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HIGHLIGHTS

o In this study we observed sex-specific effects of the NLRP3 inflammasome on atherogenesis in LDLR-deficient mice, with
NLRP3 inflammasome playing a more prominent role in atherosclerosis in female mice than in males.

e Sex hormones may be involved in NLRP3 inflammasome-mediated atherogenesis and may underlie differential responses
to anti-NLRP3 therapy between males and females.

o Testosterone may play an inhibitory role by blocking NLRP3 inflammasome and inflammation in atherogenesis,
whereas female sex hormones may promote NLRP3 inflammasome-mediated atherosclerosis.

e The results of the present study may help design future clinical trials, with the objective to personalize
cardiovascular care for men and women.
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SUMMARY

therosclerotic cardiovascular disease (ACVD)
is the leading cause of morbidity and mortal-
ity globally in men and women (1). To date,
most clinical studies on ACVD have primarily
included men, and the knowledge about ACVD in
women has been largely based on extrapolation.
Although more men than women die from ACVD,
and men develop disease at a younger age (40 to 60
years of age) (2,3), women have higher mortality
trends in ACVD (4,5), and experience more complica-
tions, such as bleeding and coronary vascular injury
(6). Plaque erosion, the cause of coronary thrombosis
and acute myocardial infarction, occurs at a higher
frequency in women than in men (7,8). Recent evi-
dence highlighted ACVD risk factors exclusive to
women (9), including common disorders of preg-
nancy, such as gestational hypertension and diabetes,
and frequently occurring endocrine disorders in
women of reproductive age (e.g., polycystic ovary
syndrome and early menopause) (10,11) caused by
hormonal dysregulation. In addition, women with
autoimmune disease are at an increased risk of
developing ACVD (12).
Inflammation contributes to all stages of athero-
sclerosis, from plaque formation to instability and

In the Ldlr”~ mouse model of atherosclerosis, female Nlrp3”~ bone marrow chimera and Nlrp3”~ mice developed
significantly smaller lesions in the aortic sinus and decreased lipid content in aorta en face, but a similar
protection was not observed in males. Ovariectomized female mice lost protection from atherosclerosis in the
setting of NLRP3 deficiency, whereas atherosclerosis showed a greater dependency on NLRP3 in castrated
males. Thus, castration increased the dependency of atherosclerosis on the NLRP3 inflammasome, suggesting
that testosterone may block inflammation in atherogenesis. Conversely, ovariectomy reduced the dependency
on NLRP3 inflammasome components for atherogenesis, suggesting that estrogen may promote
inflammasome-mediated atherosclerosis. (J Am Coll Cardiol Basic Trans Science 2020;5:582-98)

© 2020 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an
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final plaque rupture (13). Multiple studies have
highlighted the prominent role of the nucleotide-
binding domain and leucine-rich repeat (NLR) pyrin
domain containing protein3 (NLRP3) inflammasome
and interleukin (IL)-1 cytokines in atherogenesis
(14-17), and IL-1a. and IL-18 have been observed in
human atherosclerotic plaques (18). However, the
role of the NLRP3 inflammasome pathway in diet-
induced acceleration of atherosclerosis is still
controversial, with 2 main groups reporting con-
trasting results in experimental mouse models.
Although Duewell et al. (19) demonstrated a proa-
therogenic role for the NLRP3 inflammasome acti-
vation in response to cholesterol in Ldlr’" mice,
Menu et al. (20) reported no differences in athero-
sclerosis progression in mice with genetic deletion of
key inflammasome components. The latter study
used ApoE - mice and 8-fold higher cholesterol in
the diet compared with the former study (21). How-
ever, another key difference between these 2
experimental studies with that whereas Duewell
et al. (19) clearly described the use of female mice,
Menu et al. (20) did not state the sex of the mice
used. Emerging evidence has shown that estrogen
can act as an inflammatory protective factor to
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suppress NLRP3-mediated neuroinflammation in the
hippocampus (22,23). However, the relationship be-
tween NLRP3 and estrogen in ACVD has not been
elucidated.

Several studies strongly suggest that the key dif-
ferences in the immune-inflammatory processes and
resulting inflammatory infiltrate between men and
women with ACVD may be driven by sex hormones
(24). Current dogma holds that estrogen has anti-
inflammatory effects, whereas testosterone pro-
motes inflammation (24). Indeed, the finding that the
incidence of ACVD increases in women as estrogen
declines with age and following menopause could be
interpreted to indicate a protective role for estrogen
in the heart (24). However, in clinical studies
hormone-replacement therapy has failed to decrease
ACVD events (25-27), emphasizing the complexity of
the relationship between vascular biology and estro-
gen hormones. Indeed, the role of estrogen signaling
on expression of IL-1f seems to differ depending on
cell type (22,28-30). Similarly, although in general
testosterone is believed to promote innate immune
cell activation and production of proinflammatory
cytokines, there are many conflicting studies (31).
Many studies now suggest that testosterone inhibits
atherosclerosis (32-36), and that testosterone defi-
ciency increases the risk of atherosclerotic events (37-
39). The reason for these conflicting findings may be
that the understanding of the effect of sex hormones
on immune cells is derived mainly from cell culture
and animal studies of normal, healthy cells, rather
than disease contexts. Importantly, mechanistic
studies examining sex differences in inflammation
during atherosclerosis have, for the most part, not yet
been conducted.

