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Antibody-forming cell (AFC) 1 precursors arise from cells in the bone marrow and 
differentiate to antigen-specific B cells. On exposure to antigen,  in the presence of T 
lymphocytes and macrophages,  these B cells fur ther  differentiate to effector c e l l s - A F C  
tha t  secrete large amounts  of immunoglobulin (Ig) with a specificity for ant igen identical  
to tha t  of the receptor on the s t imula ted  cell, or to memory B ce l l s - l ymphocy te s  capable 
of rapid expansion and differentiation to effector cells upon re-exposure to antigen.  

Antibody genes in mammal i an  cells comprise at  least  three families, one encoding for 
K-light chains, another  for k-light chains,  and a t ight ly  l inked cluster of genes encoding 
for heavy chains (1). The surface Ig on a single B cell is homogeneous with respect to the 
l ight  chain family expressed and to the specificity for ant igen (2, 3). Considerable 
evidence has now accumulated showing tha t  Igs with two or more different Ig heavy 
chain (Ig-H) classes are  present  on the surface of a single B cell (4). The expression of 
different heavy (H) chains and combinations of H chains on B cells has been studied in 
an effort to char t  the ontogeny of, and to dist inguish between, functionally different B 
cells. 

In newborn mice most B cells carry only surface IgM. From 4 to 6 wk after b i r th  the 
majori ty of B cells in the immune  system have both surface IgM and IgD. The 
developmental  re la t ionship between these two cell populations has not yet  been estab- 
lished (5). Studies with anti-IgM t rea tment  of newborns have shown tha t  IgM-bearing 
cells are precursors of IgG and IgA-producing cells (6); however, these studies have not 
establ ished whether  the precursors are IgM only or IgM-IgD-bearing B cells. 

In the adul t  mouse, several  invest igat ions have been conducted to establ ish which Ig 
classes (isetypes) are found on B cells responding in p r imary  responses and which are 
found on B cells responding in secondary responses. In T-independent p r imary  responses, 
both the IgM-only and IgM-IgD B-cell populations were shown to give rise to AFC (7). In 
T-dependent p r imary  responses, Coffman and Cohn (7) found tha t  only the IgM-IgD B 
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vein); MEM, minimum essential medium; PAGE, polyacrylamide gel electrophoresis; PFC, 
plaque-forming cells; SDS, sodium dodecyl sulfate. 
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cells responded; however, Zan-bar et al. (8) also obtained a small T-dependent response 
with IgD- (IgM only) B cells as well. 

In secondary responses, most of the responding B cells (memory cells) carry IgG (7- 
11). Some of these IgG-bearing cells carry IgD as well (7). There are also apparently 
some IgG memory cells that  carry little or no surface IgG (9, 10). Thus, the appearance of 
surface IgG on a B cell defines a major B-cell maturat ion step; however, the information 
presently available on expression of surface IgD is inadequate to fit the presence or 
absence of this Ig isotype into a scheme of B-cell maturation.  

I n  th i s  p u b l i c a t i o n ,  we p r e s e n t  d a t a  f rom a c o m p r e h e n s i v e  s t udy  of the  
p resence  of IgD on B cells a t  d i f f e ren t  s tages  of m a t u r a t i o n ,  f rom u n p r i m e d  
l ymphocy t e s  to AFC.  We show t h a t  (a) T - d e p e n d e n t  p r i m a r y  a n t i b o d y  re sponses  
a re  g e n e r a t e d  mos t ly ,  i f  no t  e n t i r e l y ,  by  I g D - b e a r i n g  B cells; (b) e a r l y  IgG 
m e m o r y  cells  ca r ry  sur face  IgD; (c) m a t u r e  ( la ter ,  h i g h e r  av id i ty )  IgG m e m o r y  
cells do no t  ca r ry  sur face  IgD; a n d  (d) mos t  IgM A F C  c a r r y  IgD w h e r e a s  few (if 
any)  IgG A F C  ca r ry  IgD. T h u s  ev idence  f rom th i s  s t udy  ind i ca t e s  t h a t ,  w i t h  
respect  to T - d e p e n d e n t - r e s p o n d i n g  B cells,  t he  p re sence  of sur face  IgD d i s t in -  
gu i she s  less m a t u r e  f rom more  m a t u r e  B cells, a n d  can,  therefore ,  be  u sed  i n  
c o n j u n c t i o n  w i t h  ev idence  f rom o the r  s tud ies  to c ons t r uc t  a n  o u t l i n e  for a B-cell  
m a t u r a t i o n  p a t h w a y .  

M a t e r i a l s  a n d  M e t h o d s  
Experimental Approach. Alloantisera with specificity for mouse IgD were used to identify 

splenic B cells with surface IgD (12). The reaction of such sera with their target cells was 
visualized by indirect immunofluorescence microscopy and analysis on the fluorescence-activated 
cell sorter (FACS) (13). IgD + (stained) and IgD- (unstained) populations in the suspension were 
then isolated with the FACS and tested for functional activity in an adoptive transfer assay. The 
isolated populations were supplemented with an appropriate source of T cells in these assays to 
allow full expression of B-cell activity. Three functionally distinct populations of cells involved in 
antibody responses were examined for expression of surface IgD: unprimed B cells, primed 
(memory) B cells, and IgM and IgG plaque-forming cells (PFC). 

