
Interleukin-19 increases Angiogenesis in ischemic hind limbs by 
Direct Effects on both Endothelial Cells and Macrophage 
Polarization

James Richards1, Khatuna Gabunia1, Sheri E. Kelemen1, Farah Kako1, Eric T. Choi2, and 
Michael V. Autieri1

1Department of Physiology, Independence Blue Cross Cardiovascular Research Center, Temple 
University School of Medicine, Philadelphia, PA 19140

2Department of Surgery, Independence Blue Cross Cardiovascular Research Center, Temple 
University School of Medicine, Philadelphia, PA 19140

Abstract

Hypoxia in ischemic limbs typically initiates angiogenic and inflammatory factors to promote 

angiogenesis in attempt to restore perfusion. There is a gap in our knowledge concerning the role 

of anti-inflammatory interleukins in angiogenesis, macrophage polarization, and endothelial cell 

activation. Interleukin-19 is a uniquely anti-inflammatory Th2 cytokine that promotes angiogenic 

effects in cultured endothelial cells (EC); the purpose of this study was to characterize a role for 

IL-19 in restoration of blood flow in hind-limb ischemia, and define potential mechanisms. 

Hindlimb ischemia was induced by femoral artery ligation, and perfusion quantitated using Laser 

Doppler Perfusion Imaging (LDPI). Wild type mice which received i.p. injections of rIL-19 

(10ng/g/day) showed significantly increased levels of perfusion compared to PBS controls. LDPI 

values were significantly decreased in IL-19−/− mice when compared to wild type mice. IL-19−/− 

mice injected with rIL-19 had significantly increased LDPI compared with PBS control mice. 

Significantly increased capillary density was quantitated in rIL-19 treated mice, and significantly 

less capillary density in IL-19−/−. Multiple cell types participate in IL-19 induced angiogenesis. 

IL-19 treatment of human microvascular EC induced expression of angiogenic cytokines. M2 

macrophage marker and VEGF-A expression were significantly increased in macrophage and 

spleen from rIL-19 injected mice, and M1 marker expression was significantly increased in spleen 

from IL-19−/− compared with controls. Plasma VEGF-A levels are higher in rIL-19 injected mice. 

IL-19 decreased expression of anti-angiogenic IL-12 in spleen and macrophage. This study is the 
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first to implicate IL-19 as a novel pro-angiogenic interleukin and suggests therapeutic potential for 

this cytokine.
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Introduction

Peripheral artery disease (PAD) is often associated with diabetes and coronary artery 

disease, leading to significant morbidity (amputation) and mortality (myocardial infarction) 

in patients. Identification and characterization of molecules which can not only limit tissue 

inflammation but also increase capillary density, collateral formation and perfusion have the 

potential to salvage ischemic tissue and can lead to new therapies for tissue repair and 

neovascularization. Hypoxia in ischemic limbs typically initiates angiogenic and 

inflammatory factors to promote angiogenesis in attempt to restore perfusion, and 

accordingly ischemic revascularization is a complex process involving multiple processes 

and cell types. While neovascularization and inflammation are independent biological 

processes, they are linked in response to injury and ischemia, and both inflammatory and 

anti-inflammatory cytokines participate in these processes. Endothelial cell (EC) paracrine 

and autocrine stimulation can result in migration and proliferation, and is an essential 

component of normal and pathophysiological processes including, wound healing, and 

angiogenesis1–3. In addition to well characterized angiogenic cytokines like VEGF, FGF, 

and CXCL1, it is accepted that many pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, 

and IL-18 increase EC migration, proliferation, tube formation, and increased vascularity in 

vivo4–6. One exception is Interleukin-12, which is both pro-inflammatory and potently anti-

angiogenic7. On the other hand, the role of and direct effects of anti-inflammatory 

interleukins on EC in initiation of angiogenesis are less clear. The prototypical anti-

inflammatory cytokine, IL-10, has anti-angiogenic activity and is associated with VEGF 

down regulation, reduction of FGF and VEGF induced proliferation of microvascular EC8. 

Similarly, IL-4 can inhibit VEGF production and reduce vascularization, but can also induce 

migration and tube like structure formation in EC, activities consistent with 

angiogenesis9–11. IL-13 attenuates EC tube formation, and IL-20 has both pro and 

antiangiogenic effects12–15. Macrophage also participate in angiogenesis as the M2, or 

alternatively activated macrophage express several pro-angiogenic cytokines and thus must 

be included in any discussion of angiogenesis in vivo16,17. In summary, direct pro-

angiogenic effects on EC, polarization of macrophage M2 phenotype, and inhibition of anti-

angiogenic cytokines all are recognized pathways leading to angiogenesis; a modality which 

could reduce inflammation but not impair revascularization would have obvious clinical 

benefits.

Interleukin-19 (IL-19) was discovered in 200118, and is considered to be part of the IL-10 

sub-family which includes IL-20, IL-22 and IL-24.19,20. IL-19 promotes an anti-

inflammatory Th2 rather than the Th1 response in T-lymphocytes21,22. Unlike IL-10, IL-19 

expression and activity is not restricted to leukocytes and is rather unique among 
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interleukins. For example, neither IL-10, IL-4, nor IL-33 are expressed by EC or vascular 

smooth muscle cells (VSMC), precluding potential autocrine effects of these interleukins on 

the vasculature23. Little is reported regarding IL-19 effects on macrophage.

