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ABSTRACT We have examined the ability of membrane
immunoglobulin-binding ligands to desensitize several human
B-cell surface molecules that normally transduce signals lead-
ing to Ca** mobilization. Ligation of membrane IgM or IgD
leads to heterologous desensitization of the reciprocal receptor
in Epstein-Barr virus-transformed B-cell lines and peripheral
blood B cells, as evidenced by a failure of cells to mobilize in
response to receptor ligation. Under these conditions CD19,

CD21, and B-cell gp95 ligation also did not lead to normal Ca*
mobilization, indicating that these transducers are also desen-
sitized. The desensitization does not reflect receptor modula-
tion from the cell surface or reduced accessibility to ligand and
is long lived, Iastmg >16 hr. Finally, data that indicate that
desensitized cells remain responsive to the G protein activating
agent AIF;, as measured by Ca?* mobilization, suggest that
desensitization reflects uncoupling of these receptors from G
proteins that are intermediaries in their transduction of signals.
We hypothesize that the miolecnlar target of desensitization
may be a recently described membrane immunoglobulin-
associated and inducibly tyrosine-phosphorylated protem com-
plex that may function as a master transducer in B cells,

analogous to CD3 in T cells.

Ligation of the antigen receptors [membrane immunoglobulin
(mlg)] on B cells leads, via GTP-binding protein activation
(1-3) to hydrolysis of phosphatidylinositol 4,5-bisphosphate
by a phospholipase C (PLC), generatmg diacylglycerol and
inositol 1,4,5-trisphosphate (for review, see ref. 4). Inositol
1,4,5-trisphosphate mediates the release of intracellular
stored Ca®* into the cytoplasm: the influx from extracellular
Ca’t is probably mediated by inositol 1,3,4,5-tetrakisphos-
phate and inositol 1,4,5-trisphosphate (5). Diacylglycerol
stimulates the translocation and activation of protein kinase
C (6). This cascade is causally linked to increased expression
of genes encoding c-fos, c-myc, and Ia and to B-lymphocyte
proliferation (4, 7).

Under certain circumstances, stimulation of murine B cells
with antigen or anti-u (membrane IgM) or anti-é (membrane
IgD) antibodies induces a state in which the remaining
unligated antigen receptors of the cells are unable to trans-
duce signals leading to increased intracellular Ca?* [Ca?*]; or
protein kinase C translocation (8, 9). This desensitization
may be the basis of antigen-induced clonal anergy (10, 11).
This ligand-induced unresponsive state is not mediated by
protein kinase C and appears to reflect uncoupling of mlg
from its G protein. It is unclear whether ligand-induced
desensitization affects only antigen receptor function or
whether other cell-surface transducers are also desensitized.
This is an important question because it has significant
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implications for the responsiveness of the desensitized cells
to other ligands.

In human B cells a number of nonimmunoglobulin cell-
surface molecules have been described that transduce signals
leading to Ca®* mobilization. These molecules include CD19,
a 90-kDa pan-B cell determinant with unknown function (12),
CD21, the 145-kDa complement receptor type 2 (ref. 13 and
AW.G.,G.T.R., and B.J.M.Z., manuscript in preparation),
and B-cell gp95 (Bgp95), a recently identified determinant
present on quiescent B cells (14). The ability to activate these
tranducers provides the opportunity to determine the spec-
ificity of anti- lmmunoglobulm induced desensitization.

Here we describe a series of experiments conducted using
human B cells that show that anti-u not only induces desen-
sitization of mlg but also renders CD19, CD21, and Bgp95
incapable of transducing Ca®>* mobilizing sngnals

MATERIALS AND METHODS

Cells and Reagents. Heparinized venous blood was ob-
tained from healthy adult volunteers. Peripheral blood mono-
nuclear cells were isolated by density-gradient centrifugation
over Ficoll-Isopaque (Pharmacia). T cells were removed
from peripheral blood mononuclear cells by rosetting with
2-aminoethylisothouronium bromide (AET)-treated sheep
erythrocytes, followed by density-gradient centrifugation.
Human Burkitt lymphoma (BL) cell lines were grown in
RPMI 1640 medium/10% fetal calf serum.

