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Background: Bruton tyrosine kinase inhibitors (BTKi) are used in B-cell malignancies
and in development against various autoimmune diseases. Since Btk is also involved
in specific pathways of platelet activation, BTKi might be considered to target
platelet GPVI/GPIb-mediated atherothrombosis and platelet FcyRIIA-dependent immune
disorders. However, BTKi treatment of patients with B-cell malignancies is frequently
associated with mild bleeding events caused possibly by off-target inhibition of Tec. Here,
we compared the platelet effects of two novel BTKi that exhibit a high (remibrutinib) or
low (rilzabrutinib) selectivity for Btk over Tec.

Methods and Results: Remibrutinib and rilzabrutinib were pre-incubated with
anticoagulated blood. Platelet aggregation and in vitro bleeding time (closure time) were
studied by multiple electrode aggregometry (MEA) and platelet-function analyzer-200
(PFA-200), respectively. Both BTKi inhibited atherosclerotic plaque-stimulated
GPVI-mediated platelet aggregation, remibrutinib being more potent (IC55 = 0.03 wM)
than rilzabrutinib (ICsg = 0.16 wM). Concentrations of remibrutinib (0.1 wM) and
rilzabrutinib (0.5 uM), >80% inhibitory for plaque-induced aggregation, also significantly
suppressed (>90%) the Btk-dependent pathways of platelet aggregation upon
GPVI, von Willebrand factor/GPIb and FcyRIIA activation stimulated by low collagen
concentrations, ristocetin and antibody cross-linking, respectively. Both BTKi did not
inhibit aggregation stimulated by ADP, TRAP-6 or arachidonic acid. Remibrutinib (0.1 M)
only slightly prolonged closure time and significantly less than rilzabrutinib (0.5 wM).
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Conclusion: Remibrutinib and rilzabrutinib inhibit Btk-dependent pathways of platelet
aggregation upon GPVI, VWF/GPIlb, and FcyRIIA activation. Remibrutinib being more
potent and showing a better profile of inhibition of Btk-dependent platelet activation vs.
hemostatic impairment than rilzabrutinib may be considered for further development as

an antiplatelet drug.

Keywords: atherothrombosis, platelet-aggregation, bleeding, PFA, MEA

INTRODUCTION

Since the first description of a patient with recurrent
infections and deficiency of immunoglobulins termed
“Agammaglobulinemia” by Ogden Bruton in 1952 (1), it
took more than 40 years of research, until Bruton tyrosine
kinase (Btk) was identified in 1993 as the responsible protein
that is deficient in patients with X-linked agammaglobulinemia
(2, 3). Btk belongs to the Tec (tyrosine kinase expressed in
hepatocellular carcinoma) family of non-receptor cytoplasmic
tyrosine kinase, and contains five different protein interaction
domains: an amino terminal pleckstrin homology (PH) domain,
a proline-rich Tec homology (TH) domain, the SRC kinase
homology (SH) domains SH2 and SH3, and a kinase domain
(4). Btk is the best studied member of this tyrosine kinase
family and most homologous to Tec, the namesake of this
kinase family. Btk plays a crucial role in B-cell receptor
function and in immunoglobulin Fc- receptor signaling of
monocytes/macrophages and neutrophils (4). Since the approval
of ibrutinib, the covalent irreversible first in class Btk inhibitor
(BTKi) in 2013 for treatment of certain B-cell malignancies,
many more reversible and irreversible BTKi have evolved and
the spectrum of diseases that are targeted extends from specific
forms of B-cell malignancies to various autoimmune disorders
(5). Up to now four BTKi (ibrutinib, acalabrutinib, zanubrutinib,
and tirabrutinib) have been approved but at least further eight
BTKi are in clinical studies (5).

Btk is expressed not only in B-cells but also in various
hematopoietic cells including the megakaryocyte-platelet
lineage (6). Btk in platelets is involved in signaling of
specific glycoprotein receptors including glycoprotein (GP)
VI activation by collagen, GPIb activation by von Willebrand
factor (VWF), FcyRlla activation by IgG immune complexes,
and CLEC-2 activation by podoplanin (5). Thus, Btk might
be a promising therapeutic target of platelet-related diseases,
and BTKi have indeed been proposed as novel antiplatelet
drugs as they inhibit selectively platelet GPVI/GPIb-stimulated
atherothrombosis (7, 8), platelet FcyRIIA-dependent immune
disorders  (heparin-induced = thrombocytopenia,  vaccine-
induced immune thrombotic thrombocytopenia) (9, 10), and
podoplanin/CLEC-2 mediated venous thrombosis (11, 12).
Somewhat surprisingly, XLA patients do not show a bleeding
tendency (13). In contrast, mild bleeding events are frequent
in patients with B-cell malignancies treated with irreversible
covalent BTKi (ibrutinib, acalabrutinib, zanubrutinib, and
tirabrutinib) (5). The reasons are not clear but are probably
multifactorial. They might be related to the type of diseases

treated, but also caused by off-target inhibition as reviewed
recently (5).

Beside Btk the homologous kinase Tec is also expressed in
platelets. Whereas, FcyRIla activation and VWF activation of
GPIb do not require Tec activation (5, 9), Tec plays a role in GPVI
activation. After GPVI-mediated platelet stimulation by high
dose collagen, both Btk and Tec support platelet aggregation.
Btk-deficient human platelets from patients with XLA and Btk-
deficient mouse platelets do not respond to low concentrations of
collagen or collagen-related peptide (CRP) indicating that Btk is
required for platelet activation after low-degree GPVI stimulation
(14, 15). Similar observations have been made by using low Btk-
specific concentrations of irreversible BTKi and the reversible
BTKi fenebrutinib which inhibits Btk but not Tec and applying
human atherosclerotic plaque which also induces only a low-
degree activation of GPVI (8, 9, 16-18). After stimulation with
high concentrations of collagen, Tec compensates for the absence
of Btk (as in XLA patients) or inhibition of Btk (as after platelet
pretreatment with Btk-selective concentrations of BTKi) and
preserves GPVI-stimulated platelet aggregation. Inhibition of
both Tec and Btk abrogates GPVI-activation (15). Since the
four approved irreversible covalent BTKi mentioned above have
limited selectivity for Btk over Tec as measured by biochemical
assays in vitro (5), and at higher concentrations prolong bleeding
time in vitro (19), it is assumed that therapeutic concentrations of
these BTKi inhibit in platelets irreversibly Tec in addition to Btk
thereby abrogating GPVI signaling. This might contribute to the
observed bleeding side effects.

Therefore, we hypothesized that off target effects of BTKi
with low Btk selectivity over Tec might explain bleeding of
BTKij, and investigated in the present study the effects of two
novel BTKi on Btk-mediated pathways of platelet aggregation
and bleeding time in vitro: the novel selective covalent BTKi
remibrutinib (LOU064), a very potent irreversible covalent BTKi,
which is highly selective for Btk and barely inhibits Tec (20), and
rilzabrutinib (PRN1008) an oral, reversible covalent BTKi which
inhibits Btk and Tec with similar IC50 values (21). Both BTKi
are in clinical studies of dermatological autoimmune diseases.
Rilzabrutinib inhibits very potently Btk and Tec in vitro (IC50
values, 1.3 and 0.8 nM, respectively) (22). It forms a reversible
covalent bond with Cys481 of Btk, and shows a fast association
and a very slow dissociation rate (23). Rilzabrutinib is in clinical
trials of pemphigus (24) and idiopathic thrombocytopenic
purpura (ITP), a disease exhibiting very low platelet counts
(<50.000/p]) and bleeding events. Here, it inhibits platelet
destruction mainly via the inhibition of autoantibody/FcyR
signaling in splenic macrophages (25). Unexpectedly, in a
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previous report clinically relevant concentrations of rilzabrutinib
showed no inhibition of platelet activation in vitro (26).

MATERIALS AND METHODS

Reagents

Remibrutinib  (LOU064), rilzabrutinib (PRN1008) and
fenebrutinib (GDC-0853) were purchased from MedChem
Express (New Jersey, USA). Dimethyl sulfoxide (DMSO) was
from Sigma-Aldrich (Taufkirchen, Germany). Collagen was
from Takeda (Linz, Austria). ADP, ristocetin, arachidonic acid
(AA) and TRAP-6 (Thrombin Receptor Activator Peptide 6)
were obtained from Roche Diagnostics (Mannheim, Germany).
The anti-CD32 antibody AT10 (monoclonal mouse IgGl),
cross-adsorbed F(ab’)2-goat anti-mouse IgG (H + L) and the
anti-CD9 antibody Ts9 (monoclonal mouse I1gG1) were from
ThermoFisher Scientific (Waltham, MA, USA).

Declaration of Helsinki
Informed consent was obtained from healthy volunteers, as
approved by the Ethics Committee of the Faculty of Medicine
of the University of Munich, and in accordance with the ethical
principles for medical research involving human subjects, as set
out in the Declaration of Helsinki.

Human Atherosclerotic Plaque

Homogenates

Atherosclerotic tissue specimens were obtained from patients
who underwent endarterectomy for high-grade carotid artery
stenosis. Specimen containing lipid-rich soft plaques were
collected. The atheromatous plaques were carefully dissected
under sterile conditions from other regions of the atherosclerotic
tissue. The plaques were weighed, homogenized with a glass
pestle and potter, then stored at —80°C (27, 28). Plaque
homogenates from 5 patients were pooled.

Blood Collection

Whole blood from healthy donors who had not taken any
antiplatelet drug within 2 weeks was collected by cubital
venipuncture into blood tubes (double wall) from Verum
Diagnostica GmbH (Munich, Germany) containing hirudin
as anticoagulant (final hirudin concentration in blood: 200
U/ml corresponding to 15ug/ml) for platelet aggregation
measurements (29) or buffered trisodium citrate/citric acid
solution (citrate concentration 0.129 mol/L; S-Monovette 3.8 mL
9NC/PFA from Sarstedt, Niimbrecht, Germany) for closure time
measurements with the PFA-200 (30). The blood was kept at
room temperature and measurements were performed with 3h
after venipuncture.

Platelet Aggregation in Blood

Multiple electrode aggregometry (MEA) (Roche Diagnostics,
Mannheim, Germany) that monitors the change of conductivity
between two sets of electrodes (red and blue traces) caused
by the attachment of platelets was applied to measure platelet
aggregation, as described (29, 31). In brief, 0.9% NaCl
(300 pL) was placed in aggregometer cuvettes (06675590,
Roche, Mannheim, Germany) with aliquots (300 pL) of

hirudin-anticoagulated blood. BTKi or DMSO (solvent control;
0.6 nL) were added, and mixed well with pipet, covered,
and incubated for 1h at 37°C (19). Then, the cuvettes were
transferred into the device, platelet stimuli (collagen, ristocetin,
AT10 + Fab2, anti-CD9 antibody, TRAP-6, ADP, or AA) were
added at concentrations as detailed in the figure legends, stirring
was simultaneously started and aggregation was measured for
10min. Aggregation was recorded in arbitrary units (AU),
and cumulative aggregation (AU*min) from 0 to 10 min was
measured by quantifying the area under the curve. The traces
selected as representative and displayed in the Figures belonged
to a specific experiment whose values were closest to the mean.

IC50 values were obtained by non-linear fitting using the
following model:

Fifty = (Top + Baseline)/2
Y = Bottom + (Top-Bottom)/(1 + 10" ((LogAbsoluteIC50-
X)xHillSlope + log((Top-Bottom)/(Fifty-Bottom)-1)))

Closure Time Measurement

The INNOVANCE® PFA-200 System (Siemens Healthcare,
Erlangen, Germany), which simulates primary hemostasis
in vitro, provides rapid and precise assessment of platelet
dysfunction and bleeding risk (32, 33). DMSO (0.1%;
solvent control) or various concentrations of remibrutinib
or rilzabrutinib were pipetted (0.8 pl) into samples of citrate-
anticoagulated blood (0.8 ml) (30) and preincubated for 1h at
37°C. The Dade® PFA Collagen/EPI Test Cartridge was used,
and the time of complete plug formation was reported as “closure
time.” The normal range of closure time is assessed specifically
for each test center and was determined to be 84-170s. The
normal range as recommended by the manufacturer (84-160s)
has been slightly modified at our institution to 84-170s based
on the measurement on 54 healthy unselected persons without
any medication according to the approved-level consensus
guideline from the Clinical and Laboratory Standards Institute
(CLSI EP28).

Statistics

The data are shown as mean = standard deviation (SD) of the
indicated number of the experiments. Normal distribution of
values was assessed using the Shapiro-Wilk test. Parallel multi-
experimental conditions were analyzed by ordinary one-way
ANOVA, followed by Bonferroni’s test if the normality test was
passed, otherwise a Kruskal-Wallis test for unmatched and a
Friedman’s test for matched observations followed by Dunn’s test
were used. Side-by side comparisons were analyzed by Wilcoxon
matched-pairs signed rank test.

RESULTS

Remibrutinib (LOU064) and Rilzabrutinib
(PRN1008) Dose-Dependently Inhibit
GPVI-Mediated Platelet Aggregation in
Blood Triggered by Atherosclerotic Plaque

Diverse collagen type I and III fibers are the decisive plaque
components that induce platelet aggregation via activation
of GPVI (27, 28, 34). Blood was incubated with increasing
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FIGURE 1 | Effects of increasing concentrations of remibrutinib and rilzabrutinib on platelet aggregation in blood stimulated by plague homogenate. Hirudin

anticoagulated blood was preincubated for 1 h at 37°C with solvent control (DMSO, 0.1%), or increasing concentrations of remibrutinib (A,C,D) or rilzabrutinib (B,C,E)
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0.001, ***p < 0.0001.

FIGURE 1 | and aggregation was recorded for 10 min after stimulation by plaque homogenate (833 wg/ml) (19). The dose-response curves of (A) remibrutinib and (B)
rilzabrutinib are shown. (C) Representative aggregation traces in red and blue for each electrode, respectively, are shown. (D,E) Bar graphs show the dose-dependent
delay in aggregation by (D) remibrutinib and (E) rilzabrutinib. Single data points are shown but are in part not visible due to overlap. Values are mean + SD (n = 6).
Statistical analysis was carried out comparing against baseline (without BTKi) using the Friedman test followed by Dunn’s test (A-E). *p < 0.05, “*p < 0.01, **p <

concentrations of remibrutinib or rilzabrutinib for 1h prior
to plaque stimulation. Remibrutinib and rilzabrutinib inhibited
plaque-induced platelet aggregation with ICs values of 0.03 and
0.16 M, respectively. Remibrutinib (0.2 wM) and rilzabrutinib
(1 M) were able to block plaque-induced platelet aggregation by
>90% (Figures 1A,B). Accordingly, remibrutinib is more potent
than rilzabrutinib.

The  aggregation  tracings Figure 1C  and
panels in  Figures 1D,E show a  dose-dependent
increase in delay of aggregation (lag time) caused by
both inhibitors.

in

Effects of Remibrutinib and Rilzabrutinib
on Platelet Aggregation Stimulated by
Collagen, Ristocetin, FcyRIIA- and
G-Protein Coupled Receptor-Activation

Next the effects of remibrutinib and rilzabrutinib were
investigated on platelet aggregation induced by stimuli known to
activate Btk-dependent and Btk-independent platelet signaling
pathways. Concentrations of remibrutinib (0.1 M) and
rilzabrutinib (0.5 wM) were chosen that inhibited atherosclerotic
plaque-induced platelet aggregation by 89 and 88%, respectively
(Figure 1A).

Figure 2 shows the results for platelet stimuli that induce
aggregation through a Btk-dependent mechanism (5). GPVI-
dependent aggregation was inhibited by remibrutinib and
rilzabrutinib by 91 and 94%, respectively, on low dose
collagen, and by 37 and 41%, respectively, on high dose
collagen (Figures 2A,B). Glycoprotein Ib/von Willebrand
factor (GPIb/VWEF)-dependent ristocetin-induced platelet
aggregation was blocked by 95% by both BTKi (Figure 2C). The
inhibitory effects of remibrutinib and rilzabrutinib on GPVI-
and GPIb/VWF-dependent platelet aggregation were similar to
those of fenebrutinib (0.1wM) (Supplementary Figure 2),
which is a  reversible and  highly  selective
Btk inhibitor.

Complete suppression of platelet aggregation by both BTKi
was also observed on FcyRIIA activation by crosslinking or anti-
CD9 antibody stimulation (Figures 2D,E). Due to the absence
of adenosine 5’-diphosphate (ADP) secretion from platelets (9),
anti-CD9 antibody stimulation showed a delayed aggregation
response and less maximal aggregation compared with CD32-
crosslinking (Figure 2E).

Remibrutinib and rilzabrutinib did not compromise Btk-
independent pathways of platelet aggregation stimulated by
GPCR activation with thrombin receptor-activating peptide
(TRAP), arachidonic acid (AA), or ADP under the conditions
tested (Figure 3).

Effect of Remibrutinib and Rilzabrutinib on

in vitro Bleeding Time

To investigate whether remibrutinib and rilzabrutinib
might impair primary hemostasis, the platelet function
analyzer PFA-200 was used. The instrument aspirates citrate-
anticoagulated blood under constant vacuum from a reservoir
through a capillary and a small hole in a membrane filter which
was coated in our experiments with collagen and epinephrine
(collagen/epinephrine cartridge). The time required to obtain
full occlusion of the aperture is reported as “in vitro closure
time” (32, 35). The PFA is used for routine screening of patients
with potential hemorrhagic risk and is very sensitive to monitor
aspirin intake (36, 37).

Closure time was slightly, but significantly prolonged by
0.1 WM remibrutinib (Figures 4A,B) which suppressed >85%
Btk-dependent platelet aggregation after GPVI activation with
low dose collagen and after VWEF/GPIb activation with ristocetin
(Figures 1A, 2A,C), but it did not exceed the upper limit of
the normal range (170 s). Higher concentrations of remibrutinib
(0.2 and 0.5uM) significantly and profoundly prolonged
closure time.

For rilzabrutinib it was found that a concentration of 0.2 WM
which inhibited GPVI-dependent plaque-stimulated platelet
aggregation by 56% (Figure 1B) did not affect significantly the
closure time. A concentration of 0.5 LM rilzabrutinib equipotent
to 0.1 WM remibrutinib suppressed >90% Btk-dependent platelet
aggregation after low dose collagen- and ristocetin-stimulated
aggregation (Table1; Figure2) and significantly increased
closure time by 67% (Figures4A,B). The closure time was
significanly more prolonged than by 0.1 uM remibrutinib
(Figure 4B). A concentration of 1 M rilzabrutinib prolonged
bleeding time maximally. DMSO, the solvent of BTKi, did not
affect closure time as shown previously (9), and the DMSO
controls showed similar values at the beginning and the end of
the experiments (Figures 4A,B).

DISCUSSION

We demonstrate here in our study that (i) remibrutinib and
rilzabrutinib inhibit and delay dose-dependently atherosclerotic
plaque-induced GPVI-mediated platelet aggregation; (ii)
remibrutinib (0.1 wM) and rilzabrutinib (0.5 M) also block
Btk-dependent GPVI-, GPIb/VWE- and FcyRlIla-stimulated
platelet aggregation; (iii) higher concentrations of remibrutinib
(>0.2uM) and therapeutic concentrations of rilzabrutinib
(>0.2uM) prolong the bleeding time in vitro as measured
by PFA-200.

According to the dose-response curve (Figures 1A,B), the
potency for platelet inhibition of low degree GPVI-induced
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FIGURE 2 | Effects of remibrutinib and rilzabrutinib on platelet aggregation in blood after stimulation by collagen, ristocetin or FcyRIIA activation. Hirudin
anticoagulated blood was preincubated for 1 h with DMSO or BTKi (remibrutinib 0.1 M, rilzabrutinib 0.5 M) prior to stimulation with (A) low dose collagen
(0.4-0.6 ng/ml) that was titrated to induce a similar degree of platelet aggregation as plaque homogenate (833 ng/mL) (19), (B) high dose collagen (4-6 png/ml) that
was 10x concentrations of the low dose collagen (8, 19), (C) ristocetin (0.5 mg/ml), (D) CD32 cross-linking (3 min incubation with 2 ug/ml AT10, plus 30 ng/ml Fab?2),
(Continued)
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FIGURE 2 | or (E) anti-CD9 antibody (1 ng/ml). Representative MEA tracings (top panels) and bar graphs (bottom panels) are shown. Values are shown as mean +
SD (n = 5). Statistical analysis was carried out using ordinary one-way ANOVA followed by Bonferroni’s test (B,D) or Kruskal-Wallis followed by Dunn’s test (A,C,E).
*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.
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FIGURE 3 | Effects of remibrutinib and rilzabrutinib on platelet aggregation in blood after stimulation by TRAP, ADP, or AA. Hirudin anticoagulated blood samples were
pretreated for 1 h at 37°C with solvent control (DMSO, 0.1%), or BTKi (remibrutinib 0.1 wM, rilzabrutinib 0.5 M) before stimulation with (A) TRAP (15 wM), (B) ADP
(10 M), or (C) AA (0.6 mM). Representative MEA tracings (top panels) and aligned dot blot bar graphs (bottom panels) are shown. Values shown are mean + SD

(n = 5). Statistical analysis was carried out using ordinary ANOVA followed by Bonferroni’s test (A,B) or Kruskal-Wallis test followed by Dunn'’s test (C), that did not
show significant differences.

platelet aggregation of remibrutinib (IC5op = 0.03 M) was  dose-dependent increase in delay of atherosclerotic plaque-
5 times higher than that of rilzabrutinib (ICso = 0.16 uM).  induced aggregation that was associated with the suppression of
Compared with other BTKi (Table 1), remibrutinib is only  aggregation in blood (Figure 1C). A delay was also shown in a
slightly less potent than fenebrutinib (ICsyp = 0.016 uM) and  previous study using ibrutinib- and acalabrutinib-treated washed
ibrutinib (IC5p = 0.025 M) and more potent than zanubrutinib,  platelets stimulated by collagen while the maximal aggregation
rilzabrutinib, tirabrutinib, acalabrutinib and evobrutinib. The  was unaffected (17).

1Csq values of remibrutinib (ICsgp = 0.03 wM) and rilzabrutinib Remibrutinib  (0.1uwM) and  rilzabrutinib (0.5 wM)
(IC50 = 0.16 uM) are 12-times and 2-fold lower than the  significantly suppressed by >90% GPVI-dependent aggregation
optimal plasma levels as determined in clinical phase 1 studies, on low dose collagen, GPIb/VWF-dependent aggregation on
respectively (38, 39). Additionally, both inhibitors induced a  ristocetin stimulation, and FcyRIIA-dependent aggregation
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FIGURE 4 | Effect of remibrutinib and rilzabrutinib on bleeding time in vitro. Citrate anticoagulated blood samples were pre-incubated for 1 h at 37°C with solvent
(DMSO, 0.1%) or increasing concentrations of remibrutinib or rilzabrutinib and then transferred to collagen/epinephrine cartridges. The in vitro closure time (CT) was
measured with the PFA-200. DMSO (1) and DMSO (2) control samples were measured at the beginning and end of the experiment, respectively. (A) Representative
PFA-200 tracings. (B) The aligned dot plot bar charts show CT values of different concentrations of remibrutinib and rilzabrutinib. Values are mean + SD (n = 6).
Statistical analysis was carried out using the Wilcoxon matched-pairs signed rank test comparing against DMSO1 (*p < 0.05) or concentrations of remibrutinib
(0.1 wM) and rilzabrutinib (0.5 wM) that inhibited Btk-dependent pathways of platelet aggregation by >90% (#p < 0.05).
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TABLE 1 | ICso values of remibrutinib, rilzabrutinib and other BTK inhibitors for
inhibition of low degree GPVI stimulated platelet aggregation, and comparison
with therapeutic drug plasma levels.

BTK Inhibitors ICso (LM) Therapeutic drug
plasma level (xM)
Remibrutinib 0.03* 0.462
Rilzabrutinib 0.16* 0.33°
Fenebrutinib 0.016* 0.6°
Ibrutinib 0.025% 0.31¢
Zanubrutinib 0.094*% 1.4¢
Tirabrutinib 0.268* 1.96
Acalabrutinib 0.372% 1.789
Evobrutinib 1.20% Not known

*Hirudin-anticoagulated blood was pre-incubated with the BTKi for 1h or 15min
(fenebrutinib, Supplementary Figure 1) prior to stimulation with plaque homogenate.
#Hirudin-anticoagulated blood was pre-incubated with the BTKi for 1 h before stimulation
with low collagen concentrations (0.2-0.5 wg/mi). Platelet aggregation was measured by
multiple electrode aggregometry (MEA).

aRemibrutinib, 100 mg q.d, optimal dose in phase | study (38).

bRilzabrutinib, 300 mg b.i.d (39).

CFenebrutinib, 200mg q.d (40).

9ibrutinib, 420mg q.d (41).

©Zanubrutinib, 320mg q.d (42).

"Tirabrutinib, 320 mg q.d (43).

9Acalabrutinib, 100mg b.i.d (44).

upon CD32 cross-linking, but it had no effect on TRAP, AA, or
ADP stimulation as expected according to the results of previous
studies with other BTKi (7, 9, 16, 17), although it has to be stated
that a non-existing effect is difficult to prove and may depend on
the experimental conditions.

High dose collagen GPVI-dependent aggregation was
suppressed to a similar degree of about 30% with remibrutinib
(0.1 wM), rilzabrutinib (0.5 wM) and the Btk-selective reversible
BTKi fenebrutinib (0.1 M) (Supplementary Figure 2). This
may indicate that the concentrations and incubation conditions
of remibrutinib and rilzabrutinib used are selective for inhibition
of Btk and unlikely to also inhibit Tec in platelets. This
is unexpected considering the potent inhibition of Tec by
rilzabrutinib in vitro (22). Rilzabrutinib by inhibiting Tec in
addition to Btk would have shut-oftf GPVI signaling after high
collagen stimulation.

As shown in several studies, low-degree GPVI activation
only depends on Btk, while high dose collagen-induced GPVI
signaling is also dependent on Tec co-activation (9, 15, 19, 45).
In a previous study, 50 nM fenebrutinib was applied and only
suppression of platelet aggregation on low but not high dose
collagen stimulation was observed (9). Our different results may
be explained due to the higher concentration of fenebrutinib
(0.1 M) applied in our study providing a more complete
inhibition of Btk.

Our results show that the remibrutinib concentration to fully
inhibit Btk-dependent pathways of platelet aggregation (0.1 pM)
is lower than the reported maximal plasma level (0.46 wuM) in a
phase I study after intake of 100 mg q.d. for 12 days (38). Thus,
this concentration is expected to block completely Btk-dependent
signaling in platelets in vivo. The equivalent rilzabrutinib

concentration (0.5 wM) is higher than the plasma Cp,,x reported
in clinical studies after therapeutic dosage for autoimmune
diseases (0.33 wM) (Table 1) (39). Since the IC5q of rilzabrutinib
for inhibition of plaque-induced platelet aggregation in blood
was lower (0.16 wM), it is likely that therapeutic concentrations
of rilzabrutinib inhibit Btk-dependent pathways of platelet
aggregation, but not entirely. Our results are in contrast to
findings showing no inhibition of ristocetin- and high dose
collagen- induced aggregation of platelet-rich plasma from
healthy donors and ITP patients pre-incubated with 1uM
rilzabrutinib for 15 min in vitro (26, 46). The discrepancy might
be explained by differences of the experimental system used
(blood vs. PRP), different concentrations of collagen (low vs.
high) and exposure times of rilzabrutinib (long vs. short). We
selected a long exposure time (1h), since this might better
simulate the in vivo situation after absorption of the drug,
and previous studies have shown that platelet inhibition with
irreversible BTKi increases with the exposure time (17, 19).

Bleeding is a frequent side effect of treatment with certain
irreversible BTKi such as ibrutinib and the second generation
BTKi acalabrutinib, zanubrutinib, and tirabrutinib used to treat
B-cell malignancies (5, 47-49). Exclusive inhibition of Btk should
not increase bleeding since XLA patients who are deficient of
Btk do not show an impairment of haemostasis (13). It has
been discussed that bleeding by these BTKi is related to off-
target inhibition of Tec, since this kinase is functionally involved
in GPVI-induced platelet activation (8, 15). By comparison, for
fenebrutinib, a reversible highly selective BTKi, which is the most
selective BTKi and which shows no inhibition of Tec (50), no
bleeding events were reported in clinical trials (non-Hodgkin
lymphoma, chronic lymphocytic leukemia, rheumatoid arthritis,
and systemic lupus erythematosus) (5). Also, fenebrutinib in
vitro, even at very high concentrations up to 1M did not
prolong bleeding time measured by the PFA-200 (9).

The reversible BTKi fenebrutinib binds to an inactive
conformation of Btk (51). Also, remibrutinib which was
developed from fenebrutinib-like scaffolds to bind to the inactive
conformation of Btk (20, 51) showed a 175-fold higher affinity
for Btk over Tec in binding assays in vitro (20). Thus, it was
expected that remibrutinib would not increase in vitro bleeding
time measured by PFA-200, similar to fenebrutinib (9). However,
we observed that bleeding times in vitro were already slightly
but significantly increased after blood incubation with 0.1 pM
remibrutinib (which inhibited >90% of Btk-dependent pathways
of platelet aggregation), and strongly prolonged by remibrutinib
concentrations of 0.2 and 0.5 wM. The results for remibrutinib
are similar to a previous study, in which low concentrations of
the irreversible BTKi ibrutinib, zanubrutinib, acalabrutinib, and
tirabrutinib inhibited GPVI- dependent platelet aggregation by
>70%, but 2- to 2.5-fold higher concentrations of these BTKi
were required to significantly increase the bleeding time in vitro
(19). The increase of closure time was similar to that observed
after treatment with low dose aspirin (52).

In a phase I placebo controlled clinical trial of remibrutinib
(total 156 healthy subjects), mild self-limited bleeding events
were observed only in 4 persons in the multiple-ascending dose
cohorts with remibrutinib intake for 12 days. These included two
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subjects in the 600 mg q.d. cohort with epistaxis and two subjects
in the 100 mg cohort with trauma-triggered hematomas (38).

Rilzabrutinib in our study slightly but non-significantly
increased at 0.2 WM closure time in the PFA device, the increase
was at 0.5 uM pronounced (Figure 4B). Potent Tec inhibition
could contribute to the increased in vitro bleeding time (5);
however, the results of the aggregation studies upon stimulation
with high concentrations of collagen argue against simultaneous
Tec inhibition in platelets by 0.5 wM of rilzabrutinib (see above).

Thus, the mechanisms underlying the increase of closure
times elicited by remibrutinib as well as rilzabrutinib are unlikely
to involve off-target inhibition of Tec. They could be related
to effects on the Btk protein itself. Recently it was found that
binding of certain irreversible BTKi (except fenebrutinib) to the
kinase domain had long-range allosteric effects on the SH2-and
SH3- regulatory domains changing their conformation toward an
activated state of the protein (53).

In contrast to remibrutinib, there was not a clear difference
of rilzabrutinib concentrations that inhibited Btk-dependent
pathways of platelet aggregation in the MEA and robustly
increased the closure time in the PFA; the concentration
of rilzabrutinib of 0.5uM does both. Maximal therapeutic
concentrations of rilzabrutinib (0.33 wM) are expected to
significantly increase the closure time in the PFA device, but no
treatment-related bleeding had been noted in the ITP clinical
trial with rilzabrutinib (25), although the median platelet count
at study entry was only 14.173/pl (25). However, 7% (2/27) of
patients treated with rilzabrutinib had treatment-related epistaxis
as observed in the latest pemphigus clinical trial (24).