We recently reported that IL-19 was expressed in angiogenic tissue, and has potent pro-

angiogenic effects on multiple human EC types, (umbilical vein, coronary artery, and 

microvascular)24. This manuscript reported that IL-19 is chemotactic and mitogenic for EC, 

promotes tube-like structure formation on Matrigel, and microvessel formation in the mouse 

aortic ring assay. These inaugural studies, though novel, were all cell culture or ex vivo 

based, and lacked validation in a relevant in vivo model of angiogenesis. Rodent hindlimb 

ligation and ischemia is a well-established model for induction of neovascularization in 

vivo25,26. In the present study, multiple but complementary approaches were used to 

determine if IL-19 regulated neovascularization in the hind-limb ischemia model. In this 

manuscript we determine that in contrast to IL-10, IL-19 can increase perfusion in ischemic 

hind limbs and exerts its angiogenic effects by at least three mechanisms: direct effects on 

EC gene expression; local and systemic M2 macrophage polarization and VEGF-A 

expression, and suppression of IL-12 expression in macrophage. Together, this implicates 

IL-19 as a link for two major processes; anti-inflammation and angiogenesis, and could 

identify IL-19 as a previously unrecognized proangiogenic modality in treatment of PAD.

Materials and methods

Animals

Wild type C57BL/6 mice were purchased from Jackson Labs. IL-19 knockout mice were 

generated using the VelociGene method and IL-19−/− mice identified by genotyping of tail 

DNA by PCR using specific primers as we described27. Age and sex-matched male and 

female littermates were used for these studies. The hind limb ischemia model was performed 

as described28. Briefly, mice were anesthetized by injection of ketamine and xylazine, the 

femoral artery is dissected from the femoral vein, the artery occluded at two points using 

double knots, and the femoral artery between these knots excised. Ten ng/g/day recombinant 

murine IL-19 was administered i.p. 24 hours post-surgery. Laser Doppler scanning was 

performed by an operator blinded to the identity of each mouse, immediately following 

surgery, and at days 3, 7, 10, and 15 days post-surgery using a Laser Doppler Imager (Moor 

Instruments, Cambridge, UK). After 15 days, mice were euthanized and gastrocnemius 

muscle prepared for immunohistochemistry. Some mice were injected i.p. with 10ng/g/day 

murine rIL-19 (eBioscience) or an equivalent volume of PBS five days per week for the 

duration of the study. All animal procedures followed Temple University-IACUC approved 

protocols.

Immunohistochemistry

Five-micrometer sections from paraffin embedded gastrocnemius muscle were blocked in 

10% goat serum. Sections were incubated with primary antibody (anti-CD31 and anti-IL-19, 

from AbCam, Inc) at 1µg/ml in 1%BSA/PBS and were applied for 1 hr., followed by 

incubation with biotinylated secondary antibody (1:200), followed by avidin-biotin 

peroxidase complex each for 30 min as we have described24,27. Non-specific identical 
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isotype control (Neomakers # NC-100-P, and Biolegend #400601) antibodies were used as 

negative controls. Macrophage were identified by immunostaining with anti-CD68 antibody 

(BioRad, Inc), and quantitated by manual counting of 9 randomly chosen HPFs from at least 

three different sections of ischemic hind limb of 6 animals per group 5 days post ligation 

surgery. For quantitation of capillary density, three transverse serial sections of 

gastrocnemius muscle spaced 100–200µm apart were immunostained from at least 6 mice in 

each group. Capillaries (CD31 positive structures surrounding a lumen) were counted from 

three per high powered fields per section and reported per mm2.

Human microvascular EC culture

Human microvascular endothelial cells (hmvEC) were obtained from Lonza, Inc. and 

cultured in growth media from the manufacturer as we described24. Cells from passage 2 to 

4 were used. For gene expression studies, growth media was replaced with basal media 

supplemented with 1% fetal calf sera for 24 hours, then stimulated with 100ng/ml IL-19 for 

the times indicated.

Bone Marrow derived macrophage

To generate BMDM, mice femurs and tibiae were flushed with sterile DMEM. After lysis of 

red blood cells, total BM cells were plated at a density of 3,5 × 106 cells per 10-cm Petri 

dish in 10 ml macrophage growth medium (complete DMEM medium with 10% FBS and 

100ng/ml M-CSF (Peprotech Inc.) and were allowed to differentiate for 5–7 days. Cells 

were fed with additional 5 ml of growth medium on day 3. On day 7, cells were lifted with 

Versene 1× solution (GIBCO) at 37°C and were re-plated in 12- or 6-well plates (1 × 106 

cells per ml per well (12-well) or 2 × 106 cells per 3ml per well (6-well)) in macrophage 

complete media (DMEM+10%FBS).

