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Abstract: The interaction between immune regulatory cells, such as regulatory B cells (Breg)
and pro-resolving macrophages (M2 macrophages), plays an important role in the restora-
tion of immune homeostasis during inflammation. PD-L1 is one of the effector molecules
that mediates the immune regulation function of M2 macrophages. The activation of
PD-L1/PD-1 signaling promotes the differentiation of Breg. Previous studies have shown
that Breg promoted M2 macrophage polarization and enhanced their function, but little
is known about the regulatory function of M2 macrophages on Breg differentiation. This
study aims to determine the effect of M2 macrophages on Breg induction and the potential
mechanism in vitro. Bone-marrow-derived macrophages were isolated from wild-type
(WT) mice and polarized into M2 using IL-4/IL-13. To investigate the role of PD-L1/PD-1
in M2 macrophage-induced Breg differentiation, spleen B cells were isolated from WT or
PD-1 knockout (KO) mice and co-cultured with either naive (M0) or M2 macrophages for
48 h with or without trans-well inserts. The expression of IL-10, IL-35, and TGF-f31 in B cells
was evaluated by flow cytometry and immunofluorescence staining. Recombinant PD-L1
was used to stimulate activated B cells, followed by the detection of IL-35 and TGF-f31. The
results show that there was no significant difference in IL-10 expression among all groups.
However, IL-35 and TGF-f31 expression in B cells was significantly increased in the M2+B,
but not in M0+B, compared to B cells alone. Notably, such increases were diminished when
M2 and B cells were separated by trans-well inserts. IL-35 expression was not significantly
changed when B cells from PD-1 KO mice were co-cultured with M2 compared to the
control. However, TGE-f31 expression was significantly increased when PD-1 KO B cells
were co-cultured with M2 compared to the control. IL-35 expression in activated B cells
was increased upon stimulation with PD-L1. However, TGF-f31 expression in activated
B cells was increased regardless of the PD-L1 availability. This study demonstrates that
pro-resolving macrophage-induced IL-35* but not TGF-B1* regulatory B cell activation
requires the PD-L1/PD-1 pathway.
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1. Introduction

The host immune response functions as a double-edged sword in autoimmune dis-
eases such as multiple sclerosis [1], rheumatoid arthritis [2], and systemic lupus erythe-
matosus [3], as well as in infectious diseases such as periodontitis [4]. While moderate
immune responses protect the host, excessive immune responses disrupt the immune
microenvironment, leading to tissue damage. Therefore, promoting the restoration of
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immune homeostasis is crucial for mitigating disease progression and minimizing tissue
damage. It has been widely reported that immunoregulatory cells, such as regulatory B
cells (Breg), regulatory T cells (Treg), and pro-resolving macrophages (M2 macrophages),
play an important role in regulating the immune response, promoting tissue repair, and
maintaining immune homeostasis [5-9]. Investigating the interactions among these im-
mune regulatory cells is crucial to elucidating the mechanisms through which they mediate
their regulatory functions.

Breg is characterized by the expression of anti-inflammatory cytokines that contribute
to its regulatory functions, such as IL-10, IL-35, and TGF-f31 [5,6,10]. The most studied
cytokine was IL-10, which attenuates harmful immune responses and promotes toler-
ance [11]. However, growing evidence shows that B-cell-derived IL-35 also contributes
to the maintenance of immune homeostasis [6,12]. IL-35, a member of the IL-12 family
composed of two subunits, Ebi3 and IL-12a, is a newly defined anti-inflammatory cytokine
that could induce the expansion of Breg and Treg [13,14] but suppress the function of
Th17 and osteoclast [15,16]. It has been reported that mice with B-cell-restricted deficiency
of IL-35 lose their ability to recover from experimental autoimmune encephalomyelitis
(EAE) [6], and Breg mediates the immunosuppression in pancreatic tumor by reducing
natural killer (NK) cells through IL-35 [17]. TGF-$31 is another immune regulatory cytokine
of Breg. It has been demonstrated that Breg promotes graft survival by promoting Treg
development via TGF-3 production [18], and B-cell-specific TGF-f31 deficiency leads to
earlier onset of EAE [10]. Published studies have also shown a positive correlation between
IL-35 and TGF-31 expression [19,20].

M2 macrophages, one of the major subtypes of macrophages in inflammation, play
an important role in resolving inflammation, promoting tissue repair, and maintaining
homeostasis [8,9]. Our previous studies demonstrated that Breg promoted M2 macrophage
polarization and that Breg alleviated periodontal inflammation in vivo via macrophage-
mediated mechanisms, while Breg enhanced the pro-resolving function of M2 macrophages
through cell—cell interaction in vitro [21,22]. These findings suggested that the interaction
between M2 macrophages and Breg is essential for restoring tissue homeostasis and pre-
venting chronic inflammatory conditions. However, little is known about the potential role
of M2 macrophages in Breg differentiation.

The PD-L1/PD-1 pathway is an important immunoregulatory target. PD-L1/PD-1
activation has been reported to upregulate the expression of IL-10, IL-35, and TGF-{31.
Treatment with PD-L1 increased IL-10 expression in B cells [23]. It has been demonstrated
that PD-L1" cells are positively correlated with IL-35" cells in non-small cell lung can-
cer [24], and the activation of the PD-L1/PD-1 pathway increased the expression of IL-35
in PBMC [25]. TGF-f31 expression in T cells was decreased after PD-1 blockade [26]. PD-1
was expressed in B cells, and PD-1" B cells suppress the immune response of T cells [27,28].
These findings suggest that PD-L1/PD-1 activation may also contribute to Breg differen-
tiation. A recent study showed that PD-L1*CD206" macrophages express high levels of
PD-L1 and inhibit immune response through PD-L1 [29]. Other studies have indicated
that PD-L1 increased the expansion of Breg [30,31]. These studies suggest a potential link
between M2 macrophages and the differentiation of Breg. This study aims to explore the
role of M2 macrophages in Breg differentiation and their potential molecular mechanisms.

2. Results
2.1. M2 Macrophages Promoted the Expression of IL-35 and TGF-p1 in B Cells

B cells were co-cultured with M0 or M2 for 48 h, and both immunofluorescence staining
and flow cytometry results show that IL-35 expression in B cells significantly increased after
co-culture with M2 macrophages, but not after co-culture with M0 macrophages, compared
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with the control group (Figure 1B-E). TGF-31, another cytokine with regulatory function,
was increased in B cells after co-culture with M2 macrophages but not after co-culture with
the MO macrophage group compared with the control group (Figure 1FEG). However, IL-10
expression in B cells was not increased by co-culture with M2 macrophages nor with M0
macrophages compared to the control group (Figure 1H,1I).
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Figure 1. M2 macrophages promoted the expression of IL-35 and TGF-f1 in B cells. B cells were
co-cultured with macrophages for 48 h, followed by flow cytometry and immunofluorescence staining
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detection. (A) A schematic of B cells co-cultured with macrophages. (B) IL-35 (Ebi3*IL-12a") expres-
sion in B cells detected by flow cytometry. (C) Statistical data of IL-35 expression in B cells (1 = 12).
(D) IL-35 expression in B cells detected by immunofluorescence staining (The white arrow points to
IL-35*Breg; The enlarged image on the right shows the portion of the red box). (E) Statistical data
of IL-35 expression in B cells (1 = 7). (F) TGF-B1 expression in B cells detected by flow cytometry.
(G) Statistical data of TGF-1 expression in B cells (n = 12). (H) IL-10 expression in B cells detected by
flow cytometry. (I) Statistical data of IL-10 expression in B cells. Statistical significance was analyzed
by one-way ANOVA followed by Tukey’s test and Dunnett’s t-test. NS: no significant difference.
**p <0.01; **** p <0.0001.

