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ABSTRACT 

 

Interleukin 35 inhibits ischemia-induced angiogenesis essentially through the key 

receptor subunit interleukin 12 receptor beta 2 

Hangfei Fu 

Doctor of Philosophy 

Temple University, 2019 

Doctoral Advisory Committee Chair: Xiaofeng Yang, MD, PhD 

 

Peripheral arterial disease (PAD) is a worldwide disease caused by atherosclerosis. 

It is a circulatory condition where narrowed blood vessels reduce blood flow to the 

peripheral such as legs. Although current gold standard treatment for advanced PAD 

patients is still based on surgical revascularization, there is no effective therapy for many 

patients that are not suitable for surgery. In addition, better recovery from surgical 

revascularization largely relies on angiogenesis in the adjacent ischemic tissue. Thus, 

novel pro-angiogenic therapies to improve post-ischemic neovascularization are urgently 

desired. However, current poor understanding of the roles of anti-inflammatory cytokines 

in angiogenesis prevents the development of these new therapies.  

We and others have reported that IL-35 is a newly identified inducible 

immunosuppressive heterodimeric cytokine in the IL-12 family. IL-35 is composed of 

p35 (IL-12A) and EBI3, and its receptors are comprised of homodimers or heterodimer of 

IL-12R2 and gp130 (IL-6ST). We have shown that IL-35 inhibits endothelial cell (EC) 

activation induced by lipopolysaccharide (LPS) or atherogenic lysophosphatidylcholine 

(LPC). At least partially through these new EC-dependent mechanisms, IL-35 inhibits 
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inflammation in autoimmune diseases, infectious diseases, atherosclerosis, and tumors. 

Recent studies have indicated the role of IL-35 in angiogenesis in rheumatoid arthritis 

and different tumors. However, whether and how IL-35 regulates post-ischemic 

angiogenesis in peripheral artery disease are unrevealed.  

In our study, we used hindlimb ischemia (HLI) and Matrigel plug assay as in vivo 

angiogenesis models and wound healing assay as in vitro angiogenesis model to study the 

role and underlying mechanisms of IL-35-mediated angiogenesis. We made the following 

findings: 1) muscle in human and mouse has high angiogenic potential in physiological 

conditions; 2) angiogenic cytokines and chemokines including anti-inflammatory 

cytokines are predominantly regulated by inflammatory transcription factors; 3) IL-35 

signaling is induced in ischemic muscle; 4) IL-12R2, but not IL-6ST, is the key receptor 

component of IL-35 signaling in ischemic muscle and hypoxic human microvascular 

endothelial cells (HMVECs); 5) hyperlipidemia (atherogenic factor) impairs angiogenesis 

in vivo and in vitro, which partially acts through the induction of IL-35; 6) IL-12R2 

deficiency improves HLI-induced angiogenesis in both WT or apolipoprotein E (ApoE) -

/- mice (an atherosclerosis model); 7) IL-35 injection inhibits HLI-induced angiogenesis 

in WT mice but not that in the IL-12R2 deficient mice; 8) IL-35 injection enlarges the 

avascular area in gastrocnemius muscle after HLI; 9) IL-35 obstructs fibroblast growth 

factor-2 (FGF2)-induced angiogenesis in Matrigel plug assay in vivo; 10) CD45-CD31+ 

ECs from the IL-35-injected ischemic muscle at day 14 of HLI have an abnormal 

extracellular matrix organization, activated integrin pathways (cell-matrix adhesions), 

disrupted vascular endothelial (VE)-cadherin-plakoglobin complex (cell-cell adhesions), 

and increased infiltration and migration of bone marrow-derived leukocytes; 11) IL-35 
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inhibits HMVEC migration in wound healing assay in vitro presumably through 

upregulation of anti-angiogenic proteins including pigment epithelium-derived factor 

(PEDF), serpin family B member 5 (SERPINB5, Maspin), and thrombospondin (THBS)-

1. These results suggest that anti-inflammatory cytokine IL-35, signaling through the key 

receptor subunit IL-12R2, inhibits HLI-induced angiogenesis and delays tissue repair by 

dysregulating cell-cell and cell-matrix adhesions, which leads to the impaired vascular 

adhesion junction and maturation of blood vessels. 

 The studies performed in this dissertation were funded by the National Institutes 

of Health (NIH) grant to Dr. Xiaofeng Yang.  
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CHAPTER 1 INTRODUCTION 

 

1.1 Overview of Peripheral Arterial Disease 

 Peripheral arterial disease (PAD) is a circulatory condition where narrowed blood 

vessels reduce blood flow to the peripheral organs such as legs, stomach, arms, and head. 

The most common symptom of PAD is leg pain, particularly when walking. PAD is 

highly associated with coronary artery disease and stroke1, which are the main causes of 

death. They are all caused by atherosclerosis where plaque build-up in the artery wall, a 

common condition in aging populating. It is estimated that more than 200 million people 

have PAD worldwide1. With the aging of the world population, PAD is predicted to be 

more common in the future. The major risk factors for PAD include smoking, diabetes 

mellitus, and advanced age over 60.  

 The optimal treatment for PAD patients involves a comprehensive strategy with 

lifestyle changes, including smoking cessation and exercise, and medical therapy such as 

lipid-lowering and antithrombotic therapies2. When medical therapy fails in advanced 

PAD, endovascular procedures such as balloon angioplasty and stenting are considered3. 

Although current gold standard treatment for advanced PAD patients is still based on 

surgical revascularization, there is no effective therapy for many patients with advanced 

conditions that are not candidates for surgery4. Thus, novel therapies such as pro-

angiogenic therapy to improve neovascularization are desired for these patients. 

 

1.2 Overview of Angiogenesis 

A functional vessel is composed of two cell types, endothelial cell (EC) and 

perivascular cell –– comprised of pericytes and vascular smooth muscle cells (VSMCs). 
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EC constitutes the inner layer of a vessel. And, it has been shown that cardiac ECs have a 

half-life of 2.2 weeks in vivo5. Pericyte and VSMC are the mural cells that cover the outer 

layer of vessels and play essential roles in stabilizing vessels and providing contractility6. 

Angiogenesis is the process of new capillary formation from pre-existing vessels, which 

occurs in both physiological conditions such as vascular development and wound healing 

and pathological conditions such as tumors, ischemic diseases, and rheumatoid arthritis. 

Normal wound healing process in adult skin follows a well-defined sequence of 

angiogenic events. In general, there are two phases of angiogenesis named pro-

angiogenic and anti-angiogenic phase7. The pro-angiogenic phase is mainly composed of 

pro-inflammatory regulators. Shortly after the injury, platelets immediately accumulate 

and form a plug at the injury site. At the same time, activated platelets release pro-

angiogenic factors such as vascular endothelial growth factor (VEGF)8 and initiate the 

process of angiogenesis and healing. Subsequently, neutrophils, monocytes, and 

lymphocytes infiltrate into the wound area and secrete prominent positive regulators such 

as growth factors such as VEGF, platelet-derived growth factor (PDGF), and fibroblast 

growth factor 2 (FGF2), and cytokines and chemokines such as interleukin (IL)-6, IL-8, 

and transforming growth factor (TGF)-β9. Vessel density in this pro-angiogenic phase 

increases dramatically to the level that is much greater than pre-wounded tissue7,10 to 

bring the injured site with oxygen, nutrients, and pro-angiogenic immune cells. During 

the anti-angiogenic phase, anti-inflammatory factors are predominantly expressed7 and 

the excessive newly formed vessels are trimmed to a final vessel density that is similar to 

that of pre-injured state. Of note, scarless wound healing in fetuses has been associated 

with a short-lived and less robust inflammatory response9.  
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In brief, angiogenesis involves several events including extracellular matrix 

(ECM) degradation, pericyte detachment, EC proliferation and migration, sprouting, the 

fusion of tip cells, lumen formation, pericyte reattachment, ECM deposition, and vessel 

stabilization. Each event requires the balance between pro-angiogenic factors, such as 

VEGF-A and FGF2, and anti-angiogenic factors, such as endostatin and angiostatin.  

 

1.2.1 Extracellular Matrix  

ECM is a highly dynamic structure existing in all tissues and constantly 

undergoes controlled remodeling. It provides not only physical support for tissue integrity 

but also mediates cellular functions such as proliferation and migration. In mammals, 

ECM is composed of ~300 main proteins, including 43 collagen subunits, 36 

proteoglycans, and ~200 glycoproteins11. Collagen is the main structural protein in ECM 

that provides physical strength in tissues. It has a triple helix structure that can assemble 

into higher-order protein complexes in both fibrillar (type I-III, V, and XI in human12) 

and non-fibrillar forms such as basement membrane (type IV). Proteoglycans are 

interspersed among the collagen fibrils and confer additional strength and lubrication 

functions. In addition to collagen and proteoglycans which provide physical strength to 

various tissues, glycoproteins conferring various functions allowing ECM remodeling 

and promoting cell adhesion, proliferation, and migration. Widely studied glycoproteins 

in angiogenesis include thrombospondins (THBSs) and fibronectins. 

The most studied types of proteases in angiogenesis are matrix metalloproteinases 

(MMP), a disintegrin and metalloproteinases (ADAM) and ADAM with thrombospondin 
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motifs (ADAMTS). Collectively, they can degrade all known ECM components. Thus, 

they are critical in regulating ECM organization and angiogenesis.  

Integrins are transmembrane proteins that bind to many types of ECM collagens 

and fibronectin. It is required for focal adhesion (cell-matrix adhesion) formation that 

mechanically connect intracellular actin bundles and the extracellular substrate13. Focal 

adhesion also bi-directionally transmits molecular signals and is essential for a variety of 

cellular activities including cell adhesion, migration, differentiation, and survival14. 

 

1.2.2 Vascular Sprouting 

Vascular sprouting is the key step in angiogenesis, where the tip cell (EC at the 

leading front) extends long filopodia to sense the environmental cues and guides the stalk 

cell (following EC) to migrate towards the tissues demanding oxygen and nutrition. The 

tip cell has been extensively studied in regard to molecular mechanisms of sprouting 

angiogenesis. Studies show that the tip cell highly expresses vascular endothelial growth 

factor receptor 2 (VEGFR2), also known as KDR or FLK1, which can sense the spatial 

gradient of its ligand VEGF-A and guide the sprouting tip cell migration15. The stalk cell 

responses to VEGF-A differently by increasing proliferation. The tip/stalk cell identity is 

essentially maintained by the interaction of delta-like-4 ligand (DLL4)–Notch1. DLL4, 

induced by VEGF-A in tip cell, binds to Notch1 and suppresses VEGFR2 expression in 

adjacent stalk cells16,17. In addition, tip and stalk cells are under dynamic position 

shuffling constantly during sprouting, where the VEGFR-DLL4-Notch signaling circuit is 

constantly re-evaluated as ECs meet new angiogenic cues18. Thus, it is crucial to keep a 

balanced regulation of the tip and stalk cells for functional vascular sprouting. Lumen 
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formation upon the fusion of sprouts increases tissue perfusion and likely promote 

vascular maturation and transition into quiescent mode.  

 

1.2.3 Vascular Maturation and Adhesion Junction 

Vascular maturation is required to form an integral vascular barrier. A matured 

vessel is characterized by the inter-endothelial junction and vascular mural cell coverage. 

Electron microscopy studies have shown that EC junctional complexes include tight 

junctions (TJs), adhesion junctions (AJs), and gap junctions19. Whereas the first two 

types of junctions are important to maintain cell-cell adhesion and form an integral 

vascular barrier, gap junctions are specialized to allow the passage of small molecules 

between ECs. Vascular endothelial cadherin (VE-cadherin) and claudin-5 are the EC-

specific transmembrane adhesion molecules in AJs and TJs, respectively. In addition, 

they are present in most blood vessels in vivo and confluent ECs in vitro. 

The core complex in endothelial AJ is composed of VE-cadherin (transmembrane 

protein), p120-catenin, β-catenin or plakoglobin (also known as γ-catenin, encoded by 

JUP), and α-catenin (actin-binding protein). This cadherin-based AJ regulates 

intracellular actin-myosin network and is essential for vascular integrity20. Lack of VE-

cadherin leads to increased vascular permeability and impaired endothelial barrier21. 

Studies have shown that α-catenin has a critical role in AJ development22. Also, increased 

mRNA and protein level of plakoglobin has been associated with tightly confluent cells 

in vitro23. 

 Pericyte and VSMC are the vascular mural cells that play essential roles in 

stabilizing vessels and providing contractility6. Compared to VSMC that covers larger 
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vessels, pericyte appears more on capillaries. Neuron-glial 2 (NG2), a chondroitin sulfate 

proteoglycan, is a pericyte surface marker and essential to keep pericyte functional. 

Ablation of NG2 in pericytes leads to aberrant vasculature24. Abnormal vasculature in 

tumor characterized by tortuous and leaky vessels are associated with insufficient mural 

cell coating25. 

 

1.2.4 Angiogenesis in Diseases and Current Therapies 

  Angiogenesis is a complex biological process that required highly orchestrated 

cellular and molecular interactions. Abnormal angiogenesis is manifested in numerous 

diseases. They are categorized into two major conditions, excessive and insufficient 

angiogenesis26. Diseases exacerbated with excessive and abnormal angiogenesis include 

various tumors, diabetic retinopathy, arthritis, and psoriasis; diseases exacerbated with 

insufficient angiogenesis include stroke, PAD, myocardial infarction (MI), gastric or oral 

ulcerations, and Alzheimer disease26.  

Currently, there are several therapeutic approaches to regulate angiogenesis27. 

Many anti-angiogenic therapies have been developed for cancer treatment since 1971 

when Judah Folkman proposed the hypothesis that tumor growth is angiogenesis-

dependent. The first anti-angiogenic drug bevacizumab (Avastin), a humanized 

monoclonal antibody neutralizing VEGF, was approved by the U.S. Food and Drug 

Administration in 2004. Afterward, several drugs targeting primarily tyrosine kinase 

receptors such as VEGFR family were approved. Currently, new anti-angiogenic 

therapies such as microRNA (small non-coding RNA) intervention are in the clinical 

trials. However, compared to anti-angiogenic therapy, pro-angiogenic therapies are 
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developing much slower. The primary focus of these therapies is similarly targeting on 

growth factors. Nevertheless, there are many obstacles to overcome, which is largely due 

to our poor understanding of angiogenesis in different complex diseases. Cell therapy 

with genetic modification delivering pro-angiogenic endothelial progenitor cells, bone 

marrow-derived cells, and stem cells has been shown to be a promising strategy28.  

