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Antibodies to class-specific (13,17,19,22), allotypic (6,10), and idiotypic (4,9,32) determi-
nants of immunoglobulin (Ig)' molecules have been widely used to inhibit B cells which
carry these particular Ig determinants on their surface . These models are important not
only as experimental tools and as potential therapeutic maneuvers to suppress B cells,
but also in their possible relationship to B-cell immunological tolerance . In addition,
suppression by endogenous anti-idiotypic antibodies may play an important homeostatic
role in the normal regulation of immune responses (12,20) . It is thus important to
attempt to define the mechanisms involved in anti-Ig-induced suppression of B cells .

In this study we have used organ explants and dissociated cells from fetal and
adult mouse lymphoid tissues to study the in vitro effects of anti-Ig antibodies on
developing and mature IgM-bearing B lymphocytes. We show that anti-Ig
antibodies, or their Fab fragments, completely inhibit the development of IgM-
bearing B cells in explants of fetal liver, and induce the disappearance of cell
surface IgM in explant or suspension cultures of late fetal or adult lymphoid
tissues . Moreover, we demonstrate that while IgM-bearing B cells in fetal liver
or adult bone marrow are susceptible to irreversible Ig suppression by low
concentrations of anti-Ig antibody, those in adult lymph node or spleen can only
be reversibly suppressed, and require much higher antibody concentrations for
suppression. This suggests a fundamental difference between newly formed and
more mature B cells, which may have important implications for B-cell toler-
ance to self-antigens .

* Supported in part by U . S . Public Health Service grant no . CA16673 .
' Abbreviations used in this paper: anti-Ig, antibodies against Ig determinants ; anti-MIg, rabbit

antibodies against mouse Igdeterminants ; anti-p., purified goat antibodies against mouse p-chains ;
anti-MIg-Fl, purified anti-MIg conjugated with fluorescein isothiocyanate ; anti-u-Fl, purified
anti-g conjugated with fluorescein isothiocyanate ; DMEM, Dulbecco's modified Eagle's medium ;
Fab anti-MIg, Fab fragments ofrabbit anti-MIg ; Fab anti-p, Fab fragments ofpurified goat anti-EL;
MEM, minimal essential Eagle's medium containing 15 mM HEPES .

1052

	

THE JOURNAL OF EXPERIMENTAL MEDICINE ' VOLUME 142, 1975



RAFF ET AL .

	

1053

Materials and Methods
Antibodies .

	

Polyspecific rabbit antimouse Ig (anti-MIg) was raised against mouse IgG and
purified by affinity chromatography as previously described (29,35) . Purified goat antibodies to
mouse W-chains (anti-W) were raised, adsorbed, and purified on various immunoadsorbents and
tested for specificity as previously described (15) . Only activity against h-chains could be detected
by Ouchterlony analysis, and after conjugation to fluorescein, by immunoflurescence staining of
fixed cell preparations ofvarious mouse myelomas . Moreover, these antibodies did not precipitate
8-like chains (1,37) from solubilized spleen cells which had been radiolabeled by lactoperoxidase-
catalyzed iodination (E . Vitetta, personal communication) . The methods for conjugating the
antibodies with fluorescein isothiocyanate (15) and for preparing Fab monomers by papain
digestion (Fab anti-MIg and Fab anti-l) have been described (34) . When tested at concentrations
as high as 240 pg/ml, the Fab fragments of anti-/x and anti-MIg failed to precipitate mouse IgM
(MOPC-104 E) . Purified sheep antibodies to the third component of mouse complement (anti-C3),
were a gift from Dr . M. B. Pepys (7) .

Immunofluorescence Assays .

