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HIGHLIGHTS

The pathobiological/pathophysiological
mechanisms of atherosclerotic plaque
erosion remain largely unexplored.
Proinflammatory local low ESS, high
ESSG, and a steep plaque topographical
slope are associated with an increased
amount of culprit lesion T lymphocytes,
CD4™" T lymphocytes, CD8* lymphocytes
as well as natural killer T cells, including
their proinflammatory mediators: IL-6,
MIP-1B, IL-1B, and IL-2.

This study provides novel mechanistic
insights into the relationships between
adverse local ESS biomechanical features
and the inflammatory microenvironment
reflecting different immunomodulatory
pathways at the culprit site of plaque
erosion.

These findings suggest a possible
therapeutic benefit of pre-emptive inter-
ventional strategies that ameliorate
adverse flow-related biomechanical envi-
ronments surrounding individual plaques,
and thereby prevent future activation of
inflammatory pathways responsible for
plaque destabilization.
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ABBREVIATIONS
AND ACRONYMS

ACS = acute coronary
syndrome

CFD = computational fluid
dynamics

CL = culprit lesion
CR = culprit lesion ratio
ESS = endothelial shear stress

ESSG = endothelial shear
stress gradient

IFC = intact fibrous cap
IFN = interferon
IL = interleukin

IP = interferon-gamma
inducible protein

MIP = macrophage
inflammatory protein

MLA = minimal lumen area

MMP = matrix
metalloproteinase

NF = nuclear factor
NKT = natural killer T (cell)

OCT = optical coherence
tomography

SYS = systemic arterial blood

TLR2 = Toll-like receptor 2

SUMMARY

(ACS)
remain the main cause of mortality
and morbidity worldwide.' The ulti-

mate complications of coronary artery dis-

ease involve plaque disruption that
provokes thrombosis, triggered primarily by
plaque rupture or by superficial erosion.*>

cute coronary syndrome

Erosion, characterized by thrombus forma-
tion on a plaque with an intact fibrous cap
(IFC) and endothelial injury on the intimal
surface, currently accounts for about one-
quarter of all ACS events.*® Prior research

has implicated inflammatory pathways in the mecha-
nisms of ruptured fibroatheromatous plaque,>® but
the pathobiology of plaque erosion has received
much less attention. Although lesions underlying sites
of erosion generally contain fewer leukocytes than

those complicated by rupture, accumulating evidence
supports inflammatory processes in endothelial cell
injury and the amplification and propagation of
thrombosis owing to plaque erosion.” " Previous natu-
ral history studies in experimental animals and in
humans have identified low endothelial shear stress

(ESS) and high endothelial shear stress gradient
(ESSG) as proinflammatory and proatherogenic stim-
uli implicated in coronary plaque development, pro-
gression, and destabilization.””’” ESSG exerts the

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 9, NO. 11, 2024
NOVEMBER 2024:1269-1283

Low endothelial shear stress (ESS) and associated adverse biomechanical features stimulate inflammation,
contribute to atherogenesis, and predispose to coronary plaque disruption. The mechanistic links between
adverse flow-related hemodynamics and inflammatory mediators implicated in plaque erosion, however,
remain little explored. We investigated the relationship of high-risk ESS metrics to culprit lesion proin-
flammatory/proatherogenic cells and cytokines/chemokines implicated in coronary plague erosion in patients
with acute coronary syndromes. In eroded plaques, low ESS, high ESS gradient, and steepness of plaque
topographical slope associated with increased numbers of local T cells and subsets (CD4*, CD8™, natural
killer T cells) as well as inflammatory mediators (interleukin [IL]-6, macrophage inflammatory protein-18,
IL-1B, IL-2). (JACC Basic Transl Sci. 2024;9:1269-1283) © 2024 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

strongest effects where the focal ESS is low.'® Sites of
low ESS harbor more inflamed plaques with rupture-
prone characteristics, but the relationship of ESS to
local immunological characteristics of plaque erosion
in humans remains unknown. We previously showed
in the OPTICO-ACS (Optical Coherence Tomography
in Acute Coronary Syndrome) study that CD8" T lym-
phocytes and associated effector molecules, har-
vested from the culprit lesions in humans, induce
endothelial cell injury and apoptosis when incubated
with endothelial cells in vitro.'® Although the role of
CD8" T lymphocytes in the pathogenesis of athero-
sclerotic plaque formation has undergone extensive
investigation,'®”° few studies have examined the
impact of differential hemodynamic and biomechan-
ical conditions on the development of inflammation
and plaque destabilization resulting in adverse clin-
ical outcomes. Therefore, this post hoc extension anal-
ysis investigated the relationship between the local
biomechanical factors and the inflammatory microen-
vironment at the culprit site of coronary plaque
erosion in patients presenting with an ACS.

METHODS

STUDY DESIGN AND PATIENTS. The protocol of the
prospective, multicenter OPTICO-ACS study was

Cardiology, Angiology and Intensive Care Medicine, Berlin, Germany; ‘DZHK (German Centre for Cardiovascular Research) partner
Site Berlin, Berlin, Germany; 8DZHK (German Centre for Cardiovascular Research) partner Site Rhine Main, Frankfurt, Germany;
Berlin Institute of Health, Berlin, Germany; ‘Department of Cardiology and Angiology, Goethe University, Frankfurt am Main,
Germany; 'Northeastern University, Boston, Massachusetts, USA; and the ¥University of Washington, Seattle, Washington, USA.
Patrick Serruys, MD, served as Guest Associate Editor for this paper. Michael Bristow, MD, PhD, served as Guest Editor-in-Chief for

this paper.

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information,

visit the Author Center.

Manuscript received October 31, 2023; revised manuscript received July 16, 2024, accepted July 17, 2024.


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.jacc.org/author-center

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 9, NO. 11, 2024
NOVEMBER 2024:1269-1283

previously published.'® The present post hoc analysis
of potential adverse biomechanical triggers of erosion
included all 32 patients with optical coherence to-
mography (OCT)-verified culprit lesions of coronary
plaque erosion as the ACS culprit (Supplemental
Table 1). Ethical approval was obtained from the
Local Ethics Committee (no. EA1/270/16), and the
study was conducted in accordance with the Decla-
ration of Helsinki. Written informed consent was
obtained from all participating subjects and the study
was registered at ClinicalTrials.gov (NCT03129503).

BIOSAMPLE COLLECTION, ANALYSIS, FLOW CYTOMETRY-
BASED IMMUNOPHENOTYPING, PLASMA CYTOKINE/
CHEMOKINE PROFILING, THROMBUS ANALYSIS. Local
culprit lesion (CL) site blood samples, and throm-
bectomy specimens (aspiration pulled back across the
CL), and systemic arterial blood (SYS) samples (radial
or femoral artery) were collected and analyzed by
flow cytometry-based immunophenotyping and
plasma cytokine and chemokine profiling as previ-
ously described in detail.®'° A brief description of the
methodology is also provided in the Supplemental
Appendix. The complete array of cytokines, chemo-
kines, and cells analyzed is provided in Supplemental
Tables 2 and 3. To investigate CL inflammatory acti-
vation, a culprit lesion ratio (CR) was calculated to
identify whether the activation pathway in question
exhibited a higher concentration at the local CL site
compared to a SYS site.