CANTOS
Thrombosis Outcome Study) recently demonstrated
modest but significant therapeutic benefit of treat-
ment with a monoclonal antibody targeting only IL-1
(canakinumab) in patients with previous myocardial

(Canakinumab Anti-inflammatory

infarction (40). A secondary analysis showed that
subgroups of women and men achieved similar clin-
ical efficacy with canakinumab (41), despite only 26%
of the participants being female, indicating that a
smaller sample size was needed for females to ach-
ieve the same clinical benefit as males. These results
suggest a sex-specific difference in the therapeutic
responses to IL-1f inhibition, where females may be
more responsive than males. Although the results of
the CANTOS trial are a milestone in cardiovascular
medicine, the safety concerns and potentially pro-
hibitive cost make it unlikely that canakinumab will

ultimately be wused for secondary prevention.
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Therefore, finding ways to identify subsets of pa-
tients who derive maximum benefits from canakinu-
mab (or other anti-inflammatory agents) is critical.
Here, we investigated the role of sex in NLRP3
inflammasome-mediated inflammation in athero-
sclerosis as a first step toward identifying these pa-
tient subsets.

METHODS

ANIMAL STUDIES. All animal experiments were per-
formed according to the guidelines and approved
protocols (Protocol #8299) of the Cedars-Sinai Medi-
cal Center Institutional Animal Care and Use Com-
mittee. Cedars-Sinai Medical Center is fully
accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care and abides
by all applicable laws governing the use of laboratory
animals. Laboratory animals are maintained in
accordance with the applicable portions of the Animal
Welfare Act and the guidelines prescribed in the U.S.
Department of Health and Human Services publica-
tion, Guide for the Care and Use of Labora-
tory Animals.

MICE. All mice were on the C57BL/6 background for
these studies. Both male and female Nirp3~ Ldlr~/~
and Ldlr”~ mice were used (42). For bone marrow
(BM) transplantation, BM from wild-type, and Nirp3”
mice was transplanted into irradiated Ldlr”" mice.
After recovery (6 weeks), chimeric mice were placed
on a high-fat diet (HFD) containing 0.15% cholesterol
(Harlan Teklad) for 12 weeks (42,43).

CASTRATION. One week before HFD, Nlrp3~/~Ldlr 7/~
and Ldlr~~ male mice of 8 weeks of age underwent
castration (CAS) or sham-surgery. Mice were main-
tained on inhalation anesthesia (1.5% isoflurane) via
nose-cone. Before the start of the surgery, carprofen
(5 mg/kg body weight) was administered subcuta-
neously. The area between the penis and the anus
was shaved and cleaned with betadine followed by
alcohol to disinfect the scrotum. The area between
the penis and the anus was lifted to make a small 1-
mm horizontal cut. To remove the testes, a small 1-
mm cut into the inner skin membrane enclosing the
testicles was made and the testicles were exterior-
ized. Testicular arteries were tied off using resorb-
able Vicryl sutures before removing the testes. Once
the testes were removed, the wound was sealed
with 2 nylon sutures. Following spontaneous
movement, buprenorphine (0.5 mg/kg body weight)
and 300 pl of warm saline were administered sub-
cutaneously. In sham-operated mice, both the skin
and inner skin membrane between the penis and
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anus were incised. The testes were drawn out and
placed back and the wound was sealed with inter-
rupted nylon sutures.

OVARIECTOMY. One week before HFD, Nilrp3™~
Ldlr~~ and Ldlr~~ female mice of 8 weeks of age
underwent ovariectomy (OVX) or sham-surgery. Mice
were maintained on inhalation anesthesia (1.5% iso-
flurane) via nose-cone. Before the start of the surgery,
carprofen (5 mg/kg body weight) was administered
subcutaneously. The area below the ribs was shaved
and cleaned with betadine followed by alcohol. This
area was then lifted with forceps to make a small 2-cm
horizontal cut. Resorbable Vicryl sutures were used to
clamp the horn beneath the ovary and each ovary was
removed using forceps and scissors. The uterine
horns were then placed back into the body and the
peritoneal cavity was closed using interrupted
resorbable Vicryl sutures. The skin was closed with
interrupted nylon sutures. Following spontaneous
movement, buprenorphine (0.5 mg/kg body weight)
and 300 pl of warm saline were administered subcu-
taneously. In sham-operated mice, both the skin and
inner skin membrane were incised. The ovaries were
externalized and returned to the abdominal cavity
and the wound was sealed with
nylon sutures.

interrupted

ASSESSMENT OF ATHEROSCLEROTIC LESIONS IN
THE AORTA AND AORTIC SINUS. The aortas were
dissected and the adherent (adventitial) fat was
gently removed. Whole aortas were opened longitu-
dinally from the aortic arch to the iliac bifurcation,
mounted en face, and stained for lipids with oil red O.
Hearts were embedded in optimum cutting tempera-
ture compound (OCT) (Tissue-Tek, Sakura, Torrance,
California) and serial 7-pm-thick cryosections from
the aortic sinus were mounted and stained with oil
red O and hematoxylin. Six frozen aortic root cross
sections for oil red O stain or hematoxylin were
captured with BZ-X710 microscope (Keyence, Itasca,
Illinois) digital camera. Image analysis was performed
by a trained observer blinded to the genotype of the
mice. Lesion areas were quantified with image anal-
ysis software using a BZ-X710 microscope (Keyence).
The lesion area in the aorta en face preparations was
expressed as a percent of the aortic surface area, as
previously reported (44). Necrotic core was measured
by hematoxylin-eosin staining and quantified with
image analysis software.

