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Aims Cardiac dysfunction is a prevalent comorbidity of disrupted inflammatory homeostasis observed in conditions such
as sepsis (acute) or obesity (chronic). Secreted and transmembrane protein 1a (Sectm1a) has previously been impli-
cated to regulate inflammatory responses, yet its role in inflammation-associated cardiac dysfunction is virtually

unknown.
Methods Using the CRISPR/Cas9 system, we generated a global Sectm1a-knockout (KO) mouse model and observed signifi-
and results cantly increased mortality and cardiac injury after lipopolysaccharide (LPS) injection, when compared with wild-type

(WT) control. Further analysis revealed significantly increased accumulation of inflammatory macrophages in hearts
of LPS-treated KO mice. Accordingly, ablation of Sectm1a remarkably increased inflammatory cytokines levels both
in vitro [from bone marrow-derived macrophages (BMDMs)] and in vivo (in serum and myocardium) after LPS chal-
lenge. RNA-sequencing results and bioinformatics analyses showed that the most significantly down-regulated genes
in KO-BMDMs were modulated by LXRa, a nuclear receptor with robust anti-inflammatory activity in macrophages.
Indeed, we identified that the nuclear translocation of LXRa was disrupted in KO-BMDMs when treated with
GW3965 (LXR agonist), resulting in higher levels of inflammatory cytokines, compared to GW3965-treated WT-
cells. Furthermore, using chronic inflammation model of high-fat diet (HFD) feeding, we observed that infiltration of
inflammatory monocytes/macrophages into KO-hearts were greatly increased and accordingly, worsened cardiac
function, compared to WT-HFD controls.

Conclusion This study defines Sectm1a as a new regulator of inflammatory-induced cardiac dysfunction through modulation of
LXRa signalling in macrophages. Our data suggest that augmenting Sectm1a activity may be a potential therapeutic
approach to resolve inflammation and associated cardiac dysfunction.
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1. Introduction

Acute and chronic dysregulation of inflammatory homeostasis contrib-
ute to comorbidities associated with a wide variety of diseases." For in-
stance, in experimental animal model or human endotoxaemia model,
acute activation of immune cells by inflammatory factors [i.e. lipopolysac-
charide (LPS, a natural adjuvant synthesized by Gram-negative bacteria)]
elicits profound effects on immune responses,* whereas extensive
studies have shown that obesity is associated with a chronic, low-grade
inflammatory state.>® In both scenarios, there are systemically greater
abundance of pro-inflammatory cytokines and increased infiltration and
activation of immune cells in various tissues.

Cardiac dysfunction is a common feature associated with both
acute and chronic inflammatory states. Indeed, septic patients with
cardiac dysfunction show about 40% higher mortality rate when com-
pared with patients without contractile abnormalities”®; while obe-
sity has long been recognized as an independent risk factor for many
chronic diseases including cardiovascular disease and diabetes.” ™" As
a fundamental component of innate immunity, macrophages play crit-
ical roles in both initiating and resolving inflammation in the heart. In
fact, macrophages are prominent cells that drive septic cardiomyopa-
thy in preclinical animal models'>'3; and human monocytes and mac-
rophages correlate with atherosclerosis severity and secrete more
inflammatory cytokines in type 2 diabetic patients.'*"> Nevertheless,
how macrophages contribute to cardiac inflammation and subse-
quent injury is still incompletely understood.

Nuclear receptors are intracellular transcription factors that are
expressed in a wide variety of cells. They can interact with DNA di-
rectly to regulate many biological processes including cardiovascular
function, immune response, and lipid metabolism of organism.'®"
The Liver X Receptors (LXRa and LXR) belong to the adopted or-
phan nuclear receptor family, and they have been identified as critical
regulators linking inflammation and lipid metabolism.'® While LXRp
is ubiquitously expressed, LXRa is dominantly expressed in liver and
macrophages.'®?® Apart from regulating cholesterol and fatty acid

homeostasis, extensive studies have shown that LXRs have robust
anti-inflammatory activity, which is mediated by various mechanisms
such as inhibition of NF-kB pathway or modification of plasma mem-
brane composition to disrupt inflammatory signal transduction. 82
22 Furthermore, activation of toll-like receptors could inhibit LXR
function,” and animal model with LXR deficiency are more suscepti-
ble to LPS- or bacterial-induced illness, which can be rescued by LXR
agonist, such as GW3965.22°