OCT IMAGE ACQUISITION AND ANALYSIS. All OCT
images were analyzed in the OPTICO-ACS study for
the underlying ACS-causing culprit pathophysiology
by 2 independent core labs (Charité Berlin and
German Heart Centre Munich) and according to the
predefined study-specific standard operating pro-
cedure using the Medis QIvus 3.0 (Medis Medical
Imaging Service). Details of OCT image acquisition
and analysis for defining plaque erosion have been
previously published.'® OCT segmentation was per-
formed at the Vascular Profiling Research Laboratory,
Brigham and Women’s Hospital, Harvard Medical
School. Quantitative and qualitative segmentation
was performed using validated offline workstation
software, OPTIS ORW E.5.2 (Abbott Vascular, Inc).
The luminal area was traced in every frame during the
OCT pullback. The minimal lumen area (MLA),
measured in square millimeters, which is the smallest
lumen area measured in the artery during OCT-
pullback; maximum and minimum Iluminal di-
ameters; reference lumen area; percentage of lumen
area stenosis; and thrombus were defined based on
previously published expert review documents on
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OCT methodology, terminology, and clinical applica-
tions.”' Definite erosion was defined as a thrombus
overlying a plaque with an IFC, and probable erosion
was defined as: 1) luminal endothelial irregularities at
the CL site without thrombus; or 2) attenuation of
plaque features by an overlying thrombus without
superficial lipid or calcified nodules proximal or distal
to the thrombus site.”"**

CFD CALCULATION. Our methods of intracoronary
profiling have been previously described.”> The
3-dimensional vessel reconstruction, centerline
merging, computational fluid dynamics (CFD) simu-
lation, and postprocessing steps were performed ac-
cording to expert consensus guidelines for patient-
specific CFD simulation of blood flow in human cor-
onary arteries.”* Our CFD methodology is described in
detail in the Supplemental Appendix. ESS metrics
were calculated along the entire coronary artery and
reported in consecutive 3-mm segments in each
eroded plaque, which include minimum ESS (Pa/pla-
que), maximum ESS (Pa/plaque), and maximum
ESSG, which is defined as the difference in ESS in
immediately adjacent areas of endothelium (Pa/mm),
and reported separately as maximum ESSG axial/
circumferential plaque upslope/downslope as well as
ESSG any direction. We also calculated the plaque
topographical slope, defined as the steepness of the
plaque either upstream (upslope) or downstream
(downslope) from the plaque (A lumen area mm?/
frame) for all the eroded plaques. The metric of pla-
que steepness up- or downslope is a similar metric to
the ESSG, measuring the steepness of lumen change,
but uses the A plaque area per OCT frame instead of
CFD-derived ESS changes in immediately adja-
cent areas.

STATISTICAL ANALYSIS. We analyzed inflammatory
markers in CL, SYS, and CR in relation to ESS metrics
to capture all possible associations in this exploratory
study. Continuous data are presented using the mean
+ SD if normally distributed or median (IQR) if
skewed. D’Agostino and Pearsons normality test was
used to test for normally distributed data. We used
both nonparametric and parametric statistical
methods. First, in comparing inflammatory markers
(immune cells and their effector molecules), as rep-
resented by pairs of SYS and CL values, the Wilcoxon
signed-rank test was used. Second, to examine the
association between the magnitude of shear stress
biomechanical metrics and inflammatory activation
for select measures of immune cells and cytokines/
chemokines, we first examined the association be-
measures of shear stress

tween continuous
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biomechanical metrics and inflammatory activation
with the Spearman rank correlation coefficient (r).
Next, we compared mean values of biomechanical
plaque characteristics as continuous variables within
categorical tertiles of inflammatory markers with 1-
way analysis of variance. P value <0.05 was consid-
ered statistically significant. Given that this was an
exploratory study, we did not adjust P values for the
many comparisons that were made. Accordingly, we
underscore that attention should be paid to the
magnitude of differences and not so much to the P
values. SPSS (version 19.0, IBM Corp) was used for
statistical analysis.

RESULTS

BASELINE PATIENT AND PLAQUE CHARACTERISTICS.
All 32 plaque erosions from 32 unique patients origi-
nally included in the first OPTICO-ACS study'® anal-
ysis proved suitable for OCT segmentation and CFD
analysis and constituted the cohort for this substudy.
The Visual Abstract shows the study flowchart. Pa-
tient demographics including clinical and laboratory
data have been previously published (see
Supplemental Table 1).

ANATOMICAL AND ESS METRICS. Table 1 summa-
rizes the baseline plaque characteristics of anatomical
and local biomechanical variables obtained from
segmented OCT images.

The median MLA was 2.25 (IQR: 1.9) mm?, the
median lumen area stenosis was 63% (IQR: 30%), and
the median coronary blood flow was 0.9 (IQR: 0.6)
mL/s.

The per plaque median minimum ESS was 1.0 (IQR:
2.4) Pa, the median maximum ESS was 6.9 (IQR: 8.8)
Pa, and the median maximum ESSG any direction was
5.4 (IQR: 9.5) Pa/mm. The specific directions of ESSG
are displayed in Table 1. The median plaque topo-
graphical slope up- vs downstream was 1.8 (IQR: 1.5)
vs 1.5 (IQR: 1.7) A lumen area mm?/frame, respectively
(Figure 1).

TOTAL INFLAMMATORY MARKERS DERIVED FROM
THE PLAQUE ENVIRONMENT. Table 2 displays all 41
measured inflammatory markers in the OPTICO-ACS
study, including cells, cytokines, and chemokines,
both as individual SYS and local CL values, as well as
CR values. In general, CL and SYS values of inflam-
matory markers differed little. Tertiles of these in-
flammatory cells and biomarkers are summarized in
Supplemental Tables 2 and 3. We also noted the CR
values in each tertile of inflammatory markers. For
the vast majority of inflammatory markers, the CR
value in the highest tertile of inflammatory markers
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was >1.0, indicating an increased elaboration at the
culprit site, leading to higher local concentration of
the inflammatory marker.

STATISTICAL STRATEGIES TO EVALUATE INFLAMMATORY
MARKERS (CELLS, CYTOKINES, AND CHEMOKINES) AND
BIOMECHANICAL METRICS. All relationships were
compared as 1) “continuous biomechanical variables
vs continuous inflammatory variables” as well as 2)
“continuous biomechanical variables vs categorical
tertiles of inflammatory markers” to capture all po-
tential associations and provide quantitative data on
the magnitude of local shear stress.

Inflammatory markers derived from the plaque
environment significantly associated with
biomechanical metrics. A total of 17 of 41 inflam-
matory markers (41%) had a statistically significant
association with biomechanical metrics/anatomical
metrics (Tables 3 and 4). We focus our results and
discussion on these 17 inflammatory markers (listed
in Supplemental Table 4A), which we will describe in
detail. Seven (41%) consisted of cells from the adap-
tive and innate immune system, 10 (59%) consisted of
related cytokines/chemokines and extracellular ma-
trix component hyaluronic acid. Five of the 17 in-
flammatory markers had a numerical CR value >1.0,
including T lymphocytes, CD4" T lymphocytes, in-
termediate monocytes, and T-cell effector molecules
(perforin and granulysin).

