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WHERE DO CD5 B CELLS COME FROM?

HENRY H. WORTIS

Department of Pathology, Tufts University School of Medicine and Program in
Immunology, Sackler School of Graduate Biomedical Sciences,

Boston, MA 02111, USA

The definition of the "CD5+ B cell
population" in mice is loosely based on
the presence of any of several attributes
including: expression of CD-5 and/or
CD11b, the absence of CD23, low
CD45R(B220), high CD44, low Igδ,
increased size and decreased density,
increased plastic adherence, a limited
repertoire of immunoglobulins, unusual
tissue distribution, long-life and/or self-
renewal capacity, and foetal origin (Ha-
yakawa and Hardy, 1988; Herzenberg
et al., 1986). For instance, a recent
proposal holds that a population of B
cells (called B-1 cells) arise early in
ontogeny, are self-replenishing, absent
in the adult marrow and lymph nodes,
predominate in the pleural and peritoneal
cavities and make up only a small
fraction of splenic B cells (Allison,
1991). The majority of these cells (the
B-1a population) express CD5 and the
minority (B-1b) do not. The proposal
goes on to term all other B cells as the
B-2 population.

The contention of this review is that
this attempt at a consensus definition
fails. What if B cells of adult origin be-
come CD5+? Are all CD5 expressing
cells B-1a cells? Are all peritoneal CD5+

cells of foetal origin? Are B-1b cells of
foetal origin? With these and related
questions in mind I will present pre-
liminary results that question the propo-
sition that only B cells of foetal origin
can become "CD5 B cells." After briefly
reviewing other work addressing the
issue of differences between B cells of
adult and foetal origin I suggest an al-
ternative view - the specificity hypothe-
sis - of the origin of CD5 B cells is nec-

essary. Finally, I discuss recent pub-
lished studies from several laboratories
with immunoglobulin transgenic mice
that provide evidence for this second
view.

Previously we asked if adult splenic
B cells could be induced to express
CD5. We thought that activation in-
duced by the cross-linking of sigM
would be likely to accomplish this. In-
deed, that is precisely what we found
(Ying-Zi et al., 1991). We showed that
goat anti IgM as well as monoclonal rat
anti IgM induced CD5 expression. We
showed that this induction began within
eighteen ours and involved all B cells by
four days. We also showed that even
selected CD5- B cells could be so in-
duced.

This induction results in an increase
in processed CD5 mRNA as detected by
PCR amplification from cDNA. (Pre-
liminary studies of Ram Bandy-
opadhyay and Henry H. Wortis.) We
have not found sufficient message in
freshly isolated CD5+ peritoneal or in
vitro induced splenic cells for detection
by Northern blotting. At the present
time we do not know if the accumula-
tion of processed CD5 mRNA results
from increased transcription, the onset
of processing or message stabilisation.
Studies to establish this are currently
underway.

In recent preliminary studies (Chris
Huang, John Iacomini, Thereza Iman-
ishi-Kari and Henry H. Wortis) we
asked whether B cells of adult origin
could become CD5+. Other groups have
reported that CD5+ cells are derived
from adult bone marrow transfers

Old Herborn University Seminar Monograph 6: 
The ontogeny of the immune system. 
Editors: Peter J. Heidt, Dan Holmberg, Volker Rusch, and Dirk van der Waaij. 
Herborn Litterae, Herborn-Dill, Germany: 20-32 (2003).



 
 

 
 

 
 

 

 
 

 
 

 
 

 

 

-----------------------------------------------------------------

 

  
 

  
 

 

  
  

 

 
  

 
 

  
  

 
 
 

 

Table 1: Features of B cells derived from foetal and adult precursors 
——————————————————————————————————————— 
Feature Foetal Adult Reference 

——————————————————————————————————————— 
CD5+ many few	 Riggs et al., 1990
 

Thomas-Vaslin et al., 1992
 
Iacomini and Imanishi-Kari, 1992
 
Hardy et al., 1991, 1992
 
Solvason et al., 1991
 

CD11b+ some some	 Kantor et al., 1992 
CD5-CD11b- few many	 Riggs et al., 1990
 

Thomas-Vaslin et al., 1992
 
Iacomini and Imanishi-Kari, 1992
 
Hardy and Hayakawa, 1991
 
Hardy et al., 1991, 1992
 
Solvason et al., 1991
 

Peritoneal many few	 Riggs et al., 1990
 
Thomas-Vaslin et al., 1992
 
Iacomini and Imanishi-Kari, 1992
 
Hardy and Hayakawa, 1991
 
Hardy et al., 1991, 1992
 
Solvason et al., 1991
 

Self-renewing many ? few ?	 not reported 
N-less many few	 Gu et al., 1990
 

Feeney, 1990
 
Carlsson and Holmberg, 1990
 
Bangs et al., 1991
 
Meek, 1990
 

TdT [terminal few many Desiderio et al., 1984

 Deoxynucleotidyl

 transferase] (pre-B)
 
mlc-2 [myosin light none all Oltz et al., 1992
 chain-2] (pre-B) 