Human secreted and transmembrane 1 (Sectm1), also known as K12,
is a transmembrane and secreted protein with characteristics of a type
1a transmembrane protein of SECTM family.® Sectm1 is highly
expressed in cells of the myeloid lineage and epithelia where its expres-
sion is up-regulated by STAT1-dependent and NF-kB RelA-independent
mechanisms.”’ The mouse genome contains two Sectm? genes,
Sectmia and 1b, with the greatest homology between mouse Sectm1a
and human Sectm1.2® Both human Sectm1 and mouse Sectm1a have
been implicated as an alternative CD7 ligand to stimulate T-cell prolifer-
ation and attract human monocytes.”®*” However, Sectm1a has also
been speculated to stimulate diverse receptors, including
glucocorticoid-induced TNF receptor (GITR), aforementioned CD7,
and additional ones yet to be identified, but its function remains largely
unexplored.””*® Recently, Kamata et al.®’ observed that Sectm1a was
one of the most highly expressed proteins in epithelial cells from
pneumonia-infected lungs; it was found to be preferentially bound to
neutrophils in infected lung and up-regulated chemokine CXCL2 ex-
pression; and Huyton et al. reported that expression of Sectm1 in human
monocytes was negatively regulated by LPS.® Given the pronounced
effects of monocyte/macrophages in cardiac inflammatory homeostasis,
we aimed to investigate the functional role of Sectm1a in macrophages.
By combining in vivo and in vitro loss- [global knockout (KO) mouse
model] and gain-of-function (overexpression through adenovirus infec-
tion) studies, we demonstrate that Sectm1a is a critical repressor of in-
flammation by activating LXRa pathway. Our results support the
hypothesis that deficiency of Sectma promotes inflammatory macro-
phage phenotype and subsequently impairs cardiac contractile function.
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2. Methods

2.1 Animals and treatments

The global Sectm1a-KO mouse model was generated using the CRISPR/
Cas9 system in C57BL/6 background mice by the Division of
Developmental Biology at Cincinnati Children’s Hospital Medical Center
(Supplementary material online, Figure STA). Mice were maintained and
bred in the Division of Laboratory Animal Resources at the University of
Cincinnati Medical Center. All animal experiments conformed to the
Guidelines for the Care and Use of Laboratory Animals prepared by the
National Academy of Sciences, published by the National Institutes of
Health, and approved by the University of Cincinnati Animal Care and
Use Committee (Protocol #07-07-06-01). C57BL/6 wild-type (WT)
mice were used as control; 10- to 12-week-old sex-matched mice were
studied if not specified elsewhere. For acute inflammatory model, ani-
mals received 10 mg/kg body weight (BW) of LPS (from Escherichia coli
O111:B4, #L2630, Sigma-Aldrich) intraperitoneally (i.p.) in 0.2 mL saline.
The survival rate of WT and KO mice were monitored every 6 h for a
72h period after LPS injection. For LXR agonist experiment, mice re-
ceived three doses of GW3965 (30 mg/kg of BW, once daily, DMSO
used as control, ip.), 6 h after the last GW3965 injection, all mice were
injected with LPS, followed by echocardiography measurement 12h
post-LPS injection. For chronic inflammatory model, mice were fed with
high-fat diet (HFD) (ResearchDiet, Cat. # D12492; 60% kcal from fat,
20% kcal from protein, and 20% kcal from carbohydrate) starting at age
of 5-6 weeks for 18-24 weeks. Mice were anaesthetized by one intra-
peritoneal (ip.) injection of ketamine (90mg/kg BW) and xylazine
(20 mg/kg of BW), depth of anaesthesia was monitored by toe pinch.

2.2 Culture and treatment of bone
marrow-derived macrophages from WT
and Sectm1a-KO mice or RAW?264.7

macrophages

929 cell line was purchased from ATCC and cultured in normal com-
plete DMEM (15% FBS, 1% penicillin/streptomycin solution), cell culture
medium was collected after 10 days of culture and centrifuged at 750 g
for 10min, supernatant was then stored at -20°C until use. Bone
marrow-derived macrophages (BMDMs) were isolated and cultured as
described previously.>"2 In brief, WT and Sectm1a-KO mice were eu-
thanized using carbon dioxide followed by removal of both hind legs.
Skin and muscle were removed and bones were washed twice in ice
cold PBS. By using 25G needle filled with cold sterile wash medium
(DMEM without calcium and magnesium), bone marrow was flushed out
and filtered through 70 um Nylon cell strainer. Then cells were centri-
fuged at 500 ¢ for 5min at room temperature (RT), followed by resus-
pension of cell pellet in Red Blood Cell (RBC) lysis buffer for 5 min, and
then centrifuged again. The resulting cell pellet was re-suspended in
complete culture medium (DMEM supplemented with 15% 1929 cell
culture supernatant, 10% FBS, 1% penicillin/streptomycin solution). Cells
were allowed to grow and differentiate for 7 days.

Mouse macrophage cell line RAW264.7 were purchased from
American Type Culture Collection (ATCC), Rockville, MD, USA and
cultured in normal complete DMEM. All cells were grown at 37°C with
5% CO; in fully humidified air. Before any treatment, cells (RAW264.7
macrophages or BMDMs) were plated in 6-well plates (3 x 10° cells/
well seeding density) or 24-well plates (5 x 10* cells/well seeding den-
sity) and allowed to adhere for 24 h. After two washes with PBS, cells
were treated with LPS (from E. coli O111:B4, #4391, Sigma-Aldrich) or

palmitate (#P0500, Sigma-Aldrich) at indicated doses and time points
specified in Section 3 and Fig.1, Fig. 3, Fig. 6A-G, and Fig. 7A-C. PBS or
endotoxin-free bovine serum albumin (BSA) were used as control, re-
spectively. Culture supernatant was then collected for cytokine mea-
surement and cells were collected for qPCR. For Sectmla
overexpression experiments, BMDMs were infected with recombinant
adenoviruses (Ad.Sectm1a or Ad.GFP) at 500 MOl for 48 h, followed by
LPS (10 ng/mL) treatment for 8 h. Cell culture supernatant was collected
for cytokine measurement by ELISA.

