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JOURNAL, OF IMMUNOASSAY, 14(3), 149-166 (1993) 

QUANTITATIVE ANALYSIS OF IMMUNOGLOBULIN G 
SUBCLASSES IN THE RAT 

Makiko Kinoshita and A. Catharine Ross 
Department of Biochemistry 

Medical College of Pennsylvania 
2900 Queen Avenue, Philadelphia, PA 19129 

ABSTRACT 

Quantitative ELISAs have been developed for the 
four immunoglobulin G (IgG) subclasses (IgG1, IgG2a, 
IgG2b and IgG2c) of the rat. These assays were shown to 
have excellent sensitivity, reproducibility and adequate 
specificity for studies of natural IgG and antigen- 
elicited IgG responses. The sensitivity (working range 
for each isotype assay) was: IgG1, 1.6 to 200 ng/ml; 
IgG2a, 8 to 200 ng/ml; IgG2b, 1.6 to 200 ng/ml; and 
IgG2c, 1.6 to 1000 ng/ml. The isotype sum and the 
direct assay of total plasma IgG agreed closely. The 
utility of these assays was demonstrated in a study of 
the development of total IgG and of the specific IgG 
response following immunization with tetanus toxoid 
(TT). For total IgG, the predominant isotype was IgG2b 
(64% of total IgG) followed by IgG2a (29%), IgGl (4%) 
and IgG2c ( 3 % ) .  In contrast, the anti-TT response was 
mainly of the IgGl subclass (57% of total anti-TT). 
These quantitative assays should prove useful for 
investigating the response to experimental vaccines and 
the influence of cytokines on class switching in vivo. 
(KEY WORDS: immunoglobulin G; isotype; tetanus toxoid) 

INTRODUCTION 

The immunoglobulin G (IgG) class of man, the mouse 
and the rat each comprises four subclasses, designated 
IgG1, IgG2, IgG3 and IgG4 in humans (1,2), IgG1, IgG2a, 
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150 KINOSHITA AND ROSS 

IgG2b and  IgG3 i n  t he  mouse ( 3 , 4 ) ,  and  IgG1, IgGZa, 
IgG2b and IgG2c ( 5 , 6 )  i n  the  r a t .  There  i s  conv inc ing  
e v i d e n c e  t h a t  t h e  IgG s u b c l a s s e s  h a v e  e v o l v e d  
independen t ly  i n  humans and mice (7 ,8 )  . The heavy c h a i n  
c o n s t a n t  ( C )  r e g i o n s  of  the  f o u r  human IgG s u b c l a s s e s  
a r e  though t  t o  have r i s e n  th rough  gene d u p l i c a t i o n  of a 
p r i m i t i v e  [Cy-Cy-CE-Ca] gene c l u s t e r ,  p roduc ing  f o u r  IgG 
i : j o types  a s  w e l l  a s  two i s o t y p e s  of IgE and  o f  IgA 
( ' 3 , l O )  . I n  t h e  mouse, genes  f o r  Cy3, C y l  and  Cy2 are 
thought  t o  have branched from an a n c e s t r a l  Cy gene a f t e r  
which Cy2a and Cy2b were produced by d u p l i c a t i o n  of a Cy2 
gene ( 1 1 , 1 2 ) .  Because of t h i s  e v o l u t i o n a r y  d i f f e r e n c e ,  
t h e  murine IgG i s o t y p e s  a r e  n o t  s t r i c t l y  homologous t o  
t n o s e  of  human IgG. 

I n  comparison t o  t h i s  d i f f e r e n c e  between t h e  human 
and  murine sys tems,  t h e r e  i s  s t r i k i n g  homology i n  t h e  
o r d e r  o f  t h e  I g  heavy c h a i n  gene  domains between t h e  
mouse and t h e  r a t  ( 8 , 1 3 ) .  The germ-l ine  gene  o r d e r  i n  
t h e  mouse, D-JH-Cp-C&Cy3-Cyl-Cy2b-Cy2a-C~-Ca ( 1 2 ) ,  i s  very  
s i m i l a r  t o  t h a t  i n  t h e  r a t ,  D-JH-Cp-CG- (Cy2ctCy2a) - C y l -  
Cy2b-C~-Ca ( 8 ) .  I n  a d d i t i o n  t o  t h e s e  s i m i l a r  gene  
a r r angemen t s ,  sequence  a n a l y s i s  w i t h i n  t h e  CH3 domain 
h a s  r e v e a l e d  t h a t  r a t  Cy2b s h a r e s  g r e a t e r  homology wi th  
mouse Cy2a/2bt whereas  t h e  r a t  C y l  and Cy2a genes  are 
v e r y  s i m i l a r  t o  e a c h  o t h e r  and  b o t h  a re  h i g h l y  
homologous t o  t h e  mouse C y l  gene ( 8 ) .  Equiva lence  o f  ra t  
IgG2c t o  mouse IgG3 was a l s o  deduced from comparison of  
r . u c l e o t i d e  s e q u e n c e s  ( 1 4 )  a s  w e l l  as  f u n c t i o n a l  
g ' r o p e r t i e s  (13 , lS )  . 