2.2. M2 Macrophages Promoted IL-35 and TGF-B1 Expression in B Cells Through Direct
Cell-Cell Contact

To further investigate the mechanism of IL-35 and TGF-31 expression in B cells induced
by M2 macrophages, a trans-well was used to physically separate M2 macrophages and B
cells during co-culture. The results show that the expression of IL-35 and TGF-31 in B cells
dramatically increased in the B cells directly co-cultured with the M2 macrophage group
compared with the control group and in the B cells co-cultured with M2 macrophages with
a trans-well insert group (Figure 2). However, both IL-35 and TGF-f31 expression in B cells
had no significant difference between the B cells co-cultured with M2 macrophages with a
trans-well insert group and the control group (Figure 2).
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Figure 2. M2 macrophage-induced IL-35 and TGF-p31 expression in B cells requires direct cell-cell

contact. B cells were co-cultured with M2 macrophages with or without a trans-well insert, followed
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by flow cytometry and immunofluorescence staining. (A) A schematic of B cells co-cultured with
macrophages with a trans-well insert. (B) A typical picture of IL-35 expression in B cells detected
by immunofluorescence staining (The white arrow points to IL-35*Breg; The enlarged image on the
right shows the portion of the red box). (C) Statistical data of IL-35 expression in B cells detected
by immunofluorescence staining (n = 7). (D) IL-35 (Ebi3*IL-12a") expression in B cells detected by
flow cytometry. (E) Statistical data of IL-35 expression in B cells detected by flow cytometry (1 = 6).
(F) TGF-p1 expression in B cells detected by flow cytometry. (G) Statistical data of TGF-31 expression
in B cells (n = 6). Statistical significance was analyzed using a one-way ANOVA followed by Tukey’s
test and Dunnett’s f-test. NS: no significant difference. ** p < 0.01; **** p < 0.0001.

2.3. M2-Induced Upregulation of IL-35 but Not TGF-p1 in B Cells Requires PD-1

PD-L1 and PD-1 play an important role in the expression of IL-35 and TGF-1. To
further study the mechanism of the effect of M2 macrophages on IL-35 expression in B
cells, first, we detected PD-L1 expression in macrophages and PD-1 expression in B cells
using flow cytometry. The results show that the expression of PD-L1 increased in M2
macrophages compared with MO macrophages (Figure 3A,B). Its receptor PD-1 expression
in B cells was significantly increased after co-culture with M2 macrophages but not when
co-cultured with M0 macrophages compared with the control group (Figure 3C,D).
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Figure 3. The expression of PD-L1 increased in M2 macrophages, and M2 macrophages promoted PD-
1 expression in B cells. BMDM was stimulated with IL-4/IL-13 for 48 h, and B cells were co-cultured
with macrophages for 48 h, followed by flow cytometry detection. (A) PD-L1 expression in BMDM
detected using flow cytometry. (B) Statistical data of PD-L1 expression in BMDM detected using flow
cytometry (1 = 4). (C) PD-1 expression in B cells detected using flow cytometry. (D) Statistical data of
PD-1 expression in B cells (1 = 6). PD-L1 expression was analyzed using Student’s f-test, and PD-1
expression was analyzed using the Mann-Whitney U test. NS: no significant difference; ** p < 0.01.

To investigate the function of the PD-L1/PD-1 axis on M2 macrophage-induced IL-
35 and TGF-B1 expression in B cells, B cells derived from WT mice or PD-1 KO mice
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were cultured alone or co-cultured with M2 macrophages for 48 h. The results show
that the expression of CD19*IL-35* B cells was significantly increased in the WT B cells
co-cultured with the M2 macrophage group compared with the WT B cell control group
(Figure 4A,B). However, the expression of CD19*IL-35* in B cells showed no significant
difference between the PD-1 KO B cells co-cultured with the M2 macrophage group and
the PD-1 KO B cell control group (Figure 4A,B). The expression of CD19*TGF-31* in
B cells was not only significantly increased in the WT B cells co-cultured with the M2
macrophage group compared with the WT B cell control group, but it was also increased
in the PD-1 KO B cells co-cultured with the M2 macrophage group compared with the
PD-1 KO B cell control group (Figure 4C,D). These results show that the M2 macrophage-
induced upregulation of CD19*IL-35* B cells was PD-1-dependent, but the upregulation of
CD19*TGEF-B1* B cells was independent of PD-1.
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Figure 4. M2 macrophage-induced upregulation of IL-35 but not TGF-f1 in B cells requires PD-1.
Wild-type or PD-1 KO mice-derived B cells were co-cultured with macrophages, followed by flow
cytometry detection. (A) IL-35 expression in B cells detected using flow cytometry. (B) Statistical data
of IL-35 expression in B cells detected using flow cytometry (n = 7). (C) TGF-B1 expression in B cell
detected using flow cytometry. (D) Statistical data of TGF-f31 expression in B cells detected using
flow cytometry (n = 7). Statistical significance was analyzed using one-way ANOVA followed by
Tukey’s test. NS: no significant difference. * p < 0.05, ** p < 0.01, and *** p < 0.0001.

2.4. PD-L1 Promotes the Upregulation of IL-35 but Not TGF-f1 in Activated B Cells

To further study the function of PD-L1/PD-1 in how M2 macrophages induce Breg,
recombinant PD-L1 was used to stimulate the naive B cells. The results show that the
expression of IL-35 and TGF-31 in B cells had no significant difference between the PD-L1
stimulation group and the control group (Figure 5).
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Figure 5. The expression of IL-35 and TGF-31 in naive B cells was not increased by PD-L1 stimulation.
Naive B cells were stimulated with PD-L1 for 48 h, followed by flow cytometry detection. (A) IL-35
expression in B cells detected by flow cytometry. (B) Statistical data of IL-35 expression in B cells
detected by flow cytometry (n = 6). (C) TGF-f1 expression in B cells detected by flow cytometry.
(D) Statistical data of TGF-f31 expression in B cells detected by flow cytometry (n = 6). Statistical
significance was analyzed using Student’s t-test. NS: no significant difference.

