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Phosphorylcholine (PC) 1 is a component of bacterial cell walls that is highly 
immunogenic in mice. In fact, most murine strains have circulating natural anti-PC 
antibodies that share common idiotypic determinants (1, 2) and offer protection 
against pneumococcal infections (3). BALB/c mice offer a particularly striking 
example of high responsiveness to PC and restriction of idiotype expression: most 
BALB/c anti-PC antibodies express the T 15 idiotype marker (4, 5). However, attempts 
to study the ontogeny of T15 idiotypic dominance in conventional adoptive transfer 
systems encountered unexpected difficulties (6-8). A delayed emergence of mostly 
T15- responsiveness to PC was observed in lethally irradiated BALB/c mice recon- 
stituted with cells from syngeneic adult bone marrow and neonatal or fetal liver. In 
one instance (6), it was possible to achieve a modest, early restoration ofT15 ÷ plaque- 
forming cell (PFC) responses by using hosts neonatally suppressed for TI5 expression 
with anti-idiotypic antibodies. The exact significance of this finding, which was not 
reproduced in other studies (7), was obscure. 

To clarify some of the issues raised by these experiments, we have undertaken a 
series of studies using xid-bearing (CBA/N × BALB/c)Fa (NBF1) hybrid male mice as 
recipients of immunocompetent cells (9-11). Previous studies from our laboratory 
using the NBF1 transplantation model have shown that murine neonatal and fetal 
liver contain progenitors of PC-specific B cells (10, 11). Generation of PFC responses 
from transplanted neonatal liver ceils follows a well-defined and highly reproducible 
sequence of quantal events: responses to 2,4,6-trinitrophenyl (TNP) precede those to 
PC and, among these, responses to PC-keyhole limpet hemocyanin (KLH) (thymus- 
dependent [TD]) appear before those to C-polysaccharide extract of a Streptococcus 
pneumoniae mutant (PnCs) (thymus-independent, class 2 [TI-2]). The studies in the 
NBFx model have also clearly shown that the number of ceils used to reconstitute the 
adoptive host plays a critical role in the appearance of anti-PC PFC responses, higher 
numbers being needed to generate TI-2 than TD responses. 
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In the present studies, we use the NBF1 model to moni tor  the ontogeny of  idiotypes 
in BALB/c  PFC responses to TD,  TI  class 1 (TI-1), and TI-2 PC antigens for two 
reasons. First, we ensure that  the idiotypic profiles that  arise are generated solely by 
the transplanted progenitors, because the NBF1 male cannot  mount  direct ant i -PC 
PFC responses (12-14); this is a considerable advantage  over the use o f  lethally 
irradiated BALB/c  recipients, in which the PFC response of  the donor  cells can be 
obscured by a regenerated host contr ibution (11, 15). Second, the immunodeficient  
xid F1 hybrid male provides adequate  T cell help for both T15 + and T15-  T D  anti- 
PC responses (14). We have corroborated these results by demonstrat ing that  lymph 
node cells from carrier-primed male and female NBF1 mice both contain saturating 
T cell help for T15-dominant  T D  PFC responses in BALB/c  nude mice and non-T15 
responses in Cal l  nude mice (Jos~ Quintans,  unpublished observations). We observe 
that the earliest ant i -PC responses detected in NBF1 mice reconstituted with neonatal  
or fetal liver cells are predominant ly  T15 ÷. Non-T15 clones mature  later and more 
slowly than T15 + clones, but  eventually a significant proport ion of  ant i -PC PFC 
responses are T15- .  This sequence of  events, seen in lethally irradiated syngeneic 
recipients as well, apparent ly  reflects a shift in the relative representation of  T15 and 
non-T15 B cell populat ions themselves; host pretreatment  with T15 + BALB/c  serum 
does not prevent it, and a generation of  Lyt-2 ÷ suppressor cells has not been detected. 
Obviously, T15 + clones have a developmental  advantage  over T 1 5 -  clones that  does 
not materialize in T15 dominance  in this experimental model. 

M a t e r i a l s  a n d  M e t h o d s  
Mice. Adult and neonatal BALB/c mice were obtained from Cumberland View Farms, 

Clinton, Tenn. NBF1 mice were raised in our animal facilities for the early studies; those 
used in later experiments were purchased from Laboratory Supply Co., Indianapolis, Ind. 
(BALB/c × CBA/N)FI (BNF1) mice were bred in our facilities. Animals were used as recipients 
at 2-4 mo of age. 

Irradiation. A 137Cs source (200 rad/min) was used to irradiate the mice. Lethally irradiated 
animals were kept in sterile cages and given Neomycin (1.1 g/liter) in their drinking water. 

Cell Transfers. Adult spleen cells suspended in Hanks' balanced salt solution were washed 
twice, treated two times with monoclonal antibodies plus complement as indicated in the text, 
and washed again before injection into recipients. Neonatal liver cells were taken from donors 
within 24 h of birth. Fetal liver cells were obtained from embryos taken from vaginally plugged 
females at the times indicated in the text. Suspensions of liver cells were prepared in Hanks' 
balanced salt solution and washed three times before injection. 

Anti-T Cell Reagents. The high-titered IgM hybridoma antibodies AT83A, directed against 
the Thy-1.2 marker (16), and 3.155, directed against an Lyt-2 determinant (17), were generously 
provided by Dr. F. W. Fitch and D. P. Dialynas (University of Chicago, Chicago, I11.). The 
antisera were used at concentrations known to be in excess of those required for complete 
functional depletion of T cells and/or their subsets. As a source of complement we used Low- 
Tox-M rabbit complement from Accurate Chemical & Scientific Corp., Westbury, N. Y. 