A f t e r  immunizat ion o r  i n f e c t i o n ,  t h e  predominance 
o f  a p a r t i c u l a r  immunoglobul in  c lass  o r  s u b c l a s s  i s  
o f t e n  o b s e r v e d .  F a c t o r s  known t o  i n f l u e n c e  class o r  
s u b c l a s s  s e l e c t i o n  i n c l u d e  t h e  t y p e  of a n t i g e n ,  r o u t e  of 
a d m i n i s t r a t i o n ,  a g e  a n d  s t r a i n  o f  a n i m a l ,  a n d  
concomi tan t  f a c t o r s  such  as i n f e c t i o n  ( 1 6 ) .  Recent  
e x p e r i m e n t s  have  i m p l i c a t e d  c y t o k i n e s  a s  one  t y p e  of 
f a c t o r  t h a t  r e g u l a t e s  immunoglobulin class and  s u b c l a s s  
e x p r e s s i o n  ( 1 6 , 1 7 ) .  

The r a t  i s  b e i n g  used  i n c r e a s i n g l y  a s  a model f o r  
s t u d i e s  o f  i n f e c t i o n  and  immunity.  However, t h e r e  
1:urrent ly  i s  v e r y  l i t t l e  i n f o r m a t i o n  on t h e  r e g u l a t i o n  
of IgG i s o t y p e  e x p r e s s i o n  i n  t h e  r a t .  This  seems t o  be 
p a r t l y  b e c a u s e  of t h e  l a c k  o f  s e n s i t i v e  and  s p e c i f i c  
q u a n t i t a t i v e  a s s a y s  f o r  t h e  r a t  IgG s u b c l a s s e s .  I n  
p r e v i o u s  work ( 1 8 , 1 9 ) ,  w e  used  t h e  r a t  t o  i n v e s t i g a t e  
?:he r o l e  t h a t  v i t a m i n  A p l a y s  i n  a n t i b o d y  p r o d u c t i o n .  
Te tanus  t o x o i d  w a s  used  fo r  t h e s e  s t u d i e s  because  1) it 
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IgG SUBCLASSES IN RAT 151 

is o f t en  used as a model T cell-dependent antigen and 2 )  
i n  humans, neonatal  t e t anus  remains a very s i g n i f i c a n t  
cause of morbidity and mor t a l i t y  i n  some of t h e  same 
geographic a reas  where vitamin A s t a t u s  i s  poor ( 2 0 ) .  
I n  t h e  vitamin A-deficient r a t ,  t h e r e  was a marked 
decrease i n  both t h e  primary and secondary (IgM and IgG) 
antibody responses t o  TT as compared t o  pair-fed control  
r a t s  (18,19).  

To enable f u r t h e r  s tud ie s  of IgG production i n  the  
r a t ,  w e  have developed s e n s i t i v e  and s p e c i f i c  
q u a n t i t a t i v e  ELISAs f o r  t h e  f o u r  r a t  IgG i s o t y p e s .  
Reported here a r e  t h e  c h a r a c t e r i s t i c s  of t h e s e  assays 
and information on t h e  age-related changes i n  plasma 
t o t a l  IgG and IgG subc la s ses  and t h e  IgG s u b c l a s s  
response following immunization with T T .  

MATERIALS AND METHODS 

The plasma samples used i n  t h i s  work were a l l  
ob ta ined  from male Lewis r a t s  whose c a r e  followed 
procedures approved by t h e  I n s t i t u t i o n a l  Animal Use and 
Care Committee. For longi tudinal  s tudies  of t o t a l  I g G  
and IgG isotypes between 2 0  and 80 days of age, 10 non- 
immunized r a t s  were b l e d  from t h e  caudal vein i n t o  
heparinized syr inges a t  10-day i n t e r v a l s  from 30 t o  80 
days of age, while s i x  2 0  day-old r a t s  were euthanized 
by carbon dioxide i n h a l a t i o n  and bled from t h e  vena 
cava . 

Samples used f o r  ana lys i s  of anti-TT IgG were from 
t h e  con t ro l  group of r a t s  which had been fed a balanced, 
vitamin A-adequate, semi-synthetic d i e t  i n  a previously 
reported study ( 1 9 ) .  These rats were immunized i p  with 
100 pg of TT i n  s a l i n e  ( l o t  TAS239, Connaught Labora- 
t o r i e s ,  Canada) when they were 40  days old.  The primary 
IgG response t o  TT was determined on plasma prepared 
from blood c o l l e c t e d  1 0  days a f t e r  immunization [ t h e  
peak of t h e  primary IgG response t o  t h i s  antigen ( 1 9 ) l .  

Because of t h e  l a rge  number of i nd iv idua l  plasma 
samples from each age o r  treatment group, samples were 
pooled t o  prepare 3 o r  4 representat ive samples (plasma 
from 3-5 r a t s  pe r  pool)  f o r  i so type  a n a l y s i s .  A 
pre l imina ry  s tudy was conducted t o  ensure t h a t  t h e  
concentration of t o t a l  IgG o r  IgG anti-TT of each pool 
w a s  i d e n t i c a l  t o  t h e  mean f o r  t h e  ind iv idua l  plasma 
samples included i n  each pool. A l l  plasma samples were 
s to red  i n  a l i q u o t s  a t  -2OoC. 
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152 KINOSHITA AND ROSS 

s f o r  I@ I s o m  

P l a s m a  I g G  i s o t y p e s  were a s s a y e d  by  a sandwich 
ELISA. Wells of p o l y s t y r e n e  p l a t e s  (Immunolon 4 ,  
I jynatec L a b o r a t o r i e s  , I n c .  , C h a n t i l l y ,  VA) were c o a t e d  
w i t h  100  pl o f  a f f i n i t y - p u r i f i e d  g o a t  a n t i - r a t  IgG 
(Cappel ,  Malvern,  PA, l o t  No 32043; 2 . 5  pg/ml i n  0 .15  M 