	

Cell suspensions were prepared in Eagle's minimum essential
medium containing 15 mM Hepes (MEM), 0.2% sodium azide and 10% fetal calfserum (FCS), and
stained with fluorescein-conjugated antibodies at a concentration of 0.5 mg/ml for 30 min at 0°C .
After washing, the cells were examined under cover slip for surface fluorescence using a Zeiss
Ultraphot II (Carl Zeiss, Inc., New York) or a Leitz Ortholux microscope (E . Leitz Inc., Rockleigh,
N. J.), both equipped with phase-contrast and incident fluorescence optics, and an OsramHBO 200
mercury are lamp.

Organ Cultures .

	

BALB/c mice were used in all experiments, except one involving C5-deficient
AKR mice . Small fragments (1-2 mm') of fetal liver or adult spleen, intact fetal spleens, adult
lymph node, or bone marrow plugs were cultured on top of ultrathin Millipore filters (0 .4 Am pore
size) floating on 1 ml ofmedium (RPMI 1640, or Dulbecco's modified Eagle's medium (DMEM) with
10% FCS, 50 wg streptomycin, and 50 U of penicillin) in organ culture dishes in a 5% (RPMI 1640)
or 10% (DMEM) CO, incubator at 37°C as previously described (27) .

Modulation Experiments .

	

Approximately 2 x 106 nucleated cells were incubated in 50 JAI of
MEM (as a control), or anti-Ig diluted in MEM, for 1 h at 37°C in microprecipitation tubes, washed
in MEM with 10%s FCS and 0.2% sodium azide, and stained as described above.

Recovery Experiments .

	

Cells exposed to anti-Ig antibodies in organ culture or in suspension,
were washed under sterile conditions and recultured for 24-72 h in round-bottom tubes (Falcon
2003, Falcon Plastics, Div. of BioQuest, Oxnard, Calif.), or in 16-mm Linbro plates (Linbro
Chemical Co ., New Haven, Conn .), in RPMI 1640, or DMEM containing 10% FCS. They were then
stained for surface Ig as described.

Differential Cell Counts .

	

Differential cell counts were made on cytocentrifuge preparations of
dissociated fetal liver cells which were fixed in ethanol and stained with McNeal's tetrachrome
stain .

Fluorescence Intensity Analysis Using Fluorescence Activated Cell Sorter .

	

Anti-W-fluorescein
(Fl)-labeled cell suspensions from newborn liver and adult spleen and bone marrow were analyzed
on a fluorescence activated cell sorter (FACS-1, Becton-Dickinson & Co., E. Rutherford, N. J .) (2),
here used only as an analyzer .

Results
Anti-Ig Suppression of IgM-Bearing Lymphoctye Development in Explant

Cultures ofFetal Liver and Spleen . The addition of 10 /xg/ml of purified anti-jiL
or anti-MIg to 14- or 15-day fetal liver cultures completely and consistently
suppressed the development of IgM-bearing cells in cultures (Table I) . The
suppressive effect was completely eliminated if the anti-tL or anti-MIg was first
adsorbed on Sepharose-bound IgM or MIg respectively (Table I) . The inhibition
was not due to steric blocking of anti-t.+.-Fl labeling by the unfluoresceinated
anti-1g, as preincubation in up to 100 leg/ml of anti-W or anti-MIg failed to
appreciably inhibit the labeling of newborn liver B cells by anti-W-Fl (used at the
standard concentration of 500 /..g/ml), even when the cells were labeled in the
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TABLE I
Inhibition of the Development of IgM-Bearing Lymphocytes by Anti-Ig in Explant

Cultures of Fetal Liver

IgM-bearing cells*
No . of

	

Age of

	

Antibodies

	

Duration

* Expressed as mean (range) .
$ Immunoadsorbent purified antibodies .
§ Unpurified antibodies .
11 Adsorption was carried out on DEAE cellulose purified MIg covalently linked to sepharose .
4 Purified anti-IL antibodies were adsorbed with purified mouse IgM (MOPC 104E) linked to
sepharose and the effluent was concentrated to a volume, that before adsorption, would have
given a final concentration of 20 Ag/ml when added to the cultures .

