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Follicular B Cells Promote Atherosclerosis via T Cell-
Mediated Differentiation Into Plasma Cells and Secreting
Pathogenic Immunoglobulin G

Christopher Tay, Yu-Han Liu, Peter Kanellakis, Axel Kallies, Yi Li, Anh Cao, Hamid Hosseini,
Peter Tipping, Ban-Hock Toh,* Alex Bobik,* Tin Kyaw

Objective—B cells promote or protect development of atherosclerosis. In this study, we examined the role of MHCII (major
histocompatibility II), CD40 (cluster of differentiation 40), and Blimp-1 (B-lymphocyte—induced maturation protein) expression
by follicular B (FO B) cells in development of atherosclerosis together with the effects of IgG purified from atherosclerotic mice.

Approach and Results—Using mixed chimeric Ldlr”~ mice whose B cells are deficient in MHCII or CD40, we demonstrate
that these molecules are critical for the proatherogenic actions of FO B cells. During development of atherosclerosis, these
deficiencies affected T-B cell interactions, germinal center B cells, plasma cells, and IgG. As FO B cells differentiating
into plasma cells require Blimp-1, we also assessed its role in the development of atherosclerosis. Blimp-1-deficient B
cells greatly attenuated atherosclerosis and immunoglobulin—including IgG production, preventing IgG accumulation
in atherosclerotic lesions; Blimp-1 deletion also attenuated lesion proinflammatory cytokines, apoptotic cell numbers,
and necrotic core. To determine the importance of IgG for atherosclerosis, we purified IgG from atherosclerotic mice.
Their transfer but not IgG from nonatherosclerotic mice into Ldlr”~ mice whose B cells are Blimp-1-deficient increased
atherosclerosis; transfer was associated with IgG accumulating in atherosclerotic lesions, increased lesion inflammatory

cytokines, apoptotic cell numbers, and necrotic core size.

Conclusions—The mechanism by which FO B cells promote atherosclerosis is highly dependent on their expression
of MHCII, CD40, and Blimp-1. FO B cell differentiation into IgG-producing plasma cells also is critical for their
proatherogenic actions. Targeting BT cell interactions and pathogenic IgG may provide novel therapeutic strategies to
prevent atherosclerosis and its adverse cardiovascular complications.

Visual Overview—An online visual overview is available for this article. (Arterioscler Thromb Vasc Biol. 2018;38:

e71-e84. DOI: 10.1161/ATVBAHA.117.310678.)

Key Words: atherosclerosis ® cell differentiation ® cytokines ® germinal center ® immunoglobulin G

Atherosclerosis, a chronic inflammatory disease of large
elastic and muscular arteries associated with lipid accu-
mulation, is the underlying cause of heart attacks and strokes,
the leading causes of global mortality.'? The arterial inflam-
mation is largely mediated by immune cells, including macro-
phages, T cells, and B cells.? Recent studies indicate a complex
role for B cells in atherosclerosis,* whereby Bla and B1b cells
protect against atherosclerosis™® and B2 cells promote both
development and progression of established atherosclerosis.’
The mechanism by which Bla cells protect against atheroscle-
rosis is by secreting protective natural IgM antibodies capable
of neutralizing oxidized low-density lipoproteins and targeting
leukocytes and T cells.>® However, the mechanisms by which
follicular B (FO B) cells promote atherosclerosis are not known.

Conventional B cells can in principle promote atheroscle-
rosis by at least 3 different mechanisms: secreting proinflam-
matory cytokines; antigen presentation to T cells, including
naive T cells; and also differentiating into plasma cells pro-
ducing immunoglobulins. Effector B2 B cells primed by Thl
cells and antigens secrete proinflammatory/proatherogenic
cytokines, including TNF-o. (tumor necrosis factor-a), IFN-y
(interferon-vy), and IL (interleukin)-12, while those primed by
Th2 cells and antigens secrete IL-2 and IL-4,° cytokines impli-
cated in atherosclerosis. B cell-derived TNF-a is a relatively
minor contributor to atherosclerosis.”® B2 cells also express
major histocompatibility II (MHCII) and CD1d and, thus, can
act as peptide and lipid antigen presenting cells affecting CD4
T cells and NKT (natural killer T) cells.!""'> B cell-mediated
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Nonstandard Abbreviations and Acronyms
Apoe'- apolipoprotein E—deficient
Athero-lgG IgG isolated from plasma of hyperlipidemic/atherosclerotic
ApoE~"- mice
pMT B cell—deficient
Blimp-1 B-lymphocyte-induced maturation protein
BM bone marrow
Cd40-"- CD40-deficient
FOB follicular B
HFD high fat diet
hsp65 heat-shock protein 65
IFN-y interferon-y
IL interleukin
Ldir-- low-density lipoprotein receptor—deficient
MHCII major histocompatibility Il
MhclF-  MHCII-deficient
Tth follicular helper T
TNF-o tumor necrosis factor-a
WT-IgG IgG isolated from normolipidemic/nonatherosclerotic mice

antigen presentation contributes to pathogenic mechanisms
implicated in acute allograft rejection'®; antigen presentation by
B cells also contributes to the pathogenesis of murine lupus.
However, dendritic cells are recognized as potent initiators of
CD4* T cell responses. Many humoral responses by B cells also
involve antigen presentation. FO B cells activated by antigens
via the B cell receptor present processed peptide antigens bound
to MHCII to CD4+* follicular helper T (Tfh) cells that recognize
the antigen. Then, an interaction between CD40L (cluster of
differentiation 40) on CD4* Tth cells and CD40 on FO B cells
promotes humoral responses by stimulating B cell proliferation
and downstream responses, including humoral responses.'*!

Several lines of evidence implicate humoral B cell immune
responses in the pathogenesis of atherosclerosis. Antibodies
to hsp65 (heat-shock protein 65) have been associated with
severe carotid atherosclerosis in humans.'® Furthermore, auto-
antibodies against hsp65 promote atherosclerosis via mecha-
nisms dependent on endothelial cell damage.'” More recently,
pathogenic roles for modified low-density lipoprotein antibod-
ies in atherosclerosis have been suggested.'® However, despite
such studies, definitive evidence for FO B cell-dependent
humoral mechanisms, including a role for IgG contributing to
development of atherosclerosis, is lacking.*

Here using both loss and gain of function studies, we pro-
vide compelling evidence that FO B cells promote development
of atherosclerosis via mechanisms dependent on their expres-
sion of MHCII and CD40. Mixed chimeric Ldlr”~ mice whose
B cells were deficient in MHCII or CD40, molecules essential
for the interaction of FO B cells with CD4* Tth cells exhibited
greatly reduced atherosclerotic lesions associated with large
reductions in IgG. We used chimeric mice whose FO B cells are
deficient in Blimp-1 (B-lymphocyte—induced maturation pro-
tein), a transcription factor required for FO B cell differentia-
tion into plasma cells'® to demonstrate that FO B cells promote
atherosclerosis by differentiating to plasma cells. A critical
role for IgG in promoting atherosclerosis was demonstrated by

transferring IgG purified from atherosclerotic mice into chime-
ric Ldlr"- mice whose FO B cells were deficient in Blimp-1.

