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ARTICLE INFO ABSTRACT

Keywords: Excessive and chronic inflammation post myocardial infarction (MI) causes cardiac fibrosis and
1L-27 progressive ventricular remodeling, which leads to heart failure. We previously found high levels
Fibroblast

of IL-27 in the heart and serum until day 14 in murine cardiac ischemia-reperfusion injury
models. However, whether IL-27 is involved in chronic inflammation-mediated ventricular
remodeling remains unclear. In the present study, we found that MI triggered high IL-27
expression in murine cardiac macrophages. The increased expression of IL-27 in serum is corre-
lated with cardiac dysfunction and aggravated fibrosis after MI. Furthermore, the addition of IL-
27 significantly activated the JAK/STAT signaling pathway in cardiac fibroblasts (CFs). Mean-
while, IL-27 treatment promoted the proliferation, migration and extracellular matrix (ECM)
production of CFs induced by angiotensin II (Ang II). Collectively, high levels of IL-27 mainly
produced by cardiac macrophages post MI contribute to the activation of CFs and aggravate
cardiac fibrosis.

Myocardial infarction
Inflammation
Ventricular remodeling

1. Introduction

Myocardial infarction (MI) remains the leading cause of morbidity and mortality worldwide [1]. Following MI, the left ventricle
(LV) undergoes a series of injury and wound healing responses, including inflammation and scar formation, which are collectively
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referred to as LV remodeling [2,3]. Postinfarction healing and optimal scar formation play crucial roles in strengthening infarcted
tissue and preventing cardiac rupture [4]. However, excessive and prolonged LV remodeling after MI leads to heart failure (HF), with a
5-year mortality of nearly 50% [5]. More intensive study is necessary to understand the mechanisms of cardiac remodeling post MI.

Multiple pathological changes occur after MI, including apoptosis of myocardial cells, activation of immune responses and fi-
broblasts, scar formation, and finally remodeling [6,7]. Excessive prolonged inflammatory responses contribute to persistent tissue
damage and adverse ventricular remodeling post MI [8,9]. Increasing evidence suggests that inflammatory cells and cardiac fibroblasts
(CFs) play central roles in cardiac fibrotic responses during pathological cardiac remodeling [10,11]. In the chronic inflammatory
period post MI, macrophages contribute to adverse cardiac remodeling by secreting cytokines that promote CFs activation [12,13].
Upon activation, CFs differentiate into myofibroblasts, express a-smooth muscle actin (a-SMA), and act as the main source of extra-
cellular matrix (ECM) proteins [14,15]. Excessive collagen deposition leads to cardiac fibrosis and ventricular remodeling.

Interleukin-27 (IL-27), including an alpha subunit IL-27p28 and a beta subunit Epstein—-Barr virus-induced protein 3 (EBI3), is a
member of the interleukin-12 (IL-12) family [16,17]. IL-27 is mainly produced by activated antigen-presenting cells (APCs), such as
monocytes, macrophages, and dendritic cells (DCs) [18]. Previous clinical evidence demonstrated that serum IL-27 levels in acute MI
and unstable angina patients were significantly upregulated compared to those in controls [19]. Our previous study revealed high
levels of IL-27 in both injured heart and serum and the elevation maintained until a chronic phase post myocardial infarction/re-
perfusion (MI/R) [20]. Moreover, addition of IL-27 increased the production of type I collagen in cultured human fibroblasts from the
patients with systemic sclerosis [21]. However, the role of IL-27 in cardiac fibroblasts, a key cell type involved in ventricular
remodeling, has not been elucidated. In the present study, we explored whether IL-27 regulates the function of cardiac fibroblasts and
contributes to cardiac remodeling, as well as the relevant signaling pathways.

2. Materials and methods
2.1. Mice

Eight-week-old male C57BL/6 mice (Beijing Vital River Laboratory Animal Technology Co., Ltd.) that weighed 20-22 g were raised
under specific pathogen-free (SPF) conditions in an environment with constant temperature (23-24 °C), humidity (55 + 5%), and light
(12:12 of day: night). Neonatal C57BL/6 mice (1-3 days old) were used for cell isolation. All animal procedures were performed in
accordance with the Institutional Animal Care and Use of Laboratory Animals approved by Tongji University (TJBB00121101).

