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B celleactivating factor (BAFF), part of a tumor necrosis factor family of cytokines, was recently identified
as a regulator of atherosclerosis; however, its role in aortic aneurysm has not been determined. Here, the
study examined the effect of selective BAFF antagonism using an anti-BAFF antibody (blocks binding of
BAFF to receptors BAFF receptor 3, transmembrane activator and CAML interactor, and B-cell maturation
antigen) and mBaffR-mFc (blocks binding of BAFF to BAFF receptor 3) on a murine model of abdominal
aortic aneurysm (AAA). In a prevention strategy, the antagonists were injected before the induction of
AAA, and in an intervention strategy, the antagonists were injected after the induction of AAA. Both
strategies attenuated the formation of AAA. In the intervention group, BAFF antagonism depleted most of
the mature B-cell subsets in spleen and circulation, leading to enhanced resolution of inflammation in
AAA as indicated by decreased infiltration of B cells and proinflammatory macrophages and a reduced
number of apoptotic cells. In AAA tissues, B cells and macrophages were found in close contact. In vitro, B
cells, irrespective of treatment with BAFF, impaired the efferocytosis activity of macrophages, suggesting
a direct innate role of B cells on macrophage function. Altogether, BAFF antagonism affects survival of the
mature B cells, promotes resolution of inflammation in the aorta, and attenuates the growth of AAA in
mice. (Am J Pathol 2021, 191: 2231e2244; https://doi.org/10.1016/j.ajpath.2021.08.012)
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Abdominal aortic aneurysm (AAA) is characterized by
enlargement of the abdominal aorta. According to the
Centers for Disease Control and Prevention, in 2018, 9923
deaths were caused by aortic aneurysm. Men aged >65
years are more prone to developing AAA. Mortality rates
for ruptured AAA repair remain as high as 48% and have
not improved substantially.1 Thus far, the only treatment
available for AAA is repair via surgery. Evidently, there is a
great need to elucidate the mechanisms of AAA growth to
develop noninvasive treatment options.

During AAA formation, degradation of aortic fibers and
vascular smooth muscle layer weaken the aortic wall.2e4

Infiltration of leukocytes has been reported both in human
and experimental murine AAAs.5e8 A study on AAA spec-
imens collected from humans revealed 41% of infiltrated
mononuclear cells are B cells.5 In murine experimental
AAAs, both B1 and B2 B cells infiltrate the aorta, with B2
stigative Pathology. Published by Elsevier Inc
cells comprising 90% of B cells.7 Although B cells constitute
only 4% to 5% of the aortic infiltrated cells, depletion of total
B cells using a rituximab mimetic anti-CD20 antibody (Ab)
attenuates aortic infiltration of macrophages, reduces aortic
inflammation, retains aortic structure, and protects mice from
AAA.7,8 However, how B cells promote aortic inflammation
and AAA formation is unknown.
. All rights reserved.
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B celleactivating factor (BAFF, BLyS, or TALL-1), a
member of the tumor necrosis factor family of cytokines, is a
critical survival factor for mature B cells.9 Apart from
providing the survival signal, BAFF promotes differentiation
of B cells, Ab class switching, and Ab secretion.10 Interest-
ingly, secreted BAFF can adopt a 3-mer or a 60-mer configu-
ration.11 The 3-mer preferentially binds to the BAFF receptor 3
(BR3), whereas the 60-mer can bind to all three of the BAFF
receptors: BR3, transmembrane activator and CAML inter-
actor (TACI), and B-cell maturation antigen (BCMA).12,13

BAFF and the receptor BR3 are critical for the differentiation
of transitional 1 B cells to transitional 2 and othermatureB-cell
subsets, which are together considered as B2 cells. Although
BAFF receptors are expressed in many cell types, antagonism
of BAFF or blocking BR3 primarily depleted B2 B cells,
sparing CD4þ, CD8þ, natural killer, and regulatory T cells in
mice.14,15 In murine models of atherosclerosis, genetic defi-
ciency or blocking BR3 leads to a significant decrease in the
number of proatherogenic B2 B cells; it also retains natural
IgM-producing atheroprotective B1a B cells, decreases in the
tissue deposition of IgGs, increases in the deposition of IgM in
the aorta, decreases in inflammation, and protects mice from
atherosclerosis.16,17 Furthermore, anti-BAFF Ab treatment or
genetic deficiency of BAFF has B2 celledepleting, B1a
cellesparing activity that protects mice from metabolic dis-
eases.18,19 Here, BAFF antagonists were used to determine
whether depleting B2 cells in wild-type (WT) mice affects
aneurysm formation using a topical elastase model of AAA.

In this study, the two BAFF antagonists used were: a
murine monoclonal anti-BAFF Ab that blocks binding of
BAFF to BR3, TACI, and BCMA14; and mBaffR-mFc, a
murine BR3 ecto-domain fused to murine IgG1 Fc fragment
that blocks binding of BAFF to BR3. Administration of
either of the antagonists in a prevention strategy and in an
intervention strategy attenuated the growth of experimental
AAA in mice. The antagonists not only depleted the B2
cells but also depleted B1 cells in spleen and blood and
attenuated aortic inflammation, with a significant decrease in
the infiltration of macrophages and B cells. However, in the
time frame of this study, the level of plasma immunoglob-
ulins was partly reduced, and the ratio of deposition of IgG
to IgM in AAAs of antagonist-treated and control mice was
similar. Whereas the BAFF antagonist-mediated protection
from AAA would be caused primarily by depletion of
mature B cells, this study identified a novel innate role of B
cells that is involved in clearance of apoptotic cells by
macrophages. Therefore, an innate role of B cells in the
growth of murine experimental AAAs is proposed.

Materials and Methods

Human Tissue Collection

Collection of human aortic tissue from patients undergoing
open AAA repair was approved by the University of Virginia
Institutional Review Board for Health Sciences Research
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(institutional review board no. 17042), and written consents
were obtained from all patients before inclusion in the study.
The tissues collected were immediately fixed in formalin,
embedded in paraffin, and 5 mm cross-sections cut for
immunohistochemistry. The investigation conforms to the
principles outlined in the Declaration of Helsinki for the use
of human tissues and subjects. Alternative to the collected
human tissues, slides containing 5 mm cross-sections of
human AAA tissues were obtained from OriGene (Rockville,
MD). The selection of tissue cross-section for immunohis-
tology was based on the presence of clinical signs of AAA
such as aortic degradation and cellular infiltrates.