Serum. Blood was collected retroorbitally from mice of the appropriate strain, allowed to 
clot, and then spun down to collect the serum fraction. 

Antigens. p-Aminophenylphosphorylcholine (p-APPC; Biosearch, San Rafael, Calif.) was 
used to couple PC to KLH (Calbiochem-Behring Corp., San Diego, Calif.), following standard 
procedures with minor modifications (18, 19). PC-Brucella abortus (BA) was prepared according 
to a modification of the PC-KLH coupling procedure: heat-inactivated BA (U. S. Department 
of Agriculture National Veterinary Services Laboratories, Ames, Iowa) were spun down three 
times in borate-buffered saline, pH 9, at 10,000 g for 15 min. The washed bacteria was then 
prepared as a 10% (vol/vol) suspension in borate-buffered saline, to which was added the 
diazotized p-APPC reagent. The mixture was allowed to react overnight before being washed 
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three times with saline at 10,000 g for 15 min. PC-lipopolysaccharide (LPS) was prepared by 
coupling the reagent PC-hydroxyphenylacetic acid (PC-HPA; Biosearch) to LPS (Difco Lab- 
oratories, Detroit, Mich.) as follows: 10 mg PC-HPA was dissolved in 1 ml dimethylformamide 
(Sigma Chemical Co., St. Louis, Mo.) and mixed with 10 mg n-hydroxysuccinimide (Sigma 
Chemical Co.). 10 mg 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (Sigma Chemical Co.) 
was then added. The mixture was allowed to react for 15 min at room temperature before 
being added to a buffered LPS solution, pH 8-9; the preparation was stirred overnight and 
then dialyzed extensively. The soluble PC-containing PnCs was prepared as described by 
Anderson and McCarty (20). TNP-eonjugated n-(2-aminoethyl) carbamyt-methyl dextran 
(TNP-dextran) was prepared according to the method of Inman (21). 

PFC Assays. TNP-sheep erythrocytes (SRBC) and PC-SRBC were used as indicator cells in 
the Cunningham-Szenberg modification (22) of the hemolytic plaque assay (23). TNP-SRBC 
were prepared as described by Rittenberg and Pratt (24), and C-polysaccharide was coupled to 
the SRBC by the chromic chloride method (25). In some experiments, PC was coupled directly 
to SRBC by using the diazotized p-APPC reagent (18) according to the following protocol: 1.25 
pmol diazotized p-APPC was added to 5 ml of a 10% suspension of SRBC (vol/vol) in borate- 
buffered saline, pH 9. The reaction was stopped after 30 min at room temperature by extensive 
washing of the erythrocytes in phosphate-buffered saline. This coupling procedure is more 
readily reproduced than that using chromic chloride although both yield indicator PC-SRBC 
of comparable sensitivity. 

Plaque Inhibitions. A/HeJ anti-S 107 serum was prepared as described elsewhere (9) and used 
as the anti-idiotypic probe in the earliest experiments. The other assays used the hybridoma 
anti-HOPC 8 antibodies AB1-2 and GB4-10 prepared and characterized by Kearney et al. 
(26). Plaque inhibitions were performed by incorporating the appropriate dilution of either the 
conventional or the monoclonal antiserum into the plaquing mixture. 

Results 

B A L B / c  T15 ÷ Clones Have an Ontogenetic Advantage over T I 5 -  Clones. NBF1 male 
mice were given 300 rad and then reconstituted with 2 × 107 BALB/c day 15 fetal 
liver cells. Recipients were immunized with PC-KLH or PnCs at 4 or 7 wk after cell 
transfer, and their quantal anti-PC PFC responses, described in detail elsewhere (9, 
11), as well as the idiotypic profiles, were determined 5 d after challenge. In these and 
subsequent experiments, the PFC responses to TNP-Dextran were determined con- 
currently (data not shown) as an additional control for the successful engraftment of 
the transplanted cells (9, 11). As is shown in Table I, responses that emerged by 4 wk 
were T15 dominant for both antigens. By 7 wk after transfer, however, an increasing 
number of recipients expressed non-T 15 anti-PC responses. This is particularly evident 
in the responses elicited by PC-KLH, where >50% of the mice exhibited non-T15 
predominance. The appearance of non-T15 clones was seen to a lesser extent among 
the 7-wk responses to PnCs. It should be noted that at this time a considerable 
number of recipient mice were still unresponsive to this antigen, whereas all animals 
responded to PC-KLH; this is a reflection of the developmental advantage that TD 
anti-PC responses have over those elicited by the putative TI-2 antigen PnCs (9, 11). 
By 14 wk after transfer, when all recipients responded, 300 rad-irradiated NBF1 male 
hosts of 2 × 107 neonatal liver cells also produced predominantly T15- responses to 
PnCs. That is, the sequence of idiotype shifts observed for PC-KLH was found for 
responses to PnCs as well. 