——————————————————————————————————————— 

(Riggs et al., 1990; Thomas-Vaslin et In our experiments we transferred 
la., 1992; Iacomini and Imanishi-Kari, adult bone marrow from C57BU6 mice 
1992), but this has not been a universal into sublethally irradiated C3H.SCID 
experience (Hardy and Hayakawa, mice. Ten months later we found that a 
1991). The sources of these differences fraction of the splenic B cells were 
have not been studied in detail, but there CD5+. We placed B cell enriched splenic 
are three important considerations. If the cells from the C57BU6 into SCID mice 
frequency of potential CD5+ cells is into in vitro culture with either LPS or 
much less in the marrow than in the anti-lg. We harvested the cells and 
foetal liver then early examination of the double-stained them with FITC anti 
recipients (e.g. after three months) CD45(B220) and biotinylated anti CD5 
might fail to reveal cells of bone marrow plus phycoerythrin streptavidin and 
origin. Conversely, if the bone marrow analysed them by flow cytometry. All of 
preparation is contaminated by self- the anti Ig stimulated cells became CD5+ 

renewing cells of foetal origin a false while few, if any, of the LPS stimulated 
positive result might be obtained. cells did so. 
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To determine whether these CD5+  B 
cells were truly of bone marrow origin 
(and not derived from a few passenger 
cells of foetal origin) we took advantage 
of the observation that B cells of foe
tal/neonatal origin lack N sequences in 
their rearranged heavy chains while cells 
of adult origin have N insertions. We 
asked whether the junctional sequences 
of the rearranged heavy chains of these 
CD5+ B cells reflected an adult or 
foetal/neonatal origin. 

We examined the junctional se
quences of rearranged genes containing 
members of the S107 VH gene family. 
We did this because this family is be
lieved to contain only four germ-line VH 
genes and the sequences for these genes 
in the closely related C57BU10 strain 
(as well as the BALB/c strain) are 
known. This knowledge makes as
signment of N sequences in VD junc
tions possible. Our strategy was to gen
erate cDNA and use it as template for 
PCR based amplification using a 5 ' 
primer for VH genes of the S107 family 
and a 3' CH1 cH primer. Thus far, all of 
the heavy chain sequences that we have 
examined contain N sequences. We 
conclude that CD5+ B cells can be de
rived from adult bone marrow. 

Table 1 summarise results of studies 
on the origin of B cells expressing se
lected phenotypic features. This list is 
limited to studies in which an attempt 
was made to exclude the possibility that 
mature B cells were included in the 
"progenitor population". 

From these published data it is evi
dent that only one of the examined 
traits, mlc-2 expression, might be a de
finitive lineage markers of foetal or adult 
derived mature B cells. The product of 
the gene encoding a myosin light chain 
(plrlc), a member of the mlc-2 family of 
proteins, is limited in expression to pre-
B cells of adult origin (Oltz et al., 
1992). However, this gene is not 
expressed in mature B cells. The table 

also makes it clear that frequencies of 
expression of several traits do differ 
markedly between cells of adult and 
foetal origins. What the data do not tell 
us is whether cells are predetermined at 
the progenitor level to express a given 
mature phenotype. 

Pre-B cell surface antigens that are 
candidate lineage specific molecules are 
listed in Table 2. The two obvious can
didates, CD5 and CD11b do not appear 
on freshly isolated sig cells nor are they 
uniformly expressed on Abelson-MuLV 
transformed pre-B cells derived from 
either foetal or adult compartments (un
published results) and therefore are not 
markers of a lineage per se. The absence 
of CD45RA and Qa-2 was noted in pre-
B cells of early embryos. Because foetal 
B cells appear to develop in a single 
wave (Strasser et al., 1989) it is 
possible that more primitive B lineage 
cells were sampled and these cells did 
not yet express these markers. Several 
years ago it was reported that the com
bination of lack of Thy-1 expression 
and presence of surface asialo-ganglio
N-tetraosylceramide (aGM,) was unique 
to foetal progenitors of B cells (Hardy et 
al., 1987). However, foetal cells with 
this phenotype did not yield particularly 
high numbers of peritoneal CD5+  B 
cells. 

Typical peritoneal CD5+ cells have 
several characteristic phenotypic fea
tures, which suggested to us that they 
are activated B cells. They are large, 
low density cells with high levels of 
CD44 with little or no IgD that express 
IL-5 receptors (Hitoshi et al., 1990). 
We looked for some of these features in 
our in vitro induced CD5+ cells. We 
found that become large cells with ele
vated CD44 without losing IgD (Ying-
Zi et al., 1991). We speculated that in 
addition to sig cross-linking another 
signal, perhaps provided by a cytokine 
might be necessary. We tested IL-1 
(with and without IL-4), IL-2, IL-4 
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alone and IL-6 as candidate interleukins. 
In our hands only IL-6 induced a loss of 
IgD, leading to the speculation that in 
vivo the combination of sig cross
linking and IL-6 induces the classic 
peritoneal CD5+ phenotype. IL-5 
receptors are reported to be induced on 
B cells following sigD cross-linking 
(although CD5 induction was not seen 
in this study) (Allison et al., 1991). 

It is now generally accepted that the 
frequency of N insertions into rear
ranged heavy chains differs in B cells of 
foetal/neonatal and adult origin. The dif
ferences between the two populations 
are not absolute, and N-less segments 
have been found in cells of adult origin, 
although with low (2-10%) frequency, 
while only rarely were N insertions seen 
in foetal B cells (0.5-2%) (Feeney, 
1992). This difference in N insertion 
pattern correlates with differences in the 
expression of terminal deoxynucleoti
dyl-transferase (TdT) (Desiderio et al., 
1984). 