Mice. Two pairs of Ig-H chain congenic mouse strains were used for this work: SJL/JHz, 
which carries the Ig b haplotype, and SJA/9Hz, which carries the Ig a haplotype derived from 
BALB/c; and BALB/cNHz (Ig ~ haplotype) and BAB/14Hz, which carries the Ig b haplotype of 
C57BL/Ka (14). Male or female mice between 3 and 6 mo of age were used in these experiments. 

Antisera. Mouse anti-Ig-5b (anti-8 of the b allotype) was raised by injecting SJA female mice 
(Ig a) with 107 washed spleen cells from female BAB/14 mice (Igb). The BAB/14 spleen cells were 
administered i.p. on five occasions each separated by 1 wk. Recipient mice were bled 7 days after 
the last injection of antigen and serum pools were made on the basis of anti-Ig-5b titer. Serum 
producers were bled weekly, and boosted monthly, and no drop in titer was observed over a 21/2 
mo period. After 21/2 mo, the serum producers generate a large amount of antibodies that react 
with antibody complexes. Anti-IgD titer was assessed after absorption of the sera with a Ig-6b 
myeloma (C.BPCll2)-Sepharose or C57BL/6 globulins-Sepharose conjugates. This procedure 
removes anti-Ig-6b activity from the serum in addition to any antibodies that react with 
complexed Ig. The anti-Ig-5b activity in absorbed sera was assessed by staining of SJL spleen 
cells and analysis on the FACS. This procedure permits an objective assessment of how brightly a 
given serum in combination with a fixed amount of fluoresceinated second step reagent will stain 
a fixed number of spleen cells. Serum collected over the 21/2-mo period after the initial 
immunizations was used in the following studies. 

The specificity of the anti-Ig-Sb serum has been characterized in two ways: (a) By immunofluo- 
rescence analysis. These data have been published elsewhere (12). To the already published 
results we can add that our anti-Ig-5b sera do not stain any cells in SJL fetal liver nor is any 
activity removed from these sera by absorption with SJL fetal liver cells. These sera also do not 
stain any cells in the 1-day old SJL spleen whereas 5-10% of these cells can be stained with a 
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rabbit  or goat-anti-IgM serum or with anti-Ig-6b serum. In the 4-day old SJL spleen about  5% of 
cells can be stained with our anti-Ig-5b serum whereas about 20% of these spleen cells are IgM 
bearing, In the adult  spleen, most cells which have membrane  IgM also s tain for surface Ig-5 
(IgD) (5, 7). 

(b) By SDS polyacrylamide gel (SDS-PAGE) analysis of immunoprecipitates prepared from 
lysates of radiolabeled SJL spleen cells (S. Black, unpublished data). Briefly, anti-Ig-5b serum 
tha t  did not react with IgM as shown by radioimmune analysis 2 or staining of 1-day old mouse 
spleen cells, precipitated only IgD from radiolabeled SJL spleen cell lysates. IgD was identified by 
the migrat ion pat tern  in 10% SDS-PAGE under  reducing conditions, as a molecule tha t  had a tool 
wt of approximately 65,000 daltons. 

Fluorescein Conjugated Ig b anti-Ig a Allotype Serum. This serum was raised by injecting SJL 
mice with complexes of BordeteUa pertussis anti-B, pertussis antibodies from BALB/cN mice. 
Ouchterlony analysis showed reaction against  Ig-la, Ig-3a, and Ig-4a. The conjugation of this  
serum with fluorescein followed the protocol of Cebra and Goldstein (15). Fluoresceinated 
an t i serum was then absorbed with SJL spleen cells unt i l  it reacted only with mouse B cells 
bear ing Ig-la, Ig-3a, or Ig-4a. 

Antigens and Priming. Burro erythrocytes (BRBC) in Alsever's solution (Colorado Serum 
Co., Denver, Colo.) were washed three t imes in min imum essential  medium (MEM) and 5 × 107 
were injected i.p. into experimental  animals.  Keyhole l impet hemocyanin (KLH) (Pacific Bio- 
Marine Laboratories, Inc., Venice, Calif.) and 2,4-dinitrophenyl (DNP) conjugates of KLH were 
prepared as previously described (16). Donors were primed with 100 ~g DNP-KLH on alum 
(hapten priming) or with 100 ~g KLH on alum (carrier priming). Both ant igens were injected i.p. 
with 2 × 109 killed B. pertussis (kindly supplied by the Commonwealth of Massachusetts, Depart- 
ment of Public Health, Boston, Mass.) Mice were used as donors a minimum of 6 wk after priming. 

