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Abstract

Aims
Collateral arteries allow blood flow to circumvent obstruction in a coronary artery. An 
expansive collateral artery network is significantly correlated with improved survival 
in the event of adverse cardiac episodes. In the present study we aimed to identify 
intracellular microRNAs (miRNA; miR) that may be important for collateral artery 
growth. 

Methods and results
Pressure-derived collateral flow index (CFIp) was measured in 26 chronic total occlusion 
(CTO) patients, and dichotomized into two groups with high collateral capacity (CFIp 
> 0.39; n = 14) and low collateral (CFIp < 0.39; n = 12) capacity. Monocytes were 
isolated from arterial blood and divided into one of six macrophage stimulation groups 
(freshly isolated monocytes, monocytes cultured without stimulant, or stimulation 
with lipopolysaccharide [LPS], interleukin 4 [IL4], transforming growth factor beta-1 
[TGFβ1], or interferon gamma [IFNγ]). Next generation sequencing of ribonucleic 
acid (RNA) from each cell group revealed significantly different miRNA expression 
patterns between patients with high versus low collateral capacity. Validation by real-
time polymerase chain reaction demonstrated significantly decreased expression of 
miR339-5p in all stimulated monocyte/macrophage phenotypes (LPS, IFNγ, IL4 and 
TGFβ1) of patients with low collateral capacity. This differential expression was not 
seen in the extracellular space and only at the intracellular level. Ingenuity pathway 
analysis of predicted gene targets of miR339-5p with differential gene expression data 
from a separate CTO patient cohort with high and low CFIp patients (n=20), revealed a 
significant association with the STAT3 pathway, and also suggested a possible regulatory 
role of this signaling pathway. 

Conclusion
In conclusion, these results identify a novel association between intracellular levels 
of miR339-5p and coronary collateral function. Future work examining modulation 
of miR339-5p and the downstream effects on the STAT3 pathway and subsequent 
collateral vessel growth are warranted.
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Introduction

Collateral arteries function as natural by-pass arteries, sustaining blood perfusion to 
tissue downstream of a coronary artery occlusion 1. The transformation of pre-existing 
arteriolar anastomoses into mature collateral arteries is a form of vascular remodeling 
known as arteriogenesis. A well-developed collateral artery network can alleviate 
symptoms of ischemia, as well as preserve myocardial viability in case of adverse cardiac 
events 2-4. 

Circulating monocytes play a crucial role in collateral artery growth and maturation. 
Nonetheless, so far pharmacological intervention to promote arteriogenesis by 
enhancing monocyte survival and activity have led to disappointing outcomes in clinical 
trials 5-7. Transcriptional profiling of circulating monocytes revealed heterogeneity at 
the messenger RNA (mRNA) level between coronary artery disease patients with 
insufficient versus sufficient coronary collateralization, whereby 244 genes were 
differentially expressed 8, 9. Circulating monocytes from patients with low collateral 
capacity displayed active inhibitory pathways, in the form of heightened interferon-β 
and galectin-2 expression, preventing the growth of collateral arteries 8, 10. Furthermore, 
a distinct genetic polymorphism was also linked to galectin-2 mRNA expression in 
circulating monocytes 10. 

MicroRNAs (miRNA) have recently surfaced as novel targets for pharmaceutical 
development. These small non-coding RNAs (~22 nucleotides in length) regulate gene 
expression at a post-transcriptional level by impeding the translation or promoting 
degradation of downstream mRNA targets. We recently identified extracellular (plasma 
derived) circulating miRNA differentially expressed in chronic total occlusion (CTO) 
patients with sufficient and insufficient collateral capacity 11. 

In this study we sought to unveil intracellular miRNAs that may play a direct role in 
arteriogenesis. To do this we examined cellular miRNAs expressed in various monocyte/
macrophage phenotypes in CTO patients with sufficient versus insufficient collateral 
artery capacity. Monocytes were activated with various stimulants to resemble M1 and 
M2 macrophage phenotypes. Both M1 and M2 macrophage phenotypes have been 
linked to collateral vessel growth 12, 13. 