Materials and Methods

Ethics and Animals

All animal experiments complied with national guidelines for care
and use of laboratory animals and approved by the Animal Ethics
Committee of the Alfred Medical Research and Education Precinct,
Melbourne, Australia. All mice were on a C57Bl6 genetic back-
ground. B cell-deficient (uMT-) mice were maintained at Monash
Medical Center Animal Facilities, Clayton, Australia. Wild-type
(C57BI6) mice, apolipoprotein E—deficient (Apoe™") mice, low-den-
sity lipoprotein receptor—deficient (Ldlr~~) mice, and CD40-deficient
(Cd407-) mice were maintained in the animal facility at Animal Ethics
Committee of the Alfred Medical Research and Education Precinct.
MHCII-deficient (Mhcll-; AB"’O) mice® were from the Melbourne
University. Blimp-1""Cd23-Cre mice were bred at the Walter and
Eliza Hall Institute, Melbourne, and generated by crossing Cd23-
Cre mice*' with Blimp-1"" mice.”> We chose male mice in our study
because virtually all previous studies on B cells and atherosclerosis
used male mice; thus, we cannot exclude possible gender-dependent
effects. All animal experiments were conducted at Precinct Animal
Center, Animal Ethics Committee of the Alfred Medical Research and
Education Precinct. Atherosclerosis was induced by feeding a high
fat diet containing 21% fat and 0.15% cholesterol (HFD; Specialty
Feeds, Glen Forrest, Western Australia) for 8 weeks. Sterile water
was given ad libitum throughout the experiment.

Generation of Bone Marrow Chimeric Ldlr~'- Mice
With B Cell Deficient in MHCII, CD40, and Blimp-1

Bone marrow (BM) transplantation using Ldlr”~ mice as recipients
is a widely accepted and frequently used technology for altering spe-
cific genes in atherosclerotic mice**** and in some instances exhib-
its advantages over cross-breeding.” We used a mixed chimera BM
transplantation approach to delete CD40 and MHCII from B cells.!%2¢
Briefly, 6-week-old male Ldlr”~ mice were subjected to whole-body
irradiation with 10 Gy in 2 divided doses at 4 hourly intervals, fol-
lowed by tail vein injection of 5 million BM cells comprising 80%
from either ptMT mice or wild-type mice and 20% from either Cd40™"-
or MHCII"~ mice. In mice receiving BM from pMT mice all B cells
are derived from either the Cd407~ or MHCII”~ knockout BM and
is sufficient to fully populate the B cell compartment of the recipi-
ent mice.”® Ldlr’- with B cells deficient in Blimp-1 were generated
by transferring BM from Blimp-1""Cd23-Cre mice into irradiated
Ldlr’- mice; control mice received BM from Blimp-1**Cd23-Cre
mice. Four weeks later when BM is fully reconstituted, the different
chimeric mice were given ad libitum a HFD for 8 weeks.

Tissue Collection

Both experimental and donor mice were killed by using slow-fill car-
bon dioxide asphyxiation. Male donor mice were used to isolate BM
cells from femur and tibia bones for transplantation into irradiated
Ldlr”~ mice. After culling experimental mice blood was collected
via cardiac puncture, the spleen for fluorescence-activated cell sorter
(FACS) analyses, and hearts for assessment of atherosclerosis at the
aortic root after embedding in optimal cutting temperature compound
and freezing at —80°C. Blood was also collected for isolation and
purification of IgG from atherosclerotic Apoe™ (HFD for 23 weeks)
and wild-type C57B16 mice.

IgG Purification

Plasma IgG purification was performed using affinity chromatog-
raphy. Briefly, plasma samples from Chow-fed C57Bl/6 mice or
HFD-Apoe™ mice were pooled, diluted 4-fold in phosphate-buffered
saline, filtered through 0.45 pmol/L filter, and loaded onto a HiTrap
Protein G HP column (GE) using BioLogic DuoFlow Medium
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Pressure Chromatography Systems (BioRad). After washing with
phosphate-buffered saline, the IgG was eluted with glycine buffer
(pH 2.8) and collected in neutralizing buffer (pH 8.5). The IgG was
then dialyzed in 4 changes of phosphate-buffered saline overnight at
4°C. The amount of purified IgG was quantitated using Direct Detect
method (Millipore) and purity assessed by SDS-PAGE (12%) electro-
phoresis under reducing and nonreducing conditions.

Plasma Lipids

Plasma concentrations of total cholesterol and very low—density
lipoprotein/low-density lipoprotein cholesterol were determined
enzymatically using a cholesterol assay kit (Roche/Hitachi) and auto-
mated chemistry analyzer.’

Flow Cytometry

Immune cells in peripheral blood and spleen were analyzed with fluo-
rochrome conjugated antibodies (BD Pharmingen, San Diego, CA) on
FACS-Canto II (BD Biosciences) as previously described.” Anti-CD19,
anti-CD5, anti-IgM, anti-IgD, anti-CD23, anti-CD21, anti-CD1d, anti-
MHCII, anti-CD11c, anti-CD11b, anti-CD44, anti-CD138, anti-IgD,
anti-GL7, anti-CD4, anti-CD8, anti-TCR (T-cell receptor)-f3, and anti-
NKI1.1 Abs were used in immune cell analysis. In intracellular staining,
cells were stimulated for 5 to 6 hours with Cell Stimulation Cocktail
plus Protein Transport Inhibitors (eBioscience, San Diego, CA). After
blocking Fc receptors, surface markers were first stained with anti-
TCR-, anti-CD4, and anti-CD8 antibodies. Fixed and permeabilized
cells were stained with anti-IFN-y and anti-TNF-a antibodies. Data
acquired on a FACS-Canto II (BD Biosciences) were analyzed using
FACS-Diva software (BD Biosciences). Transitional T1 B cells were
defined as CD23 IgM"IgD""CD21°CD19*, transitional T2 B cells as
CD23*IgM"I[gD"CD21°CD19*, marginal zone as CD23 IgM"IgD"
CD1d*CD21"CD19*, follicular as CD23*IgM"[gD"CD21™CD19*,
and Bla cells as CD5*CD1d*CD23-IgM"IgD*CD19*. CDI19-
splenocytes were used to analyze MHC* and CD40* CDllc*
dendritic cells.

Atherosclerosis Assessment

In accordance with the American Heart Association statement,?’
frozen sections (6 pm) were cut from optimal cutting temperature
compound—embedded aortic sinus, defined as the region where the
valve or valve cusps first become visible to where the left and right
coronary arteries branch off. For each mouse, intimal lesion areas
were measured in 6 sequential cross-sectional areas at 80 pwm inter-
vals and averaged.” Total intimal lesion areas were measured in sec-
tions stained with hematoxylin and eosin; oil red-O—stained lipids
within lesions were also quantified in a blinded manner using light
microscopy imaging, Optimus 6.2 Video Pro-32 software, and a
FVII Olympus camera.’” For lesion necrotic core assessment, sections
were stained with hematoxylin and eosin to identify acellular areas
as necrotic cores and measured as described previously.?® Apoptotic
cells identified by terminal dUTP nick end-labeling under light
microscopy were expressed per lesion areas as described before.?

Immunofluorescence

Frozen sections from atherosclerotic lesions were stained with appro-
priate nonimmune IgGs, anti-TNF-a, anti-IL-1f, anti-RANTES
(regulated on activation, normal T-cell expressed and secreted), and
anti-MCP-1 (monocyte chemotactic protein 1) antibodies as previously
described.” Images were visualized under Olympus BX61 fluores-
cence microscope and images captured using FVII Olympus camera.

Enzyme-Linked Immunosorbent Assay

Plasma immunoglobulin (Ig) was determined using ELISA. Fifty
microliter anti-mouse Ig (1 mg/mL) was used to coat 96-well ELISA
plates overnight at 4°C. After blocking with 1% BSA, duplicate sam-
ples of 50 mL plasma (diluted 1:10° for total Ig and IgG and 1:10* for
IgM) was added into ELISA plates for 2 hours at room temperature.
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Respective secondary anti-mouse Abs conjugated with HRP were
added into the wells, followed by addition of TMB substrate for color
development. The OD at 450 nm was read by ELISA reader.”

IL-1a and IL-6 ELISA kits (R&D systems) were used to deter-
mine the levels of these cytokines in affinity-purified plasma IgGs as
per manufacturer’s instructions.

