potential 

of lymphocyte electrophoresis as: 1) a means of monitoring the immune 1 
status of kidney transplant recipients, 2) in predicting the outcome of 1 : :  

kidney transplants and 3) as a method for separation of lymphocyte 

subpopulation. 

The results of this study suggest that determination of 

lymphocyte electrophoretic mobility does not provide either information 

on immune status of the host to the graft (adaptation vs. rejection) 

in kidney transplant recipients or means to separate two major sub- 

populations (T and B) of lymphocytes in normal subjects. 

In certain pathologic conditions, such as patients with kidney 

transplants, however, lymphocyte electrophoresis does show the 

presence of B lymphocytes with very low electrophoretic mobility 

which are not present in normal subjects. Since morphological and 

functional characteristics as well as significance of these cells 

are totally unknown, separation of these lymphocytes should be 

attempted with a preparatory cell electrophresis to define the 

immunobiologic nature of the cells. 

As described in cell preparation procedure, the lymph~cyte 

preparation referred herewith as "B" lymphocytes is, in fact not 

a single population of lymphocytes but it includes null cells. Since 

the null cells are immunobiologically a distinct lymphocyte sub- 

population, electrophoretic characteristics of the null cells should 

be determined in both normal subjects and kidney transplant recipients. 

This will complete a study on the electrophoretic properties of the 

three known lymphocyte subpopulations. 



As far as physical separation of lymphocity subpopulations 

by cell electrophoretic technique is concerned, it is still 

possible that modification of the net surface electri~al charge 

of lymphocytes by chemical or immunological treatment may allow 

such separation of multiple subpopulations of lymphocytes beyond 

T, B and null cells. Such treatment, particularly immunologic 

treatment, of cells to inodify their net surface electrical charge 

should be explored in the future. 

Since statistical analysis of the data is so complicated in 

this type of study, it is recommended that researchers and 

statisticians work together in the programming step of the 

experiment. 



PART I1 STUDIES ON LYMPHOCYTE ACTIVATION 

INTRODUCTION 

We studied  two aspects  of lymphocyte ac t iva t ion .  F i r s t ,  t h e  response 

of human per iphera l  lymphocytes t o  a va r i e ty  of mitogenic agents ,  t h a t  

r e a c t  wi th  s p e c i f i c  c e l l  sur face  moiet ies ,  and second, we inves t iga t ed  

i n  some d e t a i l  the k i n e t i c s  of lymphocyte commitment t o  DNA-replication. 

These s t u d i e s  have bas i c  s ign i f icance  i n  understanding a l t e r a t i o n s  i n  

ce l l - sur face  topography and lymphocyte subpopulations , and should a l s o  

provide i n s i g h t s  i n t o  pathologic condit ions.  



A. STIMULATION OF HUMAN PERIPHERAL BLOOD LYMPHOCYTES 

Lymphocytes can be c l a s s i f i e d  i n t o  d i f f e r e n t  subpopulat ions  by a v a r i e t y  

.,, 1 of s t r u c t u r a l  and f u n c t i o n a l  parameters .  Sur face  markers,  such as immuno- 

g lobu l ins ,  Fc and C3 r e c e p t o r s  and r e c e p t o r s  f o r  sheep r e d  blood c e l l s  are 

most commonly used t o  i d e n t i f y  s u b c l a s s e s  of lymphocytes 2 Mitogens ac- 

t i v a t e  lymphocytes by i n t e r a c t i n g  w i t h  sites on t h e  c e l l  s u r f a c e .  Although 

mitogens a r e  po lyc lona l  b l a s t o g e n i c  a g e n t s ,  they  a r e  s e l e c t i v e  i n  t h e i r  e f -  

f e c t s  on s u b c l a s s e s  o f  lyuphocytes.  For example, concanaval in  A (Con A) and 

phytohemagglutinin (PHA), i n  t h e i r  s o l u b l e  form, s t i m u l a t e  on ly  thymus- 

de r ived  (T) c e l l s ;  pokeweed mitogen (PWM) s t i m u l a t e s  b o t h  bone-marrow-derived 

(B) c e l l s  and T c e l l s ;  and b a c t e r i a l  l ipopo lysacchar ide  (LPS) s t i m u l a t e s  on ly  

B c e l l s  i n  t h e  mouse system ( 3 , 4 ) .  Targe t s  f o r  t h e  mitogenic  a c t i o n  of phyto- 

mitogens [PHA, Con A, soybean a g g l u t i n i n  (SBA) , peanut a g g l u t i n i n  (PNA) ] and 

t h e  ox id iz ing  agen t s  [sodium p e r i o d a t e  (10:) and g a l a c t o s e  ox idase  (GO)] a r e  

sacchar ide-conta ining s i t e s  on t h e  c e l l  s u r f a c e  (5-10). Some of t h e  mitogenic 

agen t s ,  such a s  SBA, PNA and GO, e x e r t  t h e i r  maximal e f f e c t  only  on lympho- 

c y t e s  t h a t  have been t r e a t e d  wi th  neuraminidase (NA). This  t reatment  exposes 

g a l a c t o s y l  r e s i d u e s  on s u r f a c e  g lycopro te ins  t h a t  then s e r v e  a s  t a r g e t s  f o r  

t h e s e  mitogens (11) .  Thus, mitogens can be used a s  probes f o r  t h e  s tudy  of 

c e l l - s u r f a c e  topography. 

We s tud ied  responses  of human p e r i p h e r a l  lymphocytes t o  a v a r i e t y  of 

mitogenic a g e n t s ,  inc lud ing  t h e  r e c e n t l y  discovered mitogens IO;, GO, SBA and 

PNA. We found t h a t  responses  of d i f f e r e n t  indiu! .duals t  lymphocytes t o  some 

mitogens (PHA, Con A,  PWM) appear l e s s  v a r i a b l e  than responses  t o  t h e  o t h e r  

mitogens (SBA, PNA, IOZ and GO) .  Moreover, t h e  removal o f  adherent  c e l l s  had 



opposi te  e f f e c t s  on responses of pu r i f i ed  lymphocytes t o  d i f f e r e n t  groups of 

mitogens. The v a r i a b i l i t y  i n  response of d i f f e r e n t  i nd iv idua l s '  c e l l s  t o  some 

mitogans might, therefore ,  r e s u l t  from v a r i a t i o n s  i n  adherent c e l l  populat ions,  

r a t h e r  than i n  t he  lymphocytes themselves. Extension of these  s t u d i e s  t o  in- 

d iv idua l s  with a l t e r e d  immune responses could provide i n s i g h t s  i n t o  t h e  patho- 

genesis  of sucn a l t e r a t i o n s ,  and could be o f  value in the  diagnosis  and 

prognosis of a v a r i e t y  of human imuno log ic  d i sorders .  

MATERWS AND METHODS 

Lec t i r .~ .  PNA, pur i f i ed  from peanuts (Arachis hypogaea, Shulamit, v a r i e t y ,  

purchased from Hazera Co., Haifa,  I s r a e l )  by a f f i n i t y  chromatography (12) and 

SBA pur i f i ed  by a f f i n i t y  chromatography (13) were kindly suppl ied by R. Lotan 

w and N. Sharon from the  Weizmann I n s t i t u t e ,  Rehovot, I s r a e l .  Con A ,  twice crys- 

t a l l i z e d ,  was purchased from Miles-Yeda Ltd.,  Rehovot, I s r a e l .  PHA from 

Phaseolus vu lga r i s  ( p u r i f i e d ,  HA 16) was obtained from Wellcome Research Lab- 

o r a t o r i e s ,  Beckenham, England. PWM was obtained from Grand I s land  Biological  

Company, New York. 

Enzymes. NA from Vibrio comma was obtained from Grand Is land Bio logica l  

Company, New York, a s  a so lu t ion  containing 500 uni t s /ml  (1 u n i t  r e l ea se s  l u g  

N-acetyl-neuraminic ac id  from ac id  glycoprotein a t  37OC i n  15 min a t  pH 5.5). 