2.2. Establishment of the murine MI model

Murine MI models were established as previously described [22]. The mice were randomly divided into a sham operation group and
an MI group. Briefly, mice were anesthetized with sodium pentobarbital (50 mg/kg) intraperitoneally. They were intubated and put on
the ventilator. MI was induced by permanent ligation of the left anterior descending (LAD) artery with 8-0 sutures. Successful
myocardial ischemia is marked by paleness of the anterior wall of the left ventricle. Mice with exposed hearts through left thoracic
incision without LAD were used as the sham operation group. Mice were closely observed after the operation for their full recovery.
Experiments were carried out at different time points after surgery, and there were at least 8 mice in the sham or MI groups.

2.3. Echocardiography

Echocardiography was used to assess cardiac systolic and diastolic function as previously described [23]. A Visual Sonics
high-resolution Vevo2100 ultrasound system (VisualSonics. Canada) with a 30-MHz linear array ultrasound transducer (VisualSonics.
Canada) was applied. In brief, mice were anesthetized with 1.0% isoflurane until the heart rate stabilized. Parasternal long-axis images
were acquired in B-mode with the scan head in an appropriate position to identify the maximum LV length. In this view, the M-mode
cursor was positioned perpendicular to the maximum LV dimension in end-diastole and systole, and M-mode images were obtained for
measuring wall thickness and chamber dimensions. LV ejection fraction (EF) and LV fractional shortening (FS) were calculated
automatically.

2.4. Tissue collection and preparation

Samples were collected at different time points after the surgery. Mice were anesthetized with 1% sodium pentobarbital. Whole
blood was collected by removing the eyes, left at room temperature for 30 min, and then centrifuged at 1000xg for 10 min, and the
serum was collected and stored at —80 °C for ELISA. Mice were sacrificed on days 0, 1, 3, 7, 14 and 28 after surgery, and then hearts
were perfused with precooled 1X PBS and collected for ELISA or histological analysis. Apical heart samples below the ligature line
weighing approximately 50-100 mg were used for ELISA. Five times the mass volume of 1X PBS containing 1% PMSF (#36978,
Thermo Fisher, USA) was added to the samples. Tissues were cut as small as possible by using scissors and then sonicated (Thermo
Fisher, USA) at a power of 25% for 2 s with 5 s intervals for a total time of 2 min. The samples were sonicated at 4 °C for 3 min. After
sonication, samples were lysed at 4 °C for 30 min. Then, these samples were centrifuged at 12000xg for 10 min, and the supernatants
were collected and stored at —80 °C. The protein concentrations were quantified using a bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher, USA).
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2.5. ELISA for quantification of IL-27

The IL-27 levels in serum and heart tissue were detected by the Mouse IL-27 ELISA Kit (Multiscience, China) according to the
manufacturer’s protocol. Standards of IL-27 and all samples were analyzed in triplicate. Standard curves were created using the
CurveExpert 1.3 software program (Hymas developers).

2.6. Masson staining

Heart tissues were fixed with 4% paraformaldehyde (PFA) overnight, embedded in paraffin blocks and serial sectioned. Masson’s
trichrome staining was conducted to measure cardiac fibrosis. At least 6 fields per animal were randomly selected in the ventricular
tissue, and six animals were studied per group. The fraction of blue stained area normalized to the total area was used as an indicator of
myocardial fibrosis. Images were collected by a Leica microscope (DM6000B; Leica). ImageJ (USA) was used to analyze the results.

2.7. Immunofluorescence

For tissue sample immunofluorescence (IF) staining, 4% PFA-fixed hearts were paraffin-embedded and sectioned into 5 pm thick
slices. After deparaffinization and hydration, heat antigen retrieval was performed for 30 min. For cell sample IF staining, CFs were
fixed with 4% PFA, treated with 0.2% Triton™ X-100 for 10 min, and blocked with blocking solution. Then, tissue slides or cells were
incubated with primary antibodies overnight at 4 °C. Antibodies included anti-CD45 (1:100, #70257, Cell Signaling Technology,
USA), anti-F4/80 (1:100, #70076, Cell Signaling Technology, USA), anti-IL-27 (1:500, PRS3797, Sigma), and anti-Ki67 (1:200,
ab15580, Abcam). The secondary antibodies, including Alexa Fluor 488-conjugated goat anti-mouse secondary antibody (1:400,
A11032, Invitrogen) and Alexa Fluor 594-conjugated goat anti-rabbit secondary antibody (1:500, A11012, Invitrogen), were incu-
bated for 1 h at room temperature. After three washes with PBS, the slides were incubated with DAPI (4-6-diamidino-2-phenylindole)
(1:100, D3571, Invitrogen) for 5 min. The immunostaining images were captured under a Leica fluorescence microscope (DM6000B,
Leica, Germany). The percentage of positive cells was quantified by using ImageJ (USA), and 3-5 fields were randomly selected from
each peri-infarct area in cardiac sections.

