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Abstract

Macrophages represent one of the most numerous and diverse leukocyte types in the body.
Furthermore, they are important regulators and promoters of many cardiovascular disease
programs. Their functions range from sensing pathogens, digesting cell debris, modulating
inflammation and producing key cytokines and other regulatory factors throughout the body.
Macrophage research has undergone a renaissance in recent years, which has propelled a
newfound interest in their heterogeneity as well as a new understanding of ontological differences
in their development. In addition, recent technological advances such as single-cell mass-
cytometry by time-of-flight (CyTOF) have enabled phenotype and functional analyses of
individual immune myeloid cells, including macrophages, at unprecedented resolution. In this part
1 of a 4-part review series covering the macrophage in cardiovascular disease, we focus on the
basic principles of macrophage development, heterogeneity, phenotype, tissue-specific
differentiation and functionality as a basis to understand their role in cardiovascular disease.
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Macrophages represent one of the most numerous and diverse leukocyte types in the body.
Furthermore, they are important regulators and promoters of many cardiovascular disease
programs. Macrophage research has undergone a renaissance in recent years, which has propelled
a newfound interest in their biology and development. In addition, technological advances have
enabled phenotype and functional analyses of immune myeloid cells, including macrophages, at
unprecedented resolution. In this first part of a 4-part review series we focus on the basic
principles of macrophage development, heterogeneity, phenotype, tissue-specific differentiation
and functionality as a basis to understand their role in cardiovascular disease.

Keywords
Macrophage; Cardiovascular; Atherosclerosis

Introduction

Macrophages are among the most numerous and diverse leukocytes in the body. Their
functions range from sensing pathogens, digesting cell debris, and being major producers of
key cytokines and other regulatory factors throughout the body. Furthermore, macrophages
are critical players in homeostasis and disease, and a vast amount of research has gone into
unravelling their biology and contributions to various cardiovascular disease processes.

In this 4-part review series titled “The Macrophage in Cardiovascular Disease”, we cover
and review the full breadth of macrophage biology and the cardiovascular system. Each of
the 4 articles was written by a dedicated authorship team with acknowledged expertise in
this field. This review series should serve as a benchmark and resource for the field moving
forwards. A brief outline of the complete 4-part review series is provided in Table 1. Here, in
part 1 of this series we cover basic macrophage biology, classification and emerging insights
into the macrophage phenotype using advanced profiling techniques.

Macrophage Biology, Origins and Classification

Macrophage lineage development

Scientific background and historic perspective—Since their discovery in 1882,
macrophages have been a favorite cell for biologists, likely a result of their ease of isolation,
culturing, and diverse functional repertoire. An early pioneer of immunity, Eli Mechnikov,
discovered and named macrophages, and did many of his seminal studies on these cells,
which fostered the dawn of innate immunity and co-awarding of the 1908 Nobel Prize in
Physiology or Medicine with Paul Ehrlich. Even with over a century of study, however,
macrophage functions in homeostasis and disease remain to be fully understood. This is
largely due to their immense diversity, plasticity, and presence in almost all tissues and
disease systems. Furthermore, they possess an almost paradoxical behavior as an anti-
inflammatory mediator of tissue repair but yet being pro-inflammatory cells in models of
infection or inflammation. In many scenarios these phenotypes can be observed overlapping
within the same tissue during processes of inflammation, leading to resolution.
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Many cardiovascular diseases, including in particular atherosclerosis, have been recognized
as inflammatory conditions characterized by the infiltration of monocytes and macrophage
differentiation to promote localized inflammation (1). In atherosclerosis, scavenger receptor
expressing foamy macrophages are particularly relevant hallmarks of overall disease burden
and functionally connect to disease pathogenesis (2). Beginning with these key historical
observations and moving into current literature, it is clear that the basic biology of
macrophages must be fully understood in order to appreciate the roles these cells play in
cardiovascular disease settings. The goal of this section in this macrophage review series is
to highlight that background for the reader.

Yolk-sac, fetal liver, and bone marrow tracking of macrophage development—
Modern myeloid lineage cell nomenclature derives from a proposal set forth in 1972 by Van
Furth and colleagues, termed the mononuclear phagocyte system (3). This model proposed a
classification system and basic developmental pathway for monocytes and macrophages.
However, many key adjustments to this model have since been made with regard to the
developmental origins of macrophages (4,5). Until the last decade, the concept that
macrophages in adult organisms were replenished solely by monocytes was dominant. That
is, macrophage replenishment was thought to occur by monocytes exiting from the
circulation and undergoing a differentiation pathway in the tissues. While this key function
of monocytes remains relevant (review of monocytes (6)), new technologies and in-depth
analyses of macrophage development in the embryo have refined the historical paradigm that
adult hematopoietic stem cell (HSC)derived monocytes are the primary or even sole source
for macrophage differentiation.