F(ab'), fragments of a goat anti-human IgM antiserum were
obtained from Organon Teknika—Cappel; murine monoclonal
anti-human IgM (2C3) and anti-Bgp95 (G28-8) were donated
by E. Clark (Seattle). Ionomycin was from Calbiochem.

Fluorescence Measurement of Intracellular Calcium and
Marker Expression. Procedures used for loading cells with
indo-1/AM (Molecular Probes) and flow cytometric analysis
of changes in [Ca?*]; have been described (15, 16). Brleﬂy,
cells were loaded with 4 uM indo-1/AM and analyzed using
a fluorescein-activated cell sorter analyzer equipped with a
mercury arc lamp as a UV light source.

For immunoﬂuorescence, cells were washed and resus-
pended in modified Eagle’s medium (MEM)/1% bovine se-
rum albumin (BSA)/0.05% sodium azide (MEM/BSA/
azide). Cells (0.5-1 x 10% were incubated with gentle shaking
for various periods at 4°C in 10 ul of appropriately diluted
goat anti-human IgD (Tago), CD19 (Becton Dickinson),
CD20 (B1; Coulter), CD21 (BD), or anti- ng95 and washed
three times with ice-cold MEM/BSA /azide. Cells were then

Abbreviations: mlg, membrane mmunoglobulm PLC, phospholipase

C; Bgp95, B-cell gp95; [Ca?*];, intracellular Ca2*
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incubated with fluoresceinated goat anti-mouse immunoglob-
ulin (BD) 30 min at 4°C and analyzed on a fluorescein-
activated cell sorter analyzer (Becton Dickinson). Ten thou-
sand events were stored per sample in list mode and analyzed
by using Consort 30 (Becton Dickinson) software.

RESULTS

Stimulation of Human B Cells with Anti-u Antibodies In-
duces Unresponsiveness to Subsequent Stimulation with Anti-&
Antibodies. BLgptl is a human Epstein—Barr virus-
transformed B-cell line that expresses both surface u and
surface 8 at high density (17). Incubation of BL cells with
polyclonal or monoclonal antibody reagents leads to a rapid,
but transient, increase in [Ca?*];. This increase occurs within
15 sec after adding anti-u. At maximal [Ca2*];, which is 45-60
sec after stimulation, all cells display increased [Ca®*]; (Fig.
1) Stimulation of BL cells with anti-8 reagents can also
increase [Ca?*];, but in this case only =40% of the cells
respond. Magnitude of the anti-8-induced calcium response is
lower than the anti-u response (Fig. 1). Consistent with the
findings of Cambier et al. (8) and Harnett et al. (9) in murine
B cells, the anti-& response was completely abolished when
BL cells were previously treated with anti-u antibodies (Fig.
1). In BL cells, however, pretreatment with anti-8 only
marginally affected a subsequent anti-u response (Fig. 1).
This result probably results from the fact that, as stated
above, anti-8 antibodies induce a calcium response in only
40% of the cells.

We subsequently analyzed the ability of anti-immunoglo-
bulin antibodies to desensitize normal human B cells. T-cell-
depleted mononuclear cell preparations were used as a
source of blood B cells. The number of B cells [as determined
by staining with anti-immunoglobulin reagents and pan-B cell
monoclonal antibodies (CD20)] varied between 30 and 50% in
individual preparations. Incubation of these cell preparations
with either anti-u or anti-§ antibodies increases [Ca®*]; in a
percentage of cells equal to the percentage of B cells in the
population (Fig. 1 C and D). Because the anti-u-induced
calcium response in T-cell-depleted mononuclear cell prep-
arations is confined to CD20*"¢ B cells (G.T.R., unpublished
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FiG. 1. Anti-immunoglobulin-induced desensitization in the
B-cell line BLgptl (A and B) and normal human B cells (C and D).
(A and C) Indo-1-loaded BLgptl B cells and normal B cells were
analyzed for [Ca2*]; by flow cytometry before and after stimulation
with F(ab’), fragments of goat anti-human IgM (u) at 1 ug/ml,
followed by stimulation with goat anti-human IgD (8) at 1 ug/ml to
assess desensitization. (B and D) Cells were first stimulated with
anti-6 and then by anti-u. In dot-plot format are shown the changes
in 405/485-nm indo-1 fluorescence ratio over time. Corresponding
[Ca?*}; (in nM) is indicated. Data represent five independent exper-

