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Abstract

Objective—The activation state of the systemic inflammatory milieu has been proposed as a
critical regulator of vascular repair following injury. We evaluated the early inflammatory response
following endovascular intervention for symptomatic peripheral arterial disease to determine its
association with clinical success or failure.

Methods—Blood samples were obtained from patients (N=14) undergoing lower extremity
angioplasty/stenting and analyzed using high-throughput gene arrays, multiplex serum protein
analyses, and flow cytometry.

Results—Time-dependent plasma protein and monocyte phenotype analyses demonstrated
endovascular revascularization to have a modest influence on the overall activation state of the
systemic inflammatory system, with baseline variability exceeding the perturbations induced by
the intervention. In contrast, specific time-dependent changes in the monocyte genome are evident
in the initial 28 days, predominately in those genes associated with leukocyte extravasation.
Investigating the relationship between inflammation and the one-year success or failure of the
intervention showed no single plasma protein to be correlated with outcome, but a more
comprehensive cluster analysis revealed a clear pattern of protein expression that was closely
related to the clinical phenotype. Corresponding examination of the monocyte genome identified a
gene subset at one-day post-procedure that was predictive of clinical outcome, with a majority of
these genes active in cell cycle signaling.

Conclusions—Although the global influence of angioplasty/stenting on systemic inflammation
was modest, both circulating cytokine and monocyte genome analyses support a pattern of early
inflammation that is associated with ultimate intervention success versus failure. Molecular
profiles incorporating genes involved in monocyte cell cycle progression and homing, and/or pro-
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inflammatory cytokines offer the most promise for the development of class prediction tools for
clinical application.

Introduction

Driven by the rising incidence of symptomatic peripheral artery disease (PAD)! and
continuing improvements in technology, endovascular therapies for infrainguinal occlusive
disease have increased exponentially over traditional open surgery.2:3 This presents new
challenges since, despite these advances, the durability of endovascular intervention remains
limited due to accelerated failure secondary to aberrant vascular remodeling.* Following
endovascular intervention, the activation state of the systemic inflammatory system has been
shown to be a critical component of the early response to injury,® and the interplay of local
and systemic factors determines either a maladaptive, occlusive phenotype leading to
intervention failure, or more favorable outward remodeling and a patent intervention. While
animal models have implicated a wide-range of important mediators in the remodeling
process, patient-specific data is limited.8”

Systemic inflammation significantly influences outcomes in surgical patient populations,
especially in trauma and emergency general surgery where exaggerated systemic
inflammation is associated with increasing morbidity and mortality.8 Adherence to strict
guidelines to identify and address this immune dysfunction has been shown to be associated
with a significant reduction in hospital mortality rates.® Emanating from these concepts, the
multicenter NIH-funded “glue” grant (/nflammation and the Host Response to Injury) was
developed to better understand this complex inflammatory response to traumatic injury by
utilizing genome-wide microarray technologies and high throughput proteomics.19 Rather
than focusing on specific genes or proteins, these investigators endorsed a discovery-type
approach, which has detailed the complex recovery path associated with major trauma and
identified a discrete set of genes that define the various outcome phenotypes.11

Thus formed the basis our current study in which we sought to define the early systemic
inflammatory response following endovascular intervention using a comprehensive approach
consisting of high throughput gene array technology, multiplex serum protein analyses, and
flow cytometry. We hypothesized that early activation of circulating monocytes, increases in
monocyte pro-inflammatory gene expression, and up-regulation of pro-inflammatory
proteins are critical determinants of clinical success or failure.

Materials and Methods

Study Design

The detailed study design has been previously published.12 Briefly, patients undergoing
lower extremity angiography for the clinical indication of disabling claudication or critical
limb ischemia (Rutherford Category 3 — 5), were offered participation in this prospective
study. The project was approved by the Institutional Review Board at the University of
Florida and the Malcom Randall VA Medical Center and all patients provided informed
consent.
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Angiography was performed using a percutaneous, femoral approach under local anesthesia,
and the TransAtlantic Inter-Society Consensus (TASC-II) recommendations were used to
guide clinical decision-making.13 Patients with infrainguinal disease including TASC A
through C superficial femoral artery (SFA) lesions and limited popliteal and tibial outflow
disease were considered for endovascular therapy. Primary balloon angioplasty was
performed for SFA stenoses, while subintimal recanalization with angioplasty was
performed for chronic total occlusions. Placement of a bare metal self-expanding nitinol
stent was reserved for unacceptable results following angioplasty. Concurrent popliteal and
tibial stenoses greater than 50% were managed with primary angioplasty. Unless
contraindicated, all patients were administered clopidogrel (300 mg) one hour post-
procedure. Combination therapy of clopidogrel (75mg) and aspirin (81 mg) was prescribed,
or patients on warfarin continued their normal dosing schedule with the addition of
clopidogrel (75 mg), for 30 days.