2.8. Cardiac fibroblast isolation and culture

CFs were isolated from neonatal C57BL/6 mice as previously described [24]. Hearts from Day 1-3 old mice were cut into small
chunks. The tissue was digested with 0.25% (w/v) tryptase (Gibco) and 0.1% (w/v) collagenase II (Invitrogen) for 30 min at 37 °C 4-6
times. After centrifugation and resuspension, the single cell suspensions were plated on 100-mm culture dishes in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) (Gibco Life Technologies, USA) for 1.5 h. Then, the nonadherent cells
were washed off. The isolated CFs were cultured in DMEM with high glucose supplemented with 10% (v/v) FBS in a humidified
incubator with 5% (v/v) CO2 at 37 °C. The adherent cells were identified as cardiac fibroblasts. Primary cardiac fibroblasts were
passaged until cells reached approximately 70%-80% confluence on the plate. The second to fourth generations of cells were used for
cell treatment and further detection. The mouse cardiac fibroblast cell line was obtained from ScienCell Research Laboratories
(Catalog# M6300-57), and the treatments were the same as those for primary cells.

2.9. Quantitative real-time polymerase chain reaction (QRT-PCR)

Cells were treated with angiotensin II (Ang IT) (A9525, 1 pM, Sigma-Aldrich) and/or mouse IL-27 recombinant protein (#¥RP-8611,
100 ng/ml, Invitrogen) and/or IL-27R alpha (HY-P76668, MCE) for 24 h qRT-PCR was applied for mRNA expression analysis. Total
RNA (1 pg) was extracted from tissue or cell sample. PrimeScript RT Reagent Kit (TaKaRa, Japan) was used to reverse mRNA to cDNA
in the following system: 4 pl of 5x PrimeScript buffer, 1 pg of total RNA, and RNase-free deionized water were added to 20 pl. The
reverse transcription program was 15 min at 37 °C, 85 °C at 5 min, and an infinite cycle at 4 °C. A Fast Real-Time PCR System (7900HT;
Applied Biosystems, Singapore) was used for qRT-PCR detection. SYBR Green MasterMix (TaKaRa, Japan) was used for RT-PCR
cycling conditions. The primers that we used to detect gene expression are shown in the supplementary materials (Table s1). For
example, Sample A was the control sample, and Sample B was the treated sample. AACt = (Ct gene of interest - Ct p_actin) Sample B - (Ct
gene of interest — Ctp.acin) sample A. Finally, relative quantification of gene expression (Sample B) = 27AACE

2.10. CCK-8 assay

A CCK-8 kit (Beyotime, China) was used to measure the viability of CFs, as described in the manufacturer’s protocol. In brief, CFs
were seeded in 96-well plates and allowed to grow overnight in 10% FBS, followed by treatment with Ang II and/or mouse IL-27
recombinant protein for 24 h. Subsequently, the supernatant was removed, and 90 pL. DMEM with 10% FBS per well was added.
Thereafter, CFs were treated with 10 pL/well CCK-8 solution in an incubator with 5% (v/v) CO2 at 37 °C for 3 h. Optical density was
measured with a Multiskan SkyHigh full-wavelength microplate reader (Thermo Fisher, USA) at 450 nm. The viability of CFs was
defined as the absorbance of treated versus untreated control cells.
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2.11. Cell migration assay