T r i s - H C 1  b u f f e r ,  p H  7 . 6 )  and incuba ted  a t  4oC o v e r n i g h t .  
The w e l l s  were washed 5 t i m e s  w i th  washing b u f f e r  (0 .015 
M T r i s - H C 1  b u f f e r ,  p H  7 . 6  w i th  0.135 M s a l i n e  and 0.05% 
of  Tween 20)  and i n c u b a t e d  w i t h  250 p1 of  i n c u b a t i o n  
b u f f e r  (0 .15  M T r i s - H C 1  b u f f e r ,  pH 7 . 6 ,  c o n t a i n i n g  1% 
RSA) f o r  a t  l e a s t  1 h r  a t  room t empera tu re  t o  b lock  any 
remain ing  a c t i v e  s i t e s .  A f t e r  a s p i r a t i n g  t h e  incuba t ion  
b u f f e r ,  100 p1 of  rat  serum samples  o r  s t a n d a r d  samples 
a p p r o p r i a t e l y  d i l u t e d  wi th  i n c u b a t i o n  b u f f e r  were added 
‘to w e l l s  i n  d u p l i c a t e  and  i n c u b a t e d  a t  40C o v e r n i g h t .  
A f t e r  washing t h e  p l a t e ,  h o r s e r a d i s h  PO-conjugated sheep 
a n t i - r a t  IgGl an t ibody  (Binding  S i t e ,  L t d .  , Birmingham, 
UK; l o t  N o  G1715), a n t i - r a t  IgG2a (Binding  S i t e ,  l o t  No 
G1480), a n t i - r a t  IgG2b (Binding  S i t e ,  l o t  N o  G1720), o r  
a n t i - r a t  IgG2c (B ind ing  S i t e ,  l o t  No G 1 4 8 2 ) ,  d i l u t e d  
1:2000 i n  i n c u b a t i o n  b u f f e r ,  was added  and  f u r t h e r  
i n c u b a t i o n  w a s  c a r r i e d  o u t  f o r  1 h r  a t  room t empera tu re .  
A f t e r  washing  a g a i n ,  100 p1 of  s u b s t r a t e  s o l u t i o n  
c o n t a i n i n g  0 .4  mg/ml of  o -pheny lened iamine  d i h y d r o -  
c h l o r i d e  (Sigma, S t .  Lou i s ,  MO) and 0 .4  p l /ml  o f  31% 
H202 i n  0 . 0 1  M c i t r a t e  / 0 . 0 2  M phospha te  b u f f e r ,  pH 
4 . 0 ,  w a s  added t o  t h e  w e l l s .  The enzymatic  r e a c t i o n  was 
s t o p p e d  by a d d i n g  100 pl of  1 N  H2S04, and  abso rbance  
v a l u e s  a t  490 nm were r e a d  on an  a u t o m a t i c  ELISA r e a d e r  
( D y n a t e c ) .  I n  e a c h  p l a t e ,  known amounts of  a f f i n i t y -  
p u r i f i e d  ra t  myeloma IgGl ( I R  595, Binding  S i t e ,  l o t  N o  
028-B2724) , IgG2a (B ind ing  S i t e ,  l o t  N o  028-B2725) , 
IgG2b ( I R  863, Binding  S i t e ,  l o t  No 028-B2504) o r  IgG2c 
(B ind ing  S i t e ,  l o t  N o  028-B2199) were run  a s  an i n n e r  
s t a n d a r d ,  and c o n c e n t r a t i o n s  o f  each  IgG i s o t y p e  i n  t h e  
p lasma s a m p l e s  were c a l c u l a t e d  w i t h  a c o r r e l a t i o n  
formula between t h e  c o n c e n t r a t i o n s  o f  t h e  p u r i f i e d  IgG 
i s o t y p e  and abso rbance  v a l u e s .  The ave rage  of two o r  
t h r e e  plasma d i l u t i o n s  t h a t  f e l l  on t h e  s t a n d a r d  cu rve  
w a s  u sed  for  f i n a l  c a l c u l a t i o n ,  e x p r e s s e d  a s  pg IgG/ml 
plasma. 

I n  t h e  ELISA f o r  t o t a l  IgG, e i t h e r  a l k a l i n e  
p h o s p h a t a s e  (AP)-conjugated  g o a t  a n t i - r a t  IgG (Cappel ,  
I la lvern ,  PA; l o t  32586) or PO-con j u g a t e d  sheep  a n t i - r a t  
IgG (B ind ing  S i t e ,  l o t  G1722) were a p p l i e d  as second 
a n t i b o d i e s .  
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Bssav of IsotvDes of I U G u s  - To& 

The IgG isotypes of t h e  ant ibodies  aga ins t  TT were 
q u a n t i f i e d  by ELISA, s i m i l a r  t o  an assay desc r ibed  
p rev ious ly  f o r  t o t a l  IgG anti-TT (19), with minor 
modif icat ions.  B r i e f l y ,  w e l l s  of Immunolon 4 p l a t e s  
were coated with TT (100 p1 of  10 pg/ml i n  T r i s - H C 1  
buffer ,  pH 1 . 6 )  and incubated a t  4oC overnight .  After  
washing and blocking with incubat ion b u f f e r ,  plasma 
samples d i lu t ed  with incubation buffer  were added t o  the  
wells and incubated a t  40C overnight.  After add i t iona l  
washing, PO-conjugated isotype-specific antibody against  
each IgG i s o t y p e  was added t o  t h e  w e l l s  and t h e  
enzymatic r eac t ion  was developed a s  descr ibed above. 
The concentrat ion of a n t i - T T  IgG of each isotype i n  a 
standard sample, obtained from r a t s  immunized twice with 
100 pg of TT, was expressed i n  pg IgG/ml a s  descr ibed 
elsewhere ( 1 9 ) .  

