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SUMMARY

Peripheral artery disease (PAD) leads to considerable morbidity, yet strategies for therapeutic 

angiogenesis fall short of being impactful. Inflammatory macrophage subsets play an important 

role in orchestrating post-developmental angiogenesis, but the underlying mechanisms are unclear. 

Here, we find that macrophage VEGF-A expression is dependent upon the potent inflammatory 

cytokine, IL-1β. IL-1β promotes pro-angiogenic VEGF-A165a isoform transcription via activation 

and promoter binding of STAT3 and NF-κB, as demonstrated by gene-deletion, gain-of-function, 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence: alan_morrison@brown.edu or alan.morrison2@va.gov.
AUTHOR CONTRIBUTIONS
A.R.M conceived the study. C.M., C.L., J.N., S.S., J.M.B., A.H., N.C., H.C., G.C., and A.R.M. performed the in vitro and animal 
experiments. C.M., C.L., J.N., S.S., J.M.B., A.H., N.C., F.L., H.C., Q.L., F.S., G.C., and A.R.M analyzed the data. C.M., C.L., J.N., 
S.S., J.M.B., A.H., N.C., F.L., H.C., Q.L., F.S., G.C., and A.R.M wrote the manuscript.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2022.110309.

DECLARATION OF INTERESTS
The authors have no disclosures to declare.

INCLUSION AND DIVERSITY
We worked to ensure sex balance in the selection of non-human subjects. One or more of the authors of this paper self-identifies as 
an underrepresented ethnic minority in science. One or more of the authors of this paper self-identifies as a member of the LGBTQ+ 
community. One or more of the authors of this paper self-identifies as living with a disability. One or more of the authors of this paper 
received support from a program designed to increase minority representation in science. While citing references scientifically relevant 
for this work, we also actively worked to promote gender balance in our reference list.

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2022 February 23.

Published in final edited form as:
Cell Rep. 2022 February 01; 38(5): 110309. doi:10.1016/j.celrep.2022.110309.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


inhibition, and chromatin immunoprecipitation assays. Conversely, IL-1β-deletion or inhibition 

of STAT3 or NF-κB increases anti-angiogenic VEGF-A165b isoform expression, indicating IL-1β 
signaling may also direct splice variant selection. In an experimental PAD model of acute limb 

ischemia, macrophage IL-1β expression is required for pro-angiogenic VEGF-A expression and 

for VEGF-A-induced blood flow recovery via angio- or arteriogenesis. Though further study is 

needed, macrophage IL-1β-dependent transcription of VEGF-A via STAT3 and NF-κB may have 

potential to therapeutically promote angiogenesis in the setting of PAD.

Graphical abstract

In brief

Mantsounga et al. show inflammatory macrophage IL-1β expression to be required for pro-

angiogenic VEGF-A expression and consequent post-developmental angio- or arteriogenesis in an 

experimental model of peripheral artery disease. Autocrine IL-1β signaling promotes transcription 

of pro-angiogenic VEGF-A165a isoform expression relative to anti-angiogenic isoform, VEGF-

A165b, through activation of STAT3 and NF-κB.

INTRODUCTION

Peripheral artery disease (PAD) caused by atherosclerosis leads to considerable morbidity 

and mortality due to tissue damage from both acute and chronic occlusive ischemia (Farber 

and Eberhardt, 2016; Gerhard-Herman et al., 2017; Shishehbor et al., 2016). It is estimated 
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that over 200 million people worldwide have PAD (Fowkes et al., 2013). Treatment is 

often limited to mechanical revascularization (i.e., surgical bypass or angioplasty), which 

can be incomplete due to the complexity of lesions (Shishehbor et al., 2016). Therapeutic 

angiogenesis is an attractive revascularization concept, yet clinical trials have fallen short of 

impacting outcomes (Iyer and Annex, 2017).

Multiple cell types contribute to post-developmental angiogenesis (Carmeliet and Jain, 

2011). Cells of the monocyte or macrophage lineage appear to play an important role in 

orchestrating angiogenesis after ischemic injury (Guo et al., 2018; Morrison et al., 2014; 

Takeda et al., 2011). The induction of a pro-inflammatory environment in the earliest stages 

of tissue injury recruits macrophages polarized toward a classic inflammatory phenotype, 

referred to as “M1” because of the association with Th1 T cell cytokines (Geissmann et 

al., 2003). In humans, this inflammatory macrophage population is characterized by the 

high expression of the chemokine receptor, C-C motif chemokine receptor 2 (CCR2), 

and the lipopolysaccharide (LPS) co-receptor, CD14, inducible nitric oxide synthase 

(NOS2), interleukin-1β (IL-1β), and interleukin-6 (IL-6) (Willenborg et al., 2012). At 

later stages of wound healing, a subset of macrophages transition to an “alternatively 

activated” phenotype, referred to as “M2” because of the association with a Th2 T cell 

cytokine environment. Alternatively activated macrophages express high levels of the 

chemokine receptor, CX3CR1, and the type III Fcγ receptor, CD16, and they contribute 

to wound healing. Effective vascularization during healing has been largely attributed to the 

alternatively activated phenotype (Charo, 2007; Gordon and Taylor, 2005; Pollard, 2009).

The pro-angiogenic factor, vascular endothelial growth factor A (VEGF-A), plays a 

critical role in regulating angiogenesis during both homeostasis and disease (Apte 

et al., 2019). Early studies of VEGF-A identified potential pro-inflammatory activity, 

including upregulation of chemokines and adhesion molecules for leukocyte recruitment 

and trafficking (Reinders et al., 2003). During acute limb ischemia or wound injury, 

early infiltrating inflammatory macrophages appear to be an important source of VEGF-A 

(Willenborg et al., 2012). CCR2-deficient mice demonstrate reduced blood vessel formation 

attributable to an inflammatory macrophage defect, and myeloid deficiency of VEGF-A 

decreased vascularization in the early, inflammatory phases of wound healing. Engagement 

of myeloid leukocyte β2 integrins triggers a molecular switch in inflammatory macrophages 

that results in the stabilization of multiple transcripts, including GM-CSF, VEGF-A, and 

MMP-9 (Morrison et al., 2014; Ramgolam et al., 2010; Wang et al., 2006; Zhang et al., 

2012). The major monocyte chemokine, C-C motif chemokine ligand 2 (CCL2), ligand to 

CCR2, is a well-established β2 integrin activator that is vital to arteriogenesis in animal 

models of acute hindlimb ischemia (Carr et al., 1996; Ito et al., 1997; van Royen et al., 

2003). In fact, CCL2 stimulation both promotes and couples with β2 integrin adhesion 

to activate myeloid VEGF-A post transcriptional stability with consequent increases in 

VEGF-A protein and arteriogenesis (Morrison et al., 2014).

Alternative splicing has also been recognized to regulate VEGF-A activity via production 

of two separate isoform families with opposing biological activity. The splicing event 

occurs in terminal exon 8, where a proximal splice site generates a pro-angiogenic 

VEGF-A165a isoform and a distal splice site in the 3′-untranslated region leads to an 
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anti-angiogenic VEGF-A165b isoform (Woolard et al., 2004). The two isoforms are the 

same size but differ by six amino acids; exon 8a encodes CDKPRR while exon 8b encodes 

SLTRKD. VEGF-A165a binds to VEGFR2 leading to autophosphorylation and consequent 

downstream pro-angiogenic effector signaling, whereas VEGF-A165b results in altered 

tyrosine phosphorylation patterns that do not promote angiogenesis (Peiris-Pages, 2012). 

Inflammatory macrophage expression of VEGF-A165b appears to inhibit revascularization 

of ischemic limbs, in part, through an autocrine VEGFR1-induced inflammatory-like 

phenotype (Ganta et al., 2019; Kikuchi et al., 2014). Mechanisms that determine splice 

variant preference are largely unknown. Moreover, the vast majority of studies involving 

VEGF-A have not used isoform-specific primers or antibodies to quantify respective 

differences in expression during inflammation and angiogenesis.

Inflammatory cytokines like IL-1β and tumor necrosis factor alpha (TNF-α) induce 

transcription of VEGF-A in some cell types, including smooth muscle cells, tumor cell 

lines, and cardiac myocytes (Gille et al., 1997; Li et al., 1995; Ryuto et al., 1996; 

Tanaka et al., 2000). While early infiltrating inflammatory macrophages appear critical 

for arteriogenesis in the experimental PAD model (Morrison et al., 2014), the relationship 

between pro-angiogenic VEGF-A expression and the macrophage phenotypic profile (i.e., 

inflammatory versus alternatively activated) remains unclear. The goal of this study is to 

define the inflammatory mechanism(s) that drive pro-angiogenic VEGF-A expression and 

consequent VEGF-A-dependent arteriogenesis.

RESULTS

IL-1β and VEGF-A expression levels are increased in inflammatory relative to alternatively 
activated macrophages

To establish the relationship between VEGF-A expression and macrophage phenotypic 

profile, we polarized primary macrophages, using lipopolysaccharide and interferon gamma 

(LPS+IFN-γ) or interleukin-4 and interleukin-13 (IL-4+IL-13). Bone marrow-derived 

macrophages (BMDMs) from C57BL/6J mice adopt an inflammatory phenotype when 

activated by LPS+IFN-γ, marked by high expression of NOS2, IL-1β, and TNF-α (Figures 

1 and S1) (Kim and Nair, 2019). BMDMs take on an alternatively activated state when 

activated by IL-4+IL-13, marked by high expression of arginase 1 (ARG1), found in 

inflammatory zone 1 (FIZZ1), and the chitinase-like protein, YM1 (Figure S1) (Kim and 

Nair, 2019). To assess differential expression patterns between polarized BMDMs, we 

performed RNA-seq analysis on BMDMs stimulated with LPS+IFN-γ and IL-4+IL-13. 