iments.
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result), it can be concluded that both anti-u and anti-é6
antibodies can induce Ca?* mobilization in the vast majority
of, if not all, blood B cells.

We next investigated whether peripheral blood B cells
could be rendered unresponsive to anti-8 stimulation by
pretreatment with anti-u and vice versa. B cells were acti-
vated with optimal doses of anti-u, and [Ca®*]; was moni-
tored. When [Ca?*]; had returned to near-baseline values,
cells were stimulated with anti-§ in optimal concentrations.
Data shown in Fig. 1C indicate that this particular pretreat-
ment regimen renders blood B cells completely unresponsive
to anti-& activation. Furthermore, we also observed that
pretreatment of blood cells with optimal stimulatory doses of
anti-8 renders them unresponsive to a subsequent anti-u
challenge (Fig. 1D). These data indicate that in Epstein-Barr
virus-transformed human B cells, as well as in fresh blood B
cells, triggering of surface immunoglobulin molecules with
polyclonal or monoclonal reagents leads to desensitization of
unoccupied receptor because ligation of these surface immu-
noglobulin molecules does not induce a rise in [Ca?*];.

Anti-u Induces Desensitization of CD19, CD21, and Bgp95.
The finding that treatment of human B cells with anti-u
renders the cells unresponsive to subsequent activation with
anti-é raises the possibility that other receptors, which are
linked to the PLC second-messenger system are also desen-
sitized. To address this possibility, peripheral blood B cells
were treated with optimal doses of goat anti-human IgM.
After [Ca2*]; had returned to near-baseline values, CD19 (0.1
pg/ml), CD21 (0.1 ug/ml), or anti-Bgp95 (20 p,g/ml) was
added, followed after 5 min by addition of cross-linking goat
anti-mouse immunoglobulin. Anti-u pretreatment completely
abolished any increase in [Ca?*];, which otherwise is seen
after crosslinking of CD19, CD21, or Bgp95 (Fig. 2), suggest-
ing that the phenomenon of ligand-induced mlg desensitiza-
tion is not restricted to membrane immunoglobulin molecules
but apparently involves other Ca®* mobilization-coupled
membrane determinants.

Effect of Desensitizing Anti-u Treatment on Expression of
mlgD, CD19, CD21, and Bgp95. The observation that treat-
ment with anti-u renders B cells unresponsive to stimuli that
normally mobilize Ca?* could be explained by an anti-u-
induced alteration in accessibility of the respective trans-
ducer molecules to ligand. To address this hypothesis, we
compared the surface IgD; CD19, CD21, and Bgp95 staining
pattern of blood B cells that had or had not been pretreated
with anti-p antibodies. Anti-u treatment did not influence
staining pattern of surface IgD, CD19, CD20, CD21, or
Bgp95, either in percentage of staining cells or mean fluo-
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FiG.2. Indo-1-loaded peripheral blood B cells were incubated for
30 min at 37°C with anti-u (open bars) at 1 ug/ml or medium (shaded
bars). Subsequently, cells were stimulated with anti-CD19, -CD21, or
-Bgp95, and then crosslinked with goat anti-mouse immunoglobulin.
Data are presented as maximal increase in [Ca®*]; seen (A) and as
percentage responding cells (B). Data represent four replicate ex-
periments.
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rescence intensity of staining cells (data not shown). Because
our conventional surface staining protocol is based on a
30-min incubation on ice with primary monoclonal antibody,
it cannot be excluded on these data that anti-u treatment
influences the kinetics of binding of the monoclonal antibody
to the respective cell-surface determinant. Therefore, we
analyzed the kinetics of binding of the respective antibodies.
Cells were incubated for 0, 2.5, 5, 10, or 20 min with anti-IgD,
CD19, CD20, CD21, or Bgp95, washed, and incubated for 30
min with fluoresceinated goat anti-mouse immunoglobulin.
Subsequent analysis showed that anti-u treatment did not
affect antibody binding to IgD, CD19, CD20, CD21, or Bgp95
(Fig. 3). It, thus, can be concluded that anti-u-induced
desensitization does not result from receptor down-
regulation, modulation, steric hindrance, or other phenom-
ena that would decrease accessibility of cell-surface deter-
minants to respective ligands.