Because there are at least two classes of TI antigens (27), we proceeded to investigate 
whether the sequence of ontogenetic events described above would also apply to any 
other classes of TI antigens. We therefore examined the emergence of responses to 
PC-LPS and PC-BA (Table II); responses to PC-KLH served as a temporal and 
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TABLE I 

Ontogeny of BALB/c  Anti-PC Idiotypes in the NBF1 Transplantation Model: Early and Late Responses to 

PC-KLH and PnCs after Reconstitution with 2 × 10 v Liver Cells 

Individual responses to PC-KLH Individual responses to PnCs 

PFC/ Per- PFC/ Per- PFC/ Per- PFC/ Per- PFC/ Per- 
cent spleen cent spleen cent spleen cent spleen cent 

spleen T15 ÷ TI5 + T15 + TI5+ T15+ 

4 wk 7wk 4 wk 7 wk 14 wk 

42,700 100 18,600 57 5,700 100 72,000 100 128,400 18 
28,200 100 18,600 26 1,900 100 6,200 88 76,300 42 
25,300 100 16,900 98 4,400 100 70,300 24 
15,000 98 16,000 30 4,300 28 64,400 36 
14,700 86 15,500 100 4,000 72 40,200 86 
12,500 100 14,400 100 3,900 87 39,400 46 
5,200 100 13,000 12 3,900 51 37,500 51 
7,400 95 11,900 23 3,300 69 35,600 25 
2,100 95 9,800 27 3,100 94 29,200 21 
2,000 20 9, 100 12 1,900 77 29,000 59 
1,400 69 5,800 47 1,300 62 20,200 4 
1,100 - -  4,800 49 1,200 100 12,600 27 
1,000 - -  3,400 0 1,100 - -  10,400 13 
1,000 - -  2,600 17 

6/20 < 1 ,000 0/14 < 1,000 16/18 < 1,000 11/24 < 1,000 0/13 < 1,000 
PFC/spleen PFC/spleen PFC/spleen PFC/spleen PFC/spleen 

300 rad-irradiated NBF1 male mice were reconstituted with 2 × 107 BALB/c liver cells from either day 15 
fetuses taken from vaginally plugged females (4- and 7-wk assays) or neonates <24 h of age (14-wk assay). 
At the indicated times after transfer, groups of reconstituted mice were immunized with either PC-KLH 
or PnCs and anti-PC PFC responses determined 5 d after challenge. Presented are the anti-PC PFC 
responses, with idiotypic profiles, of individual mice and the number of mice in each group that responded 
with <1,000 PFC/spleen; in this experiment, recipients of fetal liver cells all responded to TNP-dextran. 
The percentage ofTl5  + responses was determined by inhibition of plaque formation using an anti-idiotypic 
serum incorporated into the plaquing mixture. The percent of T15 ÷ of the two groups immunized with 
PC-KLH were compared, as were those of the groups challenged with PnCs at 7 and 14 wk, using a 
Wilcoxon two-sample randomization test. The null hypothesis is that the compared groups belong to the 
same population, i.e., that the range of the idiotypic profiles of the compared groups do not differ. In both 
cases, P < 0.01 that the null hypothesis is correct. 

i d i o t y p i c  re fe rence .  S u b l e t h a l l y  i r r a d i a t e d  NBF1 m a l e  m i c e  e a c h  r ece ived  1 X 107 

B A L B / c  n e o n a t a l  l ive r  cells t a k e n  f rom d o n o r s  w i t h i n  24 h o f  b i r t h .  8, 12, 15, a n d  55 

d a f t e r  cell t r ans fe r ,  g r o u p s  o f  r e c o n s t i t u t e d  m i c e  we re  i m m u n i z e d  w i t h  e i t h e r  P C -  

K L H ,  P C - B A ,  or  P C - L P S ,  a n d  a s sayed  5 d l a t e r  for  t h e i r  t o t a l  a n d  T 1 5  + a n t i - P C  

P F C  responses .  A t  t h e  t i m e  o f  assay,  p l a q u e  i n h i b i t i o n s  we re  also p e r f o r m e d  u s i n g  

10 -4 M free P C  to e s t a b l i s h  t h e  spec i f ic i ty  o f  t h e  P F C .  P F C  d e t e r m i n a t i o n s  were  m a d e  

a g a i n s t  u n c o n j u g a t e d  S R B C  as well ,  to  a c c o u n t  for b a c k g r o u n d  r e sponses  t h a t  c o u l d  

s i g n i f i c a n t l y  m i s r e p r e s e n t  t h e  i d i o t y p i c  p ro f i l e  o f  a n i m a l s  g i v i n g  low P F C  responses .  

A t  8 d a f t e r  l ive r  cell  t r ans f e r ,  n o  NBF1 m i c e  r e s p o n s e d  to P C  ( d a t a  no t  shown) .  By 

12-15  d, al l  t h r e e  a n t i g e n s  e l i c i t ed  r e sponses  in  s o m e  o f  t h e  i m m u n i z e d  a n i m a l s ;  t h a t  

is, r e sponses  to  p u t a t i v e  TI -1  a n t i g e n s  e m e r g e d  a t  a p p r o x i m a t e l y  t h e  s a m e  ea r ly  

p e r i o d  as d i d  r e sponses  to  t h e  T D  a n t i g e n  P C - K L H .  O n c e  a g a i n ,  we o b s e r v e d  a n  

ea r ly  p r e d o m i n a n c e  o f  T 1 5  + r e sponses  fo l lowed  b y  a la te  i nc r ea se  in T 15-  responses .  

T h e r e f o r e ,  a l t h o u g h  T 1 5  + c lones  m a y  a p p e a r  i n i t i a l l y  in  o n t o g e n y ,  u n d e r  t h e  c o n d i -  
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TABLE II 

Ontogeny of BALB/c Anti-PC Idiotypes in the NBF1 Transplantation Model: Early and Late Responses to 
PC-KLH, PC-BA, and PC-LPS after Reconstitution with 10 7 Neonatal Liver Cells 

Individual responses to PC-KLH Individual responses to PC-BA Individual responses to PC-LPS 

Per- Per- Per- Per- Per- Per- PFC/ PFC/ PFC/ PFC/ PFC/ PFC/ 
cent spleen cent cent cent cent cent spleen T 15 + T 15 ÷ spleen spleen spleen spleen T15 + TI5 + T15 + T15 + 