IL-1β was found to be the most significant, most differentially downregulated mRNA 

when moving from an inflammatory (LPS+IFN-γ) to alternatively activated (IL-4+IL-13) 

phenotype (Figure 1A). Somewhat surprisingly, we found that VEGF-A and transcripts 

encoding several key VEGF-A promoter-driving transcription factors, including HIF-1α, 

STAT3, and the NF-κB subunit, v-rel avian reticuloendotheliosis viral oncogene homolog A 

(RELA), demonstrated a comparable pattern to IL-1β. Quantitative RT-PCR confirmed that 

expression levels of IL-1β, VEGF-A, HIF-1α, STAT3, and RELA mRNA were significantly 

increased in inflammatory relative to alternatively activated BMDMs (Figures 1B–1F). 
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In summary, VEGF-A expression correlates closely with IL-1β based on the expression 

profiles of polarized macrophages.

Macrophage VEGF-A expression is dependent on IL-1β expression during inflammatory 
conditions

To develop an animal model of conditional IL-1β-deletion, we generated a mouse strain 

with a LoxP flanked exon 4 of the IL-1β allele, using a clustered regularly interspaced 

short palindromic repeat and its associated protein9 (CRISPR/Cas9) strategy (Figure S2) 

(Farboud et al., 2019). LoxP insertion sites, 157 base pairs upstream of exon 4 and 103 base 

pairs downstream of exon 4, were selected based on distance from the exon, availability 

of CRISPR guides to ensure low off-target effect, and conservation profile. Cre-mediated 

excision of exon 4 resulted in deletion of a coding sequence involving 67 amino acids along 

with a frameshift, leading to premature termination of translation in exon 5.

To determine whether inflammatory macrophage VEGF-A expression is dependent on 

IL-1β expression, we crossed these IL-1βfl/fl mice with mice that express the tamoxifen-

inducible MerCreMer fusion protein under control of the macrophage-specific promoter, 

colony stimulating factor 1 receptor (Csf1rmercremer) (Qian et al., 2011). BMDMs from 

tamoxifen-injected mice demonstrated 75% decreases in both IL-1β mRNA expression and 

mature IL-1β protein secretion when subjected to strong inflammasome stimulation by 

the combination of LPS priming and cholesterol crystal exposure (Figures 2A and 2B). 

In the BMDMs from vehicle control mice, both VEGF-A mRNA and VEGF-A protein 

secretion demonstrated significant increases during inflammasome stimulation, comparable 

to the IL-1β expression pattern. Moreover, both VEGF-A mRNA and protein secretion were 

significantly reduced by about 70% upon macrophage IL-1β-deletion (Figures 2C and 2D).

Next, we validated the dependence of macrophage VEGF-A expression on IL-1β expression 

under conditions of LPS+IFN-γ versus IL-4+IL-13 stimulation. With the exception 

of IL-1β, IL-1β-deleted BMDMs demonstrated comparable expression patterns for the 

polarization markers, TNF-α, NOS2, ARG1, FIZZ1, YM1, relative to wild-type control 

(Figure S3). Secretion of mature IL-1β protein was increased approximately 30-fold in 

wild-type BMDMs stimulated by LPS+IFN-γ relative to those stimulated by IL-4+IL-13, 

and macrophage IL-1β-deletion led to a 90% reduction in secreted mature IL-1β protein 

(Figure 2E). Effective vascularization after injury has been largely attributed to the 

inflammation suppressed, alternatively activated, macrophages (Charo, 2007; Gordon and 

Taylor, 2005; Pollard, 2009). To quantify VEGF-A isoform expression patterns with 

LPS+IFN-γ stimulation or IL-1β-deletion, we used primer-specific quantitative RT-PCR 

for the pro-angiogenic VEGF-A165a and the anti-angiogenic VEGF-A165b. VEGF-A165a 

mRNA expression was upregulated over 6-fold in BMDMs stimulated by LPS+IFN-γ 
relative to those stimulated by IL-4+IL-13, and macrophage IL-1β-deletion led to a 

75% reduction in VEGF-A165a mRNA expression in LPS+IFN-γ polarized BMDMs 

(Figure 2F). Anti-angiogenic VEGF-A165b mRNA expression was not affected by BMDM 

polarization state; however, macrophage IL-1β-deletion led to a 2-fold increase in VEGF-

A165b Mrna expression in LPS+IFN-γ-stimulated BMDMs, suggesting that IL-1β promotes 

selective expression of VEGF-A165a relative to VEGF-A165b (Figure 2G). Comparable 
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to the IL-1β expression pattern, VEGF-A protein secretion was significantly increased in 

wild-type BMDMs stimulated by LPS+IFN-γ, and macrophage IL-1β-deletion led to a 

>75% reduction in VEGF-A secretion (Figure 2H). To confirm that IL-1β drives VEGF-

A expression through an autocrine signaling loop, we cultured BMDMs from global 

IL-1R-deleted mice and quantified VEGF-A expression in the context of stimulation 

with LPS+IFN-γ or IL-4+IL-13. Comparable to the IL-1β-deleted BMDMs, LPS+IFN-

γ-stimulated BMDMs from IL-1R-deleted mice expressed decreased VEGF-A protein, 

decreased pro-angiogenic VEGF-A165a isoform mRNA, and increased anti-angiogenic 

VEGF-A165b mRNA (Figure S4).

Macrophage IL-1β-dependent upregulation of VEGF-A is transcriptional and associated 
with NF-κB and STAT3 activity

To determine whether the IL-1β-dependent VEGF-A mRNA expression was transcriptional, 

we quantified nascent RNA from wild-type control and IL-1β-deleted BMDMs under 

conditions of LPS+IFN-γ or IL-4+IL-13 stimulation. IL-1β-deleted BMDMs stimulated 

by LPS+IFN-γ and both wild-type control and IL-1β-deleted BMDMs stimulated with 

IL-4+IL-13 demonstrated approximately a 75% reduction in nascent VEGF-A mRNA 

relative to wild-type BMDMs stimulated by LPS+IFN-γ, indicating that differences in 

VEGF-A mRNA expression were attributable to changes in transcription (Figure 3A).

To define the IL-1β-dependent molecular mechanisms that determine VEGF-A transcription, 

we quantified the activity of the three VEGF-A promoter-driving transcription factors, 

HIF-1α, STAT3, and RELA, identified by RNA-seq analysis (Figure 1A), using nuclear 

fractionation of BMDM lysates in a modified ELISA assay that involves capture with DNA 

seed sequences. Nuclear HIF-1α activity was found to be comparable across the spectrum 

of polarization in both wild-type and IL-1β-deleted BMDMs, indicating that nuclear HIF-1α 
activity was not dependent on inflammatory phenotype or IL-1β (Figure 3B). Relative to 

wild-type BMDMs stimulated by LPS+IFN-γ, nuclear STAT3 activity was significantly 

decreased in wild-type BMDMs stimulated by IL-4+IL-13 and in IL-1β-deleted BMDMs, 

indicating that nuclear STAT3 activity is increased with inflammation comparable to its 

expression patterns and that nuclear STAT3 activity is IL-1β-dependent (Figure 3C). Nuclear 

NF-κB activity was also significantly increased in wild-type BMDMs upon stimulation with 

LPS+IFN-γ comparable to its expression profile, and nuclear NF-κB activity was found 

to be IL-1β dependent (Figure 3D). In summary, the data support that nuclear activities 

of STAT3 and NF-κB increase during inflammatory macrophage polarization in an IL-1β-

dependent manner, whereas HIF-1α activity is not impacted by inflammatory state or IL-1β.

NF-κB and STAT3 drive transcription of the pro-angiogenic VEGF-A isoform and bind to 
the VEGF-A promoter in an IL-1β-dependent manner

To assess the impact of active STAT3 and NF-κB on VEGF-A expression, we transfected 

LPS+IFN-γ-stimulated BMDMs from wild-type control and IL-1β-deleted mice with 

plasmids expressing the constitutively active mutations of STAT3 or IKK-2 (NF-κB 

activator) (Mercurio et al., 1997; Mitchell et al., 2013). Both constitutively active mutants 

for STAT3 and IKK-2 increased VEGF-A expression in IL-1β-deleted BMDMs comparable 

to wild-type levels (Figure 3E). By primer-specific quantitative RT-PCR assessment, 

Mantsounga et al. Page 6

Cell Rep. Author manuscript; available in PMC 2022 February 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transfection of IL-1β-deleted BMDMs with the constitutively active mutants led to increased 

pro-angiogenic VEGF-A165a mRNA expression and suppression of anti-angiogenic VEGF-

A165b mRNA expression (Figures 3F and 3G).

Next, we performed chromatin immunoprecipitation (ChIP) assay on BMDMs stimulated 

by LPS+IFN-γ, using antibodies specific to STAT3 and NF-κB to confirm IL-1β-dependent 

binding of these transcription factors to the VEGF-A promoter region. Quantitative RT-PCR 

with primers directed at the regions of the VEGF-A promoter associated with established 

STAT3 and NF-κB seed sites demonstrated that wild-type BMDMs stimulated by LPS+IFN-

γ achieved about 4-fold increased promoter binding using STAT3- and NF-κB-specific 

antibodies relative to their respective isotype control antibodies (Figures 4A and 4B). 

Moreover, IL-1β-deleted BMDMs stimulated by LPS+IFN-γ demonstrated no increase over 

isotype control, supporting that both STAT3 and NF-κB bind to the VEGF-A promoter in an 

IL-1β-dependent manner.

