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Abstract

Aim

Inflammation plays a central role in the pathogenesis of atherosclerosis and in the sequelae
of percutaneous coronary intervention (PCI). Previous work demonstrated that intermediate
monocytes (CD14++CD16+) are associated with adverse cardiovascular events, yet mono-
cyte subset response following elective PCI has not been described. This article explores
the changes in monocyte subset and humoral response after elective PCI.

Methods

This prospective study included 30 patients without inflammatory diseases being referred
for elective PCI. We included patients treated with drug coated balloons or 2" generation
drug eluting stents. Patients underwent blood tests at baseline (prior to PCI), four hours, two
weeks and two months later. Analyses were performed in terms of monocyte subsets (clas-
sical CD14++CD16-, intermediate CD14++CD16+ and non-classical CD14+CD16++), gene
expression of CD14+ leucocytes and humoral biomarkers.

Results

Intermediate monocytes decreased significantly four hours after PCI, were recovered at two
weeks, and increased significantly at two months post elective, uncomplicated PCI. They
remain significantly elevated in the DES group but not in the DCB group. Gene expression
analysis of CD14+ leucocytes showed IL18 had decreased expression at two weeks,
CXCR4 and IL1pB decreased at two months, while pentraxin 3 increased at two weeks and
two months. In terms of humoral biomarkers, hsTnl remains elevated up to two weeks post
PCI while IL6 and TNFa remain elevated till two months post PCI.
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Conclusion

Intermediate monocytes increase significantly two months following elective, uncomplicated
PCI. They remain significantly elevated in the DES group but not in the DCB group suggest-
ing that the PCI strategy could be one of the ways to modulate the inflammatory response
post PCI.

Introduction

It is well established that inflammation plays a central role in the pathogenesis of atherosclerosis
but also in the sequelae of percutaneous coronary intervention (PCI) [1,2]. It is increasingly rec-
ognised that periprocedural inflammation is associated with worse adverse cardiovascular
events [3]. Various inflammatory biomarkers and mediators elicited following PCI, such as C-
reactive protein (CRP), pentraxin-3 (PTX3), interleukins (IL), tumour necrosis factor o. (TNFo)
and leucocytes, have been shown to be associated with worse patient outcomes [4]. Anti-inflam-
matory and immunomodulatory medications are now being trialled to improve prognosis with
encouraging results [5,6]. Monocytes play a crucial role in all stages of atherogenesis, from the
initial formation of atherosclerotic plaques to the acute inflammatory phase following plaque
destabilisation and finally during myocardial healing and remodelling following myocardial
infarction [7]. The relationship of circulating monocytes with in-stent neointimal hyperplasia
after bare metal stent implantation was first demonstrated almost 20 years ago [8].

Over the last decade, the nomenclature of distinct monocyte subtypes has been standard-
ised into classical CD14++CD16- monocytes, intermediate CD14++CD16+ monocytes and
non-classical CD14+CD16++ monocytes [9]. The classical monocytes are the most abundant
subset both in blood (about 80-85% of circulating blood monocytes) but also in atherosclerotic
plaques. They express CCR2, CD62L and CD64 and are considered inflammatory mediators
[7]. The non-classical monocytes express high levels of CX3CR1 but not CCR2 or CD62L,
have patrolling properties and also have important role in angiogenesis [7]. The most recently
described intermediate monocytes can be differentiated from non-classical monocytes as they
express CCR2. They are the main producer of reactive oxygen species while the receptors they
express indicate their pro-atherosclerotic capabilities [7,10]. As the classification of the subsets
of monocytes was standardised only in 2010, it is difficult to draw definitive conclusions about
the role of various monocytes subsets from older studies.

Linked to inflammation, stent characteristics represent another important mechanism
involved in adverse reaction to stents [11]. Foreign body reactions to the metal platform as
well as hypersensitivity reactions to the polymer contribute to the inflammation elicited after
PCI and have been associated with adverse cardiac events [11]. Previous work has demon-
strated that the inflammatory reaction in terms of platelet and neutrophil activation is less
after balloon angioplasty compared to bare metal stent implantation [12]. Drug coated balloon
(DCB) is an emergent technology allowing drug delivery to the vessel wall without implanta-
tion of a permanent scaffold [13]. There is currently no data comparing 2™ generation drug
eluting stents (DES) with DCB in terms of the elicited inflammation.

In the present study, we aimed to investigate the cellular as well as the humoral inflamma-
tory response following PCI in the modern era. We assessed the effect of PCI in the acute and
short-term on serially measured monocyte subsets and humoral mediators of inflammation.
We included patients treated with 2™ generation DES or DCB aiming to compare these PCI
strategies in terms of their elicited inflammatory response.
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Methods
Study population

In this prospective study we recruited adult patients with stable angina undergoing elective
PCI for de novo coronary artery disease, either with DES or DCB utilised at the discretion of
the operator. We excluded patients with significant renal impairment (estimated glomerular
filtration rate <30mL/min/1.73m?) or any significant inflammatory condition on immuno-
suppression as well as pregnant women. Patients treated with DCB should not have more than
type B dissection or >30% recoil as per study protocol (in accordance with international con-
sensus [14]). All patients provided written, informed consent prior to being recruited in the
study. The study is compliant with the Declaration of Helsinki with regards to an investigation
in humans and it was approved by the East of England—Cambridge Central Research Ethics
Committee (REC: 19/EE/0075). Patients were identified from outpatient clinics and the elec-
tive PCI waiting list of Norfolk & Norwich University Hospital.