Methods

Patient population and procedures
This study was conducted in accordance with the Declaration of Helsinki. The 
institutional medical ethics committee of the Academic Medical Center of the University 
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of Amsterdam and Maastricht University Medical Center approved the study protocol. 
All patients gave written informed consent. Briefly, 26 patients that underwent successful 
elective percutaneous coronary intervention (PCI) of a CTO were included. Patients 
were considered an eligible candidate to participate in the study if they had symptoms 
of angina pectoris for ≥ 4 weeks and a CTO of a coronary artery. Exclusion criteria 
included previous transmural myocardial infarction in the area of the CTO based on 
electrocardiographic (ECG) assessment. Furthermore, cardiac surgery, depressed left 
ventricular function (ejection fraction < 30%) and inflammatory or neoplastic disease 
were also considered as exclusion criteria. Pressure-derived collateral flow index (CFIp) 
was measured as described previously 9-11. Fifteen patients were recruited at the Academic 
Medical Center and 11 patients were included at the Maastricht University Medical 
Center. Patients were dichotomized into two groups based on their CFIp value, whereby 
CFIp > 0.39 were considered high collateral capacity and CFIp < 0.39 were deemed low 
collateral capacity. This CFIp value was selected based on a previous study showing that 
0.39 was the mean CFIp value in a large CTO patient cohort (n = 295) 14. 

From each patient arterial blood was withdrawn immediately before PCI and 
ethylenediaminetetraactic acid (EDTA) coagulated to attain six monocytic cell 
phenotypes. Peripheral blood mononuclear cells were initially isolated by density gradient 
centrifugation using Lymphoprep (Stemcell Technologies). Unstimulated CD14+ 
monocytes were then positively isolated using anti-CD14-coated immunomagnetic 
beads (Magnetic-activated cell sorting, MACS; Miltenyi biotec). Purity of CD14+ 
monocytes was measured by flow cytometry (BD FACS Canto II with FACSDiva 
Version 6.1.3 or Beckman Coulter FC500 with Beckman Coulter Kaluza software), 
after probing with monoclonal mouse anti-human CD14-FITC (Abd Serotec). Isolated 
CD14+ monocytes were 96.0 ± 1.5 % pure. CD14+ monocytes were either cultured 
for 3 hours (h) in the presence of 10 ng/mL lipopolysaccharide (LPS; Sigma), or no 
stimulant. Three other monocyte phenotypes were also generated by overnight culture 
of CD14+ monocytes in the presence of 20 ng/mL interleukin (IL)-4 (Sigma), 20 ng/
mL interferon ɣ (IFNɣ; R & D Systems), or 0.5 ng/mL transforming growth factor β1 
(TGFβ1; Peprotech). Freshly isolated CD14+ cells were also snap-frozen and stored 
at -80ºC until RNA isolation. After culture, all adherent and non-adherent cells were 
lysed and total RNA was isolated using the Exiqon miRCury RNA isolation kit – Cell 
& Plant kit (Exiqon) according to the manufacturer’s instructions. 

Supernatant from each cell group was stored at -80 ºC until RNA isolation. Supernatants 
were thawed (on ice) and centrifuged (3000 g, 5 min, 4 ºC ). An aliquot (200 μL) 
was transferred to a FluidX tube with 60 μL lysis solution BF containing carrier-RNA 
(1 μg/60 μL). RNA spike-in template mixture was also added to the sample, mixed 
and incubated at room temperature (7 min), after which 20 μL Protein precipitation 
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solution BF was added. Samples were centrifuged and supernatants were subjected to 
Exiqon’s internal proprietary bead based RNA isolation protocol. Purified RNA was 
eluted in 50 μL final volume and stored at -80 ºC until further processing.