To further assess the functional effects of STAT3 and NF-κB binding to the VEGF-

A promoter region, we treated LPS+IFN-γ-stimulated BMDMs with Stattic or JSH23, 

inhibitors of STAT3 and NF-κB, respectively. Inhibitor dose ranges were selected based on 

the established IC50s (Schust et al., 2006; Shin et al., 2004). Wild-type BMDMs stimulated 

by LPS+IFN-γ were treated with increasing concentrations of either Stattic or JSH23 and 

demonstrated dose-dependent reductions in VEGF-A protein secretion (Figures 4C and 4D), 

indicating that VEGF-A expression requires both STAT3 and NF-κB activity. We then 

performed primer-specific quantitative RT-PCR to determine the effects of STAT3 and NF-

κB inhibition on expression of the pro- and anti-angiogenic VEGF-A isoforms. Both STAT3 

and NF-κB inhibition led to a reduction in the pro-angiogenic VEGF-A165a expression and 

an increase in the anti-angiogenic VEGF-A165b, comparable to the IL-1β-deleted BMDM 

pattern, indicating that IL-1β-dependent binding of NF-κB and STAT3 to the VEGF-A 

promoter appears to determine preference for transcribing pro-angiogenic VEGF-A165a 

(Figures 4E–4H).

VEGF-A-induced blood flow recovery consequent to new angiogenesis and arteriogenesis 
is dependent on macrophage IL-1β expression in response to acute hindlimb ischemia

We sought to understand whether loss of macrophage IL-1β-dependent pro-angiogenic 

VEGF-A expression would significantly impair perfusion recovery in a femoral artery 

ligation model of hindlimb ischemia. Myeloid IL-1β deletion resulted in decreased blood 

flow recovery consistent with impaired angiogenesis and arteriogenesis (Figures 5A and 

5B). Sex was analyzed as a biological variable using ANOVA, and we found no significant 

sex-specific changes in this preclinical PAD model (Figure S5A). To assess whether 

myeloid IL-1β deletion impacted hemodynamics, the mean arterial pressure (MAP) was 

quantified before (day −2) and after (days 3 and 21) ligation of the femoral artery (Figure 

S5B). MAP was comparable between wild-type control and myeloid IL-1β-deleted mice. 

Anesthesia induced a modest reduction in MAP that was comparable between control and 

myeloid IL-1β-deleted mice (Figure S5C). Traditional histology of ischemic muscle tissue 

using hematoxylin and eosin staining demonstrated comparable inflammatory cell infiltrate 

between wild-type and myeloid IL-1β-deleted animals at day 3 post femoral artery ligation 
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(Figures 5C and 5D). Immunofluorescence staining of ischemic gastrocnemius muscle tissue 

on day 3 post ligation demonstrated that the percent of cells associated with the macrophage 

marker, CD68, was comparable between wild-type and myeloid IL-1β-deleted animals, 

whereas percent of cells associated with endothelial marker, CD31, was significantly 

reduced in myeloid IL-1β-deleted animals (Figures 5E–5H). To quantify vessel proliferation 

consequent to angiogenesis and arteriogenesis, we quantified the CD31+ vessel areas and 

the SMA+ vessel areas in gastrocnemius muscle at day 21 post femoral artery ligation and 

calculated the ratio of ischemic to nonischemic contralateral control muscle vessel area in 

both wild-type control and myeloid IL-1β-deleted mice (Figure S6). The ratio of CD31+ 

vessel area in ischemic to contralateral control limb revealed a 30% increase in wild-type 

control mice but a 30% reduction in myeloid IL-1β-deleted mice. The ratio of SMA+ 

vessel area, as a marker of new arterial growth, in ischemic limb to contralateral control 

limb revealed a 2.5-fold increase in wild-type control mice but essentially no increase in 

myeloid IL-1β-deleted mice. In summary, these data indicate that early endothelial cell 

recruitment to the ischemic muscle is reduced in myeloid IL-1β-deleted mice despite 

adequate inflammatory cell recruitment, leading to consequent reductions in new blood 

vessel (capillary and arterial) growth. Taken in sum, the data support that early endothelial 

cell recruitment to the ischemic muscle is reduced, consistent with other studies of VEGF-

A-mediated post-developmental angiogenesis and arteriogenesis (Amano et al., 2004).

To confirm that myeloid cells have an impact on the total levels of IL-1β and VEGF-A 

in ischemic muscle tissue, we isolated and homogenized ischemic gastrocnemius muscle 

tissue from wild-type and myeloid IL-1β-deleted mice. On day 3 post femoral artery 

ligation, there was decreased mature IL-1β protein in the ischemic muscle tissue from 

myeloid IL-1β-deleted mice, supporting myeloid cells as a major early source of IL-1β after 

acute limb ischemia (Figures 6A and 6B). Consistent with our prior work on macrophage 

VEGF-A-dependent arteriogenesis in the setting of acute limb ischemia (Morrison et al., 

2014), this phenotype of reduced blood flow recovery in the myeloid IL-1β-deleted mice 

was also associated with early reductions in ischemic muscle tissue VEGF-A expression 

on day 3 post femoral artery ligation (Figures 6A and 6C). Comparable to findings from 

myeloid IL-1β-deleted BMDMs, mRNA isolated from ischemic gastrocnemius muscle on 

day 3 post ligation demonstrated a reduction in the pro-angiogenic VEGF-A165a isoform 

and an increase in the anti-angiogenic VEGF-A165b isoform, supporting IL-1β′s role in 

determining pro-angiogenic splice variant transcription in vivo (Figures 6D and 6E).

HIF-1α is a powerful transcriptional regulator for detecting and adapting to cellular oxygen 

levels during ischemia and a major upstream mediator of VEGF-A expression and signaling 

(Choudhry and Harris, 2018). To assess whether impaired muscle expression of VEGF-A 

in myeloid IL-1β-deleted mice reflected impaired HIF-1α activity, we quantified relative 

HIF-1α activity on nuclear fractions isolated from gastrocnemius muscle tissue lysates at 

day 3 post femoral artery ligation. Relative to wild-type mice, IL-1β-deleted mice had 

comparable nuclear HIF-1α activity in ischemic muscle tissue on day 3 post ligation 

(Figure 6F). To assess induction of HIF-1α activity by hypoxia in BMDMs, wild-type 

control and IL-1β-deleted BMDMs were stimulated by LPS+IFN-γ or IL-4+IL-13 in the 

setting of hypoxia (1% O2) and demonstrated comparable increases in HIF-1α activity 

relative to normoxia (Figure 6G). We assessed whether VEGF-A expression was increased 
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in IL-1β-deleted BMDMs by stimulation with hypoxia (Figures 6H–6J). Both wild-type and 

IL-1β-deleted BMDMs stimulated by LPS+IFN-γ in the setting of hypoxia demonstrated 

increased pro-angiogenic VEGF-A expression; however, in the IL-1β-deleted BMDMs, the 

hypoxia-driven component to VEGF-A expression was insufficient to fully overcome the 

impairment in VEGF-A expression conferred by the loss of IL-1β.

Rescue of blood flow recovery in myeloid IL-1β-deleted mice using wild-type BMDMs 
confirms the important contribution of IL-1β derived from macrophages relative to other 
leukocytes

The Csf1r promoter-driven Cre recombinase system may affect neutrophils and some 

subsets of T cells, potentially confounding the macrophage specificity of in vivo findings 

(McCubbrey et al., 2017). To address this concern, we performed a clodronate liposome 

macrophage depletion followed by intravenous injection of cultured BMDMs to demonstrate 

that macrophages are sufficient to rescue the phenotype of the myeloid IL-1β-deleted 

animals in this model of experimental PAD (Jetten et al., 2013; Moreno, 2018; Pilny et 

al., 2019). To track the BMDMs in vivo, we crossed wild-type and myeloid IL-1β-deleted 

mouse lines to the Ai9 (RCL-tdT) Cre recombinase reporter strain (Madisen et al., 2010), 

leading to robust cultured BMDM expression of tdTomato, in addition to F4/80 and CD68, 

after tamoxifen-induced recombination (Figures S7A–S7D). IL-1β-deleted mice underwent 

femoral artery ligation in the setting of clodronate liposome macrophage depletion followed 

by transplant of wild-type Ai9 BMDMs and demonstrated >80% hindlimb blood flow 

recovery within 21 days, comparable to the established wild-type phenotype (Figures 

7A and 7B). IL-1β-deleted animals that received autologous IL-1β-deleted Ai9 BMDMs 

demonstrated <50% perfusion recovery, consistent with the previously established myeloid 

IL-1β-deleted phenotype. To confirm that the intravenously injected BMDMs were recruited 

to the ischemic muscle tissue, we carried out immunofluorescence microscopy of ischemic 

gastrocnemius muscle tissue on day 3 post femoral artery ligation. The percent of 

cells associated with tdTomato expression was comparable among IL-1β-deleted animals 

that received donor BMDMs from either wild-type control or IL-1β-deleted Ai9 mice, 

whereas the percent of cells associated with CD31 positivity was significantly reduced 

in mice receiving myeloid IL-1β-deleted Ai9 BMDMs (Figures 7C–7E). To confirm the 

effectiveness of our clodronate liposome macrophage depletion, we carried out additional 

immunofluorescence co-staining for CD68 and found the percent of CD68 positive cells 

that also co-stained with tdTomato to be >98% (Figures S7E and S7F). This supports 

that an effective clodronate liposome depletion results in <2% residual CD68-positive 

cells, which likely represent the combination of residual macrophages with other small 

leukocyte subpopulations expressing CD68. In summary, primary macrophage rescue 

appears sufficient to overcome the myeloid IL-1β-deleted animal phenotype, supporting 

that the phenotype in the experimental acute limb ischemia model is largely driven by 

macrophages and macrophage-specific IL-1β expression.

