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Abstract

Chemokines are important regulators of the immune system, inducing specific cellular responses by binding to receptors on
immune cells. In SLE patients, decreased expression of CCL2 on mesenchymal stem cells (MSC) prevents inhibition of B-
cell proliferation, causing the characteristic autoimmune phenotype. Nevertheless, the intrinsic role of CCL2 on B-cell
autoimmunity is unknown. In this study using Cc/2 KO mice, we found that CCL2 deficiency enhanced BCR signaling by
upregulating the phosphorylation of the MST1-mTORC1-STAT]1 axis, which led to reduced marginal zone (MZ) B cells and
increased germinal center (GC) B cells. The abnormal differentiation of MZ and GC B cells were rescued by in vivo
inhibition of mMTORC1. Additionally, the inhibition of MST1-mTORC1-STAT1 with specific inhibitors in vitro also rescued
the BCR signaling upon antigenic stimulation. The deficiency of CCL2 also enhanced the early activation of B cells
including B-cell spreading, clustering and signalosome recruitment by upregulating the DOCK8-WASP-actin axis. Our
study has revealed the intrinsic role and underlying molecular mechanism of CCL2 in BCR signaling, B-cell differentiation,

and humoral response.

Introduction

C-C motif chemokine ligand 2 (CCL2), also known as
monocyte chemotactic protein-1 (MCP-1), is a small cyto-
kine that recruits monocytes, memory T cells, and dendritic
cells to sites of injured and infected tissue [1, 2]. The CCL2
precursor has a signal peptide of 23 amino acids and a
mature peptide of 76 amino acids [3, 4]. CCL2 binds to the
cell surface receptors C-C motif chemokine receptor 2
(CCR2) and CCR4 [5]. CCL2 is critical in controlling
autoimmune diseases, such as SLE. Mesenchymal stem
cells (MSC) from healthy humans inhibit the normal B-cell
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proliferation, differentiation, and antibody secretion in vitro.
However, the expression of CCL2 is reduced in the MSC
of SLE patients, decreasing their suppressive function over
B-cell proliferation and differentiation [6]. Whether the
reduction of CCL2 expression in B cells contributes to SLE
intrinsically is unknown.

Spontaneous germinal centers (Spt-GCs) harbor auto-
reactive B cells that promote autoimmunity. B-cell-intrinsic
IFN-y receptor (IFN-yR) and STAT1 signaling mediate Spt-
GC and follicular T-helper cell (Tfh cell) development by
driving B-cell IFN-y production and T-bet expression.
Additionally, STAT-1 signaling regulates oncostatin M
(OSM)-stimulated CCL2 expression in human osteoblastic
cells and LPS stimulated CCL2 expression in macrophages
[7, 8]. However, it is unknown whether CCL2 regulates
STATI activation to control autoimmunity in B cells.

Recently, extensive research has been done on the role of
immune cell metabolism in autoimmunity. It is well recog-
nized that an overactive immune system correlates with
metabolically abnormal immune cells. In the lupus mouse
model, disease is decreased with activation of AMPK and
inhibition of mTOR, which restricts B-cell differentiation
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into GC B cells and plasma cells (PCs) [9]. In SLE patients,
CD19" B cells have increased mTOR activation in plas-
mablast cells (PBCs) [10]. These studies suggest that
mTOR plays a central role in controlling autoimmunity.
The correlation between CCL2 and mTOR is only beginning
to be understood. CCL2 activates the estrogen receptor
o by phosphorylating Serl67 via the PI3K/AKT/
mTORCI signaling pathway in cells [11]. However, little is
known whether CCL2 activates mTOR signaling in B cells
to check peripheral tolerance.

MST]1 has been demonstrated to control autoimmunity
negatively and positively. The expression of MST1 in Treg
cells is required for preventing autoimmunity [12]. Yet, the
absence of MST1 reduces the severity of experimental
autoimmune encephalomyelitis (EAE) and protects against
collagen-induced arthritis development. Also, deletion of
MST1 in CD4% T cells is sufficient to alleviate CNS
inflammation during EAE [13]. Furthermore, Mst'~ B
cells show decreased stimulation to B-cell mitogens
in vitro, deficient Ag-specific Ig production in vivo, BCR
signaling and BCR clustering [13, 14]. Thus, it is not
known whether MST1 promotes or inhibits autoimmunity.
Although a correlation between MST1 and CCL2 has not
been reported, interaction between mTOR and STAT1 was
recently identified in human cells [15]. MST1 was also
found to bind to AKT in glioma cells and negatively
regulate AKT and mTOR activity [16]. But we do not
know whether the CCL2-MST1-mTOR-STAT]1 axis exists
to regulate B-cell autoimmunity.

In this study using Ccl2 KO mice, we found that the
proximal BCR signaling was enhanced, including activation
of CD19, BTK, and SHIP-1, which caused a reduction in
marginal zone (MZ) B cells and an increase in Spt-GCs.
The increased BCR signaling correlated with increased
activation of the metabolic signaling axis-PI3K-mTOR-
AKT, actin reorganization pathway- MST1-DOCKS-
WASP-F-actin and transcriptional factors- STAT1, STATS,
and NF-xB. Reduction of mTORCI1 signaling by rapamycin
treatment restored BCR signaling and differentiation of MZ
and GC B cells in Ccl2 KO B cells. Additionally, BCR
signaling in Cci2 KO B cells were also restored with
treatment of MST1 inhibitor and STAT1 inhibitors. Overall,
we have shown the underlying molecular mechanism of
CCL2 in BCR signaling, B-cell differentiation, and humoral
response.

Materials and methods

Mice

Ccl2 KO mice on a C57BL/6J background were purchased
from Jackson laboratory. C57BL/6J (CD45.2" and CD45.1™)

mice were from Charles River (Beijing, China). All mice
were maintained in pathogen-free conditions. Mouse experi-
ments were performed in accordance with the guidelines of
the Institutional Animal Care and Ethics Committee of Ani-
mal Experimentation of Tongji Medical College, Huazhong
University of Science and Technology (Wuhan, China).

Cell isolation

Mouse bone marrow cells were isolated and purified by Red
Cell Lysis Buffer (RT122-02, TIANGEN). Mouse splenic
lymphocytes were isolated using a Ficoll (17-1440-02, GE
healthcare) density gradient centrifugation and the splenic B
cells were purified as described previously [17]. Briefly,
anti-CD90.2 mAb (105310, BioLegend) and guinea pig
complement (C300-0500, Rockland) were used to deplete
T cells, and then cells were incubated in cell culture flasks
for 1h to remove monocyte cells from suspension.