RNA extraction and quantitative RT-PCR

RNA from cultured cells, hind limb, or spleen was isolated and reverse transcribed into 

cDNA as we have described, and target genes amplified using an Eppendorf Realplex4 

Mastercycler27,29. Multiple mRNAs (Ct values) were quantitated simultaneously by the 

Eppendorf software. Gene expression in IL-19-stimulated cultured human mvEC was 

performed using the human angiogenesis RT2 Profiler PCR array from SABiosciences as 

described by the manufacturer. Primer pairs were purchased from Integrated DNA 

Technologies, (Coralville, IA), SYBR green used for detection. The following primer pairs 

were used: Mouse GAPDH: F: GCAAGGACACTGAGCAAGAG, R: 

GGGTCTGGGATGGAAATTGT, Mouse Arginase 1:F: 

AAGAATGGAAGAGTCAGTGTGG, R: GGGAGTGTTGATGTCAGTGTG Mouse 

Arginase 2: F: CAGAAGGTGATGGAACAGACA, R: GCCAGTTTAGGGTCAAATGC 

Mouse Ym1: F: AGAGTGCTGATCTCAATGTGG, R: GGGCACCAATTCCAGTCTTAG 

Mouse KLF4: F: ACTTGTGACTATGCAGGCTG, R: ACAGTGGTAAGGTTTCTCGC 

Mouse VEGF-A: F: GGCAGCTTGAGTTAAACGAAC, R: 

TGGTGACATGGTTAATCGGTC Mouse IL-12p40: F: 

GTGAAGCACCAAATTACTCCG, R: AGAGACGCCATTCCACATG Human GAPDH: 

F: CGAGAGTCAGCCGCATCTT, R: CCCCATGGTGTCTGAGCG, Human IL-8: F: 

CCAGGAAGAAACCACCGGA, R: GAAATCAGGAAGGCTGCCAAG Human HGF: F: 
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ATCAAATGTCAGCCCTGGAG, R:CCTCTGGATTGCTTGTGAAAC Human CXCL1: 

F: TGCTCCTGCTCCTGGTAG, R: CTTCTGGTCAGTTGGATTTGTC

Western blotting

Protein extracts from hind limb, cultured hmvEC and BMDM were made as described 

separated by SDS-PAGE, transferred to nitrocellulose membrane, incubated with a 1:4000 

dilution of primary antibody (HGF, IL-8, CXCL1, VEGFA, IL-12, IL-19, CD68, GAPDH, 

AbCam, Inc), and a 1:7000 dilution of secondary antibody27,29. Equal loading of protein 

extracts on gels was verified by Ponceau S staining of the membrane, and blotting with the 

housekeeping protein anti-GAPDH (1:7000 dilution, Biogenesis, Inc.), and reactive proteins 

were visualized using enhanced chemiluminescence. The intensity of each band was 

quantitated using image analysis software (NIH Image, Frederick, MD). ELISA for VEGF-

A was purchased from R&D, Inc, and VEGF-A in plasma from mice treated with either 

rIL-19 or saline was detected according to manufacturer’s instructions.

Statistical analysis

Results are expressed as mean ± SEM. Differences between groups were evaluated with the 

use of ANOVA or by paired t tests where appropriate. Interquartile range determined by the 

GraphPad Prism statistical analysis program as we described27,29. Differences were 

considered significant when p<0.05.

Results

IL-19 expression is induced in murine ischemic hindlimb

IL-19 expression is induced in angiogenic tissue24, and initial experiments validated IL-19 

expression in ischemic murine hind limb. Figure 1A and B shows that IL-19 expression is 

very low, but detectible in non-ischemic hind limb control, but is significantly increased by 

505.8% 3 days post-ligation surgery. IL-19 expression declines by 7 days post-ligation 

surgery but remains elevated above baseline levels. Macrophage are detected 3 days post-

ligation, and decrease, but remain detectable 7 days post-ligation surgery. 

Immunohistochemistry was performed to determine the cell types which expresses IL-19 in 

ligated hind limbs. Figure 1C shows that IL-19 is expressed at low levels in skeletal muscle, 

medial VSMC, capillaries and infiltrating macrophage in ligated hind limbs.

IL-19 can accelerate neovascularization in vivo

Based on our prior study, we hypothesized that IL-19 could increase revascularization in 

ischemic hind limbs. In a first series of experiments, wild-type C57BL/6 mice were subject 

to hind-limb ligation surgery, followed by i.p. injection the day after surgery with 

10ng/g/day rIL-19 or an equal volume of PBS five days per week for 15 days. Serial blood 

flow measurements were performed using LDPI over a period of 15 days. Figure 1C 

illustrates typical time-course of flow recovery in murine ischemic hind limbs. When 

quantitated, Figure 1D demonstrates a significantly increased perfusion ratio in mice 

injected with rIL-19 compared with PBS controls. The perfusion ratio increased by 47.0% at 

day 7 (37.4+/−2.4% vs 53.0+/−4.0%, for PBS and IL-19, respectively, n=13, P<0.01) in 
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mice receiving rIL-19. It remained significantly higher (22%) at day 10 (47.3+/−2.0 vs 

57.8+/−3.5 for PBS and IL-19, respectively, P<0.05).

