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ORIGINAL RESEARCH

Interleukin- 29 Accelerates Vascular 
Calcification via JAK2/STAT3/BMP2 
Signaling
Nannan Hao , MD*; Zihao Zhou , MD*; Feifei Zhang, MD*; Yong Li, MD; Rui Hu, MD; Junjie Zou, MD;  
Rui Zheng, MD; Lei Wang, MD; Lingxiao Xu, MD; Wenfeng Tan, MD; Chunjian Li , MD; Fang Wang , PhD

BACKGROUND: Vascular calcification (VC), associated with enhanced cardiovascular morbidity and mortality, is characterized 
by the osteogenic transdifferentiation of vascular smooth muscle cells. Inflammation promotes VC initiation and progression. 
Interleukin (IL)- 29, a newly discovered member of type III interferon, has recently been implicated in the pathogenesis of auto-
immune diseases. Here we evaluated the role of IL- 29 in the VC process and underlying inflammatory mechanisms.

METHODS AND RESULTS: The mRNA expression of IL- 29 was significantly increased and positively associated with an increase 
in BMP2 (bone morphogenetic protein 2) mRNA level in calcified carotid arteries from patients with coronary artery disease 
or chronic kidney disease. IL- 29 and BMP2 proteins are colocalized in human calcified arteries. IL- 29 binding to its specific 
receptor IL- 28Rα (IL- 28 receptor α) (IL- 29/IL- 28Rα) inhibited the proliferation of rat vascular smooth muscle cells without al-
tering cell apoptosis or migration. IL- 29 promoted the calcification of rat vascular smooth muscle cells and their osteogenic 
transdifferentiation in vitro as well as the rat aortic ring calcification ex vivo, induced by the calcification medium or osteogenic 
medium. The procalcification effect of IL- 29 was reduced by pharmacological inhibition of IL- 29/IL- 28Rα binding as well as 
suppression of janus kinase 2/signal transducer and activator of transcription pathway activation, accompanied by decreased 
BMP2 expression in the cultured rat vascular smooth muscle cells.

CONCLUSIONS: These results suggest an important role of IL- 29 in VC development, at least partly, via activating the janus 
kinase 2/signal transducer and activator of transcription 3 signaling. Inhibition of IL- 29 or its specific receptor, IL- 28Rα, may 
provide a novel strategy to reduce VC in patients with vascular diseases.
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Vascular calcification (VC) is characterized by the 
deposition of calcium phosphate complexes in the 
arterial wall, and categorized by the intimal and me-

dial calcification, depending on the sites of mineral depo-
sition within the affected vessels.1 Although it is regarded 
as a part of the normal aging process, VC has been impli-
cated in the vascular pathogenesis associated with diabe-
tes,2 atherosclerosis,3 and chronic kidney disease (CKD).4,5 

VC is considered as a hallmark of atherosclerosis and a 
key prognostic indicator of CKD that highly correlates with 
increased cardiovascular morbidity and mortality.6

Although originally thought to be a passive, inevita-
ble, and unregulated pathology process, VC is now ap-
preciated to be an active and cell- mediated process,7 
principally driven by vascular smooth muscle cells 
(VSMCs)8 and tightly regulated by an array of inducers 
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and inhibitors.9,10 There is accumulating evidence sug-
gesting that VSMC calcification plays a central role in 
the development and progression of VC. Importantly, 
phenotype switching of VSMCs into osteoblasts is 
considered to be the most critical pathophysiological 
hallmark of VSMC calcification.8,11,12 Although the driv-
ers of VSMC phenotypic conversion are distinct in var-
ious conditions, the phenotype switching shares some 
common features: the loss of VSMC markers α- SMA 
(α- smooth muscle actin) and SM22α (smooth muscle 
protein 22α) and the gain of osteochondrogenic mark-
ers including RUNX2 (Runt- related transcription factor 
2), BMP2 (bone morphogenetic protein 2), OPN (os-
teopontin), osteocalcin, ALP (alkaline phosphatase), 
and Sox9 (sex determining region Y- box 9). Therefore, 
understanding the regulatory mechanisms of VSMC 
phenotype switching is crucial for developing new 
treatments for VC- related diseases. Recent exper-
imental findings suggest that a variety of molecular 
mechanisms are involved in its regulation, including 
microRNAs,13 senescence,14 endoplasmic reticulum 

stress,15 inflammasome,16 and autophagy.17 The regu-
latory mechanisms of VC have begun a new research 
focus among vascular biologists and clinicians.

The results from in vitro studies have collectively 
demonstrated that the proinflammatory cytokines, 
including interleukin (IL)- 1β, IL- 6, IL- 8, and tumor ne-
crosis factor- α and transforming growth factor- β, in-
duce osteogenic differentiation and calcification of 
VSMCs.7,18– 20 Furthermore, advanced in vivo molecular 
imaging techniques have demonstrated that inflamma-
tion precedes calcification in the initiation phase of VC, 
and the early activation of proinflammatory pathways 
induces the osteogenic transformation of VSMCs.19 
Additionally, ex vivo fluorescence reflectance imaging 
elegantly visualized the real- time association of inflam-
mation and early calcification.21 Although these findings 
strongly suggest that systemic and local inflammation 
initiates the osteogenic activity of VSMCs leading to 
VC, the key inflammation factors and the mechanisms 
underlying the VC process remains largely unknown. 
In- depth studies of the mechanisms in VSMC osteo-
genic transformation at the initial phase and the identi-
fication of key targets for early intervention are critically 
needed for VC prevention and treatment.

IL- 29 is a newly discovered cytokine belonging to 
the type III interferon (IFN) family (also referred to as 
IFN- λs), which consists of 3 to 4 members: IFN- λ1 
(IL- 29), IFN- λ2 (IL- 28a), IFN- λ3 (IL- 28B), and/or IL- λ4 in 
humans.22,23 Because of their functional similarity with 
type I IFNs, these novel cytokines are considered as 
interferon- like cytokines. Notably, IL- 29 serves as one 
of the most effective and plentiful types of IFN III in hu-
mans. The specific activity of IL- 29 is determined, in 
part, by the location of its receptor subunit IL- 28 re-
ceptor α (IL- 28Rα, also known as IFNLR1) chain, which 
is expressed on a limited range of cell types (eg, ep-
ithelial cells, dendritic cells, neutrophils, synovial fi-
broblasts),24,25 and the other common subunit, IL- 10 
receptor 2(IL- 10R2), is also the chain of the receptor of 
IL- 10, IL- 22, and IL- 26.26,27

Apart from the antiviral activity, recent evidence has 
indicated the important role of IL- 29 in immunomodu-
lation,24 like other IFNs, via activation of downstream 
signaling pathways to induce the generation of inflam-
matory components. As a cytokine, the proinflamma-
tory effect of IL- 29 has been extensively documented 
in some inflammatory disorders, for instance, rheuma-
toid arthritis28 and systemic lupus erythematosus.29,30 
Moreover, new evidence has shown that IL- 29 exerts 
a vital effect on inflammatory osteolysis by suppress-
ing bone resorption or modulating the inflammatory 
microenvironment.31,32,33 Importantly, the link between 
osteoporosis and VC in some diseases has been evi-
denced by sharing common cytokines.8 As for the in-
terferon cytokine IL- 29, its efficient immunoregulatory 
and inflammatory effect in bone homeostasis suggests 

CLINICAL PERSPECTIVE

What Is New?
• Interleukin (IL)- 29 expression is increased in calci-

fied carotid arteries from patients with coronary ar-
tery disease or chronic kidney disease, positively 
associated with BMP2 (bone morphogenetic pro-
tein 2) mRNA, and colocalizes with BMP2 protein.