Early observations dating back almost 30 years identified that macrophages exist in the
embryonic yolk-sac prior to the formation of HSCs or monocyte detection (7-10). These
observations led to the proposal, unpopular at the time, that embryonic derived macrophages
were likely to contribute to the adult pool of macrophages (11). Unique embryonic
progenitor cells are commonly described in ‘developmental waves’ that transiently populate
tissues during embryogenesis. Importantly, progenitor cells from these distinct stages cannot
be detected in the adult animal outside of the small windows in which they seed tissues with
macrophages and other cell types. As depicted in the Central Illustration, the earliest wave
leading to macrophage differentiation in the mouse begins at approximately embryonic day
7.0 (E7.0) observed in blood islands present in the yolk sac (12-14). At this time, these cells
are derived from mesoderm and the progenitor cells contribute to a pool of macrophages, as
well as erythroblasts and megakaryocytes (12,15). Unlike traditional bone marrow HSCs,
these early macrophages are Myb-independent (16). The next wave from the yolk sac can be
detected by E8.0-8.5 where the so-called erythro-myeloid precursor cells (EMP), can be
identified and display myeloid cell potential and differentiation capabilities (17,18). Through
a poorly understood mechanism, E9 EMPs can traffic through the newly developing blood
vasculature to populate additional embryonic tissues (19) and transition to the fetal liver,
where they subsequently are able to differentiate into monocytes, closely resembling
monocytes from adult bone marrow HSCs. The fetal liver contains monocyte-progenitor
cells until the development of bone marrow and these are considered the major source for
seeding many tissue macrophage populations approximately within E11-17.5 (20). Current
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consensus is that these embryonic waves of progenitor cells contribute to origins of resident
macrophages. However, there remains limited molecular understanding of early macrophage
developmental pathways, and controversy remains with regard to the identification of key
progenitor cells for specific macrophage tissue differentiation at early embryonic stages.

Macrophages and lineage tracking in the adult—The use of parabiosis - a surgical
technique that links the microvasculature between two adult animals - to track the
contributions and fate of circulating cells revealed that blood-borne cells make only marginal
contributions to macrophage populations during steady state homeostasis (21-25). This
approach, coupled with fate-mapping studies that have utilized inducible gene expression
systems at discrete developmental time points to later detect cells in adult mice that derive
from embryonically labeled cells, shows that adult monocytes are dispensable for the
maintenance of many resident tissue macrophages. Given the diverse use of different genetic
labeling approaches, including the promoters of 7ie2, Runx, Cx3crl, cKit, Cd115, and Fit3
as genetic drivers of the labeling, it is not surprising that there remain some minor
discrepancies over detail that have been difficult to resolve (16,20,22,26-28). In-depth
analysis of fate-mapping or lineage-tracking studies and discussion of gaps in our
understanding of early macrophage differentiation were recently expertly reviewed (29,30).
Although this work in mice is exciting and transformative, approaches to characterize human
macrophage ontogeny have yet to be developed. Analogous human yolk sac progenitor
populations were recently observed in fetal material collected from week 9 gestation
samples, suggesting potential degrees of similarity between mouse and human (19).
However, as anticipated, more studies will need to be completed to determine whether the
features of murine macrophage development translate to human macrophage populations.

In the adult mouse, HSCs primarily reside in the bone marrow where they can differentiate
into monocytes as the primary external source of macrophages for tissues. In some tissues,
like the gut lamina propria, a subset of postpartum macrophages are continuously
replenished from blood monocyte precursors (31,32), while others are long-lived and
embryonically derived (33). There are two primary types of monocytes: classical (Ly6c*)
monocytes, which derive from bone marrow precursors that use CCR2 to gain access to
blood (5,28,34,35), and nonclassical (Ly6c™) monocytes that arise from classical monocytes
(28,34). In humans, classical monocytes represent the major population in the circulating
blood (~95%), whereas in mice they are more evenly mixed with classical monocytes
representing 50-60% of the monocyte pool in normal blood. Using a heavy water labeling
approach, human classical monocytes were found to have a half-life of approximately 1 day
in the circulation; these cells enter tissues, die, or mature into nonclassical monocytes.
Human nonclassical monocytes were found to have an extended half-life of approximately 7
days (36). Functionally, classical and nonclassical monocytes possess unique qualities.
Classical monocytes are typically associated with recruitment into tissues in response to
insults, although they do circulate through tissues in the steady state (25), whereas
nonclassical monocytes patrol the endothelium to promote vascular health (37-41). Even
with the known roles of monocytes expanding, monocytes likely remain an important
contributor of macrophage homeostasis in tissues. The Central Illustration summarizes some
of the known aspects of the origins of tissue macrophages and routes of differentiation that
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bone marrow derived monocytes may contribute to under different steady state or
inflammatory conditions.

Tissue resident macrophage phenotypes

What defines and constitutes macrophage residency in tissue?—While our
understanding of the ontological origins of resident macrophages has undergone a
transformation in recent years, understanding what defines and constitutes macrophage
residency in tissue has also progressed enormously and may be more informative for
understanding their influence on disease. Macrophages have long been appreciated to have
tissue-specific heterogeneity, suggesting that in each tissue macrophages take up unique
functional tasks, while maintaining a general macrophage phenotype (42,43). Generating
and using data from the Immgen Consortium project (44,45), Gautier et al. analyzed tissue
resident macrophages from different organs to identify conserved and unique gene
expression data associated with tissue macrophages (46). Through this approach, a set of
shared macrophage genes across all organs was identified (including Fcgri, Mertk, and
Cd14), as well as the identification of tissue-specific gene signatures uniquely associated
with each mature resident macrophage subset analyzed (46). Surprisingly, transcription
factors identified prior to or as a result of this gene expression analysis led to the
identification of tissue-specific regulators for maintenance of resident macrophages in
specific organs, without affecting tissue macrophages in other organs. Figure 1 illustrates
murine tissue resident macrophage populations from selected tissues with known
transcriptional regulators unique to each given tissue, as well as unique cytokines needed for
tissue resident macrophage survival. In addition, Figure 1 indicates some specific molecules
for the identification of each tissue resident macrophage population.