Statistical Analysis

Statistical significance was assessed using a 2-tailed Student’s ¢
test or Mann—Whitney U test, depending on whether the data were
normally distributed, as assessed by the Shapiro-Wilk test using
GraphPad Prism program. Results were presented as mean+tSEM. P
values <0.05 were considered statistically significant.

Results

B Cell-Specific MHCII Expression Is Critical
for the Proatherogenic Effects of FO B Cells

Tth cell-dependent high affinity class switched antibody
production is critically dependent on activated B cells pre-
senting antigens to Tfh cells via MHCIL.* To determine
whether MHCII expression by FO B cells is critical for their
proatherogenic effects, we generated mixed chimeric Ldlr"-
mice whose B cells were deficient in MHCII by transplant-
ing BM from puMT chain—deficient mice or wild-type (WT)
controls (80%) together with BM from mice deficient in
MHCII (20%) into irradiated 6-week-old Ldlr”~ mice as pre-
viously described.!®?® This approach creates a control mouse
model with B cells, the majority of which are competent in
MHCII, and a test mouse model with MHCII”~ B cells that
allows comparable reconstitution of non-B immune cells,
such as macrophages, monocytes, dendritic cells, T cells all
of which are crucially important in atherosclerosis pathogen-
esis (Table I in the online-only Data Supplement). Additional
chimeric mice that received mixed BM cells (80% pMT-
chain deficient BM and 20% WT BM) were also generated to
serve as an additional control mouse model for mice with B
cells selectively deficient in either MHCII or CD40 molecule
(Table I in the online-only Data Supplement). B cells in the
chimeric mice do not express MHCII in contrast to control
chimeric mice (Figure 1A), and atherosclerotic lesion size
in Ldlr”~ mice whose B cells were deficient in MHCII was
also reduced, by =45% compared with control mice (P<0.05;
Figure 1B and 1C), while the content ratio of lipid in lesions
was unaffected (P>0.05; Figure 1B and 1C). MHCII expres-
sion by dendritic cells and macrophages is unaffected
(Figure 1D and 1E; Figure IA and IB in the online-only
Data Supplement). In an agreement with the literature where
deletion of MHCII in B cells has previously been shown not
to affect B cell numbers, marginal zone, T-1 or T-2 imma-
ture B cells in spleen,* we found similar observation in our
mixed chimeric mice (Figure IIA and IIB in the online-only
Data Supplement). Also, MHCII deletion in B cells has no
effect on splenic B, CD8* and CD4* T cells, NK and NKT
cells, monocyte or macrophage numbers at the beginning
(Figure IIC in the online-only Data Supplement) and at the
end (data not shown) of HFD. MHCII deletion in B cells
significantly reduced the number of activated CD44"CD4*
T cells in spleens of Ldlr”~ mice but did not affect CD8* T
cells (P<0.05; Figure 1F; Figure IIIA in the online-only Data


http://atvb.ahajournals.org/

8702 ‘G 11dy uo 1s9n6 Aq /B10's[euno feye gare//:dny wiouy pepeojumoq

e74 Arterioscler Thromb Vasc Biol May 2018
A MHCII** B cells MHCII- B cells Alt. control
o 3.0%163.0% 65.4%]4.0% "
o 30.4%| 2.6% 28.9%|1.7% EEMHCII** B
3 C_IMHCII’-B
T 1 Alt. control
B C
0.15 T ’a 80 T
. g &E : o i
; 3 ' '
»..,__ g £ :_-l-_ < 60 - i
) W = o0 H g :
I B = o (5] : - '
P\ | 8 T AT =
L, e D < : - i
s ey, ' g 0.05 - ! i\i | !
3 it & % o ! 20 '
| YR e e e O B =1 2 i -g_ !
EEMHCI** B [IMHCII-B [ Alt. control =, 0 | R L
D E cp1b*bc cbimb-DC F cpy cDs
MHCII** B cells  MHCII-B cells $ 5 10000 15000 0w 30
c 2
O ‘ =
=1 1.4% 1.7%| § é 80001 S 20 T
(] @ S 60004 100005 _': 15+ * 207
o e > ] 5
= =000 3 = 10
L 2 5000 <" 10 -
C o o
i @ 4= 2000 Q ;-
0 C v
s - >~
0- 0- ) 0- 0- '
G H |
w | IgG IgM
© 4 [72) 0.8 w 2.5 5\0-25 9 0.15 9 1.0 g
(3] — . Y ]
[
~ 8 O ;0 B 0.0 0.8 L
-l 31 + 0.6 © (@]
o N — S &, ~ i 0.10 4 |
: - 5 nSS @ 0.15 0.6
(=) 0o © < 1)
o) 2 * . w=0.4 E % c
- a X 1.0 M 0.10 0.4
o |2 é 2 0.05
a kN & %7 Q@ 0T * 9 o0.05- * % |02
(& = * (a] o]
Q o 0.0- < 0.00 - 0.00- 0.0-
X ° — ¢ 0.0- . . . . .

Figure 1. B cells require MHCII (major histocompatibility Il) molecule to promote atherosclerosis. A, B cells do not express MHCII and (B
and C) atherosclerosis reduces without affecting lesion lipid content ratio in mixed chimeric Ldlr”’- mice (MHCII- B cells; 80% uMT~~ plus
20% MHCII7- bone marrow) compared with control mice (MHCII** B cells; 80% pMT~- plus 20% wild-type (WT) bone marrow and Alt.
control; 80% WT plus 20% MHCII- bone marrow). D and E, Without affecting MHCII expression on dendritic cells, chimeric Ldlr’- mice
with B cells deficient in MHCII reduce the numbers of spleen (F) CD4 T cells, (G) germinal center B cells, and (H) plasma cells. I, Plasma
Ig and IgG, but not IgM, are greatly reduced by MHCII deficiency in B cells. *P<0.05; results are means+SEM, n=13 to 15 per group.
MHCII-~ B; mice with B cells selectively deficient in MHCII, MHCII*+ B, and Alt. control; control mice. P<0.05 from control; results are

means+SEM, n=13 to 15 per group. Scale Bar, 100 um.

Supplement). Further analysis also indicated that B cell-spe-
cific MHCII deficiency reduced CD44+ PD-1* Bcl6* CD4
Tth cells not only in CD4 T cell percentage but also in num-
bers by 52% and 68%, respectively (Figure IVA and IVB
in the online-only Data Supplement). These effects were

associated with reductions in the number of spleen CD4*
T cells expressing IFN-y and TNF-a (P<0.05; Figure IIIB
in the online-only Data Supplement) and cytokines that are
proatherogenic and can also contribute to antibody produc-
tion.’!3 We used GL7 to assess effects on germinal center B
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cells, a well accepted marker for germinal center B cells*;
activated B cells do not express GL7.** MHCII deletion in
B cells also greatly reduced CD19*IgD-GL7* germinal cen-
ter B cells (P<0.05; Figure 1G), which was accompanied by
a large (76%; P<0.05) reduction in splenic CD138* plasma
cells (Figure 1H). These effects were associated with large
(>90%; P<0.05) reductions in plasma total Ig and IgG levels
without affecting IgM levels (Figure 1I). B cells deficiency
in MHCII did not affect lesion macrophages, CD3 T cells,
CD19 B cells, or lesion collagen (Table II in the online-
only Data Supplement). Plasma cholesterol levels were also
unaffected (P>0.05; Figure IIIC in the online-only Data
Supplement).