The interaction of CD40L/CD40 is important for B cell activation in vitro. The results
show that the expression of CD40 in B cells was increased in the B cells co-cultured with
the M2 macrophage group but not in the B cells co-cultured with the M0 macrophage
group compared to the control group (Figure 6A,B). Meanwhile, CD40L expression was
significantly increased in M2 macrophages compared with MO macrophages (Figure 6C-E).
Thus, recombinant CD40L was used to activate B cells in this study. First, we detected the
effect of CD40L on PD-1 expression in B cells. The results show that PD-1 expression in
B cells significantly increased in the CD40L stimulation group compared with the control
group (Figure 6F-H). Next, recombinant PD-L1 was used to stimulate CD40L-actived
B cells. The results show that the expression of IL-35 in activated B cells significantly
increased in the PD-L1-treated group compared to the activated B cell group (Figure 61,]).
IL-35 expression in B cells showed no significant difference between the activated B cell
group and the naive B cell group (Figure 61]). The expression of TGF-31 in B cells was
significantly increased in the activated B cell group compared with the naive B cell group
(Figure 6K,L). However, the expression of TGF-31 in the PD-L1-stimulated activated B cells
increased, but there was no significant difference in TGF-31 expression in B cells between
the activated B cell group and the activated B+PD-L1 group (Figure 6K,L). These results
show that PD-L1 upregulated IL-35" expression in activated B cells but not in naive B
cells, and the expression of TGF-f1 in activated B cells did not require PD-L1 stimulation
in vitro.
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Figure 6. The upregulation of IL-35 but not TGF-f1 expression in activated B cells requires PD-
L1/PD-1 activation. Naive B cells were co-cultured with M0 or M2 macrophages for 48 h followed by
flow cytometry detection of the expression of CD40 in B cells. (A) CD40 expression in B cells detected
by flow cytometry. (B) Statistical data of CD40 expression in B cells detected by flow cytometry
(n = 4). The macrophages were stimulated with IL-4/IL-13 for 48 h, followed by flow cytometry
and immunofluorescence staining detection of the expression of CD40L in macrophages. (C) Sta-
tistical data of CD40L expression in macrophages detected by flow cytometry (n = 6). (D) CD40L
expression in macrophages detected by flow cytometry. (E) A typical picture of CD40L expression in
macrophages detected by immunofluorescence staining. Naive B cells were stimulated with CD40L
for 48 h, followed by flow cytometry and RT-PCR detection of the expression of PD-1 in B cells.
(F) PD-1 expression in B cells detected by flow cytometry. (G) Statistical data of PD-1 expression in B
cells detected by flow cytometry (1 = 3). (H) PD-1 expression in B cells detected by RT-PCR. Naive B
cells or CD40L-activated B cells were stimulated with PD-L1 for 48 h, followed by flow cytometry
detection of the expression of IL-35 and TGF-f31 in B cells. (I) IL-35 expression in B cells detected by
flow cytometry. (J) Statistical data of IL-35 expression in B cells (1 = 5). (K) TGF-B1 expression in B
cells detected by flow cytometry. (L) Statistical data of TGF-f31 expression in B cells (1 = 5). Student’s
t-test was used to analyze the difference between two independent groups, and a one-way analysis of
variance followed by Tukey’s test was used to carry out multiple data comparisons. NS: no significant
difference. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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3. Discussion

Accumulating evidence indicates that tissue damage associated with various inflam-
mation and autoimmune diseases is partly driven by dysregulated host immune responses,
such as rheumatoid arthritis, systemic lupus erythematosus, and periodontitis [2—4]. Study-
ing the cross-talk of immune regulatory cells, such as pro-resolving macrophages (M2
macrophages) and Breg, is important to understand the mechanism of how to promote the
restoration of immune homeostasis, which is essential for terminating disease progression.
This study demonstrated for the first time that M2 macrophages promote the expression of
IL-35" Breg and TGF-f31* Breg through direct cell-cell contact in vitro.

Breg has many cell surface markers in addition to many cytokines, such as IL-10, IL-35,
and TGF-[31, which may be categorized into different subsets. For example, Koichi Yanaba’s
published study revealed that the major phenotype of IL-10* Breg after LPS stimulation is
CD19*CD1dMCD5" [32]; another study showed that PD-1h B cells play a significant role in
suppressing immune responses in the hepatocellular carcinoma environment, and the major
phenotype of Breg is CD5MCD?~/* CD27h/+CD38%™ [28]. Jamie G. Evans’s group found
that B220*CD21MCD23* Breg suppressed the induction of arthritis [33]. Although many cell
surface markers can be used as “indicators” of Breg, no specific phenotypic markers for the
Breg lineage have been identified, so Breg is still termed for its immunomodulatory function.
It has been reported that Breg promotes Treg expression either in an IL-10-dependent or
non-IL-10-dependent manner [34,35]. This study showed that M2 macrophages could not
upregulate IL-10 expression in B cells but upregulate IL-35 and TGF-[31 expression in B cells,
which have also been shown to promote Treg expression [14,36,37]. Therefore, in this study,
M2-stimulated B cells were co-cultured with T cells to confirm the regulatory function
of M2 macrophage-stimulated B cells. The results show that M2 macrophage-stimulated
B cells promoted the expression of CD4*TGF-$1* and CD4*CD25*FOXP3" Treg cells
(Supplementary Figure S2). Treg cells play an important role in controlling autoimmune
disease [38]. This result demonstrates that B cells acquire an immunoregulatory function
after M2 induction, suggesting that M2 macrophages can induce Breg production.

IL-35 is a newly defined anti-inflammatory cytokine that promotes the expansion
of Treg and Breg but suppresses the function of Th17 cells and inhibits osteoclast expres-
sion [13-16]. Our study shows that the expression of IL-35 was increased in CD19" B cells
after co-culture with M2 macrophages, which was consistent with other studies showing
that Breg is one of the sources of IL-35 [6,17]. TGF-f1 is another important regulatory
cytokine of Breg [39]. This study also shows that the expression of TGF-f31 in B cells was
increased by M2 macrophages. These results are consistent with other studies showing
that the expression of IL-35 and TGF-$31 is positively correlated with each other [19,20].
It has been reported that the B-cell-restricted deficiency of IL-35 diminish their ability to
recover from EAE and that B cells reduce the proliferation of NK cells in tumors through
IL-35 [6,17]; other published research shows that B-cell-specific TGF-f31 deficiency leads
to the earlier onset of EAE [10]. These studies demonstrate that IL-35 and TGF-31 are
powerful regulatory cytokines of Breg. However, the expression of IL-35 and TGF-$1 in
B cells induced by M2 macrophages was diminished by the trans-well insert (Figure 2).
These results suggest that the receptor-ligand interaction plays an important role in M2
macrophage-induced IL-35" Breg and TGF-31* Breg expression.

The interaction between PD-L1 and its receptor PD-1 was well-known to play an
important role in immune regulation [40,41]. The activation of PD-L1/PD-1 signaling
promotes the differentiation of Breg [23]. Our results show that the expression of PD-
L1 was increased in IL-4/IL-13-induced M2 macrophages, and there was an increase
in PD-1 expression in B cells after co-culture with M2 macrophages but not with M0
macrophages. It has been reported that PD-1M B cells were identified as a novel Breg
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population [28]. In addition, PD-L1/PD-1 activation promotes the expression of IL-35 in
PBMC [25]. Taken together with the results of these published studies, our results suggest
that the M2 macrophage upregulation of IL-35 in B cells might be related to the PD-L1/PD-1
axis. To investigate whether direct cell-cell contact, which was required for IL-35 expression
in B cells that was induced by M2 macrophages, was related to the interaction of PD-L1 and
PD-1, we co-cultured B cells derived from wild-type C57 BL/6] mice or PD-1 KO mice with
M2 macrophages. The results show that M2 macrophages lose the ability to upregulate
the expression of IL-35 in PD-1KO B cells. This result suggests that PD-1 was required
in M2-induced IL-35* Breg. PD-L1, a ligand for PD-1, has been reported to upregulate
the expression of IL-35 in PBMC [25]. Our results show that PD-L1 expression in M2
macrophages was increased. To further investigate the function of PD-L1/PD-1 interaction
in M2-induced IL-35* expression in B cells, recombinant PD-L1 was used as a stimulator in
this study. Contrary to our expectations, IL-35 expression in B cells was not upregulated
by PD-L1 stimulation alone. The reason for this may be that PD-1 was expressed at a
higher level in active B cells [27] but at lower levels in naive B cells, which explains why
PD-L1 failed to stimulate IL-35 expression in naive B cells. This was confirmed by our
results, where a low level of PD-1 expression in B cells was seen before co-culture with M2
macrophages. These results suggest that factors other than PD-L1 were required for B cell
activation by M2 macrophages in vitro. M2 macrophage-induced TGF-B1* expression in
Breg also required direct cell-cell contact. However, the expression of TGF-31 in B cells
induced by M2 macrophages was increased in both WT mice-derived B cells and PD-1KO
mice-derived B cells after co-culture with M2 macrophages. Although a decrease in TGF-f31
expression in T cells upon PD-1 blockade has been reported [26], unlike T cells, TGF-31
expression in M2 macrophage-induced Breg is independent of PD-1.