GO was obtained from Worthington Biochemical Corp., Freehold, New Jersey .  The 

preparat ion contained 30 -80  units/mg--1 u n i t  is the quan t i t y  of t he  enzyme 

t h a t  y i e l d s  an absorbance of 1.0 a t  420 nm, by the  peroxidase chromogen (14). 

I '  I s o l a t i o n  of c e l l s .  Human pe r iphe ra l  blood lymphocytes (unfract ionated 

c e l l s )  were obtained from heal thy,  normal sub jec t s ,  ages 21 -45 ,  by F i co l l -  

Hypaque grad ien t  cen t r i fuga t ion  (15) contained 70-90% lymphocytes, 

1 
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10 - 30% monocytes, and a few granulocytes.  Adherent c e l l s  were removed by 

t h ~  following procedures: (1) unfract ionated c e l l s  suspended i n  RPMI 1640 I 
medium containing 20% f e t a l  c a l f  serum (heat  inac t iva ted)  were added t o  a 

' I 
30 ml p l a s t i c  syr inge containing nylon wool. Af te r  incubation f o r  60 min 

a t  37'C, the  nonadhering c e l l s ,  now enriched t o  95 - 99% lymphocytes, were 

co l lec ted  by e lu t ion  with PBS. (2) Unfractionated c e l l s  (5  m l ,  2 x 10~1mi) . I 

suspended i n  the same medium a s  zbove were incubated i n  p l a s t i c  t i s s u e  cul- 

t u r e  p e t r i  d i shes  (Falcon 3003, 60 x 15 mm) f o r  60 min a t  37'C. The non- 

adhering c e l l s  were then removed by repeated washings with PBS. 

Fract ionat ion of T and B Lymphocytes. T and B c e l l s  were separated by - 
the sheep red blood c e l l  -0se t t ing  method (16). Lymphocytes t h a t  formed 

and those t h a t  did not form r o s e t t e s  with sheep erythrocytes  a r e  r e f e r r ed  

t o  a s  T lymphocytes and B .Lymphocytes respec t ive ly .  

Macrophages a s  Adherent Ce l l  Monolayers. Unfractionated c e l l s  ( 2  x 106/ml, 

0.2 m l  a l iquo t s ) ,  suspended i n  RP?fI 1640 mec-:um containing heat- inact ivated 

f e t a l  ca l f  serum (20X), were incubated i n  microwells a t  37'C f o r  60 min. The 

nonadherent c e l l s  were then removed by repeated washings with PBS. The macro- 

phage monolayers were i r r ad i a t ed  with.3,000 R. from a cesium source. 

Lymphocyte Cultures.  Lymphocytes ( 1  x 106/ml) suspended i n  RPMI 1640 medium 

containing heat- inact ivated f e t a l  c a l f  serum (5%) and supplemented with peni- 

c i l l i n  (100 uni ts lml)  and streptomycin (100 pglml) were cul tured (0.2 ml a l i -  

q u o t ~ )  i n  flat-bottom microwells (Microtest 11, Falcon 3040) a t  37'C i n  a 

95% a i r - 5 %  C02 atmosphere f o r  72 h r .  Twenty h r  p r i o r  t o  the termination of 

the incubation, 2 u C i  ( i n  50 p1 of medium) methyl-3~-thymidine (2 C i l m  mole) 

were added t o  each c u l t u r e  wel l ,  and i ts incorporat ion i n t o  DNA was measured (17).  . t 



The r e s u l t s  (cprn) a r e  expressed a s  t he  mean of the  dup l i ca t e  cu l tu re s .  

LYI~VGENIC STIMULATION OF CELLS 

Lect ins .  Cells were incubated with t he  l e c t i n s  a t  the  fol lowing f i n a l  

concentrat ions (per  ml): PHA, 2 pg; Con A, 2 pg; EIJM,10 l.11 of recons t i -  

tu ted  so lu t ion ;  SBA, 50 pg; PNA, 125 pg. 

Per iodate .  Ce l l s  (10 - 20 x 106/ml), suspended i n  PBS, were incubated with 

NaI04 ( 1  mM) a t  O°C f o r  30 min, followed by washing wi th  PBS t o  remove excess 

reagent.  

Enzymes. Cal l s  (10 - 20 x 106/ml) suspended i n  PBS tier& t r e a t e d  with NA 

(50 u ~ i t s l m l )  and GO (1.4 uni ts /ml)  a t  37@C f o r  30 min wi th  shaking, followed 

by two washings with PBS t o  remove excess reagent .  3n d i f f e r e n t  expariments, 

c e l l s  were t r ea t ed  with e i t h e r  enzyme a lone  o r  with both enzymes simultaneously.  

RESULTS 

Responses of Unfractionated Lymphocytes t o  Di f fe ren t  Groups of Mitogens. Re- 

sponses of normal human per iphera l  blood lymphocytes t o  the following th ree  d i s -  

t i n c t  groups of mitogens were determined: Group I: PHA, Con A and PWM ( l e c t i n s  

whose binding s i t e s  a r e  f u l l y  exposed on the  c e l l  su r f ace ) ;  Group 11: SBA and 

PNA ( l e c t i n s  t h a t  bind t o  ga lac tosy l  moie t ies  of ce l l - sur face  glycoproteins  

and e x e r t  t h e i r  maximal e f f e c t  only a f t e r  removal of s i a l i c .  ac id  r e s idues ) ;  

and Group 111: 10; and GO (oxidizing agents  t h a t  introduce aldehyde groups on 

the c e l l  sur face  by oxidat ion of s i a l y l  and ga lac tosy l  res idues  r e spec t ive ly ) .  

SBA and PNA a r e  adtogenic f o r  human lymphocytes a f t e r  treatment with NA 

(Table I) .  SBA had a mitogenic e f f e c t  on most i nd iv idua l s '  lymphocytes even 



without  NA t rea tment .  Hwdever, t h e  s t i m u l a t i n g  e f f e c t  o f  SBA was more pro- 

nounced on NA-treated c e l l s .  PNA, 011 t h e  o t h e r  hand, f?q. l?f;  t o  s t i m u l a t e  

lymphocytes t h a t  had n o t  been t r e a t e d  w i t h  ?!A, a s  was a l s 2  r e 2 o r t e d  r e c e n t l y  (10'. 

GO, l i k e  t h e  galactosyl-binding l e c t i n a ,  had i t 2  f r c a t e s t  e f f e c t  on ly  a f t e r  

c e l l s  were t r e a t e d  wi th  NA. These f i n d i n g s  ~ o n f i r n  and extend previous  re- 

3 p o r t s  (18,19).  The degree  of enhaucement o f  H-thjd .dine  incorporat ior i  of NA- 

t r e a t e d  c e l l s  was, however, g r e a t e r  f o r  SBA than f o r  GO; t h a t  is ,  NA+SBA: 

SBA> NA+GO: CA (Table I ) .  

Responses of lymphocytes t o  Group I1 and Group I11 mitogens were h igh ly  

v a r i a b l e  (Table I ) ,  both among d i f f e r e n t  i n d i v i d u a l s  and i n  t h e  same in- 

d i v i d u a l  a t  d i f f e r e n t  t i m c ? ~ .  'Vinile some v a r i a b i l i t y  was e l s o  seen i n  re- 

sponses t o  Group I mitogens (Table I ) ,  i t  was g e n e r a l l y  l e s s  pronounced ( s e e  

SD f o r  v a r i c . 1 ~  groups).  This v a r i a t i o n  i n  response t o  Group I11 mitogens has  

been p rev ious ly  noted (17-21). 

