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T

he plasma membrane of many cell types, including B
lymphocytes, is known to contain distinct lipid domains
with unique biochemical and biophysical characteristics.
These lipid domains, termed lipid rafts, are known to be critically
involved in signal transduction and generation of intracellular second messenger molecules in a number of different receptor systems
(1, 2). The B cell receptor (BCR)4 is a cell surface transmembrane
protein that has two distinct functions upon interaction with its
ligand, cognate Ag. One function of the BCR is signal transduction, which results in the generation of intracellular second messenger molecules. The second function of the BCR is to mediate
the internalization and subsequent processing of bound Ag. While
a role for plasma membrane lipid rafts in BCR-mediated B cell
signaling appears clear (2– 4), the precise role of plasma membrane
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lipid rafts in BCR-mediated Ag internalization and processing is
presently unclear.
In many cases the internalization and intracellular trafficking
of plasma membrane lipid rafts occurs via caveoli, structures
that are distinct from the clathrin-coated pits that mediate the
internalization of a wide range of transmembrane proteins
(5–7). However, even in cells such as lymphocytes that do not
produce the protein caveolin and therefore do not form caveoli
(8), plasma membrane lipid rafts can be internalized by a
pathway distinct from clathrin-coated pit-mediated internalization (9). While lymphocyte transmembrane molecules such as
BCR (10), the B2 isoform of Fc␥RII (11, 12), mannose-6phosphate receptor (13), MHC class II molecules (14), CD4 (15, 16),
CTLA-4 (17–20), and TCR (18, 21) are known to be internalized via
plasma membrane clathrin-coated pits, GPI-linked proteins such as
CD59 are internalized in lipid rafts via a distinct pathway (9).
Moreover, altered CD4 or BCR molecules, manipulated such that
these normally transmembrane proteins are instead GPI-linked, efficiently partition into plasma membrane lipid rafts (22, 23) and are
internalized via a non-clathrin-coated pit-mediated pathway with
distinct internalization and recycling kinetics (24 –26).
Recently, it has been reported that Ag-BCR complexes resident
within plasma membrane lipid rafts can be internalized and delivered to endocytic compartments (22). However, this report did not
address whether lipid rafts represent a major conduit for Ag-BCR
endocytosis or, rather, a pathway for the internalization of a small
fraction of Ag-BCR complexes. Therefore, we have more precisely analyzed the role of plasma membrane lipid rafts in the
endocytosis and intracellular trafficking of Ag-BCR complexes.
The results of this analysis demonstrate that while internalization
of lipid raft resident Ag-BCR complexes is likely to occur, plasma
membrane lipid rafts are not a major pathway for the internalization of cell surface Ag-BCR complexes. Moreover, the results
demonstrate that the bulk of internalized plasma membrane lipid
rafts are delivered to endocytic compartments distinct from that to
which the bulk of internalized Ag-BCR complexes are delivered
for subsequent Ag processing.
0022-1767/03/$02.00
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The Ag-specific B cell receptor (BCR) expressed by B lymphocytes has two distinct functions upon interaction with cognate Ag:
signal transduction (generation of intracellular second messenger molecules) and Ag internalization for subsequent processing and
presentation. While it is known that plasma membrane domains, termed lipid rafts, are involved in BCR-mediated signal transduction, the precise role of plasma membrane lipid rafts in BCR-mediated Ag internalization and intracellular trafficking is
presently unclear. Using a highly characterized model system, it was determined that while plasma membrane lipid rafts can be
internalized by B lymphocytes, lipid rafts do not represent a major pathway for the rapid and efficient internalization of cell
surface Ag-BCR complexes. Moreover, internalized plasma membrane lipid rafts are delivered to intracellular compartments
distinct from those to which the bulk of internalized Ag-BCR complexes are delivered. These results demonstrate that B lymphocytes, like other cell types, possess at least two distinct endocytic pathways (i.e., clathrin-coated pits and plasma membrane
lipid rafts) that deliver internalized ligands to distinct intracellular compartments. Furthermore, Ag-BCR complexes differentially
access these two distinct internalization pathways. The Journal of Immunology, 2003, 170: 905–912.

906

LIPID RAFT-INDEPENDENT BCR-MEDIATED Ag ENDOCYTOSIS

Materials and Methods
Cells
The murine A20WT and A20PI B cell lines expressing a transfected,
phosphorylcholine-specific human IgM BCR were maintained in culture in
␣MEM, 5% FBS, and 50 M 2-ME (␣MEM/5% FBS) as previously described (27).

Ligands
Cholera toxin B subunit (CTB)-HRP and CTB-FITC were purchased from
Sigma-Aldrich (St. Louis, MO; catalog no. C-4672 and C-1655, respectively). Phosphorylcholine-modified BSA labeled with HRP (PC-BSAHRP) was synthesized and used as previously described (27). PC-keyhole
limpet hemocyanin (KLH)-digoxigenin (DIG) was generated by DIG-modifying PC-KLH using DIG-3-O-methylcarbonyl-⑀-aminocaproic acid-Nhydroxy succinimide ester (Roche, Indianapolis, IN; catalog no. 1333054)
according to the manufacturer’s instructions. PC-KLH-btn was generated
by biotin (btn)-modifying PC-KLH using sulfosuccinimidyl-6-(biotinamido)hexanoate (sulfo-NHS-LC-biotin; Pierce Chemical Co., Rockford,
IL; catalog no. 21335) according to the manufacturer’s instructions. Unconjugated DIG or btn was removed by exhaustive dialysis.