Preparation of B Cells, T Cells, and Erythrocyte-Depleted Spleen Cells. (a) T-cell killing: T 
cells were depleted from spleen cell suspensions by kill ing with anti-Thy-1 plus complement in a 
two-step killing protocol. Cells were incubated with congenic anti-Thy-l.2 (kindly supplied by 
Doctors E. A. Boyse and F. W. Shen, Sloan-Kettering Inst i tute,  New York) for 30 rain at  37°C. 
After the first step, cells were pelleted through fetal calf serum (FCS), then resuspended and 
incubated with agarose-adsorbed guinea pig complement for 30 rain at  37°C. After the second 
step, cells were resuspended and washed once before transfer.  (b) T-cell-enriched populations of 
splenocytes were prepared by passing spleen cells through nylon wool columns (17). (c) Erythro- 
cyte-depleted splenocytes: erythrocytes were lysed by incubat ing the cells for 2 rain at  4°C in 
Gey's balanced salt  solution in which the NaC1 was replaced with an equimolar concentration of 
NH4C1 (hemolytic Gey's). 

lmmunofluorescent Staining for Surface IgD. IgD was visualized on B-cell surfaces by indirect  
immunofluorescence (12). Splenic lymphocytes harvested from SJL mice in MEM with 5% FCS 
were stained with an t i serum specific for Ig-5b for 15 rain at  4°C and pelleted through FCS. The 
cell pellet was resuspended in fluoresceinated (F*) b anti-a allotype serum (fluorescein-labeled 
second step reagent)  and incubated for a fur ther  15 rain at  4°C. This suspension was again pelleted 
through FCS and resuspended to a concentration of 107 cells/ml for separation by using the  FACS- 
II. Concentrat ions of the first and second step reagents were chosen to give optimal staining.  
Visual analysis of stained cells on a ultraviolet  Zeiss microscope, (Carl Zeiss, Inc., New York) 
showed tha t  30-40% of the population was fluorescent. No cells were stained by the second step 
reagent  alone or after incubation with normal mouse serum. 

Sorting and Analysis with FACS-II. FACS isolation used in these experiments  allows 
separation of cells according to amount  of bound fluorescein, amount of low-angle light scattering 
(size), or a selected combination of these two parameters. In these studies scatter gates or thres- 
holds were set so tha t  only small, live lymphocytes were analyzed or separated (18). 

Adoptive Transfer and Plaque-Forming Cell Assays. Spleen cells (from SJL mice) in MEM 
were mixed with T cells as desired jus t  before i.v. injection into BALB/c recipients, X-irradiated 
(650 rads) 18 h previously. Recipients were challenged at  t ime of t ransfer  with 10 /~g aqueous 
DNP-KLH or 5 × 107 washed BRBC and killed 7 days later. Direct DNP or BRBC PFC in recipient 
spleens were scored by the method of Cunn ingham and Szenberg (19). Indirect splenic PFC were 
counted as the increase in DNP or BRBC PFC in chambers containing an optimal concentrat ion 

2 S. J. Black, J. W. Goding, G. A. Gutman,  L. A. Herzenberg, M. R. Loken, B. A. Osborne, 
W. van  der Loo, and N. L. Warner.  Manuscript  in preparation.  
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TABLE I 

The Primary Adoptive Anti-BRBC Response 

987 

B Cells* T Cells* BRBC 

Anti-BRBC PFC (× i03)/ 
spleen 

Direct Developed 

107 -- + 1.0 0.9 
-- 107 + <0.1 <0.1 

107 107 + 14.2 25.1 
l0 T l0 T 

a-Thy-l .2 + C' + 1.1 3.0 
10 T l0 T - 0.5 0.6 

Mixtures of SJL B and T cells were injected into X-irradiated (650 rads) 
BALB/c mice together  with  5 × 107 BRBC. Recipient mice were killed 7 days 
later  and spleen cells were harvested and plaqued against  BRBC. The data  
is tabula ted as anti-BRBC PFC (× 108)/spleen. Direct PFC are mainly IgM- 
secreting PFC; developed PFC are mainly  IgG-secreting PFC. 

* B cells prepared by t rea t ing  unprimed SJL spleen cells with anti-Thy-l .2 
and complement. 

$ Nylon wool-enriched populations. 

of facilitating antiserum (rabbit anti-mouse IgG sera for IgG PFC development [I0]) over the 
response in chambers with no facilitating antiserum. Results are expressed as PFC (× 10s)/ 

spleen. 
Because we have used allogeneic recipients for most of the work described here we present the 

data in Table I to show that the allogeneic adoptive primary anti-BRBC response has similar 
characteristics to syngeneic T-dependent adoptive primary responses. B cells or T cells alone 
generate virtually no anti-BRBC PFC in the presence of antigen. Mixtures of B and T cells, when 
stimulated with BRBC, give rise to substantial numbers of IgM and IgG PFC. Without antigen, 
few PFC were produced. T cells treated with anti-Thy-l.2 plus complement before mixing with B 
cells and antigen do not support the response. Thus, although SJL spleen cells were responding to 
BRBC in an allogeneic environment, the response was T-dependent and required antigen. The 
immune response obtained was threefold higher than that arising in a syngeneic transfer making 
this adoptive transfer system attractive for assaying the low responses usually obtained in 
adoptive primary studies. 