12d 55d 12d 55d 12d 55d 
21,450 79 ND* 80,400 99 142,500 7 9,550 100 51,500 45 
16,200 68 74,100 99 125,000 74 8,650 58 25,500 66 
15,540 63 13,900 100 110,000 31 5,517 93 23,000 24 
10,650 96 13,800 99 109,000 8 4,400 100 20,500 20 
6,900 24 13,400 18 102,000 50 2,000 100 13,750 78 
4,300 100 9,390 4 92,000 0 1,267 87 13,500 0 
2,300 59 4,600 100 69,000 16 1,100 33 13,200 72 
1,950 59 1,600 47 57,500 44 13,200 50 
1,617 100 47,000 24 11,250 31 
1,500 3 

10/20 < 1,000 12/20 < 1,000 0/9 < 1,000 13/20 < 1,000 0/9 < 1,000 
PFC/spleen PFC/spleen PFC/spleen PFC/spleen PFC/spleen 

300 rad-irradiated NBF1 male mice received 10 7 BALB/c neonatal liver cells from donors <24 h of age. 12- 
15 d after transfer, groups of mice were immunized with either PC-KLH, PC-BA, or PC-LPS and anti-PC 
PFC responses determined 5 d after challenge; additional groups were assayed for their responses to either 
PC-BA or PC-LPS at 55 d after transfer. In the earlier assays, PFC counts were corrected for responses not 
inhibitable by 10 -4 M free PC. Results are presented as in Table I. For a given antigen, the comparison of 
percent ofT15 + at early and late time points by a Wilcoxon two-sample randomization test yields P < 0.05 
(see Table I). 
* Indicates not performed. 

tions of adoptive transfer they cannot  m a i n t a i n  their ontogenetic advantage:  non-  
T15 clones will eventual ly  emerge to supplant  T15 dominance .  

Since NBF1 male mice express very low levels of circulat ing ant i -PC antibodies (28, 

29), it could be argued that  some form of an t ibody-dependent  clonal promot ion  might  
be missing due to the absence of a regulatory loop in xid mice (30). We accordingly 
investigated the effects of serum transfer using two different protocols (data not 
shown). The  first involved the pre t rea tment  of NBF1 male mice with BALB/c  or 
C B A / C a  serum to induce shifts in the normal  1:1 ratio of T15÷:T15 - an t i -PC PFC 
responses of t ransp lan ted  female NBFa splenic B cells. The  second method involved 

t reament  of NBF1 recipients of BALB/c  neonata l  liver cells with BALB/c  serum, 
beg inn ing  3 wk before cell transfer and  con t inu ing  for a total of 7 wk; PFC responses 
were analyzed 7 wk after d iscont inuing  the serum injections, to avoid the i mmuno-  
suppression reported below. In  neither case did the adminis t ra t ion  of serum alter the 
idiotypic balance.  Apparen t ly  the passive transfer of idiotype does not favor the 
selective expansion of idiotype-bearing clones in adoptive hosts. 

Depletion of T Cells Does Not Alter the Idiotypic Profile. It is conceivable that  in the 
experiments reported above, the emergence of T15 + clones in a mouse lacking 
funct ional  T15 + B cells may  lead to the generat ion of suppressor T cells with the 
potent ia l  to inhibi t  the expression of this idiotype. To  investigate this possibility, the 
following experiment  was performed: NBF1 mice t ransplanted  with BALB/c  neonata l  
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cells were used as a source of  spleen cells 9 wk after cell transfer,  at a t ime when 
considerable  expression of  non-T15 clones could be expected.  The  spleen cells were 
deple ted  o f T  cells or Lyt-2 + cells by  double  t rea tment  with the a p p r o p r i a t e  h y b r i d o m a  
ant ibodies  plus complement .  Un t r ea t ed  spleen cells and  Ly t -2 -  cells were t ransferred 
to NBF1 male  recipients  given 400 rad  to e l imina te  the host 's immunocompetence ;  
splenic B cells were t ransferred to un i r r ad ia t ed  NBFa male  recipients,  which provide  
T cell help. The  id io typic  profiles of  an t i -PC PFC responses induced  by P C - K L H  
were compared  in the three groups of  recipients.  It can be seen in T a b l e  I I I  tha t  the 
p r e d o m i n a n t l y  non-T15 response was v i r tua l ly  ident ical  in the three groups. We 
therefore conclude  tha t  suppressor T cells do not obst ruct  the expression of  T15 + 
ant igen-reac t ive  B cells in the NBF1 host. 

Administration of Serum Can Be Nonspecifically Immunosuppressive to Emerging Clones. The  
results presented  above  describe the pa t te rns  and  kinetics of  the  emergence  of  an t i -PC 
responses in adop t ive  transfer.  They  clarify the ear l ier  reports  of  p r e d o m i n a n t l y  late 
non -T  15 responses. W h a t  r ema in  to be expla ined,  however,  are the findings of  K a p l a n  
et al. (6) that  early,  a lbei t  marg ina l ,  responses could be el ici ted only in neona ta l ly  
suppressed hosts, a result which Augus t in  et al. (7) d id  not  s imilar ly  observe. One  
possibi l i ty  is that  the  suppressed animals  used by  the two groups had  regenera ted  
their  an t i -PC responses to vary ing  degrees. In par t icu la r ,  as it has been repor ted  that  
neona ta l ly  suppressed mice ini t ia l ly  lack de tec tab le  levels of  serum an t i -PC ant ibodies  
(31), and  c i rcula t ing  a n t i b o d y  levels of  o ther  ant igenic  specificities m a y  be indirect ly  
depressed as well (32), it could be a rgued  that  mice progressively recover a serum- 
med ia t ed  immunosuppress ion  as they  overcome t rea tment  wi th  ant i - id io type .  To test 
this hypothesis  direct ly,  we de te rmined  the effects of  serum transfer  on the develop-  
ment  of  neona ta l  l iver cells t r ansp lan ted  into NBF1 males. W h e n  adop t ive ly  trans- 
ferred syngeneic BNFa liver cells were exposed to e i ther  the p redomina l ly  T15 + 
B A L B / c  serum or the largely T 1 5 -  C B A / C a  serum (Table  IV),  it was appa ren t  that  