Lipid rafts were isolated from detergent lysates of A20WT and A20PI
cells by sucrose density gradient centrifugation essentially as previously
described (22). Specifically, cells were resuspended to a concentration of
108 viable cells/ml in ice-cold TNE (10 mM Tris (pH 7.5), 150 mM NaCl,
and 5 mM EDTA) containing 0.1–1% Triton X-100 (TX-100; as indicated
in each experimental protocol) and incubated for 30 min on ice. After
clearing by centrifugation for 3 min at 1,000 ⫻ g, the lysate was brought
to 37.5% sucrose by the addition of 3 vol of TNE/50% sucrose. The sample
was then overlaid with 4 ml of TNE/30% sucrose, followed by 4 ml
TNE/5% sucrose. The gradient was spun for 20 h at 35,000 rpm in an
SW-41Ti rotor at 4°C. Finally, 0.5-ml fractions were collected from top to
bottom on the gradient.

HRP-labeled ligand endocytosis
CTB-HRP was bound to A20WT or A20PI cells by incubation of the
cells in 0.1 g/ml of CTB-HRP for 30 min on ice. PC-BSA-HRP was used
as previously reported (27). The kinetics of internalization of CTB-HRP
and PC-BSA-HRP by A20WT cells were determined using a colorometric assay for HRP activity as previously described (28).

Lipid raft disruption by cholesterol depletion with
methyl-␤-cyclodextrin (MBCD)
To deplete cellular cholesterol and disrupt lipid rafts, A20WT B cells
were treated with the indicated concentration of MBCD (Sigma-Aldrich;
catalog no. C-4555) for 30 min at 37°C in ␣MEM/5% FBS. The level of
lipid raft disruption was determined by subsequent binding of CTB-HRP to
the cells and determining the fraction of cell-associated CTB-HRP that
could be isolated with plasma membrane lipid rafts via sucrose density
gradient centrifugation. Under these conditions, treatment with 1–5 mM
MBCD resulted in the disruption of 50 – 80% of plasma membrane lipid
rafts.

Analysis of BCR endocytosis by flow cytometry
A20WT B cells were pulsed with 0.1–1.0 M PC-KLH-btn on ice and
then washed. The PC-KLH-btn-pulsed cells were incubated at 37°C for the
indicated time and then returned to ice. The cells were stained with FITClabeled streptavidin (SA-FITC; BD PharMingen, San Diego, CA; catalog
no. 554060; at a 1:250 dilution) following washing and staining with 1
g/ml propidium iodide. The cells were analyzed by flow cytometry using
a FACScan I (BD Biosciences, San Jose, CA). The level of SA-FITC was
determined by analysis of the data using the CellQuest software package
(BD Biosciences) to determine the mean fluorescence intensity of FL-1
staining on live (i.e., propidium iodide-negative) cells.

Analysis of intracellular Ca2⫹ flux
A20WT B cells were labeled for 40 min at 37°C at a concentration of 106
viable cells/ml with 2 g/ml Fluo-3/AM (Molecular Probes, Eugene, OR;
catalog no. F-1242) and 5 g/ml Fura Red/AM (Molecular Probes; catalog
no. F-3021) in HBSS containing 1% FBS, 1 mM Ca2⫹, 1 mM Mg2⫹, and
4 mM probenecid (loading buffer). The cells were then washed, resuspended to a concentration of 2 ⫻ 106 viable cells/ml in loading buffer, and
rested for 2 h at room temperature before analysis. For the final 20 min of

Immunofluorescence microscopy
A20WT B cells pulsed with ligand (i.e., CTB-FITC, PC-KLH-DIG,
F(ab⬘)2 of rabbit anti-human IgM (Jackson ImmunoResearch Laboratories,
West Grove, PA; catalog no. 309-006-043) or biotinylated transferrin (Tfbtn (Sigma-Aldrich; catalog no. T3915)) as indicated were attached to coverslips, fixed, and permeabilized as previously reported (27). The cells
were then stained with one or more of the following reagents as appropriate; sheep anti-DIG (Roche; catalog no. 1333089), followed by donkey
anti-sheep IgG-Texas Red (Jackson ImmunoResearch Laboratories; catalog no. 713-076-147), donkey anti-rabbit IgG-Texas Red (Jackson ImmunoResearch Laboratories; catalog no. 711-076-152), SA-Texas Red (Jackson
ImmunoResearch Laboratories; catalog no. 016-070-084), or rat
anti-lysosome-associated membrane protein (anti-LAMP-2; GL2A7)
(29) followed by donkey anti-rat IgG-Texas Red (Jackson ImmunoResearch Laboratories; catalog no. 712-076-153). Finally, all cells were
stained with 1 g/ml of 4⬘,6-diamidino-2-phenylindole (DAPI; Molecular Probes; catalog no. D-1306) before final washing and mounting
with ProLong Antifade mounting medium (Molecular Probes; catalog
no. P-7481).