The finding that the addition of IL-6 
to sig cross-linked B cells induces many 
of the features of the CD5 B cell is pro
vocative because it means that B cell 
activation in the absence of T cells can 
result in the induction of the CD5 phe
notype. IL-6, which is produced by T 
helper-2 cells, is also made by fibro
blasts (Zilberstein et al., 1986), macro
phages (Aarden et al., 1985), plasma 
cells (Kawano et al., 1988) and endo
thelial cells. Therefore, in vivo CD5+  B 
cells might be generated by multiple 
epitope (repeating unit) antigens, the 
thymus-independent type 2 (Tl-2) anti
gens, in association with IL-6. Because 
antibody responses to Tl-2 antigens re
quire macrophages it is reasonable to 
hypothesise that CD5 cells result from 
Tl-2 antigen presentation by macro
phages or other IL-6 producing cells. 

B cells activated by anti-lgM and IL
6 also lost their surface CD23 and had 
decreased amounts of CD45(B220) IgD 

(Ying-Zi et al., 1991), both features of 
peritoneal CD5+ B cells. Apparently 
then, CD23 loss could result from acti
vation. We thought that we might be 
able to find examples of B cells at a 
point after activation in vivo at which 
they expressed CD5 but had not yet lost 
their CD23. It was likely that cells with 
this phenotype might be more prevalent 
in the young mouse, at a time when 
there are many splenic CD5 cells. We 
reasoned that these would be newly ac
tivated cells that might not yet express a 
mature phenotype. Indeed, when we 
examined small CD5+ B cells from 
young mice we found them to be CD23+ 

(Rabin et al., 1992a). We think it is rea
sonable to propose that many B cells of 
foetal/neonatal origin are stimulated by 
Tl-2 type antigens to enter the CD5 
pathway, subsequent ligation of IL-6 
(or an equivalent cytokine) inducing the 
loss of IgD and CD23 and the charac
teristic secretion of IgM and IgG3. 

We also noted that losses of CD23 
(Kikutani et al., 1986) and IgD (cf, 
Kroese et al., 1990) together with a de
crease in CD45RB (Birkeland et al., 
1988) are seen in B cells within germi
nal centres where CD5 is not expressed. 
Activation of B cells within germinal 
centres is a T cell dependent process. 
This suggests that T cell dependent acti
vation of B cells might produce cells 
with a characteristic surface phenotype. 
We were encouraged to think along 
these lines by our observation that acti
vation with LPS failed to induce CD5 
expression but did cause increased 
CD44, as well as the loss of CD23 and 
IgD. Interestingly, LPS induced a dra
matic decrease in the expression of the 
heat stable antigen (HSA) as detected by 
the monoclonal antibody J11d. We had 
not seen J11d loss after treatment with 
anti IgM, even with added IL-6, nor 
was J11d low on unmanipulated perito
neal CD5+ B cells. 
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Table 2: Surface markers of pre-B cells 
——————————————————————————————————————— 
Molecule Foetal Adult Reference 

——————————————————————————————————————— 
CD45 yes yes McKearn et al., 1985 
CD45RA No/yes yes Kincade et al., 1981 

Landreth et al., 1983 
Paige et al., 1985 

CD45R(B220) yes yes Many, cf. Strasser, 1988 
Qa-2 no yes Kincade et al., 1981 
CD72 (Lyb-2) no/yes yes Kincade et al., 1981 

Paige et al., 1984, 1985 
PB76 yes yes Strasser, 1988 
AA4.1 yes yes Paige et al., 1985 

McKearn et al., 1984 
GF1 yes yes McKearn et al., 1984, 1985 
BP-1 yes yes Strasser, 1988 

Cooper et al., 1986 
CD2 ? yes Yagita et al., 1989a,b 
HAS yes yes Hardy and Hayakawa, 1991, 1992 

Hardy et al., 1991 
[Heat stable antigen] (unpublished) 
CD43 yes yes Hardy and Hayakawa, 1991, 1992 

Hardy et al., 1991 
——————————————————————————————————————— 

We then tested the idea that B cells 
could be activated by two distinct in
duction pathways. One, the CD5 in
ducing pathway has been discussed 
above. The other, we thought, would 
occur after T dependent activation with
out the need for slg cross-linking. We 
(David Parker and Henry H. Wortis) are 
currently using a model system in
volving activation with purified rabbit 
anti mouse IgM. We stimulate high 
density resting splenic B cells in one of 
two ways: with F(ab')2 of rabbit anti 
mouse IgM antibody; or with Fab of the 
same antibody together with equal 
numbers of a T helper cell line specific 
for rabbit Fab. Our early, preliminary 
results indicate that both treatments re
sult in activation as measured by greater 
forward and size scatter and increased 
CD44 expression. Only the cells stimu
lated by F(ab')2 became CD5+. Only the 
cells stimulated by Fab plus T helper 
cells became J11dlow. Control groups 
cultured with Fab or T helper cells alone 

did not become activated nor altered in 
surface phenotype. 

Previously David Parker demon
strated that B cells can be activated by 
cognate interaction with helper T cells 
even in the absence of sig cross-linking 
(Tony et al., 1985). Subsequent work 
has amply confirmed this idea. This 
finding suggested the possibility that 
there are two distinct signals for B cell 
activation, each inducing a unique dif
ferentiation pathway. Current evidence 
is entirely consistent with the idea that 
CD5+ B cells are cells that have re
sponded to Tl-2 antigen stimulation but 
not definitive. Features distinguishing 
TD and Tl-2 responses are summarised 
in Table 3. 

