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Interleukin 12p40 Deficiency Promotes
Abdominal Aortic Aneurysm by Activating
CCN2/MMP2 Pathways

, DVM, PhD; Chetan P. Hans

Neekun Sharma , PhD

BACKGROUND: Development of abdominal aortic aneurysm (AAA) is associated with proinflammatory cytokines including inter-
leukin-12 (IL12). Deficiency of interleukin 12p40 (IL12p40) increases localized fibrotic events by promoting TGF32 (transforming
growth factor B)-dependent anti-inflammatory response. Here, we determined whether IL12p40 deficiency in apolipoprotein
E” mice attenuates the development of AAA by antagonizing proinflammatory response.

METHODS AND RESULTS: Double knockout (DKO) mice were generated by crossbreeding IL12p407 mice with apolipoprotein
E/ mice (n=12). Aneurysmal studies were performed using angiotensin Il (1 pg/kg/min; subcutaneous). Surprisingly, DKO
mice did not prevent the development of AAA with angiotensin Il infusion. Immunohistological analysis, however, showed
distinct pathological features between apolipoprotein E”- and DKO mice. Polymerase chain reaction (7 day) and cytokine
arrays (28 day) of the aortic tissues from DKO mice showed significantly increased expression of cytokines related to anti-in-
flammatory response (interleukin 5 and interleukin 13), synthetic vascular smooth muscle cell phenotype (Activin receptor-like
kinase-1 (ALK-1), artemin, and betacellulin) and T helper 17-associated response (4-1BB, interleukin-17e (Il17e) and Cd40 ligand
(Cd-40L)). Indeed, DKO mice exhibited increased expression of the fibro-proteolytic pathway in the medial layer of aortae in-
duced by cellular communication network factor 2 (CCN2) and Cd3*IL17+ cells compared with apolipoprotein E/- mice. Laser
capture microdissection showed predominant expression of CCN2/TGF32 in the medial layer of human AAA. Finally, Ccn2
haploinsufficiency in the mice showed decreased AAA incidence in response to elastase infusion, associated with decreased
matrix metalloproteinase-2 expression.

CONCLUSIONS: Our study reveals novel roles for IL12p40 deficiency in inducing fibro-proteolytic activities in the aneurysmal
mouse model. Mechanistically, these effects of IL12p40 deficiency are mediated by CCN2/matrix metalloproteinase-2 cross-
talk in the medial layer of aneurysmal aortae.

Key Words: abdominal aortic aneurysm m CCN2 m IL12p40 m TGFR2 m Thi7

vascular abnormality of the aorta with a preva-

lence of 9% to 13% in the elderly male popula-
tion and 1% to 3% in the female population accounting
for ~150 000 to 200 000 deaths worldwide per year.!
The majority of literature reports that proinflammatory
myeloid cells are the key drivers for AAA pathogene-
sis.?"8 However, approaches to limit the progression
of small AAA (30-50 mm) using anti-inflammatory

Abdominal aortic aneurysm (AAA) is a common

drugs in the clinical trials have not been success-
ful.”~® Moreover, evidence suggests that aortic rup-
ture is independent of inflammatory processes at the
late stages of the disease.'® Importantly, recent stud-
ies have suggested that anti-inflammatory interven-
tions in AAA could be potentially harmful and need
to be carefully monitored."~'® Studies in humans and
mouse models of AAA have also identified the pres-
ence of anti-inflammatory macrophages, but there is
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CLINICAL PERSPECTIVE
What Is New?

e Deficiency of the proinflammatory cytokine in-
terleukin 12p40 does not protect against ab-
dominal aortic aneurysm in an angiotensin
[l-induced mouse model.

e |Interleukin 12p40 deficiency enhances anti-in-
flammatory environment comprising increased
TGFB2 (transforming growth factor (32) and
CCN2 (cellular communication network factor
2) expression.

e Global deficiency of interleukin 12p40 induces
fibro-proteolytic events in the vascular smooth
muscle cell-rich medial layer of the aorta.

What Are the Clinical Implications?

e Balance of pro- and anti-inflammatory mac-
rophages, rather than predominance of either
phenotype may be more relevant to alleviate
abdominal aortic aneurysm burden.

e Inhibition of CCN2 signaling pathway may have
translational implications because of its pre-
ventive effects on abdominal aortic aneurysm
development.

e Further studies are warranted on the usage of
anti-inflammatory interventions in patients with
abdominal aortic aneurysm in the absence of
overt proinflammatory environment.

Nonstandard Abbreviations and Acronyms

Angli angiotensin ||

CCN2 cellular communication network
factor 2

DKO double knockout

ECM extracellular matrix

MMP matrix metalloproteinase

qRT-PCR quantitative reverse
transcriptase polymerase chain
reaction

TGFB transforming growth factor 3

vSMC vascular smooth muscle cell

no consensus on their exact roles in AAA.>%' These
clinical observations warrant in-depth study on the
role of anti-inflammatory factors, which may influ-
ence the development of AAA.

Distinct macrophage populations have both
pathogenic and reparative roles in AAA depending
upon the stages of the aneurysmal process. In re-
sponse to a local vascular injury, naive macrophages
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infiltrate and differentiate to induce a proinflamma-
tory response associated with increased levels of
interleukin-12 (IL12), iINOS, and low TGF[(2 (trans-
forming growth factor B2) production.” IL12 is a po-
tent proinflammatory cytokine principally expressed
by macrophages and IL12p40 deficient mice have
a bias toward anti-inflammatory profile.'® We re-
cently demonstrated that global IL72p40-deficient
mice (wild-type background) had increased TGF[2-
dependent fibrotic response in response to angioten-
sin Il (Angll; a widely used model to induce AAA)."”
IL12p40 deficiency in mice enhanced TGFB2 and IL10
expression and reduced inflammatory responses.
IL12 also antagonizes T helper (Th)2 responses by in-
hibiting IL4 production' and by negatively regulating
natural regulatory T cells.'920

TGFB2 also plays a critical role in promoting struc-
tural and functional changes in the vascular smooth
muscle cells (vSMCs) of the aortic medial layer.?!??
During healthy conditions, contractile vSMCs in the
medial layer maintain aortic wall integrity through bio-
synthesis of extracellular matrix (ECM).2324 In response
to a vascular injury, contractile vSMCs undergo syn-
thetic phenotypic changes and cell death by apop-
tosis.?>?® The synthetic vVSMCs are involved in the
degradation of ECM through excessive production of
matrix metalloproteinases (MMPs). Because of these
features, phenotypic switching from contractile to syn-
thetic vSMCs seems to be a key factor in the AAA for-
mation.?~2% Although, CCN2 (cellular communication
network factor 2; previously known as CTGF)% and its
upstream TGF[32 signaling have been associated with
synthetic modulation of vSMC,3"3? their association
with IL12p40 deficiency and development of AAA are
still poorly understood.

To examine the causative role of anti-inflammatory
macrophages in AAA pathogenesis, we generated
IL12p40 deficient mice on apoE” background (double
knockout; DKO mice) and performed aneurysmal stud-
ies using angiotensin Il (Angll) infusion.*&:33 Surprisingly,
we observed that DKO mice depicted increased fibrotic
and proteolytic events, which can be attributed to 2
factors: (1) IL72p40 deficiency significantly increased ex-
pression of CCN2/MMP2 in the medial layer of aorta;
and (2) Increased CCN2/MMP?2 is linearly correlated
with medial vSMCs rather than adventitial fibroblasts in
human AAA. We propose that AAA development in the
DKO mice is primarily driven by crosstalk between an-
ti-inflammatory macrophages/T cells and vVSMCs.

METHODS
Study Approval

Mice were maintained in the Dalton Cardiovascular
Research Center, and all procedures were performed
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under a protocol approved by the Animal Care
and Use Committee at the University of Missouri,
Columbia and conform the National Institute of
Health guidelines (Guide for the Care and Use of
Laboratory Animals). We declare that the article ad-
heres to the American Heart Association journals’
implementation of the Animal Research: Reporting
of In Vivo Experiments/Transparency and Openness
Promotion Guidelines. The data that support the
findings of this study are available from the corre-
sponding author upon reasonable request. The de-
tails of the animals, cultured cells, and antibodies are
listed in Data S1.

Animals and Aneurysmal Models
Eight-weeks old, apoE”~ (002052), [L12040~-
(B6.129S1; 002693), and Ccn2 haploinsufficient
(Ccn2+-; 030769) mice were purchased from The
Jackson Laboratory. The apoE~~ and IL12p40~~ mice
were interbred to generate IL12p0407-apoE~"~ (DKO)
and the apoE~- and DKO littermates were used for ex-
periments. Similarly, Ccn2¥~ male and females were
interbred to generate Ccn2** and Ccn2*~ littermates
and used for aneurysmal studies. Genotyping was
performed according to The Jackson Laboratory’s
protocol. Male mice were used for these studies be-
cause of predominantly high incidence of AAA in these
mice as detailed in the Arteriosclerosis, Thrombosis,
and Vascular Biology Council statement.3* Mice were
kept on a 12 hours/12 hours light/dark cycle with
standard chow. For Angll-induced aneurysmal stud-
ies, apoE~~ and DKO littermates (n=12) were infused
with Angll (1 ug/kg/minute; Sigma) or saline for 28 days
using published protocols.*%" In some experiments,
Ccn2*+ and Ccn2*~ male littermate mice were infused
with Angll (1 pg/kg/minute) for 7 days. Briefly, mice
were anesthetized in a closed chamber with 1% to 2%
isoflurane in oxygen for 2 to 5 minutes until immobile.
Each mouse was then removed and taped on a heated
(37°C=x2°C) procedure board with 1.0+1.5% isoflurane
administered via nosecone. Mini osmotic pumps (Alzet
Model 2004) containing Angll or saline were implanted
subcutaneously in the neck region of anesthetized
mice per manufacturer’s instructions. The mice were
observed daily for sudden death throughout experi-
mental duration. Mice found dead were immediately
necropsied to determine the cause of death. After
28 days of treatment, the mice were euthanized using
ketamine (150 mg/kg) and xylazine (20 mg/kg) and the
aortae were dissected and processed accordingly for
different assays.