Mice

Seven-weekeold male C57BL/6 mice (catalog number
000664, WT) and the BAFF knockout mice (B6.129S2-
Tnfsf13btm1Msc/J, catalog number 010572) were obtained
from The Jackson Laboratory (Bar Harbor, ME). Genotype
of the BAFF knockout mouse was confirmed by using the
genotyping protocol provided by The Jackson Laboratory.
All mice were given water and normal mouse diet (Prolab
IsoPro RMH 3000 5P76, LabDiet, St. Louis, MO), except
for the mice undergoing AAA surgery, which were given a
minimal phytoestrogen diet (2016 Teklad Diet; Harlan
Laboratories, Indianapolis, IN) ad libitum. For the AAA
induction studies, 8- to 9-weekeold mice were used; for the
B-cell and bone marrow isolation, 8- to 12-weekeold mice
were used. All protocols were approved by East Carolina
University and University of Virginia Animal Care and Use
Committee.

Murine Experimental AAA

Male C57BL/6 (WT) mice were used for the induction of
AAA via a topical elastase model. Various anti-BAFF re-
agents injected in the mice were the control Ab (IgG1k, Bio
X Cell, Lebanon, NH; catalog number BE0083), anti-BAFF
Ab (IgG1k, AdipoGen Life Sciences, San Diego, CA; cat-
alog number AG-20B-0063PF), or mBaffR-mFc (Biogen,
Cambridge, MA). In the prevention strategy, the mice were
injected with 1 or 2 mg/kg of anti-BAFF, 2 mg/kg of
mBaffR-mFc Ab, or 1 or 2 mg/kg of a control Ab. After 14
days, the mice were injected again with the Abs, and AAA
was induced via a topical elastase model. AAA formation
was determined 14 days after the AAA induction. In the
intervention strategy, the anti-BAFF, mBaffR-mFc, or the
control Ab was injected 7 days after the induction of AAA,
and AAA formation was determined after 7 days.
The methods for induction of anesthesia (isoflurane

inhalation), surgical procedure for murine AAA formation
via topical elastase method, and postoperative analgesia
(buprenorphine sustained release) have been previously
described.20 Briefly, after the abdominal aorta is circum-
ferentially dissected from approximately 2 mm below the
left renal vein to the bifurcation, a fine tip pipette is then
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used for topical application of 5 mL of elastase (Milli-
poreSigma, Burlington, MA; 10.1 mg protein/mL, 19 U/mg
protein) to the exposed aortic adventitia for 5 minutes. After
5 minutes, the aorta is dried with a cotton tip applicator, the
intestines are returned to the abdominal cavity, and the
laparotomy is closed in layers. Aneurysm formation was
examined 14 days after the surgery.

Mice from each group were euthanized under anesthesia
by overdose and exsanguination. The abdominal aorta, from
below the left renal vein to the bifurcation, was dissected.
The external aortic adventitia diameter was measured at its
maximum diameter and at the intact self-control portion just
below the left renal vein by using video microscopy with
NIS-Elements D.3.10 software attached to the microscope
(Nikon SMX-800; Nikon, Melville, NY). Aortic dilation
percentage was determined by the following: (maximal
AAA diameter � self-control aortic diameter)/maximal
AAA diameter � 100%. A dilation �100% was considered
to be positive for AAA.20 On postoperative day 14, after
diameter measurement, blood, spleen, and aneurysm tissues
were collected for analyses. Two surgeons performed the
surgeries (M.D.S. and W.G.M.), and during the surgery and
the aortic size determination, the surgeons were blinded to
various treatments. No mice were observed to be sick, and
hence no mice were excluded in the study. AAA phenotypes
of all mice are presented as dot plots in the figures.

Quantification of Immunoglobulins in Plasma

The IgG1, IgG2b, IgG2c, IgA, and IgM immunoglobulins
were quantified from mouse plasma using Ig Isotyping
Mouse Instant ELISA Kit (Thermo Fisher Scientific, Wal-
tham, MA; catalog number 88-50660-22).

Immunohistochemistry of AAA Cross-Sections

Five micrometer aortic cross-sections were hydrated with a
series of solvents, which were HistoChoice Clearing Agent
(MilliporeSigma), 100% ethanol, 90% ethanol, 70%
ethanol, 20% ethanol, and then water. After 15 minutes of
treatment with hydrogen peroxide, antigen retrieval was
performed by boiling the slides in the Antigen Unmasking
Solution (Vector Laboratories, Burlingame, CA; H-3300).
After antigen retrieval, the aortic sections were treated with
Avidin/Biotin blocking kit (Vector Laboratories) and 10%
donkey serum and incubated with primary Ab for 14 to 16
hours at 4�C. Primary Abs were detected by biotinylated
donkey secondary Abs, VECTASTAIN Elite ABC Kit
(Vector Laboratories, PK-6100) and ImmPACT DAB
Peroxidase (HRP) Substrate (Vector Laboratories, SK-
4105). The DAB Peroxidase Substrate develops brown
color. Some of the cross-sections were stained with hema-
toxylin to identify nuclei. For multi-color staining, after
DAB staining, the slides were treated with the second pri-
mary Ab and identified in a similar method as the first
primary Ab; however, the biotinylated secondary Abs were
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reacted with alkaline phosphatase streptavidin (Vector
Laboratories, SA-5100) and Vector Blue substrate (Vector
Laboratories, SK-5300), which develops a blue color. The
slides were mounted with an aqueous mounting medium
before image acquisition on a Laxco LMI 6000 Series
Inverted microscope (Fisher Scientific). The primary Abs
used are: anti-CD20 Ab (Santa Cruz Biotechnology, Dallas,
TX; catalog number sc-7735, 1:200, Normal Goat IgG
isotype control), BAFF (Abcam, Cambridge, MA; catalog
number ab16081, 1:100, Normal Rat IgG isotype control),
CD79a (Abcam, catalog number ab79414, 1:100, Normal
Rabbit IgG isotype control), BCMA (Abcam, catalog
number ab199264, 1:500, Normal Rabbit IgG isotype con-
trol), BAFF-R (Abcam; catalog number ab5965, 1:1000,
Normal Rabbit IgG isotype control), TACI (Abcam; catalog
number ab79023, 1:500, Normal Rabbit IgG isotype con-
trol), IgG-biotin (LSBio, Seattle, WA; catalog number
LS-C662993, 1:200, Normal Goat IgG isotype control),
IgM-biotin (LSBio; catalog number LS-C662999, 1:200,
Goat anti-Mouse IgM isotype control; LSBio; catalog
number LS-C316493), smooth muscle actin (Novus Bi-
ologicals, Littleton, CO; catalog number NB600-531, 1:600,
Normal Rabbit IgG isotype control), tumor necrosis factor-a
(Novus Biologicals; catalog number NBP1-19532, 1:300,
Normal Rabbit IgG isotype control), IL-1b (R&D Systems,
Minneapolis, MN; catalog number AF-401-NA, 1:100,
Normal Goat IgG isotype control), and inducible nitric
oxide synthase (Thermo Fisher Scientific; catalog number
PA3-030A, 1:1000, Normal Rabbit IgG isotype control).
The isotype control Abs used are from R&D Systems:
Normal Rabbit IgG Control (catalog number AB-105-C),
Normal Goat IgG Control (catalog number AB-108-C), and
Normal Rat IgG Control (catalog number 6-001-A).