It is possible that not all B cells are 
able to enter the TD pathway. Norman 
Klinman suggests that only B cells with 
a J11dlow phenotype can enter the mem
ory pool and undergo affinity matura
tion (Linton et al., 1989). Since then it 
is was shown that low J11d can be in
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Table 3: Differences in B cell responses to thymus dependent and thymus independent-2 stimuli 
——————————————————————————————————————— 

Type of stimulation 
—————————————— 

Feature TD Tl-2 Reference 
——————————————————————————————————————— 
Surface CD5 CD5+ Proposed 
Phenotype J11dlow J11dhigh Proposed 
Early activation no yes Klaus and Parker, 1992
 gene egr-1 expressed 
Isotypes IgM, IgG1, IgG2 IgM, IgG3 Slack et al., 1980 

IgA, IgE 
In germinal centers yes no De Sousa et al., 1969 

MacLennan et al., 1982 
Somatic mutation common rare cf. Rajewsky et al., 1987 
Memory yes no Howard and Courtenay, 1974 

———————————————————————————————————————
 

duced by IL-4 (Yin and Vitetta, 1991; 
and our own unpublished observations) 
or by LPS IgD (Ying-Zi et al., 1991). 
Therefore, low J11d must not be a de
finitive marker for a predetermined a 
lineage of memory B cells. Neverthe
less, Klinman has shown that only 
transferred J11dlow cells generate high 
affinity antibodies (Linton et al., 1992). 
He argues that since these cells are 
found in nude mice they are unlikely to 
originate only from an initial interaction 
with helper T cells. Recently it was 
shown that both T helper 1 and 2 cells 
can induce affinity maturation (Rizzo et 
al., 1992). It is not known whether Th1 
cells induce expression of the J11dlow 

phenotype. 
If CD5 B cells do not generate so

matic mutations (but see Taki et al., 
1992), there are important implications 
for our understanding of the origin of 
pathogenic autoantibodies. Early B cells 
express a repertoire that recognises con
served epitopes including self- antigens. 
Since this is a germ-line encoded rep
ertoire (not requiring junctional diver
sity) it has been selected over evolution
ary time. The precise selective advan
tage conferred by this repertoire is un
certain. It may provide for a first line of 
defence against pathogens, substitute 

for regulatory molecules, or regulate the 
antibody response. None of these are 
mutually exclusive properties. 

That the foetal repertoire is skewed 
toward binding many epitopes, but with 
low affinity, makes it likely that early B 
cells will be activated by self-antigens. 
The reason for this is shown in Figure 
1. Here it can be seen that sig cross
linking will be readily induced by re
peating unit antigens. On the other 
hand, unique epitopes, such as those 
found on most protein antigens will fail 
to accomplish this. Finally, if a cell sur
face presents multiple unique epitopes 
which can all be recognised by the 
polyreactive antibody of a given B cell, 
that B cell might be induced by sig 
cross- linking to become CD5+ and se
crete IgM antibody. This makes it 
highly likely that the emerging foe
tal/neonatal repertoire will be activated 
by contact with self-antigens. Adult B 
cells, expressing antibodies with high 
affinities for unique epitopes would not 
be likely to be triggered in this manner. 

Some time ago the ability of CD5+ B 
cells to provide help for antibody re
sponses was reported (Okumura et al., 
1982; Sherr and Dorff, 1984). The 
finding that CD5 B cells can produce 
IL-10, a viability factor for B cells, and 
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Figure 1: Patterns of B cell binding: upper left, binding to repeating unit antigen; upper right, 
binding to unique epitope antigen; bottom, polyspecific binding to multiple epitopes. 

that B cells can produce other interleu
kins, such as IL-6, as well as TNF-α 
and -β (O'Garra et al., 1991) suggests a 
mechanism for B-B help. The finding 
that the ligand for CD5 is CD72 (Ly-b2) 
(van de Velde et al., 1991), itself a 
molecule expressed on B but not T cells 
suggests that CD5-CD72 ligation might 
play a role in this help (Kamal et al., 
1991). Indeed, there is evidence that 
antibodies to CD72 block Tl-2 as well 
as TD antibody responses (Subbaro and 
Mosier, 1982). In any case, Ig-lg 
binding together with CD5-CD72 
binding might provide the basis for B-B 
help. 

We have proposed that CD5+ B cells 
are Tl-2 responding cells rather than the 
product of a predetermined CD5 line
age. This "specificity" hypothesis is 
tested by immunoglobulin transgenic 
mice. It predicts that transgenic mice 
constructed to express an immuno
globulin with a specificity common to 
naturally occurring CD5+ cells will 
contain a high frequency of CD5+ cells. 
Confirmation was obtained in experi
ments utilising a transgene encoding a 
heavy chain including the VH 11, D and 
JH gene segments from a peritoneal B 

cell producing antibody with anti bro
melain treated mouse red blood cell 
specificity (Hardy and Hayakawa, 
1991; Hardy et al., 1991). A striking 
result was obtained with a heavy/light 
chain transgenic expressing an NZB 
derived anti mouse red blood cell 
autoantibody (Okamoto et al., 1992). 
Essentially all peripheral B cells are lost 
and only the peritoneal B cells remain. 
(However, the peritoneal B cells have 
not been directly tested for CD5 expres
sion.) The proposed explanation of this 
result is that there is autoantigen induced 
deletion of the peripheral B cells and the 
few cells that make it to the peritoneum 
live on in a sequestered environment. 
An alternative interpretation of these 
experiments is that the accumulated CD5 
lineage cells derive from foetal/neonatal 
precursors. This does not appear likely 
because there do appear to be transgene 
encoded antibody producing B cells in 
the marrow. A direct test of the 
specificity hypothesis would be a 
transfer of B cell precursors from the 
adult bone marrow of transgenic mice 
into SCID, RAG-1 or RAG-2 knockout 
mice. 