MESO SCALE DISCOVERY. IL-1f in mouse plasma
samples was measured using the U-PLEX Mouse IL-1
Assay (Meso Scale Diagnostics, Rockville, Maryland)
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Concentrations in Serum (mg/dl) of Mice

TABLE 1 Total Cholesterol Level, Lipoprotein Profile and Triglyceride

Groups TC HDL LDL TG
Ldlir”- M 1,041 £+ 90 51 £16.1 18 +£15.3 148 £ 17.6
Nlrp3”~ Ldlr’" M 1,100 + 58 49 +£135 109 £ 16.9 129 £171
Ldir’” F 987 + 82 59 £16.8 102 £ 19.1 135 £19.5
Nlrp3”~ Ldlr”" F 1,029 + 59 62 £17.1 N5 +£16.9 141 +£ 215

Values mean + SEM.

TC = total cholesterol; TG = triglyceride.

F = female; HDL = high-density lipoprotein; LDL = low-density lipoprotein; M = male;

per the manufacturer’s instructions. The samples
were read and analyzed by Meso Scale Discovery
QuickPlex SQ120 instrumentation and Workbench 4.0
Software (Meso Scale Diagnostics).

CYTOKINE ASSAY. IL-18 in mouse plasma samples
was measured using enzyme-linked immunosorbent
assay kits for murine IL-18 (Abcam, Cambridge, Mas-
sachusetts). Cell culture supernatants were assayed
using commercially available enzyme-linked immu-
nosorbent assay kits for murine IL-1f and tumor ne-
crosis factor-o (eBioscience, San Diego, California)
according to the manufacturer’s instructions.

IMMUNOFLUORESCENCE STAINING AND IMAGE
ACQUISITION. For immunohistochemical staining of
frozen sections, fixing and antigen blocking were
performed using immunoglobulin from the species of
the secondary antibodies. Next, the sections were
incubated with primary antibodies overnight at 4°C,
followed by incubation with the appropriate second-
ary antibodies conjugated with fluorescent dyes. For
assessment of macrophage content, cells were
detected using anti-MOMA-2 antibody and for coloc-
alization staining, nuclei were counterstained with
DAPI. Caspase-1 activity was detected by fluorescent
labeled inhibitors of caspases (FLICA) staining. Im-
ages (3 sections per animal) were captured using the
BZ-9000 microscope (Keyence) and analyzed by BZ
analyzer software.

SERUM LIPID PROFILES. Mice were sacrificed and
sera from mice were obtained at the end of experi-
ments and after an overnight fast. Total cholesterol
concentrations and lipid profiles were determined in
duplicate by using a colorimetric assay (infinity
cholesterol reagent, Sigma Diagnostics, St. Louis,
Missouri) as described earlier (43).

STATISTICAL ANALYSIS. Results are reported as
mean + SEM. All data were analyzed with the
GraphPad Prism statistical software version 7

585



586 Chen et al. JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 5, NO. 6, 2020
Role of Sex in IL-B and Atherosclerosis JUNE 2020:582-98

FIGURE 1 NLRP3 Deficiency Reduces Diet-Induced Atherosclerosis Development in Female But Not Male Mice
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(A) Representative oil red O staining of aortic sinus plaque in Ldlr”" and Nlrp37-Ldlr”’~ mice (n = 12). (B) Quantification of area of aortic sinus
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was determined using Student's t-test.
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FIGURE 2 Comparison of Necrotic Core and Macrophage Content in Diet-Induced Atherosclerosis Lesion of Female Versus Male Mice
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FIGURE 3 IL-1P and IL-18 Secretion Are Higher in Female LdIr /- Mice Compared With Males
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(A) Female and male Ldlr - mice were fed 12 weeks high-fat diet, plasma concentrations of IL-1B were measured by Meso Scale Discovery.
(B) Plasma concentrations of IL-18 were measured by enzyme-linked immunosorbent assay. (C and D) Peritoneal macrophages were isolated
from female and male Ldlr~/~ mice after 12 weeks high-fat diet. Four-hour lipopolysaccharide-primed peritoneal macrophages from female or
male Ldlr 7/~ mice were stimulated with 5 mM ATP (1 h). IL-1p and TNF-a concentrations in the culture supernatant were determined by
enzyme-linked immunosorbent assay. Vehicle: 0.01% dimethyl sulfoxide in PRMI1640 medium. All data are mean + SEM and represen-
tative of 3 independent experiments in triplicate. Statistical significance was determined using Student's t-test. IL = interleukin;
LPS = lipopolysaccharide; TNF = tumor necrosis factor.

p < 0.05 were considered significant.

(GraphPad Software, Inc., San Diego, California). SAMPLE SIZE AND POWER CALCULATIONS. We fol-
Statistical differences between 2 groups were lowed the American Heart Association scientific
assessed using a 2-sided Student’s t-test. Values of statement on the recommendation of design and

execution and reporting of animal atherosclerosis

FIGURE 2 Continued

(A) Necrotic core area (hematoxylin-eosin) in male aortic root (n = 10 to 12). (B) Necrotic core area (hematoxylin-eosin) in female aortic root
(n =10 to 12). (C) Macrophage content in male aortic root by MOMA-2 staining and DAPI (for nucleus) (n = 8 to 11). (D) Macrophage content in
female aortic root by MOMA-2 and DAPI (for nucleus) staining (n = 8 to 10). Data are presented as mean & SEM. Statistical significance was

determined using Student's t-test.
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studies as published in 2017 by the American Heart
Association Council on Arteriosclerosis, Thrombosis
and Vascular Biology and Council on Basic Cardio-
vascular Sciences (45). The sample sizes needed in
each experimental group were based on 80% power
and 2-sided tests for 5% level of significance. Based
on our prior experience, given expected experimental
variance within a treatment group of up to 20%, we
calculated that a minimum of 8 to 10 animals per
group was required. To account for any additional
variability or mortality during the experiments, we
calculated a priori that 10 to 12 mice were used in each
group. Both male and female mice were used and
analyzed separately because this was the main focus
of this study.