2.3 Isolation and treatment of adult rat

cardiomyocytes

After anaesthetized by one ip. injection of ketamine (80 mg/kg BW) and
Xylazine (10 mg/kg BW), adult rat ventricular myocytes were isolated
from Langendorff-perfused hearts of 6-week-old male Sprague-Dawley
rats (The Jackson Laboratory, Bar Harbor, ME) as described before.®
Cardiomyocytes were plated on laminin (10 pg/mL) coated 6-well plates
overnight, followed by infection with adenoviruses (Ad.Sectmla or
Ad.GFP) at 100 MOI. After 24 h, cardiomyocytes were then treated with
LPS (50ng/mL) for 3h, and cells were then harvest for gqRT-PCR
analysis.

2.4 RNA isolation and quantitative RT-PCR

Quantitative real-time PCR (qRT-PCR) was performed as described pre-
viously.3* Total RNA was extracted from cultured cells or tissues using
the RNeasy kit (Qiagen, Cat. 217004) in accordance with the manufac-
turer’s instructions. cONA was synthesized from 1.0 pg RNA using
Superscript Il Reverse Transcriptase (Invitrogen, Cat. 18080044). Then
gRT-PCR was performed in triplicate with the ABI PRISM 7900HT se-
quence detection system (ABI) using SYBR green (Genecopoeia, Cat.
QPOO05). Relative mRNA levels were calculated using the delta CT
method and normalized to GAPDH as internal control. Sequences of
primers used for quantitative RT-PCR are listed in Supplementary mate-
rial online, Table S4. Directional polyA RNA-sequencing was performed
by the Genomics, Epigenomics and Sequencing Core (GESC) at the
University of Cincinnati.

2.5 Cytokine measurement in peripheral
blood and cell culture supernatants

Whole blood samples were collected by cardiac puncture with heparin-
ized needles at indicated time points after LPS injection, and spun down
at 4000 rpm for 10 min. Cell culture supernatants from macrophages
were harvested at different time points with different treatment
schemes. The levels of tumour necrosis factor (TNF)-o,, interleukin (IL)-
6,1L-1B,and MCP-1 in the sera and culture supernatants were measured,
using commercially available ELISA kits [BioLegend, Cat. 430901
(TNFa), 431301 (IL-6), 432601 (IL-1p), 432702 (MCP-1)], according to
manufacturer’s protocol.

2.6 Flow cytometry analysis

Methods for analysing macrophages with flow cytometry were adopted
from previous studies with modifications.322%3¢ In brief, heart tissue was
minced and digested in HBSS with Collagenase IV (2mg/mL,
Worthington, #L5S004188), Dispase Il (1.2U/mL, Sigma, #D4693), and
0.9 mM CaCl,, then incubated at 37°C for 45 min. with gentle agitation.
Tissues were then passed through 40 um cell strainer followed by centri-
fugation at 500 g at 4°C for 5 min. The pellets were resuspended in flow
cytometry sorting buffer (HBSS with 1mM EDTA, 25mM HEPES and
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1% FBS) and incubated on ice with Fc-blocking solution (anti-CD16/32,
eBioScience, Cat. #14-0161-81, 1:100 dilution) for 10 min. After washing,
cells were stained with primary antibodies (listed in Supplementary ma-
terial online, Table S5) at 4°C for 30 min in dark. Then cells were washed
twice, fixed in 0.1% PFA for 15 min., and flow cytometry was performed
using LSRII Analyzer (SHC Flow Cytometry Core, Cincinnati), and ana-
lysed with FCSexpress software.

2.7 Histology analysis

Heart samples were harvested and immediately fixed in 10% neutral buff-
ered formalin (Sigma-aldrich, HT501128) at 4°C for at least 48 h, and then
embedded in paraffin. Heart sections were made and deparaffinized in xy-
lene, followed by rehydration through graded ethanol (100%, 95%, 75%,
50%). After rinsing with distilled water, sections were subjected to heat-
mediated antigen retrieval with sodium citrate buffer (0.01M, pH 6.0,
95°C, 15 min). For cell staining, BMDMs were washed with PBS 3 times
and fixed with 4% PFA for 15 min at RT, followed by another three wash
of PBS. Then samples (cells or tissue section) were blocked with 1% BSA
solution at RT for 1h. Next, sections were incubated with primary anti-
bodies: F4/80 (Biolegend, #123101), a-actinin (Sigma, #A7811), or LXRa
(Invitrogen, #PA1-330) overnight at 4°C. After washing with PBS, samples
were incubated with secondary antibodies at RT for 1h, and then
mounted with Antifade Mountant medium (Invitrogen, Cat# P36962).
Images were captured with Zeiss LSM710 LIVE Duo Confocal
Microscope (Live Microscopy Core, University of Cincinnati).

