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Abstract

Macrophages inhabit all major organs, and are capable of adapting their functions to meet the
needs of their home tissues. The recent recognition that tissue macrophages derive from different
sources, coupled with the notion that environmental cues and inflammatory stimuli can sculpt and
agitate homeostasis, provides a frame of reference from which we can decipher the breadth and
depth of macrophage activity. Here we discuss macrophages residing in the cardiovascular system,
focusing particularly on their development and function in steady state and disease. Central to our
discussion is the tension between macrophage ontogeny as a determinant of macrophage function,
and the idea that tissues condition macrophage activities and supplant the influence of macrophage
origins in favor of environmental demands.

Introduction

The last decade has revolutionized our understanding of macrophage development by
challenging a half century-old idea that tissue macrophages are primarily monocyte-derived.
We now know that, in the steady state, macrophages in tissues such as the brain, liver,
spleen, lung, peritoneum, gut, aorta, and heart have inhabited those tissues since
embryogenesis with, in some cases, only minimal dependence on monocytes!:2. In response
to infection or injury, however, monocytes infiltrate tissues in large numbers and give rise to
macrophages that can be somewhat difficult to distinguish from their tissue-resident
counterparts.

These insights, as significant as they are, also raise important questions. Does ontogeny
dictate function? What are the functions of tissue-resident macrophages beyond those
classically described? Are tissue-derived and monocyte-derived macrophages distinct, and if
so how? Can tissue-derived macrophages proliferate throughout life, or do they rely on still-
unknown progenitors? Here we consider these questions in the context of the current
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understanding of the ontogeny and function of macrophages residing in the heart and vessel
walls, the two locations most dramatically affected by atherosclerosis and myocardial
infarction. Because these diseases claim more lives than any others worldwide3
understanding macrophages' role therein may have broad clinical benefits.

Tissue macrophages

In 1984, van Furth and Diesselhoff-den reported on splenic macrophages' dual origins?.
Through a series of experiments designed to profile proliferation and cell origin, the
investigators concluded that approximately half of all splenic macrophages derive from
monocyte influx while the remainder depend on local macrophage production through self-
renewal. At a time when macrophages were thought to be exclusively monocyte-derived, as
formulated by van Furth and Cohn 16 years earlier®, the idea that macrophages self-renew
without monocytes did not easily catch on; to this day, the 1968 paper has nearly 10 times
more citations than its 1984 counterpoint. Over the years, numerous reports implicated local
macrophage proliferation as a possible mechanism by which macrophages sustain
themselves in the peritoneum®7, lungs®7, brain®9, skinl®, and aortall-16, yet these early
findings' broader implications have only recently been explored. In many cases, the early
studies relied on immunostaining strategies where cells co-expressing a myeloid or
macrophage marker (i.e., CD68, F4/80) with a cell-cycle marker (Ki67, PCNA) were
interpreted as evidence of proliferating macrophages. However, this strategy is problematic
for lack of specificity and uncertainty as to magnitude of phenomenon. CD68, for example,
is not specific to macrophages!’ and a few cells expressing cell cycle markers — which
signify that a cell is, or has been, in a particular stage of mitosis — tell us little about the
importance of the process to the population as a whole. While surgical procedures such as
parabiosis, where mice are joined together so as to share a common circulation, can inform
on the influence of circulating cells to the replenishment of tissue-resident leukocytes, they
do not address ontogeny.