LIMITATIONS

Although our in vitro study has the advantage of reducing the
complexity of the experimental conditions, and the different
effects of the two BTKi studied on platelets in blood are obvious,
these data cannot directly be translated into the situation in vivo.
Clinical studies of platelet function ex vivo after oral intake of
therapeutic dosage are warranted to approach the in vivo effects
of remibrutinib and rilzabrutinib on platelets.

CONCLUSION

In the present study we found significant differences of the
two BTKi remibrutinib and rilzabrutinib on platelets that would
favor remibrutinib as a candidate for further development as
an antiplatelet drug to inhibit Btk-dependent platelet activation
pathways underlying atherothrombosis and certain platelet-
related immune disorders. Since de novo protein synthesis in
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platelets is very limited and because low concentrations of
irreversible BTKi such as remibrutinib may covalently inactivate
platelet BTK already by a single exposure at low concentrations
during absorption, it is likely that low doses of such a selective
irreversible BTKi are effective in cardiovascular prevention
without affecting the immune system (7, 8, 54). Our study further
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Objectives: This study explored the prevalence and the correlation between low muscle
mass and arteriosclerosis in different gender and age groups, to increase the attention
paid to the risk factors of arteriosclerosis in the young and middle-aged population.

Methods: This was an analytical, cross-sectional study. Data were obtained from healthy
individuals recruited from the Health Management Center of W Hospital. The brachial-
ankle pulse-wave velocity was used as an indicator of arteriosclerosis, and a bioelectrical
impedance analysis was used to assess the body composition.

Results: A total of 36,374 subjects (men, 58.4%; women, 41.6%; mean age, 43.74 +
12.34 years [range, 18-80 years]) participated in this study. The prevalence of low skeletal
muscle mass and arteriosclerosis was 17.7 and 53.1%, respectively, in all subjects. Low
skeletal muscle mass was significantly associated with arteriosclerosis (OR: 1.435, 95%
Cl: 1.343-1.533, P < 0.001) in all subjects, and the association remained significant in
young age (OR: 1.506, 95% CI: 1.353-1.678, P < 0.001), middle-age (OR: 1.329, 95%
Cl: 1.195-1.479, P < 0.001), and old age (OR: 1.676, 95% CI: 1.191-2.358, P = 0.003),
and also significant in men (OR: 1.559, 95% CI: 1.396-1.740, P < 0.001) and women
(OR: 1.266, 95% Cl: 1.143-1.401, P < 0.001).

Conclusions and Implications: Our results show that the prevalence of low muscle
mass and arteriosclerosis is high in the general population, even among middle-
aged people and young people, and confirmed that there is a significant independent
association between low skeletal muscle mass and arteriosclerosis in all subjects and in
different age and gender subgroups.

Keywords: arteriosclerosis, arterial stiffness, baPWV, low of skeletal muscle mass, sarcopenia

INTRODUCTION

It has long been recognized that aging is associated with gradual changes in body
composition and unfavorable metabolic alterations. The accumulation of fat and
loss of lean muscle mass are important changes that occur in adults as they age.
Generally, muscle mass decreases by 3-8% every 10 years after 30 years of age (1), and
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Low Skeletal Muscle Mass and Arteriosclerosis

muscle strength, the primary component of body function,
decreases by 1-2% every year after 50 years of age (2, 3).
Sarcopenia is a syndrome characterized by low skeletal muscle
mass and strength, which can lead to undesirable health
consequences, including physical disability, decreased quality of
life, and an increased risk of mortality. A conservative estimate
of the prevalence of clinically relevant sarcopenia is that the
syndrome currently affects >50 million individuals, and this
number is projected to exceed 200 million in the next 40 years
(4). The gradual decrease in the skeletal muscle mass is the
primary factor that contributes to sarcopenia, and is also the main
feature and important pathophysiological change in sarcopenia.
A muscle mass loss of >40% is associated with death, and
skeletal muscle loss can lead to reduced strength and functional
limitations and/or disability (5). However, the pathogenesis
of sarcopenia has not yet been fully elucidated. Additionally,
sarcopenia may be associated with reduced exercise levels,
weakened neuromuscular function, aging-related hormonal
changes (including insulin), pro-inflammatory cytokine levels,
muscle cell apoptosis, and genetic and nutritional factors (6).
These risk factors and pathogenesis are similar to those of other
age-related diseases and those involved in atherosclerosis.

Cardiovascular disease (CVD) is the main cause of death
worldwide, and is no longer a disease of old age; the incidence
rate among young individuals has increased significantly.
Arteriosclerosis is the pathological basis of CVD, which is
caused by changes in the structure and function of the media,
primarily leading to arterial stiffness, especially in the large
arteries (7-9). The pathogenesis of arteriosclerosis is complex
and may be related to hemodynamic changes, endothelial
damage, abnormal lipid metabolism, and chronic inflammation
of blood vessel walls caused by physical and chemical damage,
eventually leading to the thickening of the arterial intima,
vascular stiffness, and luminal stenosis (10). Arteriosclerosis can
be considered as the prodromal stage of atherosclerotic disease,
or on the contrary, atherosclerosis can be considered as a form
of accelerated arteriosclerosis. Nonetheless, arteriosclerosis is
an important manifestation of aging-related, subclinical organ
damage, and is also a hallmark of cardiovascular disease (11);
as such, arteriosclerosis is an excellent predictive tool with
added value in the general population (12), which has been
established as an independent predictor of cardiovascular events
and cardiovascular mortality.

The loss of skeletal muscle mass and arteriosclerosis
are two common phenomena associated with aging among
middle-aged and older individuals. Some studies have
examined the correlation between low skeletal muscle mass
and arteriosclerosis (13-16). However, these studies mainly
focused on older subjects, and none included populations
with a wider range of ages. Although the age of onset of
cardiovascular disease and arteriosclerosis has moved forward,
young people pay insufficient attention to arteriosclerosis and
lack an understanding of the correlation between low muscle
mass and arteriosclerosis. This study explored the correlation
between low muscle mass and arteriosclerosis in different age
groups, to increase the attention paid to the risk factors of
arteriosclerosis in the young and middle-aged population, early

detection of risk factors, and comprehensive prevention and
control measures.

MATERIALS AND METHODS

Participants

All the research subjects in this analytical cross-sectional
study were recruited from the Health Management Center of
W Hospital. Consecutive participants were recruited between
January 1, 2020, and March 31, 2021. The selection criteria
were as follows: ability to perform self-care activities of daily
living without difficulty or assistance, and willingness to provide
informed consent to participate in the research. Individuals with
the following comorbidities were excluded: severe malnutrition,
history of myocardial infarction, heart failure, stroke, cancer,
and severe hepatic or renal dysfunction; the long-term use of
corticosteroids and/or diuretics; physical disability (hands, feet,
or limbs), diagnosed by the investigators participating in this
study, which could affect physical activity or skeletal muscle mass
distribution; and weight change >5% in the previous 3 months.
All the participants were informed of the purpose and procedures
of the study and provided informed written consent. The study
protocol was approved by the Biomedical Ethics Committee of
the W Hospital (No. 2021-96).

Data Collection

A medical history questionnaire was administered to acquire
information about the age, sex, hypertension, diabetes, smoking,
and alcohol consumption of the participants. The height of
the participants was measured without shoes to an accuracy of
0.1 cm, and the weight of the participants wearing light indoor
clothes and without shoes was measured to an accuracy of 0.1 kg.
The body mass index (BMI) was calculated by dividing the body
weight by height squared (kg/m?).

The participants assumed a sitting position and after resting
for at least 5min, a mercury sphygmomanometer was used
to measure the systolic blood pressure (SBP) and diastolic
blood pressure (DBP). The average of two independent blood
pressure readings was used, with an interval of 3-5min
between measurements.

After a fast of at least 8h, a morning blood sample
was obtained from the anterior elbow vein and transferred
immediately to the central laboratory for analysis. An automated
biochemical analyzer was used to measure the fasting blood
glucose (FBG) levels. The lipid profiles included total cholesterol,
triglycerides, high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol (LDL-C), and uric acid.

The skeletal muscle mass was measured by a bio-impedance
analysis using an Inbody 570 (BioSpace, Seoul, Korea). The
participants stood upright with their arms abducted apart
from their trunk and legs spread slightly. Using segmental
body composition and skeletal muscle mass, the appendicular
skeletal muscle mass index (ASMI) was calculated using the
following equation:

ASMI = total limb lean mass/height?

Arteriosclerosis was measured by trained personnel using
an automated brachial-ankle pulse-wave velocity (baPWV)
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instrument (Omron Healthcare Co., Ltd., Kyoto, Japan) in
accordance with standard procedures in a quiet room with
moderate temperature. After the participant rested for 10 min,
the measurement was performed with the subject in the
supine position. The baPWYV, measured through a time-
phase analysis, was calculated by estimating the ratio of the
distance between the upper chest and the ankle to the time
interval between the arm and ankle according to the patient’s
height (17).

Definitions

Subjects who exhibited an SBP >140 mmHg and/or a DBP
>90 mmHg during the physical examination (18), or who
had been previously diagnosed with hypertension by health
care professionals, regardless of whether they were taking
antihypertensive drugs at the time of the study, were diagnosed
with hypertension.

Subjects with an FBG level >7.0 mmol/L during the physical
examination or had been previously diagnosed with diabetes by
health care professionals, regardless of whether they were using
hypoglycemic drugs at the time of the study, were diagnosed
with diabetes.

According to the Asia Working Group for Sarcopenia
(AWGS) recommendation (19), an ASMI <7.0 kg/m? in men
and <5.7 kg/m? in women was classified as “low skeletal muscle
mass.” A baPWV <1,400 cm/s was defined as normal peripheral
arterial elasticity, and baPWV >1,400 cm/s was defined as
peripheral arteriosclerosis (20).

Statistical Analysis

Statistical analyses were performed using SPSS version 21.0
(IBM Corporation, Armonk, NY, USA). The baseline analysis
was performed after dividing the subjects into two different
subgroups according to the sex and age, according to the
levels of SMI, namely “Low muscle mass” and “Normal.” The
normality of distributions was tested using the Kolmogorov-
Smirnov test. The descriptive data are expressed as numbers
and percentages for categorical variables and mean =+
standard deviation (SD) for continuous variables. To assess
the differences between the groups, t-tests were used for
ordinal or continuous variables, and the chi-square test for
categorical variables.

A multicollinearity diagnostic was conducted to assess the
validity of the regression model by calculating the values
of tolerance and variance inflation factor (VIF). The values
of tolerance >0.1 and VIF <10 were used to indicate the
absence of multicollinearity among the dependent variables.
The multivariate logistic regression model was performed in all
the subjects and different subgroups, such as age groups (age
<40 years, 40 years < age <65 years, and age >65 years) and
gender groups, using three models: (a) crude; (b) adjusted for
age and sex; and (c) adjusted for age, sex, BMI, hypertension,
diabetes, triglyceride, total cholesterol, HDL cholesterol, uric
acid, smoking, and alcohol consumption.

The statistical significance was set at p < 0.05.

RESULTS

Characteristics of the Study Population

A total of 36,374 subjects (men, 58.4%; women, 41.6%; mean
age, 43.74 £ 12.34 years [range, 18-80 years]) participated
in this study. The prevalence of low skeletal muscle mass
and arteriosclerosis was 17.7 and 53.1% in the overall study
population, 18.7 and 30.9% in the youth group (age <40 years),
15.1 and 67.6% in the middle-aged group (40 years < Age
<65 years), 31.2 and 87.1% in the older group (age >65 years)
(P < 0.001), 12.1 and 59.2% in the group of men, 25.6 and 44.4%
in the group of women (P < 0.001). Table 1 summarized the
demographic characteristics of all the subjects.

Table 2 summarizes the comparisons between the subjects
with and without arteriosclerosis. A total of 19,310 (6.8%)
subjects were classified as having arteriosclerosis. Comparing
to non- arteriosclerosis subjects, arteriosclerosis subjects were
significantly older (48.7 & 12 years vs. 38.1 &= 10 years, P < 0.001),
male predominant (65.4 vs. 50.6%, P < 0.001), higher BMI (23.9
+ 3.2 vs. 22.9 & 3.2, P < 0.001), while lower muscle mass
(18.3 vs. 17%, P = 0.004), higher values of hypertension (47.5
vs. 14.4%, P < 0.001) and diabetes (9.0 vs. 1.6%, P < 0.001),
and higher levels of fasting glucose (5.4 £ 1.5 vs. 4.9 £ 0.8,
P < 0.001), systolic blood pressure (126.1 = 15.8 vs. 114.5 £ 11.2,
P < 0.001), diastolic blood pressure (77.4 + 10.8 vs. 69.3 £ 8.8,
P < 0.001), triglycerides (1.77 = 1.57 vs. 1.33 £ 1.1, P < 0.001),
total cholesterol (4.95 + 0.95 vs. 4.63 + 0.87, P < 0.001), LDL
cholesterol (3.02 4= 0.81 vs. 2.79 4 0.76, P < 0.001), uric acid (353
+ 90 vs. 333 £ 90, P < 0.001), lower HDL cholesterol (1.31 +
0.36 vs. 1.37 £ 0.36, P < 0.001), and were more likely to smoke
(31.7 vs. 23.4%, P < 0.001) and consume alcohol (49.6 vs. 42.2%,
P < 0.001).

Logistic Regression Analysis

A multicollinearity diagnosis revealed a tolerance of 0.034, VIF of
29.382 for cholesterol, and tolerance of 0.043 and VIF of 23.144
for LDL, thus indicating multicollinearity between cholesterol
and LDL; therefore, LDL was excluded.

The results of the univariate analysis showed an association
between low skeletal muscle mass and arteriosclerosis (OR: 1.075,
95% CI: 1.019-1.135, P = 0.008), and the association remained
significant after adjustment for age and sex (OR: 1.241, 95% CI:
1.164-1.322, P < 0.001). Similarly, the association was significant
in the multiple logistic regression model when other potential
confounding factors entered the model (OR: 1.435, 95% CI:
1.343-1.533, P < 0.001; Table 3).

Subgroup Analysis by Age

For young people (age <40 years), the results of the univariate
analysis showed an insignificant association between low skeletal
muscle mass and arteriosclerosis (OR: 0.923, 95% CI: 0.845-
1.007, P = 0.072), and the association became significant after
adjustment for age and sex (OR: 1.399, 95% CI: 1.272-1.538,
P <0.001). The association remained significant after adjustment
for other potential confounding factors (OR: 1.506, 95% CI:
1.353-1.678, P < 0.001; Table 3).
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TABLE 1 | Demographic characteristics of all subjects.

Overall Subgroups for gender Subgroups for age
Men Women p Young Middle age oid p
n = 36,374 n = 21,260 n=15,114 n =15,772 n = 18,251 n = 2,401

Age, years 43.74 £12.34 4427 £12.23 43 +12.4 <0.001 32.34 + 4.39 50.1 £ 6.4 70.04 £7.3 <0.001
Male, n (%) 21,260 (58.4) / / / 8,777 (55.8) 11,000 (60.3) 1,483 (61.8) <0.001
BMI, kg/m? 23.34 £ 3.26 24.54 £+ 3.01 21.75+2.88 <0.001 22.85+ 35 238+ 3 23.99 £ 3 <0.001
SMI (kg/m?) / 7.68 + 0.65 6.03 + 0.57 <0.001 / / / /

Low skeletal muscle mass, n (%) 6,446 (17.7) 2,579 (12.1) 3,867 (25.6) <0.001 2,944 (18.7) 2,754 (15.1) 748 (31.2) <0.001
Arteriosclerosis, n (%) 19,310 (53.1) 12,595 (59.2) 6,715 (44.4) <0.001 4,880 (30.9) 12,338 (67.6) 2,092 (87.1) <0.001
Hypertension, n (%) 11,621 (31.9) 8,523 (40.1) 3,098 (20.5) <0.001 2,793 (17.8) 7,330 (40.2) 1,499 (62.4) <0.001
Systolic BP, mmHg 120.70 £156.0 123.13+ 14.5 117.28 £ 15 <0.001 116.5+123 12239+ 1516 1353+ 17.61  <0.001
Diastolic BP, mmHg 73.6 £10.7 76.21 +10.63 69.94 + 10 <0.001 70.67 £ 9.6 75.77 +11.08 76.45 +10.1 <0.001
Diabetes, n (%) 2,009 (5.5) 1,597 (7.5) 412 (2.7) <0.001 150 (1) 1,368 (7.5) 491 (20.4) <0.001
Fasting glucose, mmol/L 516 +1.27 5.28 +1.43 4.98 £0.97 <0.001 4.83 +0.83 5.33 +1.39 599+1.9 <0.001
Triglyceride, mmol/L 1.66 £ 1.39 1.85 £ 1.61 1.16 £ 0.86 <0.001 1.40 £1.39 1.7+ 142 1.65 £ 0.99 <0.001
Total cholesterol, mmol/L 4.80+0.93 4.83 +0.92 4.75 £ 0.94 <0.001 4.57 £ 0.86 4.97 +£0.93 4.95 £1.02 <0.001
HDL cholesterol, mmol/L 1.34 £ 0.36 1.19+0.29 1.54 £0.36 <0.001 1.34 £0.36 1.33 £0.37 1.39 +£0.36 <0.001
LDL cholesterol, mmol/L 2.91+0.8 3+0.78 2.79+0.8 <0.001 2.75+0.75 3.04+0.8 3+0.88 <0.001
Uric acid, pmol/L / 389.5 + 79 279.62 £ 60.29  <0.001 345 +£95.5 341.3 +86.16 342.6 +£82.5 <0.001
Smoking, n (%) 10,121 (27.8) 9,858 (46.4) 263 (1.7) <0.001 3,560 (22.6) 5,909 (32.4) 652 (27.2) 0.002
Alcohol consumption, n (%) 16,795 (46.2) 15,519 (73) 1,276 (8.4) <0.001 7,157 (45.4) 8,794 (48.2) 844 (35.2) 0.015

Values are mean + SD or valid percentages (n), BMI, body mass index; SMI, skeletal muscle mass index; BR, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

Young: Age <40 years, Middle-age: 40 years < Age <65 years, Old: Age >65 years.

TABLE 2 | Comparisons between subjects with and without arteriosclerosis.

Arteriosclerosis (n = 19,310) Normal (n = 17,064) P
Age, years 48.7 £ 12 38.1 +£10 <0.001
Male, n (%) 65.4 (12,631) 50.6(8,629) <0.001
BMI, kg/m? 239+ 3.2 229+ 3.2 <0.001
Low skeletal muscle mass, n (%) 3,540 (18.3) 2,906 (17) 0.004
Hypertension, n (%) 9,165 (47.5) 2,465 (14.4) <0.001
Systolic BR, mmHg 126.1 £156.8 1145+ 11.2 <0.001
Diastolic BP, mmHg 774 +£10.8 69.3 + 8.8 <0.001
Diabetes, n (%) 1,744 (9.0) 265 (1.6) <0.001
Fasting glucose, mmol/L 54+15 49+0.8 <0.001
Triglyceride, mmol/L 1.77 £1.57 1.33+1.1 <0.001
Total cholesterol, mmol/L 4,95 4+ 0.95 4,63 +£0.87 <0.001
HDL cholesterol, mmol/L 1.31 £ 0.36 1.37 £ 0.36 <0.001
LDL cholesterol, mmol/L 3.02 £0.81 2.79+0.76 <0.001
Uric acid, pmol/L 353 + 90 333 + 90 <0.001
Smoking, n (%) 6,121 (31.7) 4,000 (23.4) <0.001
Alcohol consumption, n (%) 9,581 (49.6) 7,214 (42.2) <0.001

Values are mean + SD or valid percentages (n), BMI, body mass index; SMI, skeletal muscle mass index; BR, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

For middle-aged people (40 years < Age <65 years), the
results of the univariate analysis showed a significant association
between low skeletal muscle mass and arteriosclerosis (OR:
1.236, 95% CI: 1.130-1.352, P < 0.001), and the association was
significant after adjustment for age and sex (OR: 1.202, 95% CI:
1.094-1.320, P < 0.001). Additionally, the association remained

significant after adjustment for other potential confounding
factors (OR: 1.329, 95% CI: 1.195-1.479, P < 0.001; Table 3).
For older people (age >65 years), the results of the univariate
analysis showed a significant association between low skeletal
muscle mass and arteriosclerosis (OR: 1.682, 95% CI: 1.265-
2.236, P < 0.001), and the association was significant after
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TABLE 3 | Low skeletal muscle mass associated with odds ratio for arteriosclerosis using logistic regression analysis in overall subjects and subgroups.

Subgroups Model 1 Model 2 Model 3
Crude OR [95% CI] P Crude OR [95% CI] P Crude OR [95% CI] P

Overall 1.075 [1.019-1.135] 0.008 1.241 [1.164-1.322] <0.001 1.435 [1.343-1.533] <0.001
Young 0.923 [0.845-1.007] 0.072 1.399 [1.272-1.538] <0.001 1.506 [1.353-1.678] <0.001
Middle-age 1.236 [1.130-1.352] <0.001 1.202 [1.094-1.320] <0.001 1.329 [1.195-1.479] <0.001
Old 1.682 [1.265-2.236] <0.001 1.598 [1.198-2.132] 0.001 1.676 [1.191-2.358] 0.003
Men 1.598 [1.463-1.745] <0.001 1.362 [1.237-1.500] <0.001 1.559 [1.396-1.740] <0.001
Women 1.038 [0.964-1.117] 0.319 1.222 [1.118-1.336] <0.001 1.266 [1.143-1.401] <0.001

Data are presented as odds ratio (95% confidential intervals).

Young: Age <40 years, Middle-age: 40 years < Age < 65 years, Old: Age > 65 years.
Model 1: No adjustment.

Model 2: Adjusted by Age and Gender.

Model 3: Adjusted by Age, Gender, BMI, Hypertension, Diabetes, Triglyceride, Total cholesterol, HDL cholesterol, Uric acid, Smoking, Alcohol consumption.

adjustment for age and sex (OR: 1.598, 95% CI: 1.198-2.132, P
= 0.001). Moreover, the association remained significant after
adjustment for other potential confounding factors (OR: 1.676,
95% CI: 1.191-2.358, P = 0.003; Table 3).

Subgroup Analysis by Sex

For men, the results of the univariate analysis showed a
significant association between low skeletal muscle mass and
arteriosclerosis (OR: 1.598, 95% CI: 1.463-1.745, P < 0.001),
and the association was significant after adjustment for age (OR:
1.362,95% CI: 1.237-1.500, P < 0.001). The association remained
significant after adjustment for other potential confounding
factors (OR: 1.559, 95% CI: 1.396-1.740, P < 0.001; Table 3).

For women, the results of the univariate analysis showed an
insignificant association between low skeletal muscle mass and
arteriosclerosis (OR: 1.038, 95% CI: 0.964-1.117, P = 0.319).
Additionally, the association became significant after adjustment
for age (OR: 1.222, 95% CI: 1.118-1.336, P < 0.001). Moreover,
the association remained significant after adjustment for other
potential confounding factors (OR: 1.266, 95% CI: 1.143-1.401,
P < 0.001; Table 3).

The multiple logistic regression model in the overall subjects
showed that, among potential risk factors, age (OR: 1.074, 95%
CI: 1.071-1.076, P < 0.001), hypertension (OR: 3.166, 95% CI:
2.984-3.359, P < 0.001), diabetes (OR: 1.884, 95% CI: 1.630—
2.176, P < 0.001), triglycerides (OR: 1.104, 95% CI: 1.074-1.135,
P < 0.001), total cholesterol (OR: 1.163, 95% CI: 1.127-1.200,
P < 0.001), and uric acid (OR: 1.001, 95% CI: 1.000-1.001,
P < 0.001) were independently associated with arteriosclerosis,
except BMI (OR: 0.978, 95% CI: 0.968-0.988, P < 0.001),
HDL cholesterol (OR: 0.883, 95% CI: 0.803-0.971, P = 0.010),
smoking (OR: 0.867, 95% CI: 0.814-0.924, P < 0.001), and
alcohol consumption (OR: 0.962,95% CI: 0.901-1.027, P = 0.248;

Supplementary Table 1).

The factors associated with the odds ratio for
arteriosclerosis using  logistic regression analysis
in the age (Supplementary Table2) and  gender
subgroups (Supplementary Table 3) are shown in the

Supplementary Table.

DISCUSSION

This study has a large sample with a large age span (including
the entire adult population), and mainly young and middle-aged
people. Our results show that the prevalence of low muscle mass
and arteriosclerosis is high in the general population, even among
middle-aged people and young people, and confirmed that there
is a significant independent association between low skeletal
muscle mass (assessed according to BIA) and arteriosclerosis
(assessed according to baPWV) in all subjects and in different age
and gender subgroups.

It is worth noting that in addition to age, several predisposing
factors and mechanisms of skeletal muscle mass loss are
also believed to be associated with arteriosclerosis, including
low levels of physical activity, sedentary lifestyle, chronic
inflammatory state, oxidative stress, insulin resistance (IR),
and a decline in the testosterone levels (21-27). Age-related
chronic low-grade inflammation is an important cause of low
muscle mass, which is characterized by elevated levels of
tumor necrosis factor-a (TNF-a), C-reactive protein (CRP), and
interleukin-6 (IL-6), and increased CRP and IL-6 levels are
associated with increased fat levels (28). Inflammatory factors
are associated with a decrease in the skeletal muscle mass
and strength (29). It is also one of the main signals that
induce muscle apoptosis (30). Chronic inflammation leads to
programmed cell death (i.e., apoptosis) and hinders muscle
protein synthesis, and impaired repair and regeneration are
the possible mechanisms of chronic inflammation leading to
muscle degradation (31). Chronic inflammation and oxidative
stress lead to endothelial dysfunction, collagen and elastin
degradation, changes in the composition and hydration state
of proteoglycans, and medial calcification, which gradually
cause arterial stiffness. Skeletal muscle is not only distributed
throughout the exercise system responsible for body functions,
but also in various organs, accounting for most of the glucose
metabolism in the human body (32). Skeletal muscle is the
main organ for glucose homeostasis, and 75% of postprandial
glucose uptake is attributed to skeletal muscle. Low skeletal
muscle mass may impair glucose homeostasis, reduce insulin
sensitivity, and lead to IR, which can increase the blood
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pressure and blood lipid levels through a series of reactions
and contribute to the process of arteriosclerosis. In addition,
hyperglycemia and hyperinsulinemia during IR can increase the
risk of arteriosclerosis (33).

At present, the evaluation criteria for low skeletal muscle
mass and atherosclerosis are not uniform in different studies,
and the results are also inconsistent. In a study involving
208 elderly individuals >80 years of age, dual-energy X-ray
absorptiometry was used to measure the skeletal muscle mass,
pace to assess the muscle function, coronary artery calcification
score, and endothelial cell function to assess atherosclerosis,
and suggested that sarcopenia is associated with atherosclerosis
(34). In another study involving a Japanese cohort >55 years
of age, the skeletal muscle mass, determined according to
BIA and baPWA was used to assess atherosclerosis, and the
results revealed that atherosclerosis and skeletal muscle mass
have a negative correlation (35). BaPWYV is simply measured
by wrapping a pressure cuftf around the extremities, which is
considered to be a relatively brief, non-invasive, and repeatable
method for obtaining data on arterial stiffness (36). Pulse-wave
velocity (PWYV) is regarded as the gold standard measurement for
arterial stiffness and an indicator of vascular damage. A previous
meta-analysis reported that PWV is an independent predictor
of cardiovascular disease, adverse cardiovascular events, and all-
cause mortality (37-39). BIA is also a simple, non-invasive, and
reproducible method that can be used for large-scale population
screening. It can distinguish between fat mass and fat-free mass.
It is widely used to measure the skeletal muscle mass and is one
of the few diagnostic criteria for muscle diseases.

Some investigators believe that the loss of skeletal muscle
mass is related to arteriosclerosis in men, but not in women.
In a study involving 496 middle-aged and elderly patients,
the cross-sectional area/weight (CSA/BW) of the middle thigh
muscle was used to assess sarcopenia, and the carotid artery
intima-media thickness (IMT), and baPWV was used to assess
atherosclerosis. The results revealed that the thigh muscle
CSA/BW was significantly and negatively associated with carotid
IMT and baPWYV in men, but not in women (13). In another
study involving 427 elderly patients, the skeletal muscle mass
in the extremities was assessed, and the radial augmentation
index (RAI) was used to assess arteriosclerosis. In patients who
were men, the skeletal muscle mass was negatively correlated
with RAI; however, this association was not obvious among
women (40). However, our findings indicate that a low skeletal
muscle mass is associated with atherosclerosis in both men and
women. The skeletal muscle mass in women is naturally lower
than that in men, and the cut-off values for low skeletal muscle
mass are different between the sexes. The diagnostic criteria for
low skeletal muscle mass in the above study did not distinguish
between the sexes; yet, according to the AWGS recommendation
(19), an ASMI <7.0 kg/m? in males and <5.7 kg/m? in females
was classified as “low skeletal muscle mass” in our study. Using
the same low skeletal muscle mass cut-off value in different
sexes results in more normal women being defined with low
skeletal muscle mass, which may cause no relationship between
low skeletal muscle mass and arteriosclerosis in women subjects.
Our results are consistent with those in a study reported by

Ricardo, which involved 75 subjects and ASMI was dichotomized
according to the first quintile for men (8.81 kg/m?) and women
(7.57 kg/m?) (41).

Although there are some studies on the relationship between
low skeletal muscle mass and atherosclerosis, most of them
only include the older people and lack different age groups,
especially young and middle-aged individuals. In modern young
people, factors such as high work pressure, fast pace of life,
tight schoolwork, staying up late, unscientific diet, and other
factors accelerate vascular aging, and CVD is no longer a senile
disease. In the recent years, CVD has been trending toward a
younger age. The incidence of CVD in people over 25 years
of age is gradually increasing, especially among people between
35 and 44 years of age (42). Our research also confirmed that
the prevalence of arteriosclerosis in young and middle-aged
people is relatively high; nevertheless, this phenomenon has not
attracted attention. The increase in sedentary work, changes in
lifestyles, and the development of modern transportation have
brought convenience to society, greatly reducing the use of
labor, and also leading to a decrease in the daily activities, an
increasing number of young people have low skeletal muscle,
our research found that the prevalence of low skeletal muscle
is higher at all ages, unexpectedly, young, and middle-aged
people also have higher prevalence; however, people are not
aware of this phenomenon. What is more serious is that very
little is known about the association between low muscle mass
and arteriosclerosis. Therefore, to prevent the occurrence of
CVD, it is necessary to pay attention to young and middle-
aged individuals, the risk factors need to be detected early, and
comprehensive prevention and control is to be exercised.

Among the traditional risk factors for arteriosclerosis, the
association between hypertension, diabetes, cholesterol, and
arteriosclerosis is significant in all subjects and in different
sex or age subgroups, and triglycerides are associated with
arteriosclerosis in young and middle-aged people, which is
consistent with the hypothesis that increased triglyceride
levels favor the development of atherosclerosis (43), however,
the association became insignificant in older subjects. The
relationship between triglycerides and arteriosclerosis has always
been controversial. In the past, atherosclerosis was believed to be
a disease characterized by the accumulation of cholesterol instead
of triglycerides in the arteries (44). Although most studies point
out that triglycerides are directly related to arteriosclerosis, recent
studies have suggested that triglycerides are only biomarkers
related to arteriosclerosis, and that triglyceride-rich lipoproteins
and their residual particles are considered to be one of the main
mediators of the link between arteriosclerosis and triglycerides
(45). Moreover, the triglyceride levels may fluctuate drastically
with diet and exercise; the fasting levels of triglycerides are
highly variable, which may depend on the lipid content and the
patient’s meal time, and population data are biased; therefore,
the fasting triglyceride levels are not always positively correlated
with atherosclerosis (44, 46). Hypertriglyceridemia is the most
difficult lipid disease to evaluate and treat, and is related
to several acquired diseases, such as IR. In addition, in a
review by Gill et al, the patients with an increased risk
of atherosclerotic CVD have a broader spectrum of plasma
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lipoprotein abnormalities, especially increased triglyceride-rich
remnant particles, in which cholesterol (but not triglycerides)
content promotes atherosclerosis (43). Therefore, since most of
the people included in our study were young and middle-aged
people, and this is a retrospective study and no additional data
were collected from the older people, such as comorbidities,
statins, or other usage, and no more confounding factors can be
corrected. We will establish a prospective cohort for the older
group to observe the effects of triglycerides on arteriosclerosis in
the future.