The distortion of the endogenous 
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immunoglobulin repertoire seen in some 
immunoglobulin transgenics also pro
vides evidence for the repertoire hy
pothesis. In the M54 mice the transgene 
encodes a heavy chain expressing a 
member of the J558 VH family 
(17.2.25) (Weaver et al., 1986). The 
repertoire of B cells expressing endoge
nous genes is skewed toward Q52 and 
7183 family members (Iacomini et al., 
1991) with a high frequency of autoan
tibody production (Thereza Imanishi-
Kari, personal communication). There 
appears to be activation and positive 
selection of these cells (Grandien et al., 
1991; Rabin et al., 1992b). Further, 
there is an increased frequency of CD5+ 

B cells within this B cell population (but 
not in those B cells expressing the trans
gene). Foetal cells do not appear to be 
the source of these B cells, as judged by 
transfer experiments and the presence of 
N insertions in DJH junctions (Iacomini 
and Imanishi-Kari, 1992). Therefore, in 
the M54 mouse the presence the 
17.2.25 transgene causes a distortion of 
the endogenous repertoire favouring D 
proximal VH gene utilisation. Auto
antigens activate these cells causing an 
increase in the CD5 population. 

An interesting phenomenon was ob
served when the 17.2.25 transgene was 
introduced into mice expressing X 

linked immune deficiency (XID)  (Rabin 
et al., 1992b). This defect causes a 
deficit of CD5 cells and a failure to re
spond to Tl-2 antigens. XID transgenic 
mice have normal numbers of transgene 
expressing cells but lack cells express
ing endogenous immunoglobulin. An
other transgenic mouse, which carries 
genes encoding the M167 immuno
globulin, produces B cells with speci
ficity for PC (Kenny et al., 1991). This 
particular specificity occurs frequently 
in the anti PC repertoires of normal mice 
but is never seen in XID mice. In
troduction of the M167 transgene into 
XID mice results in progeny that lack 
peripheral B cells expressing the trans
gene. This is not due to a failure to pro
duce B cells as mature cells can be 
found in the bone marrow. Kenny and 
co-workers propose that the cells are 
lost to a deletion mechanism following 
activation via ligand binding. These re
sults appear to confirm a model of B cell 
deletion in XID mice proposed many 
years ago by Klinman et al. (1983). 

Proof of the predetermined lineage 
hypothesis may rest on the identification 
of a stable lineage marker. Until then, 
the weight of evidence supports the 
specificity hypothesis of CD5 B cell 
formation. 

ACKNOWLEDGEMENT 

This work was supported in part by NIH grant Al15803 and American Cancer 
Society Grant IM61764. 

LITERATURE 

Aarden, L., Lansdorp, P., and de Groot, E.: A 
growth factor for B cell hybridomas pro
duced by human monocytes. Lymphokines 
10, 175-182 (1985). 

Allison, A.: A new nomenclature for B cells. 
Immunol. Today. 12, 388 (1991). 

Allison, K.C., Strober, W., and Harriman, 

G.R.: Induction of IL-5 receptors on normal 
B cells by cross-linking surface 19 with 
anti-lg Dextran. J.lmmunol. 146:4197
4203 (1991). 

Bangs, L.A., Sanz, I.E., and Teale, J.M.: 
Comparison of D, JH and junctional diver
sity in the fetal, adult and aged B cell reper

28 



 

 

 

 

   

 

 

 
 

  

 

 
  

 
   

 

 

 
 

 
 

 
 

 

 
 

 

toires. J. Immunol. 146, 1996-2004 
(1991). 

Birkeland, M.L., Metlay, J., Saunders, V., 
Fernandez-Botran, R., Vitteta, E.S., Stein-
man, R.M., and Pure, E.: Epitopes on 
CD45R(T200) molecule define differentia
tion antigens on murine B an T Lympho
cytes. J. Mol. Cell Immunol. 4, 71-85 
(1988). 

Carlsson, L. and Holmberg, D.: Genetic basis 
of the neonatal antibody repertoire: Germ
line V-gene expression and limited N-region 
diversity. Int. Immunol. 2, 639-643 (1990). 

Cooper, M.D., Mulvaney, D., Coutinho, A., 
and Cazenave, P.-A.: A novel cell surface 
molecule on early B-lineage cells. Nature 
321, 616-618 (1986). 

Desiderio, S.V., Yancopoulos, G.D., Paskind, 
M., Thomas, E., Boss, M.A., Landau, N., 
Alt, F.W., and Baltimore, D.: Insertion of 
N regions into heavy-chain genes is corre
lated with expression of terminal deoxynu
cleotidyltransferase in B cells. Nature 311, 
752-755 (1984). 