• IL- 29, as a proinflammatory cytokine, binds to 
its specific receptor, IL- 28Rα (interleukin recep-
tor α), on vascular smooth muscle cells, at least 
partly activating janus kinase 2/signal trans-
ducer and activator of transcription 3 signaling 
pathway to upregulate BMP2 expression in vas-
cular smooth muscle cells, and promotes their 
osteogenic transformation and calcification.

What Are the Clinical Implications?
• Our results indicate that inhibition of IL- 29/IL- 

28Rα and/or janus kinase 2/signal transducer 
and activator of transcription 3 signaling using 
synthetic, small molecule inhibitors may be a 
useful strategy to reduce vascular calcification– 
related diseases.

Nonstandard Abbreviations and Acronyms

ARS alizarin red S
BMP2 bone morphogenetic protein 2
VC vascular calcification
VSMC vascular smooth muscle cell
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that IL- 29 would play an important role in VC. However, 
there are no reports about the effect and mechanism 
of IL- 29 on VC. Therefore, in this study we sought to in-
vestigate the aberrant expression of IL- 29 in VC- related 
disease and explore the mechanism of IL- 29 in regu-
lating VSMC phenotypic switching. We found that IL- 
29 accelerated the VSMC osteogenic transformation 
and calcification under the calcification medium (CaP) 
condition via activating the janus kinase 2 (JAK2)/sig-
nal transducer and activator of transcription 3 (STAT3) 
signaling. These findings provide new mechanistic in-
sights into the preventive and therapeutic strategies for 
vascular diseases.

METHODS
The data that support the findings of this study are 
available from the corresponding author on reason-
able request.

Ethics Statement
The study was approved by the ethics commit-
tee of the First Affiliated Hospital of Nanjing Medical 
University. We obtained written informed consent from 
all patients.

All the animal experimental protocols were ap-
proved by the animal ethics and welfare committee of 
the Nanjing Medical University (Nanjing, China).

Materials
PrimeScriptRT Master Mix was obtained from TakaRa 
(Dalian, China) and SYBR Green Polymerase Chain 
Reaction Master Mix was obtained from Applied 
Biosystems (Carlsbad, CA). The Annexin V/PI 
Apoptosis Detection Kit was obtained from Vazyme 
Biotech (Nanjing, China). Alizarin red S (ARS) stain-
ing solution was obtained from Beyotime (Shanghai, 
China). Vitamin D3, dexamethasone, ascorbic acid, 
and β- glycerophosphate were obtained from Sigma 
(Saint Louis, MO), and JAK2 antagonist (fedratinib) and 
STAT3 antagonist (niclosamide) were obtained from 
Selleckchem (Houston, TX). DMEM and the other cul-
ture reagents were from GIBCO (Carlsbad, CA). All an-
tibodies are listed in Table S1.

Patients and Samples
Carotid artery tissues were obtained from 6 patients 
without carotid calcification (aged 65.63±10.90 years), 
and 7 patients with coronary artery disease (CAD) 
(aged 65.8±5.89 years) and 7 patients with chronic 
kidney disease (CKD) (aged 66.7±10.88 years) with 
carotid calcification. All patients underwent carotid ar-
tery multidetector computed tomography angiography 
detection and carotid endarterectomy surgery. The 

carotid specimens were collected immediately after 
carotid endarterectomy, photographed, and macro-
scopically evaluated based on their visual and mor-
phological characteristics. This study was approved 
by the ethics committee of the First Affiliated Hospital 
of Nanjing Medical University.

Isolation and Culture of Primary Rat 
VSMCs
Primary rat aortic smooth muscle cells (RVSMCs) were 
isolated from adult male Sprague Dawley rats (Jiangsu 
Laboratory Animal Center, Nanjing, China). Briefly, tho-
racic aortas were cut into 1-  to 2- mm sections and cul-
tured in DMEM/F12 medium supplemented with 20% 
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin 
at 37 °C in a humidified, 5% CO2 incubator. After 5 
to 7 days, the tissue sections were removed until cells 
sprouted from them. Migrated VSMCs were digested 
with 0.25% trypsin, and 3 to 8 passages were used for 
in vitro experiments.

Culture of Primary Human VSMCs
Primary human aortic smooth muscle cells were com-
mercially obtained from ATCC (Manassas, VA). Cells 
were cultured in DMEM medium containing 10% FBS, 
100 U/mL penicillin, and 100 μg/mL streptomycin 
(growing medium) at 37 °C in a humidified, 5% CO2 
atmosphere. Cells were used in in vitro experiments up 
to passage 10.

Calcification of Cultured VSMCs and 
Treatments
RVSMCs or human aortic smooth muscle cells were 
seeded onto a 6- , 12- , or 24-  well plates. After 24 to 
48 hours, the growing medium was replaced with 
the CaP medium including DMEM medium, 5% FBS, 
100 U/mL penicillin, 100 μg/mL streptomycin, 1.5 mM 
calcium, and 2.0 mM phosphate for a further 2 to 3 days 
incubation to induce the calcification of VSMCs.34 In 
the other calcification model, the osteogenic calcifica-
tion medium (OGM) consisted of high glucose DMEM 
medium, 10% FBS, 100 U/mL penicillin, 100 μg/mL 
streptomycin, 0.1 μmol/L dexamethasone, 50 μg/
mL ascorbic acid, 5 mmol/L β- glycerophosphate, 
4 mmol/L CaCl2, and 1 μmol/L insulin. The medium 
was changed every 3 days for 14 to 17 days to induce 
calcium deposition in the RVSMCs.

For IL- 29 treatment experiments, RVSMCs were 
seeded onto 6-  or 12- well plates for 48 to 72 hours in 
the growing medium, and then cells were treated with 
human recombinant IL- 29 (1, 10, or 100 ng/mL) in the 
CaP or OGM medium. DMEM medium with 5% FBS, 
100 U/mL penicillin, and 100 μg/mL streptomycin was 
a normal control.
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For antagonist experiments, the calcification of 
RVSMCs was induced as mentioned above, and cells 
were treated with IL- 29 (100 ng/mL) with or without the 
presence of IL- 29 blocking antibodies (1 and 10 μg/
mL), IL- 28Rα blocking antibodies (0.1, 1, or 10 μg/mL), 
JAK2 antagonist (fedratinib, 1 μM), or STAT3 antagonist 
(niclosamide, 10 μg/mL) in different experiment settings.

After various treatments, cells were collected at 
different times for further calcification assay, real- time 
polymerase chain reaction, and Western blot as indi-
cated below.

Real- Time Cellular Analysis
RVSMC proliferation was examined with real- time cel-
lular analysis using an xCELLigence system according 
to the manufacturer’s instruction (ACEA Biosciences). 
Briefly, RVSMCs were seeded into an E- plate at a den-
sity of 2000 cells per well and incubated in the grow-
ing medium at 37 °C in a 5% CO2 atmosphere. After 
24 hours, growing medium containing different con-
centrations of IL- 29 (1, 10, or 100 ng/mL) was added 
for further incubation over 96 hours. The cell index was 
exported with real- time cellular analysis software 2.0 
(ACEA Biosciences) and was normalized to the value 
recorded at time point 0 (baseline).

