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Involvement of B cells in the pathophysiology of 
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Abstract: Thoracic aortic dissection (TAD) is a life-threatening disease that is characterized by an 
inflammatory response. Innate and cellular immunity has long been known to be involved in TAD, but 
the role of humoral immunity in the pathophysiology of TAD remains unknown. We administered the 
lysyl oxidase inhibitor β-aminopropionitrile (BAPN; 1 g/kg/day) in 3-week-old male C57BL/6J mice 
for 4 weeks to establish an animal model of TAD. Animals that died were immediately dissected. 
Animals that survived were sacrificed on days 7, 14, and 28 after BAPN challenge. The incidence 
and rupture rates of BAPN-induced TAD were 90% (9/10) and 70% (7/10), respectively, at 28 days. 
Victoria blue-nuclear fast red staining of aortic tissue revealed elastic lamellae destruction and the 
formation of a false lumen in the BAPN group. Hematoxylin-eosin staining revealed the infiltration of 
both plasmacytoid mononuclear cells and polymorphonuclear inflammatory cells in TAD tissues. 
Enzyme-linked immunosorbent assay and immunohistochemistry indicated that plasma immunoglobin 
M (IgM) and IgG were elevated at 7, 14, and 28 days, and CD19-positive B cells infiltrated into the 
adventitia of aortic tissue in BAPN-treated mice. The transcriptional analysis showed an increase in 
the expression of B cell receptor signaling-associated genes. These results indicate that B cells and 
immunoglobulins might participate in the pathogenesis of TAD, suggesting that humoral immunity 
may be a possible therapeutic target for TAD.
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Introduction

Thoracic aortic dissection (TaD) is one of the most 
dangerous forms of vascular disease, with high mortal-
ity rates that are attributable to potentially fatal compli-
cations [5]. epidemiological studies have shown that the 
incidence of aortic dissection ranges between 2.6 and 
3.5 cases per 100,000 people per year [4, 10], which has 
increased in recent years [15]. although examination 
techniques, surgical repair, and intravascular stent ap-
plication improve the prognosis of aortic dissection 
patients, treatment efficacy remains unsatisfactory for 
some patients. To date, no specific early diagnostic tool 
or effective therapeutic drug is available because the 
mechanisms that underlie aortic dissection remain un-
clear. Therefore, elucidating the molecular causes and 
pathobiology of TaD is needed, in addition to identify-
ing novel therapeutic targets.

The histopathological features of TaD include elastin 
fragmentation and degeneration and infiltration of the 
aortic media and adventitia by inflammatory cells. In-
flammation is an essential characteristic of TAD and 
contributes to the fragmentation and depletion of elastic 
fibers, thereby leading to the formation of TAD [8, 23]. 
The suppression of inflammatory signaling has been 
shown to effectively prevent the progression of TAD in 
animal models [1, 20]. human TaD tissue showed the 
early infiltration of inflammatory cells, including neu-
trophils, macrophages, T cells, and mast cells, which 
participate in the pathogenesis of TaD [22]. a series of 
studies have shown that B cells promote abdominal aor-
tic aneurysm by producing immunoglobulins (Igs), 
which can induce degradation of the aortic wall by ac-
tivating complementary pathways in a mouse model of 
elastase-induced aortic aneurysm [25, 26]. however, 
whether B cells are involved in the pathogenesis TaD 
remains unknown.

In the present study, we established a mouse model of 
TAD by administering β-aminopropionitrile (BAPN), 
which inhibits the activity of lysyl oxidase, an important 
enzyme for the organization, cross-linking, and matura-
tion of extracellular matrix proteins (e.g., collagen and 
elastin). To explore the role of humoral immunity in the 
development of TAD, we evaluated plasma Ig levels, B 
cells in dissection tissue, and the expression of B cell 
receptor signaling-associated genes in the aorta.