Migration of fibroblasts was measured by wound-healing assay. CFs were grown to confluence in 12-well plates, and the bottom
monolayer of cells was scraped away. The remaining adhered cells were then treated with Ang II and/or mouse IL-27 recombinant
protein in 1% FBS DMEM and allowed to migrate to the scraped area. At 0, 12 and 24 h, images of 5 random regions were collected
from each well under an inverted microscope (DM6000B, Leica, Germany). The relative distance of CFs migration was calculated and
compared with the control group.
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Fig. 1. IL-27 expression in the injured heart after MI. a) Flow chart of the experimental treatments. b) ELISA of IL-27 protein expression in serum
and heart from C57BL/6 mice at various time points after ML ¢) p28 and EBI3 mRNA levels in the LV at 7 and 14 days after MI (n = 8). For qPCR, all
data were analyzed using the 2—AAct formula. d) The expression of WSX-1 and gp130 mRNA in the LV at 7 and 14 days after MI (n = 8). All sham
samples were collected at day 1 post sham operation. All data are shown as the mean + SEM. Each experiment was repeated at least three times. *P
< 0.05; **P < 0.01; ***P < 0.001 vs. sham.
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2.12. Western blot

Cells were treated with Ang II and/or mouse IL-27 recombinant protein for 24 h. Then, cells in each group were washed with
precooled PBS three times and lysed in RIPA lysis buffer (#P0013C, Beyotime) containing a protease inhibitor cocktail (Calbiochem,
USA). The product was centrifuged at 13000 rpm for 15 min at 4 °C. The supernatant was obtained, and protein concentrations were
determined by a BCA kit (Thermo Fisher Scientific, USA). Total protein were separated by 10% SDS—PAGE and transferred to PVDF
membranes (Millipore, USA). The membranes were blocked with 5% skimmed milk for 1 h and incubated with primary antibodies
overnight at 4 °C. The primary antibodies used in the study were: anti-phosphor-stat3 (1:2000, #9145, Cell signaling technology,
USA), anti-stat3 (1:2000, 4904, Cell signaling technology, USA), anti-a-SMA (1:1000, #14968, Cell signaling technology, USA), anti-
Col T (1:1000, A1352, ABclonal, USA), anti-Col III (1:1000, A0817, ABclonal, USA), anti-phosphor-JAK2 (1:1000, #4406, Cell
signaling technology, USA), anti-JAK2 (1:1000, #3230, Cell signaling technology, USA) and anti-B-actin (1:1000, #4970, Cell
signaling technology, USA). The membranes were washed three times with TBS-T for 10 min each time, and then incubated with the
secondary antibodies, anti-mouse IgG, HRP-linked Antibody (1:1000, #7076, Cell Signaling Technology, USA) or anti-rabbit IgG HRP-
linked Antibody (1:1000, #7074, Cell Signaling Technology, USA) at room temperature for 2 h. After washing in TBS-T another three
times, the bands were visualized using an enhanced chemiluminescence (ECL) system. The immune complexes were visualized by the
Odyssey infrared imaging system (Li-Cor, USA).
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Fig. 2. Elevation of IL-27 in macrophages after MI. a) Representative immunofluorescence images of the expression of IL-27 (red) and CD45%
(green) cells in the heart at 7 days after MI. The nuclei were stained with DAPI. Scale bar = 20 pm. b) Quantified data of immunofluorescence images
in (a). ¢) Representative immunofluorescence images of the expression of IL-27 (red) and F4/80+ (green) cells in the heart at 7 days after MI. The
nuclei were stained with DAPI. Scale bar = 20 pm. d) Quantified data of IL-27 + F4/80+ cell percentages in (c). e) Representative immunofluo-
rescence images of the expression of IL-27 (red) and F4/80+ (green) cells or vimentin+ (green) cells in the heart at 14 days after MI. The nuclei were
stained with DAPI. Scale bar = 20 pm. For quantitative analysis of the immunofluorescence staining results, we counted 5 random fields in each
slide. f) p28 and EBI3 mRNA levels in CD45" F4/80+ macrophages that were sorted by flow cytometry at 7 days after MI. Data are shown as the
mean + SEM. Each experiment was repeated at least three times. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.13. Sorting cardiac macrophages

At day 7 after the operation, sham and MI hearts were perfused with precooled 1X PBS and collected for digestion and cell sorting.
The hearts were cut into 1 mm? pieces with scissors, transferred into HBSS solution containing 1.5 mg/ml Collagenase IT (Worthington)
and digested on a shaker for 30 min. The digested tissue was filtered with a 70 pm filter, and Debris Removal Solution (MACS, USA)
was used to defragment the heart to obtain a single-cell suspension. Next, anti-45-APC (clone 30-F11, Biolegend) and anti-F4/80-PE
(clone BM8, Biolegend) were used for staining at 4 °C for 30 min. Then, CD45 + F4/80-+ macrophages were sorted by fluorescence-
activated cell sorting (FACS) in FACS Aria II (BD Bioscience, USA). Total RNA was extracted from these cell samples. Before qRT-PCR,
ordinary PCR preamplification was performed, and the products were used as templates for gqRT-PCR.