Thus, while in some studies, ‘tissue resident macrophage’ refers to macrophages deriving
from embryonic origins, it is increasingly clear that the true definition of the tissue resident
macrophage is one that acquires the expression of genes that are unique to macrophages in
the given organ. During inflammation, monocytes are able to differentiate to macrophages
(cells expressing Mertk and other canonical macrophage markers), without necessarily
turning on resident macrophage genes (47). In addition, to be called a resident macrophage,
typically there is an intrinsic ability for self-maintenance through proliferation. Shortly
following the recent discovery that many resident macrophage pools were derived from
embryonic precursors, the idea developed that the adult bone marrow monocyte could not
repopulate the resident macrophage that was derived from embryonic precursors. However,
recent studies reveal that blood monocytes, in contrast to already mature macrophages from
other tissues, can indeed fill open niches to become full resident macrophages (48).

Indeed, Guilliams now proposes that monocytes are perfectly capable of becoming resident
macrophages but that doing so requires that there is an open niche available (49). In an
extremely interesting progression of concept and data, Perlman et al. showed that monocytes
recruited in inflammation indeed have the capacity to become lung resident alveolar
macrophages (50). However, the process of full differentiation is rather slow, and
remarkably, intermediate stages of differentiation lead to macrophages that drive disease
pathology (eg., lung fibrosis in a bleomycin model) (50). This very new concept, which
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states that macrophage differentiation from monocytes is a slow, progressive event that
involves pro-inflammatory (and pro-pathological) intermediate steps, allows for a re-
examination of past studies in a new light. It may still be the case that proliferating resident
macrophages indeed have a greater ability to replenish the resident macrophage niche than
recruited cells when both are available (24), but under circumstances in which the original
resident pool is partially or totally eliminated there is a reliance on the blood monocyte for
replenishing resident macrophages (47). That reliance may come at a cost involving
increased inflammation.

It has been thought that tissue resident macrophages are often complemented by a minor
non-resident monocyte-derived macrophage population that requires constant replenishment
for maintenance (37). However, while there are often multiple populations of resident
macrophages in a single organ, there is confusion about their origins, and there may be
differences between organs. For instance, lung interstitial or small peritoneal macrophages,
and those expressing CD11b in particular, are often not considered tissue resident even
though they can be defined by a unique gene expression signature. In fact, their turnover is
as slow as alveolar macrophages and all evidence points to the fact that they are not
replenished by monocytes on an ongoing basis (25,51). However, in the peritoneal cavity,
the quantitatively minor resident macrophages (socalled ‘small macrophages’) are
monocyte-derived and require constant replacement (52).

Additional resident macrophage populations that derive from embryonic origins show a slow
but steady replacement over time by monocyte-derived macrophages. For example,
peritoneal macrophages show replacement within weeks of birth and slowly expand the
“monocyte-derived” pool of resident cells with aging (21). In another model, macrophages
found in the aortic adventitia were shown to display embryonic origins, but required a large
influx of monocyte-derived cells following birth (53). Whether this low-grade replacement
occurs as a result of insults or even microbe exposure has yet to be exhaustively approached.
Nevertheless, it appears that these tissue-resident gene signatures and functions are products
of the microenvironments in which these cells reside (54,55).

Human tissue resident macrophages have also been shown to possess intrinsic abilities to
maintain themselves independent of circulating precursor cells. These studies have largely
been performed through allogenic transplantation. Specifically, in models of HSC
transplantation where graft versus host disease (GVHD) was evident, prolonged survival of
recipient dermal macrophage populations occurred in GVHD lesions, whereas other myeloid
populations such as DCs were completely replaced by donor cells (56). Additionally, human
alveolar macrophages were identified and even showed signs of proliferation in the lungs at
time points greater than one year post transplantation (57,58). In hand allograft
transplantation, donor Langerhans cells in the epidermis persisted even 4 years post
transplantation (59). Less is known about human macrophage heterogeneity, and whole-
body wide gene expression analysis is needed. However, elegant in vitro studies have been
performed to identify gene signatures to help define macrophages. Xue et al. used genetic
approaches in combination with a multitude of activation scenarios to develop a gene
signature to identify and distinguish macrophages from monocytes and dendritic cells in
humans. Human macrophages were defined by high level expression of CD14, MerTK,
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CD64 (FCGR1), CD32 (FCGR2A), and CD13 (ANPEP) (60). Some of these genes were
coexpressed by dendritic cells and monocytes. However macrophages in all examined
conditions maintained high expression of all these markers. Overall, even with limited
studies, these human data support the concepts developed from murine macrophage research
of tissue residency and shared gene expression signatures across multiple macrophage
lineages.