Blood sampling and processing

Patients underwent blood tests at baseline (pre-PCI), four hours, two weeks and two months
later. The baseline blood tests were taken from the radial artery sheath prior to intervention
and subsequent blood tests were taken by venepuncture. Blood collected from patients in a
5ml serum separator tube (SST) to yield serum aliquots, a 6ml lithium heparin tube to yield
plasma aliquots and two 4ml ethylenediaminetetraacetic acid (EDTA) for cellular analysis. The
samples were processed once the blood had clotted in the SST tube, within two hours of blood
collection and subsequently stored at -80°C until biomarker analysis at the end of the study.

Cytometric analysis

Human peripheral blood mononuclear cells were isolated and fixed initially until cell staining
and flow cytometry within two weeks from blood collection. The antibodies used in this study
were FITC anti-human CD14 and APC anti-human CD16 both from Biolegend. Flow cytome-
try was performed using the CytoFLEX Flow Cytometer (Beckman Coulter, Brea California,
United States) and analysis was carried out using Flow]Jo version 10 software.

Reverse transcriptase quantitative polymerase chain reaction

CD14 magnetic beads were used to isolate CD14+ leucocytes. Ribonucleic acid (RNA) was iso-
lated from CD14+ leucocytes and quantified. Complimentary deoxyribonucleic acid (cDNA)
was synthesized, and quantitative polymerase chain reaction (QPCR) was performed for IL-10,
CCL2, CXCR4, TNFo, TREM1, PTX3, CD36, IL-18 and IL-1B at baseline, two weeks and two
months post PCI. Cp values were estimated for each sample (values >35 were disregarded as
non-specific) and converted to values expressing the fold change from baseline according to
the delta-delta method, standardised for a housekeeper gene. Each reaction was repeated three
times and an average of the three values was calculated. Real time quantitative PCR was per-
formed on a Roche Lightcycler 480 (Roche, Basel, Switzerland) using SYBR-green technology
(PCR biosystems, UK). Supplementary material shows the sequences of the primers used.

Biomarker analysis

Biomarker analysis for high-sensitivity CRP (hs CRP), high-sensitivity troponin I (hs Trop I),
pentraxin-3, IL-6, IL-1B, IL-10 and TNFo was undertaken at the end of the study. Hs CRP and
hs Trop I were measured on the Siemens Dimension EXL autoanalyzer. Pentraxin-3, IL-6, IL-
1 B, IL-10 and TNFo were measured using assay kits from mesoscale Discovery. These
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immunoassay kits are run in the enzyme linked immunosorbent assay (ELISA) format but use
electrochemiluminescence detection rather than the production of a coloured product.

Statistical analysis

A visual density-curve inspection and Shapiro-Wilk tests were used to determine normality. If
normally distributed, continuous variables were expressed as mean + standard deviation. Con-
tinuous variables that were not normally distributed were expressed as median (interquartile
range). Wilcoxon rank-sum and Mann-Whitney U test were used to compare differences in
variables between DCB and DES. Differences across the timeframes were assessed pairwise
with the Friedman test. The nested p-values were calculated with the Durbin-Conover test
after applying Homes adjustments. Categorical variables were compared using the chi-square
test. As pairwise analysis can only be performed with complete data, participants with missing
data were excluded listwise. All statistical analysis was performed using R Statistical Software
(version 2.14.0; R Foundation for Statistical Computing, Vienna, Austria).

Results

We recruited 30 patients from June 2020 until July 2021. Two patients did not return for repeat
blood tests, two patients had elevated baseline (pre-PCI) troponin (Fig 1) and were thus
excluded as per our a priori protocol. Following exclusion of these patients 26 patients were
included in the final analysis (10 patients treated with DCB, 15 patients treated with DES and
one patient treated with both). Their baseline characteristics are shown in Table 1, while the
baseline medications are shown in supplementary material and the procedural characteristics
in supplementary material.

Cytometric analysis of monocyte subsets

Analysis of the full cohort showed that the intermediate monocytes decreased significantly
from baseline to four hours, recovered at two weeks and increased significantly at two months
post PCI. In detail, the intermediate monocytes (CD14++CD16+) were 9.07% (7.27-15.9) at

30 patients with elective
PCI for de novo disease

Excluded

2 patients with no repeat bloods
| 2 patients with raised baseline
(Pre-PCl) troponin

26 patients included in
final analysis

A 4

DES 15 | | DCB 10 || Both 1

Fig 1. Consort diagram showing the flow of patients in the study.
https://doi.org/10.1371/journal.pone.0294746.9001
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Table 1. Baseline patient characteristics.

Age (years)

Male

Body mass index

Previous MI

Previous PCI

Diabetes

Stroke

Hypertension

Peripheral vascular disease

Atrial fibrillation
Hypercholesterolaemia

Chronic kidney disease (eGFR<60 ml/min/m>)
Mean eGFR ml/min/m”