Materials and Methods

Animals
Sixty 3-week-old male C57BL/6J mice were procured 

from Vital River Laboratory animal Technology Co., 
Ltd., (Beijing, China). The animals were housed at 
26–28°C and 40–60% humidity with a 12 h/12 h light/
dark cycle under specific pathogen-free conditions. The 
animals were fed standard chow. after being matched 
for both body weight and blood pressure, the animals 
were randomized into two groups: control group and 
BaPn group (n=10/group for each time point). The 
BaPn group received BaPn (1.0 g/kg/day, Sigma, St. 
Louis, Mo, uSa), dissolved in drinking water as previ-
ously described [7, 11]. The control group received 
normal drinking water. During the experimental period, 
changes in body weight and systolic blood pressure were 
monitored, and deaths were observed. animals that died 
were immediately dissected. animals that survived were 
sacrificed on days 7, 14, and 28 after BAPN treatment 
by an intraperitoneal injection of sodium pentobarbital 
(200 mg/kg). The aortas were isolated under a dissecting 
microscope. In the model of BAPN-induced TAD, aortic 
dissection occurred mainly in the thoracic aorta (ascend-
ing aorta and descending aorta), defined as disruption of 
the medial layer of the aortic wall, resulting in separation 
of the aortic wall layers and the subsequent formation 
of a true lumen and a false lumen.

The animal care and procedures were approved by the 
China-Japan Friendship hospital animal Welfare and 
ethics Committee (protocol no. 160109), which meets 
the United States National Institutes of Health guidelines 
for the care and use of laboratory animals (revised 2011) 
and complies with the animal use ethics checklist set 
forth by experimental animals.

Blood pressure measurement
Systolic blood pressure and heart rate were measured 

in conscious, restrained mice using a noninvasive com-
puterized tail-cuff system (Softron Biotechnology, Bei-
jing, China) every week, beginning 1 day before BaPn 
administration. The animals were habituated to the de-
vice before measuring blood pressure to ensure accurate 
measurements. Blood pressure was calculated for each 
mouse as the average of five separate measurements in 
each session.
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Histology and immunohistochemistry
Paraformaldehyde-fixed aortic tissue was embedded 

in paraffin and processed, and 4 µm sections were stained 
with hematoxylin-eosin or Victoria blue-nuclear fast red. 
additional sections were immunostained using an indi-
rect horseradish peroxidase immunoperoxidase method 
and specific antibody for CD19 antigen (Abcam, Cam-
bridge, Ma, uSa). negative controls for immunostain-
ing consisted of replacing the primary antibody with an 
equivalent concentration of irrelevant rabbit polyclonal 
antibody. At least three different specimens were ana-
lyzed. The aortic tissue staining results were analyzed 
using ImageJ image analysis software.

Enzyme-linked immunosorbent assay
The concentrations of immunoglobin M (IgM) and 

IgG in blood samples were analyzed using mouse-spe-
cific IgM and IgG enzyme-linked immunosorbent assay 
(ELISA) kits (Bethyl Laboratories, Montgomery, TX, 
uSa) according to the manufacturer’s instructions. ab-
sorbance was read at 450 nm using a Multi-Mode Mi-
croplate Reader (SpectraMax M2, MTX Lab Systems, 
Bradenton, FL, uSa).

RNA sequencing and data analysis
The mouse aortas were collected for total Rna extrac-

tion and further analysis. The cleaved Rna fragments 
were then reverse-transcribed to create the final cDNA 
library in accordance with the protocol for the mRna 
Seq sample preparation kit (Illumina, San Diego, CA, 
uSa). The average insert size for the paired-end librar-
ies was 300 bp (± 50 bp). We then performed paired-end 
sequencing on an Illumina Hiseq 4000 (LC Sciences, 
Santiago, Ca, uSa) according to the manufacturer’s 
protocol. Differential and significant gene expression 
analyses were performed using gene-level FPKM (Frag-
ment Per Kilobase of exon model per Million mapped 
reads) expression levels. Genes were selected using the 
criteria of an absolute expression level >1 FPKM in the 
samples. Significant differentially expressed genes of 
each pairwise comparison were selected (P<0.05, log2 
[fold change] >1 or log2 [fold change] <−1). Gene lists 
of relative enrichments for various ontology associations 
were determined using the Gene ontology (Go) data-
base.