Next Generation Sequencing 
The following steps were conducted by Exiqon Services, Denmark.
Total RNA (100 ng) was converted into miRNA next generation sequencing (NGS) 
libraries using NEBNEXT library generation kit (New England Biolabs Inc.) using the 
manufacturer’s recommended instructions. Each RNA sample had adaptors ligated to 
its 3’ and 5’ ends and subsequently converted into complementary deoxyribonucleic 
acid (cDNA). The cDNA was pre-amplified with specific primers containing sample 
specific indexes. After 15 cycle pre-PCR the libraries were purified on QiaQuick 
columns and the insert efficiency evaluated by Bioanalyzer 2100 instrument on high 
sensitivity DNA chip (Agilent Inc.). MiRNA cDNA libraries were size fractionated on 
a LabChip XT (Caliper Inc.) and a band representing adaptors and 15-40 bp insert was 
excised according to the manufacturer’s instructions. Samples were then quantified using 
quantitative polymerase chain reaction (qPCR) and concentration standards. Based on 
quality of the inserts and the concentration measurements the libraries were pooled in 
equimolar concentrations. Library pools were quantified again with qPCR and optimal 
concentration of the library pool was used to generate the clusters on the surface of a 
flowcell. Sequencing was then conducted using NextSeq 500 sequencing methodology 
and reagents based on the manufacturer instructions (Illumina Inc.). The Illumina 
NextSeq 500 system was utilized for sequencing of samples. Differentially expressed 
miRNAs were identified based on an exact test on the negative binomial distribution. 
Benjamini-Hochberg false discovery rate (FDR) corrected p-values were also calculated 
to account for multiple testing correction.

Validation of next generation sequencing results by real-time PCR
RNA was reverse transcribed into cDNA using the miRCURY LNA™ Universal RT
microRNA PCR, Polyadenylation and cDNA synthesis kit (Exiqon) according to the 
manufacturer’s instructions. CDNA was assayed in PCR reactions according to the 
manufacturer’s recommended protocol of miRCURY LNA™ Universal RT microRNA 
PCR. ExiLENT SYBR® Green master mix was utilized to assay each selected miRNA once 
by qPCR on the microRNA Ready-to-Use PCR Custom Pick and Mix Panel. Negative 
controls excluding template from the reverse transcription reaction were included and 
assayed the same as samples. Amplification was conducted in a LightCycler® 480 Real-
Time PCR System (Roche) with 384 well plates. Roche LC software was employed 
to assess amplification curves for calculation of the quantification cycle (Cq) values 
by the 2nd derivative method as well as melting curve examination. Normalization of 
intracellular data was performed using stably expressed endogenous controls for each 
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monocyte/macrophage phenotype. These controls were preselected based on the NGS 
results. Expression levels of extracellular miRNAs were normalized using the global 
mean of all extracellular miRNAs examined. 

Ingenuity Pathway Analysis (IPA) 
Predicted gene targets of the validated differentially expressed miRNAs (miR339-5p 
and miR155-5p) were submitted to Ingenuity Pathway Analysis (Ingenuity Systems, 
http://www.ingenuity.com). We generated a list of predicted target genes for each select 
miRNA using TargetScan 7.1 (www.TargetScan.org) 15. We found 207 predicted gene 
targets for miR339-5p and 552 predicted gene targets were found for miR155-5p. 
We then entered these predicted targets into IPA software to identify key biological 
processes, canonical pathways, molecular functions and genetic networks that may be 
regulated by these miRNAs. Furthermore, differential mRNA expression data from high 
versus low collateral capacity patients from various monocyte/macrophage phenotypes 
(unstimulated monocytes, LPS stimulated monocytes, IL-4 stimulated monocytes and 
monocytes cultured for 20 hours) from a separate CTO patient cohort 10 were also 
examined and compared to miR339-5p predicted targets to identify key canonical 
pathways and upstream regulators that may be activated or inhibited. The core and 
comparative analysis tools of IPA software were utilized to examine data from all species. 