DISCUSSION

These results identify a mechanistic relationship between IL-1β and VEGF-A signaling 

that is critical for early inflammatory macrophages to set the stage for angiogenesis and 
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arteriogenesis, leading to more complete limb perfusion recovery. In the setting of acute 

ischemic injury or other perturbations of tissue homeostasis, the early innate inflammatory 

macrophage response cytokine, IL-1β, appears to participate in an autocrine feedback 

loop to upregulate VEGF-A expression required for angiogenic responses. By establishing 

IL-1β signaling as a critical initiator of an angiogenesis program, these mechanistic studies 

challenge the current paradigm that only inflammation suppressed, or alternatively activated, 

macrophages can carry out angiogenesis and wound healing.

Though other studies of exogenous IL-1β- and TNF-α-induced transcription of VEGF-

A have been demonstrated in cultured cell systems, including those of smooth muscle 

cells, tumor cell lines, and cardiac myocytes (Gille et al., 1997; Li et al., 1995; Ryuto 

et al., 1996; Tanaka et al., 2000), the mechanisms of exogenous IL-1β transcriptional 

regulation were either undefined or differed from what we found here with macrophage 

systems (i.e., mitogen-activated protein kinase signaling, AP-2, AP-1, or SP-1 versus 

STAT3 and NF-κB). Prior studies assessing the role of global IL-1β knock-out mice 

have shown that angiogenesis is reduced in both hindlimb and tumor angiogenesis models 

(Amano et al., 2004; Voronov et al., 2003); however, those prior studies postulated an 

IL-1β-dependent HIF-1α activity responsible for VEGF-A expression. Using a conditional 

myeloid IL-1β-deletion model, we found macrophage HIF-1α activity in the nucleus was 

not IL-1β dependent and that the HIF-1α-driven component to VEGF-A expression was 

insufficient to fully overcome the impairment in VEGF-A expression conferred by the 

loss of the inflammatory cytokine, IL-1β. This highlights the significant and previously 

underappreciated role that early inflammatory signaling contributes to VEGF-A expression 

in setting the stage for angiogenesis during acute ischemia.

We demonstrated that autocrine IL-1β signaling in inflammatory macrophage subsets 

results in selective pro-angiogenic VEGF-A isoform expression and consequently VEGF-

A-dependent arteriogenesis via transcription factors STAT3 and NF-κB. This coordinated 

IL-1β-dependent transcriptional regulation involving STAT3 and NF-κB in macrophage 

pro-angiogenic VEGF-A expression is validated in vivo in an experimental model of PAD. 

Though VEGF-A is known to have transient systemic effects of reducing blood pressure 

(Yang et al., 1996), we found that the higher levels of VEGF-A in the muscle tissue 

during hindlimb ischemia in wild-type mice or in myeloid IL-1β-deleted mice rescued with 

wild-type BMDMs did not confer changes in MAP, comparable to other similar studies in 
vivo (Clayton et al., 2008). Much of the increased VEGF-A signaling likely remains local 

and paracrine, so the increased VEGF-A does not appear to have a measurable, sustained 

systemic effect in this model system.

Gain-of-function and small molecule inhibitor studies confirmed that both transcription 

factors appear necessary to promote the levels of IL-1β-dependent inflammatory 

macrophage VEGF-A expression required for activation of arteriogenesis. ChIP assays 

confirmed autocrine IL-1β-dependent binding of STAT3 and NF-κB to the promoter region 

of VEGF-A. STAT3-dependent VEGF-A expression has been described in human tumor 

cell lines and aberrant expression of constitutively active STAT3 mutant in cells can 

upregulate VEGF-A expression, indicating that STAT3 may play an important role in 

crosstalk between oncogenic and angiogenic events (Niu et al., 2002). Here we find that 
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STAT3 together with NF-κB stands at the convergence of inflammatory and angiogenic 

events. Given the recent findings of reduced incidence of lung cancer in patients with 

atherosclerosis by IL-1β inhibition in the Canakinumab Anti-inflammatory Thrombosis 

Outcomes Study (Ridker et al., 2017), it is interesting to speculate whether suppression of 

a macrophage IL-1β-STAT3/NF-κB-VEGF-A axis in tumor angiogenesis may be part of 

the preventive therapeutic mechanism. Additional studies are clearly needed in this area 

of IL-1β-dependent angiogenesis in the context of both cancer biology and atherosclerotic 

vascular disease.

Recent studies have demonstrated clinical PAD to be associated with the anti-angiogenic 

VEGF-A165b isoform, and VEGF-A165b appears upregulated in conditions with impaired 

limb revascularization (Kikuchi et al., 2014). The mechanism appears to involve VEGF-

A165b inhibition of VEGFR1 signaling, inducing an inflammatory phenotype that impairs 

ischemic muscle vascularization. However, there is reduced expression of VEGF-A165b 

in patients with critical limb ischemia, relative to those with intermittent claudication 

or normal peripheral blood flow, suggesting our understanding of mechanisms governing 

splice variant signaling in vivo is somewhat incomplete (Ganta et al., 2019; Kikuchi et 

al., 2014; Ngo et al., 2014). Here we found the M1-promoting conditions of LPS+IFN-γ 
upregulated pro-angiogenic VEGF-A165a in an IL-1β-dependent manner. Interestingly and 

somewhat surprisingly, IL-1β-gene deletion led to reduced VEGF-A165a mRNA expression 

and conversely increased relative VEGF-A165b mRNA expression, suggesting that IL-1β-

dependent STAT3 and NF-κB transcriptional activity may also, in part, mediate the VEGF-

A exon 8 splice site and consequent isoform preference. Moreover, these data raise the 

question whether there may be ineffective IL-1β signaling or an uncoupling of IL-1β from 

transcription of the pro-angiogenic VEGF-A isoform in pathologic conditions involving 

upregulation of VEGF-A165b or impaired angiogenesis. Further research in this area is 

required to better define these counter regulatory mechanistic relationships.

Limitations of the study

While we demonstrated pro-angiogenic VEGF-A expression and post-developmental 

arteriogenesis in the PAD model are dependent on macrophage IL-1β, we did not directly 

confirm that IL-1β acts through VEGF-A to promote revascularization. IL-1β-mediated 

recruitment of endothelial cell precursors to the ischemic limb was previously demonstrated 

to be VEGF-A-dependent (Amano et al., 2004). Future studies rescuing macrophage STAT3- 

and NF-κB-induced expression of pro-angiogenic VEGF-A in the presence or absence 

of blocking anti-VEGF-A antibody may help determine whether VEGF-A is sufficient to 

promote arteriogenesis in response to hindlimb ischemia in the absence of macrophage 

IL-1β signaling. Further, translational relevance of our pathway will require confirmation 

in human inflammatory macrophage subsets that the IL-1β-STAT3/NF-κB-VEGF-A axis is 

conserved.

In summary, macrophage-derived IL-1β serves as an important early inflammatory activator 

of angiogenesis through transcriptional regulation of pro-angiogenic VEGF-A by both 

STAT3 and NF-κB. Moreover, we have demonstrated that manipulation of this molecular 

pathway in macrophages is possible and that macrophages can be used to rescue impaired 
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angiogenesis and arteriogenesis in a model of acute limb ischemia. Though further study 

into the translational potential of this mechanism is required, we are enthusiastic about the 

potential for this molecular pathway to be therapeutically targeted for the enhancement of 

wound healing during acute ischemic injury in patients who have underlying PAD.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Alan R. Morrison 

(alan_morrison@brown.edu).

Materials availability—IL-1βfl/fl mouse lines generated in this study will be made 

available upon request to the lead contact through use of a material transfer agreement 

(MTA) with Ocean State Research Institute, Inc. The MTA will be necessary to guide 1) 

general terms on how the mice will be used; 2) liabilities; 3) husbandry and shipping costs; 

4) prevention of inappropriate distribution; 5) appropriate acknowledgement of the source; 

and 5) insurances that all planned animal subjects use is compliant with NIH and VA 

regulations.

Data and code availability

• Single-cell RNA-seq data have been deposited at GEO and are publicly available 

as of the date of publication. Accession number is listed in the key resources 

table.

• Microscopy data reported in this paper will be shared by the lead contact upon 

request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—C57BL/6J (Cat# 000664), Csf1rmercremer (Cat# 019098) (Qian et al., 2011), 

IL-1R−/− (Cat# 003245)(Glaccum et al., 1997) and Ai9 (RCL-tdT) (Cat# 007909)(Madisen 

et al., 2010), male and female mice, aged 10–12 weeks, were obtained from The Jackson 

Laboratory. The IL-1βfl/fl mice were generated by CRISPR/Cas9 technology by Brown 

University’s Mouse Transgenic and Gene Targeting Facility and were then crossed with 

Csf1rmercremer mice to generate a myeloid-specific, tamoxifen-inducible IL-1β-deleted mice. 

For cell tracking, wild-type control and myeloid IL-1β-deleted mice were crossed to the 

Ai9 (RCL-tdT) reporter strain. For BMDM isolations, animals 10–12 weeks of age were 

used. For hind limb ischemia, mice of 12–14 weeks of age were used. Male and female 

animals were used in equal numbers, and sex was analyzed as a biological variable, by 

2way ANOVA with sex as a variable. Blood pressure was measured in indicated conscious 

and anesthetized mice using the tail-cuff method with an automated monitor (CODA-3.0, 

Kent Scientific Corporation, CT, USA). Measurements were taken at 5 second intervals, and 
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the final blood pressure represented an average of 6 consecutive values at indicated time 

points before and after femoral artery ligation to induce hind limb ischemia. All experiments 

were performed in accordance with the Providence VA Medical Center guidelines, and 

the Institutional Animal Care and Use Committee approved all housing protocols and 

experimental animal procedures.

