
iScience

Article

ll
OPEN ACCESS
Platelet factors ameliorate thoracic aortic
aneurysm and dissection by inhibiting the FGF-
FGFR cascade activation in aortic-endothelial cell
Jizhong Wang,

Caiyun He,

Yuanwei Chen, ...,

Fan Yang, Jie Li,

Jianfang Luo

syjieli@sina.com (J.L.)

jianfangluo@sina.com (J.L.)

Highlights
Lipo-PF4 inhibited the

development of thoracic

aortic aneurysm and

dissection

PF4 maintained the

endothelial integrity of the

aorta effectively in TAAD-

mice

PF4 improves endothelial

cell function in vitro by

blocking FGF-FGFR

signaling

Wang et al., iScience 27,
110953
October 18, 2024 ª 2024 The
Author(s). Published by Elsevier
Inc.

https://doi.org/10.1016/

j.isci.2024.110953

mailto:syjieli@sina.com
mailto:jianfangluo@sina.com
https://doi.org/10.1016/j.isci.2024.110953
https://doi.org/10.1016/j.isci.2024.110953
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.110953&domain=pdf


iScience

Article

Platelet factors ameliorate thoracic aortic
aneurysm and dissection by inhibiting the FGF-FGFR
cascade activation in aortic-endothelial cell

Jizhong Wang,1,2,7 Caiyun He,2,7 Yuanwei Chen,1,2,7 Xiaolu Hu,1,2 Heng Xu,5 Jie Liu,1 Yi Yang,2 Lang Chen,2

Ting Li,2 Lixin Fang,2,3 Fan Yang,4 Jie Li,2,6,* and Jianfang Luo2,3,8,*

SUMMARY

Thoracic aortic aneurysm and dissection (TAAD) is closely associated with vascular endothelial dysfunc-
tion. Platelet factor 4 (PF4) is crucial for maintaining vascular endothelial cell homeostasis. However,
whether PF4 can influence the progression of TAAD remains unknown. In the present study, we con-
structed a liposome-encapsulated PF4 nanomedicine and verified its effect on BAPN-induced TAAD
in vivo. We found that liposome PF4 nanoparticles (Lipo-PF4), more effectively than PF4 alone, inhibited
the formation of TAAD. In vitro, PF4 improved endothelial cell function under pathological conditions by
inhibiting migratory and angiogenic abilities of human aortic endothelial cells (HAECs). Mechanically, PF4
inhibited the development of TAAD and improved HAECs function by combining with heparin sulfate and
blocking fibroblast growth factor-fibroblast growth factor receptor (FGF-FGFR) signaling. Taken
together, we developed a nano-drug (Lipo-PF4) that effectively ameliorates the progression of TAAD
by improving endothelial function. Lipo-PF4 is expected to be a therapeutic option for TAAD in the future.

INTRODUCTION

Thoracic aortic aneurysm and dissection (TAAD) is a highly lethal cardiovascular condition that can lead to sudden death owing to aortic

rupture. TAAD refers to dilation or aneurysm of the thoracic aorta, often accompanied by aortic dissection. Various risk factors contribute

to the development of TAAD, including underlying genetic predisposition, hypertension, atherosclerosis, aortic diameter, and/or aneurysm.1

Currently, no pharmacological therapies have been validated as effective inmitigating or preventing the progression of TAAD, despite recent

advancements in the surgical repair of TAAD.2

To date, the pathogenic mechanisms of TAAD remain elusive. TAAD is characterized by the pathological manifestation of endothelial cell

dysfunction, loss of vascular smoothmuscle cells (VSMCs), and degradation of elastic fibers in the aortic wall.3,4 Thesemodifications can result

in rupture and death. Tearing of the intima and endothelial cell dysfunction are critical steps in the development of TAAD. Endothelial cell

(EC), one of the vital cell types implicated in vascular pathophysiology, have attracted increasing attention in the study of aortic diseases.

Recently, Yang et al. reported that endothelial tight junctions’ function was disrupted in a b-aminopropionitrile (BAPN)-induced TAADmouse

model through a new type of contrast medium. Furthermore, inhibitors targeting endothelial tight junctions have been shown to reduce the

incidence of TAAD. However, the mechanism by which themolecular function of EC is disrupted during TAAD development remains unclear.

Human platelet factor 4 (PF4), also known as chemokine ligand 4 (CXCL4), is a chemokine with a molecular weight of 7.8 kDa. It is primarily

synthesized by megakaryocytes and released from platelet a-granules. PF4 primarily exists as a tetramer5 and has a strong affinity for nega-

tively charged molecules, such as infectious agents6 and endothelial proteoglycans.7 It has been reported that PF4 has a significant involve-

ment in various diseases, particularly cardiovascular diseases. Gentilini et al.8 found that PF4 inhibits human umbilical vein endothelial cell

proliferation by interfering with the activity of cyclin E-cyclin-dependent kinase 2 (cdk2). Bikfalvi demonstrated the anti-angiogenic effects

of PF4 through three distinct mechanisms.9

Despite the crucial role of PF4 in the inhibition of endothelial cell proliferation and angiogenesis, no previous study has explored the po-

tential relationship between PF4 and TAAD.Our study revealed that PF4 can improve TAAD inmice.We constructed liposome-PF4 (Lipo-PF4)
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to explore the mechanisms by which liposomes improve drug bioavailability and effectiveness.10 Our findings validated that Lipo-PF4 signif-

icantly improved the pathological condition of TAAD.