Flow cytometry and antibodies

For analysis of cell surface markers, bone marrow (BM)
cells were stained in PBS containing 2% fetal bovine serum
(1767839, Gibco) using the following antibodies: anti-
mouse CD16/CD32, with anti-CD43 (143208), anti-BP-1
(108307, Biolegend), anti-B220 (103234, Biolegend), anti-
CD24 (101822, Biolegend), and anti-IgM (406518, Biole-
gend). Splenic lymphocytes were stained with anti-CD19
(101506, Biolegend), anti-CD23 (101608, Biolegend), anti-
IgD (405710, Biolegend), anti-CD21 (123412, Biolegend),
anti-B220 (103247, Biolegend), anti-IgM, anti-CD19
(101506, Biolegend), anti-GL7 (144606, Biolegend), anti-
CD95 (152606, Biolegend), anti-B220 (103206, Biole-
gend), anti-Annexin V (640906, Biolegend), anti-CD5
(100622, Biolegend), anti-CD11b (101226, Biolegend),
anti-CD138 (142521, Biolegend), anti-NP (N-5070-1, Bio-
search), anti-CD45.1 (110716, Biolegend), and anti-CD45.2
(109838, Biolegend). Annexin V staining was performed
using Annexin V Binding Buffer (422201, Biolegend). For
Breg analysis, splenic lymphocytes were stimulated with
LPS (10 pg/ml, L2880, Sigma), PMA (50 ng/ml; P1585-
IMG, Sigma-Aldrich), ionomycin (1 uM; 9995 S, CST),
and GolgiStop (1:1000; 554724BD, Biosciences) at 37 °C
for 5 h. Then, cells were stained with surface marker CD19,
and then intracellular IL-10 (554467, Biolegend) staining
was performed. To detect the level of phosphorylated
WASP and F-actin in primary B cells, splenic B cells were
first stained with anti-B220, followed by biotin-conjugated
F(ab’)* anti-mouse Ig M+ G) (115-066-068, Jackson
ImmunoResearch) for 30 min on ice, next streptavidin was
added and cells were incubated at 37 °C for varying times.
Then cells were immediately fixed and permeabilized with
Phosflow Lyse/Fix buffer and Phosflow Perm buffer III
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(BD Biosciences) and stained with anti-Phospho WASP
antibody (A300-205A, Bethyl) and F-actin (R37110,
Thermo fisher), followed by goat-anti-rabbit IgG AF405
antibody (A-31556, Thermo Fisher). To detect the level of
T-bet, splenic B cells were activated with 10 pg/ml F(ab’ )2
goat anti-mouse IgM (115-156-020, Jackson ImmunoR-
esearch) for different time points, then cells were fixed and
permeabilized with Phosflow Lyse/Fix buffer and Phosflow
Perm buffer III (BD Biosciences), and stained with anti-
B220 and anti-T-bet (644809, Biolegend).

For T-cell analysis, lymphocytes from thymus, lymph
node (LN), and spleen were stained with anti-CD4 (100531,
BioLegend), anti-CD8a (100751, BioLegend), anti-TCRf
(109220, BioLegend), and 7-AAD (559925, BD Pharmin-
gen. For intracellular staining, cells were fixed and per-
meabilized with Fixation/Permeabilization Kit (00-5123,
00-5223, eBioscience), and then cells were stained with
anti-FOXP3 (53-5773-82, Thermo Fisher Scientific) in
permeabilization buffer. To assess the levels of cytokines,
lymphocyte from thymus, spleen, and LN were stimulated
with PMA (50 ng/ml; P1585-1MG, Sigma-Aldrich), iono-
mycin (1 uM; 9995S, CST) and GolgiStop (1:1000;
554724, BD Biosciences) at 37 °C for 5 h. Then, cells were
stained with surface marker: anti-CD4 (100408, BiolLe-
gend), anti-CD8a, anti-CD44 and anti-TCR-fB. And then
cells were fixed and permeabilized with Fixation/Permea-
bilization Kit, and then stained with anti-IL-4 (504106,
BioLegend), anti-IFN-y (505826, BioLegend), anti-IL-17A
(506925, BioLegend) and anti-IL-2 (503806, BioLegend) in
permeabilization buffer.

To measure the expression of CCL2 or CCR2 on B
cells, lymphocytes from BM were stained with the surface
marker anti-CD43, anti-BP-1, anti-B220, anti-CD24, anti-
IgM and splenic lymphocytes were stained with anti-
CD23, anti-CD21, anti-IgM, anti-IgD and anti-B220,
and then fixed, permeabilized, and stained with anti-MCP-
1 (20298, Cell Signaling Technology) or anti-CCR2
(ab203128, abcam).

Flow cytometry data were measured on a LSRII (BD
Biosciences CA, USA) or Attune NXT (Thermo Fisher) and
analyzed with FlowJo 10 software.

Immunofluorescence analysis of tissue samples

For Immunofluorescence analyses, spleens, and kidneys
were freshly frozen in OCT embedding medium, and cut
into 10 um thick cryosections, followed by fixation with
cold acetone for 5min and then washed with PBS for
15 min. Next, the slides were incubated with 5% bovine
serum albumin (4240GR100, BiFroxx) containing 1%
anti-CD16/CD32 mAb (101319, BioLegend) to block
nonspecific binding prior to staining with the following
primary antibodies diluted in blocking buffer overnight
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at 4°C: PE-CD4 (100407, BioLegend), FITA-GL-7
(562080, BD Biosciences), IgD (13-5993-85, Thermo
Fisher), Alexa Fluor 488 IgG (715-545-151, Jackson
ImmunoResearch), or complement C3 (1:400, NB200-
540, NOVUS). Slides were rinsed for 15 min in PBS and
incubated with Dylight 650 (84547, Thermo Fisher), or
Alexa Fluor 488 goat anti rat IgG (A11006, Thermo
Fisher). Fluorescent images were captured using a Zeiss
LSM 780 confocal microscope or a Nikon confocal
microscope.

Serum antibodies

Serum anti-dsDNA antibody and immunoglobulin were
quantified by ELISA as described previously [18].

Confocal and TIRFm analysis of B cells

For confocal analysis, highly purified splenic B cells were
stimulated with Alexa Fluor 594 F(ab’)> goat anti-mouse
IgM+IgG (H+L) (115-586-068, Jackson ImmunoR-
esearch) at 37 °C for different time points, as previously
described [19]. Then fixed, permeabilized, and stained with
pCD19 (ab203615, abcam), pY (05-321, merck-millipore),
pBTK (ab52192, abcam), pSHIP-1 (3941S, Cell Signaling
Technology), pFOXO1 (9641S, Cell Signaling Technol-
ogy), pWASP, F-actin, pSTAT1 (9167S, Cell Signaling
Technology), pNF-kB (3033S, Cell Signaling Technology),
and pSTATS (4322S, Cell Signaling Technology) anti-
bodies, followed by Alexa Fluor 488 goat anti-rabbit IgG
(A-11008, Thermo Fisher), Alexa Fluor 405 goat anti-
mouse IgG (A-31553, Thermo Fisher) or Alexa Fluor 405
goat anti-rabbit IgG. Images were taken using a Zeiss LSM
780 confocal microscope or a Nikon Eclipse Ti-PFS
(Nikon, Tokyo, Japan). Colocalization using the correla-
tion coefficient was determined by NIS-elements AR
5.01 software.