2.14. Statistical analysis

All the data are presented as the means + S.E.M.s for at least five independent assays unless otherwise noted. All data were
evaluated for normality and equal variance before analysis. Data were analyzed by SPSS 11.0 (SPSS Inc., USA) statistical software and
GraphPad Prism 8 statistical software (GraphPad Software Inc., San Diego, California). One-way ANOVA with Tukey post hoc tests was
used for comparisons between multiple groups, and two-way ANOVA was used for comparisons between multiple groups when there
were two experimental factors. P values of less than 0.05 were considered statistically significance.
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Fig. 3. The expression of IL-27 in serum is associated with cardiac function and cardiac fibrosis. a) Serum IL-27 was significantly associated with
LVEF after MI. b) Serum IL-27 was significantly correlated with heart Col ] mRNA expression after MI. ¢) Serum IL-27 was significantly associated
with the area of cardiac fibrosis by Masson staining after MI. For quantitative analysis of the Masson staining, we counted six random fields of each
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SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. Effect of IL-27 on the proliferation and migration of cardiac fibroblasts induced by Ang II. a) The mRNA expression of p28 and EBI3 in
cardiac fibroblasts treated with Ang II (1 pm) for 0, 6, 12, 18, 24, and 48 h. b) The mRNA expression of WSX-1 and gp130 in cardiac fibroblasts
treated with Ang II (1 pm) for 0, 6, 12, 18, 24, and 48 h. c) Cell viability of cardiac fibroblasts was measured in different groups by CCK-8 assay. d)
Representative immunofluorescence images of the expression of Ki67 (green) protein in different groups. The nuclei were stained with DAPI. Scale
bar = 200 pm. e) Statistical results of Ki67+ cell percentages in (d). f) Cell migration distance in different groups at 12 or 24 h after scratching. g)
Quantification of scratch widths in separate experiments at 12 h. Wound closure distance (%) = [(the initialized width of the scratch) - (the final
width of the scratch)]/(the initialized width of the scratch). h) Quantification of scratch widths in separate experiments at 24 h. The images used for
the statistics are the six random fields of the scratch widths captured for statistics. Values are the mean + SEM from at least three experiments. *P <

0.05; **P < 0.01; ***P < 0.001 vs. control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4. (continued).
3. Results
3.1. The expression of IL-27 increased in the injured heart post MI

Our previous study found high levels of IL-27 protein in the heart on days 7 and 14 post MI/R [20]. We further evaluated the
dynamic change in IL-27 in ischemic heart tissues and serum. Fig. 1(a) shows the flow chart of the treatment. IL-27 protein level in
serum gradually increased post MI, and significantly upregulated at day7, day14, and day28, compared with that in the sham group
(Fig. 1(b)). Cardiac IL-27 protein level also increased on day7 and dayl4, compared to that in sham heart (Fig. 1(b)). In addition,
compared with the sham group, the mRNA expressions of both p28 and EBI3, two subunits of IL-27, significantly increased in the heart
on day7 and dayl4 (Fig. 1(c)).

IL-27 exerts its effect by binding to its receptors. We further assessed the expression of IL-27 receptor subunits, including WSX-1 and
gp130, in the heart after MI. As shown in Fig. 1(d), the mRNA level of WSX-1 decreased dramatically on day 7 compared to the sham

group but increased on day 14 compared to day 7 after MI. There was no significant change in gp130 mRNA levels between these
groups.
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Fig. 5. Effect of IL-27 on the differentiation of CFs to myofibroblasts and ECM production induced by Ang II. a) -SMA mRNA expression in cardiac
fibroblasts after treatment with IL-27 (100 ng/ml) for 0, 2, 6, 12, 18, and 24 h. b) «-SMA mRNA levels in cardiac fibroblasts treated with different
conditions for 24 h. ¢) Western blotting was used to analyze the protein level of a-SMA in cardiac fibroblasts in different groups. d) The results were
quantified using ImageJ software. e) Col I mRNA expression in cardiac fibroblasts in different groups. f) Col III mRNA expression in cardiac fi-
broblasts in different groups. g) Western blotting was used to analyze the protein levels of Col I and Col III in cardiac fibroblasts in different groups.
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h-i) Col I and Col III mRNA expression in cardiac fibroblasts in different groups. All data are shown as the mean + SEM. Each experiment was
repeated at least three times. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control.
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Fig. 5. (continued).