Follow-up (1 week, 1, 6, and 12 months) included symptom assessment, pulse examination
with ankle-brachial indices (ABI), and duplex arterial ultrasound examination. Clinical
failure was defined as: angiographic or duplex evaluation demonstrating occlusion or high-
grade stenosis (greater than a 3.5-fold increase in peak systolic velocity) at the site of
intervention, an associated interval decrease in ABI > 15% with return of clinical symptoms,
or the need for secondary intervention of the index lesion. Chi-square, Fisher’s exact, or
Student t-test was used for statistical comparison of clinical and procedural variables (SPSS
V.21; Chicago, IL).

Case - Control Study Design

To provide the most comprehensive analysis of temporal variations across multiple domains
of the systemic inflammatory system, a case-control analysis scheme was utilized. Matching
the six cases of primary failure at one-year, a control group of eight cases (from eighteen)
demonstrating successful one-year patency were identified. Each failed intervention was
individually matched to one or more controls by age, comorbidities, disease severity, and
procedural variables. Cases and controls were required to be within a tolerance limit of ten
years of age and required an explicit match for adjuvant stent placement. The set of controls
matching any case by the above criteria was partitioned into disjoint matched sets by optimal
full matching as previously described.14 Demographic and procedural characteristics of the
eight success and six failure patients used in subsequent analyses demonstrate reasonable
comparability across all domains (Tables 1 and 2). Additional demographic detail for the
entire 24 patient cohort is provided in the supplemental materials (Supplemental Tables 1
and 2).

Sample Collection and Plasma Protein Analysis

Blood samples were collected one hour prior to the procedure, and 2 hours, 1 day, 7 days,
and 28 days post-procedure. Plasma was isolated from whole blood, stored at -80°C, and
analyzed in duplicate using the Milliplex MAP Multiplex Assays (Millipore, Billerica, MA).
Time-dependent changes in plasma protein content and the effect of these changes on
clinical outcomes were analyzed with the R statistical software package (Vienna, Austria; V.
2.15.0) using a mixed linear model, with protein level as outcome and time, clinical
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outcome, and the interaction between time and outcome as fixed factors. We considered
patient a random factor and modeled a random intercept for each patient. A random slope
was tested for each patient and was included in the model if it improved overall model fit.
Time was treated as a continuous variable. As necessary, to account for non-constant
variance, a variance power function was utilized or separate variances were modeled for the
groups. To control for multiple comparisons, a Bonferroni-adjusted cutoff for significance
of .0024 was used. In addition, univariate analyses between outcome groups were performed
for all proteins at the pre-op and 1 day time points. dChip software (Harvard, Boston, MA)
was used for hierarchal clustering analyses and heatmap generation.

The dynamic trajectory of the plasma protein levels and their relationship to intervention
success or failure were further examined using our previously published clustering
algorithm.1518.17 Unique to this approach, the intrinsic model structure integrates time-
dependent correlations to optimize the statistical process, thereby increasing the power to
detect significantly differentiated patterns of expression. Potential cluster numbers are
evaluated through use of a Bayesian information criterion (BIC), with the optimum cluster
number defined by minimizing the BIC through a range of cluster and Legendre orthogonal
polynomial order combinations.

Monocyte RNA Isolation and Microarray Analysis

Monocytes were isolated by negative selection using a commercial preparation (RosetteSep,
StemCell Technologies, Vancouver, BC, Canada). RNA isolation was performed using
RNeasy MiniKit (QIAGEN, Valencia, CA), and quality was assessed using an Agilent
Bioanalyzer. cDNA was generated using Ovation Pico WT kit (NUGEN, San Carlos, CA)
and labeled using GeneChip WT Terminal Labeling (Affymetrix, Santa Clara, CA).

Samples were hybridized to a proprietary Glue Grant Human Transcriptome Array (GGH2,
Affymetrix). The construct of this array is described in detail in the original descriptive
publication.1® Briefly, it is a 6.9 million-feature oligonucleotide array of the human
transcriptome designed and validated for comprehensive examination of gene expression at
both the gene and exon level. This is the primary feature utilized in this study. In addition,
the GGH2 array allows genome-wide identification of alternative splicing and detection of
coding SNPs and noncoding transcripts. The array has been validated in a multicenter
clinical program and has generated high-quality, reproducible data.1! Permission for use of
the GGH2 array was granted by the Glue Grant Advisory Committee.