Adoptive secondary anti-DNP responses in allogeneic environments also had the characteris- 
tics of a syngeneic response (see Table If). DNP-primed B cells together with carrier-primed 
spleen cells and DNP-KLH generated a strong IgG anti-DNP PFC response but no IgM PFC. 
Neither DNP-primed B cells nor carrier-primed T cells alone, or carrier-primed T cells and 
unprimed B cells (with antigen) generated an immune response on challenge with DNP-KLH. 
Further, after anti-Thy-l.2 plus complement treatment of the carrier-primed cells (Table If, line 
4) DNP-primed B cells gave no adoptive anti-DNP-PFC response. Antigen given to the adoptive 
recipient was always required for a response in the allogeneic environment. This secondary 
allogeneic transfer gave rise to two to five times more PFC than were obtained in the syngeneic 
comparison with no changes in cell or antigen requirements (S. Black, unpublished data). 

Avidity of DNP-PFC. Avidity of DNP-PFC was estimated by including e-DNP-lysine in the 
plaquing chambers at 10-fold concentration steps from 10 -1° to 10 -~ M as previously described (20). 
The number of cells placed into each Cunningham chamber was adjusted so that in the absence of 
any inhibitor, 250 PFC/chamber were counted. Six replicate chambers were counted for each 
concentration of inhibitor. For concentrations of e-DNP-lysine, less than 10 -~ M the standard 
error obtained on each set of six replicate PFC counts was < ± 7%. 

R e s u l t s  

Staining of  SJL Spleen Cells with Anti-Ig-5b Serum and Separation of  IgD + 
and IgD- Lymphocytes. A n  S J L  s p l e e n  ce l l  p r e p a r a t i o n  w a s  i n d i r e c t l y  s t a i n e d  
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TABLE II 

Secondary Adoptive Anti-DNP Response 

D N P - P r i m e d *  
B cells 

KLH-Primed* spleen DNP-KLH 

Anti-DNP PFC (x 103)/ 
spleen 

Direct  Developed 

5 x 106 10 t + <0.1 102.5 
5 x 106 -- + <0.1 11.5 

-- l0 t + <0.1 8.5 
5 × 108 107 + <0.1 10.1 

a -Thy- l . 2  + C'  
5 x 108 107 - <0.1 3.5 

Mixtures of DNP-primed B cells and KLH-primed SJL spleen cells were 
injected into X-irradiated (650 rads) BALB/c mice together with 10 ~g 
aqueous DNP-KLH. Recipient mice were killed 7 days later and spleen cells 
were harvested and plaqued against DNP-BRBC. The data are tabulated as 
anti-DNP PFC (x 10S)/spleen. 
DNP-primed splenic B cells were obtained from SJL mice primed 6 wk 
previously with DNP-KLH. Whole spleen cell preparations from these mice 
were treated with anti-Thy-l.2 plus complement. 
These cells were harvested from SJL mice primed 6 wk previously with 
KLH. 

I'- 30~ 1 

~ 20' 
IgD- "I 

I0. IgD* 

I I ~ l l l l l  I I I  I I I j l l  I | I I I I 

50 I00 150 aO0 250 

FLUORESCENT UNITS 

FIG. 1. F A C S  A n a l y s i s  of  SJL  sp leen  cells s t a i n e d  indi rec t ly  w i th  ant i - Ig-5b s e r u m ,  a) 
Viable s m a l l  SJL sp leen  cells s t a i n e d  indi rec t ly  w i th  S J A  n o r m a l  mouse  s e r u m  followed by 
F*b-an t i -a  a l lo type s e r u m ,  b) Viable s m a l l  SJL sp leen  cells s t a i n e d  ind i rec t ly  wi th  SJA  
ant i - Ig-5b s e r u m  followed by F*b-ant i -a  a l lotype s e r u m ,  Sepa ra t ion  ga t e s  u s e d  to isolate  
IgD ÷ a n d  IgD-  l y m p h o c y t e s  a re  shown,  32% of  t he  ant i - Ig-5b s t a i n e d  sp leen  cell p r epa ra t i on  
fell b e t w e e n  0 a n d  20 f luorescence  U and  was  t a k e n  as  IgD . 28% of t h e  ant i - Ig-5b s t a i ned  
sp leen  cell p repa ra t ion  fell b e t ween  100 and  240 f luorescence U and  was  t a k e n  as  IgD +. 