 

1.3 Methods to Evaluate Angiogenesis 

 Angiogenesis is a tightly regulated process involves both ECs and perivascular 

cells such as VSMC, pericytes, and macrophages. Over the last two decades, many 

angiogenesis models have been developed including in vitro models mostly using human 

primary cells and in vivo models using different animals. Simple in vitro models are 

suitable to examine the basic mechanisms in the specific process involved in 

angiogenesis such as EC proliferation, migration, and sprouting. However, in vivo model 

is required to examine the effect of angiogenic players in a complex cellular environment.  

 

1.3.1 in vitro Models 

Wound healing migration assay is a simple, low-cost and well-established method 

to measure EC migration29. It is designed to mimic opening wounds in vivo. The basic 

steps include creating a scratch in a cell monolayer with a pipet tip, capturing the images 

at the beginning and at a later point before the wound closes, and comparing the images 

to quantify the migration rate of the cells into the wound area. It is suitable to study the 

effects of cell-matrix and cell-cell interactions during cell migration. Compared to other 

methods, this in vitro culture system allows live cell imaging to observe intracellular 
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events if needed. Of note, this method has been used to study AJs in ECs, especially at 

the leading front of the wound scratch23.  

 Many studies have also used the 2-dimensional (2D) models such as tube 

formation assay, where ECs are seeded on the surface of Matrigel (enriched with laminin) 

to form capillary-like tubes. This assay involves EC proliferation, migration, and lumen 

formation, which is useful to identify inhibitors or stimulators of angiogenesis30. 

However, tube formation on Matrigel surface has also been observed in many other cell 

types such as VSMCs and fibroblasts, suggesting it may not well represent EC-specific 

lumen formation in vivo. In addition, laminin has been shown to inhibit tube formation 

through an integrin-dependent signal, whereas type I collagen promotes capillary 

morphogenesis31. Several models using 3-dimensional (3D) type I collagen and fibrin 

matrixes have been developed and demonstrated as the superior in vitro modes to study 

sprouting, tubulogenesis, and EC-pericyte tube maturation10.  

 

1.3.2 in vivo Models 

 There are many in vivo models developed to study developmental and adult 

angiogenesis. Two established murine models to study developmental angiogenesis are 

the vascularization in the embryonic hindbrain and postnatal retina. The mouse hindbrain 

vascularization is usually examined between embryonic age (E) 9.5 and E12.5; therefore, 

it is suitable to study the earlier developmental stages of angiogenesis, which is 

particularly useful to examine mutant mice that are lethal after E12.5. The retina 

vascularization occurs in the first 2 weeks after birth. Compared to hindbrain, the retina 

model is superior in terms of experimental manipulation, including intravitreal injection 
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of angiogenic factors, and retina isolation for wholemount immunolabeling. Also, 

pathological retinal angiogenesis model, oxygen-induced retinopathy, has been 

established and extensively studied. 

Hindlimb ischemia (HLI) is a well-established pre-clinical model of PAD and 

widely used to study adult angiogenesis. There are several variations of surgical methods 

based on the outcome ranging from mild ischemia to severe ischemia and auto 

amputation32. In our study, a more severe model was used by ligation of both proximal 

and distal sites of the femoral artery and excision of the intervening segments, which 

leads to ischemia in the distal limb and a certain amount of tissue loss. Blood flow 

recovery is thought to rely on both arteriogenesis (increase in the diameter of existing 

arterial vessels) and angiogenesis. The primary readout of this model is the blood 

perfusion rate in the ischemic foot measured by Laser Doppler system during the course 

of recovery, which is typically 4 weeks. Other readouts include the measurement of 

arteriogenesis above and below the knee and angiogenesis in the calf10. HLI is a reliable 

tool to test and quantify the effect of novel therapies on the formation and development 

of new blood vessels4. 

 Matrigel plug assay is another model for study adult angiogenesis. The basic steps 

involve a subcutaneous injection of Matrigel with target angiogenic factors in the 

abdominal or dorsal side of the mouse and observing the ingrowing capillaries after 5 to 

14 days. Compared to the HLI model, it is easy to perform and possible to control the 

amount or types of angiogenic factors added in the Matrigel plug. In addition, it can be 

performed on severe combined immunodeficiency (SCID) mice to study xenogeneic 

human cells in the process of angiogenesis.  
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1.4 Overview of IL-35 

1.4.1 IL-35 is a Novel Anti-inflammatory Cytokine in IL-12 Family 

IL-12 family cytokines and their receptors are unique in being heterodimeric, 

consisting of an -chain (p19, p28 or p35) and a β-chain (p40 or Ebi3)33. Currently, there 

are five members including IL-12, IL-23, IL-27, IL-35, and IL-39 and they all share 

chains with each other. Despite the fact that these cytokines have many structural 

similarities, they present various distinctive functions33.  

Among them, IL-35 is a new responsive anti-inflammatory cytokine that is potent 

in inhibiting various inflammatory diseases34. IL-35 α-chain p35 (encoded by IL12A) is 

shared with IL-12, β-chain EBI3 (encoded by EBI3) is shared with IL-27 and IL-39, IL-

35 receptor subunit IL-12Rβ2 (encoded by IL12RB2) is shared with IL-12 receptor, 

subunit gp130 (encoded by IL6ST) is shared with IL-27 and IL-39 receptors. In addition, 

EBI3 and its receptor is also shared with IL-6 superfamily, where the IL-12 family 

belongs.  

IL-35 signaling is unconventional because it has multiple forms of receptors and 

presents cell-specificity. It can bind not only to heterodimeric receptor of IL-6 signal 

transducer (IL-6ST)-IL-12Rβ2, but also homodimers of IL-6ST-IL-6ST and IL-12Rβ2-

IL-12Rβ2, which then activates signal transducer and activator of transcription (STAT) 1 

and STAT4 in regulatory T cells (Tregs)35. The same study also shows that maximum 

inhibitory function requires the heterodimeric receptor. However, a following study 

shows that in regulatory B cells (Bregs), IL-35 signals through a heterodimer of IL-

12Rβ2 and IL-27R and activates STAT1 and STAT336. Unlike other members in IL-12 

family that are secreted mainly by activated antigen-presenting cells (dendritic cells, 
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monocyte/macrophages, and B cells), IL-35 is predominantly secreted by Tregs and 

Bregs. To a less extent, it has been predicted to be secreted by other cell types including 

EC34. 

Additionally, we and other studies have shown that IL-35 can directly signal 

through EC in multiple conditions such as inhibition of lipopolysaccharide (LPS)- and 

lysophosphatidylcholine (LPC)-induced EC activation37,38. One research group has 

shown that IL-35 can directly inhibit human umbilical vein endothelial cells (HUVECs) 

angiogenic activities including tube formation and migration39. However, the underlying 

mechanism is still unclear. 

 

1.4.2 The Role of IL-12 Family Cytokines in Angiogenesis  

IL-12 family cytokines are unique and important players in the immune system. 

IL-12, IL-23, and IL-39 present a pro-inflammatory function, while IL-35 is anti-

inflammatory. IL-27 has a dual function in regulating inflammation. Here, we show a 

summary of the role of IL-12 family cytokines in angiogenesis in different diseases 

including wound healing, tumors, ischemic vascular diseases, and autoimmune diseases 

(Table 1). In this table, only direct functional evidence using gain-of-function or loss-of-

function method is included. Among the five members, IL-12 is the most investigated 

cytokine. IL-12 presents a strong inhibitory role in angiogenesis in studied diseases 

including wound healing, tumors, and ischemic vascular diseases. The wound healing 

study was examined using p40-/-, shared by IL-12 and IL-23, indicating that 

inflammatory cytokines are important in the process of angiogenesis in wound healing. 

Through gain-of-function studies, IL-23 shows a pro-angiogenic effect in tumors, while 
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IL-27 is anti-angiogenic. IL-35 as the newer member presents both pro- and anti-

angiogenic effects in tumors. Also, one study has also indicated its inhibitory role in 

angiogenesis in rheumatoid arthritis. The newest member IL-39 has not yet been studied 

on its role in angiogenesis. 

Due to the heterodimeric and chain-sharing character, it is harder to study the 

function of IL-12 family cytokines through deletion of either subunit or both. With the 

new members being found such as IL-35 and IL-39, the previous findings using subunit 

depletion should be revisited. Thus, gain-of-function studies using recombinant protein or 

gene overexpressing should provide better insights into their function of IL-12 family 

cytokines in angiogenesis. In our study, we used both gain-of-function and loss-of-

function to thoroughly determine the role of IL-35 in ischemia-induced angiogenesis. 
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Table 1. The function of IL-12 family and anti-inflammatory cytokines in in vivo angiogenesis models  

 
 

 

 

 

Function Method PMID Function Method PMID Function Method PMID Function Method PMID

IL-12 + - p40-/- 22185520 - GOF 11238633 - p40-/-,p35-/- 28837799 ?

IL-23 + - p40-/- 22185520 + GOF 16621986 ? ?

IL-39 + ? ? ? ?

IL-27 +/- ? - GOF 28508429 ? ?

IL-35 - ? +/- GOF

23345334/

23154182 ? - GOF 27960151

TGF-b - + Tgfb1-/- 10886500 +/-

Inhibitor/

GOF

29921235/

19180561 ? ?

IL-10 - + Il-10-/- 17200193 +/- GOF

20034810/

12941839 - Il-10-/- 10988235 - GOF 17261171

IL-19 - ? ? + GOP, Il-19-/- 25450612 ?

Roles in angiogenesis

Roles in 

inflammationCytokines

GOF: gain of function

Wound healing (in vivo ) Tumors Autoimmune diseasesIschemic vascular diseases
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1.4.3 The Role of Anti-inflammatory Cytokines in Angiogenesis  

Immune cell infiltration is critical for angiogenesis in the early stage, however, 

sustained inflammation can also lead to delayed angiogenesis9 or undesired vessel 

overgrowing40. Thus, anti-inflammatory cytokines are key regulators in balancing the 

local inflammation and promote functional neovascularization.  

The role of anti-inflammatory cytokines in angiogenesis is disease-dependent 

(Table 1). TGF-β, IL-10, and newly discovered cytokine IL-35 are three primary anti-

inflammatory cytokines secreted by Treg, which is the critical immunosuppressive cell in 

our body. TGF-β, a multifunctional regulator, has dual roles as a tumor suppressor and 

pro-oncogenic factor, as well as a positive role in wound healing angiogenesis. However, 

there are no direct studies on its roles in ischemic vascular diseases or autoimmune 

diseases. Compared to TGF-β, the function of IL-10 in angiogenesis is well explored. 

Like TGF-β, IL-10 also has dual roles in tumor angiogenesis and is a positive regulator in 

wound healing angiogenesis. However, its roles in angiogenesis in ischemic vascular 

diseases and autoimmune diseases are both negative. In addition, anti-inflammatory 

cytokine IL-19, belong to IL-10 subfamily, presents pro-angiogenic effect in ischemic 

vascular diseases including mouse models of MI and PAD.  

While TGF-β and IL-10 are extensively studied, emerging studies have shown 

that IL-35 is a more potent anti-inflammatory in promoting inducible Treg35 and Breg36. 

IL-35 is expressed in many tumor cell lines and promotes tumor angiogenesis and 

progression. However, it has also been shown that IL-35 over-expression increases 

apoptosis sensitivity and inhibits cell proliferation in human cancer cells. Besides, IL-35 
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inhibits angiogenesis in rheumatoid arthritis. However, the role of IL-35 in angiogenesis 

in ischemic vascular diseases is unknown. 

In summary, anti-inflammatory cytokines collectively present a positive role in 

wound healing angiogenesis, but a negative role in autoimmune diseases where 

suppressed angiogenesis is desired. However, their angiogenic roles in tumor and 

ischemic vascular diseases are not completely understood.  

 

1.5 Rationale and General Hypothesis 

Although current gold standard treatment for PAD patients is still based on 

surgical revascularization, there is no effective therapy for many patients with advanced 

conditions that are not candidates for surgery4. Also, better recovery from surgical 

revascularization largely relies on angiogenesis in the adjacent ischemic tissue. Thus, 

novel therapies to improve post-ischemic angiogenesis are urgently needed. IL-35 is a 

novel anti-inflammatory cytokine and its role in angiogenesis in rheumatoid arthritis and 

tumors has been recently explored. However, whether and how IL-35 regulates 

angiogenesis in ischemic vascular diseases is unknown. We hypothesize that anti-

inflammatory cytokine IL-35 may inhibit ischemia-triggered angiogenesis through the 

key receptor subunit IL-12RB2. Because of the difficulty studying heterodimeric and 

chain-sharing cytokines in the IL-12 family, we will use both gain-of-function (IL-35 

recombinant protein injection) and loss-of-function (IL-12RB2-/-) in vivo mouse models 

to examine the role of IL-35 in angiogenesis. Our hypothesis will be tested with the 

following specific aims: 
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Specific aim 1 – Determine whether IL-35 regulates angiogenesis 

Study 1 – Determine whether IL-35 is induced in HLI mice and hypoxic human 

microvascular endothelial cells (HMVECs)  

Study 2 – Determine whether IL-12RB2 is the key receptor subunit of IL-35 in HLI 

Study 3 – Determine whether IL-12RB2 deficiency improves angiogenesis  

Study 4 – Determine whether IL-35 injection inhibits angiogenesis 

Study 5 – Determine whether IL-12RB2 deficiency rescues IL-35-inhibited angiogenesis 

Study 6 – Determine whether IL-35 inhibits FGF2-induced angiogenesis in in vivo 

Matrigel plug assay 

 

Specific aim 2 – Determine the mechanisms of IL-35-regulated angiogenesis  

Study 1 – Determine whether IL-35 modulates extracellular matrix and tissue remodeling 

genes in CD45-CD31+ECs from the ischemic muscle of HLI 

Study 2 – Determine whether IL-35 impairs EC-EC junction and vascular maturation 

during HLI-induced angiogenesis 

Study 3 – Determine whether and how IL-35 inhibits FGF2-induced HMVECs migration 

Study 4 – Determine whether IL-35 induces bone marrow-derived cell infiltration and 

migration in the ischemic muscle of HLI 
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CHAPTER 2 MATERIAL AND METHODS 

 

2.1 Reagents and Antibodies 

Recombinant human VEGF165 (PeproTech, #100-20), and FGF2 (PeproTech, 

#100-18B) were reconstituted in 0.1% bovine serum albumin (BSA)/phosphate-buffered 

saline (PBS). Recombinant mouse IL-35 Fc chimera (Adipogen, #CHI-MF-11135-C025) 

was reconstituted in sterile PBS. Recombinant human IL-35 Fc chimera (Enzo, #ALX-

522-140-C010) was reconstituted in sterile water. Antibodies used against human in 

western blot: anti-HIF-1a (BD, #610958), anti-PEDF (Santa Cruz BioTechnology, #sc-

390172), anti-β-Actin antibody (Sigma #A5441). Antibodies against mouse used in flow 

cytometry: anti-CD45.1 APC-Cy7 (BioLegend, #110716), anti-CD45 APC-Cy7 

(BioLegend, #103116), anti-CD45.2 PE-Cy7 (eBioscience, #25-0454-82), anti-CD11b 

BV421 (BD, #562605), anti-CD31 BV605 (BioLegend, #102427), anti-CD31 PE-Cy7, 

anti-CD144 APC (Thermo Fisher, #17-1441-80). Viability dyes used in flow cytometry: 

live/dead fixable aqua (ThermoFisher, #L34965), 7-AAD viability solution (eBioscience, 

#00-6993-50). Antibodies against mouse used in immunofluorescent staining: anti-CD31 

(Abcam, #ab28364), anti-CD45 (BioLegend, #103101), anti-VE-cadherin (R&D, 

#AF1002-SP), anti-NG2 (Millipore, #ab5320). 