** No fetal calf serum or antibiotics were present in these cultures .

presence of the unfluoresceinated reagents. The inhibition was unaffected by the
omission of fetal calf serum from the cultures, in combination with the addition
of anti-C3 antibodies (Table I), and was also complete in C5-deficient AKR mice
(data not shown) . Thus, it is unlikely that complement-mediated lysis was
involved in the suppression . Moreover, Fab fragments of anti-p and anti-MIg
completely suppressed the appearance of IgM-bearing cells (Table I), although
approximately 10-fold higher concentrations were required (Fig . 1) . Anti-p,
inhibited the appearance of all anti-MIg-Fl-labeling cells, making it likely that
all Ig-bearing cells expressed IgM on their surface at some time during the
culture period . Differential counts done on cytocentrifuge preparations of disso-
ciated 14-day fetal liver fragments, cultured for 7 days in the presence or absence
of anti-A antibodies, did not show a significant difference in the percentage of
cells with lymphoid morphology (Table II) .

Irreversibility of Anti-Ig-Induced Suppression of IgM-Bearing Cell Develop-
ment in Fetal Liver Explant Cultures . In one experiment, 14-day fetal liver
explants were cultured for 2 days in the presence of 10 Ag/ml of anti-p. and then
transferred to fresh filters floating on medium without antibodies . Control
cultures were treated similarly except they were never exposed to anti-A . At the
end of the total culture period of 7 days, the frequency of IgM-bearing cells was
similar in the cultures treated with anti-p, for the first 2 days (9/2,400) and in the
untreated controls (8/2,897) . Thus, exposure to anti-A for 2 days, before the

experiments fetus

days

added (Ag/ml) of culture

days

Control
cultures

%

Anti-Ig
cultures

%
3 14-15 Anti-MIg (20)$ 5-6 2.5 (0 .3-3 .5) 0

11 14-15 Anti-A (10)$ 6 1.8 (0 .9-2 .3) 0
2 14 Fab anti-MIg (200)§ 5 3.7 (1 .0-4 .5) 0
2 14-15 Fab anti-tL (24)$ 5 2 .1 (1 .8-2 .4) 0
1 14 Anti-MIg (20)§ 6 3.8 0
1 14 Anti-MIg adsorbed 5 3.8 3.7

with MIg (50)§ II
1 15 Anti-K adsorbed 6 1 .9 2.0

with IgM4
2 14-15 Anti-C3 + anti-/A 6 2.1 (1 .9-2 .3) 0

(10+10)**
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FIG . 1 .

	

Dose-response curves for the inhibition of the development of IgM-bearing cells in
explant cultures of fetal liver by purified anti-W ("-") and Fab anti-iL ("-"), and
unpurified anti-MIg (D-D) and Fab anti-Mlg (A-") antibodies . 14-day fetal liver ex-
plants were cultured for 6 days in the presence or absence of the appropriate concentrations
of antibodies .

TABLE II
Differential Cell Counts on Control and Anti-h Inhibited Explant

Cultures of 14-day fetal Liver

* Explants of 14-day fetal liver were cultured for 7 days with or without
anti-ll (10 Wg/ml) antibodies, after which explants were dissociated and,
either labeled with anti-IL fluorescein, or centrifuged onto a slide, fixed in
ethanol, and stained with McNeal's tetrachrome stain .
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detectable expression of surface IgM, did not irreversibly inhibit the ability of
fetal liver explants to generate IgM-bearing B lymphocytes in vitro .
On the other hand, when 14- to 17-day fetal liver explants were treated with

anti-A, anti-MIg, or their Fab fragments for 5-7 days and then dissociated into
cell suspensions (to prevent or slow down further differentiation of Ig- precur-
sors to Ig+ B cells), washed and recultured for 24-72 h, usually no recovery of
IgM-bearing cells was seen (Table III) . In 4/21 experiments a small number of
IgM-bearing cells appeared during the period of reculture (Table III), which
could have been B cells that had recovered after the inhibition, or that had