RESULTS
PF4 improves endothelial cell function under pathological conditions

We treated human aortic endothelial cells (HAECs) with various concentrations of Ang II or TNF-a for 48 h to establish their effective doses.

Subsequently, we assessed the proliferation (Figures S1A and S1B) and adhesion abilities of the cells (Figures S1C and S1D). At low concen-

trations, Ang II stimulated HAEC proliferation, whereas at high concentrations, it inhibited proliferation. Treatment with 1 mM Ang II

decreased the cell adhesion rate by 50%. Therefore, we selected 1 mM Ang II as the pharmacological dose for subsequent experiments.

Cell proliferation was not affected by low concentrations of TNF-a but was slightly inhibited at high concentrations. When treated with

5 mM TNF-a, the cell adhesion rate decreased by 50%. Therefore, 5 mM was selected as the pharmacological dose of TNF-a for subsequent

experiments.We analyzed PF4 levels to address Ang II- or TNF-a-induced endothelial cell dysfunction.We found that increasing the PF4 con-

centration resulted in a stronger adhesion ability of HAECs (Figures 1A and 1B). In addition, PF4 reduced the migration (Figures 1C and 1D)

and inhibited angiogenesis (Figures 1E and 1F) of Ang II- or TNF-a-induced HAECs.

Liposome encapsulates PF4 and reduces its degradation rate in mice

Considering the positive effect of PF4 on improving endothelial cell function in vitro, validation of its effectiveness in vivo was necessary. By

expressing plasmid pET-28a in E. coli, we produced and obtainedmurine-derived PF4 protein. Protein purity was detected by SDS-PAGEwith

Coomassie brilliant blue staining (Figure S2A).We utilized thewell-established lipid film hydrationmethod to encapsulate PF4 into liposomes,

which are widely recognized as highly effective nanodrugs. The morphology of the liposomal nanodrugs was examined using an electronic

microscope to confirm their formation. Lipo-PF4 samples displayed liposomal structures measuring approximately 100 nm in diameter (Fig-

ure 2A). Dynamic light scattering (DLS) analysis revealed that the intensity averaged hydrodynamic diameter of Lipo-PF4 was 100 nm (Fig-

ure 2B). Furthermore, we assessed the encapsulation efficiency of the liposomes using an ELISA assay (Figure 2C). In summary, we successfully

prepared Lipo-PF4, a systemic drug with a size of approximately 100 nm that can be transported in the bloodstream. Liposomesmaintained a

higher concentration of PF4 in the blood of mice after 48 h (Figure 2D). After 100 mg/kg PF4 liposome-CY5 was injected into 8-week-old C57

mice for 12 h through the tail vein, the PF4 liposome-CY5 distribution was detected by immunofluorescence. We found that Lipo-PF4 was

mainly found in endothelial cells of vascular intima, and a small part was found in smooth muscle cells of vascular media (Figure 2E).

Additionally, we evaluated the biosafety of Lipo-PF4. H&E staining of the liver, heart, spleen, lung, and kidneys of mice after different treat-

ments revealed no histopathological damage (Figure S2B). Next, we measured routine blood indicators, including alanine transaminase

(ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), creatinine (CR), and microalbumin (mALB). No statistically significant differ-

ences were observed (Figures S2C–S2E). These results demonstrated the biological safety of Lipo-PF4.

Lipo-PF4 nanoparticles ameliorate TAAD formation in vivo

Four-week-oldmicewere then subjected to TAAD induction (4 weeks with BAPN for 21 days and 7 days with AngII) to investigate the potential

effect of Lipo-PF4 on the progression of TAAD.11 Moreover, A BAPN-induced mouse (3 weeks with BAPN for 25 days) TAAD model12 was

established to investigate the potential effect of Lipo-PF4 on the progression of TAAD. The experimental protocol is briefly described in

Figures 3A and S3A. The increased aortic diameter of TAAD mice was reduced after treatment with Lipo-PF4 (Figures 3B–3E). However,

PF4 had a tendency to decrease the maximum aortic diameter of TAAD mice, but there was no significant statistical difference between

PF4 and TAAD mice (Figures 3D and 3E). Lipo-PF4 significantly reduced the incidence of BAPN with AngII-induced TAAD from 70% to

20% (Figure 3F). In addition, Lipo-PF4 significantly reduced the incidence of BAPN-induced TAAD from 70% to 20% (Figure S3B). Lipo-

PF4 was more effective in reducing the incidence of TAAD in mice than PF4 (10% vs. 40% and 20% vs. 50%) in both models (Figures 3F

and S3B). Lipo-PF4 effectively maintained the endothelial integrity of the aorta in mice (Figures 3G and S3C). In addition, Lipo-PF4 and

PF4 decreased MMP activity in cultured supernatant of vascular wall endothelial cells as evidenced by gelatin zymography assay

(Figures 3H and S3D). Furthermore, histological staining analysis of the aortic tissue demonstrated that both Lipo-PF4 and PF4 improved

the condition of the aorta and decreased elastin disruption (Figures 3I, 3J, S3E, and S3F). Taken together, our data strongly suggested

that Lipo-PF4 ameliorated TAAD formation in vivo, and its protective effect is obviously better than that of PF4.