Of the 17 inflammatory markers associated with
biomechanical metrics, 6 (35%) were associated with
multiple biomechanical metrics per inflammatory
marker. However, not all inflammatory markers
showed statistically significant relationships using
statistical approaches that compared biomechanical/
anatomical metrics (continuous) with inflammatory
markers both as continuous and categorical (tertiles):
4 of 17 inflammatory markers (24%) (CD8" T lym-
phocytes, intermediate monocytes, interleukin
[IL]-1B, macrophage inflammatory protein [MIP]-10)
displayed statistically significant increased associa-
tions with both statistical approaches (continuous vs
continuous and continuous vs categorical analyses)
(Tables 3 and 4), 3 of 17 inflammatory markers (18%)
demonstrated statistically significant association
with either method, but not both, depending on the
biomechanical stimulus (Tables 3 and 4). Seven of 17
inflammatory markers (41%) showed statistically sig-
nificant correlations only for continuous variables of
biomechanical/anatomical metrics vs continuous
variables of inflammatory markers (Tables 3 and 4),
and 3 of 17 inflammatory markers (18%) showed sta-
tistically significant associations only for continuous
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TABLE 1 Plaque Characteristics of the Study Population (N = 32)
MLA, mm? 2.25 (1.8-3.7)
Area stenosis, % 63 (44.3-74.6)
Blood flow, mL/s 0.9 (0.6-1.2)
Min ESS, Pa 1.0 (0.3-2.7)
Max ESS, Pa 6.9 (2.5-11.3)
Ave ESS, Pa 3.8 (1.8-7.8)
Max ESSG any direction, Pa/mm 5.4 (2.4-11.9)
Max ESSG axial upslope, Pa/mm 3.0 (1.6-6.8)
Max ESSG axial downslope, Pa/mm 5.7 (2.3-11.5)
Max ESSG circumferential upslope, Pa/mm 1.9 (0.9-3.7)
Max ESSG circumferential downslope, Pa/mm 1.5 (0.8-4.3)
Upslope, A lumen area mm?/frame 1.8 (1.2-2.7)
Downslope, A lumen area mm?/frame 1.5 (0.9-2.6)
Values are median (Q1-Q3). Erosion category (definite 19%, probable 81%).

Ave = average; ESS = endothelial shear stress; ESSG = endothelial shear stress
gradient; Min = minimum; Max = maximum; MLA = minimal lumen area.

variables of biomechanical metrics vs categorical
tertiles of inflammatory markers (Tables 3 and 4).

Inflammatory markers derived from the plaque
environment not significantly associated with
biomechanical metrics. Twenty-four of 41 exam-
ined inflammatory markers (59%) did not display
significant associations to adverse shear stress met-
rics (Supplemental Table 4B), not on a CL, a SYS, nor a
CR level, even despite the fact that one-half of these
nonassociated inflammatory markers had CR values
>1.0 (Table 2), including the following: granzyme A,
IL-8, IL-17, MIP-1q, interferon (IFN)-y, regulated on
activation normal T lymphocytes expressed and
secreted, matrix metalloproteinase (MMP)-9 activ-
ity,  tumor factor-a,  granulocyte-
macrophage colony-stimulating factor, interferon-

necrosis

gamma inducible protein (IP)-10 and vascular
endothelial growth factor, as well as anti-
inflammatory IL-10. Of these 12 inflammatory

markers that manifested nominally increased con-
centration at the local CL site, only 7 (58%) had
statistically significant increased CR values (gran-
zyme A [P = 0.021], MIP-1a. [P = 0.021], IFN-y
[P < 0.001], MMP-9 activity [P = o0.010], IL-8
[P = 0.001], IL-10 [P = 0.026], IP-10 [P = 0.006]).

RELATIONSHIP BETWEEN T LYMPHOCYTES AND LOCAL
BIOMECHANICAL METRICS. Proinflammatory low mini-
mum ESS associates with T lymphocytes. The relation-
ships between minimum ESS and T lymphocytes are
summarized in Table 3. Local minimum ESS corre-
lated inversely with CL T lymphocytes (r = —0.381,
P = 0.038) as well as CL and SYS values of natural
killer T (NKT) cells (r = —0.366, P = 0.047; r = —0.374,
P = 0.042, respectively) in eroded plaques. The same
numerical trend pertained to the lowest mean values
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of minimum ESS that was found in the highest tertile
of CL T lymphocytes and NKT cells (1.0 + 0.96 Pa and
0.93 + 0.127 Pa, respectively), although these findings
were not statistically significant (P = 0.38 and
P = 0.32, respectively). In addition, the lowest mean
value of minimum ESS was also observed in the
highest tertile of CL. CD4" T lymphocytes (1.0 & 0.96
Pa, P = 0.046).

The magnitude of plaque topographical upslope
associates with T lymphocytes. The relationships
between plaque topographical slope and T lympho-
cytes are summarized in Table 3. A steeper plaque
topographical upslope correlated positively with CL
and SYS values of T lymphocytes (r = 0.439,
P =0.015; r = 0.422, P = 0.020, respectively), CD4* T
lymphocytes (r = 0.455, P = 0.012; 0.456,
P = 0.011, respectively) and CD8" T lymphocytes
(r = 0.483, P = 0.007; r = 0.443, P = 0.014, respec-
tively). The relationship between plaque upslope and

r =

CD8" T lymphocytes was internally consistent
showing statistically significant results with the 2
statistical methods. The steepest plaque upslope was
found in the highest tertile of CL. CD8* T lymphocytes
(2.7 £ 1.4 A lumen area mm?/frame, P = 0.008).
Although not statistically significant, the categorical
data followed the same trend and displayed the
steepest plaque topographical upslope in the highest
tertile of CL T lymphocytes, and CD4" T lymphocytes
(2.9 + 1.3 A lumen area mm?/frame, P = 0.17; and
P = 0.20, respectively).

RELATIONSHIP BETWEEN INNATE IMMUNE CELLS
AND LOCAL BIOMECHANICAL METRICS. The re-
lationships between innate immune cells and local
biomechanical metrics are summarized in Table 3. We
found an increased number of NK cells associated
with adverse biomechanical metrics,
including low minimum ESS, high ESSG axial upslope,
and a steeper plaque topographical upslope at the CL
site. The lowest mean value of proinflammatory

several

minimum ESS was observed in the highest tertile of
CR of NK cells (0.8 + 0.78 Pa, P = 0.041). The
magnitude of plaque topographical upslope was
positively correlated with CL and SYS NK cells
(r = 0.388, P = 0.034; r = 0.378, P = 0.040, respec-
tively). The highest mean value of maximum ESSG
axial upslope associated with the highest tertile of CL
NK cells (7.7 + 6.7 Pa/mm, P = 0.043). Despite
observing a significantly lower values of neutrophils
and granulocytes at the culprit lesion site as
compared to the systemic site (CR: 0.89, P < 0.001)
we found a significant association to plaque topo-
graphical downslope. The steepest mean plaque
downslope was observed in the highest tertile of CL
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FIGURE 1 Relationship Between Local Adverse Plaque Biomechanics and Inflammatory Mediators
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Schematic drawing showing the proposed mechanisms involved in the pathobiology of coronary plaque erosion. Flow-related hemodynamics
modify local shear stress patterns on the endothelial monolayer and trigger inflammatory processes. CD4" = CD4+ T cells;

ESSG = endothelial shear stress gradient; HA = hyaluronic acid; IL = interleukin; maxESS = maximum endothelial shear stress;

minESS = minimum endothelial shear stress; MIP = macrophage inflammatory protein; MLA = minimal lumen area; Mono = monocyte;

NK = natural killer; NKT = natural killer T (cells); T cells = T lymphocytes.

neutrophils, as well as CL and SYS intermediate
monocytes (2.7 + 1.3 A lumen area mm?/frame,
P = 0.046; 2.8 + 1.7 A lumen area mm?/frame,
P = 0.012; 2.7 + 1.57 A lumen area mm?/frame,
P = 0.039, respectively). A steeper plaque downslope
was also positively correlated to CL and SYS inter-
mediate monocytes (r = 0.490, P = 0.006; r = 0.524,
P = 0.003, respectively).