The resulting expression data was normalized with Partek Genomics Suite (Partek, St. Louis,
MO) and hierarchal clustering was performed using dChip software. Time series and class
prediction analyses were performed using BRB-Array Tools (NIH, Biometric Research
Branch).1® For time course analyses, a quadratic function was fit to the expression data of
each gene and the null-hypothesis that the linear and quadratic coefficients are
simultaneously zero was tested (False Discovery Rate (FDR) <.05). The resulting genes
were those for which there is statistical evidence of a relationship between time and average
gene expression. The class prediction analysis incorporated the differentially expressed
genes at the .001 significance level as assessed by the random variance t-test. Using these
genes, a model was developed based on the K-nearest neighbor (K=1 and 3) classification to
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predict the class (outcome) of future samples.2? Due to small sample sizes and lack of an
independent data set for validation, a leave-one-out cross validation method was employed.
Lastly, a statistical significance test of the cross-validated misclassification rate based on
1000 random permutations (Monte Carlo method) was performed to minimize the
probability that the association between outcome and expression profile occurred by random
chance alone.2! Ingenuity Pathway Analysis (IPA; QIAGEN, Redwood City, CA) software
was utilized for core pathway analysis of significant genes. The Benjamini-Hochberg
method was utilized to calculate multiple-testing corrected P-values to control the rate of
false discoveries.?2 An FDR-adjusted P-value of .05 was used to determine significant
ontology and pathway enrichment.

Flow Cytometry and Monocyte Phenotype Determination

Results

Following application of a rat anti-mouse CD16/CD32 monoclonal antibody (Fc block,
Becton Dickinson, San Jose, CA), whole blood (200 pl) was incubated for 15 minutes with
the following antibody combinations (CD14/CD11b/CD16/CD18/CD162/HLADR; CD14/
CD11a/CD16/CD18/CD162/HLADR). FACS Diva Software (Becton Dickinson) was used
to differentiate monocyte phenotype based upon surface marker expression and forward and
side scatter characteristics.

Demographics and Clinical Outcomes

Forty patients consented to participate in the study with 24 undergoing a qualifying
endovascular intervention for inclusion in the current analysis. All patients were male with a
mean age of 63.3 + 6.7 years. The primary indication for intervention was disabling
claudication (N=18), with a small number of patients presenting with critical limb ischemia
—rest pain (N=1) and tissue loss (N=5). Seven patients underwent balloon angioplasty alone
while the remaining 17 patients underwent angioplasty with stenting. Consistent with the
entry criteria, all patients had intervention of the SFA, while 4/24 patients required
concomitant distal intervention. Technical success was 100%. Median follow-up for this
group was 22.7 months [lower quartile 371.25d, upper quartile 1379.5d; IQR 1008.25d],
with 22/24 patients followed for a minimum of one year. Two patients were lost to follow-up
following failure of their intervention. Cumulative one- and two-year primary patency was
79% and 66% respectively, while one- and two-year secondary patency was 83% and 76%,
respectively. Detail regarding these procedural outcomes is provided in the supplemental
materials (Supplemental Tables 3 and 4, Supplemental Figure 1).

Plasma Protein Time Series Analysis

The concentrations of 21 plasma inflammatory proteins were measured and analyzed for
changes during the initial 30 days following the procedure. Of the 21 plasma proteins
analyzed, only IL-6 demonstrated time-dependent changes that exceeded the Bonferroni-
adjusted cutoff of P <.0024. An initial increase in IL-6 was detectable by 2 hours and
peaked at one day following the procedure (7.01 + 4.73 vs. 15.96 £ 4.97 ng/ml, P =.001),
returning to baseline by one week. Detail regarding the magnitude and pattern of time-
dependent variations for four proteins of interest [interleukin 6 (IL-6), interleukin 8 (IL-8),

J Vasc Surg. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

DeSart et al.

Page 6

monocyte chemoattractant protein-1 (MCP-1), and soluble CD-40 ligand (CD-40)] is
provided in the supplemental materials (Supplemental Figure 2).

Global changes in circulating plasma proteins were examined using unsupervised
hierarchical clustering, where each sample obtained from a patient at a specific time was
assumed independent. Clustering along the patient/time axis demonstrated substantial
patient-to-patient variability, with relatively modest changes within a single patient as a
function of time. Of note, the horizontal dendrogram revealed eleven nodes of primary
clustering, of which ten correspond to an individual patient. Each patient appeared to have a
unique inflammatory protein profile that did not dramatically change in response to the
intervention. Further insight into these patterns is provided by the supervised cluster analysis
in Figure 1 with additional detail provided in the supplemental materials (Supplemental
Figure 3).

Monocyte Phenotypic and Genotypic Time Series Analyses

Temporal changes in monocyte subpopulations were investigated via flow cytometry using
CD14 and CD16 surface expression markers (Figure 2A). Classical monocytes, identified
through expression of CD14 only (CD14+/CD16-), compromised approximately 6% of the
total leukocyte population, which was unchanged during the initial 28 days following
intervention. The subpopulation of pro-inflammatory monocytes, identified through co-
expression of CD14 and CD16, comprised 1% of the total leukocyte population and
demonstrated no significant time-dependent variation following the procedure. Integrin
surface expression, as determined by CD18, CD11a, and CD11b, were similar between the
two monocyte subpopulations and independent of time, suggesting no marked influence on
the intrinsic potential for monocyte adhesion or migration following the procedure (Figures
2B and 2C). Interestingly, the CD14+/CD16- and CD14+/CD16+ subpopulations
demonstrated a consistent difference in HLA-DR expression across all time points (P = .
021), suggesting the pro-inflammatory phenotype to have a reduced ability for antigen
presentation.