VSMC Apoptosis Assay by Flow 
Cytometry
RVSMCs apoptosis was performed after 48 hours 
treatment with IL- 29 (1, 10, or 100 ng/mL) in a 6- well 
plate, and the cells were harvested and stained accord-
ing to the manufacturer’s instruction using an Annexin 
V- fluorescein isothiocyanate/propidium iodide stain-
ing kit (Vazyme Biotech, Nanjing, China). In brief, after 
washing twice with cold PBS, cells were suspended 
in 100 μL Annexin V binding buffer and incubated 
with 5 μL Annexin V- fluorescein isothiocyanate and 
10 μL propidium iodide staining solution for 15 minutes 
at room temperature away from light. Finally, 400 μL 
Annexin V binding buffer was added to each tube, and 
the apoptotic rate of the cells was determined by flow 
cytometry (Beckman CytoFLEX FCM). All data were 
exported as Flow Cytometry Standard 3.0 documents 
and analyzed with FlowJo VX10 software.

VSMC Transwell Assay
Migration assay was performed in a 24- well culture plate 
by inserting the transwell chamber covered with matrigel 
basement membrane matrix (pore size, 8.0 μm; BD 
Biosciences) similar to our previous study.31 RVSMCs 
(1×104 cells per well) suspended in 200 μL of the growing 
medium with 1% FBS were placed in the upper cham-
ber, and 600 μL of growing medium containing 1% FBS 
and IL- 29 (1, 10, or 100 ng/mL) were placed in the lower 

chamber. Following 24 hours of culture, the noninvasive 
cells in the upper chamber were removed using a cotton 
swab, and cells migrated through the membrane were 
fixed with 4% paraformaldehyde for 30 minutes, and then 
stained with 0.1% crystal violet for 5 minutes. Invasion 
cells were determined by counting stained cells in 5 fields 
per chamber under a light microscope (Zeiss, Germany).

Vitamin D3- Induced Vascular Calcification 
in Mice
Male C57BL/6 mice (8 weeks old) were purchased from 
GemPharmatech (Nanjing, China). The animal experi-
ment was approved by the animal ethics and welfare 
committee of the Nanjing Medical University (Nanjing, 
China). Mice (n=10) were intraperitoneally injected with vi-
tamin D3 (400 000 IU/kg per day; Sigma) dissolved in olive 
oil for 14 consecutive days, and the same volume olive 
oil injection was used as a control.34 The body weight of 
mice was recorded every 3 days during the experiment 
period. At day 28, mice aortas were removed and kept in 
4% paraformaldehydesolution for further analysis.

Rat Aortic Ring Calcification Induction Ex 
Vivo
Aortas from male Sprague Dawley  rats (180– 200 g 
body weight; Jiangsu Laboratory Animal Center, 
Nanjing, China) were cut into ~5- mm rings and cul-
tured in growing medium. After 24 hours, the growing 
medium was replaced with the CaP medium as used 
in vitro above in the absence or presence of IL- 29 
(100 ng/mL). Aortic segments were further kept at 37 
°C in a 5% CO2 incubator for 6 days, changing the CaP 
medium every 2 days. On completion of the culture, 
aortic segments were washed with PBS solution and 
mounted in optimal cutting temperature compound for 
further analysis.

ARS Staining for Calcification 
Determination
Human aortic smooth muscle cells or RVSMCs were 
cultured in the CaP medium for 3 days, and the calcifi-
cation of VSMCs was determined by 0.2% ARS stain-
ing (Beyotime, Shanghai, China).

Aortic roots from vitamin D3– induced calcified mice 
and rat aortic rings after ex vivo calcification induction 
were cut into 5- μm frozen sections followed by ARS 
staining, respectively.

The detailed methods for ARS and optical density 
quantitation are described in Data S1.

VSMC Calcium Quantitation
Quantification of the calcification of VSMCs was meas-
ured using a QuantiChrom calcium assay kit (BioAssay 
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Systems). RVSMCs or human aortic smooth muscle 
cells in a 12- well plate were treated with IL- 29 for 3 days 
under the CaP medium and then decalcified with 0.6 M 
HCl for 24 hours at 4 °C. The supernatants were centri-
fuged for the calcium content assay according to the kit 
manufacturer, and the absorbance was measured at a 
wavelength of 612 nm using a multiplate reader (BioTek 
Synergy 2). In addition, the cells were solubilized in 0.1 M 
NaOH and 0.1% SDS, and their protein concentrations 
were determined using a bicinchoninic acid protein assay 
kit (Beyotime, Shanghai, China). Finally, the calcium con-
tents were normalized to total protein concentrations.

Quantitative Real- Time Polymerase Chain 
Reaction Assay
Total RNA was isolated from VSMCs or arteries using 
a TRIzol reagent, and reverse transcribed into cDNA 
using PrimeScript RT Master Mix according to the 
manufacturer’s instructions (Takara, Dalian, China). 
Quantitative real- time polymerase chain reaction was 
performed on an Applied Biosystems 7900HT instru-
ment as described previously.35 Primer sequences are 
shown in Table S2. All samples were assayed in tripli-
cate, and relative gene expression was determined by 
the 2−ΔΔCt method using glyceraldehyde- 3- phosphate 
dehydrogenase as the internal reference.

Western Blot Analysis
RVSMC were collected after different treatments at an in-
dicated time and lysed with cold lysis buffer supplemented 
with complete protease and phosphatase inhibitor cock-
tail to extract proteins. Equal amounts of proteins were 
loaded for SDS- PAGE, as previously described,31 and im-
munoblotting was performed using the specific primary 
antibodies BMP2, RUNX2, JAK2/phospho- JAK2, signal 
transducer and activator of transcription 1/2/3/4/5/6, 
phospho- STAT1/2/3/4/5/6, p38/phospho- p38, ERK/
phosphos- ERK, JNK/phospho- JNK, glyceraldehyde- 3- 
phosphate dehydrogenase, and the secondary horse-
radish peroxidase- conjugated antibody. The signals were 
visualized with enhanced chemiluminescence detection 
reagent, and protein bands were semi- quantified with the 
Gel- Pro Analyzer software (Bio- Rad).

Immunohistochemistry and 
Immunofluorescence
Human carotid artery tissues (6 calcified and 3 noncal-
cified samples) were embedded in paraffin. Sections 
(5 μm) were deparaffinized, rehydrated, and then sub-
jected to heat antigen retrieval in 0.01- mM sodium 
citrate buffer (pH 6.0) and inactivation of endogenous 
peroxidase with 3% H2O2. After blocking with 5% 
BSA, sections were incubated with primary antibodies 
overnight at 4 °C. After washing, sections were next 

incubated with a secondary antibody for 1 hour at room 
temperature. Finally, the reactions were developed 
using a 3,3- N- diaminobenzidine tertrahydrochloride 
substrate kit. The slides were scanned at ×20 via an 
Aperio ScanScope XT slide scanner (Leica Biosystems, 
Nussloch, Germany), and the digital image was ob-
served with ImageScope software (Leica Biosystems).

For immunofluorescence staining, mice aorta (5 μm 
of frozen sections) or VSMCs were fixed, blocked, and 
incubated with primary antibodies α- SMA, IL- 28Rα, or 
IL- 10R2 at 4 °C overnight respectively, followed by fur-
ther incubation with a secondary antibody for 2 hours in 
room temperature. After 4’,6- diamidino- 2- phenylindole 
staining (1:5000 dilution) and washing, the slides were 
mounted, and images were taken with a fluorescence 
microscope (Zeiss).