De Sousa M.A.B., Parrott, D.M.V., and Pante
louris, E.M.: The Lymphoid tissues in 
mice with congenital aplasia of the thymus. 
Clin. Exp. Med. 4, 637-644 (1969). 

Feeney, A.J.: Lack of N regions in fetal and 
neonatai mouse immunoglobulin V-D-J 
junctional sequences. J. Exp. Med. 172, 
1377-1390 (1990). 

Feeney, A.J.: Comparison of junctional diver
sity in the neonatal and adult immuno
globulin repertoires. Int. Rev. Immunol. 8, 
113-122 (1992). 

Grandien, A., Coutinho, A., Andersson, J., and 
Freitas, A.A.: Endogenous VH gene family 
expression in immunoglobulin-transgenic 
mice: Evidence for selection of antibody 
repertoires. Int. Immunol. 3, 67-73 (1991). 

Gu, H., Forster, I., and Rajewsky, K.: Se
quence homologies. N sequence insertion 
and JH gene utilization in VHDJH joining: 
Implications for the joining mechanism and 
the ontogenetic timing of Ly-1 B cell and 
B-CLL progenitor generation. EMBO J. 9, 
2133-2140 (1990). 

Hardy, R.R., Kishimoto, T., and Hayakawa, 
K.: Differentiation of B cell progenitors in 
vitro: Generation of surface Igm+ B cells, 
including Ly-1 B cells, from Thy-1-, asia
loGM1

+ cells in newborn liver. Eur. J. Im
munol. 17, 1769-1774 (1987). 

Hardy, R.R. and Hayakawa, K.: A developmen
tal switch in B lymphopoiesis. Proc. natl. 
Acad. Sci. USA. 88, 11550-11554 (1991). 

Hardy, R.R., Carmack, C.E., Shinton, S.A., 
Kemp, J.D., and Hayakawa, K.: Resolution 
and characterization of pro-B cell and pre
pro-B cell stages in normal mouse bone 
marrow. J. Exp. Med. 173, 1213-1227 
(1991). 

Hardy, R.R. and Hayakawa, K.: Generation of 
Ly-1 B cells from developmentally distinct 
precursors: Enrichment by stromal-cell cul
ture or cell sorting. In: CD5 B Cells in De
velopment and Disease (Eds.: Herzenberg, 
L.A., Haughton, G., and Rajewsky, K.). 
Ann. N. Y. Acad. Sci. 651, 99-111 (1992). 

Hayakawa, K. and Hardy, R.R.: Normal, auto
immune, and malignant CD5+ B cells: The 
Iy-1 B lineage? Ann. Rev. Immunol. 6, 
197-218 (1988). 

Herzenberg, L.A., Stall, A.M., Lalor, P.L., 
Sidman, C., Moore, W.A., Parks, D.R., 
and Herzenberg, L.A.: The ly-1 B cell line
age. Immunol. Rev. 93, 81-102 (1986). 

Hitoshi, Y., Yamaguchi, N., Mita, S., 
Sonoda, E., Takaki, S., Tominaga, A., and 
Takatsu, K.: Distribution of IL-5 receptor
positive B cells: Expression of IL-5 recep
tor on Ly-1 (CD-5)+ B cells. J. Immunol. 
144, 4218-4225 (1990). 

Howard, J.G. and Courtenay, B.M.: Induction 
of B-cell tolerance to polysaccharides by 
exhaustive immunization and during im
munosuppression with cyclophosphamide. 
Eur. J. Immunol. 4, 603-608 (1974). 

Iacomini, J., Yannoutsos, N., Bandyopadhay, 
S., and Imanishi-Kari, T.: Endogenous 
Immunoglobulin Expression in 11 Trans
genic Mice. Int. Immunol. 3, 185-196 
(1991). 

Iacomini, J. and Imanishi-Kari, T.: The effect 
of an immunoglobulin µ transgene on B 
cell maturation. Eur. J. Immunol. 22, 745
752 (1992). 

Kamal, M., Katira, A., and Gordon, J.: Stimu
lation of B Lymphocytes via CD72 (human 
Lyb-2). Eur. J. Immunol. 21, 1419-1424 
(1991). 

Kantor, A.B., Stall, A.M., Adams, S., 
Herzenberg, L.A., and Herzenberg, L.A.: 
Differential development of progenitor ac
tivity for three B-cell lineages. Proc. Natl. 
Acad. Sci. USA 89, 3320-3324 (1992). 

Kawano, L., Hirano, T., Matsuda, T., Taga, 

29 



 

  
 

 

 

 
 

  

 

 

 
 

 
 

 

  
 

 

  
 

  

 

 

 

T., Horli, Y., Iwato, K., Asaoku, H., 
Tang, M., Tanabe, O., Tanaka. J., 
Kuramoto, A., and T. Kishimoto.: 
Autocrine generation and requirement of 
BSF-2/lL-6 for human multiple myelomas. 
Nature 332, 83-85 (1988). 

Kenny, J.J., Stall, A.M., Sieckmann, D.G., 
Lamers, M.C., Finkelman, F.D., Finch, 
L., and Longo, D.L.: Receptor mediated 
elimination of phosphocholine-specific B 
cells in X-linked immune deficient mice. J. 
Immunol. 146, 2568-2577 (1991). 