RELATIONSHIP BETWEEN T LYMPHOCYTE-RELATED
CYTOKINES/CHEMOKINES AND LOCAL BIOMECHAN-
ICAL METRICS. Innate immune cells play a critical role
in activation and differentiation of T lymphocytes
through the production of different proinflammatory
cytokines and vice versa. Some of the most important
proinflammatory cytokines responsible for T-
lymphocyte activation and differentiation associated
with specific biomechanical metrics.

Interleukins. The relationships between in-
terleukins and local biomechanical metrics are sum-
marized in Table 4. The magnitude of plaque
topographical downslope was positively correlated
with CR of IL-1p and IL-6 (r = 0.499, P = 0.005; and
r = 0.706, P = 0.015, respectively). The steepest pla-
que downslope was observed in the highest tertile of
CR of IL-1B (2.8 + 1.6 A lumen area mm?/frame,
P = 0.017). Furthermore, the steepest plaque topo-
graphical downslope was found in the highest tertile
of CR IL-6, but the comparisons were not statistically
significant (2.4 + 1.5 A lumen area mm?/frame,
P =0.099). In addition, local maximum ESS at the site
of the MLA was also positively correlated with CR of
IL-6 (r = 0.609, P = 0.047). In regard to anatomical
metrics, the smallest MLA and the highest percentage
of luminal area stenosis was observed in the highest
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TABLE 2 Culprit Lesion and Systematic Inflammatory Biomarkers (N = 32)
Inflammatory Markers Culprit Lesion Systemic Culprit Ratio P Value
Immune cells
T lymphocytes, absolute 3,509 (1,963-5,397) 3,596 (1,596-5,868) 1.01 (0.93-1.15) 0.81
CD4™" T cells, absolute 1,880 (1,372-3,679) 2,113 (1,239-3,973) 1.03 (0.94-1.12) 0.78
CD8" T cells, absolute 838 (478-1,585) 847 (394-1,741) 0.99 (0.87-1.20) 0.51
NKT cells, absolute 45 (23-69) 45 (19-69) 0.94 (0.81-1.29) 0.91
B cells, absolute 1,088 (476-1,636) 1,308 (506-1,831) 0.95 (0.84-1.08) 0.032
Total monocytes, absolute 2,265 (1,727-3,440) 2,323 (1,723-4,142) 0.96 (0.83-1.06) 0.051
Classical monocytes, absolute 2,180 (1,539-3,256) 2,186 (1,665-3,701) 0.95 (0.82-1.05) 0.049
Intermediate monocytes, absolute 41 (22-69) 45 (25-76) 1.11 (0.81-1.34) 0.91
Alternative monocytes, absolute 63 (41-140) 82 (47-133) 0.97 (0.82-1.23) 0.23
Granulocytes, absolute 40,496 (27,905-60,910) 44,775 (35,648-68,558) 0.89 (0.77-1.01) <0.001
Neutrophils, absolute 35,052 (25,723-55,576) 37,386 (30,611-61,152) 0.89 (0.76-1.01) <0.001
NK cells, absolute 1,314 (853-2,661) 1,395 (812-3,061) 0.97 (0.83-1.15) 0.28
Cytokines and chemokines
IL-1B, pg/mL 10.34 (6.33-18.26) 11.42 (6.63-16.86) 1.00 (0.78-1.44) 0.64
IL-2, pg/mL 11.20 (11.20-12.14) 11.20 (11.20-12.60) 1.00 (0.96-1.00) 0.69
IL-3, pg/mL 2.71 (1.86-4.56) 3.79 (1.86-5.28) 0.87 (0.60-1.44) 0.72
IL-4, pg/mL 1.40 (1.40-1.82) 1.40 (1.40-1.78) 1.00 (0.79-1.74) 0.92
IL-5, pg/mL 1.10 (1.10-1.10) 1.10 (1.10-1.10) 1.00 (1.00-1.00) 0.99
IL-6, pg/mL 10.24 (5.88-12.57) 6.23 (5.22-14.33) 1.00 (0.67-1.70) 0.88
IL-8, pg/mL 8.82 (6.49-12.46) 7.00 (4.30-10.24) 1.20 (1.06-1.67) 0.001
IL-10, pg/mL 3.16 (2.20-5.01) 2.59 (1.82-4.04) 1.12 (0.94-1.42) 0.026
IL-13, pg/mL 4.70 (3.65-5.52) 4.64 (3.04-5.61) 1.00 (0.93-1.26) 0.58
IL-17, pg/mL 18.11 (14.77-22.47) 15.11 (12.8-19.85) 1.20 (0.93-1.43) 0.13
GM-CSF, pg/mL 2.78 (2.09-3.11) 2.55 (2.22-2.83) 1.18 (0.81-1.25) 0.33
INF-vy, pg/mL 12.45 (10.28-15.91) 10.95 (8.64-13.74) 1.13 (1.02-1.28) <0.001
IP-10, pg/mL 435.7 (316-575.9) 317.1 (222.0-527.8 1.32 (1.02-1.63) 0.006
MCP-1, pg/mL 55.85 (36.01-88.93) 64.38 (34.73-130.6) 0.90 (0.57-1.13) 0.021
MIP-10, pg/mL 2.19 (1.78-3.51) 1.56 (1.25-1.75) 1.59 (1.11-2.09) 0.021
MIP-1B, pg/mL 13.93 (9.58-21.94) 18.55 (10.86-25.32) 0.85 (0.69-1.05) 0.024
RANTES, pg/mL 2,691 (1,366-3,104) 1,991 (1,840-2,360) 1.19 (0.84-1.44) 0.16
CD40 ligand, pg/mL 186 (103.9-230.8) 162.2 (118.4-253.4) 0.82 (0.59-1.60) 0.72
TNF-0, pg/mL 4.92 (3.28-7.86) 4.92 (3.74-8.29) 1.01 (0.79-1.27) 0.99
VEGF, pg/mL 6.77 (4.50-9.73) 6.20 (4.50-7.10) 1.15 (0.92-1.49) 0.26
TGF-B, ng/mL 14.90 (14.90-14.90) 14.90 (14.90-14.90) 1.00 (1.00-1.00) 0.32
bFGF, pg/mL 28.61 (21.55-36.84) 29.86 (21.40-40.05) 0.98 (0.80-1.08) 0.093
Granzyme A, pg/mL 11.01 (8.30-13.27) 7.72 (5.77-10.03) 1.47 (0.98-1.93) 0.021
Perforin, pg/mL 1,982 (894.1-4,083) 1,801 (71.14-2,795) 1.81 (0.84-41.31) 0.16
Granulysin, pg/mL 6,369 (1,043-15,006) 3,784 (261.3-8,455) 1.91 (0.87-3.99) 0.33
NGAL, ng/mL 591.1 (349.4-666.4) 745.6 (428.3-982.5) 0.79 (0.70-0.93) <0.001
Hyaluronic acid, ng/mL 70.31(29.84-187) 84.71 (49.58-232.5) 0.79 (0.54-0.94) 0.004
MMP-9, ng/mL 70.63 (45.08-130.8) 81.93 (52.47-122.5) 0.93 (0.64-1.33) 0.72
MMP-9 activity, u/pL 0.08 (0.08-0.46) 0.08 (0.08-0.40) 1.03 (0.98-1.16) 0.010
Values are median (Q1-Q3). Culprit lesion ratio = local level culprit lesion site/systemic level arterial sheath). Unit of measurements (absolute cell count [absolute] / 10 pL of
whole blood, plasma concentration: pg/mL, ng/mL, u/uL).
bFGF = basic fibroblast growth factor; GM-CSF = granulocyte-macrophage colony-stimulating factor; IFN = interferon gamma; IL = interleukin; IP = interferon gamma-
inducible protein; MCP = monocyte chemoattractant protein; MIP = macrophage inflammatory protein; MMP = matrix metallopeptidase; NGAL = neutrophil gelatinase-
associated lipocalin; NK = natural killer; NKT = natural killer T (cells); RANTES = regulated on activation normal T lymphocytes expressed and secreted, T cells = T lym-
phocytes; TGF = transforming growth factor; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor.