Deletion of CD40 in FO B Cells Reduces

Severity of Atherosclerosis and Is

Associated With Reduced Plasma IgG

CDA40 expression by FO B cells is essential for formation
of germinal centers, B-cell proliferation within such centers,
and immunoglobulin class switching from IgM to IgG.*
CD40 is also required for upregulation of CD80/CDS86
costimulatory molecules and subsequent T-cell stimulation.*
As CD40 on FO B cells is activated by CD40L expressed by
CD4* Tth cells,’” we examined the effects on atherosclerosis
of deleting CD40 from FO B cells in Ldlr”~ mice. We gener-
ated mixed chimeric Ldlr”~ mice by transplanting BM from
UMT chain—deficient mice or WT controls (80%) together
with BM from mice deficient in CD40 (20%) into irradiated
6-week-old Ldlr”~ mice as previously described,! as well
as additional chimeric mice that received mixed BM cells
(80% pUMT chain—deficient BM and 20% WT BM; Table I
in the online-only Data Supplement). These chimeric mice
contain B cells with greatly reduced CD40 (Figure 2A), and
B cell-selective CD40 deficiency reduced atherosclerosis
in aortic sinus compared with atherosclerotic lesions in the
control, as well as in additional control mice (Figure 2B and
2C), and in the innominate artery (Figure VA in the online-
only Data Supplement). CD40 expression by dendritic cells
and macrophages is unaffected (Figure 2D and 2E; Figure
IC and ID in the online-only Data Supplement). In these
mice, major lymphocyte populations and plasma IgM were
unaffected by reduction in CD40 on B cells (Figure VB and
VC in the online-only Data Supplement). Assessment at the
beginning of HFD also showed that mature B cells, imma-
ture T1 and T2 cells, and Bla cell numbers were normal in
accordance with pervious report,™ while marginal zone B
cells were slightly elevated (Figure VD in the online-only
Data Supplement) that became at a similar level to control
mice at the completion of the experiment (Figure VE in
the online-only Data Supplement). The large reduction in
CD40 in B cells resulted in a 78% reduction in the num-
ber of CD19"IgD"GL7* germinal center B cells (P<0.05;
Figure 2F) as well as a 65% reduction in spleen plasma cells
(P<0.05; Figure 2G). Also activated spleen CD44"CD4*
T cells and CD4*IFN-y* T cells were reduced by 27% and
46%, respectively (P<0.05), while activated CD8* T cells
and CD4*TNF-a* T cells are unaffected (Figure 2H; Figure
VIA in the online-only Data Supplement). B cell-specific
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CDA40 deficiency also reduced CD44* PD-1* Bcl6™ CD4 Tth
cells not only in CD4 T cell percentage (by 48%) but also
in numbers (by 58%), respectively (Figure IVA and IVC in
the online-only Data Supplement). FO B cells deficient in
CDA40 also reduced plasma total Ig and IgG levels by 75%
and 73%, respectively (P<0.05); however, IgM levels unaf-
fected (Figure 2I). Plasma cholesterol levels were unaffected
(P>0.05; Figure VIB in the online-only Data Supplement).
B cells deficient in CD40 did not affect lesion macrophages,
CD3 T cells, CD19 B cells, or lesion collagen (Table II in the
online-only Data Supplement),

Total body irradiation affects neointimal smooth muscle
cells in blood vessels, as occurs after arterial injury rather
than medial smooth muscle cells*; neointimal smooth mus-
cle which exhibit a synthetic phenotype and are highly pro-
liferative differ from medial smooth muscle which exhibit
a “contractile phenotype” and are quiescent.* To confirm
that irradiation does not affect medial smooth muscle cells,
the only smooth muscle cell type present in the aortic sinus
of 6-week-old mice, we compared smooth muscle cells in
medial layers in chimeric Ldlr~”~ mice with B cells deficient
in CD40 to HFD-fed ApoE and C57BL/6 mice that have
not been exposed to total body irradiation. We did not see
any effect of irradiation on vascular smooth muscles in both
medial and intimal layers (Figure VII in the online-only
Data Supplement).

FO B Cell Blimp-1 Deletion Prevents

Development of Plasma Cells and

Greatly Attenuates Atherosclerosis

Our studies suggest that IgGs produced by spleen plasma
cells may be important in development of atherosclerosis.
However, both MHCII and CD40 expression by B cells
have the potential to stimulate naive CD4* T cells to some
extent in addition to promoting humoral adaptive immu-
nity. To directly assess the importance of adaptive humoral
immunity independently of naive CD4* T cell stimulation,
we generated chimeric mice whose B cells were deficient
in Blimp-1 by transplanting BM from Blimp-1""Cd23-Cre
mice (100%) into irradiated Ldlr”~ mice. Blimp-1 is required
for the formation of immunoglobulin-secreting plasma cells
and their survival as well as preplasma memory B cells.*
Mature B cells, immature T1 and T2 cells, marginal zone B
cells, and Bla cells in spleens were unaffected by Blimp-1
deficiency in B cells (P>0.05; Figure 3A). Activated spleen
CD444"CD4+ and CD8+ T cell numbers were also unaffected
(P>0.05; Figure 3B). In contrast, plasma cell numbers were
reduced by >90% (Figure 3C). Plasma total Ig and IgG lev-
els were also reduced by >95%, while plasma IgM levels
were reduced by nearly 80% (P<0.05; Figure 3D). Critically,
IgG in atherosclerotic lesions was undetectable (Figure 3E),
and aortic lesion size was reduced by nearly 50% (P<0.05;
Figure 3F and 3G). B cells’ deficiency in Blimp-1 did not
affect lesion macrophages, CD3 T cells, CD19 B cells, or
1 collagen (Table II in the online-only Data Supplement).
Neither were lesion lipid content ratio nor plasma lipids
affected by Blimp-1 deletion from B cells (P>0.05; Figure 3F
through 3H).


http://atvb.ahajournals.org/

8702 ‘G 11dy uo 19n6 Aq /B10's[euno feye gare//:dny wouy pepeojumoq

e76 Arterioscler Thromb Vasc Biol May 2018
A CD40** B cells CD40"- B cells Alt. control
(=) 32.0%141.4% 51.7%17.4% 37.4%] 35.9% I CD40** B
3 20.9%| 5.7% 24.4%)| 6.5% 19_9%| 6.6% —ICD40"- B
T e [ Alt. control
> CD40
B C —
‘E 0.20 E 8 80 i
' ] '
£ Tl < oo :
A © *i 1l e :
i 1 ;“.; g 0.10 i § 40 i
e | ; [ ' 2 '
e ?"“—”-‘7”“‘ O .05 i < - '
- : . e g o : 3 :
N NI M | e O s R : 2 !
Il CD40** B C—ICD40-B 1 Alt. control 0.00~ ——— 1 o L
D E F G
CD40"*Bcells  CD40*Becells o ,o2ncbC 2 o i
o £ 3 3
- 1.4% 1.4% S B s00- s 8
- - ; 00 T : 1.5 ©
o N o [T) £ 107
QO ® 0600 : n &
g > [aRKE © e
L @ 4007 o ox *
0.5
c q:, o 0.5 * &
@+ 200+ - 2
> CD40 Q= o 5
0- r o 0.0~ (& 0.0~
o
H |
CD4 ’s CD8 Ig IgG IgM
ow 25 s~ 04 0.20 10
T T b
O 20+ 20 A ()
- * g 0.3 0.15 0.8
£ 15 15 8 06
= c 0.2 0.10 -
<t 104 10 ©
E 'E 0.4
O s5- 5 8 0.1+ % | 0.051 *
°\O o] 0.2+
0- 0- T < 0.0- 0.00 - 0.0

Figure 2. B cell-specific CD40 (cluster of differentiation 40) deficiency reduces atherosclerosis. A, B cells exhibit greatly reduced CD40
expression and (B and C) atherosclerosis reduces without affecting lesion lipid content in Ldlr’- mixed chimeric mice (CD40~- B cells;
80% pMT~- and 20% CD40~- bone marrow) compared with control mice (CD40** B cells; 80% pMT~- and 20% WT bone marrow and
Alt. Control; 80% WT-- and 20% CD40~- bone marrow). D and E, Without affecting dendritic cells, (F) germinal center B cells and (G)
plasma cells are greatly reduced in hyperlipidemic Ldlr- mice with reduced CD40 express by B cells. H, Activated CD44" CD4+ cells but
not CD8+ spleen T cells are reduced in mixed chimeric Ldlr”- mice with reduced CD40 expression by B cells. I, Plasma Ig and IgG but not
IgM are reduced in hypercholesterolemic mixed chimeric Ldlr”’- mice with B cells deficient in CD40. *P<0.05; results are means+SEM; n=9
to 11 per group. CD40~- B; mice with B cells selectively deficient in CD40, CD40++ B, and Alt. control; control mice. Scale Bar, 100 pm.