PF4 improves endothelial cell function by combining combination with heparin sulfate

We further explored the relative mechanism of PF4 on endothelial cell function to better understand its biological safety and effectiveness in

TAAD treatment. Recently, Lord et al. reported that PF4 has a strong affinity for endothelial-derived heparan sulfate chains, which are crucial

for signal transduction.13 We hypothesized that PF4 would improve endothelial cell function by combining with heparin sulfate. HSase has

been extensively used for the removal of heparin sulfate from the cell surface, as mentioned in previous studies.14,15 We observed that HSase

addition did not affect the adhesion, invasion, and angiogenesis of Ang II- or TNF-a-stimulated HAECs (Figure 4). However, HSase reversed

the cell adhesion effect of PF4 on HAECs (Figures 4A and 4B). PF4 inhibited HAECs invasion; however, this effect was abolished by HSase

(Figures 4C and 4D). The tube formation assay demonstrated that HSase reversed the angiogenic effect of PF4 on HAECs. Our findings

confirmed that PF4 improved HAECs function via heparin sulfate.
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PF4 inhibits TAAD and improves endothelial cell function by blocking FGF-FGFR signaling

Our findings verified that PF4 improved the function of HAECs via heparin sulfate. However, the precise mechanism by which PF4 interacted

with heparin sulfate remained unclear. Structural and biochemical data have revealed that heparan sulfate proteoglycan is required as an

additional co-receptor to induce fibroblast growth factor (FGF)-fibroblast growth factor receptor (FGFR) signaling.16,17 FGF-FGFR signaling

has been linked to cell adhesion, angiogenesis, and migration.18–20 Next, aortic intima was isolated from BAPN group, Lipo-PF4 + BAPN

group, and FGFR inhibitor + BAPN group mice for transcriptomic analysis (Figures 5A and S4A). Gene Ontology (GO) pathway enrichment

analysis indicated the differentially expressed genes compared between control group and Lipo-PF4 group were enriched in transmembrane

receptor protein tyrosine kinase signaling pathway and ERK1 and ERK2 cascade. FGF-FGFR signaling is one of the main members of trans-

membrane receptor protein tyrosine kinase signaling pathway (Figure 5B). GO pathway enrichment analysis indicated the differentially ex-

pressed genes compared between control group and AZD4547 group were enriched in Notch signaling pathway and transmembrane recep-

tor protein tyrosine kinase signaling pathway (Figure S4B). Thus, we inferred that PF4 improved HAECs function by inhibiting FGF-FGFR

Figure 1. PF4 improves endothelial cell function in pathological conditions

(A) Human aortic endothelial cells were treated with 1 mMAngII alone, 1 mMAngII plus PF4 at the indicated concentrations. Cell adhesion wasmeasured 48 h later

using CCK8 assay.

(B) Human aortic endothelial cells were treatedwith 5 mMTNFa alone, 5 mMTNFa plus PF4 at the indicated concentrations. Cell adhesionwasmeasured 48 h later

using CCK8 assay.

(C and D) Human aortic endothelial cells were treated with 1 mM AngII or 5 mM TNFa alone, AngII or TNFa plus PF4 at the indicated concentrations for 36 h,

treated cells were seeded onto the upper chamber for 12 h, cells on the lower side of the filter were detected using an inverted microscope.

(E and F) Human aortic endothelial cells were treatedwith 1 mMAngII or 5 mMTNFa alone, AngII or TNFa plus PF4 at the indicated concentrations for 36 h, treated

cells were seeded onto the matrigel for 4 h in a 24-well plate. After incubating with 2 mM calcein AM for 30 min, invert the fluorescence microscope for detection.

Data are expressed as mean G SD. *p < 0.05, * *p < 0.01, * * *p < 0.001.
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activation. However, FGF has some side effects, such as reducing blood pressure and increasing cell proliferation during treatment in vivo.21

SUN11602 was synthesized to mimic the mechanism of basic FGF and overcome the limitations of FGF.22 We administered SUN11602 with

Lipo-PF4 to BAPN-induced mice via the tail vein (Figure 5C). SUN11602 reversed the protective effect of Lipo-PF4 against TAAD. The

maximum diameter and incidence of TAAD increased after the addition of SUN11602 compared with the Lipo-PF4 group (Figures 5D–5F).