3.2. MI triggered the elevation of IL-27 in cardiac macrophages
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Previous studies confirmed that myocardial infarction elicits an inflammatory response that plays a key role in myocardial repair
and remodeling [25]. The infiltration of immune cells, especially macrophages, represents the major immune cell subtype in this
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process [26]. Moreover, IL-27 was reported to be produced mainly by activated APCs [27]. We next examined the expression of IL-27
in immune cells with the surface marker CD45 and macrophages with F4/80. Fig. 2(a) shows the proportion of IL-27-positive cells in
different cell types in the heart after MI via IF staining. Although the percentage of IL-27 + CD45 cells increased in MI hearts compared
to sham hearts, we found a large number of CD45" immune cells expressing IL-27 in injured hearts (Fig. 2(b)). Further results showed
that cardiac F4/80+ cells displayed high levels of IL-27 after MI (Fig. 2(c) and (d)), while IL-27 could not be observed in
vimentin-positive fibroblasts (Fig. 2(e)). In CD45 + F4/80+ macrophages sorted from the hearts, the mRNA expressions of both p28
and EBI3 were significantly elevated in the MI group compared to the sham group at day 7 (Fig. 2(f)). Therefore, the elevation of IL-27
levels is mainly attributed to cardiac macrophages after MI.

3.3. Negative correlation of serum IL-27 level with cardiac function and fibrosis after MI

Next, we determined whether high levels of serum IL-27 are related to cardiac function and fibrosis post MI. As shown in Fig. 3(a),
serum IL-27 protein expression on days 0, 1, 3, 7, 14, and 28 was negatively correlated with the LVEF (r = —0.321; p = 0.008). Fig. 3(b)
revealed that serum IL-27 protein levels were positively correlated with Col I mRNA expression on days 7 and 14 (r = 0.608; p =
0.036). Moreover, serum IL-27 was positively correlated with the area of fibrosis shown by Masson staining at day 14 (r = 0.625; p =
0.01, Fig. 3(c)). Therefore, high levels of IL-27 in serum may reflect the deterioration of cardiac function and cardiac fibrosis to some
degree after MI in murine models.

3.4. IL-27 promoted the proliferation and migration of cardiac fibroblasts induced by Ang II

CFs play important roles in cardiac fibrosis and ventricular remodeling after MI [28]. Ang II is generally used to establish a cell
model to mimic the proliferation and migration of cardiac fibroblasts after MI [24]. Then, we treated cardiac fibroblasts with Ang II,
IL-27 or both to explore the effect of IL-27 on CFs. First, p28 expression in CFs was downregulated until 48 h, while the EBI3 level
increased at 6 h and then decreased upon Ang II treatment (Fig. 4(a)). Compared with the control group, Ang II treatment significantly
increased both IL-27 receptors in cardiac fibroblasts from 12 h to 48 h (Fig. 4(b)). Next, the viability results revealed that either Ang II
or IL-27 alone increased the cell viability, while IL-27 further promoted the increase in cell viability induced by Ang II (Fig. 4(c)). IF
staining of Ki67 showed results similar to those of CCK-8 assays (Fig. 4(d) and (e)). In addition, the scratch wound assay showed that
Ang II or IL-27 alone promoted the migration of CFs at 12 h and 24 h, while IL-27 further promoted the migration of CFs with Ang II
treatment (Fig. 4(f), (g), and 4(h)). Hence, the addition of IL-27 can promote the proliferation and migration of Ang II-induced CFs.

3.5. IL-27 contributed to the differentiation of CFs to myofibroblasts and ECM production induced by Ang II

After MI, CFs are activated and differentiated into myofibroblasts [29], contributing to cardiac fibrosis. To detect whether IL-27
exerts its role in this process, CFs were treated with Ang II and/or mouse IL-27 recombinant protein for 2-24 h (Fig. 5(a)). We
found that the addition of IL-27 to Ang II-treated cells enhanced both the mRNA and protein expression of a-SMA (Fig. 5(b-d)).