From the baseline data, the BMI of the low skeletal muscle
mass group was lower than that of the normal group. The
BMI is currently the most useful obesity measurement index
at the population level, and several previous studies have used
BMI to define obesity; however, it cannot distinguish between
skeletal muscle and fat; as such, it is not a standardized metric
to determine overweight. The individuals with a high BMI may
not be obese, but have increased skeletal muscle content, while
a normal BMI does not indicate the health status, which may
be accompanied by a decreased skeletal muscle mass. Several
young people blindly pursue weight loss and often aim to lower
their BMI, which is also accompanied by low muscle mass,
which may increase the risk of arteriosclerosis. As an important
part of the human body, the skeletal muscles play an important
role in human function and disease occurrence. Therefore,
more importance should be attributed to the body composition
analysis in the future, and skeletal muscle mass and body fat
should be used as the indicators of obesity rather than BMI.

The population in this study was relatively younger and
healthier than similar populations reported in previous studies.
The reason for this selective bias is that our study site is a
physical examination center of the top hospital in China. Most
of the health checkups are healthy people, and patients with
diseases or serious illnesses are treated in outpatient clinics or
local hospitals. However, the association of low skeletal muscle
mass and arteriosclerosis remained exit in this sample. Moreover,
the demonstration of the association in this lower-risk population
offers strong support for the association exit. Greater effects
might have been demonstrated in a higher risk population.

The present study had several limitations. The first of which
was its cross-sectional design, which cannot be used to determine
causality because it is unclear whether skeletal muscle mass
loss precedes atherosclerosis or vice versa. Second, we did not
consider some specific and potentially relevant factors, such as
comorbidities, statin treatment, physical activity, and inability to
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There is ample evidence supporting a role for angiotensin Il type 2 receptor (AToR)
in counterbalancing the effects of angiotensin Il (ang Il) through the angiotensin I
type 1 receptor by promoting vasodilation and having anti-inflammatory effects. Elastin
insufficiency in both humans and mice results in large artery stiffness and systolic
hypertension. Unexpectedly, mesenteric arteries from elastin insufficient (Eln*/~) mice
were shown to have significant vasoconstriction to AT>R agonism in vitro suggesting that
AT»R may have vasoconstrictor effects in elastin insufficiency. Given the potential promise
for the use of AToR agonists clinically, the goal of this study was to determine whether
AT,R has vasoconstrictive effects in elastin insufficiency in vivo. To avoid off-target effects
of agonists and antagonists, mice lacking AToR (Agtr2~—/") were bred to Elnt/~ mice
and cardiovascular parameters were assessed in wild-type (WT), Agtr2=/Y, Ein*/~, and
Agtr2=!Y :Eln*/~ littermates. As previously published, Agtr2=/" mice were normotensive
at baseline and had no large artery stifiness, while Ein*/~ mice exhibited systolic
hypertension and large artery stiffness. Loss of AToR in Ein*/~ mice did not affect large
artery stiffness or arterial structure but resulted in significant reduction of both systolic and
diastolic blood pressure. These data support a potential vasocontractile role for AT»>R in
elastin insufficiency. Careful consideration and investigation are necessary to determine
the patient population that might benefit from the use of AT2R agonists.

Keywords: angiotensin Il type 2 receptor, elastin insufficiency, hypertension, vascular stiffness, vascular biology

INTRODUCTION

Elastin (ELN), the main component of elastic fibers, is responsible for conduit arteries’ elastic recoil.
This recoil is necessary to dampen the pulsatile flow of ventricular ejection at the level of the
ascending aorta and transform it into continuous flow at the level of arterioles or small resistance
arteries. Elastic fibers are organized into fenestrated concentric sheets or lamellae in blood vessels.
Decreased elasticity of large arteries with aging is attributed to fragmentation and thinning of these
lamellae and results in increased pulse wave velocity leading to a greater augmentation of the central
aortic systolic and pulse pressures (1, 2). Similarly, genetic reduction of elastin through deletion of
a single copy of the gene ELN (supravalvular aortic stenosis—SVAS, OMIM #185500) or deletion of
ELN as part of a 25-27 coding gene microdeletion of chromosome 7 (Williams syndrome, OMIM
#194050) leads to increased pulse wave velocity and hypertension (3-5).
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Similar to humans with SVAS and Williams syndrome, mice
hemizygous for the elastin gene (Eln*/~) develop large artery
stiffness and systolic hypertension (6, 7). Interestingly, the
increased large artery stiffness in Eln*/~ mice precedes the
appearance of hypertension (8) and is not affected by commonly
used anti-hypertensives (9). Increased large artery stiffness and
central systolic and pulse pressures often lead to structural
and functional changes in small resistance arteries that further
exacerbate hypertension and a vicious cycle ensues (10). This
appears to be the case in elastin insufficiency as recent studies
showed altered resistance vessel reactivity that is vascular bed-
specific (11-13). Mesenteric arteries (MAs) and middle cerebral
arteries (MCAs), but not gastrocnemius feed arteries (GFAs),
were found to have impaired endothelial-dependent dilation to
acetylcholine due to decreased nitric oxide availability resulting
from increased oxidative stress (11, 12, 14). Furthermore,
MAs and MCAs, but not GFAs, had an increased contractile
response to angiotensin II (ang II) (11, 13). Interestingly, the
hypercontractile response of mesenteric arteries to ang II was
mediated, at least in part, by the angiotensin II type 2 receptor
(AT,R) as blockade of AT,R with the antagonist PD123319
decreased the contractile response of MAs to ang II while its
activation with novokinin resulted in vasoconstriction (11).

Given the multitude of evidence suggesting a vasodilatory
role for AT,R particularly in disease states and the consideration
for the use of AT,R agonists for patients with COVID-19 and
idiopathic pulmonary fibrosis among others (clinicaltrials.gov),
we sought to determine the cardiovascular role of AT,R in
elastin insufficiency in vivo. We bred elastin insufficient (Eln*/~)
mice to AT,R knock-out (AgtrZ_/ ¥) mice and examined
cardiovascular endpoints. While loss of AT,R did not affect large
artery structure or function, it lowered blood pressure in elastin
insufficient mice, suggesting that AT,R plays a vasocontractile
role in elastin insufficiency. This observation has significant
therapeutic implications since AT;R agonists, which may be
beneficial in some conditions such as stroke (15, 16), aneurysm
formation (17, 18) and myocardial fibrosis (19), would not be
appropriate in patients with elastin insufficiency.

MATERIALS AND METHODS

Mice

Eln/~ mice backcrossed into the 129X1/Sv] background (14)
over 10 times and the genetic background confirmed by single
nucleotide polymorphism genotyping were bred to Agtr2=/~
mice maintained on the FVB/n background (20). The Agtr2~/~
mice were obtained from Dr. Curt Sigmund, with permission
from Dr. Victor Dzau. Tail DNA was used to genotype the
mice. Genotyping for Eln was done as previously described
(21). The following primers were used in one PCR reaction to
genotype for Agtr2: AT2-F GTGGTCTCACTGTTTTGTTGTC,
AT2-R-WT GTATTCAATGGTTCTGACATCC, and AT2-R-KO
TGCAATCCATCTTGTTCAATGGC, resulting in a 374 bp
product in the WT case and a 570 bp product in the knock-out
case. Since Agtr2 is on the X chromosome and littermates were
used for the studies, male mice were used for the physiologic
studies to reduce the number of animals needed. Mice were

housed under standard conditions with free access to food and
water. All surgical procedures were performed in accordance
with protocols approved by the Institutional Animal Care and
Use Committee of Washington University School of Medicine.

Blood Pressure and Heart Rate

Measurement

While sedation is known to lower blood pressure and heart rate,
invasive blood pressure measurement provides a more accurate
assessment of central arterial pressure compared to tail cuff
measurement. Unfortunately, the small caliber and tortuosity of
Eln*/~ carotid arteries makes blood pressure measurement via
telemetry technically challenging, therefore we measured central
arterial pressure invasively under sedation. The anesthetic used,
isoflurane, has the least effects on the cardiovascular system
among commonly used anesthetics (22). Briefly, 3-4 month-
old mice were anesthetized with 2% isoflurane and maintained
at 37°C using a heating pad and a rectal thermometer for
monitoring. The right common carotid artery was exposed and
a Millar pressure transducer (model SPR-671) was introduced
and advanced to the ascending aorta. After instrumentation
was complete, isoflurane anesthesia was reduced to 1.5% and
systolic blood pressure, diastolic blood pressure, and heart rate
were recorded using the PowerLab data acquisition system
(ADInstruments). The average of a 3-min period of stable
recording was reported. The data were analyzed using LabChart
8 for Mac software (ADInstruments).

Pressure Myography

Ascending aorta and left common carotid artery of 3-4 month-
old mice were excised and placed in physiologic saline solution
(PSS) composed of 130 mM NaCl, 4.7 mM KCl, 1.6 mM CaCl,,
1.18 mM MgSO4-7H,0, 1.17 mM KH,POy, 14.8 mM NaHCO3,
5.5mM dextrose, and 0.026 mM EDTA (pH 7.4). Vessels were
cleaned of surrounding fat, mounted on a pressure arteriograph
(Danish Myo Technology) and maintained in PSS at 37°C.
Vessels were visualized with an inverted microscope connected
to a CCD camera and a computerized system, which allows
continuous recording of vessel diameter. Intravascular pressure
was increased from 0 to 175 mmHg by 25-mmHg increments,
the vessel outer diameter was recorded at each step (12s per
step). The average of three measurements at each pressure
was reported.

Alexa-633 Hydrazide Staining

Ascending aorta were dissected and frozen in optimal cutting
temperature (OCT) compound (Sakura Finetek) at —80°C.
Using a cryostat, 3-pm sections were obtained and fixed in 4%
paraformaldehyde for 10 min at 4°C. Sections were washed twice
with 1 x PBS for 5min each and then incubated in 1:1,000 of
a 2mM Alexa Fluor 633 hydrazide (Life Technologies) stock in
1% bovine serum albumin (BSA)/1% fish gelatin/0.05% Triton-X
in 1 x PBS for 5min at room temperature. Sections were then
washed twice with 1 x PBS for 5 min each. Slides were mounted
with DAPI Fluoromount-G (SouthernBiotech) and coverslipped.
Images were obtained using a Zeiss Axioskop 50 microscope and
QCapture Pro software (Media Cybernetics Inc.).
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Transmission Electron Microscopy

After isolation, mesenteric arteries from 3 to 4 month-old mice
were fixed in 2.5% glutaraldehyde and 0.1 M sodium cacodylate
at 4°C overnight. Vessels were then sent to Washington
University’s Center for Cellular Imaging for processing and
thin sectioning. Images were taken using a JEOL JEM-1400
Plus transmission electron microscope that is equipped with an
Advanced Microscopy Techniques XR111 high-speed, 4,000 x
2,000-pixel, phosphor-scintillated, 12-bit charge-coupled device
(CCD) camera.

Statistical Analysis

One-way or two-way analysis of variance with Tukey’s multiple
comparisons test was used to determine differences between
genotypes, as indicated in each figure legend. Statistical analyses
were run using Prism 9 for Mac OS X (GraphPad Software Inc.).
Data are presented as means + SD. Differences were considered
statistically significant when P was equal to or less than 0.05.

RESULTS

Loss of AT>R Reduces Blood Pressure in

Elastin Insufficient Mice

To determine the role, if any, of AT;R in blood pressure
regulation in elastin insufficiency, we bred Agtr2~/Y to Eln*/~
mice. As previously reported, loss of AT;R did not affect
blood pressure at baseline (20) and Elnt/~ mice exhibited
systolic hypertension compared to wild-type (WT) littermates (6)
(Figures 1A-C). Interestingly, loss of AT, R in elastin insufficient
mice (Agtr2~/Y;EIn*/~) resulted in reduction of not only
systolic, but also diastolic blood pressure (Figures 1A-C). Heart
rate, body weight and heart weight were not different among the
genotypes (Figures 1D-F).

Loss of AT2R Does Not Affect Large Artery

Stiffness

One of the characteristic features of elastin insufficiency is
large artery stiffness assessed by pressure-diameter curves
experimentally in Eln*/~ mice and by pulse wave velocity in
humans with Williams syndrome (4, 6). To determine whether
the improvement in blood pressure in Agtr2~/¥;Eln*/~ mice was
related to an improvement in large artery stiffness, we assessed
ascending aorta and carotid artery mechanics in mutant and
littermate control mice. As seen in Figure 2, loss of AT,R alone
had no effect on large artery stiffness or compliance and it did not
ameliorate the large artery stiffness seen in elastin insufficiency.

Conduit and Resistance Arteriolar
Structure Is Unaffected by Loss of AT2R

Ascending aorta of elastin insufficient mice have, on average,
two additional lamellar units (7). We examined whether loss of
AT,R has any consequences on large and small artery structure.
Fluorescence microscopy using Alexa-633 hydrazide staining of
ascending aorta showed that, like WT ascending aorta, Agtr2~/Y
ascending aorta have 8-9 lamellar units while Eln*/~ ascending
aorta have 10-11. Loss of AT2R did not affect lamellar unit
number in elastin insufficiency as Agtr2~/Y;Eln*/~ ascending
aortae had 10-11 lamellar units. Representative images are shown

in Figure 3A. Ultrastructural examination of mesenteric arteries
by transmission electron microscopy did not identify an effect of
AT,R on arteriolar wall structure. As previously described, the
internal elastic lamina of Eln*/~ mesenteric arteries was thinner
compared to WT mesenteric arteries, a finding that was not
affected by loss of AT, R (Figure 3B).

DISCUSSION

Ang 1II, the principal effector of the renin-angiotensin
system, exerts its functions in physiological and pathological
states mainly through two receptors, AT{R and AT,R. In
hypertension, the pathologic remodeling that occurs, including
vasoconstriction, fibrosis, proliferation, and inflammation, has
been attributed to ang II's actions through AT;R. Over the
past two to three decades, a great deal of effort has focused
on understanding the role of the more elusive AT,R. Evidence
suggests that while its levels are low in the adult cardiovascular
system at baseline, AT,R expression increases significantly in
pathological conditions and it is thought to counter-balance
the effects of ang II by promoting a vasodilatory, anti-fibrotic,
apoptotic, and anti-inflammatory phenotype (23, 24). Often
the vasodilatory effect of AT,R is only evident when the
vasoconstrictor action of AT R is blocked. At baseline, AT,R
knock-out mice were normotensive but showed an increased
pressor response to ang II infusion (20). With the availability of
several non-peptide AT, R agonists, their use is being investigated
as a potential therapeutic option in several disease conditions. In
this report, based on in vitro data suggesting a vasocontractile
role for AT,R in elastin insufficiency, we sought to determine
whether AT,R contributes to elastin insufficiency-mediated
hypertension in vivo. Using mouse models with genetic loss
or insufficiency of AT,R and ELN, we show that, unlike its
protective role in heart failure, myocardial infarction and
aneurysms, in the context of elastin insufficiency loss of AT;R
improves blood pressure making its activation a potentially
detrimental therapeutic strategy in this disease state.

While initially surprising, the observation that AT,R may
play a vasocontractile role has been made in other models of
hypertension. For instance, Touyz et al. (25) showed an enhanced
contractile response to ang II in mesenteric arteries from
spontaneously hypertensive rats (SHR) compared to Wystar-
Kyoto rats (WKY). This response was reduced by AT, R blockade
in young but not old SHR. Similarly, coronary arteries from SHR
were found to have enhanced constriction to ang II, that was
attributed to the absence of counter-regulatory AT,;R-mediated
relaxation and/or a change in the AT, R phenotype from dilatory
to contractile (26).

An interesting observation from our study is that loss of
AT,R decreases both systolic and diastolic blood pressure, while
pulse pressure, an indicator of conduit artery stiffness, remains
significantly elevated in Agtr2~/7;Eln*/~ mice compared to WT
and Agtr2~/Y mice. These data support the large artery pressure-
diameter measurements showing that loss of AT, R does not affect
large artery mechanics in elastin insufficiency. Rather, loss of
AT,R likely affects peripheral vascular resistance leading to a
reduction in both systolic and diastolic blood pressure.
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FIGURE 1 | Loss of AT2R leads to a reduction in systolic and diastolic blood pressure in elastin insufficient mice. Systolic (A), diastolic (B), and pulse pressure (C)
[calculated as systolic—diastolic blood pressure], heart rate (D), body weight (E) and heart weight/body weight (F) of WT, Agtr2=/", Eint/~ and Agtr2~/" ;EIn*/~ mice.
Data are presented as mean =+ standard deviation. One-way analysis of variance with Tukey’s multiple comparison test was performed to compare all groups.
Significant difference: *P < 0.05, **P < 0.005, ***P < 0.001, and ***P < 0.0001, between indicated groups.

Activation of AT,R by ang II has been shown to increase
nitric oxide (NO) production, which activates guanylate cyclase
to generate cyclic guanosine monophosphate (cGMP) leading to
vasodilation (27, 28). The mechanism by which AT,R leads to
vasoconstriction in elastin insufficiency is unclear at this time.
Similar to WT, Agtrl is expressed at higher levels than Agtr2
in Eln*/~ vessels, and both Agtrl and Agtr2 expression levels

were unchanged in aortae and reduced in mesenteric arteries of
Eln*/~ mice (11), making relative changes in receptor levels an
unlikely explanation for the observed blood pressure response.
It is interesting to note however that, while usually thought of
as monomers, G protein-coupled receptors like AT} R, AT,R and
bradykinin receptor (B,R) have been shown to heterodimerize
and adopt either an enhanced or an altered function. For
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FIGURE 2 | Loss of AT2R does not affect large artery stiffness. Pressure-diameter relationships of ascending aorta (A) and carotid arteries (B) from WT (n = 9-10),
Agtr2=!Y (n = 10-11), EIn*/~ (n = 6) and Agtr2~/";EIn*/~ (n = 15) mice. Data are presented as mean =+ standard deviation. Two-way analysis of variance with Tukey’s
multiple comparison test was performed to compare all groups. Significant difference: *P < 0.05 and **P < 0.005 between WT or Agtr2~/" vs. Ein*/~ or
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FIGURE 3 | Loss of AT2R does not affect arterial structure. Representative cross sections of Alexa-633 hydrazide-stained ascending aorta from WT, Agtr2=/¥, Eint/-,
and Agtr2=/Y EIn*/~ mice along with the respective average lamellar number + standard error of the mean, n = 3-4 per group, scale bar = 50 um (A). Transmission
electron micrographs of mesenteric arteries from all genotypes, *indicates vessel lumen and red arrow indicated internal elastic lamina (B).

instance, heterodimerization of AT{R and B,R led to increased
activation of Gaq and Gai, the two major signaling proteins
activated by AT;R (29). This AT R-B,R heterodimerization
was shown to contribute to ang II hypersensitivity in pre-
eclampsia (30). AT,R has been shown to dimerize with B,R

In summary, using a mouse model of elastin insufficiency-
mediated hypertension, here we show that loss of AT;R
improves blood pressure in this model. While the process of
elastin insufficiency is distinct, with normal aging older adults
develop vascular elastic fiber thinning, systolic hypertension

leading to enhanced NO and cGMP (27). Since AT, R expression
was reduced in elastin insufficient mesenteric arteries (11),
it is interesting to speculate that AT;R-B,R dimer formation
may be affected, or alternatively, that AT;R heterodimerizes
with AT;R in elastin insufficiency, resulting in vasoconstriction
rather than vasodilation; hypotheses that will be the focus of
future investigation.

with widened pulse pressure and large artery stiffness, all
characteristics of elastin insufficient mice. Therefore, if AT,R
agonists are to be considered for clinical use, carefully designed
randomized clinical trials with special attention to patient
population and endpoints will be necessary to ensure that they
are not contributing to disease, particularly hypertension. AT;R
agonists will likely be useful in a context-specific manner.
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A Novel Resveratrol Analog
Upregulates SIRT1 Expression and
Ameliorates Neointima Formation

Baohui Yuan "?f, He Liu"?, Xiaoliang Dong, Xiaohua Pan "2, Xun Sun?®*, Jia Sun"?* and
Li-Long Pan™

" Wuxi School of Medicine and School of Food Science and Technology, Jiangnan University, Wuxi, China, ? State Key
Laboratory of Food Science and Technology, Jiangnan University, Wuxi, China, ° School of Pharmacy, Fudan University,
Shanghai, China

Neointima formation is a serious complication caused by mechanical trauma to
the vessel. (R)-4,6-dimethoxy-3-(4-methoxy phenyl)-2,3-dihydro-1H-indanone [(R)-TML
104] is a synthesized analog of the natural product resveratrol sesquiterpenes
(£)-isopaucifloral F. The present study aimed to investigate the effects and
underlying mechanisms of (R)-TML104 on neointima formation. Our results showed
that (R)-TML104 prevented neointima formation based on a carotid artery injury
model in mice. Furthermore, (R)-TML104 inhibited platelet-derived growth factor-BB
(PDGF-BB)-induced vascular smooth muscle cells (VSMC) phenotypic transformation,
evidenced by increased a-smooth muscle actin, reduced VSMC proliferation, and
migration. Simultaneously, (R)-TML104 upregulated sirtuin-1 (SIRT1) expression in
VSMC. We further uncovered that SIRT1 expression is critical for the inhibitory
effects of (R)-TML104 on PDGF-BB-induced VSMC phenotypic transformation in
vitro and injury-induced neointima formation in vivo. Finally, (R)-TML104-upregulated
SIRT1 inhibited PDGF-BB-induced VSMC phenotypic transformation by downregulating
nicotinamide adenine dinucleotide phosphate oxidase 4 expression via decreasing
nuclear factor-kB acetylation. Taken together, these results revealed that (R)-TML104
upregulates SIRT1 expression and ameliorates neointima formation. Therefore,
the application of (R)-TML104 may constitute an effective strategy to ameliorate
neointima formation.

Keywords: (R)-TML104, neointima formation, nicotinamide adenine dinucleotide phosphate oxidase 4, nuclear
factor-«B, vascular smooth muscle cells, reactive oxygen species, SIRT1

INTRODUCTION

Cardiovascular diseases are the major cause of death worldwide (1). Although surgery is a
commonly used strategy to treat cardiovascular disease, the surgical process may cause vascular
inflammation, potentially leading to endothelial damage and subsequent neointima formation
(2, 3). Neointima formation may result in vascular restenosis (2-4). The underlying mechanisms of
neointima formation remain unclear. However, current medical therapies for inhibiting neointima
formation are still scarce, making the development of novel strategies a necessity.

Phenotypic transformation of the vascular smooth muscle cells (VSMC) plays a vital role in
neointima formation and can be triggered by oxidative stress, which stems from the excessive
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production of reactive oxygen species (ROS) (5, 6). The major
source of ROS in VSMC is the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX) family (7). Additionally,
the NOX-derived ROS can be modulated by sirtuin-1 (SIRT1)
(8, 9). Platelet-derived growth factor-BB (PDGF-BB) is a major
driving factor of the VSMC phenotypic transformation involved
in neointima formation (10). During neointima formation,
vascular stabilizing factors are attenuated, including SIRT1, a
NAD (+)-dependent histone deacetylase (11, 12). Meanwhile,
accumulating evidence suggests that various transcription factors
are regulated by SIRT1, including nuclear factor-kB (NF-kB) (13,
14). Additionally, NF-kB activation is a pathological hallmark of
VSMC phenotypic transformation (15, 16). The NF-kB activity
can be mediated by sirtuin-1 (SIRT1)-mediated deacetylation
(11, 17). Therefore, upregulation of SIRT1 may be a potential
strategy for inhibiting VSMC phenotypic transformation.

Resveratrol, an active polyphenol compound, is found in red
wine, grapes, and peanuts, and exhibits antioxidant and anti-
inflammatory effects (18, 19). Resveratrol has attracted massive
attention for its health benefits, including its advantageous effects
on vascular diseases (20-22). It had also been shown that the
beneficial properties of resveratrol are involved in multiple
signaling pathways and oxygen species genes (23, 24). Several
studies have indicated that numerous resveratrol analogs have
better effects than resveratrol on improving disease (25, 26).
In this study, we evaluated the effect of (R)-4, 6-dimethoxy-3-
(4-methoxy phenyl)-2, 3-dihydro-1H-indanone [(R)-TML104], a
synthetic analog of resveratrol sesquiterpenes (&)-isopaucifloral
F (Supplementary Figure 1A), on neointima formation.

MATERIALS AND METHODS

Animal Model

Male C57BL/6] mice (25-30g, 12 weeks, JOINN Lab, Suzhou,
China) were maintained in a pathogen-free environment. Food
and water were freely available under a controlled temperature
(24 £ 1°C) with a 12/12h dark/light cycle. We used a carotid
artery injury mouse model, according to previously described
protocols (2). Briefly, after mice were anesthetized with sodium
pentobarbital (80 mg/kg, intraperitoneally), a midline neck
incision was made, and the left carotid artery was exposed
by blunt dissection. We then used blood vessel clamps to
interrupt blood flow to the carotid arteries and made a lateral
incision near the point of bifurcation of the external and
internal carotid arteries. A guide wire (0.38 mm in diameter,
NO.C-SF-15-15; Cook, Bloomington, USA) was inserted into
the arterial lumen facing the aortic arch and rotated back and
forth three times. After carefully removing the guide wire, the
blood vessel was ligated at the lateral incision and the clamp
was removed to restore blood flow. After vascular injury was
induced, freshly prepared (R)-TML104 (10, 20 mg/kg) and
atorvastatin (20 mg/kg) were administered daily by gastric gavage
to the model group mice. (R)-TML104 and atorvastatin were
both dissolved with saline. Mice were euthanized 28 days post-
surgery by an overdose of sodium pentobarbital (150 mg/kg) via
intraperitoneal injection.

Antibodies and Reagents

Antibodies against a-smooth muscle actin (a-SMA, A11111)
and B-Actin (AC026) were purchased from Abclonal (Wuhan,
China). Antibodies against Ac-p65 (ab19870), NF-kB (ab16502),
NOX1 (ab131088), NOX2 (ab129068), NOX4 (ab133303),
proliferating cell nuclear antigen (PCNA, ab92552), cyclin
D1 (ab134175), and SIRT1 (ab110304) were obtained from
Abcam (Cambridge, UK). PDGF-BB was purchased from R&D
(Minneapolis, USA). Goat anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody-Alexa Fluor 647 (A21235)
and Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary
Antibody-Alexa Fluor 555 (A21428) were purchased from
Thermo Fisher Scientific (MA, USA). (R)-TML104 was
synthesized and provided by Dr. Xun Sun’s laboratory at the
School of Pharmacy (Fudan University, China). Atorvastatin
(MB1021) and resveratrol (MB1199) were purchased from
Meilun Bio (Dalian, China). BAY 11-7082 (S1523) and N-acetyl-
L-cysteine (S0077) was purchased from Beyotime (Shanghai,
China). 4/,6-diamidino-2-pheny1indole (DAPI) was purchased
from Solarbio (Beijing, China).

Histological and Morphometric Analysis
Fresh arteries samples were fixed in a 4% paraformaldehyde
solution for 24h and embedded in paraffin. The vascular
tissue was cut into 5um sections, which were stained with
hematoxylin and eosin (H&E) (G1120; Solarbio, China) for
morphological analysis. Image-Pro Plus software (version 6.0,
Media Cybernetics, MD, USA) was used to determine neointima
formation. A mean value was generated from five independent
sections of each artery sample.

Immunofluorescence Staining

The 5um slices were cut from paraffin-embedded blocks
and placed on microscope slides. Briefly, the sections were
microwaved in the citric acid buffer to retrieve antigens for
30 min. Sections were then permeabilized with 0.1% Triton X-
100 for 15min and blocked with 1% bovine serum albumin
for 30 min, incubated with primary antibody at 4°C overnight.
The following antibodies were used: PCNA (1:100), cyclin D1
(1:100), a-SMA (1:100), SIRT1 (1:100). Afterward, sections were
washed with PBS and incubated with appropriate secondary
antibody (1:100 dilution; Alexa Fluor Plus 555) for 1h at
room temperature. Nuclei were then stained with DAPI. The
images were obtained using a Zeiss LSM880 microscope (Zeiss,
Gottingen, Germany). The integrated optical density values
were obtained using the ImageJ] Pro Plus software (version 6.0,
Media Cybernetics).

Cell Culture

Rat VSMC were enzymatically isolated from the Sprague-Dawley
rats according to the protocols previously described (2). For
functional studies, the cells were used between passages 3 and 5.
VSMC were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, Hyclone, USA) supplemented with 10% fetal bovine
serum (FBS, Hyclone, USA). Primary VSMC were maintained at
37°C under humidified 5% CO2/95% air atmosphere and their
identity were confirmed using a-smooth muscle actin antibody.
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MTT Assay

The viability of VSMC was determined with 3-(4,5-Dimethyl-
2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium (MTT) bromide assay
kit (C0009S; Beyotime Institute of Biotechnology, Shanghai,
China). Briefly, the VSMC were plated in a 96-well microplate
(5,000 cells/well). After the VSMC were incubated with different
concentrations of (R)-TML104 for 24 h. Then, MTT reagent was
added into the medium for a further 4 h. Next, the supernatant
was then discarded, and dimethyl sulfoxide (DMSO) was added
to solubilize the formazan crystals. The absorbance was measured
at 570 nm with a microtiter plate reader (BIO-TEK, Winooski,
VT, USA).

EdU Assay

We used a 5-Ethynyl-2’-Deoxyuridine (EdU) incorporation
assay (C0071S; Beyotime Institute of Biotechnology, Shanghai,
China) to detect the proliferation of VSMC. Briefly, VSMC
were seeded in 96-well plates. After growing to 60% confluence,
the cells were serum-starved for 24h. After the VSMC were
incubated with different concentrations of (R)-TML104 for 4h
and subsequently treated with PDGF-BB for 24h, and then
incubated with EdU for 2h. Next, the cells were fixed with 4%
paraformaldehyde (P0099; Beyotime Institute of Biotechnology,
Shanghai, China) for 30 min, permeabilized with 0.1% Triton
X-100 for 10min, and the cells were stained with Hoechst
33342 (50 wL/well) for 10 min. The images were captured using
fluorescence microscopy (Nikon Eclipse Ti-S, Tokyo, Japan). The
ratio of EdU-positive cells (EdU-stained cells/Hoechst-stained
cellsx100%) was determined using a fluorescence microscope
(Nikon Eclipse Ti-S, Tokyo, Japan).

Cell Wound Assay

VSMC were seeded in a 6-well plate and scraped with a sterile tip
in a straight line. The cells were immediately washed with cold
phosphate buffer saline (PBS). After growing to 60% confluence,
the cells were serum-starved for 24h. After the VSMC were
incubated with different concentrations of (R)-TML104 for 4h
and subsequently treated with PDGF-BB for 24 h. The images
were taken by light microscopy (Olympus Optical Co, Tokyo,
Japan). Wound healing images were analyzed using Image] Pro
Plus software.