 

2.2 Cell Lines and Cell Culture 

HMVECs (Lonza, #CC-7030) were cultured in microvascular endothelial cell 

growth medium-2 (EGM-2 MV) (Lonza, #CC-3202). HUVECs were cultured in M199 

medium (HyClone) supplemented with 20% fetal bovine serum (FBS; HyClone), 
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endothelial cell growth supplement (ECGS, 50 μg/mL, BD Biosciences), heparin (50 

μg/mL) and 1% penicillin, streptomycin, and amphotericin (PSA, Invitrogen). Cells were 

grown on 0.2% gelatin-coated flasks, plates, or dishes in a humidified incubator at 37 °C 

with 5% CO2. 

 

2.3 Fluorescence-activated Cell Sorting (FACS) and RNA Isolation for RNA-Seq 

 To obtain CD45-CD31+ and CD45+CD31+ cells from mouse hindlimb, skeletal 

muscle was dissociated into single-cell suspension through the method reported 

previously41. Briefly, hindlimb muscle was dissected, minced and incubated in muscle 

dissociation buffer containing collagenase, type 2 (Worthington, #LS004176) and dispase 

II (Life Technologies, #17105-041) for 1.5 hours. After wash with FACS buffer (2% FBS 

in PBS), cells were stained with surface antibody anti-CD45 (BioLegend, #103116) and 

anti-CD31 (BioLegend, #102427) for 30 minutes at room temperature. All cell-sorting 

experiments were performed using an Aria Cell Sorter (BD Biosciences) in Temple 

University Lewis Katz School of Medicine Flow Cytometry Core. The CD45-CD31+ and 

CD45+CD31+ cells were sorted directly into TRIzol, and RNA was extracted using 

miRNeasy Mini kit (Qiagen).  

Total RNA libraries were prepared by using Pico Input SMARTer Stranded Total 

RNA-Seq Kit (Takara). In short, 250 pg-10 ng total RNA from each sample was reverse-

transcribed via random priming and reverse transcriptase. Full-length cDNA was 

obtained with SMART (Switching Mechanism At 5' end of RNA Template) technology. 

The template-switching reaction keeps the strand orientation of the RNA. The ribosomal 

cDNA is hybridized to mammalian-specific R-Probes and then cleaved by ZapR. 



19 
 

Libraries containing Illumina adapter with TruSeq HT indexes were subsequently pooled 

and loaded to the Hiseq 2500. Single end reads at 75 bp with 30 million reads per sample 

were generated for bioinformatic analysis. 

 

2.4 Protein Extraction and Western Blot Analysis 

Protein extracts were collected from HMVECs or mouse hindlimb skeletal muscle. 

Protein concentration was determined by the bicinchoninic acid (BCA) assay with BSA 

standards. Protein was separated on SDS-polyacrylamide gel and transferred onto 

nitrocellulose membranes. Membranes were blocked with 5% BSA in Tris-buffered 

saline containing 0.1% Tween 20 [TBST, 50 mM Tris (pH 7.5), 150mM NaCl, and 0.1% 

Tween 20 (v/v)]. Membranes were incubated with primary antibodies overnight at 4°C, 

then washed extensively with TBST and incubated with the appropriate horseradish 

peroxidase-labeled secondary antibodies for 1 hour at room temperature. Afterwards, 

membranes were incubated with enhanced chemiluminescence (ECL) substrate for 

horseradish peroxidase (Thermo Scientific, #34578) and the ECL intensity was detected 

by Fujifilm LAS-4000. The expression levels of proteins as indicated by the ECL 

intensity were measured with ImageJ software. 

 

2.5 Enzyme-linked Immunosorbent Assay (ELISA) 

After euthanizing mice, plasma and skeletal muscle were collected for protein 

extraction. Less than 50 mg of muscle was added into molar with liquid nitrogen and 

ground into powder. 400-1000 µl of lysis buffer (Cloud-Clone, #IS007) was used to 

extract protein. After sonication at 40 mA for 10 seconds intermittently and 
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centrifugation at 10,000 g for 5 minutes at 4 ˚C, supernatants were carefully collected 

into a new 1.5 ml tube. IL-35 protein expression in mouse plasma and muscle was 

measured using ELISA kit (Biomatik, #EKU05328) by following its product instruction. 

  

2.6 RNA Isolation and Real-Time Quantitative Reverse Transcription PCR (qRT-

PCR) 

RNA collected from HMVECs was isolated using the miRNeasy Mini Kit 

(Qiagen, #217004). RNA from mouse hindlimb skeletal muscle was isolated using 

RNeasy Fibrous Tissue Mini Kit (Qiagen, #74704). The cDNA was synthesized using 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, #4368814), and 

qRT-PCR was performed with iTaq Universal SYBR Green Supermix (Bio-Rad). 

Samples were amplified by 40 cycles of 5 seconds at 95 °C and 30 seconds at 60 °C. 

Results were calculated using the ΔΔ Ct method relative to the reference control gene of 

β-actin. 

For PCR array, RNA was first converted to cDNA with the RT² First Strand Kit 

(Qiagen, #330401), then used to screen for 84 EC biology-related gene expression 

changes following the direction of the Human Endothelial Cell Biology PCR Array 

(Qiagen, #330231). Data were analyzed with the SABiosciences PCR Array Data 

Analysis Software. 

Human EBI3 (ThermoFisher Scientific, #4331182) and mouse Il12a (Bio-Rad, 

#10025636) were detected using commercial kits. All other primers were designed and 

purchased from Integrated DNA Technologies. Primer sequences are listed in Table 2. 
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Table 2. Sequences of human and mouse primer pairs 

Species 

Gene 

Name Forward (from 5' to 3') Reverse (from 5' to 3') 

Human  ACTB ACCTTCTACAATGAGCTGCG CCTGGATAGCAACGTACATGG 

Human  IL12A CTCCAGACCCAGGAATGTTC ATCTCTTCAGAAGTGCAAGGG 

Human  IL6ST GCAACATTCTTACATTCGGACAG TCCCACTCACACCTCATTTTC 

Human  IL12RB2 ATCTCCCTTTCTGTTTTCCCC TGAGGGCACACTGACTTTAAG 

Mouse Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 

Mouse Ebi3 CAAGGAACAGAGCCACAGAG GGGATACCGAGAAGCATGG 

Mouse Il6st AGATGAAGGTGGGAAAGATGG GTTAAAGCAGAACAAGACGCC 

Mouse Il12rb2 GAACGCCTTTTCATTTCCTGG TGGATGTGAGTTTTGAGAGCG 

Mouse Col1a2 AAGGATACAGTGGATTGCAGG TCTACCATCTTTGCCAACGG 

Mouse Col11a1 ACAAAACCCCTCGATAGAAGTGA CTCAGGTGCATACTCATCAATGT 

Mouse Col18a1 CAGACCCTGACAAGTTCCAG AGCCACTTCCAAAATCTCCAG 

Mouse Adam12 ACAAGTCCAACCTCACCATG TTCCTTGCCTCTGAAACTCTC 

Mouse Mmp2 CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC 

Mouse Mmp12 CTGCTCCCATGAATGACAGTG AGTTGCTTCTAGCCCAAAGAAC 

Mouse Mmp14 GGATGGACACAGAGAACTTCG TTTTGGGCTTATCTGGGACAG 

Mouse Mmp19 GAGCCCAGAGACAAGAGATG AAGCATAAGTCTTCCCACGAG 

Mouse Serpine1 TGCAAAAGGTCAGGATCGAG ATTGTCTCTGTCGGGTTGTG 

Mouse Serpinf1 CAACCCTCGCATAGACCTTC GGCATTTCCCTTGTAGACCG 

Mouse Plau TCAGAAACCCTACAATGCCC TCTTGGACAAACTGCCTTAGG 

Mouse Plaur CAATGCCGCTATCCTACAGAG TGAAAGGTCTGGTTGCTATGG 

 

2.7 Immunofluorescence (IF) Staining 

 To prepare the frozen sections, collected samples were fixed in 2% 

paraformaldehyde (PFA) overnight at 4 °C, incubated in 15% sucrose in PBS (w/v) for 2 

hours, and then 30% sucrose overnight at 4 °C. Gastrocnemius muscle was cut in the 

center and embedded with the cut surface facing down in Tissue-Plus O.C.T compound 
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(Fisher Scientific, #23-730-571) and snap frozen on an aluminum block (pre-cold) in 

liquid nitrogen. Sections of 10-μm in thickness were cut on Leica CRYOCUT 1800. 

 For paraffin sections, collected samples were fixed in 4% PFA overnight at 4 °C, 

then transfer into 70% ethanol before embedding. Sections of 5-μm thickness were 

deparaffinized and treated with a heat-induced antigen retrieval with 1 mM EDTA-NaOH 

(pH 8.0) solution.  

 Slides were blocked in PBS with 3% BSA for 1 hour at room temperature. 

Primary antibodies were incubated overnight at 4 °C in the blocking buffer. Secondary 

antibodies were added into the blocking buffer and incubated for 1 hour at room 

temperature. Excess antibodies were washed in PBS with 0.5% Tween 20. Slides were 

then mounted in VECTASHIELD HardSet Antifade Mounting Medium with 4′,6-

diamidino-2-phenylindole (DAPI, Vector, #H-1500-10). Stained sections were imaged by 

a Leica TCS SP8 confocal microscope using x10, or x20 objectives. 

 

2.8 Tube Formation Assay 

Reduced growth factor basement membrane matrix (Trevigen, #3433-005-R1) 

was coated on the 15-well µ-slides (ibidi, #81506) for 30 minutes. HMVECs were 

trypsinized, seeded on the coated µ-slides at a density of 10,000 cells/ml in EGM-2 MV 

medium with or without LPC (30 µM), and incubated for 4-6 hours at 37 °C. Phase 

contrast images were taken at x6.4 magnification with or without. Calcein AM (Trevigen, 

#4892-010-01), a viability fluorescent dye. Images were analyzed using Angiogenesis 

Analyzer for ImageJ developed by Dr. Gilles Carpentier  

(http://image.bio.methods.free.fr/ImageJ/?Angiogenesis-Analyzer-for-ImageJ).  

http://image.bio.methods.free.fr/ImageJ/?_Gilles-Carpentier_
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2.9 Wound Healing Migration Assay 

 HMVECs were seeded on 6-well tissue culture plate and cultured until 80% 

confluence. After starvation overnight in EBM2 plus 0.1% FBS, the monolayer of cells 

was scratched with 1 ml pipette tip to create an across at the center of the well. Then cells 

were gently washed twice with medium to remove the detached cells and replenished 

with fresh starvation medium containing FGF2 (80 ng/ml), with or without IL-35 (40 

ng/ml). The wound healing process was monitored for approximately 12 hours. Olympus 

microscopy IX71 was used to image the cells at the first time point T0 and the last time 

point T12. For data analysis, ImageJ was used to measure the wound area at T0 and T12. 

Migration distance = (Area(T0) - Area(T12)) / 2 x L (length of the field). 

 

2.10 3D Sprouting Assay 

Passage (P) 5 HUVECs were trypsinized and incubated with sterile Cytodex 3 

microcarrier beads (GE Healthcare, #17-0485-01) at the ratio of 500 cells per bead in a 

sterile tube with EGM-2 medium at 37 ˚C for 4 hours. During the 4 hours, the mix was 

gently shaken every 20 minutes. Then, around 250 coated beads were seeded in 0.5 ml 

fibrin gel (2 mg/ml fibrinogen (Sigma, #F-8630), 0.15 U/ml aprotinin (Sigma, #A-1153), 

and 0.625 U/ml thrombin (Sigma, #T-4648), 100 ng/ml rhVEGF-A165 (Peprotech, #100-

20), 30 ng/ml rhFGF-basic (Peprotech, #100-18B), with or without 30 µM LPC (Avanti, 

#855675P) in a 24-well plate. After seeding the beads, 1 ml EGM-2 with 20,000 

fibroblasts was added dropwise. Culture medium was changed every other day and beads 

sprouts were counted at day 10. 
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2.11 Animals 

All mice used were on a C57BL/6 background. Apolipoprotein E (ApoE) 

deficient mice, commonly known as ApoE-/- mice (strain name: B6.129P2-

Apoetm1Unc/J), Il12rb2-/- mice (strain name: B6.129S1-Il12rb2tm1Jm/J) and wild type 

(WT) mice (strain name: C57BL/6J) were purchased from the Jackson Laboratory (Bar 

Harbor, ME). All mice were weaned at 3 weeks of age and maintained on chow diet. In 

the Matrigel plug assay experiment, severe combined immunodeficiency (SCID) 

(NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice at 12-week old were used and the 

experiment was performed with collaborator Dr. Shu Meng from Houston Methodist 

Hospital. In bone marrow transplantation experiment, CD45.1 WT (strain name: B6.SJL-

Ptprca Pepcb/BoyJ) mice were used as the recipient and enhanced green fluorescent 

protein (EGFP) (strain name: C57BL/6-Tg (CAG-EGFP)131Osb/LeySopJ) mice were 

used as the donor. All animal experiments were performed on male mice and in 

accordance with the Institutional Animal Care and Use Committee (IACUC) Guidelines 

and Authorization for the use of Laboratory Animals and were approved by the IACUC 

of Temple University Lewis Katz School of Medicine and Houston Methodist Hospital. 