Statistical Analysis
Data were expressed as mean±SD or mean±SEM. The 
normality and homogeneity of variance of the data were 
tested. Differences between the 2 groups were com-
pared by a 2- tailed unpaired Student t test or Mann- 
Whitney U test. Multiple- sample comparisons were 
analyzed by ordinary 1- way ANOVA with Tukey multiple 
comparisons test or Brown- Forsythe ANOVA followed 
by Dunnett T3 multiple comparisons test. For correla-
tion analysis, a Pearson correlation test was performed. 
All statistical analyses and figures were performed using 
GraphPad Prism 9.0 software (GraphPad Software). 
P<0.05 was considered statistically significant.

RESULTS
IL- 29 Is Upregulated in the Calcified 
Arteries of Humans and Mice
To explore whether IL- 29 was involved in VC, we first ex-
amined the IL- 29 expression in the human calcified ca-
rotid arteries from patients with CAD and CKD. mRNA 
expression of IL- 29 and BMP2 were significantly higher 
in the calcified arteries than in the noncalcified control 
patients (Figure 1A). More importantly, in both groups, 
IL- 29 mRNA expression in the human carotid arteries 
positively correlated with the BMP2 mRNA expression 
(Pearson r, 0.798; P=0.001). Increased RUNX2 (osteo-
genic gene) and decreased SM22α (VSMC phenotype 
gene) mRNA levels were also detected in the human 
calcified arteries (Figure S1). Additionally, as shown by 
histological analysis, IL- 29 protein levels significantly in-
creased in the calcified carotid arteries from the patients 
with CAD and CKD in the calcified lesions evidenced by 
ARS. Furthermore, IL- 29 and BMP2 proteins were colo-
calized in the calcified arterial lesions (Figure 1B).

Similarly, for C57BL/6 mice, from the second week 
after vitamin D3 treatment, body weight decreased to 
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a significantly lower level than the controls (Figure S2). 
It should be noted that weight loss during modeling 
is regarded as a sensitive indicator of the vitamin D3– 
induced calcification model.36,37 In the vitamin D3– 
induced calcified mice, VC was shown in the aortic 
tissues by ARS staining (Figure 2A, left). Because the 

mouse IL- 29 gene is a pseudogene that does not en-
code an intact protein, we examined the expression 
of IFNλ2 (IL- 28a) as the paralogue of the human IL- 29 
in mice,38 as well as its specific receptor, IL- 28Rα. The 
results showed that both IL- 28a and IL- 28Rα protein 
levels were higher in the aortic tissues of calcified mice 



J Am Heart Assoc. 2023;12:e027222. DOI: 10.1161/JAHA.122.027222 7

Hao et al Interleukin- 29 Accelerates Vascular Calcification

than those in the normal mice (Figure 2A, right). These 
data are based on both patients with CAD and CKD as 
well as calcified mice and indicate that IL- 29 is involved 
in the VC pathogenesis.

IL- 28Rα not IL- 10R2 Is Mostly Expressed 
in the Aortic Tissues and VSMCs
To investigate whether IL- 29 plays a role in VC forma-
tion via the key cell type, VSMCs, we examined the 
expression of the IL- 29 receptor complex (IL- 28Rα and 
IL- 10R2) in VSMCs, because both are the receptors for 
IL- 29 to activate the VSMC activity. As shown by im-
munofluorescence, IL- 28Rα protein expression in the 
VSMCs (marked by α- SMA) in the mouse aortic tissue 
was significantly higher than the IL- 10R2 expression 
(Figure  2B). Accordingly, in isolated primary rat and 
human VSMCs, IL- 28Rα showed strong expression as 
compared with IL- 10R2 either at the protein or mRNA 
level (Figure 2C and 2D). Thus, IL- 28Rα, not IL- 10R2, is 
prominently expressed in VSMCs.

IL- 29 Inhibits the Proliferation of VSMCs
The specific activity of IL- 29 was likely determined by 
the expression level of IL- 28Rα, as suggested by its 
abundance in the VSMCs. We therefore investigated 
the potential function of IL- 29 on the VSMCs. First, 
primary RVSMCs were incubated with IL- 29 (1, 10, or 
100 ng/mL), and cell viability was monitored by the 
real- time cellular analysis in a real- time manner over 
96 hours. The results showed IL- 29 dose- dependently 
inhibited cell proliferation as evidenced by the cell index 
(Figure 3A), and this effect became significant after a 
48- hour stimulation at the dosage of 100 ng/mL. Next, 
we examined the effect of IL- 29 on cell apoptosis or mi-
gration, and found that the IL- 29 treatment did not lead 
to a significant change in either apoptosis (Figure 3B) 
or migration of the cultured RVSMCs (Figure 3C).

IL- 29 Accelerates the Calcification of 
VSMCs
The phenotypic switch of VSMCs into osteogenic- like 
cells is a key process in VC associated with reduced 
VSMC proliferation.39,40 To explore whether the inhib-
itory effect of IL- 29 on the proliferation of VSMCs is 

also present in the VC in our study, the effect of IL- 
29 on the VSMC calcification was examined in 2 cal-
cification models, CaP-  and OGM- induced VSMC 
calcification, respectively. Incubation of the primary 
RVSMCs both in the CaP medium for 3 to 5 days and 
OGM medium for 14 to 17 days induced cellular cal-
cification. Significantly, the concurrent incubation with 
IL- 29 at the concentration of 1, 10, or 100 ng/mL dose- 
independently augmented the calcification induced 
by CaP medium as shown by the red calcium nodes 
with the ARS staining, and the elevated optical den-
sity value after decalcification and calcium content 
quantitation (Figure 4A, upper). Similarly, in the osteo-
genic calcification condition, IL- 29 (100 ng/mL) signifi-
cantly enhanced the calcium deposition in RVSMCs 
compared with only calcium medium administration 
(Figure  4A, lower). Furthermore, the procalcification 
effect of IL- 29 (100 ng/mL) was also observed in the 
primary cultured human VSMCs in the CaP condition 
(Figure 4B). These results support that IL- 29 augments 
the VSMC calcification induced in different calcification 
conditions. Because of the stability and feasibility of 
the CaP medium to induce RVSMC calcification, we 
used this calcification model in the following studies.

IL- 29 Promotes the Rat Aortic 
Calcification Ex Vivo
To explore the procalcification effect of IL- 29 in the 
whole artery segments, we used an organ culture 
system to induce the arterial calcification ex vivo. Rat 
aortic rings were treated with IL- 29 (100 ng/mL) in the 
CaP medium for 6 days. After incubation with the CaP 
medium in the presence of IL- 29, the aortic rings de-
veloped consistently more extensive calcification in the 
smooth muscle media than those aortic rings cultured 
in the CaP medium without IL- 29, as shown by ARS 
staining (Figure  4C). Taken together, these observa-
tions indicate that IL- 29 promotes the arterial calcifica-
tion induced by the CaP medium ex vivo as well.

