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ABSTRACT: Coronary artery disease remains the leading cause of death globally and is a major burden to every health system
in the world. There have been significant improvements in risk modification, treatments, and mortality; however, our ability to
detect asymptomatic disease for early intervention remains limited. Recent discoveries regarding the inflammatory nature of
atherosclerosis have prompted investigation into new methods of diagnosis and treatment of coronary artery disease. This
article reviews some of the highlights of the important developments in cardioimmunology and summarizes the clinical evi-
dence linking the immune system and atherosclerosis. It provides an overview of the major serological biomarkers that have
been associated with atherosclerosis, noting the limitations of these markers attributable to low specificity, and then contrasts
these serological markers with the circulating immune cell subtypes that have been found to be altered in coronary artery
disease. This review then outlines the technique of mass cytometry and its ability to provide high-dimensional single-cell data
and explores how this high-resolution quantification of specific immune cell subpopulations may assist in the diagnosis of early
atherosclerosis in combination with other complimentary techniques such as single-cell RNA sequencing. We propose that
this improved specificity has the potential to transform the detection of coronary artery disease in its early phases, facilitating
targeted preventative approaches in the precision medicine era.
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cause of death in Australia' despite decades of
improvement in treatments and identification of
traditional risk factors for management. Globally, the
picture is no better, with ischemic heart disease re-
maining the leading cause of years of life lost for high
and middle sociodemographic groups worldwide,?
and accounting for one third of all deaths annually.®
To improve this situation, we need to better under-
stand the causes and mechanisms that promote CAD.
The foundation of our current understanding of cardio-
vascular risk profiling dates back to the 1950s when

COronary artery disease (CAD) persists as a major

Framingham and other epidemiology studies associated
cigarette smoking, diabetes mellitus, hypertension, and
hyperlipidemia with cardiac mortality.* While these data
were invaluable and saved many lives, they also resulted
in the development of a sense of complacency that CAD
was “solved” and that CAD is now predominantly self-in-
duced when individuals fail to manage their risk factors.
This damaging myth stems from the misinterpretation
of population data such as is seen in the INTERHEART
(Effect of Potentially Modifiable Risk Factors Associated
With Myocardial Infarction) study, which showed that 9
potentially modifiable risk factors account for >90% of the
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Nonstandard Abbreviations and Acronyms

CANTOS Canakinumab
Antiinflammatory
Thrombosis Outcome
Study

Coronary Artery
Disease Genome Wide
Replication and
Meta-Analysis
(CARDIOGRAM) Plus
the Coronary Artery
Disease (C4D) Genetics
cellular indexing of
transcriptomes and
epitopes by
sequencing
Cooperative National
Registry of Acute
Coronary Syndrome
Care

mass cytometry time
of flight

Effect of Potentially
Modifiable Risk Factors
Associated With
Myocardial Infarction
mechanistic target of
rapamycin

myeloid differentiation
primary response 88
perivascular adipose
tissue

Scottish Computed
Tomography of the
Heart

single-cell RNA
sequencing

standard modifiable
cardiovascular risk
factors

tet methylcystosine
dioxygenase 2
toll-like receptor 4

CARDIoGRAMplusC4D

CITE-seq

CONCORDANCE

CyTOF

INTERHEART

mTOR
MyD88
PVAT

SCOT-HEART

scRNA-seq

SMuRFs

TET2

TLR4

population-attributable risk for heart attack.® However,
population-attributable risk is not expected to sum to
100%, and should only be used for estimating the so-
cietal impact of risk factor control policies, not to argue
against the importance of discovering new mechanisms
of disease.® Indeed, at an individual case level, it is not
uncommon for a patient to present with extensive ath-
erosclerosis and a life-threatening heart attack without
adequate explanation—prompting the difficult-to-answer
question: “Why me?”
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Despite our best efforts in primary care and with
heart health checks, our reliance on algorithms de-
rived from large community cohort studies overes-
timate risk in some people and underestimate it in
others, sometimes by significant amounts.” While
the calculations based on standard modifiable car-
diovascular risk factors (SMuRFs) reflect statisti-
cal risk at a community level, they fail to take into
consideration the individual phenotypes that me-
diate the host response. Locally, this can be seen
in the proportion of patients without SMuRFs pre-
senting to an Australian center with life-threaten-
ing ST-segment—elevation myocardial infarction,
which increased from 11% in 2006 to 27% by 2014.8
This increase in patients with SMuRFs who had
ST-segment—elevation myocardial infarction was
confirmed as a national phenomenon in the large
CONCORDANCE (Cooperative National Registry of
Acute Coronary Syndrome Care) cohort, and, fur-
thermore, the in-hospital mortality of these patients
was found to be higher when compared with their
counterparts with traditional risk factors.®

These patients with disease not explained by tra-
ditional risk scoring systems are an archetypal popu-
lation highlighting the need to improve on precision in
cardiovascular medicine. They illustrate the biological
variability in signaling pathways that impacts an indi-
vidual’s vulnerability or resistance to the factors that
drive CAD, confounding the expected results calcu-
lated from population medicine studies. Improved
markers that reflect either the level of susceptibility
of an individual, or the disease activity itself, are ur-
gently needed to improve personalized preventative
approaches to CAD.

Recently, there has been a shift in focus towards
precision medicine, which aims to understand unique
patient characteristics that can impact disease man-
ifestations and response to treatment. There is a
well-established body of evidence demonstrating
that inflammation is an integrating common pathway
downstream of the major cardiac risk factors.'0-'3
However, high-sensitivity C-reactive protein remains
the only inflammatory biomarker routinely used in
clinical practice, despite it having a low specificity for
atherosclerotic disease.