IgG From Hyperlipidemic/Atherosclerotic Mice
Promote Development of Atherosclerosis

Our studies suggest a close relationship between the extent of
atherosclerosis and plasma IgG. To directly test the hypothesis
that IgG produced during development of atherosclerosis con-
tributes to the proatherogenic effects of FO B cells, we examined

the effects of IgG isolated from plasma of hyperlipidemic/
atherosclerotic ApoE”~ mice (Athero-IgG) compared with
IgG from normolipidemic/nonatherosclerotic mice (WT-IgG)
on atherosclerosis development in Ldlr”~ mice whose B cells
are deficient in Blimp-1. IgG of 10 pg/dose (purity >95%;

Figure 4A) in which none of IL-1a and IL-6 proinflammatory
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Figure 3. Atherosclerosis reduces in the absence of IgG. Atherogenic mice deficient in plasma cells were generated by transferring
Blimp-1"" Cd23-Cre bone marrow into irradiated /dlr”- mice. Fluorescence-activated cell sorter (FACS) analysis at 4 weeks after bone
marrow transplantation, just before commencing the high fat diet (HFD), shows that (A) B cell subtypes in spleen are unaffected by
Blimp-1 deficiency in B cells. At the end of 8-week HFD feeding, Blimp-1 deletion in B cells of chimeric mice shows (B) CD44"-acti-
vated T cells in spleen unaffected, but reduce (C) spleen plasma cells by >90% and (D) plasma immunoglobulins. Mice without plasma
cells also show (E) a complete absence of IgG in atherosclerotic lesions and (F and G) reduced atherosclerosis at aortic sinus, while
lesion lipid content ratio is unaffected without affecting total and VLDL/LDL cholesterol in plasma. *P<0.05; results are means+SEM,
n=9 to 11 mice per group. Ldlr’- Blimp-1"" Cd23-Cre; mice with B cells selectively deficient in Blimp-1, Ldlr’- Blimp-1++ Cd23-Cre;
control mice. Scale Bar, 100 pm. Blimp indicates B-lymphocyte-induced maturation protein; LDL, low-density lipoprotein; and VLDL,
very low—-density lipoprotein.

cytokines were detected was administered via tail-vein injec- that we described earlier (data not shown). Resultant plasma
tion every 2 weeks. After 8 weeks, FACS analysis showed com- IgG levels in the 2 groups of mice were similar (P>0.05;
parable numbers of FO B cells, but no plasma cells in spleens, Figure 4B), but Athero-IgG deposits accumulated to a much

findings similar to that in mice with Blimp-1-deficient B cells greater extent (=7-fold) in atherosclerotic lesions than WT-IgG
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Figure 4. IgG purified from atherosclerotic mice, not from nonatherosclerotic mice, increases atherosclerosis. Plasma IgGs were purified
from atherosclerotic mice (high fat diet [HFD]-fed mice) and nonatherosclerotic mice (chow-fed mice). A, Gel electrophoresis indicates the
purity of IgGs isolated from plasma of mice is greater than 95%. After multiple administrations of IgGs into plasma cell-deficient chime-
ric mice, (B) plasma levels are similar in mice receiving IgGs, but (C) IgG deposits are accumulated only in mice that received IgGs from
atherosclerotic mice (Athero-IgG) to a far greater extent compared with IgGs from nonatherosclerotic mice (WT-IgG). D, Atherosclerotic
lesions of mice receiving Athero-IgG are nearly 2.5-fold larger compared with those receiving WT-IgG without affecting (E) plasma total
cholesterol and VLDL/LDL cholesterols. *P<0.05; results are means+SEM, n=4 to 6 mice per group. Ldlr’- Blimp-1"" Cd23-Cre; mice with
B cells selectively deficient in Blimp-1. Scale Bar, 100 um. Athero-IgG indicates IgG isolated from plasma of hyperlipidemic/atheroscle-
rotic ApoE~~ mice; Blimp, B-lymphocyte-induced maturation protein; LDL, low-density lipoprotein; VLDL, very low-density lipoprotein;

and WT-IgG, IgG isolated from normolipidemic/nonatherosclerotic mice.

deposits (P<0.05; Figure 4C). Furthermore, lesion size in
mice receiving Athero-IgG increased 2.4-fold compared with
those receiving WT-IgG (P<0.05; Figure 4D); plasma cho-
lesterol levels are unaffected (Figure 4E). It is worthwhile to
note that WT-IgG further reduced total lesion area (Figure 4E)
compared with those in IgG-deficient mice, suggesting a pos-
sible protective role of nonatherosclerotic IgGs in accordance
with the literature.*!#

IgG From Atherosclerotic Mice Increases

Lesion Cell Apoptosis, Necrotic Core Size

and Inflammation

IgG immune complexes are known to activate complement
and Fcy receptors inducing apoptosis in target cells.*# As
both systems have been implicated in atherosclerosis,”#® we
examined in gain and loss of function studies whether IgG
produced during development of atherosclerosis affects lesion
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cell apoptosis and necrosis. After treatment with Athero-IgG
lesion, apoptotic cell numbers doubled in Ldlr”~ mice whose
FO B cells were deficient in Blimp-1 (P<0.05; Figure 5A,
right). Athero-IgG also increased lesion necrotic core size, by
80% compared with WT-IgG (P<0.05; Figure 5B, right panel).
To confirm these effects of Athero-IgG, we also assessed lesion
apoptotic cell numbers and necrotic cores in Ldlr”~ mice whose
B cells are deficient in Blimp-1, mice whose plasma IgG lev-
els are reduced by 95% (Figure 3F and 3G). In these mice
lesion, apoptotic cells were reduced by nearly 53% (P<0.05;
Figure 5C, right panel) and necrotic core size by 58%, respec-
tively (P<0.05; Figure 5D, right panel), effects consistent with
the Athero-IgG gain of function studies. As necrosis initiates
release of HMGBI1 (high-mobility group box 1 protein)¥, a
potent mediator of sterile inflammation,*® which promotes
atherosclerosis,” we examined whether Athero-IgG increases
lesion proinflammatory cytokines. Transfer of Athero-IgG into
hyperlipidemic Ldlr”~ mice with Blimp-1-deficient B cells
greatly increased lesion cells expressing TNF-a and IL-1f
(P<0.05; Figure 5E and SF, right panel). Conversely, in chi-
meric Ldlr"= Blimp-1""Cd23-Cre mice lesion, TNF-o- and
IL-1B-producing cells were reduced (P<0.05; Figure 5G and
SH, right panel). A similar pattern of effects were observed
on lesion cells producing RANTES and MCP-1 after transfer
of Athero-IgG or preventing the generation of plasma cells
(Figure VIII in the online-only Data Supplement).