Results
BCR-mediated Ag internalization occurs independently of
plasma membrane lipid rafts
The kinetics of BCR-mediated Ag internalization have been extensively documented by multiple laboratories (26, 28 –32). From
this collection of studies it is known that BCR-mediated Ag internalization occurs with relatively rapid kinetics, such that a plateau
of internalization is attained in as little as 15 min, at which point
50% or more of the total cell surface Ag-BCR complexes have
been internalized. If plasma membrane lipid rafts represent the
major pathway by which Ag-BCR complexes are internalized, then
internalization of plasma membrane lipid rafts would be expected
to occur with similar kinetics. Accordingly, we directly determined
the kinetics of internalization of plasma membrane lipid rafts by
A20WT murine B lymphocytes.
CTB is a protein that specifically binds the head group of the
GM1 glycosphingolipid, which is known to be restricted to plasma
membrane lipid raft (1). Therefore, by monitoring the internalization of CTB-HRP bound to the GM1 component of cell surface
lipid rafts, we should be able to determine the kinetics of internalization of these cell surface structures. To confirm that externally applied CTB specifically labels the plasma membrane lipid
rafts of B lymphocytes, we directly followed the lipid raft partitioning of CTB-HRP bound to A20WT B cells. Accordingly,
CTB-HRP was bound to A20WT B cells on ice, and unbound
ligand was removed by washing. After a brief 5-min incubation at
37°C, the labeled cells were returned to ice and solubilized in
ice-cold TNE buffer containing either 0.1 or 1% TX-100. Lipid
rafts were then separated from the remainder of the detergent lysate by flotation on discontinuous sucrose density gradients, and
the distribution of CTB-HRP within the gradient was determined.
As shown in Fig. 1, CTB-HRP was most highly enriched within
the lipid raft-containing region of the gradient, demonstrating that
CTB-HRP selectively binds to GM1-positive plasma membrane
lipid rafts of A20WT cells and, therefore, specifically labels
these structures with HRP. Moreover, these results also demonstrate that in this system lipid raft integrity is best maintained using
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Lipid raft isolation

the rest period, the cells were treated with the indicated concentration of
MBCD at 37°C in loading buffer. The baseline level of Fluo-3 (FL-1) and
Fura Red (FL-3) fluorescence was monitored using a FACScan I (BD Biosciences) and the CellQuest software package (BD Biosciences). The cells
were then stimulated either with Ag (i.e., 10 nM PC-BSA) or 1 g/ml of
A23187 ionophore (Molecular Probes; catalog no. A-1493), and the level
of fluorescence was monitored for an additional 2.5 min. The relative level
of intracellular Ca2⫹ was determined by ratiometric analysis (i.e., FL-1/
FL3) of the data using the FloJo software package (Treestar, San
Carlos, CA).
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a low concentration of detergent (i.e., 0.1% TX-100) during cell
lysis.
Using these same conditions of CTB-HRP binding followed by
a colorometric assay to track the internalization of HRP-labeled
ligands (28), we determined the kinetics of lipid raft-mediated
CTB-HRP internalization. As shown in Fig. 2, lipid raft-associated
CTB-HRP was internalized with kinetics markedly different from
those of BCR-mediated Ag internalization, which have been previously reported (26 –28, 31, 32) and are presented again in Fig.

FIGURE 2. Kinetics of endocytosis of CTB-HRP. CTB-HRP was
bound to cell surface plasma membrane lipid rafts of A20WT cells on ice
in the presence or the absence of unlabeled Ag (i.e., 1 M PC-BSA). The
cells were subsequently washed and warmed to 37°C for the indicated
times, and the distribution of cell-associated CTB-HRP was determined
using a colorometric assay for HRP activity as previously reported (28).
Shown is the fraction of total cell-associated CTB-HRP detected within
intracellular compartments at each time point. In the absence of BCRbound Ag, lipid raft-bound CTB-HRP was internalized with relatively slow
kinetics such that ⬃20% of the total raft-associated CTB was internalized
after 30 min of incubation. Addition of unlabeled Ag (i.e., PC-BSA), which
induced internalization of 60 – 80% of cell surface BCR molecules by 15
min of incubation (Fig. 4 as well as data not shown), did not detectably
alter the kinetics of CTB-HRP internalization. Shown is the average
level of CTB-HRP internalization from three independent experiments.
The bars indicate the range of experimental values obtained for all
samples throughout all of the experiments. The bar for the 60 min time
point is smaller than the icon.