Since subtle changes in monocyte function may manifest outside of marked variations in
monocyte phenotype, the temporal changes in the genomic expression profile of circulating
monocytes were examined. A time series regression identified differences in 31 out of
20,533 annotated probe sets within the initial month following the intervention (FDR = .05)
(Table 3). IPA analysis was used to delineate the dominant canonical pathways for these
genes as a function of time (Figure 3). Leukocyte extravasation signaling was identified as
the top pathway (FDR-corrected P = .011), suggesting revascularization for PAD alters
monocyte adhesion and migration that is independent of integrin (CD18, CD11a, and
CD11b) surface expression.

A supervised cluster analysis of this gene set demonstrated two distinct expression patterns
(Figure 4). Nine probe sets (Cluster A) displayed an immediate, transient increase in
expression, and 22 probes (Cluster B) exhibited an initial down-regulation followed by a
delayed up-regulation at 7 to 28 days. While the genes in Cluster A showed no dominant
functional associations, ontological analysis of Cluster B genes demonstrated 12 of 22 genes
to be involved in either cellular movement or cardiovascular system development and
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function. Figure 5 illustrates the dynamics of this integrated pathway, as the components
change over time.

Biologic Determinants of Revascularization Success or Failure

A comprehensive comparative analysis of fourteen index procedures was performed using
the case-control study design described above. Relationships between circulating plasma
protein concentrations and the one-year success or failure of endovascular intervention were
investigated. Using a modified significance level to accommodate the multiple testing bias,
mixed linear modeling identified no individual protein to be predictive of success or failure.
To investigate the potential for developing a pre-procedure or early post-procedure classifier,
individual proteins with p-values < .10 based on univariate analysis were considered
candidates for inclusion in a multivariate model (IL-15, IL-3, IL-7, and IP-10 pre-procedure;
Eotaxin, IP-10, and TNFa at Day 1; Table 4). In part restricted by the limited size of the
data set, a robust, predictive model of intervention success or failure did not emerge.

Investigation of the dynamic protein expression patterns using an unsupervised cluster
analysis, incorporating both time and one-year patency, revealed a tight clustering of success
and failure groups with a primary node of clustering providing distinct separation of these
outcomes (Figure 6). The time at which samples were collected demonstrated no discernible
pattern within each of these dominant clusters, suggesting the baseline activation state of the
patient to be the dominant predictor of intervention success or failure. A supervised cluster
analysis using blocked time sequences yields an identical arrangement of proteins (Figure
7). Further exploration of this data set using a dynamic clustering algorithm revealed three
distinct patterns of protein expression (Figure 7, B-D), with all clusters demonstrating
significant outcome-dependent differences. The number of proteins in each cluster ranged
from 4 to 10, without a clear unifying ontology.

The relationship between monocyte gene expression and clinical outcomes was explored at
each time point using a class prediction analysis. Thirty-nine annotated probe sets were
sufficient to differentiate between the success and failure groups at 1 day (Table 5), with a
class prediction rate of 77% and 69% by leave-one-out and leave-three-out cross validation,
respectively (Supplemental Table 5). Pathway analysis identified extracellular signal
regulated kinase 5 (ERKS5) signaling to be the top canonical pathway associated with this
gene set (Figure 8). Cross-validation analyses at the remaining time points (pre-op, 2 hours,
7 days, and 28 days) demonstrated moderate correlations with limited predictive value,
suggesting the initial monocyte response to be dominant for defining the clinical outcome of
the intervention.

Focusing on the predictive Day 1 genes, clustering analysis was used to define two dominant
clusters (identified as Clusters F and G) with differential expression patterns that were
highly correlated with clinical outcomes (Figure 9). A more in-depth analysis revealed 11 of
25 genes in Cluster F and 10 of 12 genes in Cluster G to be contained in two unique cell
cycle networks (Figure 10), suggesting that differential regulation of these cell cycle
pathways in the circulating monocyte may be an important event in defining success or
failure following intervention.
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No analysis was performed to attempt to merge the cytokine concentration data with the
gene expression data in relation to clinical outcome. Based on the study protocol, how the
samples were processed and the resulting source material analyzed, the leukocyte gene
expression would not be expected to correlate with the plasma cytokine concentrations. The
source of most plasma cytokines is from fixed tissue macrophages, primarily in the
splanchnic bed and not from circulating blood leukocytes.23