SUN11602 worsened the pathological condition of the aorta in BAPN-induced mice compared to that in the Lipo-PF4 group, as evidenced

by the results of H&E, Masson, EVG staining, and gelatin zymography (Figures 5H–5G). Additionally, immunofluorescence staining revealed

that HAEC integrity was disrupted in the Lipo-PF4 + SUN11602 group (Figure 5J).

SUN11602 decreased HAEC adherence and increased migratory and angiogenic capacity. SUN11602 reversed the effect of PF4 on the

adhesion, migration, and angiogenic capacity of HAECs (Figures S5A–S5F). These results demonstrated that PF4 inhibited the development

of TAAD and improved HAECs function by blocking the FGF-FGFR signaling pathway.

PF4 blocks the downstream signal transduction induced by FGF-FGFR

The FGF-FGFR signaling pathway is involved in the regulation of various cellular functions, including migration, differentiation, and prolifer-

ation.23 The classical downstream signaling pathways of FGF-FGFR include PI3K/AKT, Ras/Raf-MEK-MAPK, and STAT signaling pathways.24

Our findings confirmed that PF4 inhibited TAAD in mice and improved endothelial cell function by blocking FGF-FGFR signaling. However,

the effect of PF4 on the FGF-FGFR downstream signaling pathway in HAECs remained to be determined.Western blot analysis revealed that

PF4 decreased the expression of phosphorylated (p)-ERK1/2, phosphorylated (p)-P38, and phosphorylated (p)-AKT (Ser473) in Ang II- or

Figure 2. Liposome encapsulation treatment reduces the degradation rate of PF4 protein in mice

(A) PF4-SOD liposome was made through the rotation-evaporation method. Its morphology and diameter were detected using an electronic microscope.

(B) Detection of liposome particle size using dynamic light scattering method.

(C) ELISA assay for detecting the encapsulation efficiency of liposomes.

(D) 100 mg/kg PF4 or PF4 liposome was injected into 8-week-old C57 mice through the tail vein, and the concentration of PF4 in the mouse blood was detected

using ELISA assay at different time points.

(E) After 100 mg/kg PF4 liposome-CY5 was injected into 8-week-old C57 mice for 12 h through the tail vein, the PF4 liposome-CY5 distribution was detected by

immunofluorescence. Data are expressed as mean G SD. *p < 0.05, * *p < 0.01, * * *p < 0.001.
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Figure 3. Liposome-PF4 nanoparticles repress thoracic aortic dissection formation by improving endothelial function

(A) Mice were treated with liposome-PF4, PF4, or empty liposome once every three days at 4 weeks. Three days after the first administration, mice were treated

with 0.25% BAPN (b-aminopropionitrile monofumarate) for 21 days. Subsequently, mice were treated with 1 mg/kg per minute AngII using minipump (n = 10, per

group).
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TNF-a-stimulated HAECs (Figures 6A and 6B). However, these inhibitory effects were abolished by SUN11602 (Figures 6C and 6D) and HSase

(Figures S6A and S6B). Collectively, these findings revealed that PF4 blocked the downstream signaling pathways of FGF-FGFR.

DISCUSSION

Our study provides the evidence that PF4 attenuates TAAD development in a mouse model. Elevated circulating levels of PF4 injected into

the tail vein significantly reduced the incidence and dilatation of TAAD. Additionally, it maintained the integrity of the endothelial cells and

improved the condition of the aorta. Treatment of HAECs with appropriate concentrations of PF4 mitigated Ang II- or TNF-a-induced reduc-

tion in cellular adhesion and increased cell migration and angiogenesis by blocking FGF-FGFR signaling. These findings suggest that PF4may

play a role in reducing the development of TAAD, at least in part, through maintaining endothelial cell integrity and improving endothelial

function.

PF4, the first isolated chemokine with biological function, is involved in various diseases, including immune thrombocytopenia,25 age-

related cognitive decline,26 cancer,27 and atherosclerosis.28 A recent proteomics study29 identified PF4 as a potential biomarker for the path-

ogenesis of aortic dissection. In addition, Xavier et al.30 revealed the involvement of platelet-derived PF4 and neutrophil-derived IL-8 in the

formation of intraluminal thrombus in abdominal aortic aneurysm. Ample evidence suggests a potential association between PF4 and aortic

disease; however, no study has been conducted to explore this relationship. The present study demonstrated that PF4 attenuates TAAD for-

mation by improving endothelial cell function. Moreover, the constructed nanoparticle drug containing PF4 exhibited a remarkable protec-

tive effect in vivo, offering a perspective for the application of PF4. The nanoparticle drug decreased the biodegradability rate of PF4 and was

safe in vivo, as previously demonstrated for other nanoparticle drugs.31–33

Recently, many studies have revealed that endothelial cell barrier dysfunction is a critical characteristic of TAAD progression. Endothelial

tight junction disruption, vascular inflammation, and edema have been observed in the aorta of BAPN-induced TAAD.34 Shanshan et al. re-

ported that the endothelial HDAC1-ZEB2-NuRD complex drives aortic aneurysm35 and dissection by regulating protein S-sulfhydration.36 Our

findings revealed that PF4 maintains endothelial cell integrity, to alleviate the formation of TAAD in vivo. This finding further confirms the

significance of endothelial cells in the development of TAAD.36 Cell migration and tube formation have been identified as characteristic fea-

tures of aortic dissection. PF4 inhibited the migration and tube formation of HAECs but strengthened cell adhesion. We used a cell adhesion

assay to evaluate endothelial cell function in TAAD, which provides an approach for validating cellular functions in TAAD.