For elastase model of aneurysm, AAA was in-
duced as previously described.?® Briefly, 8- to
10-week-old male Ccn2* and Ccn2+~ littermates
(n=6) were anesthetized with an intraperitoneal
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injection of ketamine (100 mg/kg) and xylazine (5 mg/
kg). Mice were administered buprenorphine (0.3 mg/
kg) 1 hour before surgery for postoperative pain. For
the elastase model, the animal was anesthetized with
isoflurane (1%-2%; lack of response to toe pinch)
and placed on a sterile surgical pad placed over a
temperature-controlled heating pad. The abdominal
aorta was isolated from the level of the left renal vein
to the bifurcation and the branch of the abdominal
aorta surrounding the site of distension was exposed
and ligated with 10-0 sutures. Temporary 6.0-silk lig-
atures were placed around the proximal and distal
portions of the aorta and an aortotomy was created
at the bifurcation with a 30-gauge needle. Heat-
tapered polyethylene tubing (PE-10) was introduced
through the aortotomy and secured with a tie. Using
a saline bag hung at the height of 136 cm to calibrate
100 mm Hg, the aorta was filled with the saline con-
taining 4.5-U/mL type | porcine pancreatic elastase
(Sigma). The aorta typically dilates to 150% to 170%
of its original diameter during the 5- to 15-minute
elastase perfusion. The control mice were infused
with inactivated elastase. The perfusion catheter was
removed thereafter and the aortotomy closed with
a 10-0 suture to avoid constriction. After the aortot-
omy was closed, the distal and the proximal ligatures
were removed. The wound was closed in 2 layers
with 6-0 nylon/polypropylene suture; 0.25% bupivic-
aine drops or lidocaine (2%) (=1 drop for each centi-
meter of the incision size) was placed on the wound.
At the end of surgery, mice were placed on a tem-
perature-controlled warming pad for recovery (about
15 minutes). The animals were allowed to recover in
a clean cage and were monitored for at least 1 hour
postoperatively. The mice were euthanized on day
14 of elastase treatment and the aortic diameter was
measured.

Ultrasound Imaging of Mouse Aorta

Mice were restrained for <15 seconds to put into
the anesthesia chamber, followed by anesthetiza-
tion with oxygen and vaporized isoflurane (=2%) as
described.!”3® Anesthesia was confirmed by loss of
spinal reflexes via toe pinching, and the loss of cor-
neal reflex by gentle touch of the eye with a soft tis-
sue paper technique. The animals were placed on a
heated (41°C) imaging stage in a supine position while
under anesthesia. The body temperature, heart beat,
and respiration rates were continuously monitored
during the imaging procedure. The abdominal hairs
were removed by applying Nair followed by cleaning
with wet gauze. Warmed ultrasound gel was applied
to the abdominal surface, and ultrasound probes
applied to the gelled surface to collect B-mode,
M-mode, ECG-based Kilohertz Visualization images
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by the imaging system (Vevo 2100, VisualSonics) as
described.!"%6

Aortic Diameter Measurement

The Angll-induced AAAs were defined as having at
least 50% increase in the maximal intraluminal and ex-
ternal diameters of the abdominal aorta compared with
the control mice.*® The maximal intraluminal diameter
of the aortae was quantified in vivo by ultrasound im-
aging. For quantification of the maximal external aortic
diameter, formalin fixed aortae were measured using
ZEN lite software (Zen 2.3 blue edition; Zeiss, NY) ex
vivo under a microscope. The average suprarenal aor-
tic width was 0.87 mm in control mice, and conse-
quently, we defined AAA as >1.31 mm.

Aortic Stiffness Measurement In Vivo and
In Vitro

In vivo aortic stiffness was measured locally in the
abdominal aorta by pulse wave velocity technique by
analyzing ECG-based kilohertz visualization data col-
lected at day 28 of Angll infusion using Vevo Vasc soft-
ware. The in vitro aortic stiffness was determined in the
abdominal aortic sections by atomic force microscopy.
To evaluate the stiffness, a 2 x 2 mm segment of the
abdominal aorta was obtained from mice. The aortae
were opened longitudinally and the adventitial surface
of each explant was fastened to a glass cover slip
using cell tak."”33 The aortic stiffness within intact aor-
tic explants was measured using a nano-indentation
protocol with atomic force microscopy as described
previously.'"83

Protein and PCR Array Analysis

For the analysis using a protein array, the aortic tis-
sues extracted from experimental mice at day 28 of
saline or Angll infusion (n=5 mice pooled) were snap
frozen in radioimmunoprecipitation assay buffer sup-
plemented with protease and phosphatase inhibitors.
The samples were shipped in dry ice to RayBiotech
for protein profiling using Quantibody Mouse Cytokine
Array 4000. For PCR array, the aortic tissues from the
experimental mice at day 7 of saline or Angll infusion
were lysed with RNA lysis buffer. The RNA was ex-
tracted using RNeasy fibrous tissue kit (74704), and
the cDNA were synthesized using iScript gDNA clear
cDNA synthesis kit (BioRad, 1725035). PCR was per-
formed on the samples using PCR array for Th1 and
Th2 responses (330231, Qiagen).

Histology, Immunohistochemistry, and
Double Immunofluorescence

The abdominal aortae from the experimental mice
were fixed in 10% formalin and serial sections (5 uM)
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were obtained by cutting into 2 equal halves. The ab-
dominal aortic sections at regular intervals (200 pM)
were subjected to hematoxylin and eosin, Verhoeff-
Van Gieson, and Masson trichrome stain for histo-
architectural evaluation of aneurysm. The sections
obtained from these mice were further subjected to
immunohistochemistry. For immunohistochemistry,
the abdominal aortae were stained with antibod-
ies for F4/80, interferon-gamma (IFNy), Cd3, IL17,
MMP2, CCN2, TGF31, TGF(32, smoothelin B, and ac-
tive caspase-3. The specificity of all the antibodies
was confirmed using appropriate immunoglobulin G
controls in place of the primary antibodies at same
concentrations as described.” The intensity of the
immunostaining was evaluated by obtaining 4 to 5
images from areas of interest (media or adventitia)
at 40x from each tissue (n=5) and quantified using
Fiji version of Imaged following the software direc-
tions."33 Aortic tissue sections from Angll-infused
mice at day 28 were analyzed for Cd3 and F4/80 or
CCAAT Enhancer Binding Protein Beta (Cebpf) im-
munoreactivity using double immunofluorescence.
Images were captured using LionHeart fx micro-
scope (Biotek).®®

Human AAA Tissue Samples and Laser
Capture Microdissection

Full-thickness aortic wall tissue specimens were col-
lected from the infrarenal abdominal aorta from pa-
tients undergoing AAA repair operations (n=6; White
men, aged 60-75 years) at the Harper University
Hospital in Detroit, Michigan.*3” Non-aneurysmal
infrarenal aortic samples (n=6; White men, aged
58-78 years) were collected at autopsies and used
as non-AAA controls. Samples were incubated in
phosphate-buffered formalin and embedded in par-
affin for histological analyses. The collection of the
human tissues was obtained after informed consent
and approved by the Institutional Review Board of
Wayne State University in Detroit, Michigan. Medial
and adventitial cells from frozen aortic sections were
isolated on 10-um cryosections with a laser cap-
ture microdissection (Arcturus PixCell Il; Arcturus
Engineering, Inc., Mountain View, CA) using transfer
film (CapSure TF-100; Arcturus Engineering). Total
RNA was extracted using Arcturus PicoPure RNA
Isolation Kit (ThermoFisher, RA7007) and real-time
quantitative reverse transcriptase PCR (QRT-PCR)
was performed on medial and adventitial cells cDNA
as described previously.®® The primer sequences for
genes are detailed in Table S1.