Statistics 
Student’s two-tailed t-test was used to compare data with a normal distribution between 
two groups. Data with a non-normal distribution were compared between two groups 
using the Mann-Whitney U-test. Analysis of variance was used if normally distributed 
data were compared between more than two groups, followed by Tukey’s post hoc test. 
The Kruskal-Wallis test was used to compare non-normally distributed data, followed 
by Dunns post-hoc test. Statistical differences in categorical data between groups were 
examined with Fisher’s exact test. The Chi-square test was utilized to look for statistical 
differences between the CTO target vessel in high versus low collateral capacity patients. 
Correlations were determined using a Pearson correlation. Statistical analysis was 
performed using GraphPad Prism 5 and IBM SPSS Statistics 20, whereby statistical 
significance was deemed when a p-value was less than 0.05. 

Results

Patient Characteristics
Twenty-six patients undergoing elective PCI of a CTO were recruited, with a mean age 
of 63 ± 9 years and 24 (92%) were male (Table 1). All patients underwent invasive CFIp 
measurements, resulting in a mean CFIp of 0.42 ± 0.16. Frequency distribution of CFIp 
values is depicted in Figure 1. Patients were dichotomized into two groups based on a 
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CFIp threshold of 0.39, which is the mean CFIp of a large CTO patient cohort (n = 295) 
14. Patient characteristics were comparable in low (CFIp<0.39) and high (CFIp>0.39) 
collateral capacity patient groups, with the exception of statin usage being higher in low 
CFIp patients.

Figure 1. Frequency distribution of collateral flow index (CFIp) in patient cohort (n = 26). Patients 
were dichotomized into two groups based on low (CFIp < 0.39) and high (CFIp > 0.39) collateral capacity 
according to their CFIp values.  

NGS Results
To identify miRNAs that may be involved in collateral vessel development, we examined 
differential miRNA expression in patients with high and low collateral vessel capacity. 
Collateral vessel capacity was determined by CFIp measurement. MiRNA isolated from 
each cell group of a subset of 10 patients (n = 5 high CFIp, and n = 5 low CFIp) was 
profiled using NGS analysis to identify differential miRNA expression (schematically 
shown in Figure 2). Unsupervised clustering of the top 50 miRNAs with highest 
coefficient of variation showed that samples group predominantly based on monocyte/
macrophage phenotype (Figure 3). Only M2 phenotypes, IL4 and TGFβ1, showed some 
overlapping miRNA expression patterns. MiRNA profiling further identified a number 
of miRNAs showing differential expression within each cell group between high and 
low collateral capacity patients (Supplemental Figure 1). These results are summarized 
in Supplementary Table 1. 
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Table 1. Patient CharacteristicsTable 1. Patient Characteristics 

β

  

ACE, Angiotensin converting enzyme; ARBs, angiotensin receptor blockers; BMI, body mass index; CAD, 
coronary artery disease; CFIp, collateral flow index; Hb, hemoglobin; LAD, left anterior descending; RBC, 
red blood cells; RCA, right coronary artery; RCX, right circumflex; WBC, white blood cell. 

Validation by qPCR
MiRNAs demonstrating differential expression in at least two or more monocyte/
macrophage phenotypes based on NGS results were selected for qPCR validation 
(Supplemental Table 2). We also sought to examine the expression levels of miR126-
5p and miR155-5p as these miRNAs showed differential expression in IL4 and IFNγ 
phenotypes respectively, and have been previously linked to arteriogenesis11, 16.

Validation experiments using real-time RT–PCR analysis revealed that only miR339-5p 
demonstrated significant differential expression across multiple monocyte/macrophage 
phenotypes in patients with high versus low collateral capacity (Figure 4). Interestingly, 
this miRNA showed significantly lower expression in all stimulated monocyte/
macrophage phenotypes of patients with low collateral capacity, and not in freshly 
isolated CD14 monocytes or monocytes cultured without a stimulant. The relative 
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Figure 2. Schematic of monocyte isolation, stimulation and RNA isolation. From each patient 
arterial blood was collected. Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation 
Lymphoprep gradient. Monocytes were then extracted from PBMCs by CD14 positive magnetic bead cell 
sorting. Isolated monocytes were divided into one of six groups; freshly isolated CD14+ cells, cultured 
without stimulant (M0, no stimulant) or stimulation with LPS, IFNɣ, IL4 or TGFβ1. Next cells were lysed, 
total RNA was extracted and next generation sequencing (NGS) was performed to profile all microRNAs 
expressed.