For TIRFm analysis, purified splenic B cells were activated
with an Ag-tethered lipid bilayer at 37 °C for varying lengths
of time, as previously described [19]. Then, cells were fixed,
permeabilized, and stained with pY, pBTK, pCD19, pSHIP-1,
pWASP, F-actin and DOCKS8 (11622-1-AP, Proteintech).
TIRFm images were acquired using a Nikon TIRFm and
interference reflection microscopy (IRM). The area of B-cell
spreading using IRM and the mean fluorescence intensity
(MFI) in the contact zone were analyzed using NIS-elements
AR 5.01. Each set of data was performed from three inde-
pendent experiments.

Real-time PCR

The total RNA of purified splenic B cells was extracted using
AxyPrep Multisource RNA Kit (AP-MN-MS-RNA-50,
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Axygen), and reverse transcribed with PrimeScript RT
Reagent Kit with gDNA Eraser (RR047A, Takara). Then the
synthetic cDNA was assessed for the expression of tran-
scription levels of different genes with SYBR Premix Ex
TaqTM (RR420A, Takara) on a StepOne Real-Time PCR
System (Alllied Biosystems). The Ct value (cycle threshold)
was used to assess the gene expression by the 2722 method.
Fold amplification was normalized by GAPDH and the
appropriate primer sequences for the target genes are as
follows:

cdl9 5' primer: ggacagtgaacgtggaggat and 3’ primer:
gggcacatacaggcetttgtt

gapdh 5’ primer: ggtgaaggtcggtgtgaacg and 3’ primer:
ctcgetcctggaagatggte

Immunoblot analysis

For immunoblot analysis, purified B cells were activated
with biotin-conjugated F(ab’)* anti-mouse Ig M+G) at
10 pg/ml plus streptavidin (sAg) at 20 pug/ml at 37 °C for
varying times. For CCL2-CCR2 binding analysis, purified
B cells were incubated with anti-CCR2 antibody at 1 pug/2 x
10° cell with or without F(ab’)? anti-mouse Ig (M + G) at
10 pg/ml for 30 min on ice, and then added goat anti-rabbit
IgG (H+ L) (A-11008, Thermo Fisher) at 5 pug/2 x 10% cell
with or without streptavidin at 20 pg/ml on ice for 10 min,
and then activated at 37 °C for 5 min. Then cells were lysed
with RIPA buffer (PO013B, Beyotime) containing protease
inhibitor cocktail (G2006, Servicebio), NaF (1 M, G2007-1,
Servicebio), and Na3VO3 (100Mm, G2007-1, Servicebio).
The cell lysates were separated by SDS-PAGE, and ana-
lyzed by western blotting and probed for anti-pCD19, anti-
pY, anti-pBTK, anti-BTK (8547S, Cell Signaling Tech-
nology), anti-pSHIP-1, anti-SHIP-1 (2728S, Cell Signaling
Technology), anti-pFOXO1 (946185, Cell Signaling Tech-
nology), anti-FOXO1 (28808, Cell Signaling Technology),
anti-pPI3K (4228S, Cell Signaling Technology), anti-PI3K
(429285, Cell Signaling Technology), anti-pAKT (4060 L,
Cell Signaling Technology), anti-AKT (92728, Cell Sig-
naling Technology), anti-pS6 (4856S, Cell Signaling
Technology), anti-S6 (22178, Cell Signaling Technology),
anti-pmTOR (55365, Cell Signaling Technology), anti-
mTOR (2983S, Cell Signaling Technology), anti-pEzrin
(3726S, Cell Signaling Technology), anti-DOCKS, anti-
pWASP, anti-WASP (sc-13139, Santacruz), anti-pMST1
(3681S, Cell Signaling Technology), anti-MST1 (PAS5-
22015), anti-pSTAT]I, anti-STAT1 (149945, Cell Signaling
Technology), anti-pSTATS, anti-STATS (ab194898,
abcam), anti-pIKKB (2697S, Cell Signaling Technology),
anti-IKKB (894385, Cell Signaling Technology), anti-pNF-
kB, anti- NF-xB (4764S, Cell Signaling Technology) and
anti-pPKC-p (ab194749, abcam). Loading was normalized
by using anti-f-actin  (60008-1-IG-10, proteintech).

Immunoreactive bands were captured with the Chemi-
Doc™XRS + imaging systems (Bio-Rad).

Treatment with rapamycin, XMU-MP-1, fluradine or
bindarit inhibitor in vivo or in vitro

WT and Ccl2 KO mice were injected intraperitoneally with
vehicle (0.25% PEG, 0.25% Tween-80) or 2mg/kg of
rapamycin (HY-10219, MedChem Express) every other day
for 28 days. Splenic B cells were pretreated with 20 nM
rapamycin, 3 uM XMU-MP-1 (T4212, TargetMol) or 5 pg/ml
fluradine (T1038, TargetMol) at 37 °C for 2h, or 100 uM
Bindarit (HY-B0498, MedChem Express) at 37 °C for 3 h
before incubating with biotin-conjugated F(ab’)? anti-mouse
Ig (G +M).

Seahorse analysis

For oxygen consumption rates and extracellular acidification
rates, purified splenic B cells from WT and Ccl2 KO mice
were pre-stimulated with 10 pg/ml LPS (L2880, Sigma) for
1 h and detected in XF medium under basal conditions and
in response to oligomycin at 1.5 uM (abs42024304, Absin),
fluoro-carbonylcyanide phenylhydrazone (FCCP) at 1uM
(C2920, Sigma) and rotenone at 500 nM (R8875, Sigma) plus
antimycin A at 1 uM (abs42013402, Absin) using an XF-24.

Calcium flux

For calcium flux analysis, purified splenic B cells were
washed with calcium free D-Hank’s solution (PYGO0079,
BOSTER), and incubated with 0.5 uM Fluo-4 AM (S1060,
Beyotime) in D-Hank’s solution at 37 °C for 25 min. After
loading, cells were incubated at 37 °C for 30 min to ensure
complete conversion of Fluo-4 AM to Fluo-4, while incu-
bating the anti-B220 as well. After washing, a baseline
of fluorescence was measured for 30 s, then cells were sti-
mulated with biotin-conjugated F(ab’)? anti-mouse Ig(M +
G) and fluorescence intensity were monitored for 300 s
using a LSRII flow cytometer. Data were analyzed with
FlowJo 7.6 software.