Even though SBA, PNA and GO e x e z t  t h e i r  mitogenic e f f e c t  by i n t e r a c t i n g  

wi th  g a l a c t o s y l  res idue* on c e l l - s u r f a c e  g lycopro te ins ,  t h e r e  was no obvious 

p o s i t i v e  c o r r e l a t i o n  among responses  t o  t h e s e  mitogens.  Indeed, i n  some in- 

s t a n c e s ,  t h e r e  was an inverse  r e l a t i o n s h i p  between, f o r  i n s t a n c e ,  N A + S B A  

and NA + GO ( s e e ,  f o r  example, PK-2, ALR,  JC-1  and RRR [Table T I ) .  

Responses of T ar.i B Lymphocytes t o  t h e  D i f f e r e n t  Groups of Mitogens. Group 

I mitogens,  a s  demonstrated by many o t h e r s  ( 3 ) ,  s t i m u l a t e  on ly  T c e l l s  (Fig .  1 ) .  

Group I1 mitogens, SBA and PNA, a r e  s e l e c t i v e  T c e l l  mitogens f o r  mouse iym- 

phocytes ( 2 2 ) ,  and our  f i n d i n g s  (Fig.  1 )  i n d i c a t e  t h a t  they a r e  a l s o  s e l e c t i v e  

T c e l l  mitogens i n  the  human system. An i n t e r a c t i o n  of SBA w i t h  human T 

lymphocytes has  been r e c e n t l y  repor ted  (23) .  



Responses of both separated T and B lymphocytes t o  Group I11 mitogens 

were markedly reduced. Since previous r epo r t s  have ind ica ted  t h a t  t h i s  group 

of mitogens is ~ x q u i s i t e l y  s e n s i t i v e  t o  removal of  adherent c e l l s  (18,21,24), 

we determined the e f f e c t  of removal and replacement of adherent c e l l s  on re- 

spcnses of T and B c e l l s  t o  10; and GO. Results  summarized i n  Figures 2 and 

3 c l ea r ly  i nd ica t e  t h a t  these mitogens a r e  a l s o  s e l e c t i v e  f o r  T c e l l s ,  as 

was previously reported f o r  m - ~ s e  lymphocytes (22,25). Previous s t u d i e s  have 

shown t h a t  untreated lymphocytes a r e  s t imulated i n  the presence of aldehyde- I 
modified macrophages, a s  w e l l  as when the  lymphocytes themselves a r e  aldehyde- 1 , : 
modified and incubated i n  the  presence of untreated macrophages (18,21,24). I a 

I ' 
Figures 2 and 3 ind ica t e  t ha t  i n  e i t h e r  of these  d i s t i n c t  experimental con- 1 

d i t i o n s ,  only T c e l l s  p ro l i f e r a t e .  The s l i g h t  response of the B c e l l  popula- i .  
3 ,  

t i on  t o  NA+CO might r e s u l t  from contamination of the preparat ion with T c e l l s .  
1 * \  

> 

i '  

Responses of T lymphocytes t o  Group I mitogens (PHA, Con A and PUM) were i ; 

f 
s l i g h t l y  enhanced when compared with responses of unfract ionated lymphocytes 

t o  these agents.  This degree of enhancement could be accounted f o r  by en- 

richment of the  c e l l  suspension with T c e l l s .  Responses of separated T c e l l s  

t o  Group I1 mitogens (SBA and PNA), on the o ther  hand, were s i g n i f i c a n t l y  

higher than responses of comparably s t imulated unfract ionated c e l l s .  This 

increase could not be explained by simple enrichment of the c e l l  suspensions 

with T c e l l s .  A s  noted above, responses of T c e l l s  i n  t he  absence of adherent 
L 

I '  
1 .  
8 

c e l l s  t o  Group I11 mitogens (10; and GO), i n  con t r a s t  t o  the  o ther  mitogens, I 
I 

1 
i .  

were cons is ten t ly  and s i g n i f i c a n t l y  reduced (Figure 1 ) .  1 :: 

Enhancement of T c e l l  responses t o  Group 11 mitogens might be a t t r i b u t e d  1 :  
t o  a deplet ion of adherent c e l l s .  The method used f o r  T c e l l  separa t ion  re- 
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moves macrophages a s  w e l l  a s  B c e l l s  (16) .  We t h e r e f o r e  determined t h e  

e f f e c t  of simply removing adherent  c e l l s  from u n f r a c t i o n a t e d  lymphocytes on . 1 , 

t h e i r  b l a s t o g e n i c  responses  t o  t h e s e  v a r i o u s  mitogens. 

Ef fec t  of Adherent Cells on Lymphocyte Responses t o  t h e  D i f f e r e n t  Groups 

of Mitogens. F igure  4 shows t h e  e f f e c t s  o f  d e p l e t i n g  adherent  c e l l s  on 

lymphocyte responses  t o  t h e  t h r e e  groups of mitogens. T h i s  procedure c l e a r l y  

r e s u l t e d  i n  a change i n  t h e  response of t h e  remaining,  nonadherent c e l l s  t o  

t h e  v a r i o u s  mitogens.  These changes were i n  t h e  same d i r e c t i o n  a s  noted 

above (Fig .  1 )  f o r  t h e  a l t e r a t i o n s  i n  t h e  p u r i f i e d  T c e l l  responses .  Thus, 

merely removing adheren t  c e l l s  r e s u l t e d  i n  oppos i t e  e f f e c t s  on rosponsiveness  

t o  Group 11 and I11 mitogens. S t imula t ion  was markedly enhanced i n  response 

t o  Group X I  mitogens,  w a s  v a r i a b l y  decreased t o  NA+GO, b u t  c o n s i s t e n t i y  de- 

creased t o  104 (Group XI1 mitogens) . I n  some i n s t a n c e s  , d e p l e t i o n  of ad- 

h e r e n t  c e l l s  markedly diminished 10; response whi le  NA+GO s t i m u l a t i o n  was 

n o t  decreased.  S t i m u l a t i o n  by Group I mitogens was o n l y  s l i g h t l y  a f f e c t e d  

by d e p l e t i o n  of adheren t  c e l l s .  S i m i l a r  r e s u l t s  were obta ined by removing 

adheren t  c e l l s  by e i t h e r  adhesion t o  nylon wool o r  t o  p e t r i  d i s h e s .  

These a l t e r a t i o n s  i n  response of lymphocytes a f t e r  removal o f  adheren t  

c e l l s  were a l s o  meisured by determining 3 ~ - u r i d i n e  and 14c- leucine  incorpor-  

3 a t i o n .  R e s u l t s  were similar t o  those  obta ined f o r  H-thymidine i n c c r p o r a t i o n  

(Table 11) .  

DISCUSSION 

S i t e s  l o c a t e d  on c e l l  membranes a r e  t h e  primary t a r g e t s  f o r  mitogena. 

S ince  d i f f e r e n t  lymphocyte subpopulat ions  might vary  i n  t h e i r  s u r f a c e  membrane 



I 

i v a l u a b l e  c h a r a c t e r i s t i c  i n  i d e n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  such groups 

o f  lymphocytes. I n  t h i s  s t u d y ,  w e  i n v e s t i g s t a d  t h e  b l a s t o g e n i c  e f f e c t s  of a 
* 

i v a r i e t y  of mitogenic a g e n t s  on normal human p e r i p h e r a l  lymphocytes. The 

I mitogens t e s t e d  may be c l a s s i f i e d  i n t o  t h r e e  groups: I. The phytomitogens 
I 
, a  

S 
1 : 
, . t h a t  e x e r t  t h e i r  e f f e c t  by b ind ing  t o  f u l l y  exposed c e l l - s u r f a c e  s i t e s  (PHA, 

Con A,  PWM); 11. The phytomitogens t h a t  b ind t o  g a l a c t o s y l  r e s i d u e s  and 

e x e r t  t h e i r  maximal e f f e c t  on NA-treated c e l l s ;  and 111. Oxidiz ing a g e n t s ,  

I O S  and GO. t h a t  induce mitogenesis  by g e n e r a t i o n  o f  aldehyde m o i e t i e s  on 

e i t h e r  s i a l y l  o r  g a l a c t o s y l  r e s i d u e s  r e s p e c t i v e l y .  Mitogenic p r o p e r t i e s  o f  

t h e  a g e n t s  i n  Group I have been e x t e n s i v e l y  i n v e s t i g a t e d  b e f o r e  and are in-  

cluded i n  t h i s  s tudy  f o r  comparison t o  t h e  o t h e r  mitoeens. 