expression level of miR339-5p was also significantly correlated with CFIp in IFNγ, IL4 
and TGFβ1 monocyte/macrophage stimulation groups (Supplemental Table 3). We also 
examined the relative expression level of miR339-5p in the supernatant of the different 
monocyte/macrophage phenotypes and found no significant difference between high 
and low collateral capacity patients (Supplemental Figure 2).  No other significant 
differences were seen in relation to intracellular expression levels of the selected miRNAs 
between high and low collateral capacity patients, with the exception of miR30b-5p in 
IFNγ stimulated monocytes. MiR30b-5p showed significantly lower expression in IFNγ 
stimulated monocyte/macrophages of low collateral capacity patients (Supplemental 
Figure 3).  

We further sought to examine the effects of stimulation on miRNA expression, and 
noted significantly higher expression levels of miR155-5p in monocyte/macrophages 
cultured without a stimulant relative to freshly isolated monocytes (Figure 5). In 
addition, M1 monocyte/macrophage stimulation groups showed increased miR155-5p 
expression than their non-stimulated counterparts. This upregulation was consistent in 
both high and low collateral capacity groups, however no significant difference was seen 
between monocyte/macrophages from patients with varying degrees of collateralization. 
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Figure 3. Differential microRNA expression in patients with high and low collateral capacity. Heat 
map and un-supervised hierarchical clustering of the top 50 microRNAs with the highest coefficient of 
variation in monocytes/macrophages of patients with high (n = 5) or low (n = 5) capacity of the collateral 
circulation. Each row represents one microRNA and each column represents one sample. The color scale 
shows the relative expression level of microRNA across samples, where red color depicts an expression level 
above mean and green color represents down regulated expression. H: high collateral capacity; L: Low 
collateral capacity.

Upregulation of miR155-5p was not seen in M2 monocyte/macrophage groups relative 
to cells cultured without stimulant. 

Ingenuity pathway analysis
IPA was utilized to identify enriched molecular networks, cellular functions as well as 
canonical pathways for miR339-5p (Table 2). Molecular and cellular functions associated 
with predicted targets of miR339-5p included cellular growth and proliferation, cellular 
assembly and organization, along with cellular function and maintenance. Pathway 
analysis suggested a significant association between predicted targets of miR339-5p and 
only two canonical pathways, Tumoricidal Function of Hepatic Natural Killer Cells and 
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Figure 5. Relative intracellular miR155-5p expression is higher in M1 stimulation phenotypes. To 
examine the effects of monocyte/macrophage stimulation, we compared relative intracellular miR155-5p 
expression levels in the various monocyte/macrophage groups to monocytes cultured without stimulant. 
Data presented are based on quantitative polymerase chain reaction measurements of miR155-5p in 
monocyte/macrophages of the total patient cohort (n = 26) with high (CFIp > 0.39) or low (CFIp < 0.39) 
collateral capacity. Filled circles represent relative intracellular miR155-5p expression in high CFIp patients. 
Open circles represent relative intracellular miR155-5p expression in low CFIp patients. Data are presented 
as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. CFIp: Collateral flow index; LPS: Lipopolysaccharide; 
IFNɣ: Interferon gamma; IL4: Interleukin 4; TGFβ1: Transforming growth factor beta 1.

STAT3 pathway. VEGF Family Ligand-Receptor Interactions and Inhibition of Matrix 
Metalloproteases were also among the top associated canonical pathways, although the 
association was not significant.