Discussion

While injury associated with trauma or major open vascular procedures?4 is significant, the
impact from minimally invasive procedures such as arterial angioplasty or stent placement,
on systemic inflammation remains poorly defined. Previous investigation focusing on
peripheral intervention is limited to a single study which identified changes in several pro-
inflammatory cytokines within 24 hours following percutaneous angioplasty.2® In our
current observational study, the results suggest that peripheral intervention may have only a
minor influence on the inflammatory state of the patient, with the inherent patient-to-patient
variation exceeding the biologic impact of the procedure. However, notable was the
identification of key differences present prior to or early post-intervention, suggesting that
patients are primed for success or failure. This provides the potential to identify at-risk
patients during initial clinical decision5 making. Our proteomic data suggests that
circulating levels of 1L-15, IL-3, IL-7, IP-10 pre-procedure, and Eotaxin, IP-10, and TNFa
at Day 1 post-procedure have emerged as promising candidates that should be the focus of
further investigation. Genomic analyses in the early post-intervention time frame identified
39 genes that discriminated between clinical success and failure. Specific components, such
as the genes associated with leukocyte extravasation and cell cycle activity, were notably
influenced by the procedure, and serve as potential opportunities for therapeutic
intervention.

Specifically, among these genes, the ERKS5 pathway was identified as the top canonical
pathway. Activated by growth factors and oxidative stress, ERK5 has important roles in both
cellular proliferation and differentiation and is a key regulator in TLR2 signaling.2® This
pathway has been implicated in both angiogenesis and vascular development,? but its role
in monocyte biology has not yet been explored. Also of interest, differentially regulated
genes in success patients demonstrated nodes of clustering around ubiquitin C, a major
pathway of non18 lysosomal degradation of intracellular proteins2® and pivotal to many
cellular processes including cell proliferation and cell cycle progression. Recent
experimental evidence supports the involvement of the ubiquitin—proteasome system in
inflammation and cardiovascular disease,2? with activation of this system by inflammatory
cells leading to an NF-xB—dependent increase in inflammation.

While direct comparison to our current study is difficult, the CardioGene study aimed to
identify systemic determinants of coronary in-stent restenosis using similar high-throughput
technologies.39 Examining gene expression of circulating monocytes following coronary
stenting, the investigators identified 32 genes with differential expression in patients that
developed in-stent restenosis within one year of the procedure.3! Ontology analysis revealed
five of these genes to have functions related to cell death and survival. Although the specific
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genes identified differed, both the number of predictive genes and the ontology were similar
to the findings of our current study suggesting that identification and validation of a
manageable number of biologically relevant genes is feasible. As more data from studies
employing this type of molecular strategy for class prediction across cardiovascular domains
become available, we hope to see unifying patterns emerge that will enable a personalized
medicine approach to peripheral intervention and improved outcomes.

Based on the new knowledge gained from these pilot data, we strongly feel that defining
inflammatory “signatures” comprised of panel(s) of inflammatory genes and/or cytokines
holds more promise in developing tools to accurately and consistently predict patient
outcomes. The literature has focused more on attempts to identify a single biomarker with
predictive value, with much of this focused on C-reactive protein (CRP). In coronary
intervention, pre-procedural CRP levels can predict periprocedural adverse events such as
myocardial infarction (MI) or congestive heart failure (CHF), but have less correlation with
specific intervention success or failure (i.e. restenosis).3! Similar findings have been
reported in peripheral intervention as well, with CRP predictive or perioperative Ml and
CHF, but less well correlated with stent or vein bypass success or failure.32 One recent study
found the combination of elevated pre-operative CRP along with brain natriuretic peptide
(BNP) as strongly predictive again of perioperative systemic cardiovascular events, but did
also suggest an association between pre-operative CRP and failure of femoropopliteal
interventions.33 None looked at trends in CRP over time before and after intervention. In our
hands, CRP hasn’t, either alone or in combination with other cytokines, been a strong
predictor of peripheral angioplasty/stent outcomes. We feel this further validates the promise
of the genome-wide, high-throughput strategy outlined in our current study over targeting a
single biomarker.

The primary limitation of this study centers on the small sample size and the potential for
Type Il error. Because this was intended as an exploratory pilot study, we chose a matched
case-control strategy to best leverage the quality of the data. Although we trust the algorithm
used to match patients with failed interventions to patients from the larger pool of successful
outcomes, the influence of selection bias from this limited patient pool is unavoidable. With
this matched group we also attempted to minimize the influence of heterogeneity of the
cohort with respect to disease severity and the specific nuances of their intervention. Within
the analysis itself, we identified two sets of genes that were significantly correlated with
changes in time and outcome, respectively. While our statistical strategy minimized false-
positives given the small number of proteins/genes discovered, and partially validated the
model, gold-standard validation will require continued enrollment and application of these
methods to a larger independent cohort of patients.