Lack of IL-19 decreases neovascularization

To determine the necessity of IL-19 in neovascularization, we next compared reperfusion in 

age matched IL-19−/− with wild-type littermates. Mice were ligated and Doppler imaged as 

described in the preceding section. Figure 2A demonstrates that mice lacking IL-19 

revascularized more slowly than wild-type mice. The perfusion ratio in IL-19−/− was 

significantly decreased by 25.3% at day 7 (43.8+/−1.8% vs 32.7+/−2.2% for wild type and 

IL-19−/−, n=13, P<0.05). Reperfusion remained decreased at days 10 and 15, (P=0.08 and 

0.06, respectively) (Figure 2B).

To further confirm the role of IL-19 in regulation of neovascularization, two groups of IL-19 

knockout mice were subject to femoral ligation. Some mice were injected i.p. with 

10ng/g/day rIL-19 5 days per week, others with equivalent volume of PBS as controls, and 

reperfusion quantitated by LDPI as described in the preceding sections. IL-19−/− mice 

injected with rIL-19 had significantly increased reperfusion compared with PBS control 

mice (23.0%) at day 7 (42.3+/−4.0% vs 31.8+/−2.6% for rIL-19 and PBS, respectively, 

n=14, P<0.05) (Figures 2C and 2D). In non-ischemic hind limbs, capillary density remained 

the same between IL-19−/− and wild type controls. Since addition of IL-19 to IL-19−/− mice 

can increase, or rescue reperfusion, these data demonstrate IL-19 specificity and suggest that 

IL-19 can regulate perfusion of ischemic hind limbs.

IL-19 expression regulates capillary vessel density

To gain further insight into potential mechanisms of IL-19 revascularization of ischemic 

hind limbs, capillary density in gastrocnemius muscle was determined by 

immunohistochemistry using anti-CD31 antibody. CD31-positive structures surrounding a 

lumen were quantitated. There was a significant increase in the number of capillaries in 

ligated arteries in mice injected with rIL-19 compared with controls (126.0+/−25 vs 

203.15+/−34.5 per HPF for PBS and rIL-19, respectively P<0.05) (Figure 3A). 

Correspondingly, there was also a significant increase in the capillary ratio in ligated versus 

unligated control limbs in mice injected with rIL-19 (2.08+/−0.2 vs 3.38+/−0.4, for PBS and 

rIL-19, respectively P<0.05) (Figure 3B). Conversely, a significant decrease in capillary 

vessel density was observed in IL-19−/− versus wild-type controls (175.3+/−18.25 vs 

126.1+/−12.05, P<0.05 for wild type and IL-19−/−, respectively) with a subsequent decrease 

in capillary ratio in ligated versus unligated control limbs (2.3+/−0.22 vs 1.63+/−0.95 for 

wild type and IL-19−/−, P<0.05 respectively) (Figures 3C and D). In non-ischemic hind 

limbs, capillary density remained the same between rIL-19 and PBS injected controls. 

Together, these data suggest IL-19 can regulate capillary density in ischemic hind limbs. 

The remainder of this study aimed to determine the cellular and molecular mechanisms for 

these effects.

IL-19 induces angiogenic growth factor gene expression in human microvascular EC

Based on our prior study, we hypothesized that IL-19 would have direct effects on EC gene 

transcription. We treated human microvascular EC with IL-19 for 24 hours, and we 
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examined gene induction with a commercially available qRT-PCR microarray as a screen 

(Supplemental Data Table 1). Of 96 possible angiogenesis-related genes, only three 

verifiable transcripts were up-regulated from 2.0 to 4.0-fold; IL-8, CXCL1, and HGF, all of 

which are pro-angiogenic and mitogenic for EC30. PCR array expression was verified by 

qRT-PCR in a time-course of IL-19-stimulated EC (Figure 4A), and was further validated at 

the protein level by western analysis in Figure 4B and quantitated by densiometry in 4C. 

This suggests that IL-19 has direct angiogenic effects on EC.

IL-19 alters macrophage M1/M2 phenotype in mice

It is recognized that M2 macrophage have pro-angiogenic effects. As IL-19 effects on 

macrophage differentiation are currently uncharacterized, we hypothesized that an additional 

mechanism of IL-19 pro-angiogenic effects were through macrophage polarization to M2. 

Spleen from mice subject to hind-limb ischemia were recovered upon euthanasia, and 

expression of macrophage phenotype markers quantitated by qRT-PCR. Figure 5A shows 

that mice injected with IL-19 expressed significantly increased expression of M2 markers 

Ym1, Arg 1, and KLF4 compared with saline-injected controls (0.91+/−0.23 vs 0.35+/−.01 

for Ym1, 1.79+/−0.3 vs 1.07+/−0.14 for Arg 1, 1.16+/−0.19 vs 0.65+/−0.09 for KLF4, for 

PBS vs rIL-19, respectively, P<0.05 for all). There was no significant difference in 

expression of the M1 marker Arg 2 in wild-type mice injected with rIL-19. Similarly, 

IL-19−/− mice have significantly decreased expression of M2 phenotype markers compared 

with wild-type controls (0.77+/−0.11 vs 1.16+/−0.10 for Ym1, 0.72+/−11 vs 1.76+/−0.16 for 

Arg 1, 1.14+/−0.07 vs 1.83+/−0.16 for KLF4, for IL-19−/− and wild type, respectively, 

P<0.05 or 0.001 as indicated). IL-19−/− mice had significantly higher expression of the M1 

marker Arg 2 compared with wild-type controls (0.70+/−0.1 vs 0.98+’ −0.06 for PBS and 

IL-19, respectively, P<0.05) (Figure 5B).

