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Abstract

B cells contribute to innate and adaptive immunity. In the former, Toll-like receptor (TLR)
activation promotes the expansion of inflammatory B cells. In the latter, B cell receptor (BCR)
activation results in the production of antibodies or autoantibodies. Antigen processing
and presentation are closely associated with major histocompatibility class II (MHC-II)
and its companion protein, class II invariant peptide (CLIP). The impact of autophagy
on the regulation of these unique mechanisms of B cell activation and subset expansion
has not been fully explored. The results from the current study show that activating
autophagy with rapamycin (RAPA) or inhibiting autophagy with hydroxycholoroquine
(HCQ) differentially influences the TLR9 and BCR activation of B cells. These differences
include the selective expansion of B1 and B2 B cell subsets, the regulation of the cell-surface
expression of MHC-II and CLIP, and the ability of distinct B cell subsets to present peptide
antigens. These novel findings demonstrate that the unique B cell activation mechanisms
induced by TLR9 and BCR activation are differentially influenced by RAPA and HCQ,
owing to the selective modulation of B cell subset expansion, and antigen processing and
presentation by MHC-II proteins.

Keywords: adaptive immunity; autophagy; innate immunity; macro-autophagy; Toll-
like receptors

1. Introduction
B cells are critically involved in a variety of inflammatory, immune, and autoimmune

diseases. Therapeutic targeting and depletion of B cells are beneficial in several disorders,
including multiple sclerosis, type I diabetes, and rheumatoid arthritis [1]. The activa-
tion and selection of B cells are mediated by multiple mechanisms that are regulated by
autophagy [2,3]. Bidirectionally, B cell activation can induce canonical or non-canonical
autophagy to shape the B cell repertoire [4]. Autophagy is required for self-renewal of
B1 B cells because the deletion of the Atg7 gene results in the failure of self-renewal of
these cells as a result of mitochondrial and metabolic dysfunction [5]. While the B1 B cell
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subset is predominantly found in the peritoneum and other cavities and tends to produce
non-specific innate-associated cytokines and chemokines, autophagy also regulates the
development of conventional bone marrow-derived B2 B cells. These latter cells are crucial
for increasing the repertoire of antibody-secreting cells and shaping the adaptive immune
response [3,6–8]. Invariant chain (CD74), and its cleavage product, major histocompatibility
complex (MHC) class II invariant peptide (CLIP), also play major roles in regulating mature
B cell selection and survival [9–11]. While previous studies have shown that autophagy
promotes the loading of intracellular peptides into the antigen-binding groove of MHC-
II [12], it is still unknown whether autophagy can be modulated to influence CLIP in the
groove of MHC-II.

Several mechanisms induce B cell activation, including stimulation of Toll-like re-
ceptors (TLR) and antigen binding to the B cell receptor (BCR). Autophagy and TLR or
BCR B cell activation are bidirectionally linked. TLR activation induces autophagy that
drives plasmoblast differentiation [4,13], whereas BCR-induced activation of autophagy
may not be required to stimulate proliferation and differentiation [8,14]. Autophagy in
turn also mediates activation by TLRs and BCR, and some of these mechanisms appear
to be distinct and differentially regulated [4,15–17]. Among the TLRs that are expressed
on a variety of cell types, including B lymphocytes [18], TLR9 is the receptor for cytidine
monophosphate guanosine oligodeoxynucleotide (CpG) motifs [19]. TLR9 has been shown
to initiate autophagy and autophagosome assembly [20–23], which mediate TLR9-induced
innate immune [24,25] and adaptive immune autoantibody production [26,27]. While
TLR activation has also been shown to increase cell-surface CLIP [28], it is unknown if
modulating autophagy will impact TLR9-induced CLIP expression.

Previous studies have shown that autophagy influences B cell selection following
BCR activation [5,29,30]. BCR activation has also been shown to increase CD74 [31], but
its effects on CLIP and MHC-II expression have not been fully elucidated. The collective
contributions of MHC-II and CLIP are key components of B cell function and play a major
role in antigen processing and presentation [15,32]. Thus, the current study was designed
to test the hypothesis that autophagy induction by rapamycin (RAPA) and autophagy
inhibition by hydroxychloroquine (HCQ) will differentially regulate TLR9- or BCR-induced
B cell subset expansion, CLIP, and MHC-II expression, and antigen presentation.

2. Results and Discussion
2.1. TLR9 and BCR Activation Drive Opposing B Cell Subsets

Splenocytes were treated for 48 h with either CpG, a TLR9 agonist, or the F(ab)’2
fragment of anti-mouse IgM in combination with IL-4 (anti-IgM+IL-4), as a surrogate for
antigen-mediated BCR activation. To exclude Fc receptor engagement that can result in a
negative signal via the Fc receptor, a fragment of the antibody against the B cell antigen
receptor was used in lieu of the intact antibody [33]. B cell proliferation in response to
either BCR or TLR9 activation was confirmed. TLR9 activation with CpG significantly
increased the frequency of B cells (p < 0.001) and the total number of B cells (p < 0.001)
(Figure 1A,B). By contrast, BCR engagement with anti-IgM+IL-4 significantly increased
only the total number of B cells (p < 0.001) but not the frequency of B cells (Figure 1A,B).

The next experiments were designed to determine the role of autophagy induction
by RAPA and the inhibition of autophagy by HCQ on B cell proliferation in response to
TLR9 and BCR activation in B cells. RAPA or HCQ were introduced in vitro at the time
of TLR or BCR activation. Consistent with previous studies, RAPA significantly reduced
the percentage of total B cells in both CpG-treated (p < 0.001) and anti-IgM+IL-4-treated
(p < 0.001) cells (Figure 1C) [34–36]. RAPA also significantly reduced B cell proliferation
after 24 h in both CpG-treated (p < 0.001) and anti-IgM+IL-4-treated splenocytes (p < 0.01)
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(Figure 1D). HCQ significantly reduced the percentage of live B cells in CpG-activated
splenocytes (p < 0.001) but not in anti-IgM+IL-4-treated cultures (Figure 1C), suggesting
that HCQ impairs the TLR9-induced B cell expansion but not the BCR-induced expansion.
Thus, there may be distinct autophagic mechanisms that regulate TLR9- and BCR-mediated
B cell activation.