Quantitative real-time polymerase chain reaction
Total RNA from aortic tissue was isolated with TRIzol 

reagent (applygen Technologies, Beijing, China) ac-
cording to the manufacturer’s protocol. cDna was syn-
thesized from 1.5 µg of total Rna using the all-in-one 
First-Strand cDna Synthesis Kit (abcam, Cambridge, 
Ma, uSa). Real-time polymerase chain reaction (PCR) 
was performed using TransStart Green qPCR Supermix 
(TransGen Biotech, Beijing, China). all of the samples 
were amplified in duplicate. The primer sequences for 
the amplification of Bcl6, Fos, and Gapdh were the fol-
lowing: Bcl6 (forward, aaaTCTGTGGCaCTC-
GCTTCC; reverse, GGTaTTGCaCCTTGGTGTTGG), 
Fos (forward, CCaGTCaaGaGCaTCaGCaa; re-
verse, TaaGTaGTGCaGCCCGGaGT), and Gapdh 
(forward, TCTGaGGGCCCaCTGaaG; reverse, 
aGGGTTTCTTaCTCCTTGGaGG). The PCR runs and 
analyses were performed using the ABI Prism 7500 Se-
quence Detector and software (applied Biosystems, 
Thermo Fisher, Wilmington, De, uSa).

Statistical analysis
all of the data are expressed as mean ± SeM or rep-

resentative raw data. For the statistical comparisons, we 
first determined whether the data were normally distrib-
uted. Similar variances were checked among normally 
distributed data, followed by Student’s t-test for two-
group comparisons and analysis of variance (anoVa) 
for multiple-group comparisons if tests of similar vari-
ances were passed. The χ2 test was used to compare the 
occurrence of mouse TaD. Kaplan-Meier survival curves 
were generated to analyze the survival percentage in the 
vehicle- and BAPN-treated groups. In all cases, values 
of P<0.05 were considered statistically significant. All 
of the statistical analyses were performed using Prism 
5.0 software (GraphPad, San Diego, Ca, uSa).

Results

Plasma IgM and IgG levels increased in BAPN evoked 
TAD mouse model

To investigate whether the humoral immune system 
is involved in the pathogenesis of TAD, we first estab-
lished a mouse model of TaD by administering BaPn 
(1 g/kg/day) in 3-week-old male C57BL/6J mice for 4 
weeks. The mice developed TaD and began to die from 
dissecting aneurysm rupture and thoracic hemorrhage 
14 days after BaPn treatment (Fig. 1a). During the 
4-week time course of BaPn challenge, the mortality 
and incidence of TAD in the BAPN group were 70% 
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(7/10) and 90% (9/10), respectively (Figs. 1B and C). 
no mice in the control group developed TaD or died. 
histological examination of the aortas using hematoxy-
lin-eosin staining (Fig. 1D) and Victoria blue-nuclear 
fast red staining (Fig. 1e) indicated false lumen forma-
tion, severe degeneration, and collapse of the elastic 
lamina in the BAPN group. No significant differences in 
body weight or systolic blood pressure were found be-
tween the control group and BaPn group (Supplemen-
tary Fig. S1). Plasma IgM and IgG levels were recorded 
7, 14, and 28 days after BAPN challenge. As shown in 
Fig. 2, plasma IgM and IgG levels were persistently 
upregulated beginning in the initial stage of BaPn-in-
duced TAD. The peak IgM level occurred on day 14, and 
the peak IgG level occurred on day 28.

B cells infiltrated TAD aortic tissues
Based on our finding that the levels of IgM and IgG, 

the major effector molecules of B cells, increased in TAD 
mice, we next examined the presence of B cells in TaD 
tissue samples. hematoxylin-eosin staining indicated 
that numerous mononuclear and multinuclear inflamma-
tory cells, including plasmacytoid cells, infiltrated the 
adventitia (Fig. 3a). Immunostaining with an antibody 
that was specific for B cells showed that CD19-positive 
B cells were present in adventitia of the aortic wall in 
BAPN-treated mice (Fig. 3B). In control mice (i.e., un-
treated mouse aorta), we found no B cells or plasmacy-
toid cells.

Fig. 1. β-aminopropionitrile (BAPN)-induced thoracic aortic dissection formation in mice. (A) Representative excised aortas that 
show that lesions formed in mice that were challenged with BAPN on day 28. (B) Survival curves were significantly worse 
in BAPN-challenged mice than in control mice. (C) Incidence of thoracic aortic dissection and rupture rate in mice 28 days 
after BaPn administration. (D, e) Representative histological sections of aortas that were stained with hematoxylin-eosin 
(D) and Victoria blue-nuclear fast red (E) 28 days after BAPN challenge. Obvious collapse of the elastic lamina (black ar-
rowheads, elastic lamina fracture) and false lumen formation occurred in the BaPn group. n=10/group. **P<0.01, 
***P<0.001. FL, false lumen; TL, true lumen; TaD, thoracic aortic dissection.
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Involvement of B cell receptor signaling pathway in the 
pathogenesis of TAD