Cell type Control
cultures

Anti-l.
inhibited
cultures

IgM-bearing cells 2.4 0
Small lymphocytes 2.1 1.6
Granulocytes 73 74
Monocytes/macrophages 12 .6 10
Erythroid series 8.5 9
Blast cells 3.8 5.4
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TABLE III
Inhibition and Recovery of IgM-Bearing Cells in Anti-Ig-Treated Explant Cultures ofFetal

Liver

Immunoadsorbent purified antibodies.
# Expressed as mean (range) .
§ Cells in explants were dissociated and recultured for a further 24 hours and then stained for surface IgM .

differentiated from Ig precursors during reculture .
Anti-Ig-Induced Ig Suppression of IgM-Bearing Cells in Explants of Liver,

Bone Marrow, Spleen, and Lymph Node. In BALB/c mice, IgM+ cells first
appear in the liver and spleen at 17 days of gestation (27) . When liver
fragments from 18-20 day fetuses were cultured in the presence of 10 to 20 p.g/ml
of anti-MIg or anti-A, or their Fab fragments, no IgM+ cells were detected after
1-7 days of culture (Table III) . Ifsuch liver fragments were dissociated after 24 h
exposure to anti-MIg, washed, and recultured for a further 24 h in the absence of
antibody, the same number of IgM+ cells were found as in control fragments
never exposed to anti-IG, indicating complete recovery had occurred (Table III) .
However, exposure of the fragments for >_48 h to anti-MIg almost always led to
irreversible suppression (Table III) . Most B cells in cultured plugs of young adult
bone marrow behaved similarly to those in fetal liver, in that no, or few, IgM+
cells were found after 7 days incubation with anti-MIg or anti-p, antibodies, and
little or no recovery was seen after the plugs were dissociated and recultured for
a further 24 h in the absence of antibody (Table IV) . On the other hand, cultured
fragments of adult spleen or lymph nodes behaved very differently to liver or
bone marrow when exposed to anti-w or anti-MIg antibodies . In these tissues,
even 10 times higher concentrations of anti-Ig failed to completely suppress IgM-
bearing cells (Table IV), and complete recovery always occurred after dissocia-
tion and reculture without antibody (data not shown) .
Anti-A-Induced Modulation ofB-Cell IgM in Dissociated Cell Suspensions of

Newborn Liver, Adult Bone Marrow, and Spleen . Incubation of Ig+ B cells
with anti-Ig antibodies at 37°C has been shown to redistribute the membrane Ig
molecules into patches and caps and to induce vigorous pinocytosis of the Ig-
anti-Ig complexes (5,18,34-36) . If sufficient antibody is present and adequate
time is allowed, most of the Ig can be specifically removed from the cell surface

No . of Age of
II
Antibodies added' Duration

of
IgM-bearing cells# IgM-bearing cells

after 24 h recovery#§
Experiments fetus (Feg/ml) culture Control Anti-Ig Control Anti-Ig

cultures cultures cultures cultures

days days % % % %

5 14-15 Anti-MIg (20) 5-7 2 .4 (0 .8-6 .5) 0 2 .0 (0 .7-4 .4) 0
1 17 Anti-MIg (20) 7 4 .4 0 6 0
1 20 Anti-MIg (20) 5 3 .0 0 3 0
4 14 Anti- ;L (10) 5-7 0 .9 (0 .3-2 .5) 0 0 .8 (0 .3-2 .4) 0
2 17-18 Anti-A (10) 5-7 3 .0 (2-4) 0 4 .0 (2-6) I 0
2 14-15 Fab anti-A (24) 6 4 .5 (3-6) 0 4 .0 (2 .5-5 .5) ` 0
2 18 Fab anti-p. (24) 5 2 .5 (2-3) 0 3 .0 (2-4) 0
1 14 Anti-p (10) 7 4 .5 0 4.4 0 .4
2 16 Anti-A (10) 5 5 .5 (3-8) 0 5 .0 (3-7) 1 (0 .5-1 .5)
1 19 Anti-MIg (20) 1 3 .0 0 2 .8 2 .5
1 19 Anti-MIg (20) 2 2 .8 0 2 .7 0
1 19 Anti-MIg (20) 3 3 .0 1 0 3 .0 0
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Inhibition andRecovery ofIgM-Bearing Cells in Anti-Ig Treated Explant Cultures ofSpleen,
Bone Marrow and Lymph Node