Figure 1. B cell proliferation in response to TLR9 and BCR stimulation. Splenocytes from C57bl6/J
mice were incubated for 48 h in vitro, with either CpG to activate TLR9 or anti-IgM+IL-4 to activate
BCR. There was a significant increase in the number of B cells with TLR9 and BCR activation (A). TLR9,
but not BCR stimulation, significantly increased the percentage of B cells (B). In the TLR9-stimulated
splenocytes, treatment with rapamycin (RAPA) or hydroxychloroquine (HCQ) significantly decreased
the percentage of B cells (C). In the BCR-activated splenocytes, only RAPA significantly decreased
the percentage of B Cells, while HCQ had no effect (C). RAPA also significantly decreased the
proliferation of B cells in TLR9 and BCR-activated B cells (D). (E) Gating strategy for B-1, B-1a, B-1b,
and B-2 cells. Following TLR9 activation, RAPA significantly decreased B-1 (F), B-1a (G), and B-1b
(H) B cells and significantly increased B-2 B cells (I). Following BCR activation, RAPA resulted in a
significant increase in the percentage of B-1 and B-1a B cells (F,G), whereas B-1b and B-2 cells were
significantly decreased (H,I). Therefore, the influence of RAPA on TLR9-activated B cell subsets is to
decrease the B1 subsets and increase B2, whereas RAPA generally had the opposite effect following
BCR activation, increasing B1 and B1a, but decreasing B1b and B2 subsets. Data are presented as
mean ± SEM, n = 3. ** p < 0.01, *** p < 0.001.
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Because autophagy is involved in the self-renewal of B1 B cells [5], the next set of
experiments examined the B cell repertoire after TLR9 and BCR activation and in response
to autophagy induction with RAPA. Peritoneal B cells, which consist of a higher ratio
of B1 to B2 B cells [37,38], were isolated and activated in vitro with CpG or anti-IgM+IL-
4, with or without RAPA. Consistent with previous findings [39,40], RAPA significantly
reduced the frequency of IgD−B220+/CD19+ B-1 B cells (Figure 1F; p < 0.001) and sig-
nificantly increased the frequency of IgD+B220−/CD19+ B-2 B cells (Figure 1I; p < 0.001).
Further examination of the B-1 subsets showed that RAPA significantly reduced the fre-
quency of both CD5+IgD−B220+/CD19+ B-1a (p < 0.001) and CD5−IgD−B220+/CD19+

B-1b (p < 0.001) cells after TLR9 activation (Figure 1G,H). In contrast, RAPA significantly
increased IgD−B220+/CD19+ B-1 B cells subsets (Figure 1F; p < 0.001) and significantly
decreased the frequency of IgD+B220−/CD19+ B-2 B cells (Figure 1I; p < 0.01) after BCR ac-
tivation. RAPA also significantly increased the frequency of CD5+IgD−B220+/CD19+ B-1a
cells (p < 0.001) but significantly reduced the frequency of CD5−IgD−B220+/CD19+ B-1b
cells following BCR activation (p < 0.001; Figure 1G,H). Therefore, a major novel finding
of this study is that TLR9 and BCR activation results in differential B cell selection, and
autophagy induction with RAPA selectively decreases B-1a and B-1b cells following TLR9
activation but increases B-1a cells after BCR activation. These findings extend previous
studies that have demonstrated mechanisms through which autophagy shapes the B cell
repertoire following B cell activation.

2.2. TLR9 and BCR Activation Induce MHC-II and CLIP Expression on B Cells That Are Modified
by RAPA and HCQ

CD74 is involved in the assembly of MHC-II molecules, and CD74 also serves as a
chaperone for MHC-II migration to the cell surface [41]. CD74 can be proteolytically cleaved
in the lysosome, resulting in the generation of the CLIP peptide. CLIP occupies the antigen-
binding groove of cell-surface MHC-II, preventing peptide binding until displacement
is facilitated by human leukocyte antigen DM (HLA-DM; mouse analog = H-2M) [42].
Considering that RAPA and HCQ had differential effects on B cell expansion, the next
series of experiments were designed to determine how RAPA and HCQ regulate MHC-II
on activated B cells. The percentage of MHC-II+ B cells was significantly increased by CpG
(p < 0.001) (Figure 2A) but not in response to anti-IgM+IL-4. Both CpG and anti-IgM+IL-
4 significantly increased MHC-II mean fluorescent intensity (MFI) on B cells (p < 0.001,
p < 0.001, respectively) (Figure 2B). RAPA significantly reduced the percentage of MHC-II+

B cells in both CpG-treated (p < 0.001) and anti-IgM+IL-4-treated (p < 0.001) cells and
significantly increased the MFI of MHC-II per cell, in both CpG-activated (p < 0.001) and
anti-IgM+IL-4-activated (p < 0.001) cells (Figure 2D,E). That RAPA reduced the frequency
of MHC-II+ B cells but increased the expression level of MHC-II on the remaining B cells
could indicate that autophagy regulates the function of antigen or autoantigen processing
and presentation in B cells. HCQ significantly decreased the percentage of MHC-II+ cells
(p < 0.001) and significantly increased MHC-II MFI (p < 0.001) in CpG-stimulated cells
(Figure 2D,E). Interestingly, HCQ did not affect MHC-II expression on B cells in anti-
IgM+IL-4-stimulated cells (Figure 2E).

In its role in inhibiting autoimmunity, CLIP has been shown to prevent the binding
of self-antigen [43,44]. The replacement of CLIP by antigenic peptide and subsequent
presentation to CD4+ T cells results in the switch to an antigen-specific T cell-mediated
adaptive immune response. Given the effects of RAPA and HCQ on MHC-II expression
following TLR9 and BCR B cell activation, and the close relationship between MHC-II and
CLIP, the next experiments evaluated the expression of CLIP in the groove of cell-surface
MHC-II. There were significant increases in the percentage of CLIP+ B cells, the cell-surface
expression of CLIP, as measured by MFI, and the total number of CLIP+ B cells in response
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to activation with either CpG (p < 0.001, p < 0.001, p < 0.001, respectively) or anti-IgM+IL-4
(p < 0.001, p < 0.001, p < 0.001, respectively; Figure 2G–I). This novel finding indicates that
B cell activation by TLR9 or BCR engagement increases CLIP in the groove of MHC-II that
is expressed on the cell surface.