If macrophages can either derive from monocytes or from local proliferation, does it follow
that macrophages are ontogenically heterogeneous? Contemporary cell fate-mapping
approaches show that macrophages seed the skinl8 brainl®, and many other tissues20:21
during embryogenesis, before the emergence of monocytes. The studies typically rely on
lineage tracing. One powerful strategy takes advantage of the fact that embryonic
macrophages express the fractalkine receptor Cxscrl, which can be used as a tag. Mice
engineered with tamoxifen-inducible Cre recombinase under the direction of the Cxzcrl
promoter are bred with mice containing the ROSA26 locus, which has an inserted STOP
codon flanked by loxP sequences upstream of a gene coding for a fluorochrome such as
Enhanced Yellow Fluorescent Protein (EYFP)20, In the absence of any intervention, the
STOP codon prevents fluorochrome expression. However, tamoxifen injected to pregnant
mice drives the nuclear translocation of the Cre-ERT2 fusion protein in the pups' Cxscrl-
expressing cells (i.e., primitive macrophages). This leads to excision of the STOP codon by
Cre recombinase, permanently marking all Cxscrl™ cells and their progeny with EYFP. If
tamoxifen is injected before the emergence of definitive hematopoiesis, monocytes remain
EYFP~. The strategy, therefore, can distinguish cells that arise independently of
hematopoietic stem cells from those that arise earlier in embryogenesis?C. It is worthwhile
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mentioning, however, that the strategy, as powerful as it may be, is limited to cells
expressing Cxscrl and can confound results if the Cre-ERT2 fusion protein is either leaky or
weakly translocated after tamoxifen injection. Thus, this particular strategy precludes
conclusions regarding potential Cxscrl™ progenitors that may be vital to macrophage
biology, and indeed, alternative lineage tracing approaches have led to some conflicting
results on the nature of macrophage development?2,

That said, by using the Cxscrl system we have learned that the yolk sac (YS) is the first
source of macrophages during development and thus constitutes the first macrophage
colonization wave, which occurs around embryonic day 8.5 (E8.5)23:24, A second wave
occurs when fetal liver monocytes, which ultimately derive from YS-derived erythro-
myeloid progenitors (EMP)2®, and which are produced at E13.5, settle most organs and
replace the first wave of YS-derived macrophages2®. At birth, when hematopoiesis shifts to
the bone marrow, macrophage colonization is complete in some locations but incomplete in
others. The brain requires no further monocyte input, while in the intestine, monocytes
continuously replace resident macrophages2’. Thus in most organs, with the exception of the
brain, at least three macrophage colonization waves occur: Y S-derived macrophages appear
in the first wave; fetal liver monocytes colonize organs and differentiate to macrophages in
the second wave; and post-natal bone marrow-derived monocytes colonize in the third wave.
We do not yet know whether this third wave persists or diminishes throughout life, and
some have challenged the idea that hematopoietic stem cell-independent macrophages are
relevant anywhere but the brain?2. Nevertheless, there is a growing consensus that individual
organs rely on these successive macrophage waves differently, as illustrated by the two
extremes of the brain, which relies predominantly on embryonic seeding, and the gut, which
accumulates monocyte-derived macrophages in the adult. For more details on the various
macrophage progenitor precursors and the relative timing by which these cells contribute to
resident macrophages we refer the reader to recent reviews?:28,

Cardiac and Arterial Macrophage Ontogeny and Function in Homeostasis

The mouse heart contains an abundant macrophage population?? (Figure 1). Visualizing
cardiac macrophages is possible in Cxgcr 19+ mice because the cells express the fractalkine
receptor Cxscrl, a feature they share with some tissue-resident macrophages3C. Recent
interest in resident macrophage ontogeny and function has produced three studies, published
independently and in short succession, on the cells' role in the heart. Collectively, the studies
do not yet present a cohesive narrative. Two groups used techniques such as genetic fate
mapping, similar to those described above, and parabiosis to conclude that at steady state
most cardiac macrophages in the adult self-renew and do not rely on monocytes for
replenishment31:32. Consequently, cardiac macrophages are ontogenically more like brain
macrophages than intestinal macrophages. The third group employed similar approaches but
reached the somewhat dissenting conclusion that bone marrow-derived monocytes
progressively replace fetally-sourced cells throughout life33, which would align cardiac
macrophage ontogeny with intestinal macrophages. Additional studies are needed to sway
the weight of evidence one way or the other. If post-natal colonization indeed persists into
old age, it will be important to determine if such colonization contributes meaningfully to
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the cardiac macrophage pool. If it does, it remains to be seen whether such a contribution is
functionally distinct and relevant.