` Immunoadsorbent purified .
# Expressed as mean (range) .
§ Recovered as described in Table III .

RAFF ET AL .

(18,34,36) . This antibody-induced disappearance of a cell surface antigen is
referred to as antigenic modulation (25) .
The striking differences in the susceptibility to anti-p,-induced modulation of

B-cell IgM of cells in the newborn liver and adult bone marrow on the one hand,
and adult spleen on the other, are shown in Figs . 2 and 3. While the former
modulate rapidly and at a low concentrations of anti-g, the latter require
approximately 10 times as much antibody and a longer period of time for
comparable modulation to occur . IgM-bearing B cells in adult lymph nodes
behaved similarly to spleen B cells (data not shown) . In all these cell types,
complete recovery was seen, if cells, treated with anti-p, for up to 24 h, were
washed and cultured for a further 24 h without antibody . Since treating cells
with up to 100 p.g/ml of anti-W for 60 min at 0°C did not cause any reduction in
the percentage of cells labeled with anti-p,-Fl (used at 500 wg/ml), it is unlikely
that the suppression seen at 37°C was related to steric blocking. When newborn
fetal liver cells were incubated with anti-g-Fl (in the absence of sodium azide) at
37°C, rapid capping and massive pinocytosis was readily seen within 2 min.
To exclude the possibility that the differences in susceptibility to anti-tt-

induced IgM modulation reflected differences in the amount of IgM on the
surfaces of these different B cells, adult bone marrow and spleen and newborn
liver cells were labeled with anti-W-Fl in azide at 0°C and analyzed for intensity
of surface fluorescence on the fluorescence activated cell sorter (2) . As can be
seen in Fig . 4, a continuous spectrum of intensities was seen in cells from all
three tissues, with no significant difference between newborn liver and adult
spleen cells . More heavily labeled cells were present in the bone marrow than in
liver or spleen . Thus, differences in the amount of membrane IgM cannot
explain the differences in susceptibility to IgM modulation .
To exclude the possibility that the high susceptibility of liver IgM-bearing

cells to modulation by anti-p. antibodies was due to a secreted product of liver

No .
of Tissue

Age
of

Antibodies
added`

Duration
of

IgM-bearing cells* IgM-bearing cells
after 24 h recovery#§

expen- mouse (wg/ml) culture Control Anti-Ig Control Anti-Igments cultures cultures cultures cultures

days days % % % %

1 Spleen 120 Anti-MIg (200) 6 40 30 - -
1 Spleen 120 Anti-MIg (100) 6 40 38 - -
3 Lymph node 11 Anti-W (20) 7 8 .3 (5-10) 4.3 (3 .2-5 .2) - -
3 Lymph node 11 Anti-MIg (20) 7 8 .3 (5-10) 3 .7 (1 .9-5 .8) - -
2 Lymph node 60 Anti-MIg (200) 6 32 (24-40) 25 (20-30) - -
2 Lymph node 60 Anti-MIg (100) 6 32 (24-40) 30(22-38) - -
2 Bone marrow 11 Anti-k (20) 7 3 .7 (3 .5-3 .8) 0 7 .5(4-11) 0
2 Bone marrow 11 Anti-MIg (20) 7 3 .7 (3 .5-3 .8) 0 7 .5 (4-11) 0
1 Bone marrow 60 Anti-14 (20) 7 25 0.3 15 0 .4
2 Bone marrow 60 Anti-MIg (20) 7 18 .5 (12-25) 0 11 (7-15) 0 .25 (0-0 .5)
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FIG. 2.