Tissue resident macrophages and their microenvironment—Education by the
microenvironment can be observed by chromatin remodeling that occurs to help specialize
macrophages to their tissue of residence (54,55). In one experiment, following transfer into
the lungs of mice, resident peritoneal macrophages were shown to adopt a gene expression
signature resembling alveolar macrophages, leading to the argument that even after
differentiation to a mature tissue resident macrophage population, a high degree of plasticity
remains (55). However, this argument was largely debunked by Guilliams and colleagues,
who repeated the experiment and showed that such adoptive transfer could not reverse lethal
proteinosis, whereas adoptive transfer of monocytes was able to generate lung macrophages
sufficiently well to reverse proteinosis (48). Thus, the plasticity of fully mature resident
macrophages remains elusive.

Functional properties associated with macrophage origins, and how this interacts with
microenvironmental influences, remains a topic of great controversy and waits to be
thoroughly vetted. Thus far, it appears as though only some resident macrophages of
embryonic-origin possess intrinsic functional abilities, while others can be repopulated by
monocytes and replace the embryonic derived population without detrimental outcomes.
Studies of liver Kupffer cells and lung alveolar macrophages showed minimal changes in
gene expression associated with embryonic and monocyte origin cells (48,61,62). However,
it is plausible that epigenetic changes, as a result of origins, could influence their ability to
respond to microenvironmental cues or to react to an insult. Recruited monocytes that
differentiated into alveolar macrophages were hyperinflammatory following challenge
compared to their embryonic origin counterparts (63). Importantly, it was found that
differing origins of pancreatic macrophages contributed to the degree of protection from
tumors, such that while monocyte-derived macrophages were involved with antigen
presentation, embryonically derived macrophages were pro-fibrotic (64). However, one
problem with these studies using RNA-Seq (RNA sequencing) analyses that were performed
between recruited and resident populations is that temporal resolution is limited, such that
the recruited population is likely observed at multiple states of differentiation and, unless
examined by single-cell RNA-Seq (sScRNA-seq), the reported gene expression differences
may have more to do with differentiation status than with authentic end-stage differences. It
remains to be seen whether resident macrophages in cardiovascular tissues contribute to
pathogenesis or have primarily protective roles in models of cardiovascular disease.

Macrophage activation states and innate immune memory—NMacrophages are the
first line of immune defense in the body, and they are noted for often initiating an
appropriate and measured immune response through a diverse array of bacterial and viral
sensing receptors. As such, macrophages maintain a high degree of functional flexibility to
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effectively respond to the diverse array of agents they may encounter. In response to
infection or environmental cues through surface receptors, macrophages are able to adjust
gene expression profiles and function to address new challenges (reviewed (42,65)).
Historically, this feature of macrophage-acquired cellular resistance, including persistence of
such resistance, was identified as early as the 1960’s (66,67). Over time, it has become clear
that major patterns of macrophage activation exist to give rise to distinct functional states,
including states frequently referred to as M1 and M2 modes of activation, which are readily
observed after Interferongamma or IL-4 exposure, respectively (68), but which can be
overlaid with a wide variety of other stimuli, including antibody engagement via Fc
Receptors that can affect the duration and character of the response. Indeed, these stimuli
and the macrophage response to them can be of such a significant magnitude and duration
that it is reasonable to consider the activation states to possess ‘memory-like’ or ‘trained’
phenotypes that allow the macrophage to be better prepared for future insults (69).

This concept of “trained” innate immunity refers to the ability of the innate immune
compartment to adjust its responsiveness to previous exposures (reviewed (70)). Unlike the
adaptive immune system where T cells with a TCR-specificity for a given target are
preferentially selected and develop into memory cells, the innate compartment utilizes
changes in chromatin structure and polarity of tissue macrophages to become better sensors
and responders to previously experienced insults. The class of RNAs that post-
transcriptionally control gene expression, microRNAs, also regulates trained immunity in
macrophages (69).

Trained immunity in macrophages can be seen in a variety of models. For example, in vitro
cultured macrophages that were previously activated through granulocyte-macrophage
colony-stimulating factor (GM-CSF) show elevated Dectin-1 expression compared to
macrophages previously challenged with lipopolysaccharide (71). Similar observations in
shifts of epigenetic and transcriptional landscapes were found in human monocyte-derived
macrophages in response to activation with lipopolysaccharide or Beta-glucan (72). Finally,
protection derived from trained immunity was demonstrated in vivo using models of lethal
Candida albicans infection (72). Further studies are needed to better understand the long-
term consequences that previous stimulus exposure may have on macrophages within
tissues, and these studies may prove valuable in the development of therapeutic
interventions.