Transwell Assay

The migration assay was performed using a transwell chamber
(8 um pore size, Corning costar, 3422, USA). Briefly, VSMC
were seeded into each well of the upper chamber, and PBS or
PDGF-BB were loaded into the bottom chamber. After growing
to 60% confluence, the cells were serum-starved for 24 h. After
the VSMC were incubated with different concentrations of (R)-
TML104 for 4 h and subsequently treated with PDGF-BB for 18 h,
the transwell membranes were fixed with 4% paraformaldehyde
for 15 min. The membranes were stained with a 0.1% crystal
violet solution for 10 min. The non-migrating cells on the top
surface of the membrane were scraped with a cotton swab. Images
were captured using light microscopy to quantify the average
number of migrated cells. Five randomly chosen high-power
fields (x200) in three independent experiments were used to

calculate the average number of migrated cells. The migratory
cells were evaluated by Image] Pro Plus software.

Western Blot Analysis

VSMC were homogenized in lysis RIPA buffer on ice for 30 min
and then centrifuged at 12,000g for 15min at 4°C. Protein
concentrations were determined by using a BCA Protein Assay
Kit (Cat.P0010; Beyotime Biotechnology, Shanghai, China).
Equal amounts of protein were then separated in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
electrophoresis and then transferred onto polyvinylidene fluoride
(PVDF) membranes. After being blocked with 5% skim milk plus
tris-buffered saline for 1h, the membrane was incubated with
a primary antibody. The following antibodies were used: Ac-
p65 (1:1000), NF-kB (1:2000), NOX1 (1:2000), NOX2 (1:2000),
NOX4 (1:2000), PCNA (1:1000), cyclin D1 (1:1000), a-SMA
(1:500), SIRT1 (1:1000), and B-Actin (1:10000) at 4°C overnight.
The next day, the membrane was washed three times and
then incubated with secondary antibodies (1:5000) for 1h.
Finally, the immunoreactive proteins were visualized using a
chemiluminescence reagent (Millipore, Billerica, MA, USA).
Signals were detected using a chemiluminescence system (Bio-
Rad, Hercules, CA, USA). The B-Actin loading control was used
for quantifying protein expression levels.

ROS Detection and H,O, Measurement

The dye, 2, 7-dichlorofluorescein diacetate (DCFH-DA, S0033S;
Beyotime Institute of Biotechnology, China) was served as a
fluorescence probe to detect intracellular ROS. Briefly, VSMC
were incubated with DCFH-DA in a dark container at 37°C for
30 min. The cells were washed three times with PBS and finally
analyzed using the FACSCalibu flow cytometry system (BD
Biosciences, San Jose, CA, USA). The relative mean fluorescence
intensity of each sample was analyzed using Flow Jo software
version 10 (Tree Star Inc., Ashland, OR, USA). Intracellular
H,0, levels were detected using a Hydrogen Peroxide Assay
Kit (S0038, Beyotime Institute of Biotechnology, Shanghai,
China) according to the manufacturer’s instructions. Briefly,
scrape the lysed VSMC with a pipette tip and transfer cell
lysate to a microcentrifuge tube. The cells were sufficiently
homogenized and then centrifuged at 12 000 g for 5 min at 4°C.
The supernatant was then incubated with a detection reagent for
30 min. The H,O, production was assessed by using a microtiter
plate reader.

RNA Isolation and Quantitative Real-Time
PCR

To determine the mRNA expression levels of genes, total
RNA was isolated from VSMC using TRIzol reagent (Life
Technologies, MA, USA), and ¢cDNA was synthesized using a
Prime Script RT reagent Kit according to the manufacturer’s
instructions. SYBR Green PCR reagents (Yeasen, Shanghai,
China) were used to determine the relative expression of all
gene transcripts by a Real-Time PCR Detection System (Applied
Biosystems, Foster City, CA, USA). The expression of sample
genes was quantified by the level of the B-Actin gene. The specific

Frontiers in Cardiovascular Medicine | www.frontiersin.org

36

November 2021 | Volume 8 | Article 756098


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Yuan et al.

Resveratrol Analog Ameliorates Neointima Formation

primers of NOX1, NOX2, NOX4, and B-Actin were available in
Supplementary Table 1.

Lentivirus Production and siRNA

Transfection

The SIRT1 short hairpin was linearized plasmid and ligated into
the pLVX vector. Lentivirus was produced by co-transfection of
the SIRT1 lentiviral construct, the packaging plasmid psPAX2,
and the envelope plasmid pMD2.G into HEK-293 T cells using
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA). The virus
supernatant was harvested at 24h and 48h after transfection
and stored at 4°C until the concentration step. The supernatant
was filtered through a 0.45pM filter and then centrifuged at
100,000 g for 2 h. The collected virus pellet was stored at —80°C.
The mature antisense sequences of sh-SIRT1-1 and sh-SIRT1-
2 were available in Supplementary Table 2. NOX4 or SIRT1
knockdown in VSMC was carried out by transfecting NOX4 or
SIRT1 small interfering RNA (siRNA). The siRNA (20 nM) was
transfected into VSMC using Lipofectamine 3000. All sequences
of siRNAs were synthesized by Gene Pharma (Shanghai, China)
and available in Supplementary Table 3.

Statistics Analysis

Data were expressed as mean + SD. Differences among three
or more groups were determined using analysis of variance
(ANOVA) followed by Tukey’s post-hoc test. All statistical
analyses were performed using GraphPad Prism (version 7.04;
GraphPad Software Inc., San Francisco, CA, USA). Statistical
significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001.

RESULTS

(R)-TML104 Mitigates Injury-Induced

Neointima Formation in vivo

To investigate whether (R)-TML104 affected injury-induced
neointima formation, we treated the mice with two doses
of (R)-TML104 (10, 20 mg/kg) after injury. (R)-TML104
treatment significantly decreased injury-induced neointimal
area (Figure 1A). Meanwhile, (R)-TML104 treatment mitigated
injury-induced downregulating a-SMA protein expression and
upregulating PCNA and cyclin D1 expression (Figure 1B).
Among the doses examined, (R)-TML104 at 20 mg/kg exhibited
optimal protective effects and we used this dose for subsequent
studies. To further confirm the function of (R)-TML104
on neointima formation, we used atorvastatin as a positive
control. Interestingly, (R)-TML104 exhibits more prominent
beneficial effects on neointima formation than atorvastatin at
the same dosage (Figures 1A,B). Collectively, these findings
demonstrate that (R)-TML104 could mitigate neointima
formation in vivo.

(R)-TML104 Inhibits PDGF-BB-Induced

VSMC Phenotypic Transformation in vitro

Phenotypic transformation of VSMC plays a vital role in
neointima formation (27, 28). To investigate whether (R)-
TML104 affects PDGEF-BB-induced VSMC phenotypic

transformation, we first detected the cytotoxicity of (R)-
TML104 on VSMC. The MTT assay showed that (R)-TML104
(1-10uM) had no significant effect on the viability of
VSMC (Supplementary Figure 1B). As shown in Figure 2A,
(R)-TML104 concentration-dependently reversed PDGF-BB-
induced the expression of a-SMA, PCNA, and cyclin D1. Among
the doses examined, (R)-TML104 at 10 uM exhibited optimal
inhibitory effects yet no cytotoxic effect and we used this dose for
subsequent studies. Meanwhile, the EAU assay showed that (R)-
TML104 could inhibit PDGF-BB-mediated VSMC proliferation
(Figure 2C). Followingly, the cell wound assay and transwell
assay showed that (R)-TML104 could abolish PDGF-BB-induced
VSMC migration (Figure 2D and Supplementary Figure 1C).

To further explore the effects of (R)-TML104 on VSMC
phenotypic transformation, we chose atorvastatin and resveratrol
as positive controls (29, 30). Notably, the protective effect of
(R)-TML104 was similar to that of atorvastatin (Figures 2B-D
and Supplementary Figure 1C). Moreover, we observed that
resveratrol abolished PDGF-BB-induced the expression of PCNA
and o-SMA (Supplementary Figure 1D). Interestingly, (R)-
TML104 at the same dosage exhibited greater protective effects
on these changes than resveratrol. Collectively, these results
indicate that (R)-TML104 could inhibit PDGF-BB-induced
VSMC phenotype transformation in vitro.

(R)-TML104 Inhibits PDGF-BB-Induced
VSMC Phenotypic Transformation by
Upregulating SIRT1 in vitro

Resveratrol has beneficial effects on vascular disease by
activating SIRT1 (31). SIRT1 has emerged as a critical
target for VSMC phenotypic transformation (2, 12, 17). We
hypothesized that (R)-TML104 inhibits PDGF-BB-mediated
VSMC phenotypic transformation by modulating SIRT1. We
then detected the expression of SIRT1 in VSMC in response
to PDGF-BB. We found that SIRT1 expression was time-
dependently and dose-dependently upregulated by (R)-TML104
treatment (Supplementary Figures 2A,B). Interestingly, (R)-
TML104 exerted more significant effects on SIRT1 expression
than resveratrol at the same dosage (Figure 2B).

Our results showed that PDGF-BB decreased SIRT1
expression in VSMC, which is restored by (R)-TML104
treatment (Figure 3A). Next, we knocked down the expression
of SIRT1 in VSMC by siRNA transfection. SIRT1 siRNA, but
not control siRNA, markedly decreased (R)-TML104-mediated
SIRT1 expression and abolished the inhibitory effects of (R)-
TML104 on VSMC phenotypic transformation, as evidenced
by increased PCNA expression (Figure 3A), decreased a-SMA
expression (Figure 3A), increased EdU-positive (Figure 3B)
and migrating cells (Figure 3C). Thus, our findings indicate
that (R)-TML104 inhibits PDGF-BB-induced VSMC phenotypic
transformation via upregulating SIRT1 in vitro.

(R)-TML104 Mitigates Injury-Induced
Neointima Formation by Upregulating

SIRT1 in vivo
To investigate whether the inhibitory effects of (R)-TML104
on neointima formation were mediated by SIRT1 in vivo,

Frontiers in Cardiovascular Medicine | www.frontiersin.org

37

November 2021 | Volume 8 | Article 756098


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Yuan et al.

Resveratrol Analog Ameliorates Neointima Formation

Intimaarea ( X 10° pm?)

Injury — + + - +
(R)-TML104 — = 10 20 -
(mg/kg)
Atorvastatin  — = = = 20
(mg/kg)

DAPI

_
a
hd
-
&

(n = 6). *p < 0.05, *p < 0.01, **p < 0.001.

FIGURE 1 | (R)-TML104 mitigates injury-induced neointima formation in vivo. (A) Hematoxylin and Eosin (H&E) staining of sections at 28 days after injury (Scale bar:
50 wm). (B) Immunofluorescence staining of a-SMA, PCNA, and cyclin D1 on sections of carotid arteries from mice. Scale bar: 50 wm, Data shown are means + S.D
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we then investigated the expression of SIRT1 in mice. We
found that SIRT1 expression was decreased in vascular tissue
after injury, which was reversed by (R)-TML104 treatment
(Figure 4B). Next, we delivered lentiviral shRNA to specific
SIRT1 knockdown in mice. Lentiviral SIRT1 shRNA, but
not control shRNA, markedly decreased (R)-TML104-
mediated SIRT1 expression and significantly abolished the

protective effect of (R)-TML104 on neointima formation
(Figure 4A). Moreover, immunofluorescence staining showed
that (R)-TML104-mediated PCNA, cyclin D1 and o-SMA
expression was abolished by genetic SIRT1 knockdown
(Figure 4B). These data demonstrate that (R)-TML104 inhibits
neointima formation by upregulating the expression of
SIRT1 in vivo.
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FIGURE 2 | (R)-TML104 inhibits PDGF-BB-induced VSMC phenotypic transformation in vitro. (A) VSMC were pretreated with (R)-TML104 for 4 h and then stimulated
with PDGF-BB (20 ng/mL) for 24 h. The protein levels of a-SMA, PCNA, and cyclin D1 were determined by western blotting. (B) The protein levels of a-SMA, PCNA,
and cyclin D1 were determined by western blotting. (C) DNA synthesis in VSMC determined with EJU incorporation assay. Blue fluorescence (Hoechst 33342)
showed cell nuclei and green fluorescence (EdU) stands for cells with DNA synthesis. (D) Transwell assay was performed to determine the migration of VSMC. Scale
bar: 50 um, Data shown are means + S.D (n = 6). *p < 0.05, *p < 0.01, **p < 0.001.
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FIGURE 3 | (R)-TML104 inhibits PDGF-BB-induced VSMC phenotypic transformation by upregulating SIRT1 in vitro. (A) VSMC were pre-treated with (R)-TML104 (10
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(R)-TML104 Inhibits PDGF-BB-Mediated
VSMC Phenotypic Transformation by

Modulating NOX4

Itis reported that NOX-derived ROS plays a critical role in VSMC
phenotypic transformation (32-34). In addition, SIRT1 can
modulate the generation of ROS via regulating NOX expression
(9, 35). To examine whether (R)-TML104 could modulate PDGF-
BB-induced NOX expression in VSMC, the expression of NOX1,
NOX2, and NOX4 in VSMC was measured. NOX1, NOX2,
and NOX4 were all significantly higher both at the protein
and mRNA level in VSMC in response to PDGF-BB when
compared with control groups (Figures 5A,B). Intriguingly, (R)-
TML104 treatment specifically inhibited the PDGF-BB-induced
NOX4 expression, but not NOX1 or NOX2 expression both at
the protein and mRNA level (Figures 5A,B). In addition, (R)-
TML104 treatment also markedly reduced PDGF-BB-induced
production of ROS (Figure 5C) and H,O, (Figure 5D).

Next, we investigated the effect of NOX4 on VSMC
phenotypic transformation, a NOX4-targeted siRNA was used
to knock down the NOX4 expression. As expected, NOX4
siRNA, but not control siRNA, markedly decreased PDGF-BB-
induced Nox4 expression in VSMC (Supplementary Figure 3A).
PDGEF-BB-induced the production of H,0, (Figure5C)
and ROS (Figure5D) was reduced by NOX4 siRNA.
Moreover, NOX4 knockdown mimicked the inhibitory
effects of (R)-TML104 on VSMC phenotypic transformation,
as evidenced by decreased PCNA expression, increased

a-SMA  expression  (Supplementary Figure 3A), reduced
EdU-positive (Supplementary Figure 3B) and migrating cells
(Supplementary Figures 3C,D).

To detect the role of ROS in PDGEF-BB-induced VSMC
phenotypic transformation, VSMC were treated with a
ROS scavenger, N-acetyl-L-cysteine (NAC, 2mM). Our
results showed that NAC treatment significantly alleviated
the PDGF-BB-increased ROS (Figure 5C) and H,O, levels

(Figure 5D). Meanwhile, NAC mimicked the inhibitory
effects of (R)-TML104 on PDGF-BB-induced VSMC
phenotypic  transformation  (Supplementary Figure 3A),
proliferation  (Supplementary Figure 3B) and  migration
(Supplementary Figures 3C,D). Collectively, these results
suggest that (R)-TML104 inhibits ~PDGF-BB-induced

VSMC phenotypic transformation through the NOX4-ROS
signaling pathway.

(R)-TML104 Regulates NOX4 by

Modulating NF-kB Activation

Previous studies have shown that SIRT1 can regulate NOX4
expression (9, 36). We hypothesized that (R)-TML104-mediated
NOX4 expression is regulated by SIRT1 in VSMC. Next, we
measured the expression of NOX4 in VSMC by Western blot. It
showed that SIRT1 knockdown by siRNA reversed (R)-TML104-
mediated NOX4 expression in VSMC (Figure 6A). It is well-
established that NF-«kB activation is a crucial modulator of
NOX4 expression (16, 37). In addition, NF-kB activation can
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PDGF-BB (20 ng/mL) for 4 h. The NOX4 and Ac-p65 protein levels were determined by western blotting. (B) The NOX4 protein levels were determined by western
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be regulated by SIRT1-mediated deacetylation (38). Next, we
investigated the status of NF-kB acetylation in VSMC. We found
that NF-kB acetylation was increased in response to PDGEF-
BB, which is abolished by (R)-TML104 treatment. We then
examined whether (R)-TML104-increased SIRT1 modulated NF-
kB acetylation in VSMC. Next, we knocked down the expression
of SIRT1 in VSMC by siRNA transfection. Our results showed
that SIRT1 knockdown abolished the inhibitory effect of (R)-
TML104 on the acetylation of NF-kB (Figure 6A).

To assess the role of NF-kB in NOX4 expression in VSMC, we
used BAY 11-7082 (NF-kB inhibitor) to inhibit NF-kB activation.
BAY 11-7082 treatment, similarly to (R)-TML104, suppressed
PDGEF-BB-induced NOX4 expression (Figure 6B). Collectively,
these observations suggest that (R)-TML104-upregulated SIRT1
inhibits PDGF-BB-induced VSMC phenotypic transformation
by downregulating NOX4 expression via decreasing NF-
kB acetylation.

DISCUSSION

In the current study, we demonstrated that (R)-TML104 could
prevent neointima formation in vivo. Furthermore, (R)-TML104
inhibited PDGF-BB-induced VSMC phenotypic transformation
in vitro. We also found that SIRT1 expression is critical for
(R)-TML104 to exert its protective effects. Finally, (R)-TML104
inhibited PDGF-BB-induced VSMC phenotypic transformation
through NOX4 modulation via decreasing NF-kB acetylation.
In summary, we found that (R)-TML104 against neointima
formation and upregulates SIRT1 expression (Figure 7).

Previous work has demonstrated that resveratrol can protect
from vascular disease (39). We hypothesized that (R)-TML104
could prevent vascular diseases, which was confirmed by our
results showing that (R)-TML104 inhibited PDGF-BB-induced
VSMC phenotypic transformation and injury-induced neointima
formation. Next, we used atorvastatin as a positive control in vivo
(40). Interestingly, the protective effects of (R)-TML104 against
neointima formation were better than atorvastatin at the same
dosage. We speculate that this superior effect of (R)-TML104 in
vivo may be due to the key role of SIRT1, a well-known regulatory
target of resveratrol, in the process of neointima formation
(41). The expression of SIRT1 has been reported to decrease in
neointima formation (2). In line with this observation, our data
showed that SIRT1 decreases in VSMC in response to PDGF-BB,
increased by (R)-TML104.

Increasing evidence has suggested that NOX4-derived ROS
is crucial to the proliferation of several cell types (42, 43).
A previous study showed that NOX4-derived ROS promote
neointima formation (15, 44, 45). Consistently, our results
showed that PDGF-BB increased NOX4-derived ROS levels,
which was abolished by treatment with NOX4 siRNA or
(R)-TML104. Consequently, we concluded that NOX4 down-
regulation is responsible for the anti-oxidative effects of (R)-
TML104 that confer vascular protection. In contrast, Chandrika
showed that NOX4-derived ROS play an inhibitory role in
the differentiation phenotypic of diabetic atherosclerosis (46).
The diversity in NOX4-derived ROS functions may depend

on specific environmental stimuli. Future work is needed
to elucidate the complex role of NOX4-derived ROS in the
development of vascular disease.

SIRT1 has been reported to regulate NOX4 expression in
various biological processes (47, 48). Similarly, we found that (R)-
TML104-increased SIRT1 inhibited PDGF-BB-induced NOX4
expression in VSMC, whereas SIRT1 knockdown abolished
(R)-TML104-mediated inhibitory effects on NOX4 expression.
Therefore, the fact that (R)-TML104 inhibits the PDGF-BB-
induced expression of NOX4 likely depends on SIRT1 expression
in VSMC. Previous studies have highlighted the influence of
NF-kB-induced oxidative stress on the modulation of VSMC
phenotypic transformation (30). In addition, NOX4 expression
can be regulated by NF-kB activation (16). Hence, we evaluated
whether (R)-TML104-reduced oxidative stress was associated
with NF-kB activation. We found that (R)-TML104-increased
SIRT1 inhibited NOX4 expression by reducing the acetylation
status of NF-kB. This result is consistent with a previous report
that SIRT1 regulated NOX4 expression by attenuating NF-kB
acetylation in pancreatic cancer cachexia (9).

PDGE-BB is not the only factor that drives the injury-induced
neointima formation (49, 50). A limitation in our study is that
only PDGF-BB was used in vitro mechanistic study. The effect
of (R)-TML104 on other factors-induced VSMC proliferation
would be investigated as a follow-up study.

In summary, our data revealed that (R)-TML104-increased
SIRT1 expression led to a reduction in NF-kB acetylation, thereby
inhibit PPDGF-BB-induced VSMC phenotypic transformation
by down-regulating NOX4 expression. Taken together, our
findings suggest that (R)-TML104 may be an important
therapeutic drug to prevent neointima formation.
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Objective: Abdominal aortic aneurysm (AAA) is a common age-related vascular
disease characterized by progressive weakening and dilatation of the aortic wall.
Microfibrillar-associated protein 4 (MFAP4) is an extracellular matrix (ECM) protein
involved in the induction of vascular remodeling. This study aimed to investigate
if MFAP4 facilitates the development of AAA and characterize the underlying
MFAP4-mediated mechanisms.

Approach and Results: Double apolipoprotein  E- and Mfap4-deficient
(ApoE~/~Mfap4=/~) and control apolipoprotein E-deficient (ApoE~/~) mice were
infused subcutaneously with angiotensin Il (Ang Il) for 28 days. Mfap4 expression
was localized within the adventitial and medial layers and was upregulated after
Ang Il treatment. While Ang llI-induced blood pressure increase was independent
of Mfap4 genotype, ApoE~/~Mfap4=—/~ mice exhibited significantly lower AAA
incidence and reduced maximal aortic diameter compared to ApoE~/~ littermates.
The ApoE~/~Mfap4=/— AAAs were further characterized by reduced macrophage
infiltration, matrix metalloproteinase (MMP)-2 and MMP-9 activity, proliferative activity,
collagen content, and elastic membrane disruption. MFAP4 deficiency also attenuated
activation of integrin- and TGF-B-related signaling within the adventitial layer of
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AAA tissues. Finally, MFAP4 stimulation promoted human monocyte migration and
significantly upregulated MMP-9 activity in macrophage-like THP-1 cells.

Conclusion:  This study demonstrates that MFAP4 induces macrophage-rich
inflammation, MMP activity, and maladaptive remodeling of the ECM within the vessel
wall, leading to an acceleration of AAA development and progression. Collectively, our
findings suggest that MFAP4 is an essential aggravator of AAA pathology that acts
through regulation of monocyte influx and MMP production.

Keywords: abdominal aortic
metalloproteinases

INTRODUCTION

Abdominal aortic aneurysm (AAA) is a focal pathological
dilation of the aorta associated with substantial morbidity and
mortality due to the potentially fatal consequence of aortic
rupture (1). AAA incidence has been observed to decline in
some European populations (2), possibly due to benefits of
screening programs (3, 4) or changes in population trends
of cardiovascular risk factors. However, AAA mortality has
not declined globally (5). Pathological mechanisms driving the
formation of AAA include inflammation, smooth muscle cell
(SMC) apoptosis, neovascularization, and extracellular matrix
(ECM) degradation (1), which contribute to vascular remodeling
and weakening of the aortic wall. The current clinical approach
to treatment includes open or endovascular surgical repair
when the aortic diameter has attained sufficient expansion
linked to a high probability of rupture, and no validated
pharmacological therapy against AAA exists (6, 7). Most AAAs
of lesser diameter continue to grow and will eventually require
surgical repair, highlighting a need to improve the knowledge
of the mechanisms involved in development and progression of
aortic aneurysms.

We have previously shown that microfibrillar-associated
protein 4 (MFAP4) is an ECM protein with relatively high
expression in the heart and arteries and that systemic MFAP4
levels vary with cardiovascular disease (8, 9) as well as fibrotic
disease (10-12). We have demonstrated that MFAP4 binds
specifically to the ECM fibrils, fibrillin, elastin, and collagen (13)
and that it can activate various cells through RGD-dependent
integrin ligation and downstream focal adhesion kinase (FAK)-
dependent signaling (14). Unchallenged MFAP4-deficient
mice exhibit mild pulmonary airspace enlargement (15)
but otherwise appear healthy. However, when subjected to
carotid artery ligation, Mfap4-deficient mice show delayed
neointimal formation as well as reduced proliferation,
apoptosis and inflammatory infiltration within the arterial
wall (16).

Based on these observations, we hypothesized that
MFAP4 might aggravate AAA formation and progression.
We used a murine model of AAA development based on
angiotensin II (Ang II) infusion in double apolipoprotein E-
and Mfap4-deficient (ApoE~/~Mfap4~/~) mice and control
apolipoprotein E-deficient (ApoE~/~) littermates as well as cell

aneurysm, extracellular matrix, inflammation, macrophage, matrix

culture studies to establish a mechanistic role of MFAP4 in
AAA pathophysiology.

MATERIALS AND METHODS

Additional details on the methods are provided in the
Supplementary Material.

Experimental Animals

Mfap4-deficient (Mfap4~/~) mice were generated in-house as
previously described (16) and crossbred with C57BL/6N mice
(Charles River Laboratories International) for >10 generations
before they were used for experiments.

ApoE-deficient (B6.129P2-Apoe™Un¢/], stock nr 002052,
ApoE’/ ~) mice were obtained from Jackson Laboratory and
back-crossed to the C57BL/6N background. ApoE~/~ mice and
double ApoE- and Mfap4-deficient (ApoE~/~Mfap4=/~)
littermate mice were produced by ApoE~/~Mfap4T/~
breeding pairs.

The mice were housed in separate single cages during
the course of the experiment. All animal experiments were
approved by the National Animal Experiments Inspectorate of
Denmark (permit numbers 2012-15-2934-00047 and 2015-15-
0201-00474).

Induction of AAA

Experimental AAAs were induced using a continuous infusion
of Ang II as described previously (17). This model shows a
strong male gender preference, recapitulating the much higher
incidence of human AAA in men than in women (18). Therefore,
this study only included male mice in accordance with the
guidelines described in the ATVB Council Statement (19). Male
ApoE~/~Mfap4~/~ and littermate ApoE~/~ control mice were
fed western diet 1 week before surgery and throughout the
experiment. At the age of 10-12 weeks, subcutaneous osmotic
minipumps (Alzet® Model 2004, DURECT™ Corporation,
Cupertino, CA, USA) were installed via a mid-scapular
incision under mild anesthesia (2% isoflurane, IsoFlo® vet,
Orion Pharma, Niva, Denmark) supplemented with analgesia
(subcutaneous injection of 5g/g carprofen, Rimadyl, Pfizer,
Ballerup, Denmark). Adequacy of anesthesia was monitored
throughout the procedure by the toe pinch reflex.

The pumps delivered saline or Ang II (Calbiochem,
Merck Millipore, Darmstadt, Germany) at 1,000 ng/kg/min
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for 9, 21, and 28 days. The body weight and overall well-
being were regularly monitored for all mice throughout the
treatment period.

Mice were euthanized by CO,/O, asphyxiation. Abdominal
aortic tissue and/or serum was sampled and snap-frozen 9 days
after surgery. Aortic diameter (AD) was measured 28 days after
surgery. AAA severity was scored as previously described (20).
The cardiovascular system was perfused with sterile PBS and
the hearts were dissected, rinsed with sterile PBS and weighed.
The aortas were carefully isolated from the heart to the iliac
bifurcation, cleaned from fat and connective tissue, weighed,
mounted on black wax and measured. The parts of the aortas
with a maximum diameter were subsequently fixed in 4% (v/w)
formaldehyde for 24 h, rinsed in PBS and paraffin-embedded.

Aortic Diameter Measurements

Maximal AAA diameter in dissected aortas from ApoE~/~ and
ApoE~/~ Mfap4~/~ mice was measured using a 5 mm measuring
scale (Ted Pella, Inc., Redding, CA, USA) and a Canon EOS 6D
camera. The measurements were performed in affected regions
using Adobe® Photoshop® CC2018 (San Jose, CA, USA) in
a blinded manner by two independent investigators. AAA was
defined as a diameter increase >50% compared to the average
aortic diameter of saline-infused mice.

RNA in situ Hybridization

In situ hybridization was performed using a modified version
of the RNAScope 2.5 high-definition procedure (Advanced
Cell Diagnostics, Newark, CA, USA). Mouse aortic tissues
were hybridized with 20 probe pairs (421391, Advanced
Cell Diagnostics) targeting nucleotides 98-1231 of mouse
Mfap4 mRNA (accession number NM_029568.2) followed by
branched DNA signal amplification and tyramide enhancement
visualized with Liquid Permanent Red (Agilent). The sections
were subsequently immunostained with anti-a-smooth muscle
actin (a-SMA) antibodies (Agilent) detected with anti-mouse
BrightVision horseradish peroxidase (ImmunoLogic, Duiven, the
Netherlands) and visualized with Deep Space Black (Blocare
Medical, Pacheco, CA, USA).

Immunohistochemistry

Four pm-thick serial sections were stained with hematoxylin
and eosin (H&E), Verhoeff-Van Gieson, Picrosirius red and for:
a-SMA, cleaved caspase-3, CD45, F4/80, Ki67, MMP-9, MMP-
2, CD31, CD11b, phosphorylated (p)FAK, pSMAD2, pSMAD3,
and MFAP4 (Supplementary Table 1). All immunostainings
were counter-stained with hematoxylin. The stainings were
performed on a Dako Autostainer Universal Staining System
(Dako, Denmark A/S, Glostrup, Denmark). Stained sections
were scanned at 20x magnification using NanoZoomer-XR
(Hamamatsu Photonics, Hamamatsu, Japan).

Morphometric Analysis
The scanned images were analyzed in a blinded manner using
Adobe Photoshop or Image].

Ki67-positive nuclei, CD31-positive microvessels, and MMP-
9-positive cells were quantified as cells per section. Collagen,

a-SMA, cleaved caspase-3, CD45, F4/80, CD11b, MFAP4, MMP-
2, pPSMAD2, pSMAD3, and pFAK stainings were quantified as
staining-positive area using automated color threshold analysis.
Elastic fiber degradation was assessed as a percentage of destroyed
Verhoeft van Gieson-positive tissue area. Briefly, the damaged
regions showing degradation of proper elastic lamellar structure
were delineated and presented as a fraction of a total intima-
media area. All analyses were performed in a blinded manner.
Representative images of isotype control stainings are shown in
Supplementary Figure 1. Representative images of entire aortic
sections are shown in Supplementary Figure 2.

Immunofluorescence

Four pm-thick serial sections were deparaffinized, subjected
to antigen retrieval with citrate buffer (pH 6.0), blocked with
3% BSA and subsequently double-stained for Ki-67 and CD45
or Ki-67 and a-SMA (Supplementary Table 1). The sections
were counterstained with DAPI and mounted using Fluorescent
Mounting Medium (Dako). Fluorescent images were visualized
and acquired using Olympus BX63 microscope (Olympus) and
X-cite 120LED (Lumen Dynamics) with an Olympus DP80
camera and analyzed using Image].

Measurement of Serum MFAP4

Serum levels of mouse MFAP4 were measured using a modified
AlphaLISA immunoassay (Perkin Elmer, Waltham, MA, USA)
as described previously (8). The two utilized anti-MFAP4
monoclonal antibodies (HG-HYB 7-14 and HG-HYB 7-18) had
been raised against human recombinant MFAP4 and cross-react
with the murine MFAP4 homolog due to very high sequence
similarity. Data are presented as U/ml. When measured in
human serum, 1 U/ml of MFAP4 corresponds to a concentration
of 38 ng/ml.

THP-1 Cell Culture and Stimulation

THP-1 human monocyte leukemia cell line (ATCC) was grown in
RPMI-1640 medium (Gibco, TermoFisher) supplemented with
10% FBS (Sigma-Aldrich), 5,000 U/ml penicillin, 5,000 pg/ml
streptomycin, and 200 mM L-glutamine (all from Gibco) at 37°C
and 5% CO; humidity. The cells were subcultured every second-
third day.