Conclusion

We have shown that endovascular revascularization has a modest influence on the activation
state of the systemic inflammatory system, as defined by plasma inflammatory proteins and
monocyte phenotype and inflammatory gene expression. This might be expected given its
minimally invasive nature compared to open surgical revascularization. However,
examination of the monocyte genome also identified time-dependent changes in the initial
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28 days following the procedure, predominately in those genes associated with leukocyte
extravasation and cell migration, and a subset of genes active in cell cycle signaling at one-
day post-procedure that were predictive of clinical outcome. In addition, although no single
plasma protein was correlated with the outcome, cluster analysis revealed a clear pattern of
protein expression that was closely related to the clinical phenotype. These findings support
this approach to studying the critical relationship between systemic inflammation and one-
year clinical success or failure rates following percutaneous intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Relevance Statement

Endovascular intervention for lower extremity peripheral arterial disease is increasing
exponentially, but short-term patency rates remain in the 50-60% range. This study uses
a high-throughput molecular strategy to define pre-procedural and early post-procedural
alterations inflammatory signatures for patients at risk for early intervention failure. A
number of promising proteomic markers and gene expression clusters were identified,
specifically implicating pathways involving leukocyte extravasation, cellular migration,
and cell-cycle signaling. This new knowledge enables personalized medicine by using
this information in critical decision-making prior to intervention, or by intervening early
post-procedure to re-engineer a patient’s course to a favorable outcome.
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Figure 1.
Supervised hierarchal clustering analysis of plasma inflammatory protein concentrations.

Each patient sample at each time point is displayed across the x-axis, with each patient
represented by the letters A through L. Each patient appears to have a unique inflammatory
protein profile that remains relatively constant following endovascular intervention. Red
represents up-regulation and blue represents down-regulation.
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Circulating monocyte phenotypes following lower extremity endovascular revascularization.
A, Classic monocytes, identified by expression of CD14 only (CD14+/CD16-), remained
stable over time. Pro-inflammatory monocytes, identified by co-expression of CD14 and
CD186, also remained stable over time, although the presence of this subtype appeared to
demonstrate a downward trend following revascularization. B-C, Integrin surface expression
(CD18, CD11a, and CD11b) was similar between the two monocyte phenotypes. CD14+/
CD16- cells demonstrated a greater percentage of HLA DR+ cells across all time points
compared to CD14+/CD16+ cells (p=.021).
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Figure 3.
Canonical pathways representing the 31 genes demonstrating a significant change in the

initial one month following the intervention. Multiple-testing corrected p-values were
employed to control the rate of false discoveries. The first three pathways are considered to
be significantly enriched for this gene set (calculated using the Benjamini-Hochberg method,
FDR-corrected p-value <.05). The black boxes represent the fraction of predictive genes in
each pathway.
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Figure 4.
Supervised hierarchal clustering analysis of 31 genes demonstrating a significant change in

expression following revascularization. Mean expression data at each time point are
presented across the x-axis. The vertical dendrogram reveals two distinct gene clusters with
differential expression. Cluster A consists of 9 genes that exhibit early up-regulation (pre-op,
0.08d, and 1d), while Cluster B consists of 22 genes that exhibit late up-regulation (7d and
28d).
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Figure 5.
Ingenuity Pathway Analysis of 31 genes demonstrating a significant change in expression

following revascularization. The network encompassing this gene set is presented at four
time points following intervention. Red indicates up-regulation and blue indicates down-
regulation (relative to preoperative expression levels).
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Figure 6.
Unsupervised hierarchal clustering analysis of plasma inflammatory protein concentrations.

Mean plasma protein concentrations at each time point for both outcome groups are
displayed across the x-axis. The horizontal dendrogram reveals a tight clustering of the two
outcome groups, demonstrating two divergent patterns of protein expression. Red represents
up-regulation and blue represents down-regulation.
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Figure 7.
Clustering analysis of plasma inflammatory protein concentrations. A, Mean plasma protein

concentrations at each time point for both outcome groups are displayed across the x-axis.
The heat map reveals two divergent patterns of protein expression across all time points
between the two outcome groups. B-D, A dynamic clustering algorithm identified three
distinct patterns of protein expression. Mean fold change from baseline (preoperative)
concentrations of all proteins within each cluster for each outcome group is displayed. All
three clusters demonstrated highly significant outcome-dependent differences (ANOVA).
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Figure 8.
Canonical pathways associated with the subset of day-one genes that differentiate long-term

success or failure of the intervention. The ten most significant canonical pathways
representing these 39 genes are presented. Multiple-testing corrected p-values were
employed to control the rate of false discoveries. The black boxes represent the fraction of
predictive genes in each pathway.

J Vasc Surg. Author manuscript; available in PMC 2017 September 01.

0.3



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

DeSart et al.