 

2.12 Mouse Genotype 

Mouse genotypes were confirmed with PCR followed by agarose gel separation. 

Extracta DNA Prep for PCR (Quanta, #95091) was used to extract DNA from mouse toe. 

Briefly, mouse tissue was digested with 50 μl of extraction reagent at 98 ˚C for 30 

minutes, and then added 50 µl of stabilization buffer and stored at 4 ˚C.  
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IL-12RB2 genes were amplified with primers for the mutant gene (5'-

CACGGGTAGCCAACGCTATGTC-3' and 5'-GCCCTGAATGAACTGCAGGCG-3') 

and the WT gene (5'-GTGTGCAAGCTTGGCACTGTGACCGTCCAG-3' and 5'-

GTTTAGCTTGCAGACAAACAAGGTCATACC-3'). The PCR cycle for IL-12RB2 was 

94 ˚C for 3 minutes, 35 cycles of 94 ˚C for 30 seconds, 72 ˚C for 1 minute, 66.8 ˚C for 1 

minute, and 72 ˚C for 2 minutes. 

ApoE genes were amplified with 3 primers (5'-GCCTAGCCGAGGGAGAGC 

CG-3', 5'-TGTGACTTGGGAGCTCTGCAGC-3', and 5'-GCCGCCCCGACTGCATCT-

3'). And the PCR cycle for ApoE was 3 cycles of 94 ˚C for 5 minutes, 60 ˚C for 30 

seconds, 72 ˚C for 30 seconds, and 30 cycles of 94 ˚C for 30 seconds, 60 ˚C for 30 

seconds, 30 ˚C for 20 seconds, and 72 ˚C for 7 minutes.  

The PCR product was then mixed with DNA loading dye and separated by gel 

electrophoresis with a 1.5% agarose gel. The DNA sizes for IL-12RB2 are 265 bp (WT) 

and 500 bp (mutant), and that of ApoE are 155 bp (WT) and 245 bp (mutant). 

 

2.13 Hindlimb Ischemia Model 

Age-matched 10-12-week-old mice were used in HLI model as reported 

previously42. Under anesthesia, an incision was made in the skin at the mid-portion of the 

left hindlimb. The femoral artery was then dissected free from nerves and the proximal 

and distal loci of the femoral artery were ligated and cut, as well as its side branches. 

Hindlimb blood flow was measured on postoperative days 0, 3, 7, 14, 21, and 28 using a 

laser Doppler imaging (LDI) blood flow analyzer (moorLDI2-IR, Moor Instrument) 

(Figure 1). The penetration depth is ~ 5 mm when the Infra-Red laser of 785nm is used43. 
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Blood flow was quantitatively assessed by the ratio of mean flow signals of the left 

(ischemic) to the right (non-ischemic) plantar. Mice with blood flow ratio higher than 0.2 

at postoperative day 0 were excluded from the experiment due to the failed procedure to 

reduce blood flow. 

 

 

Figure 1. Schematics of in vivo hindlimb ischemia model 

 

2.14 In vivo Matrigel Plug Assay 

Matrigel (Corning, #354234) was thawed at 4 °C overnight before the experiment. 

SCID mice were anesthetized, and injected with Matrigel subcutaneously in the shaved 

abdomen region of the mice (two injections in each mouse). Each Matrigel injection 

contains 400 µl total volume (300 µl Matrigel + 100 µl other reagents with the final 

concentrations of 30 U/ml of heparin, 40 ng/ml of FGF2, and with or without 40 ng/ml of 

IL-35). Matrigel plugs were removed after 5 days for molecular studies. 
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2.15 Cytokine Injection 

Recombinant mouse IL-35 was administered intramuscularly (i.m.) (0.3 

µg/gastrocnemius (GC) muscle in 20 µl PBS) at the time of HLI procedure, and three 

times a week afterwards until the end of observation. The non-surgery limb and PBS 

control group limb were injected with 20 µl PBS as the internal and experimental control, 

respectively. 

 

2.16 Bone Marrow Transplantation (BMT) 

CD45.1 WT mice at 5-week old were irradiated with a single dose of 8 minutes 

and 29 seconds in RS2000 X-ray irradiator from Radsource. Then, bone marrow cells 

were collected from EGFP donor mouse femurs and filtered through a 70 μM cell strainer. 

Each irradiated CD45.1 mouse was injected by retro-orbital with 5 x 10ˆ6 donor bone 

marrow cells. To assess the irradiation efficacy, control mice were irradiated but did not 

receive donor bone marrow cells. After 6 weeks, all recipient mice survived, while the 

control mice were dead. Peripheral blood was assessed with flow cytometry and more 

than 90% of mononuclear cells were EGFP+. The chimeric mice were then performed 

with HLI surgery and followed with IL-35 or PBS injection. 

 

2.17 Statistical Methods 

The sample size for the animal experiment was calculated by 𝑁 =
4𝜎2(𝑍𝛼+𝑍𝛽)

2

𝐷2
, 

where  is standard deviation (estimated based on preliminary studies),  is type I error 

(5%),  is type II error (0.2), and D is the minimum expected difference. Data were 

expressed as the mean ± standard error of the mean (SEM) throughout the manuscript. 
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For comparisons between two groups, the two-tailed Student t-test was used for 

evaluation. For comparisons across multiple groups, one-way ANOVA with Bonferroni 

post-test adjustment was used. Data shown are representative of two to three independent 

experiments, including analysis from wound healing assay, IF staining, flow cytometry, 

and western blot. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.  
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CHAPTER 3 RESULTS 

 

3.1 Muscle in human and mouse has high angiogenic potential in the physiological 

conditions  

Angiogenesis is the process of new blood vessel formation from pre-existing 

vessels. It happens in physiological and pathological conditions throughout our lives. 

Except for women's menstrual cycle, angiogenesis is a rare physiological occurrence in 

adults. Cardiac ECs have a comparatively long half-life of 2.2 weeks in vivo5. Many cell 

types present phenotypic heterogeneity in different tissue environment44,45,46, which may 

lead to tissue-specific biological events such as angiogenesis. Thus, we hypothesized that 

tissues have different angiogenic potential (AP) when challenged by environmental 

stimuli, e.g., wound injury and vascular occlusion. To examine this hypothesis, a 

database mining strategy that we previously developed34,47 (Figure 2) was used to 

examine experimentally verified (NCBI-UniGene EST database) mRNA expression 

levels of 163 essential angiogenic genes48 in 22 human tissues and 18 mouse tissues.  

These angiogenic genes were categorized into four groups based on their function: 

1) transcription regulators/factors (TFs), 2) growth factors and receptors, 3) cytokines and 

chemokines (C/Cs), and 4) proteases, inhibitors, and others. Tissues were then graded for 

AP by expression of these genes. This analysis elucidated for the first time that humans 

and mouse had different patterns of tissue APs (Figure 3A), which suggests a variance of 

angiogenesis between species. Therefore, studies on angiogenesis using mouse models 

should consider the inherent difference between human and mouse tissues. We found that 

muscles in both species had high AP (Figure 3B), which suggests the importance of 
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sufficient blood supply for muscle function, tissue remodeling, and animal survival 

throughout the evolution. 

This result further justifies the relevance and significance of studying ischemia-

triggered angiogenesis in muscles using the HLI model, where functional angiogenesis is 

dampened. 

  

 

Figure 2. Expression sequence tag (EST) database mining is a novel strategy 

analyzing angiogenic gene expression in human and mouse tissues 

A. Database mining strategy flow chart. B. The EST profiles of mouse house-keeping 

gene Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) in 18 tissues and human 

GAPDH in 22 tissues were shown. Take mouse Gapdh as an example, the gene 

expression in one tissue was first normalized by the β-actin from the same tissue (the 

same normalization applies to all other tissues), which was presented on the left Y-axis, 
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then the normalized value was normalized again by the median expression level among 

all the tissues, which was presented on the right Y-axis. By doing so, we could use the 

same confidence interval for all the genes in different tissues of the same species (e.g., 

4.12 in mouse tissues) to determine if the gene expression level was high. The upper 

threshold was calculated by the mean of confidence intervals [mean (X) + 2 x standard 

deviations (SD) = 4.12] of three randomly chosen house-keeping genes including Gapdh, 

Hypoxanthine phosphoribosyltransferase 1 (Hprt1), and Glucuronidase, beta (Gusb). In 

this example, we could see that Gapdh was highly expressed in mouse eye and muscle. 

Figure is modified from published data48. 
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Figure 3. Muscle in both human and mouse has high angiogenic potential, 

suggesting that muscle is the excellent model tissue for angiogenic studies 

A. Angiogenic potential as percentages of 163 highly expressed genes in human and 

mouse tissues. Among the 163 genes, 16% were transcription regulators, 39% were 

growth factors and receptors, 17% were cytokines and chemokines, and 28% were 

proteases, inhibitors and others. B. Muscle (in bold), eye, pancreas, and lymph node were 

the common tissues that have high APs in both human and mouse. Figure is modified 

from published data48.  

 

3.2 Angiogenic cytokines and chemokines including anti-inflammatory cytokines are 

predominantly regulated by inflammatory transcription factors  

In our previous study, we found that the number of highly expressed TFs, but not 

the other three types of regulators, positively correlate with tissue AP in physiological 

conditions48. Angiogenic C/Cs such as IL-6 and TNF-α are important mediators 

regulating angiogenesis. These C/Cs are highly regulated by TFs. However, whether TFs 

differentially modulate angiogenic C/Cs is unknown. Inflammation and angiogenesis are 

always coupled events in many pathological situations, including psoriasis, rheumatoid 

arthritis, and many cancers49. Thus, we hypothesized that inflammation-regulated TFs 

served as master regulators of angiogenic C/Cs. To examine this hypothesis, we used 

Ingenuity Pathway Analysis (IPA) Path Designer to illustrate the interactions between 

TFs and C/Cs. IPA is a powerful research tool built on a comprehensive, manually 

curated database, which allows us to look at the interaction network unbiasedly. To 

identify the different regulation on angiogenic C/Cs, we categorized the 19 TFs as 
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inflammatory, homeostatic, or EC specific, and the 27 angiogenic C/Cs as pro-angiogenic, 

bi-functional with both pro- and anti-angiogenic functions, or anti-angiogenic (Figure 4). 

We found that inflammatory TFs were the primary regulators of all three groups of C/Cs. 

In average, each inflammatory TF regulated 43.6% of the pro-angiogenic group, 47.1% 

of the anti-angiogenic group, and 51.7% of the bi-functional group (Table 3). Also,  anti-

angiogenic C/Cs were under higher regulation of inflammatory TFs than homeostatic and 

EC-specific TFs. 

 

 

Figure 4. Inflammatory transcription factors are the primary regulators of all three 

groups of cytokines and chemokines 

Direct and indirect interactions between TFs and C/Cs was illustrated using IPA Path 

Designer. The 19 angiogenic TFs were categorized as inflammatory, homeostatic, or EC 

specific, and the 27 angiogenic C/Cs were categorized as pro-angiogenic (orange lines), 
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bi-functional (green lines) with both pro- and anti-angiogenic functions, or anti-

angiogenic (blue lines). Figure is modified from published data48. 

 

Table 3. Inflammatory transcription regulators have much higher average 

percentages of interacting cytokines and chemokines than that of other 

transcription regulators 

Types of 

transcription 

regulators 

Average percentage of interacting cytokines and chemokines 
pro-angiogenic bi-functional anti-angiogenic 

Inflammatory 43.6 51.7 47.1 
Homeostatic 20.0 35.0 14.3 
EC-specific 19.3 21.7 4.3 
 

These results suggest that angiogenic C/Cs are contextually governed by different 

TFs in different biological conditions. During acute ischemia with massive immune cell 

infiltration into the tissue, inflammatory regulators initially dominate the local 

environment and regulate all three types of angiogenic C/Cs. With fading and resolution 

of inflammation, vascular repair and remodeling, including vessel maturation, can be 

eventually realized50,51. This emphasizes the significant need to understand the roles of 

anti-inflammatory players in both the inflammatory phase and recovery phase of 

angiogenesis. 

 

3.3 A novel anti-inflammatory cytokine IL-35 is induced in ischemic muscle and 

hypoxic HMVECs 

As we mentioned in the introduction, the role of anti-inflammatory cytokines in 

angiogenesis is more than just balancing inflammation. Studies have shown that anti-
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inflammatory cytokines can directly regulate EC migration and proliferation52. One such 

cytokine is the novel anti-inflammatory cytokine IL-35, which has been shown to 

regulate angiogenesis in tumors and rheumatoid arthritis39,53. It suggests that IL-35 could 

be a potential therapeutic target. However, its role in ischemic vascular diseases is 

unknown. In muscle cell-containing organs of mice, including heart and intestine, two IL-

35 subunit expression levels are very low in physiological condition34. To examine 

whether IL-35 is increased in HLI angiogenesis model, we extracted RNA from ischemic 

muscle at 0, 3, and 7 days after HLI. The results showed significant increases of EBI3 

and IL-12RB2, and reductions of IL-12A and IL-6ST (Figure 5A). The reduction of IL-

6ST indicated the downregulation of IL-6 family cytokine signaling since receptor 

subunit IL-6ST (gp130) is also utilized by all IL-6 family members.  

Because all the IL-35 signaling subunits are shared with other IL-12 family 

cytokines, we were unable to conclude the induction of IL-35. Thus, we performed 

ELISA on proteins collected from WT mice plasma and ischemic muscle after HLI. The 

results showed that IL-35 protein level was not detectable in plasma at the basal level and 

after HLI. However, its expression level was induced in ischemic muscle after HLI and 

peaked at day 7, which was about 3-fold higher compared to the basal level in non-

surgery mice (Figure 5B).  

 To mimic in vivo ischemia, hypoxia treatment with 0.2% oxygen was applied on 

HMVECs. Western blot of hypoxia inducible factor 1 subunit alpha (HIF1A) protein 

level was significantly increased after hypoxia treatment, which verifies our experiment 

system. The results showed that the gene expression of IL-12RB2 was not changed, but 

that of IL-6ST was significantly reduced (Figure 6B), which reproduced the decrement 
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of IL-6ST in the ischemic muscle of HLI in vivo. To some extent, hypoxia treatment 

induced IL-35 in HMVECs by increasing gene expression of both subunits, IL-12A and 

EBI3. These results suggest that induction of IL-35 in ischemic muscle and hypoxic 

HMVECs is of pathophysiological relevance. 