Previous studies have discovered relevant molecular mechanisms of PF4 in cardiovascular diseases. Sachais et al. found that PF4 could

promote atherosclerosis in mice.37 Yu et al. discovered that PF4 could increase the expression of E-selectin in endothelial cells through acti-

vation of transcriptional activity of nuclear factor-kappa B.38 Aidoudi and Bikfalvi summarized the proatherogenic role of PF4. PF4 deposited

on impaired endothelial cells, recruited peripheral monocytes, and facilitated its differentiation into macrophages, leading to localized

inflammation and plaque formation.39 TAA shares most of the pathogenic mechanisms with atherosclerosis. However, we demonstrated

that PF4 protects TAAD formation throughmaintaining the integrity of endothelial cells in vivo. TAAD, as distinguished from atherosclerosis,

is characterized by intimal tearing, and false lumen formation. It had been proved that endothelial cell loss and subsequent exposure of sub-

endothelial basement occurred before intimal tearing.40,41 We surprisingly discovered that PF4 could maintain the integrity of endothelial

cells in vivo and enhance the adhesion of endothelial cells in vitro. We inferred that the effect of PF4 on endothelial cells prevents intimal

tearing and protects TAAD formation. Further in-depth studies should be conducted to investigate the converse effect of PF4 between

TAAD and atherosclerosis.

Themultimerized form of PF4 exerts its pharmacological effects through several mechanisms. PF4 has been proven in studies to effectively

inhibit FGF2-induced proliferation of capillary endothelial cells in the adrenal cortex.42 PF4 inhibits FGF-2 dimerization, contributing to its

anti-angiogenic properties in murine microvascular endothelial cells.43 Our findings validated that PF4 effectively inhibits the migration

and angiogenesis of HAECs, while simultaneously improving cell adhesion by blocking FGF-FGFR signaling. We also assessed the effects

of PF4 on the downstream signaling of FGF-FGFR.

A previous study indicated that PF4 significantly inhibits ERK phosphorylation, with no effect on Akt phosphorylation.42 PF4 increases the

expression of phosphorylated-P38, as previously reported.44,45 However, our findings revealed that PF4 decreased the expression of phos-

phorylated (p)-ERK1/2, phosphorylated (p)-P38, and phosphorylated (p)-AKT (Ser473) in Ang II- or TNF-a-stimulated HAECs.We inferred that

these discrepancies could be attributed to the different stimulations and cell types, implying that further in-depth investigations into the

mechanism of PF4 and its signaling pathways are necessary.

In conclusion, the present study demonstrated that PF4 has a protective effect against the development of TAAD. PF4 improves

endothelial cell adhesion and inhibits cell migration and angiogenesis. These effects were attributed, at least partially, to the inhibition of

Figure 3. Continued

(B and C) Representative images of mice aorta were shown.

(D and E) maximum aortic diameter was measured (n = 10, per group).

(F) AD incidence was statistically analyzed.

(G) Representative images of mouse aorta stained with CD31 (red) and DAPI (blue).

(H) Effect of PF4 on MMP activities in cultured supernatant of vascular wall endothelial cells by gelatin zymography.

(I) Representative macroscopic images of aorta sections were stained with hematoxylin and eosin (H&E), Masson, and elastic-Van Gieson (EVG) staining.

(J) Quantification of elastin integrity in each group of mouse aortas. Data are expressed as mean G SD. *p < 0.05, * *p < 0.01, * * *p < 0.001.
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Figure 4. PF4 improves endothelial cell function by combining with heparin sulfate

(A and B) After incubated with HSase (1 mU/ml, Sigma-Aldrich) for 4 h, cells were treated with 1 mM AngII or 5 mM TNFa alone, AngII or TNFa plus PF4

(10 mM) for 48 h, Cell adhesion was measured using CCK8 assay.

(C and D) After incubated with HSase (1 mU/ml, Sigma-Aldrich) for 4 h, cells were treated with 1 mM AngII or 5 mM TNFa alone, AngII or TNFa plus PF4

(10 mM) for 36 h, treated cells were seeded onto the upper chamber for 12 h, cells on the lower side of the filter were detected using an inverted

microscope.