Real-Time qRT-PCR and Western Blotting

Total RNA was extracted from the mouse aortae
using the Fibrous RNeasy kit (Qiagen) following the
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manufacturer’s instructions. Real time qRT-PCR was
performed on CFX connect real-time PCR detection
system (Bio-Rad) in triplicate. The CT value for house-
keeping gene Rpl13a was used to standardize the
gene expression. The primer sequences for genes
are detailed in Table S2. For Western blotting (WB),
the mouse aortic tissues were homogenized in radio-
immunoprecipitation assay buffer (Thermo Scientific)
supplemented with protease and phosphatase in-
hibitor (Sigma). The lysates were sonicated with sonic
dismembrator ultrasonic processor (Fisher Scientific),
centrifuged (16 000g for 20 minutes) at 4°C and su-
pernatants were collected. In some experiments, RAW
cells or cultured human aortic smooth muscle cells
(HaSMCs; cat#CC-2572, P5-7 Lonza) were treated
with 1L12p40 siRNA or recombinant human IL12p40
protein (309-1L-010) with and without tumor necrosis
factor-a (10 ng/mL) treatments. The cell lysates were
then prepared for WB in radioimmunoprecipitation
assay buffer. WB was performed in the supernatants or
cell lysates with antibodies specific for CCN2, TGF[32,
TGFB1, B-actin, MMP2, GAPDH, and corresponding
horseradish peroxidase-conjugated secondary anti-
body (Jackson Immunoresearch, 1:10 000). Because
of dissimilar expression of [(3-actin in the aortae of
apoE” and DKO mice, we used non-specific band
from Coomassie blue staining for normalizing the pro-
tein contents. Densitometric analysis was performed
with Imaged software.'”

Cell isolation, Culture, and Coculture
assay

Purified T cells were isolated from the spleen of apoE~"-
or DKO mice using Dynabeads untouched mouse T
cells kit (ThermoFisher). Isolated T cells were cultivated
in complete Iscove’s Modified Dulbecco’s Media me-
dium and activated in the presence of 1 ug/mL plate-
bound anti-CD3e (2C11) and soluble anti-CD28 (37.51)
antibodies for 3 days. In some experiment, the cells
were treated with Angll (200 nmol/L) for 24 hours.
Bone marrow derived macrophages were prepared
from apoE~~ or DKO mice as described previously.*
The cells were then processed to extract the RNA for
mRNA analysis by gRT-PCR. For co-culture assay,
vSMCs derived from apoE~~ mice were co-cultured
with supernatants of bone marrow derived mac-
rophages derived from either apoE~~ or DKO mice
for 48 hours. After 48 hours, the supernatants were
aspirated, vSMCs were washed with cold PBS and
lysed with radioimmunoprecipitation assay buffer. The
protein samples were analyzed for CCN2 and MMP2
expression by WB. In some experiments, cultured
HaSMCs were treated with Angll (1 pM) or human re-
combinant CCN2 (10 ng/mL) for 48 hours. The cells
were then processed for gRT-PCR or WB and the
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cultured media harvested from cells were examined by
gelatin zymography.

Gelatin Zymography

Cultured media were concentrated 50-fold using
Amicon Ultracel- 10K centrifugal filter (Millipore,
UFC801096). Concentrated media samples were
mixed with zymogram sample buffer (BioRad, 161-
0764). The proteins were separated in 7.5% poly-
acrylamide gels containing SDS and 1 mg/mL gelatin
(BioRad, 170-6537). After electrophoresis gels were
washed (2 x 30 minutes) with zymogram renatura-
tion buffer (BioRad, 161-0765) while on gentle rota-
tion. Gels were further kept in zymogram development
buffer (BioRad, 161-0766) for 30 minutes at room tem-
perature with gentle shaking. Thereafter, gels were
kept in development buffer at 37°C with gentle shaking
overnight. Next day, gels were stained with Coomassie
blue stain, destained until bands started to appear and
images were captured using gel documentation sys-
tem (ChemiDoc XRS+, BioRad).

Statistical Analysis

Statistical analyses were performed using GraphPad
Prism version 7.0 (GraphPad Software, Inc., CA). All
continuous variables were assessed for normality and
equal variance using GraphPad Prism. Continuous
data were examined by Shapiro-Wilk test for normal-
ity. Two-group comparisons were performed using an
unpaired 2-tailed Student t-test for normally distributed
continuous variables. Multiple groups were compared
using ANOVA followed by Tukey multiple comparison
analysis or 2-way ANOVA followed by Bonferroni post-
hoc tests. For data without normal distribution, non-
parametric Mann-Whitney U test, or Kruskal-Wallis test
were applied. For incidence of AAA, Fisher Exact test
was performed. All data are presented as mean+SEM.
P<0.05 was considered statistically significant.

RESULTS

IL12p40 Deficiency Does Not Prevent the
Development of AAA in Angll-Induced
apoE’- Mouse Model

We previously demonstrated that /L72p40 deficiency in
the C57BL/6 mice exacerbates AAA through develop-
ment of perivascular fibrosis and elastin fragmentation
mediated by anti-inflammatory (M2-like) macrophages.
Since wild-type mice are less susceptible to develop
aneurysm, we examined the direct role of IL12p40 defi-
ciency in AAA pathogenesis in a standard mouse model
of AAA by generating DKO mice with both /L72p40 and
apoE deficiency. In apoE” mice, the development of
AAA is known to be critically driven by proinflammatory
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macrophages and have a skew towards increased
expression of M1-polarization markers even at naive
state. Thus, in the DKO mice, we aimed to determine
whether [L12p40 deficiency is sufficient to attenuate

IL12p40 and AAA

the development of AAA by antagonizing proinflam-
matory response. apoE”- and DKO mice were infused
with Angll subcutaneously for 28 days for induction of
AAA. Surprisingly, transabdominal ultrasound imaging
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Figure 1. Similar increase in the development of abdominal aortic aneurysm in apolipoprotein E”- and Interleukin 12p407'-;

apolipoprotein E”- (double knockout) mice in response to angiotensin ll).

(A), Representative transabdominal ultrasound images at day 28 showing increase in the luminal expansion in apolipoprotein E”-
and double knockout mice in response to in response to angiotensin Il (n=12) compared with saline infusion (n=6). Dashed yellow
lines outline the lumen. (B), Quantification of maximal intraluminal diameters (MILD) of abdominal aorta. (C), Representative aortae
from the experimental mice showing maximal aortic width in the suprarenal region. Scale bar=1 mm. (D), Quantification of ex vivo
maximal external aortic diameters (MEAD) of abdominal aortae (n=6, saline; and n=12, angiotensin Il). (E), Graph showing survival
curve in apolipoprotein E”- and double kncokout mice in response to saline or angiotensin Il. (F-H), Transverse sections of aortae
stained with hematoxylin and eosin, Verhoeff-Van Gieson, and trichrome staining staining illustrating the extent of abdominal aortic
aneurysm progression, elastin fragmentation, and collagen for fibrosis, respectively, at day 28 in the experimental mice (n=6). The
insets represent the 4x images of corresponding 40x pictures. (I and J), Quantification of medial elastin degradation and collagen
deposition in experimental groups (n=6 for each group). Kruskal-Wallis test was applied for statistics in B and D. Log-rank test was
used for survival curve in E. Tukey multiple comparisons test was used in I and J. Scale bar=50 pm in F-H. *P<0.05, ns=non-significant.
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showed similar increase in the luminal expansion of
the suprarenal aorta of both the groups at day 28 of
Angll (1.44+014 in apoE” Angll versus 1.46+0.16 in
DKO) (Figure 1A and 1B). Macroscopically, the increase
in maximal aortic diameter of suprarenal aorta in re-
sponse to Angll in both apoE”" and DKO mice was
similar (1.66+0.18 in apoE” Angll versus 1.49+0.25
in DKO) (Figure 1C and 1D). Interestingly, a modest
increase in aortic dissection-mediated mortality in
DKO mice was observed compared with apoE” mice
in response to Angll (5 out of 12 versus 3 out of 12;
Figure 1E and Figure S1A). The increase in the dilations
of the thoracic aorta was also similar between apoE”
and DKO mice at day 28 of Angll (Figure S1C-F). No
significant changes in distensibility and radial strain
were observed in the apoE”- or DKO mice in response
to Angll (Figure S2).

Hematoxylin and eosin and elastin staining of aorta
in apoE”- and DKO mice did not show any observable
difference in the histoarchitectural features in the an-
eurysmal tissues (Figure 1F and 1G). Elastin staining
of aorta from both apoE” and DKO mice infused with
Angll displayed similar fragmentation of the elastin
layer (Figure 1G and 1l). However, the extent of colla-
gen deposition examined by Masson trichrome stain-
ing was significantly higher in the aortae of DKO than
apoE” mice infused with Angll indicating that /L12p40
deficiency promotes aortic fibrosis (Figure 1H and 1J).
Interestingly, similar increase in active caspase-3 im-
munoreactivity was observed in the medial layer of the
aorta suggesting that fibrotic effects of IL12p40 defi-
ciency in aneurysmal mice have no significant effect on
the apoptotic cell death of vYSMCs (Figure S3). Overall,
histological examination of aneurysmal tissues pro-
vides only limited information whether pathogenesis of
AAA is different in these experimental groups.