	

Dose-response curves for the modulation of IgM-bearing cells in fetal liver (0-0),
young adult spleen (0-0) and bone marrow ( "-") with anti-w antibodies, and in fetal
liver with Fabfragments of anti-p. antibodies (O-O). Cells were treated for 60 min at 37°C
with anti-w, or with medium, washed and stained with anti-t,-fluorescein at 4°C in the
presence of sodium azide .
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FIG. 3.

	

Time-course of modulation of IgM-bearing cells in fetal liver (0-0) and adult
spleen

	

by anti-g antibodies . Cells were incubated with anti-/A (50 Wg/ml) at 37°C,
and at the indicated time, cold medium containing 0.2% sodium azide wasadded to stop the
modulation .

cells, such as a proteolytic enzyme, 106 spleen cells (40% IgM+ cells) were mixed
with 3 x 106 18-day fetal liver cells (0 .1% IgM+ cells) and modulated with anti-I. .
No difference in the dose-response curve of spleen cell modulation was seen
compared to when 106 spleen cells alone were modulated. As can be seen in Fig.
2, Fab fragments ofanti-p. were able to modulate IgM on newborn liver cells but
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FIG . 4 .

	

Intensity analysis of immunofluorescence labeling of IgM-bearing cells in (A)
newborn liver (single arrow) and adult spleen (double arrow) and in (B) adult bone marrow
(single arrow) and adult spleen (double arrow) . Cells were labeled with anti-W-Fl and
analyzed in the fluorescence activated cell sorter . The relative intensity of fluoresence
(abscissa) is plotted against the relative number of cells (ordinate) . In each sample, 10,000
cells were counted.

more than 10 times the concentration was required to induce the same degree of
modulation as intact anti-p. .

Discussion
We have previously reported that Ig-bearing B lymphocytes develop in vitro

in explants of 14- or 15-day mouse fetal liver (27), spleen (28) and bone marrow,'
providing direct evidence for multifocal development of B cells in the hemopoie-
tic tissues of mice . In this study, we have shown that the presence of purified
anti-p, or anti-MIg antibodies in the culture medium completely inhibits the
appearance of IgM-bearing cells in 14-day fetal liver cultures and causes the
disappearance of cell surface IgM in cultures of late fetal or newborn liver . Since
complete inhibition also occurred in culture medium containing anti-C3 antibod-
ies, in the absence of fetal calf serum, and with Fab fragments of anti-p, and
anti-MIg, it is unlikely that the suppression involves opsinization, complement-
mediated phagocytosis or lysis, or K-cell-mediated killing of IgM-bearing cells.
Our previous demonstration that 0-bearing lymphocytes do not develop in these
cultures (27), also makes T-cell suppression an unlikely mechanism. By exclu-
sion, "antigenic modulation," the specific and metabolically dependent disap-
pearance of a cell surface antigen induced by the binding of antibody (25), would
seem to be the most likely explanation. Our finding that anti-A-Fl is rapidly
pinocytosed following binding to IgM-bearing cells in newborn liver suggests
that modulation is due largely to anti-Ig-induced pinocytosis, as has been
previously shown for adult spleen B cells (34,36) .
By definition, antigenic modulation is reversible (25), the antigen reappearing

on the surface within 4-12 h when the cells are washed free of antibody and
cultured at 37°C (18,25) . The reappearance of antigen has been shown to require
protein synthesis (18) . While IgM-bearing cells in 19-day fetal liver fragments,
which had been suppressed by the presence of anti-Ig for 24 h in the culture