Figure 2. The effects of RAPA and HCQ on MHC-II and CLIP following B cell activation. TLR9 and
BCR were activated in splenocytes, as shown in Figure 1. The percentage of MHC-II+ B cells was
significantly increased only by TLR9 activation (A), although both TLR9 and BCR activation increased
the MFI of MHC-II (B). Following TLR9 and BCR activation, RAPA and HCQ significantly decreased
the percentage of MHC-II+ cells (D). RAPA and HCQ significantly increased the mean fluorescent
intensity (MFI) of MHC-II following TLR9 activation (E), and RAPA significantly increased the MFI
of MHC-II (E). As shown in (G–I), both CPG and anti-IgM+IL-4 increased the percentage of CLIP+ B
cells, the MFI of CLIP, and the total number of CLIP+ B cells, respectively. The percentage of CLIP+

B cells was significantly decreased by RAPA and HCQ (J). The number and MFI of CLIP+ B cells
were decreased by RAPA in both TLR9- and BCR-activated B cells (K,L), whereas HCQ significantly
increased the MFI of CLIP (K). The ratio of MHC-II+/CLIP+ cells highlights the observation that both
TLR9 and BCR activation increase MHC-II+/CLIP+ B cells (C), and RAPA significantly decreases
these cells (F). Considering that RAPA decreased CLIP without influencing MHC-II (as shown by the
increased CLIP-/MHC-II+ B cells in pink (M)) following TLR9 activation, RAPA has a potential role
in the displacement of CLIP from the binding groove of MHC-II. In (N), the gating strategy used to
identify B cells, CLIP+ B cells, and MHC-II+ B cells is shown. (O) Key for graphs in (D–F,J–L). Data
are presented as mean ± SEM, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001.

Next, the role of autophagy induction by RAPA in the activation of CLIP+ B cells
was investigated. RAPA significantly reduced the percentage of CLIP+ B cells after CpG
(p < 0.001) and anti-IgM+IL-4 (p < 0.001) (Figure 2J). RAPA also significantly reduced the
MFI of CLIP on B cells in both the CpG- and anti-IgM+IL-4-treated groups (Figure 2K;
p < 0.01, p < 0.001, respectively), and the total number of CLIP+ B cells (Figure 2L; p < 0.001,
p < 0.001). Therefore, RAPA reduced the number of CLIP+ B cells and reduced the level
of CLIP expression on the B cell surface. Interestingly, HCQ also significantly reduced
the frequency of CLIP+ B cells in CpG-activated (p < 0.001) and anti-IgM+IL-4-activated
(p < 0.05) cells. However, this reduction with HCQ was significantly less than that found
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with RAPA in both CpG-treated (p < 0.01 vs. RAPA) and anti-IgM+IL-4-treated (p < 0.001
vs. RAPA) cells (Figure 2J). In contrast to RAPA, which decreased CLIP MFI, inhibiting
autophagy with HCQ resulted in a significant increase in the MFI of cell-surface CLIP on B
cells, in both CpG-activated (p < 0.01) and anti-IgM+IL-4-activated (p < 0.001) splenocytes
(Figure 2K). Therefore, autophagy plays a role in regulating cell-surface CLIP expression,
such that the expansion of CLIP+ B cells is reduced by inducing autophagy with RAPA,
whereas CLIP expression on B cells is enhanced by inhibiting autophagy with HCQ.

2.3. RAPA and HCQ Regulate the Relationship Between CLIP and MHC-II on B Cells

The co-expression of CLIP and MHC-II on B cells was also examined following TLR
and BCR activation. Both CpG and anti-IgM+IL-4 significantly increased the frequency
of MHC-II+/CLIP+ B cells (p < 0.001, p < 0.001, respectively; Figure 2C). The induction
of autophagy with RAPA significantly reduced the percentage of MHC-II+/CLIP+ B cells
(p < 0.001) following CpG activation but not following anti-IgM+IL-4 activation (Figure 2F).
Thus, RAPA reduced the expression of CLIP on the cell surface of CpG-activated B cells
independent of its effects on MHC-II, while reductions in CLIP following BCR-mediated
activation may be MHC-II-associated.

To further explore the effects of RAPA and HCQ on CLIP binding to MHC-II following
TLR9 or BCR activation, the ratio of CLIP+ to CLIP- MHC-II+ B cells was assessed. In TLR9-
activated cells, both RAPA and HCQ reduced the ratio of CLIP+ to CLIP- cells, resulting
in an increase in cell-surface MHC-II without CLIP. In BCR-activated cells, RAPA and
HCQ treatment did not alter this ratio (Figure 2M). These results further demonstrate
the selectivity by which TLR9 and BCR activation of B cells leads to differences in B cell
populations that express CLIP and MHC-II. Therefore, distinct mechanisms appear to
regulate CLIP and MHC-II expression in response to TLR9 activation. It is also possible
that MHC-II expression responds to CLIP levels, such that MHC-II is upregulated in
response to reduced CLIP. This is supported by data showing that excess exogenous CLIP
downregulates MHC-II [43,45]. Considering that RAPA reduces the percentage of MHC-II+

cells that express CLIP following TLR9 activation, it is possible that autophagy induction
with RAPA promotes CLIP displacement from the antigen-binding groove of MHC-II.

2.4. RAPA and HCQ Regulate Loading of Antigenic Peptide on Activated B Cells

Because RAPA reduced and HCQ increased cell-surface CLIP expression, it was
hypothesized that loss of CLIP as a result of a RAPA would increase B cell antigenic peptide
presentation. Following activation with CpG or anti-IgM+IL-4, along with either RAPA
or HCQ, a CLIP antigenic peptide (CAP) [28] was added. RAPA significantly increased
the CAP:CLIP ratio by approximately two-fold following stimulation with CpG (p < 0.001;
Figure 3) or anti-IgM+IL-4 (p < 0.001; Figure 3). Conversely, HCQ significantly reduced
the CAP:CLIP ratio in CpG-activated (p < 0.001; Figure 3) and anti-IgM+IL-4-activated
(p < 0.001; Figure 3) cells. Thus, autophagy induction with RAPA appears to facilitate the
displacement of CLIP, because there was an increase in the loading of antigenic peptide
into the MHC-II groove. Conversely, the inhibition of autophagy with HCQ resulted in a
reduction in the antigenic peptide loading into MHC-II.
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Figure 3. Displacement of CLIP and antigenic peptide loading into MHC-II. Splenocytes were
cultured for 48 h, as described in Figures 1 and 2. In response to TLR9 activation (left) and BCR
activation (right), antigenic peptide (CAP) significantly increased in B cells. Co-stimulation with
HCQ significantly decreased the loading of antigenic peptides, whereas RAPA significantly enhanced
antigenic peptide loading into MHC-II. Data are presented as mean ± SEM, n = 3. *** p < 0.001.