RESULTS

NLRP3 INFLAMMASOME PLAYS A GREATER ROLE IN
HFD-INDUCED ATHEROSCLEROSIS [IN FEMALE
COMPARED WITH MALE LDLR”" MICE. To assess sex
differences in inflammasome-mediated acceleration
of atherosclerosis, we generated Nlrp3”/ Ldlr”’" mice
and fed them an HFD for 12 weeks. Despite similar
blood cholesterol levels and lipid profile (Table 1), in
female mice, NLRP3 deficiency resulted in a 30%
decrease in plaque size in the aortic root compared
with Ldlr’/- alone, whereas this difference was not
significant in males (Figures 1A and 1B). DKO females
also exhibited 32% less lipid content in aortic root
plaque (Figure 1C) and 38% less lipid coverage in
aortic en face compared with control animals,
whereas in males there was no significant difference
between DKO and control animals (Figures 1D and 1E).
In HFD-fed male mice, NLRP3 deficiency did not
affect necrotic core size (Figure 2A) or macrophage
content (Figure 2C), whereas these parameters were
significantly reduced in NLRP3-deficient females
compared with control animals (Figures 2B and 2D).
Lipid accumulation and cell death within the lesions
contribute to activation of inflammatory cells that
release proinflammatory and proatherogenic media-
tors into the serum (46,47). We measured IL-1 and
IL-18 in the serum and found significantly higher
concentrations of IL-1f and IL-18 in female Ldlr—/~
mice compared with male mice (Figures 3A and 3B).
Additionally, peritoneal macrophages were isolated
from female and male Ldlr~/~ mice after 12 weeks
HFD. Cells were pretreated with lipopolysaccharide
and then stimulated with NLRP3 activator ATP. Fe-
male macrophages secreted significantly more IL-18,
but not tumor necrosis factor-a, compared with male
macrophages (Figures 3C and 3D).
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Concentrations in Serum (mg/dl) of Mice

TABLE 2 Total Cholesterol Level, Lipoprotein Profile and Triglyceride

Donor (BM) to Recipient TC HDL LDL TG

WT to Ldlr’- M 987 +78 594157 110+£19.2 134 +28
Nlrp3” to Ldlr’- M 901+48 62+125 104+ 21 128 + 20.1
WT to Ldlr’" F 1,012+77 52+153 112+£17.8 150 +13.2
Nirp3” to Ldlr’" F 978 £ 81 61+17.4 1M7+13.9 136+16.4

Values are mean + SEM.
BM = bone marrow; WT = wild-type; other abbreviations as in Table 1.

NLRP3 ACTION IN HEMATOPOIETIC CELLS MODULATES
ATHEROSCLEROSIS IN FEMALES. The previously dis-
cussed results suggest that the NLRP3 inflammasome
plays a greater role in lesion development in female
mice compared with male mice. We next used a BM
chimera (donor — irradiated recipient: wild-
type—Ldlr’; Nilrp3”/ —Ldlr’") approach to deter-
mine the role of NLRP3 in BM-derived cells in the sex
difference in inflammasome-mediated acceleration of
atherosclerosis. After 12 weeks on HFD, despite
similar blood cholesterol levels and lipid profile
(Table 2), female recipients of Nirp3”~ BM developed
significantly smaller lesions in the aortic sinus and
lower lipid content in aortic root (Figures 4A to 4C)
and less aorta en face lipid coverage (Figures 4D
and 4E) than did female recipients of wild-type BM.
However, this protection was not observed in males
(Figures 4A to 4E). These data confirmed our previous
results and further suggest that the NLRP3 inflam-
masome in hematopoietic cells plays a greater role in
HFD-mediated atherosclerosis in females than in
males in the Ldir”" model.

SEX HORMONES MODULATE NLRP3-MEDIATED
ATHEROSCLEROSIS. To determine whether the dif-
ferences we observed between sexes were mediated
by sex hormones, we performed CAS in male Ldir”"
and NIrp3”Ldlr’”~ mice; sham-surgeries in male
Ldlr”" and Nlrp3”/"Ldlr’" mice were done to control
and rule out any effects that may be caused by the
surgery itself (48). After 1 week of recovery, all mice
were fed HFD for 12 weeks before sacrifice. As ex-
pected based on our previous data, in sham-operated
male mice, there was no difference in aortic lesion
size between genotypes (Supplemental Figure 1A),
but in the CAS group, DKO mice now showed signifi-
cant protection (Figure 5A). Similar protection in CAS
DKO mice was observed in terms of lipid content in
the aortic sinus (Figure 5B), and in aortic en face
(Figure 5C), but not in sham-operated male DKO mice

589


https://doi.org/10.1016/j.jacbts.2020.03.016

590

Chen et al.
Role of Sex in IL-B and Atherosclerosis

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 5, NO. 6, 2020

JUNE 2020:582-98

A

Cc 25

(% plaque area)
- - N
o (3] o
[ [l ]