The large arteries are also densely populated by macrophages residing predominantly in the
vessel wall's outer adventitial layer, yet their ontogeny and maintenance mechanisms have
remained elusive, likely because cell isolation in the aorta is not trivial. A recent study,
however, has met this challenge. Using multiple fate mapping approaches, the study has
shown that arterial macrophages develop embryonically from early and late EMP generated
in the YS34. Arterial macrophage colonization associates with a brief period of blood
monocyte recruitment immediately after birth. The arterial macrophage pool may have
unique development because, unlike macrophages in the intestine?’, arterial macrophages
receive no further meaningful contribution from blood monocytes in the steady state once
the post-natal wave subsides. In adults, arterial macrophages are maintained by local
proliferation that sustains their numbers not only in the steady state but also during rebound
after depletion following sepsis3*. Like cardiac macrophages, arterial macrophages retain
Cxscrl expression, which promotes arterial macrophage survival similar to that reported for
Ly-6C'°" monocytes and macrophages residing in the brain, kidney, and solid tumors.
Moreover, the arteries contain CD31* cells and PDGFRa* mesenchymal cells that produce
CX3CL1 locally, possibly constituting a maintenance niche34.

The word “macrophage” derives from the greek makros (large) and phagein (eater) — true to
their name, macrophages are highly phagocytic, as discovered by Elie Metchnikoff in 1882.
Because macrophages arise from different sources and occupy such divergent tissues, do
they participate in tissue-specific processes other than phagocytosis? At the molecular level,
macrophages from various tissues differ from each other, though they share a transcriptional
signature that distinguishes them from other leukocytes3®. As evaluated by profiling either
the dynamics of four histone modifications across seven tissue-resident macrophage
populations3® or by analyzing the transcriptomes and enhancer landscapes of peritoneal
macrophages and microglia’, two independent groups have recently shown that
macrophage diversity relies on tissue-specific enhancers. This tissue-specificity is partially
reversible. For example, peritoneal macrophages acquire most, if not all, features of lung
macrophages upon adoptive transfer to the lung3.

Perhaps as a consequence of this tissue-specific control of macrophage identity, different
tissues impart macrophages with specialized functions. Peritoneal macrophages control
migration of 1gA-producing B cells to the gut38 while red pulp macrophages in the spleen
ingest senescent erythrocytes and recycle iron39. Microglia prune neurons“?, lung
macrophages clear surfactant?, and adipose tissue macrophages participate in thermo-
regulation*243. In hematopoietic sites, macrophages are integral components of the stem cell
niche**4% and in the interstitium their osmosensitive properties control responses to sodium
content*6:47_ Although some of these activities are clearly connected to phagocytosis, others
point to processes that are independent of ingestion.

What might cardiac and arterial macrophages do in the steady state? In the adult heart,
macrophages can ingest bacteria and apoptotic cells31:3248:49 and though the heart is rarely
under threat of bacterial infection, phagocytosis of aged or dying cardiomyocytes is
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plausible. In the neonatal heart, cardiac macrophages are essential to cardiac regeneration
following injury, presumably because they promote angiogenesis®C. This protective
mechanism disappears within two weeks of life, around the time that monocyte-derived
macrophages populate the heart®1, One interpretation of these findings is that embryonic
macrophages are inherently reparative while monocyte-derived macrophages are inherently
inflammatory. By changing the relative composition of ontogenically-distinct cardiac
macrophages, the argument goes, the heart's capacity to respond to injury or infection
changes at the expense of its ability to regenerate. However, the heart environment, which
might shape the macrophage response without regard to ontogeny, changes dramatically
during those first few weeks of life as cardiomyocytes experience tremendous proliferative
bursts®2. Moreover, the inflammatory component in neonatal hearts is functional, and indeed
very effective even before bone marrow-dependent colonization. Thus, the relative
contribution of the local environment to macrophage ontogeny and function in the steady
state requires further elaboration.