DKO Mice Demonstrate Decreased
Proinflammatory Macrophages Infiltration But
Increased Synthetic-vSMC Phenotype and T
Cells in the Aortic Lesions

To determine mechanistically how predominance of
anti-inflammatory macrophages with [L12p40 de-
ficiency can lead to the development of AAA, we
performed a protein array. Abdominal aortae were
extracted from the experimental mice (pooled from
n=5 in each group) and subjected to protein profil-
ing using quantibody Mouse Array (RayBiotech) to
examine the quantitative changes in the cytokines
which are differentially expressed in the AAA lesions
of apoE” and DKO mice at baseline and in response
to Angll (Table 1). The full name of protein abbrevia-
tions are detailed in Table S3. The analysis of a total of
200 proteins showed 3 prominent pathways dysregu-
lated in these 2 distinct strains of aneurysmal mouse
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models: inflammatory cytokines, synthetic vSMC
phenotype, and Thi7-related cytokines. Expectedly,
the expression of proinflammatory cytokines includ-
ing IL1ra, MCP1 (monocyte chemoattractant protein),
macrophage colony-stimulating factor (m-CSF), MIP-2
(macrophage inflammatory protein 2), tumor necrosis
factor-a, Igfbp3, p-selectin, and CRP (C-reactive pro-
tein) were increased in the apoE” mice in response to
Angll than baseline (Table 1). The expression of these
proinflammatory cytokines was reduced to <60% in
the DKO mice as compared with apoE” with Angll
(Table 1).

The expression of cytokines related to synthetic
vSMCs including activin receptor-like kinase-1 (ALK-1),
artemin, betacellulin, and clusterin were higher in the
aortic tissue of DKO mice than apoE” mice at base-
line (Table 1). In response to Angll, the expression of
cardiotrophin-1, artemin, and betacellulin increased
moderately in the apoE” mice, whereas, the expres-
sion of these cytokines along with clusterin and milk
fat globule-EGF factor 8 were increased markedly in
the aortic tissue of DKO compared with apoE” mice
(Table 1). The expression of ALK-1, a disintegrin and
metalloproteinase with thrombospondin motifs, and
vascular endothelial growth factor B remained higher
in the DKO mice in response to Angll and were minimal
in the apoE” mice.

The T-cell related cytokines including 4-1BB, IL22,
Cd27, transmembrane activator and CAML interactor,
IL7ra, and Cd40l were higher in the DKO than apoE”
mice at baseline (Table 1). In response to Angll, the ex-
pression of Cd27, transmembrane activator and CAML
interactor, IL7ra, and Cd40LI increased moderately in
the apoE”" mice, whereas, the expression of these
cytokines along with 4-1BB, Interleukin-17E (IL17e), in-
creased markedly in the DKO aortae. The expression
of 4-1BB, IL22, and IL17e remained negligible in the
apoE”- mice at baseline or in response to Angll. Our
study also revealed novel cytokines including Shh-N,
testican-3, marapsin, and Nov/CCN3 increased in the
aortic tissues of DKO mice as compared with apoE” at
baseline or in response to Angll (Table 1).

T cells are a dominant population in human AAAs
and their infiltration occurs at an early stage of the
disease in experimental mice.383° Because of novel
findings in the T-cell associated cytokines in DKO
mice, we extracted cDNA from the AAA lesions at
day 7 from both these groups and subjected to RT?
Profiler PCR Array Mouse Th1 and Th2 cytokines
(PAMM-034Z, Qiagen; Table 2). Consistent with
the RayBiotech cytokine array data, we observed
increased MRNA expression of T-cell related cy-
tokines, mainly Th2 and Th17 including /L7170, Cd4,
IL4ra, IL7r, and Cebpf3 in the aortic tissues of DKO
mice compared with apoE” in response to Angll
(Table 2). We confirmed the decreased expression
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Table 1. Protein Array Data Showing Differential Expression of Cytokines in the Aortic Tissue of Experimental Mice as
Determined Using Quantibody Mouse Cytokine Array 4000 (RayBiotech)

apoE"’- DKO apoE"-

Protein Gene Uniport saline saline Ratio Angll DKO Angll Ratio

Name Name ID (pg/mL) (pg/mL) 1 (pg/mL) (pg/mL) 2

T helper 17-related cytokines
Ang-3 Agpt3 QIWVH6E nd nd nd nd 2293.8 2293.8
4-1BB Tnfrsf9 P20334 nd 174.9 174.9 nd 12511 12511
IL-22 Itif Q9JUY9 nd 378.4 378.4 nd 266.4 266.44
ILA7F n7r Q7TNI7 nd nd nd nd 93.9 93.9
Prolactin Prl PO6879 nd nd nd nd 85.4 85.4
IL-20 Zcyto10 Q9JKV9 nd nd nd nd 76.9 76.9
ILA7E 125 Q8VHH8 nd nd nd 4.9 2455 50.65
IL-2Ra 12ra P0O1590 nd nd nd nd 7.9 7.94
CD-27 Tnfrsf7 P41272 39.5 264 6.7 409.2 2784.8 6.81
Taci Tnfrsf13B QOET35 5141 214.3 4.2 216.7 982.8 4.56
IL-7Ra 7r pP16872 nd 930 930 815.8 2542.3 312
IL-13 1n3 P20109 nd nd nd nd 16.9 16.9
Cd-40L Thfsf5 P27548 49.4 4261 8.6 554.2 1118.8 2.02

Synthetic vascular smooth muscle cell-related cytokines
Alk-1 Slpi/Wap4 Q61288 nd 137.8 137.8 nd 574 574.04
Adamts-1 Adamts1 pP97857 nd nd nd nd 262.8 262.81
Ct1 Ct1 Q60753 nd 239.5 239.5 14.4 953.2 66.2
Artemin Artn/Evn Q9z0L2 nd 49.6 49.6 74.9 867.7 11.58
VEGF-B VegfB/Vrf P49766 nd nd nd nd 8.4 8.36
Betacellulin Btc Q05928 114 17.9 1.6 26.8 109.3 4.08
Clusterin Clu/apod Q06890 25497.2 37284.8 15 19867.9 53608.3 2.7
Mfg-e8 Mfge8 P21956 7985 9301 1.2 72321 17214.3 2.38
VEGF R1 Emrk2 P35969 386.6 551.2 14 70141 1409.9 2.01

Novel cytokines
Shh-N Shh/Hhg1 Q62226 nd nd nd nd 190.9 190.94
Testican 3 Spock3 Q8BKVO 880.8 1648.7 1.9 1472.9 5938.8 4.03
Marapsin Prss27/Mpn Q8BJR6 5430 7455.8 1.4 8772.8 20531.6 2.34
Prostasin Prss8/Cap1 QOESD1 1361.3 4709.7 3.5 2234.3 4901.5 219
MMP-10 MMP10 055123 1019.4 1159.5 11 1013.3 2194.4 217
Nov/CCN3 lgfbp9 Q64299 2609.4 2432.7 0.9 8172.5 17169.3 2.1

Macrophage-related cytokines
IL-Tra IL1rn P25085 nd nd nd 25531 18.9 0.01
Mcp-1 Ccl2 P10148 nd nd nd 33.3 nd 0.03
Ke Cxcl1 P12850 nd nd nd 16.3 nd 0.06
m-Csf Csf1 PO7141 nd nd nd 23.2 5.4 0.23
Mip-2 Cxcl2 P10889 nd nd nd 3.9 1.0 0.25
Tnf-a Tnf P06804 nd nd nd 3.9 nd 0.25
lgfbp-3 Ibp3 P47878 290.0 193.2 nd 1973.5 666.9 0.34
Sdf-1a Cxcl2 P40224 nd nd nd 3075 132.6 0.43
Lix Cxcl5 P50228 nd nd nd 64.3 28.2 0.44
IL-6 IL6 P08505 nd nd nd 51.1 24.0 0.47
CRP Crp/Ptx1 P14847 nd nd nd 16 212.2 8248.3 0.54
Gm-Csf Csf2 P26955 nd nd nd 168.7 94.6 0.56
p-Selectin Selp Q01102 1064.2 2275.6 214 5734.7 3338.0 0.58

Ratio 1=DKO saline/apoE” saline. Ratio 2=double knockout angiotensin ll/apolipoprotein E7- angiotensin Il. We used value of nd=1 to calculate ratio for some
proteins in which the expression was not detected. nd indicates not detected.
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Table 2. Genes Upregulated by Interleukin 12 Deficiency at Day 7 of Angll-Infusion in Aorta

Fold increase in DKO mice
Symbol GenBank UniGene Full Name compared with apoE”- mice
IL5 NM_010558 Mm.4461 Interleukin 5 7.42
Gfit NM_010278 Mm.2078 Growth factor independent 1 3.97
Ccrd NM_009916 Mm.1337 Chemokine (C-C motif) receptor 4 3.75
CebpB NM_009883 Mm.439656 CCAAT/enhancer binding protein 3.71
(C/EBP), beta
Junb NM_008416 Mm.1167 Jun-B oncogene 3.31
Tnf NM_013693 Mm.1293 Tumor necrosis factor 3.09
IL18r1 NM_008365 Mm.253664 Interleukin 18 receptor 1 2.99
Spp1 NM_009263 Mm.288474 Secreted phosphoprotein 1 2.78
Tnfrsf8 NM_009401 Mm.12810 Tumor necrosis factor receptor 2.7
superfamily, member 8
L2 NM_008366 Mm.14190 Interleukin 2 2.65
Cd4 NM_013488 Mm.2209 CD4 antigen 2.45
Socs3 NM_007707 Mm.3468 Suppressor of cytokine signaling 3 2.43
Socs5 NM_019654 Mm.126885 Suppressor of cytokine signaling 5 2.32
IL4ra NM_001008700 Mm.233802 Interleukin 4 receptor, alpha 217
IL7r NM_008372 Mm.389 Interleukin 7 receptor 2.02
Cdzs NM_007642 Mm.255003 CD28 antigen 2.01

of IL12p40 and increased expression of IL10, Roryt,
Foxp3, and Cebpf in the aortic tissues of DKO mice
at day 7 of Angll infusion (Figure 2A). The increase in
the expression of IL17a, TGFB2, Roryt, and Cebpf3
was also confirmed in T cells isolated from the spleen
of DKO mice by gRT-PCR (Figure S4A). Interestingly,
the expression of Cebp[3 was downregulated mod-
estly in the bone marrow derived macrophages of
DKO mice as compared with apoE” at the baseline
(Figure S4B). Expectedly, the expression of proin-
flammatory cytokines including /L12p40, IFNy, and
IL6 were significantly decreased, and the expression
of anti-inflammatory cytokine Cad206 was significantly
increased (Figure S4B).