Cell differentiation and proliferation

For PC differentiation assay in vitro, purified B cells were
cultured in 96-well plates for 96h in 1640 medium
(Gibco, C11875500BT) containing 10% FBS (Gibco,
10091-148), 10 uM HEPES (Gibco, 1804629) and 50 uM
p-mercaptoethanol (M2650, Sigma), and stimulated with
10 pg/ml of LPS. For B-cell proliferation analysis, purified
B cells were pre-labeled with SpuM Cell Trace Violet
(C34557, Thermo Fisher) and then cultured in 5 ug/ml LPS
with or without 100 uM Bindarit for 72 h.
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Fig. 1 CCL2 is important for the development of peripheral B cells
but not bone marrow B cells. A-C Flow cytometry analysis of pre-
pro (A), pro (B), early-pre (C), late-pre (D), immature (E), and
recirculating mature (F) B-cell subsets of BM cells obtained from WT
and Ccl2 KO mice (n=7). Shown are representative dot plots and
statistics of the average percentages (+SD) and total cell number of
the subpopulations of BM cells. D-K Flow cytometry analysis of
follicular (FO), transitional 1 (T1), transitional 2 (T2), marginal zone
(MZ), and germinal center (GC) B cells in splenic B cells from WT
and Ccl2 KO mice (n=7). Shown are representative dot plots and
average percentages (+SD) and numbers of subpopulations in spleens.
L-N Flow cytometry analysis of Bla and B1b cell subsets of perito-
neal B cells from WT and Ccl2 KO mice (n=15). Shown are repre-
sentative dot plots and average percentages (+SD) and numbers of
subpopulations in peritoneal B cells. O Immunofluorescent analysis of
IgG deposits in kidney sections. Shown are representative glomeruli
using a x60 objective. Scale bar, 10 um. P Hematoxylin and eosin
staining of kidney from WT and Cc/2 KO mice (n=6). Shown
are representative images using a x60 objective. Scale bar, 25 pm.
Q Quantification by ELISA of the level of anti-dsDNA antibody in the
serum of WT and Ccl2 KO mice (n = 13). Dots represent individual
mice. *P <0.05; **P<0.01; ***P<0.001.

Bone marrow chimeras

For chimera analysis, BM cells (5 x 106) from WT or Ccl2
KO (CD45.2") mice were mixed with that of C57BL/6J
(CD45.1%) mice at a proportion of 1:1 and then transferred
intravenously into 6 weeks old female irradiated (7 Gy)
C57BL/6] (CD45.17%) recipients randomly. Eight weeks
after the transfer, recipients were euthanized, and B cells
analyzed by flow cytometry.

Statistical analysis

Unpaired two-tailed Student’s ¢ test was carried out when
comparing between two groups. Multiple 7 test was carried
out when comparing between more than two groups.
Statistical significance was performed by ¢ tests or multiple ¢
tests using Prism 7.0 (GraphPad) software. Significance was
defined as *P<0.05; **P<0.01; ***P<(0.001; ****P<
0.0001.

Results

CCL2 is important for the development of peripheral
B cells, but not bone marrow B cells

First, we examined the expression of CCL2 in BM and
splenic B cells, and found that CCL2 expression has subtle
difference in each subpopulation of WT BM and splenic B
cells (Fig. S1A, B). To study the effects of CCL2 deficiency
on BM and peripheral B-cell development, we examined the
BM subpopulations firstly, and found that the majority of
the subsets were normal except for the increased percentage
and number of late-pre B cells (Fig. 1A—C), suggesting only

a mild effect of CCL2 on the development of BM B cells.
And then we found that the percentage and number of FO,
T1, and T2 B cells in splenic B cells were not altered in
Ccl2 KO mice (Fig. 1D-G). The percentage and number of
MZ B cells was decreased in KO mice (Fig. 1H, I), but that
of GC B cells was increased in Ccl2 KO mice (Fig. 1J, K),
which was shown to be immune cell intrinsic by using
CD45.1 and CD45.2 BM mixed chimera mice (Fig. S1C,
D). Furthermore, the percentage of Bla cells was decreased,
yet the number of Bla cells was increased (Fig. 1L, M).
However, the percentage and number of Blb cells was
increased (Fig. 1L, N). Furthermore, the increased GC B
cells indicated development of Spt-GCs and autoimmune
phenotype [20]. Indeed, as expected for systemic auto-
immunity, we found that the glomeruli of the Ccl2 KO
mouse kidney contained prominent IgG and complement
deposits and that there was an increase in anti-dsDNA
antibody levels in the KO mice (Fig. 10-Q, S1E). Next, we
examined the expression of T-bet, which is essential for the
formation of Spt-GCs by B cells upon stimulation with
IgM. T-bet expression was enhanced in Cc/2 KO B cells
upon soluble antigen (sAg) stimulation, which was in
accordance with the increase of Spt-GCs (Fig. S1F). In
addition, we examined whether CCL2 deficiency affects the
development and differentiation of T cells. We found
that there was no significant difference in the percentage of
CD4" and CD8" T cells in thymus and LN of WT and Cc/2
KO mice, but the percentage of CD8" T cells in spleen was
slightly increased in KO mice (Fig. S2A, C, D). The per-
centage of CD4" Foxp3™' Tregs and the levels of IFN-y,
IL-4, IL-17A, and IL-2 produced by CD4*T cells were not
alerted in thymus, spleen, and LN in KO mice (Figs. S2B,
E, S3A-H). Finally, we examined whether the CCL2 defi-
ciency affects the regulatory B cells in KO mice, and there
was no significant difference between WT and KO mice
(Fig. S3I, J). All of these results suggest that CCL2 is
essential for maintaining the homeostasis of peripheral B
cells and controlling the peripheral autoimmunity.

CCL2 negatively regulates the proximal BCR
signaling

Increased development of Spt-GC B cells indicates there
may be enhanced antigenic BCR signaling. Thus, we
investigated whether the deficiency of CCL2 affects BCR
signaling by examining the upstream BCR signaling
molecule, CD19. We found that the colocalization between
activated CD19 (pCD19) and the BCR following sAg sti-
mulation was significantly increased in Ccl2 KO B cells at
5 and 10min (Fig. 2A, B). The levels of pCD19 were
increased in Ccl2 KO B cells (Fig. 2C). The increased
pCD19 was not due to increased expression of CDI19, as
mRNA and protein levels in the Ccl2 KO B cells were
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comparable to that of WT (Fig. 2D, E). This suggests that
the loss of CCL2 affects the spatiotemporal organization
and activation levels of CD19. We then examined total
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levels of BCR signaling, phosphotyrosine proteins (pY).
Additionally, activated BTK (pBTK), the immediate
downstream signaling molecule of CD19, as well as the
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<« Fig. 2 CCL2 negatively regulates the proximal BCR signaling. A,