S p e c i f i c i t y  of t h e  PO-conjugated a n t i - r a t  IgG 
isotype ant ibodies  was s tudied both by a d i r e c t  binding 
assay and  an absorption assay.  I n  t h e  dire'ct binding 
assay, a f f in i ty -pur i f i ed  r a t  myeloma IgG1, IgG2a, IgG2b 
o r  IgG2c, d i l u t e d  s e r i a l l y  from 1000 t o  0.32 ng/ml with 
incubation bu f fe r ,  was added t o  t h e  w e l l s  coated with 
goat a n t i - r a t  IgG and incubated a t  4oC overnight.  After 
washing, t h e  binding of PO-conjugated a n t i - r a t  IgG 
i s o t y p e  a n t i b o d i e s  with each r a t  IgG i s o t y p e  were 
eva lua ted  by enzymatic c o l o r  r e a c t i o n s  a s  desc r ibed  
above. In  t h e  absorption assay, PO-con jugated anti-IgG 
i s o t y p e  an t ibod ie s  were absorbed by each i so type  as 
follows: wel ls  were incubated with each IgG isotype i n  
concentrat ions ranging from 3 . 9  t o  1000 ng/well a t  4oC 
overnight .  After  washing and blocking, 150 p l  of each 
PO-conjugated anti-IgG isotype antibody, d i l u t e d  1 :4000  
i n  i ncuba t ion  b u f f e r ,  was added t o  t h e  w e l l s  and 
incubated f o r  4 h r  a t  room temperature. 100  pl of each 
supernatant was c a r e f u l l y  co l l ec t ed  from the  wells and 
served as absorbed antibodies.  

The presence of IgM-rheumatoid f a c t o r  (RF) , which 
has p o t e n t i a l  t o  i n t e r f e r e  i n  t h e  sandwich ELISA, was 
assayed a s  descr ibed elsewhere (21). B r i e f l y ,  wel ls  
were coated with 100 p1 of rat IgG (200 pg/ml i n  T r i s -  
b u f f e r ,  pH 7 . 6 )  a t  4oC overnight  and a p p r o p r i a t e l y  
d i l u t e d  r a t  plasma samples were added i n  t h e  wells a f t e r  
washing and blocking. IgM bound t o  IgG on t h e  w e l l  w a s  
detected using AP-con jugated goat a n t i - r a t  I g M  (Cappel, 
l o t  32485) .  
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154 KINOSHITA AND ROSS 

I ,  

l S t l C S  

The d a t a  a r e  p r e s e n t e d  a s  t h e  mean f SEM. 
S t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  were de te rmined  
b y  a one-way a n a l y s i s  o f  v a r i a n c e ,  fo l lowed  by Tukey ' s  
t e s t ;  d i f f e r e n c e s  hav ing  a p v a l u e  S 0 . 0 5  are  r e p o r t e d  
a s  s t a t i s t i c a l l y  s i g n i f i c a n t .  

RESULTS 

, I  s f o r  I n d i v i d u a l  I s o t y p e s  o f  Rat  I a G  

Our i n i t i a l  s t u d i e s  were d e s i g n e d  t o  de t e rmine  t h e  
c ,p t ima l  ELISA c o n d i t i o n s  and  t h e  s p e c i f i c i t y  o f  t h e  
second  a n t i b o d i e s  ( s h e e p  a n t i - r a t  IgG1, IgG2a, IgG2b, 
and  IgG2c) .  The r e s u l t s  o f  d i r e c t  b i n d i n g  s t u d i e s  are 
shown i n  F i g u r e  1. I n  t h i s  a s s a y ,  t h e  c o n c e n t r a t i o n  of  
g o a t  a n t i - r a t  IgG s e l e c t e d  f o r  c o a t i n g  w a s  2 . 5  pg/ml ,  
b a s e d  on t h e  o p t i m a l  c o n c e n t r a t i o n  f o r  t h e  a s s a y  of 
t o t a l  IgG ( 1 9 ) .  A n t i - r a t  IgGl r e a c t e d  s t r o n g l y  w i t h  r a t  
IgGl  b u t  d i d  n o t  r e a c t  w i t h  IgG2a o r  IgG2b a c r o s s  a 
c o n c e n t r a t i o n  r ange  o f  1 . 2 5  t o  200 ng/ml ( F i g u r e  1 A ) .  
T h e r e  w a s  some r e a c t i o n  o f  a n t i - I g G 1  w i t h  IgG2c a t  
c o n c e n t r a t i o n s  g r e a t e r  t h a n  200 ng/ml.  S i m i l a r l y ,  a n t i -  
TgG2a bound s t r o n g l y  w i t h  IgG2a and  a l s o  showed some 
b i n d i n g  t o  IgG2c ( F i g u r e  1B). Only a t  c o n c e n t r a t i o n s  o f  
-200 ng/ml and  g r e a t e r  d i d  b i n d i n g  o f  IgGl and IgG2b t o  
an t i - IgG2a become s i g n i f i c a n t .  Anti-IgG2b ( F i g u r e  1 C )  
snd  an t i - IgG2c  ( F i g u r e  1 D )  were e a c h  h i g h l y  s p e c i f i c ,  
r e a c t i n g  o n l y  w i t h  t h e  homologous i s o t y p e .  The working 
range  f o r  e a c h  i s o t y p e  a s s a y  w a s :  IgG1, 2 t o  200 ng/ml; 
IgG2a, 1 0  t o  200 ng/ml;  IgG2b, 2 t o  200 ng/ml; and 
IgG2c, 2 t o  1000 ng/ml. 