The homeostatic contribution of arterial macrophages is unknown, but it is probable that
phagocytosis plays a decisive role, if only because arterial macrophages are phagocytic34. A
growing literature also suggests that arterial macrophages are crucial mediators of
hypertension3-56. One recent study utilizing angiotensin 11 infusion to induce hypertension
concluded that vessel wall-infiltrating bone marrow-derived inflammatory monocytes are
the central culprits responsible for blood pressure dysregulation®®. This is, however, a
pathogenic process. It remains to be determined if adventitial macrophages, as arguably the
most numerous leukocytic occupants of the aorta in the steady state, control vascular tone.

Altered macrophage ontogeny and function in the inflamed cardiovascular

system

If the origin and role of cardiac and vascular macrophages in the steady state are unclear, we
can rely on a much larger body of work describing how these cells participate in

disease®’®8, Building on macrophages' known roles in immunity and inflammation, along
with trailblazing studies on how the heart behaves after ischemic injury®, the first
contemporary studies linking macrophages with the heart were performed in the context of
myocardial infarction and utilized flow cytometry of single cell suspensions from
enzymatically digested cardiac tissue8C. In response to ischemia, which occurs when
coronary arteries that supply oxygenated blood to the heart are blocked, the myocardium
recruits large numbers of leukocytes. Shortly after a sharp neutrophil peak, circulating
inflammatory Ly-6CNi9" monocytes, guided by the chemokine-chemokine receptor pair
CCL2-CCR2, infiltrate and contribute to inflammation by producing cytokines, proteases,
and oxidative stress-promoting enzymes®L. Within 5 days, in the absence of persistent
inflammatory stimuli, the recruited monocytes differentiate to reparative Ly-6C!oW
macrophages that limit inflammation and contribute to scar formation®2:63, The reparative
monocyte-derived macrophages®2, which probably reside alongside reparative tissue-derived
embryonic macrophages®?, proliferate locally, persist for weeks, and promote efferocytosis,
cardiac myocyte survival, angiogenesis, and fibrosis248:64-66_ While the massive recruitment
of circulating inflammatory monocytes that differentiate to reparative proliferating
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macrophages has been demonstrated with fate mapping approaches, there is still a
substantial gap in our understanding of what happens later, when inflammation resolves. For
example, we do not know whether, within months after myocardial infarction, macrophages
residing in the heart are monocyte or tissue-derived. On the one hand, it is possible that
myocardial infarction transforms the macrophage repertoire>! whereby monocyte-derived
macrophages permanently replace embryonically-derived macrophages. On the other hand,
embryonically-derived macrophages might eventually return by outcompeting their
monocyte-derived counterparts either by more pronounced self-renewal or by as-yet-
unknown replenishment by local progenitors. Answering this question will rely on the
aforementioned lineage tracing approaches but, to be meaningful, will also require
functional analyses. The essential question is whether ontogeny dictates function.
Macrophages might simply adapt to their local environment and acquire behaviors that
supplant any pertinent traces of ontogeny. To be sure, macrophages might be trained to
“remember” the past injury, akin to how monocytes remember a previous infection87-69, but
the training need not depend on how macrophages arose in the first place.

In atherosclerosis, the lipid-driven inflammatory disease that leads to myocardial infarction
and stroke, monocytes traverse the endothelium and accumulate progressively in the vessel
wall. Upon arrival in the intima, monocytes presumably ingest excess lipoproteins that have
accumulated independently of leukocyte help. Monocytes can differentiate to macrophages,
but it is unclear whether monocyte-to-macrophage differentiation precedes lipoprotein
ingestion, accompanies it, or is driven by it. Regardless of the sequence, monocytes that
become macrophages help grow and exacerbate atherosclerotic lesions by performing many
important actions, as authoritatively reviewed elsewhere’%-74. The numerical escalation of
arterial macrophages relies on a combination of monocyte recruitment’> 78, local
macrophage proliferation’’, macrophage death’8, and exit’®. Studies using parabiotic mice
have shown that nascent lesions rely predominantly on monocyte recruitment. Established
lesions, in contrast, are sustained by local macrophage proliferation, and though monocytes
continue to infiltrate the lesion, macrophage self renewal becomes a major mechanism by
which lesions grow’”. Among other things, these data show that macrophage proliferation is
not restricted to monocyte-independent macrophages, such as those residing in the
peritoneum or skin1880, While adventitial macrophages, which derive from post-birth
colonization34, and thus differ from adult monocyte-derived macrophages that accumulate in
disease, continue to proliferate during atherosclerosis, their rate of proliferation remains
relatively unchanged from the steady state’’. The importance of adventitial vs. intimal
macrophages to the development and exacerbation of atherosclerosis requires further study.