B Splenic B cells from WT and Cc/2 KO mice were stimulated with
AF594 F(ab’)? goat anti-mouse IgG +IgM (10 pg/ml), then fixed,
permeabilized, and stained for pCD19. The colocalization between
pCD19 and the BCR was analyzed using Pearson’s correlation coef-
ficient. Shown are representative blots from three independent
experiments. C Immunoblot of pCD19 levels in B cells from WT and
Cel2 KO mice stimulated with biotin-conjugated F(ab’)? anti-mouse Ig
(M + G) plus streptavidin (sAg) for 0, 5,10, and 30 min. Shown are
representative blots from three independent experiments. D RT-PCR
analysis of the mRNA levels of Cd/9 in purified B cells from WT and
Ccl2 KO mice (n = 3). E Flow cytometry analysis of the MFI of CD19
in B220" B cells from WT and Cc/2 KO mice (n = 12). F-J Splenic B
cells from WT and Ccl2 KO mice were stimulated with AF594 F(ab’)?
goat anti-mouse IgG + IgM (10 pg/ml), then fixed, permeabilized, and
stained for pY, pBTK, or pSHIP-1. The colocalization of pY, pBTK,
or pSHIP-1 with the BCR was analyzed using Pearson’s correlation
coefficient. Images were captured using a Zeiss confocal fluorescence
microscope and analyzed using the NIS-elements AR 5.01. Scale bars,
2.5 um. K, L Immunoblot of pY, pBTK, BTK, pSHIP-1, and SHIP-1
levels in B cells from WT and Cc/2 KO mice stimulated with biotin-
conjugated F(ab’)? anti-mouse Ig(M + G) plus streptavidin (sAg) for 0,
5, 10, and 30 min. Shown are representative blots from three inde-
pendent experiments. M Ca?* flux in splenic B cells from WT and
Cel2 KO mice stimulated with 10 ug/ml biotin-conjugated F(ab’)? anti-
mouse Ig(M + G). Data are representative of three independent
experiments. N Immunoblot of pPKC- levels in B cells from WT and
Cel2 KO mice stimulated with biotin-conjugated F(ab’)? anti-mouse Ig
(M + G) plus streptavidin (sAg) for 0, 5, 10, and 30 min. Shown are
representative blots from three independent experiments. *P <0.05;
**P<0.01; #**P<0.001; ****P <0.0001.

activation of SHIP-1, a proximal negative regulator of BCR
signaling, were examined. The colocalization of pY, pBTK,
or pSHIP-1 with the BCR was significantly increased in
Ccl2 KO B cells (Fig. 2F-J). Furthermore, the levels of pY,
pBTK, and pSHIP-1 were significantly increased in Ccl2
KO B cells upon antigenic stimulation (Fig. 2K, L). To
further determine whether the effect of CCL2 deficiency on
BCR signaling is immune cell intrinsic, we isolated CCL2
deficient B cells mature in WT recipient and examined the
BCR downstream signaling. We found that the levels of
pBTK were increased in CD45.2" B220" Ccl2 KO B cells
upon antigenic stimulation (Fig. S4A). As such significant
changes in B cells of Ccl2 KO mice, whether similar results
can be achieved using CCL2 inhibitor in vitro experiments.
To explore this, we examined the activation of BTK of WT
B cells in presence of CCL2 inhibitor-Bindarit, following
sAg stimulation. We found that the levels of pBTK were
increased in WT B cells treated with Bindarit (Fig. S4B),
indicating that the CCL2 negatively regulates the BCR
signaling. Finally, we examined the calcium flux as a
functional readout for BCR signaling and found that the
calcium level was increased in Ccl2 KO B cells upon sAg
stimulation (Fig. 2M). Similarly, the activation of PKC-f,
which requires cytosolic calcium (Ca®") for their activity,
was slightly increased in KO B cells (Fig. 2N). Taken
together, these results suggest that CCL2 negatively reg-
ulates proximal BCR signaling.

CCL2 deficiency regulates the peripheral B-cell
differentiation by enhancing the PI3K-AKT-mTORC1
mediated metabolic signaling pathway

SHIP reduces PI3K activity by hydrolyzing PIP3
into PIP2 while PI3K initiates the AKT-mTORC1 path-
way [21, 22]. Thus, we examined mTORCI1 and
mTORC?2 signaling pathways mediated by PI3K. Sur-
prisingly, the activation of PI3K was increased in Ccl2
KO B cells (Fig. 3A). Next, the activation of mTORC1
and mTORC?2 signaling, pAKT, pS6 and pmTOR, were
increased in Ccl2 KO B cells upon stimulation (Fig. 3A).
Meanwhile, the levels of pPI3K, pAKT and pS6 were
increased in WT B cells treated with Bindarit (Fig. S5A).
We then examined the downstream transcription factor of
mTORC?2 signaling, FOXO-1. Interestingly, the coloca-
lization between pFOXO-1 and the BCR was significantly
reduced in Ccl2 KO B cells at all time points examined.
However, the levels of pFOXO-1 were enhanced in Ccl2
KO B cells upon stimulation (Fig. 3B-D). In order to
examine whether CCL2 regulates the peripheral B-cell
differentiation via mTORCI1 activity, Ccl2 KO mice were
fed rapamycin for 28 days. To guarantee the effect of
rapamycin treatment in vivo, we examined the activity of
S6 in B cells of Ccl2 KO mice treated with rapamycin.
Interestingly, we found that the phosphorylation of S6
was abolished (Fig. 3E), and the percentage of MZ and
GC B cells in Ccl2 KO mice treated with rapamycin was
restored to the degree of WT mice (Fig. 3F-I). Mechan-
istically, rapamycin treatment of Cc/2 KO B cells in vitro
restored the activation of BCR signaling molecules- BTK,
SHIP-1, PI3K, S6, AKT, and mTOR to the degree of WT
B cells (Fig. 3J). Indeed, the levels of pS6 were also
decreased in WT B cells treated with rapamycin upon
antigenic stimulation (Fig. S5B). These results suggest
that CCL2 regulates the peripheral B-cell differentiation
via mTORCI1 activity. We then examined cell metabo-
lism, which is highly correlated with mTORC activity. We
found that both basal and maximal rates of respiration
were higher in Ccl2 KO B cells compared to WT B cells,
which is consistent with the increased mTORC activity in
Ccl2 KO B cells (Fig. 3K). Furthermore, in order to assess
whether the increased metabolic activity has the biologi-
cal significance, we examined the proliferation of Cci2
KO B cells stimulated with LPS. We found that Ccl2 KO
B cells proliferated more extensively than WT B cells
(Fig. 3L). Similarly, the WT B cells treated with CCL2
inhibitor also proliferated more extensively in the pre-
sence of LPS stimulation than that of WT B cells
(Fig. S5C). These results imply that CCL2 inhibits the
differentiation of MZ and GC B cells via downregulating
the PI3BK-AKT-mTORCI mediated metabolic signaling
pathway.
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Fig. 3 CCL2 deficiency regulates the peripheral B-cell differ-
entiation by enhancing the PI3K-AKT-mTORC1 mediated meta-
bolic signaling pathway. A, B Western blot of pPI3K (p85), PI3K,
pAKT, AKT, pS6, S6, pmTOR, mTOR, pFOXO1, and FOXO1 levels
in B cells from WT and Ccl2 KO mice stimulated with sAg for 0, 5,
10, and 30 min. Shown are representative blots from three independent
experiments. C, D Splenic B cells from WT and Cc/2 KO mice were
stimulated with 10 ug/ml F(ab’)® goat anti-mouse IgG + IgM, then
fixed, permeabilized and stained for pFOXOI1. The colocalization
between pFOXOI1 and the BCR was analyzed using Pearson’s corre-
lation coefficients. Images were captured using a Zeiss confocal
fluorescence microscope. Scale bar, 2.5 um. E Splenic B cells from
8-week-old WT and Ccl2 KO mice were treated with vehicle or
rapamycin for 28 days and stimulated with sAg. The levels of pS6
were detected by western blotting. F-I Splenic lymphocytes from WT
and Ccl2 KO mice (n =4) were treated with vehicle or rapamycin for
28 days, and then analyzed for MZ and GC B cells by flow cytometry.
Shown are representative dot plots and the average percentages (+SD).
J Splenic B cells from WT and Ccl2 KO mice were pretreated with
20nM rapamycin for 2h, stimulated with sAg, and then pBTK,
pSHIP-1, pPI3K, pS6, and pmTOR levels were detected by western
blotting. Shown are representative blots from three independent
experiments (K) OCR measurements from splenic B cells of WT and
Ccl2 KO mice responding to the inhibitors: oligomycin, FCCP and
rotenone plus antimycin. L Proliferation of purified splenic B
cells from WT and Ccl2 KO mice at day 3 after stimulation with LPS
(10 pug/ml). Data are representative of three independent experiments.
*P <0.05; **P<0.01; ***P <0.001; ****P <0.0001.