2.8 Assessment of cardiac function in vivo

Cardiac function was assessed in vivo using trans-thoracic echocardiogra-
phy (Vevo®21 00 Imaging System, Visualsonics) with a MS400 probe (30-
MHz centerline frequency) in 1.5% isoflurane anaesthetized mice. Left
ventricular end-diastolic (LVIDd) and end-systolic diameters (LVIDs)
were measured from M-mode recordings. Left ventricular ejection
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Figure | Kinetics of LPS-stimulated gene expression of Sectm1la.
(A and B) Gene expression of Sectm1a was measured in WT BMDMs
treated with indicated doses of LPS (A) for 24 h or with LPS (10 ng/mL)
for indicated time points (B) (n=3). (C and D) WT mice were ip.
injected with LPS (10 mg/kg of BW), Sectm1a mRNA levels in whole
blood (C) and spleen (D) were determined at various time points
(n=3-5) (* and # P<005; data are presented as mean * SEM;
Student’s t-test).

fraction (EF) was calculated as: [(LVDd® - LVDs®)/LVDd®] x100. All
measurements were performed according to the American Society for
Echocardiography leading-edge technique standards, and averaged over
at least three consecutive cardiac cycles.

2.9 Statistical analysis

Data were expressed as means = SEM. Comparison between two
groups was determined by Student’s t-test. Differences among multiple
groups were determined by one- or two-way ANOVA where appropri-
ate. The survival rates were constructed using the Kaplan—Meier
method, and differences in mortality were compared using the log-rank
test. A P<0.05 was considered statistically significant.

3. Results

3.1 Kinetics of LPS-stimulated gene
expression of Sectm1a

Sectm1a is highly expressed in multiple tissues such as spleen or stomach
(Supplementary material online, Figure S1B) and cells of the myeloid line-
age and epithelia.?’® Yet, whether Sectm1a plays any role in macro-
phages remains unknown. To this end, we first determined whether the
expression of Sectm1a in macrophages was altered in response to endo-
toxin (i.e. LPS) challenge. After culturing BMDMs with different doses of
LPS for 24 h, Sectm1a gene expression was profoundly reduced when
comparing to PBS control group (Figure 1A); whereas Sectm1b levels
showed no significant difference (Supplementary material online, Figure
$10). In addition, we observed that LPS was able to up-regulate Sectm1a
expression in WT BMDMs at early time points (peak at 6 h), whereas be-
ing significantly reduced after 24h (Figure 1B). Given that Sectmla is
highly abundant in the spleen and the blood, we next measured its
MRNA levels in whole blood and spleen from WT mice after LPS injec-
tion. Intriguingly, Sectmia levels were dramatically reduced in whole
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Figure 2 Sectm1a deficiency aggravates LPS-induced systemic inflam-
mation and mortality. (A) Products of qRT-PCR were run on agarose
gel to validate that Sectmla KO model was successfully generated.
(B) WT and Sectmia KO mice injected ip. with LPS (10 mg/kg) were
monitored for survival up to 72h post-treatment. n=10-20. (C-E)
Plasma cytokine levels (C: IL-6; D: TNFa; E: IL-1B) of WT and Sectm1a
KO mice were measured with ELISA 12 h after LPS injection (number
of serum samples: n=9-12 for C; n =7 for D; n= 6-10 for E) (*P <0.05;
data are presented as mean + SEM; Student’s t-test).
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blood but increased in spleen at 1 h and 3 h post-LPS injection; after 24 h,
MRNA levels of Sectm1a were greatly lower in both tissues when com-
pared with PBS control group (Figure 1C and D). Put together, these data
suggest that Sectm?a may be involved in the activation of LPS-stimulated
inflammatory responses, and its up-regulation at the early phase of in-
flammation could act as a compensatory mechanism.

3.2 Sectm1a deficiency aggravates
LPS-induced systemic inflammation and

mortality

Since Sectm1 is ubiquitously expressed and could be secreted in trun-
cated form,*® we generated a global (instead of a cell/tissue-specific) KO
mouse model using CRISPR-Cas9 technology. We validated that the ex-
pression of Sectm1a was deficient but Sectm1b expression was not af-
fected (Figure 2A and Supplementary material online, Figure S2). These
mice bred normally and are behaviourally similar to WT controls. To ex-
plore the potential role(s) of Sectm1a in inflammatory conditions, both
WT and KO mice received LPS injection (10 mg/kg of BW, ip.). We ob-
served about 40% higher mortality rate in KO mice with median survival
of 35h (median survival for WT mice: 60h, n=10-20) during 72h of
LPS treatment (Figure 2B). Next, we measured the levels of pro-
inflammatory cytokines in sera at 12 h post-LPS injection. As shown in
Figure 2C-E, loss of Sectm1a significantly increased serum levels of IL-6,
TNFa, and IL-1B, when compared with WT-LPS group. Put together,
these data indicate that Sectm1a may be a pivotal mediator in the regula-
tion of LPS-induced inflammatory responses.