Deep Profiling Approaches to Study Macrophage Biology

Emerging insights into macrophage heterogeneity using single-cell approaches

As discussed in the preceding section, the myeloid cell system is highly heterogeneous.
Even small differences between individual monocyte and macrophage cells may be
important in orchestrating both physiologic and pathologic immune responses, and some
differences may be regulated post-transcriptionally by microRNAs, protein turnover, and
other processes like autophagy or phagocytosis. Therefore, there is the urgent need to dissect
this diversity according to ontogeny, phenotype, and distribution of macrophages across
tissues. Recent technological advances have been highly successful and enabled single-cell
analyses of phenotype and function of immune myeloid cells, including macrophages, at
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unprecedented resolution, revealing a significant variation of the myeloid system both in
health and disease (73-76). Before moving into recent advances in our understanding of the
myeloid compartment, we will provide essential information on single-cell mass cytometry
and scRNA-seq to guide a comprehensive understanding of these studies.

Single-cell mass-cytometry by time-of-flight (CyTOF) and single-cell RNA
sequencing—Since its introduction in the late 1960s, flow-cytometry has been widely
used and traditionally represented the “gold standard” technology to study the immune
system with singlecell resolution. Despite technical advances that allow the use of 18
markers per single-cell, most flow-cytometry experiments are generally limited to 6-10
single-cell parameters to avoid erroneous interpretation of data and ensure efficiency (77).

The recent introduction of innovative high-dimensional technologies like single-cell mass-
cytometry by time-of-flight (CyTOF) has overcome many of these obstacles because it uses
transition element isotopes to tag antibodies, which allows the routine measurement of up-to
40 single cell parameters with minimal overlap between channels (78). This high-
dimensional approach has enabled a much deeper and accurate analysis of cell diversity,
based on an objective segregation of cells according to the global expression patterns of
selected markers. The resulting high-dimensional data offer other advantages, including the
ability to perform unbiased analysis with no prior knowledge that can capture both expected
and unexpected cell populations and subsets (78). Due to the large amount of data obtained
for each analyzed sample by CyTOF, bioinformatics analyses are typically performed using
dimensionality reduction approaches combined with unsupervised clustering algorithms like
ViISNE (79) or Phenograph (80). For example, ViSNE is as a novel dimensionality-reducing
visualization tool that projects cells onto a two dimensional map such that the distances
between cells reflects their distance or similarity in high-dimensional space. Other
algorithms like CITRUS (Cluster Identification, Characterization and Regression) offer other
features that are important in immune monitoring population studies (81). SPADE
(Spanning-tree Progression Analysis of Density-normalized Events) (82) is another
clustering algorithm that allows extracting a cellular hierarchy from highdimensional data.
Additional computational approaches and tools have been developed to optimize the analysis
of CyTOF data (83-85). However, a detailed description of these tools is beyond the scope
of this review and readers are referred to the above articles for further details regarding these
approaches. Figure 2 shows a workflow summary of a typical mass cytometry analysis.

As a different but complementary approach, the ability to perform scRNA-seq is another
recent technological advance that allows for transcriptome-wide genomic analyses of
immune cells, revealing exciting biological insights. Although a systematic analysis of
different sScRNA-seq methods is beyond the scope of this review, several approaches are
available with different sensitivity, read coverage across transcripts, and single cell capture
methods (86,87). SCRNA-seq has allowed single-cell transcriptional profiling of immune
cells, revealing unanticipated immune heterogeneity in different diseases (74,86,88-90).
These recent new data add to our understanding of the myeloid immune system, but also
highlight the need to fully exploit CyTOF, scRNA-seq and other single-cell technological
advances in future studies.
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Murine myeloid cell system characterization—Using CyTOF and unbiased
computational pipelines described above, recent studies have made new inroads on
dissecting the complexity of the murine and human myeloid immune systems. In a seminal
work, Becher and colleagues (73) used a holistic approach to perform an in-depth analysis of
the myeloid immune system using a 38 parameter CyTOF panel across eight tissues (lung,
spleen, mesenteric lymph nodes, liver, thymus, brain, kidney, and bone marrow) from
C57BL/6 mice. After identifying major myeloid cell populations across tissues using
traditional gating approaches, unbiased approaches were applied. While a biased gating
identified only 55% of lung myeloid cells, using unbiased automatic detection algorithms
nearly 100% of all myeloid cells were detected; indicating that non-linear dimensionality
reduction (in this case using vViSNE), followed by automatic clustering, can identify both
expected and unexpected myeloid populations in heterogeneous samples. Furthermore, an
unbiased analysis of a composite dataset of all cellular phenotypes spanning all tissues
identified a total of 28 myeloid cell clusters, and provided a comprehensive view of myeloid
cells across all eight tissues. Interestingly, while dendritic cells, plasmacytoid dendritic cells,
monocytes and granulocytes clustered largely together, macrophages showed more distant
features reflecting specialized phenotypes in distinct tissues. In particular, among all
analyzed myeloid cells, some clusters of macrophages were specialized for some tissues,
like brain microglia, lung alveolar macrophages, or red pulp macrophages; while for other
tissues cells overlapped, such as spleen and kidney macrophages (73). Applying the same
unbiased approach to analyze the same eight tissues from Cs#2rb™~ mice, in which the
genesis and maturation of lung macrophages is affected due to deficient GM-CSF signaling,
revealed the absence of lung alveolar macrophages. Among the 28 myeloid clusters, other
alterations were evident including a reduction in the detection of non-alveolar macrophages.
Similarly, 3 clusters of monocytes showed highly variable phenotypes and frequencies
across tissues, likely reflecting different stages of monocyte-macrophage differentiation.
Above all else, this important study clearly highlighted that CyTOF is a powerful tool for
unambiguous and unbiased characterization of the myeloid system (73).