tertile of CR IL-6 (1.96 + 0.3 mm?, P = 0.002 and 72 +
11%, P = 0.017, respectively). Finally, the magnitude
of plaque topographical upslope was positively
correlated with CL IL-2 (r = 0.649, P = 0.031).

Chemotactic cytokines. The relationships between
chemokines and local biomechanical metrics are

summarized in Table 4. Several adverse biomechan-
ical metrics associated with a higher local concen-
tration of MIP-1B. Local maximum ESS at the site of
the MLA correlated positively with local concentra-
tion of MIP-1B (r = 0.402, P = 0.034), and the highest
mean value of local maximum ESS was observed in
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TABLE 3 Proinflammatory Adverse Outcomes in Relation to Anatomical and Biomechanical Metrics

Immune Cells

Biomechanical Metric and
Anatomical Variables

Correlation®
(r, P Value)

Tertiles”
(Mean =+ SD, P Value)

Comments

Culprit lesion

T-cells Min ESS —0.381, 0.038 1.0 + 0.96, 0.38
Plaque upslope 0.439, 0.015 2.9 +1.3,0.17
CD4* T cells Min ESS —0.342, 0.064 1.0 + 0.96, 0.046
Plague upslope 0.455, 0.012 2.9 +£1.3,0.20
CD8™ T cells Plaque upslope 0.483, 0.007 2.7 + 1.4, 0.008
NKT cells Min ESS —0.366, 0.047 0.93 £+ 0.127, 0.32
NK cells Max ESSG axial upslope 0.194, 0.35 7.7 £ 6.7, 0.043
Plaque upslope 0.388, 0.034 2.9 +13,0.17
Intermediate monocytes Plaque downslope 0.490, 0.006 2.8 £1.7, 0.012
Neutrophils Plaque downslope 0.005, 0.98 2.7 +£ 1.3, 0.046
Systemic values
T cells Plaque upslope 0.422, 0.020 2.8 £1.3,0.19
CD4" T cells Plaque upslope 0.456, 0.011 2.6 +£1.1,0.17
CD8* T cells Plaque upslope 0.443, 0.014 2.7 +£1.4,0.077
NKT cells Min ESS —0.374, 0.042 1.0 +£1.3,0.26
NK cells Plaque upslope 0.378, 0.040 2.6 £1.2,0.26
Intermediate monocytes Plaque downslope 0.524, 0.003 2.7 +£1.57,0.039
Culprit ratio
NK cells Min ESS —0.148, 0.43 0.8 + 0.78, 0.041

Inverse correlation indicating that a lower mean min ESS is
associated with a higher T-cell count (tertile 3)

Positive correlation indicating that a steeper mean upslope is
associated with a higher T-cell count (tertile 3)

Inverse correlation indicating that a lower mean min ESS is
associated with a higher CD4" T-cell count (tertile 3)

Positive correlation indicating that a steeper mean upslope is
associated with a higher CD4" T-cell count (tertile 3)

Positive correlation indicating that a steeper mean upslope is
associated with a higher CD8™ T-cell count (tertile 3)

Inverse correlation indicating that a lower mean min ESS is
associated with a higher NKT-cell count (tertile 3)

A higher mean max ESSG axial upslope is associated with a
higher NK-cell count (tertile 3)

Positive correlation indicating that a steeper mean upslope is
associated with a higher NK-cell count (tertile 3)

Positive correlation indicating that a steeper mean downslope
is associated with a higher intermediate monocyte cell
count (tertile 3)

A steeper mean downslope is associated with a higher
neutrophil cell count (tertiles 2 and 3)

Positive correlation, indicating that a steeper mean upslope is
associated with a higher T-cell count (tertile 3)

Positive correlation, indicating that a steeper mean upslope is
associated with a higher CD4" T-cell count (tertile 3)

Positive correlation, indicating that a steeper mean upslope is
associated with a higher CD8" T-cell count (tertile 3)

Inverse correlation indicating that a lower mean min ESS is
associated with a higher NKT-cell count (tertile 3)

Positive correlation, indicating that a steeper mean upslope is
associated with a higher NK-cell count (tertile 3)

Positive correlation, indicating that a steeper mean downslope
is associated with a higher Intermediate monocyte cell
count (tertile 3)

A lower mean min ESS is associated with a higher NK-cell count
(tertile 3)

Tertiles: 1-3 = low to high. Inflammatory cells: N = 32. *Correlation represents continuous biomechanical vs inflammatory markers. °Tertiles represent continuous biomechanical vs categorical tertiles of

inflammatory markers.

Abbreviations as in Tables 1 and 2.

the highest tertile of CL MIP-1f (11.1 + 6.2 Pa,
P =0.056). In addition, ESSG was also associated with
increased levels of MIP-1B. Both maximum ESSG axial
upslope and maximum ESSG circumferential down-
slope correlated positively with CL MIP-1f (r = 0.473,
P =0.020; and r = 0.538, P = 0.007, respectively). The
maximum ESSG circumferential downslope also
positively correlated with the systemic value of MIP-
1B (r = 0.560, P = 0.003). Furthermore, the highest
mean value of maximum ESSG axial upslope and
maximum ESSG circumferential downslope were
found in the highest tertile of MIP-1f (6.8 + 5.7
Pa/mm, P = 0.11; and 5.2 + 3.6 Pa/mm, P = 0.016,
respectively).