3. Materials and Methods
3.1. Reagents

RPMI 1640 cell culture media (Fisher Scientific; Waltham, MA, USA, 11-835-030),
heat-inactivated fetal bovine serum (FBS) (Fisher Scientific; Waltham, MA, USA, 10-082-
147), 200 mM L-glutamine (Fisher Scientific; Waltham, MA, USA, 25-030-149), 1 M HEPES
buffer (Fisher Scientific; Waltham, MA, USA, BP299100), ACK lysis buffer (VWR Inter-
national; Radnor, PA, USA, 10128-802), gentamicin sulfate (Fisher Scientific; Waltham,
MA, USA, 15-750-078), 100 mM sodium pyruvate (Fisher Scientific; Waltham, MA, USA,
MT25000CI), phosphate-buffered saline (PBS) (Fisher Scientific; Waltham, MA, USA, 10-
010-049), LIVE/DEAD® fixable aqua dead cell stain (Fisher Scientific; Waltham, MA,
USA, L34957), CellTrace™ Violet Cell Proliferation dye (Fisher Scientific; Waltham, MA,
USA, C34557), penicillin–streptomycin (concentration of 10,000 units—10 mg/mL) (Sigma-
Aldrich Inc.; St. Louis, MO, USA, P4333), 40 µm nylon cell strainers (Fisher Scientific;
Waltham, MA, USA, NC2227717), TLR9 ligand CpG–oligodeoxynucleotide CpG–ODN
2006 (CpG) (InvivoGen Inc.; San Diego, CA, USA, tlrl-2006), F(ab’)2 fragment of anti-mouse
IgM (Jackson ImmunoResearch Laboratories Inc.; West Grove, PA, USA, 115-006-020), and
interleukin-4 (IL-4) (ThermoFisher Scientific; Waltham, MA, USA, 16-7048-81) were used.

3.2. Mice

C57BL/6 mice and B6-lpr mice with spontaneous mutation (Fas lpr) that are prone
to autoimmune diseases were purchased from Jackson Laboratory Inc. (Bar Harbor, ME,
USA) (Strain #000482). All animals were housed in the Baylor Scott and White Hospital
vivarium facility under the IACUC guidelines, and all animal experiments were approved
by Baylor Scott and White Hospital IACUC (Protocol #2013-021).

3.3. Splenocyte Isolation

Mice were anesthetized using isoflurane followed by cervical dislocation. Spleens
were collected, washed in PBS containing 3% FBS (FBS/PBS), and passed through 40 µm
nylon cell strainers to make single-cell suspensions. The red blood cells were lysed by



Int. J. Mol. Sci. 2025, 26, 6054 8 of 12

incubating the cell pellet in ACK buffer for six minutes at room temperature (25 ◦C) in the
dark. Cells were washed twice with FBS/PBS to remove traces of ACK buffer, and then the
splenocytes were collected as a pellet and left on ice.

3.4. Peritoneal Cavity Lymphocyte Isolation

Mice were anesthetized using isoflurane and then euthanized in a CO2 chamber; then,
5 mL of ice-cold FBS/PBS was injected into the peritoneum of the animal, and after 90 s,
the solution was collected using a Pasteur pipette. The collected FBS/PBS from the animal
contained a mixture of B-1 and B-2 and other immune cells. The collected cells were washed
once and were prepared for experimental setup.

3.5. Splenocyte Activation and Treatment

The isolated splenocytes were plated at a concentration of 1 × 106 cells/mL in a
Corning® Costar® 24-well flat bottom cell culture plates in RPMI 1640 cell culture me-
dia supplemented with heat-inactivated FBS at 5% final concentration (v/v %), 2 mM
L-glutamine, 10 mM HEPES, 1mM sodium pyruvate, 100 units of penicillin, and 50 mg
of streptomycin. Cells were cultured for 48 h, incubated in a water-jacketed CO2 incuba-
tor (ThermoFisher Scientific Inc., Waltham, MA, USA) at 5% CO2 concentration and 95%
humidity. Splenocytes were activated with the TLR9 agonist CpG (5 µg/mL) or f(ab’)2
fragment of anti-mouse IgM + IL-4 (anti-IgM+IL-4) (5 ng/mL). We used a fragment of
the antibody against the B cell antigen receptor instead of intact antibody as a surrogate
for antigen receptor-mediated activation and to exclude Fc receptor engagement, which
can result in a negative signal via the antigen receptor [33]. In subsequent experiments,
splenocytes were cultured for 48 h with CpG or anti-IgM+IL-4 and concurrently treated
with rapamycin (RAPA) (Selleckchem Inc.,; Houston, TX, USA, S1044; 10 µM), which
activates autophagy, and hydroxychloroquine sulfate (HCQ) (Sigma-Aldrich Inc.; St. Louis,
MO, USA, PHR1782-1G; 10 µM), which inhibits autophagy.

3.6. Cell-Surface Staining and Flow Cytometry

B cell subsets in the cultured splenocytes were evaluated by surface staining of the
splenocytes with APC-Cy™7 anti-mouse CD19 (BD Biosciences Inc.; Franklin Lakes, NJ,
USA, 553783), APC Anti-Mouse MHC Class II (BioLegend Inc.; San Diego, CA, USA,
107624), and FITC mouse anti-CLIP (15G4) (clone 15G4; Santa Cruz Biotechnology Inc.;
Santa Cruz, CA, USA, sc-53946 FITC) along with LIVE/DEAD® fixable aqua dead cell
stain. For the staining of the B-1 B cells and B-2 B cells from the peritoneal cavity, the
following antibodies were used: APC-Cy™7 rat anti-mouse CD19, and PE rat anti-mouse
CD45R/B220 (BD Biosciences Inc.; Franklin Lakes, NJ, USA, 554881), PE-Cy™7 rat anti-
mouse CD5 (BioLegend Inc.; San Diego, CA, USA, 100602), and Pacific Blue™ rat anti-
mouse IgD (BioLegend Inc.; San Diego, CA, USA, 405711). All cells were analyzed on a
Becton Dickson FACSCanto II flow cytometer (BD Biosciences Inc., San Jose, CA, USA), a
3-laser 10-parameter system with FACSDiva software (Version 8.0; BD Biosciences Inc., San
Jose, CA, USA), and the flow data were analyzed using FlowJo® software (Version 10.10;
FlowJo, LLC, Ashland, OR, USA).