Loss of CCL2 enhances the accumulation of F-actin
mediated by the MST1-mTORC1-DOCK8-WASP axis

Previous research has shown that the inhibition of cortactin
phosphorylation attenuates CCL2-induced human aortic
smooth muscle cell G-actin polymerization, F-actin stress
fiber formation, and migration [23]. To study the correlation
between CCL2 and actin in B cells, WT and Cc/2 KO B
cells were examined for activated WASP cellular location
and F-actin reorganization. Interestingly, we found that the
colocalization between pWASP and BCR was not altered,
but that between F-actin and BCR was significantly
increased at 10 and 30 min (Fig. 4A—C). Additionally, we
found that pWASP levels were enhanced (Fig. 4D, E),
which correlated with increased actin accumulation
(Fig. 4F). And WT B cells treated with CCL2 inhibitor
showed increased pWASP levels (Fig. S6A). However, we
did not observe obvious differences for the levels of pEzrin
between WT and Ccl2 KO B cells (Fig. 4D). The MST1-
DOCKS8-WASP axis is involved in actin reorganization
[24, 25]. Thus, we found that the levels of pMSTI1 and
DOCKS were enhanced in Cc/2 KO B cells upon antigenic
stimulation (Fig. 4D). To further pursue the underlying
mechanism of whether CCL2 regulates BCR signaling
through the MST1-DOCKS8-WASP axis, we treated Ccl2
KO B cells in vitro with MST1 inhibitor, XMU-MP-1, and
found the levels of pBTK, pSHIP-1, pPI3K, pFOXO-1,
pmTOR, DOCKS, and pWASP in Ccl2 KO B cells treated

with XMU-MP-1 were all restored to the degree of WT B
cells (Fig. 4G). Thus, we examined whether the XMU-MP-
1 treatment has the same effect on WT B cells. We found
that the levels of pAKT, pS6, and pFOXO1 were decreased
in WT B cells treated with XMU-MP-1 (Fig. S6B).
mTORCI1 is downstream of MST1, so we examined whe-
ther the inhibition of mTORCI in Ccl2 KO B cells also
rescues the DOCK8-WASP axis. Interestingly, we found
that the levels of DOCKS8 and pWASP in Ccl2 KO B cells
treated with rapamycin were rescued to the degree of WT B
cells (Fig. 4H). Meanwhile, the levels of pWASP in WT B
cells treated with rapamycin were also decreased
(Fig. S6C). These results suggest that CCL2 regulates BCR
signaling and DOCK8-WASP mediated actin reorganiza-
tion via MST1-mTORCI1. Next, we examined whether loss
of CCL2 can affect CCR2 expression in B cells and result in
the changes of MST1/mTORC1 and MST1-DOCKS8-WASP
signaling pathways. We found that the level of CCR2 was
not different between WT and KO B cells (Fig. S6D),
suggesting loss of CCL2 did not affect the expression of
CCR2 in B cells and result in the changes of MSTI1/
mTORCI1 and MST1-DOCKS8-WASP signaling pathways.
To further investigate whether the intrinsic CCL2 signaling
is involved in PI3K-AKT-mTOR, we used CCR2 antibody
to mimic the CCL2 binding to CCR2 and stimulate B cells
together with sAg. Interestingly, we found the levels of pS6,
pAKT and pSTATS were decreased in CCR2 and BCR
activation group compared to BCR activation only (Fig. 41,
J), suggesting that CCL2 signaling is involved in down-
regulating the PI3K-AKT-mTOR pathway. The expression
levels of CCL2 were not altered after 12h of sAg stimu-
lation in WT B cells, which excludes the effect of CCL2
expression on the BCR signaling upon antigenic stimulation
(Fig. S6E).