Since local proliferation is a major mechanism that sustains macrophages in lesions’” and
monocyte infiltration is continuous even in established atherosclerosis’> 7781, do monocytes
participate in ways that transcend or sidestep differentiation to macrophages? It is indeed
possible that monocyte-to-macrophage differentiation in established lesions is a relatively
minor event. After all, monocytes can readily traverse through tissue without becoming
macrophages®283, perhaps migrating back and forth across the endothelium, as has been
described for neutrophils®+85. Can monocytes cross the endothelial layer but never
differentiate to lesional macrophages? If such a process occurs, is it important? Answering
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these questions would determine whether monocytes are “simply” macrophage precursors or
have palpably macrophage-independent functions in atherosclerosis.

In both myocardial infarction and atherosclerosis, monocyte-derived macrophages are
phagocytic, potentially present antigens, contribute to scar formation, and either augment or
attenuate the inflammatory cascade. Within days after myocardial infarction, when
inflammatory stimuli wane, macrophages functionally shift from promoting inflammation to
supporting repair. In atherosclerosis, chronic hypercholesterolemia fuels non-resolving
inflammation and presumably keeps macrophages locked in an inflammatory state. By
scavenging dead cells, and by producing either IL-1f and TNFa or TGFj and IL-10,
macrophages in the myocardium and the vessel wall perform classic macrophage functions
that correspond to inflammation, wound repair, and fibrosis8®. If ontogeny is
inconsequential, then in the absence of persistent inflammatory stimuli monocyte-derived
cells should integrate into the resident pool and pursue homeostatic roles specific to the
environments they inhabit. If ontogeny dictates function, however, monocyte-derived
macrophages will either disappear or retain their developmental signature.

Concluding Remarks

Like the brain, lung, spleen, peritoneum, gut, or kidney, the heart and vessel wall contain
macrophages whose initial accumulation occurs early in development. Macrophages are not
tissue visitors but essential components of organ systems. Having deciphered macrophage
ontogeny's broad strokes, we face a watershed moment in macrophage biology. Does
ontogeny determine behavior? In answering this question, we can consider three
possibilities:

i. Macrophage ontogeny dictates function. Since macrophages originate from
different locations, it is possible that differentially-sourced macrophages pursue
different functions. In response to ischemic injury or during development of
atherosclerosis, for example, infiltrating monocytes become macrophages that are
decidedly inflammatory and thus may differ from the resident pool. Moreover, in
the absence of inflammation, resident macrophages can be distinguished from each
other by differential expression of functionally relevant surface markers such as
MHCII. In aggregate, it is fair to postulate that macrophage heterogeneity is driven
by macrophage ontogeny. If so, then we should think about macrophage ontogenic
groups and target distinct macrophage lineages for the purposes of therapy®?.

ii. The tissue dictates macrophage function. In this scenario, it is the tissue that
programs macrophage function irrespective of origins. Infiltrating monocytes
indeed contribute to inflammation but that contribution might simply be numerical
rather than functionally unique; resident embryonically-derived macrophages,
though less numerous, may also secrete inflammatory cytokines and proteases in
those first few days after an inflammatory insult. Moreover, even though resident
macrophages express different cell surface markers, many such markers fluctuate in
expression intensity and do not necessarily reflect origins. For instance, monocyte-
derived macrophages may express CCR2 shortly after recruitment but attenuate this
marker later. We already have compelling evidence that the tissue determines
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macrophage identity and educates arriving monocytes36:37.87_If this scenario is
correct, then therapeutic strategies should either target recruitment to reduce
macrophage burden or converge on the macrophage population as a whole without
attending to otherwise functionally irrelevant origins.