5A. Specifically, a plateau of lipid raft-mediated CTB internalization was attained only after 30 min of incubation at 37°C, whereas
BCR-mediated Ag internalization plateaued in as little as 15 min.
Moreover, the plateau level of lipid raft-mediated endocytosis occurred at a point when only 20% of the total lipid raft-associated
CTB-HRP was internalized, whereas Ag endocytosis plateaued at
a level of 50% internalization or more. Furthermore, the kinetics of
lipid raft-mediated CTB-HRP internalization were essentially
identical with the published internalization kinetics for ligands
bound to either of two lipid raft resident GPI-linked proteins (i.e.,
CD59 (9) and a mutant GPI-linked BCR (Ref. 25 and our unpublished observations)) in T cells and B cells, respectively. Finally,
the differences in the kinetics of BCR-mediated Ag internalization
vs lipid raft-mediated CTB-HRP internalization exactly mirror the
published differences between the kinetics of clathrin-coated pitmediated internalization of the TCR vs lipid raft-mediated internalization of CD59 in T lymphocytes (9), strongly suggesting that
each of these phenomena occurs via a distinct mechanism.
While the results presented above demonstrate that the kinetics
of BCR-mediated Ag internalization and lipid raft-mediated CTBHRP internalization are distinct, they do not address the possibility
that Ag-BCR complexes, once formed, may translocate into
plasma membrane lipid rafts and induce more rapid and/or extensive lipid raft internalization. To address this possibility, the effect
of Ag-induced stimulation of BCR internalization on the kinetics
of lipid raft internalization was analyzed. To accomplish this, we
took advantage of the published observation that cross-linking of
the PC-specific BCR of A20WT B cells by polyvalent Ag (i.e.,
PC-BSA) induces rapid and extensive BCR internalization (27).
Accordingly, the kinetics of lipid raft-mediated CTB-HRP internalization by A20WT cells exposed to PC-BSA were determined. As shown in Fig. 2, induction of BCR internalization by the
binding of PC-BSA fails to detectably affect the kinetics of lipid
raft-mediated CTB-HRP internalization. These results demonstrate
that upon formation, cell surface Ag-BCR complexes fail to enter
a large fraction of plasma membrane lipid rafts and alter their
kinetics of internalization. However, these results do not rule out
the possibility that Ag-BCR internalization may be mediated by
only a small fraction of cell surface lipid rafts. If this is the case,
even extensive Ag-BCR partitioning into rafts and subsequent internalization may not detectably alter the kinetics of internalization
of the entire population of cell surface lipid rafts. Therefore, to
address this possibility we determined the level of Ag-BCR partitioning into plasma membrane lipid rafts during the period of
rapid Ag-BCR internalization. Even if Ag-BCR complex internalization is mediated only by a small fraction of plasma membrane
lipid rafts, a high level of Ag-BCR partitioning into lipid rafts
would be expected during periods of rapid and extensive Ag-BCR
internalization. Accordingly, we used labeled Ag (i.e., PC-BSAHRP) to ascertain the extent of lipid raft partitioning of Ag-BCR
complexes during the period of rapid Ag-BCR complex internalization. As shown in A and B of Fig. 3, after either 5 or 15 min of
incubation at 37°C (times at which rapid and extensive BCR-mediated PC-BSA-HRP internalization is occurring (27)) only a small
fraction (i.e., 5%) of the total cell-associated Ag-BCR complexes
was present within isolatable lipid rafts. Moreover, this level
of Ag-BCR partitioning into plasma membrane lipid rafts was
observed even in cells maintained on ice, suggesting that either
translocation of Ag-BCR complexes into rafts can occur at low
temperature or that Ag may directly bind to BCR molecules preexisting within lipid rafts. Finally, even when we used anti-BCR
Abs to induce conditions of additional Ag-BCR complex crosslinking (conditions that have been reported to result in more extensive BCR partitioning into lipid rafts in these cells (22)), we
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FIGURE 1. Lipid raft partitioning of CTB-HRP bound to A20WT B
cells. A20WT B cells were labeled with CTB-HRP on ice and then
warmed to 37°C for 5 min. The cells were chilled on ice and solubilized in
ice-cold TNE containing either 1 or 0.1% TX-100. Lipid rafts were isolated
by discontinuous sucrose density gradient centrifugation, and the distribution of CTB-HRP was determined via a colorometric assay for HRP activity. For cells lysed in TNE containing 0.1% TX-100, 95–100% of the
total CTB-HRP was found in the lipid raft-containing region of the gradient
(i.e., gradient fractions 8 –10, which contain the 5/35% sucrose interface).
For cells lysed in TNE containing 1% TX-100, between 65 and 90% of the
CTB-HRP was found in the lipid raft-containing region of the gradient.
Moreover, only in gradients of cell lysed in 0.1% TX-100 was a high level
of cellular protein reproducibly detected in the lipid raft region of the
gradient. Shown are the results from one representative experiment of
three.
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FIGURE 3. Lipid raft partitioning of PC-BSA-HRP bound to the human
IgM BCR of A20WT. A, Labeled Ag (i.e., PC-BSA-HRP) was bound to
the cell surface PC-specific human IgM BCRs of A20WT or A20PI
cells on ice. The cells were then washed and warmed to 37°C for 5 min to
allow high levels of BCR-mediated PC-BSA-HRP internalization to occur.
The cells were chilled on ice and lysed in TNE containing the indicated
amount of TX-100, and lipid rafts were isolated by sucrose density gradient
centrifugation. When A20WT cells were lysed in 1% TX-100, the lipid
raft region of the gradient contained an average of 0.8% of the total cellassociated Ag (the values for the individual experiments were 1, 0.4, and
1%). However, when A20WT cells were lysed in 0.1% TX-100, the lipid
raft region of the gradient contained an average of 5% of the total cellassociated Ag (the values for the individual experiments were 7, 5, and
3%). When the gradients from A20PI cells were analyzed, the bulk of the
PC-BSA-HRP was found in the lipid raft-containing region of the gradient.
In all experiments the control gradient of cells pulsed with CTB-HRP gave
results similar to those illustrated in Fig. 1, assuring that the lipid raft
isolation protocol was working properly (results not shown). Shown are
representative results from one of three (A20WT) or four (A20PI) independent experiments. B, PC-BSA-HRP was bound to A20WT cells
as in A. The cells were then incubated for 0, 5, or 15 min at 37°C before
detergent lysis and analysis of the lipid raft partitioning of BCR-associated Ag by sucrose density gradient centrifugation. To confirm the
expected migration of plasma membrane lipid rafts in this experiment,
CTB-HRP was used in place of Ag in a parallel sample. In all the
experiments performed, no differences were observed in the level of
PC-BSA-HRP within the lipid raft-containing region of the gradient
from samples incubated for different periods of time at 37°C. The decreased amount of Ag detected in the non-raft-containing region of the
gradient for the 5 and 15 min samples is consistent with the low level
of Ag “shedding” observed upon incubation of the cells at 37°C (27)
Shown are representative results for one of three independent experiments. C, PC-BSA-HRP was bound to A20WT cells as in A. However,
in the experimental sample the resulting Ag-BCR complexes were more
extensively cross-linked by the addition of 0.1 M F(ab⬘)2 of rabbit
anti-human IgM. After subsequent incubation for 5 min at 37°C, the
cells were lysed in TNE/0.1% TX-100, lipid rafts were isolated, and