TABLE III 
Stability of ldiotypic Profile in Secondary Adoptive Hosts 

Anti-PC PFC/spleen 

Treatment of donor 
cells Recipient Percent 

Total Non-T 15 T 15 + 
(range) 

- -  NBF1 29,512 21,380 (8-42) 
(400 rad) (4.47 + 0.10) (4.33 + 0.15) 

2 × anti-Lyt-2 + C'* NBFI 34,674 26,303 (14-33) 
(400 rad) (4.54 + 0.05) (4.42:1: 0.06) 

2 × anti°Thy-l.2 + NBF~ 28,840 22,387 (11-31) 
anti-Lyt-2 + C' (unirradiated) (4.46 + 0.04) (4.35 + 0.02) 

Young adult NBF1 male mice were given 300 rad and injected with 10 7 BALB/c neonatal 
liver cells. 2 mo after reconstitution, they were immunized with 200/.tg PC-KLH and 1 wk 
later used as donors of spleen cells. The cells were treated as indicated in the table before 
transfer (2 × l 0  7 cells/mouse) to unirradiated or sublethally irradiated secondary NBF1 
recipients. An intravenous antigenic challenge with 20/.tg PC-KLH was given immediately 
after cell transfer and PFC determinations performed 5 d later. Presented are the geometric 
means of the anti-PC responses, as well as of the responses not inhibited by an anti- 
idiotypic serum incorporated into the plaquing mixture, for each group; the logarithm of 
the mean and standard error are in parentheses. 
C' indicates complement. 
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TABLE IV 

Effect of Parental Normal Mouse Serum on the Reconstitution of PC and TNP 
Responses in NBF1 Male Mice Transplanted with Neonatal BNF1 

Liver Cells 

Treatment Anti-PC PFC/spleen Anti-TNP-PFC/spleen 

None 91,205 120,226 
(4.96 + 0.08) (5.08 + 0.03) 

BALB/c 38,019 67,608 
serum (4.58 + 0.09) (4.83 + 0.08) 

CBA/Ca 15,488 48,978 
serum (4.19 + 0. I1) (4.69 + 0.06) 

NBF1 male mice were given 300 rad before the injection of 10 7 neonatal BNFI 
liver cells. As indicated, two groups of NBF1 mice (n -- 6) received intravenous 
injections of parental normal mouse serum according to the following protocol: 
0.5 ml at the time of neonatal liver transfer and 0.25 ml weekly for the next 3 
wk. Immunization with PC-KLH and TNP-dextran coincided with the last 
injection of serum. PFC assays were carried out 5 d later; the results are 
presented as the geometric means of each group, with the logarithm of the 
means and standard errors given in parentheses. 

both parenta l  sera had a nonspecific immunosuppressive effect on the emerging PFC 
responses. Thus,  the seemingly contradictory results of other studies may simply have 
been a consequence of the extent to which the neonata l ly  idiotype-suppressed recipi- 

ents had established their circulat ing PC-specific an t ibody  levels; by using relatively 
young hosts, which had not yet regenerated full responsiveness to PC, K a p l a n  et al. 
(6; and  Zoe Quan ,  unpubl i shed  results) were therefore able to detect the early, low 
responses that  would otherwise have been depressed in normal  or completely recovered 

recipients. 
Idiotype Shifts Can Be Observed in Syngeneic Recipients. To exclude the possibility that  

these idiotypic shifts were due to unknow n  factors in the env i ronment  of the immu-  
nodeficient NBFa male mouse, we performed reconsti tut ion experiments using lethally 
irradiated BALB/c  recipients of syngeneic neonata l  liver cells. As is shown in Tab le  
V (see also Tab le  VI), even in a syngeneic system the t rend from an early T15 
emergence to a later non-T15 appearance  occurs. Hence, the progression from T15 
dominance  to non-T15  responses is not the result of some peculiari ty of the immu-  
nodefective host. 2 

To  confirm in the syngeneic system that  the al terat ion of the T15+:T15 - ratio is 
not the outcome of active T cell regulat ion at the level of B cell expression, we 
performed the experiment  reported in Tab le  VI. When  splenic cells of reconsti tuted 
BALB/c  hosts were treated twice with ant i -Thy-1.2 plus anti-Lyt-2 plus complement ,  
and  then transferred to the neutra l  NBF1 male env i ronment  at a t ime when a 

considerable fraction of the an t i -PC PFC response was n o n - T  15, the t ransplanted  cells 
ma in t a ined  the idiotype profile seen in situ. Based upon the results obta ined  using 
both syngeneic and  immunodefect ive  recipients, we infer that  the character of the 
emerging PC-specific B cell popula t ion  itself changes with time in adoptive transfer. 