U s i n g  a n  a b s o r p t i o n  a s s a y  t o  f u r t h e r  t e s t  
s p e c i f i c i t y ,  t h e  same t e n d e n c i e s  were shown. Anti-IgG1 
a c t i v i t y  w a s  absorbed  by IgGl even a t  low c o n c e n t r a t i o n ,  
and  was a l so  p a r t i a l l y  abso rbed  by IgG2c, b u t  n o t  by  
IgG2a o r  IgG2b (Table 1 ) .  Anti-IgG2a w a s  a b s o r b e d  by 
IgG2a i t s e l f  and  t o  a lesser e x t e n t  by IgG2c a t  h i g h  
c o n c e n t r a t i o n s ,  b u t  no t  by IgGl o r  IgG2b. On t h e  o t h e r  
hand, an t i - IgG2b and  an t i - IgG2c  were a b s o r b e d  o n l y  by 
t h e i r  c o r r e s p o n d i n g  i s o t y p e  ( IgG2b  a n d  IgG2c,  
r e s p e c t i v e l y )  and n o t  by any o t h e r  IgG i s o t y p e s .  

S p e c i f i c i t y  w a s  a l s o  t e s t e d  b y  making t w o  mock 
samples from p u r e  IgG s u b c l a s s e s  mixed i n  d i f f e r e n t  
p r o p o r t i o n s .  The r ecove ry  o f  t o t a l  IgG averaged  112% i n  
t h e  two m i x t u r e s .  I n  m i x t u r e  1 w i t h  IgGl : IgG2a :  
IgG2b:IgG2c i n  r a t i o s  of 10:20:60:10 ( r e s e m b l i n g  t o t a l  
IgG) t h e  observed  r a t i o s  were 14:22:57:6 .  I n  mix tu re  2 
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A) antl-lgG1 
80Q 

IgG subclass 

+G?b 
-m- Qc 

C) anti-lgG2b 
1 

.1 1 1 0  100  1000  .1 1 1 0  1 0 0  1 0 0 0  

B) antl-lgG2a 

6w1 
D) antl-lgG2c 

.1  1 1 0  1 0 0  1000  .1 1 1 0  1 0 0  1000  

Concentration of igG subclass (ng/mi) 

FIGURE 1. B i n d i n g  a c t i v i t i e s  of p e r o x i d a s e  ( P O )  - 
c o n j u g a t e d  a n t i - r a t  I g G  i s o t y p e  a n t i b o d i e s  w i t h  
a f f i n i t y - p u r i f i e d  r a t  myeloma IgG p r o t e i n s .  A n t i - r a t  
IgGl ( A ) ,  a n t i - r a t  IgG2a ( B ) ,  a n t i - r a t  IgG2b (C), and 
a n t i - r a t  IgG2c (D) were reacted w i t h  r a t  IgGl ( o ) ,  
IgG2a ( a ) ,  IgG2b (0) OK IgG2c (m). P o i n t s  for IgGl 
a n d  IgG2a i n  p a n e l  D were b e h i n d  t h o s e  of IgG2b. 
Myeloma p r o t e i n s  were diluted s e r i a l l y  from 1000 t o  0 . 3 2  
ng/rnl and  i n c u b a t e d  i n  w e l l s  coated w i t h  g o a t  a n t i - r a t  
IgG. Binding is  expressed  i n  absorbance u n i t s ,  A490 nm. 
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156 KINOSHITA AND ROSS 

TABLE 1. 

ELISA Spec i f i c i ty  Determined by Absorption with IgG Subclasses 

Concentration of IgG subclass used f o r  absorption, bg/ml: 

L9G.L 
10 .63 . 0 4  

Isotype 
assayed: 

IgGl 100 80 23 

IgG2a 14 16  9 

IgG2b 0 0 13 

IgG2c 6 10 9 

Um4 JaG2Ll J&.GzG 
10 .63 .04  10 .63 .04 10 -63 .04 

( %  of maximum absorptiona) 

0 0 2  0 0 1  37 16 6 

1 0 0  94 29 0 0 3  69 32 4 

1 4  10  11 100 65 3 1 4  9 8 

0 12 10 0 4 0 1 0 0  61 9 

a )  The percent  of t h e  maximum absorp t ion  was c a l c u l a t e d  as 
fo l lows :  (ODc-OD) / (ODc-ODm) x 1 0 0 ,  where O D c  i s  t h e  
absorbance reading a f t e r  t he  second antibody was absorbed w i t h  
1% BSA, OD i s  an absorbance u n i t  of each sample, and ODm i s  
t h e  absorbance reading of t he  maximum absorption. 

w i th  IgG i s o t y p e s  i n  r a t i o s  of 60:10:10:20, t h e  observed  
r a t i o s  were 52:16:12:21.  Thus, i n  t h e s e  m i x t u r e s  t h e r e  
was a s l i g h t  t endency  t o  o v e r e s t i m a t e  IgGZa, and IgGl 
when IgG2b was i n  excess. However, i n  o t h e r  d i l u t i o n  
t e s t s  ra t  IgG2a i n  a mix tu re  ag reed  v e r y  w e l l  w i th  pu re  
IgG2a a c r o s s  a wide c o n c e n t r a t i o n  r ange .  