The enhanced actin in Cc/2 KO B cells correlates with
the increased BCR clustering and positive
signalosome recruitment

To investigate the loss of CCL2 on the early activation of B
cells, including BCR clustering and signalosome accumu-
lation, we used total internal reflection fluorescence
microscopy (TIRFm) to observe B cells stimulated with
membrane-tethered antigens (mAg). We found that B-cell
spreading and BCR clustering in the B-cell contact zone
was significantly increased in Ccl2 KO B cells (Fig. 5F, G).
Additionally, the recruitment of pY, pCDI19, pBTK, and
pSHIP-1 in signalosomes of the B-cell contact zone was
significantly increased in Ccl2 KO B cells (Fig. 5A, C, D,
H-K). Consistent with the established model for B-cell
actin remodeling during BCR activation, the recruitment of
pWASP, DOCKS, and F-actin was also significantly
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Fig. 4 Loss of CCL2 enhances the accumulation of F-actin medi-
ated by the MST1-mTORC1-DOCKS8-WASP axis. A—C Splenic B
cells from WT and Ccl2 KO mice were stimulated with 10 pg/ml
AF594 F(ab’)? goat anti-mouse IgG + IgM, fixed, permeabilized, and
stained with pWASP and F-actin. The colocalization between pWASP
or F-actin and the BCR was analyzed using Pearson’s correlation
coefficients. Images were captured using a Zeiss confocal fluorescence
microscope. Scale bars, 2.5 um. D Western blots of pWASP, WASP,
pEzrin, pMST1, MST1, and DOCKS levels in B cells from WT and
Ccl2 KO mice stimulated with sAg for 0, 5, 10, and 30 min. Shown are
representative blots from three independent experiments (E, F) Splenic
B cells were pre-incubated with B220, followed by stimulation with
sAg for 0, 5, 10, and 30 min. After fixation and permeabilization, cells

increased in the contact zone of Ccl2 KO B cells (Fig. 5B,
E, L-N). Altogether, these results indicate that the defi-
ciency of CCL2 increases the recruitment of F-actin
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were stained with pWASP and F-actin and analyzed by flow cyto-
metry. The MFI of pWASP and F-actin in B220" B cells was quan-
tified by FlowJo 10 software. G, H Splenic B cells from WT and Cc/2
KO mice were pretreated with 3 uyM XMU-MP-1 or 20 nM rapamycin
for 2h, then stimulated with sAg, and the pBTK, pSHIP-1, pPI3K,
pFOXO1, pmTOR, DOCKS8, and pWASP levels were detected by
Western blotting. Shown are representative blots from three indepen-
dent experiments (I) Immunoblot of pS6 in B cells from WT and Ccl2
KO mice stimulated by sAg with or without anti-CCR2 for 0, 5, and
30 min. J Immunoblot of pAKT and pSTATS levels in B cells from
WT and Ccl2 KO mice stimulated by sAg with or without anti-CCR2
for 5 min. Data are representative of three independent experiments.
P < (0.0001.

mediated by WASP at the plasma membrane, which cor-
relates with the increased BCR clustering and the enhanced
BCR signaling.
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<« Fig. 5 The enhanced actin in Ccl2 KO B cells correlates with

increased BCR clustering and positive signalosome recruitment.
A-E Splenic B cells from WT and KO mice were incubated with
AF546-mB-Fab—anti-Ig tethered to lipid bilayers for 1, 3, 5, and 7 min,
then fixed, permeabilized, and stained for pY/pBTK, pWASP/F-actin,
pCD19, pSHIP-1, and DOCKS8. Shown are representative images cap-
tured using Nikon TIRFm from three independent experiments. Scale
bars, 2.5 pm. F-N The B-cell area in the contact zone, the MFI of BCR,
and the MFI of pY, pBTK, pWASP, F-actin, pCD19, pSHIP-1, and
DOCKS in the contact zone were quantified using NIS-Elements AR
5.0.1 software. *P <0.05; **P <0.01; ***P <0.001; ****P <(0.0001.

CCL2 negatively regulates the activation of STAT1,
which in turn offers feedback to the BCR signaling

To determine the downstream transcriptional effectors that are
affected by the loss of CCL2, we examined the activation of
STATI, STATS, and NF-xB, and found that the colocaliza-
tion between BCR and pSTAT1 or pSTATS5 was significantly
increased at 5 and 10min in Ccl2 KO B cells upon sAg
stimulation (Figs. 6A, B, S7A, B). Concurrently, the levels of
pSTAT1 and pSTATS5 were also significantly enhanced in
Ccl2 KO B cells (Fig. 6E). Interestingly, we found that the
colocalization between BCR and pNF-kxB was significantly
increased in Ccl2 KO B cells upon sAg stimulation (Fig. 6C,
D). The levels of pIKKB and pNF-kxB were also significantly
enhanced in Ccl2 KO B cells (Fig. 6E). To identify which
transcriptional factor is essential for the regulation of BCR
signaling, we used different inhibitors for the transcriptional
factors. We found that the treatment of Cc/2 KO B cells with
STATI inhibitor restored the degree of BCR signaling to that
of WT, including the levels of pBTK, pSHIP-1, pPI3K,
pAKT, pS6, pmTOR, pFOXO-1, pMST1, DOCKS, pWASP,
pSTATS, and pNF-kB (Fig. 6F). As with the WT B cells, the
pPI3K and pS6 signals in WT B cells treated with STAT1
inhibitor were also reduced (Fig. S7C). To further confirm
that MST1-mTORCI1-STAT1 regulates BCR signaling, the
Ccl2 KO B cells treated with MST1 or mTORCI1 inhibitor
upon sAg stimulation were detected. We found that the levels
of pSTATI, pSTATS, and pNF-kB were rescued to the
degree of WT B cells after XMU-MP-1 or rapamycin treat-
ment (Fig. 6G, H). Similarly, the signal of pNF-kB in WT
B cells treated with MSTI1 inhibitor was also reduced
(Fig. S7D). These results suggest that CCL2 couples with
MST1-mTORCI1-STAT1 to regulate BCR signaling.

CCL2 deficiency leads to decreased plasma cell and
antibody production in the T-dependent immune
response

To determine the effect of CCL2 deficiency on the humoral
immune response, mice were immunized with NP-KLH to
examine the T-cell-dependent immune response. After
immunization, the percentages of FO B cells in Ccl2 KO mice
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were significantly decreased compared to WT mice (Fig. 7A,
B), the percentage of T1 B cells was increased in Ccl2 KO
mice compared to WT mice (Fig. 7A, C), and the percentage
and number of T2 B cells was increased in Ccl2 KO mice
compared to WT mice (Fig. 7A, D). But the numbers of FO
and T1 B cells were increased both for WT and Ccl2 KO
mice after immunization compared to before immunization
(Fig. 7B, C). The percentage of MZ and GC B cells was
decreased after immunization in Ccl2 KO mice compared to
WT mice (Fig. 7E-H). The number of MZ B cells was
increased in WT and Ccl2 KO mice after immunization
compared to before immunization (Fig. 7F). The percentage
of PC, PBC, and memory B-cell (MBC) were decreased in
Ccl2 KO mice compared to WT mice (Fig. 7I-M). Further-
more, we examined the splenic architecture in WT and Ccl2
KO mice after immunization by HE staining and immuno-
fluorescence staining, and found that the size of the follicular
area and GCs in Ccl2 KO mice were smaller than that of WT
mice (Fig. 7N, O). Finally, we found that the levels of NP-
specific IgM and IgG1 were both decreased in Ccl2 KO mice
(Fig. 7P). Because the Ccl2 KO B cells tended to have
reduced PC formation, a PC differentiation assay was per-
formed in vitro, whereby naive B cells were stimulated with
LPS. We found decreased percentages of PC and PBC for
Ccl2 KO B cells (Fig. S8A-C). Altogether, these results
suggest that CCL2 is important for eliciting the humoral
immune response after NP-KLH immunization.