 

 

Figure 5. Protein expression of IL-35 and gene expression of its receptor subunit IL-

12RB2 are induced in ischemic muscle at day 7 of HLI 

A. Normalized mRNA expression levels of IL-35 and its receptor subunits at 0, 3, and 7 

days after HLI. B. Protein levels of IL-35 in plasma and ischemic skeletal muscle after 

HLI. Data are presented as mean ± SEM with individual points plotted. *, p<0.05; **, 

p<0.01; ***, p<0.001; ****, p<0.0001. 
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Figure 6. Hypoxia induces the gene expressions of IL-35 subunits and reduces IL-35 

receptor subunit IL-6ST in HMVECs 

A. Experimental design of hypoxia treatment of HMVECs. After HMVECs were 80% 

confluent, the hypoxia group was incubated in a hypoxia chamber (BioSpherix, P110) at 

0.2% O2 level for indicated hours. Western blot of hypoxia inducible factor 1 subunit 

alpha (HIF1A) protein level was significantly increased after hypoxia treatment. B. 

Normalized mRNA expression levels of IL-35 and its receptor subunits after 2, 6, and 24 
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hours of hypoxia treatment. Data are presented as mean ± SEM. *, p<0.05; **, p<0.01; 

***, p<0.001. 

  

3.4 IL-12RB2, but not IL-6ST, is the key receptor component of IL-35 signaling in 

ischemic muscle and hypoxic HMVECs 

IL-35 can signal through three types of receptors in T cells, including IL-12Rβ2 

homodimer, IL-6ST homodimer, and IL-12Rβ-IL-6ST heterodimer35. In the previous 

result, gene expression of IL-12RB2 was induced, while IL-6ST was decreased in 

ischemic muscle at day 7. Thus, we hypothesized that IL-12RB2 was the key receptor in 

the HLI model. To test this hypothesis, we wanted to see whether IL-35 injection could 

induce the expression of IL-12RB2. One dose of rmIL-35 (0.3 µg in 20 µl of PBS) was 

injected into the GC muscle of ischemic leg in IL-35 group of mice. In the collateral non-

surgery leg, 20 µl of PBS was injected at the same time (Figure 7A). RNA was isolated 

from mice hindlimb muscle collected 3 days after surgery. We found that IL-35 

upregulated mRNA expression of IL-12RB2 but not IL-6ST compared to controls 

(Figure 7B). We also found the induction of both IL-35 subunits, IL-12A and EBI3, 

which indicates that the exogenous IL-35 stimulates immune cells and/or ECs in the 

ischemic muscle to secrete more IL-3535.  

The above qRT-PCR assay was performed using the whole muscle extracts, 

which included many cell types such as immune cells, SMCs, and ECs. In our previous 

findings, IL-35 can directly signal through EC and inhibit LPS-induced EC activation37. 

Therefore, we hypothesized that IL-35 might also directly regulate angiogenic pathways 

through ECs, the central cell type in angiogenesis. To examine this, we treated HMVECs 
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with 1, 10, or 100 ng/ml of IL-35 for 6 hours and examined the gene expression of IL-35 

receptor subunits IL-12RB2 and IL-6ST. There was an induction of IL-12RB2 and a 

reduction of IL-6ST at 100 ng/ml of IL-35 treatment (Figure 8A). Thus, we repeated the 

100 ng/ml of IL-35 treatment for 2 or 6 hours and similar results were found (Figure 8B).  

These results suggest that IL-12RB2 was the responsive component of IL-35 

signaling in the ischemic muscle of HLI and hypoxia-stimulated HMVECs, and that IL-

12RB2 homodimer may be the critical receptor to initiate IL-35 signaling in HMVECs. 

 

 

Figure 7. IL-35 injection induces gene expression of IL-35 subunits and its receptor 

subunit IL-12RB2, but not another receptor subunit IL-6ST in the ischemic muscle 

at day 3 of HLI 

A. Experimental design. B. Normalized mRNA expression of IL-35 and its receptor 

subunits with or without IL-35 injection (0.3 µg per leg) at day 3 of HLI. Data are 

presented as mean ± SEM. NS, not significant; *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 8. IL-35 treatment induces the gene expression of receptor subunit IL-12RB2 

but reduces IL-6ST in HMVECs under hypoxic condition.  

A. Normalized mRNA expression levels of IL-35 receptor subunits after 6 hours 

treatment of 1, 10, and 100 ng/ml of IL-35 under hypoxic condition; B. Normalized 

mRNA expression levels of IL-35 receptor subunits after 2- or 6-hour treatment of 100 

ng/ml of IL-35.  

 

3.5 Hyperlipidemia impairs angiogenesis in vivo and in vitro, which at least partially 

acts through the induction of IL-35  

Hyperlipidemia causes patients to develop atherosclerosis, which is the primary 

pathological process for ischemic vascular diseases such as MI, stroke, and PAD. It is a 

common complication in patients with PAD. Previous studies from our lab suggest that 

IL-35 is an inflammation-induced anti-inflammatory cytokine34. Also, hyperlipidemia 
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induces IL-35 cytokine expression in both human and mouse plasma38. To be more 

clinically relevant, we wanted to study whether IL-35 signaling also modulates 

angiogenesis in hyperlipidemia conditions. ApoE deficiency has long been used as a 

murine model to study atherosclerosis. Previous studies have shown that ApoE-/- mice 

present with impaired blood perfusion in the HLI model on both chow diet54 and Western 

diet55. We reproduced the data in our laboratory that ApoE-/- mice showed impaired blood 

perfusion on chow diet (Figure 10B). Additionally, two in vitro angiogenesis models 

were used including EC tube formation assay and 3D sprouting assay. The tube formation 

assay using HMVECs seeded on reduced growth factor basement membrane extract 

showed that 30 µM LPC (a proatherogenic lipid that mimics hyperlipidemia stimuli on 

EC in vivo56) constrained tubular network formation (Figure 9A-C). Moreover, in vitro 

3D sprouting assay using HUVECs coated on microcarrier beads embedded in fibrin gel 

showed that 30 µM LPC inhibited sprouting length from the beads (Figure 9D&F), but 

not the number of sprouts (Figure 9E). Since IL-35 and its essential receptor subunit IL-

12RB2 expression was induced in hyperlipidemia38, the impaired angiogenesis in vivo 

and in vitro may partially act through the induction of IL-35. 
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Figure 9. LPC inhibits EC tube formation and sprouting in vitro 

A. Experimental design of tube formation with or without 30 µM of LPC treatment. B. 

Representative images were taken after HMVECs seeded for 5 hours. C. Total master 

segment length was measured with an ImageJ package of Angiogenesis Analyzer. D. 

Representative images taken 10 days after HUVECs-coated beads embedded in fibrin gel. 

E. Statistics of sprouts per bead. F. Statistics of longest sprout length. Sprouts per bead 

and longest sprout length were manually measured blinded to the treatment. Data are 

presented as mean ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001. 
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3.6 The deficiency of IL-35 key receptor component IL-12RB2 improves HLI-

induced angiogenesis in both WT and ApoE-/- mice 

As we showed earlier that IL-12RB2 was presumed as the key receptor subunit in 

IL-35 signaling in ischemic muscle, we wanted to examine if its deficiency can improve 

HLI-induced angiogenesis. Following HLI surgery, we found that IL-12RB2-/- mice have 

significant improvement of blood perfusion in the ischemic leg compared to WT control 

mice (Figure 10A). This result demonstrated for the first time that IL-12RB2 deficiency 

improved HLI-induced angiogenesis potentially via blocking IL-35 signaling. 

One disadvantage of the HLI mouse model to study angiogenesis is that healthy 

young mice are always used, which is not comparable to aging diseases like PAD10. 

Hyperlipidemia is a common complication in patients with PAD. Thus, to be more 

clinically relevant, we wanted to test if IL-12RB2 deficiency can also improve blood 

perfusion in hyperlipidemia-conditioned ApoE-/- mice. We generated ApoE-/-/IL-

12RB2-/- mouse through crossing ApoE-/- with IL-12RB2-/- mice. The genotype was 

verified by genomic DNA PCR assay using mouse toes (Figure 10C). ApoE-/-/IL-

12RB2-/- showed significant improvement of blood perfusion in the ischemic leg at day 7 

of HLI; however, the overall rescue effect of IL-12RB2 deficiency at other time points 

was not significant (Figure 10B). 



45 
 

 

Figure 10. IL-12RB2, the key receptor component of IL-35, deficiency significantly 

improves blood perfusion in the ischemic limbs of both WT and ApoE-/- mice after 

HLI, suggesting IL-35 inhibits HLI-induced angiogenesis 

A. Blood perfusion ratio of IL-12RB2-/- and WT mice. B. Blood perfusion ratio of 

ApoE-/-/IL-12RB2-/-, ApoE-/-, and WT mice. Hindlimb blood flow was measured on 

postoperative days 0, 3, 7, 14, 21, and 28 using a laser Doppler blood flow analyzer. 

Blood flow was quantitatively assessed by the ratio of mean flow signals of the ischemic 

to the non-ischemic plantar. C. Representative gel electrophoresis result of ApoE-/-/IL-

12RB2-/- mice. Results from two to five independent experiments were combined. Data 

are presented as mean ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001. 
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3.7 IL-35 injection inhibits HLI-induced angiogenesis in WT mice but not that in the 

IL-12RB2 deficient mice 

As we discussed before, IL-12RB2 is the receptor subunit shared by two 

cytokines, IL-12 and IL-35. Of note, IL-12 has been shown as an anti-angiogenic factor 

in both tumor57 and MI58. We think the improvement of angiogenesis in HLI by deletion 

of IL-12RB2 could merely be the effect of blocking IL-12 signaling. To rule out the 

possible effect of IL-12, we decided to directly inject recombinant mouse IL-35 protein, a 

soluble dimeric fusion protein consisting of the extracellular domain of mouse IL-12A 

and EBI3, into the ischemic muscle. As shown in Figure 11A, mice were i.m. 

administered with IL-35 (0.3 µg/GC muscle in 20 µl PBS) at the time of HLI procedure, 

and three times a week afterwards until the end of observation. The non-surgery limb was 

also injected with 20 µl PBS as internal control. We found that IL-35 injection inhibited 

HLI-induced angiogenesis especially at day 14 (Figure 11B&C). 

In addition, we also tested if the effect of IL-35-inhibited angiogenesis in HLI 

would be diminished when IL-12RB2 was deficient. Thus, with the same experiment 

setting (Figure 11A), we administrated IL-35 or PBS as the control to IL-12RB2-/- mice. 

Indeed, IL-35 had no significant inhibitory effect in IL-12RB2-/- mice in the HLI model 

(Figure 12). These results suggest that IL-12RB2 is required in IL-35 signaling in the 

HLI model. 
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Figure 11. IL-35 injection inhibits blood perfusion recovery in the ischemic leg of 

HLI 

A. Experimental design. B. Representative images of IL-35- and PBS-injected groups. C. 

Blood perfusion ratio of IL-35- or PBS-injected WT mice. Results from three 

independent experiments were combined. Data are presented as mean ± SEM. *, p<0.05; 

**, p<0.01; ***, p<0.001. 
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Figure 12. IL-35 injection does not affect blood perfusion recovery in IL-12RB2-/- 

mice, suggesting that IL-35 inhibition of HLI-induced angiogenesis requires IL-

12RB2 

Results from two independent experiments were combined. No significant difference 

between PBS and IL-35 groups at either time point.  

 

3.8 IL-35 injection enlarges the avascular area of gastrocnemius muscle after HLI 

Next, we wanted to determine the mechanism underlying IL-35-inhibited 

angiogenesis in HLI model. We and others previously reported that leukocytes might 

transdifferentiate into EC and promote angiogenesis and recovery48,59. Thus, we 

hypothesized that IL-35 may inhibit the trans-differentiation process. To examine this 

hypothesis, we designed a BMT experiment (Figure 13A), where bone marrow cells 

from donor mice with CD45.2+EGFP+ were collected and injected into irradiated 

recipient mice with CD45.1+. Before HLI surgery, more than 90% of peripheral blood 
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cells were EGFP+ (data not shown), indicating the success of the BMT. As studies have 

shown that angiogenesis is the primary revascularization event in GC muscle after HLI10, 

the GC muscle were dissected and stained with CD31 and DAPI. However, we did not 

find any change in terms of the percentage of leukocyte transdifferentiated into ECs, 

which we expected to be CD45-EGFP+CD31+ (data not shown). 

Interestingly, we found that IL-35-injected mice had much bigger avascular areas, 

judged by significant less CD31+ staining and surrounding EGFP+ bone marrow-derived 

cells, in ischemic GC muscle at day 14 of HLI (Figure 14A&C). However, we did not 

see a significant change of vascular density at the recovered area, judged by the 

percentage of CD31+ area in the field of view (Figure 14B&D). This result was 

confirmed by another experiment with muscle samples analyzed by IF staining and flow 

cytometry (Figure 15A&B). There was a trend of decreasing percentage of ECs at the 

earlier time point of HLI on day 3 in the IL-35-injected group (Figure 15A&B). 
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Figure 13. Bone marrow transplantation is used to determine the roles of bone 

marrow-derived cells in HLI-induced angiogenesis in the presence or absence of IL-

35 

A. Schematics depicting the experimental design of the bone marrow transplantation. B. 

Schematics showing the experimental design of IL-35 injection and tissue collection.  
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Figure 14. IL-35 injection enlarges the avascular area in gastrocnemius muscle in 

the HLI model 

A. Representative images of the whole GC muscle are shown here. The images were 

taken using tile scan in Leica TCS SP8 system and merged to present the whole GC 

tissue. Muscles were dissected at day 14 of HLI for frozen section and stained with anti-

CD31 (red), and DAPI (blue). EGFP (green) indicated infiltrated bone marrow-derived 

leukocytes. The avascular area was indicated with red dash lines, within which blood 

vessels were not sufficient. B. Representative images of vascular density in PBS- or IL-

35-injected ischemic muscle at day 14 of HLI. Fields were selected from the vascular 

area of the GC muscle tile scan images. C. Statistics of the percentage of the avascular 

area. D. Statistics of the percentage of CD31+ cells in the vascular area. Data are 

presented as mean ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 15. IL-35 injection reduces the percentage of ECs in ischemic muscle at day 3 

of HLI 

A. The ratio of CD45-CD31+ ECs in DAPI+ cells counted in soleus muscle by IF 

staining at non-surgery, 3, and 14 days after HLI. B. The percentage of CD45-CD31+ 

ECs in ischemic muscle at 3, and 14 days after HLI through flow cytometry. N > 3 at 

each group. 