observed only a slight increase in the fraction of cell surface AgBCR complexes present within isolatable lipid rafts (Fig. 3C).
Another possible explanation for the observed low level of AgBCR partitioning into lipid rafts could be the loss of Ag-BCRcontaining lipid rafts during preparation of the experimental sample. To determine whether this was the case, we analyzed the level
of recovery of BCR-associated PC-BSA-HRP in the detergent cell
lysates used to generate the gradient profiles presented in Fig. 3.
As illustrated in Fig. 4, all the cell-associated Ag-BCR complexes
were recovered in the detergent lysate that was used to analyze the
lipid raft partitioning of these complexes, demonstrating that the
observed low level of raft partitioning of the Ag-BCR complexes
is not due to the loss of lipid raft-associated Ag-BCR complexes
during sample preparation. Interestingly, when we analyzed the
recovery of lipid raft-associated CTB-HRP under the same experimental conditions, we observed a profound (i.e., ⬎90%) loss of
cell-associated CTB-HRP from the cleared detergent lysates. Importantly, while this experimental finding is consistent with the
documented association between plasma membrane lipid rafts and
detergent-insoluble aspects of the cytoskeleton (5), it is inconsistent with the extensive partitioning of Ag-BCR complexes into
GM1-positive lipid rafts for subsequent internalization, since this
scenario would be expected to result in a significant level of loss
of PC-BSA-HRP from cleared detergent lysates (analogous to that
observed for the lipid raft-bound CTB-HRP). Moreover, these results raise the possibility that the Ag-BCR complexes found in the
lipid raft-containing region of the sucrose gradients (Fig. 3) may be
present in GM1-negative lipid rafts. Thus, while the observed level
of lipid raft partitioning of cell surface Ag-BCR complexes would

the distribution of PC-BSA-HRP was determined as in A. Shown are the
results from one of two independent experiments performed completely
independent of the experiments used to generate the plot shown in A. In
both experiments additional Ag-BCR cross-linking resulted in an approximate doubling of the fraction of Ag-BCR complexes found in the lipid
raft-containing region of the gradient.
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FIGURE 4. Differential recovery of CTB-HRP and PC-BSA-HRP in
detergent lysates of A20WT and A20PI B cells. PC-BSA-HRP or CTBHRP was bound to A20WT or A20PI B cells as described in Figs. 1 and
3. The cells were then washed to remove unbound ligand and resuspended
in ice-cold 0.1% TX-100. Fifty microliters of the sample was removed
immediately and used to measure total cell-associated ligand. After incubation for 30 min on ice to allow solubilization of the cells and release of
lipid rafts, the sample was centrifuged to pellet the detergent-insoluble
material (as was performed for normal preparation of the samples for sucrose density gradient centrifugation). After centrifugation, 50 l of the
supernatant was removed to determine the level of detergent-soluble ligand. Interestingly, while all the cell-associated PC-BSA-HRP bound to
the WT BCR (Ag (WT)) was recovered in the detergent-soluble supernatant, only 7% of the CTB-HRP bound to plasma membrane lipid rafts and
18% of the PC-BSA-HRP bound to the lipid raft-resident GPI-linked BCR
(Ag (GPI)) were found to be detergent soluble. The bars represent the
average percent recovery of Ag or CTB for all experiments. The data points
represent the values obtained from each independent experiment.

The Journal of Immunology

FIGURE 5. Effect of lipid raft disruption on the kinetics of BCR-mediated Ag internalization. A, The lipid rafts of A20WT cells were disrupted by depletion of cellular cholesterol with the indicated concentration
of MBCD. Ag (i.e., PC-KLH-btn) was then bound to the PC-specific IgM
BCR of the treated cells on ice. After washing, the cells were warmed to
37°C for the indicated times, and the level of remaining cell surface Ag was
determined by staining with SA-FITC and analysis by flow cytometry.
Shown is the fraction of initially bound Ag remaining at the surface of
viable (i.e., propidium iodide-negative) cells. Under these conditions we
have determined that ⬍10% of the bound Ag is released from the cells
upon incubation at 37°C. Importantly, MBCD treatment has no significant
effect on the initial level of Ag binding. The only data point that exhibited
any notable difference in this experiment was the extent of Ag-BCR internalization in 5 mM MBCD-treated cells after 5 min of incubation at 37°C.
However, this was not a reproducible experimental finding and (due to the
modest level of cell death observed with this level of MBCD treatment) is
likely to represent an experimental artifact. Shown are representative results from one of seven independent experiments. B, PC-BSA-HRP was
bound to A20WT cells as described in Fig. 3. The cells were then divided
into two equal samples and incubated for 30 min at 37°C in either buffer
or buffer containing 5 mM MBCD. (The cells were MBCD treated after Ag
binding because we determined that pretreatment with MBCD made the
cells so sensitive to centrifugation that the multiple washes necessary to
remove unbound ligand killed ⬎50% of the cells.). The samples were then
lysed in ice-cold 0.1% TX-100, and the partition of BCR-associated PCBSA-HRP into lipid rafts was determined as in Fig. 3. Illustrated are representative results from one of three independent experiments demonstrating that MBCD treatment profoundly decreases the level of Ag-BCR
complexes present within biochemically isolatable lipid rafts.