We performed Rna sequencing in mouse aortic tis-
sues that were extracted 7 days after BaPn challenge to 
investigate the involvement of B cells in the pathogen-
esis of TaD. among the 42,122 detected genes, the 
expression of 730 genes significantly increased or de-
creased (P<0.05, log2 [fold change] >1 or log2 [fold 
change] <−1) in BAPN-challenged aortas. The GO terms 
indicated functional annotations that clustered in “B cell 
receptor signaling pathway” and “antigen processing and 

presentation.” These findings suggested that humoral 
immune responses were induced in the present mouse 
model of TaD. The hierarchical clustering analysis of 
gene expression patterns showed that a significant por-
tion of these genes, such as Cd19, Cd79b, Blnk, Ifitm1, 
Fos, Rac2, and Cd74, were induced by BaPn challenge 
(Fig. 4a). We validated the transcriptional analysis re-
sults using real-time PCR and found that the mRna 
expression of Bcl6 and Fos was significantly upregu-
lated in BaPn-challenged mice vs. control mice 7 days 
after BaPn administration (Figs. 4B and C). addition-

Fig. 2. Plasma levels of immunoglobin M (IgM) and IgG were significantly higher in the β-aminopropionitrile (BAPN) 
group than in the control group. (A, B) Plasma levels of IgM (A) and IgG (B) in the control group and BAPN group 
7, 14, and 28 days after BAPN administration. The data are expressed as mean ± SEM. n=10/group. *P<0.05, 
**P<0.01, ***P<0.001, compared with respective controls.

Fig. 3. B cells infiltrated aortic dissection tissues. (A) Representative histo-
logical sections of the aortas were stained with hematoxylin-eosin 28 
days after β-aminopropionitrile (BAPN) challenge. The black arrow-
head indicates plasmacytoid cells. (B) Representative images of im-
munohistochemical staining of CD19-positive cells in the aortic wall 
28 days after BAPN administration. Black arrowhead indicates CD19-
positive cells. n=3/group. FL, false lumen.
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ally, the immunohistochemical results showed that CD19 
expression levels in the aortic wall were higher in the 
BaPn group than in the control group (Fig. 3B). alto-
gether, these findings demonstrated the importance of B 
cells in the pathogenesis of TaD.

Discussion

The present study showed that B cells infiltrated into 
aortic dissection tissues, and plasma IgM and IgG levels 
significantly increased in the mouse model of BAPN-
induced TaD. Moreover, the expression of genes that 
are associated with the B cell receptor signaling pathway 
increased in aortic tissues in BaPn-treated mice in the 
early stage of the pathogenesis of TaD. Therefore, B 
cells and Igs appear to play an important role in the 
progression of TaD.

Previous whole-genome sequencing in humans and 
genome engineering in mice showed that a loss-of-
function mutation of lysyl oxidase causes aortic aneu-
rysm and dissection because of insufficient elastin and 
collagen cross-linking in the aortic wall [9, 12]. The 
lysyl oxidase inhibitor BaPn inhibits the organization, 
cross-linking, and maturation of extracellular matrix 
proteins, induces medial degeneration of the aorta, and 
results in the formation of aorta dissection and aneurysm 
[7, 11]. In the present study, histology indicated that 
BAPN challenge mainly had a destructive effect on the 
structure of the proximal aorta, with no significant dif-
ferences in the abdominal aorta, cephalic artery, or diges-
tive tracts between the control and BaPn groups (Sup-
plementary Figs. S2 and S3). Thoracic aortic aneurysm 
and dissection in both human and mouse occur most 
often in the ascending aorta. Mechanisms driving this 