Rheumatoid arthritis

Asthma

Chronic obstructive pulmonary disease
Family history of IHD

Ever smoker

https://doi.org/10.1371/journal.pone.0294746.t001

All patients (N = 26) DCB group DES group P value
N =10) (N=15)
69.5 (10.3) 71.6 (11.1) 68.4 (10.1) 0.46
23 (88.5%) 9 (90%) 13 (87.7%) 0.8
27 (3.8) 26.8 (3.8) 26.7 (3.7) 0.92
11 (42.3%) 3 (30%) 8(53.3%) 0.25
13 (50%) 5 (50%) 8 (53.3%) 0.87
5(19.2%) 2 (20%) 3 (20%) 1
0 0 0 n/a
12 (46.2%) 6 (60%) 6 (40%) 0.32
0 0 0 n/a
3 (11.5%) 1(10%) 2 (13.3%) 0.8
20 (76.9%) 7 (70%) 12 (80%) 0.56
5(19.2%) 3 (30%) 2 (13.3%) 0.31
78.5 (21.1) 70.5(18.1) 84.1(22.5) 0.12
0 0 0 n/a
2(7.7%) (10%) 1 (6.7%) 0.76
2(7.7%) 1 (10%) 1 (6.7%) 0.76
9 (35%) 1(10%) 8(53.3%) 0.03
11 (42.3%) 5 (50%) 6 (40%) 0.62

baseline, 4.62% (2.39-9.75) at four hours, 12.4% (9.47-16) at two weeks and 21.3% (9.65-25)
at two months (Fig 2). Consequently, the opposing trend was seen in classical monocytes
(CD14++CD16-). In detail, the percentage of the classical monocytes were 82.4% (75.5-88.7)
at baseline, 91.9% (80.3-96.7) at four hours, 82.9% (74.3-86.2) at two weeks and 72.3% (66.9—
82.5) at two months (Fig 2). The percentage of classical monocytes at two weeks and two
months were significantly reduced compared to four hours but not the baseline. The non-clas-
sical monocytes (CD14+CD16++) did not change significantly at any point in time (Fig 2).
Analysis of the DCB and DES groups separately demonstrated that there are few differences in
the pattern of monocyte response post-PCI between DCB and DES. In the DES group the
intermediate monocytes decreased significantly at four hours, recovered at two weeks and
increased significantly at two months when compared to baseline (S1 File). In the DCB group
there was no difference in the intermediate monocytes at any point when compared to base-
line, but they were significantly increased at two weeks and two months when compared to
four hours (S1 File). Comparison of the percent change of intermediate monocytes at 2
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Fig 2. Monocyte response after elective percutaneous coronary intervention, demonstrating the monocyte
response for the classical, intermediate and non-classical monocyte subsets. * p<0.05 ** p<0.01 *** p<0.001.

https://doi.org/10.1371/journal.pone.0294746.9002
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Fig 3. Gene expression of CD14+ leucocytes following elective percutaneous coronary intervention, showing the change in gene expression (fold change
compared to baseline) of CD14+ leucocytes following elective angioplasty. * p<0.05 ** p<0.01 *** p<0.001.

https://doi.org/10.1371/journal.pone.0294746.g003

months from baseline ((intermediate monocytes at 2 months minus intermediate monocytes
at baseline) / (intermediate monocytes at baseline)) between DCB and DES revealed a trend
towards a significant difference (0.47 + 0.97 vs 1.81 + 0.74, p = 0.06). In the DES group the clas-
sical monocytes increased significantly at four hours while in the DCB group there was no sig-
nificant change from baseline at any point (S1 File). Raw data are presented in supplementary
material.

Gene expression of CD14+ monocytes

Analysis of the full cohort showed that CD14+ leucocytes had a) significantly decreased
expression of CXCR4 at two months b) significant increased expression of pentraxin 3 at two
weeks and two months ¢) significantly decreased expression of IL-18 at two weeks and d) sig-
nificantly decreased expression of IL-1B at two months (Fig 3). Analysis of the DCB and DES
groups separately, demonstrated some differences between the groups. In the DCB group,
there was a significant decrease of IL-10 expression at two months while there was no signifi-
cant difference in the DES group. In the DES group, there was a significant decrease of the
expression of IL18 and IL-1B at two weeks and two months, while there was no difference in
the DCB group (S1 File). Raw data are presented in supplementary material.

Biomarker analysis

Analysis of the full cohort showed that a) both IL-6 and TNF-o. peaked at four hours and
remained significantly elevated post-PCI until two months later, b) hsTroponin I peaked at
four hours and remained significantly elevated until two weeks later ¢) Pentraxin 3 was signifi-
cantly elevated only at four hours and d) there was no significant difference at hsCRP or IL-10
at any point in time (Fig 4). Analysis of the DCB and DES group separately demonstrated only
few differences between the groups. In the DCB group, hsTroponin I was significantly elevated
only at four hours while in the DES group it remained significantly elevated until two weeks
later. In the DCB group, pentraxin 3 remained significantly elevated until two months later
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Fig 4. Inflammatory biomarker response following elective percutaneous coronary intervention, showing the inflammatory biomarker response
following elective percutaneous coronary intervention. * p<0.05 ** p<0.01 *** p<0.001.

https://doi.org/10.1371/journal.pone.0294746.9004

while in the DES group it was only significantly elevated at four hours (S1 File). Raw data are
presented in supplementary material. The number of patients in the analysis of various bio-
markers appears to be fluctuating. This is because our analysis involved paired samples and
patients with missing biomarkers even at a single time-point had to be excluded.

Discussion

There are only limited data about the role of monocytes following PCI. Fakuda et al were the
first to link circulating monocytes with in-stent neointimal hyperplasia. They demonstrated
that circulating monocytes increase after PCI with bare metal stent, peak at two days and the
maximum monocyte level positively correlated with in-stent neointimal volume [8]. Our study
is novel as we demonstrated the monocyte subset response after elective PCI in the modern
era. We have demonstrated that the population of intermediate monocytes decreased in the
immediate post-PCI period (four hours), recovered at two weeks and then significantly
increased further at two months. The classical monocytes appeared to follow the opposite pat-
tern to intermediate monocytes while the non-classical monocytes did not change signifi-
cantly, suggesting that there was a shift from classical to intermediate monocytes and vice
versa. Subgroup analysis showed few differences in the monocyte response between DCB and
DES groups, most notable being that in the DES group the intermediate monocytes are signifi-
cantly increased at two months compared to baseline while in the DCB group they were not.
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The fact that intermediate monocytes, a highly pro-atherosclerotic monocyte subset, remained
persistently elevated two months after elective, uncomplicated PCI is a concern and requires
further validation and investigation. Our study included a small number of patients and should
be regarded as hypothesis generating. However, a possible explanation could be that the stent
as a metallic foreign material represents a persistent stimulus for the monocyte response. This
hypothesis is consistent with previous studies which have shown that platelet and neutrophil
activation is greater after stenting compared to balloon angioplasty only [12].