T-cell effector molecules. A smaller MLA corre-
lated with an increased CR of T-cell effector mole-
cules: Perforin (r = —0.809, P = 0.003) and granulysin
(r = —-0.645, P = 0.032). A higher maximum ESSG axial
upslope was associated with a higher concentration of
hyaluronic acid at the CL site (9.5 + 6.6 Pa/mm,
P = 0.016) (Table 4).

ATHEROPROTECTIVE ANTI-INFLAMMATORY MEDIATORS
AND ADVERSE BIOMECHANICAL METRICS. Among the
putative atheroprotective inflammatory mediators
(IL-4, IL-10, IL-13, and transforming growth factor-f)
we observed a statistically significant suppression of
systemic IL-4 in relation to a steeper plaque upslope
and a higher maximum ESSG axial upslope
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TABLE 4 Proinflammatory Adverse Outcomes in Relation to Anatomical and Biomechanical Metrics
Cytokines and Biomechanical Metric and Correlation® Tertiles”
Chemokines Anatomical Variables (r, P Value) (Mean =+ SD, P Value) Comments
Culprit lesion
IL-2 Plaque upslope 0.649, 0.031 21+1.8,0.23 Positive correlation indicating that a steeper mean upslope is
associated with a higher concentration of IL-2 (tertile 3)
MIP-1B Max ESS 0.402, 0.034 11.1 + 6.2, 0.056 Positive correlation indicating that a higher mean max ESS is
associated with a higher concentration of MIP-18 (tertile 3)
Ave ESS 0.384, 0.044 7.4 + 5.3, 0.68 Positive correlation indicating that a higher mean ave ESS is
associated with a higher concentration. of MIP-1 (tertile 3)
Max ESSG axial upslope 0.473, 0.020 6.8 +5.7, 0.1 Positive correlation indicating that a higher mean max ESSG
axial upslope is associated with a higher concentration of
MIP-1B (tertile 3)
Max ESSG circumferential 0.538, 0.007 5.2 + 3.6, 0.016 Positive correlation indicating that a higher mean max ESSG
downslope circumferential downslope is associated with a higher
concentration of MIP-1p (tertile 3)
Hyaluronic acid Max ESSG axial upslope 0.365, 0.17 9.5 £+ 6.6, 0.016 A higher mean max ESSG axial upslope is associated with a
higher concentration of hyaluronic acid (tertiles 2 and 3)
Systemic values
MIP-18 Max ESSG circumferential 0.560, 0.003 0.68 + 0.49, 0.24 Positive correlation, indicating that a higher mean max ESSG
downslope circumferential downslope is associated with a higher
concentration of MIP-1p (tertile 3)
IL-4 Max ESSG axial upslope —0.753, 0.019 45 +3.2,0.15 Inverse correlation indicating that a higher mean max ESSG
(atheroprotective) axial upslope is associated with a lower concentration of
IL4 (tertile 1)
Plaque upslope —0.670, 0.024 27 +21,013 Inverse correlation indicating that a steeper mean upslope is
associated with a lower concentration of IL-4 (tertile 1)
Culprit ratio
IL-18 Plaque downslope 0.499, 0.005 2.8 +1.6, 0.017 Positive correlation indicating that a steeper mean
downslope is associated with a higher concentration of
IL-1B (tertile 3)
IL-3 Max ESSG circumferential 0.800, 0.010 3.4 +22, 015 Positive correlation indicating that a higher mean max ESSG
downslope circumferential downslope is associated with a higher
concentration of IL-3 (tertile 3)
IL-6 Max ESS 0.609, 0.047 9.0 + 4.2, 0.064 Positive correlation indicating that a higher mean max ESS is
associated with a higher concentration of IL-6 (tertile 3)
Plaque downslope 0.706, 0.015 2.4 +1.5,0.099 Positive correlation indicating that a steeper mean
downslope is associated with a higher concentration of
IL-6 (tertile 3)
MLA, mm? —0.418, 0.20 1.96 + 0.3, 0.002 A smaller MLA is associated with a higher concentration of
IL-6 (tertile 3)
Area stenosis, % 0.600, 0.051 72 +£ 11, 0.017 A bigger area stenosis is associated with a higher
concentration of IL-6 (tertile 3)
Granulysin MLA, mm? —0.645, 0.032 1.6 £ 0.1, 0.16 A smaller MLA correlates with a higher concentration of
granulysin (tertile 3)
Perforin MLA, mm? —0.809, 0.003 1.6 £ 0.1, 0.17 A smaller MLA correlates with a higher concentration of
perforin (tertile 3)
bFGF Plaque downslope 0.230, 0.22 2.7 +£ 1.8, 0.029 A steeper mean downslope is associated with a higher
concentration of bFGF (tertile 3)
Cytokines and chemokines: n = 32. Tertiles: 1-3 = low to high. *Correlation represents continuous biomechanical vs inflammatory markers. ®Tertiles represent continuous biomechanical vs categorical tertiles
of inflammatory markers.
Abbreviations as in Tables 1 and 2.

(r = —0.670, P = 0.024; and r = —-0.753, P = 0.019, DISCUSSION
respectively). Inflammatory messengers with pro- or
anti-inflammatory features, including IP-10, neutro-

phil gelatinase-associated lipocalin, and granulocyte-

This study investigated the detailed relationships
between the local ESS and topographical biome-
macrophage colony-stimulating factor, did not chanical factors and the inflammatory microenviron-
display an association with adverse biomechan- ment reflecting different immunomodulatory

ical metrics. pathways at the culprit site of coronary plaque
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erosion in patients with an ACS (Figure 1). Our main
findings were the following:

1. Adaptive immune responses: A lower local mini-
mum ESS and a steeper plaque topographical slope
were associated with increased CL T lymphocytes,
including subsets of T lymphocytes (CD4", CD8",
and NKT cells) in eroded plaques.

2. Innate immune responses: A lower local minimum
ESS and a steeper plaque topographical slope were
associated with increased CL innate immune cells
such as NK cells and neutrophils.

3. Proinflammatory cytokine responses:
adverse ESS metrics such as high maximum ESS,

Local

high ESSG, and a steeper plaque topographical
slope associated with T lymphocyte-related
proinflammatory cytokines/chemokines (ie, IL-6,
MIP-1, IL-1f, and IL-2) at the CL site.

DIFFERENT MAGNITUDES OF ESS BIOMECHANICAL
METRICS TRIGGER DIFFERENT VASCULAR RESPONSES
IN PLAQUE EROSION. ESS values along the course of
an individual plaque influence the endothelium and
drive either local vasculoprotective or inflammatory
responses, based on the nature and magnitude of the
ESS stimulus.'” Local adverse ESS stimuli trigger in-
flammatory responses, which may initiate a cascade
of events that results in degradation of the basement
membrane and endothelial cell desquamation and
death leading to intimal erosion and thrombus for-
mation.”?” Indeed, human data have recently affirmed
the clinical relevance of our previous mechanistic
experimental studies in this regard.®

Low ESS (<1.3 Pa) is a proinflammatory and proa-
therogenic stimulus, resulting in atheroprogressive
gene expression and activation of a variety of in-
flammatory cellular and molecular responses in
endothelial cells'>?¢29 and as evidenced by its inde-
pendent role in plaque destabilization and precipita-
tion of major adverse clinical events in humans with
coronary artery disease.'>'°