3.7. Proliferation Assay

The B cell proliferation assay was performed using CellTrace™ Violet Cell Proliferation
dye. The basic principle of proliferation was based on dye dilution. For this experiment,
we prepared a 5 mM stock solution of CellTrace™ Violet Cell Proliferation dye in dimethyl
sulfoxide (DMSO). The isolated splenocytes from the mice were cleared of red blood cells by
incubating with the ACK buffer followed by washing with FBS/PBS solution. For staining
a pre-calculated number of cells, the splenocytes were resuspended in prewarmed PBS, and
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dye was added for a final concentration of 5 µM per 1 million cells per mL and incubated
at 37 ◦C for 20 min in the dark; then, the cells were washed twice with FBS/PBS to quench
unreacted dye. The stained cells were plated in a 24-well plate and stimulated with CpG or
anti-IgM+IL-4 agonist with and without rapamycin.

3.8. Competitive Binding Studies

For competitive peptide binding studies, a target biotinylated peptide, CAP, with
higher binding affinity for the MHC alleles than CLIP was synthesized using an algorithm
that detects peptides with high binding affinity for MHC-II ([28], Elim Biopharma Inc.;
Hayward, CA, USA). CAP was dissolved in DMSO at a concentration of 5 mg/mL. The
splenocytes isolated from the C57BL/6 spleens were plated at a concentration of one
million cells per well in 24-well plates in 1 mL of 5% FBS containing RPMI1640 growth
media supplemented with standard amino acids. The cells were activated with CpG or anti-
IgM+IL-4, as described above, and treated either with rapamycin or HCQ at a concentration
of 10 µM along with the CAP peptide at a final concentration of 5 µg/mL. After 48 h of
incubation in the CO2 incubator, the cells were washed and first stained with the surface
markers for CD19, CD3, CLIP, and MHC-II antibodies and incubated on ice for 20 min,
followed by two washes with FBS/PBS, and then stained with streptavidin to stain for the
surface expression of CAP. Once the cells were analyzed, the data indicating the MFIs of
CLIP and CAP were normalized, and the ratio of CAP to CLIP was calculated for each
sample and plotted. A ratio above one indicates a greater amount of CAP than CLIP bound
to MHC-II, suggesting that CAP displaced CLIP in the antigen-binding groove.

3.9. Statistical Analysis

The acquired data from the FlowJo® software (Version 10.10) were saved in Microsoft
Excel (Redmond, WA, USA) and further analyzed using GraphPad Prism (Version 10; La
Jolla, CA, USA). Comparisons between the two groups (ex. CpG vs. CpG+Rapamycin)
were performed using Student’s t-test. Comparisons of 3 or more groups were performed
using one-way analysis of variance (ANOVA), and multiple comparisons were performed
using the post hoc Holm–Sidak test. The statistical significance level was set at α = 0.05 for
all tests, so p ≤ 0.05 was considered significant.

4. Conclusions
The current study demonstrates that modulating autophagy with RAPA or HCQ

selectively regulates the expansion of B1 and B2 B cell subsets, CLIP+ B cells, CLIP and
MHC-II on B cells, and antigenic peptide exchange with CLIP in the groove of MHC-II.
As autophagy is induced by RAPA and inhibited by HCQ, these findings demonstrate
that autophagy can be mediated to regulate distinct B cell subsets following TLR and BCR
activation. This study also shows that autophagy modulates the displacement of CLIP
and the subsequent loading of antigenic peptides into the MHC-II groove. As the in vivo
physiological environment is more complex than in vitro, these conclusions should be
confirmed in animal models to more fully understand the complex autophagic mechanisms
involved. Nevertheless, these in vitro observations are supported by previous studies
using the same B cell activation paradigms [28,46]. A second consideration is that the
experiments rely on autophagy-modulating compounds HCQ and RAPA, which are likely
to have additional effects on the signaling pathways being assessed. For example, HCQ
inhibits TLR9 signaling, in part through its effects on the pH of the endosome in which
DNA interacts with TLR9, independent of the effects on autophagy [47]. However, HCQ
in the current study increased the expression of CLIP, despite the buffering effects of
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chloroquine in the lysosome. Future studies are needed to more comprehensively evaluate
these putative autophagic mechanisms.

Although the current results did not include genetic models to manipulate autophagy
genes, the data are consistent with a previous study showing that autophagy is required
for B1 cell survival [15]. The data are also consistent with a previous study in which
mice with a conditional Atg5 deletion had impaired antibody production in vivo and a
reduced response to CpG in vitro [13]. Similarly, Acharya and colleagues [48] showed
that loss of autophagy in B cells following Atg5 deletion had differential effects on the
proliferation of marginal zone (MZ) B cells, depending on the method of B cell activation.
The response to IgM was reduced, but the response to CpG DNA increased when autophagy
was blocked [48]. Thus, the regulation of B1 and B2 B cell subsets may be an important
mechanism for restricting or promoting MHC-II antigen presentation by B cells, regulating
the overall B cell inflammatory environment. These findings have important implications
for a more selective approach to depleting specific B cell subsets.
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FBS Fetal bovine serum
HCQ Hydroxychloroquine
MHC-II Major histocompatibility complex II
MFI Mean fluorescent intensity
mTOR Mammalian target of rapamycin
PBS Phosphate-buffered saline
TLR Toll-like receptor

References
1. Lee, D.S.W.; Rojas, O.L.; Gommerman, J.L. B cell depletion therapies in autoimmune disease: Advances and mechanistic insights.