complexes into plasma membrane lipid rafts. As illustrated in Fig.
5B, treatment of A20WT cells with 5 mM MBCD profoundly
decreased the level of BCR-associated Ag detected within the lipid
raft-containing region of the sucrose density gradient, directly
demonstrating that MBCD treatment decreases the detergent stability of the cell surface lipid rafts into which the Ag-BCR complexes partition. To further extend these results and demonstrate
that MBCD treatment inhibits lipid raft function in intact cells, we
analyzed the effect of MBCD treatment on the ability of PC-BSA
binding to the PC-specific BCR of A20WT cells to elicit an intracellular Ca2⫹ response (34). While the precise mechanism by
which lipid raft disruption alters the BCR-induced intracellular
Ca2⫹ response in A20 cells is a matter of debate (35), the results
presented in Fig. 6 demonstrate an MBCD dose-dependent alteration in the characteristics of the BCR-induced intracellular Ca2⫹

Downloaded from http://www.jimmunol.org/ by guest on December 5, 2021

be sufficient to mediate lipid raft-based generation of intracellular
second messenger molecules, it is unlikely to be sufficient to mediate the extensive level of Ag-BCR internalization that is known
to occur during the first 15–30 min of incubation at 37°C.
Another possible explanation for the observed low level of lipid
raft partitioning of Ag-BCR complexes could be dissociation of
labeled Ag from lipid raft-resident BCR molecules. To determine
whether this was the case, we examined the lipid raft partitioning
of PC-BSA-HRP bound to the GPI-linked PC-specific BCR of
A20PI B cells, since the GPI-linked BCR expressed by these
cells has been demonstrated to constitutively partition into plasma
membrane lipid rafts (25). As illustrated in Fig. 4, upon detergent
solubilization of the A20PI cells, 82 ⫾ 8.2% of the total PCBSA-HRP bound to the GPI-linked BCR was lost to the detergentinsoluble pellet. This result is analogous to the profound loss of
lipid raft-associated CTB-HRP observed at this step in the protocol
and is in direct contrast to the complete recovery of PC-BSA-HRP
bound to the normal BCRs of A20WT B cells. Moreover, when
the detergent-soluble material from A20PI cells was run on a
sucrose gradient to separate raft from non-raft material, the majority of the labeled Ag applied to the gradient was found in the
region of the gradient containing lipid rafts (Fig. 3A). Taken together, these results demonstrate that the vast majority of the PCBSA-HRP bound to the GPI-linked BCR of A20PI cells partitioned into plasma membrane lipid rafts (i.e., it was either lost in
the detergent-insoluble material or banded at the 5/30% sucrose
interface), Since the Ag binding site of the PC-specific BCRs expressed by A20WT and A20PI B cell lines is identical, these
results demonstrate that the low level of lipid raft partitioning of
Ag-BCR complexes in A20WT cells is not due to dissociation of
the Ag from the WT BCR during the course of the experiment.
Consequently, the only remaining scenario by which plasma
membrane lipid rafts may be involved in the rapid and extensive
internalization of a large portion of Ag-BCR complexes is if internalization of Ag-BCR complexes occurs very rapidly after entry
of the complexes into lipid rafts, followed by rapid and efficient
removal of Ag-BCR complexes from lipid rafts soon after delivery
to early endocytic compartments. However, if this is the case, it
would be expected that disruption of plasma membrane lipid rafts
by extraction of cellular cholesterol (1) would dramatically alter
the kinetics of Ag-BCR internalization. Accordingly, we determined the effect of lipid raft disruption on the rate and extent of
Ag-BCR internalization. To disrupt the plasma membrane lipid
rafts of A20WT B cells, cells were treated with MBCD to extract
cellular cholesterol (22, 33). As illustrated in Fig. 5A, the rate and
extent of Ag-BCR complex internalization were unaffected by
MBCD treatment of A20WT cells. To demonstrate that MBCD
treatment of A20WT cells resulted in disruption of plasma membrane lipid rafts, we analyzed the effect of MBCD treatment on the
kinetics of lipid raft-mediated CTB internalization. However, we
discovered that MBCD treatment of A20WT cells resulted in a
dose-dependent and selective inhibition of CTB binding. Specifically, while treatment of A20WT cells with any concentration of
MBCD up to and including 5 mM failed to detectably alter the
level of Ag binding (i.e., the level of Ag binding to drug-treated
cells was always between 90 and 100% of that observed to nonMBCD-treated cells), treatment of cells with MBCD resulted in a
dose-dependent decrease in CTB binding such that at 5 mM
MBCD, CTB binding was decreased by half (i.e., the level of CTB
binding to 5 mM MBCD-treated cells was decreased by 45, 44,
and 54% in three independent experiments). Because the decreased
binding of CTB to MBCD-treated cells made analysis of CTB
internalization in these cells technically difficult, we directly analyzed the effect of MBCD treatment on the partitioning of Ag-BCR
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response of MBCD-treated A20WT cells. Together, these results
demonstrate that the rate and extent of rapid Ag-BCR complex
internalization are unaffected by extensive disruption of plasma
membrane lipid rafts. This result as well as those presented in Figs.
1– 4 are consistent with the idea that plasma membrane lipid rafts
are not an obligatory structure for the rapid and extensive internalization of the bulk of cell surface Ag-BCR complexes.
Differential intracellular trafficking of internalized Ag-BCR
complexes and internalized plasma membrane lipid rafts
While the results presented above demonstrate that residence
within plasma membrane lipid rafts is not an obligatory step on the
pathway of internalization of the bulk of cell surface Ag-BCR
complexes, they do not rule out the possibility that a small portion
(e.g., 5–10%) of Ag-BCR complexes may be internalized while
resident within lipid rafts. Moreover, if these rafts and their resident Ag-BCR complexes traffick as a unit, they might be expected
to be restricted to the early aspects of the endocytic pathway, as observed for internalized lipid rafts in other cells (6, 7). This would be
in stark contrast to the bulk of the internalized Ag-BCR complexes,
which are known to be delivered to late endocytic compartments for
processing and degradation (27). We therefore compared the intracellular trafficking of the bulk of the internalized Ag-BCR complexes to
that of internalized plasma membrane lipid rafts.
Since it is presently not possible to selectively label only those
BCR molecules within lipid rafts, we were forced to compare the
intracellular distribution of internalized Ag-BCR complexes (the
majority of which are internalized via a non-lipid raft-dependent
pathway) to the intracellular distribution of internalized CTB that
is brought into the cell via lipid raft-mediated internalization. As
shown in Fig. 7 (A and B), the intracellular distribution of BCRinternalized Ag and anti-BCR Abs is notably different from the
intracellular distribution of lipid raft-internalized CTB. While
some endocytic vesicles (most likely early endosomes) contain