2 Hapten inhibition studies were performed on the anti-PC responses of the 96-d-reconstituted 
BALB/c recipients of Table VI (data not shown). Whereas the T15-dominant (>95%) normal animals 
produced responses of highly restricted avidity, the inhibition curves for the adoptive hosts indicated a 
greater number of both higher and lower avidity PFC than did the controls. That is, the transplanted anti- 
PC PFC responses increased in heterogeneity. 
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TABLE V 

Ontogeny of BALB/c Anti-PC Idiotypes in Lethally Irradiated BALB/c Hosts 

PC-BA PC-LPS PC-KLH 

PFC/spleen Percent PFC/ P e r c e n t  PFC/spleen Percent  PFC/spleen Percent 
TI5 + spleen T15 + T15 ÷ T15 + 

16d 16d 16d 96d 
117,600 99 8,962 95 219,000 95 161,000 13 
38,800 95 7,200 100 149,250 98 125,500 52 
24,900 42 7,100 100 114,750 100 57,000 0 
17,400 99 6,100 100 47,000 72 44,600 18 
16,900 90 4,900 100 27,000 95 21,450 21 
14,400 71 4,200 79 19,500 85 
13,700 93 4,052 85 
10,400 80 3,500 31 
7,800 62 2,000 100 
3,200 66 

0/10 <1,000 PFC/ 0/9 <1,000 PFC/ 1/7 <I,000 PFC/ 0/5 <1,000 PFC/ 
spleen spleen spleen spleen 

Individual responses to PC-BA, PC-LPS, and PC-KLH after reconstitution with neonatal liver cells. 800 
rad-irradiated BALB/c female mice were given either l0 T (PC-BA and PC-LPS determinations) or 1.5 × 
107 (PC-KLH determinations) BALB/c neonatal liver cells taken from donors <24 h of age; animals 
assayed for their day 16 responses to PC-KLH had been primed intraperitoneally with 200/xg KLH in 
complete Freund's adjuvant at least 2 mo before cell transfer to ensure adequate T cell help after lethal 
irradiation. At the times indicated, groups of recipients were immunized with either PC-BA, PC-LPS, or 
PC-KLH, and anti-PC PFC responses were determined 5 d later. The total anti-PC and percent of TI5 + 
responses are presented as in Table I. For those mice challenged with PC-KLH, a comparison of the percent 
of T15 ÷ responses at 16 vs. 96 d after transfer using a Wilcoxon two-sample randomization test yields P 
< 0.01 (see Table I). 

Ontogeny of T I 5 -  Clones Is Independent of the Elimination of Emerging T15 + Clones. O ur  
experiments clearly demonstrate  that,  once they are removed from their normal ,  

intact  envi ronment ,  BALB/c  fetal and  neonatal  liver cells will sequentially generate 
T15 + and  T 1 5 -  subpopulat ions.  Three pat terns of development  could yield such a 
later emergence of non-T15 clones: (a) T 1 5 -  clones are derived from T15 + populat ions,  
(b) T15 + clones retard the growth of non-T15 cells, or (c) T 1 5 -  clones have an 
inherent ly  slower ma tu ra t ion  rate. To distinguish between these possibilities, emerging 
T15 + clones were suppressed in adoptive transfer by the adminis t ra t ion  of a highly 
specific, monoclonal ,  ant i- idiotypic ant ibody.  As can be seen in Tab le  VII ,  the specific 
e l iminat ion  of the T 15 + subsets does not significantly affect the expression of the non-  
T15 clones: un t rea ted  and  suppressed recipients produced similar magni tudes  o f T  15- 
ant i -PC PFC responses. Thus,  the removal of T15 + clones nei ther  prevents nor  
accelerates the appearance of non-T15 PC-specific populations.  The  increased anti-  
T N P  responses found in those groups given anti- idiotypic serum may be due to some 
indirect effect of the t rea tment  (32) or to the kind of cross-reactions described by 
Forni  et al. (33), bu t  the significance of this augmenta t ion  is unknown.  

The  relative ontogenetic independence  o f T  15 + and  T 15- clones is further il lustrated 
in Tab le  VIII .  W h e n  spleen cells of unresponsive BALB/c  mice neonatal ly  suppressed 
with a hybr idoma anti- idiotypic ant iserum were treated twice with ant i-Thy-1.2 plus 
complement  and  then transferred into the permissive env i ronment  of the uni r rad ia ted  
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TABLE VI  

Stability of the Idiotypic Profile after the Adoptive Transfer of Reconstituted 
BALB/c Host Splenic B Cells to Unirradiated NBF1 Male Recipients 

Anti-PC PFC/spleen TI5 + 

BALB/c recipients of 10 7 BALB/c 
neonatal liver cells 

NBF1 male recipients of 3.5 × 107 
reconstituted BALB/c splenic B 
cells 

% 

61,661 49 
(4.79 ± 0.17)* (21-69):1: 

6,866 40 
(3.84 ± 0.05) (23-60) 

4-mo-old BALB/c female mice (n = 7) were given 800 rad preparative 
irradiation before the injection of 107 BALB/c neonatal liver cells. 2 mo 
later, spleen cells from three of these reconstituted animals were pooled, 
treated twice with monoclonal anti-Thy-l.2, monoclonal anti-Lyt-2, and 
complement, and transferred to unirradiated NBF1 male hosts (n = 7). The 
remaining reconstituted BALB/c mice and the NBF1 recipients were then 
immunized with PC-KLH and assayed for their PFC responses 5 d after 
challenge. Presented are the geometric means of the anti-PC responses for 
each group. The percentage of TI 5 + was determined by inhibition of plaque 
formation using an anti-idiotypic serum incorporated into the plaquing 
mixture. 

* Logarithm of mean and standard error. 
:~ Range of PFC inhibition in individual animals. 