 

3.9 IL-35 obstructs FGF2-induced angiogenesis in in vivo Matrigel plug assay  

To further confirm the inhibitory role of IL-35 in angiogenesis, we tested IL-35's 

function in another in vivo angiogenesis model of Matrigel plug assay induced by FGF2, 

a potent angiogenic growth factor. To avoid interference of xenogeneic immune 

responses for human cell-mediated angiogenesis in mice, immunodeficient SCID mice 

were used for this experiment. Briefly, SCID mice were subcutaneously injected with 400 

µl of Matrigel (added with 40 ng/ml of FGF2, 30 U/ml of heparin, and with or without 40 

ng/ml of IL-35) at the abdominal region (Figure 16A). After 5 days, Matrigel plugs were 

dissected, imaged, and prepared for paraffin section. Compared to FGF2 control, we saw 

an apparent reduction of blood perfusion (Figure 16B) and CD31 expression (Figure 17) 
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in IL-35 treated group, which confirmed the negative role of IL-35 in angiogenesis. This 

result is consistent with previously published data39. 

 

 

Figure 16. IL-35 prohibits FGF2-induced angiogenesis in Matrigel plug assay 

A. Schematics of the experiment and findings. Blue lines represent the extracellular 

matrix. Red lines represent blood vessels. B. Images of the Matrigel plugs at 5 days after 

injection. In each mouse, two same-type Matrigel plugs were injected. N = 3 at each 

group.  
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Figure 17. IL-35-treated Matrigel plug shows significantly reduced EC marker 

CD31 expression in comparison to that of FGF2 control 

Paraffin section of Matrigel plug was stained with anti-CD31 (red) and DAPI (blue). 

Representative images of FGF2 and FGF2 + IL-35 groups are shown here. Scales are as 

indicated. 

 

3.10 RNA-Seq analysis demonstrates that CD45-CD31+ ECs in the IL-35-injected 

ischemic muscle at day 14 of HLI have an abnormal extracellular matrix 

organization 

We have shown that IL-35 inhibited HLI-induced angiogenesis and FGF2-

induced angiogenesis in Matrigel plug assay, and its critical receptor subunit IL-12RB2 

deficiency led to significantly improved angiogenesis in both WT and ApoE-/- mice in 

HLI. To study the molecular mechanism of IL-35-inhibited angiogenesis in HLI model, 

we isolated two cell populations (CD45-CD31+ ECs and CD45+CD31+ angiogenic cells) 

from ischemic muscle at Day 14 (Figure 18A) since it showed the most difference during 

the observed period (Figure 11C). The rationale to choose CD45+CD31+ cells rather 
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than all CD45+ cells was that literature has shown CD31+ leukocytes possess more 

potent effect on angiogenic process than CD31- ones60.  

After cell sorting, 1 x 10ˆ5 cells of both populations from each sample were 

collected for RNA extraction and deep-sequencing. The scatter plots showed the 

significantly changed genes (red, false discovery rate (FDR) < 0.05) on a log2 fragments 

per kilobase of transcript per million mapped reads (FPKM) scale (Figure 18B&C). 

With the criteria of FDR < 0.05, |fold change (FC)| > 1.5, and Max (FPKM) > 5, there 

were 659 and 81 differentially expressed genes (DEGs) from CD45-CD31+ ECs and 

CD45+CD31+ angiogenic cells, respectively. ECs presented much more DEGs than 

CD45+CD31+ angiogenic cells, which is consistent with the notion that EC is the central 

cell type in angiogenesis. This also justified our focus on studying the molecular 

signaling in ECs. The heatmap plots showed relative expression levels of DEGs in both 

cell types (Figure 18D&E).  

Comparing the gene expression in heatmap (Figure 19E&F), we found that at 

day 14 of HLI, PBS-injected group had very similar expression pattern as the control 

group without HLI surgery, which indicated a well-recovered phenotype of PBS-injected 

mice. This was consistent with the LDI readout as blood perfusion ratio reached a stable 

value (~ 0.8) after 14 days of HLI (Figure 11C). In IL-35-treated CD45-CD31+ ECs, 

gene set enrichment analysis (GSEA) showed that extracellular matrix organization 

(Reactome) was the highest significantly enriched gene set, which contains/overlaps with 

collagen formation (Reactome) and integrin1 pathway (integrin β1 cell surface interaction, 

Pathway Interaction Database (PID)) (Figure 19A-C).  
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Through IPA core analysis on DEGs in CD45-CD31+ ECs, we found 

glycoprotein VI (GP6) was significantly upregulated in IL-35-treated ECs (Figure 

19D&F). However, GP6 is the major signaling in collagen-induced platelet activation, 

which does not apply to the isolated CD45-CD31+ ECs in our experiment. After 

comparison of DEGs, we found that many genes changed in GP6 pathway overlapped 

with the enriched gene set of integrin β1 pathway from PID, including 8 collagen genes 

of COL1A2, COL5A1, COL5A2, COL6A1, COL6A2, COL6A3, COL11A1, and 

COL18A1.  

Interestingly, ECM glycoproteins THBS1, THBS2, THBS3, and THBS4, 

endogenous anti-angiogenic factors, were increased in IL-35-treated ECs. We also found 

many ECM proteases (MMP2, MMP12, MMP13, MMP14, and MMP19 in MMP family) 

and protease inhibitors (tissue inhibitors of metalloproteinase (TIMP)-2, SERPINE1, 

SERPINE2) were significantly upregulated in IL-35-treated ECs from ischemic muscle at 

day 14 of HLI. With limited resources, we measured several gene expression from the 

whole skeletal muscle mRNA extract at day 3 and 14 of HLI. Samples on day 14, but not 

day 3, showed a similar trend of gene expression induction as observed in RNA-Seq on 

isolated ECs (Figure 20). However, there was no significant difference. Limited sample 

size and different source of mRNA content might contribute to the failure to detect 

significant difference.  

In summary, ECs from IL-35-injected ischemic muscle at day 14 of HLI 

presented a profile of abnormally activated ECM organization and tissue remodeling. The 

unbalanced collagen formation, integrin activation, and ECM-remodeling enzyme 

induction may explain the delayed recovery from HLI under the interference of IL-35.  
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Figure 18. CD45-CD31+ EC is the main angiogenic effector cell type in IL-35-

injected ischemic muscle at day 14 of HLI 

A. Flow cytometry cell sorting strategy. After IL-35 or PBS injection for 14 days after 

HLI, ischemic muscle was dissected and digested for single cells suspension. Cells were 

stained with the surface markers of CD31 BV605 and CD45 APC-Cy7 and sorted by Aria 

Cell Sorter (BD Biosciences). 1 x 10ˆ5 cells of CD45-CD31+ and CD45+CD31+ 

population from each sample were collected for RNA extraction and deep-sequencing. 

B&C. Scatter plots of CD45-CD31+ and CD45+CD31+ population, respectively. 

Log2FPKM was used in the plots. Significantly changed genes with FDR < 0.05 are 

colored red. D&E. Heatmap plots of significantly changed genes in CD45-CD31+ and 

CD45+CD31+ population, respectively. The green-red color key is scaled based on the z-

score within each row. With the criteria of FDR < 0.05, |FC| > 1.5, and Max (FPKM) > 5, 

we get 659 and 81 DEGs from CD45-CD31+ and CD45+CD31+ population, respectively. 

N = 3. 
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Figure 19. CD45-CD31+ ECs in the IL-35-injected ischemic muscle at day 14 of HLI 

show significant activation of pathways in extracellular matrix organization and 

leukocyte extravasation from RNA-Seq analysis 

After IL-35 or PBS injection following HLI for 14 days, ECs were sorted from ischemic 

muscle for RNA-Seq analysis. A-C. Top enrichment plots in GSEA analysis. D. Top 10 

canonical pathways in IPA analysis. z-score is a statistical measure of the match between 

expected relationship direction and observed gene expression. |z-score| > 2 is considered 

significant. E&F. Heatmap plots of significantly changed gene expression in leukocyte 

extravasation and GP6 signaling, respectively. The green-red color key is scaled based on 

z-score within rows. NES: normalized enrichment score. N = 3. 
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Figure 20. Selected gene expression of collagens, matrix metalloproteinases, and 

serpin family members identified in RNA-Seq are examined by qRT-PCR 

After IL-35 or PBS injection following HLI for 3 or 14 days, RNA was collected from 

the ischemic muscle. Several genes that were significantly changed in RNA-Seq results 

of CD45-CD31+ ECs were tested by qRT-PCR. N ≥ 3. 
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3.11 IL-35 injection activates integrin pathways and disrupts (VE-cadherin)-

plakoglobin complex, which contributes to the impaired inter-endothelial junctions 

and vascular maturation at day 14 of HLI  

The previous results showed that integrin β1 pathway was upregulated in ECs 

from IL-35-injected ischemic muscle at day 14 of HLI. Recent studies have found that 

controlled integrin β1 signaling is required for vascular remodeling61, where cell-matrix 

(also known as focal adhesion) and cell-cell adhesions (also known as adhesion junction, 

AJ) are highly regulated62. Also, integrin β1 specifically controls VE-cadherin 

localization and blood vessel stability63. Thus, we hypothesized that IL-35 might impair 

vascular AJs in an integrin β1-dependent way. Through IPA core analysis, we found α-

catenin was among the top 5 predicated upstream regulators that could explain the 

changed gene expression profile (Table 4, Figure 21). Besides, gene expression of 

plakoglobin (encoded by JUP) was significantly decreased in IL-35-treated ECs. These 

results suggest that the (VE-cadherin)-plakoglobin-(α-catenin) complex may be impaired 

in IL-35-treated ECs in the ischemic muscle of HLI at day 14. Thus, we examined the 

VE-cadherin expression using flow cytometry (Figure 22A-C). We found there was a 

downward trend of VE-cadherin protein expression in IL-35-treated ECs in the ischemic 

muscle of HLI at day 14 (Figure 22E), though the percentage of CD31+ ECs in CD45- 

non-leukocytes were the same as PBS-treated group (Figure 22D). Consistently, co-

staining of CD31 and VE-cadherin in the Matrigel plugs showed that IL-35-treated group 

had reduced VE-cadherin expression in blood vessels (Figure 23&24). To further 

confirm our hypothesis that IL-35 impaired vascular maturation, we co-stained Matrigel 
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plug with CD31 and NG2 (a pericyte marker). We found that IL-35 treatment reduced 

NG2+ pericyte coverage in the vascular-like structures (Figure 25).  

These results suggest that IL-35-inhibited angiogenesis may partially via 

upregulating integrin pathways, disrupting the cadherin-plakoglobin complex, and 

pericyte coverage on ECs, which collectively leads to immature blood vessel formation.  

 

Table 4. Alpha catenin is among the top 5 upstream regulators predicted to be 

significantly activated or inhibited by IPA core analysis 

Upstream 

Regulator 
Expr Log 

Ratio Molecule Type 

Predicted 

Activation 

State 
Activation 

z-score 
p-value of 

overlap 
TNF -0.78 cytokine Activated 5.255 1.1E-33 

TGFB1   growth factor Activated 3.789 5.42E-26 

Alpha catenin   group Inhibited -5.05 2.29E-23 

CSF2   cytokine Activated 4.475 1.5E-20 

AHR   
ligand-dependent 

nuclear receptor Inhibited -2.727 2.13E-17 
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Figure 21. The network of α-catenin regulating 33 downstream molecules that are 

changed in IL-35-treated ECs in the ischemic muscle at day 14 of HLI 

Total of 659 DEGs from CD45-CD31+ ECs were processed through IPA core analysis. 

α-catenin was predicted being inhibited by IL-35 injection (colored blue in the center of 

the network). 
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Figure 22. IL-35-inhibited VE-cadherin contributes to the impairment of inter-

endothelial junctions 

Flow cytometry data generated from GC muscle in BMT experiment (Figure 12) at day 

14. A. Density plot with CD31 BV605 and VE-cadherin APC. CD31+ ECs were gated 

from the CD45- cell population. B. The gating strategy of the parent cells of ECs. 

Digested muscle cells were first gated for singlet with FSC-A and FSC-H, alive cells with 

FSC-A and LIVE/DEAD (stains only dead cells), non-debris with FSC-A and SSC-A, 

and then CD45- cells with CD45.2 PE-Cy7 and CD45.1 APC-Cy7. C. Histogram of VE-

cadherin expression level. D. Percentage of CD31+ ECs in CD45- cell population in IL-

35 or PBS-injected group. E. Medium fluorescent intensity (MFI) of VE-cadherin in IL-

35 or PBS injected group. N ≥ 3. 
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Figure 23. IL-35-treated Matrigel plug shows significant reduction of VE-cadherin 

expression in CD31+ vasculature 

Paraffin section of Matrigel plug was stained with anti-CD31 (green), anti-VE-cadherin 

(red), and DAPI (blue). Representative images of FGF2 and FGF2 + IL-35 groups are 

shown here. N = 3. Scale = 500 µm 
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Figure 24. Higher resolution images showing IL-35-suppressed VE-cadherin 

expressions in CD31+ vasculature in Matrigel plug 

Paraffin section of Matrigel plug was stained with anti-CD31 (green), anti-VE-cadherin 

(red), and DAPI (blue). Representative images of FGF2 and FGF2 + IL-35 groups are 

shown here. N = 3. Scale = 25 µm 
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Figure 25. Higher resolution images showing IL-35-suppressed pericyte marker 

NG2 expression in CD31+ vasculature in Matrigel plug 

Paraffin section of Matrigel plug was stained with anti-CD31 (green), anti-NG2 (red), 

and DAPI (blue). Representative images of FGF2 and FGF2 + IL-35 groups are shown 

here. N = 3. Scale = 25 µm 
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3.12 IL-35 inhibits HMVEC migration in wound healing assay in vitro 

We and other studies have shown that IL-35 can directly signal through EC in 

multiple conditions such as inhibition of LPS- and LPC-induced EC activation37,38. As 

the central cell type in angiogenesis, we wanted to study the direct effect of IL-35 on ECs. 