Lipid Content Aortic Sinus
(3]
1L

0-
Donor wT

D Recipient Ldir*
d @

'\‘" \“5!' “\r" L ”~

»
T

7 ‘

WT _ Nip3- WT_ Nip3

v v
Ldlr " Ldlr* Ldir+ Ldir”

(3]

<

<
52
LG
7]
g
2]

e
N o
oXx
£
<

Donor ~ WT Nirp3 7
Recipient  Ldlir”  Ldir”

Nip3 *
Ldir*

20+

Lipid Content Aorta en face
(%)
)
1

0-
Donor

Recipient

FIGURE 4 NIirp3 Deficiency in Bone Marrow Cells Reduces Diet-Induced Atherosclerosis Development in Female But Not Male Mice

A 25 ‘f HE
i 2
Nirp3
Ladlr +
0.002
[0}
S
L5
K
Q€
£X 5aa
Q
<
0- T
Donor wTt Nirp3 7
Recipient Ldir”  Ldir”
- p=0.001
(2]
3 a
£
D ~
o 8 15+
§ &
(0]
58 "]
8 o
@) &\i Gl
k=]
2
-
0-
Donor wT Nirp3 *
Recipient Ldir*  [dir+
. p=0.021
p=0.075 8 —
— Y
a® & 15
©
Ala 2 5 = = A
< 210~
s IR D
A e [
S 5 4,4
2 aa
=
-
T 0 ’
WT Nirp3 Donor  WT Nirp3
Ldlr - Ldlr Recipient Ldlr Ldir

All mice were on Ldlr”- background. Irradiated Ldlr”’~ mice received wild-type or Nlrp37~ bone marrow cells. After 8 weeks reconstitution, the mice were
fed high-fat diet for 12 weeks. (A) Representative oil red O staining of aortic sinus plaque in mice (n = 12). (B) Quantification of area of aortic sinus plaques.

(C€) Quantification of lipid content of aortic sinus. (D) Representative oil red O staining of aortic en face (n = 12). (E) Quantification of aortic lesion coverage.
Data are presented as mean + SEM. Statistical significance was determined using Student's t-test. WT = wild-type.




JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 5, NO. 6, 2020

JUNE 2020:582-98

Chen et al.
Role of Sex in IL-f and Atherosclerosis

FIGURE 5 Comparison of Aortic Sinus Lesion Size in Nlrp3 Ldlr DKO in Male CAS and Female OVX Mice
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TABLE 3 Total Cholesterol Level, Lipoprotein Profile and Triglyceride
Concentrations in Serum (mg/dl) of Mice

Groups (Males) TC HDL LDL TG
Ldlr”- sham 942 + 89 51+16.3 121 £ 16.4 141 £17.6
Nirp3”~ Ldlr’- sham 1,001 + 77 62 +17.6 116 +18.2 136 + 15.1
Ldlr’”- CAS 923 + 85 64 +15.5 109 + 20 125 +£19.1
Nirp3”- Ldlr’~ CAS 988 +78 59 +18.2 N7 £16.9 131+ 223
Values are mean =+ SEM.

CAS = castration; other abbreviations as in Table 1.

(Supplemental Figures 1B and 1C), suggesting that
testosterone may suppress the role of the inflamma-
some in atherosclerosis development. The blood
cholesterol levels and lipid profiles were similar in
each group (Table 5), and so was their weight gain
(Table 4). We next performed sham-surgery or OVX in
female Ldlr”’ and Nlrp3”/"Ldlr’" mice. As expected,
sham DKO female mice had smaller aortic root lesions
1D), lipid content
(Supplemental Figure 1E), and lipid content in aortic

size (Supplemental Figure
en face (Supplemental Figure 1F) than sham Ldir”
mice. However, these differences were lost in the
OVX group (Figures 5D to 5F) supporting a role for
estrogen or progesterone in the effect of the inflam-
masome. Notably, the blood cholesterol levels and
lipid profiles were similar in each group (Table 5), and
so was their weight gain (Table 4). Taken together,
these data suggest that testosterone suppresses
inflammasome-mediated atherosclerosis, whereas
estrogen or progesterone promotes inflammasome-

mediated atherosclerosis development.

TESTOSTERONE LIMITS MACROPHAGE INFLAMMASOME
ACTIVITY IN ATHEROSCLEROSIS LESION. Abnormal
inflaimmasome activation and the subsequent in-
crease in circulating IL-1f and IL-18 correlate with
enhanced macrophage recruitment to lesions (49).
Therefore, we next measured caspase-1 activity, a
read-out of inflammasome activation, in lesion mac-
rophages in aortic roots using FLICA. Plaque macro-
phages from Ldlr”- male mice had significantly less
caspase-1 activity compared with those from Ldlr””

TABLE 4

Groups (Males)

Weight Gain of Sham and Surgery Mice

Weight Gain (g) Groups (Females) Weight Gain (g)

Ldlr’- CAS

Ldlr”- sham
Nlrp3™7" Ldlr”- sham

Nlrp3™7” Ldlr’~ CAS

132+ 6.6 Ldlr” sham 16.8 + 8.2
15.4 + 4.7 Nlrp37" Ldlr”- sham 13.2+53
143 + 4.2 Ldlr’- OVX 14.6 + 6.2
13.6 £ 5.6 Nlrp37 Ldlr’ OVX 127 £5.9

OVX = ov.