Kikutani, H., Suemura, M., Oqaki, H., Naka
mura, H., Sato, R., Yamasaki, K., Barsu
mian, E.L., Hardy, R.R., and Kishimoto, 
T.: Fcε receptor, a specific differentiation 
marker transiently expressed on mature B 
cells before isotype switching. J. Exp. 
Med. 164, 1455-1469 (1986). 

Kincade, P.W., Lee, G., Watanabe, T., Sun, 
L., and Scheid, M.P.: Antigens displayed 
on murine B Lymphocyte precursors. J. 
Immunol. 127, 2262-2268 (1981). 

Klaus, S.J. and Parker, D.C.: Inducible cell 
contact signals regulate early activation 
gene expression during B-T collaboration. 
J. Immunol. 149, 1867-1875 (1992). 

Klinman, N. and Stone, M.: Role of variable 
region gene expression and environmental 
selection in determining the antiphos
phorylcholine B cell repertoire. J. Exp. 
Med. 158, 1948-1961 (1983). 

Kroese, F.G.M., Timens, W., and Nieu
wenhuis, P.: Germinal Center reaction and 
B Lymphocytes: Morphology and Func
tion. In: Current topics in pathology, 84/1 
Reaction pattems of the lymph node part 1 
cell types and functions (Eds.: Grundmann, 
E., and Vollmer, E.). Springer-Verlag, Ber
lin, 103-148 (1990). 

Landreth, K.S., Kincade, P.W., Lee, G., and 
Medlock, E.: Phenotypic and functional 
characterization of murine B Lymphocyte 
precursors isolated from fetal and adult tis
sues. J. Immunol. 131, 572-580 (1983). 

Linton, P-J., Decker, D.J., and Klinman, 
N.R.: Primary antibody-forming cells and 
secondary B cells are generated from sepa
rate precursor cell subpopulations. Cell 59, 
1049-1059 (1989). 

Linton, P.-J., Lo, D., Thorbecke, G.J., and 
Klinman, N.R.: Among naive precursor 
cell subpopulations only progenitors of 
memory B cells originate germinal center. 

Eur J. Immunol. 22, 1293-1297 (1992). 
MacLennan, I.C.M., Gray, D., Kumararatne, 

D.S., and Bazin, H.: The Lymphocytes of 
splenic marginal zones: A distinct B cell 
lineage. Immunol. Today 3, 305-307 
(1982). 

McKearn, J.P., Baum, C. and Davie, J.M.: 
Cell surface antigens expressed by subsets 
of pre-B cells and B cells. J. Immunol. 132, 
332-339 (1984). 

McKearn, J.P., McCubrey, J., and Fagg, B.: 
Enrichment of hematopoletic precursor cells 
and cloning of multipotential B-lymphocyte 
precursors. Proc. Natl. Acad. Sci. USA. 82, 
7414-7418 (1985). 

Meek, K.: Analysis of junctional diversity dur
ing B Lymphocyte development. Science 
250, 820-823 (1990). 

O'Garra, A., Stapleton, G., Dhar, V., Pearce, 
M., Schumacher, J., Rugo, H., Barbis, D., 
Stall, A., Cupp, J., Moore, K., Viera, P., 
Mosmann, T., Whitmore, A., Arnold, L., 
Haughton, G., and Howard, M.: Production 
of cytokines by mouse B cells: B lympho
mas and normal B cells produce interleukin 
10. Int. Immunol. 2, 821-832 (1991). 

Okamoto, M., Murakami, M., Shlizu, A., 
Ozaki, S., Tsubata, T., Kumagai, S., and 
Honjo, T.: A transgenic model of autoim
mune hemolytic anemia. J. Exp. Med. 175, 
71-80 (1992). 

Okumura, K., Hyakawa, K., and Tada, T.: 
Cell-to-cell interaction controlled by im
munoglobulin genes: Role of thy-1-,1yt-1+, 
Ig+ (B') cell in allotype-restricted antibody 
production. J. Exp. Med. 156, 443-451 
(1982). 

Oltz, E.M., Yancopulos, G.D., Morrow, 
M.A., Rolink, A., Lee, G., Wong, F., 
Kaplan, K., Gillis, S., Melchers F., and 
Alt, F.W.: A novel regulatory myosin light 
chain gene distinguishes pre-B cell subsets 
and is IL-7 inducible. EMBO J. 11, 2759
2767 (1992). 

Paige, C.J., Gisler, R.H., McKearn, J.P., and 
Iscove, N.N.: Differentiation of murine B 
Cell precursors in agar culture. Frequency, 
surface marker analysis and requirements for 
growth of cionable pre-B cells. Eur. J. Im
munol. 14, 979-987 (1984). 

Paige, C.J., Skarvall, H., and Sauter, H.: Dif
ferentiation of murine B cell precursors in 
agar culture. II. Response of precursor-en
riched populations to growth stimuli and 

30 



 

  
 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 
 

  

  

 

 

 

 
 

 

 

 

 

demonstration that the clonable pre-B cell 
assay is limiting for the B cell precursor. J. 
Immunol. 134, 3699-3704 (1985). 

Rabin, E., Yingzi, C., and Wortis, H.H.: Loss 
of CD23 is a consequence of B cell activa
tion: Implications for the analysis of B cell 
lineages. In: CD5 B cells in development 
and disease (Eds.: Herzenberg, L.A., Haugh
ton, G., and Rajewsky, K.). Ann. N.Y. 
Acad. Sci. 651, 130-142 (1992a). 