MaxiSorp 96-well plates were coated overnight at 4°C with
human serum albumin (HSA) or immobilized MFAP4 (both
10 pug/ml). The cells seeded (40.000 cells/well) and differentiated
with 5nM phorbol 12-myristate 13-acetate (PMA; Sigma)
for 48h, equilibrated with complete medium for 24h, and
serum-starved for 48h. The cells were then stimulated with
20 ng/ml TNF (R&D Systems) for 48 h. Zymography on culture
supernatants was performed essentially as described above.
Cell proliferation rate was assessed using WST-1 assay (Sigma)
according to the manufacturer’s instructions. Cell viability
was assessed by CytoTox-ONE™ Homogeneous Membrane
Integrity Assay (Promega) according to the manufacturer’s
instructions. The zymography results were normalized to the cell
proliferation index.
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SMC Culture and Stimulation
Fetal human primary aortic SMCs (Cell Applications) were
grown in Smooth Muscle Cell Growth Medium (Cell
Applications) supplemented with 5,000 U/ml penicillin and
5,000 pug/ml streptomycin. Cells from passages 3—10 were used.
The cells were seeded at HSA- and MFAP4-coated plates
essentially as described above (16.800 cells/well), starved
overnight in Smooth Muscle Cell Basal Medium (Cell
Applications) and stimulated with indicated concentrations
of TNF or Ang II for 24 h. Zymography on culture supernatants
was performed essentially as described above.

Human Monocyte Isolation

Human peripheral blood mononuclear cells were isolated from
buffy coats obtained from the local blood bank (permit nr
DP086) using Ficoll-Paque Plus density gradient centrifugation
(GE Healthcare). Briefly, the samples were layered over 15 ml
of Ficoll and centrifuged brake-free for 25min at 800g at
room temperature. The interface was removed and washed twice
with PBS containing 2% FBS and 1 mM EDTA. The cells were

resuspended in PBS containing 2% FBS and 1 mM EDTA. The
monocytes were enriched using the EasySep™ Human CD14
Positive Selection Kit (Stemcell Technologies) according to the
manufacturer’s instructions. The purity of isolated monocytes
was tested by flow cytometry immediately after isolation by
staining with anti-CD14-FITC antibody (BD Biosciences) and
was >97% in all experiments.

Monocyte Migration Assay

The lower sides of the Transwell inserts with 5.0 wm pores
(Corning) were coated with 10 jLg/cm? MFAP4 or HSA overnight
at 4°C, washed with PBS, blocked with 10 mg/ml HSA for 1h
at room temperature and washed again. The monocytes were
seeded in the upper chamber (100.000 cells/insert) in serum-free
RPMI medium containing 0.5% FBS. In some experiments, the
cells were pre-incubated with anti-integrin ayf3, anti-integrin
ayPs (both from Merck Millipore), or isotype control antibody
(Thermo Fisher) for 30 min at room temperature before seeding.
The lower chamber contained serum-free RPMI medium with
0.5% FBS + 100ng/ml human recombinant CCL-2 (R&D
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FIGURE 1 | MFAP4 expression in normal aorta and AAA tissue. (A,B) Quantitative real-time PCR analysis of (A) Mfap4 and (B) Col7a’ mRNA transcripts in
C57BL/6N mouse tissues (n = 7). Expression levels are normalized against eukaryotic 18S rRNA and presented as means + SEM. (C,D) Representative images of
(C) MFAP4 immunohistochemical staining (IHC) and (D) Mfap4 in situ hybridization staining (ISH) in abdominal aortic sections in saline-infused and Ang ll-infused
APOE~/~ (Mfap4™/*) mice. Black arrows indicate examples of positive cells. n = 5-13. Scale bar = 50 um. (E) Semi-quantitation of MFAP4 IHC staining intensity in
the aortas of saline- and Ang ll-infused ApoE~/~ mice. (F) MFAP4 concentration in serum from saline- and Ang ll-infused ApoE ~/~ mice. Data are analyzed with
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Systems). The cells were allowed to migrate for 3 h, after which
the upper sides of the filters were washed with PBS and swiped
with a cotton swab to remove any non-migrated cells. The lower
sides of the filters were then stained with Hemacolor (Sigma)
and divided into four fields. The migrated cells in each field were
counted in a blinded manner by two independent investigators.

Statistical Analysis

The normality of data was assessed using Shapiro-Wilk test.
Levene’s test was used to assess equality of variances. Non-
normally distributed data were analyzed using Mann-Whitney

were performed using Fisher’s exact test. Data are presented
as means + SEM unless otherwise stated. Significance was
accepted if p < 0.05. All statistical analyses were performed using
GraphPad Prism (GraphPad.com).

RESULTS

MFAP4 Expression in Normal Aorta and
AAA

Initially, we performed RT-qPCR analysis to assess the relative
Mfap4 mRNA levels in the aorta as well as 19 additional tissues

U-test. Normally distributed data were analyzed using one-way

from wild-type C57BL/6N mice. The relative expression levels of
ANOVA or Student’s t-test. Comparisons of aneurysm incidence

Mfap4 were highest in the lung and arteries (Figure 1A). MFAP4
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FIGURE 2 | Mfap4 deficiency attenuates Ang ll-induced AAA development. (A,B) Representative photographs of dissected aortic segments from the aortic arch to
the iliac bifurcation from (A) AboE~/~ (Mfap4/+) and (B) ApoE~/~Mfap4~/~ (Mfap4~/~) mice infused with saline (left panels) or Ang Il (right panels) for 28 days. (C)
AAA incidence. n = 15 (Mfap4*/*+ Ang Il), 26 (Mfap4~/~ Ang ll). (D) Quantification of maximal AAA diameter. n = 6-8 (saline), 15-26 (Ang ll). (E) AAA severity scoring.
n = 14 (Mfap4*/+ Ang l), 25 (Mfap4=/= Ang ll). (F) Quantification of dissected aorta weight. n = 4-6 (saline), 9-12 (Ang Il). (G) Quantification of luminal AAA volume
assessed by micro-CT. n = 4 (Mfap4+/+ Ang Il), 14 (Mfap4—/= Ang ll). (H) Representative micro-CT images of the vascular luminal volume spanning a distance of 4
vertebrae after 28 days of Ang Il infusion. Purple color demarks the investigated region of interest. The arrow indicates an aortic AAA. (I) Survival analysis. *p < 0.05,
**p < 0.01, analyzed with Fisher’s exact test (C) or Mann-Whitney U-test (D-F).
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is an ECM molecule with the capacity to bind various ECM fibers
including collagen (21). In line with this, the tissue expression
profile of type I collagen (Collal) mRNA resembled the Mfap4
expression profile (Figure 1B).

In agreement with previous observations (16), MFAP4
was predominantly localized to the arterial elastic fibers by
immunohistochemistry, and this localization was unaltered after
28 days of Ang II infusion (Figure 1C). To identify Mfap4-
expressing cells, we performed in situ hybridization staining for
Mfap4 transcript that revealed that Mfap4 mRNA is expressed
in adventitial cells (presumably adventitial fibroblasts) and
medial SMCs and that it is upregulated upon AAA infusion
(Figure 1D and Supplementary Figure 3). Ang II-induced AAA
development did not significantly impact MFAP4 deposition
within the aortic ECM (Figure 1E) or circulating serum MFAP4
levels (Figure 1F).

Mfap4 Deficiency Does Not Affect HR,
MAP, and Heart Weight Development After

Ang Il Infusion

Following, we assessed the changes in basic physiological
parameters after Ang II infusion. We have previously reported
that MAP is not affected by Mfap4 ablation in unchallenged mice
when measured over periods of minutes-to-hours 5 days after
placing indwelling catheters (16). In the present study, HR and
MAP were measured continuously for 7 days using indwelling
catheters in conscious ApoE~/~ and ApoE~/~Mfap4~/~ mice
infused with Ang II. A significantly increased HR and a tendency
for increased MAP was observed in the active night period (6 p.m.
to 6a.m.) compared to the day period (6 a.m. to 6 p.m.) for both
ApoE~/~ and ApoE~/~Mfap4~/~ mice after Ang II treatment.
However, we did not observe any significant differences
in either HR or MAP between Ang Il-infused ApoE~/~
and ApoE~/~Mfap4~/~ mice (Supplementary Figures 4A,B).
Likewise, heart weight and heart-to-body weight ratio were
significantly increased after Ang II infusion but not influenced
by Mfap4 genotype (Supplementary Figures 4C,D).

Mfap4 Deficiency Attenuates Ang

ll-Induced AAA Development

We next asked whether MFAP4 plays a role in the development
of Ang II-induced AAA. As expected, none of the saline-
infused mice developed AAAs. In contrast, 28 day-long Ang II
infusion caused suprarenal AAA development, with ApoE~/~
Mfap4~/~ mice showing a significantly lower incidence rate
(62%) compared to 93% incidence rate in ApoE~/~ mice
(Figures 2A-C). Moreover, Ang Il-infused ApoE~/~Mfap4=/~
mice exhibited significantly lower maximal outer AAA diameter
compared to ApoE~/~ mice (Figure 2D) as well as ameliorated
AAA severity (Figure 2E). The dissected aorta weight was
significantly reduced from 7.4 £ 3.0mg in Ang II-treated
ApoE~/~ mice to 0.4 4+ 0.3mg in ApoE~/~Mfap4~/~ mice
(Figure 2F). A similar trend was observed in the vascular
luminal volume between ApoE~/~ and ApoE~/~ Mfap4~/~ mice
when measured over a distance of four specific vertebrae using
micro-CT in a limited number of samples (Figures2G,H).

On the other hand, there was no significant difference
in survival (caused by early aneurysm rupture) between
ApoE~/~ and ApoE~/~ Mfap4~/~ mice (Figure 21I). In addition,
no effect of Ang II infusion or MFAP4 deficiency was
observed on serum total cholesterol or triglyceride levels
(Supplementary Figure 5).

Mfap4 Deficiency Reduces Macrophage
Infiltration, MMP Activity, and FAK

Activation in Ang llI-Induced AAAs

Following, we evaluated the MFAP4-dependent changes in
the inflammatory responses within the aortic wall. Ang II-
induced inflammatory infiltration, quantified as the CD45-
positive area, was significantly attenuated within the aortas
of ApoE~/~Mfap4~/~ mice compared to ApoE~/~ littermates
(Figures 3A,B). Moreover, Ang II-infused ApoEf/*Mfapéf/*
mice showed a potent reduction in CD11b-positive area
in the aortas of Ang Il-infused ApoE~/~Mfap4~/~ mice
compared to ApoE~/~ littermates (Figures 3C,D), suggesting
monocytes/macrophages to be the affected leukocyte type. We
confirmed this by staining for another macrophage marker
F4/80, which yielded comparable results (data not shown).
Furthermore, CD11b-positive area analyzed exclusively within
the adventitial layer was also significantly lowered in Ang
Il-infused ApoE~/~Mfap4~/~ mice compared to ApoE~/~
littermates (Supplementary Figure 6).

We further analyzed aortic tissue lysates (collected at day 9) by
zymography to investigate MMP activity in Ang II-infused mice
(Figure 3E). We observed a significant decrease in both MMP-2
(Figure 3F) and MMP-9 (Figure 3G) activity in Ang II-infused
ApoE~/~Mfap4~/~ mice compared to ApoE~/~ littermates.
To confirm that, we analyzed MMP protein expression in
aortic sections and found that both MMP-2 and MMP-9
expression, localized predominantly in the adventitial layer, were
significantly decreased in Ang Il-infused ApoE~/~Mfap4~—/~
mice compared to ApoE~/~ littermates (Figures 3H-K). These
results suggest that MFAP4 promotes inflammatory responses in
macrophages during AAA development.

As integrin receptors serve as main MFAP4 cellular ligands,
we stained AAA sections for pFAK as a proxy for activation
of integrin signaling pathways. We observed that total pFAK-
positive adventitial area as well as pFAK-positive area normalized
to adventitial area were significantly reduced in Ang II-infused
ApoE~/~Mfap4~/~ mice compared to ApoE~/~ littermates
(Figures 3L,M and not shown).

Mfap4 Deficiency Reduces Cellular
Proliferation, Apoptosis, and Microvessel
Number in Ang ll-Induced AAAs

Medial a-SMA-positive area remained unchanged between
Ang Il-infused ApoE~/~ and ApoE~/~Mfap4~/~ mice
(Figures 4A,B).

We then investigated the degree of cellular apoptosis
and proliferation within the vessel wall. Ang II infusion
resulted in an overall increase in both cleaved caspase
3-positive area and Ki-67 positive cell number. Apart
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FIGURE 3 | Mfap4 deficiency reduces macrophage infiltration, MMP activity, and FAK activation in Ang Il-induced AAAs. (A-D) Morphometric analysis of (A,B) CD45
and (C,D) CD11b stainings of aortic sections of ApoE~/~ (Mfap4™/+) and ApoE~/~Mfap4~/~ (Mfap4~/~) mice after 28 days of Ang Il infusion. n = 6-8 (saline), 14-24
(Continued)
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FIGURE 3 | (Ang Il). (E-G) Representative MMP zymogram (E) of aortic lysates from saline- and Ang ll-infused mice after 9 days with corresponding densitometric
quantification of (F) MMP-9 and (G) MMP-2 activity. n = 3-7. (H=M) Morphometric analysis of (H,l) MMP-9, (J,K) MMP-2, and (L,M) phosphorylated FAK (pFAK)
stainings of aortic sections of ApoE~/~ (Mfap4*/+) and ApoE~/~Mfap4~/~ (Mfap4—/~) mice after 28 days of Ang Il infusion. Black arrows indicate examples of
positive cells. Black lines delineate borders between intimal, medial and adventitial layers. n = 6-8 (saline), 12-26 (Ang Il). Representative pictures are shown. Scale
bar = 250 pm/50 um (A,H,J), 100 um/25 um (B,L). *p < 0.05, “*p < 0.01, **p < 0.001, analyzed with Mann-Whitney U-test.

from few isolated cells found throughout the tissue,
the majority of cleaved caspase 3-positive staining was
localized within the media at the sites of SMC degeneration.
Ang II-induced apoptosis was significantly attenuated in
ApoE~/~Mfap4~/~ mice compared to ApoE~/~ littermates
(Figures 4C,D).

On the other hand, Ki-67-positive cells were found
throughout the vessel wall but predominantly in the adventitial
layer. Ki-67 positive cell number was significantly reduced
in Ang [Il-infused ApoE~/~Mfap4~/~ mice compared
to ApoE~/~ littermates (Figures4E,F). Moreover, double
immunofluorescent staining revealed that while single SMA-
positive medial SMCs stained positive for Ki-67 (Figure 4G),
the vast majority of Ki67-positive cells were CD45-positive
infiltrating leukocytes (Figure 4H).

CD31-positive microvessels were essentially undetectable in
aortic tissues from control mice, while numerous capillary vessels
were observed in Ang Il-infused aortas after 28 days. Ang II-
infused ApoE~/~Mfap4~/~ mice exhibited a 78% reduction in
the observed number of microvessels compared to ApoE~/~ mice
(Supplementary Figure 7).

Mfap4 Deficiency Limits Elastic Membrane
Disruption as Well as Collagen Deposition
and Associated Fibrotic Signaling in Ang
lI-iInduced AAAs

Ang IT infusion resulted in elastic membrane disruption that was
significantly attenuated in ApoE~/~ Mfap4~/~ mice compared to
ApoE~/~ littermates (Figures 5A,B).

We also analyzed AAA-linked fibrotic changes within the
vessel wall. Ang II treatment induced adventitial collagen
deposition that was significantly decreased in Ang II-
infused ApoE~/~Mfap4~/~ mice compared to ApoE~/~
littermates  (Figures 5C,D). To investigate the related
mechanisms, we stained AAA sections for pSMAD2 and
PSMAD3, key mediators of pro-fibrotic TGF-p signaling.
While the medial pSMAD-positive area was modestly
influenced by MFAP4 genotype (Supplementary Figure 8),
both the pSMAD2- and pSMAD3-positive area in
the adventitia were highly reduced in Ang II-infused
ApoE~/~Mfap4~/~ mice compared to ApoE~/~ littermates
(Figures 5E-H), showing that activation of TGF-f-
dependent downstream signaling is significantly attenuated
by MFAP4 deficiency.

MFAP4 Promotes Monocyte Chemotaxis

To confirm our in vivo findings and better understand the
molecular mechanisms behind MFAP4-mediated regulation of

inflammatory infiltration, we evaluated the role of MFAP4
in chemotaxis of blood monocytes. We observed that
MFAP4 alone was able to stimulate directional monocyte
migration and that this increase could be inhibited by blocking
integrin ayPs but not integrin ayPs (Figures 6A,B). We
observed a similar tendency for monocyte chemotaxis toward
CCL-2, although it did not reach statistical significance
(Figures 6A,B).

MFAP4 Stimulation Induces MMP-9

Activity in Macrophage-Like Cells in vitro
Finally, we investigated if MFAP4 has a direct effect on
MMP production in SMCs and macrophage-like cells.
We stimulated fetal aortic SMCs and PMA-differentiated
THP-1 cells with immobilized MFAP4 with or without
TNF co-stimulation. MMP-2 activity in fetal aortic SMCs
was independent of MFAP4 regardless of TNF or Ang II
stimulation  (Supplementary Figure 9A).  Conversely, we
observed that while TNF stimulation resulted in an overall
increase in MMP-9 activity in PMA-differentiated THP-1
cells, co-stimulation with MFAP4 significantly potentiated
MMP-9 activity when compared to TNF stimulation alone
(Figure 6C). THP-1 cell proliferation or viability after TNF
stimulation were not significantly influenced by MFAP4
(Supplementary Figures 9B,C).

DISCUSSION

In the present study, we evaluated the role of MFAP4
in AAA pathology in mice. We showed that MFAP4 is
abundantly expressed in the arteries and that its mRNA
expression is upregulated after Ang II infusion. Furthermore,
we demonstrated that Ang II-induced AAA formation is
attenuated in Mfap4-deficient mice due to reduced macrophage
infiltration, MMP activity, integrin signaling and vascular
remodeling. We also showed that MFAP4 directly induces
monocyte migration and MMP-9 activity. Thus, MFAP4
contributes to the weakening of the aortic wall and aggravates
vascular pathology in an Ang II-driven model of AAA
(Figure 7).

MFAP4 is a structural and functional component of elastic
fibers throughout the body, abundantly present within the
vascular ECM. Such expression pattern sets MFAP4 apart
from the “matricellular” proteins, described to be non-
structural, cell-activating ECM proteins that are virtually
absent during homeostasis but show a dynamic upregulation
during vascular pathogenesis (22). The present study supports
a permissive role for MFAP4 in the induction of pathological
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vascular remodeling, previously established for outward
arterial remodeling in neointima formation (16). The eliciting
factors in MFAP4-mediated AAA progression may be the
disease-related upregulation of integrin expression as well as
concomitant growth factor signaling, known to potentiate

the integrin-dependent cellular responses (23). Indeed, RGD-
dependent integrin expression is induced and correlates to
the degree of vascular inflammation in the Ang II-induced
AAA model (24), suggesting it to be a primary driver of
MFAP4-mediated effects.
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FIGURE 6 | MFAP4 induces monocyte migration and MMP-9 activity in macrophage-like cells in vitro. (A) MFAP4 acts as a haptoattractant for human blood
monocytes. (B) MFAP4-dependent monocyte directional migration can be inhibited by anti-integrin ayfs antibody. (C) MFAP4 stimulation potentiates TNF-induced
MMP-9 activity in differentiated THP-1 macrophage-like cells. n = 4-6 independent experiments. *p < 0.05, *p < 0.01, analyzed with paired t-test and repeated
measures ANOVA followed by Bonferroni’s test.

deposition have not been investigated in detail. By using in
situ hybridization, we showed that MFAP4 transcript expression
localized predominantly to adventitial cells (possibly fibroblasts)
and to a lesser extent also to medial cells (vascular SMCs). Our
findings are in line with recent single cell RNAseq data, where
MFAP4 was found to be expressed mainly in various fibroblast
subpopulations and only to a minor degree by mural cells such
as vascular SMCs and pericytes (25, 26). Further investigations
are needed to confirm the expression of MFAP4 in adventitial
fibroblasts and identify the specific fibroblast subset responsible
MFAP4 WT MFAP4 KO for MFAP4 upregulation in AAA.

The hallmark pathology of AAA is the destruction of
elastic lamellae within the aortic media, associated with vessel
expansion. While multiple MMPs have been reported as
necessary in this aspect of AAA formation, MMP-2 and MMP-9
play a particularly important role (17), and the absence of
either MMP-2 and MMP-9 is associated with lower incidence
of experimental AAAs (27). In the present study, we showed
that MFAP4 deficiency significantly decreased both MMP-2
and MMP-9 expression and activity. These MFAP4-dependent
differences appeared to be of sufficient magnitude to infer
significant changes in elastin integrity.

The cellular sources of MMPs include mesenchymal cells
as well as macrophages and other leukocytes, with MMP-2
and MMP-9 predominantly derived from vascular SMCs and
macrophages, respectively (28-30). Importantly, integrin oy f3
has been reported to promote cellular production of MMPs (31).
We found that MFAP4 effectively stimulated MMP-9 activity in
differentiated THP-1 cells in vitro. Conversely, vascular SMC
production of MMP-2 seemed to be independent of MFAP4.
While the observed effects might be cell type-specific and depend
FIGURE 7 | MFAP4 deficiency protects against Ang ll-induced AAA pathology. e.g, on integrin abundance and activation status, they imply
Overview of the identified actions of MFAP4 in Ang Il-induced AAA. an essential role for MFAP4 in driving MMP-9 production
in macrophages.

MFAP4 engagement in MMP synthesis has previously been
reported in human skin, where MFAP4 appeared to protect

MFAP4 has previously been localized to the vessel wall, but ~ collagen integrity by reducing MMP-12 activity after UV
the exact aortic cell types responsible for its production and  light exposure (32). Moreover, MFAP4 is known to accelerate
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tropoelastin assembly into elastic fibers (13), and Mfap4-deficient
mice develop a mild age-induced airspace enlargement linked
to loss of alveolar surface (15), both indicating that MFAP4
contributes to ECM stability. These previous observations
suggest that the role of MFAP4 may change from maintenance
of proper tissue architecture during normal homeostatic
conditions toward promotion of inflammation and remodeling
in pathological settings.

Monocytes and macrophages play a critical role in vascular
injury. Macrophages, arising mainly from circulating monocytes,
constitute a major inflammatory cell type within AAA lesions
(33). Monocyte adhesion, migration, and MMP-9 production are
all increased in AAA patients and lead to aneurysm expansion
(34). Here we demonstrated that Ang II-driven macrophage
recruitment was significantly limited in Mfap4-deficient mice
and that MFAP4 directly promoted haptotactic migration of
monocytes via integrin ayfs ligation. In line with that, integrin
ayvpPs blockade has been previously reported to attenuate
monocyte/macrophage infiltration both in vitro and within
the vessel wall (35, 36). Further supporting our observations,
the crucial mediator of integrin signaling FAK has been
shown to stimulate macrophage motility and MMP synthesis
in experimental AAA. Importantly, activated FAK has been
localized predominantly to adventitial macrophages and only
rarely to medial SMCs (37). In agreement with that, we found that
MFAP4 promotes FAK activation specifically in the adventitia.
Taken together, these findings strongly suggest that MFAP4-
integrin interaction and subsequent downstream FAK signaling
promote monocyte/macrophage recruitment and activation.

Circulatory MFAP4 has been previously associated with
fibrotic deposition and cirrhosis in hepatitis C as well as
other conditions leading to fibrogenesis of the liver (10, 11).
Moreover, direct induction of collagen synthesis in white blood
cells after treatment with MFAP4 has been demonstrated (38).
Together, these observations imply that MFAP4 may directly
affect collagen synthesis. In agreement with that, we observed
the MFAP4-dependent increase in adventitial pSMAD staining in
Ang IT-induced AAA. Phosphorylation of SMAD2 and SMAD3
is a key step in pro-fibrotic signaling leading to collagen
deposition (39). Indeed, MFAP4 deficiency has been shown to
attenuate kidney and cardiac fibrosis (40, 41), further underlining
MFAP4 involvement in fibrotic tissue remodeling. Importantly,
upregulation of pSMADs and other crucial components of the
TGF-f signaling pathway has been reported in AAA patient
samples (42). As TGF-f signaling is mostly suggested to exert
a protective role in AAA pathology (43), this dysregulated,
exaggerated response might be a compensatory mechanism to the
pathological changes happening in the aortic wall.

MFAP4 is a ligand for integrins ayPs and ayfs, known
inducers of neovascularization (44). Angiogenesis has been
associated with the risk of AAA rupture and complications (45)
and is suggested to result mainly from the growth factor signaling
inferred by inflammatory cells accumulating within the vessel
wall (46). Therefore, the observed reduction of aortic microvessel
number in Mfap4-deficient animals was expected. However, we
did not further investigate the mechanistic role of MFAP4 in
angiogenesis in this study.

Several studies have supported that clinical MFAP4 levels may
be influenced by the presence of vascular aneurysms. However,
the pattern of MFAP4 regulation has shown inconsistency
(47-49), and a role of MFAP4 in clinical AAA remains
unknown. We have recently shown that high plasma MFAP4 is
associated with reduced risk of undergoing later surgical repair
in AAA (50); however, this observation needs validation in an
independent cohort.

An imbalance of the renin-angiotensin system has been
associated with the pathogenesis of AAA (51), and Ang
Il-induced AAA formation in ApoE~/~ mice shares many
characteristic features of the human disease, including
chemokine  generation, macrophage infiltration, and
neovascularization (18). However, weaknesses of our study
include that we only used a single model of AAA formation
and thus cannot rule out whether the observed MFAP4-
mediated effects are exclusively dependent on Ang II treatment.
Particularly, Ang II infusion also results in development of
atherosclerosis, and the importance of MFAP4 in atherosclerosis-
independent AAA model remains to be investigated. On the
other hand, as significant atherosclerotic lesions are first
observed beyond 28 days of Ang II treatment (52), and the
AAA lesions can be induced (although with lowered incidence)
also in normolipidemic mice (53), it seems that atherosclerosis
might develop independently of AAA. Also, we have not
addressed if MFAP4, apart from its direct haptotactic effects, can
promote monocyte migration indirectly through upregulation of
chemokine expression or integrin receptor availability. Finally,
we did not investigate thrombus formation and biomechanical
properties, which also contribute to AAA formation (54) and
could be affected by the observed Mfap4-deficient phenotype.

In conclusion, our study provides evidence that MFAP4
deficiency alleviates macrophage accumulation and MMP
production, leading to attenuated AAA formation. Even though
contemporary interventions have considerably reduced the
mortality of AAA (55, 56), the remaining high mortality rate
warrants the search for new pharmacological approaches against
AAA progression. Our findings strongly indicate that MFAP4
aggravates vascular inflammation and remodeling, suggesting
that MFAP4 targeting may be a novel potential therapeutic
avenue for vascular inflammatory diseases.
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Criteria to Diagnose Lower Extremity
Peripheral Artery Disease

Olivier Stivalet’, Anita Paisant?, Dihia Belabbas?, Alexis Le Faucheur?,
Philippe Landreau’, Estelle Le Pabic*, Loukman Omarjee "* and Guillaume Mahé "346*

" Vascular Medicine Unit, CHU Rennes, Rennes, France, 2 Radiology Department, CHU Rennes, Rennes, France, ¢ University
of Rennes 2, M2S-EA 7470, Rennes, France, * Institut National de la Santé Et de la Recherche Médicale (INSERM), CIC1414,
Rennes, France, ° Vascular Medicine, Centre Hospitalier de Redon, Redon, France, ° University of Rennes 1, Rennes, France

Objectives: Nothing is known about the interest of the combination of exercise tests
to diagnose Lower-extremity Peripheral Artery Disease (LEPAD). The aim of this study
was to assess if combining exercise testing criteria [post-exercise Ankle-Brachial Index
(ABI) + exercise-oximetry (exercise-TcPO2)] improves the detection of lower limbs arterial
stenoses as compared with post-exercise ABI using American Heart Association (AHA)
criteria, or exercise-TcPO2 alone.

Material and Methods: In a prospective monocentric study, consecutive patients with
exertional-limb pain and normal resting-ABI referred to our vascular center (Rennes,
France) were assessed from May 2016 to February 2018. All included patients had
a computed tomography angiography (CTA), a resting-ABI, a post-exercise ABI and
an exercise-TcPO2. AHA post-exercise criteria, new validated post-exercise criteria
(post-exercise ABI decrease >18.5%, post-exercise ABI decrease <0.90), and Delta
from Rest of Oxygen Pressure (Total-DROP) <-15mmHg (criterion for exercise-TcPO2)
were used to diagnose arterial stenoses >50%. For the different combinations of
exercise testing criteria, sensitivity or specificity or accuracies were compared with
McNemar’s test.

Results: Fifty-six patients (mean age 62 + 11 years old and 84% men) were included.
The sensitivity of the combination of exercise testing criteria (post-exercise ABI decrease
>18.5%, or post-exercise ABI decrease <0.90 or a Total-DROP <-15mmHg) was
significantly higher (sensitivity = 81% [95% CI, 71-92]) than using only one exercise
test (post-exercise AHA criteria (sensitivity = 57% [43-70]) or exercise-TcPO2 alone
(sensitivity = 59% [45-72]).

Conclusions: Combination of post-exercise ABI with Exercise-TcPO2 criteria shows
better sensitivity to diagnose arterial stenoses compared with the AHA post-exercise
criteria alone or Exercise-TcPO2 criteria used alone. A trend of a better accuracy of
this combined strategy was observed but an external validation should be performed
to confirm this diagnostic strategy.

Keywords: peripheral artery disease (PAD), exercise test, ankle brachial index (ABI), transcutaneous oxygen
pressure (TcP02), claudication

Frontiers in Cardiovascular Medicine | www.frontiersin.org 63

November 2021 | Volume 8 | Article 759666


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.759666
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.759666&domain=pdf&date_stamp=2021-11-17
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:maheguillaume@yahoo.fr
https://doi.org/10.3389/fcvm.2021.759666
https://www.frontiersin.org/articles/10.3389/fcvm.2021.759666/full

Stivalet et al.

Exercise Tests and PAD

INTRODUCTION

Lower Extremity Peripheral Artery Disease (LEPAD) affects more
than 235 million people worldwide (1). The ankle-brachial index
at rest (Resting-ABI) is a clinical means recommended by the
guidelines of the American Heart Association (AHA) to diagnose
the presence and severity of LEPAD regardless of the symptoms
reported by the patients (2).

In patients with exertional limb pain relieved by rest
and a resting-ABI >0.90, exercise testing with post-exercise
ABI measurements is recommended by the AHA (2). The
AHA statement proposed two different post-exercise criteria to
diagnose LEPAD: either a post-exercise ABI decrease >20% or
a post-exercise pressure decrease >30 mmHg. Exercise oximetry
(exercise-TcPO2) has also been proposed to diagnose lower limbs
arterial stenoses (3-5). Several studies have shown that exercise-
TcPO2 using the Delta from Resting Oxygen Pressure (DROP)
value is accurate to diagnose arterial stenoses of >50% assessed
by computed tomography angiography (CTA) or angiography
as a gold standard (3-5). Aday et al. has shown that post-
exercise ABI <0.90 shows a better sensitivity than each of the
AHA criteria taken separately (6). We have previously found
that in patients with a normal resting-ABI, cut off values of
post-exercise ABI decrease >18.5% or DROP <-15 mmHg have
similar area under the curves (AUC) to detect LEPAD (i.e.,
arterial stenoses>50%) (7). AUCs for post-exercise ABI decrease
>18.5% and DROP <-15 mmHg were 0.67[0.53-0.78] and
0.67[0.53-0.78] respectively (7). We and others have previously
demonstrated that discrepancies for the diagnosis of LEPAD
exist between exercise criteria (Ankle pressure, post-exercise ABI
and exercise-TcPO2) (8-10). Indeed, using a criterion patient
can be considered as a LEPAD patient whereas using another
criterion the same patient can be considered as a patient
without LEPAD.