In ECs from IL-35-injected ischemic muscle of HLI, we found that EC migration 

pathway was significantly regulated with p-value of 1.27 x 10ˆ-14. Thus, we used in vitro 

wound healing assay to test whether IL-35 could inhibit EC migration directly. Briefly, 

HMVECs were treated with 40 ng/ml of IL-35, 80 ng/ml of FGF2, or both IL-35 and 

FGF2, then imaged at the same region at 0 and 12 hours after a scratch. The result 

showed that IL-35 inhibited FGF2-induced HMVEC migration but not at the basal level 

(Figure 26). This result is consistent with a previously report39, except that they find IL-

35 impairs migration in basal condition as well. This disparity may be due to the fact that 

HUVECs, rather than HMVECs, were used in their study and the source of EC can make 

a big difference64. 
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Figure 26. IL-35 inhibits FGF2-induced HMVEC migration 

After starvation with 0.1% FBS overnight, HMVECs were treated with 40 ng/ml of IL-35, 

80 ng/ml of FGF2, and both IL-35 and FGF2 for 12 hours. A. Representative images of 

wound closure at 0 and 12 hours after a scratch. B. Statistics of migration distance. Data 

are presented as mean ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001. N = 6. 

 

3.13 IL-35 induces anti-angiogenic proteins such as PEDF, Maspin, and THBS-1 in 

HMVECs 

To study the mechanism on how IL-35 inhibits FGF2-induced migration in vitro 

and FGF2-induced angiogenesis in Matrigel plug assay, we performed a human protein 
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array with 55 human angiogenesis-related proteins using HMVECs. Briefly, HMVECs 

were treated with medium only, FGF2, or both FGF2 and IL-35 (Figure 27A). The 

results showed that several anti-angiogenic proteins, including PAI-165, PEDF66 

(confirmed in Figure 28), Maspin (tumor suppressor67), and THBS-1 (an endogenous 

inhibitor of angiogenesis68), were upregulated by IL-35 (Figure 27B). The last three 

proteins have been shown to inhibit EC migration directly. ADAMTS-1, MMP8, and 

MMP9 are proteases that degrade ECM, and their unbalanced expression can inhibit 

angiogenesis in many conditions69,70,71. 

 

 

Figure 27. Human angiogenic protein array shows that IL-35 induces the protein 

expressions of anti-angiogenic proteins including PEDF, Maspin, and THBS-1 in 

HMVECs 

After starvation with 0.1% FBS overnight, P9 HMVECs were treated with 80 ng/ml 

FGF2, and with or without 40 ng/ml IL-35 for 12 hours. Proteins were collected and 

pooled from three biological replicates in each treatment, then performed proteome 
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profile following the instruction of human angiogenesis array kit (R&D, #ary007). A. 

Three blots of human angiogenesis proteins. One-way ANOVA with Bonferroni post-test 

adjustment was used based on two technical replicates of each protein. IL-35-changed 

proteins under FGF2 treatment were color-labeled and framed. B. Normalized expression 

of IL-35-changed angiogenic proteins.  

 

 

Figure 28. Western blot shows that IL-35 induces the protein expression of anti-

angiogenic protein PEDF in HMVECs 

After starvation with 0.1% FBS for 6 hours, P8 HMVECs were treated with 40 ng/ml of 

IL-35 for the indicated time. Proteins were collected for western blot. A. Immunoblots of 

PEDF expression level. B. Statistics of PEDF expression level. Data are presented as 

mean ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001. 
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3.14 IL-35 increases bone marrow-derived leukocyte infiltration and migration in 

the ischemic muscle of HLI at day 14 

Leukocyte infiltration is the essential step in tissue repair from injury51. Emerging 

researches on infiltrated leukocytes such as myeloid cells have shed lights on their 

positive roles in angiogenesis72. The previous study has indicated the correlation between 

increased angiogenesis and accumulation of myeloid cells in IL-35-expressing tumors53. 

Our previous results showed that IL-35 impaired AJ core complex, therefore, increased 

vascular permeability and leukocyte infiltration. Thus, we hypothesized that IL-35-

injected ischemic muscle might have increased number of leukocytes. Indeed, IPA core 

analysis of DEGs from ECs showed that the pathways of recruitment of leukocytes 

(activation z-score = 4.027, Figure 29A) and leukocyte extravasation signaling 

(activation z-score = 3.13, Figure 19D&E) were significantly upregulated. Moreover, 

DEGs from CD45+CD31+ angiogenic cells showed significant induction of leukocyte 

migration pathway (activation z-score = 2.321, Figure 29B).  

To examine the observation from IPA analysis, we calculated the CD45+ 

leukocytes in the ischemic GC muscle at day 3 and day 14 of HLI through IF staining 

(Figure 30A&B) and flow cytometry (Figure 30C). The results did show a trend of 

leukocyte accumulation at day 3 of HLI, but no change at day 14. Based on BMT 

experiment (Figure 13A&B), though we did not see the increase of CD45+ leukocytes in 

the ischemic muscle at day 14 of HLI, IL-35-treated group had a significantly bigger 

proportion of bone marrow-derived EGFP+ leukocytes (Figure 30D). Also, these 

EGFP+CD45+ donor leukocytes had a significantly higher percentage of CD11b+ cells 

compared to the whole CD45+ leukocyte population in the ischemic muscle; however, 
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there was no difference between IL-35- and PBS-treated groups (Figure 30E). These 

results suggest that IL-35 treatment increases bone marrow-derived leukocyte infiltration 

and migration, which might be a compensatory regulation to improve the delayed 

vascular repair.  
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Figure 29. RNA-Seq analysis suggests that IL-35 increases the recruitment and 

migration of leukocytes in the ischemic muscle at the late stage of angiogenesis 

DEGs from RNA-Seq were analyzed using IPA. A. The significantly activated network 

of recruitment of leukocytes based on DEGs from CD45-CD31+ ECs. B. The 
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significantly activated network of leukocyte migration based on DEGs from 

CD45+CD31+ angiogenic cells. C. Prediction legend.  
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Figure 30. IL-35 increases the recruitment of bone marrow-derived leukocytes into 

the ischemic muscle after HLI 

A. 3 days after HLI, GC muscle were collected and stained with CD31 (green) and CD45 

(red). Scale = 200 µm. B. Percentage of CD45+ leukocytes in DAPI+ cells at day 3 and 

14 of HLI based on IF staining. C. Percentage of CD45+ leukocytes in muscle at day 3 

and 14 of HLI based on flow cytometry. D. Percentage of EGFP+ in CD45+ leukocytes 

at day 14 of HLI based on flow cytometry. E. Percentage of CD11b+ in CD45+ and 

EGFP+CD45+ cells at day 14 of HLI based on flow cytometry. Data are presented as 

mean ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001.  
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CHAPTER 4 DISCUSSION 

 

Inflammatory cells are primary regulators of post-ischemic neovascularization. 

They secrete and medicate many potent pro- and anti-angiogenic factors throughout the 

vessel growth and maturation phases of angiogenesis73,74. However, sustained 

inflammation leads to delayed neovascularization9 or undesired excessive growth of 

blood vessels40. Thus, anti-inflammatory regulators are critical for balancing the local 

inflammation and promote desired neovascularization. However, the application of anti-

inflammatory drugs in promoting angiogenesis in ischemia diseases has not been 

successful so far, and the underlying mechanisms are not completely understood. 

Furthermore, the role of the novel anti-inflammatory cytokine IL-35 in ischemia-induced 

angiogenesis is unknown. To address this question, we used HLI and Matrigel plug assay 

as in vivo angiogenesis models and wound healing assay as in vitro angiogenesis model 

to study the role and the mechanism of IL-35-mediated angiogenesis. 

We have made the following new findings: 1) IL-35 is induced in ischemic 

muscle in HLI; 2) IL-12RB2, but not IL-6ST, is the key receptor component of IL-35 

signaling in HLI and hypoxic HMVECs; 3) IL-12RB2 deficiency improves blood 

perfusion in HLI-induced angiogenesis model in both WT or ApoE-/- mice; 4) IL-35 

injection inhibits HLI-induced angiogenesis in WT mice but not in IL-12RB2 deficient 

mice; 5) IL-35 also obstructs FGF2-induced angiogenesis in Matrigel plug assay; 6) IL-

35-treated CD45-CD31+ ECs at day 14 of HLI has abnormal ECM organization; 7) IL-35 

increases integrin pathways, impairs (VE-cadherin)-plakoglobin complex, and decreases 

pericyte coverage on ECs; 8) IL-35 inhibits HMVEC migration in wound healing assay 

in vitro; 9) IL-35 induces anti-angiogenic proteins such as PEDF, Maspin, and THBS-1 
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in HMVECs; 10) IL-35 increases infiltration and migration of bone marrow-derived 

leukocytes into the ischemic muscle at day 14 of HLI. These findings suggest that IL-35 

injection impairs the coordination between cell-cell and cell-matrix adhesions, which 

leads to poor vascular integrity and maturation. 

 

4.1 IL-35, a potent anti-inflammatory cytokine, regulates angiogenesis contextually 

TGF-β, IL-10, and newly discovered cytokine IL-35 are three primary anti-

inflammatory cytokines secreted by Tregs, which are the critical immunosuppressive 

cells in our body. TGF-β is a multifunctional regulator that mediates many cellular 

functions. It has been suggested that TGF-β plays a dual role as a tumor suppressor and 

pro-oncogenic factor75. TGF-β inhibits primary tumor development by promoting 

apoptosis and cell cycle arrest. However, at the later stage when the tumor develops 

resistance to the inhibitory role of TGF-β, TGF-β can promote angiogenesis, metastasis, 

and immune privilege of the tumor75. Besides, TGF-β has a critical role in maintaining 

vascular barrier function and homeostasis in the developmental and adult 

microvasculature76,77. However, there is no direct evidence on TGF-β-regulated 

angiogenesis in ischemia and autoimmune diseases.  

TGF-β is a multifunctional regulator constitutively expressed in many tissues34, 

while IL-10 and IL-35 are inflammation-induced anti-inflammatory cytokines. This 

suggests that IL-10 and IL-35 could be better therapeutic targets in the treatment of 

chronic inflammatory diseases. Like TGF-β, IL-10 also presents dual functions in tumor 

aniogensis78,79. Also, IL-10 inhibits HLI-induced angiogenesis80, while promotes 

pathological retinal angiogenesis81,82.  
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Emerging studies have shown that IL-35 is a more potent anti-inflammatory 

cytokine in promoting inducible Treg35 and Breg36 than TGF-β and IL-10. A recent study 

shows that human Tregs express and require IL-35 for maximal suppressive function, and 

activated human Tregs have substantially upregulated gene expression of EBI3 and IL-

12A, but not IL-10 and TGF-B83. This suggests that IL-35 is the key anti-inflammatory 

cytokine that mediates suppressive functions of Treg. While TGF-β and IL-10 have been 

extensively studied, the role of IL-35 in angiogenesis has not been thoroughly 

investigated. It has been shown that IL-35 is expressed in many tumor cell lines 

compared to normal cell lines and promotes tumor angiogenesis and progression53,84. 

However, one study finds that IL-35 over-expression inhibits tumor angiogenesis through 

increasing apoptosis sensitivity and inhibition of proliferation in human cancer cells85. 

Previously, it had been demonstrated that IL-35 inhibits angiogenesis in rheumatoid 

arthritis39. Similarly, in our study, we find that IL-35 impairs HLI-induced angiogenesis. 

In summary, IL-35, like TGF-β and IL-10, regulates angiogenesis in a context-

dependent manner. The function of IL-35 is very similar to that of IL-10 in different 

diseases (Table 1). This phenomenon could be the result of reciprocal regulation of these 

cytokines since they typically act in concert to reach maximal suppressive capacity. One 

study shows that IL-12A induces expansion of IL-10 and IL-35-expressing Bregs and 

ameliorates autoimmune disease86. 

 

4.2 IL-35 delays HLI-induced angiogenesis and tissue repair 

As we mentioned in introduction, the better scarless wound repair in fetuses has 

been associated with reduced inflammation compared to adult wound healing9. Also, 
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anti-inflammatory cytokine IL-19 increases HLI-induced angiogenesis through a direct 

effect on EC87. Recent studies show that immunosuppressive Tregs repair pathological 

angiogenesis in retina88 and skeletal muscle repair after acute injury46. However, there is 

also a variety of evidence showing that anti-inflammatory factors inhibit angiogenesis, 

including IL-10 in ischemic vascular diseases and autoimmune diseases. Also, 

nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin and ibuprofen have been 

shown to inhibit angiogenesis, which delays gastroduodenal ulcer/wound healing89.  

PAD is an aging disease caused by atherosclerosis. Anti-inflammatory treatment 

has been presumed a promising therapy for patients with atherosclerosis. However, a 

recently completed clinical trial of canakinumab (an anti-IL-1β antibody) anti-

inflammatory thrombosis outcome study (CANTOS) showed no benefit in all-cause or 

cardiovascular mortality at the tested dose (50, 150, and 300 mg every 3 months). Only 

the dose of 150 mg showed a significantly lower rate of recurrent cardiovascular events 

than placebo90. A following study shows that anti-IL-1 antibody treatment has no effect 

on lesion size and completely inhibits beneficial outward remodeling in advanced 

atherosclerosis lesion of mice cap area91.  

These findings implicate the complicated roles of anti-inflammatory cytokines in 

vascular diseases, where they may be responsive players that exhibit both detrimental and 

protective functions in different stages of disease progression. Apparently, there is 

limited knowledge to guide the treatment of anti-inflammatory modulators in complex 

diseases. More mechanistic studies are urgently needed to unveil the regulation of anti-

inflammatory cytokines in these diseases. Here, we find multiple new mechanisms of a 

novel anti-inflammatory cytokine IL-35 in inhibiting HLI-induce angiogenesis through 
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modulation of ECM deposition, cell-cell and cell-matrix adhesions, and leukocyte 

infiltration and migration. In addition, we report the possible molecular mechanism of IL-

35-inhibited EC migration in HMVECs. Below we will discuss each mechanism 

separately. 