The current classification of monocytes, which introduced the intermediate subset, was
established in 2010 [9]. Since then, there has been an increasing interest about their role in car-
diovascular diseases. Over the last ten years, studies have shown that intermediate monocytes
are an independent predictor of cardiovascular events in stable patients [10,15]. In a large pro-
spective study of almost 1000 patients being referred for elective coronary angiography, inter-
mediate monocytes were the only subset independently predictive of adverse cardiovascular
events [10]. In addition, stable angina patients with elevated levels of the highly proatherogenic
lipoprotein (a) (Lp(a)) have significantly elevated levels of intermediate monocytes and oxi-
dized phospholipids (OxPL) [16]. The biomarker OxPL/apoB (oxidized phospholipids on apo-
lipoprotein B-100) correlates with intermediate monocytes but not with the other monocyte
subsets [16].

The predictive role of intermediate monocytes has also been demonstrated in patients with
acute coronary syndrome. Intermediate and non-classical monocytes are significantly
increased in patients with unstable angina when compared with stable patients [17]. Further-
more, in unstable angina patients with intermediate-to-high cardiovascular risk (as deter-
mined by GRACE score) intermediate monocytes are increased independently of traditional
risk factors [17]. In patients with STEMI, intermediate monocytes have unique functional
characteristics, increase significantly in the early stages and are independent predictors of car-
diovascular events at two years [18-20]. Beyond the context of coronary artery disease, inter-
mediate monocytes significantly increase in advanced stages of peripheral vascular disease and
are associated with risk of restenosis following peripheral vascular angioplasty [21,22]. In addi-
tion, they have been shown to be independently associated with and be linked to the pathogen-
esis of atrial fibrillation [23].

Monocytes play a central role in the crosstalk between T-lymphocytes, endothelial cells and
smooth muscle cells mediated by cytokines [24]. In this present study, we have demonstrated
changes in the gene expression of CD14+ leucocytes, indicating changes in the functional pro-
file of leucocytes. IL18 showed decreased expression at two weeks, CXCR4 and IL1 decreased
at two months, while pentraxin 3 increased at two weeks and two months. The decrease of
IL18 and IL1B was mainly driven by the DES group. Interestingly, IL13, CXCR4 and PTX3
had sustained different levels of expression two months later, indicating that the change in
gene expression is not a transient response even after uncomplicated PCI for elective patients.
IL18 is a pleiotropic proinflammatory cytokine playing roles in neointimal formation, smooth
muscle cell migration as well as plaque vulnerability. Higher levels of IL18 have been associated
with increased risk of in-stent restenosis [25]. Monocytes are one of the main producers of
IL1, a cytokine that is known to induce an inflammatory response in vessel wall and is closely
related to atherosclerosis as shown by the recent CANTOS trial [26]. Expression of CXCR4
receptor has recently been shown to be atheroprotective by a variety of mechanisms such as
maintaining arterial integrity, preserving endothelial function and promoting a normal con-
tractility of smooth muscle cells [27]. PTX3 is produced locally at sites of inflammation by a
number of cells such as monocytes, endothelial cells, smooth muscle cells, dendritic cells and
fibroblasts [28]. It increases after elective PCI and the post-PCI levels are predictive of major
adverse cardiovascular events [29].
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The humoral inflammatory response post-PCI has been studied extensively over the last
few decades. Our study is the first to demonstrate that TNFo remains significantly elevated
two months after elective uncomplicated PCI. TNFa is a key pro-inflammatory cytokine acting
locally at sites of vascular injury such as PCI. It promotes the interaction between circulating
leucocytes and endothelial cells [30]. Clinical and pre-clinical data have shown that it is associ-
ated with restenosis [31]. Our finding that IL6 peaks at four hours post-PCI and remains sig-
nificantly elevated up to two months later is consistent with a large previous study that had
showed that IL6 levels peak 24hours post-PCI and return to baseline by three months [32]. IL6
is a multifunctional cytokine known to induce other acute phase proteins and play a central
role in inflammation and tissue injury. It increases immediately post-PCI in the coronary
sinus circulation and correlates positively with late loss index at six months [33].

Targeting the residual inflammation after PCI is one of the main avenues current cardiovas-
cular research pursues in order to improve patient outcomes [5,34]. In this study, we have
demonstrated that intermediate monocytes, a highly proatherogenic monocyte subset, remain
significantly elevated two months following elective, uncomplicated PCI. This might be a
potential target of the immune system that could lead to improved patient outcomes. Further-
more, we have demonstrated differences in the elicited inflammatory response between two
different, modern PCI strategies. It might be that the PCI strategy could be one of the ways to
modulate the elicited inflammatory response post-PCI and improve patient outcomes.