In the quest to detect subclinical atherosclerotic
activity, new tools that can identify the inflammatory
biosignature of atherosclerotic plaque will be of great
importance. With a view to that aim, this article re-
views some of the recently described links between
immunology and cardiology, examines the existing
data on inflammatory biomarkers in CAD, and ex-
plores the potential utility of immunophenotyping
using mass cytometry in the precision medicine of
tomorrow.
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ESTABLISHED LINKS BETWEEN
ATHEROSCLEROSIS AND
INFLAMMATION: SOME HIGHLIGHTS

In the 19th century, pathologists such as the renowned
Rudolf Virchow identified the inflammatory nature of
atherosclerotic plaques, but most research conducted
in the 20th century was preoccupied with atheroscle-
rosis as a passive accumulation of excessive amounts
of free and esterified cholesterol." There were initial ex-
pectations that we could “cure” CAD with aggressive
treatment of hypertension and hyperlipidemia. However,
despite decades of aggressive risk factor management
we have only seen a partial reduction in cardiovascu-
lar death and morbidity. While a component of this will
relate to health system challenges, and differences in
access and uptake of evidence-based preventative
strategies, improving our knowledge of mechanisms of
individual susceptibility and resilience will have broad
benefits in targeting additional efforts. In search for the
factors that contribute to the residual risk variation be-
tween individuals, attention has shifted back towards
the basic biology of signaling pathways and cellular in-
teractions, with a renewed focus on inflammation.

The modern era has given us significant advan-
tages over scientists from previous generations
who studied CAD. We now have an extensive array
of assays, better insight into molecular and cellular
biology, impressive animal models of diseases, and
a solid foundation in the genetics that underlie it all.
Advances in immunology have given us antibodies for
molecular targeting and single-cell analysis that can
achieve incredible resolution, differentiating specific
subpopulations of the immune response at particu-
lar phases of disease development. This has helped
us make substantial headway in understanding the
key molecular relationships between inflammation
and atherosclerosis—we have come a long way from
the era of Virchow. But despite the expansive body
of knowledge now accumulated on biological mech-
anisms at a tissue level, we are only now on the brink
of the ultimate translation of these data to the clini-
cally useful development of new biomarkers for early
atherosclerosis. This “phenotyping” of an individual’s
vascular inflammatory activity may also identify in-
dividuals appropriate for targeted anti-inflammatory
therapies, some of which are already in development.

Outlined below are interesting results from se-
lected studies that highlight some of the key findings
that have allowed us to progress to where we are
today.

The Genome: Genetic Association Studies
Initially, researchers thought that the missing biology
causing CAD would be found in the genome, and
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indeed in recent years there have been large-scale
genome-wide association studies that have identi-
fied connections between CAD risk and the immune
system. The CARDIoGRAMplusC4D (Coronary Artery
Disease Genome Wide Replication and Meta-Analysis
[CARDIoGRAM] Plus the Coronary Artery Disease
[C4D] Genetics) consortium gathered data from mul-
tiple genetic studies in a collaborative effort to identify
loci of risk for cardiovascular diseases,'* and in 2012
they were able to identify a novel CAD risk locus in
the major histocompatibility complex, which achieved
genome-wide significance, although the odds ratio
was <1.3. This region of the genome contains a dense
cluster of genes that have roles in inflammation, immu-
nity, and self-recognition. In 2013, a large study from
the same group reported novel risk loci for CAD, and
network analysis demonstrated that the 4 most signifi-
cant pathways, mapping to 85% of candidate genes,
were involved in lipid metabolism and inflammatory
pathways.'®

These large studies and a 2015 meta-analysis
of over 185 000 cases and controls'® have provided
sound evidence that genetic predisposition to CAD is
largely polygenic and related to multiple single nucle-
otide polymorphisms with small effect size, and that
many of these mutations are associated with lipid and
infammatory pathways. Although these population
studies have not given us the answer to how inflam-
mation is causally associated with CAD, they provide
concrete evidence of the significant associations be-
tween them. Additionally, it is worth considering the
ability of the immune system to adapt to environmen-
tal changes; as such, genetic association studies may
struggle to identify the true magnitude of the relation-
ship between the immune system and CAD in the ger-
mline DNA.

The Circulating Milieu: Key Recent
Findings in Inflammatory Atherobiology
The vascular endothelium exists in conjunction with
an ever-changing circulatory fluid containing a highly
diverse array of proteins, cells, and even pathogens.
Humans exist in an environment rich in microbes, and
the concept that CAD might relate to bacterial inflam-
mation has long been postulated. The association be-
tween periodontal disease and CAD has been known
for decades,'” and the detection of diverse bacterial
signatures in atherosclerotic lesions obtained via cath-
eter atherectomy' prompted theories of how CAD
could be caused by chronic bacterial infection of the
arterial wall. Chlamydia pneumoniae, a common intra-
cellular human pathogen, was found to be particularly
persistent and detectable within smooth muscle cells,
fibroblasts, and macrophages of atherosclerotic tis-
sue.'® However, the results of antimicrobial drug trials
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were unfavourable, and a 2005 meta-analysis of antibi-
otic therapy for CAD in nearly 20 000 patients showed
no impact on all-cause mortality or incidence of myo-
cardial infarction.?® These results shifted the focus of
research towards other avenues of investigation that
might reduce CAD risk.