Dose Dependence and Longevity of Desensitization. The
experiments described above were done with optimal doses
of anti-u antibodies—i.e., 1 ug of F(ab’), fragments of
affinity-purified goat anti-human IgM per ml. Experiments in
which 5-fold, 25-fold, or 125-fold lower concentrations were
used clearly showed the dose dependency of the anti-u-
induced calcium response. At lower concentrations of anti-u.,
the time required to reach maximal [Ca2*]; is prolonged from
30 sec at 1 ug/ml to 150 sec.at 0.008 pg/mi. Similarly, lower
doses of anti-u induce a Ca?* response of lower magnitude;
maximal relative [Ca?*]); obtained with 1 ug/ml is 0.60,
whereas with 0.008 ug/ml, this is only 0.28 (Fig. 4). The
ability of anti-& antibodies and anti-CD21 antibodies, used in
an optimal concentration of 1 p.g/ ml, to increase [Ca?*];in B
cells pretreated with these various doses of anti-u was
investigated. In B cells treated with low doses of anti-u
(0.008-0.04 ig/ml), anti-8 antibodies induced an increase in
[Ca?*];, which in magnitude is =30% of that obtained in
control B cells (Fig. 4). Crosslinking of CD21 on B cells
previously treated with low doses of anti-u only marginally
increased [Ca“]., this increase was 10-15% that in control B
cells. These ddta indicate that maximal desensitization is
induced only when the desensitizing. agent itself induces
optimal Ca?>* mobilization. Furthermore, nonimmunoglobu-
lin determinant-triggered calcium responses are at least as
susceptible to anti-u-induced desensitization as anti-8-
induced responses.

Anu-u-mduced desensmzatlon occurs within the time re-
quired for [Ca?*]; to return to near baseline after stimulation
(see Fig. 1). We have performed a series of experiments to
investigate the duration of this state of unresponsiveness to
anti-8, anti-CD19. Indo-1-loaded B cells were incubated at
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FiGc. 3. Desensitization and receptor expression. Peripheral

blood B cells were treated with medium (O) or with anti-x at 1 ug/ml
(@) for 30 min at 37°C. Cells were washed and incubated for indicated
times with anti-IgD (A), anti-CD19 (B), or anti-CD21 (C). Next, cells
were washed and incubated with fluoresceinated goat anti-mouse
immunoglobulin followed by an incubation with phycoerythrin-
conjugated anti-CD20 (Leu 16). Mean green fluorescence intensity of
CD20%V€ cells is plotted versus time.
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FiG. 4. Dose dependence of anti-u-induced B-cell desensitiza-
tion. Indo-1-loaded peripheral blood B cells were stimulated with
variable doses of anti-u (closed bars). After [CaZ*]; had returned to
near-baseline values, cells were stimulated with anti-8 at 1 ug/mi
(hatched bars) or anti-CD21 at 0.1 ug/ml followed by goat anti-mouse
immunoglobulin at 0.5 ug/ml (open bars). The [Ca2*]; response,
relative to that obtained in nonpretreated cells, is graphed.