Excessive accumulation of ECM is vital for cardiac remodeling after MI [30]. Then, we analyzed the expression of Col I and Col III in
CFs with different treatments. Fig. 5(e) and (f) show that both Col I and Col III mRNA expression increased markedly in the IL-27 group
compared to the control. When compared with the Ang II-induced group, the addition of IL-27 significantly enhanced the expression of
Col I (Fig. 5(e)). Further Western blot results revealed that compared to the control group, both Col I and Col III in CFs tended to
increase when treated with Ang II and significantly increased in the IL-27 treatment group. In addition, compared to those in the Ang II
group, the protein levels of Col I and Col III were markedly upregulated in CFs treated with Ang II and IL-27 (Fig. 5(g-i)). Likewise,
IL-27 also increased Col I and Col III expression in CFs treated with transforming growth factor-beta (TGF-f1) (Figure s1). Taken
together, these results suggested that IL-27 can promote Ang II-induced ECM deposition of CFs.

Next, we determined whether blockade of IL-27 signaling can reverse the effect of Ang II. An IL-27 receptor antagonist (100 and
200 ng/ml) was added to CFs treated with Ang Il and/or IL-27 for 24 h. As shown in Fig. 5(j), neither 100 ng/ml nor 200 ng/ml IL-27
receptor antagonist affected the expression of a-SMA, Col I and Col III in Ang II-induced CFs. The block of IL-27 signaling via receptor
antagonists cannot reverse the effects of Ang II in CFs. Administration of 200 ng/ml IL-27 receptor antagonist reduced the mRNA
expression of a-SMA and Col I in both IL-27-induced CFs and Ang II + IL-27-treated CFs. These results suggested that IL-27 signaling
can exert its role on CFs with or without Ang II treatment.

3.6. IL-27 promotes the activation of the JAK/STAT signaling pathway in Ang II-induced CFs

A previous study showed that JAK/STAT is one of the important signaling pathways mediating cardiac remodeling [31]. Of note,
Ang II enhanced the activity of the JAK/STAT signal transduction pathway in all cardiac cells, including cardiomyocytes and CFs [32,
33]. We next determined whether the addition of IL-27 affected this pathway in CFs. As shown in Fig. 6(a) and (b), 6(c) and 6(d), IL-27
alone upregulated the phosphorylation of STAT3 and increased the ratio of phosphorylated STAT3 (P-STAT3) to total STAT3 in CFs
compared to the control cells after 24 h. Cells treated with IL-27 after 24 h also showed higher phosphorylated JAK2 (P-JAK2) and a
higher ratio of P-JAK2 to total JAK2 compared to the control (Fig. 6(e), (f), and 6(g)). Compared to the Ang II group, the addition of
IL-27 increased the ratio of P-JAK2 to total JAK2 (Fig. 6(g)). These results indicated that IL-27 can activate the JAK/STAT signaling
pathway in both untreated CFs and Ang II-treated cells.
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4. Discussion

Chronic inflammation plays a vital role in cardiac remodeling post MI. In the present study, we found that MI triggered high IL-27
expression in cardiac macrophages. The increased IL-27 protein level in serum is correlated with cardiac dysfunction and fibrosis in
murine MI models. Moreover, IL-27 treatment contributed to the activation of the JAK/STAT signaling pathway in CFs and promoted
their differentiation into myofibroblasts and ECM deposition.

A previous clinical study reported the upregulation of IL-27 levels in the serum of patients with ischemic heart disease during the
acute period (3-5 days for acute MI patients after events and admission time for unstable angina) [19]. In murine MI/R models, we
found that IL-27 levels in serum and heart tissue were significantly increased until day 14 [20]. Furthermore, we demonstrated that the
elevation of serum IL-27 was maintained until day 28 after MI, suggesting that high IL-27 levels in serum may be involved in cardiac
healing and remodeling at the chronic stage.