(E and F) After incubated with HSase (1 mU/ml, Sigma-Aldrich) for 4 h, cells were treated with 1 mMAngII or 5 mMTNFa alone, AngII or TNFa plus PF4(10 mM)

for 36 h, treated cells were seeded onto the matrigel for 4 h in a 24-well plate. After incubating with 2 mM calcein AM for 30 min, the vascular cyclization ability of

cells is detected. Data are expressed as mean G SD. *p < 0.05, * *p < 0.01, * * *p < 0.001.
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the FGF-FGFR signaling pathway and that it ameliorated TAAD development. Therefore, PF4 may serve as promising therapeutic approach

for the prevention and treatment of TAAD.

Limitations of the study

Despite these significant and findings, the present study has several limitations. In this study, we used two types of TAAD model, and the

scope of application of PF4 should be clarified through further investigation. Clinical data on the association between PF4 and TAAD prev-

alence are lacking. Further clinical studies are required to explore the relationship between PF4 and TAAD. Furthermore, the present in vivo

study was validated by the systemic administration of PF4. Therefore, loss-of-function experiments are required to elucidate the role of

endogenous PF4 in TAAD.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr Jianfang Luo (jianfangluo@
sina.com).

Materials availability

Materials used in this study are available from the lead contact upon reasonable request.

Data and code availability

� The deposited data of this study are presented in key resources table. The data of the RNA-seq (SRA code PRJNA112618061) was deposited to the NIH
SRA database. All data reported in this paper will be shared by the lead contact upon reasonable request.

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable request.
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d KEY RESOURCES TABLE
d EXPERIMENTAL MODEL AND PARTICIPANT DETAILS

B Animals
B Cells

d METHOD DETAILS

Figure 5. PF4 represses thoracic aortic dissection formation and improves endothelial cell function by inhibiting the activation of FGF-FGFR

(A) Differential gene analysis between BAPN group and Lipo-PF4 group. Mice were treated with liposome-PF4 once every three days at 3 weeks. Three days after

the first administration, mice were treated with 0.25% BAPN (b-aminopropionitrile monofumarate) for 14 days (n = 9, per group).Mouse aortic intima were

isolated, and the aortic intima of three mice were mixed into one sample for transcriptome sequencing, and performed differential gene analysis. N: BAPN

group; P: lipo-PF4+BAPN group.

(B) GO analysis of differential genes.

(C) Mice were treated with liposome-PF4 or liposome-PF4 plus SUN11602 once every three days at 3 weeks. Three days after the first administration, mice were

treated with 0.25% BAPN (b-aminopropionitrile mono fumarate) for 25 days (n = 10, per group).

(D) Representative images of mice aorta were shown.

(E) Maximum aortic diameter was measured (n = 10, per group).

(F) AD incidence was statistically analyzed.

(G) Effect of PF4 and SUN11602 on MMP activities in cultured supernatant of vascular wall endothelial cells by gelatin zymography.

(H) Representative macroscopic images of aorta sections were stained with hematoxylin and eosin (H&E), Masson, and elastic-Van Gieson (EVG) staining.

(I) Quantification of elastin integrity in each group of mouse aortas.

(J) Representative images of mouse aorta stained with CD31 (red) and DAPI (blue). Data are expressed as mean G SD. *p < 0.05, * *p < 0.01, * * *p < 0.001.
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Cell Counting Kit-8 Dojindo Cat:CK04

Mouse PF4 ELISA Kit Abcam Ab202403

Gelatin Zymography Analysis Kit Real-Jimer Ver. 740464

Deposited data

RNAseq data NIH SRA public database PRJNA1126180

Experimental models: Cell lines

human aortic endothelial cells Pricella Cat# CP-H080

Experimental models: Organisms/strains

C57BL/6J mice Medical Experimental Animal Center of Guangdong

Province

NA

Software and algorithms

GraphPad Prism GraphPad Software, LLC V9

Fiji ImageJ software ImageJ.org V1.53
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Medical Experimental Animal Center of Guangdong Province. Throughout the experimental period, the mice were housed in an SPF envi-

ronment. The temperature was maintained between 22�C and 24�C, humidity of 50–70%, and a 12 h dark/light cycle. For the b-aminopropio-

nitrile monofumarate (BAPN) united Ang II –induced TAADmodel, four-week-old mice with BAPN for 21 days and 7 days with AngII to inves-

tigate the potential effect of PF4 on the progression of TAAD. For the b-aminopropionitrile monofumarate (BAPN)–induced TAAD model,

three-week-oldmale C57BL/6Jmice were fed a normal diet and administered freshly prepared BAPN (Sigma-Aldrich, USA) solution dissolved

in drinking water (250 mg/kg/day) for consecutive 25 days. The animals in this study were divided into five treatment groups: saline + BAPN,

liposome + BAPN, PF4 + BAPN, Lipo-PF4 + BAPN, and Lipo-PF4 + SUN11602 (FGF mimic) + BAPN. All solutions were injected into the tail

vein every three days, beginning three days before BAPN administration. Additionally, the same-aged male mice fed with a regular diet and

drinking water were served as controls. At the end of the experiment, all mice were euthanized using an excess of 1% pentobarbital sodium,

followed by decapitation. Aortic diameters were measured using a Vernier caliper.