IL- 29 Induces Osteogenic Formation by 
VSMCs Under the Calcified Condition
We next sought to investigate whether IL- 29 promotes 
the osteogenic differentiation of VSMCs in the calcified 

Figure 1. IL- 29 expression is elevated in calcified arteries from patients with CAD and CKD.
A, Quantification of IL- 29 and BMP2 mRNA expression in the calcified carotid arteries from 4 patients with CAD, 4 patients with CKD, 
6 noncalcified arteries, and a Pearson correlation between calcified arteries. The 2−ΔΔCt method was used, with GAPDH as an internal 
reference, to calculate the relative gene expression level. Data are mean±SD. Statistical significance was tested using a 2- tailed 
unpaired t test. B, Representative images showing ARS staining for the lesions of calcification, as well as IL- 29 and BMP2 protein 
expression on the lesions of the carotid arteries from 3 patients with CAD, 3 patients with CKD, and 3 noncalcified arteries as control. 
The magnification is ×200. Arrows showed the calcification deposition. Data are mean±SD. Statistical significance was calculated from 
an ordinary 1- way ANOVA with Tukey multiple comparisons test. ARS indicates alizarin red S; BMP2, bone morphogenetic protein 
2; CAD, coronary artery disease; CKD, chronic kidney disease; GAPDH, glyceraldehyde- 3- phosphate dehydrogenase;  and IL- 29, 
interleukin 29.
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Figure 2. IL- 28Rα is highly expressed in calcified mice and specifically expressed in VSMCs.
A, Representative images of ARS staining for the calcification lesions (×200), IL- 28a (red), as well as IL- 28Rα (green) expression in 
the aortic tissues of vitamin D3– induced calcified mice (×400) (n=5). Nuclei were stained with DAPI (blue). B and C, Representative 
images showing the protein expression of IL- 28Rα (green), IL- 10R2 (green), and α- SMA (red) in the mice aortic tissues, as well as 
IL- 28Rα (red) and IL- 10R2 (red) in the primary rat and human VSMCs. Nuclei were stained with DAPI (blue). The magnification is 
×400. D, The mRNA levels of IL- 28Rα and IL- 10R2 in the primary rat and human VSMCs. Data from a representative experiment 
were performed in 5 replicates and presented as mean±SEM. Statistical significance was tested using a 2- tailed unpaired t test. 
α- SMA indicates α- smooth muscle actin; ARS, alizarin red S; DAPI, 4’,6- diamidino- 2- phenylindole; IL- 10R2, interleukin 10 receptor 
2; IL- 28a, interleukin 28a; IL- 28Rα, interleukin 28 receptor α; and VSMC, vascular smooth muscle cell.
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Figure 3. IL- 29 inhibits the proliferation of VSMCs without significant change in the 
apoptosis and migration.
A, Proliferation of primary rat VSMCs (n=3) after treatment with IL- 29 (1, 10, or 100 ng/mL) was monitored 
by real- time cellular analysis over 120 hours. Data from 1 representative experiment were performed 
in triplicate and presented as mean±SEM. B and C, Primary rat VSMCs was treated with different 
concentrations of IL- 29 (1, 10, 100 ng/mL). The cell apoptosis was examined with flow cytometry 
at 48 hours, and the migration was determined with transwell analysis at 24 hours. Representative 
scattergrams show flow cytometry analysis for cell apoptosis, and micrographs show transwell 
assay for cell migration (×100). Data from 1 representative experiment performed in triplicate. Values 
are ±SEM. Statistical significance was calculated from ordinary 1- way ANOVA with Tukey multiple 
comparisons test. Annexin V- FITC indicates Annexin V- fluorescein isothiocyanate; Control, only 
medium treatment; IL- 29, interleukin 29; ns, not significant; and VSMCs, vascular smooth muscle cells.
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condition. IL- 29 (100 ng/mL) was added to the primary 
cultured RVSMCs in the CaP medium for 48 hours, 
and the osteogenic markers BMP2 and RUNX2 were 
examined by Western blots. As shown in Figure  4D, 
protein expressions of BMP2 and RUNX2 were sig-
nificantly upregulated in the IL- 29– treated RVSMCs 

compared with the calcification medium control with-
out IL- 29. In addition, mRNA levels of osteogenic 
markers BMP2 and OPN were also elevated in the 
IL- 29- treated (100 ng/mL) RVSMCs with the CaP me-
dium for 48 hours (Figure 4E). In contrast, mRNA lev-
els of α- SMA and SM22α, the VSMC markers, were 
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decreased in the cultured RVSMCs in response to the 
IL- 29 (100 ng/mL) treatment. These results support that 
IL- 29 upregulates the osteogenic transformation by 
VSMCs under the calcification condition.

IL- 29 or IL- 28Rα Neutralization Inhibits the 
Procalcification Effect of IL- 29
To further demonstrate the effect of IL- 29 in VC, we 
performed in vitro blocking experiments using the 
neutralization antibodies. RVSMCs were treated with 
IL- 29 (100 ng/mL) with or without the presence of the 
IL- 29 blocking antibodies (1 and 10 μg/mL) in the CaP 
medium. As illustrated in Figure 5A, the procalcifica-
tion effect of IL- 29 was markedly reduced after 3 days 
in the presence of IL- 29 blocking antibodies at the 
concentration of 10 μg/mL. The optical density value 
quantified after decalcification for the ARS staining 
showed a ~41.2% decrease compared with the con-
trol IL- 29- treated group without the antibodies in the 
same CaP medium (P  < 0.001). Similarly, blocking of 
the specific receptor (IL- 28Rα) of IL- 29 in RVSMCs 
dose- dependently inhibited the increased calcifica-
tion following the CaP and IL- 29 (100 ng/mL) treatment 
(Figure  5B). Thus, the procalcifying effect of IL- 29 in 
VSMCs is, at least in part, dependent on the specific 
receptor IL- 28Rα.

IL- 29 Activates the JAK2/STAT3 Signaling 
Pathway During VSMC Calcification
It is known that IL- 29 signals through the receptor 
complex (IL- 28Rα and IL- 10R2) and activates the 
JAK- STAT– dependent or the mitogen- activated pro-
tein kinase- independent pathway to act against viral 
infection and tumor cells.41,42 To elucidate the under-
lying mechanism of IL- 29 during VSMC calcification, 
activation of the JAK- STAT and mitogen- activated 
protein kinase pathways was investigated by Western 

blots. In RVSMCs, IL- 29 (100 ng/mL) significantly ac-
tivated the JAK2 phosphorylation at 30 or 60 minutes 
compared with the control CaP group without IL- 29 
(Figure 6A). More importantly, IL- 29 (100 ng/mL) prom-
inently stimulated the activation of STAT3 (Tyr705) at 
30 or 60 minutes in RVSMCs, without affecting the 
phosphorylation of STAT2 (Tyr690), STAT5 (Tyr694), 
and STAT6 (Tyr641) (Figure  6B). In addition, phos-
phorylated STAT1 (Tyr701) and STAT4 (Tyr693) were 
not detectable in these cells. The mitogen- activated 
protein kinase signaling molecules phosphorylated 
p38, ERK, and JNK remained at the same levels in 
the cultured RVSMCs following the IL- 29 treatment 
(100 ng/mL) for 30 or 60 minutes as compared with 
the CaP controls without IL- 29 (Figure 6C). These re-
sults support that a specific JAK2/STAT3 signaling 
pathway contributes to the IL- 29- mediated calcifica-
tion in VSMCs.