Different magnitudes of high ESS (>~2.5 Pa) may
be associated with very different vascular responses,
although the absolute levels of high ESS responsible
for the different pathobiologic responses have not
been clearly identified. Mild to moderate elevations
of high ESS from experimentally induced increased
focal arterial flow, for example, exert a vasculopro-
tective effect of outward vascular remodeling, a po-
tential adaptive response to restore physiologic ESS
levels (~1.3-2.5 Pa) in that area.>° In contrast, very
high ESS values, up to 20-fold higher than physiologic
ESS, may lead to endothelial cell injury and may be
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associated with plaque disruption and major adverse
clinical events.?"**

High ESS most likely exerts its pathobiological ef-
fect in a setting of an immediately adjacent low ESS
environment (ie, high ESSG), which commonly occurs
up- or downstream from a substantial luminal
obstruction.'’® The ESSG can be in any spatial direc-
tion, such as axial, circumferential, or up- or down-
slope of the topographical plaque obstruction. More
recent findings have identified ESSG as a more
adverse pathobiologic metric than either high or low
ESS alone." Prior studies reinforce the notion of the
effect of ESSG and different directions of ESSG on
gene expression®”3* and cell loss and increased
endothelial cell permeability.’®-*>3° In addition,
maximum ESSG and magnitude of plaque topo-
graphical slope independently predict plaque erosion
in humans."”-%”

ADVERSE INFLAMMATORY OUTCOMES IN RESPONSE TO
PROINFLAMMATORY ESS STIMULI. Seventeen of the 41
studied inflammatory mediators showed a statisti-
cally significant association to ESS metrics. These
markers represent proinflammatory cells from the
adaptive immune system and related cells from the
innate immune system, as well as cytokines and
chemokines implicated in atherothrombosis. The
observed inflammatory relationships in response to
hemodynamic stresses agree with prior descriptions
of molecular participants at the culprit site of
erosion.'®'13:14.25 However, we did observe a het-
erogeneity of inflammatory responses in the study
population that is reflected in the marked increase of
inflammatory cells (Supplemental Table 2) and cyto-
kines (Supplemental Table 3) in the highest tertiles.
These findings may reflect that some individuals had
a larger plaque erosion with a greater thrombotic
burden, which in turn may have resulted in a stronger
inflammatory response.

Low minimum ESS and the steepness of plaque
topographical slope may have synergistic effects on
T-lymphocyte activation and differentiation. We
found that a low minimum ESS and a steeper plaque
topographical upslope were associated with an
increased CL localization of T lymphocytes, including
several different subsets of T lymphocytes (CD4"
T lymphocytes, CD8" T lymphocytes, and NKT cells),
as well as NK cells. In the published OPTICO-ACS
study, eroded plaques displayed a significantly
higher CR of CD4 and CD8" T lymphocytes as
compared to plaques that exhibited acute rupture.'*"
Interestingly, the T lymphocyte-related cytokine IL-2
was also increased in correlation with a steeper
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plaque upslope. T lymphocytes require a high con-
centration of IL-2, and their differentiation depends
on expression of the IL-2 receptor, as well as the
strength and duration of the IL-2 signal.*® High levels
of IL-2 triggers T-lymphocyte differentiation into
proinflammatory T helper 1 cells and CD8" cytotoxic
T lymphocytes.>® Recent studies also demonstrated
the importance of plaque topographical slope in
relation to the erosion site and found that the
thrombus location, either up- or downstream of the
MLA, is associated with a steeper plaque slope.>”

The relationship of MIP-1p and shear stress is not
well understood. MIP-18 has been proposed to
mediate both chemotaxis and adhesion of T cells and
monocytes.*>*" We found that several adverse
anatomical and biomechanical metrics associated
with an increase in IL-6 and MIP-1f, supporting the
notion that the pathobiologic effects of high
maximum ESS result from integration of multiple
adverse stimuli rather than a single independent
predictor. We observed, for example, that high ESSG
also associated with the same inflammatory markers,
and it is unclear whether the pathobiologic effect of
high ESS is only operative in the setting of an imme-
diately adjacent low ESS (ie, high ESSG). Proin-
flammatory cytokine IL-6 and MIP-1 may further
aggravate T-lymphocyte responses and destabiliza-
tion of the plaque. In addition, IL-6 acts synergisti-
cally with IL-2 and promotes expansion and
activation of T cells, in particular, CD8* T-lymphocyte
differentiation into cytotoxic T cells and CD4* T-
lymphocyte differentiation into T helper 1 cells.*” Our
current results support and extend previous OCT-
based data correlating high ESSG as an independent
biomechanical metric associated with inflammation
in plaque erosion.'”*3

INFLAMMATORY SIGNALING PATHWAY CONSEQUENCES
OF LOCAL HEMODYNAMIC STRESSES. Disturbed local
flow patterns with low ESS and high ESSG lead to
flow-mediated activation of the nuclear factor (NF)-
kB signaling pathway.?”** The transcription factor
NF-kB is a pivotal mediator of proinflammatory re-
sponses involved in the development and progression
of atherosclerotic plaques.*> The NF-kB pathway
regulates immune and inflammatory responses of
both the innate and adaptive immune system
involving expression of various proinflammatory
genes, including those encoding cytokines and che-
mokines, and critically regulates the survival, acti-
vation, and differentiation of innate immune cells
and inflammatory T lymphocytes.*®*” Low shear
stress has been shown to enhance human T-cell
activation in vitro, including subsets of T cells CD4"
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and CD8" by inducing the activation of mechano-
sensitive ion channels that result in calcium influx
and further downstream activation of the proin-
flammatory transcription pathway (eg, the NF-«kB
pathway) and consequently up-regulation of genes
that encodes for proinflammatory cytokines, such as
IL-1B, IL-2, and IL-6.'%*%49 The flow-mediated acti-
vation of the NF-kB signaling pathway, based on prior
in vitro studies®” may further support a mechanistic
link between low ESS, as well as high ESSG and the
inflammatory signaling pathways that trigger activa-
tion, differentiation, and transmigration of T lym-
phocytes into the coronary plaque. Our findings add
novel mechanistic insights, associating adaptive im-
mune responses with proinflammatory biomechanical
metrics previously identified as independent pre-
dictors of plaque erosions.

Prior in vitro and in vivo murine experimental
atherosclerosis studies identified Toll-like receptor 2
(TLR2) as an important mediator in plaque erosion.
Endothelial cells exhibit greater TLR2 expression at
sites of disturbed flow. TLR2 engagement promotes
endothelial cell desquamation through recruitment of
neutrophils.”>>>°>3 This mechanism was also demon-
strated for the first time in humans in the OPTICO-
ACS study, where a particular association between
TLR2 and neutrophil activation in plaque erosion was
established,® and presumably triggered by elevated
soluble hyaluronic acid. This study showed a higher
TLR2 expression, which prevents neutrophil
apoptosis in plaque erosion/IFC-ACS, but also leads to
a TLR2-mediated increase of MMP-9. This increase in
MMP-9, in turn, aggravates endothelial cell detach-
ment when combined with disturbed flow as part of
the pathobiologic mechanism of plaque erosion/IFC-
ACS. Ultimately TLR2 activation and signaling in
endothelial cells results in sustained inflammatory
responses and downstream activation of NF-kB.>*
Animal studies indicate that ESSG can regulate in-
flammatory responses via several mechanisms inde-
pendent from the absolute value of high ESS that
involve activation of endothelial TLR2 and neutrophil
recruitment and accumulation.’®°* Interestingly, we
found an association between higher maximum ESSG
and higher concentration of hyaluronic acid, which
can be crucial for the recruitment and function of
effector and memory T lymphocytes.>® Furthermore,
maximum ESSG correlates with plaque topographical
slope,®” and their immunomodulatory actions may
complement each other.