While the macrophage in atherosclerosis is the subject of the 2" article in this review series,
it is notable that 3 recent simultaneous publications used these advanced technologies to
provide significant insights about the composition of the atherosclerotic immune
compartment (89-91). Using a combined scRNA-seq and CyTOF strategy, Winkels et al.
(89) performed a deep analysis of the immune landscape of the aortas from La/r”~and
ApoE~~ atherosclerosis-prone mice (20 weeks of age) fed a Western diet (from 8 weeks of
age) or regular chow diet (throughout the study). They identified 11 principal leukocyte
clusters in the sScCRNA-seq merged dataset obtained from atherosclerotic aortas of Western
diet and chow few mice. In contrast, only 5 clusters of leukocytes were detectable in aortas
from younger (8 week old) ApoE~"~ mice fed regular chow, indicating a less diverse immune
composition in younger aortas with minimal or no atherosclerosis. While two subsets of
macrophages that co-expressed the tissue-resident marker CX3CR1 were found in the
relatively normal aortas of young ApoE ™~ mice, only one subset of macrophages co-
expressing CX3CR1 and Lyvel was found in atherosclerotic aortas (from mice that received
Western diet), possibly indicating that the aortic macrophage population is sustained by in
situ proliferation. Furthermore, the fraction of monocytes (comprised mainly of Ly6c*
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inflammatory monocytes) in the aorta was relatively higher in 8 week old ApoE~~ mice,
possibly indicating an innate immune response that precedes overt atherosclerosis, which is
consistent with prior observations (92). In contrast, the monocyte population was decreased
in the atherosclerotic aorta and largely dominated by Ly6c!®" monocytes (89). Simultaneous
with the above study, Cochain et al. (90) published an in-depth scRNA-seq analysis of aortic
macrophages, which represented the largest cell population in the atherosclerotic aorta
(28.9% of total CD45* leukocytes). In this analysis, macrophages were divided into three
clusters: inflammatory (47.0%), resident-like (34.4%) and a new type of macrophage
expressing high levels of TREM2 (18.6%). Interestingly, inflammatory macrophages were
enriched in both M1 (pro-atherogenic phenotype)-associated genes (/nterleukin (IL)-1p,
tumor necrosis factor, Cxcl10, Cxcl2, Ccl2) and in the gene encoding the Mox-associated
transcription factor NRF2 (encoded by Nfe2/2), while resident-like macrophages expressed
M2 (anti-atherogenic phenotype) genes (Mrcl, Folr2, F13a1). Of note, Mrc1 (encoding the
mannose receptor, CD206 which is typically used to define M2 anti-atherogenic
macrophages) was also expressed in a subset of inflammatory macrophages, suggesting that
the traditional classification of macrophages into M1 and M2 phenotypes does not fully
capture the diversity of the population in vivo. This possibility is supported by the
observation that TREM2N macrophages showed no clear signature of either M1 or M2.

In a systematic CyTOF study of the myeloid immune compartment, Cole et al. (91)
identified 20 myeloid clusters (13 monocyte, 5 macrophage and 2 undefined) in the
atherosclerotic aorta, as opposed to 10 clusters identified by Winkels et al. (89) using the
same unsupervised clustering analysis, likely due to differences in the antibody panels. Cole
et al. (91) also showed that Western (high fat) diet feeding, used to accelerate the formation
of atherosclerotic plaques in La/r”~and ApoE~~ mice, affects the distribution of the
monocyte and macrophage subsets in the aorta via an increase of Ly6c* and Ly6c™
monocytes and CD11c¢* macrophages, combined with a decrease of
CD2067CD196*CD209b* and CD206*CD169*CD209b~ macrophages and conventional
type 2 dendritic cells (cDC2).

While a great deal remains to be understood, these murine studies highlight the enormous
promise of these advanced profiling techniques, and the importance of systematic
approaches to resolve the diversity of macrophage and other cell populations.

Human myeloid cell system characterization—Until now, while murine monocyte
and macrophage studies have allowed investigators to trace origins, plasticity and
adaptability to specialized tissue microenvironments both in health and disease (i.e.
inflammation), similar studies have been particularly challenging in humans. However,
CyTOF is ideal for analyzing limited clinical samples using low input single cell
suspensions from blood (typically peripheral blood mononuclear cells), skin and other
tissues (93). Thus, using CyTOF, it has become possible to perform translational studies into
the phenotype and function of monocytes and macrophages in humans. Among other things,
CyTOF has already been successfully translated from basic to clinical studies allowing deep
phenotype and functional analyses of the human immune system, and it is increasingly used
for clinical studies and trials involving immune monitoring (i.e. NCT01882569,
NCT02476084, NCT02718573, NCT03335605, NCT02680652, NCT03207854,
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NCTO03003728). Furthermore, by applying new barcoding approaches (93,94) that improve
accuracy and allow the analysis of multiple samples at the same time, it has become possible
to simultaneously process multiple samples from different patients and tissues, thereby
reducing technical variability. While certain limitations remain to be addressed such as a
lack of temporal resolution and standardized protocols in these clinical studies, collectively,
CyTOF has opened new opportunities to study and understand human immune phenotypes
and their functional plasticity.