In order to understand how miR339-5p may regulate downstream gene expression, we 
examined mRNA expression data from various monocyte/macrophage groups of high 
versus low collateral capacity CTO patients and looked for common associations with 
miR339-5p10. MiR339-5p was not a significant upstream regulator of gene expression 
data from the various monocyte/macrophage groups of high versus low collateral 
capacity. The STAT3 pathway showed significant association with differential gene 
expression data (high versus low collateral capacity CTO patients) from monocytes 
cultured without a stimulant, along with LPS and IL4 stimulation groups (Table 3). 
Furthermore, STAT3 was identified as a significant upstream regulator of LPS (p = 
4.4E-11) and IL4 (p = 2.26E-6) stimulation gene sets and not an upstream regulator 
of freshly isolated monocytes or monocytes cultured without a stimulant. Meanwhile, 
miR155-5p was a significant upstream regulator of freshly isolated CD14 and IL4 
stimulation gene sets (Supplemental Table 4). The gene sets examined consisted of all 
differentially expressed genes between high and low collateral capacity CTO patients in 
various monocyte/macrophage phenotypes 10.
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Table 2: Top enriched canonical pathways, molecular as well as cellular functions of miR339-5p based on 
Ingenuity Pathway Analysis

STAT3: Signal transducer and activator of transcription 3; VEGF: Vascular endothelial growth factor. 
P –value range for molecular and cellular functions represents the range of p-values generated for each 
subcategory and the respective molecules within each subcategory.

Table 3: STAT3 showed significant association with predicted gene targets of miR339-5p as well as 
messenger RNA based gene expression data from various monocyte/macrophage phenotypes of high and 
low collateral capacity patients. 

Gene set p-value Target molecules 

miR339-5p predicted gene targets p < 0.05 MAP3K10, FLT1, CDC25A 
Monocytes cultured without 
stimulant p < 0.0001 IGF2R 

LPS p < 0.0001 TGFBR2 

IL4 p < 0.001 PTPN2 

  

Discussion

The present study demonstrates that monocytes from patients with high versus low 
collateral capacity display distinctively different miRNA expression profiles. Stimulation 
of monocytes towards M1 and M2 phenotypes revealed lower expression of miR339-5p 
in low collateral capacity patients relative to high collateral capacity patients. Differential 
expression of miR339-5p was not seen in the supernatant and only at the intracellular 
level. Relative expression of miR339-5p was also correlated with CFIp values. Pathway 
analysis using IPA revealed molecular and cellular functions associated with miR339-
5p. These functions included cellular growth and proliferation, cellular assembly and 
organization, as well as cellular function and maintenance. Comparison of differential 
mRNA expression data from high and low collateral capacity patients with predicted 
gene targets of miR339-5p revealed a common association with the STAT3 pathway. 
This pathway appears to be an upstream regulator of differentially expressed gene sets that 
are derived from stimulated monocyte phenotypes of high versus low collateralization. 

In previous studies, transcriptional profiling of circulating monocytes revealed 244 
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differentially expressed genes in patients with insufficient versus sufficient collateralization 
8-10. Activation of inhibitory pathways, according to increased interferon-β 8 and galectin-2 
10 mRNA expression in peripheral blood monocytes, impedes the growth of collateral 
vessels. Genetic heterogeneity in patients with varying degrees of collateralization was 
further shown with differential circulating miRNA expression in chronic total occlusion 
(CTO) patients with high versus low collateral capacity 11. Circulating miR423-5p, 
miR10b, miR30d and miR126 have shown elevated expression levels in patients with 
insufficient collateralization 11, 17.