Stained areas in the images were calculated by using ImageJ
software version 1.53 (NIH, Bethesda, MD; http://imagej.nih.
gov/ij). As a negative control, primary Abs were not added to
one of the AAA sections on the same slide. Apoptotic cells
were identified by using the TUNEL Assay Kit (HRP-DAB)
from Abcam (catalog number ab206386) and counted
manually under a microscope. Standard method for
Verhoeff-Van Gieson staining was performed at the Cardio-
vascular Research Center histology core at the University of
Virginia to stain the elastin layers. The images were acquired
on an Inverted Laxco LMI 6000 Series Microscope, and area
quantification was performed by using ImageJ software
version 1.53c. Authors quantifying the images were blinded
for the treatment strategy (M.L. and M.J.J.).

Flow Cytometry Quantification

After the collection of spleen and blood samples, the spleen
was passed through a 70 mm pore size strainer, and red
blood cells were lysed from both solenocytes and 100 mL of
blood. The cells were blocked with purified anti-mouse
CD16/32 (BioLegend, San Diego, CA; catalog number
101302, 1:100) and stained with the following fluorescent
2233

http://imagej.nih.gov/ij
http://imagej.nih.gov/ij
http://ajp.amjpathol.org


Spinosa et al
conjugated Abs for 30 minutes on ice: PerCP-Cyanine5.5
anti-CD19 (BioLegend; catalog number 115534, 1:200),
Alexa Fluor 488 anti-B220 (BioLegend; catalog number
103225, 1:50), APC-Cyanine7 anti-CD21 (BioLegend;
catalog number 123418, 1:200), APC anti-CD23 (Bio-
Legend; catalog number 101620, 1:100), Brilliant Violet
785 antiemajor histocompatibility complex II (BioLegend;
catalog number 107645, 1:100), Brilliant Violet 650 anti-
IgD (BioLegend; catalog number 405721, 1:100), PE
Cyanine7 anti-CD38 (BioLegend; catalog number 102718,
1:400), PE anti-IgM (BioLegend; catalog number 406508,
1:50), Alexa Fluor 488 Peanut Agglutinin (Thermo Fisher
Scientific; L21409, 1:200), APC R700 anti-CD138 (BD
Biosciences, Franklin Lakes, NJ; catalog number 565176,
1:50), PE Cyanine7 anti-CD3 (BioLegend; catalog number
100220, 1:50), PE Cyanine7 anti-F4/80 (eBioscience, San
Diego, CA; catalog number 25-4801-82, 1:100), and PE
antieGL-7 (BioLegend; catalog number 144608, 1:100).
Invitrogen DAPI (4’,6-diamidino-2-phenylindole, dihydro-
chloride) (catalog number D1306) or LIVE/DEAD Fixable
Violet Dead Cell Stain Kit (Thermo Fisher Scientific; cat-
alog number L34955) was used for staining the dead cell.
After the staining, CountBright Absolute Counting Beads
(Molecular Probes, Eugene, OR; catalog number C36950)
were added to the samples and were run on the flow cy-
tometer machine LSRFortessa (equipped with laser lines
488 nm, 405 nm, 561 nm, and 640 nm or with 355 nm, 405
nm, 488 nm, and 640 nm; Becton Dickinson, Franklin
Lakes, NJ). Fluorescent minus one controls were used for
each Ab in the experiment. The gating strategy to identify
the B-cell subpopulations is shown in Supplemental
Figure S1 and described by Guo et al.21 Data analysis and
quantification were performed by using FlowJo version
10.6.2 (FlowJo LLC, Ashland, OR).
Murine B-Cell Isolation and Preparation of Bone
MarroweDerived Macrophages