Discussion

Our study provides the definitive proof that the mechanisms
by which FO B cells promote atherosclerosis are critically
dependent on their differentiation to plasma cells. This is sup-
ported by our findings that the atherogenic effects of FO B
cells are also highly dependent on their expression of MHCII
and CD40, molecules required for B-T cell interactions and
development of germinal center B cells, as well as Blimp-1, a
transcriptional factor required for the differentiation of germi-
nal center B cells to plasma cells (Figure 6). FO B cell differ-
entiation to plasma cells seems to be the major mechanism by
which FO B cells promote atherosclerosis, given that Blimp-1
deletion in these cells accounts for >80% of the proathero-
genic effect of FO B cells on atherosclerosis, when compared
with total B cell depletion.” Plasma cells seem to mediate their
effects on atherosclerosis by producing pathogenic IgGs. Our
results are consistent with the report that the Tfh—germinal
center B-cell axis is proatherogenic.®

Irradiation plus BM transplantation is a widely accepted
method in studies on atherosclerosis used to delete specific
molecules/cells from Ldlr”- mice* but results in more rapid
development of more inflamed lesions,’! necessitating the use
of appropriate controls.”** As in other studies,”* we also
generated appropriate irradiated mixed chimeric controls for
our comparative studies of the effects of MHCII, CD40, and
Blimp-1 deletions from B cells. Our finding that the ability
of FO B cells to promote atherosclerosis is dependent on
their expression of MHCII is consistent with our observation
that IgG from atherosclerotic mice promotes atherosclerosis.
Peptide:MHCII complexes on FO B cells are recognized by
antigen-specific CD4* Tfh cells, stimulating them to make
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membrane-bound and -secreted factors that stimulate B cell
proliferation, form germinal centers, and differentiate into
plasma cells. Activated CD4* T cells but not CD8* T cells are
reduced in spleens of hyperlipidemic mixed chimeric Ldlr'-
mice whose B cells do not express MHCII. This reduction in
activated CD4* T cells most likely represents reductions in
activated CD4* Tth cells rather than CD4* effector T cells, as
B cells in vivo fail to prime naive T cells® but rather stimulate
antigen-experienced T cells.” The reduction in activated CD4*
T cells is also reflected by the reductions in CD4*IFN-y* and
CD4*TNF-a* T cells; both cytokines are important in influ-
encing pathogenic accumulation of Tth cells and germinal
centers.’> Deletion of MHCII on B cells markedly reduces
germinal B cell numbers and plasma cells in the spleen, effects
consistent with the large reductions in IgGs. Our finding that
MHCII deletion on B cells exerts effects on atherosclerosis
which are similar in magnitude to those observed with spe-
cific B cell deletion™ indicates that MHCII expressed by FO
B cells is a critically important mechanistic pathway by which
B2 cells promote atherosclerosis.

The interaction of costimulatory molecules CD40 on FO
B cells and CD40L on Tth cells is also important for high-
affinity antibody generation. CD40 expression by FO B cells
is necessary for optimal primary B cell responses, including
the generation of germinal centers, sustaining antibody pro-
duction® and CD4* Tth cell formation.*® After the large reduc-
tions in CD40 expression by B cells in the hyperlipidemic
mice, atherosclerosis is also reduced but to a lesser extent than
with MHCII deletion, consistent with CD40 on FO B cells
being a costimulatory promoter of atherosclerosis; reduc-
tions in IgG, spleen germinal B cell, and plasma cell numbers
were also less than with MHCII deletion. A recent report has
shown that marginal-zone B cells reduce atherosclerosis by
mediating Tth cell development to limiting adaptive immune
responses.’” It is well known that marginal-zone B cells reside
both within the marginal zone and follicles.*® In follicles they
present antigens to follicular dendritic cells.®®% Collectively,
marginal-zone B cells exert both positive and inhibitory
effects. Our results tend to suggest that the overall effect of the
transient increase in spleen is at best small, based on effects on
atherosclerotic lesions 4 weeks after commencing the HFD,
where effects on lesions are similar 4 and 8 weeks after com-
mencing the HFD.

Although it is possible that MHCII and CD40 expression
by FO B cells contribute to atherosclerosis by mechanisms
involving CD4* T cell activation® and increased effector cyto-
kine responses,®> a common feature of B cell-specific defi-
ciencies in either MHCII or CD40 was the reduction in serum
IgG levels. To determine its importance for atherosclerosis, we
deleted Blimp-1 in B cells. We used CD23-CRE to specifically
delete Blimp-1 from B cells. CD23 is upregulated at the T2
stage of B cell development, and this results in CRE-mediated
deletion of Blimp-1 from FO and marginal-zone B cells, as
well as most B1 cells.®*** This accounts for the large reduc-
tions in plasma IgG as well as IgM in mixed chimeric Ldlr”"-
mice with specific deletion of Blimp-1. Blimp-1 expression
by FO B cells is critical for their differentiation into antibody-
producing plasma cells. Our findings that deletion of Blimp-1
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Figure 5. IgG increases cell deaths in atherosclerotic lesions. A and B, Athero-IgG administration increases lesion apoptotic cell numbers (A)
and lesion necrotic core size (B). C and D, Deletion of Blimp-1 from B cells, which reduces plasma IgG, attenuates lesion apoptotic cell num-
bers (C) and necrotic core size (D). E and F, Athero-IgG increases numbers of lesion cells expressing TNF-o. (tumor necrosis factor-a; E) and
IL-1p (interleukin-1p; F). G and H, Deletion of Blimp-1 from B cells, which markedly attenuates IgG production, greatly reduces numbers of
lesion cells producing TNF-a (G) and IL-1f3 (H). *P<0.05; results are means+=SEM, n=4 to 6 mice per group. Ldlr"’- Blimp-1"" Cd23-Cre; mice
with B cells selectively deficient in Blimp-1, Ldlr- Blimp-1++ Cd23-Cre; control mice. Scale Bar, 100 um. Athero-IgG indicates IgG isolated
from plasma of hyperlipidemic/atherosclerotic ApoE~- mice; Blimp, B-lymphocyte-induced maturation protein; LDL, low-density lipoprotein;
TUNEL, terminal dUTP nick end-labeling; and WT-IgG, IgG isolated from normolipidemic/nonatherosclerotic mice.

greatly attenuated development of atherosclerosis strongly critical for the proatherogenic actions of FO B cells. Deletion
support the hypothesis that FO B cell differentiation to plasma of Blimp-1 from FO B cells only affects their differentiation
cells and their production of antibodies, particularly IgG, are to plasma cells, leaving all aspects of B cell MHCII and CD40
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Antigen-activated T cells

Figure 6. Schematic diagram showing the possible mechanism
how B cells can promote atherosclerosis via T cell-dependent
manner. Antigen activates naive T (nT) cells via TCR (T-cell
receptor)-dependent manner by professional antigen presenting
cells (APC) and naive B (nB) cells via B-cell receptor. Follicular
helper T (Tfh) cells transformed from activated T cells migrate to
T-B zone to interact with activated B (aB) cells after which B cells
are terminally differentiated into IgG-producing plasma cells. IgG
released from plasma cells are deposited in atherosclerotic lesion
and induces lesion apoptotic cells via multiple mechanisms.
Blimp indicates B-lymphocyte-induced maturation protein.