As shown i n  Table I ,  SBA and PNA e x e r t  t h e i r  maximal e f f e c t  on ly  a f t e r  

lymphocytes have been t r e a t e d  wi th  NA. SBA was a l s o  found t o  s t i m u l a t e  un- 

t r e a t e d  lymphocytes, bu t  t o  a much l e s s e r  degree .  PNA, on t h e  o t h e r  hand, 

f a i l e d  t o  s t i m u l a t e  lymphocytes t h a t  had n o t  been t r e a t e d  w i t h  NA. This  

f i n d i n g  sugges t s  t h e  presence of sites on i n t a c t  ( i . s . ,  c e l l s  nee t r e a t e d  

wi th  NA) human p e r i p h e r a l  lymphocytes t h a t  a r e  recognized by SBA but  n o t  by 

PNA. We could n o t ,  however, exclude t h e  p o s s i b i l i t y  t h a t  t h e  f a i l u r e  of FNA 

t o  s t i m u l a t e  i n t a c t  lymphocytes r e s u l t s  from s t e r i c  h indrance of t h i s  l e c t i n  

reach ing  its binding s i t e .  The presence of d i s t i n c t  s i t e s  i s  suggested by 

t h e  r e c e n t  i s o l a t i o n  of a "T an t igen"  from NA-treated porc ine  lymphocytes 

t h a t  s p e c i f i c a l l y  b inds  PNA ( 26 ) .  

A s  was noted before ,  t h e r e  a r e  marked s p e c i e s  d i f f e r e n c e s  i n  lymphocytes 

t o  t h e  b l a s t o g e n i c  response of SBA and PNA. PNA f a i l s  t o  s t i m u l a t e  murine 



lymphocytes even a f t e r  t h e i r  treatment wi th  NA (10). On t h e  o the r  hand, PNA 

is  mitogenic t o  NA-treated human per iphera l  lymphocytes and has no e f f e c t  on 

i n t a c t  c e l l s .  SBA is  mitogenic t o  i n t a c t  lymphocytes from humans but  not 

from'mice. Lymphocytes from both species  a r e  tendered highly responsive t o  

the l e c t i n  a f t e r  t h e i r  treatment with NA. These f ind ings  i l l u s t r a t e  the  

d i f f e r ences  i n  the  membrane s i t e s  present  on lymphocytes from d i f f e r e n t  spec ies .  

I 10; and M have been shown t o  be mitogenic f o r  lymphocytes i so l a t ed  from , 

a v a r i e t y  of mammalian species .  GO f a i l e d ,  however, t o  s t imula te  i n t a c t  mur- 

i n e  lymphocytes and was mitogenic only a f t e r  c e l l s  were t r ea t ed  with NA. Our 

f 
1 

f indings confirm and extend the  recent  observat ions t h a t  GO e x e r t s  a mitogenic 

i e f f e c t  on human lymphocytes even without NA treatment (18, lg) .  
I 

Table I ind ica t e s  t h a t  there  is an extensive v a r i a b i l i t y  i n  the response 

I 
of human lymphocytes t o  SBA and PNA both among indiv idua ls  and i n  the same in- 

d iv idua l  tes ted  a t  d i f f e r e n t  times. A s imi l a r  v a r i a b i l i t y  has previously been 

found i n  the  response t o  GO and 10; (18,21), and again documented here.  Var- 

i a b i l i t y  i n  response t o  PHA and Con A was, i n  con t r a s t ,  l e s s  pronounced. Since 
I 
I .  

crude lymphocyte preparat ions contain mult iple  types of c e l l s  t h a t  could af-  
t 
i . 
I , f e e t  blastogenesis  by various ce l l - to-ce l l  i n t e r a c t i o n s ,  we s tudied  the  blasto-  
1 

genic response of defined c e l l  types t o  the d i f f e r e n t  mitogens. The responses 

of pur i f ied  B and T lymphocytes t o  three  groups of mitogens is shown i n  Figure 

1. The r e s u l t s  c l e a r l y  demonstrate t h a t  both PNA and SBA a r e  T c e l l  r i togens .  

Blastogenic responses t o  104 and GO, however, of both B and T c e l l s  wero 

markedly diminished. Since a s t r i c t  requirement f o r  macrophages i n  the  10; 

and GO systems has been c l e a r l y  documented and s ince  the method we employed 

f o r  T and B c e l l  pu r i f i ca t ion  deple tes  the  T c e l l  f r a c t i o n  of macrophages, 
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inves t iga ted  the  e f f e c t  of adherent c e l l s  on the  response of B and T c e l l s  

Q t o  these  mitogens. Resul ts  summarized i n  Figures  2 and 3 demonstrate t h a t  

GO and 10; a r e  T c e l l  mitogens. T c e l l s  were the responding c e l l s  when 

e i t h e r  the  macrophages o r  t he  T c e l l s  themselves were modified by the ox- 

i d i z ing  agent.  

A su rp r i s ing  f inding was t h a t  t he  b las togenic  response of pu r i f i ed  T 

c e l l s  t o  SBA and PNA was markedly enhanced t o  an ex ten t  t h a t  could not  be  

accounted fo r  by enrichment of c e l l  suspensions wi th  T c e l l s .  T c e l l  responses 

t o  PHA and Con A, when compared t o  responses of unfract ionated c e l l s ,  were 

only moderately a f fec ted .  Similar  increments i n  SBA and PNA response were 

found a f t e r  passing unfract ionated c e l l s  through nylon-wool columns and a f t e r  

allowing c e l l s  t o  adhere t o  p e t r i  dishes.  These procedures dep le t e  c e l l  sus- 

pensions of macrophages a s  we l l  a s  B c e l l s .  The deple t ion  of e i t h e r  o r  both 

of these c e l l  types could be responsible  f o r  the  observed enhanct j  response 

to  SBA and PNA. Preliminary r econs t i t u t ion  experiments (by adding macrophages 

o r  B c e l l s  t o  T c e l l  preparat ions)  have so f a r  not r e su l t ed  i n  suppressing 

SBA and PNA responses. 

The enhanced lymphocyte response t o  SBA and PNA a f t e r  removal of adherent 

c e l l s  was a l s o  documented by measuring 'H-uridine and 14~- leuc ine  i n  add i t  ion  

t o  'ti-thymidine incorpora t i  on. A l l  th ree  precursors  gave s imi l a r  r e s u l t s  

(Table 11).  This r u l e s  out  the p o s s i b i l i t y ,  recent ly  documented i n  the mouse 

system (27 ) ,  t h a t  thymidine might be released i n t o  the  medium from macrophages 

and d i l u t e  the %-thymidine used t o  a s se s s  c e l l  p r o l i f e r a t i o n .  

In  conclusion, the reponse of T c e l l s  t o  d i f f e r e n t  groups of mitogens 

i s  e i t h e r  enhanced, depressed, o r  unchanged by the presence of o the r  c e l l  



types. It is possible that these different responses might account for 

variations in lymphocyte reactivity to a variety of s t i w . l i  in normal as 

well as in pathologic states. 
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Legends t o  F igures  

F igure  1. Responses of p e r i p h e r a l  blood lymphocytes (PBL), T-ce l l s  and 

B-cel ls  t o  Con A ,  PHA, NA+Con A ,  NA+SBA, NA+PNA, GO, NA+GO and 10- . Each 
4 

connected s e r i e s  of  p o i n t s  r e p r e s e n t s  response  of  a d i f f e r e n t  i n d i v i d u a l ' s  

c e l l s .  