What has CyTOF informed us about the human immune system? Already, prior
classification systems have been brought into question. In a recent study (76), using a panel
of 36 markers to analyze human monocytes, the traditional classification of classical, non-
classical and transitional intermediate monocytes based on CD14 and CD16 expression
alone was challenged by evidence of contamination across subsets. The authors proposed a
new gating and classification strategy based on additional markers identified by CyTOF,
including CCR2, CD36, HLA-DR and CD11c to better discriminate among the three
populations. In another study (75), using a panel of 38 phenotype, activation and
polarization markers, 4 subsets of monocytes aligned with canonical monocyte populations
were identified in the peripheral blood of healthy donors. Monocytes were distinguished by
high expression of CD33, CD36, and CCR2 and low expression of CD163 and CD274.
Following a workflow analysis that excluded B (CD19%), T (CD3") and NK
(CD3"CD16*CD45RA™) lymphocytes, SPADE analysis revealed that monocytes were 85%
classical (CD14*CD167), 3% SLAN!W non-classical (CD14'°YCD16NSLANOW), 39
SLANN non-classical (CD14'°YCD16MSLANN) and 9% intermediate (CD14*CD16™). As
expected, non-classical SLANN and SLAN'®Y monocytes expressed low levels of CD36,
CD64, CCR2 and CD14.

New insights have also been gained on the differentiation of human monocytes to
macrophages. Villani et al. (95) studied the differentiation of peripheral monocytes into
macrophages using macrophage colony-stimulating factor (M-CSF) followed by stimulation
using conventional differentiation protocols and various standard stimuli (i.e. IL-4, I1L-10,
lipopolysaccharide, interferon-y, IL-6, tristetraprolin). Each stimulation condition resulted
in a specific polarized macrophage phenotype that was also in agreement with segregation
based on transcriptional data from previous studies (95). Using CyTOF, new phenotype
patterns reflecting each different polarization state compared to baseline macrophage (M-
CSF only) were identified. Lipopolysaccharide-induced macrophages were characterized by
high levels of CD13 and CD86 and low levels of CD163 and CD206. Macrophages
differentiated by IL-4 were CD274M and CD64!°W, Tristetraprolin-induced macrophages
were CD14M and HL-DR!Y, Interferon-y-induced macrophages were CD64M and CD86M,
while IL-10-induced macrophages showed high expression of CD14, CCR2, and CD163.
Finally, macrophages differentiated by I1L-6 were CD11c" and CD33M,

While important, a limitation of the above studies is that these novel monocyte and
macrophage populations were only described based on surface markers (75,76) and gene
expression analysis (95). Future studies will be needed to characterize the functional state of
these cell populations. The importance of integrating functional characteristics of immune
cells in human studies is highlighted by the observation that specific immune responses in
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patients can predict clinical outcomes. For example, where CyTOF was implemented at the
bedside of surgical patients, immune correlates pertaining to the functional (i.e., signaling)
state of CD14™ monocytes were associated with patient recovery (96). In a subsequent study,
CyTOF analysis of the preoperative immune state to predict surgical recovery identified a
critical role of the TLR4 signaling pathway in monocytes (97). Finally, CyTOF has been
used to demonstrate a precise tuning of immune events in human term pregnancy (98), and
distinct immune features that can discriminate between patients with a history of term and
preterm birth (96). Considering that monocytes are precursors of macrophages in tissue,
these data indicate the importance of the myeloid system in determining clinical outcomes
and suggest that specific macrophage immune responses may be critical in driving the
disease at sites of tissue injury.

As already mentioned, macrophage characterization in humans is hampered by the limited
availability of tissue samples. In recent work, highlighting the capabilities of this approach
with small samples, Lavin et al. (74) used a paired CyTOF approach and scRNA-seq to
perform an in-depth analysis of the immune landscape of early lung carcinoma by
comparing immune cells infiltrating tumor tissue, normal lung and in blood from the same
patients. Among all identified clusters of macrophages, one was unique to tumor tissue
showing a distinct transcriptional signature from macrophages in normal lung tissue. CyTOF
analysis confirmed a higher expression of PPAR-y, CD64, CD14 and lower CD86, CD206
and IL-6 in tumor macrophages, defined as PPARyNCD64NMCD14M1L-6M, compared to
macrophages in normal lung tissue. Functionally, tumor macrophages were characterized by
increased production of IL-6 indicating a pro-tumorigenic phenotype. Figure 3 shows the
characterization of human tissue monocyte and macrophage heterogeneity in lung tissue by
mass-cytometry.

In the cardiovascular system, our knowledge of immune cell composition is still largely
based on traditional immunohistochemistry approaches that fail to provide a comprehensive
immune atlas of the disease. For example, estimates of the overall immune composition of
human atherosclerotic lesions in large cohorts of patients have been reported as largely
dominated by macrophages (89). However, these data should be interpreted cautiously when
considering that cell frequencies were derived from bulk gene expression data using
deconvolution methods (99), which therefore did not provide single-cell resolution of the
samples. In fact, to infer cell frequency estimates from bulk RNA-seq data, deconvolution
methods rely on the underlying assumption that gene expression signatures derived from
peripheral mononuclear cells are equivalent to other tissues (99), which may not hold true in
cardiovascular system (100). Future single-cell CyTOF and scRNA-seq studies will
assuredly shed light on these issues.