signaling intact. Blimp-1 deletion in FO B cells of hyperlipid-
emic chimeric Ldlr~~ mice resulted in near complete abolition
of Ig and IgG in plasma, suggesting that most IgGs produced
by plasma cells before irradiation, to generate chimeric mice,
are produced by short-lived radiation-sensitive plasma cells.
Despite associations between circulating immunoglobu-
lins and atherosclerosis being described for >20 years,'®!”
direct proof for a pathogenic role for immunoglobulins is still
lacking. Immunoglobulins associated with increased athero-
sclerosis include IgE,% 1gA,% and IgG,” while IgM is gen-
erally associated with protection.*®” In mixed chimeric mice
with targeted depletion of MHCII or CD40, we observed the
depletion of these molecules in Bla cells (data not shown),
and similar finding has been reported in conditional knock-
out mouse model to delete MHCII on B cells.®® The finding
that selective deficiency of MHCII and CD40 on B cells does
not affect plasma IgM in contrast to the fact that IgM levels
plummet down in B cell-selective Blimp-1 deficiency sup-
ports that Bla cells, major natural IgM producer in innate-like
responses, do not require MHCII and CD40, but Blimp-1 in
their secretion of natural antibodies in accordance with litera-
ture.® It is also important to note that regulatory B cells are
heterogeneous in nature, and some of them express neither
CD23 nor Blimp-1 for their differentiation/suppressor func-
tion.””" Furthermore, activated peritoneal cavity B-la cells
also regulate immune responses by secreting IL-10.”> We have
assessed and found that CD19*CD5* B1a cells (Figure 3A) and
B220*CD5*CD23-CD21" IgM* CD1d cells (data not shown)
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in spleens of chimeric mice transplanted with CD23-Cre
Blimp-111/fl BM cells were unaltered compared with their con-
trol group, indicating that regulatory B cells are not affected by
B cell-specific deletion of Blimp-1. As almost all regulatory B
cells modulate immune responses by producing IL-10, we do
not expect any effects in our experiments as IL-10-producing
B cells, and this is in accordance with literature where B cell—
derived IL-10 does not affect atherosclerosis in mice.”

Our finding that transfer of IgG purified from atheroscle-
rotic mice into plasma cell and immunoglobulin deficient
Ldlr'= Blimp-1""Cd23-Cre mice accelerated atherosclerosis
provides the first definitive proof that IgGs in atherosclerosis are
pathogenic. In this study we did not investigate the 2 remaining
effector functions—antigen presentation to naive CD4* T cells
or proinflammatory cytokine secretion by B cells because (1)
dendritic cells are by far superior antigen-presenting cells com-
pared with B cells,”* and when CD4* T cell stimulation by anti-
gen-loaded naive B cells occurs, it results in an unusual T cell
phenotype that retains high levels of CD62L and preferentially
migrates to T-cell zones in peripheral lymph nodes, contrasting
with activation by dendritic cells which downregulate CD62L7;
(2) activated B cells produce proinflammatory cytokines, and
we have already reported that B cells can promote generation
of vulnerable plaques by secreting TNF-a. (see our article).'
This cytokine-mediated pathway contributes no >20% to lesion
development,'® and the remainder can be accounted for by IgG-
dependent mechanisms described in this article. The transferred
IgGs accumulated in atherosclerotic lesions, suggesting that
they bind avidly to specific-yet-to-be-defined antigens within
developing lesions, contrasting with IgGs from nonatheroscle-
rotic mice which are barely detectable in lesions. The trans-
ferred IgGs not only promote progression of atherosclerotic
lesions but also affect lesion characteristics, increasing apop-
tosis/necrotic core size and lesion inflammatory molecules,
effects that can be attributed to initial binding of the IgGs to
specific target antigens and activation of the complement path-
way and cytotoxic immune cells through activation of FcyRs.

The transfer of IgG most likely promoted apoptosis and
necrotic core development possibly via NK cell-mediated anti-
body—dependent cellular cytotoxicity.” In this study, we did not
specifically study NK cells; they are known to promote necrotic
core development in lesions.” The process of IgG isolation
(extensive wash before eluting IgG from affinity column) pre-
vents a possible contamination of proinflammatory cytokines,
and IgGs purified are heterogeneous. Of the major proinflam-
matory cytokines IL-1a, IL-6, TNF-a, and IL-1§, only IL-1a
and IL-6 were shown to bind to IgG purified via ion-exchange
chromatography.”® As both cytokines were not detected in
affinity-purified IgG and the plasma half-life of IL-l1a and
IL-6 in rodents (rats, shorter in mice) is #2.5”° and 3 minutes,*
respectively, they are extremely unlikely to account for any of
the observed IgG effects on atherosclerotic lesions. Antigen—
IgG immune complexes accumulated in atherosclerotic lesion
can activate NF-xB (nuclear factor kappa-light-chain-enhancer
of activated B cells) activation in lesion-dominant macro-
phages through Fcy receptors for macrophage-derived IL-1f3
and TNF-o production.®? TNF-a and IL-1 can upregulate
both RANTES and MCP-1 through NF-xB activation in an
autocrine manner®>* and induce apoptosis.®> Although we have
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demonstrated that IgGs from atherosclerotic mice promote ath-
erosclerosis, the specific antigens targeted remain to be identi-
fied. Although not specifically studied, our findings that IgG
from atherosclerotic mice greatly increase lesion inflammation
by increasing expression of proinflammatory cytokines TNF-
o and IL-1fB and chemokines MCP-1 and RANTES suggest
initiation of a complex sterile inflammatory response mediated
by release of DAMPs (damage-associated molecular patterns)
such as HMGBI1 from necrotic cells*’ and activation of the
Nlrp3 (nucleotide-binding domain and leucine-rich repeat con-
taining [NLR] protein 3) inflammasome.> HMGB1 enhances
atherosclerosis development® and increases TNF-a. and IL-1[3
expression,**® which may be responsible for the observed
elevations in chemokines.’”#® Among major IgG subclasses,
IgGl is the most abundant subclass induced by soluble and
membrane protein antigens, and IgG2 and IgG3 are potent
responders to pathogens, with [gG4 being a dominant subclass
to allergens.® Limitation on current methodology prevents
purification of individual IgG subclasses to study their specific
roles in atherosclerosis.

In summary, we provide direct evidence that the major mech-
anism by which FO B cells promote atherosclerosis involves
their differentiation to plasma cells. The atherogenic effects of
FO B cells are highly dependent on their expression of MHCII,
CD40, and Blimp-1. Furthermore, our findings that IgG iso-
lated from atherosclerotic mice greatly promote atherosclerosis
confirm their pathogenicity and together with deletion studies
indicate that pathogenic IgGs are important contributors to the
atherogenic effects of FO B cells. Recently, stable cyclic antibody
neutralizing peptides have been developed to specifically target
pathogenic antibodies such as those activating cardiac [3-1 adre-
noceptors.” Our study raises the possibility that such approaches
may be therapeutically useful to also inhibit the atherogenic
effects of B cells without compromising the immune system.
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Highlights

e Follicular B cells interact with T-follicular helper cells via MHCIl (major histocompatibility 1)- and CD40 (cluster of differentiation

40)-dependent manners to become lgG-producing plasma cells.

e B- and T-cell interaction is critically important for follicular B cell’s atherogenicity.
e Atherosclerosis is ameliorated in the absence of atherogenic IgGs and their restoration augments atherosclerosis.
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SUPPLEMENTARY MATERIAL

B cells Promote Atherosclerosis via T Cell Mediated Differentiation into Plasma Cells and
Secreting Pathogenic Immunoglobulin G

Christopher Tay et al

Supplementary tables

Supplementary Table I. Mixed chimeric mouse generation strategy.