TABLE VI I  

Effects of Anti-ldiotype Treatment of NBF1 Recipients on the Anti-PC PFC Idiotype Profile of Transferred 
BALB/c Neonatal Liver Cells 

Anti-PC PFC Non-T15 PFC Anti-TNP PFC 

Experiment l Control 29,925 13,860 73,933 
(4.48 ± 0.10) (4.14 ± 0.13) (4.87 ± 0.05) 

Anti-ld treated 18,100 18,757 121,807 
(4.26 ± 0.08) (4.27 ± 0.07) (5.09 ± 0.10) 

Significance at 1% level - - - 

Experiment 2 Control 41,080 10,149 98,473 
(4.61 + 0.06) (4.01 ± 0.19) (4.99 ztz 0.03) 

Anti-Id treated 24,482 20,950 284,060 
(4.39 ± 0.10) (4.32 ± 0.11) (5.45 + 0.03) 

Significance at 1% level - - + 

Lethally irradiated NBF1 male mice received BALB/c neonatal liver cells; one-half of the recipients 
additionally received two injections of a monoclonal anti-idiotypic serum, one at the time of transfer and 
the other 2 wk later. In experiment 1, 500 rad-irradiated males were given 1.5 × l 0  7 liver cells; treated 
animals received a first injection of 12/tg and a second injection of 24 p,g anti-idiotype. In experiment 2, 
800 rad-irradiated recipients of 2 × 107 neonatal cells were given 16 p.g of anti-idiotype at each serum 
injection. For both experiments, control and idiotype-suppressed mice were challenged with PC-KLH and 
TNP-Dextran 2 mo after cell transfer and assayed for PFC responses 5 d later. Presented are the geometric 
means of the responses to TNP, PC, and PC not inhibited by the monoclonal anti-idiotypic reagent 
incorporated into the plaquing mixture; the logarithms of the means and standard errors are given in 
parentheses. Groups were compared using a two-tailed Student's t test. 

N B F 1  m a l e ,  t h e  t r a n s p l a n t e d  ce l l s  c o n t i n u e d  to  b e  u n r e s p o n s i v e  to  P C  a t  1 m o  a f t e r  

t r a n s f e r .  E v i d e n t l y  t h e  P C - s p e c i f i c  p o p u l a t i o n  w a s  e l i m i n a t e d  as  t r a n s p l a n t a t i o n  o f  

t h e  s u p p r e s s e d  B ce l l s  d i d  n o t  u n c o v e r  a n y  c l o n e s  s u p p r e s s e d  b y  T cel ls .  H o w e v e r ,  b y  

2 m o  a f t e r  t r a n s f e r ,  l a r g e l y  n o n - T - 1 5  r e s p o n s i v e n e s s  to  P C  b e g a n  to  e m e r g e .  B e c a u s e  
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TABLE VIII 
Emergence of Anti-PC PFC Responses from Adoptively Transferred Splenic B 

Cells of Neonatally Suppressed BALB/c Donors 

Time after 
Anti-PC PFC/spleen T15 + Anti -TNP/spleen 

transfer 

% 

1 mo 444 - 23,865 
(2.65 ± 0.27) (4.38 ± 0.15) 

2 mo 33,841 9 11,902 
(4.53 ± 0.11) (0-26) (4.08 ± 0.07) 

2 #g of a hybridoma anti-idiotypic antibody was injected into BALB/c 
neonates within 48 h of birth. 1 mo later, when intact animals gave on the 
average 1,010 anti-PC and 102,691 ant i -TNP PFC/spleen, spleen cells of the 
neonatally suppressed mice were treated twice with monoclonal ant i-Thy-l .2 
plus complement,  and 1.5 × 107 of these cells were then transferred into each 
unirradiated NBF1 male host. At the times indicated, recipients were immu- 
nized with PC-KLH,  PnCs, and TNP-Dextran;  PFC determinations were 
performed 5 d after challenge. The  results are presented as in Table VI. 

intact BALB/c mice also take several weeks to completely break neonatal suppression 
and their subsequent anti-PC PFC responses do not include the specifically suppressed 
clones (26), we conclude that BALB/c T15-  clones do not depend on T15 ÷ clones for 
their generation and, once given the opportunity to emerge, are inherently slow in 
their rate of growth. 

Discussion 

The emergence of PC-specific B cells in adoptive transfer systems follows a defined 
temporal sequence that reflects the developmental heterogeneity of B cell subsets with 
respect to their acquisition of antigen reactivity and to their expression of idiotypes. 
The earliest direct anti-PC PFC responses detected after transplantation of BALB/c 
fetal or neonatal liver cells to adoptive hosts are elicited by TD  and TI-1 antigens. 
Responsiveness to a putative TI-2 antigen, PnCs, appears later, an observation that 
is in agreement with other studies on the ontogeny of B cell subpopulations (11, 27, 
34), and that accounts for the delayed PC-specific responses reported previously in 
adoptive transfer systems (6, 7). Although it is unknown whether the same or separate 
populations produce the early responses inducible only by TD  or TI-1 antigens, it 
may be that one cell type can be triggered by both antigens, as has been suggested by 
others (35). That  is, a B cell capable of responding to a TD antigen in the presence of 
T cell help may also be susceptible in the absence of such help to stimulation in a TI 
manner by polyclonal B cell activators. Early in ontogeny, when T cell help is not yet 
available, such an activation would be physiologically important because the anti- 
bodies generated by a TI  mechanism could then serve as an inducer of idiotype- or 
immunoglobulin-specific regulatory loops. 