F igure  2 .  Lymphocyte and macrophage (Ha) requ i rements  f o r  10; s c l m u l a t i o n .  

PBL- = PBL u n t r e a t e d ;  PBL+ = PBL t r e a t e d  10; ; T-,B- = T o r  B c e l l s ,  u n t r e a t e d ;  

T+, B+ = T o r  B c e l l s  t r e a t e d  wi th  IO-;M@-= macrophages u n t r e a t e d ;  MQ+ = macrophages 

t r e a t e d  wi th  10; . 4 

Figure  3. Lymphocyte and macrophage (M0) requirements  f o r  NA+GO s t i m u l a t i o n .  

Experimental  c o n d i t i o n s  were s i m i l a r  t o  those  o u t l i n e d  i n  F igure  2 ,  excep t  t h a t  

t h e  c e l l s  were t r e a t e d  w i t h  NA+GO. 

Figure  4 .  Responses of p e r i p h e r a l  blood lymphocytes (PBL) and PBL w i t h  adheren t  

c e l l s ,  o r  M 0 ,  removed (PBL-Ma) t o  Con A,  NA+Con A ,  PHA, NA+PHA, NA+SBA, NA+PNA, 

GO,  NAN0 and 10' Open p o i n t s =  adheren t  c e l l s  removed by adhesion t o  p e t r i  d i s h e s ;  
4 .  

c losed  p o i n t s  = adheren t  c e l l s  removed by passage through a nylon wool column. 



Tables 

Table I .  CPM %-~hymidine Incorporatim/Cultura 

Table 11. %-Thymidine (Td) , %-uridine (Ud) and 1 4 ~ - ~ e u c i n e  (LEU) 
Incorporation/Culture before and after  removal of 
adherent cells 
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TABLE 11 

14 3 ~ - ~ h y n i d i n e  (Td) . ' ll-uridine (Ud) and C-Leucine (LEU) 
I n c o r p o r a t i o n / ~ u l t u r e  b e f o r e  and a f t e r  removal of 
adheren t  c e l l s  

N A N A 
Donor - I s o t o p e  - N A - - S ~ A  

*$ 
OonA P$A - 

1 3 ~ - ~ d  Pr e 65 1 41740 2385 8951 b 

Pos t  1195 352 18 22443 339 34 
3 ~ - ~ d  Pr  e 3665 L 16 18 67 15 7623 

Pos t  5583 319 14 1379 1 24151 
1 4 ~ - ~ ~ ~  P r e  1023 4 7 74 1625 1573 

Pos t  8 17 6653 3288 3752 

; !  . . 
I i 
.: 1 , . 

c .  
2 3 ~ - ~ d  P r e  

I 1  

; ? 
, . Pos t  

I ,  

' .  3 ~ - ~ d  P r e  
P o s t  

! 1 3 3 ~ - ~ d  P r e  
: I Pos t  

: j  i 3 ~ - ~ d  P r e  

I i Pos t  

- 
Untreated PHA 1°4 

a .  Adherent c e l l s  were removed by passage through a nylon wool column. 

b. P r e  and Pos t  Before and A f t e r  removal of  adheren t  c e l l s .  



B. KINETICS OF LYMPHOCYTE COMMITMENT TO DNA REPLICATION INDUCED BY CONCANAVALIN 
A AND WEZEAT GERM AGGLUTININ AT SUE- AND SUPRA-OPTIMAL CONCENTRATIONS 

Mitogens induce lymphocyte p r o l i f e r a t i o n  by i n t e r a c t i n g  wi th ,  o r  modifying, 1 ' 
1 saccharide-containing sites on the  c e l l  membrane - 2  The p r o l i f e r a t i o n  .;I ' induced by mitogenic agents ,  e spec i a l ly  the  phytoudtogens, e x h i b i t s  a c h a r  

' i i  a c t e r i s t i c  dose-response curve. Extent of b las togenes is  is propor t iona l  t o  

the amount of l e c t i n  added up t o  a maxima, b u t  f u r t h e r  increases  i n  l e c t i n  

concentrat ion r e s u l t  i n  a diminishing s t imulatory e f f e c t .  This i n h i b i t i o n  

I 1 a t  supra-optimal l e c t i n  concentrat ions cannot be ascr ibed t o  c e l l  damage, s i n c e  

removal of excess mitogen re-establ ishes responsiveness (3) .  It has recent ly  :I 
been demonstrated t h a t  concanavalin A (Con A) a t  high concentrat ions r e s t r i c t s  

: I 
I lateral mobil i ty  of various cel l -surface s t r u c t u r e s  (4) . A va r i e ty  of bio- 

1 chemical a l t e r a t i o n s  occurring soon a f t e r  s t imu la t ing  lymphocytes with mitogens 

I e x h i b i t  a dose-response curve s i m i l a r  t o  t h a t  of mitogen-induced lymphocyte 

transformation (5-6). Thus, i t  has genera l ly  been considered t h a t  these supra- :i 
I optimal l e c t i n  concentrat ions do no t  i n i t i a t e  a t r i gge r ing  s i g n a l .  

I Previous s t u d i e s  have a l s o  ind ica ted  t h a t  lymphocyte transformation 

induced by l e c t i n  occurs i n  two phases. During the  f i r s t  24 hours (approxi- 
. I 
: I mately) a f t e r  l e c t i n  addi t ion ,  b las togenes is  is mitogen-dependent; whereas 

.I a f t e r  t h i s  time, c e l l s  become committed t o  DNA r ep l i ca t ion  and the  progression 

I of b las togenes is  is mitogen-independent (7-10). A recent  repor t  demonstrates t h a t  

l a t e  addi t ion  of  a-methyl-D-mannoside (a) t o  lymphocyte cu l tu re s  t reaeed with 

I ' 
supra-optimal concentrations of Con A r e s u l t s  i n  a marked s t imulatory re- 

;I . sponse (11). It was concluded t h a t  a pos i t i ve  s igna l  is i n i t i a t e d  by these  

high concentrat ions of Con A, but  t h a t  they f a i l  t o  induce DNA r e p l i c a t i o n  

because of a simultaneous inh ib i to ry  s i g n a l .  The p o t e n t i a l  s ign i f i cance  of 



these  f ind ings  i n  understanding t h e  na tu re  of the  t r i gge r ing  s i g n a l  f o r  

lymphocyte a c t i v a t i o n  prompted us  t o  i n v e s t i g a t e  t h i s  system i n  some d e t a i l .  

We examined mitogenic p rope r t i e s  of Con A a s  w e l l  a s  those of wheat germ 

agg lu t in in  (WGA) i n  terms of the  k i n e t i c s  of lymphocyte commitment t o  DNA 

r ep l i ca t ion .  Con A is a well-character ized phytomitogen, and WGA has recent ly  

been found t o  be mitogenic f o r  hman per iphera l  lymphocytes (12).  Our da t a  

show t h a t  the  apparent connnitment of phytomitogen-treated c e l l s  t o  DNA r e p l i -  

ca t ion  a t  24 hours is dependent on mitogen concentrat ion.  A t  t h i s  time, ad- 

d i t i o n  of competing saccharides almost completely e l imina te s  b las togenes is  of I 
I 
! 

c e l l s  t r e a t e d  with sub-optimal concentrat ions of mitogen and, as was reported i 

r ecen t ly  (11). enhances the  response of c e l l  t r e a t e d  wi th  supra-optimal 

concentrat ions of mitogens. Addition of aMM t o  c e l l s  a f t e r  only 4 h r  t r e a t -  

ment with supra-optimal concentrat ions of Con A r e s u l t s  i n  maximal b las to-  

genesis.  The d a t a  i nd ica t e  t ha t  cell-bound Con A is  rendered inaccess ib le  

t o  the competing saccharide by a time and temperature dependent process.  