Murine B cells were isolated by using the Pan B Cell
Isolation Kit II (Miltenyi Biotec, Auburn, CA; catalog
number 130-104-443) or the EasySep Mouse Pan-B Cell
Isolation Kit (STEMCELL Technologies, Cambridge, MA;
catalog number 19844) that labels the noneB cells with a
cocktail of biotinylated CD4, CD11c, CD49b, CD90.2, Gr-1,
and Ter-119 Abs and depletes from the splenocytes to pro-
vide highly pure B cells. After isolation, the B cells were
suspended in complete RPMI medium (RPMI 1640 medium
containing 10% heat inactivated fetal bovine serum, 1�
antibiotic-antimycotic, 20 mmol/L HEPES Buffer solution,
1� GlutaMAX-I, 1 mmol/L sodium pyruvate, 1� MEM
Non-Essential Amino Acids Solution, and 55 mmol/L 2-
Mercaptoeathanol from Thermo Fisher Scientific). B-cell
density was determined by using Countess II FL and
counting chamber slides from Thermo Fisher Scientific. Pu-
rity of the B cells were found to be >96% as determined by
2234
cell surface expression of CD19 (PerCP-Cy5.5 anti-CD19)
and B220 (Alexa Fluor 488 anti-B220) using flow cytometry.
For the preparation of bone marrowederived macro-

phages, bone marrow cells from the femur and tibia of BAFF
knockout mice were collected, red blood cells were lysedwith
lysis buffer (0.83% NH4Cl, 0.084% NaHCO3 and 1 mmol/L
EDTA), and the cells were cultured at a density of 1 to 2� 106

cells/mL in RPMI 1640 medium containing 10% heat inac-
tivated fetal bovine serum, 1� antibiotic-antimycotic, and 20
mmol/L HEPES Buffer solution, supplemented with 10%
granulocyte colony-stimulating factor containing culture su-
pernatant (a gift from Prof. Mark D. Mannie, East Carolina
University) or 20% L929 (NCTC clone 929; ATCC, Mana-
ssas, VA) culture supernatant. The culture medium was
changed on the fourth day and then on every second day. On
the eighth day, differentiation to macrophages was confirmed
by surface expression of PE-Cyanine7 F4/80 and APC
CD11b by flow cytometry.

Co-Culture of B Cells and Macrophages and the
Engulfment Assay

To prepare the apoptotic thymocytes, thymocytes were
isolated from a C57BL/6 mouse, red blood cells were lysed,
and the cells were suspended in RPMI 1640 medium con-
taining 1� antibiotic-antimycotic and cultured for 14 to 16
hours with 1 mmol/L dexamethasone. The cells were then
washed with Hank’s Balanced Salt Solution (Gibco Hanks’
Balanced Salt Solution with Calcium Chloride and Mag-
nesium Chloride), stained with CypHer5E NHS Ester (5
mmol/L; Cytiva, Marlborough, MA; catalog number
PA15401), washed again, and suspended in complete me-
dium. Apoptosis was confirmed by using the Annexin V
Staining kit from Thermo Fisher Scientific (catalog number
BDB556419) and flow cytometry. As an alternative to
CypHer5E staining, apoptotic thymocytes were stained with
DiI (V-22885; Molecular Probes) and then labeled with
biotin by using the EZ-Link Sulfo-NHS-Biotin kit (A39256;
Thermo Fisher Scientific).
Macrophages were stained with CellTracker Green

CMFDA Dye (10 mmol/L; Thermo Fisher Scientific; catalog
number C2925) and seeded at a density of 1 million cells per
well on a flat 24-well nontreated tissue culture plate and
polarized to M1 type by treating with lipopolysaccharide and
interferon-g for 16 hours as described previously22 in com-
plete RPMI medium. B cells isolated from mouse spleen
were treated with 100 ng/mL of BAFF 3-mer, BAFF 60-mer,
or left untreated for the 16 hours in complete RPMI medium.
Both the B cells and macrophages were washed three times
with the complete medium and co-cultured at a 1:1 ratio for
the next 16 hours. Engulfment assays were initiated by
addition of 5 million apoptotic thymocytes to the macro-
phage/B cells co-culture and subjected to incubation at 37�C
for 1 hour. After incubation, the cells were washed with
phosphate-buffered saline, trypsinized, and analyzed on a
flow cytometer. Macrophages were identified by using
ajp.amjpathol.org - The American Journal of Pathology
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CellTracker Green fluorescence. Alternatively, engulfment
assays were initiated by addition of 5 million DiI-stained and
biotin-labeled apoptotic thymocytes to the unpolarized (M0)
macrophage/B cells co-culture and subjected to incubation at
37�C for 30 minutes. After incubation, the cells were washed
with phosphate-buffered saline, trypsinized, stained with
Streptavidin Alexa Fluor 647 Conjugate (Molecular Probes;
S32357, 1:500) for 15 minutes on ice, washed to remove
unbound conjugates and analyzed on a flow cytometer. The
macrophages were treated for 1 hour or 30 minutes with
cytochalasin D (10 mmol/L;Cayman Chemicals, Ann Arbor,
MI) before the addition of apoptotic thymocytes as a negative
control for the engulfment assay.

Statistical Analysis

The data were analyzed by using GraphPad Prism 8
(GraphPad Software, La Jolla, CA) and Excel (Microsoft
Corporation, Redmond, WA), and they are presented as
means � SEM or means � SD. In vitro assays were per-
formed in quadruplicate and repeated at least two times.
Differences between mean values of two groups were
determined by using t-tests. Means of multiple groups were
compared by using one-way analysis of variance. The
D’Agostino-Pearson normality test was performed on each
group. If the P value was not significant (>0.05), a two-
tailed parametric test was used; if the P value was signifi-
cant (<0.05) or if the number of samples was four, a two-
tailed nonparametric t-test (U-test) was used to determine
significant differences between the groups. In the multiple
comparisons, if a significant difference was found among
the groups, pairs of groups were compared by using a
parametric or nonparametric t-test. Statistical analyses are
provided in each figure legend. Differences between the
groups were considered significant when P < 0.05. P values
>0.05 are indicated in the graphs.

Results

BAFF and BAFF Receptors Are Expressed in Human and
Murine AAAs

To examine the possibility of BAFF signaling in B cells in
AAA, whether B cells and BAFF are co-localized in AAA
tissue was first determined. Serial cross-sections of human
and murine AAAs were stained with B cellespecific Abs
(anti-CD79a for human and anti-CD20 for mouse), anti-
BAFF, anti-BR3, anti-TACI, and anti-BCMA Abs. In
human AAAs, B-cell clusters and B cells expressing BR3,
TACI, and BCMA were observed in the microenvironment
of BAFF (Figure 1A). Experimental AAA was induced in
mice via the topical elastase method, and AAAs were
collected 14 days after AAA induction. Similar to human
AAAs, B cells were localized in the microenvironment of
BAFF in murine AAAs (Figure 1B). Furthermore, B cells in
murine AAA tissue expressed BR3, TACI, and BCMA
The American Journal of Pathology - ajp.amjpathol.org
(Figure 1C). Altogether, these results suggest that B cells
expressing BAFF receptor BR3 are localized in human and
murine AAAs.