The first responses produced to TD and TI-1 PC antigens express the dominant 
T15 idiotype; responses of the later arising TI-2 reactive compartment(s) also initially 
exhibit T15 dominance. T15-  clones, not expressed to any considerable extent in 
normal BALB/c mice, develop at an intrinsically slower rate than do T15 + cells. 
Eventually, however, a heterogeneous non-T 15 population, including clones of higher 
and lower avidity than T15 (data not shown), comes to constitute a major portion of 



z. QUAN AND j. QUINTANS 1485 

the transplanted anti-PC PFC responses. Our findings contradict those of Fung and 
K6hler (36) on the early emergence of T15-  clones in neonatal BALB/c mice 
immunized with PC-LPS. Since we could not elicit early PC-specific T15-  PFC 
responses in BALB/c neonates with either our preparation of PC-LPS or theirs (data 
not shown), it is likely that the low non-T15 PFC responses detected by Fung and 
K/~hler (36) were polyclonally induced by LPS and were not PC specific. 

A progression from TI5  dominance to non-T15 expression in adoptive hosts can be 
accommodated by the interpretation that T15-  clones may be somatically derived 
from T 15 + clones (37). The results of our T 15-idiotype suppression studies, however, 
imply instead that T15 + and T15-  populations comprise distinct developmental 
compartments, the proportional representation of which changes with time. We 
therefore attribute the findings of Kim and Benewicz (37) to a cross-reactivity of their 
anti-idiotypic serum at the level of the B cell precursors, not detectable serologically. 

Our observations of idiotype shifts produced by transplanted immature BALB/c 
cells agree with the displacement of T15 + clones seen during recovery from neonatal 
exposure to PC tolerogen: the first clones to overcome tolerance are T15 ÷ (38), but in 
BALB/c mice they are gradually supplanted by non-T 15 populations (Jos~ Quinulns, 
unpublished results). The studies described in this paper also concur with those of 
Kaplan and Quinulns (39) on the eventual loss of T15 dominance in sublethally 
irradiated BALB/c mice. The transition in all of these cases from an initial T15 ÷ 
expression to a later non-T15 emergence suggests that T15 ÷ clones have a develop- 
mental advantage over T15-  clones, but this ontogenetic preference does not entail 
the establishment of clonal dominance once the normal generative environment of 
the intact BALB/c animal is disrupted. Hence, these results substantiate the distinc- 
tion made elsewhere between the expression and the maintenance of a dominant 
idiotype (14). 

Clearly the precedence T15 ÷ clones may exhibit in ontogeny is in itself insufficient 
to guarantee idiotypic dominance. Regulatory influences must additionally play a 
role because manipulations of the environment in which the PC-specific progenitors 
develop will produce alterations in the idiotypic profile. The control mechanisms may 
act directly to modulate idiotypic balance. Possibly in the unique formative situation 
of the intact BALB/c neonate, where various immunoregulatory interactions are 
being established, the earlier emergence of T15 ÷ clones increases the probability of 
the generation of self-reinforcing regulatory circuits that prevent most non-T15 
progenitors from differentiating into mature B cells. Clonal dominance may then be 
the net outcome of multiple cellular interactions (a steady state of a network of 
interactions) or it may be the product of regulation by a single cell type. That  we 
have been unable to associate the idiotype shifts reported here with a lack of idiotype- 
specific T cell help and/or  to a generation of suppressor T cells would imply that the 
maintenance of idiotypic dominance does not operate primarily through conventional 
T cell involvement, although our failure to detect these cell types does not disprove 
their existence. However, active idiotype modulation may utilize other cell types, such 
as an idiotype-specific Thy-1-  helper cell, as recently described by Okumura et al. 
(40), or some other B cell capable of participation in B cell-B cell regulation (41), 
given the fact that congenitally athymic BALB/c mice also express T15 dominance 
in their responses to both TD and TI  PC antigens. 

Alternatively, the preponderance of T 15 + expression in normal BALB/c mice could 
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be an indirect consequence of control at a developmental level; that is, idiotypic 
dominance could be a passive phenomenon rather than an actively maintained state. 
If, for example, the selective pressures for protection against PC-bearing antigens were 
to stimulate the earlier arising T15 ÷ clones to expand at a rate that would quickly 
saturate the capacity of the developmental microenvironment to accommodate them, 
then the presence of these T15 + progenitors would usually eliminate any opportunity 
for the later emerging T 15- clones to proliferate and differentiate into antigen-reactive 
B cells. It would require a severe assault on the proliferative capabilities of the 
immune system, such as irradiation, tolerance induction, or adoptive transfer, to 
increase the demands for regeneration to an extent that would give non-T15 clones 
the occasion to mature. We are currently at tempting to distinguish between these 
hypotheses. 

S u m m a r y  

We have examined the ontogeny of BALB/c plaque-forming cell (PFC) responses 
to phosphorylcholine (PC) from fetal and neonatal liver by using the (CBA/N × 
BALB/c)F1 transplantation model. In this system, thymus-dependent (PC-keyhole 
limpet hemocyanin) and thymus-independent class 1 (PC-Brucella abortus, PC-lipo- 
polysaccharide) PC antigens stimulate B cell subpopulations, which functionally 
emerge early after transfer. Responsiveness to a thymus-independent class 2 antigen, 
C-polysaccharide extract of a Streptococcus pneumoniae mutant ,  is acquired later. The 
response to all PC antigens tested initially exhibited T15 dominance. Non-T15 clones, 
which are not expressed to a great degree in normal BALB/c mice, are inherently 
slow in their rate of maturation; in adoptive transfer, however, they eventually 
comprise much of the transplanted anti-PC PFC response. Obviously, the advantages 
the T15 subset has in ontogeny do not result in idiotypic dominance once the 
immature cells are removed from the intact BALB/c environment. We discuss possible 
regulatory mechanisms involved in the alteration of the T15+:T15 - ratio. 

We appreciate the excellent assistance provided by R. F. Dick and C. McShan. 
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