I n i t i a t i o n  of b las togenes is  by adding competing saccharide t o  c e l l s  t r e a t e d  

with supra-optimal concentrat ions of Con A appears t o  r e s u l t  from a reduct ion 

i n  cell-bound Con A t o  an e f f e c t i v e  stirnulatory concentrat ion.  Commitment of 

lymphocytes t o  DNA r e p l i c a t i o n  by phytomitogens may r equ i r e  longer c e l l  con- 

tac  than has here tofore  been recognized. 

MATERIALS AND NETHODS 

Lect ins .  WGA, pu r i f i ed  by a f f i n i t y  chromatography (13) was kindly sup- 

pl ied by R. Lotan and N. Sharon from t h e  Weizmann I n s t i t u t e  of Science, Re- 

hovot, I s r a e l ,  and was a l s o  purchased from Pharmacia Fine Chemicals and from 



Calbiochem. Con A, twice c r y s t a l l i z e d ,  was purchased from Miles-Yeda Ltd.,  

Rehovot, I s r a e l .  uMM, N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine 

(GalNAc) were purchased from Pfans t i eh l  Laborator ies ,  Inc. ,  Waukegan, I l l i n o i s .  

I s o l a t i o n  of Cells. Human pe r iphe ra l  blood lymphocytes (unf rac t iona ted  

c e l l s ;  were obtained from hea l thy ,  normal sub jec t s ,  age 21-45 ,  by F i co l l -  

Hypaque grad ien t  cen t r i fuga t ion  (14) and contained 70-90X lymphocytes and 

10-252  monocytes. 

Lymphocyte C u l  tureo. Lymphocytes (1 x 10~1utl) suspended i n  RPMI 1640 

medium conta in ing  heat- inact ivated f e t a l  c a l f  serum (5%) and supplemented 

wi th  p e n i c i l l i n  (100 uni t s lml)  and streptomycin (100 ~ g l m l )  were cu l tu red  

(0.2 ml a l i q u o t s )  i n  flat-bottom microwells (Microtest  11, Falcon 3040) a t  

37*C i n  a 95% air! 5% C02 atmosphere f o r  72 h r .  Twenty h r  p r i o r  t o  t h e  

terminat ion of t h e  incubat ion,  2 p C i  ( i n  50 111 of medium) methyl-3~-  

thymidine (2 C i / m  mole) were added to  each c u l t u r e  we l l  and incorpora t ion  i n t o  
I 

DNA was measured (15). Resu l t s  (cpm) a r e  expressed a s  t h e  mean of dup l i ca t e  I 
c u l t u r e s .  

aMM, GlcNAc, and G a l N A c  were added t o  c e l l  c u l t u r e s  a s  a 1M s o l u t i o n  t o  a 

f i n a l  concentrat ion o f  O . l M ,  0.05M, and 0.05M respec t ive ly .  

RESULTS 

3 Mitogenic Ac t iv i t y  of WGA. Tt.e e f f e c t  of  WGA on H-thymidine incorpora- 

t i o n  i n  per iphera l  blood lymphocytes was examined i n  c e l l s  from 11 normal 

ind iv idua ls .  Three prepara t ions  of WGA ( see  Mater ia l s  and Methods) were 



t e s t ed ,  and a l l  were mitogenic. The experiments repor ted  here  u t i l -  

ized the  WGA-Pha-cia preparat ion.  %-~hymidine incorpora t ion  was l e s s  

than t h a t  seen with Con A s t imula t ion  ( see  below), bu t  was never the less  

cons is ten t  and reproducible.  The e f f e c t  of add i t i on  of t he  competing mono- 

saccharide,  GlcNAc, 24 h r  a f t e r  adding WGA on 3~-thymidine incorpora t ion  

was dependent upon the WGA concentrat ion (Figura 1). A t  high o r  supra- 

optimal WGA concentrat ions (50 ug/ml) , 3~-thymidine incorporat ion was en- 

hanced by GlcNAc, while  a t  low concentrat ions (10 vg/ml) GlcNAc r e s u l t e d  

i n  decreased %-thypidine incorporat ion (Figure 2 C, E,  F) . A t  in te rmedia te  

WGA concentrat ions (10-20  pg/ml), concentrat ions t h a t  r e su l t ed  i n  o p t i a a l  

s t imula t ion ,  there  was l i t t l e  o r  no e f f e c t  of addi t ion  of GlcNAc (Figure 1-- 

10  p g / d  i n  A and B; 20 pg/ml i n  D-F). 

WGA s t imula t ion  was a l s o  measured a f t e r  120 h r  of incubat ion and was 

markedly enhanced over t h a t  a t  52 h r  (Figure 2 ) ,  i n  accord with a recent  

r epo r t  snowing a delayed maximum a c t i v i t y  of W C X  s t imula t ion  (12).  In  t h i s  

experiment, the d i f f e r e n z i a l  e f f e c t  of GlcNAc addi t ion  a t  24 h r  is c l e a r l y  

evident  : depression of 'H-thymidine incorporat ion a t  10 ug/ml, l i t t l e  d i f  - 
ference a t  20 pg/ml, and enhanced incorporat ion a t  50 vg/ml. 

S p e c i f i c i t y  of Saccharide i n  the Induction of Enhanced Mitogenic Response 

t o  WGA a t  High Concentrations. The s p e c i f i c i t y  of GlciVAc i n  inducing an  

enhanced mitogenic response t o  WGA a t  high WGA concentrat ions (50 ug/ml) was 

examined. This saccharide s p e c i f i c a l l y  i n h i b i t s  WGA binding t o  ce l l - sur face  

glycoproteins (1) and WGA-induced b las togenes is  (12).  Twenty-four h r  a f t e r  

s t imula t ion  of cu l tu re s  with WGA, aMM, GalNAc, o r  GlcNAc were added. 



The culture.  were pulsed with %-thymidine a t  120 h r  t o  ensure maximum am- 

. p l i t ude  of the response. The r e s u l t s  showed t h a t  thymidine incorporat ion i n  

GlcNAc-treated c u l t u r e s  was 140,000 cpm, whereas i t  w a s  l e s s  than 2,000 cpm 
* 

in  c u l t u r e s  t r ea t ed  wi th  the  o the r  monosaccharides, aMM and GalNAc. 

. 
Ef fec t  of Preincubation of Lymphocytes on Their  Blastogenic Response t o  WGA. 

* Since the commitment t o  DNA r e p l i c a t i o n  induced by WGA appears t o  be  dose- 

dependent (Figure I ) ,  w e  considered the  p o s s i b i l i t y  t h a t  addi t ion  of t h e  com- 

pe t ing  saccharide reduces t h e  e f f e c t i v e  WGA concentrat ion i n  t he  system t o  

an optimal mitogenic l e v e l  i n  the  case  of high concentrat ions (50 vglml), 

and t o  a sub-mitogenic l e v e l  i n  t h e  case  of low concentrat ions (10 ~ g / m l . ) .  