Limitations

Our study has a number of limitations. First, we recruited a small number of patients and few
patients were lost to follow up. This makes it difficult to draw definite conclusions about any
subgroup comparisons. Second, we were only able to follow up the patients up to two months
post PCI. Longer follow up would provide additional information about the monocyte
response and strengthen the value of our findings. Third, we only used CD14 and CD16 mark-
ers but not HLA-DR markers to identify monocytes. Therefore, it is possible that not all mono-
cytes were identified. However, it is unlikely that the intermediate monocytes, which is the
main finding of our study, were affected by this. Fourth, we studied a limited number of genes
and inflammatory mediators. A more comprehensive gene expression analysis would provide
a greater understanding of the changes of various monocyte subsets. The expression profile
represented a pool of all CD14+ leucocytes rather than specific monocytes subsets. Future
studies focusing on specific subsets could help gain insight of the gene alterations that take
place at the monocyte subset level. Finally, the decision between DCB or DES was not rando-
mised, but it was left entirely at the discretion of the operator. Previous work from our group
has demonstrated that routine DCB-only angioplasty is safe in elective and STEMI patients
and discussed the rational of when an operator might choose to use a DCB or a stent. In any
case, given the very similar characteristics in this cohort, we do not believe that the differences
seen can be explained by anything else other than the percutaneous intervention itself [35-38].

Conclusion

In conclusion, our study explored the monocyte response following elective PCI. We have
demonstrated that the intermediate monocytes significantly decreased acutely at four hours,
recovered at two weeks and significantly increased at two months. Subgroup analysis demon-
strated that intermediate monocytes were significantly elevated two months post PCI in the
DES group but not in the DCB group. Analysis of pooled CD14+ leucocytes has demonstrated
that the monocyte response was accompanied by changes in gene expression of important
inflammatory mediators, which were maintained up to two months. Finally, we have described
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the inflammatory biomarker response after elective PCI and demonstrated that some impor-
tant inflammatory mediators (TNFa, IL6) remained significantly elevated up to two months.
Future, larger studies should focus on the differences between DCB and DES in terms of
monocyte response, monocyte subset gene expression and also inflammatory biomarkers.

Supporting information

S1 Fig.
(TIF)

S$1 File. Supplementary material for the study.
(DOCX)

Acknowledgments

We would like to thank all staff at the cardiology department at the Norfolk & Norwich Uni-
versity Hospital who facilitated this study.

Author Contributions

Conceptualization: Ioannis Merinopoulos, Vassilios S. Vassiliou.
Data curation: loannis Merinopoulos, U Bhalraam, James Smith.
Formal analysis: U Bhalraam.

Funding acquisition: Vassilios S. Vassiliou.

Investigation: loannis Merinopoulos, Terri Holmes, Vasiliki Tsampasian, Tharusha
Gunawardena, Chris Sawh, Clint Maart, Trevor Wistow, Alisdair Ryding, Simon C.
Eccleshall, James Smith, Vassilios S. Vassiliou.

Methodology: Ioannis Merinopoulos, Vasiliki Tsampasian, Natasha Corballis, Chris Sawh,
Clint Maart, Trevor Wistow, Alisdair Ryding, Simon C. Eccleshall, James Smith, Vassilios
S. Vassiliou.

Resources: James Smith.

Software: U Bhalraam.

Supervision: Simon C. Eccleshall, James Smith, Vassilios S. Vassiliou.
Validation: James Smith.

Writing - original draft: [oannis Merinopoulos, Vassilios S. Vassiliou.

Writing - review & editing: U Bhalraam, Terri Holmes, Vasiliki Tsampasian, Natasha
Corballis, Tharusha Gunawardena, Chris Sawh, Clint Maart, Trevor Wistow, Alisdair
Ryding, Simon C. Eccleshall, James Smith, Vassilios S. Vassiliou.

References

1. Libby P, Theroux P. 27. Pathophysiology of coronary artery disease. Circulation 2005; 111:3481-3488.
https://doi.org/10.1161/CIRCULATIONAHA.105.537878 PMID: 15983262

2. Welt FGP, Rogers C. Inflammation and restenosis in the stent era. Arterioscler Thromb Vasc Biol 2002;
22:1769-1776. https://doi.org/10.1161/01.atv.0000037100.44766.5b PMID: 12426203

3. Merinopoulos |, Gunawardena T, Corballis NH, Tsampaisan V, Eccleshall S, SMITH J, et al. The role of
inflammation in percutaneous coronary intervention, from balloon angioplasty to drug eluting stents.
Minerva Cardiol Angiol 2022. https://doi.org/10.23736/S2724-5683.22.06091-4

PLOS ONE | https://doi.org/10.1371/journal.pone.0294746  December 14, 2023 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294746.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0294746.s002
https://doi.org/10.1161/CIRCULATIONAHA.105.537878
http://www.ncbi.nlm.nih.gov/pubmed/15983262
https://doi.org/10.1161/01.atv.0000037100.44766.5b
http://www.ncbi.nlm.nih.gov/pubmed/12426203
https://doi.org/10.23736/S2724-5683.22.06091%26%23x2013%3B4
https://doi.org/10.1371/journal.pone.0294746

PLOS ONE

Monocyte response following elective percutaneous coronary intervention

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Tucker B, Vaidya K, Cochran BJ, Patel S. Inflammation during percutaneous coronary intervention—
prognostic value, mechanisms and therapeutic targets. Cells 2021;10. https://doi.org/10.3390/
cells10061391 PMID: 34199975

Zhao TX, Mallat Z. Targeting the Immune System in Atherosclerosis: JACC State-of-the-Art Review. J
Am Coll Cardiol 2019; 73:1691-1706. https://doi.org/10.1016/j.jacc.2018.12.083 PMID: 30947923