However, our understanding of inflammation and
the inflammasome has continued to evolve in the
years since some of these bacterial studies were
completed in the early and mid-2000s. We are
now starting to identify key links between signaling
pathways in inflammation and atherosclerosis. The
Chlamydia hypothesis was recently readdressed
in a mechanistic fashion, and in an atheroscle-
rosis-prone mouse model it was shown that both
C pneumoniae and metabolic stress secondary to
dyslipidemia result in signaling via shared innate
immune pathways involving TLR4 (toll-like recep-
tor 4) and MyD88 (myeloid differentiation primary
response 88).2' This interesting finding has not yet
been confirmed in humans, but it suggests poten-
tially valuable avenues of investigation. If the activa-
tion of TLR4 by this pathway could be specifically
prevented, this theoretically could provide a safe
therapeutic option to reduce inflammation without
dampening immune responses to other pathogens.
Work on vaccines targeting lipid and nonlipid anti-
gens is now in progress,?? and while the concept
of an atherosclerosis vaccine is still preliminary, it
holds exciting potential.

In 2017, publication of several influential articles
related to circulating cell types helped to solidify the
connections between inflammation and CAD in clini-
cal populations. The first set of results involved clonal
hematopoiesis of indeterminate potential, a condition
that is defined by the presence of an expanded pop-
ulation of bone marrow-derived cells in the peripheral
circulation. Clonal hematopoiesis of indeterminate po-
tential was thought to be a precancerous state and
was under investigation in the field of hematology, but,
somewhat unexpectedly, an almost 2-fold increase
in cardiac mortality was seen in patients with clonal
hematopoiesis of indeterminate potential, and this
was found to be related to several distinct somatic
mutations.?® Investigation into one of the foremost
mutations, TET2 (Tet methylcystosine dioxygenase
2), showed that Tet2-mutant bone marrow cells un-
derwent clonal expansion, generating a significant
increase in inflammatory macrophages and larger
atherosclerotic plaque size. Increases in signaling in
the NOD-like receptor pyrin domain containing 3 in-
flammasome and higher levels of interleukin 13 (IL-1()
were also identified.?* Research into these mutations
and their clinical implications is ongoing, but the con-
cept that somatic genetic changes within cells in the
bone marrow are linked to atherosclerosis in the artery
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confirms the importance of the systemic circulation in
the process of atherogenesis.

Finally, perhaps the most important finding in the
inflammatory CAD field came with the first demonstra-
tion in humans that blocking an inflammatory signaling
pathway could improve cardiovascular outcomes. In
this key work achieved by Ridker et al®® in CANTOS
(Canakinumab Antiinflammatory Thrombosis Outcome
Study), therapy with canakinumab, an IL-13-blocking
antibody, reduced rates of recurrent cardiovascular
events in patients who had a previous myocardial in-
farction. The absolute decrease in events was small,
and treatment was associated with a higher incidence
of fatal infection, but the fact that the decrease was
independent of lipid levels provided crucial mechanis-
tic evidence supporting the inflammatory hypothesis of
CAD. While this will in no way replace established ther-
apies such as statins, subsequent subgroup analysis
showed that response to therapy was related to the
magnitude of C-reactive protein reduction,?® support-
ing the notion that suppression of inflammation was
causal in reducing cardiovascular events, rather than
being the result of off-target drug effects. While there
are practical, economic, and safety issues pertain-
ing to IL-1B3 antibody blocking use in chronic disease,
this seminal study highlights the value in targeting this
pathway and has provided renewed motivation for
pharmacological assessment of other components of
the inflammasome. IL-13 may prove to be too broad of
a therapeutic target, and other avenues are currently
under investigation,'®?” but the causal connection be-
tween inflammation and CAD outcomes is now definite
and there are many other discrete targets that remain
to be investigated, as evident in Figure 1.

The Tissue: Atherosclerosis and
Perivascular Adipose Tissue

Recent research into perivascular adipose tissue
(PVAT) and CAD has identified significant interactions
between atheroma and the immune cells contained
in the tissue surrounding the vasculature. pVAT was
historically thought to be a mechanical support tissue
with no other function, but more recently it has been
found to be extensively involved in the inflammatory
regulation of vascular function.?® It contains signifi-
cant numbers of macrophages and effector/memory T
cells, as shown in Figure 1, although nearly all immune
cell types can be found in the pVAT.??

Studies of pVAT in mice have shown that endothelial
dysfunction is associated with a highly proinflamma-
tory milieu with recruitment of a wide range of immune
cells®® and is present in mouse models of obesity, di-
abetes mellitus, hypertension, and atherosclerosis.?®
Experiments using human pVAT have been more lim-
ited for obvious reasons; however, Antonopoulos et
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Figure 1. Overview of inflammatory associations with atherosclerosis.

CHIP indicates clonal hematopoiesis of indeterminate potential; CTL, cytotoxic T lymphocyte; ICAM, intercellular adhesion molecule;
IL-1B, interleukin 13; IL-10, interleukin 10; LOX-1, lectin-type oxidised low-density-lipoprotein receptor 1; M1, M1 macrophage; M2,
M2 macrophage; ox-LDL, oxidized low-density-lipoprotein; SNPs, single-nucleotide polymorphisms; T regs, regulatory T cells; Th17,

T-helper 17 cells; and TLR-4, toll-like receptor 4.

al®" recently demonstrated that the degree of inflam-
mation in surgically explanted pVAT tissue, as charac-
terized by inflammatory gene expression and cytokine
levels, correlated with a computed tomographic cor-
onary angiogram measure known as the fat attenu-
ation index. This imaging measure was significantly
associated with atherosclerotic plaque burden in the
underlying artery on computed tomographic coronary
angiogram. Subsequently, there have been a number
of studies assessing the ability of various imaging tech-
niques to quantify the degree of inflammation around
a diseased artery,® further solidifying the link between
the inflammatory changes in the pVAT and the extent
of the endothelial dysfunction in the underlying athero-
sclerotic vessel. Earlier this year, inflammatory features
of pVAT were assessed in the SCOT-HEART (Scottish
Computed Tomography of the Heart)*® computed to-
mographic coronary angiogram cohort, and a new ma-
chine learning algorithm, the fat radiometric profile, was
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able to significantly improve major adverse cardiac event
prediction when compared with tools that incorporated
only risk factors and standard disease severity features
seen on computed tomographic coronary angiogram.s*

These highly significant studies have provided an
imaging correlate of coronary inflammation that may
prove effective in risk stratification of patients. However,
therapeutic strategies to target atherogenic inflamma-
tory pathways will require a better understanding of the
biology that drives it on a cellular level. Ultimately, the
addition of serological biomarkers for CAD to imaging
measures such as the fat radiometric profile will improve
our ability to screen for and detect CAD at early stages,
and the drive to search for such markers remains.