Thus,  b o t h  t h e  d i r e c t  b i n d i n g  a s s a y  a n d  t h e  
a b s o r p t i o n  p r o c e d u r e  showed t h a t  a n t i - I g G 1  and  a n t i -  
IgG2a a n t i b o d i e s  reac t  s t r o n g l y  w i t h  t h e i r  r e s p e c t i v e  
i s o t y p e s  b u t  a l s o  c r o s s - r e a c t  weakly w i t h  IgG2c. The 
b i n d i n g  p r o p e r t i e s  of an t i - IgG2b  and  an t i - IgG2c  w e r e  
h i g h l y  s p e c i f i c .  A s  w i l l  be shown be low,  IgG2c 
compr ised  o n l y  a v e r y  small p o r t i o n  of plasma IgG (and  
t h e  T T - s p e c i f i c  IgG) a s  compared t o  t h e  o t h e r  t h r e e  
i s o t y p e s .  Fur thermore ,  because  each  sample was d i l u t e d  
t o  be i n  t h e  range  o f  5 t o  2 0 0  ng/ml i n  t h e  a s s a y ,  t h e  
c r o s s - r e a c t i v i t y  of  an t i - IgG1  o r  an t i - IgG2a w i t h  IgG2c 
would n o t  b e  expec ted  t o  s i g n i f i c a n t l y  a f f e c t  t h e  a s s a y  
r e s u l t s .  A t  t h i s  c o n c e n t r a t i o n ,  even i f  e q u a l  amounts 
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of IgG2c and IgGl o r  IgG2a were p re sen t  i n  a t es t  
sample, t h e  observed c ross - r eac t iv i ty  with IgG2c would 
r e s u l t  i n  an overestimation of only 5% and 9% f o r  IgGl 
and IgG2a, respect ively.  T e s t s  with mock mixtures a l s o  
revealed good o v e r a l l  agreement between expected a n d  
observed resu l t s .  Thus, w e  concluded t h a t  these ELISAs 
have s u i t a b l e  s e n s i t i v i t y  and s p e c i f i c i t y  f o r  t h e  
determination of plasma IgG isotypes as they occur i n  i n  
vivo s t u d i e s .  

A f t e r  ensu r ing  t h e  s p e c i f i c i t y  of t h e  second 
ant ibodies ,  t h e  optimal concentration of goat a n t i - r a t  
IgG used i n  coating was re-examined. The binding of PO- 
c o n j u g a t e d  a n t i - i s o t y p e  a n t i b o d i e s  w i t h  e a c h  
corresponding r a t  IgG subc la s s  was t e s t e d  on w e l l s  
coated with goat a n t i - r a t  IgG i n  concentrat ions from 
0 . 7 8  t o  80 pg/ml. For each IgG i so type  assay,  a 
concentration of goat a n t i - r a t  IgG 2 2 . 5  pg/ml produced 
binding c lose  t o  t h e  maximum a t  any concentration of t he  
t e s t  sample (data  not shown). Based on these  s t u d i e s ,  
2 .5  pg/ml was se l ec t ed  as a n  optimal concentration for  
coat ing.  Under these conditions, t h e  l i m i t s  of r e l i a b l e  
de t ec t ion ,  defined a s  twice t h e  background absorbance, 
were as low a s  1 .6  ng/ml f o r  IgG1, 3.1 ng/ml f o r  IgG2a, 
1 .6  ng/ml f o r  IgG2b, and 0 . 8  ng/ml f o r  IgG2c (Figure 2 ) .  
Background absorbances were normally l e s s  than 0.01 A,,, 
u n i t  i n  t h e  assays of IgG1, IgG2b o r  IgG2c, and about 
0.025 u n i t  i n  t h e  IgG2a assay. 

In a sandwich ELISA the re  e x i s t s  t h e  p o t e n t i a l  t h a t  
rheumatoid f a c t o r  (RF), a n  antibody a g a i n s t  t h e  Fc 
port ion of IgG, might i n t e r f e r e  i n  t h e  assay system. As 
IgM RF could, i f  present ,  bind t o  both t h e  IgG ( i . e . ,  
goat IgG aga ins t - r a t  IgG) coated onto t h e  p l a t e  and t o  
t h e  second ant ibody (sheep IgG a g a i n s t  a rat-IgG 
i s o t y p e ) ,  it would be estimated a s  IgG, r e s u l t i n g  i n  
over-estimation of each IgG isotype.  We examined t h e  
presence of IgM RF i n  t h e  t es t  samples and found these 
l e v e l s  t o  be barely detectable  (data not shown). 

on of 1-s Concfxitrations with T0ta.l - 
To determine whether t h e  sum of t h e  concentrations 

of i ndependen t ly  determined IgG i s o t y p e s  a g r e e s  
s a t i s f a c t o r i l y  with d i r e c t  measurements of t o t a l  plasma 
IgG, w e  compared t h e  sum of plasma IgG1, IgG2a, IgG2b 
and IgG2c with t h e  t o t a l  plasma IgG concentration i n  1 4  
plasma samples. A s  is  shown i n  Figure 3, t he re  w a s  good 
agreement between t h e  isotype sum and t h e  direct assay 
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60C 

500 

400 

300 

200 

100 

FIGURE 2 .  

.1 1 1 0  1 0 0  1 0 0 0  

Concentration of IgG subclass (ng/ml) 

S e n s i t i v i t v  of t h e  ELISAs f o r  t h e  I q G  
subclasses.  The seriLlly d i lu t ed  a f f in i ty -pur i f i ed  rat 
myeloma IgGl ( O ) ,  IgG2a ( e ) ,  IgG2b (0) or  IgG2c 
were assayed by the  corresponding PO-conjugated anti-IgG 
isotype ant ibodies .  Points connected w i t h  broken l i n e s  
show background absorbance values i n  each isotype assay. 

of t o t a l  I q G .  Data presented below have been expressed 
r e l a t i v e  t o  both the sum of the individual  isotypes a d  
w i t h  respect t o  the d i r ec t ly  determined t o t a l  IgG. 