3.3 Ablation of Sectm1a leads to
exacerbated cardiac inflammation and

dysfunction

It is well-recognized that systemic inflammatory response initiated by
bacterial endotoxin can directly impair cardiac function,12 thus, we
assessed cardiac function at 12 h post-LPS injection using echocardiogra-
phy. The results showed that Sectm1a-KO mice exhibited normal car-
diac function similar to WT controls under basal conditions (PBS
injection) (Figure 3A and B and Supplementary material online, Table S7).
However, in comparison to WT-LPS group, Sectm1a-KO mice showed
further aggravated cardiac dysfunction after LPS injection, as evidenced
by 38% reduction in fractional shortening (Figure 3B and Supplementary
material online, Table S7). Given that cardiac dysfunction may be at least
partially attributed to increased infiltration of immune cells into the myo-
cardium,”” we next went on to determine the types and numbers of im-
mune cells in LPS-treated mouse hearts, using flow cytometry analysis
and immunofluorescent staining. As shown in Figure 3C/G, D/H and
Supplementary material online, Figure S3A-C, the number of macro-
phages and neutrophils were dramatically increased in LPS-treated KO-
hearts, when compared with LPS-treated WT group. More interestingly,
these macrophages from KO-LPS hearts displayed proinflammatory phe-
notype with higher expression of CCR2 and MHC-II but reduced levels
of CD206 (Figure 3E/I and F/J), compared to those cells from WT-LPS
hearts. Accordingly, levels of TNFa, IL-6, and IL-1B were significantly
higher in heart homogenates of KO mice than those of WT-LPS mice at
12h post-LPS injection (Figure 3K—M). Altogether, these data suggest
that Sectma may be a critical factor to resist inflammatory insult in the
heart and thereby preserve cardiac function.

3.4 Lack of Sectm1a augments
LPS-induced inflammation via skewing
BMDMs towards pro-inflammatory
phenotype

To define the functional role of Sectmla in LPS-stimulated macro-
phages in a cell-autonomous manner, BMDMs were isolated from WT
and Sectm1a-KO mice. As shown in Figure 4A, no difference was ob-
served on differentiation, proliferation, and morphology of BMDMs
from WT and KO mice. Also, Sectm1a deficiency did not alter the
basal levels of inflammatory factors, such as TNFa, IL-1pB, IL-6, and
MCP-1 (Figure 4B-E). However, in LPS-treated BMDMs, lack of
Sectma significantly augmented the secretion of these inflammatory
factors at 24 h (Figure 4B—E), though only marginal increase in IL-6 lev-
els was observed in KO-BMDMs at 12 h time point, when compared
with WT-BMDMs (Figure 4D). In consistence with the cytokine profile,
flow cytometry analysis revealed 31% higher but 24% lower in the lev-
els of CD38 (proinflammatory marker) and CD206 (anti-inflammatory
marker), respectively, in KO-BMDMs at 6h post-LPS treatment
(Figure 4F). These data indicate that deletion of Sectm1a skews macro-
phages towards pro-inflammatory phenotype. Since activation of NF-
kB pathway is the major mechanism to regulate inflammatory
responses in LPS-treated macrophages, and phosphorylation of the
key subunit, p65, could stimulate the downstream transcriptional sig-
nals,*®3? we sought to examine whether Sectm1la deficiency could
promote LPS-induced NF-kB activation in macrophages. As shown in
Figure 4G, phosphorylation of p65 was further increased by 48% in
Sectm1a-KO BMDMs 30min after LPS exposure, when compared
with WT-LPS controls. Moreover, we observed a marked increase in
IkBot phosphorylation at $32/36, a key regulator of p65 activity, in KO-
BMDMs after LPS treatment, when compared with WT-LPS group
(Figure 4G). On the other hand, we showed that overexpression of
Sectmila in BMDMs via adenovirus could significantly reduce LPS-
triggered phosphorylation of p65 and IkBo (Supplementary material
online, Figure S4A—C), when compared with Ad.GFP control group
with LPS treatment. Subsequently, production of inflammatory cyto-
kines was markedly reduced in BMDMs with Sectm1a overexpression
(Supplementary material online, Figure S4D-G). Importantly, when
Sectm1a was up-regulated in adult rat cardiomyocytes using the same
adenovirus, mRNA levels of cytokines (IL-6 and IL-1) showed no dif-
ferences (Supplementary material online, Figure S4H and [), indicating
that Sectm1a does not regulate inflammatory response in cardiomyo-
cytes. Overall, these data suggest that Sectm1a deficiency enhances in-
flammation in macrophages through the activation of NF-kB pathway.

3.5 Gene enrichment analysis of
Sectm1a-KO BMDMs

To further identify potential mechanisms underlying the aberrant inflam-
matory responses in Sectm1a-KO macrophages, we performed RNA-
sequencing analyses of the gene expression profile in BMDMs isolated
from WT and Sectm1a-KO mice (Figure 5A). Among the 714 up-regu-
lated and 746 down-regulated genes in Sectm1a-KO BMDMs (Figure 5B),
75 differentially expressed genes are involved in cytokine-cytokine re-
ceptor interaction and chemokine signalling pathways (Supplementary
material online, Figure S5A). Interestingly, many of the most significantly
down-regulated genes are directly or indirectly regulated by LXR signal-
ling pathway, such as ApoE, Plin2, IL-1RN, Cebpo, and ABCA1
(Figure 5C-E). More intriguingly, gene expression of LXRa itself was sig-
nificantly reduced in KO-BMDMs, when compared with WT-
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Figure 3 Sectm1a deficiency enhances cardiac inflammation and dysfunction. 12 h after injecting mice with LPS (10 mg/kg) (A and B) cardiac function was
determined by echocardiography (n = 5-9). ((—]) Representative flow cytometry plots and quantification of cardiac macrophage marker expression showed
more macrophage accumulation (F4/80-+) with inflammatory phenotype (CCR2+, MHC-lI4-, CD206-) in the heart of KO mice 12 h after LPS injection
(n=4). Gating strategy is shown in Supplementary material online, Figure S3A. (K—-M) cytokine levels in the myocardium were measured by ELISA (n=3—4)
(*P < 0.05; data are presented as mean + SEM; Student’s t-test).