Co-stimulation is important for B cell activation and maturation in vitro. The results
of this study show that the expression of CD40 in B cells was increased by M2 macrophages,
which is an important co-stimulation factor for B cell activation [42,43]. This suggests that
CD40 might be involved in the activation of B cells during co-culture with M2 macrophages.
Our results also show an increase in CD40L expression in M2 macrophages compared to
MO macrophages, which is supported by other studies showing that CD40L was detected
in macrophages [44,45]. This study shows that IL-35 expression in B cells induced by M2
macrophages occurred due to direct cell—cell contact and was PD-1 dependent. Moreover,
an increase in PD-1 expression in B cells after co-culture with M2 macrophages is shown in
this study. PD-1 was expressed at a higher level on active B cells [27], and the interaction
between CD40 and its ligand CD40L plays an important role in promoting B cell activation
in vitro [5,6,42,46]. Thus, recombinant CD40L was used to activate naive B cells in vitro in
this study. Our results show that PD-1 was increased in CD40L-activated B cells, which is
supported by another study showing that PD-1 expression in B cells was upregulated by
stimulation with CD40L [47]. This could be one of the mechanisms for increased PD-1 ex-
pression in B cells after co-culture with M2 macrophages, also providing an explanation for
how IL-35" expression in Breg could be induced by M2 macrophages in a PD-1-dependent
pathway but did not increase in naive B cells after PD-L1 stimulation.

Since PD-1 expression was increased in activated B cells, we investigated whether
PD-L1 could increase IL-35 expression in activated B cells. The results show that IL-35
expression in activated B cells was significantly increased by stimulation with PD-L1. These
results suggest that M2 macrophages promoted the activation of B cells and M2 upreg-
ulated IL-35 expression in activated B cells via PD-L1/PD-1 activation. BAFF, another
co-stimulator for B cell differentiation, has been reported to induce IL-35* expression in
Breg through TACI/NF-«B axis, as well as their expression in macrophages [48-50]. This is
another candidate molecule related to M2’s regulation role in IL-35* expression in Breg,
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which needs further study. In addition, this study shows that the expression of TGF-f31 was
increased by CD40L stimulation without PD-L1, further confirming that M2 macrophage-
induced TGF-B1* expression in Breg does not require the involvement of PD-1. This result
is supported by another study, which showed that CD40L/CD40 promotes TGF-f31 in B
cells [51]. Although the expression of TGF-f1 in B cells was increased by interaction with
M2 macrophages, the mechanism still needs further study. The results in this study show
that M2 macrophages promoted B cell activation, and M2 macrophages upregulated IL-35
expression in activated-B cells via the PD-L1/PD-1 pathway; additionally, the upregulation
of the expression of TGF-p1 in M2-induced Breg does not require PD-L1/PD-1 activation.
While mainly focused on the characterization of IL-35* /TGF-p1* regulatory B cells, the
current study has some limitations that warrant further investigations. Firstly, it remains to
be determined whether there is an overlap in the expression of IL-10, IL-35, and TGF-f31
in induced Breg, where two or three of these cytokines are concurrently expressed by the
same cell. This clarification will be useful to define distinct Breg subsets associated with
these cytokine markers. Secondly, it is recognized that IL-35-producing plasma B cells,
also known as i35-Bregs or regulatory B cells, are a subset of B cells that play a critical
role in regulating immune responses [6]. It will be of great interest to determine plasma
B cell (CD138) differentiation during the M2 macrophage-B cell interaction, which was
not included in the current study. Thirdly, the ultimate test of the role of pro-resolving
macrophages on Breg induction and the potential mechanism must come from observa-
tions of cell—cell interactions in the context of the immune microenvironment. Therefore,
future in vivo studies monitoring and evaluating the dynamic changes in targeted cells are
required to obtain definitive answers to these questions.

In summary, this study demonstrates that M2 macrophages induce IL-35* Breg and
TGEF-p1* Breg expression through direct cell-cell contact and in differential molecular
pathways in vitro. It provides novel insights into the mechanism underlying the im-
munomodulatory role of macrophages. Taken together with our previous studies, this
study indicates that there is a feedback loop between M2 macrophages and Breg, which
contributes to a better understanding of the immune cell cross-talk in inflammation regula-
tion. However, the regulatory function of M2 macrophages on Breg in vivo and whether
M2 macrophages orchestrate inflammation resolution through Breg functions still warrant
further investigation.

4. Materials and Methods
4.1. Animal

Eight-to-ten-week-old wild-type C57BL/6] (weight 20-24 g) and PD-1 knockout (PD-1
KO, weight 20-24 g) mice were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). All mice were housed under specific pathogen-free conditions. All the procedures
were approved by the Institutional Animal Care and Use Committee (IACUC) of Nova
Southeastern University (Approval number: 2022.02. XH1).

4.2. BMDM Isolation and Culture

Bone-marrow-derived macrophage (BMDM) was obtained from the femur and tibia of
(57 BL/6] mice. Red blood cells were removed with 3 mL/mouse ACK lysing buffer (Gibco,
Gland Island, NY, USA) at room temperature for 3 min, and the bone marrow cells were then
cultured in complete Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco, Gland Island,
NY, USA) supplemented with 10% FBS (Gibco, Gland Island, NY, USA), 1% penicillin-
streptomycin (Gibco, Gland Island, NY, USA), and 5 x 107° M 2-Mercaptoethanol (Gibco,
Gland Island, NY, USA). The bone marrow cells were differentiated into M0 macrophages
by treatment with 40 ng/mL recombinant mouse M-CSF (Biolegend, San Diego, CA, USA)
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for 4 days. Then, BMDM was seeded into 24-well plates with a density of 2 x 10° cells/well.
To generate M2 macrophages, M0 macrophages were stimulated with 20 ng/mL IL-4
(PeproTech, Cranbury, NJ, USA) and 20 ng/mL IL-13 (PeproTech, Cranbury, NJ, USA) for
48 h. All BMDM cells were cultured in a humidified incubator with 5% CO, at 37 °C.

4.3. B Cell Isolation

Primary spleen B cells were separated from C57 BL/6] mice or PD-1 KO mice with a
Pan B cell isolation kit (Miltenyi Biotec, Charlestown, MA, USA) under the manufacturer’s
instructions. Briefly, spleen cells were incubated with a biotin cocktail for 10 min at 4 °C to
label non-B cells and then incubated with anti-biotin microbeads for 15 min at 4 °C. B cells
were collected by passing through LD columns (Miltenyi Biotec, Charlestown, MA, USA)
in a magnetic field (Miltenyi Biotec, Charlestown, MA, USA). Yield with >95% purity was
used for the subsequent experiment.