iii. The nature vs. nurture argument is a false dichotomy because control by ontogeny
vs control by tissue environment are not mutually exclusive. It is possible that
origins matter even if they do not regulate the sequence by which macrophages
participate in inflammation and repair. For example, origins might dictate cell
survival. In this scenario, one can envision infiltrating monocytes as an on-demand
buffer system that can be mobilized in times of crisis to promote a swift and
efficient response. Upon infiltration, monocytes and tissue resident macrophages
may be programmed by the tissue to integrate functionally and pursue the same
tasks. As demand for an increased population diminishes, the monocyte-derived
cells might be outcompeted by the resident pool either because resident
macrophages have an inherently more robust capacity to replicate or because they
rely on tissue-resident precursors. In this scenario, ontogeny is imperative to cell
survival, but the tissue is also critical because it configures cell function.

The next several years are bound to be exciting as we untangle the fundamentals
and associated nuances of macrophage development and function. We already
know that macrophages are highly modifiable cells that reside almost everywhere
in the body and contribute to its key processes. Moving on, we will almost certainly
be confronted by surprises that will inspire yet another refinement in our
understanding of how these cells shape and are shaped by the systems they inhabit.
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Trends Box

Cardiac and arterial macrophages first seed their respective tissues during
embryogenesis prior to the establishment of definitive hematopoiesis.

The brain is seeded by yolk sac macrophages that remain in the organ into
adulthood. In other tissues, subsequent waves of colonization occur that rely on
fetal liver monocytes and, after birth, bone marrow-derived monocytes. The
relative contributions of tissue-derived vs. monocyte-derived macrophages is
organ-specific and may be age-dependent.

In the steady state adult aorta, macrophages reside predominantly in the
adventitia. These macrophages derive from a brief post-birth monocyte
colonization that replaces an earlier embryonic pool.

Macrophages reside throughout the heart in steady state and are interspersed
between cardiomyocytes. Most cardiac macrophages are embryonically-derived,
though it has been argued that monocyte-derived macrophages colonize the
organ and replace tissue-resident cells progressively throughout life.

In myocardial infarction and atherosclerosis, bone marrow and spleen-derived
monocytes infiltrate the myocardium and intima and give rise to macrophages. It
is unknown whether these cells integrate with the resident pool.

Trends Immunol. Author manuscript; available in PMC 2017 January 01.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Swirski et al.

Page 15

Outstanding Questions Box

Does macrophage ontogeny dictate function? Macrophages derive from
different sources, but we do not yet know whether their differential generation
influences their function. This question can be addressed with lineage tracing
studies coupled with functional assessment.

What are the functions of tissue-resident macrophages beyond those
classically described (phagocytosis, inflammation, wound healing and
fibrosis)? While we know that macrophages are exquisite eaters, there is also
evidence that they pursue functions specific to the organs they inhabit.
Cardiovascular macrophage function should be investigated in this context.

Avrre tissue-derived macrophages capable of proliferation throughout life, or
do they rely on currently unknown progenitors residing in the adult?
Tissue-resident macrophages can live for months but eventually are replaced.
They may be replaced either by self-renewal of mature macrophages or by yet-
unidentified tissue progenitors.
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Figure 1.

Avrterial and cardiac macrophages in disease and injury. During atherosclerosis or

myocardial infarction, hematopoietic sites (bone marrow and to a lesser extent spleen)

supply monocytes that infiltrate the aorta and ischemic myocardium, respectively. On influx,

monocytes differentiate to macrophages, which can then proliferate. Both sites also contain
populations of macrophages that have seeded the tissues during embryogenesis or just after
birth. These tissue- derived macrophages self-renew through proliferation. Functions of

tissue-derived vs. monocyte-derived macrophages in steady state and inflammation are
discussed in text.
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