This i n  turn  would suggest t h a t  c e l l s  t r ea t ed  wi th  high-dose WGA a r e  not  

committed t o  DNA r e p l i c a t i o n  a t  24 h r ,  bu t  a r e  merely being "incubated" f o r  

t h a t  time, with no e f f e c t i v e  mitogenic stimulus.  Since preincubat3.dn of 

lymphocytes i n  t he  absence of l e c t i n  has  been shown t o  efihance t h e i r  b las to-  

genic response t o  l e c t i n s  (16) ,  we examined the  e f f e c t  of preincubat ion of 

c e l l s  on t h e i r  response t o  WGA with and without t he  add i t i on  of GlcNAc a t  

24 h r .  Figure 3 ind ica t e s  t h a t  preincubat ion a t  37OC markedly enhances the  

I response t o  WGA, e spec i a l ly  when GlcNAc i s  added a t  24 h r .  Thus, a t  l e a s t  r 
two e f f e c t s  may be promoting enhanced DNA r e p l i c a t i o n  a t  high l e c t i n  concen- 

i / i 
t r a t i o n s  when the  competing saccharide is added t o  the  cu l tures :  [ l ]  reduct ion I r 

I 
of l e c t i n  concentrat ion t o  a mitogenic l e v e l ;  and [2] t h e  ampl i f ica t ion  of 1 , I: 

the  response by preincubation. 

< .  
! . 

Ef fec t s  of Competing Saccharide Addition and Preincubation on Lymphocyte , . 

Activat ion Induced by Con A. The k i n e t i c s  of c e l l  commitment t o  DNA rep l ica-  

t i o n  were f u r t h e r  inves t iga ted  w i n g  Con A, a wel l-character ized T-cel l -specif ic  
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phytomitogen. C u l t u r e s  d e r e  t r e a t e d  w i t h  va ry ing  c o n c e n t r a t i o n s  of Con A, 

and aMM was added t o  r e p l i c a t e  c u l t u r e s .  C u l t u r e s  were pulsed wi th  3:1- 

thymidine a t  52 h r  and h a r v e s t e d  a t  72 h r .  F igure  4 i n d i c a t e s  t h e  r e s u l t s  of 

3 experiments i n  3 i n d i v i d u a l s .  The d i f f e r e n t i a l  e f f e c t s  o f  competing sac-  

c h a r i d a  a d d i t i o n  a t  low and h igh  l e c t i n  c o n c e n t r a t i o n s  a r e  c l e a r l y  ev iden t .  

3 Note t h e  d i f f e r e n c e s  i n  H-thymidine i n c o r p o r a t i o n  a t  2 vg/ml and a t  20 u g h 1  

i n  c u l t u r e s  w i t h  and wi thou t  aMM. Addi t ion  o f  aMM t o  c u l t u r e s  t r e a t e d  wi th - low . 

concen t ra t ions  o f  Con A r e s u l t s  i n  a depressed  response,  a d d i t i o n  t o  those  t r e a t e d  

w i t h  opt imal  l e v e l s  r e s u l t s  i n  no change, and a d d i t i o n  t o  t h o s e  t r e a t e d  wi th  high 

o r  supra-optimal l e v e l s  of Con A results in an  enhanced response.  

P re incuba t ion  of c e l l s  a m p l i f i e s  t h e  response t o  Con A ( F i g u r e  G), a s  has  

p rev ious ly  been shown (16) .  The e f f e c t s  o f  bo th  p re incuba t ion  and aMM a d d i t i o n  

a r e  dep ic ted  i n  t h i s  f i g u r e .  P re incuba t ion  i n c r e a s e s  respons iveness  t o  low 

c o n c e n t r a t i o n s  'of l ~ c t i n  , and apparen t ly  s h i f t s  t h e  dose-response curve f a r  

t o  t h e  i e f t .  The peak response w i t h  a d d i t i o n  of aMM is g r e a t e r  i n  t h e  pre- 

incubated c e l l s ,  and t h e  response,  even w i t h  aMM a d d i t i o n ,  i s  d imin i sh ing  a t  

t h e  high Con A concen t ra t ions .  

An exper inen t  t o  determine t h e  k i n e t i c s  of t h e  p re incuba t ion  e f f e c t  is  

shown i n  F igure  5. 1 ug of Con A was added e i t h e r  d i r e c t l y  o r  t o  c e l l s  pre- 

incubated f o r  24 h r ,  and 3~- thymid ine  i n c o r p o r a t i o n  measured a t  1, 2 ,  3, and 

4 days. The response o f  pre incubated c e l l s  is g r e a t e r  a t  each t ime per iod  

3 a f t e r  1 day. Incorpora t ion  o f  H-thymidine i n  pre incubated c e l l s  appears  t o  

be  approximately t h e  same as t h e  v a l u e  ob ta ined  24 h r  l a t e r  i n  t h e  c e l l s  t e s t e d  

d i r e c t l y .  

E f f e c t s  of aMM a d d i t i o n  t o  ConA- t r e a t e d  c u l t . ~ r e s  a t  t imes  e a r l i e r  than 

24 h r  a r e  shown i n  F igure  6.  When aMM was added e i t h e r  p r i o r  t o  Con A t r ea tment  
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o r  a f t e r  1 h r  incubat ions of c e l l s  a t  0' C i n  the presence of Con A, t he  dose- 

response curve is i d e n t i c a l .  Even under these  condit ions,  high concentrat ions 

of Con A i n i t i a t e  a small but  s i g n i f i c a n t  response. The response is  g rea t e r  

when cu l tu re s  a r e  incubated a t  37' C f o r  1 h r  p r i o r  t o  aMM add i t i on .  Af te r  

4 h r  exposure t o  Con A a t  supra-optimal concentrat ions,  add i t i on  of aM4 re- 

s u l t s  i n  e s s e n t i a l l y  the  same e f f e c t  as addi t ion  a t  24 h r .  Thus, addi t ion  of 

aMM a t  both time i n t e r v a l s  r e su l t ed  i n  maximal s t imula t ion ,  t o  t he  same ex- 

t e n t  a s  t h a t  induced by optimal concentrat ions of Con A i n  the  absence of aMM. 

DISCUSSION 

Data presented i n  Figures 1, 2, and 4 i n d i c a t e  t h a t  t h e  time a t  which i n i t i -  

a t i o n  of DNA synthes is  is no longer suppressed by addi t ion  of competing sac- 

charides depends on the  l e c t i n  concentrat ion f o r  both WGA and Con A. Even a f t e r  

24 hr  exposure t o  l e c t i n s ,  DNA r e p l i c a t i o n  i n  c e l l s  t r e a t e d  wi th  sub-optimal 

mitogen concentrat ions is  v i r t u a l l y  el iminated by addi t ion  of the competing sac- 

charida. An apparent counnitment t o  DNA r e p l i c a t i o n  a t  24 h r  is found only with 

optimal l e c t i n  concentrat ions.  Removal of high,  supra-optimal l e v e l s  of e i t h e r  

WGA o r  Con A a t  24 hr  by addi t ion  of competing saccharide r e s u l t s  i n  an enhanced 

response, a s  was previously reported f o ~  Con A (11) and corroborated,  and ex- 

tended t o  WGA, in our experiments. Thus, removal of l e c t i n  a t  24 h r  markedly 

and d i f f e r e n t i a l l y ,  depending on the  l e c t i n  dcse, a l t e r s  b las togenic  responses.  

4 These a l t e r a t i o n s  could r e s u l t  from reduct ion of l e c t i n  concentrat ions from 

i n h f b i t o r y  t o  mitogenic l e v e l s  when supra-optimal concentrat ions a r e  t s e d ,  and 

from marginally adtogenic t o  nonmitogenic l e v e l s  when sub-optimal l e c t i n  con- 

@ c en t r a t ions  a r e  used. 



Our d a t a  s t rong ly  suggest t h a t  r e s i d u a l  mitogen r e w i n i n g  on t h e  c e l l 3  

a f t e r  treatment with competing saccharide is responsible  f o r  t he  b las togenic  . 1 .  
response of c e l l s  t h a t  have been blocked by high concentrat ions of l e c t i n .  