4.4. Co-Culture

For co-culture experiment, using 4 x 10° cells/well, B cells were cultured alone or
co-cultured with 2 x 10° cells/well of M2 macrophages with or without a trans-well
insert for 48 h in a 24-well plate, and 50 ng/mL PMA (Sigma-Aldrich, Saint Louis, MO,
USA), 500 ng/mL ionomycin (MCE, Monmouth Juanction, NJ, USA), and 1 tM monensin
(Biolegend, San Diego, CA, USA) were added at the final 5 h. The following groups were
set up: WT mice-derived B cells cultured alone (B con or WT B), WT mice-derived B cells
co-cultured with MO macrophages (MO + B), WT mice-derived B cells co-cultured with
M2 macrophages (M2 + B or M2 + WT B), WT mice-derived B cells co-cultured with M2
macrophages with a trans-well insert (M2 + B + trans-well), PD-1 KO mice-derived B
cells cultured alone (PD-1KO B), and PD-1 KO mice-derived B cells co-cultured with M2
macrophages (M2 + PD-1 KO B).

4.5. PD-L1 Stimulation

CDA40 is a co-stimulatory molecule on B cells. The interaction between CD40L and
CD40 promotes B cell activation and maturation in vitro [35,36]. Naive B cells were acti-
vated with 1 pg/mL CD40L in this study. Then, the naive B cells and CD40L-activated
B cells were cultured in complete IMDM at a concentration of 2 x 10 cells/mL with
the following conditions for 48 h in a 24-well plate: B cells cultured alone (naive B), B
cells stimulated with 2 pg/mL recombinant PD-L1-Fc (naive B + PD-L1) (Biolegend, San
Diego, CA, USA.), B cells stimulated with 1 pg/mL recombinant CD40L (PeproTech, Cran-
bury, NJ, USA) (activated B), and B cells stimulated with 2 ng/mL recombinant PD-L1-Fc
and 1 ug/mL recombinant CD40L (activated B + PD-L1). Additionally, 50 ng/mL PMA,
500 ng/mL ionomycin, and 1 uM Monensin were added in each culture condition at the
final 5 h of the culture.

4.6. Flow Cytometry

Cells were collected and washed with PBS (pH = 7.4). APC-labeled F4/80 (1:100,
cat: 123116.) or CD19 (1:100, cat: 115512.), PE-labeled rat anti-mouse CD40L (1:100, cat:
157003.), Brilliant Violet 421-labeled rat anti-mouse PD-1 (1:100, cat: 109121.), or PD-L1
(1:100, cat: 124315) (all from Biolegend, San Diego, CA, USA) were used to label the
membrane expression marker. For cytoplasm protein stain, B cells were fixed with 4% PFA
at 4 °C for 15 min after the membrane antigens were labeled. The primary antibodies used
for the cytoplasm protein were as follows: rat anti-mouse Ebi3 (1:150, cat: 210-501-B66,
Rockland, ThermoFisher Scientific, Waltham, MA, USA), rabbit anti-mouse IL-12a (1:100,
cat: BS-0767R, Bioss, ThermoFisher Scientific, Waltham, MA, USA), FITC conjunction
rat anti-mouse TGF-f1 (1:100, cat: 141414, Biolegend, San Diego, CA, USA), and IL-10
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(1:100, cat: 505006, Biolegend, San Diego, CA, USA). For non-fluorescence conjunction
primary antibody, the Alex flour 488 conjunction goat anti-rabbit IgG antibody (1:2000,
cat: ab150077, abcam, Cambridge, UK) and Alex flour 594 conjunction goat anti-rat IgG
secondary antibody (1:2000, cat: ab150160, abcam, Cambridge, UK) were used to detect
the primary antibody. A total of 10,000 cells were counted in each sample with BD LSR
Frotessa X-20 (BD Biosciences, San Jose, CA, USA), and the data was analyzed using the
Flowjo 10.9.0 software (Flow Jo, Ashland, OR, USA).

4.7. Immunofluorescence Staining

At the end of co-culture, B cells were collected and pelleted with a centrifuge. The
B cells were fixed with 4% paraformaldehyde at 4 °C for 15 min, followed by washing
with PBS for 5 min. Fixed B cells were diluted with 50 uL PBS after washing, and 10 uL
of each sample was seeded on the slide and dried at 37 °C for 10 min. Additionally,
0.1% Triton-X100 was used for permeabilization at room temperature for 15 min. Cells
were stained with rat anti-mouse EBi3 (1:150, cat: 210-501-B66, Rockland, ThermoFisher
Scientific, Waltham, MA, USA) and rabbit anti-mouse IL-12a (1:100, cat: BS-0767R, Bioss,
ThermoFisher Scientific, Waltham, MA, USA) overnight at 4 °C, and the Alexa flour 488-
labeled goat anti-rabbit IgG (1:500) and Alexa flour 594-labeled goat anti-rat IgG (1:500)
secondary antibodies were used to recognize the primary antibody. Pictures were taken
with a Zeiss LSM 880 confocal system (Zeiss, Jena, Germany) at 63 x with oil, and the
average of positive cells from 10 views for each slide was counted per sample.

4.8. RT-gPCR

Total RNA was isolated with the PureLink® RNA mini kit (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s instructions. cDNA was synthesized with a Verso
c¢DNA Synthesis Kit (ThermoFisher Scientific, Waltham, MA, USA). Subsequently, RT-qPCR
was performed using PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, Foster
City, CA, USA) for qPCR on the QuantStudio 3 system (Applied biosystem, ThermoFisher
Scientific, Waltham, MA, USA). Typical cycling parameters were used as follows: hold
stage at 50 °C for 2 min, followed by 95 °C for 10 min; PCR stage (40 cycles) at 95 °C for
15 s, 60 °C for 1 min, and 95 °C 15 s; and melt curve stage at 95 °C for 15 s, 60 °C for
1 min, and 95 °C for 15 s. Each sample had three duplicates per gene. The 2~ 44CT wag
used to calculate relative expression values. The primers used were as follows: PD-1: F: 5'-
GCTCAACAAGTATGTCAGAGGC-3'; R: 5-AGCTCCTCATAGGCCACACTA-3', GAPDH:
F: 5-TGTGTCCGTCGTGGATCTGA-3'; R: 5-TTGCTGTTGAAGTCGCAGGAG-3'.

4.9. Statistical Analysis

The data distribution was presented as mean + SEM and analyzed using SPSS 23.0
and GraphPad Prism 8.0.2. The Shapiro-Wilk test and Levene’s test were used to assess
the normal distribution and the homogeneity of variance of the data. Student’s t-test was
used to analyze the difference between two independent groups, and a one-way analysis of
variance followed by Tukey’s test or Dunnett’s t-test were used to carry out multiple data
comparisons. Non-normal distribution data were analyzed with the Mann-Whitney U test.
Statistical significance was set at a two-tailed p value < 0.05.

5. Conclusions

In summary, this study demonstrated for the first time that M2 macrophages promote
IL-35* but not TGF-B1* regulatory B cell differentiation through the activation of the PD-L1
and PD-1 pathways in vitro.



Int. J. Mol. Sci. 2025, 26, 5332 14 of 16

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms26115332/s1.

Author Contributions: G.C.: Formal analysis, Investigation, Visualization, and Writing—Original
Draft. TM., S.H. (Shengyuan Huang) and E.D.A.: Formal Analysis and Investigation. S.R., S.H.
(Sahar Hassantash) and J.A.: Data Curation. S.S.: Writing—Review and Editing. J.L.: Supervision.
T.K.: Supervision, Funding Acquisition, and Writing—Review and Editing. X.H.: Conceptualization,
Funding Acquisition, Project Administration, Resources, Supervision, and Writing—Review and
Editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Dental and Craniofacial Research
(NIDCR) (DE025255 to XH and DE029709 to TK), and by NSFC 82170957 to JL.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank Kimberley Kusser and Dominique Ouimet (Department
of Research and Economic Development, Nova Southeastern University, FL, USA) for their
technical assistance.