Page 22

1
.,
=

3 3

> >

T2 & >>0 7 >3 >
O 1 © O ®© T @©
0Q 000,020
NoOoOAdNONNOA

| I I R R R R R D R |
VUV VLW LW LW WL LWL

[ | ADAM21

BECN1L1

- HLA-B

NOXO1

Q6P168
FAM170B/C100rf73
LOC126147
DGAT2L7
WNT7B
DMBX1
Q6zQQ9
ZNF747
SAMD4A
KLK14

LY6H
FOSL1
MATN1
RAPGEF3
HSPB6
RAD9A
IL17D
INPPSE
GGT7/GGTL3
HES3

KCNN1
LCAP

lqutlglglllllllll

PMP22CD
CFL2

ARL17

COX19
ZNF568
EIF2AK3
MCM8
Q9P192
ELK4
FAM35A

Figure 9.
Unsupervised hierarchal clustering analysis of the subset of 39 day-one genes that

differentiate long-term success or failure. Mean expression data for both outcome groups at
each time point is presented across the x-axis. Although this gene subset was selected for its
ability to predictive outcome at one day following revascularization, the primary node of
clustering separates the outcome groups across all time-points. Red represents up-regulation
and blue represents down-regulation.
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Figure 10.
Ingenuity Pathway Analysis of the subset of day-one genes that differentiate long-term

success or failure, divided into two groups (F and G) following an unsupervised cluster
analysis. The network pathway on the left contains 11 of the 25 cluster F genes, and is
primarily involved in cell death and survival. The pathway on the right contains 10 of the 12
cluster G genes, and is primarily associated with cell cycle regulation. Class prediction
genes are represented in gray.
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Table 1

Patient characteristics and co-morbidities (Case-Control)

. H *
Variables Success Failure p-value

Patients 8 6
Age, mean + SD, years 64.3+8.6 60.2+6.3 0.23

Male 8 (100) 6 (100) 1.0
Comorbidities
CAD 3(375)  2(33.3) 1.0
CHF 1(12.5) 0(0) 1.0
Diabetes 3(37.5) 3 (50) 1.0
Hypertension 8 (100) 6 (100) 1.0
Dyslipidemia 7(87.5) 6 (100) 1.0
Renal insufficiency ” 0(0) 0(0) 10
Past/current smoker 8 (100) 6 (100) 1.0

Medications?

Aspirin 8 (100) 6 (100) 1.0
Plavix 7(875)  5(83.3) 1.0
Warfarin 1(12.5) 0(0) 1.0
Aggrenox 1(12.5) 0(0) 1.0
Statin 8 (100) 4 (66.7) 0.16
Cilostazol 3(37.5) 1(16.7) 0.58
Steroids 0 (0) 0(0) 1.0

Categorical data are shown as number (%) and continuous data as mean + standard deviation
CAD, coronary artery disease; CHF, congestive heart failure

*

XZ or t-test, where appropriate

fCreatinine >1.8

’tMedications on discharge following procedure
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Patient and procedural characteristics

Table 2

Feature Success Failure p-value®
Preop ABI 0.68+0.15 0.59+0.16 0.39
Postop ABI 1.01+£0.05 0.89+0.024 0.29

Indication
Claudication 6 4
Rest pain 0 0
Tissue loss 2 2 1.0

Procedure
PTA 2 2
PTA+Stenting 6 4 1.0

Intervention Site
SFA 8 6
Popliteal 0 2
Tibial 1 1 0.72

TASC Il class

4 1
B 2 5
C 2 0
D 0 0 0.11

Categorical data are shown as number (%) and continuous data as mean + standard deviation

Page 25

ABI, ankle-brachial index; PTA, percutaneous transluminal angioplasty; SFA, superficial femoral artery; TASC, TransAtlantic Inter-Society

Consensus

*
Fisher’s exact or t-test, where appropriate
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Table 3

Time-Dependent Genes

Accession Number ~ Name Cluster
ENST00000364587  small nucleolar RNA, H/ACA box 55 A
NM_181791 G protein-coupled receptor 141 A
NM_177437 taste receptor, type 2 A
NM_182790 nicotinamide phosphoribosyltransferase A
ENST00000375951  Tripartite motif-containing protein LOC642612 A
NM_033180 olfactory receptor, family 51, subfamily B, member 2 A
ENST00000329076 Q9P175_HUMAN (uncharacterized protein) A
NM_177551 G protein-coupled receptor 109A A
NM_005024 serpin peptidase inhibitor, clade B (ovalbumin) A
NM_146421 glutathione S-transferase M1 B
NM_003005 selectin P B
NM_014600 EH-domain containing 3 B
NM_206943 latent TGF-B binding protein 1 B
NM_001963 epidermal growth factor B
NM_138277 chromosome 6 open reading frame 25 B
NM_024123 lymphocyte antigen 6 complex B
NM_178174 triggering receptor expressed on myeloid cells-like 1 B
ENST00000289473  neutrophil cytosolic factor 1 B
ENST00000297078  hypothetical protein LOC340286 B
NM_014020 transmembrane protein 176B B
NM_004493 hydroxysteroid (17-beta) dehydrogenase 10 B
NM_014000 vinculin B
NM_145651 secretoglobin, family 1C B
NM_002421 matrix metallopeptidase 1 B
ENST00000381767 CDNA FLJ16817 B
NM_022060 abhydrolase domain containing 4 B
NM_005533 interferon-induced protein 35 B
NM_000212 integrin, beta 3 B
ENST00000323589 Q659F3_HUMAN (uncharacterized protein) B
NM_178121 Putative uncharacterized protein C190rf49 B
NM_019855 calcium binding protein 5 B
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Table 4