37°C with anti-p at 1 ug/ml and at various times thereafter (to
4 hr) activated with anti-8 or anti-CD19, and [Ca?*]; was
monitored. Alternatively, B cells were incubated with anti-u
for 45 min, washed, and incubated in fresh RPMI 1640
medium at 37°C until analysis. Cells were then loaded with
indo-1 and activated with anti-6 or anti-CD19. In-all cases, the
calcium response of B cells pretreated only with medium
served as a control. Data summarized in Fig. S indicate that
before 16 hr after activation with anti-u, the anti-8 response
still is severely impaired. It should be noted, however, that
at 16 hr a small, but significant, percentage (=20%) of B cells
does show an increase in [Ca?*];, which is comparable in
magnitude with untreated B cells. At this-time, crosslinking
of CD19 still failed to induce any significant increase in
[Ca%*); (Fig. $).
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Fi1G. 5. Longevity of B-cell desensitization. Indo-1-loaded pe-
ripheral blood B cells were stimulated with anti-u at 1 ug/ml and kept
at 37°C. Five minutes, 1 hr, or 4 hr later B cells were stimulated with
anti-8 (shaded bars) or anti-CD19 (open bars). Alternatively, B cells
were activated with anti-u for 45 min, washed, and incubated at 37°C
for 15 hr. Next, B cells were loaded with indo-1 and stimulated with
anti-8 or anti-CD19. The Ca?* response is expressed as percentage
of the response seen in B cells not treated with anti-u.
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Anti-u-Induced Desensitization Does Not Impair Induction
of Ca?* Mobilization by G Protein-Activating Agents or Ca?*
Ionophores. Anti-immunoglobulin stimulation could poten-
tially induce desensitization by affecting any intermediary
step between receptor ligation and Ca?* release into the
cytosol. To find the site of action of desensitization, we
conducted experiments in which cells were stimulated after
anti-u. desensitization by agents that induce Ca?* mobiliza-
tion by targeting G proteins or Ca?* stores directly. First we
studied whether treatment of blood B cells with anti-u
impairs the capacity of the calcium ionophore ionomycin to
saturate intracellular trapped indo-1 with calcium. We found
that in both untreated and anti-u-treated B cells, 1 uM
ionomycin induces a massive influx of extracellular calcium,
thereby saturating intracellular indo-1 (causing 3.83- and
4.37-fold increases in indo-1 ratios, respectively). We next
addressed the possibility that anti-u-induced desensitization
is mediated by inactivation of some event at or downstream
from G protein activation by assessing ability of the G
protein-activating agent AIF; (18) to trigger Ca?* mobiliza-
tion in anti-u-treated and control B cells. Data in Fig. 6
indicate that anti-u treatment does not impair the ability of
AIF; toincrease [Ca?*];. In both untreated and anti-u-treated
cells, AIF; increases [Ca®*]; in all cells. In anti-u-treated
cells this response was more rapid, and maximal [Ca?*];
attained was higher than in nondesensitized cells. Thus,
anti-u-induced desensitization does not negatively affect the
ability of a B cell to mobilize intracellular calcium when the
sequence of intracellular events originates at or downstream
from the PLC-regulating G protein.

DISCUSSION

The data presented in this paper show that crosslinking of
surface IgM on human B cells with anti-u heavy chain
reagents induces a state of unresponsiveness in which occu-
pancy of normally calcium-coupled immunoglobulin, CD19,
CD21, and Bgp95 does not result in an increase in [Ca?*];.
These data confirm and extend earlier observations made
using murine B cells (refs. 8, 9, 18). In those studies it was
shown that occupancy of 2-10% of surface IgD molecules on
quiescent splenic B cells renders these cells unresponsive to
subsequent stimulation with the same (anti-6) or reciprocal
(anti-u) antibody. Anti-u antibodies also induced desensiti-
zation of unligated receptors. This desensitization does not
involve protein kinase C as a primary mechanism and appears
to reflect uncoupling of membrane immunoglobulin from G
proteins (1-3, 18). In previous studies, it was not possible to
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F1G. 6. Anti-u-induced desensitization does not affect respon-
siveness to AIF;. Indo-1-loaded peripheral blood B cells were
stimulated with anti-u (- -) at 1 ug/ml for 30 min at 37°C or with
medium (). Subsequently, cells were stimulated with AlF; (10 uM
AICl3/30 mM NaF). Relative [Ca?*];, expressed as 405/485 ratio,
was determined before (—) and 30 min after AIF; addition.
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determine whether anti-immunoglobulin induced desensiti-
zation affected the ability of other B-cell receptors to trans-
duce signals because in the mouse, no other calcium mobi-
lization-coupled surface markers have been described. The
data described here advance previous knowledge by demon-
strating ligand-induced desensitization is not limited to mem-
brane immunoglobulin but affects other calcium-mobilizing
ability of other receptors, including CD19, CD21, and Bgp95.