The immunohistochemical staining of aortic tis-
sues from apoE” mice displayed F4/80* and IFNy*
macrophages in the adventitial layer, which was min-
imal in the aortic tissues from DKO mice (Figure 2B
through 2E, P<0.01). Surprisingly, Cd3* and IL17* im-
munostaining, which are predominantly recognized
as proinflammatory Th17 cells, was increased near
the regions of elastin breaks in the aneurysmal tis-
sues of DKO mice, and was minimal in apoE” mice
(Figure 2F through 21, P<0.01). Because of differential
expression of Cebpf in the aorta, T cells and macro-
phages, and its association with Th17 cells,*® we per-
formed double immunofluorescence to further study
these interesting observations. Indeed, we observed
colocalization of Cd3* cells with Cebp[3* cells in the
aortic tissues from Angll-infused DKO mice, which
was predominant in the regions of visible elastin

breaks. Whereas, in the apoE” mice, only a weak co-
localization between Cd3* and Cebp[3* cells was ob-
served. However, no such colocalization of Cebp[3*
cells with F4/80 + macrophages was observed in
both these experimental groups (Figure S4D). These
data indicate that the AAA develops differently in
these 2 strains of mice with uniqgue mechanism. The
proinflammatory response is predominant in the
apoE” mice; whereas the DKO mice exhibit anti-in-
flammatory/fibrotic response.

Increased CCN2-Dependent MMP2 expression
in the Aorta and vSMCs of DKO Mice

The association of IL12 deficiency with synthetic
vSMC phenotype in the cytokine array seemed very
intriguing. CCN2 (previously known as connective
tissue growth factor; CTGF), a downstream target
of TGFB signaling, is a potent modulator of syn-
thetic vSMC phenotype. We have previously shown
that CCN2 expression is increased in the abdominal
aorta of human AAA, however, its cell-specificity and
association with IL12 deficiency has not been deter-
mined.®34" The mRNA expression of CCN2 signal-
ing pathway including Smad2, TGFpB2 and CCN2
was significantly increased in the aorta of DKO mice
compared with apoE” mice in response to Angll
(Figure S5). WB of the protein extract from the ab-
dominal aortae demonstrated increased CCN2 ex-
pression in the aorta of DKO mice as compared
with apoE” in the saline-treated mice (Figure 3A). In
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Figure 2. Double knockout mice exhibit increased T-cell infiltration in the aortic lesions.

(A), MRNA expression of various cytokines in the aortic tissues of apolipoprotein E”- and double knockout mice at day 7 of angiotensin
II'infusion. (B-E) and (F-I), Immunohistochemistry showing expression of F4/80 (total mature macrophages), interferon-y (M1
macrophage marker), Cd3 (T cells), and interleukin-17 expression and their quantifications in the adventitial region of aortic tissue at
day 28 in experimental mice. Yellow dotted lines in B and D outline the adventitial region. (J and K), Cd3 and Cebp[3 expression and
their co-localization in the aortic tissues from angiotensin Il-infused apolipoprotein E”- and double knockout mice. *P<0.05, **P<0.01;
***P<0.001, ns=non-significant in Tukey multiple comparisons test. Scale bar=50 pm.

DKO mice (P<0.01). Interestingly, TGF[32 protein con-
tents were significantly increased in the abdominal
aorta of DKO mice in response to Angll, whereas

response to Angll, moderate increase in the CCN2
contents was observed in the apoE” mice, whereas
this expression was significantly increased in the
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Figure 3. Interleukin 12p40 deficiency increases CCN2 (cellular communication network factor 2) expression in the vascular
smooth muscle cells rich medial layer of aorta.

(A), Western blots showing expression of CCN2, transforming growth factor 32, and transforming growth factor-31 from the aortic
tissues of experimental mice and its quantification (n=4 for saline and 6 for angiotensin Il groups). (B—G), Immunohistochemistry
showing confirmatory expression of CCN2 and matrix metalloproteinase 2, and its quantifications in the medial and adventitial regions
from the aortic tissues of experimental mice at day 28 (n=6). Yellow dotted lines in B and C outline the medial region, whereas red
dotted lines in B and D outline the adventitial region. (H), Western blot of vascular smooth muscle cells and its quantification from cells
treated with supernatants derived from macrophages of apolipoprotein E- or double knockout mice showing expression of CCN2 and
matrix metalloproteinase 2 (representative of 3 independent experiments). *P<0.05, **P<0.01, ***P<0.001, ns=non-significant in Tukey
multiple comparisons test (D-G) and unpaired t-test (H). Scale bar=50 ym. CMB=Coomassie Blue Stain.
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TGFB1 were predominantly increased in the apoE”
mice (Figure 3A). To examine the cellular source of
CCN2 in these mice, we performed immunohis-
tochemistry. CCN2 expression was significantly
increased in the adventitial layer of apoE” mice in
response to Angll (red boundary; Figure 3B and 3E),
whereas the increase in the medial layer was moder-
ate (yellow boundary; Figure 3B and 3D). In contrast,
CCN2 immunostaining was increased in the medial
layer of DKO mice and was significantly higher than
in apoE”~ mice (yellow boundary; Figure 3D and 3E).
The expression of CCN2 in DKO mice was oppo-
site to apoE”, with increased staining observed in
the medial layer compared with adventitia (Figure 3C
through 3E). Notably, because of the enrichment of
CCN2 in the medial layer of DKO mice, we speculate
that the cellular source of CCN2 in DKO mice is pre-
dominantly vSMCs and it plays a role in the pheno-
typic changes of vSMCs from contractile to synthetic
during pathogenesis of AAA.

Next, we examined whether IL12p40 deficiency-me-
diated increase in CCN2 plays a pathogenic role in
AAA pathogenesis by increasing MMPs in the medial
aortic layer. Immunostaining of MMP2 was increased
predominantly in the adventitia of aorta in apoE”
mice infused with Angll, although moderate increase
was observed in the medial layer (Figure 3C, 3F, 3G).
Interestingly, MMP2 immunostaining was significantly
increased in the aortic tissue of DKO mice compared
with apoE” and was predominantly localized in the
medial aortic layer (Figure 3C and 3F). It is important to
note that the major source of IL12p40 in the vasculature
is myeloid cells, whereas vSMCs and fibroblasts have
minimal expression of 1L12.'%42 To examine if the inter-
actions between anti-inflammatory/profibrotic macro-
phages influence CCN2/MMP2 signaling, we set up
a co-culture system in which vSMCs were cultured in
the presence or absence of media derived from mac-
rophage cultures originating from apoE” versus DKO
mice. Significant increase in CCN2 and MMP2 expres-
sion in the vSMCs was observed when cell-culture
media from DKO macrophages was added to vSMCs
as compared with media from apoE” macrophages
(Figure 3H). In addition, we examined the expression
of CCN2 in the HaSMCs treated with IL12p40 siRNA or
the recombinant human [L12p40 protein. Expectedly,
there was no change in the CCN2 expression as the
basal expression of IL12p40 is minimal in the vSMCs
(Figure SBA). Similarly, we examined the TGFB2 ex-
pression in macrophages treated with IL12p40 siRNA
or recombinant human IL12p40 protein. Interestingly,
TGFPB2 expression was increased in macrophages
with IL12p40 siRNA and decreased with recombinant
human IL12p40 treatment (Figure S6B). Taken together,
these data demonstrate that the deleterious effects of
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IL12p40 deficiency on aortic dysfunctions are probably
mediated by macrophages induced TGF(32 and their
crosstalk with vSMCs to induce CCNZ2 signaling in the
vSMC-rich medial layer. These data also suggest that
anti-inflammatory macrophages could be the potential
source of increased CCN2 expression in vSMCs and
MMP2 activity mediating the matrix degradation in the
DKO mice. Activation of MMPs in the apoE” mice in
response to Angll on the other hand is mediated by
proinflammatory macrophages as shown extensively
by others and us previously.*643

Differential Expression of CCN2 in the Vascular
Cells of Human Aortic Tissue

Consistent with these data and our previous stud-
ies,*" we observed an increased immunostaining of
CCN2 in human AAA, which was primarily localized
in the medial layer of aneurysmal tissue (Figure S7).
Considering the complexity of the disease, we used
laser capture microdissection to examine the dif-
ferential expression of CCN2-associated genes in
the media and adventitia (Figure 4A through 4F).
The mRNA expression of CCN2 in the medial layer
of AAA tissues was increased by ~3-fold compared
with medial layer of non-AAA (P<0.01; Figure 4G).
The expression of CCN2 in the adventitia of non-AAA
was =~4-fold higher than medial layer of non-AAA
and did not change in AAA tissues. This is consist-
ent with the literature that constitutive expression of
CCN2 in the adventitia does not interfere with the
contractile functions of the medial layer.** Expression
of TGFB2, smoothelin B, and the alpha 1 chain of
type | collagen followed the same trend as CCN2 in
these tissues albeit at lesser extent (Figure 4H, 4J,
and 4K). Expression of TGF37 on the contrary was
increased in the adventitia of AAA compared with
adventitia of non-AAA or media of AAA (Figure 4l).
We further demonstrated that treatment of HaSMCs
with human recombinant CCN2 (10 ng/mL) for
24 hours increased mMRNA expression of osteopontin
(OPN; P <0.001) and MMP2 (P <0.01) but not MMP9
(Figure 4L). We also demonstrated that treatment of
HaSMCs with human recombinant CCN2 and Angll
(1 uM) for 24 hours increased the protein expres-
sion and proteolytic activity of MMP2 in HaSMCs as
shown by WB and gelatin zymography, respectively
(Figure 4M). This increased expression of CCN2 and
MMP2 was not observed in fibroblasts treated with
Angll or human recombinant CCN2 (data not shown).