IL-27 is produced primarily by APCs, including monocytes, macrophages, and DCs [34]. Macrophages represent the major infil-
trating cell types in the heart after MI [35,36]. A previous study revealed that the elevation of IL-27 protein in carotid plaques is
localized in macrophages [37]. In this study, we found a significant increase in IL-27 in F4/80+ macrophages in the infarcted heart but
not in CFs, indicating that the elevation of IL-27 protein may be mainly attributed to cardiac macrophages after MI.

Previously, two clinical studies showed the correlations between IL-27 level and the disease progress [21,38]; one showed the
associations between IL-27 levels at baseline and parameters of left ventricular remodeling, systolic and diastolic function in 107
patients who underwent echocardiographic control examinations at 1 year after the acute event [38]. In these patients, baseline IL-27
is associated negatively with LVEF at 1 year, while elevated baseline IL-27 levels were associated with accelerated LV remodeling, as
indicated by increased parameters of left ventricular dilation and hypertrophy at 1 year follow-up [38]. In another study, serum IL-27
levels were positively correlated with the extent of skin fibrosis in patients with systemic sclerosis [21]. In the present study, we found
a significant negative correlation of serum IL-27 levels with cardiac function. Moreover, serum IL-27 levels were positively correlated
with Col I and fibrosis area in murine MI models. These results indicated that high IL-27 levels may be used to predict cardiac
dysfunction and fibrosis post MI. Further clinical cohorts are needed to evaluate its clinical translational value in patients.

Macrophages after activation can stimulate the inflammatory program of cardiac fibroblasts [36,39]. Overactivation of macro-
phages can secrete a variety of inflammatory factors and promote the differentiation of cardiac fibroblasts into myofibroblasts [40,41].
A previous study showed that IL-27 can attenuate proliferation, differentiation, and collagen synthesis in TGF-p1-induced lung fi-
broblasts [42]. Another study reported that IL-27 stimulation increased proliferation and collagen synthesis in the fibroblasts of pa-
tients with systemic sclerosis compared to those of healthy controls [21]. The present results showed that IL-27 could promote the
differentiation of CFs and contribute to their collagen formation. Distinct from the TGF-p1-induced lung fibrosis models, we mainly
used Ang II to mimic the fibrosis cell model in CFs. We also found that IL-27 augments Col I and Col IIl mRNA expression in CFs treated
with TGF-p1. Thus, IL-27 may play diverse roles in different cell types and models. How IL-27 affects the pathology of fibrosis in other
organs requires further exploration. Activated myofibroblasts are the main source of structural ECM proteins in fibrotic hearts [43].
Therefore, high levels of IL-27 in infarcted hearts promote the collagen production of CFs and aggravate cardiac fibrosis post MI.
Further studies are needed to confirm the effect of IL-27-related interventions on cardiac fibrosis in vivo.

Previous studies have shown that IL-27 can regulate cellular function via multiple signaling pathways, including the JAK/STAT and
p38 MAPK pathways [44]. Among them, the JAK/STAT signaling pathway is a key pathway involved in fibrosis [45]; it also modulates
the functions of fibroblasts and promotes the differentiation of fibroblasts into myofibroblasts [46]. In addition, activation of JAK/-
STAT signaling by Ang II contributes to cardiac dysfunction during ischemia and heart failure [47,48]. A previous study revealed that
Ang II can promote the upregulation of a-SMA and collagen expression by activating the JAK/STAT signaling pathway [49]. Stat3 is a
member of the STAT protein family, and its phosphorylation at Tyr705 is involved in CFs activation and cardiac fibrosis [50]. Then, we
assessed the expression of phosphorylated JAK2 and Stat3 in CFs under different conditions. We found that either IL-27 or Ang II
upregulated the ratio of P-STAT3/STAT3, while the addition of IL-27 further upregulated P-JAK2/JAK2 in Ang II-treated CFs. We also
found that IL-27 significantly promoted the expression of a-SMA and the formation of collagen in Ang II-treated CFs (Fig. 5). These
results suggested that a high level of IL-27 not only exerts its role independently but also functions with Ang II synthetically by
activating the JAK/STAT signaling pathway, contributing to cardiac fibrosis post MI.

5. Conclusion

In summary, high levels of IL-27 mainly produced by cardiac macrophages promoted the collagen production of CFs and aggra-
vated cardiac fibrosis in murine MI models. These findings provide a potential target for prevention and alleviation of cardiac fibrosis
and ventricular remodeling after MI.
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