Nidorf SM, Fiolet ATL, Mosterd A, Eikelboom JW, Schut A, Opstal TSJ, et al. Colchicine in Patients with
Chronic Coronary Disease. N Engl J Med 2020; 383:1838-1847. https://doi.org/10.1056/
NEJMoa2021372 PMID: 32865380

Ghattas A, Griffiths HR, Devitt A, Lip GYH, Shantsila E. Monocytes in coronary artery disease and ath-
erosclerosis: Where are we now? J Am Coll Cardiol 2013; 62:1541-1551. https://doi.org/10.1016/j.jacc.
2013.07.043 PMID: 23973684

Fukuda D, Shimada K, Tanaka A, Kawarabayashi T, Yoshiyama M, Yoshikawa J. Circulating Mono-
cytes and In-Stent Neointima after Coronary Stent Implantation. J Am Coll Cardiol 2004; 43:18-23.
https://doi.org/10.1016/j.jacc.2003.08.026 PMID: 14715176

Wong KL, Tai JJY, Wong WC, Han H, Sem X, Yeap WH, et al. Gene expression profiling reveals the
defining features of the classical, intermediate,and nonclassical human monocyte subsets. Blood 2011;
118:e16—e31. https://doi.org/10.1182/blood-2010-12-326355 PMID: 21653326

Rogacev KS, Cremers B, Zawada AM, Seiler S, Binder N, Ege P, et al. CD14++CD16+ monocytes inde-
pendently predict cardiovascular events: A cohort study of 951 patients referred for elective coronary
angiography. J Am Coll Cardiol 2012; 60:1512—1520. https://doi.org/10.1016/}.jacc.2012.07.019 PMID:
22999728

Niccoli G, Montone RA, Ferrante G, Crea F. The evolving role of inflammatory biomarkers in risk
assessment after stent implantation. J Am Coll Cardiol 2010; 56:1783-1793. https://doi.org/10.1016/.
jacc.2010.06.045 PMID: 21087705

Inoue T, Sohma R, Miyazaki T, Iwasaki Y, Yaguchi |, Morooka S. Comparison of activation process of
platelets and neutrophils after coronary stent implantation versus balloon angioplasty for stable angina
pectoris. Am J Cardiol 2000; 86:1057—-1062. https://doi.org/10.1016/s0002-9149(00)01159-0 PMID:
11074199

Merinopoulos |, Gunawardena T, Wickramarachchi U, Ryding A, Eccleshall S, Vassiliou V. Percutane-
ous Coronary Intervention in the Elderly: Are Drug-coated Balloons the Future? Curr Cardiol Rev 2018;
14:45-52. https://doi.org/10.2174/1573403X14666171226144120 PMID: 29278215

Jeger RV, Eccleshall S, Wan Ahmad WA, Ge J, Poerner TC, Shin ES, et al. Drug-Coated Balloons for
Coronary Artery Disease: Third Report of the International DCB Consensus Group. JACC Cardiovasc
Interv 2020; 13:1391-1402. https://doi.org/10.1016/}.jcin.2020.02.043 PMID: 32473887

Rogacev KS, Seiler S, Zawada AM, Reichart B, Herath E, Roth D, et al. CD14++CD16+ monocytes and
cardiovascular outcome in patients with chronic kidney disease. Eur Heart J 2011; 32:84-92. https:/
doi.org/10.1093/eurheartj/ehq371 PMID: 20943670

Krychtiuk KA, Kastl SP, Hofbauer SL, Wonnerth A, Goliasch G, Ozsvar-Kozma M, et al. Monocyte sub-
set distribution in patients with stable atherosclerosis and elevated levels of lipoprotein(a). J Clin Lipidol
2015; 9:533-541. https://doi.org/10.1016/j.jacl.2015.04.005 PMID: 26228671

Zeng S, Zhou X, Ge L, Ji WJ, Shi R, Lu RY, et al. Monocyte subsets and monocyte-platelet aggregates
in patients with unstable angina. J Thromb Thrombolysis 2014; 38:439-446. https://doi.org/10.1007/
$11239-014-1083-4 PMID: 24844803

Zhou X, Liu XL, Ji WJ, Liu JX, Guo ZZ, Ren D, et al. The kinetics of circulating monocyte subsets and
monocyte-platelet aggregates in the acute phase of st-elevation myocardial infarction associations with
2-year cardiovascular events. Med (United States) 2016; 95:€3466. https://doi.org/10.1097/MD.
0000000000003466 PMID: 27149446

Tapp L, Shantsila E, Wrigley B, Pamukcu B, Lip G. The CD14++CD16+ monocyte subset and mono-
cyte-platelet interactions in patients with ST-elevation myocardial infarction. J Thromb Thrombolysis
2012; 10:1231-1241. https://doi.org/10.1111/j.1538-7836.2011.04603.x PMID: 22212813

Zhang C, Zeng S, JiW, LiZ, Sun H, Teng T, et al. Synergistic role of circulating CD14++CD16+ mono-
cytes and fibrinogen in predicting the cardiovascular events after myocardial infarction. Clin Cardiol
2023; 46:521-528. https://doi.org/10.1002/clc.24005 PMID: 36946389

Wildgruber M, Aschenbrenner T, Wendorff H, Czubba M, Glinzer A, Haller B, et al. The “intermediate”
CD14++ CD16+ monocyte subset increases in severe peripheral artery disease in humans. Sci Rep
2016; 6:1-8. https://doi.org/10.1038/srep39483 PMID: 27991581