Immunohistochemistry on ischemic hind limbs using anti-CD68 antibody indicated that total 

macrophage infiltrate was not significantly different between IL-19 and saline-treated mice 

(28.76+/−6.9 vs 21.39+/−4.3 positive cells per HPF (Figure 5C, D). To determine IL-19 

effect on localized macrophage phenotype at the site of angiogenesis, we performed 

quantitative RTPCR on hind-limbs from mice ligated 5 days earlier. Figure 5E shows that 

mice treated with IL- 19 have significantly increased expression of the M2 markers Ym1 

and Arg 1 compared with mice injected with saline (0.71+/−0.13 vs 3.18+/−0.05 for Ym1, 

1.38+/−0.39 vs 4.11+/−0.96 for Arg 1, and 1.32+/−0.18 vs 2.16+/−.24 for KLF, for PBS vs 

rIL-19, respectively, P<0.05, 0.01, or 0.001 as indicated) (Figure 5D.) Together, these data 

strongly suggest that IL-19 can polarize macrophage to the M2 phenotype in cultured 

macrophage, in vivo in spleen, and locally at the site of angiogenesis.

IL-19 induces synthesis of VEGF-A in macrophage

M2 macrophage are reparative and purported to elaborate angiogenic cytokines. We 

hypothesized that IL-19 could induce expression of VEGF in macrophage. RNA was 

isolated from spleen from mice subject to hind limb ischemia, and Figure 6A shows that 

VEGF-A mRNA expression was significantly increased in mice treated with rIL-19 (0.37+/

−0.05 vs 0.67+/−0.08 for PBS and IL-19, respectively, P<0.05). Similarly, significantly less 

VEGF-A was detected in spleen from IL-19−/− mice (0.94+/−0.04 vs 0.78+/−0.04 for wild 
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type and IL-19−/−, respectively, P<0.05) (Figure 6B). Although IL-19 was unable to induce 

VEGF expression in human EC, VEGF-A mRNA and protein are induced in BMDM 

(0.99+/−0.1 vs 2.54+/−0.04 for unstimulated and 16 hour stimulation, respectively, P<0.001) 

(Figures 6C,D).

To determine if the VEGF-A produced by spleen macrophage could elevate systemic levels 

of VEGF-A, plasma was recovered from mice at the time of tissue recovery and subject to 

ELISA. Figure 6E shows that mice injected with rIL-19 had significantly more plasma 

VEGF-A compared with control mice (64.25+/−6.0 vs 184.30+/−42.7 pg/ml for PBS and 

rIL-19, respectively, P<0.05). Together, these data suggest that IL-19 can induce VEGF-A 

expression in macrophage, and this may represent an additional angiogenic mechanism 

utilized by IL-19.

IL-19 decreases IL-12β expression in macrophage

In addition to being pro-inflammatory, Interleukin-12 is also potently anti-angiogenic7, and 

several experiments were undertaken to determine IL-19 effects on IL-12 expression. IL-12 

expression is restricted to leukocytes, and we were unable to detect IL-12 mRNA in EC, 

which pointed to IL-19 effects on macrophage. Initially, IL12p40 mRNA was quantitated 

from spleen from mice subject to hind-limb ischemia. IL-12p40 mRNA expression was 

significantly decreased in spleen from wild-type mice injected with rIL-19 (1.02+/−0.18 vs 

0.64+/−0.08 for PBS and IL-19, respectively, P< 0 05) (Figure 7A). Conversely, IL-12p40 

expression is significantly increased in spleen from IL-19−/− mice compared with wild-type 

controls (1.72+/−0.10 vs 2.50+/−0.09 for wild type and IL-19−/−, respectively) (Figure 7B). 

In a third experiment, BMDM were isolated from wild-type mice and pre-treated with IL-19 

prior to stimulation with TNFα. Figures 7C and 7D show that 8 hour pretreatment with 

IL-19 could significantly decrease TNFα-driven IL-12 mRNA and protein expression in 

BMDM an average of 55.8% (Figure 7E). This suggests that macrophage-derived IL-12 is 

regulated by IL-19, and IL-12 down regulation may represent a further potential pro-

angiogenic mechanism utilized by IL-19.

Discussion

In a previous report using cell culture and ex vivo approaches, we determined that IL-19 had 

angiogenic potential. The present study extends those data to show that IL-19 can increase 

perfusion of ligated murine hind-limbs by multiple mechanisms and effects on multiple 

target cells. A major point of novelty is that unlike other Th2 interleukins, IL-19 appears to 

have pro-angiogenic effects in ligated murine hind limbs.

IL-19 expression is rapidly induced 3 days post ligation surgery, consistent with reports 

indicating that transcripts related to immune function were induced 1–3 days post-ligation 

surgery26,31. IL-19 expression also correlates with macrophage infiltration. While 

considered to be part of the IL-10 sub-family which includes IL-20, IL-22 and IL-24, IL-19 

has dissimilar effects on angiogenesis from IL-10, as injection of rIL-19 increases hind limb 

perfusion. In contrast, angiogenesis and capillary density in ischemic murine hind limbs was 

increased in IL10−/− mice, while IL-10 gene transfer into these mice reversed this process8. 