Values are mean + SEM.

ariectomy; other abbreviations as in Table 3.
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female mice (Figures 6A and 6B). Interestingly, CAS
significantly increased FLICA positivity in the aortic
roots compared with sham-operated males
(Figures 6C and 6D); however, OVX did not alter FLICA
positivity in aortic roots compared with sham-
operated females (Supplemental Figure 2). These
findings indicate that at baseline, female mice have
more NLRP3 inflammasome activation in plaque
macrophages than males, which may drive the
enhanced macrophage accumulation. Additionally, in
agreement with the effect on plaque formation, loss
of testosterone caused by CAS exacerbates inflam-
masome activity.

DISCUSSION

Inflammation plays an important role in atherogen-
esis, plaque rupture, and subsequent thrombosis
leading to acute ischemic syndromes (13). Recent
studies have suggested key roles for the proin-
flammatory cytokines IL-1 and IL-1a in atheroscle-
rosis (46,50-53). Notably, genetic deficiency of IL-1a,
even when restricted to BM-derived cells, mitigates
atherosclerotic burden in a mouse model (52), and
this protective effect is even more pronounced when
combined with depletion of IL-1f (52).

The NLRP3 inflammasome is a multicomponent
complex that tightly regulates the maturation and
secretion of IL-1fB, IL-1a, and IL-18 (54,55). Given that
the NLRP3 inflammasome regulates multiple cyto-
kines, some researchers have suggested that targeting
NLRP3 or caspase-1 may yield better outcomes in in-
flammatory disease than targeting the IL-1f alone or
other IL-1 cytokines in isolation (16). In this study, we
found that Nlrp3 deficiency decreased lesion devel-
opment and aortic lipid accumulation in HFD-fed
Ldlr7~ female mice, but although the trend was
evident in male mice, this protection was not signif-
icant, suggesting that female mice may have greater
sensitivity to NLRP3 inflammasome compared with
male mice, whereas in both genders NLRP3 plays a
role. Furthermore, we showed that this protection
was related to inflammasome activity in hematopoi-
etic cells, because BM chimera females that received
NLRP3-deficient BM showed a similar reduction in
atherosclerosis. Interestingly, this difference was lost
on OVX, suggesting a role for estrogen and/or pro-
gesterone in the effect. In contrast, in male LdIr-
deficient mice, CAS conferred significant protection
from lesion development and lipid accumulation.
Taken together, these data suggest that sex hormones
play a role in inflammasome-mediated atherogenesis
and thus may influence the response to inhibitors of
IL-1B, IL-10, and IL-18.
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A role for sex in modulating atherogenesis is sup-
ported by early work in mouse models, which
demonstrated that atherosclerotic lesions in the aortic
root were larger in female mice (56-58), although this
observation has not been a consistent finding across
studies (59). The general understanding of how sex
hormones influence the immune system is that estro-
gens have immune-enhancing effects, whereas pro-
gesterone and androgens, such as testosterone and
dihydrotestosterone, exert mainly immunosuppres-
sive effects (60). Consistent with this paradigm, es-
trogen markedly enhances lipopolysaccharide-
induced IL-1f promotor activity in the murine macro-
phage RAW cell line (28,29), and macrophages from
female rats secrete more IL-1f and IL-6 in response to
lipopolysaccharide (28). Females typically develop a
more vigorous innate and adaptive immune response
to antigen challenges (61,62), which can accelerate
pathogen clearance but can also lead to increased
immune-related pathology, such as autoimmune or
inflammatory diseases (12,63). Androgens exert an
overallinhibitory effect on Thi differentiation (64) and
suppress inflammatory immune cells, such as den-
dritic cells and macrophages (65). Of interest, CAS
changed the protection provided by NLRP3 deficiency
on atherosclerosis and under these conditions NLRP3
deficiency provided protection from atherosclerosis. It
is possible that testosterone acts like an independent
proatherogenic factor, which in the mouse model
masks the otherwise NLRP3 protective function.
Alternatively, there could be a direct connection be-
tween testosterone and NLRP3 inflammasome activa-
tion, which needs to be further studied in the future,
because our current data cannot rule out this
possibility.

However, contradictions to this dogma have been
demonstrated, revealing complexities that challenge
this paradigm. For example, androgen and estrogen
signaling have been shown to enhance alternative
macrophage polarization (66). Notably, the regulatory
effect of estrogen and estrogen receptor (ER)
signaling on the NLRP3 inflammasome seems to be
context dependent. For example, in hepatocellular
and endometrial carcinoma cells, estrogen upregu-
lates the NLRP3 inflammasome via ERf (30,67). But in
the brain and in fibroblast-like synoviocytes, estrogen
inhibits activation of the NLRP3 inflammasome (22).
ERo and ERP are NOD-like receptors (NLRs) tran-
scription regulation factors, because they both regu-
late NLR expression and promote inflammasome
colocalization, and a selective ERa antagonist signif-
icantly inhibits NLRP3 expression and inflammasome
activity (68). Furthermore, the role of inflammasome
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Concentrations in Serum (mg/dl) of Mice

TABLE 5 Total Cholesterol Level, Lipoprotein Profile and Triglyceride

Groups (Females) TC HDL LDL TG
Ldlr’- sham 965 + 71 58 +£15.4 104 +15.4 145 £17.6
Nlrp3”" Ldlr’" sham 1,011 + 69 63 +18.1 N7 +£16.7 139 +15.1
Ldlr’- OVX 914 + 78 60 + 16.6 111 +£19.8 141 +19.6
Nlrp3”~ Ldlr’~ OVX 960 + 88 55 +17.1 102 +£17.9 136 +£19.3