z Owen, J. J . T., M . C. Raff, andM. D . Cooper . 1975 . Generation of Bcells in fetal bone
marrow . Manuscript submitted for publication .
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medium, completely recovered when they were washed, dissociated and recul-
tured for an additional 24 h, IgM-bearing cells in fragments treated for >_48 h
rarely showed any recovery. Thus, while the suppression probably begins as
repeated cycles of Ig modulation and resynthesis, another mechanism (such as
the shut-off of Ig synthesis) must take over after 24 h, to make the process
irreversible . A hint that Ig-suppressed B cells may survive, at least for a
number ofdays, after irreversible Ig suppression, is provided by the finding that
approximately the same number of cells with lymphoid morphology were found
in 14-day fetal liver explants cultured for 7 days in the presence or absence of
anti-p, antibodies ; however, the use of an independent B-cell marker will be
required to establish this point .
Our finding that Fab fragments of anti-p, and anti-MIg antibodies were able to

modulate IgM from the surface of B cells (and irreversibly suppress their
development) is ofinterest but not without precedent . Fab fragments of alloanti-
bodies directed against the thymus-leukemia (TL) alloantigens have been re-
ported to modulate TL from the surface of TL' leukemia cells (14), and Fab
fragments of anti-Ig antibodies have been shown to induce pinocytosis of Ig in B
lymphocytes (5) . In view of the tendency for Fab fragments to aggregate, one
must be cautious before concluding that monovalent interactions of antibody
with membrane antigens can induce these reactions . The greater difference in
the dose-response curves for B-cell inhibition between Fab fragments and their
divalent parent antibodies in the case of unpurified anti-MIg compared to
immunoadsorbent-purified anti-p, (Fig . 1) is compatible with the notion that
aggregates are involved in the inhibitory activity of the Fab fragments : in the
case of the purified antibodies, all aggregates can bind multivalently to Ig, while
only those aggregates containing two or more IgG molecules with anti-Ig
specificity can do so in unpurified antibody preparations .
The most important observations of this study are those concerning the

differences between IgM-bearing cells in fetal and newborn liver and adult bone
marrow on one hand, and those in adult lymph node and spleen on the other .
While low concentrations of anti-Ig antibody or their Fab fragments, induced Ig
modulation and irreversible Ig inhibition in the former cells, suppression of the
latter required much higher (-10 times) concentrations of these antibodies, was
incomplete, and was always reversible . In addition, modulation occurred much
more rapidly in the former cells . These differences in susceptibility to Ig modula-
tion and irreversible Ig suppression by anti-Ig antibodies cannot be explained by
differences in the amount of IgM on the surface of these cells, as analysis of the
intensity of fluorescence-labeling with anti-A-fluorescein failed to find such
quantitative differences .
The simplest interpretation ofthese findings is that the differences in suscepti-

bility to anti-Ig-induced Ig modulation and irreversible suppression reflect
differences in the maturation ofthe IgM-bearing B cells . It is clear that all of the
B cells in mouse fetal and newborn liver are newly developed and there is
increasing evidence that the same is true for the majority of Ig-bearing cells in
adult bone marrow (26,31) . Whether this apparent maturation from "high Ig sup-
pressibility" to "low suppressibility" is antigen driven, and whether it requires T
cells and/or migration from the sites of production to the microenvironment of
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the peripheral lymphoid tissues, remains to be determined . It is also unclear how
it relates to other parameters of B-cell maturation that have been described,
such as changes in generation time (33), cell density and size (21,33), Ig receptor
turnover (21), response to B-cell mitogens (21), or the acquisition of surface IgD
(1,37) or complement receptors (8) .
The ability of Fab fragments of anti-Ig antibodies to induce Ig modulation and

irreversible Ig suppression in immature Ig-bearing B cells indicates that the Fc
part of the anti-Ig antibody is not required for the suppression and makes it
likely that antigen binding to immature B-cell Ig receptors would be similarly
suppressive . Nossal and Pike have recently reported that IgM antihapten-
forming precursor B-cells in adult mouse bone marrow are much more sensitive
to hapten-specific tolerance induced in vitro by deaggregated dinitrophenyl-
human gammaglobulin than are similar cells in adult spleen (24) . Their observa-
tions, together with our own, lend support to the old, but presently unfashiona-
ble hypothesis, that tolerance to self, at least in B cells, may be related to B cells
passing through a stage in their normal differentiation where they are highly
susceptible to tolerance induction (21,23) .