In human B cells, three non-immunoglobuli:. determinants
are known that apparently are linked to the PLC second-
messenger system because their crosslinking by monoclonal
antibodies leads to an increase in [Ca2?*];. Of these three
molecules, only CD21 is a known receptor, being CR2, the
receptor for CD3 (11). Experiments in which CR2 is ligated
either with CD3 or with CD21 monoclonal antibodies are
suggestive for a role of C3d (28) as a B-cell growth and/or
differentiation factor (19-21). The natural ligands for CD19
and Bgp95 are unknown. The fact that the binding of a
monoclonal antibody to CD19 and Bgp95 induces calcium
mobilization suggests that these molecules have a receptor
function. Furthermore, antibodies to Bgp95 used alone or in
combination with anti-u, induce B-cell proliferation (14).
Under appropriate conditions, anti-CD19 antibodies can in-
hibit anti-u-induced B-cell proliferation (22). Recent evi-
dence indicates that CD19 and membrane IgM may be
associated on the cell surface (23). Therefore, the natural
ligands for CD19 and Bgp95 may play important roles in
physiologic regulation of B-cell activation and differentia-
tion. The data presented in this paper suggest a mechanism
for regulation of the receptor function by means of receptor
crosstalk. For example, when the immune response of a B
cell is triggered by antigen binding, one of the consequences
of that binding will be a period of refractility to ligands of
CD19, CD21, or Bgp95. This period during which some B-cell
receptors are inactive may provide an important temporary
state of rest for the cell during which the cell can process and
act on previously received information by, for example,
moving to a new differentiative stage.

Antigen receptor desensitization, provided it is maintained
for a long period, could also be manifest as B-cell tolerance. In
a recently described transgenic mouse model, in which all B
cells express surface IgM and IgD with a specificity for hen egg
lysozyme, it was demonstrated that in vivo exposure to hen egg
lysozyme renders all B cells (both immature and mature)
immunogen unresponsive (10, 11, 24). The data presented in this
paper as well as the data from Cambier et al. (8, 19) and Harnett
et al. (9) could provide the molecular mechanism for clonal
anergy, the condition in which antigen stimulation of mature B
cells renders them unresponsive to subsequent stimulation with
an immunogenic form of the same antigen.

In most other systems thus far studied (for review, see ref.
25), receptor desensitization appears to be mediated by
receptor phosphorylation. However, phosphorylative inac-
tivation of mIg is impossible because these receptors do not
possess phosphate acceptor sites in their cytoplasmic tails. In
murine B cells, mIg desensitization may be explained in
molecular terms by the existence of mlg associated proteins
that act as transducers or regulators (26, 27). These, as yet
poorly defined, molecules are tyrosine phosphorylated upon
B-cell stimulation by anti-immunoglobulin and are believed
to constitute the link between immunoglobulin receptor and
G protein (refs. 27 and 28, K. Campbell and J.C.C., unpub-
lished work). In this model, anti-u- or anti-8-induced phos-
phorylation of these transducer molecules would lead to
desensitization of both membrane IgM and IgD receptor
complexes. CD19, CD21, and Bgp95 or their transducers
could also be substrates of the operative kinase.
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