Bone marrow derived macrophage (BMDM) isolation and polarization—
BMDMs were obtained by in vitro differentiation of primary femur and tibia bone marrow 

cells using an established protocol(Davies and Gordon, 2005; Healy et al., 2020). In brief, 

femurs and tibias from the indicated mouse lines mice were dissected, cleaned, dis-infected 

in 70% ethanol, and washed with fully supplemented RPMI 1640 medium. Red blood cells 

were removed by ammonium-chloride potassium lysis buffer and subsequent centrifugation. 

Remaining BM cells were then cultured at a density of 3.5 × 106 cells/10 cm Petri dish 

in fully supplemented RPMI with 30% (vol/vol) L929 cell-conditioned medium. Cells were 

matured to phenotypic macrophages over 6–7 days as confirmed by >98% expression of 

F4/80 and CD68. Non-adherent cells were washed away with PBS while adherent cells 

were recovered by gentle pipetting in PBS with 1 mM EDTA. Polarization of BMDMs 

was carried out by incubation with LPS (100 ng/mL; Sigma-Aldrich L2630) and IFN-γ 
(50 ng/mL; BioLegend 575304) or with IL-4 (10 ng/mL; BioLegend 574304) and IL-13 

(10 ng/mL; BioLegend cat.575904) up to 24 hours. In some experiments, BMDMs were 

treated with the STAT3 inhibitor, Stattic (Abcam, ab120952), or the NF-κB inhibitor, JSH23 

(Abcam, ab144824).

Hindlimb ischemia model—Femoral artery ligation surgeries for hindlimb ischemia 

experiments were performed at the Providence VA Medical Center animal facility. Briefly, 

mice were anesthetized by inhaled isoflurane (2%) in an induction chamber and then 

transferred to the surgery platform, where they were kept under anesthesia by a continuous 

inhalation through a snugly fitted nose cone. The femoral artery was then ligated at two 

positions, spaced 5 mm apart: one just below the inguinal ligament and the second distal 

to the superficial epigastric artery. All branches between the two ligatures were ligated 

and the femoral artery segment was completely excised. Analgesic (Buprenorphine 0.05–

0.1 mg/kg, Par Pharmaceuticals) was administered intraperitoneally at the time of surgery, 

four hours post-surgery, and then twice a day for the next 72 hours. In some animals, 

early inflammatory assessment was performed on Day 3 post ligation, where gastrocnemius 

ischemic muscle tissue was dissected, harvested, and segmented at the midpoint of the 

muscle for subsequent analysis. The mid-gastrocnemius was homogenized for subsequent 

TRIzol-based fractionation and isolation of DNA, RNA, and protein(Chomczynski, 1993). 

RNA was treated with a DNase kit (Life Technologies) to remove genomic contaminant 

prior to reverse transcription. Immediately adjacent segments to the mid-gastrocnemius were 

fixed for both cryomolding and paraffin embedding, followed by immunofluorescence or 

traditional hematoxylin and eosin histology, respectively. In some mice, mid-gastrocnemius 

tissue sections from both ischemic muscle and contralateral nonischemic control muscle 

were harvested on Day 21 post femoral artery ligation for additional immunofluorescence 

histology.
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Laser Doppler blood flow imaging—Mice were anesthetized by inhaled isoflurane 

(2%) as described above and placed on a heating platform where body temperature was 

kept at 37±0.5°C to minimize the influence of body temperature on blood flow imaging. 

Blood flow images of the hind paws were acquired using a Moor Laser Doppler Imager 

(MoorLDI2, Moor Instruments). The data were analyzed with moorLDI image processing 

software (moorLDI V6.1) and reported as the ratio of blood flow in the ischemic to the 

non-ischemic, contralateral control hind paws. Blood flow was quantified before surgery, 

immediately after surgery, and at postoperative Days 3, 7, 14, and 21.

METHOD DETAILS

Cholesterol crystal inflammasome assay—Cholesterol crystals were generated as 

previously described (Duewell et al., 2010). Cholesterol (Sigma-Aldrich C3045) was 

dissolved in 1-propanol at a concentration of 2 mg/ml. Crystals were precipitated overnight 

at room temperature by dilution to 40% 1-propanol with water. Crystals were pelleted by 

centrifugation and dried at 70°C. Crystal pellets were then re-suspended in 0.1% FBS in 

PBS at a concentration of 50 mg/ml. Average crystal size of 1–2 μm was confirmed by 

microscopy. BMDMs (+/− priming with low dose (10 ng/ml) LPS for 2 hours) were then 

either exposed to 1000 μg/ml cholesterol crystals or vehicle control for 24 hours. Culture 

supernatants were collected, and IL-1β and VEGF-A expression were quantified by ELISA.

Mouse IL-1β and mouse VEGF-A ELISA kits—Conditioned media from either 

polarized BMDMs or inflammasome-stimulated (cholesterol crystal assay) were used 

to evaluate IL-1β (BioLegend, 432604) and VEGF-A (R&D Systems, DY493) protein 

concentrations, according to the manufacturer’s instructions. Each animal measurement 

reflects the average of experimental triplicates.

RNA-sequencing—We extracted total RNA from polarized BMDMs with the RNeasy kit 

(QIAGEN; cat.74106). The RNA was quantified, and the quality verified, using Nanodrop 

One (Thermo Fisher). RNA-seq was performed on 100 ng total RNA using 76 bp single-end 

sequencing on an Illumina HiSeq 2500 according to Illumina protocols at the Yale Center 

for Genomic Analysis. Reads were aligned with TopHat v.2.1.1 to the reference UCSC 

mouse genome and transcript annotation (GRCm38/mm10), and then TopHat alignments 

were then processed by Cufflinks v2.2.1 to identify differentially expressed genes(Trapnell 

et al., 2012).

Quantitative RT-PCR—Total RNA from ischemic muscle tissue (100–150 mg) was 

extracted using the Trizol kit (Fisher 15596026). Total RNA from BMDMs (1.5million 

cells/mL) was extracted from RLT Lysis buffer containing 2-βME (QIAGEN; RNeasy Kit 

cat.74106) according to the manufacturer’s protocol. RNA concentration was measured by 

Nanodrop One (Thermo Fisher). First-strand complementary DNA was synthesized with 

iScript cDNA synthesis Kit (Bio-Rad; 1708891). Equal amounts of RNA (200 ng/μl) were 

used as templates in each reaction. Quantitative RT-PCR was performed with SSoAdvanved 

UnivSYBR Supermix (Bio-Rad, 1725274) on the StepOne Plus PCR machine (AB Applied 

Biosystems) using primers. All measurements were made in triplicate and then averaged, 

using HPRT as the housekeeping gene for BMDMs and GAPDH as the housekeeping gene 
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for muscle tissue lysates. Primers: HPRT, 5’-GACCGGTCCCGTCATGCCGA-3’ (sense) 

and 5’-TGGCCTCCCATCTCCTCCATGACA-3’ (antisense); GAPDH, 5’-GTGTGAACG 

GATTTGGCCG-3’ (sense) and 5’-GTGATGGGCTTCCCGTTGAT-3’ (antisense); IL-1β, 

5’-AAAGATGAAGGGCTGCTTCC-3’ (sense) and 5’-GTCCACGGGAAAGACACAGG-3’ 

(antisense); VEGF-A, 5’-ACTGGACCCTGGCTTTACTGC-3’ 

(sense) and 5’-TGATCCG CATGATCTGCATGGTG-3’ 

(antisense); VEGF-A165a, 5’-CAGAAAATCACTGTGAGCCTTGTT-3’ 

(sense) and 5’-CTTGGCTTGTCACATCTGCAA-3’ (antisense); 

VEGF-A165b, 5’-CAGAAAATCACTGTGAGCCTTGTT-3’ (sense) 

and 5’-CTTTCCGGTGAGAGGTCTGC-3’ (antisense); TNF-α, 5’-

CACGTCGTAGCAAACCACCAA-3’ (sense) and 5’-AGCAAATCGGCTGACGGTGT-3’ 

(antisense); NOS2, 5’-CGGCAAACATGACTTCAGGC-3’ (sense) and 5’-

GCACATCAAAGCGGCCATAG-3’ (antisense); ARG1, 5’-ACATTCGCTTGCGAGAC 

GTA-3’ (sense) and 5’-ATCACCTTGCCAATCCCCAG-3’ (antisense); FIZZ1, 5’-

CCTGCTGGGATGACTGCTAC-3’ (sense) and 5’-CAG TGGTCCAGTCAACGAGT-3’ 

(antisense); YM1, 5’-GCTTTTGACGAAGAATCTGTGGAC-3’ (sense) and 5’ 

TCAGGGATCTTGTACC CAGAC 3’ (antisense); VEGF-A promoter STAT3 ChIP, 5’-

TCCACAGGTCGTCTCACTCC-3’ (sense) and 5’-GCAGTCATCAGGAGC TAGGG-3’ 

(antisense); VEGF-A promoter NF-κB ChIP, 5’-TACAGCCTCTGTTATGCCACG-3’ 

(sense) and 5’-TGGGTTTCCTCACCTGATCC-3’ (antisense).

Nuclear extraction and transcription factor assays—Nuclear and cytoplasmic 

fractionation of BMDM or muscle tissue lysates was carried out according to manufacturer 

instructions (Abcam, ab113474). Briefly, cells were collected with cell scraper and 

pelleted by centrifugation. Pellets were re-suspended in the pre-extraction buffer. After a 

centrifugation, supernatant containing cytoplasmic fraction was frozen down and stored. 