Nat. Rev. Drug Discov. 2021, 20, 179–199. [CrossRef] [PubMed]
2. Mizushima, N.; Levine, B. Autophagy in mammalian development and differentiation. Nat. Cell Biol. 2010, 12, 823–830. [CrossRef]

[PubMed]

https://doi.org/10.1038/s41573-020-00092-2
https://www.ncbi.nlm.nih.gov/pubmed/33324003
https://doi.org/10.1038/ncb0910-823
https://www.ncbi.nlm.nih.gov/pubmed/20811354


Int. J. Mol. Sci. 2025, 26, 6054 11 of 12

3. Miller, B.C.; Zhao, Z.; Stephenson, L.M.; Cadwell, K.; Pua, H.H.; Lee, H.K.; Mizushima, N.N.; Iwasaki, A.; He, Y.W.; Swat, W.;
et al. The autophagy gene ATG5 plays an essential role in B lymphocyte development. Autophagy 2008, 4, 309–314. [CrossRef]
[PubMed]

4. Martinez-Martin, N.; Maldonado, P.; Gasparrini, F.; Frederico, B.; Aggarwal, S.; Gaya, M.; Tsui, C.; Burbage, M.; Keppler, S.J.;
Montaner, B.; et al. A switch from canonical to noncanonical autophagy shapes B cell responses. Science 2017, 355, 641–647.
[CrossRef]

5. Clarke, A.J.; Riffelmacher, T.; Braas, D.; Cornall, R.J.; Simon, A.K. B1a B cells require autophagy for metabolic homeostasis and
self-renewal. J. Exp. Med. 2018, 215, 399–413. [CrossRef] [PubMed]

6. Zhang, S.; Pruitt, M.; Tran, D.; Du Bois, W.; Zhang, K.; Patel, R.; Hoover, S.; Simpson, R.M.; Simmons, J.; Gary, J.; et al. B
cell-specific deficiencies in mTOR limit humoral immune responses. J. Immunol. 2013, 191, 1692–1703. [CrossRef] [PubMed]

7. Zhang, S.; Readinger, J.A.; Du Bois, W.; Janka-Junttila, M.; Robinson, R.; Pruitt, M.; Bliskovsky, V.; Wu, J.Z.; Sakakibara, K.; Patel,
J.; et al. Constitutive reductions in mTOR alter cell size, immune cell development, and antibody production. Blood 2011, 117,
1228–1238. [CrossRef] [PubMed]

8. Arnold, J.; Murera, D.; Arbogast, F.; Fauny, J.D.; Muller, S.; Gros, F. Autophagy is dispensable for B-cell development but essential
for humoral autoimmune responses. Cell Death Differ. 2016, 23, 853–864. [CrossRef]

9. Shachar, I.; Flavell, R.A. Requirement for invariant chain in B cell maturation and function. Science 1996, 274, 106–108. [CrossRef]
10. Matza, D.; Kerem, A.; Shachar, I. Invariant chain, a chain of command. Trends Immunol. 2003, 24, 264–268. [CrossRef]
11. Matza, D.; Lantner, F.; Bogoch, Y.; Flaishon, L.; Hershkoviz, R.; Shachar, I. Invariant chain induces B cell maturation in a process

that is independent of its chaperonic activity. Proc. Natl. Acad. Sci. USA 2002, 99, 3018–3023. [CrossRef] [PubMed]
12. Dengjel, J.; Schoor, O.; Fischer, R.; Reich, M.; Kraus, M.; Müller, M.; Kreymborg, K.; Altenberend, F.; Brandenburg, J.; Kalbacher,

H.; et al. Autophagy promotes MHC class II presentation of peptides from intracellular source proteins. Proc. Natl. Acad. Sci.
USA 2005, 102, 7922–7927. [CrossRef] [PubMed]

13. Conway, K.L.; Kuballa, P.; Khor, B.; Zhang, M.; Shi, H.N.; Virgin, H.W.; Xavier, R.J. ATG5 regulates plasma cell differentiation.
Autophagy 2013, 9, 528–537. [CrossRef] [PubMed]

14. Watanabe, K.; Ichinose, S.; Hayashizaki, K.; Tsubata, T. Induction of autophagy by B cell antigen receptor stimulation and its
inhibition by costimulation. Biochem. Biophys. Res. Commun. 2008, 374, 274–281. [CrossRef] [PubMed]

15. Raza, I.G.A.; Clarke, A.J. B Cell Metabolism and Autophagy in Autoimmunity. Front. Immunol. 2021, 12, 681105. [CrossRef]
[PubMed]

16. Browne, E.P. Regulation of B-cell responses by Toll-like receptors. Immunology 2012, 136, 370–379. [CrossRef] [PubMed]
17. Watanabe, K.; Tsubata, T. Autophagy connects antigen receptor signaling to costimulatory signaling in B lymphocytes. Autophagy

2009, 5, 108–110. [CrossRef]
18. Hua, Z.; Hou, B. TLR signaling in B-cell development and activation. Cell Mol. Immunol. 2013, 10, 103–106. [CrossRef]
19. Latz, E.; Schoenemeyer, A.; Visintin, A.; Fitzgerald, K.A.; Monks, B.G.; Knetter, C.F.; Lien, E.; Nilsen, N.J.; Espevik, T.; Golenbock,

D.T. TLR9 signals after translocating from the ER to CpG DNA in the lysosome. Nat. Immunol. 2004, 5, 190–198. [CrossRef]
20. Lim, J.S.; Kim, H.S.; Nguyen, K.C.T.; Cho, K.A. The role of TLR9 in stress-dependent autophagy formation. Biochem. Biophys. Res.

Commun. 2016, 481, 219–226. [CrossRef]
21. Bertin, S.; Samson, M.; Pons, C.; Guigonis, J.-M.; Gavelli, A.; Baqueé, P.; Brossette, N.; Pagnotta, S.; Ricci, J.-E.; Pierrefite-Carle, V.