The r ep roduc ib i l i t y  of each assay was determined 
using three  plasma samples chosen fo r  a high, moderate, 
and low concentrat ion of IgG o r  IgG anti-TT. The 
in t e ra s say  c o e f f i c i e n t s  of va r i a t ion  (Table 2 )  ranged 
from 2 . 8  t o  1 4 . 2 %  f o r  the  four isotypes,  whereas the  
intra-assay coe f f i c i en t s  of var ia t ion  equalled 3.9% t o  
1 0 . 9 % .  
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A) total IgG 

159 

8 - m- 

*wo - I -  

rk0.94 

0 i 1 

o 1 0 0 0  z o o 0  a o o o  4 0 0 0  5000 

Sum of IgG isoiypes (pg/ml) 

8) lgG anti-TT 

8 - 

0 
2 0 0  4 0 0  6 0 0  8 0 0  1000  0 

Sum of IgG Irotyper against TT (Ilglml) 

FIGURE 3 .  Comparison of t h e  sum of independent ly  
determined IgG i s o t y p e s  with d i r e c t  measurements of 
t o t a l  plasma IgG. Dotted l i n e  shows expec ted  
co r re l a t ion .  

YSe  of Assavs t o  Measure Total E ~ ~ & L L &  IsotyQeS 

With t h i s  understanding of t h e  s t r e n g t h s  and 
l imi t a t ions  of the ELISAs f o r  the four r a t  IgG isotypes,  
w e  conducted a study of t he  contr ibut ion of t he  various 
isotypes t o  t o t a l  plasma IgG i n  t h e  normal r a t  over the 
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160 KINOSHITA AND ROSS 

TABLE 2. 

C o e f f i c i e n t s  of Var i a t ion  f o r  R a t  IgG ELISAs 

I s o t  ype Interassav a)  ~ntra-assav b) 

determined t o t a l  IgG anti-TT t o t a l  IgG anti-TT 

(%)  

1 ( 3 ~ 1  8.2 3.4 4.0 4.9 

IgG2a 9.8 2.8 10.9 3 . 9  

IqG2b 10.1 14.2 4.9 8.5 

IgG2c 6.3 ND 6.0 ND 

a )  I n t e r a s s a y  v a r i a t i o n  w a s  measured by a s s a y i n g  t h r e e  
plasma samples,  w i th  a high,  moderate,  and low c o n c e n t r a t i o n  
of IgG o r  IgG an t i -TT ,  on t h r e e  d i f f e r e n t  d a y s .  The 
c o n c e n t r a t i o n  of  each sample was c a l c u l a t e d  i n  pg/ml and 
r e s u l t s  of t h e  a s s a y  were e x p r e s s e d  a s  a c o e f f i c i e n t  of 
v a r i a t i o n .  The means of t h e  c o e f f i c i e n t s  of v a r i a t i o n  of t h e  
three plasma samples are shown above. 

bt Three plasma samples were as sayed  i n  f o u r  r e p l i c a t e s  on 
t h e  same plate.  

a g e  r a n g e  o f  20 t o  80 d a y s .  P r e v i o u s l y  w e  reported t h a t  
t h e  t o t a l  plasma I g G  c o n c e n t r a t i o n  i n  no rma l  L e w i s  ra ts  
i n c r e a s e s  p r o g r e s s i v e l y  be tween  40 a n d  70  d a y s  of a g e  
( 1 9 ) .  I n  t h e  p r e s e n t  s t u d y ,  w e  e x a m i n e d  t h e  IgG 
i s o t y p e s  i n  plasma f r o m  r a t s  be tween  20  a n d  80 d a y s  of 
a g e .  As i s  shown i n  Table 3 ,  d u r i n g  d e v e l o p m e n t  t h e  
c o n c e n t r a t i o n s  of each s u b c l a s s  of IgG i n c r e a s e d  
p r o p o r t i o n a l l y  w i t h  t h e  i n c r e a s e  i n  t o t a l  I g G  
c o n c e n t r a t i o n .  Thus,  t he  i s o t y p e  distribution did  n o t  
c h a n g e  s i g n i f i c a n t l y  w i t h  a g e .  The p r e d o m i n a n t  IgG 
i s o t y p e s  were IgG2b a n d  IgG2a ,  w h i c h  a c c o u n t e d  o n  
a v e r a g e  f o r  n e a r l y  64% a n d  29%,  r e s p e c t i v e l y ,  of the  
t o t a l  IgG. I g G l  a n d  IgG2c were v e r y  m i n o r  componen t s ,  
c o m p r i s i n g  t o g e t h e r  less t h a n  1 0 %  of t o t a l  p l a sma  I g G  a t  
a l l  ages. The IgG2a a n d  IgG2b c o n c e n t r a t i o n s  i n c r e a s e d  
s i g n i f i c a n t l y ,  a n d  d i d  t o t a l  I g G ,  between 60 a n d  80 d a y s  
of age. 
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TABLE 4. 