macrophages, while LXRp levels exhibited no difference between two gRT-PCR validated significant decreases in the expression of several
groups (Supplementary material online, Figure S5B). Further analysis : noted LXR-targeted genes: ApoE, ABCA1, ABCG1, CD36, and MMP12
revealed that 100 LXR-related genes were differentially expressed in . (Figure 5F). Taken together, these data suggest that absence of Sectm1a

Sectm1a-KO BMDMs (Figure 5E). Consistent with the RNA-seq data, - could impair LXRa signal in macrophages.
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Figure 4 Lack of Sectm1a augments LPS-induced inflammation via skewing BMDMs towards pro-inflammatory phenotype. BMDMs were isolated from
WT and Sectm1a KO mice allowed to differentiate for 7 days (A) representative images of mature BMDMs and flow cytometry analyses showed no differen-
ces on cell morphology and differentiation. (B—E) After treating BMDMs with LPS (10 ng/mL), cytokine levels: TNFa (B), IL-1B (C), IL-6 (D), and MCP-1 (E)
from cell culture supernatant were measured using ELISA at 12- and 24-h time points (n =4-6). (F) Representative flow cytometry plots and quantification
of macrophage marker expression revealed stronger inflammatory phenotype, as evidenced by increased CD38+ and lowered CD206+ expression, in KO
BMDMs 6 h after LPS treatment (n = 3 dishes of BMDMs, each from separate mouse). (G) Western blotting of phosphorylated p65 and IkBat in BMDMs with
or without LPS stimulation (10 ng/mL, 30 min.) (n=3 dishes of BMDMs for isolation of proteins, each dish from separate mouse) (Scale bar, 200 um;
*P < 0.05; * P < 0.05 when comparing WT-LPS to KO-LPS; data are presented as mean + SEM; Student’s t-test).

3.6 LXR agonist fails to rescue LPS-induced
inflammation and cardiac dysfunction in
Sectm1a-KO model

To assess how LXRa signalling is modulated in Sectm1a-KO BMDMs
upon LPS challenge, we performed qRT-PCR to determine the gene ex-
pression of LXRa and its downstream targets. After treating BMDMs
with LPS for 3 h, expression levels of LXRa and ABCG1 were signifi-
cantly reduced in WT-LPS group, when compared with WT-PBS group
(Figure 6A). Importantly, when comparing with WT-BMDMs after LPS

treatment, the mRNA levels of LXRa, ABCA1, ABCG1, and ApoE were
further decreased in KO-LPS group (Figure 6A). These data suggest that
Sectm1a deficiency aggravates LPS-mediated suppression of LXRa sig-
nalling cascade in macrophages. Given that LXRo contributes to
Sectm1a-induced action in macrophages response to LPS stimulation,
we next treated WT- and KO-BMDMs with GW3965, a potent LXR ag-
onist, 12 h prior to LPS stimulation, for determining whether Sectm1a
deficiency affects LXR signalling (Figure 6B). As expected, treatment of
GW3965 markedly increased the nuclear translocation of LXRa when
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comparing WT-GW3965 to WT-BSA group (Figure 6C), and resulted in
substantial reduction of pro-inflammatory factor (TNFao, IL-6, IL-1f, and
MCP-1) secretion as early as 6 h after LPS treatment (Figure 6D-G). In
contrast, treatment of Sectm1a-KO BMDMs with GW3965 showed that
more LXRa was retained in the cytosol than WT-GW3965 control cells
(Figure 6C). Accordingly, the concentration of pro-inflammatory factors
was significantly higher in cell culture supernatants of KO-GW3965 mac-
rophages than WT-GW3965 group upon LPS treatment (Figure 6D-G).
Previous studies have reported the cardiac protective effects of
GW?3965 in db/db diabetic and ischaemic/reperfused mouse models,
which is mainly mediated through LXRa instead of LXRB subtype.***’
Consistently, we here showed that LPS-induced cardiac dysfunction was
improved with GW3965 injection, evidenced by 29% increase in frac-
tional shortening (FS %) when compared with WT-DMSO group (Figure
6H and | and Supplementary material online, Table S2). However, such
protective effect was diminished in Sectm1a-KO mice, as the percentage
of fractional shortening showed no difference between KO-DMSO and
KO-GW3965 groups (Figure 6H and I, Supplementary material online,
Table S2). Taken together, these results indicate that Sectmla KO-
mediated inflammatory responses in macrophages may be ascribed to
the disruption of LXRa pathway, and subsequently fail to improve car-
diac function after treatment of LXR agonist.