To date, nothing is known about the interest of the
combination of exercise testing criteria to diagnose LEPAD in
clinical practice. We hypothesize that the combination of exercise
testing criteria could improve the detection of LEPAD in patients
with exertional limb symptoms and a resting-ABI >0.90. The aim
of this study was to assess if the sensitivity of the combination
of exercise testing criteria is higher than the sensitivity of post-
exercise ABI using the AHA criteria, or exercise-TcPO2 alone
in patients with exertional limb symptoms and a resting-ABI
> 0.90.

METHODS

Ethical Standards

The study was conducted from May 2016 to February 2018
and approved by an institutional review board (IRB) from the
University Hospital of Rennes (ref.17.12). All participants gave
written informed consent. The study protocol conforms to the
ethical guidelines of the 1975 Declaration of Helsinki. The
Exercise Peripheral Artery Disease (PAD) study was registered
with the American National Institutes of Health database under
reference n° NCT03186391.

Study Design

This is a monocentric study on consecutive patients referred
to our vascular unit (University Hospital, Rennes, France) for
exertional limb pain suspected of LEPAD. In this population,
we selected patients with at least one limb with a resting-ABI
>0.90, who had a CTA performed within 3 months of the exercise
appointment. In our clinical practice, we systematically perform
an exercise-TcPO2 test immediately followed by a second exercise
test to measure the post-exercise ankle pressure and post-exercise
ABI. Patients who were unable to walk on a treadmill or
suffering from heart disease contraindicating an exercise test
were not included.

Patient Demographic Characteristics
Variables collected included age, gender, body mass index,
comorbidities, and medications (statins, anti-hypertension
treatment, antiplatelet, antidiabetic oral treatment, or insulin).

There were 15 patients (17 limbs with an ABI >0.90) who
had undergone peripheral artery procedures before our study
such as bypass, stent, or angioplasty on the limb included in
the evaluation.

ABI Measurement

After a careful clinical evaluation, a measurement of resting-
ABI was performed according to AHA recommendations (2)
using a hand-held Doppler probe (8 MHz; Basic Atys Medical™,
Soucieu en Jarrest, France) by a trained vascular medicine
physician. Briefly, the patient was at rest for 10min in the
supine position, relaxed, head and heels supported, in a room
with a comfortable temperature (21°C) (11). The following
counterclockwise sequence was used for the systolic arterial
pressure measurement: “right brachial artery, right posterior
tibial artery, right dorsalis pedis artery, left posterior tibial artery,
left dorsalis pedis artery, left brachial artery, and right brachial
artery” as mentioned by AHA Guidelines (2). The resting-ABI
was calculated by dividing the highest pressure of the limb
(dorsalis pedis or posterior tibial pressures) by the highest arm
pressure as recommended (12). For the brachial artery, contrary
to the AHA guidelines, we used an automatic blood pressure
monitor (Carescape™ Dinamap V100; GE Healthcare) in order
to have the same procedure to measure the pressure at rest and
after exercise (7).

Treadmill Test

A treadmill walking test (3.2km/h, 10% slope) was used up to
a maximal distance of 1053m (20 min). This test was used for
both the exercise-TcPO2 measurement, which was performed
first, and for the post-exercise pressure measurements. A minimal
recovery period of 10 min was required between the two exercise
tests. The patients were asked to inform the physician when and
where (buttock, thigh, calf, or other) the pain appeared during
the test. Exercise was stopped for both tests according to the
limitation of the patient.

Exercise-TcPO2 Measurement
Briefly, measurement of TcPO2 was performed using calibrated
TcPO2 electrodes (TCOM/TcPO2; PF 6000TcPO2/CO2 Unit;
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Perimed; Jarfalla, Sweden). A reference electrode (chest
electrode) was placed between the scapulae and the spine to
measure systemic changes in TcPO2 during exercise (3, 13, 14).
One electrode was positioned on each buttock, 4 to 5 cm behind
the bony prominence of the trochanter, and one electrode on
each calf (3, 13, 14). Exercise was performed on a treadmill at
a 10% slope and a speed of up to 3.2 km/h (13). Exercise was
discontinued at the request of the patient or, by protocol, up
to a maximum exercise duration of 20 min. The measurement
from the TcPO?2 electrodes was used to calculate the Delta from
Resting Oxygen Pressure (DROP) index, which was expressed in
mmHg (14). We define Total DROP as the lowest DROP value
between proximal and distal electrodes on each limb. DROP
was recorded in real-time by the in-house Oxymonitor (version
2019.01.05) free Software (https://imagemed.univ-rennesl.fr/
en/oxymonitor/download.php) as previously described (15).
As defined in a previous study, we considered a Total DROP
<-15 mmHg accurate to diagnose arterial stenoses of >50%
assessed by computed tomography angiography (CTA) as a gold
standard (7).

Post-exercise Pressure and Post-exercise

ABI Measurements

Two persons performed the measurements: one at the brachial
level with the automatic blood pressure device (Carescape™
Dinamap V100; GE Healthcare) and one at the limb level with
the handheld Doppler (7, 16).

Post-exercise pressures were assessed on the same arteries as
it was for the resting-ABI measurement (16). When the resting-
ABI was measured, a black pen was used to mark the skin
area where the highest limb pressure had been recorded with
a hand-held Doppler. Following exercise, we were sure that we
were in the correct area to perform the post-exercise pressure
measurement and if there was no arterial flow it meant that the
pressure was 0 mmHg (17). The highest ankle pressure of each
limb at rest was assessed, beginning with the more symptomatic
limb. Post-exercise pressures were assessed within 1 min after the
termination of walking (18).

Arterial Stenoses Quantification Using CTA
Computed tomography angiography was performed in all
subjects within 3 months before or after the post-exercise
ABI and exercise-TcPO2 measurements to confirm the arterial
stenotic lesions. The methodology is similar to the one previously
published by our team (7). CTA was performed with a 64-slice
CT scanner (Discovery CT 750 High Definition; GE Healthcare,
Milwaukee, WI, USA), 100-kV tube voltage, and an automatic
modulation of mAs (80-500 mAs). The scanning range was
planned with a scout view and included the entire vascular
tree from the abdominal aorta to ankles. A total of 120ml
or 1.5 ml/kg of iobitridol 350 mgl/ml (Xenetix®), Guerbet,
Roissy, France) was administered with an automated injector
at a flow rate of 4 ml/sec. There was systematically a 3D
MIP reconstruction (Maximum Intensity Projection) and a 2D
multiplanar reconstruction (MPR). CTA data were transferred to
a computer workstation (Advantage Workstation, AW 4.6; GE
Medical Systems) for analysis. The reformatted 1.25-mm axial

images, multiplanar reformats and Vessel Analysis© software
(GE Healthcare, Milwaukee, WI, USA) were used to determine
the grade of stenosis. The referring doctor of the patient ordered
CTA at his or her discretion. CTA, used as gold standard, was
performed to detect luminal arterial stenoses in each patient
in our facility. Significant stenoses (>50% of the diameter) at
each artery level (aorta, common iliac artery, external iliac artery,
internal iliac artery, common femoral artery, superficial femoral
artery, popliteal artery on both sides) were reported by two
blinded radiologists (AP and DB) who were unaware of the
results of the exercise tests appointment. Infrapopliteal artery
stenoses were not assessed. In case of variability higher than
10% for >50% stenoses between the two radiologists, a new
interpretation was performed with both. The percent stenoses
were calculated as follows by each physician: 100 x [1 - (diameter
of the lumen at the site of the stenosis/diameter of the normal
lumen)]. Finally, the degree of stenoses at each artery level used
for the statistical analyses was calculated as the mean of the
quantification performed by both physicians or, in the case of a
third interpretation, a third measurement was used.

Data Analysis

Post-exercise pressure decrease, post-exercise ABI were
calculated and results of exercise-TcPO2 were analyzed without
knowing the results of CTA. Right Total DROP allows the
detection of flow-reducing lesions in the following arteries: the
aorta, the right common iliac artery, the right external iliac
artery, the right common femoral artery, the right superficial
femoral artery, and the right popliteal artery. Left Total DROP
allows the detection of flow-reducing lesions in the following
arteries: the aorta, the left common iliac artery, the left external
iliac artery, the left common femoral artery, the left superficial
femoral artery, and the left popliteal artery (14).

Statistical Analyses

Results are expressed as mean = standard deviation. Continuous
variables were expressed as mean and 95% confidence interval
(CI), and categorical variables as numbers (percentages). Then,
sensitivity, specificity, positive predictive value, and negative
predictive value were calculated with their respective 95% CI. For
the different combinations of exercise testing criteria, sensitivity,
or specificity or accuracies were compared with McNemar’s
test. Statistical analyses were performed with SAS software,
v.9.4® (SAS Institute, Cary, NC, USA). For all statistical tests,
a two-tailed probability level of p < 0.05 was used to indicate
statistical significance.

RESULTS

Among 307 patients, 56 patients (83.9% men) met all criteria (at
least one limb with ABI > 0.90 and exertional limb pain and CTA
perform within 3 months) to be included in this prospective study
(Figure 1). Characteristics of patients are presented in Table 1.
The average age and body mass index were 62 £ 11 years old,
26.5 & 5.1 kg/m?, respectively. Among the limbs with a resting-
ABI > 0.90 (n = 86), 53 limbs had arterial stenoses. Among these
53 limbs, 85 stenoses were identified as follows: 3 on the aorta, 22
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February, 2018
n=307

Number of patients with Post-Exercise ABI test from May, 2016 to

f No Computer Tomography Angiography

L n=215

-
Computer Tomography Angiography

A\ 4

> > 90 days
n=3
\
-
Computer Tomography Angiography
> outside our center
n=11
\.
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R Deceased patient
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.
Patients without at least one limb
> with a resting-ABI > 0.90
n=21
\

Number of patients included
n=56

FIGURE 1 | Flow chart. ABI, Ankle-Brachial Index.

on the common iliac artery, 4 on the external iliac artery, 23 on
the internal iliac artery, 3 on the common femoral artery, 18 on
the superficial femoral, and 12 on the popliteal artery.

Among limbs with a normal resting-ABI (n = 86), Table 2
shows the results of the different exercise tests to detect limbs
of patients with or without arterial stenoses >50% detected with
CTA. Figure 2 shows for limbs of patients with a resting-ABI
>0.90 and an arterial stenosis >50% (n = 53) along with the
proportion of patients’ limbs with arterial stenoses detected by
the different criteria or combinations of criteria.

We show that the sensitivity of the combination of exercise
criteria (post-exercise ABI decrease >18.5%, or post-exercise
ABI < 0.90 or a Total DROP <-15 mmHg) is greater than
the sensitivity of the AHA criteria (post-exercise ABI decrease
>20% or post-exercise pressure >30 mmHg) or the sensitivity
of exercise-TcPO2 alone.

The sensitivity, specificity, positive and negative predictive
values (95% CI), and accuracies are presented in Tables 2, 3.
Globally, the increase of the number of exercise criteria increases
the accuracy of the tests. The highest accuracy is found for the
combination of three exercise criteria (post-exercise ABI decrease
>18.5%, or post-exercise ABI < 0.90 or a Total DROP <-
15mmHg). This accuracy is statistically better than the accuracy
of post exercise pressure >30 mmHg (p = 0.0035) and Exercise
TcPO?2 criterion (p = 0.0201). A trend to an improvement of the
accuracy was also observed as compared with the combination of
post-exercise ABI decrease >20% or post-exercise ankle pressure
decrease >30 mmHg (p = 0.0593).

There were discrepancies between AHA criteria (post-exercise
ABI decrease >20% or post-exercise ankle pressure decrease
> 30 mmHg) and the combination of post-exercise ABI with
Exercise-TcPO2. The characteristics of patients are described in
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TABLE 1 | Population characteristics.

Clinical characteristics n =56
Age, y, mean =+ standard deviation 62 + 11
Male sex, no., (%) 47 (83.9%)
Body mass index, kg/m?, mean = standard deviation 26.5+ 5.1
Comorbidities, (history of), no. (%)

Current smoker, no. (%) 21 (37.5%)
History of smoking, no. (%) 45 (80.4%)
Hypercholesterolemia, no. (%) 34 (60.7%)
Diabetes, no. (%) 10 (17.9%)
Peripheral artery vascular surgery*, no. (%) 19 (33.9%)
Hypertension, no. (%) 37 (66.1%)
History of coronaropathy, no. (%) 17 (30.4%)
History of stroke, no. (%) 9 (16.1%)

Current medications, no. (%)

Statins, no. (%) 32 (57.1%)

Anti-Hypertension treatments, no. (%) 38 (67.8%)
Antiplatelets, no. (%) 42 (75%)
Anti-diabetic oral treatments, no. (%) 8 (14.3%)
Resting Ankle-Brachial index

Resting ankle-brachial index (right), mean [Cl 95%)] 1.03[0.78-1.28]
Resting ankle-brachial index (left), mean [Cl 95%)] 0.95[0.74-1.16]

Indication of the treadmill test, no. (%)
Exertional limb pain, no. (%) 52 (92.9%)

Muscle fatigability (limbs), no. (%) 4(7.1%)

* Peripheral artery Vascular surgery from aorta and/or more distal iliac or leg arteries.

Table 4. Ten patients (12 limbs) who had arterial stenosis >50%
had discrepancies between AHA criteria (i.e., post-exercise ABI
decrease >20% or post-exercise ankle pressure decrease >30
mmHg) and combination of post-exercise ABI with Exercise-
TcPO2 [post-exercise ABI < 0.90 or post-exercise ABI decrease
>18.5% or exercise-TcPO2 (Total DROP) <-15 mmHg]. Five
out of twelve limbs (42%) had stenosis localized at the internal
iliac artery level. Only one patient (1 limb) stopped the test due
to exertional limb pain localized on the limb with an arterial
stenosis >50%. Seven patients stopped for pain on both limbs
(3 patients/5 limbs) or pain on the other limb (4 patients/4
limbs). The last two patients (2 limbs) were not limited on the
treadmill (1053m). There was no case of a limb considered as
diseased with the AHA criteria (i.e., post-exercise ABI decrease
>20% or post-exercise ankle pressure decrease >30 mmHg) and
not diseased with the combination of post-exercise ABI with
Exercise-TcPO2 criteria.

Nine patients (10 limbs) were identified neither by the AHA
criteria nor by the combination of post-exercise ABI with
Exercise-TcPO2 (post-exercise ABI < 0.90 or post-exercise ABI
decrease >18.5% or exercise-TcPO2 (Total DROP) <-15 mmHg).
The characteristics of patients are described in Table 5. Four
patients (5 limbs) were not limited on the treadmill test (1053m).
Three patients (3 limbs) stopped due to contralateral pain and
two stopped due to fatigue (1 patient/1 limb) and vertigo (1
patient/1 limb).

DISCUSSION

To our knowledge, this is the first study designed to evaluate
the diagnostic value of a combination of exercise testing
criteria including post-exercise ABI and exercise-TcPO2 criteria
to detect arterial stenoses >50% in patients with normal
resting-ABL. This study shows that the sensitivity of the
combination of exercise criteria (post-exercise ABI decrease
>18.5%, or post-exercise ABI < 0.90 or a Total DROP
<—15 mmHg) is statistically better than the sensitivity of
the AHA criteria (post-exercise ABI decrease >20%, or post-
exercise pressure >30 mmHg) or the sensitivity of exercise-
TcPO2 alone.

For patients with a normal resting-ABI suspected of LEPAD,
the AHA recommends to perform a post-exercise ABI using
a post-exercise ABI decrease >20%, and/or a post-exercise
pressure > 30 mmHg as criteria to diagnose LEPAD (Class
ITa; Level of Evidence A) (2). A previous study had shown
a dissonance between these two criteria (19). Previous studies
about the accuracy of exercise tests to diagnose LEPAD were
conducted in the 80s and suffer from many bias (7, 19—
21). Therefore, in a previous paper, we defined new criteria
of post-exercise ABI (post-exercise ABI decrease >18.5%)
and exercise-TcPO2 criterion (Total DROP <-15 mmHg)
with a current treadmill test (3.2km/h and 10% grade)
performed in clinical routine to detect significant arterial
stenosis (7). In the meantime, Aday et al. has confirmed
that post-exercise ABI < 0.90 was also a good candidate
to diagnose LEPAD (6, 7). In case of incompressible lower
limb arteries, the resting-ABI and post-exercise ABI can be
falsely reassuring. In this context, the exercise-TcPO2 can
be of interest (14, 22). In this study, we show for the
first time that a combination of exercise tests improves
diagnosis of arterial stenoses >50% in patients suspected of
having LEPAD (i.e., with exertional limb symptoms) with
normal resting-ABI.

Some authors might think that there is no interest to use
several exercise tests for cost and time issues, but our study
demonstrates a synergy between both exercise tests. Furthermore,
performing these two exercise tests might finally reduce the
number of CTA that are performed to find the etiology of the
exertional limb symptoms.

In our study, the sensitivity is higher for the combination
of the new exercise criteria (post-exercise ABI decrease
>18.5%, or post-exercise ABI < 0.90) with exercise-TcPO2
[81%(71-92)] or without exercise-TcPO2 [68%(55-81)] than
the sensitivity of AHA criteria (post-exercise ABI decrease
>20%, or post-exercise pressure >30mmHg) [57%(43-70)]
with a slightly lower specificity [73%(58-88) vs. 76%(61-
90) for AHA criteria] without exercise-TcPO2 and a lower
specificity with exercise-TcPO2 [61% (44-77)]. The AHA
criteria (post-exercise ABI decrease >20%, or post-exercise
pressure >30 mmHg) and the exercise-TcPO2 (Total DROP
<-15 mmHg) seems to have similar sensitivity [57%(43-70)
and 59%(45-72)], but specificity of exercise-TcPO?2 is slightly
lower [70%(54-89%) vs. 76%(61-90) for AHA criteria]. To
comfort our results and study the statistical significance, an
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TABLE 2 | Diagnosis performances of the different exercise criteria to diagnose lower extremity peripheral artery disease.

Population (n = 56) Sensitivity Specificity Positive Negative Accuracy

Limbs with a resting-ABI >0.90 (n = 86) (95%Cl) (95%Cl) predictive value predictive value (95%Cl)
(95%Cl) (95%Cl)

Post-exercise ABI decrease >20% or 57% [43-70] 76% [61-90] 79% [66-92] 52% [38-66] 64% [564-74]

Post-exercise ankle pressure decrease >30

mmHg

Exercise-TcPO2 (Total DROP) <-15 mmHg 59% [45-72] 70% [54-85] 76% [63-89] 51% [37-66] 63% [63-73]

Post-exercise ABI decrease >18.5% 62% [49-75] 76% [61-90] 81% [68-93] 56% [41-70] 67% [567-77]

Post-exercise ABI <0.90 62% [49-75] 73% [58-88] 79% [66-91] 55% [40-69] 66% [56-76]

Post-exercise ABI <0.90 or 68% [55-81] 73% [58-88] 80% [68-92] 59% [44-74] 70% [60-80]

Post-exercise ABI decrease >18.5%

Post-exercise ABI decrease >20% or 74% [62-86] 64% [47-80] 77% [65-88] 60% [44-76] 70% [60-80]

Post-exercise ankle pressure decrease >30

mmHg or Exercise-TcPO2 (Total DROP) <-15

mmHg

Post-exercise ABI decrease >18.5% or 77% [66-89] 64% [47-80] 77% [66-89] 64% [47-80] 72% [63-82]

Exercise-TcPO2 (Total DROP) <-15 mmHg

Post-exercise ABI <0.90 or 77% [66-89] 61% [44-77] 76% [65-87] 63% [46-79)] 71% [61-81]

Exercise-TcPO2 (Total DROP) <-15 mmHg

Post-exercise ABI <0.90 or 81% [71-92] 61% [44-77] 77% [66-88] 67% [50-84] 73% [64-83]

Post-exercise ABI decrease >18.5% or
Exercise-TcPO2 (Total DROP) <-15 mmHg

ABI, Ankle-Brachial Index; TcPO2, Transcutaneous Oxygen Pressure measurements;, DROF, Delta from Rest Oxygen Pressure; Cl, Confidence Interval.

TABLE 3 | Comparisons of the accuracies of the different tests.

Accuracy
Post-exercise ABI Post-exercise  Post-exercise = Post-exercise = Post-exercise Exercise-TcPO2 Post-exercise  Post-exercise p value
<0.90 or ABI <0.90 ABl decrease  ankle pressure  ABI decrease (Total DROP) ABI decrease ABI <0.90 or
post-exercise ABI >20% decrease >30 >18.5% <-15 mmHg >20% or post-exercise
decrease >18.5% or mmHg post-exercise ABI decrease
exercise-TcPO2 ankle pressure >18.5%
(Total DROP) <-15 decrease >30
mmHg mmHg
73% [64-83] 66% [56-76] 0.1088
73% [64-83] 64% [54-74] 0.0593
73% [64-83] 52% [42-63] 0.0035
73% [64-83] 67% [67-77] 0.1967
73% [64-83] 63% [563-73] 0.0201
73% [64-83] 64% [54-74] 0.0593
73% [64-83] 70% [60-80] 0.3657

ABI, Ankle-Brachial Index; DROR, Delta from Resting Oxygen Pressure.

external validation remains to be performed. Of interest, the
sensitivity of post-exercise ABI decrease >20% [57%(43-70)]
was significantly better than the sensitivity of post-exercise
pressure >30mmHg [28%(16-40), 95%CI] confirming previous
suggestions that the use of a post-exercise ankle pressure
decrease > 30 mm Hg to diagnose PAD should not be proposed
anymore (23).

Unfortunately, the combination of post-exercise ABI with
exercise-TcPO2 did not detect all limbs with an arterial stenosis
>50% (i.e., 18.8% limbs were missed). Of interest, in none of
these cases, patients stopped the treadmill due to exertional

limb symptom on the limb with an arterial stenosis >50%. This
suggests that to be informative, exercise tests and their diagnosis
criteria have to be symptom-limited to be accurate as suggested
in previous papers (24-26).

Based on the literature and our results, we suggest in order to
diagnose LEPAD in patients with exertional limb symptoms that
first, the physician should perform resting- ABI. Second, in case of
resting-ABI > 0.90, physicians should perform post-exercise ABI
measurements or exercise-TcPO2 on a treadmill test of 3.2km/h
and 10% grade with the following cut-offs: post-exercise ABI
decrease of >18.5%; post-exercise ABI < 0.90; and Total DROP
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TABLE 4 | Characteristics of patients of which there were discrepancies between the American Heart Association (AHA) post-exercise criteria (negative for the diagnosis) and the combination of post-exercise
ankle-brachial index (ABI) with Exercise oximetry (TcPO2) (positive for the diagnosis).

Limbs with a resting Gender Age Location of Resting-ABI Diabetes Vascular MWD Cause of MWD Cause of
ABI > 0.90 and an (years) arterial of the limb surgery (meter) first stopping for first (meter) stopping for
arterial stenosis stenosis test test second test second test
>50% >50%
1 Woman 74 Aorta 0.96 No No 1,063 None 1,053 None
2 Woman 60 Aorta 0.97 No No 1,053 None 1,063 None
3 Man 49 CIA 0.91 No Yes 208 Exertional 211 Exertional
contralateral limb contralateral limb
pain pain
4 Man 67 CIA 1.05 No No 61 Exertional both 59 Exertional both
limbs pain and limbs pain and
dyspnea dyspnea
5 Man 69 IIA, CIA, CFA, 1.47 Yes No 285 Exertional both 330 Exertional both
SFA, PA limbs pain limbs pain
6 Man 69 IIA, CIA, CFA, 1.53 Yes No 285 Exertional both 330 Exertional both
SFA, PA limbs pain limbs pain
7 Man 44 A 1.15 No No 108 Exertional 110 Exertional
contralateral limb contralateral limb
pain pain
8 Man 58 A 0.94 No No 205 Exertional both 198 Exertional both
limbs pain limbs pain
9 Man 58 IIA, CIA, CFA, 0.94 No No 205 Exertional both 198 Exertional both
SFA, PA limbs pain limbs pain
10 Man 65 SFA 0.93 No No 345 Exertional 284 Exertional
contralateral limb contralateral limb
pain pain
11 Man 77 SFA 1.19 No No 133 Exertional limb 218 Exertional limb
pain pain
12 Man 49 SFA, PA 1.07 No No 244 Painful sore on the 389 Exertional both
contralateral limb limbs pain

CIA, common iliac artery; llA, internal iliac artery; CFA, common femoral artery; SFA, superficial femoral artery; PA, popliteal artery; MWD, Maximal walking distance; Vascular surgery, graft, angioplastia or stenting. Joined lines in blue

correspond to a same patient.
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TABLE 5 | Characteristics of patients of which neither AHA post-exercise criteria nor the combination of post-exercise ABI with Exercise-TcPO2 detect arterial stenosis >50%.

Limbs with a resting Gender Age Location of Resting-ABI Diabetes Vascular MWD Cause of MWD Cause of

ABI > 0.90 and an (years) arterial of the limb surgery (meter) first stopping for first (meter) stopping for

arterial stenosis stenosis test test second test second test

>50% >50%

1 Man 63 CIA 1.06 No No 478 Vertigo 1,053 None

2 Man 70 CIA 1.05 No No 1,053 None 1,053 None

3 Man 70 CIA 0.99 No No 1,053 None 1,053 None

4 Man 84 CIA, SFA 0.98 Yes No 285 Dyspnea 254 Dyspnea

5 Man 58 CIA, SFA 1.13 No No 235 Exertional 333 Exertional both
contralateral limb limbs pain
pain

6 Man 72 A 1.02 No No 1,053 Exertional 1,053 Exertional
contralateral limb contralateral limb
pain pain

7 Woman 76 A 1.056 No No 98 Exertional 98 Exertional
contralateral limb contralateral limb
pain pain

8 Man 51 SFA 1.96 No No 1,053 None 1,053 None

9 Man 82 PA 1.66 No No 281 Exertional 358 Exertional
contralateral limb contralateral limb
pain pain

10 Man 77 PA 1.12 Yes No 93 General fatigue 68 General fatigue

CIA, common iliac artery; llA, internal iliac artery; CFA, common femoral artery; SFA, superficial femoral artery; PA, popliteal artery; MWD, Maximal walking distance; Vascular surgery, graft, angioplastia or stenting. Joint lines in blue

correspond to a same patient.
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FIGURE 2 | Sensitivity and specificity of exercise tests criteria to diagnose Lower Extremity Peripheral Artery Disease (LEPAD) in patients with an ABI >0.90 and at
least one arterial stenosis >50%. Cl, confidence interval; ABI, Ankle-Brachial Index; DROP, Delta from Resting Oxygen Pressure.

p = 0.0156

81%

73% 73%

68%

62% 61%

Post-exercise ABI <0.90 Post-exercise ABI <0.90 Post-exercise ABI <0.90
and/or and/or
post-exercise ABI post-exercise ABI
decrease 218.5% decrease 218.5% and/or
Exercise-TcPO2 (Total

Specificity DROP) <£-15 mmHg

index of <-15mmHg (7). Third, if the test is normal, a second
exercise testing should be performed. This could either be post-
exercise ABI if exercise-TCPO2 was done first. or exercise-TcPO2
if post-exercise ABI was performed first.

Limits

Our study has several limitations. First, we used an automatic
blood pressure monitor to assess brachial blood pressure at rest
and after exercise. We know that the AHA guidelines recommend
performing all pressure measurements with a handheld Doppler
at rest (2). However, our objective was that this new diagnosis
strategy can be used in clinical practice where in most cases,
only one person is devoted to perform the measurement. In
that case and based on previous work from Gardner and
Montgomery, we have decided to use an automatic blood
pressure measurement to perform as quickly as possible the
different pressure measurements because pressure can return to
normal value very quickly in some patients (27). In order to avoid
any bias, we applied the same method at rest. Second, it was

not possible to assess the reproducibility of the different tests.
However, our reproducibility to perform resting-ABI and the
reproducibility of exercise-TcPO2 have been previously reported
as good (20, 28). Third, characterization of stenoses has been
made with CTA rather than Doppler ultrasound (DUS) in
order to allow a double reading of the CTA rather than one
reading/operator with the DUS. In a meta-analysis, the reported
sensitivity and specificity of CTA to detect aorto-iliac stenoses
>50% were 96 and 98%, respectively, with similar sensitivity
(97%) and specificity (94%) for the femoropopliteal region (29).
Digital subtraction angiography was not retained as a gold
standard due to its invasive nature. Fourth, we decided to
consider the presence of LEPAD according to the presence of at
least one arterial stenosis >50% according to the most common
practice in the literature (30-37). Fifth, we assess the presence
of stenoses on the aorto-iliac and femoro-popliteal tract without
studying infrapopliteal arteries. Indeed, we decided not to explore
the distal arterial axis due to: (i) the absence of an evaluation
of the 3 arterials axis by the resting-ABI (posterior and anterior
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tibial artery only), (ii) an arterial stenosis >50% on one calf
arterial axis could not formally be correlated to an abnormal
resting-ABI and formally linked to an intermittent claudication,
and iii) degree of infra-popliteal artery stenoses is not assessed,
only their permeability. Finally, this last limitation is similar for
all exercise tests.

CONCLUSION

Our study shows that the sensitivity of a combination of post-
exercise criteria (post-exercise ABI decrease >18.5%, or post-
exercise ABI < 0.90) with exercise-TcPO2 (Total DROP <-15
mmHg) is significantly improved as compared with the use of
AHA criteria (post-exercise ABI decrease >20%, or post-exercise
pressure >30 mmHg) alone. A trend of a better accuracy of
this combined strategy was observed but an external validation
should be performed to confirm this diagnostic strategy.
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Inflammation plays an important role in aortic dissection (AD). Macrophages are critically
involved in the inflammation after aortic injury. Neuraminidases (NEUs) are a family
of enzymes that catalyze the cleavage of terminal sialic acids from glycoproteins
or glycolipids, which is emerging as a regulator of macrophage-associated immune
responses. However, the role of neuraminidase 1 (NEU1) in pathological vascular
remodeling of AD remains largely unknown. This study sought to characterize the role
and identify the potential mechanism of NEU1 in pathological aortic degeneration. After
B-aminopropionitrile monofumarate (BAPN) administration, NEU1 elevated significantly
in the lesion zone of the aorta. Global or macrophage-specific NEU1 knockout (NEU1
CKO) mice had no baseline aortic defects but manifested improved aorta function,
and decreased mortality due to aortic rupture. Improved outcomes in NEU1 CKO
mice subjected to BAPN treatment were associated with the ameliorated vascular
inflammation, lowered apoptosis, decreased reactive oxygen species production,
mitigated extracellular matrix degradation, and improved M2 macrophage polarization.
Furthermore, macrophages sorted from the aorta of NEU1 CKO mice displayed
a significant increase of M2 macrophage markers and a marked decrease of M1
macrophage markers compared with the controls. To summarize, the present study
demonstrated that macrophage-derived NEU1 is critical for vascular homeostasis. NEU1
exacerbates BAPN-induced pathological vascular remodeling. NEU1 may therefore
represent a potential therapeutic target for the treatment of AD.