Inflammatory Drivers Related to the
Western Lifestyle

Ischemic heart disease secondary to CAD is one of
many chronic, noncommunicable diseases that have
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increased in frequency globally over the past decades,
along with asthma, inflammatory bowel disease, and
rheumatoid arthritis.®® While CAD has not been tra-
ditionally included in the group of conditions that are
thought to be caused by inappropriate immune re-
sponses to foreign or self antigens, CAD has similarly
been associated with a Western lifestyle, which sug-
gests it should be considered as a candidate “immu-
noinflammatory” disease.

Current theory explaining the increasing inci-
dence of these diseases focuses on changes to our
immune system’s ability to correctly identify self.
Development of self-tolerance is a complex area in
immunology, centrally involving deletion of autore-
active immune cells in the thymus, and peripherally
involving networks of regulatory T cells that are capa-
ble of dampening immune responses by modulating
dendritic cell costimulation.®® The microbiome also
plays a key role in determining the balance between
immune activation and immune tolerance.?” In the
healthy individual, these systems work to support a
balance between appropriate responses to patho-
gens and self-tolerance.

The Western lifestyle is associated with changes in
environmental factors that have potential impacts on
our immune system. The first factor noted historically
was sanitation. Increased hygiene decreases infec-
tions, particularly in childhood, and hence reduces
the foreign antigens to which our immune system is
exposed. The second environmental factor to con-
sider is food, as the type and availability of nutrition
has changed significantly with societal development.
The diet prevalent in most affluent nations is now
associated with high-calorie, low-fiber, processed
meals that can induce major alterations to the human
metabolism. Overnutrition can result in accumulation
of adipose tissue, changes to adipokine production,
and altered glucose tolerance and insulin resistance,
and has been theorized to reduce proliferation of
regulatory T cells as a result of overactivity of mTOR
(mechanistic target of rapamycin).®® This type of
chronic metabolic change may explain the higher risk
of autoimmune disease in obese patients.®® The diet
also has effects on the microbiome, and alterations in
microbiota have been shown to have significant im-
pacts on the homeostasis of a variety of T-cell popu-
lations.®” Indeed, the “hygiene hypothesis,” which is
likely to result from failure to establish an optimal mi-
crobiome in early life, has long been used to explain
the increase in allergic diseases noted since the end
of the 19th century.®® The microbiome of patients
with CAD has been shown to be less fermentative
and more inflammatory than in healthy patients, and
similar changes are seen in obesity and type 2 dia-
betes mellitus.“® Research is ongoing to determine
whether the microbiotal changes observed represent
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a primary pathology that could be treated by induc-
ing changes to the flora.

Detailed research into the immune response in
atherosclerosis may also give additional insights into
the differential risks seen in the sexes. In general, im-
mune responses are higher in women than men, and
this has been proposed as one factor contributing to
the higher overall incidence of autoimmune disease
in women.*' However, there are some notable excep-
tions to this trend, including type 1 diabetes mellitus,*
myocarditis, and idiopathic pulmonary fibrosis, which
are all more common in men. Female sex hormones
are thought to protect premenopausal women from
both CAD and type 2 diabetes mellitus,*® but why they
have different effects on these immunoinflammatory
diseases versus autoimmune conditions is not well
understood.

As outlined in Figure 2, immune system dysreg-
ulation in response to these environmental factors
may help to explain how CAD may develop in the ab-
sence of traditional risk factors. Considering the ev-
idence linking inflammation and atherosclerosis and
the potential for targeted therapies in this domain,
the possibility of immunoinflammatory CAD driven
by a reduction in self-tolerance should be strongly
considered in future research, with a focus on as-
sessing immunoregulatory function in patients with
unexplained atherosclerosis.

Need for Precision Markers

While remarkable progress has been made in under-
standing inflammatory atherogenesis and we now
have some robust methods of identifying the pres-
ence of high-risk atherosclerosis via imaging, the test
sought for by many investigators is a serological, small-
molecule biomarker or an equivalent blood-based test.
We need to be able to diagnose CAD earlier and with
increased precision, ideally without putting patients
through extensive testing or any form of radiation ex-
posure. A particularly useful biomarker would correlate
with the degree of atherosclerosis present in the arte-
rial system, would decrease with sucessful treatment
reflecting disease activity, and would be highly sensi-
tive and specific for CAD. To date, a biomarker of this
quality has been elusive.