Fig. 4. Expression of genes related to B cell receptor signaling pathway increased in the β-aminopropionitrile 
(BaPn) group. (a) The results of the hierarchical clustering analysis of genes in the mouse aorta 7 days 
after BaPn treatment with the indicated annotations are shown by a heat map. after log conversion of the 
signal value, the distance from the median is shown in green, black, and red when lower, intermediate, and 
higher than those of the other samples, respectively, within a given gene. n=2~3/group. (B, C) analysis of 
Bcl6 (B) and Fos (C) mRna expression by real-time PCR in aortic tissues in the control and BaPn groups 
7 days after BaPn administration. n=5/group. *P<0.05, **P<0.01, compared with control mice.
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regional specificity have not been defined clearly. The 
distinct embryonic origins of smooth muscle cells in the 
thoracic aorta may explain these specific pathologic 
features, which is one facet of the many unknown fea-
tures in the mechanisms of thoracic aortic aneurysm and 
dissection [18]. Furthermore, hematoxylin-eosin and 
Victoria blue-nuclear fast red staining showed no sig-
nificant pathological changes in the aorta 1, 3, and 7 days 
after BaPn treatment. The collapse of the elastic lami-
na appeared in the thoracic aorta in the BaPn group at 
14 days, and false lumen formation and severe collapse 
of the elastic lamina in the thoracic aorta were present 
in the BAPN group at 28 days (Supplementary Fig. S4). 
These results are consistent with mortality that is associ-
ated with ruptured aortic dissection in mice. The mice 
began to form aortic dissection and die at 14 days, and 
most of the mice developed TAD 28 days after BAPN 
treatment. Besides, the incidence of BaPn-induced TaD 
was correlated with the age of mice. Younger mice aged 
between 2 and 5 weeks were shown to be more suscep-
tible to the effects of BAPN than mature mice [14]. 
BaPn induced elastin fragmentation, but not the forma-
tion of aortic aneurysms and dissections in adult mice 
[2]. Consequently, we developed the TaD animal mod-
el using 3-week-old mice with BAPN challenge. In sum-
mery, our mouse model of BaPn-induced TaD reca-
pitulated pathophysiological conditions of aortic 
dissection in humans that is caused by mutations of lysyl 
oxidase. The present mouse model also has the advan-
tages of a high incidence of TaD, relatively simple sur-
gery, and good repeatability.

Several animal models of TaD have been described 
previously. In wildtype mice, TAD can be induced by 
BAPN administration and angiotensin II (Ang II) infu-
sion alone or combined [1, 7, 11, 20] or a high-fat diet 
plus Ang II infusion [13]. In apolipoprotein E-deficient 
(apoe−/−) mice, TaD can be induced by the continuous 
infusion of Ang II [21]. No animal model can fully re-
capitulate all aspects of human TaD. nonetheless, we 
found that B cells were involved in the development of 
TaD after BaPn challenge, which is consistent with 
previous reports that B cells infiltrated into aortic tissues 
in apoe−/− mice that were infused with Ang II and in 
acute aortic dissection patients [3, 17]. Moreover, the 
Rna sequencing and quantitative real-time PCR data 
showed that the expression of molecules that are related 
to the B cell receptor signaling pathway, including Cd19, 
Cd79b, Blnk, Ifitm1, Bcl6, Fos, Rac2, and Cd74, in-

creased in aortic tissues in mice that were treated with 
BaPn, which might due to the increasing number of B 
cells in aortic wall. These results indicated that B cells 
might play an important role in this disease. B cell-de-
ficient muMT mice were reported to be protected from 
elastase-induced abdominal aortic aneurysm [26], and 
B cell depletion by anti-CD20 antibody abrogated the 
development of abdominal aortic aneurysm that was 
induced by Ang II in ApoE−/− mice [19]. Further studies 
are required to elucidate the involvement of B cells in 
the pathogenesis of TaD using anti-CD20 antibody or 
muMT mice in different animal models of TAD.

Lymphocytes are a well-defined component of inflam-
mation in many diseases and have been implicated as a 
contributing factor in vascular pathology, such as ath-
erosclerosis and abdominal aortic aneurysm [16, 24]. 
The infiltration of B cells into abnormal aortic tissues 
may be important for antigen presentation and the con-
tinuous production of pathogenic cytokines and Igs, 
resulting in the activation of macrophages, mast cells, 
and complementary pathways in TAD tissue. In the pres-
ent study, we found that plasma IgM and IgG levels 
began to increase in the early stage of TaD. The admin-
istration of exogenous polyclonal Igs was sufficient to 
promote interleukin-6 and matrix metalloproteinase-9 
secretion in human abdominal aortic aneurysm tissue 
[6]. In the present study, elevated circulating Igs might 
have contributed to the maintenance of inflammation in 
mice with BaPn-induced TaD.

In conclusion, we found that B cells, Igs, and related 
signaling molecules were involved in the development 
of TaD. Further studies are required to delineate the 
mechanisms of B cell activation and Ig-mediated proin-
flammatory function in the context of TAD, which could 
lead to the identification of molecular targets for future 
diagnostic and therapeutic approaches.
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