Conflicts of Interest: All the authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

EAE Experimental Autoimmune Encephalomyelitis
IMDM  Iscove’s Modified Dulbecco’s Medium
Breg Regulatory B Cell

References

1.  Rodriguez Murta, S.; Farez, M.F,; Quintana, FJ. The Immune Response in Multiple Sclerosis. Annu. Rev. Pathol. 2022, 17, 121-139.
[CrossRef] [PubMed]

2. Weyand, C.M.; Goronzy, ].J]. The immunology of rheumatoid arthritis. Nat. Immunol. 2021, 22, 10-18. [CrossRef]

3. Parodis, I; Long, X.; Karlsson, M.C.I;; Huang, X. B Cell Tolerance and Targeted Therapies in SLE. . Clin. Med. 2023, 12, 6268.
[CrossRef]

4.  Hajishengallis, G. New developments in neutrophil biology and periodontitis. Periodontol 2000 2020, 82, 78-92. [CrossRef]
[PubMed]

5. Lee, D, Jo, M.G.; Min, K.Y.; Choi, M.Y,; Kim, Y.M.; Kim, H.S.; Choi, W.S. IL-10+ regulatory B cells mitigate atopic dermatitis by
suppressing eosinophil activation. Sci. Rep. 2024, 14, 18164. [CrossRef]

6.  Shen, P; Roch, T.; Lampropoulou, V.; O’Connor, R.A_; Stervbo, U.; Hilgenberg, E.; Ries, S.; Dang, V.D.; Jaimes, Y.; Daridon, C.;
et al. IL-35-producing B cells are critical regulators of immunity during autoimmune and infectious diseases. Nature 2014, 507,
366-370. [CrossRef]

7. Seltrecht, N.; Hardtke-Wolenski, M.; Iordanidis, K.; Jonigk, D.; Galla, M.; Schambach, A.; Buitrago-Molina, L.E.; Wedemeyer,
H.; Noyan, E; Jaeckel, E. Graft-Specific Regulatory T Cells for Long-Lasting, Local Tolerance Induction. Cells 2024, 13, 1216.
[CrossRef] [PubMed]

8. Locati, M.; Curtale, G.; Mantovani, A. Diversity, Mechanisms, and Significance of Macrophage Plasticity. Annu. Rev. Pathol. 2020,
15,123-147. [CrossRef]

9.  Kivimaki, K.; Leppanen, T.; Hamalainen, M.; Vuolteenaho, K.; Moilanen, E. Pinosylvin Shifts Macrophage Polarization to Support
Resolution of Inflammation. Molecules 2021, 26, 2772. [CrossRef]

10. Bjarnadottir, K.; Benkhoucha, M.; Merkler, D.; Weber, M.S.; Payne, N.L.; Bernard, C.C.A.; Molnarfi, N.; Lalive, PH. B cell-derived
transforming growth factor-betal expression limits the induction phase of autoimmune neuroinflammation. Sci. Rep. 2016,
6, 34594. [CrossRef]

11. Lipinska-Opatka, A.; Leszczynska-Pilich, M.; Bedzichowska, A.; Tomaszewska, A.; Rustecka, A.; Kalicki, B. The Role of Regulatory

B Lymphocytes in Allergic Diseases. Biomedicines 2024, 12, 2721. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms26115332/s1
https://www.mdpi.com/article/10.3390/ijms26115332/s1
https://doi.org/10.1146/annurev-pathol-052920-040318
https://www.ncbi.nlm.nih.gov/pubmed/34606377
https://doi.org/10.1038/s41590-020-00816-x
https://doi.org/10.3390/jcm12196268
https://doi.org/10.1111/prd.12313
https://www.ncbi.nlm.nih.gov/pubmed/31850633
https://doi.org/10.1038/s41598-024-68660-9
https://doi.org/10.1038/nature12979
https://doi.org/10.3390/cells13141216
https://www.ncbi.nlm.nih.gov/pubmed/39056797
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.3390/molecules26092772
https://doi.org/10.1038/srep34594
https://doi.org/10.3390/biomedicines12122721
https://www.ncbi.nlm.nih.gov/pubmed/39767628

Int. J. Mol. Sci. 2025, 26, 5332 15 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wang, X.; Tang, J.; Zhang, X.; Zeng, H. The Protective Effect of Esculentoside A on MPL/Ipr Mice by Upregulating the Expression
of CD19+IL-35+Breg Cells and Interleukin-35. Int. Arch. Allergy Immunol. 2025, 186, 358-368. [CrossRef] [PubMed]

Dambuza, ILM.; He, C.; Choi, ] K; Yu, C.R.; Wang, R.; Mattapallil, M.].; Wingfield, P.T.; Caspi, R.R.; Egwuagu, C.E. IL-12p35
induces expansion of IL-10 and IL-35-expressing regulatory B cells and ameliorates autoimmune disease. Nat. Commun. 2017,
8, 719. [CrossRef]

Shao, Y.; Yang, W.Y,; Saaoud, F; Drummer, C.T; Sun, Y.; Xu, K,; Lu, Y.; Shan, H.; Shevach, E.M.; Jiang, X.; et al. IL-35 promotes
CD4+Foxp3+ Tregs and inhibits atherosclerosis via maintaining CCR5-amplified Treg-suppressive mechanisms. JCI Insight 2021,
6, €152511. [CrossRef]

Cafferata, E.A.; Terraza-Aguirre, C.; Barrera, R.; Faundez, N.; Gonzalez, N.; Rojas, C.; Melgar-Rodriguez, S.; Hernandez, M.;
Carvajal, P; Cortez, C.; et al. Interleukin-35 inhibits alveolar bone resorption by modulating the Th17/Treg imbalance during
periodontitis. J. Clin. Periodontol. 2020, 47, 676-688. [CrossRef]

Yago, T.; Nanke, Y.; Kawamoto, M.; Kobashigawa, T.; Yamanaka, H.; Kotake, S. IL-35 inhibits human osteoclastogenesis from
monocytes induced by receptor-activator of NF-kappaB ligand. Cent. Eur. |. Immunol. 2018, 43, 148-154. [CrossRef]

Li, S.; Mirlekar, B.; Johnson, B.M.; Brickey, W.J.; Wrobel, J.A.; Yang, N.; Song, D.; Entwistle, S.; Tan, X.; Deng, M.; et al.
STING-induced regulatory B cells compromise NK function in cancer immunity. Nature 2022, 610, 373-380. [CrossRef] [PubMed]
Lee, KM,; Stott, R.T,; Zhao, G.; SooHoo, J.; Xiong, W.; Lian, M.M.; Fitzgerald, L.; Shi, S.; Akrawi, E.; Lei, J.; et al. TGF-beta-
producing regulatory B cells induce regulatory T cells and promote transplantation tolerance. Eur. . Immunol. 2014, 44, 1728-1736.
[CrossRef]

Li, T.; Huang, Y,; Liu, P; Liu, Y.; Guo, J.; Zhang, W.; Gu, M,; Qian, C.; Deng, A. Lower Plasma Levels of IL-35 in Patients with
Primary Biliary Cirrhosis. Tohoku J. Exp. Med. 2018, 244, 123-131. [CrossRef]