In order to explore the mechanism of Lipo-PF4 for TAAD, we added another three groupmice for mRNA sequencing list as follows: BAPN

group: three-week-old mice were treated with 0.25% BAPN for 14 days; Lipo-PF4+BAPN group: three-week-old mice were treated with

Liposome-PF4 once every three days. Three days after the first administration, mice were treated with 0.25% BAPN for 14 days. FGFR

inhibitor +BAPN group: three-week-old mice were treated with 10 mg/kg AZD4547 once every two days. Two days after the first administra-

tion, mice were treated with 0.25% BAPN for 14 days.

Cells

Primary HAECswere purchased fromProcell (Cat# CP-H080) and cultured in endothelial cell medium (ScienCell, Cat No. 1001) containing 10%

FBS, 100 U/mL of penicillin, and 100 mg/mL streptomycin. Cells were cultured in a humidified incubator at 37�C and 5% CO2. The media was

changed every two days. For the PF4 treatment experiments, HAECs were treated with an appropriate concentration of PF4 (Novoprotein,

CJ27). Simultaneously, the cells were stimulated with Ang II (MedChemExpress, HY-13948) or TNFa (MedChemExpress, HY-P78218) for 36 h.

In addition, HAECs were treated with PF4 and either Ang II or TNFa, along with HS-cleaving heparinase III (HSase). Furthermore, SUN11602

(MedChemExpress, HY-101493), an analog of FGF, was used to validate the mechanism of PF4.

METHOD DETAILS

Cell proliferation and adhesion assays

HAECs proliferationwas determined using the CCK8 assay with a Cell Counting Kit-8 (DOJINDO, Cat. No: CK04) following themanufacturer’s

protocol. HAECs adhesion assay was performed according to a previously publishedprotocol.46 Briefly, HAECswerewashed, trypsinized, and

resuspended in the culturemedium. HAECs were then added to each well and incubated for 48 h. Non-adherent cells were washed with PBS.

Cell migration assay

The invasive ability of HAECs was evaluated using Transwell chambers (BD Biosciences, 353097). Briefly, HAECs were suspended in a serum-

free culture medium and placed in the upper chamber. The lower compartment contained a chemoattractant. The cells were then incubated

for 12 h. Cells that migrated to the lower chamber were fixed and stained. Stained cells were counted under a microscope in five fields

per well.

Tube formation assay

HAECswere suspended in amedium containing PF4 and either Ang II or TNFa. and seededonto a 24-well plate pre-coatedwithMatrigel (BD,

354230). Following a 4-h incubation at 37�C, HAECs were stained with Calcein AM for 30 min. Images of tube formation were acquired using

an inverted microscope. Tube formation was evaluated by analyzing the vessel area, junction, and vessel length using ImageJ software.

ELISA assays

PF4 levels were measured using a colorimetric ELISA kit (Abcam, ab202403) following the manufacturer’s instructions. Briefly, the sample was

mixed with diluent buffer at room temperature for 1 h on a plate shaker at 400 rpm. TMB substrate was added and incubated for 10 min in the

dark. The OD was measured at 450 nm after adding the stop solution to each well.

Platelet factor 4 protein expression and purification

E. coliwas used to express the PF4 protein. The generated pET28-His6-PF4 construct contained an IPTG-inducible His6-PF4. IPTGwas added

to stimulate the cells to express the corresponding proteins for several hours. The cells were then collected by centrifugation. The proteins

were purified using nickel-based affinity chromatography, which involved the use of a hexahistidine (His6) affinity tag. The His6 tag binds to

metal ions, such as nickel (Ni2+), which enables the separation of His6-PF4 fromall other proteins in the cell. After lysing the cells to release the

protein, His6-tagged proteins were extracted using a nickel column. The purity of the His6-PF4 protein was evaluated by SDS-PAGE gel.
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Preparation and property analysis of liposomes

The thin-film hydration method was used to prepare PF4-loaded liposomes (Lipo-PF4). Lipo-PF4 was prepared by dissolving DOPC, choles-

terol, and DSPE-PEG2000 in chloroform. Methanol was added to chloroform in a 1:3 volume ratio. The mixture was then evaporated using a

rotary evaporator at room temperature with a rotation speed of 100 rpm for 3 h. Next, a thin layer of the Lipo-PF4 filmwas obtained. The dried

thin films were hydrated with PF4 in PBS and sonicated. The extra solution was centrifuged at 15000 3 g at 4�C for 15 min. The liposome

solution was filtered to obtain Lipo-PF4. We used the dynamic light-scattering method with a fiber-optics particle analyzer (FPAR-1000, Ot-

suka Electronics Co., Ltd, Osaka, Japan) to determine the particle size of Lipo-PF4. Themorphology and diameter of Lipo-PF4 were observed

using an electron microscope.