INFLAMMATORY SOLUBLE AND
CELLULAR BIOMARKERS IN
PREDICTING DEVELOPMENT OF CAD

The current repertoire of cardiac biomarkers that are
primarily related to immune function includes soluble
small molecules detectable in the peripheral circula-
tion, primarily cytokines, acute-phase proteins, and
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cleaved cell surface receptors. Over 50 inflammatory
biomarkers that relate to CAD in some way have been
identified, and these have been reviewed extensively
elsewhere.**~* Shown in Table 1 are some of the best-
studied inflammatory biomarkers, all of which have
been shown to clinically relate to prediction of CAD or
major adverse cardiac events.*®="6 This is presented
alongside an abbreviated list of other conditions with
which the relevant biomarker is also associated, high-
lighting the broad relationships these markers have
among disease states, and the difficulty this presents
in utilizing them for precision diagnosis of CAD.
Associations between the quantity and phenotype
of circulating immune cells and CAD have also been re-
ported frequently in the past decade, but research in
this area has been nowhere near as extensive as with
the small molecules. Human peripheral blood contains
B cells, basophils, dendritic cells, eosinophils, mono-
cytes, natural killer cells, neutrophils, natural killer T
cells, T cells, and stem cells.”” Studies have identified
relationships for most of these cell types with athero-
sclerosis, although the associations with granulocytes
(neutrophils, basophils, and eosinophils) and B cells are
mainly seen in tissues rather than the circulation. Listed
in Table 2 are some of the significant clinical reports link-
ing circulating immune cell populations and CAD.”8-%7
Circulating immune cells include a dynamic popu-
lation of leukocytes that are actively responding to the
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status of the endothelium they flow past. We have ex-
tensive evidence that atherosclerosis is an inflammatory
process, and it is indisputable that this influences the
cells nearby. By sampling the cells in peripheral circu-
lation, we may be able to better detect the dynamic
changes that are occurring as atherosclerosis develops.

Previous investigations have tried to find asso-
ciations between CAD and a single small molecule
or cellular subtype, but there are advantages to in-
stead using an unbiased approach to analyze all of
the populations of circulating immune cells. We know
that the immune system responds as a complex in-
tegrated network to combat perceived threats, and
the likelihood of detecting a single cell that changes
specifically in response to CAD is low. It is possible
that measurable changes in the immune system may
be directly or indirectly responsible for causing CAD,
or it may be that the changes are secondary to the
development of plaque as a primary pathology. Either
way, the ability to measure the system as a whole and
identify a change in the immune signature in response
to CAD is likely to involve shifts in multiple cell popula-
tions, which can be detected using network analyses.
Previously, this may have been impractical because of
the difficulty in measuring so many peripheral blood
cell populations in a single blood sample, but ad-
vances in technology have now made this a practical
option for research and, soon, in clinical tests.
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Table 1. Selected Soluble Inflammatory Biomarkers of CAD

Usual Sample Most Significant Clinical Other Selected
Class Biomarker Biology Type CAD Evidence Associated Conditions
Acute-phase High- Pentameric protein activator Serum/plasma Elevated level improves Infections, allergic
protein sensitivity of the complement system, prediction of MACE by C reactions, inflammatory
C-reactive produced by the liver*® index of 0.0039 in a large diseases, necrosis, trauma,
protein (n~=250,000) meta-analysis*® and malignancy*®
Acute-phase Fibrinogen Glycoprotein coagulation Plasma Elevated level improves Inflammatory diseases,
protein factor 1, precursor of fibrin, prediction of MACE by C stroke, brain injury, spinal
produced by the liver®® index of 0.0027 in a large cord injury, multiple
(n=250,000) meta-analysis*® sclerosis, and Alzheimer
disease®
Acute-phase SAA Small fibrillar lipophilic Serum Elevated levels associated Inflammatory diseases,
protein proteins, functions with MACE in a large case- preterm labor, sarcoidosis,
incompletely characterized, control study of women COPD exacerbations, and
likely roles in immune and (n~28,000)—relative risk malignancy®'
vascular signaling, produced 3.0, but not an independent
by the liver®! predictor of risk in
multivariate analysis®?
Cytokine IL-10 Anti-inflammatory small Serum/plasma No differences in circulating Various rheumatological
soluble protein, acts mainly IL-10 levels seen in a case- conditions,*” multiple
on other immune cells, cohort study (N=740),°* some | metabolic risk factors,®® and
produced by immune cells® small studies showing higher COPD severity®®
IL-10 levels associated with
less CAD®%%6
Cytokine IL-6 Proinflammatory small Serum/plasma Elevated levels associated Various malignancies and
soluble protein, acts on with CAD in large meta- mortality risk,%° asthma
immune cells and triggers analysis (n~25,000) using the and inflammatory lung
release of acute-phase Mendelian randomization diseases,® rheumatological
proteins by the liver, approach®! conditions,®” and heart
produced by immune and failure®®
epithelial cells®
Cytokine TNF-a Proinflammatory small Serum Associated with 6-y Heart failure,®® periodontal
soluble protein, acts by incidence of CAD with a risk disease,® and obstructive
binding TNF receptor factor-adjusted hazard ratio sleep anpea®®
superfamily receptors, of 1.87%4
produced by circulating
myeloid cells®
Cell adhesion ICAM-1 Transmembrane surface Plasma Elevated levels associated Endometriosis,®® diabetic
molecule molecule expressed on with MACE in a large retinopathy,® frailty,”
leukocytes and endothelial case-control study of and community-acquired
cells, which mediates women (28,000)—a relative pneumonia’
leukocyte adhesion and risk of 2.6, but not an
facilitates extravasation, independent predictor or risk
soluble form results from in multivariate analysis.®? A
receptor shedding® large cohort study (n=10,000)
showed prediction of CAD
development in healthy men
with a relative risk of 1.9.
Complement C3/Cba Protein components of the Serum Small studies (n~200) Various rheumatological
proteins innate immune complement showed C3 associated with conditions,
system, tagging foreign severe CAD and increased vasculitis, thrombotic
or damaged cells for MACE in women,” and C5a microangiopathies,
destruction, produced by the associated with cardiac glomerulonephritis,
liver and some circulating MACE in patients with and antibody-mediated
immune cells™ symptomatic peripheral transplant rejection’®

arterial disease’

C8 indicates complement component 3; C5a, complement component 5a; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease;
ICAM-1, intercellular adhesion molecule-1; IL-6, interleukin 6; IL-10, interleukin 10; MACE, major adverse cardiac events; SAA, serum amyloid A; and TNF-q,
tumour necrosis factor-a.