Furthermore, ligation of IL-19−/− hind limbs allowed us to confirm an significant role for 
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IL-19 in regulation of neovascularization as the perfusion ratio in ligated hind limbs from 

these mice were significantly less than wild type mice. An important role for IL-19 was 

validated as injection of recombinant IL-19 into these mice restored perfusion ratio to near 

wild type levels.

Laser Doppler flow velocity strongly correlates with capillary density32, and capillary 

density increases in areas of acute ischemia33. IL-19 levels significantly correlated with 

capillary density in recovering ischemic hind limbs as capillary density was significantly 

decreased in mice receiving rIL-19 compared with saline controls, and significantly less in 

IL-19−/− mice compared with wild type littermates. Capillary density in non-ischemic hind 

limbs was not significantly different for any of the experimental cohorts compared with 

control groups, suggesting ischemic conditions, or perhaps inflammation is necessary for 

IL-19 angiogenic effects. Together these data strongly support a previously unrecognized 

central role for IL-19 in angiogenesis in ischemic hind limbs, and imply therapeutic 

potential for IL-19 as a modality for peripheral vascular disease.

It was important to identify molecular mechanisms for these effects. Angiogenesis occurs 

when activated EC sprout from pre-existing blood vessels. We have previously shown that 

IL-19 is chemotactic for EC, promotes cell spreading and migration, activates multiple 

signaling proteins including p44/42 and the GTPase Rac1, is mitogenic for EC, promotes 

tube-like structure formation on Matrigel by HUVECs, and microvessel formation in the 

mouse aortic ring assay24. Together, these data suggested that IL-19 would have direct 

effects on angiogenic gene expression in EC. We determined that IL-19 induced expression 

of IL-8, CXCL1, and HGF in human microvascular EC. Interestingly, mRNA for recognized 

angiogenic factors such as FGF, VEGF, and HIF1α, among others, were not increased by 

IL-19, which is consistent with our previous report indicating that IL-19 did not induce FGF, 

or VEGF expression in human mvEC24. HGF is a potent EC mitogen, and several studies 

have shown HGF is angiogenic in ischemic mouse and rabbit hind limbs34–36. While HGF is 

mitogenic for EC, it has no effect on VSMC proliferation, which is consistent with our 

previous reports showing that IL-19 does not induce VSMC proliferation37. CXCL1 and 

IL-8 are VSMC growth factors. CXCL1 and CXCL8 (IL-8) are chemokines of the CXC 

family and not only chemotactic for leukocytes, but also regulate EC motility, proliferation, 

and viability, and both poses angiogenic properties38,39. IL-19 induction of these two 

cytokines are consistent with studies in other cell systems which suggest that Th2 cytokines 

preferentially over Th1 cytokines could induce expression of CXC chemokines leading to 

EC tube formation40. However, none of these studies have been reported to induce 

angiogenesis in ischemic hind limbs. Because IL-19 did not significantly enhance FGF or 

VEGF expression, together with our previous report indicating that IL-19 did not increase 

FGF or VEGF-induced EC proliferation suggests that at least in cultured mvEC, IL-19 

utilizes an angiogenic pathway which excludes FGF or VEGF. This is the first to report that 

IL-19 can directly induce expression of angiogenic factors from human microvascular EC. 

Induction of these cytokines in EC indicates direct, angiogenic effects of IL-19 on the 

vasculature, and provides one potential mechanism for IL-19 angiogenic properties.

Macrophage display phenotypic modulation and can be classified as M1 or M2 based on 

their activation state. The M2 anti-inflammatory, or “wound healing” pathway is induced by 
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IL-10, IL-4, and IL-1341. M2 macrophage secrete EC growth and angiogenic factors such as 

VEGF and CXCL1, and is considered to promote wound repair and neovascularization42–45. 

Elimination of circulating monocytes do not reduce reperfusion in ligated limbs, but 

introduction of exogenously polarized macrophage do46. While IL-19 is upregulated in 

macrophages after infection, to the best of our knowledge, nothing has been published 

regarding IL-19 effects on macrophage polarization. The present study is the first to 

demonstrate that in wild type mice, IL-19 can induce expression of Ym1, Arg1, and KLF4, 

all markers of the M2 phenotype47. No significant decrease in M1 profile was noted in these 

mice. Consistent with this, IL-19−/− mice displayed significantly lower levels of these M2 

markers, and a significantly higher level of the M1 marker Arg2, suggesting that genetic 

deletion of IL-19 polarizes macrophage to the M1 phenotype. While we noted not 

significant difference in macrophage infiltrate into ligated hindlimbs between rIL-19 and 

PBS control mice, this study does demonstrate that IL-19 can polarize macrophage at the 

site of angiogenesis in the ischemic hindlimb. In this regard, IL-19 is somewhat similar to 

other Th2 interleukins IL-4 and IL-13, which are typical stimuli for polarizing macrophage 

to the M2 phenotype47,48. Similarly, macrophage in IL-10−/− mice are more M1 polarized 

compared with wild type mice8. A limitation to the present study is that it cannot 

definitively determine the extent that IL-19 pro-angiogenic activity depends on macrophage 

compared with EC stimulation. Future studies are required in which monocyte/macrophage 

populations are depleted and IL-19 angiogenic effects assessed.