The pellet was again centrifuged and re-suspended in nuclear extraction buffer to generate 

the nuclear fraction. The nuclear fraction was used for HIF-1α, STAT3, and NF-κB 

p65 transcription assays according to the manufacturer’s instructions (Abcam; ab133104, 

ab207229, and ab133112, respectively).

Immunoblotting—Proteins from ischemic muscle tissue (100–150 mg) were extracted 

using Trizol kit (Fisher 15596026). Proteins from BMDMs (1.5million/mL) were collected 

by using Laemmli sample buffer (Bio-Rad, cat.1610737) containing 2-βME; then boiled 

at 95°C and aliquoted. Aliquots from tissue lysates or cell lysates were separated by Tris/

Glycine/SDS–PAGE (Bio-Rad 1610732) and blotted into PVDF membranes. Membranes 

were blocked in fluorescent blocking buffer (Rockland Immunochemicals, cat.MB070) and 

probed at 4°C overnight with antibodies against VEGF-A (1:1000; Sigma SAB2502119); 

cleaved mature IL-1β (1:500; Cell Signaling Technology 52718); β-Actin (1:1000, 

sc-47778). After multiple washes, membranes were incubated with fluorescent secondary 

antibodies (Thermo Fisher A21088, 1:5000; Thermo Fisher A10043, 1:5000; and LI-COR 

926–32212, 1:5000). Protein bands were quantified by densitometry, using the LI-COR 

Imager (Odyssey CLx) and normalization to β-Actin.
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Nascent RNA capture assay—BMDMs were subject to polarizing stimuli for 12 

hours followed by Nascent RNA Capture using Click-iT chemistry, according to the 

manufacturer’s instructions (Life technologies, C10365).

Transfections with gain-of-function mutants—BMDMs were transfected with empty 

vector control (pcDNA3.1-(empty)-TAG, Addgene 138209), constitutively active STAT3 

(Stat3-C Flag pRc/CMV, Addgene 8722), or constitutively active IKK-2 (IKK-2 S177E 

S181E, Addgene 11105) using a mouse macrophage transfection system, according to 

the manufacturer’s instructions (Lonza, VPA-1009; Mouse Macrophage Nucleofector Kit). 

Briefly, 1 × 106 cells were combined with 3 μg plasmid DNA individually, or 2.5 μg each 

together combined in a total volume of 100μL Nucleofector solution and transfected with the 

Nucleofector 2b Device (Lonza, AAB-1001) per macrophage-specified setting Y-001. Cells 

were then plated on a sterile 12-well plate and incubated for 12 hours at 37°C in 1 mL of 

fully supplemented RPMI 1640 and then polarized with LPS and IFN-γ for an additional 12 

hours at 37°C. Conditioned media and BMDM lysate RNA were then harvested for ELISA 

and quantitative RT-PCR, respectively.

Chromatin immunoprecipitation (ChIP)—STAT3 or NF-κB ChIP assays were carried 

out according to the manufacturer’s protocols (Millipore, 17–295). In brief, LPS+IFN-γ 
polarized BMDM lysates from 1.5 million cells, underwent histone cross-linking to DNA 

using formaldehyde (37%), and then the cells were scraped and collected in a PBS solution 

containing proteases inhibitors. After wash and centrifugation, the cell pellet was lysed 

in SDS buffer, sonicated, and spun down again. The pellet was then re-suspended in 

ChIP buffer with Protein A agarose beads pre-coated with salmon sperm DNA and then 

incubated overnight with antibodies for STAT3 (1:100; Cell Signaling Technology 9139) and 

its isotype control (1:50; Thermo Fisher; 02–6200) or NF-kB p65 (1:100; Cell Signaling 

Technology 8242) and its isotype control (1:50, R&D Systems AB-105-C). Samples were 

then washed and underwent reversal of histone-DNA crosslinking by NaCl (5 M) for 4 hours 

at 65°C. DNA was recovered with phenol/chloroform extraction and ethanol precipitation. 

Site-specific primers encompassing either the STAT3 or NF-κB known seed sites in the 

VEGF-A promoter region were used for quantitative RT-PCR. Results were expressed as 

relative mRNA expression based on the delta CT of STAT3- or NF-κB-specific antibodies to 

their respective isotype control antibodies.

Clodronate liposome macrophage depletion—Control and clodronate liposomes 

(Fisher Scientific, Standard Macrophage Depletion Kit; Fisher Scientific NC1361099) were 

intraperitoneally injected into the mice at a concentration of 250 μl/25 g two days prior 

to hindlimb ischemia to deplete macrophages. A second injection of 50 μl was carried out 

directly into ischemic muscle tissue immediately following femoral artery ligation surgery. 

For macrophage transplant experiments, 500,000 BMDMs suspended in phosphate buffered 

saline were intravenously (tail vein) injected 6 hours after femoral artery ligation.

Histology and immunofluorescence microscopy—Paraffin-embedded muscle 

tissues were sectioned at 10-μm thick, stained with hematoxylin and eosin (H&E), and 

imaged on a Nikon Eclipse 80i, Nikon Plan Apochromat 20x objective lens (numerical 
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aperture 0.75). For immunofluorescence microscopy, muscle tissue was sectioned at 10-

μm-thickness by cryostat. Sections were incubated with CD31-FITC (1:100; Thermo 

Fisher, 11-0311-85), anti-mouse CD68-APC (1:100; BioLegend, 137008), or anti-mouse 

α-Smooth Muscle Actin-Cy3 (1:100; MilliporeSigma, C6198), and then mounted with 4′,6-

Diamidino-2-phenylindole dihydrochloride (DAPI) (Thermo Fisher, P36931). Using a Nikon 

Eclipse 80i inverted microscope with Nikon Plan Apochromat 10x objective lens (numerical 

aperture 0.3), 6 fluorescence images were acquired in the regions of interest as determined 

by cellular infiltration using the DAPI staining. Quantification of cell types was expressed as 

a ratio of each DAPI+ cellular marker (CD68, CD31, SMA) to the total DAPI stained cells 

in the field. Each individual data point represented one animal and reflected the average of 

3–4 images captured from adjacent tissue sections per slide. All subsequent analyses were 

performed by Image J software(Schneider et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical data were analyzed with the use of Prism 9 (GraphPad). Results are presented 

as mean (SD) for continuous variables with normal distribution or equal variance and as 

median (interquartile range) for continuous variables without normal distribution. The t-test 

was used to compare normally distributed continuous variables between 2 independent 

groups. Differences between multiple groups was assessed by ANOVA followed by Tukey’s 

post hoc multiple comparisons test. The Mann-Whitney U test will be used for continuous 

variables not normally distributed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Macrophage VEGF-A expression depends on autocrine IL-1β expression and 

signaling

• IL-1β signaling activates both STAT3 and NF-κB to promote VEGF-A 

transcription

• STAT3 and NF-κB upregulate the pro-relative to the anti-angiogenic VEGF-A 

isoform

• In a PAD model, macrophage IL-1β is required for VEGF-A-driven angio/

arteriogenesis
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Figure 1. IL-1β and VEGF-A expression levels are increased in inflammatory relative to 
alternatively activated macrophages
(A) Volcano plot demonstrating RNA-seq transcriptome data displaying expression profiles 

from mouse bone marrow-derived macrophages (BMDMs) treated with either LPS+IFN-γ 
or IL-4+IL-13 for 24 h. IL-1β, VEGF-A, HIF-1α, STAT3, and RELA are marked by arrows 

and red dots. Dashed line, p = 0.05.

(B–F) Quantitative RT-PCR of relative (normalized to HPRT) mRNA expression for IL-1β, 

VEGF-A, HIF-1α, STAT3, and RELA from the BMDM lysates treated as in (A) (*, p < 0.05 

by t test; n = 4 mice total; two males and two females). Data, mean ± SD.
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Figure 2. Macrophage VEGF-A expression is dependent on IL-1β expression during 
inflammatory conditions
(A) BMDMs from control or myeloid IL-1β-deleted mice (mIL-1β KO) were primed with or 

without LPS (10 ng/mL) and exposed to cholesterol crystals (0 or 1000 μg/mL) for 24 h to 

induce inflammasome activation, followed by quantitative RT-PCR for relative IL-1β mRNA 

expression (***, p < 0.0001 compared to all others by ANOVA; n = 4 mice total, two males 

and two females).
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(B) BMDMs treated as in (A), followed by ELISA on cell culture supernatants for secreted, 

mature IL-1β protein (***, p < 0.0001 compared to all others by ANOVA; n = 4 mice total, 

two males and two females).

(C) BMDMs treated as in (A), followed by quantitative RT-PCR for relative VEGF-A 

mRNA expression (***, p < 0.0001 compared to all others by ANOVA; n = 4 mice total, two 

males and two females).

(D) BMDMs treated as in (A), followed by ELISA on cell culture supernatants for secreted 

VEGF-A protein (***, p < 0.0001 compared to all others or between control and mIL-1β 
KO by ANOVA; n = 4 mice total, two males and two females).

(E) Primary mouse BMDMs from control or mIL-1β KO were treated with either LPS+IFN-

γ or IL-4+IL-13 for 24 h, followed by ELISA on culture supernatants for secreted, mature 

IL-1β protein (***, p < 0.0001 compared to all others by ANOVA; n = 4 mice total, two 

males and two females).

(F) BMDMs treated as in (E) followed by quantitative RT-PCR for relative VEGF-A165a 

mRNA expression (***, p < 0.0001 compared to all others by ANOVA; n = 4 mice total, two 

males and two females).