When aMM is  added 4 h.r a f t e r  c e l l s  a r e  t r ea t ed  with Con A over a wide dose 
s !  

range, response t o  of t ima1 Con A concentrat ions is markedly inh ib i t ed ,  i n  

accord with previous s t u d i e s  on lymphocyte commitment (7-10). Howevzr, c e l l s  

t r ea t ed  with supra-optimal Con A concentrat ions behave a s  though they were 
' 

committed. Ei ther  comnitment is imposed on c e l l s  by high concentrat ions of 

Con A,but no t  by optimal concentrat ions,  o r  aMM only p a r t i a l l y  removes l e c t i n ,  

reducing supra-optimal concentrat ions t o  mitogenic ones t h a t  remain i n  contact  

with t h e  c e l l .  The l a t t e r  p o s s i b i l i t y  appears more l i k e l y .  When aMM F s  added 

p r i o r  t o  Con A,or when c e l l s  a r e  incubaced a t  O°C with Con A f o r  1 h r  p r i ~ r  

*J aMM, the dose-response curve revea ls  a minimal but  s i g n i f i c a n t  response a t  

high l e c t i n  concentrat ions (Figure 6 ) .  When aMM is added t o  c e l l s  i n c ~ b a t e d  

with Con A a t  37OC f o r  1 h r  and 4 h r ,  the  i n t e n s i t y  of t he  response progres- 

s ive ly  increases .  The Con A binding s i t e s  would appear t o  be rendered in- 

acces s ib l e  to  aMM by a time and temperature dependent process.  Thus, removal 

of l e c t i n  by competit ive inh ib i t i on  with the  monosaccharide. tt..it spec i f ica . l ly  

competes with i ts  binding t o  ce l l - sur face  glycoproteins  may not  accura te ly  

determine k i n e t i c s  of c e l l  commitment t o  DNA r ep l f ca t ion .  Our d a t a  would in- 

d i ca t e  t h a t  the  f i r s t ,  o r  mitogen-dependent, phase of lymphocyte s t imula t ion  

may be much longer than the app roxLa te  24 h r  previously repor ted .  

Preincubation of lymphocytes i n  the absence of mitogen markedly po ten t i a t e s  

t h e i r  response t o  s ~ b s e q u e n t  mitogenic s t imula t ion  (Figures 2 and 5 ) .  This 

po ten t ia t ion  is  r e f l ec t ed  i n  p a r t  by an increase  i n  b las togenes is  by l e c t i n  



a t  sub-optimal concentrat ions,  a s  was previously reported (16). More 

s t r i k i n g ,  however, is the f ind ing  t h a t  preincubated c e l l s  a r e  apparently 

couunitted t o  DNA r e p l i c a t i o n  a f t e r  24 h r  contac t  with sub -o~ t ima l  con- 

cent ra t ions  of WGA o r  Con A. Addition of competing saccharide t o  c e l l s  

t r ea t ed  with lw Con A concentrat ions (2 pg/ml) has no e f f e c t  i f  the  c e l l s  

a r e  preiacubated, but results in marked i n h i b i t i o n  i n  t he  absence of pre- 

incubation (Figure 4). The observed s t i l ru l a t ion  of lymphocytes by adding 

the competing saccharide a t  24 h r  t o  cu l tu re s  t r ea t ed  with supra-optimal 

l e c t i n  concentrations could a l s o  be poten t ia ted  by preincubat ion of c e l l s  

f o r  24 h r  p r i o r  t o  exposing them t o  e f f e c t i v e  o r  mitogenic concentrations 

of Con .4. 

SUMMARY 

Cel l  commitment t o  DNA r ep l i ca t ion  as measured by the addi t ion  of c o w  

pe t ing  saccharide t o  lec t in- t r?a ted  c e l l s  i s  dependent on mitogen conceatra- 

t ioa .  An apparent c e l l  coPrmitment is obta i rzd  a r  24 h r  with optimal l e c t i n  

concentrat ions,  but  commitment is not  seen with sub-optimal concentrat ions.  

Cells a r e  c o d t t e d  by lower concentrat ions of l e c t i n  i f  they a r e  preincubated 

a t  37'C i n  the  absence of mitogens. The marked response of the  c e l l  t o  

supra-optimal concanrraLims of l e c t i n  when crMM i s  added a t  24 h r  could be 

explained by the following: [ l ]  p a r t i a l  removal of nonmitogenic docis  of 

l e c t i n s  t o  stirnulatory l eve l s  ; and ( 2 1  t he  po ten t i a t i on  e f f e c t  of preincubation 

i n  the  absence of en effective adtogenic stimulus.  Addition of uMM a f t e r  

only 4 h r  t o  c e l l s  t r ea t ed  with supra-optimal concentrat ion of Con A r e s u l t s  

i n  a maxim1 blaatogenic response s i m i l a r  t o  t h a t  seen a f t e r  adding aMM a t  

24 h r .  Our data  i nd ica t e  t h a t  the  apparent commitment of c e l l s  t o  DNA r ep l i -  

ca t ion  i e  longer than the 24 h r  reported by many inves t iga to r s .  
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FIGURE LEGENDS 

Figure 1. St imulat ion induced by WGA and e f f e c t s  of  GlcWc. 3 ~ - ~ h y a i d i n e  

incorporat ion i n  WU-stimulated pe r iphe ra l  blood lymphocytes from 6 normal 

i nd iv idua l s  [ A - F ]  rri th (0) and without ( e )  GlcNAc add i t i on  a t  24 h r ,  a s  

a func t ion  of  UGA concentrat ions.  

L ' 
P .  ; !  

Figure 2. Late  response t o  WGA and e f f a c t s  af  GlcNAc. 3 ~ - ~ h y m i d i n e  in- 

corpora t ion  a t  120 - 140 h r  of WGA-treated lymphocytes with ( o ) and without  

( l ) GlcNAc add i t i on  a t  24 hr .  

Figure 3. E f f ec t  of preincubat ion of c e l l s  on response t o  W G A .  Ce l l s  

were t r ea t ed  with WGA a f t e r  preincubat ion f o r  24 h r  a t :  [I]  0" C wi th  ( o )  

and without ( e )  GlcNAc add i t i on  a t  24 h r ;  and 121 37' C wi th  ( A )  and 

without ( A )  GlcNAc add i t i on  a t  24 h r .  Resul t s  of 4 experiments i n  4 ncrmals. 

Figure 4 .  St imulat ion by Con A: Ef fec t s  of preincubat ion and aMM. 

'8-~hymidine incorporat ion of c e l l s  t r e a t e d  d i r e c t l y  with Con A [ d i r e c t ]  o r  

t r ea t ed  a f t e r  24 h r  preincubation a t  37' C [prcincubated]  with ( o ) and 

without ( e )  LNM a< : i t i on  a t  24 h r  a f t e r  Con A t reatment .  Resul ts  of 3  ex- 

peximents i n  3  normal i ad iv idua l s  [A-C]. Comparable d i r e c t  and preincubated 

experiments were done on the  same prepara t ion  of lymphocytes. 



Figure 5. Kine t ics  of c e l l  response t o  Con A: Ef fec t  of preincubation. 

Kine t ics  of t he  preincubation e f f e c t  i n  c e l l s  t r ea t ed  d i r e c t l y  ( e )  o r  

preincubated f o r  24 h r  ( 0 )  p r i o r  t o  s t imula t ion  wi th  1 pg/ml Con A. 

3 Replicate  cu l tu re s  were pulsed with H-thymidine f o r  20 h r  a t  varying times 

a f t e r  Con A addi t ion .  

Figure 6. Response of c e l l s  t o  Con A: Ef fec t  of crMM addi t ion  p r i o r  t o  

24 h r .  crMM was added t o  r e p l i c a t e  c u l t u r e s  and compared with the  response 

of c e l l s  to  Con A without aMM addi t ion  ( e  1. irMM was added p r i o r  t o  Con 

A ( m ) ,  a f t e r  1 h r  incubation of c e l l s  with Con A a t  0' C ( 0 )  o r  37' C 

( A  ), and a f t e r  4 h r  incubation of c e l l s  with Con A a t  37' C ( o  ) .  
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