FIGURE 7. IFM localization of lipid raft-internalized CTB vs BCRinternalized Ag. A, Both CTB-FITC and Ag (PC-BSA-DIG) were bound to
the surface of A20WT B cells on ice, and unbound ligand was washed
away. The labeled cells were warmed to 37°C for 30 min to allow internalization to occur. The cells were then fixed, permeabilized, and stained
with sheep anti-DIG Ab, followed by donkey anti-sheep IgG-Texas Red.
The cells were also stained with DAPI. CTB-FITC was present both at the
cell surface as well as within a juxtanuclear cluster of intracellular vesicles.
BCR-internalized Ag was found predominantly within intracellular vesicles not containing detectable levels of CTB-FITC. B, Both CTB-FITC as
well as F(ab⬘)2 of rabbit anti-human IgM were bound and internalized as in
A. The cells were then fixed, permeabilized, and stained with donkey antirabbit IgG-Texas Red as well as DAPI. As in A, CTB-FITC was found
within a juxtanuclear aggregate of vesicles. Similar to BCR-internalized
Ag, some of the BCR-internalized anti-BCR Ab was found within endocytic vesicles lacking detectable amounts of internalized CTB-FITC (red
staining). However, some of the internalized anti-BCR Ab was found
within CTB-FITC-containing endocytic compartments (yellow staining).
However, in neither case did BCR-internalized Ag or anti-BCR Abs exhibit
100% colocalization with lipid raft-internalized CTB-FITC. C, A20WT
cells that had bound and internalized CTB-FITC as well as Tf-btn were
fixed, permeabilized, and stained with SA-Texas Red (to localize Tf-btn) as
well as DAPI. Analysis of the cells revealed a considerable level of colocalization of internalized CTB and Tf (yellow staining) within early and
recycling endosomes. D, A20WT B cells that were allowed to bind and
internalize CTB-FITC were fixed, permeabilized, and stained for the late
endosome/lysosome marker LAMP-2 (using the rat mAb GL2A7, followed
by anti-rat IgG-Texas Red) as well as with DAPI. The staining revealed
that lipid raft-internalized CTB was not delivered to LAMP-2-positive late
endocytic compartments. Shown are representative results from one of
three independent experiments in which the vast majority of the cells exhibited a staining pattern similar to that presented in this figure. The bar in
A equals 5 m. All images were taken at the same magnification.