BAFF Antagonists Attenuate AAA Formation

Next, anti-BAFF Ab and mBaffR-mFc were used to
determine whether BAFF or BAFF signaling via BR3 is
critical for the growth of murine AAA using a topical
elastase model.20 In the prevention strategy, the mice were
injected with 1 or 2 mg/kg of anti-BAFF, 2 mg/kg of
mBaffR-mFc, or 1 or 2 mg/kg of a control Ab (the Ab dose
was selected based on the first report of anti-BAFF Ab14).
After 14 days, the mice were injected again with the BAFF
antagonists, and AAA was induced; aneurysm formation
was determined 14 days after the AAA induction.
Compared with the control Abeinjected group of mice,
AAA formation was significantly attenuated in the anti-
BAFF group and the mBaffR-mFc group (1 mg/kg Ab,
n Z 6 to 7: control, 181.1 � 7.3%; anti-BAFF,
144.6 � 12%; 2 mg/kg Ab, n Z 5 to 6: control,
174.7 � 23.8%; anti-BAFF, 109.8 � 4.4%; and 2 mg/kg,
n Z 8: control, 118.3 � 8.7%; mBaffR-mFc, 63.6 � 8.8%)
(Figure 2, A and B), suggesting blocking the BAFF or BR3
binding site of BAFF before the induction of aneurysm at-
tenuates AAA formation.

Using the topical elastase model of murine AAA, Spi-
nosa et al23 reported that 3 days after the induction of
aneurysm, the aorta undergoes significant degradation with
an increase in aortic inflammation. A significant increase in
aortic size is also detected 7 days after aneurysm induc-
tion.24 Therefore, in the intervention strategy, 7 days after
the induction of AAA, the anti-BAFF, mBaffR-mFc, or the
control Ab was injected, and aneurysm formation was
determined after 7 days. AAA growth was strikingly
attenuated in the anti-BAFF and the mBaffR-mFc groups
(2 mg/kg, n Z 6 per group: control, 159.3 � 16.5%; anti-
BAFF, 81.2 � 4.3%; mBaffR-mFc, 95.1 � 3.7%)
(Figure 2C). These results show that BAFF binding to
BR3 is critical for AAA growth.

BAFF Antagonists Significantly Deplete Mature B-Cell
Subsets and Decrease Immunoglobulin Deposition in
the Aorta

Genetic deficiency of BR3 in mice markedly depletes the
B2-cell population, decrease infiltration of B cells to
atherosclerotic lesions, decrease the levels of IgG1 and IgG2
in plasma, and inhibit the deposition of IgG1 and IgG2 in
the lesions. However, the B1-cell population is preserved,17

which protects mice from atherosclerosis by natural
IgM.25,26 Furthermore, germinal centerederived IgG Abs
promote atherosclerosis,27 whereas marginal zone B cells
are atheroprotective.28 Therefore, the effect of blocking
BAFF on the dynamics of B-cell subsets (Supplemental
Figure S1) in the spleen and blood was determined,
2235
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Figure 1 B celleactivating factor (BAFF) and BAFF receptors are expressed in human and murine abdominal aortic aneurysm (AAAs). A: Immunohisto-
chemistry of aortic serial cross-sections showing images of B cells, BAFF, and BAFF receptors (brown) and nuclei (blue, hematoxylin) in human AAA. Circles
indicate B cellerich areas. B: Immunohistochemistry of aortic serial cross-sections showing images of B cells and BAFF (brown) and nuclei (blue, hematoxylin)
in murine AAA. Ovals indicate B cellerich areas. C: Immunohistochemistry of aortic serial cross-sections showing images of B cell (brown) or B cell (brown)
and BAFF receptor (blue) staining in murine AAA. Arrows indicate co-localized staining of B cells and BAFF receptors, and asterisks indicate the direction of
lumen or the lumen in all panels. Scale bars: 50 mm (A, B, and C, top row); 20 mm (C, bottom row). Original magnification: �20 (A, B, and C, top row); �40
(C, bottom row). BCMA, B-cell maturation antigen; BR3, BAFF receptor 3; TACI, transmembrane activator and CAML interactor.
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plasma immunoglobulins were quantified, and deposition of
immunoglobulins in the murine AAA tissues was examined.

Except for transitional 1B cells, total B2 cells (all the
mature B-cell subtypes), including B1 cells, were depleted
2236
in the blood (not shown) and in the spleen after anti-BAFF
or mBaffR-mFc injection in the prevention (Supplemental
Figure S2) and in the intervention (Figure 3, A and B)
groups. The number of germinal center and memory B cells
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Pharmacologic inhibition of B celleactivating factor (BAFF) attenuates abdominal aortic aneurysm (AAA) growth. A and B: In the prevention
strategy, wild-type mice were intravenously injected with 1 mg/kg or 2 mg/kg of anti-BAFF antibody (Ab), 2 mg/kg of mBaffR-mFc (murine BAFF receptor 3
ecto-domain fused to murine IgG1 Fc fragment that blocks binding of BAFF to BAFF receptor 3), or a control Ab once in 14 days. After 14 days of the Ab
injection, AAA was induced via the topical elastase model. Aorta diameter (in millimeters) and increase in aorta diameter (%) compared with a proximal
elastase untreated abdominal aortic segment was determined after 14 days of AAA induction. C: In the intervention strategy, AAA was induced in three groups
of wild-type mice via the topical elastase model. Seven days after the induction, the mice were injected intravenously with 2 mg/kg control Ab, anti-BAFF, or
mBaffR-mFc. Seven days after the Ab injection, aorta diameter (in millimeters) and increase in aorta diameter (%) were determined. Data are expressed as
means � SEMs. n Z 6 to 7 (A and B, 1 mg/kg of anti-BAFF Ab); n Z 5 to 6 (A and B, 2 mg/kg of anti-BAFF Ab); n Z 8 (A and B, 2 mg/kg of mBaffR-mFc);
n Z 6 per group (C). *P < 0.05, **P < 0.01, and ***P < 0.001 (one-way analysis of variance followed by a parametric unpaired t-test).
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tended to be lower in all the anti-BAFFe and mBaffR-
mFceinjected groups. However, statistically significant
changes were only noted in the mBaffR-mFc prevention
group (Supplemental Figure S2). Further cellular analysis
revealed significant decreases in the expression level of
CD23 and major histocompatibility complex II13 on the
surface of CD19þ B cells in spleen and blood of mice from
the intervention groups (Figure 3C).