IMMUNOPHENOTYPING BY MASS
CYTOMETRY

Immunophenotyping is defined as a process that  tometry, a critically important technique in immunol-
uses antibodies to identify cells based on the types  ogy that dates back to the 1950s. Flow cytometry
of surface or intracellular antigens they possess; this measures the scatter and emission of light energy

allows the identification of the proportions of cell types
of interest within a larger heterogeneous population.®®
Previously, this has been accomplished by flow cy-
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Table 2. Circulating Cellular Inflammatory Biomarkers of CAD

Immunophenotyping in CAD

Class Cell Type Biology Summary of Significant Clinical CAD Evidence

Stem cell EPCs Bone marrow- and tissue-derived progenitor Reduced EPC levels were an independent predictor of
cells (CD34+, CD133*, VEGFR2"), which poor cardiovascular prognosis, adjusted for disease
can differentiate into mature endothelial cell and risk factors (HR, 3.9) in small study (n~120).7
types’® Increased levels of nontraditional CD34*CD45~ EPCs

were associated with atheroma burden and predicted
future cardiovascular events in a small study (n=200)&°

Myeloid cell Intermediate Circulating CD14"CD16* monocyte subset Multiple clinical studies (n~100-1000) showing an

monocytes with both proinflammatory and anti- association between increased intermediate monocyte
inflammatory roles®' populations and severity of CAD,#2-8 vulnerability of
plaque,®® and future MACE®"

Myeloid cell Nonclassical Circulating CD14'°*CD16* monocyte subset A small clinical study (n~80) of patients with HIV

monocytes with anti-inflammatory role®’ showed that nonclassical monocyte populations
correlated with progression of coronary calcium
score.?® A small clinical study (n~20) showed that an
increased Slan*CXCR6* subset positively correlated
with CAD severity®!

Myeloid cell DCs Antigen-presenting cells, which present Small clinical studies (n=30-100) showing decreased
self and nonself molecules to the adaptive number of myeloid DCs®%° or plasmacytoid DCs"9? in
immune system’” patients with CAD compared with healthy controls

Lymphoid cell CD4 T cells T-helper cell subset, which acts primarily to A small clinical study (n=80) of patients with
regulate the cellular and humoral immune rheumatoid arthritis showed increased CD4 CD28"
responses® CD56*CD57+ T cells associated with higher coronary

artery calcium after correction for risk factors®®

Lymphoid cell NK cells Distinct CD16*CD56* lymphoid lineage cells Multiple clinical studies (n~50-190) showed reduction
with cytotoxic activity, but no antigen-specific of NK cells in patients with CAD compared to healthy
receptors’’ controls93-%

Lymphoid cell NKT cells T-cell lineage CD16*CD56*CD3* cells with Small clinical studies (n=30-190) showed reduction of
both T-cell and NK-cell characteristics”” NKT cells in patients with CAD compared with healthy

controls®3%

Leukocyte ratio NLR Ratio of neutrophils to lymphocytes in Elevated ratio is associated with CAD (pooled OR,
peripheral circulation, calculated from full 1.62) in a large meta-analysis (n~76,000)%"
blood count®”

CAD indicates coronary artery disease; CD, cluster of differentiation; CXCR6, C-X-C chemokine receptor 6; DC, dendritic cell; EPC, endothelial progenitor
cell; HR, hazard ratio; MACE, major adverse cardiac events; NK, natural killer; NKT, natural killer T; NLR, neutrophil lymphocyte ratio; OR, odds ratio; and

VEGFR2, vascular endothelial growth factor receptor 2.

across a range of wavelengths, as a single stream of
cells passes by a light source, usually a laser. Different
fluorophores, each with a distinctive excitation and
emission profile, are tagged to antibodies that bind
specific cellular targets. As the cell passes the light
source, each fluorophore is excited and emits a signal
at a particular wavelength; this allows simultaneous
measurement of multiple characteristics per cell, al-
lowing identification and quantification of cell popula-
tions. The technical limitations of flow cytometry relate
to the overlapping spectra of the fluorophores and the
limits of discrete detection. The maximum number can
be as high as 30 markers with the most advanced cy-
tometers and newly developed fluorophores, although
in practice the complexity of the overlapping spectra
make this difficult to achieve.

More recently, the development of mass cytometry
time of flight (CyTOF)®® has overcome the limitations of
fluorescence flow cytometry by using isotopically pure
metal ions conjugated to the antibodies, read by a
spectrophotometric approach, as detailed in Figure 3.
The technique could theoretically allow the use of 100

J Am Heart Assoc. 2020;9:e017759. DOI: 10.1161/JAHA.120.017759

distinct labels, and presently is being utilized in the 40
to 50 range without excessive artefact. This allows
evaluation of complex cellular systems by measure-
ment of intracellular and surface proteins within the
subpopulations of analyzed cells.

CyTOF generates large data sets, and there are
diverse approaches and many tools that have been
developed to aid analysis of mass cytometry data.
These analysis methods allow for quality assessment
of data, cell-type identification, clustering, and dimen-
sionality reduction, and there are many focused re-
views of this rapidly advancing field.'°®'" These tools
and approaches are readily applicable among multiple
high-dimensional cytometry platforms including spec-
tral flow cytometry,'®? in addition to the mass cytome-
try strategies of immunophenotyping discussed in the
mentioned references.

Another technique that has often been usedin con-
junction with CyTOF is single-cell RNA-sequencing
(scRNA-seq) analysis, which assays RNA transcripts
rather than protein expression. There are a wide va-
riety of scBRNA-seq technologies that broadly differ in
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of single cells by mass cytometry.