Ccn2 Haploinsufficiency Attenuates Elastase-
Induced Aortic Dilations

To confirm the direct role of CCN2 on aortic remod-
eling and fibrosis, we infused Angll in Ccn2*+ and
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Figure 4. Increased CCN2 (cellular communication network factor 2) expression in the media layer of human abdominal
aortic aneurysm.

(A-F), Images obtained during laser capture microdissection to separate the medial and adventitial regions of human non-abdominal
aortic aneurysm (AAA) and AAA tissue sections (n=4 for both AAA and non-AAA isolated at the Core facility of The University
of Missouri. Representative example of human aortae for gene expression. M1-M4: medial layer cells from non-AAA; Ad1-Ad4:
adventitial layer cells from non-AAA in A, C, and D. M5-M8: medial layer cells from AAA; Ad5: adventitial layer cells from AAAin B, E,
and F. The 2 layers were recognized by the presence or absence of elastin fragments in the serial sections stained with von-Gieson.
(G-K), (L), mRNA expression of various genes in the human aortic smooth muscle cells treated with human recombinant CCN2
(10 ng/mL) for 48 hours. (M), Representative Western blot to show CCN2 expression and gelatin zymography showing active-matrix
metalloproteinase 2 in the human aortic smooth muscle cells (Lonza; CC-2571) treated with Angll (1 uM) or human recombinant CCN2
(10 ng/mL) for 24 hours (average from 3 independent experiments). “P<0.05, **P<0.01, ***P<0.001, ns=non-significant in Tukey multiple
comparisons test. Angll indicates angiotensin Il; and PEN, polyethylene naphthalate membrane.

J Am Heart Assoc. 2021;10:e017633. DOI: 10.1161/JAHA.120.017633 13



Sharma and Hans IL12p40 and AAA

A Ccn2** elastase  Ccn2*- elastase B
ns
25 . RRR AR
A
4
154 -
E . O Ccn2** saline
§ 1.0- = é B Ccn2* saline
lél P g A Ccn2** elastase
0.5 v Ccn2*- elastase
0.0 T T T T
D ./ +/-
C Ccn2** elastase  Con2* elastase m_ﬁg,c'n? “elastase  Ccn2™ elastase
o R T 5 - LB J
{ \""v 2 4 AL 8f{f[,
g f i,
o gl-“«\{é Ij
In > 2 ‘.
2 R0 7
SWSTRT L Sk

NFSN SN N
'.!tf_ V7 ?} t‘\ 3 ( ’}‘.
e ¥

A Ccn2** elastase

Smoothelin-B

v Ccn2*- elastase

E Elastin Active caspase-3 Mmp2 Smoothelin-B

g ] 1.57 1.57 37 *

b S ‘ = A = A ;-. v

7 . @ 81 = ‘@ » . @ 3

—_— A c 4 b=

5104 4 » £s5¢d I 5104 — 5104 —— 224 v

E iz @ = £ £ -4 £

e A © ﬁ x A x

® v EJ— -— = @ A ® °>_) X

= — E) 44 A = v E yv = 1 =

§0.5- g v 8054 = 05 = 211 35

K . O )

&’ ‘3’2— — e &" v & & A
o= v

0.0 , . 001 __, 0.0 L
L B T .

Figure 5. CCN2 (cellular communication network factor 2) deficiency reduces the development of abdominal aortic
aneurysm in elastase-induced mouse model of abdominal aortic aneurysm.

(A), Representative aortae from the elastase-induced experimental mice at day 14 showing maximal aortic width in the infra-renal
region. Scale bar, 1 mm. (B), Quantification of external diameter of infrarenal aortae (n=3 for controls, n=5 for Ccn2** elastase and
Ccn2*- elastase). (C), Representative images of infrarenal aorta stained with hematoxylin and eosin, trichrome, and Verhoeff-Van
Gieson staining illustrating the extent of abdominal aortic aneurysm progression, fibrosis and elastin fragmentation, respectively, at
day 14 in the experimental mice. (D), Representative immunohistochemistry images showing expression of active caspase-3, matrix
metalloproteinase 2, and smoothelin-B in the aortic tissues at day 14 in experimental mice (n=5). (E), Quantification of collagen, elastin,
active caspase-3, matrix metalloproteinase 2, and smoothelin B in the aortic tissues of experimental mice (n=4). Scale bar=50 pm.
***P<0.001, ns=non-significant in Tukey multiple comparisons test.

Ccn2* mice. At day 7 of Angll, transabdominal ul- Ccn2+* mice as compared with Ccn2+* (Figure S8A).
trasound imaging showed a significant decrease in Atomic force microscopy-assessed aortic stiffness
pulse wave velocity (marker of aortic stiffness) in the remained significantly lower in the Ccn2* mice as
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compared with Ccn2** at day 7 of Angll (Figure S8B).
These data indicate that the Ccn2 deficiency has
protective effects on aortic stiffening during early
stages of the disease. We also observed a decrease
in the expression of TGFB2, IL17, MMP2, tumor ne-
crosis factor-a, and IL6 in the aortic tissue of Ccn2+”
mice at day 7 of Angll as compared with Ccn2+*
with same regimen (Figure S8C-I). Proteolytic ac-
tivity of the aortic tissue was also reduced in the
Ccn2+* mice compared with Ccn2+* at day 7 of Angll
(Figure S8J). Finally, we performed aneurysmal stud-
ies on the Ccn2*" mice to determine the changes in
the aorta in response to elastase. The experimental
mice were infused with elastase directly in the infra-
renal aorta using aseptic sterile technique.®® At day
14 of elastase treatment, the macroscopic examina-
tion showed significant increase in the maximal ex-
ternal aortic diameter in the Ccn2+* mice, whereas in
the Ccn2* mice, this increase was significantly less
compared with Ccn2+* (1.46+0.12 in Ccn2** elastase
versus 0.89+0.04 in Ccn2* elastase mice) (Figure 5A
and 5B). Histologically, adventitial thickening, colla-
gen deposition, and elastin fragmentation remained
minimal in the Ccn2+* mice as compared with Ccn2++
at day 14 of elastase (Figure 5C). Decreased immu-
nostaining of CCN2, active caspase-3, and MMP2
were observed in the medial layer of Ccn2* mice
as determined by immunohistochemistry (Figure 5D
and 5E and Figure S9). Concomitantly, smoothelin-B
expression was increased by Ccn2 deficiency in the
medial layer (Figure 5D and 5E). Collectively, these
findings confirmed that Ccn2 deficiency preserves
the vSMCs contractile phenotype and decreases
aortic stiffness and proteolytic activity of the aorta.

DISCUSSION

Multiple studies have shown increased IL12 expres-
sion and its linear correlation with proinflammatory
response in human AAA and experimental mouse
models.®>4%46 However, direct roles of IL12 deficiency
in AAA have not been examined. In this regard, we
report here that IL12p40 knockout mice (IL72p407)
generated with apoE” deficiency (IL120407apoE™”;
DKO mice) do not prevent against AAA development
in response to Angll. These mice depict increased
fibrotic and proteolytic events associated with in-
creased TGFB2/CCN2 signaling in the aortic tissues
and significantly increased expression of MMP2
in the medial layer of aorta enriched with vSMCs.
Increased CCN2 also correlated with MMP2 in the
medial layer of human AAA. Finally, we show that
Ccn2 haploinsufficiency reduces aortic dilations in
response to elastase infusion, associated with de-
creased apoptotic cell death and MMP2 contents.
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Overall, these data suggest that IL12p40 deficiency
in apoE”- mice contribute to matrix remodeling and
ECM degradation by a novel mechanism consisting
of CCN2/MMP2 signaling.