In the present study a steeper plaque topographical
downslope was associated with a higher CL number of
neutrophils, which adds new insights to the mecha-
nism of plaque erosion in relation to plaque
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topography. However, despite neutrophils being
associated with a steeper plaque downslope, we
observed a significant reduction of neutrophils and
granulocytes at the culprit lesion site at the time of
blood sampling. This may be explained by the fact
that migrated polymorphonuclear neutrophils to the
site of inflammation rapidly undergo apoptosis,>®
leading to the discharge of cytokines that in turn at-
tracts monocytes that were also found to be associ-
ated with a steeper plaque downslope. Other
potential mediators of interest, not investigated in
this particular study, include neutrophil enzyme
myeloperoxidase that generates hypochlorous acid, a
pro-oxidant implicated in endothelial injury and
plaque erosion.*”

Although we observed at the lesion site an
increased concentration of granzyme A, MIP-1a, [FN-
Y, MMP-9 activity, IL-8, IL-10, and IP-10, these in-
flammatory markers did not display an association
with the biomechanical metrics under investigation.
It is not yet clear whether these proinflammatory
(granzyme A, MIP-1a, IFN-y, MMP-9, IL-8) and anti-
inflammatory (IP-10, IL-10) mediators are directly
triggered or associated with the specific shear stress
metrics under investigation. It may be that these in-
flammatory markers are activated further down-
stream in the NF-kB pathway*’ or through other
signaling pathways that may not be directly triggered
by the biomechanical stimuli such as the Janus
kinase-signal transducer and activator of transcrip-
tion (JAK-STAT)® signaling pathway or the c-Jun
N-terminal kinase (JNK) signaling pathway.>® Future
in vitro studies will be needed to investigate why
there is a local increase of granzyme A, MIP-1a, IFN-y,
MMP-9 activity, IL-8, IL-10, and IP-10 at the culprit
site.

Drugs targeted to treating residual vascular
inflammation offer an attractive management
approach, and the mechanisms we have described
may contribute to event reduction demonstrated by
anti-inflammatory agents. The first human study to
show promising benefit of anti-inflammatory therapy
in reducing cardiovascular events, CANTOS, targeted
the IL-1p innate immunity pathway with the mono-
clonal antibody canakinumab.®® Colchicine, which is
now approved by the US Food and Drug Administra-
tion, is the first anti-inflammatory drug indicated for
reducing cardiovascular events among patients who
have established atherosclerotic cardiovascular dis-
ease or are at risk of developing it.®"-*> Although the
mechanistic actions of colchicine have not yet been
fully established,
impaired neutrophil activation, and suppression of
inflammation.®®> Mechanical amelioration of plaque

in vivo studies have shown
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topography and consequent adverse flow patterns
(eg, with percutaneous coronary intervention), may
also reduce local vascular inflammation in these
vascular areas and clinical

thereby improve

outcomes.

STUDY LIMITATIONS. The study findings must be
interpreted with caution. First, because the sample
size was small, multiple comparisons were done, and
the results were not adjusted for the multiple com-
parisons. Larger studies are needed to validate these
findings. Second, the thrombus and blood aspiration
was performed in the culprit vessel and pulled back
across the entire CL, and consequently, the aspirated
material may not represent solely the CL microenvi-
ronment where the thrombus originated. Although
the measures of the flow dynamics and ESS are very
precise with a spatial resolution of approximately
300 um, the spatial relationship between the shear
stress metrics and the extremely focal inflammatory
markers may not be perfectly colocalized. In addition,
the local culprit site blood sampling may have
occurred many hours after the actual culprit clinical
event, and the local increased concentration of in-
flammatory markers, initially limited to the CL site,
may have “spilled over” to the systemic circulation
within that time period such that a substantial con-
centration may have become evident both at the CL
location as well as the SYS location. The biomechan-
ical stimuli at the time of the plaque erosion may
indeed have triggered a local inflammatory response
and recruitment of cells from the systemic circulation
to the culprit site, but it is not clear what the in-
flammatory patterns of bioavailability, bioactivity, or
decay of these inflammatory signals are at the culprit
site. Inflammatory cells may have already extrava-
sated or undergone apoptosis to a substantial degree
at the time of the blood sampling. These inflamma-
tory relationships are most certainly highly dynamic
in the setting of an ACS event. The observed associ-
ation between SYS and inflammatory mediators may
be owing to these uncertainties related to the blood
sampling precision at the culprit site and timing of
blood sample collection from the onset of the ACS
event. Therefore, it will be important to develop more
precise blood sampling methods that captures the
detailed focal inflammatory changes at the culprit
plaque site in future studies. Third, the study did not
include stable “control” plaques of similar minimal
and reference lumen dimensions as compared to
eroded plaques to provide greater mechanistic clarity
concerning the biomechanical metrics responsible for
triggering the inflammatory mediators. The parent
OPTICO-ACS study, however, was not designed to
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include a control group, because the investigators
were only interested in the local vs systemic inflam-
matory markers in patients with plaque rupture vs
plaque erosion. Future studies will need to investi-
gate the local and systemic inflammatory mediators
with blood sampling in both plaques with erosion and
stable plaques.

CONCLUSIONS

Adverse biomechanical ESS metrics associate with
proinflammatory and proatherogenic cells and cyto-
kines/chemokines and may contribute to plaque
erosion. This hypothesis-generating study provides
insights for future translational research directions to
establish a more detailed mechanistic link between
adverse ESS metrics and inflammatory responses.
Overall, the results of this study reveal a complex
interplay of local hemodynamic influences on in-
flammatory mediators and effector cells of the innate
and adaptive immune response.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Plaque erosion
has distinct clinical, pathobiological, and molecular characteris-
tics from ruptured fibrous plaque. It is essential to understand
the underlying biomechanical and molecular mechanisms that
trigger plague erosion and thrombus formation to enable early
identification, and possible pre-emptive intervention, of such
high-risk plaques before they destabilize. Our findings raise
interesting and clinically important vascular biology questions
that reach beyond ACS, such as how local coronary arterial in-
terventions (eg, coronary stent deployment) may alter the
regional shear stress environment in ways that influence healing
vs thrombosis and vascular inflammation. Greater understanding
of the underlying mechanisms of plaque erosion may inform the
development of novel biomarkers and drug therapies and guide
tailored treatments of patients with, or at risk of, an ACS.

TRANSLATIONAL OUTLOOK: These findings highlight the
need for further studies to explore the links between adverse
biomechanical stimuli and the regulation of proinflammatory
mediators and their participation in coronary plaque erosion.
Other biomechanical stimuli may also be involved in the pro-
cesses of inflammatory pathway activation and creation of other
pathobiological phenotypes of plaque destabilization through a
variety of mechanisms, acting either alone or in combination.
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