Keywords: NEU1, aortic dissection, vascular remodeling, macrophage polarization, MMP
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INTRODUCTION

Aortic dissection (AD) is a fatal surgical emergency characterized
by acute-onset chest or back pain with few, if any, preceding
signs (1). The mortality rate is 60-70% in the first 24h (2).
Anatomically, when the intima of the aorta is damaged and
ruptured for various reasons, the flow of blood through the
tears and separated the media into two layers, leading to the
further destruction of the aortic wall (3). Despite new concepts
regarding the diagnosis, classification, and treatment of AD have
been developed recently (4), little is known about the pathological
and molecular mechanisms before and after the onset of AD due
to its sudden and unpredictable nature (5). Therefore, ongoing
research is emergency for elucidating the pathophysiology of AD
and developing diagnostic and therapeutic intervention methods.

The pathophysiology of AD has gradually been elucidated. In
addition to mutations in some genes involved in extracellular
matrix metabolism and smooth muscle cytoskeleton, some high-
risk factors for AD have also been confirmed, including long-
term hypertension, dyslipidemia, smoking, giant cell arteritis,
etc. These non-genetic factors suggest that the inflammation
may make the aorta susceptible to AD (6). Inflammatory cells
infiltrate the injured site of the aorta to remove necrotic cells and
damaged tissue; however, the excessive inflammation may play
a role in aneurysm formation after dissection (7). Although the
degeneration of the media is a fundamental pathological change
of AD, the degeneration only weakens the media, and most cases
of AD form intimal tears at the beginning. Further studies have
shown that the inflammation is an important mechanism leading
to intimal damage and mid-layer degeneration (8). Moreover,
an analysis of gene expression changes in human dissecting
tissues using cDNA microarrays confirmed that the inflammation
was involved in the pathogenesis of disease (9). Indeed,
numerous studies confirmed that inflammatory cytokines and
chemokines, including interleukin (IL)-6, granulocyte colony-
stimulating factor, granulocyte macrophage colony-stimulating
factor, IL-17, chemokine (C-X-C motif) ligand 1, and C-
C motif chemokine ligand 2, play essential roles in AD
pathogenesis (10-12). IL-6-STAT3 signaling pathway promotes
AD induced by angiotensin (Ang) II via the Th17/IL-17 axis in
mice (13).

Different types of immune cells infiltrated in the lesion area of
the AD aorta, among which macrophages are the most abundant
cell type (14). Evidence from animal models and patients showed
marked infiltration of macrophages at the site of tears (15).
Animal model studies revealed the importance of signaling
amplification loops between macrophages and fibroblasts via
IL-6 and monocyte/macrophage chemokine (MCP-1) in AD
tissues (10). Macrophage-associated cytokine signaling may be
the targets to prevent the development and progression of AD.
For example, Socs3 in macrophages modulates the stress response
of macrophages and vascular smooth muscle cells (VSMCs) and
promotes the healing of damaged aortic walls and preventing
AD development in mice, whereas macrophage Socs3 knockout
mice showed premature activation of cell proliferation, increased
inflammatory response, and the conversion of macrophages to a
pro-inflammatory phenotype (5).

Neuraminidases (NEUs), also known as sialidases, are a family
of enzymes that cleave sialic acid on the surfaces of cells. NEU1
is the most abundant and ubiquitous of the four mammalian
sialidases with a wide tissue distribution (16). In addition to
participating in catabolism of glycoproteins and glycolipids in
vivo, an increasing body of literature suggests that NEU1 also
plays an important role in the immune system, especially in
the macrophage-related inflammation (17). For example, animal
studies have found that sialidase deficiency leads to reduced
macrophage effect, whereas the upregulation of NEU1 expression
during the differentiation of monocytes into macrophages helps
to enhance the phagocytosis of these cells (18). Recently, a
study has shown that NEUI regulates the activation of TLR
receptors on macrophages, to be specific, binding of the ligand
to TLR induces NEUL1 activity, leading to the desalivation of
the receptor, which in turn induces receptor activation, nitric
oxide, and pro-inflammatory cytokine production (19). Given
inflammatory macrophage triggering AD and NEU1 governing
macrophage polarization, whether NEU1 is involved in the
pathogenesis of AD through the regulation of macrophages has
not been reported.

In the present study, we observed that the NEU1
expression was markedly upregulated in aortic tissues
from B-aminopropionitrile monofumarate (BAPN)-
induced AD mice. Deletion of NEU1 (either global or
specifically in macrophage) all manifested improved aorta
function, vascular remodeling, and decreased mortality
due to aortic rupture. Mechanically, improved outcomes
in NEU1 CKO mice were associated with the improved
vascular inflammation, which at least in part by promoting
the polarization of M2 macrophages. Therefore, it is
proposed that NEU1 may be a potential therapeutic target
for AD.

METHODS

Animals

NEU1¥F mice, LysMcre, and NEU1 KO mice (C57BL/6) were
purchased from Shanghai Biomodel Organism Co, Shanghai,
China. NEU1 gene is comprised of five coding exons 2-6.
To generate NEU1"/F mice, a donor vector containing exon
2 flanked by two loxP sites and two homology arms were
used as the homologous recombination mediated repairing
template. NEU1"/F mice were hybridized with LysM“™ mice to
generate NEU1'/F, LysM®"® (NEU1 CKO) mice. All experiment
animals were male considering the feature of less sex hormone
variations and high incidence of thoracic aortic dissection
(TAD). Age/weight-matched wild-type (WT) mice served as
controls. NEU1 KO, NEU1¥/F mice, and NEUI CKO mice
aged 4 weeks were administrated with BAPN in the drinking
water with 1 g/kg/day for 4 weeks to induce TAD. All mice
shared standard chow and water and were maintained with an
alternating 12-h light/dark cycle. All animal procedures were
performed in accordance with the protocols approved by the
Animal Care and Use Committee of The First Affiliated Hospital
of Nanchang University.
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Immunofluorescence Staining

Vascular tissue was firstly fixed with 4% paraformaldehyde (PFA)
at room temperature for 2h. After phosphate-buffered saline
(PBS) washing, they were dehydrated with 30% sucrose overnight
and embedded in optimum cutting temperature (OCT) solution
(Sakura Finetek Inc., Torrance, CA, USA). Before the experiment,
the frozen sections (7 um) were dried at room temperature and
fixed in cold acetone solution for 10 min. Sections were sealed
with 3% bovine serum albumin (BSA) for 2h to prevent non-
specific binding. COL1A1 (1:200; NBP1-30054; Novus, St. Louis,
MO, USA), CD68 (1:200, AB283654; Abcam, Cambridge, UK),
inducible nitric oxide synthase (iNOS) (1:200, AB178945; Abcam,
Cambridge, UK), arginase-1 (Arg-1) (1:200, 93668; Cell Signaling
Technology, Danvers, MA, USA), and NEU1 (1:500, sc-166824;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) were incubated
at 4°C overnight. An appropriate secondary antibody (1:500)
was taken and incubated at room temperature for 2h. The 4 ,6-
diamidino-2-phenylindole (DAPI) staining was performed after
full rinse-washing. Finally, it was sealed with anti-fade reagent
and observed by laser scanning confocal microscope (Carl
Zeiss, Oberkochen, Germany). For cell immunofluorescence test,
sorted macrophages were cultured on a coverslip placed in 12-
well plate. Before the experiment, the slides were fixed with 4%
PFA for 30 min, rinsed with PBS, and remaining procedures were
according to the frozen sections. The primary antibody used was
as follows: iNOS (1:200, AB178945, Abcam, Cambridge, UK)
and Arg-1 (1:200, 93668; Cell Signaling Technology, Danvers,
MA, USA).

Dihydroethidium Staining

Dihydroethidium (DHE) assay kit (S0063, Beyotime, Shanghai,
China) was used to measure superoxide anions in aorta sections
of NEU1¥/F and NEU1 CKO mice. Each group of sections was
exposed to DHE (10 uM) for 30 min at 37°C. After washing with
PBS three times, samples were visualized by confocal microscopy
(Olympus Corp., Tokyo, Japan).

Hematoxylin and Eosin Staining

Hematoxylin and Eosin Kit (ab245880, Abcam, Cambridge,
UK) was used for the pathology study of the aorta. Briefly,
sections were deparaffinized and hydrated in distilled water.
Then, sections were placed in adequate Mayer’s Hematoxylin
(Lillies Modification) to completely cover tissue section and
incubated for 5min. Furthermore, slides were rinsed in two
changes of distilled water to remove excess stain. Later, slides
were applied with adequate bluing reagent to completely cover
tissue section and incubated for 10-15s. Then slides were rinsed
in two changes of distilled water and dipped in absolute alcohol
and blot off the excess, applied with adequate Eosin Y Solution
(Modified Alcoholic) to completely cover tissue section to excess
and incubated for 2-3 min. Furthermore, slides were rinsed using
absolute alcohol and dehydrated in three changes of absolute
alcohol. Clear slides were mounted in synthetic resin.

Van Gieson’s Staining
Van Gieson’s Staining Kit (ab150667, Abcam, Cambridge, UK)
was used for the study of the elastin degradation. Briefly, sections

were deparaffinized and hydrated in distilled water. Then slides
were placed in Elastic Stain Solution for 15 min, rinsed in running
tap water until no excess stain remains on slides, and were dipped
in differentiating solution 15-20 times and rinsed in tap water.
Slides were checked microscopically for proper differentiation,
rinsed in running tap water, placed in sodium thiosulfate solution
for 1 min, and rinsed in running tap water. Stained slides were
placed in Van Gieson’s solution (ab150667, Abcam, Cambridge,
UK) for 2-5min, rinsed in two changes of 95% alcohol, and
dehydrated in absolute alcohol. Clear slides were mounted in
synthetic resin.

TUNEL

Cell Death Detection Kit (C1088, Beyotime, Shanghai, China)
was used for cell apoptosis studies. The TUNEL staining was
performed according to the instructions of the manufacturer.
First, the frozen sections of vascular tissue were fixed with 4%
PFA for 30 min and incubated with 0.5% Triton X-100 at room
temperature for 5 min. The TUNEL detection solution was added
and incubated at 37°C for 60 min in dark. The tissue sections
were observed by confocal microscopy. For each aortic treatment,
images were captured from three randomly selected views. The
number of positive cells and the total number of nuclei in each
image were quantitatively analyzed.

RNA Extraction and Quantitative
Real-Time PCR

Total RNA was extracted from aortic tissue using the TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), and RNA was isolated
from sorting macrophages using the RNeasy Plus Micro
Kit (74034, QIAGEN, Hilden, Germany), according to the
instructions of the manufacturer. RNA samples (1 pg) were
subsequently reverse-transcribed into cDNA with a reverse
transcription reagent kit (RR036A, Takara Bio Inc., Kusatsu,
Japan), and the resulting cDNA was amplified by RT-PCR using
the SYBR Green Mix (11201ES08; Yeasen, Shanghai, China).
Each sample was analyzed in triplicate and normalized to a
reference RNA. Relative expression levels were quantitated using
the AACt method.

Western Blotting

The protein concentrations of aortic tissue lysates were
determined using a Pierce BCA Protein Assay Kit (Pierce
Biotechnology, Waltham, MA, USA). Equal amounts of samples
were loaded and separated on 10% SDS-PAGE. Then, the proteins
were transferred to nitrocellulose membranes, incubated with
5% skimmed milk for 2h at room temperature, and incubated
with primary antibodies overnight at 4°C. Primary antibodies
were used as follows: NEU1 (1:500, sc-166824, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and GAPDH (1:1000,
5174s, Cell Signaling Technology, Danvers, MA, USA) Then, the
membranes were incubated with the corresponding secondary
antibodies. The blots were visualized using a chemiluminescence
reagent. Densitometric analysis for each band was performed
using the Image] software (National Institutes of Health,
Bethesda, MD, USA).
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FIGURE 1 | Neuraminidase 1 (NEU1) expression increases in aortic dissecting (AD) tissues. (A) Quantitative results of NEU1 mRNA level in aortas of mice subjected to
BAPN induction for 4 weeks (n = 6 mice per group). (B,C) Representative western blots and quantitative results of NEU1 level in aortas of mice subjected to BAPN
induction for 4 weeks (n = 6 mice per group). (D) The neuraminidase enzyme activity of AD in mice by ELISA (n = 6 aortas per group). (E,F) Immunofluorescence
staining with anti-NEU1 (red) and anti-CD68 (green) antibody in slices from the indicated mice aortas (n = 6 mice aortas per group; scale bar: 50 um). Data are
presented as mean + SEM. (A,C,D,F) unpaired two-tailed t-test. BAPN, B-aminopropionitrile monofumarate; NEU1, neuraminidase 1. “p < 0.05.

Flow Cytometry Data normality was determined by the Shapiro-Wilk test. The
Macrophages were analyzed and sorted using a fluorescence-  significant differences between different data were calculated by
activated cell sorter (FACS) (BD Biosciences, San Jose, CA, USA)  unpaired two-tailed ¢-test (for two groups) and one-way or two-
as previously described. Briefly, the AD tissues were dissected, ~ way ANOVA (for more than two groups) followed by the Tukey’s
carefully cut into small pieces, and enzymatically digested with ~ and Dunnett’s multiple comparisons test. The p-value lower than
collagenase II (1.5 mg/ml), elastase (0.25 mg/ml), and DNase  0.05 were considered statistically significant.

I (0.5 mg/ml) for 1h at 37°C. After digestion, the tissues

were passed through 70-wm cell strainers. After washing, anti-

CD16/32 antibody was used to block the non-specific binding. RESULTS

Fixable viability stain 510 (564406, BD Biosciences, San Jose,

CA, USA) and the following antibodies were used for low NEU1 Expression Increases in Aortic
cytometry: CD45-APC-Cy7 (557659, BD Biosciences), CD11b- Dissecting Tissues

PE-CY7 (552850, BD Biosciences), F4/80-BV421 (565411, BD To elucidate the role of NEU1l in AD development, we
Biosciences), CD86-PE (553692, BD Biosciences), and CD206-  {etected the expression of NEUI in AD tissues. As shown in
APC (565250, BD Biosciences). For flow cytometric sorting, Figures 1A-C, the mRNA and protein levels of NEU1 were
cells were resuspended in the FACS buffer at 20 x 10° cells/
ml and separated on a MoFlo High-Performance Cell Sorter
(Dako Cytomation, Carpinteria, CA, USA). The results were
expressed as the absolute number of cells per mg of tissue. Data
were analyzed with the FlowJo software (FlowJo LLC, Ashland,
OR, USA).

dramatically higher in AD vessels than in normal controls.
The NEUI activity was also elevated in dissecting aortas
compared with the controls (Figure 1D). Since NEU1 was
reported to highly expressed in macrophages in atherosclerosis
vessels (20), we therefore speculated that NEU1 may also highly
expressed in macrophages in AD vessels. CD68 and NEU1
immunofluorescence staining revealed NEU1 was mainly located
Statistical Analysis in CD68" macrophages in dissecting aortas (Figures 1E,F).
All data are presented as the mean + SEM and analyzed  Collectively, these results revealed that NEU1 may play a role in
in GraphPad Prism 8.0 (GraphPad Software, San Diego, CA).  AD development.
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FIGURE 2 | Global NEU1 deletion mitigates BAPN-induced AD development. (A-E), C57BL/6 wild-type and NEU1 KO mice were subjected to BAPN induction. (A)
Representative macrographs of the aortas. (B) Maximal aortic diameter (n = 8, *p < 0.05). (C) Kaplan—-Meier survival analysis of indicated groups (n = 20, *p < 0.05).
(D) Representative HE and EVG staining of the aorta. (E) AD incidence in indicated groups (n = 20). AD, aortic dissecting; BAPN, g-aminopropionitrile monofumarate;
EVG, Elastic Van Gieson’s staining; HE, hematoxylin and eosin; KO, knockout; NEU1, neuraminidase 1.

Global NEU1 Deletion Mitigates

BAPN-Induced AD Development
To further discern the role of NEU1 in AD development,

a murine AD model was established wusing 4-week
BAPN  drinking in C57BL/6-WT and NEUl KO
mice  (Supplementary Figure 1A).  Interestingly, =~ BAPN

administration prompted AD formation, increased maximal
aortic diameters, and provoked a remarkable mortality
(Figures 2A-C), the effects of which were greatly attenuated
by NEU1 KO, with little effect at base line (Figures2A-C).
Moreover, hematoxylin and Verhoeff-van Gieson staining
demonstrated that NEU1 deletion mitigated BAPN-induced
dissecting aneurysm formation and elastic fiber degradation
(Figure 2D). Additionally, AD incidence was also alleviated
in NEU1 KO mice (35%) compared with WT controls (75%)
(Figure 2E). These findings denoted the benefit of NEUI1
deficiency in AD development.

Macrophage-Specific NEU1 Deletion

Mitigates BAPN-Induced AD Development

Since NEU1 was identified to highly localized in macrophages in
lesion area of vessels as shown in Figure 1E, we therefore utilized
macrophage NEU1 KO mice (Supplementary Figure 1B)
to establish AD model. Coincidently, BAPN administration

prompted AD formation, increased maximal aortic diameters,
and provoked a remarkable mortality (Figures3A-C), the
effects of which were greatly attenuated by Mac-NEU1 KO
(Figures 3A-C). Moreover, hematoxylin and Verhoeff-van
Gieson staining demonstrated that macrophage NEU1 deletion
mitigated BAPN-induced dissecting aneurysm formation and
elastic fiber degradation (Figure 3D). Additionally, AD incidence
was also decreased in NEU1 CKO mice (30%) compared with
controls (60%) (Figure 3E). These findings denoted the benefit
of macrophage NEU1 deficiency in AD development.

NEU1 Depletion Suppresses

BAPN-Induced Inflammation

Given the role of NEU1 in the inflammation and the localization
of NEU1 in macrophages, we therefore detected both pro- and
anti-inflammatory factors. Protein and mRNA analysis revealed
that BAPN administration enhanced the expression of pro-
inflammatory factors like IL-6, IL-1f, tumor necrosis factor
(TNF)-a, matrix metalloproteinase (MMP)-2, and MMP-9 in
NEU1/F mice, whereas Mac-NEU1 KO partly reversed the
inflammatory state (Figures 4A-E,I). Meanwhile, the expression
of anti-inflammatory factors like IL-10, IL-4, and transforming
growth factor (TGF)-p was higher in NEU1 CKO mice than those
in NEU1¥/F mice following BAPN treatment (Figures 4F-H,I).
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FIGURE 3 | Macrophage-specific NEU1 knockout (NEU1 CKO) deficiency mitigates BAPN-induced AD development. (A-E), NEU1%/" and NEU1 CKO mice were
subjected to BAPN induction. (A) Representative macrographs of the aortas. (B) Maximal aortic diameter (n = 9, *p < 0.05). (C) Kaplan-Meier survival analysis of
indicated groups (n = 20, *p < 0.05). (D) Representative HE and EVG staining of the aorta. (E) AD incidence in indicated groups (n = 20). AD, aortic dissecting;
BAPN, B-aminopropionitrile monofumarate; HE, hematoxylin and eosin; KO, knockout; NEU1, neuraminidase 1.

Moreover, the exacerbated cell apoptosis, extracellular matrix
(ECM) degradation, MMP 2/9 activity, and reactive oxygen
species (ROS) production by BAPN administration were rescued
by NEU1 deletion in macrophage (Figures4J-M). NEU1
deficiency alone affects little in aortic function (Figures 4A-M).
The above results demonstrated that NEU1 promoted the
inflammation, apoptosis, and ROS production, thus leading to
the progression of AD.

NEU1 Deletion Promotes the M2

Polarization of Macrophages

Neuraminidase 1 was realized to regulate the inflammation of
aorta; we therefore studied the role of NEUI in macrophage
polarization. Flow cytometry analysis of the BAPN-induced
aorta revealed that NEU1 deletion promoted the polarization
of macrophage from pro-inflammatory to anti-inflammatory
state (Figures 5A-D). Immunofluorescence staining of the
aorta also displayed that the pro-inflammatory marker iNOS
was decreased, and the anti-inflammatory marker Arg-1
was increased by NEUI depletion in BAPN-induced mice
(Figures 5E,F). The mRNA analysis of the macrophages sorted
by flow cytometry was coincidence with the previous results
(Figures 5G,H). Furthermore, we sorted the macrophages from
WT and NEU1 CKO mice and subjected to Ang II treatment for
24 h. Immunofluorescence staining revealed that NEU1-deficient

macrophages were prone to M2 polarization (Figures 5L]).
Our findings demonstrated that the critical role of NEU1 in
macrophage polarization.

DISCUSSION

In this study, we found that NEU1 expression was significantly
upregulated in dissecting tissues from BAPN-induced AD mice.
Additionally, using genetically KO mice, we demonstrated that
NEUI played an important role in the development of AD.
Furthermore, the elevated NEUI expression in macrophages
promotes the M1 macrophage polarization. Therefore, NEU1
may become a potential therapeutic target for AD.
Neuraminidases are a family of four different enzymes, NEU1,
NEU2, NEU3, and NEU4, which remove the terminal sialic
acids from glycoproteins or glycolipids (21). Among the four
sialidases, the lysosomal NEU1 has been shown to assume a
vital role in immune cells (22). The immune inflammatory
response plays an important role in the development of
AD. However, whether NEU1 could affect the pathogenesis
of AD remains unknown. Previous studies suggest that
NEULI is closely associated with the progression of several
cardiovascular diseases. Lipopolysaccharide (LPS), NEU1, and
IL-18 act in a positive feedback loop as enhancers of
inflammation in monocytes/macrophages and may therefore
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FIGURE 4 | NEU1 depletion suppressed BAPN-induced inflammation. (A-H) Quantitative mRNA levels of pro- and anti-inflammatory factors in aortas of NEU1%/F and
NEU1 CKO mice subjected to BAPN induction for 4 weeks (n = 6 per group). (I) Representative western blots of pro- and anti-inflammatory factors in aortas of
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FIGURE 5 | weeks (n = 6, *p < 0.05). (I,J) Macrophages sorted from NEU17/F and NEU1 CKO mice, and subjected to Ang Il treatment for 24 h. Immunofluorescence
images of INOS™ and Arg-1* macrophages by Ang Il treatment (scale bar: 50 um). Ang, angiotensin; Arg-1, arginase-1; BAPN, B-aminopropionitrile monofumarate;
DHE, dihydroethidium; iNOS, inducible nitric oxide synthase; KO, knockout; NEU1, neuraminidase 1; NEU1 CKO, macrophage-specific NEU1 knockout.

promote atherosclerosis and plaque instability (20). In addition,
upregulation of NEU1 after ischemia/reperfusion (I/R) promotes
heart failure by promoting monocyte/macrophage inflammation
and enhancing myocardial hypertrophy (23). Based on the above
evidence, we speculated whether NEU1 could also participated in
the pathogenesis of AD by regulating macrophages.

Considering the elevated NEU1 expression in the aortic tissues
of AD mice, we hypothesized the involvement of NEU1 in AD
development. Our studies proved that NEU1 deficiency mitigated
the AD. Recent investigations provide evidence that NEU1 was
mainly expressed in macrophages (20), which is consistent with
our immunofluorescence findings. We further obtained NEU1
CKO mice by hybridization of NEU1"/F mice with LysM®®
mice to explore the effect of macrophage-derived NEU1 on
AD. NEU1 CKO mice also showed significant improvement in
aortic injury, consistent with the results of global NEU1 KO
mice. Collectively, these observations suggested elevated NEU1
expression in dissecting tissues (especially in macrophages)
contributed to aortic vascular remodeling.

Inflammation, apoptosis, ECM degradation, and oxidative
stress are responsible for the pathogenesis of AD (24). In
our study, we found that the pro-inflammatory factors were
significantly decreased in the aortic tissues of NEU1 CKO mice.
The dysfunction of VSMCs, including the imbalance between
proliferation and apoptosis, is deemed to promote the vascular
remodeling (25, 26). We also observed the decreased apoptosis
of VSMCs compared with the controls. In addition, VSMCs
are the main source of ECM proteins (24, 27). In vivo results
showed that NEU1 CKO mice significantly reduced collagen 1
degradation in the vascular wall. Moreover, a series of evidence
suggested that ROS plays a crucial role in the development of
AD (28). Indeed, our results showed that the ROS production
in aortic tissues was significantly reduced when NEU1 was
deficient in macrophage. Taken together, our data suggest
that NEU1 accelerates the development of AD by enhancing
inflammatory response, cell apoptosis, oxidative stress, and
ECM degradation.

We further investigated how NEU1 in macrophages promotes
inflammation in the local microenvironment. Studies have
shown that Ang II promotes the inflammatory response of
local tissues by regulating the recruitment and polarization of
macrophages, and thus induces the onset of AD in humans
and experimental animals (8). We therefore tested whether
NEU1 KO in macrophages could also affect the occurrence
and development of AD by changing the polarization state of
macrophages. Flow cytometry and immunofluorescence staining
revealed that macrophage NEU1 KO significantly reduced the
M1 macrophages and upregulated the M2 macrophages. The
macrophages in the aortic tissues were sorted by flow cytometry
and detected by q-PCR, and the results showed that when NEU1
was knocked out, the pro-inflammatory-related (M1-like) gene

was significantly downregulated, whereas the anti-inflammatory-
related (M2-like) gene was significantly upregulated. In addition,
to further confirm these findings, we extracted macrophages from
the NEU1¥/F mice and their controls. After Ang II treatment,
stained with M1 and M2 macrophage markers, it was confirmed
that NEU1 promoted the onset of dissection by regulating
macrophage into M1 phenotype.

In summary, we showed that NEU1 was upregulated in
aortic tissues (especially in CD68" macrophages) from the
BAPN-induced AD mouse model. Moreover, the genetic deletion
retarded AD progression by directly suppressing the production
of pro-inflammatory macrophages. Collectively, these data
suggest that NEU1 may potentially serve as a new therapeutic
target for AD.
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4 State Key Laboratory of Medical Molecular Biology, Department of Physiology, Institute of Basic Medical Sciences, Chinese
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Abdominal aortic aneurysm (AAA) is potentially life-threatening in aging population due
to the risk of aortic rupture and a lack of optimal treatment. The roles of different
vascular and immune cells in AAA formation and pathogenesis remain to be future
characterized. Single-cell RNA sequencing was performed on an angiotensin (Ang) II-
induced mouse model of AAA. Macrophages, B cells, T cells, fibroblasts, smooth muscle
cells and endothelial cells were identified through bioinformatic analyses. The discovery
of multiple subtypes of macrophages, such as the re-polarization of Trem2+Acp5™
osteoclast-like and M2-like macrophages toward the M1 type macrophages, indicates
the heterogenous nature of macrophages during AAA development. More interestingly,
we defined CD45TCOL1™ fibrocytes, which was further validated by flow cytometry
and immunostaining in mouse and human AAA tissues. We then reconstituted these
fibrocytes into mice with Ang Il-induced AAA and found the recruitment of these
fibrocytes in mouse AAA. More importantly, the fibrocyte treatment exhibited a protective
effect against AAA development, perhaps through modulating extracellular matrix
production and thus enhancing aortic stability. Our study reveals the heterogeneity of
macrophages and the involvement of a novel cell type, fibrocyte, in AAA. Fibrocyte may
represent a potential cell therapy target for AAA.

Keywords: abdominal aortic aneurysm, single cell sequencing, fibrocytes, cell therapy, cell atlas

INTRODUCTION

Abdominal aortic aneurysm (AAA) is an aging-related vascular disease. During the progression of
AAA, the aneurysm slowly expands and acutely causes vessel rupture without any symptom and
warning in advance, resulting in high mortality. For patients with ruptured AAAs, endovascular
repair or open repair are the main clinical remedies. However, even undergoing intervention for
repair, the in-hospital mortality is still as high as 53.1% (1). New therapies, such cell or stem cell
therapies, have been proposed but have encountered difficulties in their development. Therefore, it
is necessary to investigate the mechanism of AAA formation and identify the novel biomarkers or
therapies to diagnose and treat AAA patients.
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Previous studies revealed that AAA was caused by chronic
inflammation and an imbalance between synthesis and
degradation of extracellular matrix (ECM) composed of elastin
and collagen (2, 3). Chronic inflammation is characterized by
infiltration of a variety of immune cells. Macrophages have been
most widely studied (3, 4) as main inflammatory cells. Besides
macrophages, the roles of B cells (5), T cells (6), and mast cells
(7, 8) in AAA formation have also been reported, while the
function of other immune cells like natural killer (NK) T cells in
AAA formation is still rarely studied.

In addition to inflammation, another essential pathological
feature of AAA is the dysregulation of ECM proteins that are
mainly synthesized by vascular smooth muscle cells (SMCs)
and adventitial fibroblasts. SMC apoptosis has been identified
as a hallmark of AAA pathology (9). Matrix metalloproteinases
(MMPs) are mainly produced by SMCs, fibroblasts and infiltrated
macrophages. Increased MMPs lead to matrix degradation, loss
of aortic wall integrity, AAA expansion and rupture. The balance
of ECM synthesis and degradation is critical for the stability
of AAA (2, 10). Fibroblasts, as the major matrix-producing
cell population, can transform into myofibroblasts to produce
ECMs (11).

In addition to the classical vascular and immune cells, recent
evidence suggests that circulating fibrocytes are the bone-marrow
derived precursors of fibroblasts and can regulate the ECM
(12). Fibrocytes are found in the plaques of atherosclerosis (13).
In ischemic cardiomyopathy, fibrocytes can be recruited and
involved in the fibrosis (14). Given these possible functions of
fibrocytes, they may constitute another essential cell population
in AAA formation.

To determine the specific cell types and further explore
the molecular mechanisms, we performed single-cell RNA
sequencing (scRNA-seq) of mouse AAA tissues, in which
different cell types and subtypes in AAA can be defined by
unique transcriptomes.

MATERIALS AND METHODS

Animal Model

To induce AAA, 8-week-old ApoE*/ ~ male mice (C57BL/6J,
Beijing Vital River Laboratory Animal Technology Co., Ltd.
Beijing) were anesthetized with 200 mg/kg ketamine and 10
mg/kg xylazine by intraperitoneal injection, and infused with
1,000 ng/kg/min Ang II (A9525-50MG sigma-Aldrich) or saline
with alzet osmotic mini-pumps (Alzet model 2004, DURECT
Corp., Cupertino, CA) for 28 days. To evaluate the effect of
fibrocytes, 8 x 10° fibrocytes were injected into mice via tail
vein on days 7 and 21 after Ang Il-infusion (1.6 x 10 in total).
GFP-labeled fibrocytes were injected with the same protocol to
trace them in vivo. All animal experiments were approved by the
Research Ethics Committee of Peking Union Medical College.

Single-Cell RNA-seq and Analysis

A single-cell cDNA library was generated as previously described
(15). For the isolation of individual cells, both control and
AAA mice were anesthetized with ketamine (200 mg/kg) and
xylazine (10 mg/kg) by intraperitoneal injection. The normal

aorta (one whole aorta from one mouse) or aneurysm tissue
(one piece of the supra-renal part with aneurysm from one
AAA mouse) were dissected and digested for 15 min at 37°C in
PBS containing 200 U/ml collagenase I (SCR103, Sigma Aldrich,
Germany), 0.05 U/ml elastase (E1250, Sigma Aldrich, Germany),
5 U/ml neutral protease (LS02111, Worthington, USA), and
0.3 U/ml deoxyribonuclease I (M6101, Promega, USA). The
tissue digestion was stopped with DMEM containing 10% FBS
(10099141, Gibco, USA.) and the mixture was filtered through a
40 pm cell strainer (15-1040, Biologix, China) to obtain single-
cell suspensions. Using the method of 7-amino-actinomycin
D (7-AAD) positive cells staining, living aortic cells (7-AAD
negative cells) were sorted using a Moflo-XDP (Beckman, USA).
Cell suspensions (~10,000 single cells) were next loaded on the
Chromium Single Cell Controller (10X Genomics) to generate a
single cell and gel bead emulsion (GEM). Single-cell sequencing
library preparation was performed according to the instructions
of Chromium single cell 3’ library & Gel bead kit v2 (10X
Genomics). Libraries were sequenced by Illumina Hiseq X Ten
in paired-end to reach ~50,000 reads per single-cell (Novo
Generation Bioinformatics Technology Co., Ltd.).