Wildgruber M, Czubba M, Aschenbrenner T, Wendorff H, Hapfelmeier A, Glinzer A, et al. Increased
intermediate CD14++CD16++ monocyte subset levels associate with restenosis after peripheral percu-
taneous transluminal angioplasty. Atherosclerosis 2016; 253:128—134. https://doi.org/10.1016/.
atherosclerosis.2016.09.002 PMID: 27615596

PLOS ONE | https://doi.org/10.1371/journal.pone.0294746  December 14, 2023 11/12


https://doi.org/10.3390/cells10061391
https://doi.org/10.3390/cells10061391
http://www.ncbi.nlm.nih.gov/pubmed/34199975
https://doi.org/10.1016/j.jacc.2018.12.083
http://www.ncbi.nlm.nih.gov/pubmed/30947923
https://doi.org/10.1056/NEJMoa2021372
https://doi.org/10.1056/NEJMoa2021372
http://www.ncbi.nlm.nih.gov/pubmed/32865380
https://doi.org/10.1016/j.jacc.2013.07.043
https://doi.org/10.1016/j.jacc.2013.07.043
http://www.ncbi.nlm.nih.gov/pubmed/23973684
https://doi.org/10.1016/j.jacc.2003.08.026
http://www.ncbi.nlm.nih.gov/pubmed/14715176
https://doi.org/10.1182/blood-2010-12-326355
http://www.ncbi.nlm.nih.gov/pubmed/21653326
https://doi.org/10.1016/j.jacc.2012.07.019
http://www.ncbi.nlm.nih.gov/pubmed/22999728
https://doi.org/10.1016/j.jacc.2010.06.045
https://doi.org/10.1016/j.jacc.2010.06.045
http://www.ncbi.nlm.nih.gov/pubmed/21087705
https://doi.org/10.1016/s0002-9149%2800%2901159-0
http://www.ncbi.nlm.nih.gov/pubmed/11074199
https://doi.org/10.2174/1573403X14666171226144120
http://www.ncbi.nlm.nih.gov/pubmed/29278215
https://doi.org/10.1016/j.jcin.2020.02.043
http://www.ncbi.nlm.nih.gov/pubmed/32473887
https://doi.org/10.1093/eurheartj/ehq371
https://doi.org/10.1093/eurheartj/ehq371
http://www.ncbi.nlm.nih.gov/pubmed/20943670
https://doi.org/10.1016/j.jacl.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/26228671
https://doi.org/10.1007/s11239-014-1083-4
https://doi.org/10.1007/s11239-014-1083-4
http://www.ncbi.nlm.nih.gov/pubmed/24844803
https://doi.org/10.1097/MD.0000000000003466
https://doi.org/10.1097/MD.0000000000003466
http://www.ncbi.nlm.nih.gov/pubmed/27149446
https://doi.org/10.1111/j.1538-7836.2011.04603.x
http://www.ncbi.nlm.nih.gov/pubmed/22212813
https://doi.org/10.1002/clc.24005
http://www.ncbi.nlm.nih.gov/pubmed/36946389
https://doi.org/10.1038/srep39483
http://www.ncbi.nlm.nih.gov/pubmed/27991581
https://doi.org/10.1016/j.atherosclerosis.2016.09.002
https://doi.org/10.1016/j.atherosclerosis.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27615596
https://doi.org/10.1371/journal.pone.0294746

PLOS ONE

Monocyte response following elective percutaneous coronary intervention

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Suzuki A, Fukuzawa K, Yamashita T, Yoshida A, Sasaki N, Emoto T, et al. Circulating intermediate
CD1411CD161 monocytes are increased in patients with atrial fibrillation and reflect the functional

remodelling of the left atrium. Europace 2017; 19:40—47. https://doi.org/10.1093/europace/euv422
PMID: 26826137

Libby P. Inflammation in atherosclerosis. Arterioscler Thromb Vasc Biol 2012; 32:2045-2051. https:/
doi.org/10.1161/ATVBAHA.108.179705 PMID: 22895665

Liu W, Liu Y, Jiang H, Ding X, Zhu R, Li B, et al. Plasma levels of interleukin 18, interleukin 10, and
matrix metalloproteinase-9 and -137G/C polymorphism of interleukin 18 are associated with incidence
of in-stent restenosis after percutaneous coronary intervention. Inflammation 2013; 36:1129-1135.
https://doi.org/10.1007/s10753-013-9647-6 PMID: 23636637

Mai W, Liao Y. Targeting IL-18 in the Treatment of Atherosclerosis. Front Immunol 2020; 11:1-8.
https://doi.org/10.3389/fimmu.2020.589654 PMID: 33362770

Déring Y, Noels H, Van Der Vorst EPC, Neideck C, Egea V, Drechsler M, et al. Vascular CXCR4 limits
atherosclerosis by maintaining arterial integrity: Evidence from mouse and human studies. Circulation
2017; 136:388-403. https://doi.org/10.1161/CIRCULATIONAHA.117.027646 PMID: 28450349

Ristagno G, Fumagalli F, Bottazzi B, Mantovani A, Olivari D, Novelli D, et al. Pentraxin 3 in cardiovascu-
lar disease. Front Immunol 2019; 10:1-11. https://doi.org/10.3389/fimmu.2019.00823 PMID: 31057548

Liu H, Guo X, Wang C, Jie Y, Chen G, Zhang L, et al. Prognostic value of plasma pentraxin-3 levels in
patients with stable coronary artery disease after drug-eluting stent implantation. Mediators Inflamm
2014;2014. https://doi.org/10.1155/2014/963096 PMID: 25538378

Di Tousoulis, Oikonomou E Economou EK, Crea F Kaski JC. Inflammatory cytokines in atherosclerosis:
Current therapeutic approaches. Eur Heart J 2016; 37:1723—1735. https://doi.org/10.1093/eurheartj/
ehv759 PMID: 26843277