Discussion

As a chemokine, the role of CCL2 in T-lymphocyte function
has been studied extensively. However, its role in B-cell
functions has not been addressed, likely because of the lower
expression in B cells. This is the first report investigating the
role of CCL2 in BCR signaling and B-cell differentiation.
Interestingly, we found that BCR signaling was enhanced in
Ccl2 KO B cells upon antigenic stimulation, which con-
tributes to the reduction of MZ B cells and the increase of GC
B cells and formation of Spt-GCs. Moreover, we found
that the metabolism signaling axis-PI3K-mTOR-AKT and
actin reorganization axis-MST1-DOCKS8-WASP were also
enhanced in Ccl2 KO B cells, as well as the transcriptional
factors-STAT1, STATS5 and NF-kB. Excitingly, the inhibition
of mTORC1, MST1 and STAT1 all restored the BCR sig-
naling to normal levels. Given that MST1 is upstream of
mTOR, we concluded that CCL2 regulates the BCR signaling
and B-cell differentiation via the MST1-mTOR-STAT1 axis.

In SLE patients, the reduction of CCL2 in MSC fails to
inhibit the differentiation, proliferation, and antibody secretion
of B cells. This explains the underlying molecular mechanism
of the development of autoimmune disease in SLE patients.
But whether the intrinsically impaired B-cell function also
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Fig. 6 CCL2 induces the activation of STAT1, which in turn offers
feedback to BCR signaling. A-D Splenic B cells from WT and Ccl2
KO mice were stimulated with 10 ug/ml AF594 F(ab’)? goat anti-mouse
1gG + IgM, fixed, permeabilized, and stained for pSTAT1 or pNF-«B.
The colocalization between pSTAT1/pNF-kB and the BCR was ana-
lyzed using Pearson’s correlation coefficients. Images were captured
using a Nikon confocal fluorescence microscope. Scale bars, 2.5 um.
E Immunoblot showing the levels of pSTATI1, STAT1, pSTATS,

STATS, pIKKB, IKKB, pNF-kB, and NF«xB in B cells from WT
and Ccl2 KO mice that were stimulated with sAg for 5, 10, and 30 min.
Shown are representative blots from three independent experiments. F-H
Splenic B cells from WT and Ccl2 KO mice were pretreated with 3 uM
XMU-MP-1, 5 pg/ml Fluradine, or 20 nM rapamycin for 2 h, stimulated
with sAg, and then levels of the indicated proteins were detected by
western blotting. Shown are representative blots from three independent
experiments. *P <0.05; **P <0.01; ***P <0.001; ****P < 0.0001.
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<« Fig. 7 CCL2 deficiency leads to decreased PC and antibody pro-

duction in the T-dependent immune response. Eight weeks old male
WT and Ccl2 KO mice were immunized by intraperitoneal injection with
50 pg of NP-KLH precipitated in adjuvant, and then sacrificed 2 weeks
later. A-M Flow cytometry analysis of B-cell subsets FO, T1, T2 MZ,
GC, PC, PBC, and MBC B cells from mouse spleen. Shown are repre-
sentative dot plots from three independent experiments and the statistics
of the average percentages (+SD) and total cell number of the sub-
populations of splenic B cells. Non nonimmunized, IM immunized. (n =
4). N Representative images of hematoxylin and eosin-stained spleens
from immunized WT and Ccl2 KO mice. Scale bar, 200 pm. O Immu-
nofluorescence staining of splenic sections from immunized WT and
Ccl2 KO mice. Shown are representative GC B cells using CD4 (red),
IgD (blue), and GL-7 (green). Scale bar, 10 um. P ELISA was used to
quantify NP-specific NP-IgM and NP-IgG1 from NP-KLH immunized
mice (n =4). *P<0.05; **P<0.01; ***P <0.001; ****P <0.0001.

multiple factors contribute to the autoimmune phenotype. Our
research has established the intrinsic role of Cc/2 KO B cells
in causing the autoimmune activity.

The role of MST1 in autoimmunity has been established,
whereby deficiency of MST1 in CD4" T cells or Tregs
prevents immune cell inhibition and induces autoimmunity.
Surprisingly, MST1 deficiency in B cells causes a reduced
response including decreased BCR signaling, B-cell clus-
tering and antibody secretion. However, the deficiency of
CCL2 in B cells enhances the activation of MST1, which
may cause the autoimmune phenotype seen in B cells.
Additionally, the regulation of MST1 by CCL2 has not been
investigated before, although the correlation between CCL2
and actin reorganization has been previously reported.
Therefore, our study has identified an upstream factor of
CCL2 to regulate the DOCK8-WASP-actin reorganization
pathway. We found the loss of CCL2 induces higher acti-
vation of mTOR in B cells, which also contributes to the
autoimmunity in B cells and reduction of MZ B-cell dif-
ferentiation. Lastly, we have identified an increase in tran-
scriptional factors such as STAT1, STATS, NF-kB in CCL2
deficient B cells. The enhanced activation of STAT1 causes
increased expression of T-bet, which induces autoimmunity.
Therefore, our study has established that CCL2 affects
multiple factors to regulate autoimmunity. In summary, the
signaling aixs- CCL2-MST1-mTOR-STAT1 controls B-cell
autoimmunity.

CCL2 deficiency caused upregulation of BCR signaling.
However, the humoral immune response was reduced in
Ccl2 KO mice following immunization with NP-KLH,
including reduction of PC, PBC, and MBC, as well as NP-
specific IgM and IgG1 antibody production. Our previous
research showed that the optimal BCR signaling is required
for the humoral immune response [26, 27]. Higher or lower
BCR signaling may induce a reduced humoral immune
response. Additionally, some proportion of the IgG anti-
bodies are autoimmune antibodies, which further reduces
the effective antibodies in Ccl2 KO mice. To exclude the

effects of other immune cells, such as T-cell lineages, it
would be ideal to use CCL2 ™ mice crossed with CD19°
or Mb1® mice to obtain B-cell specific CcI2 KO mice. This
would be more precise in evaluating the effect of CCL2 on
the humoral immune response. Another alternative is to
adoptively transfer a mixture of BM B cells from Ccl2 KO
mice with WT mice into uMT mice.

Overall, our study has dissected the intrinsic role of CCL2
in B cells and autoimmunity. Additionally, we have estab-
lished the signaling axis- CCL2-MST1-mTOR-STATI as a
regulatory pathway for B-cell autoimmunity and peripheral
B-cell differentiation. The multiple layers of control over
autoimmunity by CCL2 can provide more targets for the
treatment of autoimmune diseases, such as SLE.
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