(G) BMDMs treated as in (E) followed by quantitative RT-PCR for relative VEGF-A165b 

mRNA expression (**, p < 0.001 compared to all others by ANOVA; n = 4 mice total, two 

males and two females).

(H) BMDMs treated as in (E) followed by ELISA on culture supernatants for secreted 

VEGF-A protein (***, p < 0.0001 compared to all others by ANOVA; n = 4 mice total, two 

males and two females). Data, mean ± SD.
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Figure 3. Macrophage IL-1β drives nascent VEGF-A mRNA transcription, nuclear-localized 
NF-κB and STAT3 activity but not HIF-1a activity, and gain-of-function mutations for STAT3 or 
IKK2 increase pro-angiogenic VEGF-A165a isoform expression
(A) BMDMs from control or myeloid IL-1β-deleted mice (mIL-1β KO) were treated with 

either LPS+IFN-γ or IL-4+IL-13 for 12 h followed by 20-min 5-ethynyl Uridine pulse, 

Click-iT Nascent RNA purification, and quantitative RT-PCR for relative nascent VEGF-A 

mRNA (**, p ≤ 0.0002 compared to all others by ANOVA; n = 4 biological replicates from 

two mice, one male and one female).
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(B) BMDMs from control or mIL-1β KO mice were treated with either LPS+IFN-γ or 

IL-4+IL-13 for 24 h followed by a modified ELISA for relative HIF-1α activity on nuclear 

fraction lysates (n = 4 mice total, two males and two females).

(C) BMDMs treated as in (B) followed by a modified ELISA for relative STAT3 activity 

on nuclear fraction lysates (***, p < 0.0001 compared to all others by ANOVA; n = 4 mice 

total, two males and two females).

(D) BMDMs treated as in (B) followed by a modified ELISA for relative NF-κB activity 

on nuclear fraction lysates (***, p < 0.0001 compared to all others by ANOVA; n = 4 mice 

total, two males and two females).

(E) BMDMs from control or mIL-1β KO mice were transfected with plasmid for 

constitutively active mutations of STAT3 or IKK2 (NF-κB activator) alone or in combination 

followed by ELISA on culture supernatants for secreted VEGF-A protein (**, p ≤ 0.0075 

compared to wild-type control transfected with vector control by ANOVA; n = 4 mice total, 

two males and two females).

(F) BMDMs treated as in (E) followed by quantitative RT-PCR for relative VEGF-A165a 

mRNA expression (*, p < 0.05; **, p < 0.005 compared to wild-type control transfected with 

vector control by ANOVA; n = 4 mice total, two males and two females).

(G) BMDMs treated as in (E) followed by quantitative RT-PCR for relative VEGF-A165b 

mRNA expression (***, p < 0.0001 compared to wild-type control transfected with vector 

control by ANOVA; n = 4 mice total, two males and two females). Data, mean ± SD.
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Figure 4. NF-κB and STAT3 bind to VEGF-A promoter in an IL-1β-dependent manner, and 
inhibition of either led to decreased expression of pro-angiogenic VEGF-A165a and to increased 
expression of anti-angiogenic VEGF-A165b
(A) Quantitative RT-PCR of the VEGF-A promoter after chromatin immunoprecipitation 

(ChIP), using antibody specific to STAT3 relative to isotype control, of lysate from control 

or myeloid IL-1β-deleted (mIL-1β KO) BMDMs that were treated with LPS+IFN-γ for 24 h 

(**, p < 0.001 by t test; n = 4 mice total, two males and two females).
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(B) Quantitative RT-PCR of the VEGF-A promoter after ChIP, using antibody specific to 

NF-κB relative to isotype control, of lysate from BMDMs treated as in (A) (**, p = 0.0018 

by t test; n = 4 mice total, two males and two females).

(C) BMDMs from control or mIL-1β KO were treated with LPS+IFN-γ for 24 h in the 

presence or absence of the STAT3 inhibitor, Stattic, at indicated concentrations, followed 

by ELISA for VEGF-A on culture supernatant (***, p ≤ 0.0001 compared to control at 0 

concentration by ANOVA; φφφ, p ≤ 0.0001 compared to mIL-1β KO at 0 concentration by 

ANOVA; n = 4 mice total, twomales and two females).

(D) BMDMs from control or mIL-1β KO mice were treated with LPS+IFN-γ for 24 h in the 

presence or absence of the NF-κB inhibitor, JSH23, at indicated concentrations, followed 

by ELISA for VEGF-A on culture supernatant (***, p ≤ 0.0001 compared to control at 

0 concentration by ANOVA; φ, p ≤ 0.01 compared to mIL-1β KO at 0 concentration by 

ANOVA; n = 4 mice total, two males and two females).

(E) BMDMs treated as in (C) followed by quantitative RT-PCR for relative VEGF-A165a 

mRNA expression (**, p < 0.001; ***, p ≤ 0.0001 compared to control at 0 concentration 

by ANOVA; φφ, p ≤ 0.005; φφφ, p ≤ 0.0001; compared tomIL-1β KO at0 concentration by 

ANOVA; n = 4 mice total, two males and two females).

(F) BMDMs treated as in (D) followed by quantitative RT-PCR for relative VEGF-A165a 

mRNA expression (***, p < 0.0001 compared to all others by ANOVA; φφ, p ≤ 0.005 

compared to mIL-1β KO at 0 concentration by ANOVA; n = 4 mice total, two males and two 

females).

(G) BMDMs treated as in (C) followed by quantitative RT-PCR for relative VEGF-A165b 

mRNA expression (*, p < 0.05; **, p < 0.001; ***, p < 0.0001 compared to control at 

0 concentration by ANOVA; φ, p < 0.05; φφφ, p ≤ 0.0001; compared to mIL-1β KO at 0 

concentration by ANOVA; n = 4 mice total, two males and two females).

(H) BMDMs treated as in (D) followed by quantitative RT-PCR for relative VEGF-A165b 

mRNA expression (*, p < 0.05; **, p < 0.001; ***, p < 0.0001 compared to control at 0 

concentration by ANOVA; φφ, p < 0.001; φφφ, p ≤ 0.0001; compared to mIL-1β KO at 0 

concentration by ANOVA; n = 4 mice total, two males and two females). Data, mean ± SD.
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Figure 5. VEGF-A–induced blood flow recovery consequent to new angiogenesis and 
arteriogenesis is dependent on macrophage IL-1β expression in response to acute hindlimb 
ischemia
(A and B) Laser Doppler images of flow in the ischemic (I) and contralateral control (C) 

hindlimbs of control or myeloid IL-1β-deleted mice (mIL-1β KO) at indicated time points 

before and after femoral artery ligation along with quantitative analysis (B) (**, p = 0.002; 

***, p < 0.0001 between control and mIL-1β KO for each time point by ANOVA; n = 12 

mice total, six males and six females).

(C and D) Standard histology stained for hematoxylin and eosin of day 3 ischemic 

gastrocnemius muscle tissue from control or mIL-1β KO mice along with quantification 

(D) of number of infiltrating inflammatory cells, indicated by yellow arrows (n = 6 mice 

total, three males and three females). Bar, 100 microns.

(E–H) Immunofluorescence micrographs of ischemic muscle tissue at day 3 post femoral 

artery ligation from control or mIL-1β KO mice along with quantitation of DAPI+CD68+ 
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(F), DAPI+CD31+ (G), and DAPI+SMA+ (H) cells (***, p = 0.0003 by t test; n = 6 mice, 

three males and three females). Bar, 100 microns. Data, mean ± SD.
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Figure 6. During acute hindlimb ischemia, muscle tissue expression of pro-angiogenic VEGF-A 
is dependent on macrophage IL-1β despite intact activation of hypoxia-driven transcriptional 
mechanisms via HIF-1a
(A–C) Representative VEGF-A and IL-1β immune-blots from ischemic muscle tissue at day 

3 post femoral artery ligation from control or myeloid IL-1β-deleted mice (mIL-1β KO) 

with each lane containing muscle lysate from a separate animal along with quantification 

(B, C) of β-actin-normalized protein (***, p < 0.0001 by t test; n = 6 mice, three males and 

three females).
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(D) Quantitative RT-PCR for relative VEGF-A165a mRNA expression from ischemic muscle 

of animals treated as in (A) (***, p < 0.0001 by t test; n = 6 mice total, three males and three 

females).

(E) Quantitative RT-PCR for relative VEGF-A165b mRNA expression from ischemic muscle 

of animals treated as in (A) (***, p < 0.0001; n = 6 mice total, three males and three 

females).

(F) Modified ELISA for relative HIF-1α activity on nuclear fraction lysates from day 3 

ischemic muscle tissue of animals treated as in (A) (n = 6 mice total, three males and three 

females).

(G) BMDMs from control or mIL-1β KO mice were treated with either LPS+IFN-γ or 

IL-4+IL-13 in the setting of normoxia or hypoxia (1% O2) followed by modified ELISA for 

relative HIF-1α activity on nuclear fraction lysates (***, p ≤ 0.0001 compared to normoxia 

control treated with LPS+IFN-γ by ANOVA; n = 4 mice total, two males and two females).

(H) BMDMs from control or mIL-1β KO mice were treated with LPS+IFN-γ in the setting 

of normoxia or hypoxia (1% O2) followed by ELISA on culture supernatants for secreted 

VEGF-A protein (***, p ≤ 0.0001 by ANOVA; n = 4 mice total, two males and two 

females).

(I) BMDMs treated as in (H) followed by quantitative RT-PCR for relative VEGF-A165a 

mRNA expression (*, p < 0.05; ***, p < 0.0001 by ANOVA; n = 4 mice total, two males and 

two females).