Monraats PS, Pires NMM, Schepers A, Agema WRP, Boesten LSM, Vries MR, et al. Tumor necrosis
factor-a plays an important role in restenosis development. FASEB J 2005; 19:1998—2004. https://doi.
org/10.1096/fj.05-4634com PMID: 16319143

Leibundgut G, Lee J-H, Segev A, Strauss B, Tsimikas S. Acute and Long-Term Effect of Percutaneous
Coronary Intervention on Serially-Measured Oxidative, Inflammatory, and Coagulation Biomarkers in
Patients with Stable Angina. J Thromb Thrombolysis 2016; 41:569-580. https://doi.org/10.1007/
511239-016-1351-6 PMID: 26964999

Hojo Y, Ikeda U, Katsuki TA, Mizuno O, Fukazawa H, Fujikawa H, et al. Chemokine expression in coro-
nary circulation after coronary angioplasty as a prognostic factor for restenosis. Atherosclerosis 2001;
156:165—-170. https://doi.org/10.1016/s0021-9150(00)00611-0 PMID: 11369010

Guedeney P, Claessen BE, Kalkman DN, Aquino M, Sorrentino S, Giustino G, et al. Residual Inflamma-
tory Risk in Patients With Low LDL Cholesterol Levels Undergoing Percutaneous Coronary Interven-
tion. J Am Coll Cardiol 2019; 73:2401-2409. https://doi.org/10.1016/j.jacc.2019.01.077 PMID:
31097159

Merinopoulos |, Gunawardena T, Wickramarachchi U, Richardson P, Maart C, Sreekumar S, et al.
Long-term safety of paclitaxel drug-coated balloon-only angioplasty for de novo coronary artery dis-
ease: the SPARTAN DCB study. Clin Res Cardiol 2021; 110:220-227. https://doi.org/10.1007/s00392-
020-01734-6 PMID: 32876814

Merinopoulos I, Gunawardena T, Corballis N, Bhalraam U, Reinhold J, Wickramarachchi U, et al.
Assessment of paclitaxel drug coated balloon only angioplasty in STEMI. J Am Coll Cardiol Cardiovasc
Interv 2023;In press. https://doi.org/10.1016/}.jcin.2023.01.380 PMID: 37045498

Merinopoulos |, Gunawardena T, Corballis N, Bhalraam U, Gilbert T, Maart C, et al. Paclitaxel drug-
coated balloon-only angioplasty for de novo coronary artery disease in elective clinical practice. Clin
Res Cardiol 2022. https://doi.org/10.1007/s00392-022-02106-y PMID: 36104455

Merinopoulos |, Wickramarachchi U, Wardley J, Khanna V, Gunawardena T, Maart C, et al. Day case
discharge of patients treated with drug coated balloon only angioplasty for de novo coronary artery dis-
ease: A single center experience. Catheter Cardiovasc Interv 2020; 95:105—108. https://doi.org/10.
1002/ccd.28217 PMID: 30957384

PLOS ONE | https://doi.org/10.1371/journal.pone.0294746  December 14, 2023 12/12


https://doi.org/10.1093/europace/euv422
http://www.ncbi.nlm.nih.gov/pubmed/26826137
https://doi.org/10.1161/ATVBAHA.108.179705
https://doi.org/10.1161/ATVBAHA.108.179705
http://www.ncbi.nlm.nih.gov/pubmed/22895665
https://doi.org/10.1007/s10753-013-9647-6
http://www.ncbi.nlm.nih.gov/pubmed/23636637
https://doi.org/10.3389/fimmu.2020.589654
http://www.ncbi.nlm.nih.gov/pubmed/33362770
https://doi.org/10.1161/CIRCULATIONAHA.117.027646
http://www.ncbi.nlm.nih.gov/pubmed/28450349
https://doi.org/10.3389/fimmu.2019.00823
http://www.ncbi.nlm.nih.gov/pubmed/31057548
https://doi.org/10.1155/2014/963096
http://www.ncbi.nlm.nih.gov/pubmed/25538378
https://doi.org/10.1093/eurheartj/ehv759
https://doi.org/10.1093/eurheartj/ehv759
http://www.ncbi.nlm.nih.gov/pubmed/26843277
https://doi.org/10.1096/fj.05-4634com
https://doi.org/10.1096/fj.05-4634com
http://www.ncbi.nlm.nih.gov/pubmed/16319143
https://doi.org/10.1007/s11239-016-1351-6
https://doi.org/10.1007/s11239-016-1351-6
http://www.ncbi.nlm.nih.gov/pubmed/26964999
https://doi.org/10.1016/s0021-9150%2800%2900611-0
http://www.ncbi.nlm.nih.gov/pubmed/11369010
https://doi.org/10.1016/j.jacc.2019.01.077
http://www.ncbi.nlm.nih.gov/pubmed/31097159
https://doi.org/10.1007/s00392-020-01734-6
https://doi.org/10.1007/s00392-020-01734-6
http://www.ncbi.nlm.nih.gov/pubmed/32876814
https://doi.org/10.1016/j.jcin.2023.01.380
http://www.ncbi.nlm.nih.gov/pubmed/37045498
https://doi.org/10.1007/s00392-022-02106-y
http://www.ncbi.nlm.nih.gov/pubmed/36104455
https://doi.org/10.1002/ccd.28217
https://doi.org/10.1002/ccd.28217
http://www.ncbi.nlm.nih.gov/pubmed/30957384
https://doi.org/10.1371/journal.pone.0294746