with specific a anti-Ig-5b serum in combination with F*b anti-a allotype serum. 
UV Zeiss microscope analysis of this cell suspension showed that  about 30% of 
the population was fluorescent. The stained cells were analyzed on the FACS- 
II. Separation thresholds were set as follows (see Fig. 1): unstained (IgD-) cells 
were taken to be those that  fell into the first one or two channels. These cells 
could not be distinguished from low autofluorescent cells. IgD ÷ cells were taken 
as those brightly staining cells that  were clearly separate from the %ail" of the 
IgD- population (see Fig. 1). Cells that fell between brightly fluorescent (IgD ÷) 
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TABLE HI 
Expression of IgD on the Primary Responsive B Lymphocyte 

989 

B Cells 
T Cells (5 × 10 6) 

Anti-BRBC PFC (x i0~)/ 
spleen 

Direct Developed 

Stained unseparated spleen 107 14 25 
IgD + fraction 107 13 22 
IgD- fraction 107 <0.1 <0.1 
-- 107 <0.1 <0.1 

SJL spleen cells were stained with SJA anti-Ig-5b serum and F*b anti-a 
allotype serum, then sorted into br ight  IgD + (top 28%) and dull IgD- (bottom 
32%) fractions. Recipients were X-irradiated (650 rads) BALB/c mice. Washed 
BRBC (5 × 107) were injected along with lymphocytes. T cells are nylon wool- 
enriched spleen cells. The PFC response was assayed 7 days after transfer.  

and dull fluorescent (IgD-) were discarded. Details of this sorting procedure 
have been published elsewhere (21). 

More than 95% of the IgD ÷ cells obtained in this manner were fluorescent on 
visual examination by using fluorescence microscopy. Direct staining of these 
cells with a rhodaminated-specific anti-IgM antiserum and subsequent FACS 
analysis showed that greater than 95% ofIgD + cells also carry surface IgM. The 
isolated IgD- population was stained with an antiserum specific for T cells and 
found to contain mainly T cells. 

The Expression of IgD on the Primary Responsive Lymphocyte. IgD ÷ and 
IgD- lymphocytes were prepared as outlined above. Mixtures of stained but 
unseparated or separated fractions with added T cells were transferred into X- 
irradiated BALB/cN mice along with BRBC, and the splenic PFC response that  
arose 7 days later was assessed. About half  of the unseparated normal spleen 
cells are IgD ÷, therefore equal numbers of IgD- and IgD ÷ cells were transferred. 

The results from the above experiment are shown in Table III. IgD + 
lymphocytes supplemented with T cells gave rise to a response approximately 
equivalent to unseparated spleen cells supplemented with T cells. IgD- cells 
supplemented with T cells did not generate a PFC response. This experiment is 
representative of four similar studies that  were performed. (Similar results 
were also obtained on transfer of IgD ÷ and IgD- SJL cells into SJL recipients.) 
Thus IgD ÷ cells give rise to a primary response to an erythrocyte antigen. Since 
the IgD- lymphocyte fraction contained only about 5-10% B cells we cannot say 
that  IgD- B cells are totally unable to participate in T-dependent primary 
immune responses; rather, we conclude that most, if not all, BRBC primary- 
reactive B cells reside in the IgD + lymphocyte pool. 

The Expression of IgD on IgG Memory Cells. The results of adoptive 
transfers with primed B cells are presented in Table IV. 

Both the isolated IgD + cells and the isolated IgD- cells from DNP-primed 
mice, when supplemented with KLH-primed spleen cells, generated substantial 
IgG PFC responses. Thus the IgG memory pool present 6 wk after one exposure 
to antigen is heterogeneous, with memory being found in both IgD ÷ and IgD- 
fractions. These data are representative of results obtained in three similar 
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990 EXPRESSION OF IgD BY MURINE LYMPHOCYTES 

TABLE IV  

Expression of lgD on IgG Memory Cells 

DNP-Primed B Cells* DNP-KLH$ (5 × l0 s) 

Ant i -DNP PFC 
( × 10S)/spleen 

Developed 

S ta ined  unsepa ra ted  spleen + 160 
Sta ined  unsepa ra ted  spleen - 4.7 

IgD ÷ fraction + 50 
IgD- fraction + 44 

-- + <0.1 

All recipient mice received 107 KLH-primed SJL spleen cells har- 
vested from animals primed 6 wk previously with 100 /~g alum- 
precipitated KLH and B. pertussis organisms. SJL spleen cells were 
stained with SJA anti-Ig-Sb serum and F*b anti-a allotype serum, 
then sorted into bright IgD + (top 37%) and dull IgD- (bottom 35%) 
fractions. Recipients were X-irradiated (650 rads) BALB/c mice. The 
PFC response was assessed 7 days after transfer. 

* SJL mice were primed 6 wk previously with 100/~g alum-precipitated 
DNP-KLH together with 2 × 109 killed B. pertussis organisms. 
Where indicated (+) mice were challenged with 10 ~g aqueous DNP- 
KLH. 

experiments using the allogeneic transfer system and one experiment in which 
a syngeneic transfer was performed. 