(J) BMDMs treated as in (H) followed by quantitative RT-PCR for relative VEGF-A165b 

mRNA expression (**, p < 0.009 compared with all others by ANOVA n = 4 mice total, two 

males and two females). Data, mean ± SD.

Mantsounga et al. Page 32

Cell Rep. Author manuscript; available in PMC 2022 February 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Clodronate liposome treatment followed by BMDM transplant in the context of acute 
hindlimb ischemia confirms the important contribution of IL-1β from macrophages relative to 
other leukocytes
(A and B) Laser Doppler images of flow in the ischemic (I) and contralateral control 

(C) hindlimbs from myeloid IL-1β-deleted mice (mIL-1β KO) that underwent clodronate 

liposome macrophage depletion followed by transplant of tdTomato-labeled BMDMs from 

either wild-type (Control Mφ) or IL-1β-deleted (mIL-1β KO Mφ) Ai9 mice along with 

quantitative analysis (B) (***, p ≤ 0.0003 compared between control Mφ and mIL-1β KO 

Mφ for each time point by ANOVA; n = 6 mice total, three males and three females).

(C–E) Immunofluorescence micrographs of ischemic muscle tissue at day 3 post femoral 

artery ligation mice treated as in (A) along with quantitation of DAPI+tdTomato+ (D) and 

DAPI+CD31+ (E) cells (***, p = 0.0008 by t test; n = 6 mice, three males and three 

females). Bar, 100 microns. Data, mean ± SD.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NF-κB p65, monoclonal Cell Signaling Technology Cat# 8242; RRID: AB_10859369

STAT3, monoclonal Cell Signaling Technology Cat# 9139; RRID: AB_331757

VEGF-A, polyclonal Sigma Cat# SAB2502119

Cleaved IL-1 β, mouse-specific monoclonal Cell Signaling Technology Cat# 52718; RRID: AB_2799421

IL-1 β (A6), mouse-specific monoclonal Cell Signaling Technology Cat# 12242; RRID: AB_2715503

Anti-β-Actin Antibody (C4) Santa Cruz Cat# sc-47778; RRID: 
AB_2714189

APC anti-mouse CD68 Antibody BioLegend Cat# 137008; RRID: 
AB_10575300

Anti-Actin, α-Smooth Muscle - Cy3™ antibody, Mouse monoclon MilliporeSigma Cat# C6198; RRID: AB_476856

CD31 (PECAM-1) Monoclonal Antibody (390), FITC, eBioscience™ Thermo Fisher Cat# 11-0311-85; RRID: 
AB_465013

Rabbit anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa 
Fluor 680

Thermo Fisher Cat# A21088; RRID: 
AB_10373119

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 680

Thermo Fisher Cat# A10043; RRID: AB_2534018

IRDye® 800CW Donkey anti-Mouse IgG Secondary Antibody Thermo Fisher Cat# 926–32212; RRID: 
AB_621847

Biological samples

Bone marrow-derived macrophages Davies and Gordon (2005); 
Healy et al. (2020)

N/A

Chemicals, peptides, and recombinant proteins

JSH 23 (NF-κB inhibitor) Abcam Cat# ab144824

Stattic (STAT3 inhibitor) Abcam Cat# ab120952

Lipopolysaccharides from E. coli 0111:B4 Sigma Aldrich Cat# L2630

Recombinant Mouse IFN-γ (carrier-free) BioLegend Cat# 575304

Recombinant Mouse IL-13 (carrier-free) BioLegend Cat# 575904

Recombinant Mouse IL-4 BioLegend Cat# 574304

Cholesterol MilliporeSigma Cat# C3045

ProLong™ Gold Antifade Mountant with DAPI Thermo Fisher Cat# P36931

Critical commercial assays

Mouse VEGF DuoSet ELISA R&D Systems Cat# DY493; RRID: AB_2884000

ELISA MAX™ Deluxe Set Mouse IL-1 β BioLegend Cat# 432604

Nuclear Extraction Kit Abcam Cat# ab113474

HIF-1 alpha Transcription Factor Assay Kit Abcam Cat# ab133104

STAT3 Transcription Factor Assay Kit (Colorimetric) Abcam Cat# ab207229

NFkB p65 Transcription Factor Assay Kit Abcam Cat# ab133112

Chromatin Immunoprecipitation (ChIP) Assay Kit Millipore Cat# 17–295

Standard Macrophage Depletion Kit (Clodrosome® + Encapsome®) Fisher Scientific Cat# NC1361099

Mouse Macrophage Nucleofector™ Kit Lonza Cat# VPA-1009

RNeasy Mini Kit Qiagen Cat# 74106
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REAGENT or RESOURCE SOURCE IDENTIFIER

Click-iT Nascent RNA Capture Kit Invitrogen/Life 
Technologies

Cat# C10365

Deposited data

Raw and analyzed RNA-Seq data This manuscript GEO: GSE191152

Experimental models: Organisms/strains

Mus musculus: C57BL/6J The Jackson Laboratory Cat# 000664; RRID: 
IMSR_JAX:000664

Mus musculus: Csf1tmlercmmer, FVB-Tg(Csf1r-cre/Esr1*)1Jwp/J The Jackson Laboratory Cat# 019098; RRID: 
IMSR_JAX:019098

Mus musculus: IL-1R−/−, B6.129S7-Il1r1tm1Imx/J The Jackson Laboratory Cat# 003245; RRID: 
IMSR_JAX:003245

Mus musculus: Ai9 (RCL-tdT), B6.Cg-Gt(ROSA) 
26Sottm9(CAG-tdTomato)Hze/j

The Jackson Laboratory Cat# 007909; RRID: 
IMSR_JAX:007909

Mus musculus: IL-1βfl/fl The Morrison Laboratory 
and The Brown University 
Mouse Transgenic and 
Gene Targeting Facility

This manuscript.

Oligonucleotides

HPRT, 5’-GACCGGTCCCGTCATGCCGA-3’ (sense) and 5’-
TGGCCTCCCATCTCCTCCATGACA-3’ (antisense)

Integrated DNA 
Technologies

N/A

GAPDH, 5’-GTGTGAACGGATTTGGCCG-3’ (sense) and 5’-
GTGATGGGCTTCCCGTTGAT-3’ (antisense)

Integrated DNA 
Technologies

N/A

IL-1 β, 5’-AAAGATGAAGGGCTGCTTCC-3’ (sense) and 5’-
GTCCACGGGAAAGACACAGG-3’ (antisense)

Integrated DNA 
Technologies

N/A

VEGF-A, 5’-ACTGGACCCTGGCTTTACTGC-3’ (sense) and 5’-
TGATCCGCATGATCTGCATGGTG-3’ (antisense)

Integrated DNA 
Technologies

N/A

VEGF-A165a, 5’-CAGAAAATCACTGTGAGCCTTGTT-3’ (sense) and 
5’-CTTGGCTTGTCACATCTGCAA-3’ (antisense)

Integrated DNA 
Technologies

N/A

VEGF-A165b, 5’-CAGAAAATCACTGTGAGCCTTGTT-3’ (sense) and 
5’-CTTTCCGGTGAGAGGTCTGC-3’ (antisense)

Integrated DNA 
Technologies

N/A

TNF-α, 5’-CACGTCGTAGCAAACCACCAA-3’ (sense) and 5’-
AGCAAATCGGCTGACGGTGT-3’ (antisense)

Integrated DNA 
Technologies

N/A

NOS2, 5’-CGGCAAACATGACTTCAGGC-3’ (sense) and 5’-
GCACATCAAAGCGGCCATAG-3’ (antisense)

Integrated DNA 
Technologies

N/A

ARG1, 5’-ACATTCGCTTGCGAGACGTA-3’ (sense) and 5’-
ATCACCTTGCCAATCCCCAG-3’ (antisense)

Integrated DNA 
Technologies

N/A

FIZZ1, 5’-CCTGCTGGGATGACTGCTAC-3’ (sense) and 5’-
CAGTGGTCCAGTCAACGAGT-3’ (antisense)

Integrated DNA 
Technologies

N/A

YM1, 5’-GCTTTTGACGAAGAATCTGTGGAC-3’ (sense) and 5’ 
TCAGGGATCTTGTACCCAGAC 3’ (antisense)

Integrated DNA 
Technologies

N/A

VEGF-A promoter STAT3 ChIP, 5’-TCCACAGGTCGTCTCACTCC-3’ 
(sense) and 5’-GCAGTCATCAGGAGCTAGGG-3’ (antisense)

Integrated DNA 
Technologies

N/A

VEGF-A promoter NF-κB ChIP, 5’-TACAGCCTCTGTTATGCCACG-3’ 
(sense) and 5’-TGGGTTTCCTCACCTGATCC-3’ (antisense)

Integrated DNA 
Technologies

N/A

Recombinant DNA

pcDNA3.1-(empty)-TAG Addgene Cat# 138209; RRID: 
Addgene_138209

Stat3-C Flag pRc/CMV Addgene Cat# 8722; RRID: Addgene_8722

IKK-2 S177E S181E Addgene Cat# 11105; RRID: 
Addgene_11105

Software and algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

Prism 9 Version 9.3.1 (350), December 7, 2021 GraphPad https://www.graphpad.com/
support/faq/prism-931-release-
notes/

Image J Version: 2.0.0-rc-69/1.52p Build:269a0ad53f Date 
2018-12-04T11:30:09+000

Schneider et al. (2012) https://imagej.net/software/fiji/
downloads

moorLDI Version 6.1 Moor Instruments https://www.moor.co.uk/en-
us/products/control/moorldi2-
research-software/
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