The levels of IgG1 and IgG2b in plasma were variably
affected by anti-BAFF or mBaffR-mFc injections. In the
prevention groups, the IgG2b levels were significantly
reduced in the anti-BAFF Ab-injected mice but not in the
mBaffR-mFceinjected mice (Supplemental Figure S3,
AeC). Plasma IgM levels were not significantly affected in
The American Journal of Pathology - ajp.amjpathol.org
these groups. A significantly higher level of plasma IgG1 was
detected in the control IgG1 Ab-injected mice than in the
anti-BAFFe or mBaffR-mFceinjected intervention groups.
In a separate experiment, the enzyme-linked immunosorbent
assay kit used for the detection of the immunoglobulins
identified the injected control IgG1 up to 14 days and hence
found a high level of IgG1 in the control groups
(Supplemental Figure S3D). In the intervention groups, the
levels of plasma IgG2b and IgM were found to be marginally
lower in the anti-BAFF and mBaffR-mFc groups compared
with the control (Figure 4A). Altogether, these data suggest
that the roles of germinal center and marginal zone B cells, or
plasma IgG1 and IgG2, are not dominant ones in the path-
ogenesis of AAA in this murine model.
2237
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Next, the AAA tissues collected from the intervention
group were examined for the deposition of IgG and IgM.
The rationale for selecting the intervention group was the
shorter duration of Ab treatment after the induction of AAA.
The deposition of IgG was significantly lower, and IgM
trended to lower, in the antagonist-treated groups
(Figure 4B). However, no significant difference in ratio of
deposition of IgG to IgM was found in the aortas of the
control and the antagonist-treated mice, suggesting other
mechanisms of AAA formation.

BAFF Antagonists Retain Aortic Structure and
Attenuate Aortic Inflammation

Next, the aortic structure, infiltration of immune cells, and
inflammation of AAA tissues from the intervention groups
of mice were examined. As expected, total aortic size and
adventitial layer were smaller, and the elastin fiber area
was larger, in the anti-BAFFe and the mBaffR-
mFcetreated mice compared with the control group
(Figure 5A). Noticeable degradation of the elastin layer
and the smooth muscle cell layer was identified in all
groups (Figure 5, A and B). The infiltration of B cells was
attenuated in the AAAs of the anti-BAFFe or mBaffR-
mFcetreated mice (Figure 5C). Furthermore, infiltration of
macrophages, as detected by the F4/80 marker, and the
staining area of the proinflammatory cytokines inducible
nitric oxide synthase, tumor necrosis factor-a, and IL-1b,
which are primarily produced by macrophages (as indi-
cated by overlapped staining areas in serial aortic cross-
2238
sections), were significantly lower in the anti-BAFFe
and mBaffR-mFcetreated mice (Figure 5D). These results
suggest that anti-BAFF and mBaffR-mFc treatment
decreased aortic inflammation concomitant with attenuated
aortic infiltration of B cells.

B Cells Skew Macrophage Engulfment Efficiency

Spleen is the primary source of circulating mature B cells; in
the anti-BAFF and mBaffR-mFc intervention groups, except
for the germinal center B cells, other mature B-cell subsets
were depleted in the spleen. In addition, B cells did not
accumulate in the aorta, and AAA growth was attenuated.
This is similar to a previous report showing that depletion of B
cells via anti-CD20 Ab protects mice from AAA.8 However,
whether BAFF-activated B cells modulate macrophage
function to promote inflammation in AAA is unknown. Im-
munostaining the cross-sections of human and mouse AAAs
indicated that B cells and macrophages were in direct contact
(Figure 6A). One of the primary functions of macrophages at
the site of inflammation is removal of apoptotic cells,
impairment of which promotes inflammation. A significantly
higher number of apoptotic cells were detected in the AAAs
of the control Abetreated mice compared with the anti-
BAFFe or mBaffR-mFcetreated mice (Figure 6B). This
result, together with quantification of proinflammatory
markers (Figure 5D), quantification of B cells in AAA
(Figure 5C), and localization of B cells in the BAFF micro-
environment (Figure 1, A and B), suggest that BAFF-
activated B cells in AAA impair phagocytic clearance by
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 AntieB-cell-activating factor (BAFF) or mBaffR-mFc (murine BAFF receptor 3 ecto-domain fused to murine IgG1 Fc fragment that blocks binding
of BAFF to BAFF receptor 3) treatment has no effect on the aortic IgG:IgM deposition ratio. A: Quantification of immunoglobulins in the plasma of the
intervention groups. B: Representative images and the quantification of IgG and IgM-stained areas in the abdominal aortic aneurysm by using ImageJ. Data
are expressed as means � SEMs. nZ 5 to 6 (A); nZ 4 mice, 3 sections per mouse (B). *P < 0.05 and ***P < 0.001 (one-way analysis of variance followed by
a parametric unpaired t-test); yP < 0.05 (one-way analysis of variance followed by a nonparametric U-test). Scale bars: 200 mm (B, left columns,); 50 mm (B,
right columns). Original magnification: �4 (B, left columns); �20 (B, right columns). Ab, antibody.
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macrophages. To test this hypothesis, BAFF 3-mere or 60-
meretreated murine splenic B cells (at 100 ng/mL29) were
cultured with M1 macrophages (differentiated from the bone
marrow of BAFF knock-out mice), and the macrophages
were tested for the engulfment of CypHer5E-stained
apoptotic thymocytes. In place of unpolarized macrophages,
M1 were selected because of establishment of a proin-
flammatory microenvironment in the aorta as early as 3 days
after AAA induction30 and the finding that macrophages are
co-localized with inducible nitric oxide synthase, tumor ne-
crosis factor-a, and IL-1b (Figure 5D). Co-culture of B cells
with macrophages did not affect the percentages of macro-
phages that engulfed apoptotic cells (efferocytosis assay was
performed for 1 hour). As expected, 1 hour of cytochalasin D
treatment significantly attenuated efferocytosis. Interestingly,
B cells, independent of BAFF treatment, impaired engulf-
ment efficiency (median fluorescence intensity of CypHer5E
in macrophage-gated population) of the macrophages
(Figure 6C). This suggests a direct innate role of B cells in
macrophage function.