Inhibition of JAK2/STAT3 Pathway 
Reduces the IL- 29– Dependent VSMC 
Calcification
We conducted antagonistic experiments to define 
whether the procalcifying effect of IL- 29 was by acti-
vating the JAK2/STAT3 pathway. To this end, RVSMCs 
were treated with IL- 29 with or without the presence 
of a JAK2 or STAT3 inhibitor in the CaP medium for 
3 days. As shown by the ARS staining in Figure  7A 
and 7B, both JAK2 antagonist (fedratinib, 1 μM) and 
STAT3 antagonist (niclosamide, 10 μg/mL) partially 
reduced the extent of calcium deposition induced by 
IL- 29 under the CaP condition. Additionally, the JAK2 
or STAT3 antagonist significantly reduced the expres-
sion of BMP2 proteins in the CaP- treated RVSMCs 
with the presence of IL- 29 (100 ng/mL) as determined 
by Western blot (Figure 7C and 7D). Together, these 
results document that inhibition of JAK2/STAT3 path-
way alleviates the osteogenic transformation and 

Figure 4. IL- 29 promotes the osteogenic differentiation and calcification in vitro and ex vivo.
A and B, Primary rat VSMCs were cultured with IL- 29 (1, 10, or 100 ng/mL) in CaP medium for 3 days (upper) or IL- 29 (100 ng/mL) 
administration in OGM medium for 17 days (lower), as well as IL- 29 (100 ng/mL) treatment in primary human VSMCs in CaP medium 
for 3 days B, Representative photos of the ARS staining and quantified OD value were shown. In the other experimental set, cell 
supernatants and cell lysis were used for the quantification of calcium contents. Data from 1 representative experiment were performed 
in 4 to 6 replicates and shown as mean±SEM. C, Rat aortic rings were exposed to CaP medium and IL- 29 (100 ng/mL) for 6 days. 
Representative images and quantification of ARS staining for calcified areas by ImageJ software from 3 sections of each rat (n=3) were 
displayed. The magnification is ×40. Arrows indicated the calcified area. Values are mean±SEM. D, Primary rat VSMCs were incubated 
with IL- 29 (100 ng/mL) in the CaP condition for 48 hours. Representative Western blot images for BMP2 and RUNX2 protein expression 
were shown in duplicate each group (left), and relative expression of them to GAPDH were semiquantified (right). The cumulative data 
were from 3 independent experiments and expressed as mean±SEM. E, Primary rat VSMCs were incubated with IL- 29 (100 ng/mL) in 
the CaP condition for 48 hours. mRNA levels of VSMC osteogenic markers BMP2 and OPN, and VSMC phenotype markers α- SMA 
and SM22α were analyzed with real time polymerase chain reaction. Pooled data from 3 independent experiments were performed 
in duplicate and expressed as mean±SEM. All of the statistical significance in this figure was calculated using ordinary 1- way ANOVA 
with Tukey multiple comparisons test. α- SMA indicates α- smooth muscle actin; ARS, alizarin red S; BMP2, bone morphogenetic 
protein 2; control, only medium treatment; GAPDH, glyceraldehyde- 3- phosphate dehydrogenase;  IL- 29, interleukin 29; OD, optical 
density; OGM, osteogenic calcification medium; OPN, osteoprotegerin; RUNX2, Runt- related transcription factor 2; SM22α, smooth 
muscle 22α; and VSMC, vascular smooth muscle cell.
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Figure 5. Blocking IL- 29 or IL- 28Rα inhibits the procalcification effect of IL- 29.
A and B, Primary rat VSMCs were cultured with IL- 29 (100 ng/mL) in the presence of IL- 29 neutralization 
antibody (1 and 10 μg/mL) or IL- 28Rα neutralization antibody (0.1, 1, or 10 μg/mL) in the CaP condition for 
3 days. Representative images of ARS staining are displayed. The cumulative data for OD value were from 
1 representative experiment performed in triplicates or quadruplicates and expressed as mean±SEM. 
Statistical significance was tested using ordinary 1- way ANOVA with Tukey multiple comparisons test (A) 
and Brown- Forsythe ANOVA followed by Dunnett T3 multiple comparisons test (B). ARS indicates alizarin 
red S; IL- 28Rα, interleukin 28 receptor α; IL- 29, interleukin 29; CaP, calcification medium; OD, optical 
density; and VSMC, vascular smooth muscle cell.
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Figure 6. IL- 29 selectively activates JAK2/STAT3 signaling pathway in VSMC 
calcification.
A and B, Representative Western blots and semiquantitative analysis for the change of 
JAK2/STAT pathways in primary rat VSMCs treated with IL- 29 (100 ng/mL) in the CaP 
condition for 30 and 60 minutes, respectively. p- STAT1/STAT1 and p- STAT4/STAT4 
were not detected in this experiment. The cumulative data were from 3 independent 
experiments and expressed as mean±SEM. Statistical significance was calculated 
from ordinary 1- way ANOVA with Tukey multiple comparisons test. C, Representative 
Western blots for the change of MAPK pathway. No obvious changes were observed 
after IL- 29 treatment in CaP condition compared with only CaP medium- treated 
group. CaP indicates calcification medium; ERK, extracellular regulated protein 
kinase; GAPDH, glyceraldehyde- 3- phosphate dehydrogenase; IL- 29, interleukin 
29; JAK2, janus kinase 2; JNK, c- Jun N- terminal kinase; MAPK, mitogen- activated 
protein kinase; P38, p38 mitogen activated protein kinase; p- ERK, phospho- ERK; 
p- JAK2, phospho- JAK2; p- JNK, phospho- JNK; p- P38, phospho- P38; p- STAT1, 
phospho- STAT1;p- STAT2, phospho- STAT2; p- STAT3, phospho- STAT3; p- STAT4, 
phospho- STAT4; p- STAT5, phospho- STAT5; p- STAT6, phospho- STAT6; STAT1, signal 
transducer and activator of transcription 1; STAT2, signal transducer and activator 
of transcription 2; STAT3, signal transducer and activator of transcription 3; STAT4, 
signal transducer and activator of transcription 4; STAT5, signal transducer and 
activator of transcription 5; STAT6, signal transducer and activator of transcription 6; 
and VSMC, vascular smooth muscle cell.
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Figure 7. JAK2 or STAT3 antagonist reduces the procalcification effect of IL- 29 and BMP2 expression.
A and B, Primary rat VSMCs were treated with IL- 29 (100 ng/mL) with or without the presence of JAK2 
antagonist (fedratinib, 1 μM) or STAT3 antagonist (niclosamide, 10 μg/mL) in the CaP condition for 3 days. 
Representative images of ARS staining for calcium deposition were shown. C and D, Representative 
Western blots and semiquantitative analysis showed the effect of JAK2 or STAT3 antagonist on BMP2 
protein expression. The cumulative data were from 4 independent experiments and expressed as 
mean±SEM. Statistical significance was calculated from ordinary 1- way ANOVA with Tukey multiple 
comparisons test. ARS indicates alizarin red S; BMP2, bone morphogenetic protein 2; CaP, calcification 
medium; GAPDH, glyceraldehyde- 3- phosphate dehydrogenase; IL- 29, interleukin 29; JAK2, janus kinase 
2; STAT3, signal transducer and activator of transcription 3; and VSMC, vascular smooth muscle cell.
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calcification of VSMCs mediated by IL- 29 under the 
CaP condition.

DISCUSSION
The present study, for the first time, demonstrates 
 IL- 29 as a proinflammatory cytokine promoting the 
VSMC osteogenic transformation and calcification 
under the CaP condition. We further show that binding 
of IL- 29 to its receptor IL- 28Rα enhances the activation 
of JAK2/STAT3 to upregulate BMP2 in VSMCs to pro-
mote their calcification and osteogenic transformation. 
Our data suggest that inhibition of IL- 29 signaling using 
synthetic, small- molecule inhibitors may be a useful 
strategy to reduce VC in patients.