Univariate analyses of plasma proteins between outcome groups

Plasma Protein  Pre-op Sample Day 1 Sample

(p-value) * (p-value) *
Eotaxin 1.0 0.07
GMCSF 1.0 0.88
IFNy 0.639 1.0
1L-12 0.629 0.63
IL-13 1.0 0.67
IL-15 0.009 0.77
IL-17 1.0 0.29
IL-1a 1.0 0.53
IL-1b 0.277 0.92
IL-2 0.363 0.28
IL-3 0.082 0.8
IL-4 0.803 0.5
IL-6 0.862 0.34
IL-7 0.069 1.0
IL-8 0.755 0.34
1P-10 0.073 0.03
MCP-1 0.53 0.64
MIP-1a 0.935 0.42
sCD40L 0.639 1.0
TNFa 0.371 0.07
VEGF 0.745 0.81
hsCRP 0.335 0.344

*
T-test comparison of success and failure groups
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Table 5

Outcome-predictive genes at 1-day after revascularization

Accession Number ~ Name Parametric  Cluster
p-value
NM_178026 gamma-glutamyltransferase 7 6.67E-05 A
NM_002379 matrilin 1, cartilage matrix protein 0.0001012 A
ENST00000356052  Beclin-1-like protein 1 0.000151 A
NM_004584 RAD9 homolog A (S. pombe) 0.0001662 A
NM_001039768 lung carcinoma-associated protein 0.0002263 A
NM_172225 diencephalon/mesencephalon homeobox 1 0.0002718 A
NM_019892 inositol polyphosphate-5-phosphatase, 72 kDa 0.0002931 A
NM_003813 ADAM metallopeptidase domain 21 0.0003416 A
NM_002248 potassium intermediate/small conductance Ca-activated channel 0.000371 A
NM_144617 heat shock protein, alpha-crystallin-related, B6 0.0003724 A
NM_058238 wingless-type MMTYV integration site family, member 7B 0.0004021 A
NM_023931 zinc finger protein 747 0.0004716 A
ENST00000380145 CDNA FLJ46121 fis, 0.0004936 A
NM_001039617 zinc finger, DHHC-type containing 19 0.0005053 A
NM_002347 lymphocyte antigen 6 complex, locus H 0.0005347 A
NM_138284 interleukin 17D 0.0006046 A
NM_015589 sterile alpha motif domain containing 4A 0.0006212 A
NM_145807 hypothetical protein BC018697 0.0007131 A
NM_022046 kallikrein-related peptidase 14 0.0007137 A
NM_172168 NADPH oxidase organizer 1 0.0007185 A
NM_001024598 hairy and enhancer of split 3 0.0007515 A
ENST00000374157  family with sequence similarity 170, member B 0.0007851 A
NM_025084_dupl  Q6P168_HUMAN 0.0008005 A
NM_005438 FOS-like antigen 1 0.0008153 A
NM_005514 major histocompatibility complex, class I, C 0.0008344 A
NM_006105 Rap guanine nucleotide exchange factor (GEF) 3 0.0008728 A
ENST00000379421  diacylglycerol O-acyltransferase 2 like protein 7 0.0009385 A
NM_021795 ELK4, ETS-domain protein (SRF accessory protein 1) 0.0009768 B
NM_001039083 ADP-ribosylation factor-like protein 17 0.0009651 B
NM_019054 family with sequence similarity 35, member A /// Protein FAM35A.  0.0009036 B
NM_004836 eukaryotic translation initiation factor 2-alpha kinase 3 0.0009033 B
NM_006721 adenosine kinase 0.000862 B
ENST00000328474 Q9P192_HUMAN 0.0006103 B
NM_001013743 PMP22 claudin domain-containing protein 0.000505 B
NM_001031617 COX19 cytochrome ¢ oxidase assembly homolog 0.0004825 B
NM_182802 minichromosome maintenance complex component 8 0.0004704 B
NM_133473 zinc finger protein 431 0.0004461 B
NM_138638 cofilin 2 (muscle) 0.0003867 B
ENST00000354259  zinc finger protein 568 0.0003251 B
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