CyTOF indicates mass cytometry time of flight; FCS, flow cytometry standard; and tSNE, t-distributed stochastic neighbor embedding.

respect to the following features: (1) transcript cover-
age; (2) cell isolation and barcoding cells; (3) number
of cells captured per experiment (throughput); and (4)
inclusion of unique molecular identifiers. Compared
with 3’-end or 5-end counting methods, full-length
scRNA-seq technigues have an advantage in that
isoform usage and allelic expression can be deter-
mined at the level of a single cell.'®® For immunophe-
notyping, methods that simultaneously capture 5
and the V(D)J region have been powerful approaches
for immune repertoire profiling. The most widely used
methods, particularly for immune cells, employ a
droplet-based microfluidic cell capture, such as the
Chromium system from 10x Genomics.'%* These ap-
proaches barcode the mRNA from each cell and uti-
lize unique molecular identifiers to quantify the exact
number of a given transcript molecule within a cell.
The resulting cell-barcoded library is then sequenced
using a next-generation sequencing platform,'®® and
the mRNA data are bioinformatically assigned back
to an individual cell.'®*1%6 Sophisticated techniques
are able to classify and assign cells to specific im-
mune cell types based on their overall transcriptional
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profiles,'071%8 offering a useful additional framework
through which to inform cellular profiling approaches
such as mass cytometry.

High-Dimensional Immunophenotyping in
Medicine

CyTOF is an emerging technology being used in different
fields, but it has been previously applied to several clini-
cal problems with interesting results. Using CyTOF as a
high-throughput technique has resulted in the identifica-
tion of cell types associated with colorectal tumors,'®®
Hodgkin lymphoma,'® and postoperative surgical re-
covery."" Immune cell profiling has been used in the field
of cancer immunotherapy, identifying which patients will
develop certain drug complications."?""3 CyTOF is an
appealing tool for clinical situations such as bone mar-
row transplants, where it has potential for global moni-
toring of post-transplant reconstitution of immune cells
and for prediction of complications.* Although these
areas still require further research, some of these early
results are encouraging and suggest that mass cytom-
etry will find a permanent role in clinical medicine.
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Most of the research in humans has been in smaller
studies focused on discovery, but CyTOF also provides
the capacity to supply large volumes of data to clinical
trials,'"® and has recently been validated for both pe-
ripheral blood cells and tissue in comparison to flow
cytometry.''® CyTOF analysis has been utilized in clin-
ical studies in melanoma,'”"'?° hemopoietic stem cell
transplants,’?!2? rheumatoid arthritis,'® and diabetes
mellitus,’® and has included examination of tumor or
tissue samples in addition to circulating immune cells.
One interesting aspect of the inclusion of CyTOF and
other unbiased single-cell data to clinical studies is
that data sets for these cohorts are often made avail-
able for external review, to confirm findings as well as
to answer new scientific questions. This significantly
expands the potential of these data sets to address
basic and translational inquiries that might otherwise
require repetition of expensive studies in clinical med-
icine. Several data sets from multi-omics clinical stud-
ies, which include CyTOF results, are offering access
to their data for external analysis,''"118123125 gand while
the additional utility that will be derived from each is not
yet known, it seems likely to be considerable.

CyTOF in Atherosclerosis

The use of CyTOF in atherosclerosis is in its infancy,
but, even at these early stages, the usefulness of the
technique can be clearly seen. In murine models of ath-
erosclerosis such as apolipoprotein E and low-density
lipoprotein receptor knockouts, detailed studies have
primarily focused on characterization of immune cells
within the plaque, comparing the mild atherosclerosis
induced by a chow diet with the severe atherosclerosis
that develops with a Western diet. Winkels and col-
leagues'™® used CyTOF in conjunction with scRNA-seq
to generate an atlas of aortic atherosclerotic immune
cells, which also looked at gene pathway enrichment,
and underscored the need to perform such analyses
stratified by immune cell subpopulation. Other murine
studies have used similar models to investigate aortic
myeloid cell distributions'?” and to do deep phenotyp-
ing of monocyte subsets.'?

In humans, the major clinical study to date has
been performed by Fernandez and colleagues,'?®who
assessed carotid atherosclerotic plaque by scRNA-
seq, cellular indexing of transcriptomes and epitopes
by sequencing (CITE-seq), and CyTOF in patients un-
dergoing carotid endarterectomy. A comparison of
the immune cells found in the plaque and the circu-
lating peripheral blood was made, which showed an
increase in the heterogenicity of T cells within the ath-
eroma. When symptomatic plaques were compared
with asymptomatic plaques, differences in CD4 T-cell
subsets, macrophage activation, and T-cell exhaustion
measures were identified. This study highlights the
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feasibility of detecting significant differences in immune
cell profiles in human atherosclerosis, and provides ex-
cellent groundwork towards identifying the immune
signatures expected in disease. The next steps to
translate this as a diagnostic tool will be to compare
diseased populations with healthy controls, and pe-
ripheral blood is a far more clinically accessible target
than atheroma or the blood vessel wall.

At the time of writing, circulating immune cell pro-
files in humans with coronary disease had not been
extensively assessed. One early CyTOF study used the
technique to better characterize monocyte subsets in
patients with CAD,'?® and a more recent study looking
into monocyte heterogeneity used clustering analy-
sis of CyTOF data from healthy individuals to identify
markers that distinguished meta-clusters within non-
classical monocytes, and then showed that equivalent
monocyte subpopulations defined as Slan* were as-
sociated with disease severity in patients with CAD.®
However, no study to date has assessed the peripheral
blood profile as a whole, and this opportunity to as-
sess the immune cell populations of patients by simple
venesection should not be missed. Considering the
long-term nature of atherogenesis, the involvement of
adaptive immune cells conveying antigenic memory is
likely to be significant and may be a peripherally de-
tectable signature of early atherosclerosis.