VSMCs transdifferentiation to osteochondrogenic 
phenotype is the primary process of VC, and inflam-
matory cytokines have been shown to favor it.7 IL- 29 
is a newly discovered cytokine belonging to type III 
interferon,22 and recently its effect in inflammatory 
autoimmune diseases has been revealed in our pre-
vious studies and other groups.25,30,33 In the present 
study, we first observed that IL- 29 mRNA expression 
was significantly higher in the calcified carotid arter-
ies from patients with CAD and CKD than noncalcified 
carotid arteries, and positively correlated with BMP2 
(one of the osteogenic markers) expression. In pro-
tein level, IL- 29 and BMP2 were abundantly expressed 
and colocalized at or around the calcified regions in 
the carotid arteries from patients with CAD and CKD 
(Figure 1). Interestingly, the higher mRNA and protein 
expression of IL- 29 was detected in calcified carotid 
arteries not only from patients with CAD but also pa-
tients with CKD, which strongly suggest that IL- 29 
may play a pivotal role in the VC process, albeit the 
calcification occurs in the intimal or medial layer of 
the vessels. Considering the pathological deposition 
of calcium phosphate mineral in arteries is a com-
mon consequence of VC in CVD and CKD, in the 
present study, we used the vitamin D3– induced calci-
fied mice and the CaP medium (1.5 mM calcium and 
2.0 mM phosphate)- induced cell calcification model to 
mimic the VC process as previously used in our lab-
oratory.34 Consistent with the aberrant expression of 
 IL- 29 in human calcified arteries, we further observed 
the higher levels of IL- 28α and its specific receptor, 
IL- 28Rα, in the aortas of vitamin D3– induced calcified 
mice than those in normal mice (Figure  2A). Taken 
together, these observations are promising, suggest-
ing that IL- 29 is closely related to the VC process in-
volved in calcification- associated diseases. However, 
it cannot exclude the possible effect of vitamin D3 
intoxication on altering the physiological and patho-
physiological mechanism of VC in this calcification 
mice model; therefore, further animal experiments, 

including an atherosclerotic calcification model, are 
required to investigate the role of IL- 29 in VC.

VC is an active and tightly regulated process, 
principally driven by the VSMCs. Cytokines released 
by inflammatory cells (such as macrophages) can 
induce VSMCs apoptosis, migration, or phenotype 
transdifferentiation, contributing to triggering or ex-
acerbating the VC process.10,18 We performed in vitro 
experiments to explore whether IL- 29 affects VSMCs 
function and phenotype alterations via its proinflam-
matory mechanism. The selective IL- 28Rα (the spe-
cific receptor of IL- 29) expression pattern limits the 
responsiveness of IL- 29 in restricted cells and tis-
sues24; notably, in this study we detected marked ex-
pression of IL- 28Rα not only in the VSMCs located in 
the mouse aortic arteries (Figure 2B), but also in pri-
mary cultured human and rat VSMCs (Figure 2C and 
2D). In contrast, rare or low IL- 10R2 expression was 
detected in the same tissues or cells. Based on our 
knowledge, this is the first report about IL- 29 recep-
tor expression in VSMCs. The abundant expression 
of IL- 28Rα in VSMCs strongly suggests VSMCs may 
respond to the aberrantly expressed IL- 29 in vascular 
microenvironment.

Growing evidence suggests that decreased VSMC 
proliferation is accompanied by gain of osteo/chondro-
genic phenotype in vitro and in calcified lesions.8 In this 
study, IL- 29 treatment remarkably inhibited the prolif-
eration of primary rat VSMCs in a dose- dependent 
manner (Figure 3A), implying this cellular response may 
relate to VC process. We observed that IL- 29 signifi-
cantly enhanced CaP medium or osteogenic medium– 
induced VSMC calcification and osteo/chondrogenic 
transdifferentiation both in primary rat and human 
VSMCs in vitro as well as rat aortic ring segments ex 
vivo in the CaP condition (Figure 4). Accordingly, at the 
molecular level, we also found the increased mRNA 
expression of osteogenic markers (BMP2, RUNX2, 
and OPN) in IL- 29– stimulated VSMCs under calcifica-
tion condition, whereas markers of the VSMC pheno-
type including α- SMA and SM22α were decreased. 
Moreover, treatments with IL- 29 or IL- 28Rα neutraliza-
tion antibody strongly blunted the procalcifying effect 
of IL- 29 in calcification conditions (Figure 5). Based on 
our present in vitro data, it is reasonable to believe that 
IL- 29 binding to its specific receptor, IL- 28Rα, aggra-
vates VSMC calcification and osteogenic transdiffer-
entiation. The process of VC is now considered similar 
to bone formation, especially in terms of mineral com-
position and osteoblast differentiation. Notably, we and 
other groups recently proved a novel effect of IL- 29 
on inflammatory bone loss via secretion of proinflam-
matory cytokines (tumor necrosis factor- α, IL- 1β, and 
 IL- 6).31,33 Thus, it is not surprising that the inflammatory 
role of IL- 29 might be involved in the VC process in the 
current study.



J Am Heart Assoc. 2023;12:e027222. DOI: 10.1161/JAHA.122.027222 16

Hao et al Interleukin- 29 Accelerates Vascular Calcification

To further investigate the mechanism by which IL- 29 
promotes VC process, we observed the possible intra-
cellular signaling pathways involved. JAK/STAT signal-
ing pathways were upregulated in calcified aortas and 
mediated osteogenic transformation of VSMCs.13,43 
Importantly, JAK2 activation was recently found to play 
a key role in the activity of IL- 29.44 Consistent with the 
above findings, we found IL- 29 stimulated the phos-
phorylation of JAK2 in VSMCs under calcification con-
ditions and its downstream molecule STAT3, which 
was the only highly phosphorylated one among all of 
the STAT members (Figure 6). Whereas in the present 
study, IL- 29 cannot affect the activation of mitogen- 
activated protein kinase pathway in VSMCs, although 
IL- 29 actives them in other cells.44 In spite of the above 
data showing that IL- 29 specially promotes JAK2/
STAT3 phosphorylation in VSMCs after short- term 
treatment (30 and 60 minutes), it needs to further ex-
amine if the procalcifying effect of IL- 29 is modulated by 
the activated JAK2/STAT3 pathway in the VC process.

Therefore, we investigated the effect of IL- 29 on 
VC formation after blocking JAK2/STAT3 signaling in 
vitro. Expectedly, JAK2 or STAT3 antagonist distinctly 
blunted the increased numbers of calcification nod-
ules induced by IL- 29 treatment after 3 days in the CaP 
medium (Figure  7). Meanwhile, Western blot further 
revealed that the 2 antagonists were able to block IL- 
29– induced upregulation of osteogenic maker BMP2. 
BMP2 is widely accepted as a crucial molecule in the 
osteogenic differentiation and pathogenesis of VC. We 
also detected enriched colocation of IL- 29 and BMP2 
in human calcified arteries as well as increased BMP2 

level in IL- 29– stimulated VSMCs. Taken together, the 
above results suggest that IL- 29 upregulated BMP2 
expression by increasing JAK2/STAT3 phosphoryla-
tion, thereby promoting VSMC osteogenic transforma-
tion and calcification. The detailed mechanism behind 
this effect warrants further investigation.