Values mean + SEM.
Abbreviations as in Tables 1 and 4.

activation in inflammatory pathways may also be
context-specific, because in contrast to our findings,
gene expression studies suggest that the inflamma-
some plays a more central role in abdominal aortic
aneurysms in males than in females (69). Our finding
of a role for female sex hormones in driving
inflammasome-mediated atherogenesis in mice could
be interpreted as contradictory to clinical studies,
because menopause (a state of estrogen deficiency) is
associated with higher ACVD risk in human females.
However, the effect of estrogen deficiency on
inflammasome activity in human subjects is un-
known, and the enhanced risk of ACVD in post-
menopausal females may also be related to
advancing age and age-related alterations in inflam-
matory responses that are independent of inflamma-
some activity.

Despite the well-established link between inflam-
mation and atherosclerosis, clinical data demon-
strating a direct benefit of targeting inflammation had
been absent until the CANTOS trial showed the po-
tential for using anti-inflammatory therapy (anti-IL-
1B), confirming that IL1p is an important potential
therapeutic target for human atherosclerosis and
related complications (40). However, for this
approach to be clinically useful, it is critical to iden-
tify subsets of patients who will derive maximum
benefits from canakinumab (or other anti-
inflammatory agents) and are at low risk for serious
infection. In the CANTOS trial, risk reduction with
anti-IL1p therapy was observed in both men and
women; however, women formed only 26% of the
cohort, indicating that women may be more respon-
sive than men to this therapy (41). Furthermore, the
fact that males in the CANTOS trial demonstrated
benefit from the anti-IL1p therapy does conflict with
the findings reported here, because NLRP3 inhibition
could affect several pathways beyond IL-1f, including
IL-10. and IL-18 as stated previously. Indeed, there are
still important gaps in the understanding of the role
of the NLRP3 inflammasome and caspase-1 in
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FIGURE 6 Comparison of Active Caspase-1 Macrophages in Diet-Induced Atherosclerosis Lesion
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(A) Representative images for caspase-1 positivity in lesion macrophages of male versus female Ldlr”~ mice. Caspase-1 activity was assessed
by fluorescent-labeled inhibitors of caspases (green) in macrophages (MOMA-2) (red) in atherosclerotic lesions of Ldlr~~ mice fed high-fat
diet for 12 weeks. (B) Quantification of active caspase-1* cells in lesion macrophages (n = 10). (C) Representative images for caspase-1
positivity in lesion macrophages of male sham versus CAS Ldlr  mice (n = 9 to 11). (D) Quantification of active caspase-1* cells in lesion
macrophages. Data are presented as mean value =+ standard error of the mean. Statistical significance was determined using Student's t-

test. FLICA = fluorescent labeled inhibitors of caspases; other abbreviation as in Figure 5.
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atherosclerosis. Of interest, a recent study linked
increased NLRP3 expression in human carotid pla-
ques to pathological features, such as vascular
inflammation, plaque composition, and vulnerability
(16). The authors highlighted the importance of
NLRP3 inflammasome and caspase-1-driven IL-1o and
IL-1f production in atherosclerotic carotid plaques,
supporting the view that release of both of these IL-1
isoforms is determined by the NLRP3-caspase-1
pathway in atherosclerotic plaques (16).

A novel, common, and powerful cardiovascular risk
factor has recently emerged: clonal hematopoiesis of
indeterminate potential, which arises from somatic
mutations in hematopoietic stem cells (17). Studies
have shown that individuals who acquire somatic
clonal hematopoiesis of indeterminate potential mu-
tations with age have a 40% increase in cardiovascular
risk, independent of traditional risk factors (70). Most
cases of clonal hematopoiesis of indeterminate po-
tential are caused by mutations in only a handful of
genes, including TET2 (17,70-72). Ldlr”" mice engi-
neered to bear the TET2 loss of function that is similar
to clonal hematopoiesis and increased cardiovascular
disease risk in humans (17) had activated NLRP3
inflammasome in myeloid cells, enhanced IL-1$ pro-
duction, and developed accelerated atherosclerosis
(73,74). Even though male-to-female mice compari-
sons were not reported, it is of interest that, in both of
these experimental studies the recipient mice that
developed increased NLRP3-induced accelerated
atherosclerosis were female (73,74).

Women have higher death following
myocardial infarction than men (75,76), because of
differences in the pathogenesis of atherosclerosis,
differential efficacy of drugs (77,78), and because

rates

vascular assist devices may fit men better than
women (79,80). As Clayton and Tannenbaum have
argued (81), failure to analyze for male and female
clinical trial participants separately may mask
important differences in the effects of interventions,
toxicity, symptoms, or adverse effects. To date, most
clinical studies in this area contain a majority of male
subjects, and no trial that we are aware of pre-
specified analysis of differences by sex. Therefore,
understanding how the immune response differs in
men and women in the context of atherosclerosis may
improve the treatment of cardiovascular disease.

In summary, there is a need for additional inves-
tigation on the role of estrogens, progesterone, and
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testosterone on the NLRP3 inflammasome and IL-1f
as well as IL-1a signaling in atherogenesis as it relates
to the biologic mechanisms underlying pathophysio-
logical processes in males and females. Our data add
weight and a sense of urgency to the efforts of Rob-
inet et al. and the Council on Arteriosclerosis,
Thrombosis and Vascular Biology to encourage pre-
clinical arterial pathology researchers to consider sex
as a biologic variable when designing and reporting
experiments (1), which will improve the design of
clinical trials, and help optimize cardiovascular care
for men and women.