Histological and immunofluorescence staining

The aortic tissue was fixed overnight in 4% PFA, dehydrated, and embedded in paraffin. Aortic tissue sections (3 mm) were deparaffinized and

rehydrated. The pathological condition of the aorta was assessed by staining with hematoxylin and eosin (H&E), Masson, and Verhoeff’s

elastic (EVG) using commercial kits, following the manufacturer’s instructions (1, no elastin degradation; 2, mild; 3, moderate; and 4, severe

elastin degradation). For immunofluorescence analysis, mouse aortic endothelial cells were incubated overnight with primary antibodies

against CD31 (Abcam, ab222783, 1:200) at 4�C in a wet box, followed by incubation with a secondary antibody (Abcam, ab150078, 1:1000)

at room temperature for 1 h. Cell nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI) (Abcam, ab228549, UK). Images were ac-

quired using a confocal microscope.

Gelatin zymography

To analyze the activity of matrix metalloproteinase, the cultured supernatant of vascular wall endothelial cells was loaded onto gelatin gels

and subjected to electrophoresis. The Gelatin-Zymography Kit (RTD6143; Real-Jimer, Beijing, China) was used to detect MMP activity

following the manufacturer’s protocol.

RNA sequencing

The blood vessels of mice (BAPN group; Lipo-PF4+BAPN group; FGFR inhibitor +BAPN group) were repeatedly washed with D-Hank’s

solution to remove residual blood. Peel off the adipose tissue and small blood vessels outside the aorta, and carefully peel off the

adventitia until the blood vessels are smooth and transparent. The aorta was placed in DMEM solution (containing 4.5 g/L glucose,

10 mmol/L pyruvate, 2 mmol/L glutamine, 100 U/L penicillin and streptomycin, 20% fetal bovine serum), the aorta was cut longitudinally

with an ophthalmic scissor, and the intima was lightly scraped three times with a sterile blade. The intimal tissue was collected by centri-

fugation. Individual endothelial cells were isolated by combined trypsin-collagenase digestion. Finally, CD31 flow antibody was used to

isolate endothelial cells. Cell samples were used for RNA isolation with the Trizol Reagent (10296010, Invitrogen, CA, USA). Sequencing

libraries were generated using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, USA). All samples underwent Illumina

Novaseq6000 sequencing (Kindstar Sequenon, Wuhan, China) with a paired-end 150 bp read length. Raw data of fastq format were nly

processed through in-house perl scripts. In this step, clean data (clean reads) were obtained by removing reads containing adapter,

reads containing ploy-N and low-quality reads from raw data. At the same time, Q20, Q30 and GC content the clean data were calcu-

lated. All the downstream analyses were based on the clean data with high quality. The clean reads were mapped to the GRCm38

mouse reference sequence. Differential expression analysis of two groups (three biological replicates per group) was performed using

the DESeq2 R package (1.16.1). The resulting p-values were adjusted using the Benjamini and Hochberg’s approach for controlling the

false discovery rate. Genes with an adjusted p-value <0.05 found by DESeq2 were assigned as differentially expressed. GO enrichment

analysis of differentially expressed genes was implemented by the clusterProfiler R package. GO terms with corrected p value less

than 0.05 were considered significantly enriched by differential expressed genes. The transcriptome sequencing data of all the

samples involved in this study have been uploaded to the SRA public database with accession number PRJNA11261800(N: BAPN group;

P: Lipo-PF4+BAPN group; I: FGFR inhibitor+ BAPN group).

Western blot

Western blotting was performed according to a previously described protocol.47 The cells were lysed using 13 SDS–PAGE loading buffer.

Equal amounts of protein extracts were separated using 10% SDS–PAGE gels and transferred to a PVDF membrane. After blocking with

5% BSA for 1 h, the membranes were incubated overnight at 4�C with primary antibodies (GAPDH, Proteintech, 10494-1-AP, 1:4000; Phos-

pho-Erk1/2, CST, #4370, 1:2000; Total-Erk1/2, CST, #4695, 1:2000; Phospho-P38, CST, #9211, 1:2000; Total-P38, CST, #8690, 1:2000;

Phospho-Akt [Ser473], CST, #4060, 1:2000; Phospho-Akt [Thr308], CST, #13038, 1:2000; Total-Akt, CST, #9272, 1:2000). Membranes were

then incubated with secondary antibodies at room temperature for 1 h. The blots were detected using an enhanced chemiluminescence

(ECL) kit and measured using Image 500.

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous data are presented as mean G SEM. Categorical data are presented as numbers and percentages (%). Shapiro-Wilk tests were

performed to assess the normality of the data distribution, and the Brown–Forsythe test was used to check for equal variances among
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normally distributed data. Comparisons between groups were analyzed using Student’s t-test or one-way ANOVA, depending on the normal

distribution of the data and equality of variances. Non-parametric tests were performed for data that did not follow a normal distribution.

Comparisons between two groups were performed using the Mann–Whitney test or Kruskal–Wallis test with Dunn’s multiple comparison

test. The ‘‘n’’ in the figure legends represents biological replicates. A p value of <0.05 was considered significant in all statistical comparisons.

All statistical analyses were performed using GraphPad Prism version 9.0.1.
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