3.7 Sectm1a-KO provokes HFD-induced
inflammation and cardiac dysfunction

Given the pivotal roles of Sectm1a in regulating acute inflammatory re-
sponse in mice with endotoxaemia, we were interested in exploring
whether Sectm1a is also involved in chronic inflammatory conditions
(i.e. obesity). After treating WT-BMDMs with palmitate for 24 h, we ob-
served significant (43%) reduction in Sectmla gene expression only at
0.5 mM dose (Figure 7A). Of interest, by using the same dose, Sectm1a
level was down-regulated in RAW264.7 macrophages as early as 3 h af-
ter palmitate treatment (Figure 7B). To determine whether Sectma may
affect macrophage activation upon lipid stimulation, BMDMs from WT-
and Sectm1a-KO mice were treated with 0.5 mM palmitate for 24 h. The
results showed significantly higher levels of TNFa and IL-6 in KO-
palmitate group, when compared with WT-palmitate control (Figure 7C).
Consistent with above acute inflammation model, cardiac function was
suppressed in Sectm1a-KO mice, compared to WT controls, after 20-
wk HFD feeding (Figure 7D and E, and Supplementary material online,
Table $3). This phenomenon may be at least partially caused by: (i) in-
creased infiltration of monocytes (Ly6C+) and macrophages (F4/80+)
with higher expression of CCR2, an inflammatory marker, into KO-HFD
hearts (Figure 7F—H, J-L); and (ii) reduced levels of anti-inflammatory
marker, CD301, on cardiac macrophages isolated from KO-HFD mice
(Figure 7I/M). Put together, these data indicate that Sectm1a deficiency is
also involved in chronic inflammatory responses and causes cardiac dys-
function under HFD-induced obese condition.

4. Discussion

In the present study, we have identified Sectm1a as a previously unrecog-
nized regulator of inflammatory responses, specifically macrophage acti-
vation, both during endotoxaemia (LPS-induced acute inflammation) and
upon HFD feeding (similar to chronic low-grade inflammation observed
in obese population). Sectm1a KO mice that were injected with LPS or
fed a HFD showed greater propensity for enhanced inflammatory
responses and cardiac dysfunction than that of WT control groups.

Macrophages with Sectm1a deficiency were skewed towards inflamma-
tory phenotype with increased secretion of inflammatory cytokines,
which are key mediators of cardiac dysfunction. Using high-throughput
RNA-sequencing, we have identified that the LXRa signalling pathway
was disrupted in macrophages due to lack of Sectm1a; and treatment of
macrophages with LXR agonist, GW3965, did not suppress cytokine re-
lease and failed to rescue cardiac function when comparing Sectm1a KO
group to the WT counterparts. Collectively, these findings uncover the
critical role of Sectm1a in the regulation of endotoxin- and obesity-
associated inflammation and cardiac dysfunction.

In this study, we found that Sectm1a was greatly down-regulated in
BMDMs at the later phase of LPS (24—48 h post-LPS, Figure 1B) or palmi-
tate treatments (Figure 7B). Our findings are consistent with previous
studies showing that human Sectm1 is an early response gene to IFNy in
MM6 human monocytes, where its expression is increased at early time
points (3, 6, 12 h) but decreases after 24 h; and the induction of Sectm1
expression by IFNy can be suppressed by LPS.*° Here, we showed that
Sectmla expression was increased by more than 900-fold in WT
BMDMs 4 h after IFNy (10 ng/mL) treatment, but when BMDMs were
treated with IFNy and LPS, expression of Sectm1a was only increased by
20-fold (Supplementary material online, Figure S6). Interestingly, TNFo
mRNA levels were 10-fold higher in IFNy-+LPS group when comparing
to IFNY alone group (Supplementary material online, Figure S6), indicat-
ing that LPS-induced reduction of Sectm1a expression was able to trig-