Comparative Proteomics Study Reveals that Bacterial CpG Motifs Induce Tumor Cell Autophagy in Vitro and in Vivo. Mol. Cell.
Proteom. 2008, 7, 2311–2322. [CrossRef] [PubMed]

22. Liu, Y.; Wei, F.Z.; Zhan, Y.W.; Wang, R.; Mo, B.Y.; Lin, S.D. TLR9 regulates the autophagy-lysosome pathway to promote dendritic
cell maturation and activation by activating the TRAF6-cGAS-STING pathway. Kaohsiung J. Med. Sci. 2023, 39, 1200–1212.
[CrossRef]

23. Delgado, M.A.; Elmaoued, R.A.; Davis, A.S.; Kyei, G.; Deretic, V. Toll-like receptors control autophagy. EMBO J. 2008, 27,
1110–1121. [CrossRef] [PubMed]

24. Henault, J.; Martinez, J.; Riggs, J.M.; Tian, J.; Mehta, P.; Clarke, L.; Sasai, M.; Latz, E.; Brinkmann, M.M.; Iwasaki, A.; et al.
Noncanonical Autophagy is Required for Type I Interferon Secretion in Response to DNA-Immune Complexes. Immunity 2012,
37, 986–997. [CrossRef] [PubMed]

25. Minton, K. LC3 anchors TLR9 signalling. Nat. Rev. Immunol. 2018, 18, 418–419. [CrossRef] [PubMed]
26. O’Neill, L.A. Therapeutic targeting of Toll-like receptors for inflammatory and infectious diseases. Curr. Opin. Pharmacol. 2003, 3,

396–403. [CrossRef]
27. Leadbetter, E.A.; Rifkin, I.R.; Hohlbaum, A.M.; Beaudette, B.C.; Shlomchik, M.J.; Marshak-Rothstein, A. Chromatin-IgG complexes

activate B cells by dual engagement of IgM and Toll-like receptors. Nature 2002, 416, 603–607. [CrossRef]
28. Newell, M.K.; Tobin, R.P.; Cabrera, J.H.; Sorensen, M.B.; Huckstep, A.; Villalobos-Menuey, E.M.; Burnett, M.; McCrea, E.; Harvey,

C.P.; Buddiga, A.; et al. TLR-mediated B cell activation results in ectopic CLIP expression that promotes B cell-dependent
inflammation. J. Leukoc. Biol. 2010, 88, 779–789. [CrossRef]

https://doi.org/10.4161/auto.5474
https://www.ncbi.nlm.nih.gov/pubmed/18188005
https://doi.org/10.1126/science.aal3908
https://doi.org/10.1084/jem.20170771
https://www.ncbi.nlm.nih.gov/pubmed/29326381
https://doi.org/10.4049/jimmunol.1201767
https://www.ncbi.nlm.nih.gov/pubmed/23858034
https://doi.org/10.1182/blood-2010-05-287821
https://www.ncbi.nlm.nih.gov/pubmed/21079150
https://doi.org/10.1038/cdd.2015.149
https://doi.org/10.1126/science.274.5284.106
https://doi.org/10.1016/S1471-4906(03)00073-5
https://doi.org/10.1073/pnas.052703299
https://www.ncbi.nlm.nih.gov/pubmed/11867743
https://doi.org/10.1073/pnas.0501190102
https://www.ncbi.nlm.nih.gov/pubmed/15894616
https://doi.org/10.4161/auto.23484
https://www.ncbi.nlm.nih.gov/pubmed/23327930
https://doi.org/10.1016/j.bbrc.2008.07.013
https://www.ncbi.nlm.nih.gov/pubmed/18625201
https://doi.org/10.3389/fimmu.2021.681105
https://www.ncbi.nlm.nih.gov/pubmed/34163480
https://doi.org/10.1111/j.1365-2567.2012.03587.x
https://www.ncbi.nlm.nih.gov/pubmed/22444240
https://doi.org/10.4161/auto.5.1.7278
https://doi.org/10.1038/cmi.2012.61
https://doi.org/10.1038/ni1028
https://doi.org/10.1016/j.bbrc.2016.10.105
https://doi.org/10.1074/mcp.M800100-MCP200
https://www.ncbi.nlm.nih.gov/pubmed/18632594
https://doi.org/10.1002/kjm2.12769
https://doi.org/10.1038/emboj.2008.31
https://www.ncbi.nlm.nih.gov/pubmed/18337753
https://doi.org/10.1016/j.immuni.2012.09.014
https://www.ncbi.nlm.nih.gov/pubmed/23219390
https://doi.org/10.1038/s41577-018-0019-1
https://www.ncbi.nlm.nih.gov/pubmed/29802385
https://doi.org/10.1016/S1471-4892(03)00080-8
https://doi.org/10.1038/416603a
https://doi.org/10.1189/jlb.0410237


Int. J. Mol. Sci. 2025, 26, 6054 12 of 12

29. Sandoval, H.; Kodali, S.; Wang, J. Regulation of B cell fate, survival, and function by mitochondria and autophagy. Mitochondrion
2018, 41, 58–65. [CrossRef]

30. Yam-Puc, J.C.; Zhang, L.; Zhang, Y.; Toellner, K.M. Role of B-cell receptors for B-cell development and antigen-induced
differentiation. F1000Research 2018, 7, 429. [CrossRef]

31. Bergmann, H.; Yabas, M.; Short, A.; Miosge, L.; Barthel, N.; Teh, C.E.; Roots, C.M.; Bull, K.R.; Jeelall, Y.; Horikawa, K.; et al.
B cell survival, surface BCR and BAFFR expression, CD74 metabolism, and CD8-dendritic cells require the intramembrane
endopeptidase SPPL2A. J. Exp. Med. 2013, 210, 31–40. [CrossRef] [PubMed]

32. Chesnut, R.W.; Grey, H.M. Studies on the capacity of B cells to serve as antigen-presenting cells. J. Immunol. 1981, 126, 1075–1079.
[CrossRef] [PubMed]

33. Phee, H.; Rodgers, W.; Coggeshall, K.M. Visualization of negative signaling in B cells by quantitative confocal microscopy. Mol.
Cell Biol. 2001, 21, 8615–8625. [CrossRef] [PubMed]

34. Laplante, M.; Sabatini, D.M. mTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274–293. [CrossRef] [PubMed]
35. Kawada, J.; Ito, Y.; Iwata, S.; Suzuki, M.; Kawano, Y.; Kanazawa, T.; Siddiquey, M.N.; Kimura, H. mTOR inhibitors induce

cell-cycle arrest and inhibit tumor growth in Epstein-Barr virus-associated T and natural killer cell lymphoma cells. Clin. Cancer
Res. 2014, 20, 5412–5422. [CrossRef]

36. Fingar, D.C.; Richardson, C.J.; Tee, A.R.; Cheatham, L.; Tsou, C.; Blenis, J. mTOR controls cell cycle progression through its cell
growth effectors S6K1 and 4E-BP1/eukaryotic translation initiation factor 4E. Mol. Cell Biol. 2004, 24, 200–216. [CrossRef]