In summary, our study suggests that IL- 29 in cal-
cified lesions binds to the specific receptor IL- 28Rα 
on VSMCs, at least partly, activating the JAK2/STAT3 
signaling pathway to upregulate BMP2 expression and 
promote the osteogenic transformation and calcifica-
tion by VSMCs (Figure 8). This new evidence for the 
proinflammatory role of IL- 29 involved in VC warrants 
further investigations on its inhibition via blocking IL- 
29/IL- 28Rα and/or JAK2/STAT3 as a new therapeutic 
strategy for VC- related diseases.
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Data S1. Supplemental Methods 

Alizarin red S staining and OD quantification 

As to ARS staining for cells, VSMCs in 24-well plate were washed in PBS for 3 

times and fixed with 4% PFA for 10 minutes. The wells were washed with ddH2O, 

stained with 0.2% ARS (pH 4.2) solution for 3-5 minutes at room temperature. After 

rinsing with ddH2O, the plates were photographed. To quantity ARS contents, cells 

after staining were decalcified in 10% cetylpyridinium chloride solution for 5-10 

minutes and their absorbance were measured at wavelength 562 nm using a multi-plate 

reader (BioTek Synergy 2, VT, USA). 

As to ARS staining for the whole aortas, the aortas were washed in PBS for 3 times 

and fixed with 4% PFA for 6 hours. The vessels were washed with ddH2O, stained with 

0.2% ARS (pH 8.3) solution for 1 hours at room temperature. After rinsing with Bleach 

solution for 12 hours, the aortas were washed and photographed. Bleach solution was 

made by mixing just before use equal volumes of 3% H2O2 and 4% KOH to give final 

concentration of 1.5% H2O2 and 2% KOH. 

As to ARS staining for frozen sections, the sections were recovered to room 

temperature, fixed with 4% PFA for 15 minutes and stained with 0.2% ARS (pH 4.2) 

solution similar to conducted in the VSMCs. After staining, the slides were mounted 

and images were taken with a light microscope (Zeiss, Germany). Calcified areas are 

shown as red staining. 

As to ARS staining for paraffin-embedded tissue, Paraffin-embedded human 

carotid arteries (5 µm sections) were deparaffinized in xylene and hydrated to 70% 



ethanol. After rinsing in ddH2O, sections were fixed with 4% PFA for 15 minutes and 

stained with 0.2% ARS (pH 4.2) solution for 3-5 minutes as described above. After 

staining, the slides were cleared in xylene and finally mounted. The resultant slides 

were scanned at 20 × via an Aperio® ScanScope XT slide scanner (Leica Biosystems, 

Nussloch, Germany). 

  



Table S1. List of major antibodies used in the study 

Target antigen Vendor or Source Catalog # Working concentration 

human IL-29 Abnova PAB3666 IHC: 1:200 

human IL-29 neutralization 

antibody 
R&D systems AF1598 Neutralization: 10 µg/ml 

human/rat BMP2 Servicebio GB11252 IHC: 1:400; WB: 1:1000 

human IL-10R2 R&D systems MAB874 IF: 1: 200 

human IL-28Rα Mybiosource MBS820358 IF: 1: 200 

mice IL-28a Santa Cruz sc-137151 IF: 1: 200 

mice/rat IL-10R2 Santa Cruz sc-271969 IF: 1: 200 

mice/rat IL-28Rα Mybiosource MBS9130569 IF: 1: 200 

IL-28Rα neutralization 

antibody 
Mybiosource MBS822916 Neutralization: 10 µg/ml 

mice α-SMA Abcam ab5694 IF: 1: 200 

RUNX2 
Cell Signaling 

Technology 
#12556 WB: 1:1000 

GAPDH 
Cell Signaling 

Technology 
#2118 WB: 1:1000 

p-JAK2 Beyotime AF1486 WB: 1:1000 

JAK2 Beyotime AF1489 WB: 1:1000 

Phosphor-Stat antibody 

sampler kit 

Cell Signaling 

Technology 
#9914 WB: 1:1000 



Stat antibody sampler Kit II 
Cell Signaling 

Technology 
#93130 WB: 1:1000 

Phospho-STAT4 (Tyr693) 

antibody 
Affinity AF3441 WB: 1:1000 

p-p38 
Cell Signaling 

Technology 
#9211S WB: 1:1000 

p38 
Cell Signaling 

Technology 
#9612 WB: 1:1000 

p-ERK 
Cell Signaling 

Technology 
#9101S WB: 1:1000 

ERK 
Cell Signaling 

Technology 
#4695S WB: 1:1000 

p-JNK 
Cell Signaling 

Technology 
#9251S WB: 1:1000 

JNK 
Cell Signaling 

Technology 
#9252 WB: 1:1000 

 

 

 

  



Table S2. Primers used for quantitative real time PCR 

Gene  Forward (5’-3’) Reverse (5’-3’) 

human IL-29 

human IL-28Rα 

GAAGCAGTTGCGATTTAGCC 

CCTCCCCAGAATGTGACGC 

GAAGCTCGCTAGCTCCTGTG 

CCCGCACACTCTTCCACTT 

human IL-10R2 

human BMP2 

TACCACCTCCCGAAAATGTCA 

ACCCGCTGTCTTCTAGCGT 

CCCAGTCTGAATGCTCATCTG 

TTTCAGGCCGAACATGCTGAG 

human GAPDH 

human RUNX2    

human SM22α 

GGAGCGAGATCCCTCCAAAAT 

TGGTTACTGTCATGGCGGGTA 

AGTGCAGTCCAAAATCGAGAAG 

GGCTGTTGTCATACTTCTCATGG 

TCTCAGATCGTTGAACCTTGCTA 

CTTGCTCAGAATCACGCCAT 

rat IL-28Rα CCTGGAATACATTTTTGATGTGGAG TTCAGTTCCAGTGACCGAGG 

rat IL-10R2 GCCAGCTCTAGGAATGAT AATGTTCTTCAAGGTCCAC 

rat BMP2 ATTAGCAGGTCTTTGCACCAAGAT CCCTCCACAACCATGTCCTGA 

rat OPN GGTTTGCTTTTGCCTGTTCG GTCCTCATCTGTGGCATCGG 

rat α-SMA AACTGGTATTGTGCTGGACTCTG CTGTTATAGGTGGTTTCGTGGAT 

rat SM22α ATCCAAGCCAGTGAAGGTGC GACTGTCTGTGAACTCCCTCTTA 

rat GAPDH GGCACAGTCAAGGCTGAGAATG ATGGTGGTGAAGACGCCAGTA 

 

 

 

 

 

  



Figure S1. Runx2 and SM22α expression are increased in calcified arteries from 

patients with coronary artery disease (CAD) and chronic kidney disease (CKD) 
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Quantitative real time PCR assay (qPCR) showed increased Runx2 and decreased 

SM22α mRNA expression in the non-calcified carotid arteries (n = 6) compared with 

calcified ones (n = 8). Data are mean ± SD. Statistical significance was tested using 

Mann-Whitney U test. RUNX2: Runt-related transcription factor 2; SM22α: smooth 

muscle 22α.  

 

 

 

 

 

 

 

 

 



Figure S2. The changes in body weight are in response to vitamin D3 treatment in 

C57BL/6 mice 
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Vitamin D3 treatment in mice (n = 10) resulted in significant body weight loss over the 

course of the study compared to olive oil vehicle (n = 5). Weights were assessed every 

three days. Data are mean ± SEM. 
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