IgG Isotypes Following Immunization with TT 

ant i-TT total IgG ant i-TT 
pg/ml; mean f SEM a) % of total IgG 

I gG1 4.8 f 1.3 36.8 f 5.1 14% 

(57%) b) (5%) c) 

IgG2a 0.6 f 0.2 179.6 f 19.2 0.3% 

(7%) (24%) 

IgG2b 3.0 f 0.6 528.5 f 49.7 0.6% 

(36%) (71%) 

IgG sum d, 8.4 f 1.8 744.9 f 45.8 1.2% 
(100%) (100%) 

IgG directe) 8.3 f 1.3 668.9 f 16.9 1.3% 

(99% 1 (90%) 

a) 17 rat plasma samples collected 10 days after 
immunization were pooled to prepare 4 representative samples 
for  assays. 

b) % of total IgG anti-TT sum 

c) % of total IgG sum 

d) IgG calculated by summing IgG1, IgG2a and IgG2b 

e) IgG assayed directly using PO-conjugated anti-IgG 

use of Assavs to Meuure Isotvpes of w i  - TT I& - 

The utility of these assays for antigen-specific 
responses was demonstrated in plasma samples from rats 
immunized with TT. The isotype pattern of the primary 
IgG response to TT (Table 4) was remarkably different 
from that of total plasma IgG. The dominant isotype of 
anti-TT was IgGl which equalled 57% of total anti-TT 
activity. In comparison, this subclass comprised only 
5% of total (non-specific plus TT-specific) IgG in these 
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animals .  Thus, a t  t h e  time when t h e  primary response t o  
TT was maximal, anti-TT IgGl accounted f o r  14% of t o t a l  
IgG1. The second popula t ion  i n  rank was anti-TT IgG2b 
which comprised 36% of t h e  t o t a l  anti-TT a c t i v i t y ,  bu t  
accounted f o r  on ly  0 . 6 %  of t h e  t o t a l  IgG2b. The t h i r d  
popula t ion  i n  rank was anti-TT IgG2a which comprised 7% 
of  t o t a l  ant i -TT a c t i v i t y  and accounted  f o r  0 . 3 %  of 
t o t a l  IgG2a. IgG2c, e i t h e r  s p e c i f i c  t o  TT o r  non- 
s p e c i f i c ,  was h a r d l y  d e t e c t a b l e  (< 1% of ant i -TT IgG, 
d a t a  not  shown). 

DISCUSSION 

The q u a n t i t a t i v e  ELISAs developed f o r  t h e  f o u r  r a t  
IgG i s o t y p e s  p roved  v e r y  good b o t h  i n  terms o f  
s e n s i t i v i t y  and r e p r o d u c i b i l i t y .  The h igh  c o r r e l a t i o n  
between t o t a l  IgG assayed  d i r e c t l y  and t h a t  c a l c u l a t e d  
by summing t h e  f o u r  IgG s u b c l a s s e s  a l s o  s t r o n g l y  
suppor ted  t h e  r e l i a b i l i t y  of t h i s  a s say  system, a s  d i d  
t h e  a s say  of mock mixtures  of pure IgG subc la s ses .  The 
a s says  were s u i t a b l e  f o r  t h e  a n a l y s i s  of n a t u r a l  ( t o t a l )  
IgG a s  well  a s  an t igen - spec i f i c  IgG, as demonstrated b y  
s t u d i e s  wi th  TT. 

The plasma t o t a l  IgG c o n c e n t r a t i o n  i s  known t o  
inc rease  p rogres s ive ly  during ontogeny. I n  c h i l d r e n  IgG 
r e a c h e s  a d u l t  c o n c e n t r a t i o n s  by about  6 y e a r s  (22)  
while ,  i n  t h e  r a t ,  we p rev ious ly  showed plasma t o t a l  IgG 
t o  i n c r e a s e  s i g n i f i c a n t l y  between 40 and 70  days of age  
( 1 9 ) .  Although t h e  p r e c i s e  mechanisms t h a t  c o n t r o l  t h e  
c o n c e n t r a t i o n s  of  c i r c u l a t i n g  immunoglobulins have not  
been d iscerned ,  t h i s  age - re l a t ed  inc rease  is  thought  t o  
be due p a r t l y  t o  t h e  maturat ion of B cells and p a r t l y  t o  
t h e  enhancement of h e l p e r  T c e l l s  f u n c t i o n  a n d / o r  
changes  i n  t h e  b a l a n c e  of h e l p e r  and  s u p p r e s s o r  
f u n c t i o n s  ( 2 2 ) .  I n  t h e  r a t s  i n  t h i s  r e p o r t ,  IgG 
concen t r a t ions  were s t i l l  inc reas ing  a t  80 days of age.  
However, t h e  d i s t r i b u t i o n  of t h e  IgG subc la s ses  remained 
unchanged as t o t a l  IgG increased .  

I n  t h e  pr imary response t o  TT i n  t h e  normal L e w i s  
rat, IgGl anti-TT comprised more than  h a l f  of t h e  t o t a l  
anti-TT a c t i v i t y ,  fol lowed by IgG2b>IgG2a>>IgG2c. This  
p a t t e r n  f o r  t h e  TT-spec i f i c  IgG i s o t y p e s  was q u i t e  
d i f f e r e n t  from t h a t  of t o t a l  IgG (IgG2b>IgG2a>>IgG1, 
IgG2c) . Thus, TT s p e c i f i c a l l y  a c t i v a t e d  t h e  product ion  
o f  IgGl an t ibody ,  which, based  on i t s  s t e a d y - s t a t e  
concen t r a t ion ,  was produced only  a t  a l o w  l e v e l  i n  t h e  
absence of an t igen  s t imu la t ion .  

These immunoassays shou ld  prove  ve ry  u s e f u l  i n  
s t u d i e s  of t h e  ontogeny of ant ibody product ion,  vaccine-  
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specific responses, nutritional influences, and the 
isotype-specific class switch as influenced by cytokines 
and other regulatory factors. 
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