Critical events during the development of AAA
in humans at an early stage of the disease remain
elusive. Therefore, understanding the pathogenesis
of AAA predominantly relies on the mouse models,
which mimic AAA on a short scale. In these mouse
models, transmural infiltration of myeloid cells and
progressive differentiation of the vSMCs from con-
tractile to synthetic phenotype has been suggested
as critical steps.?>293341 |n this context, role of proin-
flammatory macrophages in the development of AAA
is well established, however, the direct roles of an-
ti-inflammatory macrophages and synthetic vSMC
phenotype are not clearly known. Using an unbiased
approach of protein array, we identified defects in
vSMC phenotype and Thi7-related cytokines in the
aortic tissues of DKO mice during AAA development
in addition to increased anti-inflammatory response.
We also identified increased expression of a matri-
cellular protein, CCN2, in the medial layer of aortic
tissues of DKO mice and human AAA tissues, which
positively correlated with MMP2, CCN2 is minimally
expressed in the naive-contractile vSMCs, and is in-
duced in the synthetic vSMCs under diseased con-
ditions. However, the direct roles for CCN2 in the
development of AAA are unknown. Our studies indi-
cate that AAA development in DKO mice is mediated
by TGF32/CCN2 crosstalk in the absence of proin-
flammatory environment. Decreased aortic dilations
and apoptotic cell death in the CCN2-deficient mice
in response to elastase treatment are further sugges-
tive of active role for CCN2 in AAA.

The pathogenesis of AAA in the Angll-induced
apoE” mice is well characterized and involves the
activation of proinflammatory cytokines includ-
ing IL6, IL12, IL13, and Mcpl. In contrast, profound
changes in the ECM of the aortic wall, mediated by
cellular secretion of CCN2 and MMP2, represent a
critical hallmark in DKO mice. Since the constitu-
tive and inducible expression of IL12 in the vascular
cells including vSMCs and fibroblasts is minimal, it is
speculative that interactions between anti-inflamma-
tory macrophages and vSMCs may be responsible
for increased CCN2 signaling in the vSMC-enriched
medial layer. Although CCN2 is regulated by various
cytokines and growth factors at the transcriptional
level, TGF32 has the most predominant effects on
CCN2 expression.*=9 In this study, we convincingly
demonstrate that TGF[32 released by anti-inflamma-
tory macrophages of IL12p40-deficient mice plays
a pathogenic role by increasing the expression of
CCN2/MMP2. However, it is not known, if increase
in CCN2/MMP2 in vSMCs is solely attributed by
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Figure 6. Schematic diagram of the study. The crosstalk
between anti-inflammatory macrophages, T cells, and
synthetic vascular smooth muscle cell-mediated pathways
activate CCN2 (cellular communication network factor
2) signaling leading to increased collagen synthesis and
matrix metalloproteinase 2 activity.

These factors predispose the abdominal aorta to abdominal
aortic aneurysm in response to angiotensin Il.

TGFR2 derived from IL12p407-apoE”- macrophages.
In addition, the molecular mechanism by which these
anti-inflammatory macrophages induce CCN2 acti-
vation in vSMCs in the setting of AAA needs to be
further elucidated. The role of TGF[3 signaling in AAA
pathogenesis has been shown to be pathogenic,
protective, or neutral, depending upon the stage of
the disease, the environmental milieu of the vascu-
lar injury, and the cell origin.59-%2 Further studies are
required to determine if activation of non-canonical
pathway of TGFB2 signaling in the vSMCs is critical
to induce CCN2 (Figure 6). It is also possible that
crosstalk between vSMCs and T cells play a caus-
ative role in the development of AAA in DKO mice.
The independent role of vSMCs and Th2/Th17 cyto-
kines in AAA also needs further investigation.
Among the novel genes identified in our pro-
tein-array data, betacellulin, a member of the epi-
dermal growth factor family is a potent inducer of
synthetic vSMCs leading to proliferation and migra-
tion responses in vSMCs.%3 Betacellulin also induces
non-canonical TGFB signaling such as extracellu-
lar-signal-regulated kinase 1/2, a serine/threonine
protein kinase, and p38 mitogen-activated protein ki-
nase in vSMCs.%* 4-1BB (CD137) is a potent co-stim-
ulatory molecule that has both immune boosting and
immune-suppressing effects.®® One study reported
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that 4-1BB exerts a moderate suppressive effect on
the progress of autoimmune disease in the absence
of IFNy-mediated signaling.®® IFNy is known to in-
hibit the development of Th17 cells, suggesting that
deficiency of IL12p40 may augment AAA by Thi7-
dependent pathways.®” While the proinflammatory
properties of IL-17 are well known, recent studies
have also indicated that IL-17 has anti-inflammatory
and profibrotic activities highlighting the Yin and the
Yang of most of the cytokines.®®%9 It will be interest-
ing to examine the direct effects of IL12p40 deficiecy
on Th17 cells and its proinflammatory response.
Cardiotropin-1 induces cell proliferation, hypertro-
phy, and secretion of ECM proteins in the vSMC
suggesting its role in arterial fibrosis and stiffness,
which are features of AAA.%° In fact, mice lacking
cardiotrophin-1 developed less vascular fibrosis with
lower deposition of ECM proteins, mainly type | colla-
gen.®" Infusion of mice with Angll triggers phosphor-
ylation and nuclear translocation of C/EBP[3 proteins
in aortic cells concomitantly with an increase in the
expression of Adamts-1, highlighting the importance
of C/EBP signaling in Angll-induced upregulation of
Adamts-1.52 Further studies are warranted to investi-
gate the direct roles for these newly identified cyto-
kines in the development of AAA.

The clinical relevance of this study relies in the
findings that DKO mice with IL12p40 deficiency
may be a better mouse model to study AAA be-
cause of its close relevance to human AAA. The
predominant and active role of synthetic vSMCs
and T cells with IL12p40 deficiency in response to
Angll correlated well with the findings observed in
human AAA 3883 We previously reported the global
deficiency of IL12p40 aggravates Angll-induced AAA
in the C57BL/6 mice, associated with TGF3 depen-
dent fibrotic mechanism.” Interestingly, differential
expression of MMP2 was observed in the medial
layer of IL12p407apoE”- (DKO) mice versus adventi-
tial layer in the IL12p407apoE** mice. We speculate
that this differences could be because of the strain
variability (@poE* versus apoE”) and the distinctive
mechanism of AAA development. Further studies are
warranted to explore the mechanism of such differ-
ential expression. In addition, Yan et al reported that
pharmacological modulation of IL12p40 and IL23p19
mitigated elastase-induced AAA by suppressing
macrophages expansion and T-cell proliferation.®®
This discrepancy could be because of a complete
loss of IL12p40 from birth versus the antagonism of
IL12p40 with monoclonal antibody, which may affect
macrophage polarization and inflammatory response
at various stages of disease progression. Here, we
report the activation of TGFB2/CCN2 signaling path-
way in DKO mice at an early stage plays a patho-
genic role in AAA. However, in the apoE” mice, we
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speculate that the role of TGFB2/CCN2 signaling
could be a compensatory fibrotic response at a late
stage to neutralize the proinflammatory response.

Overall, our studies propose a novel mechanism
by which development of AAA is primarily mediated
by CCN2/MMP2 pathway. Importantly, these findings
suggest that inhibition of IL12 at late stage of the dis-
ease with anti-inflammatory drugs may lead to further
complications. However, we do not completely ignore
the possibility that M2-like macrophages may still be
relevant at early stage of the disease to neutralize in-
flammatory milieu of AAA. On similar lines, it has been
shown that blockade of IL12p40 in the early phase of
aneurysm development suppresses macrophage ex-
pansion, inflammatory cytokine, and MMP9 produc-
tion and mitigates AAA development.®® By focusing on
a specific cascade of cell-to-cell signaling events in the
medial layer of the aorta, future studies will unravel a
novel mechanism(s) to understand the pathogenesis of
AAA and the critical roles for CCN2 in the modulating
synthetic vSMC phenotype.
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Data S1. Major Resources Tables.

Animals (in vivo studies)

Species Vendor or Source Background Strain Sex
1112p407" mice The Jackson Laboratory | C57BL/6J M
Apoe” mice The Jackson Laboratory | C57BL/6J M
Ccn2*~ mice The Jackson Laboratory | 12956/C57BL/6) M

Animal breeding

Species Vendor or Source Background Other Information
Strain
Parent - Male 1112p407" mice The Jackson C57BL/6) The heterozygote
Laboratory pups obtained from
these breeders were
further bred to obtain
IL12p407"Apoe” and
Apoe”” littermates.
Parent - Female | Apoe” mice The Jackson C57BL/6)
Laboratory
Parent - Male Ccn2*~mice The Jackson 12956 The Ccn2*~ mice and
Laboratory their Ccn2**
littermate mice
generated from these
breeders after ~6
backcrosses with WT
(C57BL/6J) mice were
used.
Parent - Female | Ccn2”"mice The Jackson 12956
Laboratory




Antibodies

Target antigen Vendor or Source Catalog # Working Lot # (preferred
concentration but not
required)
F4/80 Abcam ab100790 1:200
IFNy Abcam ab9657 1:400
CD3 Abcam ab5690 1:200 for IHC and DIF
IL17 Abcam ab79056 1:400
TgfB2 Abcam ab36495 1:200 for IHC
1:2,000 for WB
TgfB1 Abcam ab92486 1:2,000 for WB
Mmp?2 Abcam ab97779 1:200 for IHC
1:2,000 for WB
CCN2 Abcam ab6992 1:200 for IHC
1:2,000 for WB
Smoothelin B Abcam ab204305 1:400 for IHC
active caspase-3 Cell signaling 9661S 1:200 for IHC
CEBPB Cell signaling sc-7962 1:200 for DIF
GAPDH Novus Biologicals NB300-221 1:5,000 for WB
B-actin Abcam ab8226 1:10,000 for WB

Cultured Cells

Name Vendor or Source Sex (F, M, or unknown)
Human aortic smooth muscle Lonza (CC-2571) Unknown
cells (HaSMCs)
Mouse vSMCs Primary cells isolated from Male mice
the abdominal aorta of mice
Mouse Fibroblasts (MEF) Primary cells isolated from Male mice
mice embryos
Macrophages (RAW Cells 264.7) ATCC Unknown




Table S1. List of human primer sequences used for qRT-PCR studies.