Conclusion

Advances in defining the origins of macrophages have dramatically shaped our
understanding of macrophage development and influenced our current understanding of
progenitor cell differentiation by microenvironment factors to mature resident macrophages.
In the current era, analyses of macrophages in any given organ should begin with a detailed
assessment of tissue macrophage phenotype and identity. As a timely technological advance
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that will greatly facilitate this assessment, single-cell CyTOF is an exciting new tool that is
now being used to characterize and expand our understanding of the immune myeloid
system in patients. Although, until now, most analyses of the myeloid system using CyTOF
focused on circulating immune cells like monocytes, emerging data show that this
technology can be used to analyze clinical tissue samples. The use of this unbiased approach
to characterize tissue macrophages, particularly when combined with sScRNA-seq, offers the
potential of identifying previously unknown macrophage clusters implicated in driving
disease pathology in humans, and of identifying phenotypic or molecular markers that relate
to specific clinical cardiovascular functions or disease traits.

Looking ahead even further, technology and innovation is moving at such a rapid pace that
within a few years even scRNA-seq and CyTOF may be superseded by highly advanced
methods that combine elements of these approaches into a unified technique (101). By
building on our strong foundational knowledge of monocytes/macrophages, the methodical
application of these tools will serve to propel this field to exciting new levels of
understanding that should, optimistically, see macrophage-specific biomarkers and
therapeutic interventions become a clinical reality in the fight against cardiovascular disease.
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Central Illustration. Macrophage developmental origin and maintenance.
Macrophages are seeded within tissues during discrete time periods of embryogenesis.

These stages can been separated into three distinct origins, (A) yolk sac, (B) fetal liver, and
(C) bone marrow. Each stage is capable of seeding tissue-resident macrophage populations,
over the developmental time points shown. Over embryonic day E7.0-9.0 macrophages are
seeded from yolk sac precursors, from ~E11-17.5 monocyte-like cells are capable of
seeding macrophages from the fetal liver, and from ~E17.5 through adulthood mature
monocytes from bone marrow are able to seed a variety of macrophage lineages in the
tissues. Displayed are four types of macrophage populations that can be found in tissues
during steady or diseased states; I. tissue resident macrophage, which are the primary
macrophage population found in most tissues, Il. monocyte-derived inflammatory
macrophage, which are typically expanded during injury, Ill. constitutive tissue
macrophages deriving exclusively from monocytes, without possessing the ability to
proliferate in tissues, and IV. monocytes migrating through tissues. Mg = macrophage
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Figure 1. Tissue resident macrophage heterogeneity and identity.
Macrophages share expression of core genes between all tissue resident populations, such as

CD64 and MerTK (46). However, tissue macrophages possess niche-specific dependence on
transcriptional and survival factors for their given microenvironment. Microglia (102,103),
Kupffer (104), alveolar (105-107), osteoclast (108,109), red pulp (110), and large peritoneal
macrophages (111-113) are displayed as representative illustrations of tissue resident
macrophages that are dependent on unique transcription factors (displayed in red) for
differentiation, and growth factors (Csfl (MCSF), Csf2 (GM-CSF), IL-34, or RANKL
(TNFSF11)) for survival. In addition to the shared CD64 and MerTK macrophage markers,
specific tissue resident markers are displayed for identification of these unique macrophage
populations.
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Figure 2. CyTOF analysis of immune responses for unstimulated and PMA-stimulated human
peripheral blood mononuclear cells.

(A) Traditional flow-cytometry dot plots showing expression of CD3, IxBa and pSé. (B)

ViSNE analysis of the same cell populations. (C) SPADE analysis of the same cell

populations. (D) CITRUS analysis of the same cell populations. This figure was prepared

using original data provided by Dr. C Giannarelli.
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Figure 3. Characterization of human tissue monocyte and macrophage subsets by mass

cytometry.

Lung tissue from a surgical resection specimen was dissociated and analyzed by CyTOF. (A)
SPADE analysis of all viable CD45* cells, showing several major immune subsets as
identified by canonical marker expression patterns. The SPADE tree is colored to show the
relative expression of CD68 across all populations. (B) ViSNE analysis of gated macrophage
and monocyte populations. (C) ViSNE plots showing expression patterns of specific
markers, highlighting the phenotypic heterogeneity between and within these subsets. This
figure was generated using data of “CyTOF analysis of paired blood, tumor and non-
involved lung from NSCLC patients”, a shared public dataset on flow repository.com.
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Table 1.

Overview of 4-part review series The Macrophage in Cardiovascular Disease

Part 1: Macrophage Biology, Classification and Phenotype
Part 2: The Macrophage in Atherosclerosis - Trafficking, Inflammatory Resolution and Genomics
Part 3: Macrophage and Monocyte Dynamics in the Cardiovascular System - From Biology to Imaging

Part 4: The Macrophage and Cardiac Disease
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