Some of the macrophages are better phagocytes, which
engulf and degrade the internalized materials faster, and this
may decrease in CypHer5E fluorescence. A two-color strat-
egy31 was therefore included in the efferocytosis assay that
was performed for 30minutes by usingM0macrophages. The
DiI-stained apoptotic cells were labeled with biotin, an
efferocytosis assay was performed, and the macrophages
The American Journal of Pathology - ajp.amjpathol.org
were stained with Alexa Flour 647econjugated streptavidin
to identify the partly internalized or surface-attached
apoptotic cells. Because the macrophages were not per-
meabilized, binding of Alexa Flour 647-streptavidin was not
expected for completely internalized biotinylated DiI-labeled
apoptotic cells. The data suggest that co-culture of B cells
with M0 macrophages did not affect the percentages of
macrophages that engulfed apoptotic cells; however, B cells,
independent of BAFF treatment, impaired engulfment effi-
ciency of the macrophages (median fluorescence intensity of
DiI in macrophage-gated populations that are negative for
Alexa Flour 647) (Supplemental Figure S4A). Interestingly,
the median fluorescence intensity of DiI in macrophages that
were stained with Alexa Flour 647 (indicating partly inter-
nalized or surface-attached apoptotic cells) was also signifi-
cantly lower in the macrophages that were co-cultured with B
cells (Supplemental Figure S4B). A 30-minute treatment of
macrophages with cytochalasin D before the engulfment
assay did not affect the percentages of macrophages that
engulfed the apoptotic cells. However, the median fluores-
cence intensity of DiI is significantly attenuated in these
macrophages, indicating that a very low number of apoptotic
cells were engulfed by the cytochalasin Detreated macro-
phages. Altogether, these findings suggest that attenuated
efferocytosis activity of macrophages in the presence of B
cells may be caused by impaired internalization or surface
attachment of apoptotic cells.
2239
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Figure 5 AntieB-cell-activating factor (BAFF) or mBaffR-mFc (murine BAFF receptor 3 ecto-domain fused to murine IgG1 Fc fragment that blocks binding
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Figure 6 B cells impair efferocytosis activity of macrophages. A: Human and mouse abdominal aortic aneurysm (AAA) sections were stained for B cells and
macrophages: human AAA, B cells (CD79a, brown) and macrophage (CD68, blue); mouse AAA, B cells (CD20, brown) and macrophages (F4/80, blue). Arrows
indicate B cells in contact with macrophages in digitally zoomed images. B: Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
staining and quantification of the number of TUNEL-positive cells in mouse AAAs. The control sections were not treated with terminal deoxynucleotidyl
transferase enzyme. C: CytoTracker Greenestained bone marrowederived macrophages were treated with interferon-g þ lipopolysaccharide to polarize into M1
macrophages and were washed with complete medium to remove interferon-g and lipopolysaccharide. Purified splenic B cells were left untreated (UT) or
treated with 100 ng/mL of B celleactivating factor (BAFF) 3-mer or 60-mer for 16 hours and washed with complete medium to remove BAFF. The M1
macrophages and B cells were co-cultured at 1:1 ratio for 16 hours, and an engulfment assay was performed for 1 hour at 37�C by addition of CypHer5E-stained
apoptotic thymocytes. The macrophages were treated for 1 hour with cytochalasin D (Cyto D) (10 mmol/L) before the addition of apoptotic thymocytes as a
negative control for the engulfment assay. Flow cytometry was used to determine the engulfment efficiency of the macrophages and to quantify median
fluorescence intensity (M.F.I.) of engulfed apoptotic cells. Daggers indicate lumen in the AAA sections. Data are expressed as means � SD (C). n Z 4 mice, 3
sections per mouse (B); n Z 4 (C). *P < 0.05, determined by one-way analysis of variance followed by a nonparametric U-test. Scale bars: 100 mm (A, left
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Discussion

Murine models of AAA, which are known to recapitulate the
early stages of human AAA, are used to understand the
mechanismofAAAgrowth. Previously,B cellswere identified
in human and murine AAAs.7 Although B celledeficient
muMT mice developed AAA similar to the WT mice,7

depletion of B cells in WT mice attenuated AAA formation.8
The American Journal of Pathology - ajp.amjpathol.org
Some reports suggest a critical role for homeostasis of im-
mune cells in murine experimental AAAs. Here, the critical
role of B2 cells in AAA formation was explored by using
previously reported B2 celledepleting activity of BAFF
antagonists.15,18

B2 cells are the primary B-cell subtype that infiltrates
murine AAAs.8 Differentiation and proliferation of B2 cells
or the mature B-cell subsets require soluble BAFF and the
2241
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BAFF receptor BR3 on the B-cell surface. Proteolytic
cleavage of the membrane-bound BAFF to soluble BAFF 3-
mer, which primarily binds to BR3, is critical for survival of
B2 cells.11 Both the human and mouse BAFF share the
property of highly active 60-mer formation, which can bind
to BAFF receptors BR3, TACI, and BCMA.13 Immuno-
histology of AAA tissues shows that B cells are localized in
the microenvironment of BAFF. Currently, no techniques
are available to detect BAFF 3-mer and 60-mer in the tissue.
Presence of B cells expressing BR3, TACI, or BCMA in the
AAA tissues suggests that if BAFF 60-mer is present in the
AAA tissues, it would strongly activate B cells by binding
to BR3 or all multiple BAFF receptors.