Khamoushi, T.; Ahmadi, M.; Ali-Hassanzadeh, M.; Zare, M.; Hesampour, F.; Gharesi-Fard, B.; Amooee, S. Evaluation of
Transforming Growth Factor-betal and Interleukin-35 Serum Levels in Patients with Placenta Accreta. Lab. Med. 2021, 52, 245-249.
[CrossRef]

Cao, G.; Xu, Q.; Huang, S.; Dai, D.; Wang, ]J.; Li, W.; Zhao, Y.; Lin, J.; Han, X. B10 cells regulate macrophage polarization to
alleviate inflammation and bone loss in periodontitis. J. Periodontol. 2025, 96, 355-368. [CrossRef] [PubMed]

Memida, T.; Abdolahinia, E.D.; Cao, G.; Ruiz, S.; Huang, S.; Shindo, S.; Nakamura, S.; Lin, J.; Kawai, T.; Han, X. B10 Cells Promote
Pro-Resolving Macrophage Function Through Direct Cell-Cell Contact and IL-10 Secretion in Raw 264.7 Cells. Int. Immunol. 2025,
epub ahead of print. [CrossRef]

Li, X;; Du, H; Zhan, S.; Liu, W,; Wang, Z.; Lan, ].; PuYang, L.; Wan, Y.; Qu, Q.; Wang, S.; et al. The interaction between the soluble
programmed death ligand-1 (sPD-L1) and PD-1" regulator B cells mediates immunosuppression in triple-negative breast cancer.
Front. Immunol. 2022, 13, 830606. [CrossRef]

Heim, L.; Kachler, K.; Siegmund, R.; Trufa, D.I,; Mittler, S.; Geppert, C.I; Friedrich, J.; Rieker, R.].; Sirbu, H.; Finotto, S. Increased
expression of the immunosuppressive interleukin-35 in patients with non-small cell lung cancer. Br. J. Cancer 2019, 120, 903-912.
[CrossRef]

Jiang, L.; Tang, C.; Gong, Y.; Liu, Y,; Rao, J.; Chen, S.; Qu, W.; Wu, D.; Lei, L.; Chen, L. PD-1/PD-L1 regulates Treg differentiation
in pregnancy-induced hypertension. Braz. |. Med. Biol. Res. 2018, 51, €7334. [CrossRef]

Celada, L.J.; Kropski, ].A.; Herazo-Maya, ].D.; Luo, W.; Creecy, A.; Abad, A.T.; Chioma, O.S.; Lee, G.; Hassell, N.E.; Shaginurova,
G.L; et al. PD-1 up-regulation on CD4(+) T cells promotes pulmonary fibrosis through STAT3-mediated IL-17A and TGF-betal
production. Sci. Transl. Med. 2018, 10, eaar8356. [CrossRef] [PubMed]

Thibult, M.L.; Mamessier, E.; Gertner-Dardenne, J.; Pastor, S.; Just-Landi, S.; Xerri, L.; Chetaille, B.; Olive, D. PD-1 is a novel
regulator of human B-cell activation. Int. Immunol. 2013, 25, 129-137. [CrossRef]

Xiao, X.; Lao, X.M.; Chen, M.M,; Liu, R.X.; Wei, Y.; Ouyang, EZ.; Chen, D.P,; Zhao, X.Y.; Zhao, Q.; Li, X.F;; et al. PD-1hi Identifies a
Novel Regulatory B-cell Population in Human Hepatoma That Promotes Disease Progression. Cancer Discov. 2016, 6, 546-559.
[CrossRef] [PubMed]

Yin, Y.; Liu, B.; Cao, Y.; Yao, S.; Liu, Y,; Jin, G.; Qin, Y.; Chen, Y.; Cui, K.; Zhou, L.; et al. Colorectal Cancer-Derived Small
Extracellular Vesicles Promote Tumor Immune Evasion by Upregulating PD-L1 Expression in Tumor-Associated Macrophages.
Adv. Sci. 2022, 9, 2102620. [CrossRef]

Lin, S.L.; Chang, Y.W.; Lee, W.; Chiang, C.S.; Liu, S.P.; Lee, H.T.; Jeng, L.B.; Shyu, W.C. Role of STAT3-FOXO3 Signaling in the
Modulation of Neuroplasticity by PD-L1-HGF-Decorated Mesenchymal Stem Cell-Derived Exosomes in a Murine Stroke Model.
Adv. Sci. 2024, 11, €2404882. [CrossRef]

Chen, W,; Ning, X,; Liu, Y.; Shen, T,; Liu, M.; Yin, H.; Ding, Y.; Zhou, J.; Yin, R,; Cai, L.; et al. Myeloid-derived suppressor
cells from tumour-bearing mice induce the population expansion of CD19(hi)FcgammaRIIb(hi) regulatory B cells via PD-L1.
Immunology 2024, 172, 127-143. [CrossRef]

Yanaba, K.; Bouaziz, ].D.; Haas, K.M.; Poe, ].C.; Fujimoto, M.; Tedder, T.E. A regulatory B cell subset with a unique CD1dhiCD5+
phenotype controls T cell-dependent inflammatory responses. Immunity 2008, 28, 639-650. [CrossRef] [PubMed]


https://doi.org/10.1159/000541812
https://www.ncbi.nlm.nih.gov/pubmed/39500292
https://doi.org/10.1038/s41467-017-00838-4
https://doi.org/10.1172/jci.insight.152511
https://doi.org/10.1111/jcpe.13282
https://doi.org/10.5114/ceji.2018.77384
https://doi.org/10.1038/s41586-022-05254-3
https://www.ncbi.nlm.nih.gov/pubmed/36198789
https://doi.org/10.1002/eji.201344062
https://doi.org/10.1620/tjem.244.123
https://doi.org/10.1093/labmed/lmaa071
https://doi.org/10.1002/JPER.24-0114
https://www.ncbi.nlm.nih.gov/pubmed/39210600
https://doi.org/10.1093/intimm/dxaf012
https://doi.org/10.3389/fimmu.2022.830606
https://doi.org/10.1038/s41416-019-0444-3
https://doi.org/10.1590/1414-431x20187334
https://doi.org/10.1126/scitranslmed.aar8356
https://www.ncbi.nlm.nih.gov/pubmed/30257954
https://doi.org/10.1093/intimm/dxs098
https://doi.org/10.1158/2159-8290.CD-15-1408
https://www.ncbi.nlm.nih.gov/pubmed/26928313
https://doi.org/10.1002/advs.202102620
https://doi.org/10.1002/advs.202404882
https://doi.org/10.1111/imm.13763
https://doi.org/10.1016/j.immuni.2008.03.017
https://www.ncbi.nlm.nih.gov/pubmed/18482568

Int. J. Mol. Sci. 2025, 26, 5332 16 of 16

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Evans, J.G.; Chavez-Rueda, K.A.; Eddaoudi, A.; Meyer-Bahlburg, A.; Rawlings, D.]J.; Ehrenstein, M.R.; Mauri, C. Novel
suppressive function of transitional 2 B cells in experimental arthritis. J. Immunol. 2007, 178, 7868-7878. [CrossRef] [PubMed]
Mielle, J.; Audo, R.; Hahne, M.; Macia, L.; Combe, B.; Morel, J.; Daien, C. IL-10 Producing B Cells Ability to Induce Regulatory T
Cells Is Maintained in Rheumatoid Arthritis. Front. Immunol. 2018, 9, 961. [CrossRef] [PubMed]