In the above experiments, the proportion of IgD + memory cells comprised 
approximately half  the memory cell population; however, in other experiments 
with donors taken later than 6 wk after priming, the proportion of IgD ÷ memory 
cells in the memory population was consistently lower, apparently decreasing 
with time after antigenic exposure (S. Black, unpublished observations). 

The Avidity of  PFC Generated from IgD ÷ and IgD- Memory Cells. As the 
IgG memory pool arising after one exposure to antigen proved to be heteroge- 
neous, we investigated the avidity of the DNP-PFC populations arising from 
IgD + and IgD- memory cells. The experimental protocol used was identical to 
that  described in the preceding section. The avidity of DNP-PFC was measured 
in the Cunningham assay by inhibition with graded concentrations of e-DNP- 
lysine included in the plaquing chamber. The results of this experiment are 
presented in Table V and are representative of two such experiments performed. 

Data in Table V confirms that  IgG memory is carried by both IgD ÷ and IgD- 
B lymphocytes in mice primed 6 wk previously with DNP-KLH. There are 
differences, however, in the avidity of the PFC populations arising from each of 
these B-cell groups. The data in this table are presented as the percentage of 
the DNP-PFC response that  was inhibited between the indicated concentration 
ranges of e-DNP-lysine. Thus, the greater the percentage of inhibition obtained 
with low concentrations of e-DNP-lysine present, the more PFC of high avidity 
were present in the population analyzed. 

Stained but unseparated DNP-primed SJL spleen cells when supplemented 
with KLH-primed spleen cells gave rise to a PFC response of intermediate 
avidity. Most PFC were inhibited with between 10 -5 and 10 -s M E-DNP-lysine 
present in the plaquing chamber. These account for 67% of the total PFC 
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TABLE V 
Avidity of DNP-PFC Generated by IgD + or lgD- Memory Cells 

e-DNP-lysine (-log~o 
M) in PFC Chamber 

% Inhibition of DNP-PFC response within each 
concentration range 

IgD + IgD- Whole spleen 

<5 8 3 7 
5-6 28 9 22 
6-7 39 24 24 
7-8 12 22 21 
8-9 6 22 11 
9-10 4 12 9 
>10 3 8 6 

5 × 106 DNP-primed cells (IgD +, IgD-, and whole spleen stained but 
unseparated) and 107 KLH-primed spleen cells were transferred with 10 
~g DNP-KLH into X-irradiated (650 rads) BALB/c recipients. Spleens 
were harvested and plaqued against DNP-BRBC on day 7 after transfer. 
e-DNP-lysine was incorporated into the suspending medium at the 
indicated concentration before placing cells into the PFC chamber. 
Results of the inhibition assay are expressed as percentage of the 
normal PFC response which is inhibited between the indicated concen- 
tration ranges of e-DNP-lysine. The developed PFC responses (without 
inhibitor present) obtained from each group were as follows, expressed 
as (xl0S)/spleen: IgD +, 120; IgD-, 103; unseparated, 215. Further 
statistical details are given in Materials and Methods. 
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response.  The r e m a i n i n g  PFC were  inhibi ted  over  the en t i re  r ange  of inhibi tor  
concentra t ions .  IgD ÷ B cells supp lemen ted  wi th  ca r r ie r -pr imed  T cells gave  rise 
to PFC t h a t  were  m a i n l y  inhib i tab le  by concentra t ions  o fe -DNP- lys ine  be tween  
10 -5 and  10 -~ M. Thus  the  av id i ty  of  this  response was a lit t le lower t h a n  t ha t  of  
the  u n s e p a r a t e d  popula t ion  of  spleen cells. In  con t ras t  I gD-  B cells in combina-  
t ion wi th  ca r r i e r -p r imed  spleen cells gene ra t ed  a PFC response of h igher  av id i ty  
t h a n  the  u n s e p a r a t e d  spleen cell p repara t ion .  The  major i ty  (88%) of these  PFC 
were  inhibi ted  wi th  be tween  10 -8 and  10 -9 M e-DNP-lysine.  Since increase  in 
avidi ty  is associated wi th  m a t u r a t i o n  of the  i m m u n e  response (20), the  subs tan-  
t ia l ly  h igher  av id i ty  of  the  I g D -  component  of  the  B-cell m e m o r y  popula t ion  
sugges ts  t ha t  these  cells r ep resen t  a l a t e r  s tage  of m e m o r y  development .  