According to these previous revelations, we hypothesized that patients with insufficient 
versus sufficient collateralization also display differential intracellular miRNA expression 
levels. In this study we noted significantly lower levels of miR339-5p in monocytes 
derived from patients with low collateral capacity. Previous studies have implicated a 
role for miR339-5p in modulating cellular migration and invasion in metastatic cells, 
whereby its overexpression led to the inhibition of tumor-cell migration and invasion 18. 
Furthermore, differential expression of miR339-5p was only noted in stimulated groups 
of monocyte/macrophages. This is consistent with the comparative pathway analysis 
results, whereby STAT3 was found to be an upstream regulator of gene sets derived from 
stimulated monocyte/macrophage phenotypes and not unstimulated cells. Collectively, 
this highlights the distinct signaling pathways that arise during macrophage polarization. 
We also noted elevated levels of miR155-5p in M1 macrophage phenotypes relative to 
unstimulated monocytes, however this difference was not noted between high and low 
collateralization groups. Heightened expression of miR155-5p is consistent with previous 
findings from Graff et al. 19, whereby M1 polarized macrophages show greater levels of 
miR155-5p than unstimulated or M2 phenotypes. Interestingly, pathway analysis also 
revealed miR155-5p as a significant regulator of genes differentially expressed in freshly 
isolated monocytes and IL4 stimulated monocytes.

Differential expression of miR339-5p was not seen in the extracellular space and was 
only noted at the intracellular level. This suggests a cell intrinsic role for the miRNA, 
particularly in polarized macrophage phenotypes.  Previous studies have shown 
upregulation of miR339-5p following ischemic insults, whereby differential expression 
of miR339-5p was shown between various regions of ischemic area in the brain 20. 
MiR339-5p showed upregulation in potentially salvageable apoptotic penumbra and 
not in necrotic tissue 20. Furthermore, miR339-5p was also shown to be upregulated in 
response to human left ventricular ischemia 21. Collectively, these studies suggest that 
this miRNA may have an important role in tissue remodeling. Thus, we can speculate 
that patients with insufficient collateralization may have limited vascular remodeling 
capacity due to lower levels of miR339-5p expression in their polarized macrophages.
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Although miR339-5p was not a significant upstream regulator of gene sets differentially 
expressed between high and low collateralization, it was significantly associated with the 
STAT3 pathway. STAT3 was indeed an upstream regulator of differentially expressed gene 
sets in stimulated macrophage phenotypes of high and low collateralization. The JAK/
STAT pathway is a principal signaling pathway involving over 70 cytokines, responsible 
for the initiation and constriction of innate and adaptive immune responses 22-25. 
STAT3 is one of the members of the Signal Transducers and Activators of Transcription 
family. In macrophages, STAT3 has been shown to play an important role in limiting 
TLR signaling along with the inflammatory damage associated with M1 macrophage 
activation 26. The STAT3 pathway has also been implicated in VEGF production as 
well as a facilitator of angiogenesis 27, 28. Activation of this signaling pathway is required 
for endothelial cell migration and microvascular tube formation 29. STAT3 pathway 
signaling pathway is also involved in the modulation the interferon signaling pathway 
30, 31, which has been shown to also regulate arteriogenesis 8, 9. Thus, it is plausible 
that aberrant miR339-5p expression may lead to changes in STAT3 activation which 
ultimately affect collateral vessel formation. 

Study Limitations
Although we have identified an association between miR339-5p and coronary 
collateral artery capacity, we cannot yet confirm if this miRNA is directly involved in 
collateral vessel development. Furthermore, we have examined key biological processes 
along with cellular and molecular functions based on algorithm generated predicted 
targets of miR339-5p. We further compared these targets to mRNA expression data 
to identify predicted regulators. The predicted roles, associations and identification of 
STAT3 as a possible regulator are based on bioinformatics deductions which cannot 
replace experimental validation. Instead these results provide the basis for future studies 
investigating the functional consequences of miR339-5p on the STAT3 pathway and 
subsequently on collateral artery development. 