ligands internalized via both pathways (these vesicles are especially apparent in Fig. 7B), a large portion of BCR-internalized
ligands are present within intracellular compartments that do not
contain detectable levels of lipid raft-internalized CTB. Moreover,
internalized lipid rafts, unlike internalized Ag-BCR complexes,
were repeatedly observed to be localized to a juxtanuclear aggregate of intracellular vesicles reminiscent of Golgi complex-associated recycling endosomes (36). To determine whether lipid raftinternalized CTB is actually restricted to early and recycling
endocytic compartments, we compared the intracellular distribution of internalized CTB to the distribution of internalized Tf as
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FIGURE 6. MBCD treatment disrupts lipid rafts and alters the intracellular Ca2⫹ response to Ag-induced BCR signaling. A20WT cells were
loaded with the Ca2⫹-sensitive dyes Fluo-3 and Fura Red and then treated
with the indicated amounts of MBCD for 30 min at 37°C. The baseline
level of intracellular free calcium (which is reflected in the ratio of Fluo-3
(FL-1) to Fura Red (FL-3) fluorescence) was established for each sample
before stimulation with PC-BSA (in the continued presence of MBCD) and
continued monitoring of cellular fluorescence. The results demonstrate that
treatment with 5 mM MBCD (a concentration of drug that did not alter
BCR-mediated Ag internalization (Fig. 5A) blunted the Ag-induced BCRmediated intracellular calcium response. The intracellular Ca2⫹ response of
A20WT cells stimulated with the Ca2⫹ ionophore A23187 was not altered by treatment with MBCD. Shown are representative results from one
of four independent experiments.
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Discussion
The BCR has two functions upon binding of cognate Ag. One is
signal transduction and generation of intracellular second messenger molecules. The second is to mediate Ag internalization and
delivery to intracellular compartments for processing and subsequent presentation on MHC class II molecules. While plasma
membrane lipid rafts are critically involved in BCR-mediated signal transduction (2– 4), the role of lipid rafts in endocytosis, processing, and presentation of cognate Ag is less clear.
In this report we directly demonstrated that CTB-HRP-labeled
lipid rafts on the surface of A20 B cells are internalized with kinetics distinct from those of the bulk of the Ag-BCR complexes.
Moreover, we demonstrate that induction of rapid and extensive
BCR internalization fails to alter the kinetics of lipid raft-mediated
CTB-HRP internalization. This result is in apparent contrast to the
results of Cheng and colleagues (22), who demonstrate that in the
CH27 B cell line, anti-BCR-induced internalization of cell surface
BCR molecules results in an increase in the CTB-HRP-catalyzed
diaminobenzidene (DAB)-mediated cross-linking of Tf receptor
(TfR) and newly synthesized MHC class II molecules, a result that
the authors interpreted as suggesting that induction of BCR internalization by the binding of polyvalent ligand alters the internalization of GM1-containing lipid rafts. However, the DAB-mediated cross-linking protocol used in these experiments is relatively
complex in design, making it difficult to determine whether the
observed cross-linking is occurring within intracellular endocytic
compartments or at the cell surface. This potential problem is especially acute in the case of the TfR-based experiments where the
cohort of TfR molecules being followed was initially present only
at the surface of the cell (where they were labeled with aminoreactive biotin), but which may have redistributed to intracellular
compartments upon warming of the cells to 37°C to allow for BCR
and lipid raft internalization. In fact, in these experiments the reported decrease in DAB-mediated TfR-btn cross-linking in cells
incubated at 37°C may be the result of the rapid internalization of
TfR-btn from the cell surface, removing it from the domain of cell
surface CTB-HRP-catalyzed DAB-mediated cross-linking. In the
case of our direct assessment of lipid raft-mediated CTB-HRP in-

ternalization, these types of confounding issues are not applicable,
making interpretation of the experimental results simpler and more
direct. Moreover, our direct measurements of the kinetics of CTBHRP-labeled lipid raft internalization are consistent with published
results on the kinetics of internalization of lipid raft-resident GPIlinked proteins in both the murine A20 B cell line (26) and other
lymphocytes (9, 24).
The second finding in our report that appears at odds with the
published literature is our finding that upon binding of Ag, only a
small fraction (i.e., 5%) of cell surface Ag-BCR complexes are
found within lipid rafts (Fig. 3). Moreover, our kinetic analysis
suggests that either this minor fraction of Ag-BCR complexes
translocates into lipid rafts at reduced temperature or that some cell
surface BCR molecules are constitutively associated with lipid
rafts. This is in apparent contrast to the results presented in Fig. 1
of the report by Cheng and colleagues (22) that demonstrates an
apparent translocation of cell surface BCR molecules into lipid
rafts upon binding of anti-BCR Abs. However, the results presented in Fig. 4A of the same report demonstrate the partitioning of
Ag-BCR complexes into lipid rafts at reduced temperature and,
furthermore, show that the level of raft partition of Ag-BCR complexes does not change with incubation at 37°C. Moreover, while
the results presented in Fig. 4A (22) suggest a relatively high level
of Ag-BCR partitioning into lipid rafts, the results presented in
Fig. 4B of the same figure suggest a level of lipid raft partitioning
closely approximating that which we have observed in our experimental system (i.e., 15–30%). Thus, while the precise level of
Ag-BCR complexes partitioning into plasma membrane lipid rafts
may be highly dependent upon the specific conditions of Ag binding, the results presented in this report extend the findings of
Cheng et al. (22) by demonstrating that while internalization of
lipid raft-resident Ag-BCR complexes is likely to occur, lipid raftmediated internalization is not the major pathway by which the
bulk of Ag-BCR complexes gain access to the endocytic pathway
of the cell nor is partitioning into lipid rafts an obligatory step on
the pathway of internalization of the bulk of cell surface Ag-BCR
complexes. Importantly, this result is consistent with the observation that mutant GPI-linked BCR molecules that are highly restricted to plasma membrane lipid rafts mediate significantly less
efficient Ag processing and presentation than the wild-type transmembrane BCR, which is known to efficiently access late endocytic compartments (25). The decrease in the efficiency of Ag processing via the GPI-linked BCR (which fails to associated with the
CD79 ␣/␤ dimmer) could be due to either changes in intracellular
signaling due to the absence of the immunoreceptor tyrosine-based
activation motifs within the cytoplasmic tails of the CD79 subunits
or altered endocytosis and intracellular trafficking due to the absence of potential tyrosine-based endocytosis motifs within the
cytoplasmic tails of the CD79 subunits of the BCR. This proposed
scenario raises the question of the possible function of lipid raftmediated internalization of Ag-BCR complexes. Presently, we feel
that the most likely function of the internalization of lipid raftassociated Ag-BCR complexes could be to alter BCR signaling
occurring from within these structures. Presently, our laboratory is
pursuing experiments to test this hypothesis.
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