VEGF-A is a primary driver of neovascularization and induces angiogenic gene expression, 

proliferation and differentiation of endothelial cells49. VEGF is expressed in macrophage50 

where its expression presumably drives angiogenesis in a juxtacrine fashion in local EC. 

Although hypoxia is a strong stimulus for VEGF expression, numerous cytokines can induce 

VEGF production51. IL-19 can induce VEGF-A expression in splenic and cultured BMDM 

macrophage, indicating that hypoxia is not necessary for IL-19 driven VEGF expression in 

macrophage. Systemic VEGF-A concentrations are also significantly increased in mice 

injected with IL-19 compared with controls. It is interesting that IL-19 did not induce VEGF 

expression in cultured human microvascular EC, again suggesting complex and cell specific 

effects of IL-19 on angiogenic and inflammatory responses. When taken together, IL-19 

polarization of macrophage to M2, together with induction of VEGF-A in these cells 

suggests a second potential mechanism for IL-19 angiogenic properties.

IL-12 is a potent, pro-inflammatory cytokine expressed in leukocytes. It induces IFNγ 

expression and drives the Th1 pro-inflammatory response7. Importantly for the present 

study, IL-12 is also a powerful anti-angiogenic agent, and induction of IFNγ by lymphocytes 

decreases (CAM) expression in EC52. The IL-12 receptor is not expressed on EC, so its 

negative angiogenic effects are likely indirect. Not surprisingly, IL-12−/− mice have 

accelerated angiogenesis, and preclinical studies have focused on IL-12 for anti-tumor 

therapy53. Interestingly, IL-4 and IL-13, both considered Th2 cytokines, up regulate IL-12, 

but IL-10, the prototypical Th2 interleukin, negatively regulates IL-12 production54, 

underscoring the complexity of Th2 regulation of immune responses and angiogenesis. 

Consistent with published reports indicating leukocyte-specific expression, we were unable 

to induce IL-12 expression in EC, suggesting that IL-19 down regulation of IL-12 is a 

macrophage-specific phenomenon. Since IL-12 is pro-inflammatory and anti-angiogenic, 
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and IL-19 is antiinflammatory and pro-angiogenic, a novel reciprocal expression/functional 

relationship may exist between IL-19 and IL-12. Future studies are necessary to elucidate 

the precise molecular mechanisms for this regulation. EC do not directly respond to IL-12, 

and IL-12 anti-angiogenic effects are surmised to be indirect as a result of its effects on 

leukocyte gene expression55. In one important study, it was found that IL-12 stimulation of 

mouse spleen cells and human mononuclear blood cells in co-culture with EC induced 

expression of chemokines which inhibited EC proliferation and angiogenic gene 

expression56. This suggests anti-angiogenic leukocyte-endothelial cross talk mediated is by 

IL-12; within this context, IL-19 expression would modify this this cross-talk toward a more 

pro-angiogenic phenotype. Consequently, IL-19 inhibition of IL-12 expression in 

macrophage suggests a third potential pro-angiogenic mechanism for IL-19.

In summary, injection of IL-19 can increase, and lack of IL-19 can decrease reperfusion and 

angiogenesis in ischemic hind limbs. Potential mechanisms include direct angiogenic effects 

on EC, macrophage M2 polarization and VEGF-A induction, and indirect effects by 

reduction of IL-12 expression in macrophage. This work not only suggests that IL-19 has 

therapeutic potential, but implies that IL-19 may play a paracrine role in EC/macrophage 

cross talk in angiogenesis.
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Highlights

• Injection of recombinant Interleukin-19 increases reperfusion in ligated hind 

limbs

• Absence of IL-19 decreases reperfusion in ligated hind limbs

• IL-19 induces angiogenic gene expression in human endothelial cells

• IL-19 induces M2 phenotype and VEGF-A expression in macrophage

• IL-19 may represent a pro-angiogenic therapeutic
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Figure 1. 
IL-19 expression in ischemic hind limbs and IL-19 injection increases reperfusion in wild-

type mice. A. Representative immunoblot of expression of IL-19 and CD68 in ischemic 

hindlimb. Protein extracts from gastrocnemius muscle at various times post-ligation surgery 

were immunoblotted with anti-IL-19 antibody. B. Densiometric quantification of three 

independent western blots. Asterisk indicates significant difference quantitated from 3 

different western blots (P<0.05). C. Representative photomicrographs of 

immunohistochemical detection of IL-19 in murine hindlimb. IL-19 is expressed in 
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capillaries (a), smooth muscle cells (b), and skeletal muscle (c). D. wild-type C57BL/6 mice 

were subject to hind-limb ligation surgery, followed by injection with 10ng/g/day rIL-19 or 

an equal volume of PBS five days per week for 15 days. Blue color represents lower 

perfusion and red color represents higher perfusion D. Time course of quantitation of serial 

blood flow measurements were performed using LDPI over a period of 15 days and ratio of 

flow from ischemic/non-ischemic limb quantitated. N=13 mice per group, P<0.05 or 0.01 as 

indicated
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Figure 2. 
A. Lack of IL-19 decreases reperfusion in C57BL/6 mice. Wild-type or IL-19−/− mice (both 