Hsu, L.H.; Li, K.P; Chu, K.H.; Chiang, B.L. A B-1a cell subset induces Foxp3(-) T cells with regulatory activity through an
IL-10-independent pathway. Cell. Mol. Immunol. 2015, 12, 354-365. [CrossRef]

Fang, Y.; Zhang, Q.; Lv, C.; Guo, Y;; He, Y.; Guo, P; Wei, Z.; Xia, Y.; Dai, Y. Mitochondrial fusion induced by transforming growth
factor-1 serves as a switch that governs the metabolic reprogramming during differentiation of regulatory T cells. Redox Biol.
2023, 62, 102709. [CrossRef]

Pyzik, M.; Piccirillo, C.A. TGF-betal modulates Foxp3 expression and regulatory activity in distinct CD4+ T cell subsets. . Leukoc.
Biol. 2007, 82, 335-346. [CrossRef]

Bluestone, J.A.; McKenzie, B.S.; Beilke, J.; Ramsdell, F. Opportunities for Treg cell therapy for the treatment of human disease.
Front. Immunol. 2023, 14, 1166135. [CrossRef]

Rosser, E.C.; Mauri, C. Regulatory B cells: Origin, phenotype, and function. Immunity 2015, 42, 607-612. [CrossRef]

Deng, D.; Xu, F; Ma, L.; Zhang, T.; Wang, Y.; Huang, S.; Zhao, W.; Chen, X. Electroacupuncture Alleviates CFA-Induced
Inflammatory Pain via PD-L1/PD-1-SHP-1 Pathway. Mol. Neurobiol. 2023, 60, 2922-2936. [CrossRef]

Wang, W.; Carper, K.; Malone, F,; Latchman, Y.; Perkins, J.; Fu, Y.; Reyes, J.; Li, W. PD-L1/PD-1 signal deficiency promotes
allogeneic immune responses and accelerates heart allograft rejection. Transplantation 2008, 86, 836—844. [CrossRef]

Ding, B.B.; Bi, E.; Chen, H.; Yu, J.J.; Ye, B.H. IL-21 and CD40L synergistically promote plasma cell differentiation through
upregulation of Blimp-1 in human B cells. J. Immunol. 2013, 190, 1827-1836. [CrossRef]

Marsman, C.; Verstegen, N.J.; Streutker, M.; Jorritsma, T.; Boon, L.; Brinke, A.T.; van Ham, S.M. Termination of CD40L co-
stimulation promotes human B cell differentiation into antibody-secreting cells. Eur. J. Immunol. 2022, 52, 1662-1675. [CrossRef]
Hakkinen, T.; Karkola, K.; Yla-Herttuala, S. Macrophages, smooth muscle cells, endothelial cells, and T-cells express CD40 and
CD40L in fatty streaks and more advanced human atherosclerotic lesions. Colocalization with epitopes of oxidized low-density
lipoprotein, scavenger receptor, and CD16 (Fc gammaRIII). Virchows Arch. 2000, 437, 396—405. [PubMed]

Filion, L.G.; Matusevicius, D.; Graziani-Bowering, G.M.; Kumar, A.; Freedman, M.S. Monocyte-derived IL12, CD86 (B7-2) and
CDA40L expression in relapsing and progressive multiple sclerosis. Clin. Immunol. 2003, 106, 127-138. [CrossRef]

Gardell, J.L.; Parker, D.C. CD40L is transferred to antigen-presenting B cells during delivery of T-cell help. Eur. J. Immunol. 2017,
47,41-50. [CrossRef] [PubMed]

Wang, X.; Wang, G.; Wang, Z.; Liu, B.; Han, N.; Li, J.; Lu, C.; Liu, X.; Zhang, Q.; Yang, Q.; et al. PD-1-expressing B cells suppress
CD4(+) and CD8(+) T cells via PD-1/PD-L1-dependent pathway. Mol. Immunol. 2019, 109, 20-26. [CrossRef] [PubMed]

Zhang, Y,; Li, J.; Zhou, N.; Zhang, Y.; Wu, M.; Xu, J.; Shen, C.; An, X; Shen, G.; Yang, M.; et al. The Unknown Aspect of BAFF:
Inducing IL-35 Production by a CD5(+)CD1d(hi)FcgammaRIIb(hi) Regulatory B-Cell Subset in Lupus. J. Investig. Dermatol. 2017,
137, 2532-2543. [CrossRef]

Chen, J.; He, D.; Chen, Q.; Guo, X,; Yang, L.; Lin, X,; Li, Y.; Wu, W,; Yang, Y.; He, J.; et al. BAFF is involved in macrophage-induced
bortezomib resistance in myeloma. Cell Death Dis. 2017, 8, e3161. [CrossRef]

Nagai, K.; Fujii, W.; Yamagishi, J.; Sanjoba, C.; Goto, Y. Inflammatory CD11b(+) Macrophages Produce BAFF in Spleen of Mice
Infected with Leishmania donovani. Pathogens 2024, 13, 232. [CrossRef]

Parekh, V.V,; Prasad, D.V.; Banerjee, PP; Joshi, B.N.; Kumar, A.; Mishra, G.C. B cells activated by lipopolysaccharide, but not by
anti-Ig and anti-CD40 antibody, induce anergy in CD8+ T cells: Role of TGF-beta 1. J. Immunol. 2003, 170, 5897-5911. [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/10.4049/jimmunol.178.12.7868
https://www.ncbi.nlm.nih.gov/pubmed/17548625
https://doi.org/10.3389/fimmu.2018.00961
https://www.ncbi.nlm.nih.gov/pubmed/29774031
https://doi.org/10.1038/cmi.2014.56
https://doi.org/10.1016/j.redox.2023.102709
https://doi.org/10.1189/jlb.1006644
https://doi.org/10.3389/fimmu.2023.1166135
https://doi.org/10.1016/j.immuni.2015.04.005
https://doi.org/10.1007/s12035-023-03233-x
https://doi.org/10.1097/TP.0b013e3181861932
https://doi.org/10.4049/jimmunol.1201678
https://doi.org/10.1002/eji.202249972
https://www.ncbi.nlm.nih.gov/pubmed/11097365
https://doi.org/10.1016/S1521-6616(02)00028-1
https://doi.org/10.1002/eji.201646504
https://www.ncbi.nlm.nih.gov/pubmed/27753080
https://doi.org/10.1016/j.molimm.2019.02.009
https://www.ncbi.nlm.nih.gov/pubmed/30851633
https://doi.org/10.1016/j.jid.2017.07.843
https://doi.org/10.1038/cddis.2017.533
https://doi.org/10.3390/pathogens13030232
https://doi.org/10.4049/jimmunol.170.12.5897

	Introduction 
	Results 
	M2 Macrophages Promoted the Expression of IL-35 and TGF-1 in B Cells 
	M2 Macrophages Promoted IL-35 and TGF-1 Expression in B Cells Through Direct Cell–Cell Contact 
	M2-Induced Upregulation of IL-35 but Not TGF-1 in B Cells Requires PD-1 
	PD-L1 Promotes the Upregulation of IL-35 but Not TGF-1 in Activated B Cells 

	Discussion 
	Materials and Methods 
	Animal 
	BMDM Isolation and Culture 
	B Cell Isolation 
	Co-Culture 
	PD-L1 Stimulation 
	Flow Cytometry 
	Immunofluorescence Staining 
	RT-qPCR 
	Statistical Analysis 

	Conclusions 
	References