The potential implications of improved immunophe-
notyping to inform decisions about therapy are also
fascinating. We know from the CANTOS trial®® that an-
ti-inflammatory therapies have potential morbidity and
mortality benefit, and that the subset of patients whose
C-reactive protein decreased after canakinumab use
had more benefit from this therapy.?® Patient selection
seems to be a critical issue here; however, it appears
that high-sensitivity C-reactive protein is not specific
enough to identify those patients who will benefit from
immune therapies. Precision immunophenotyping
has the potential to identify the immune activity that
is directly related to CAD, letting us precisely treat the
patients who will benefit from these highly targeted
therapies.

In view of the growing body of evidence that links
the immune system to CAD, CyTOF should be com-
prehensively assessed as a potential tool in precision
medicine. To determine the utility in a clinical setting,
examination of immune signatures in circulating cells
that could be collected as part of a routine heart
health check is essential. It is highly feasible, with the
rapidly improving technology of CyTOF and the ability
for samples to be studied after freezing and trans-
port, that such a tool could help us in identifying pa-
tients with active subclinical atherosclerosis, leading
to earlier diagnosis and prevention of cardiac events
in patients who had SMuRFs without traditional risk
factors.
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Insights From scRNA-Seq

scRNA-seq has become a key technique in the era
of single-cell unbiased discovery research and is
particularly important in diseases such as athero-
sclerosis that involve tissues with heterogenous cell
populations. Using next-generation sequencing and
modern microfluidics techniques, high-throughput
scRNA-seq has been commercially available since
2017, and has recently been comprehensively re-
viewed from the atherosclerosis perspective.'3°
scRNA-seq studies of atherosclerosis have primarily
been performed in mouse models and have focused
on plaque composition, often in conjunction with
other single-cell techniques such as CyTOF, as out-
lined in the previous section.'?5?6 Additional murine
studies have led to the discovery of a novel subset
of triggering receptor expressed on myeloid cells 2"
macrophages involved in aortic atherosclerosis,'!
helped to characterize the proinflammatory charac-
teristics of foamy versus nonfoamy macrophages,'®?
assessed the functional features of subsets of mi-
gratory and dancing macrophages,'3® and defined a
spectrum of macrophage activation states that also
resulted in the discovery of an unexpected subset
of proliferating, stem cell-like resident monocytes in
aortic plaque.’® scRNA-seq has been shown to be
an especially powerful discovery tool in combination
with CyTOF, with the transcriptomic data used to in-
form the CyTOF panel design and provide synergistic
information about gene expression versus surface
marker expression. One exciting link in profiling cells
using scRNA-seq and CyTOF is the simultaneous
epitope and transcriptome measurement in individual
cells (CITE-seq)."®® CITE-seq uses oligonucleotide-la-
beled antibodies in conjunction with existing single-
cell RNA capture techniques to profile a combination
of cell surface proteins and cellular RNA. Compared
with CyTOF, CITE-seq has a number of distinctions
in type and quantification of protein capture. While
both approaches provide a quantitative estimate
of protein molecules per cell with similar dynamic
ranges (4 logs),'3>13¢ CITE-seq is currently unable to
assay intracellular proteins. However, one of the key
differences is the number of cells in a given experi-
ment from which data can be generated. As CITE-
seq uses microfluidic systems, the upper bounds
of cell capture is bounded by an increasing doublet
rate, with the best commercial platforms limited to
capturing =15 000 cells per experiment. CyTOF, on
the other hand, is able to assay millions of cells in a
single experiment, providing a deeper resolution of
cellular heterogeneity as defined by protein measure-
ment. However, as far as we are aware, there has not
yet been a direct comparison of CyTOF, CITE-seq,
or associated techniques such as proximal ligation
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assay for RNA™" and RNA expression and protein
sequencing assay.'®® Such work would be of consid-
erable value in helping inform under which scenarios
respective approaches are best suited. However,
when both technologies are used on cells from the
same sample, it provides a framework to study the
relationship between post-translational gene expres-
sion and protein abundance. The resulting transfor-
mation of our knowledge on inflammatory signaling in
atherosclerosis has potential to provide a plethora of
novel therapeutic targets and potential biomarkers.

CONCLUSIONS

CyTOF is an exciting new development in modern sci-
ence that should be effectively utilized in the search
for new links between atherosclerosis and the im-
mune system. Moreover, CyTOF is not just an unbi-
ased approach for discovery; the information provided,
particularly in combination with scRNA-seq data, of-
fers unrivaled capacity for further enhancing our un-
derstanding of the complex immune responses that
occur in the setting of atherosclerosis. The ability to
sample the blood circulating directly past atheroscle-
rotic plaques has potential to quantify the presence of
disease and elucidate the inflammatory properties of
an individual’s vascular endothelium. A broader un-
derstanding of immune system dynamics in individual
patients may also provide evidence of immune factors
involved in causing CAD, particularly in patients with
SMuRFs. Thus, these immune signatures could have a
variety of uses in the diagnosis, monitoring, and target-
ing of therapy for CAD.

There is now extensive evidence linking inflamma-
tion and CAD, and identification of an immune cell
profile that could be used in clinical assessment of ath-
erosclerosis would be an ideal outcome of research
in this area. Additionally, other findings may prompt
exciting lines of scientific inquiry that could improve
our understanding of the biology of inflammatory ath-
erogenesis, suggesting novel therapeutic targets and
methods of monitoring therapies. CyTOF has poten-
tially broad applications in the field of cardiology and
brings inspiring immunological cross-disciplinary in-
sights to the field of vascular biology.
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