37. Hayakawa, K.; Hardy, R.R.; Herzenberg, L.A.; Herzenberg, L.A. Progenitors for Ly-1 B cells are distinct from progenitors for
other B cells. J. Exp. Med. 1985, 161, 1554–1568. [CrossRef] [PubMed]

38. Baumgarth, N. The double life of a B-1 cell: Self-reactivity selects for protective effector functions. Nat. Rev. Immunol. 2011, 11,
34–46. [CrossRef]

39. Raybuck, A.L.; Cho, S.H.; Li, J.; Rogers, M.C.; Lee, K.; Williams, C.L.; Shlomchik, M.; Thomas, J.W.; Chen, J.; Williams, J.V.; et al. B
Cell-Intrinsic mTORC1 Promotes Germinal Center-Defining Transcription Factor Gene Expression, Somatic Hypermutation, and
Memory B Cell Generation in Humoral Immunity. J. Immunol. 2018, 200, 2627–2639. [CrossRef]

40. Ersching, J.; Efeyan, A.; Mesin, L.; Jacobsen, J.T.; Pasqual, G.; Grabiner, B.C.; Dominguez-Sola, D.; Sabatini, D.M.; Victora,
G.D. Germinal Center Selection and Affinity Maturation Require Dynamic Regulation of mTORC1 Kinase. Immunity 2017, 46,
1045–1058.e6. [CrossRef]

41. Schröder, B. The multifaceted roles of the invariant chain CD74–More than just a chaperone. Biochim. Biophys. Acta 2016, 1863,
1269–1281. [CrossRef] [PubMed]

42. Roche, P.A.; Cresswell, P. Proteolysis of the class II-associated invariant chain generates a peptide binding site in intracellular
HLA-DR molecules. Proc. Natl. Acad. Sci. USA 1991, 88, 3150–3154. [CrossRef] [PubMed]

43. Chaturvedi, P.; Hengeveld, R.; Zechel, M.A.; Lee-Chan, E.; Singh, B. The functional role of class II-associated invariant chain
peptide (CLIP) in its ability to variably modulate immune responses. Int. Immunol. 2000, 12, 757–765. [CrossRef] [PubMed]

44. Kropshofer, H.; Vogt, A.B.; Hämmerling, G.J. Structural features of the invariant chain fragment CLIP controlling rapid release
from HLA-DR molecules and inhibition of peptide binding. Proc. Natl. Acad. Sci. USA 1995, 92, 8313–8317. [CrossRef]

45. Zechel, M.A.; Chaturvedi, P.; Lee-Chan, E.C.; Rider, B.J.; Singh, B. Modulation of antigen presentation and class II expression by a
class II-associated invariant chain peptide. J. Immunol. 1996, 156, 4232–4239. [CrossRef]

46. Chatterjee, P.; Chiasson, V.L.; Seerangan, G.; De Guzman, E.; Milad, M.; Bounds, K.R.; Gasheva, O.; Tobin, R.P.; Hatahet, M.;
Kopriva, S.; et al. Depletion of MHC class II invariant chain peptide or γ-δ T-cells ameliorates experimental preeclampsia. Clin.
Sci. 2017, 131, 2047–2058. [CrossRef]

47. Nirk, E.L.; Reggiori, F.; Mauthe, M. Hydroxychloroquine in rheumatic autoimmune disorders and beyond. EMBO Mol. Med.
2020, 12, e12476. [CrossRef]

48. Acharya, M.; Sokolovska, A.; Tam, J.M.; Conway, K.L.; Stefani, C.; Raso, F.; Mukhopadhyay, S.; Feliu, M.; Paul, E.; Savill, J.;
et al. αv Integrins combine with LC3 and atg5 to regulate Toll-like receptor signalling in B cells. Nat. Commun. 2016, 7, 10917.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.mito.2017.11.005
https://doi.org/10.12688/f1000research.13567.1
https://doi.org/10.1084/jem.20121076
https://www.ncbi.nlm.nih.gov/pubmed/23267016
https://doi.org/10.4049/jimmunol.126.3.1075
https://www.ncbi.nlm.nih.gov/pubmed/6970212
https://doi.org/10.1128/MCB.21.24.8615-8625.2001
https://www.ncbi.nlm.nih.gov/pubmed/11713294
https://doi.org/10.1016/j.cell.2012.03.017
https://www.ncbi.nlm.nih.gov/pubmed/22500797
https://doi.org/10.1158/1078-0432.CCR-13-3172
https://doi.org/10.1128/MCB.24.1.200-216.2004
https://doi.org/10.1084/jem.161.6.1554
https://www.ncbi.nlm.nih.gov/pubmed/3874257
https://doi.org/10.1038/nri2901
https://doi.org/10.4049/jimmunol.1701321
https://doi.org/10.1016/j.immuni.2017.06.005
https://doi.org/10.1016/j.bbamcr.2016.03.026
https://www.ncbi.nlm.nih.gov/pubmed/27033518
https://doi.org/10.1073/pnas.88.8.3150
https://www.ncbi.nlm.nih.gov/pubmed/2014234
https://doi.org/10.1093/intimm/12.6.757
https://www.ncbi.nlm.nih.gov/pubmed/10837403
https://doi.org/10.1073/pnas.92.18.8313
https://doi.org/10.4049/jimmunol.156.11.4232
https://doi.org/10.1042/CS20171008
https://doi.org/10.15252/emmm.202012476
https://doi.org/10.1038/ncomms10917

	Introduction 
	Results and Discussion 
	TLR9 and BCR Activation Drive Opposing B Cell Subsets 
	TLR9 and BCR Activation Induce MHC-II and CLIP Expression on B Cells That Are Modified by RAPA and HCQ 
	RAPA and HCQ Regulate the Relationship Between CLIP and MHC-II on B Cells 
	RAPA and HCQ Regulate Loading of Antigenic Peptide on Activated B Cells 

	Materials and Methods 
	Reagents 
	Mice 
	Splenocyte Isolation 
	Peritoneal Cavity Lymphocyte Isolation 
	Splenocyte Activation and Treatment 
	Cell-Surface Staining and Flow Cytometry 
	Proliferation Assay 
	Competitive Binding Studies 
	Statistical Analysis 

	Conclusions 
	References