 

4.3 IL-35-treated ECs present an abnormal extracellular matrix organization 

The proper angiogenic process in which new blood vessels sprout from existing 

ones largely relies on timely regulation of ECM degradation and synthesis. In CD45-

CD31+ ECs, isolated from IL-35-injected ischemic muscle at day 14 of HLI, GSEA and 

IPA reveals significant enrichment of gene sets regulating ECM remodeling, including 

collagen formation, MMP activation, integrin β1 and β3 pathways, and syndecan 1 and 4 

pathways. This enrichment gene set profile is likely due to the IL-35-upregulated genes in 

collagen family (16 genes including type I, V, VI, VIII, XI, XII, XIV, XVI, XVIII, XXII, 

and XXVII), MMP family (5 genes including MMP2, MMP12, MMP13, MMP14, and 

MMP19), ADAM and ADAMTS families (6 genes including ADAM8, ADAM12, 

ADAM19, ADAMTS2, ADAMTS7, and ADAMTS17), and adhesion molecules (9 genes 

including ITGAX, ITGB2, ITGB3, ITGAM, ITGAV, ITGA11, ITGA9, CDH11, and 

PCDH7). 

MMP, ADAM and ADAMTS are the mostly studied proteases in angiogenesis. 

Collectively, they can degrade all known ECM components. Our analysis reveals that 5 

MMP genes are induced and one endogenous inhibitor TIMP4 is reduced by 3.48-fold in 

IL-35-treated ECs. Even though TIMP2 (another member in TIMP family) is increased 

by 1.51-fold, the general MMP activity is significantly upregulated in IL-35-treated ECs 
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in ischemic muscle at day14 of HLI. MMPs are previously considered as pro-angiogenic 

mediators. Of note, MMP2 is one of the most studied MMPs for its positive roles in 

angiogenesis. Integrin αVβ3 (both subunit genes are upregulated in the IL-35-treated ECs 

in mouse) can directly bind to the active form of MMP2 and promote matrix degradation 

and directional cellular invasion92. However, it has also been well acknowledged that 

MMPs are also the principal proteases responsible for generating potent angiogenesis 

inhibitors such as angiostatin and endostatin93,94. Among them, MMP12 (upregulated in 

the IL-35-treated ECs in mouse) is potent in generating angiostatin95 and endostatin96 

(COL18A1 is increased in IL-35-treated ECs in mouse and IL-35-treated HMVECs (data 

not shown)). We also find that IL-35 can directly upregulate protein levels of MMP8 and 

MMP9 in HMVECs. MMP9 upregulation observed in our study is not consistent with a 

previously reported study39. This discrepancy may be because of the cell type difference 

since the previous study used HUVEC rather than HMVEC and the source of ECs can 

make a huge difference in the outcomes64. 

Interestingly, there are also significant inductions of thrombospondin family 

genes (THBS1, THBS2, THBS3, and THBS4) in IL-35-treated ECs in HLI. 

Thrombospondin family proteins are ECM glycoproteins with potent anti-angiogenic 

effect. In addition, THBS1 protein level is elevated in IL-35-treated HMVECs. Among 

the THBS family members, THBS1 and THBS2 have been well studied and shown as 

endogenous inhibitors of angiogenesis and tumor growth68,97. Collectively, abnormally 

activating ECM remodeling genes at day 14 of HLI may explain the delayed HLI-

induced angiogenesis in IL-35-injected mice compared to PBS control.  
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4.4 IL-35 impairs vascular adhesion junctions and maturation 

As we discussed earlier, there are 16 collagen genes and 7 integrin genes 

increased in IL-35-treated ECs in the ischemic muscle of HLI at day 14. Among the 

upregulated collagen genes, we find an enrichment in fibrillar and fibril-associated 

collagens (56%, 9 in 16 collagens), which are abundant in fibril-rich tissues like skeletal 

muscle. Also, fibronectin (encoded by FN1), a glycoprotein that connects fibrillar 

collagens with cellular receptors such as integrin, is also upregulated. These findings 

indicate that IL-35-treated ECs in ischemic muscle are undergoing strongly activated 

cell-matrix interactions at day 14 of HLI, which changes cytoskeleton dynamics and 

promotes focal adhesions.  

We also find that plakoglobin gene expression and VE-cadherin protein 

expression are downregulated in IL-35-treated ECs in ischemic muscle of HLI at day 14. 

One study shows that increased mRNA and protein levels of plakoglobin is associated 

with tightly confluent cells in vitro23. In addition, IPA analysis predicts that α-catenin 

could be the upstream regulator that is inhibited directly or indirectly by IL-35 injection. 

α-catenin is an actin-binding protein that binds to β-catenin or plakoglobin. And, this 

(VE-cadherin)-(β-catenin/plakoglobin)-(α-catenin) complex is essential to regulate 

cytoskeleton and form vascular junctions20. Though we did not find the change of α-

catenin gene expression in IL-35-treated ECs in mouse, it does not exclude the possibility 

of post-transcriptional regulation of α-catenin98. Thus, ECs from IL-35-injected ischemic 

muscle present impaired vascular AJs at the late stage of HLI-induced angiogenesis. 

Cell–ECM and cell-cell adhesions are highly integrated networks of protein 

interactions. Numerous studies have shown that integrins and cadherins share many 
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downstream signaling molecules and can modulate each other in various ways99,62. A 

recent study shows that integrin can dissociate the VE-cadherin/catenin complex and 

disrupt vascular AJs100. Thus, IL-35-enhanced integrin-mediated cell-ECM adhesion may 

lead to the disassembling (VE-cadherin)-plakoglobin-(α-catenin) complex, which impairs 

vascular AJs and maturation.  

 

4.5 IL-12RB2 is the key receptor of IL-35 in HLI-induced angiogenesis 

IL-12RB2 is the receptor subunit shared by anti-inflammatory cytokine IL-35 and 

inflammatory cytokine IL-12. Its deficiency leads to spontaneous autoimmunity and B-

cell malignancies in aged mice101, implicating that IL-12RB2 is an anti-inflammatory 

receptor. This function is consistent with the anti-inflammatory character of IL-35. Also, 

IL-12RB2 is the common receptor subunit for IL-35 signaling in Breg36 (IL-12RB2 and 

IL-27RA) and Treg35 (IL-12RB2 and IL-6ST). Unlike IL-6ST, which is constitutively 

expressed in many cell types, IL-12RB2 is an immune-responsive receptor more 

restrictive to immune cells and ECs. Besides, the subunit IL-6ST is also shared with IL-6 

family cytokines, which suggests that IL-6ST KO is going to affect multiple cytokine 

pathways. 

In our study, the gene expression of IL-12RB2 is induced in ischemic muscle and 

amplified by IL-35 injection after HLI, while IL-6ST gene expression is reduced in both 

HLI muscle and hypoxia-treated HMVECs. In addition, IL-12RB2 deficiency 

significantly improves HLI-induced angiogenesis in both WT and ApoE-/- mice. Also, its 

deficiency rescues IL-35-inhibited angiogenesis in HLI. Taken together, we think IL-
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12RB2 could be a potential therapeutic target to improve post-ischemia 

neovascularization.  

 

4.6 IL-35 inhibits HMVEC migration in wound healing assay 

EC migration is an essential biological event in angiogenesis. We find cell 

migration-related genes are highly induced in ECs from IL-35-injected ischemic muscle 

of HLI at day 14. However, though the pathway of EC migration is significantly 

regulated, the direction of the effect is not clear. The complex environment may have 

veiled the direct role of IL-35 on EC migration. A previous study has shown that IL-35 

inhibits HUVECs migration39, which is consistent with our finding. However, the 

underlying mechanism is largely unknown.  

We performed an angiogenesis protein array containing 55 most studied 

angiogenic factors. Surprisingly, the results show that several anti-angiogenic proteins are 

induced by 40 ng/ml of IL-35, including PEDF, Maspin, and THBS-1. All three proteins 

have been shown to inhibit EC migration. PEDF is a potent inhibitor of EC migration 

under many angiogenic inducers, including PDGF, VEGF, and IL-8102. Maspin, a tumor 

suppressor, has been shown to inhibit HUVECs migration under FGF2 stimulation 

through an integrin β1 signaling pathway103. This study shows that Maspin increases 

focal adhesion stability through activation of integrin-linked kinases and retards EC 

migration. Besides, THBS-1, an endogenous inhibitor of angiogenesis, also inhibits 

HUVECs migration in an integrin β1-dependent manner104. It shows that the type-1 

repeat (TSR) domain in THBS-1 can bind to β1 integrins and inhibit EC migration. In our 



87 
 

RNS-seq data from IL-35-treated ECs, integrin β1 pathway is significantly enriched, and 

THBS1-4 genes are increased, which may together impair EC migration in vivo. 

A recent study shows that IL-35-inhibited angiogenesis through 

VEGF/ANG2/Tie239. We also find that IL-35 treatment can induce ANG2 gene 

expression in HMVECs (data not shown). Studies from several groups have shown that 

ANG2 competes with ANG1/Tie2 signaling and destabilize quiescent blood vessels105,106. 

The presumed mechanism underlying is that ANG2, but not ANG1, directly bind to 

integrin β1 and promote cell-matrix adhesion and actin stress fibers, which has been 

associated with retarded EC migration103. 

In summary, these results suggest that IL-35 induces several anti-angiogenic 

factors possibly and collectively activates beta 1 integrins, which inhibits proper EC 

migration. 

 

4.7 IL-35 increases bone marrow-derived leukocyte infiltration and migration  

Bone marrow-derived leukocytes primarily contribute to the angiogenic processes 

in both physiological and pathological conditions. Widely studied leukocytes include 

neutrophils, circulating angiogenic cells, Tie-2 expressing cells, myeloid-derived 

suppressor cells (MDSCs), and tumor-associated macrophages (TAMs). CD11b+ 

myeloid cells have been shown to give rise to endothelial cell-like colonies and 

contribute to neovascularization48,72. In addition, a recent study shows that IL-35-

producing tumors accumulate MDSCs and promote tumor angiogenesis53.  

In our study, IL-35 increases bone marrow-derived leukocyte infiltration into the 

ischemic muscle at day 14 of HLI. These leukocytes show higher CD11b+ expression, 
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but there is no difference in the IL-35- and PBS-treated group. Besides, our in vitro study 

shows that IL-35 significantly induces granulocyte-macrophage colony-stimulating factor 

(GM-CSF) protein expression in HMVECs. Studies have shown that GM-CSF can 

promote leukocyte infiltration107,108,109. Increased leukocyte extravasation could be a 

probable result of increased vascular permeability in IL-35-injected ischemic muscle 

(Figure 29A&30D). 

Because of the limitation of having one observation time point (only day 14 of 

HLI, where the impairment of blood perfusion by IL-35 is the worst), the phenotype we 

captured could represent an elongated vessel growth phase in IL-35-injected mice, while 

a maturation phase in PBS-injected mice (Figure 31B). Thus, the increased bone 

marrow-derived leukocyte infiltration may present a compensatory mechanism in IL-35-

injected mice to improve the delayed recovery from HLI injury. This diagram is 

supported by several evidences that IL-35-injected mice have: 1) lower percentage of 

ECs on day 3 in the ischemic muscle (Figure 15); 2) worse blood perfusion and enlarged 

avascular area, but no difference of EC percentage in the ischemic muscle at day 14 

(Figure 14); and 3) same blood perfusion as PBS-treated mice at day 28 (Figure 11C), 

representing a delayed recovery after HLI. 
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Figure 31. Working model of IL-35-inhibited angiogenesis in HLI 

A. IL-35-treated ischemic muscle at day 14 of HLI presents impaired cell-cell junction: 1) 

IL-35 injection induces IL-12Rβ2 homodimer formation and drives downstream 

signaling of ECs; 2) IL-35 reduces VE-cadherin protein expression on EC membrane; 3) 

IL-35 reduces gene expression of plakoglobin that connects VE-cadherin and α-catenin 

and α-catenin is predicted as the upstream regulator of the DEGs in IL-35-treated EC; 4) 

IL-35 inhibits pericyte coverage on blood vessels; 5) IL-35 increases ECM deposition 

and MMPs activities; 6) IL-35 activates integrin signals and enhances cell-matrix 

adhesion; 7) IL-35 induces anti-angiogenic proteins including PEDF, Maspin, and THBS-

1, which inhibit EC migration; 8) IL-35 increases bone marrow-derived leukocytes 

infiltration and migration; B. IL-35 injection delays angiogenesis and recovery from HLI 

injury. HLI-induced angiogenic process is classified as two phases, where tissues 

undergo vessel growth and vessel maturation.  

 

4.8 Summary and Future Directions 

In general, HLI-induced angiogenic process is classified as two phases7, where 

tissues undergo vessel growth phase and vessel maturation phase. In this study, we 

conclude the inhibitory role of IL-35 in HLI-induce angiogenesis through gain-of-

function and loss-of-function in vivo mouse models. In addition, via cell-specific deep-

sequencing technology, we provide an insight on the mechanisms of IL-35-inhibited 

angiogenesis in the ischemic muscle (Figure 31A): 1) IL-35 injection induces IL-12Rβ2 

homodimer formation and drives downstream signaling in ECs; 2) IL-35 reduces VE-

cadherin protein expression on EC membrane; 3) IL-35 reduces gene expression of 
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plakoglobin that connects VE-cadherin and α-catenin and α-catenin is predicted as the 

upstream regulator of IL-35-inhibited angiogenesis; 4) IL-35 inhibits pericyte coverage 

on blood vessels; 5) IL-35 increases ECM deposition and MMPs activities; 6) IL-35 

activates integrin signals that enhances cell-matrix adhesions; 7) IL-35 induces anti-

angiogenic proteins including PEDF, Maspin, and THBS-1 that inhibit EC migration; and 

8) IL-35 increases bone marrow-derived cell infiltration and migration. Collectively, we 

find that IL-35 treatment dysregulates cell-cell and cell-matrix adhesions, which leads to 

poor vascular integrity and maturation. Further, we demonstrate the possible mechanisms 

on how IL-35 directly inhibits EC migration in HMVECs.  

Due to the limitation of conventional KO of IL-12RB2, it is hard to conclude that 

IL-35-inhibited angiogenesis is directly through regulating EC in HLI mouse model. As 

an anti-inflammatory cytokine, IL-35 may also regulate the function of many other 

immune cells. In future studies, we will perform HLI on EC-specific inducible (Pdgfb-

CreERT2) KO of IL-12RB2 to examine the specific effect of IL-35 on ECs. Also, we will 

increase sample size in Matrigel plug assay to perform reliable statistical analysis. 

To test our proposed mechanisms, we will perform molecular studies primarily 

based on HMVEC migration model, including staining and quatitation of F-actin, 

junction proteins ((Zonula occludens-1) ZO-1, claudin 5, VE-cadherin, α-catenin, 

plakoglobin), and focal adhesion proteins (integrins, paxillin, vinculin). These assays will 

also be performed in the muscle of HLI mouse model.  
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