ger stronger inflammatory response. Indeed, Tsalik et al*

recently
sequenced peripheral blood RNA of 129 representative subjects with
systemic inflammatory response syndrome (SIRS) or sepsis including 78
sepsis survivors and 28 sepsis non-survivors, and revealed that Sectm1
was significantly higher in sepsis survivors, compared to non-survivor
SIRS controls. On the other hand, Sectm1b was previously reported to
inhibit T-cell activation.?® However, given that Sectm1b shares less than
40% protein homology with either Sectm1a or human Sectm1?%; the ex-
pression levels of Sectm1b in BMDMs showed no difference after LPS
treatment (Supplementary material online, Figure S1C); and ablation of
Sectm1a does not affect Sectm1b expression (Supplementary material
online, Figure $2), we speculate that Sectm1b might not participate in the
regulation of macrophage activation. Collectively, these findings suggest
that Sectm1a may act as an anti-inflammatory mediator, and its expres-
sion could be promptly reduced as inflammatory response progresses.
Following an insult by either intrinsic or extrinsic stimuli, the interplay
of cardiomyocytes, cardiac fibroblasts, and innate immune cells deter-
mine an effective recovery or insufficient repair of damaged tissue.
Macrophages, as the most abundant leucocytes in the heart, comprise 5—
10% of total nonmyocytes with great heterogeneity in origin.** In partic-
ular, abundance and phenotype of macrophages are altered during
infllmmatory and reparative processes.37'43 Recent studies reveal that,
similar to mouse hearts, human cardiac macrophages can also be parti-
tioned into distinct subsets depending on the expression of CCR2, a crit-
ical factor required for monocyte migration. As demonstrated by various
approaches including genetic fate mapping, single-cell transcriptomics,
and parabiosis, cardiac CCR2-macrophages are a self-maintained resi-
dent population established early in development; whereas CCR2+
macrophages are derived from recruited monocytes and replenished
through proliferation.**** More importantly, CCR2-+ macrophages are
critical players to co-ordinate cardiac inflammation with marked increase
of IL-1p; and the change of absolute number or percentage of CCR2+
macrophages is positively correlated with left ventricular systolic dys-
function following mechanic unloading.*® Consistently, our findings
showed substantial increased of CCR2+ macrophages in the hearts of
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Sectm1a KO mice with LPS injection or HFD feeding, resulting in exacer-
bated infllmmation and cardiac suppression. Accordingly, Sectmia-
deficient macrophages released profoundly higher levels of cytokines
(TNFa, IL-6, and IL1B), which are well-known inflammatory mediators
that are ascribed to the pathogenesis of heart failure.***” In particular,
IL-6 was the most abundant cytokine in the myocardium of WT mouse
after LPS injection, yet the concentration of IL-6 protein was 2-fold
higher in Sectml1a KO mouse hearts, when compared with WT-LPS
group (Figure 3K-M), which suggested that IL-6 may be the major con-
tributor to cardiac dysfunction in Sectm1a KO mice under inflammatory
condition. In contrast, when Sectm1a was overexpressed in BMDMs us-
ing adenovirus (Ad.Sectm1a), production of inflammatory cytokines after
LPS treatment was significantly lower in Ad.Sectm1a group than Ad.GFP
control group. However, we did not detect such anti-inflammatory
cardiomyocytes
(Supplementary material online, Figure $4), suggesting that the observed
inflammatory phenotype was mainly contributed by macrophages in-
stead of cardiomyocytes.

effects from  Sectmla  overexpression in

Along this line, as instructed by the RNA-Sequencing analyses, we pro-
vide further insight into Sectm1a-mediated regulation of macrophage acti-
vation through LXR signalling pathway. We observed that Sectmla
deficiency had dramatically increased inflammatory response and aggra-
vated cardiac dysfunction, when stimulated with LPS, which cannot be res-
cued by treatment with LXR agonist. Mechanistically, LXRa has been
demonstrated to regulate NF-xB pathway, and thereby controls the
downstream inflammatory responses in macrophages.”’** Consistently,
when LXRa gene expression and activation was suppressed in WT
BMDMs treated with LPS (Figure 6A), we observed increased phosphoryla-
tion of p65 and IkBa (Figure 4G), indicating activated NF-xB pathway.
Importantly, when comparing to WT-LPS group, Sectma deficiency fur-
ther suppressed LXRa signalling cascade, resulting in augmented phos-
phorylation of p65 and IkBo.. However, activation of NF-kB pathway could
be alleviated by overexpressing Sectm1a in BMDMs and led to lower pro-
duction of inflammatory cytokines (Supplementary material online, Figure
$4A-G). These data collectively suggest that Sectm1a could suppress in-
flammatory response by inhibiting NF-xB signalling through activation of
LXRa pathway. Nonetheless, more detailed experiments are needed to
unravel how Sectm1a regulates LXR pathway, and future studies focusing
on dissecting the protein structure of Sectm1a and its interaction to LXRa
should be warranted. Furthermore, subsequent gene network analysis
identified that three genes (IL-1RN, Cav1, S100a8) were involved in sepsis,
cardiovascular diseases and LXR signalling cascade, and IL-1RN showed
highest expression with most significant reduction (Supplementary mate-
rial online, Figure S5C and D). Future investigation exploring the effects of
IL-1RN might be beneficial to clarify the mechanism of Sectm1a.

In conclusion, our study presented here for the first time utilizes a KO
mouse model, and clearly demonstrates that, through disrupted LXR sig-
nalling pathway, Sectm1a deficiency robustly provokes LPS- and HFD-
induced inflammation, as evidenced by higher levels of inflammatory cyto-
kines both in vivo (plasma and myocardium) and in vitro (BMDMs), as well
as increased infiltration of macrophages to the heart, leading to aggravated
suppression of cardiac contractility. Therefore, approaches that enhance
Sectma expression/activity would possess great therapeutic potential to
treat inflammatory disease and its associated cardiac dysfunction.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Better understanding on the interaction between inflammatory responses and cardiac health is prominent for the development of safer and more ef-
ficacious therapies for heart failure patients. The present study, using both acute (lipopolysaccharide) and chronic (high-fat diet) inflammation mod-
els, reiterated the adverse effects of abnormal macrophages activation on cardiac function. Our Sectmla knockout mouse model showed
exacerbated cardiac and systemic inflammatory responses, resulting in further aggravation of contractile dysfunction on the heart after endotoxin
challenge. We also demonstrated Sectm1a as a new regulator of macrophage function through LXRa pathway. These data suggest a novel approach

to regulate macrophage-elicited inflammation.