Conclusion

In conclusion, differential expression of intracellular miRNAs in patients with high 
versus low collateral capacity is apparent. While many of these miRNAs are dependent 
on macrophage phenotype, miR339-5p demonstrated lower expression across multiple 
macrophage phenotypes in patients with low collateral capacity. Significant association 
with the STAT3 pathway between miR339-5p and mRNA based gene expression 
data suggests a possible modulatory role for the STAT3 pathway in collateral vessel 
development. Future work examining inhibition of miR339-5p expression and the 
effects on STAT3 pathway along with collateral artery development are imperative.
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Supplementary material
Supplementary Table 1. List of miRNAs differentially expressed in each cell condition in order of ascending 
p-value. 
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β
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γ β

 

Numerous miRNAs demonstrated differential expression in the different monocyte/macrophage phenotypes 
between high and low CFI patients. Log fold change (logFC) is relative to low CFI. Therefore a negative 
value indicates decreased expression in monocyte/macrophages from low CFI patients in comparison to 
that of high CFI patients. All false discovery rate (FDR) values were above 0.05, thus none of the miRNAs 
pass multiple correction testing in the next generation sequencing (NGS) experiments. IFNγ: interferon 
gamma 1; IL4: interleukin 4; LPS: lipopolysaccharide; TGFβ1: transforming growth factor beta 1. 
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Supplemental Table 2: List of microRNAs (miRNA) selected for validation by quantitative polymerase 
chain reaction showed differential expression patterns in at least two or more monocyte/macrophage 
phenotypes in next generation sequencing experiments. Two additional miRNAs (miR126-5p and miR155-
5p) were also selected for qPCR validation based on previous studies linking these miRNAs to collateral 
vessel growth. Refer to supplemental Table 1 for respective logFold Changes and p-values.

β
γ β

γ
γ β

γ β

γ

Supplemental Table 3: Correlation between CFIp and relative miR339-5p expression in each monocyte/
macrophage group.

ɣ

β

ɣ β
  

Relative miR339-5p is significantly correlated with CFIp in certain monocyte/macrophage phenotypes 
(IFNɣ, IL4, TGFβ1).

Supplemental Table 4: MiR155 is an upstream regulator of differentially expressed genes in freshly isolated 
(CD14) and interleukin 4 (IL4) stimulated monocytes in patients with high versus low collateral capacity.
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Supplemental Figure 1. Differential microRNA expression within each monocyte/macrophage 
phenotype between patients with high versus low collateral capacity. Heat-maps depict the top 50 
microRNAs with the lowest p-value in monocytes/macrophages of patients with high (n=5) versus low 
(n=5) collateral capacity. (A) Freshly isolated CD14 monocytes or monocyte/macrophages cultured with 
stimulant (B: LPS, C: IFNɣ, D: IL4, E: TGFβ1). Each row represents one microRNA and each column 
represents one sample. The color scale shows the relative expression level of microRNA across samples, 
where red color depicts an expression level above mean, green color represents down regulated expression 
and grey color indicates undetectable expression. Within each heat-map, high CFI samples are clustered 
to the left of the heat-map (green panel), while low CFI samples are clustered to the right (blue panel). 
CFI: collateral flow index; IFNɣ: Interferon gamma; IL4: Interleukin 4; LPS: Lipopolysaccharide; TGFβ1: 
Transforming growth factor beta 1.
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Supplemental Figure 2. Relative extracellular miR339-5p expression shows no differential expression 
between patients varying capacity of the collateral circulation. Quantitative polymerase chain reaction 
measurements of miR339-5p in the supernatant of monocyte/macrophages from the entire patient cohort 
(n = 26) consisting of high versus low collateral capacity. (A) Freshly isolated CD14 monocyte, (B) monocyte 
cultured without stimulant or monocytes cultured with stimulant (C: LPS, D: IFNɣ, E: IL4, F: TGFβ1). 
Data are presented as mean ± SD. LPS: Lipopolysaccharide; IFNɣ: Interferon gamma; IL4: Interleukin 4; 
TGFβ1: Transforming growth factor beta 1.

Supplemental Figure 3. Relative intracellular miR30b-5p expression is lower in IFNɣ stimulated 
monocytes of patients with low collateral capacity. Quantitative polymerase chain reaction measurements 
of miR30b-5p in monocyte/macrophages of the total patient cohort (n = 26) with high versus low collateral 
capacity. Data are presented as mean ± SD. * p < 0.05. IFNɣ: Interferon gamma.