C57BL/6) were subject to hind-limb ligation surgery. B. Time course of quantitation of 

serial blood flow measurements were performed using LDPI over a period of 15 days and 

ratio of flow from ischemic/non-ischemic limb quantitated. N=13 mice per group, P<0.01 as 

indicated. C. IL-19 injection restores reperfusion in IL-19−/− mice. A. IL-19−/− mice wild-

type were subject to hind-limb ligation surgery, followed by injection with 10ng/g/day 

rIL-19 or an equal volume of PBS five days per week for 15 days. D. Time course of 
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quantitation of serial blood flow measurements were performed using LDPI over a period of 

15 days and ratio of flow from ischemic/non-ischemic limb quantitated. N=14 mice per 

PBS, 13 mice for rIL-19, P<0.05.
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Figure 3. 
IL-19 regulates capillary density. Representative photomicrographs showing 

immunohistochemistry on gastrocnemius muscle using CD31 antibody at 15 days femoral 

artery ligation. A. The number of CD31 positive structures surrounding a lumen per mm2 in 

wild-type mice injected with rIL-19 or PBS. B. Capillary ratio ischemic/non-ischemic limbs 

in wild-type mice injected with rIL-19 or PBS. C. The number of capillaries in wild-type or 

IL-19 mice. D. Capillary ratio ischemic/non-ischemic limbs in wild-type or IL-19 mice. 

Capillaries in three representative 5 micron-thick stained tissue sections at least 75–100 
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microns apart per muscle, n=6 mice per group were quantitated, P<0.05. Photomicrographs 

are counter-stained with hematoxylin/eosin, magnification 400×
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Figure 4. 
IL-19 induces angiogenic gene expression in microvascular EC. A. Primary human 

microvascular EC were treated with IL-19 for various times, and gene induction quantitated 

by quantitative reverse transcription PCR. B. Representative immunoblot of cytokine protein 

expression in human microvascular EC. C. Densiometric quantification of three independent 

western blots. Asterisk indicates significant difference quantitated from 3 different western 

blots of IL-19 stimulated EC at 30 hours versus unstimulated EC (P<0.05).
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Figure 5. 
IL-19 polarizes macrophage to the M2 phenotype. Spleen from mice subject to hind-limb 

ischemia were recovered upon euthanasia, and expression of macrophage phenotype 

markers quantitated by qRT-PCR. A. Wild type mice injected with rIL-19 express 

significantly more Ym1, Arg1, and KLF4 than those injected with PBS. B. Spleen from 

IL-19−/− mice express significantly less Ym1, Arg1, and KLF4 than spleen from wild type 

mice, and significantly more Arg2 compared with wild type mice. P<0.05 or 0.001 where 

indicated. C. Immunohistochemical staining for macrophage in ischemic hind limbs treated 
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with PBS or IL-19. Representative photomicrograph is shown. D. There is no significant 

difference in macrophage infiltrate in ischemic hind limbs in rIL-19 and PBS injected mice. 

Results are mean of CD68 positive cells counted manually from 9 HPF from at least three 

different sections from 6 different mice per group. Red-brown indicates positive stain. E. 

IL-19 polarizes phenotype of infiltrating macrophage. Quantitative RT-PCR from ischemic 

hind limbs treated with either PBS or IL-19, 5 days post-surgery. P<0.05, 0.01, or 0.001 

where indicated.
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Figure 6. 
IL-19 regulates angiogenic gene expression in macrophage. A–D, IL-19 induces expression 

of VEGF-A in macrophage. A. Spleen from wild type mice injected with rIL-19 express 

significantly more VEGF-A mRNA than spleen from those injected with PBS. B. Spleen 

IL-19−/− mice express significantly less VEGF-A mRNA than spleen from wild type mice. 

C. Murine BMDM were pre-treated with IL-19 for the indicated times, and VEGF-A mRNA 

quantitated by qRT-PCR. D. Representative immunoblot of murine BMDM treated with 

IL-19 for 24 hours. Asterisks indicate significance P<0.05, 0.01, or 0.001, respectively. E., 
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IL-19 increases systemic VEGF-A abundance in plasma from ligated mice. Plasma was 

isolated from mice injected with IL-19 or PBS controls, and subject to ELISA to quantitate 

systemic VEGF-A abundance. N=7 mice per group, P<0.05.
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Figure 7. 
IL-19 decreases expression of IL-12 in macrophage. A. Spleen from wild type mice injected 

with rIL-19 express significantly less IL-12p40 mRNA than spleen from those injected with 

PBS. B. Spleen IL-19−/− mice express significantly more IL-12p40 mRNA than spleen from 

wild type mice. C. IL-19 decreases TNFα-driven IL-12p40 mRNA expression. Murine 

BMDM were pre-treated with IL-19 for 8 hours, then stimulated with TNFα for four hours. 

IL-12p40 mRNA was quantitated by qRT-PCR. D. Representative immunoblot of murine 

BMDM pretreated with IL-19 for 8 hours, then stimulated with TNFα for 24 hours. E. 

Densiometric quantification of three independent western blots. Asterisk indicates 

significant difference quantitated from 3 different western blots, P<0.05.
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