Mice genetically deficient in either BAFF or BR3 exhibit
a similar immune phenotype, such as: i) lower numbers of
mature B cells, ii) a lower number of B2 cells in spleen, iii)
lower expression levels of CD21 and CD23 on B cells (B2-
cell maturation markers), and iv) reduced antigen-specific
Ab response.32,33 BAFF also increases the expression levels
of mature B-cell markers CD21 and CD23 and major his-
tocompatibility complex II on the surface of B cells.13,34

Here, the BAFF antagonists, anti-BAFF Ab that blocked
both the BAFF 3-mer and 60-mer activity, or the mBaffR-
mFc that blocked the BAFF activity relayed only via the
BR3, attenuated AAA formation. The antagonists not only
depleted B2 cells but also the B1 cells and partly depleted
plasma IgG2b and IgM levels and deposition of IgG and
IgM in AAA in the intervention groups. However, the ratio
of deposition of IgG to IgM was found to be similar in the
control Abetreated group and the BAFF antagonistetreated
group, suggesting that impaired immunoglobulin levels
were not critical for AAA formation in this study. BAFF
antagonism significantly depleted B1- and B2-cell pop-
ulations and, as expected, decreased the surface expression
levels of CD23 and major histocompatibility complex II on
B cells in the spleen and in circulation. However, because
the aortic digestion method depletes some of the markers of
the mature B-cell subsets such as CD23,7 aortic infiltrated
B-cell subsets were not identified in this study. Altogether, a
short period of treatment of BAFF antagonists (ie, 7 days in
the intervention strategy) revealed a significant neutraliza-
tion of BAFF activity and depletion of B2 cells in mice.

Adaptive immune response against antigens takes weeks
to develop; in our study, AAA growth was attenuated when
antagonists were injected 7 days after the aneurysm in-
duction. This finding suggests a dominant role of innate
immune response in aneurysm formation in the topical
elastase model of AAA. In this line, a significant depletion
of B cells and proinflammatory macrophages was observed
in the AAA tissues of the antagonist-treated mice. In
elastase-induced AAAs, despite the fact that B cells
comprise only 4% to 5% of the aortic infiltration hemato-
poietic cells,7 B-cell depletion attenuates AAA formation.8

Mellak et al35 reported that B cells, with the help of
exogenously administered human angiotensin II, mobilize
splenic monocytes to the aorta to promote AAA formation
2242
in apolipoprotein Eedeficient mice. However, innate im-
mune response by B cells can modulate the role of highly
populated immune cells such as macrophages in AAAs and
promote AAA growth. Importantly, adaptive immune cells
such as B cells and T cells are known to affect the activity
of innate immune cells.36 Generation of elastin degradation
peptides in AAAs polarizes macrophages to the M1 type,
which promotes the growth of aortic diameter during AAA
formation.37,38 Here, a significant area of AAAs of the
control Abetreated group was identified with pro-
inflammatory or M1 macrophages, whereas AAAs of the
anti-BAFFe and mBaffR-mFcetreated groups had negli-
gible macrophage content. Furthermore, a significant num-
ber of apoptotic cells were detected in the AAA of the
control Abetreated mice.
These results are suggestive of a dominant role of

impaired resolution of inflammation during AAA formation.
In support of this in vivo observation, our in vitro B cell/
macrophage co-culture studies show that B cells impair
efferocytosis activity of M1 macrophages and unpolarized
M0 macrophages. Although a 10% to 15% reduction in the
fluorescence intensity of the engulfed apoptotic cells was
observed in this study, such a reduction in engulfment can
have a profound physiological consequence, as reported
previously.31,39 Moreover, the high number of apoptotic
cells observed in AAA tissue (Figure 6B) is a result of
accumulation of apoptotic cells at least for 7 days after the
administration of control Ab.
This study has a few limitations. In the in vitro studies,

human recombinant BAFF on murine B cells was used.
Murine BAFF may have different effects than human BAFF
on murine B cells; however, similar functions of human and
murine BAFF are corroborated by the fact that BAFF-
deficient mice mimicked the phenotype of WT mice after
administration of human BAFF 3-mer.11 Furthermore,
replacing mouse BAFF with human BAFF in a humanized
mouse model did not affect B-cell maturation.40 Apart from
mature B cells, BR3 is also expressed on other immune cells
such as T cells and macrophages, which are commonly
found in murine AAA tissues. Therefore, the possible pro-
tective effect of BAFF antagonism on AAA formation could
be caused by depletion of both B and other immune cells.
However, in a previous study, no significant differences in
populations of CD4þ T cells, CD8þ T cells, natural killer
cells, and natural killer T cells were found in the spleens of
apolipoprotein E knockout mice and apolipoprotein E/BR3
double knockout mice.17 BAFF 60-mer can regulate the
function of murine macrophages; however, a higher con-
centration (ie, 600 ng/mL), compared with 100 ng/mL for B
cells,29 is required for this activity.41

Apart from these limitations, a recent report showed that
BAFF neutralization is protective for atherosclerosis.41

Mechanistically, BAFF 60-mer-TACI signaling in macro-
phages repressed proatherogenic chemokines production
under hypercholesterolemic conditions in apolipoprotein E
knockout mice. However, in this study, the anti-BAFF Ab
ajp.amjpathol.org - The American Journal of Pathology
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used was hamster anti-mouse BAFF Ab (clone 10F4). The
anti-BAFF Ab clone used in our study was Sandy-2, which
is known to bind to the BR3-, TACI-, and BCMA-binding
sites on BAFF.14 Apart from different effects of anti-
BAFF Ab clones, this finding also addresses the possibil-
ity of different mechanisms of development of atheroscle-
rosis and AAA in apolipoprotein E knockout and WT mice,
respectively.

Although the findings on the protective effects of B-cell
depletion (using anti-CD20 Ab) of AAA formation is not
new, the current study shows the protective effects of
BAFF antagonism on AAA formation. Therapies targeting
B-cell depletion and BAFF antagonism can have different
outcomes on disease pathology, and hence, a dual immu-
notherapy is proposed.42 This study provides a detailed
description regarding the effect of BAFF antagonists on
the dynamics of B-cell subsets and the growth of estab-
lished AAA in mice. Furthermore, this study is the first to
show that B cells can directly modulate macrophage
function.
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