Control (1) Test (2) Alternative control (3)

Bone Marrow cells (ratio)
80% WT + 80% uMT + 80% pMT +
20% (Gene™) 20% (Gene™) 20% (WT)

Immune Cell Reconstitution

WT Gene” WT Gene™” WT Gene™”
B cells 80% 20% - 100% 100% -
APCs 80% 20% 80% 20% 100% =
T cells 80% 20% 80% 20% 100% -
Other non-B cells  80% 20% 80% 20% 100% -

Three possible mixed chimeric mouse models are available and widely used to study the
role of cell-specific gene expression. In atherosclerosis, many immune cells such as
macrophages, monocytes, dendritic cells are involved and contribute to its pathogenesis.
Therefor control mouse model (1) and test mouse model (2) are used to generate a
comparable non-B cell composition. Alternative control mouse model (3) has also been
generated and included in this study. (see text for detail)



1 Supplementary Table Il. Atherosclerotic plaque characteristics.

2

B cell-expressing MHCII

Macrophage area ratio  65.8 £ 3.7 % 67.6+£4.1% n.s
CD19+ B cells 53 + 4 cells/mm? 62 + 2 cells/mm? n.s
CD3+T cells 88 + 7 cellsi/mm? 88 + 3 cells/mm? n.s
Collagen area ratio 8.8+0.7 % 8.0£0.9% n.s
IgG deposit area ratio 23.3+22% 70£1.12% *

B cell-expressing CD40
Macrophage area ratio  69.2 +£4.0% 62.1+£51% n.s
CD19+ B cells 53 + 4 cells/mm? 60 + 8 cells/mm? n.s
CD3+ T cells 83 £ 5 cells/mm? 94 + 3 cells/mm? n.s
Collagen area ratio 11.0+1.2% 11.0£1.2% n.s
IgG deposit area ratio 265+£2.1% 6.2+0.4% *

B cell-expressing Blimp-1
Macrophage arearatio  70.1+4.6 % 68.1+£9.1% n.s
CD19+ B cells 42 + 1 cells/mm? 53 + 8 cells/mm? n.s
CD3+T cells 100 * 6 cells/mm? 96 + 7 cells/mm? n.s
Collagen area ratio 79+1.1% 6.6 +1.5% n.s
IgG deposit area ratio 26.9+£2.6% 04+0.1% *

B cell-expressing Blimp-1 + 1gG
Macrophage arearatio 65.4+4.3% 63.8+6.2% n.s
CD19+ B cells 60 + 1 cells/mm? 64+ 5 cells/mm? n.s
CD3+ T cells 104 + 5 cells’/mm? 105 * 8 cells/mm?  n.s

IgG deposit area ratio 23104 %

279+19%

*

Cellular contents (macrophages, CD3+ T cells and CD19+ B cells), collagen contents and
IgG deposits were assessed in all experiments using immunohistochemical,
immunofluorescence and histological staining. Data on macrophages, collagen and IgG
deposits were presented as % of lesion area. Results are means £ SEM, n = 9-10 mice per
group. n.s; not significant, *P < 0.05.
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Supplementary Figure Legends

Supplementary Figure I. B cell-selective gene deficiency of MHC Il or CD40 does
not affect macrophages. Chimeric mice with B cell-specific deficiency of MHCII or
CD40 were generated using mixed chimeric strategy. At the completion of experiment,
FACS analysis showed that (A-B) MHC |l and (C-D) CD40 expression on macrophages
was not affected in mice with B cell-specific deletion of MHCII and CD40 molecules
respectively. results are means + SEM, n = 9-10 mice per group. MHCIIO*"* B; mice with
B cells expressing MHCII, MHCII~ B; mice with B cells selectively deficient in MHCII,
CD40*"* B; mice with B cells expressing CD40, CD40" B; mice with B cells selectively
deficient in CD40.

Supplementary Figure Il. B cell-selective deficiency of MHC Il does not affect B cell
subsets. Spleen B cells were stained with different fluorochrome labelled antibodies and
FACS data were acquired using BD Facs Canto Il. (A) During analysis, lymphocyte-
gated cells were grouped into CD23+ and CD23- cells both of which were further
analysed for CD21 and IgM positivity. Mature (follicular) B cells; CD23+CD21+ IgM®°, T1;
CD23- CD21- IgM+, T2; CD23+ CD21+ IgM", MZV; CD23- CD21+ IgM+. Bla cells were
defined as CD19+ CD5+ cells. FACS analysis showed that B cell-selective MHCII
deficiency did not affect (B) spleen B cell subsets and (B) spleen lymphocytes or
monocytes/macrophages, measured 4 week after bone marrow transplantation, just
before commencement of the HFD. Black; control mice, White; mice with B cells
selectively deficient in MHCII, results are means + SEM, n = 8-9 mice per group.

Supplementary Figure lll. B cell-selective deficiency of MHCII molecule reduces
spleen CD4 T cells. FACS analysis indicates that MHC Il deficiency (A) Activated
spleen CD4+ but not CD8+ T cells are reduced in mixed chimeric LdIr’" mice with B cells
deficient in MHC Il and (B) Spleen CD4+ T cells expressing IFN-y or TNF-a are reduced
in LdIr- mice with B cells deficient in MHC II. (C) Plasma VLDL/LDL cholesterol is
unaffected by MHC Il deletion in B cells. *P < 0.05; results are means = SEM, n = 13-15
per group. MHCII- B; mice with B cells selectively deficient in MHCII, MHCII*"* B; control
mice.

Supplementary Figure IV. B cell-selective deficiency of MHCII or CD40 reduces T
follicular helper T cells. LdIr’- mixed chimeric mice with B cells selectively deficient in
either MHCII or CD40 were killed after 8 week HFD feeding and single cell suspension
prepared from spleens were stained for CD4 T follicular helper (Tfh) cells as determined
by CD4, CD44, PD-1 and Bcl6 antibodies. (A) Schematic diagram showing Tfh cell
assessment. Parentheses indicate percentage of gated cells. FACS analysis showed
that (B) MHCII deficiency and (C) CD40 deficiency limited on B cells reduced CD4 Tfh
cells. results are means £ SEM, Black; control, White; test, n = 8-9 mice per group.

Supplementary Figure V. Atherosclerosis is reduced in B cells deficient in CD40
assessed at 0, 4 weeks and 8 weeks high fat diet. (A) Assessment at aortic sinus at
weeks 0, 4 and 8 weeks of HFD and at innominate artery at 8 weeks of HFD indicates a
reduction in atherosclerosis in mice with B cells selectively deficient in CD40 without
affecting (B) spleen lymphocyte or monocyte/macrophages populations and (C) plasma
IgM levels. But (D) MZ B cells are increased 4 weeks after bone marrow transplantation.

3
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However (E) all B cell subsets including MZ B cells are similar between test and control
mice at the end of experiment. Black; control mice, White; mice with B cells selectively
deficient in CD40, results are means £ SEM, n = 8-9 mice per group. Scale Bar, 100um.

Supplementary Figure VI. B cell-selective deficiency of CD40 molecule reduces
spleen IFN-y-producing CD4 T cells. (A) Spleen CD4+IFN-y+ cells are reduced in
mixed chimeric LdIr”- mice with reduced CD40 expression, however (B) total plasma
cholesterol and VLDL/LDL-cholesterol are unaffected by modulating CD40 expression in
B cells. *P < 0.05; results are means + SEM, n = 15-17 mice per group. CD40" B; mice
with B cells selectively deficient in CD40, CD40** B; control mice.

Supplementary Figure VII. Total Body Irradiation does not affect smooth muscle
content in tunica media. Aortic sinuses were collected at different time points from
mixed chimeric LdIr’- mice with B cells selectively deficient in CD40 molecule and also
collected from C57BI/6 and HFD-fed ApoE” mice and C57BI/6 mice that were not
exposed to total Body Irradiation. Smooth muscle cells in tunica media at aortic sinus
were determined by staining immunohistochemically with anti-a-actin antibody and
expressed them after correction to medial areas. ND, not done, results are means +
SEM, n = 6-8 mice per group.

Supplementary Figure VIII. IgG increases Rantes+ and MCP-1 cells in lesions (A &
B) Transfer of Athero-IgG but not WT-IgG increases lesions cells producing RANTES
and MCP-1. (C & D) In lesions of Chimeric LdIr" Blimp-1""Cd23-Cre mice cell producing
RANTES and MCP-1 are greatly reduced in number. LdIr” Blimp-1" Cd23-Cre; mice
with B cells selectively deficient in Blimp-1, LdIr’”” Blimp-1** Cd23-Cre; control mice. *P <
0.05; results are means + SEM, n = 4-6 mice per group. Scale Bar, 100um.
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