Rabin, E., Cong, Y., Imanishi-Kari, T., and 
Wortis, H.H.: Production of 17.2.25 µ 
transgenic and endogenous immunoglobulin 
in X-linked immune deficient mice. Eur. J. 
Immunol. 22, 2237-2242 (1992b). 

Rajewsky, K., Förster, I., and Cumano, A.: 
Evolutionary and somatic selection of the 
antibody repertoire in the mouse. Science 
238, 1088-1094 (1987). 

Riggs, James E., Ronald S. Stowers, and Don
ald E. Mosier.: The immunoglobulin allo
type contributed by peritoneal cavity B cells 
dominates in scid mice reconstituted with 
allotype-disparate mixtures of splenic and 
peritoneal cavity B cells. J. Exp. Med. 172, 
475-485 (1990). 

Rizzo, L.V., DeKruyff R.H., and Umetsu, 
D.T.: Generation of B cell memory and af
finity maturation: Induction with Th1 and 
Th2 T cell clones. J. Immunol. 148, 3733
3739 (1992). 

Sherr, D.H. and Dorff, M.E.: An idiotype-spe
cific helper population that bears immuno
globulin, Ia and Lyt-1 determinants. J. Exp. 
Med. 159, 1189-1200 (1984). 

Slack, J., Der-Balian, G. P., Nahm, M., and 
Davie, J.M.: Subclass restriction of murine 
antibodies. II. The IgG plaque-forming cell 
response to thymus-independent type 1 and 
type 2 antigens in normal mice and mice 
expressing an X-linked immunodeficiency. 
J. Exp. Med. 151, 853-862 (1980). 

Solvason, N., Lehuen, A., and Kearney, J.F.: 
An embryonic source of Ly-1 but not con
ventional B cells. Int. Immunol. 3, 543
550 (1991). 

Strasser, A.: PB76: A novel surface glycopro
tein preferentially expressed on mouse pre-B 
cells and plasma cells detected by the 
monoclonal antibody G-5-2. Eur. J. Immu
nol. 18, 1803- 1810 (1988). 

Strasser, A., Rolink, A., 	and Melchers, F.: 
One synchronous wave of B cell develop
ment in mouse fetal liver changes at day 16 

of gestation from dependence to independ
ence of a stromal cell environment. J. Exp. 
Med. 170, 1973-1986 (1989). 

Subbaro, B. and Mosier, D.A.: Lyb antigens 
and their role in B lymphocyte activation. 
Immunol. Rev. 69, 81-97 (1982). 

Taki, S., Schmitt, M., Tarlinton, D., Forster, 
I., and Rajewsky, K.: T cell-dependent anti
body production by Ly-1 B cells. In: CD5 
B Cells in development and disease (Eds.: 
Herzenberg, L.A., Haughton, G., and Ra
jewsky, K.). Ann. N.Y. Acad. Sci. 651, 
328-335 (1992). 

Thomas-Vaslin, V., Coutinho, A., and Huetz, 
F.: Origin of CD5+ B cells and natural 
IgM-secreting cells: Reconstitution poten
tial of adult bone marrow, spleen and peri
toneal cells. Eur. J. Immunol. 22, 1243
1251 (1992). 

Tony, H.-P., Phillips, N.E., and Parker, D.C.: 
Role of membrane immunoglobulin (Ig) 
crosslinking in membrane Ig-mediated, ma
jor histocompatibility-restricted T cell-B 
cell cooperation. J. Exp. Med. 162, 1695
1708 (1985). 

van de Velde, H., von Hoegen, I., Luo, W., 
Parnes, J.R., and Thielemans, K.: The B
cell surface protein CD72/Lyb-2 is the 
ligand for CD5. Nature 351, 662-665 
(1991). 

Weaver, D., Reis, M., Albanese, C., Constan
tini, F., Baltimore, D., and Imanishi-Kari, 
T.: Altered repertoire of endogenous immu
noglobulin gene expression in transgenic 
mice containing a rearranged 11 heavy chain 
gene. Cell 45, 247-259 (1986). 

Yagita, H., Nakamura, T., Karasuyama, H. and 
Okumura, K.: Monoclonal antibodies spe
cific for murine CD2 reveal its presence on 
B as well as T cells. Proc. Natl. Acad. Sci. 
USA. 86, 645-649 (1989a). 

Yagita, H., Nakamura, T., Asakawa, J., Ma
tsuda, H., Tansyo, S., Ligo, Y. and Oku
mura, K.: CD2 expression in murine B cell 
lineage. Int. Immunol. 1, 94-98 (1989b). 

Yin, X.-M., and Vitetta, E.S.: IL-4 down-regu
lates the expression of J11d on murine B 
cells. Cell Immunol. 137, 461-473 (1991). 

Ying-Zi, C., Rabin, E., and Wortis, H.H.: 
Treatment of CD5- B cells with anti-lg, but 
not LPS, induces surface CD5: Two B cell 
activation pathways. Int. Immunol. 3, 467
476 (1991). 

Zilberstein, A., Ruggieri, R., Korn, J.H., and 

31 



 

  Revel, M.: Structure and expression of stimulatory cytokines. EMBO J. 5, 2529
cDNA and genes for human interferon-ß-2, 2537 (1986). 
a distinct species inducible by growth

32 