Gene Forward Primer (5°-3’) Reverse Primer (5’-3’)
MMP2 | ACG ACC GCG ACA AGA AGT AT ATT TGT TGC CCA GGA AAG TG

OPN GCC GAG GTGATAGTGTGGTT ACG GCT GTC CCA ATC AGA AG
MMP9 | GAC AAG CTCTTC GGCTTCTG TCG CTG GTA CAG GTC GAG TA

CCN2 | CTC CAC CCG GGT TACCAATG CCG GGACAGTTGTAATGGCA
TGFB1 | CCTACTTCT GCACGATGTGATG | CCTTTGCTACGGTTIGGTTACATT
TGFB2 | AAAGCC AGAGTG CCT GAACA AGC GCT GGG TTG GAG ATG

SMB GAG ATT GAG GCT GCCACCTT GCT TTG AAA CCT CTG CCT GC

COL1A1 | CAGCCG CTT CACCTACAGC TTTTGT ATT CAATCACTGTCTTGCC




Table S2. List of primer sequences used for qRT-PCR studies for Mus musculus.

Gene Forward Primer (5°-3’) Reverse Primer (5’-3’)
1112p40 | CAC CTG TGA CAC GCC TGA AG CTCAGAGTCTCGCCTCCTTT
1123p19 | CCC ATG GAG CAACTT CAC AC GCT GCC ACT GCT GAC TAG AAC

1110 CAC TGC TAT GCT GCCTGC TC TGG CCT TGT AGA CAC CTT GG
Roryt GCAGCGCTCCAACATCTTCT ACG TAC TGA ATG GCC TCG GT
Foxp3 | CAC CTG GCT GGG AAAATG G GGA GCC CTT GTC GGATGA
Tnfa CCCACT CTGACCCCTTTACT TTTGAGTCCTTG ATGGTC GT
Cebp3 | GGTTTC GGGACTTGATGCA CAA CAA CCC CGC AGG AAC
l117a TCC CCT CTG TGA TCT GGG AAG AGC ATCTTC TCG ACC CTG AA
nmrzf CTG GAG GAT AAC ACT GTG AGA GT TGC TGA ATG GCG ACG GAG TTC
1118 CAG GCC TGA CAT CTT CTG CAA CTGACATGG CAGCCATTGT
Ifng ATG AAC GCT ACA CAC TGC ATC CCATCCTTITTGC CAGTTC CTC

Tgf82 | AGAATC GTCCGCTTT GAT GTCTC ATACAGTTC AAT CCGCTGCTC G
Cd206 | CAGGTGTGGGCTCAGGTAGT TGTGGTGAGCTGAAAGGTGA
Mmp2 | GAT GTC GCC CCT AAAACAGA TGG TGT TCT GGT CAA GGT CA

114 ATT TTG AAC GAG GTC ACA GGAGAAG | ACCTTG GAA GCC CTACAG ACG AG

Mmp9 | AGA CCT GAA AAC CTC CAA CCT CAC TGT TAT GAT GGT CCC ACT TGA GGC

Stat6 CTGGGGTGGTTTCCTCTT G TGC CCG GTC TCACCT AACTA
Smad2 | CTT GAT GGC CGT CTT CAG GT CCAGAATGCAGGTTC CGAGT
Smad3 | GAG GAG AAG TGG TGC GAG AAG TGG GGATGG TAATGC ACT TGG

Tgf31 AAG TTG GCATGGTAGCCCTT GCC CTG GAT ACC AACTATTGC

7z ATC CCT CAAAGC TCAGCGTGTC GGG TCTTCATTG CGGTGG AGA G

Ccn2 CTTCTGCGATTTCGGCTCC TGC TTT GGA AGG ACT CAC CG

16 CTACCC CAATTT CCAATGCT ACC ACA GTG AGG AAT GTC CA




Table S3. Full names of proteins (abbreviations listed in Table 1).

Protein Abbr.

Protein name

Ang-3

Angiopoietin-like 3

4-1BB/TNFRSF9

TNF-receptor superfamily 9

11-22

Interleukin 22

II-17F Interleukin 17F

Prl Prolactin

11-20 Interleukin 20
II-17E Interleukin 17E
II-2Ra Interleukin 2R alpha

CD-27/ TNFRSF7

Tumor necrosis factor receptor superfamily 7

Taci

Transmembrane activator and CAML interactor

II-7Ra Interleukin-7 receptor subunit alpha

I1-13 Interleukin 13

Cd-40L CD40 ligand

Alk-1 Activin receptor-like kinase 1

Adamts-1 ADAM Metallopeptidase With Thrombospondin Type 1 Motif 1
Ct-1 Cardiotrophin-1

Vegf-B Vascular endothelial growth factor B
Mfg-e8 Milk fat globule-EGF factor 8

VEGF R1 Vascular permeability factor receptor 1
Shh-N Sonic Hedgehog

Mmp-10 Metalloproteinase-10

Nov/Ccn3 Nephroblastoma

IL-1ra Interleukin-1 receptor antagonist

Mcp-1 Monocyte chemoattractant protein-1

Kc Keratinocytes-derived chemokine

m-Csf Macrophage colony-stimulating factor
Mip-2 Macrophage Inflammatory Proteins

Tnf-a Tumor necrosis factor alpha

Igfbp-3 Insulin-like growth factor binding protein 3
Sdf-1a Stromal cell-derived factor 1 alpha

Lix C-X-C motif chemokine 5

1I-6 Interleukin 6

Crp C-reactive protein

Gm-Csf Granulocyte Macrophage Colony-Stimulating Factor




Figure S1. (A and B), Pictures of aortae from the dead mice showinr? acute dissection in Apoe'/' and DKO mice in
response to Angll. (é-F), Representative images of the thoracic aorta from experimental mice at day 28. Scale bar =

1 mm.
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Figure S2. Distensibility and radial strain calculated from measurements of abdominal aortic
pulse pressure as determined by EKV in response to Angll at day 28 as measured by Vevo

Vasc analysis (n=6; saline and n=12; Angll). ns = non-significant.



Figure S3. Caspase 3 immunostaining in the aortic tissue of Apoe”- and DKO mice at day 28 of Angll
infusion. Scale bar = 50 ym.
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Figure S4. (A and B), mRNA expression of various cytokines in T cells and macrophages (m¢) isolated from
Apoe”-and DKO mice. (C), mRNA expression of 112p40, 1110, Il14, Tgf32 and Stat6 in the T cell isolated from
spleen of Apoe”-and DKO mice and treated with or without Angll (n=3; saline and n=4; Angll). (D), F4/80 and
Cebpp expression and their weak co-localization in the aortic tissues from Angll-infused Apoe”-and DKO
mice. Yellow arrows in D represent elastin breaks. *P<0.05; **P<0.01; ***P<0.001 by paired two-tailed Student’s t-

test.
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Figure S5. mRNA expression of CCN2 associated genes in the aortic tissues of Apoe”- and DKO mice at
day 28 of Angll infusion (n=3; saline and n=4; Angll).
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Figure S6. (A and B), Western blot showing expression of CCN2 (A), Tgff2 (B) and GAPDH as
housekeeping genes in the human aortic SMCs (A) and macrophages (B) treated with IL12p40 siRNA

and recombinant human IL12p40 protein.



Figure S7. Differential expression of CCN2 immunostaining in the media and adventitia of human AAA as
shown by IHC. (A and B), montage images of aortic section. Scale bar = 50 mm in A-B; =1 mm in C-D and
50 ym in E-F. L= lumen (n=6).
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Figure S8. Ccn2 deficiency decreases aortic stiffness of the aorta. (A), Pulse-wave velocity (PWV)
calculated from measurements of abdominal aortic pulse pressure as determined by EKV in response
to Angll at day 7 (n=3 for control and 4 for Angll). (B), Abdominal aortic stiffness as measured by
atomic force microscopy at day 7 of Angll infusion in experimental mice. (C-I), Gene expression of
various cytokines in the aortic tissues of experimental mice at day 7 of saline or Angll infusion. (J),
Gelatin zymography showing MMP?2 activity on aortic samples derived from Angll-infused CCN2** and
CCN2*- mice. *p<0.05, **p<0.01, ***p<0.001 in Tukey's multiple comparisons test.
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Figure S9. CCN2 immunostaining in the aorta of elastase-induced mouse model of AAA as shown
by IHC and its quantification. Scale bar = 50 ym.
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