The Expression of IgD on IgG Memory Cells after Several Exposures to 
Antigen. The da ta  p resen ted  in the  preceding section sugges ted  t h a t  I g D -  IgG 
m e m o r y  cells were  more  m a t u r e  t h a n  IgD ÷ IgG m e m o r y  cells. To confirm this  
possibil i ty,  mice were  exposed to more  t h a n  one dose of an t igen  before the i r  
spleen cells were  harves ted ,  FACS-sepa ra t ed  into IgD ÷ and I g D -  fractions,  and  
these  popula t ions  ana lyzed  for t he i r  capaci ty  to t r ans f e r  an  adopt ive  IgG ant i-  
DNP -P F C  response.  Mice were  p r imed  wi th  D N P - K L H  6 wk before h a r v e s t i n g  
of spleens.  These  a n i m a l s  were  t hen  spli t  into two groups.  The  first  set  of  mice 
was  ana lyzed  i m m e d i a t e l y  for the  a m o u n t  of  IgG m e m o r y  car r ied  in I g D -  
and  IgD ÷ fractions.  The  second group was re-exposed to 10 ~ g  aqueous  DNP-  
K L H  and res ted for an  addi t ional  4 wk. This  group was then  divided. Some 
mice were  ana lyzed  for the  a m o u n t  of IgG m e m o r y  carr ied by IgD ÷ and  IgD-  
B lymphocy te  popula t ions  and  the  res t  were  aga in  exposed to 10 p g  aqueous  
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TABLE Vl 
Expression of IgD on IgG Memory Cells after Exposure(s) to 

Antigen 

DNP-Primed B Cells* 

No. of an- Developed 
Anti-DNP 

tigen$ in- PFC (× 103)/ 
jections spleen 

Stained§ unseparated spleen 1 250 
IgD* fraction 160 
IgD- fraction 101 

Stained~l unseparated spleen 2 190 
IgD ÷ fraction " 21 
IgD- fraction " 140 

Stained¶ unseparated spleen 3 350 
IgD ÷ fraction " <0.1 
IgD- fraction " 320 

* 5 x 106 B cells along with l0 T KLH ° spleen cells and 10 /~g aqueous 
DNP-KLH were transferred i.v. into each recipient mouse. In the 
absence of antigen no response was obtained. 

$ i, primed with DNP-KLH 6 wk previously. 2, primed with DNP-KLH 
10 wk previously and boosted with DNP-KLH at 6 wk later. 3, primed 
with DNP-KLH 14 wk previously, boosted with DNP-KLH at 6 and 10 
wk after priming. 

§ 43% cells stained; 28% selected as IgD+; 31% as IgD-. 
II 37% cells stained; 22% selected as IgD+; 29% as IgD-. 
¶ 39% cells stained: 26% selected as IgD+; 31% as IgD-. 

DNP-KLH. After another 4 wk, IgD + and IgD- cells harvested from these 

animals were probed for their capacity to transfer an IgG PFC response. 
The results of these experiments are presented in Table VI. This experiment 

was performed twice with similar results. Each time the DNP-primed donor 

mice were exposed to antigen a change occurred in the degree of IgG memory 
carried by IgD + and IgD- populations of B lymphocytes. After three exposures 
to antigen, IgG memory became limited to the IgD- population of B lympho- 

cytes. 
These results suggest that IgD + memory cells arise early in the immune 

response and become converted to IgD- memory cells with repeated antigenic 
exposure; however, establishment of this sequence requires direct examination 
of isolated IgD + cells to determine their ability to give rise to IgD- memory 
cells. Preliminary data from such double transfer experiments is in agreement 
with an IgD + to IgD- switch, but definitive data on this point has not yet been 
obtained (S. Black, unpublished observations). 

The Expression of IgD on Primary IgM and IgG PFC. SJL  mice were  
injected wi th  5 x 10 ~ washed  BRBC and spleen cells were  ha rves t ed  5 days  
later .  These  cells were sepa ra ted  into IgD + and  IgD-  fract ions on the  FACS-II .  
Of  each  popula t ion  of lymphocy tes  2 x 10 ~ cells were  p laqued aga ins t  BRBC 
wi th  or wi thout  fac i l i ta t ing a n t i s e r u m  and the  d is t r ibut ion of direct  and  
developed PFC noted. The  resul ts  f rom this  expe r imen t  a re  p resen ted  in Table  
VII  and  are  r ep resen ta t ive  of four such expe r imen t s  conducted. Table  VII  

 on M
ay 25, 2005 

w
w

w
.jem

.org
D

ow
nloaded from

 

http://www.jem.org


BLACK, van der LOO, LOKEN, AND HERZENBERG 

TABLE VII 

The Expression of lgD on Primary IgM and IgG PFC 

Cells 

Anti-BRBC PFC* 

Direct PFC/(2 × l0 s) Developed PFC/(2 × 
105 ) 

IgD ÷ 80 3 
IgD- 3 204 

* A day 5 anti-BRBC-PFC response after injection of 5 × 107 washed 
BRBC. 
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TABLE VIII 
The Expression of IgD on Secondary IgG PFC 

Cells 
Anti-DNP PFC* 

Developed PFC/(2 × 10 ~) 

IgD ÷ 20 
IgD- 320 

* A day 7 anti-DNP-PFC response generated by DNP-KLH primed SJL 
mice after challenge with 10 ~g aqueous DNP-KLH. 

shows that  primary IgM anti-BRBC PFC have IgD on their membrane whereas 
IgG PFC do not. 