CONCLUSIONS

The present study suggests that loss of NLRP3
inflammasome components leads to more significant
reductions in atherosclerotic plaque size and lipid
content in female mice than in male mice. Further-
more, CAS increases dependency on NLRP3 inflam-
masome components for atherogenesis, and increases
inflammasome activity, suggesting that testosterone
plays an inhibitory role, blocking inflammation in
atherogenesis. OVX reduces dependency of athero-
genesis on NLRP3 inflammasome components, sug-
gesting that female sex hormones sensitize
inflammation in atherogenesis. Our data provide
biologic insights into the clinical merit of anti-NLRP3-
directed therapies, and the biologic mechanisms un-
derlying pathophysiological processes in males
versus females as they pertain to atherosclerosis and
the NLRP3 inflammasome, which could help inform
the design of future clinical trials.

ACKNOWLEDGMENTS The authors thank Wenxuan
Zhang, Ganghua Huang, and P. Sun for excellent
technical assistance.

ADDRESS FOR CORRESPONDENCE: Dr. Moshe Arditi,
Department of Biomedical Sciences and Cedars-Sinai
Smidt Heart Institute, Infectious and Immunological
Diseases Research Center, Cedars-Sinai Medical Cen-
ter, 8700 Beverly Boulevard, Room 4221, Los Angeles,
California 90048. E-mail: moshe.arditi@cshs.org. OR
Dr. Prediman K. Shah, Oppenheimer Atherosclerosis
Research Center and Atherosclerosis Prevention and
Treatment Center, Smidt Heart Center, Cedars Sinai
Medical Center, 8700 Beverly Boulevard, Los Angeles,
California 90048. E-mail: PredimanKrishan.Shah@
cshs.org.

595


mailto:moshe.arditi@cshs.org
mailto:PredimanKrishan.Shah@cshs.org
mailto:PredimanKrishan.Shah@cshs.org

Role of Sex in IL-B and Atherosclerosis

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The
CANTOS trial suggested that IL-1B3-directed therapy with
a neutralizing monoclonal antibody moderately reduces
recurrent ischemic events and cardiovascular death
among patients with coronary artery disease and elevated
C-reactive protein. Therefore, IL1, which is under the
control of the NLRP3 inflammasome and caspase-1, is an
important potential therapeutic target for human
atherosclerosis and related complications. However,
NLRP3 inflammasome also controls secretion of IL-1o. and
IL-18, inflammatory cytokines that have also been
implicated in development of atherosclerosis, and some
researchers have suggested that targeting NLRP3-
caspase-1 may yield better outcomes than targeting the
IL-1B alone or IL-1 isoforms in isolation. Herein, we show
that sex hormones may be involved in NLRP3
inflammasome-mediated atherogenesis and may lead to
differential responses to anti-NLRP3 therapy between
males and females. In a mouse model of atherosclerosis,
females with global Nirp3 deletion or those receiving
Nirp3 - BM developed significantly fewer lesions in the
aortic sinus and decreased lipid content in aorta, but
Nlrp3 deficiency did not confer similar protection in
males. Ovariectomized female mice lost protection
mediated by NLRP3 deficiency, whereas castrated males
showed stronger correlations between NLRP3 inflamma-
some and atherosclerosis. Overall, the findings of present
study suggest that testosterone may play an inhibitory
role by blocking NLRP3 inflammasome and

inflammation in atherogenesis, whereas female sex hor-
mones may promote NLRP3 inflammasome-mediated
atherosclerosis.

TRANSLATIONAL OUTLOOK: The specific role and
underlying mechanisms of inflammasome activation and
inflammation in atherogenesis are topics of active
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research. The role of the NLRP3 inflammasome
pathway in diet-induced atherosclerosis is still
controversial, and the impact of sex hormones has not
been explored. In this study we observed sex-specific
effects of the NLRP3 inflammasome on atherogenesis
in LDLR-deficient mice, with NLRP3 inflammasome
playing a more prominent role in atherosclerosis in
female mice than in males. The CANTOS study
demonstrated modest therapeutic benefit of a mono-
clonal antibody targeting IL-1B (canakinumab) in male
and female patients with previous myocardial infarc-
tion, indicating that IL-1f is an important therapeutic
target. However, the NLRP3 inflammasome controls
not only IL-1B secretion, but also IL-1o. and IL-18,
leading some researchers to advocate that targeting
NLRP3-caspase-1 may yield better outcomes. Further-
more, a secondary analysis of the CANTOS trial
revealed that whereas women and men showed similar
clinical efficacy with canakinumab, only 26% of the
participants were female, suggesting that a smaller
sample size was needed for females to achieve the
same clinical benefit. Therefore, finding ways to iden-
tify subsets of patients who will derive maximum
benefits from canakinumab (or other anti-inflammatory
agents) is crucial, and it is critically important to un-
derstand the role of sex in NLRP3 inflammasome-
mediated IL-1f and IL-1a-driven inflammation in
atherosclerosis. The present study lends support to
the impact of estrogens and testosterone on the
inflammasome in atherogenesis and yields important
information on biologic mechanisms underlying path-
ophysiological processes in atherosclerosis in both
sexes. The results of the present study may help
design future clinical trials, with the objective to
personalize cardiovascular care for men and women.
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