The 10X Genomics single-cell transcriptome sequencing data
were filtered by removing bases with a mass less than 3 at the
beginning and end of the reads, using a CellRanger software
suite version 3.0.2 pipeline (16). The filtered reads were aligned
to the MM10 mouse reference genome by STAR. For further
analysis and statistics, based on the barcode and gene expression
matrix, single-cell data were log-normalized and filtered by
the R 3.6.0 package Seurat 3.2.3 (17, 18), with the following
parameters: unique gene count per cell >500, cell counts per
gene >3 (0.1% of the total cell amount), and percentage of
mitochondrial genes <0.05. After the control and AAA samples
were combined, the UMAP and automated cluster detection
algorithms were performed stepwise. The resolution for cluster
identification was set as 0.5. DEGs were identified by the Wilcox
test with default parameters and p<0.05. DEGs from each cluster
were sorted by log.-fold change relative to the other clusters.
Then, the DEGs of which log-fold change was more than 0
were selected and used for GO analysis by ClusterProfiler 3.14.3
(https://guangchuangyu.github.io/software/clusterProfiler/). The
enriched function or pathway were further clustered to predict
the most likely function of the specific cluster. Alternatively, to
detect the possible polarization or differentiation process among
different clusters, Monocle 2.14.0 (19) was used for the trajectory
analysis. The co-expression level of n genes was calculated by
el X e3 X -+ X ey (e, means the expression of the nth gene)
and the accuracy is confirmed by ROC curve. Velocyto.R v0.6
package were then used for calculating RNA velocity of each
single cells and further visualization.

Flow Cytometry

For flow cytometry analyses, single-cell suspensions of mouse
aortae were prepared according to the previous protocol
(20) and stained with following antibodies: 7AAD (00-6993-
50, eBioscience, USA), Fluorescent isothiocyanate (FITC)
anti-mouse-a-SMA  (ab8211, Abcam, United Kingdom),
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PE-anti-mouse-CD34 (551387, BD, USA), FITC-anti-mouse-
CD68 (MA1-82739, Invitrogen, USA), PE-anti-mouse-NKI.1
(ab269324, Abcam, United Kingdom), FITC-anti-mouse-
CD19 (11-0193-82, eBioscience, USA), PE-anti-mouse-CD21
(12-0211-82, eBioscience, USA), PE-anti-mouse-CD45 (12-
0451-82, eBioscience, USA), and Collagen I (ab88147, Abcam,
United Kingdom; at room temperature for 30 min) with Alexa
Fluor 488 goat anti-mouse antibody (A32723, Invitrogen, at
room temperature for 30 min). Flow cytometry results were
analyzed by using FlowJo 7.6 software (FlowJo, LLC., Ashland,
Oregon). Statistical analysis was further performed by GraphPad
Prism 8.0.

Isolation and Culture of Bone
Marrow-Derived Fibrocytes

Bone marrow-derived fibrocytes were obtained by in vitro
differentiation of spleen cells as previously described (21).
Spleen cells were isolated from 8-week ApoE~/~ or generic
GFP male mice as previously described (22). Briefly, spleens
were separated, minced and digested at 37°C. Spleen cells were
isolated using a 70 wm cell strainer (15-1070, Biologix, China)
and cultured in 3 ml of RPMI-1640 (31800-500, Solarbio, China)
with L-Glutamine, 20% fetal bovine serum (10099-141, Gibco,
Australia), penicillin—streptomycin (P1400, Solarbio, China).
After 3 days, the medium was changed into Fibrolife basal
media (LM-0001, Lifeline Cell Technology, USA) with 25 ng/ml
of murine macrophage colony-stimulating factor (M-CSF) (315-
02, PeproTech, USA) and 50 ng/ml of murine interleukin (IL)-
13 (210-13, PeproTech, USA) and cells were cultured in a
humidified incubator containing 5% CO, at 37°C for 10 days.
To detect whether cells were induced differentiation, we observed
the morphological changes under microscopy (Nikon, Tokyo,
Japan). Following 10 to 14 days, the adherent cells were harvested
and used to injected to mice and immunofluorescence staining.

Human Aortic Tissue

Human aortic tissue extracts were prepared from the abdominal
aortic aneurysm patient (Peking Union Medical College Hospital
and Beijing Anzhen Hospital) and from the body of the deceased
donor with no detectable vascular disease (Peking Union Medical
College Volunteer Corpse Donation Reception Station). Age
and gender were matched (Supplementary Tables S1, S2). The
human donor aortic tissues obtained were approved by the
institutional review board of institute of basic medical sciences,
Chinese academy of medical sciences. The abdominal aortic
aneurysm tissue obtained were approved by the institutional
review board of Peking Union Medical College Hospital and
Beijing Anzhen Hospital.

Hematoxylin and Eosin (H&E) Staining and

Elastin Staining

The mouse aortae were embedded in optical cutting temperature
(OCT) compound (4583, Sakura, Netherlands) and the frozen
sections were used for H&E staining, Elastin staining or
immunofluorescence staining. H&E staining and Elastin staining
were performed by using H&E staining kit (G1120, Solarbio,

China) elastic staining Kit (HT25A, Sigma-aldrich, Germany)
according to the manufactures’ instructions.

Immunofluorescence Staining

For immunofluorescence staining, the sections for mouse aortae
and human aortae or cells seed in 35 mm glass bottom dish were
fixed with 4% paraformaldehyde for 10 min and permeabilized
with 1% Triton X-100 for 15 min. Then the sections blocked with
1% bovine serum albumin for 30 min at room temperature and
incubated with mouse monoclonal collagen I (ab88147, Abcam,
United Kingdom, 1:100 dilution) and rabbit polyclonal CD45
(ab10558, Abcam, United Kingdom, 1:100 dilution) antibodies
overnight at 4°C. After washing with PBS three times, sections
were incubated Alexa Fluor 488-conjugated goat anti-mouse
IgG (H+L) secondary antibody (A-11008, Invitrogen, USA,
1:1,000), Alexa Fluor 594 conjugated goat anti-rabbit IgG(H+L)
highly cross-adsorbed secondary antibody (A-11037, Invitrogen,
USA, 1:1,000 dilution) for 40 min at room temperature. Finally,
sections were mounted with ProLong Gold antifade reagent with
DAPI (ab104139, Abcam, United Kingdom). Pictures were taken
by confocal microscopy (LSM780, Zeiss).

Quantification and Statistical Analysis

For animal experiments, the exact number of mice used in each
experiment is reported in the figure legends. Normality tests
were conducted first. Then, comparisons between two groups
were made with an unpaired two-tailed t-test or non-parametric
test. Comparisons among groups with two factors were made
with two-way ANOVA, and p < 0.05 was considered statistically
significant. Data were presented as mean =+ standard error of the
mean (SEM).

RESULTS

Aortic and Aneurysmal Cell Populations

Revealed by scRNA-seq

To explore the cell types involved in AAA, apolipoprotein
E-deficient (ApoE~/~) male mice were implanted with Ang
IT osmotic pump for 4 weeks to induce AAA or underwent
sham surgery, and the tissues were collected for scRNA-
seq (Figure 1A). After alignment (Supplementary Figure S1A)
and quality control (Supplementary Figures S1B,C), 7,914 and
9,338 cells from control and AAA groups were combined and
included in the subsequent analysis. Unsupervised clustering
by Seurat R package revealed 15 distinct clusters (Figure 1B).
In accordance with the canonical markers, the clusters were
fibroblasts (Cluster 0, 2, 3; Cd34*Pdgfra®), macrophages
[Cluster 1, 4; Cd68T Ptprc™ (encoding Cd45)], SMC [Cluster
5; Acta2t (encoding o-SMA) Cd34~Pdgfra~], endothelial
cells (ECs) [Cluster 6; Pecaml™ (encoding Cd31), T cells
(Cluster 7; Cd3e™Cd8a™), B cells (Cluster 8 Cd19™), lymphatic
endothelial cells (Cluster 12; Lyvel ™ Pecam1™), and proliferating
cells (Cluster 9; Top2a™ Mki671)] (Figure 1C). Consistent with
previous studies, among all cell types, the proportion of
immune cells significantly increased in the AAA group, especially
macrophages and B cells (Figures 1D,E). By contrast, fibroblasts
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FIGURE 1 | aortae of apolipoprotein E (ApoE~/~) mice, showing partition of 15 distinct clusters (left panel) and cell identities (right panel). (C) The expression of
marker genes exhibited on UMAP plot (gene expression log-normalized by Seurat). (D) UMAP representation of cells showing cellular origins. (E) Stacked column
chart of the proportion of each identified cell type in control and AAA group individually (Control vs. AAA). (F) Heatmap of key genes differentially expressed after Ang Il
infusion (in the left panel) and the associated Gene Ontology (GO) pathway enrichment (in the right panel). Heatmap showed the relative expression level in each
cluster. (G) Pie chart of the proportion of fibroblast subtypes in control and AAA groups (Control vs. AAA). SMC: smooth muscle cell.

and SMCs were reduced after 4-week of Ang II-exposure
(Figures 1D,E).

To assess the robustness of the dataset and explore the cellular
mechanisms of AAA formation, differentially expressed gene
(DEG) were determined by comparing each cell type between
AAA and control groups and Gene Ontology (GO) analyses
were performed. We found that the functions of “positive
regulation of cytokine production,” “regulation of inflammatory
response,” and “antigen processing and presentation” (Figure 1F;
Supplementary Figure S2A) was upregulated in macrophages in
AAA. Moreover, B cells in this dataset were predicted to be
activated to plasma cells with the high expression level of Cr2
(encoding Cd21) and Ighm, and the upregulated genes of B
cells were mainly enriched in the function of “immunoglobulin
mediated immune response.” As for T cells, “natural killer
cell activation” was upregulated with increased expression of
Kirblc and II2rb in AAA pathogenesis. To validate the results
from scRNA-seq analyses, the cells were analyzed by flow
cytometry, which confirmed the infiltration of macrophages,
and the activation of B cells and NK T cells in AAA
(Supplementary Figures S3A-C).

Fibroblasts were composed of three clusters (Clusters 0, 2
and 3). The highly expressed genes (HEGs) among these clusters
and potential functions of these cells were analyzed. The typical
fibroblast functions such as “extracellular matrix organization”
and “extracellular structure organization” were enriched in all of
the three clusters. HEGs of Cluster 0 were mainly enriched in the
function of “transmembrane receptor protein serine/threonine
kinase signaling pathway” (Supplementary Figure S2B). By
contrast, the specifically enriched GO functions of Clusters 2 and
3 were “connective tissue development” and “wound healing”
(Supplementary Figures S2C,D). Further analysis based on the
gene expression patterns determined Cluster 0 as the inactivated
fibroblasts, with higher expression of Cd34 but no expression of
Acta2 (Supplementary Figure S2E). By contrast, Cluster 3, with
higher expression level of Acta2 and lower expression level of
Cd34 compared with Cluster 0, was regarded as myofibroblasts
(11). Cluster 2 could be the intermediate types between Cluster 0
and 3. In addition, scRNA-seq data showed that the proportion
of Acta2™ myofibroblasts increased significantly (Figure 1G)
in AAA, which was validated by flow cytometry analysis
(Supplementary Figure S3D).

In terms of vascular cells, SMCs involved in the function of
“regulation of apoptotic signaling pathway” were upregulated
in AAA, which was consistent with the increased SMC death
in AAA (Supplementary Figure S2E). Furthermore, ECM-
related functions were enriched in SMCs in the AAA group,
suggesting that the SMCs underwent phenotypic transformation
in AAA (Supplementary Figure S2E). In addition, GO analysis
of DEGs of ECs suggested that the upregulated functions

were related to leukocyte migration and EC proliferation
(Supplementary Figure S2F), which was consistent with the
previous reported function of ECs in AAA formation.

Heterogeneity and Re-polarization of
Macrophage Subtypes in AAA

As the largest and most varied population in our scRNA-seq
data, we focused on macrophages (Clusters 1 and 4) and
re-clustered them by Seurat (Figures 1C-E). We observed
four main clusters (Clusters 0-3) (Figure 2A). Using canonical
markers and HEGs to analyze the macrophage subtypes, we
identified Trem2tAcp5t osteoclast-like macrophages (Cluster
0), Mrc1™Cd163" M2-like macrophages (Cluster 1), II1b™ Ccr2™
MI-like macrophages (Cluster 2), and Cd34*Colla2t bone
marrow-derived fibrocyte (21, 23) (Cluster 3) (Figure 2A;
Supplementary Figure S4A). To define the specific gene
expression features and potential functions, HEG and GO
analyses were performed on three subtypes of macrophages
(Figure 2B). Osteoclast-like macrophages (Cluster 0) expressing
high levels of Trem2, Tyrobp, Plin2, and Lpl were enriched in
the function of “apoptotic cell clearance” and “lipid storage,”
suggesting that osteoclast-like macrophages could be involved
in lipid deposition and the phagocytosis of apoptotic cells or
lipid. In M2-like macrophages (Cluster 1), C-C motif chemokine
(CCL) genes (Ccl8, Ccl6, Ccl24, Ccl9 and Ccl12) were highly
expressed, and their enriched function was “mononuclear
cell migration,” implying that M2-like macrophages might
contribute to the recruitment of mononuclear cells by producing
chemokines in AAA pathogenesis. Furthermore, the enriched
function of “tissue remodeling” related genes were also highly
expressed in M2-like macrophages, which is consistent with the
previous reported phenotypic characteristics of M2 macrophages
(24). In M1-like macrophages (Cluster 2), HEGs were mainly
enriched in the function of “regulation of cytokine biosynthetic
process” and “antigen processing and presentation.” Combining
with the high expression of Il1b and Ccr2, these cells have been
predicted to be the most important pro-inflammatory cells in
AAA pathogenesis.

To further analyze the changes of macrophage subtypes
between control and AAA groups, DEG and GO analyses were
performed on each macrophage subtype. In osteoclast-like
macrophages, the genes upregulated in AAA were enriched
in the function of “NADH dehydrogenase complex assembly,”
“ATP metabolic process,” and “glycolytic process” (Figure 2C;
Supplementary Figure S4B). In M2-like macrophages, the
function of “positive regulation of cytokine production” and
“tissue remodeling” were upregulated (Figure 2C). On the other
hand, upregulated pro-inflammatory factors, such as Il1b and
Thbsl, were enriched in the function of “positive regulation of
cytokine production” in M1-like macrophages. In addition, the
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FIGURE 2 | Heterogeneity and re-polarization of macrophage subtypes in AAA. (A) Uniform manifold approximation and projection (UMAP) representation of the
aligned gene expression data in macrophages separated from Figure 1B. (B) Heatmap of highly expressed genes (HEGs) from three subtypes of macrophages in (A).
(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 89 November 2021 | Volume 8 | Article 753711


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Lietal

Fibrocytes in AAA

pseudo-time plot.

FIGURE 2 | (C) Heatmap of key genes differentially expressed (in the left panel) after Ang Il infusion and the associated GO pathway enrichment (in the right panel).
Heatmap showed the relative expression level in each cluster of macrophages. (D) Pseudo-time plot by trajectory analysis of three clusters of macrophages (Cluster O:
Trem2+Acp5+ macrophages; Cluster 1: Mrc1+Cbr2+ M2-like macrophages; Cluster 2: [1Tb™Ccr2* M1-like macrophages). (E) The expression of key genes in

expression of genes related to “apoptotic cell clearance” were also
increased in M1-like macrophages. More interestingly, we found
that the mode of ATP metabolism in osteoclast-like macrophages
might be shifted to glycolysis (Supplementary Figure S4B),
which is typical of M1 macrophages (25). Moreover, the
upregulated functions of M2-like macrophages were similar to
the signature functions of M1-like macrophages. These data
together suggest a connection between the three subtypes,
which was clarified by trajectory analysis with the Monocle2
R package. As shown in Figure 2D, we found the tendency
of transition among different macrophages. As shown by
the RNA velocity, we found that osteoclast-like macrophages
and M2-like macrophages tended to polarize to Ml-like
(Supplementary Figures S5A,B). Key genes related to the
macrophage polarization were significantly changed among
these three subtypes of macrophages. For example, KIf4 (26)
was highly expressed in M2 compared to M1 cells and was
reported to play a crucial role in macrophage polarization
(Figure 2E). Deficiency of Kif4 could evoke a partial loss of
M2 but gain of M1. Moreover, the expression of Cd36 declined
from M2 to M1 (Figure 2E), which was proven to be essential
for fatty acid uptake and metabolism of M2 macrophages
(27). By contrast, the expression of Pkm and Pgam]l related to
glycolysis and gluconeogenesis, increased during the M2 to M1
transition (Figure 2E). The high levels of Pkm and Pgam1 in M1
macrophages indicate that M1 macrophages are glycolytic (25),
which was consistent with our GO analysis above (Figure 2C).
Taken together, we identified three subtypes of macrophages in
aortic and aneurysmal tissues and we thus proposed that the
osteoclast-like and M2-like macrophages might polarize toward
MI type in AAA pathogenesis.

Identification of Fibrocytes That Were

Distinct From Macrophages in AAA

While analyzing the subtypes of macrophages, a remarkable
population of  Cd347Colla2™ bone marrow-derived
fibrocytes (Cluster 3) were found in control aorta and
AAA tissues, and tended to increase in AAA (Figure 2A;
Supplementary Figures S6A,B). When performing HEG
analysis on fibrocytes compared with the three subtypes of
macrophages, we found that the expression pattern of fibrocytes
was exceedingly distinct from macrophages (Figure 3A). ECM-
related genes were highly expressed in fibrocytes, such as collagen
(Collal, Colla2, Col3al, Col5a, Coldal, etc.), elastin (Eln),
matrix metalloproteinases (Mmp2, Mmp3, etc.), and periostin
(Postn) (Figure 3A). GO analysis of HEGs suggested fibrocyte
functions such as ECM organization, collagen related process and
response to growth factor and wounding (Figure 3B), similar to
the functions of fibroblasts (Supplementary Figures S2B-D).
Further trajectory analysis of fibrocytes and macrophages

revealed that there might be no connection or transition between
the fibrocytes and three subtypes of macrophages (Figure 3C).
Taken together, we identified fibrocytes in AAA tissues, whose
gene expression patterns and functions were different from those
of macrophages.

Identification and Function of Fibrocytes in
AAA Pathogenesis

Bone marrow-derived fibrocytes are differentiated from
circulating CD14™ peripheral blood mononuclear cells (PBMCs)
and co-express markers of hematopoietic stem cells (CD34%),
monocyte lineage (CD11b™), leukocyte (CD45T), and stromal
cells (collagen I1). These characterizations are used to identify
fibrocytes (23, 28). In our scRNA-seq analysis, marker genes
distinguishing fibrocytes from macrophages were retrieved and
combined with the canonical markers to identify fibrocytes
from other cell types. Among all cell types, the fibrocyte
features distinct from macrophages were remarkably similar
with fibroblasts, but the fibrocytes also exhibited leukocyte-like
features. This suggests that fibroblasts represent a unique cell
type (Figure4A). For screening the markers of fibrocytes,
we calculated the co-expression levels (details in Methods)
of the fibroblast features (i.e., Cd34, Colla2, Meg3, Aebpl,
Dcn, Igfbp7, and Nbl1) and the leukocyte-like features (Cd45)
and assessed the accuracy and specificity of different feature
combinations by ROC curve. The result showed that the
combination of Cd45 and Colla2 showed a high specificity
(>95%) for identifying fibrocytes with a co-expression level of
more than 0.25 (Figure 4B). Fibrocytes were newly identified
by co-expression of Ptprc and Colla2, and distributed among
macrophage, fibroblast and smooth muscle cell clusters
(Supplementary Figures S6C,D). Furthermore, we adopted and
analyzed a previous single cell RNA-seq dataset from human
ascending thoracic aortic aneurysm (29) (ATAA) to validate our
current findings in mice. By calculating the co-expression level of
PTPRC and COL1A2, fibrocytes were also detected in the ATAA
dataset. Fibrocytes were mainly distributed among macrophage,
fibroblast and smooth muscle cell clusters in the embedding
space (Supplementary Figures S7A,B), which is consistent with
our results. In addition, the proportions of fibrocytes tended to
increase in ATAA patients (Supplementary Figure S7C). Next,
the transcriptomic changes of fibrocytes in AAA were analyzed.
In terms of the classic markers of fibrocytes, the hematopoietic
stem cell- and immune cell-like features (i.e., Cd34, Ptprc,
Itgam) were decreased but the stromal feature (Colla2) was
increased (Figure 4C). DEG analysis of our data showed the
upregulation of Ccl8, Gm2564, Aifl, and Lgals3 in fibrocytes,
which were enriched in the function of “monocyte chemotaxis.”
The expression levels of Timp1, Tyrobp, Mif, Collal, and C3 were
increased, and they were enriched in the function of “response
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FIGURE 3 | Identification of fibrocytes that were distinct from macrophages in AAA. (A) Heatmap of highly expressed genes (HEGs) from three subtypes of
macrophages and fibrocytes (Cluster 3), The HEGs of fibrocytes compared with macrophage subtypes were labeled (lower part), and the HEGs of macrophage
subtypes (upper part) were the same as Figure 2B. (B) Bar plot of Gene Ontology (GO) pathway enrichment of the HEGs in fibrocytes. (C) Pseudo-time plot by
trajectory analysis of three clusters of macrophages (Cluster O: Trem2+Acp5+ macrophages; Cluster 1: Mrc1+Cbr2+ M2-like macrophages; Cluster 2: l1b*Ccr2+
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to wounding” (Figures 4D,E). These data together suggest the
response and recruitment of fibrocytes to the AAA lesion. In
addition, ECM and collagen-related functions were upregulated
in fibrocytes during AAA formation (Figure 4E), which were
similar to fibroblast functions (Supplementary Figures S2B-D).
Further combining with the ATAA single cell dataset, DEGs
of fibrocytes caused by aortic aneurysms were overlapped
with those in our dataset and determined. Specifically, Timpl,
Sfrp2, and Sfrp4 were upregulated in both human and mouse
samples (Figure 4F). These genes are known to be closely
related to AAA formation (30-32). Further trajectory analysis
between fibroblasts and fibrocytes showed fibrocytes were

similar with inactivated fibroblasts and might be differentiated
toward myofibroblasts (Supplementary Figure S5D), consistent
with their role as the fibroblast progenitor. Taken together,
we hypothesized that fibrocytes are recruited to AAA tissues
and tend to transform toward fibroblasts to influence AAA
pathogenesis by mediating ECMs remodeling.

In order to validate the existence and localization of
fibrocytes, co-immunofluorescence staining was performed and
the results showed that numerous CD45TCOLI1™ fibrocytes were
significantly increased in both mouse (Figures 5A,B) and human
(Figures 5C,D) AAA tissues, suggestive of fibrocytes mainly
in the adventitia. Co-localization of CD45 and elastin layers
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showed that CD45™ cells were mainly localized in the adventitia
(Supplementary Figure S8), further indicating the localization
of fibrocytes in the adventitia. Flow cytometry data further
confirmed the increase of fibrocytes in mouse AAA tissues
(Supplementary Figure S9).

Alleviation of Ang ll-Induced AAA

Formation by Reconstitution of Fibrocytes
Fibrocytes have been reported to play essential roles in wound
healing, atherogenesis, and lung diseases (21, 23, 33, 34), but
their role in AAA is not understood. To test the hypothesized
roles of fibrocytes in AAA formation, bone marrow-derived
fibrocytes were administered into Ang II-treated mice on days
7 and 21 by tail-vein injection (Figure 6A). Bone marrow-
derived fibrocytes were produced from spleen monocytes and
cultured with IL-13 (50 ng/ml) and M-CSF (25ng/ml) for 10
days (Supplementary Figure $10). GFP-labeled fibrocytes from
GFP-transgenic mice were then injected into Ang II-infused
mice (non-GFP) to trace the cells in vivo. By co-staining
GFP with fibrocyte markers, GFP-labeled fibrocytes were found
to be recruited to AAA tissues (Supplementary Figure S11).
More importantly, reconstitution of fibrocytes significantly
attenuated AAA formation, demonstrated by a decrease in
AAA incidence and mortality (Figures 6B,C), reduced lesion
diameters (Figures 6D-F) and diminished elastin degradation
(Figures 6G,H). Taken together, our data suggest that fibrocytes
attenuate Ang II-induced AAA formation.

DISCUSSION

We performed scRNA-seq analysis of aortic tissues from Ang II-
induced AAA mouse model and found infiltration and activation
of pro-inflammatory cells such as macrophages, B cells and NK T
cells in the AAA tissue. Additionally, myofibroblast activation,
SMC apoptosis, and EC dysfunction were also indicated by
the results of scRNA-seq. We focused on the heterogeneity of
macrophage subtypes, and discovered the repolarization of M2-
like and Trem2" osteoclast-like macrophages toward M1-like
macrophages, highlighting a critical role of this process in AAA
pathogenesis. More importantly, we identified fibrocytes from
scRNA-seq analysis and confirmed the recruitment of fibrocytes
and their protective effect in AAA formation. Thus, our study has
identified specific cell populations critical to AAA and provided
evidence supporting these cells as targets for intervention.
Despite the rapidly growing number of single-cell sequencing
studies, only a few single-cell datasets of AAA have been
published, including data from ATAA patients (29), the elastase
model (35) and the CaCl, model (36). Hadi et al. conducted
scRNA-seq on Ang II-induced AAA tissues and showed the
expression of Nertin-1 in different cell types without in-depth
analysis on the heterogeneity of cell populations. We performed
scRNA-seq in Ang II-induced AAA tissues and obtained
consistent findings with previously reported results. For example,
B cells have been reported to play a crucial role by producing
abundant inflammatory factors in AAA (37). Depletion of B
cells using anti-CD20 could suppress the formation of AAA

and evoke the infiltration of immunosuppressive cells (38).
Consistently, we found the activation and increase of B cells,
which was confirmed by flow cytometry in AAA. Similarly, the
activation of NK T cells has been demonstrated to aggravate
AAA formation (39), which is also consistent with our scRNA-
seq and flow cytometry results. Apoptosis of SMCs has become
the hallmark of AAA, which is also confirmed in our scRNA-seq
data in terms of cell proportions and function analysis. Moreover,
both previous studies and our scRNA-seq results showed the
vital function of ECs in the recruitment of inflammatory cells
during AAA formation. The consistent results from our and
previous studies support the important roles of these cell types
in AAA.

Our scRNA-seq analysis revealed the heterogeneities of
three macrophage subtypes and found the increase of Trem2*
osteoclast-like macrophages in AAA tissues. These data
were consistent to the previous reports that osteoclast-like
macrophages were increased in AAA lesions, and the inhibition
of osteoclastogenic differentiation diminished AAA formation
(40-42). In addition, based on the gene expression patterns
and trajectory analysis, we proposed the re-polarization of
osteoclast-like macrophages and M2-like macrophages toward
the M1 type. However, it remains unclear when and how
re-polarization takes place in AAA formation, which deserves
to be further investigated. Besides promoting inflammation
(Supplementary Figure S2A), infiltrated macrophages can
also influence ECM degradation by secreting proteases, such
as cathepsins and MMPs (43, 44). It has been reported that
cathepsin S was highly expressed in AAA lesions, and deficiency
of cathepsin S attenuated AAA formation by preventing
SMC apoptosis and proliferation of inflammatory cells.
Consistently, our scRNA-seq data showed an upregulated
expression of cathepsins in different macrophages. Specifically,
cathepsins S and B were most highly expressed in osteoclast-like
macrophages and the expression levels were increased in AAA
(Supplementary Figure S6A). Similarly, the expression of a
series of cathepsins was upregulated in M2-like macrophages,
including Ctsa, Ctsb, Ctsc, Ctsd (Supplementary Figure S12).
In addition, previous studies have reported that MMP9
and MMPI12 produced by macrophages contribute to AAA
(45, 46). Our data showed that Mmp9 was highly expressed in
M2-like macrophages, and Mmpl2 and Mmpl4 were highly
expressed in osteoclast-like macrophages correspondingly
(Supplementary Figure S6A). These data together suggest
the vital roles of different types of macrophages in AAA
formation by differentially regulating inflammation and
ECMs remodeling.

Fibrocytes are bone marrow-derived cells maturing in spleen.
Fibrocytes are recruited to injured sites and differentiated
toward fibroblasts (23). Previous studies have proposed their
roles in wound healing, atherosclerogensis, and lung diseases
(21, 33, 34, 47, 48). Reconstitution of fibrocytes could
accelerate wound healing by upregulating collagen-related
genes (23). Similarly, reconstitution of Postn™/~ fibrocytes
diminished bleomycin-induced lung fibrosis (48). In vascular
pathology, fibrocytes were found to be involved in the
atherosclerotic plaque formation (33, 47). In our study,
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FIGURE 4 | Identification and function of fibrocytes in AAA pathogenesis. (A) Dot plot showing the expression of classic fiorocyte markers and the top 5 highly
expressed genes compared with macrophages. (B) The ROC curve identifying the sensitivity and specificity of the co-expression of distinct marker genes. (C) Violin
plots of the expression levels of the classic marker genes that identify fibrocytes during Ang Il infusion. (D) Differentially expressed genes (DEGs) of fibrocytes during
Ang Il infusion. (E) Bar plot of Gene Ontology (GO) pathway enrichment of DEGs in fibrocytes. (F) Dot plot showing the expression of 10 shared DEGs in Ang Il model
and human ATAA.

the reconstitution of fibrocytes reduced the incidence and
mortality of Ang II-induced AAA, and attenuated elastin
degradation and AAA formation. In our study, we found
the activation of fibroblast toward myofibroblast with high
Acta2 expression in AAA (Figure 1G). Importantly, single cell
trajectory analyses revealed fibrocytes, as another source, tended
to be differentiated toward fibroblasts and then myofibroblasts
(Supplementary Figure S5D). The results suggested that the
increased myofibroblasts in the AAA group may result from
the activation of adventitial fibroblast as well as the recruited
and increased fibrocytes. In previous studies, the activation
and differentiation of fibroblast toward myofibroblast is a
well-established phenomenon during which fibroblasts mature
and acquire the contractile feature. This phenotypic transition
contributes to vascular pathology by producing inflammatory
factors, such as IL-6 and monocyte chemoattractant protein-1
(49, 50). In terms of the source of myofibroblasts, they
have been reported to be differentiated from not only
fibroblasts, but also from SMCs and fibrocytes (51), which
are consistent with our observations. For the underlying

mechanism of transition process, previous studies have revealed
the roles of TGEFP, hypoxia, angiotension II, endothelin-1,
IL-6, hyperhomocysteinemia (HHcy), cylindromatosis (CYLD),
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
4 (Nox4), and Fizzl (50, 52-55). The enhanced expression
of ECM-related genes (i.e, Collal and Timpl) and WNT
antagonists (i.e. Sfrp2 and Sfrp4) in fibrocytes (Figure 4F)
suggests a protective effect in AAA formation. Additionally,
these genes are involved in the TGFP pathway (56), indicating
the transition of fibrocytes to myofibroblasts. The specific
mechanisms by which fibrocytes modulate AAA formation need
to be further characterized in the future.

In conclusion, this study identified important roles of
macrophage subtypes and fibrocytes in AAA by scRNA-seq.
Reconstitution experiment with cell tracing confirmed that
fibrocytes were recruited and attenuated AAA formation. As
clinical treatment for AAA lacks breakthrough, our data provide
the theoretical underpinning for fibrocytes as a new approach
for cell therapy for AAA treatment or post-operative protection,
where fibrocytes can maintain aortic homeostasis and reduce
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