The Expression o f lgD on Secondary IgG PFC. SJL mice primed with DNP- 
KLH were boosted with aqueous DNP-KLH and 7 days later their spleens were 
harvested. These cells were separated into IgD ÷ and IgD- fractions. Both 
fractions were then assayed with DNP-BRBC in the Cunningham plaque assay. 
Facilitating antiserum was included as no direct PFC were generated. The data 
from this experiment are presented in Table VIII. Most IgG PFC were IgD-. 
The small number of IgG PFC (4-5%) that fell in the IgD ÷ fraction probably 
represents contamination of the IgD + cells with a few IgD- cells. These data are 
similar to results obtained in three separate experiments. 

Discussion 

We have shown that  IgD is present on the surface of unprimed B cells and 
early B memory cells but not on mature memory B cells. IgD is also present on 
the surface of IgM PFC but not on IgG PFC even when the IgG PFC arise as a 
result of a primary immune response. 

The proportion of IgD + IgG memory cells is highest in recently primed 
animals (approximately 6 wk). If these primed animals are boosted, the 
proportion of IgG memory B cells found in the IgD ÷ population of spleen cells 
decreases and most of these memory cells are found among IgD- B cells. These 
data suggest that  IgD marks the early cells in the B-memory cell developmental 
pathway. 

The lower avidity of the antibody produced by progeny of IgD ÷ memory cells 
as compared with the avidity of the antibody produced by progeny of IgD- 
memory cells strongly supports the assertion that  IgD- memory cells are the 
most mature. This hypothesis is further supported by the observation that  all 
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IgG PFC in a secondary response lack surface IgD, hence when a cell enters the 
final stages of development to an IgG PFC it ceases to have surface IgD. 

The above data confirm and extend the work of Coffman and Cohn (7) and 
Zan-bar et al. (8, 9) on the expression of IgD on B memory cells committed to 
generating an IgG secondary response. They also support the findings of 
Coffman and Cohn (7) that  IgM-IgD lymphocytes participate in a primary 
immune response to a T-dependent antigen, and are consistent with previous 
observations on B-cell development as well (4, 5). 

When the evidence gathered in these various studies is taken in concert with 
the evidence presented in this publication, the outlines of the B-cell maturation 
pathway, in which the expression of different Ig isotypes marks successive 
stages of maturation, can be drawn as follows: the first B cells to arise have IgM 
on their surface. These cells can respond to T-independent antigenic stimulus 
(7) but  tolerance is easily induced if they are exposed to a T-dependent antigen 
(22). A second population of B cells later appears. These cells express surface 
IgM and IgD and are possibly progeny of the IgM only cells. On exposure to a T- 
independent antigen, at least a component of this IgM-IgD population will 
differentiate to IgM PFC (7-9); if a T-dependent antigen is used a component of 
this population will differentiate to IgM and IgG PFC. At present it is not 
known if the same cells in this population respond to both T-dependent and T- 
independent antigens. 

Exposure to antigen induces formation of a memory B-cell population. The 
memory cell population is heterogeneous with respect to expression of surface 
IgD. The first memory cells appear to be largely IgD ÷. With time and exposure 
to antigen, the memory population becomes IgD-. It is likely, although 
definitive evidence is still lacking, that the IgD + memory cell gives rise to the 
IgD- memory cell. 

Definitive data on the other isotypes expressed on the IgD + and IgD- memory 
B cells is still lacking. Most splenic memory cells carry surface IgG that 
indicates their class and allotype commitment (10, 11). This includes at least a 
significant proportion of the IgD ÷ memory cells (7). Again, a proportion of 
memory cells carry surface IgM (9). It is reasonable to assume that early 
memory cells first express IgM and IgD, then express IgG in addition, and 
finally lose the IgM and IgD isotypes from their surface as the response matures 
(i.e., with time and exposure to antigen). 

S u m m a r y  
B lymphocytes capable of generating primary IgM and IgG plaque-forming 

cells (PFC) responses to burro erythrocytes have surface IgD, as do primary 
IgM PFC. IgG memory cells arising after one injection of antigen are divided 
into two groups, one of which expresses surface IgD while the other has no 
detectable membrane IgD. PFC generated from the IgG memory cells lacking 
surface IgD show a higher average avidity than those arising from IgD-positive 
IgG memory cells, indicating that mature IgG memory cells do not have surface 
IgD. After more than one injection of antigen, few, if any, IgG memory cells 
have surface IgD. IgG PFC arising in primary or secondary immune response 
lack membrane-bound IgD. These data provide the outlines for a B-cell 
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m a t u r a t i o n  p a t h w a y  in which  IgD m a r k s  unp r imed  and ea r ly  m e m o r y  B cells 
and  is lost in m a t u r e  m e m o r y  cells. 

Studies  presented  here  were  conducted by isolat ing IgD + and I g D -  cells wi th  
the  f luorescence-act ivated cell sor ter  and  funct ional  t es t ing  of the  isolated 
popula t ions  in adopt ive t r an s f e r  exper iments .  
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