Recent studies in adult animals, indicating that B cells require much higher
concentrations of antigen for tolerance induction than do T cells (3,11), have led
to the currently more popular view that tolerance to self-antigens, present in
relatively low concentrations, exclusively involves T cells (38) . However, such
experiments in adults may be misleading in terms of their implications for B-
cell self-tolerance, if immature and mature B cells behave differently when
ligands bind to their surface Ig receptors, as suggested by our findings . An
interesting example of probable B-cell tolerance to a self antigen (hemoglobin)
which would not be expected to be present in sufficiently high concentration to
tolerize mature B cells is that recently described by Reichlin (30) . He found that
rabbits immunized with the human a-chain of hemoglobin were unable to make
antibodies against those determinants shared by their own a-chains ; since they
could make antibodies against other a-chain determinants, their failure to do so
against self-determinants must reflect B-cell tolerance (11) . A clear, and easily
tested prediction that follows from all of these observations is that while low
zone tolerance induced in adult animals appears to involve only T cells, B cells
as well as T cells should be tolerant when low zone tolerance is induced in
neonates .

The high susceptibility to Ig suppression of immature B cells when ligands
bind to their membrane Ig receptors, may also explain the recent observations of
Strayer and his colleagues (32), who have shown that anti-idiotype antibody
induces prolonged clonal deletion when injected into neonatal mice, but when
injected into adults, reversible receptor blockade is produced. While these
authors postulate that these differences may relect different rates of depleting
antibody-coated cells by antibody-dependent cell-mediated cytotoxicity in neo-
natal and adult animals, our observations suggest the possibility that intrinsic
differences between immature and mature B cells may be at least partly
responsible . The in vitro models described in this report provide unusually
accessible systems for studying the molecular mechanisms involved in the
process of Ig suppression.
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Summary
Purified goat antibodies against mouse /-t-chains and rabbit antibodies against

mouse Ig determinants, and their Fab fragments, inhibited the development of
IgM-bearing B cells in explant cultures of 14-day mouse fetal liver, and caused
the disappearance of cell surface IgM in explant and dissociated cell cultures of
more developed lymphoid tissues . While treatment of cultures of fetal or new-
born liver, or adult bone marrow, with low concentrations (<10 kg/ml) of anti-Ig
for <_24 h caused the complete, but reversible, disappearance (modulation) ofcell
surface IgM, treatment for >_48 h produced irreversible IgM suppression. In
contrast, anti-Ig-induced suppression of cell surface IgM in cultures of adult
spleen or lymph nodes required much higher concentrations of antibody (>_100
wg/ml) and was always reversible . These differences between immature and
mature IgM-bearing cells could not be related to differences in the amount of
surface IgM on the cells . The remarkable sensitivity of newly formed B cells to
IgM modulation and irreversible IgM suppression when ligands bind to their Ig
receptors, may have important implications for B-cell tolerance to self antigens .

We are grateful to Mr . David Capellaro for performing the fluorescence analysis on the fluores-
cence activated cell sorter, to Mrs. L. Minto for excellent technical assistance and to N. M .
Mitchison for helpful discussion .

Note Added in Proof.

	

Similar observations have recently been made by C . L. Sidman
and E . R. Unanue [Receptor-mediated inactivation of early B lymphocytes . Nature
(Lond.) . In press .] .

Received for publication 26 June 1975 .
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