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ABSTRACT Alveolar macrophages are specialised resident phagocytes in the alveolus, constituting the first
line of immune cellular defence in the lung. As the lung microenvironment is challenged and remodelled by
inhaled pathogens and air particles, so is the alveolar macrophage pool altered by signals that maintain and/or
replace its composition. The signals that induce the recruitment of circulating monocytes to the injured lung,
as well as their distinct gene expression profile and susceptibility to epigenetic reprogramming by the local
environment remain unclear. In this review, we summarise the unique characteristics of the alveolar
macrophage pool ontogeny, phenotypic heterogeneity and plasticity during homeostasis, tissue injury and
normal ageing. We also discuss new evidence arising from recent studies where investigators described how
the epigenetic landscape drives the specific gene expression profile of alveolar macrophages. Altogether, new
analysis of macrophages by means of “omic” technologies will allow us to identify key pathways by which
these cells contribute to the development and resolution of lung disease in both mice and humans.
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Alveolar macrophage heterogeneity
Alveolar macrophages are tissue-resident cells that line the inner epithelial surface of the alveoli and play a
crucial role in lung development, surfactant homeostasis and immune surveillance [1]. By interacting with
epithelial, stromal and immune cells in the lung, they maintain alveolar integrity and orchestrate responses
to environmental challenges. Investigators have long suggested that alveolar macrophages originate from
circulating blood monocytes. This concept was based on the observations that bone marrow-derived
monocytes can repopulate the alveolar macrophage pool after lethal irradiation and are recruited to the
lung in response to injury [1–4]. Recently, several investigative teams have challenged this paradigm. Using
advanced lineage-tracing techniques in mice, they demonstrated that alveolar macrophages, which are
absent at birth, originate from fetal monocytes, which populate the alveolar space in the first days of
postnatal life. These fetal monocyte-derived alveolar macrophages are long-living cells, which are
maintained via self-renewal, without replenishment from circulating bone marrow-derived monocytes
(fig. 1) [5–7]. At the same time, other groups have used new techniques (RNA sequencing and chromatin
immunoprecipitation (ChIP) sequencing) to compare the transcriptome and epigenome of resident
macrophage populations in different tissues, revealing marked tissue-specific heterogeneity in their
epigenetic landscape and resulting gene expression profile, which are driven by signals originating from the
tissue microenvironment [8–10].
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These new data raise several important questions that challenge our consideration of alveolar macrophages
as a homogenous cell population over the lifespan: do circulating monocytes that differentiate into alveolar
macrophages during injury persist in the lung after resolution of the injury, and, if they do, is the
epigenetic programming of these monocyte-derived alveolar macrophages the same as tissue-resident
alveolar macrophages? Does macrophage ontogeny (tissue-resident compared with monocyte-derived) play
a role in the response of alveolar macrophages to environmental challenges? Does the replacement of
tissue-resident with monocyte-derived macrophages over the lifespan play a role in the age-related
susceptibility to some lung diseases? Does damage to the lung parenchyma affect the tissue
microenvironment in a way that interferes with the epigenetic reprogramming of recruited monocytes and,
if so, does this alter the immune response to environmental challenges? While the answers to these
questions are not yet known, recent advances in murine genetics, flow cytometry, single cell “omic”
technologies and bioinformatics offer immediate promise. In addition, many of these technologies can
now be applied to human tissues, allowing findings in murine studies to serve as a template to identify
factors expressed or secreted by alveolar macrophages that might drive or ameliorate lung disease.

Lung macrophage pool: ontogeny, composition and renewal capacity
Alveolar macrophages form 90–95% of the cellular content within the alveoli under normal conditions,
making them the natural “gatekeepers” of the respiratory system [1, 4]. Alveolar macrophages reciprocally
interact with alveolar epithelial cells, dendritic cells and T-cells via a network of cell surface receptors and
chemokines/cytokines to finely tune the immune response to environmental pathogens and particulates in
the lung [1, 11]. Because they express proteins known to dampen the immune response to injury and
facilitate the noninflammatory removal of apoptotic cells and debris, many investigators suggest that the
role of the alveolar macrophage is to clear pathogens and particulates without inducing an inflammatory
response that might disrupt gas exchange. Examples of anti-inflammatory molecules highly expressed in
alveolar macrophages include the CD200 receptor, which binds its ligand expressed on alveolar epithelial
cells to inhibit Toll-like receptor-induced inflammatory responses [12]. In addition, signal-regulatory
protein-α, expressed on alveolar macrophages, binds surfactant proteins A and D to inhibit macrophage
activation and phagocytosis [1, 13]. Alveolar macrophages also release transforming growth factor
(TGF)-β, which inhibits immune responses by preventing dendritic cell-mediated activation of effector
T-cells [4, 14, 15]. In addition, alveolar macrophages express several scavenger receptors that bind
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FIGURE 1 Lung macrophage development and composition through the lifespan. In the mouse, fetal monocyte cells that
populate the lung during early embryogenesis differentiate into alveolar macrophages shortly after birth. This population
of “tissue-resident” alveolar macrophages are long-lived and capable of self-renewal in homeostatic conditions (blue line).
However, exposure to environmental challenges including viruses, air pollution and cigarette smoke over the lifespan may
induce the recruitment of monocytes that differentiate into alveolar macrophages in response to cues provided by the
local tissue microenvironment in the lung (red line). Over time, these monocyte-derived alveolar macrophages might
persist in the lung and/or replace the tissue-resident alveolar macrophages.
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complement, damage-associated molecular pattern molecules, pathogen-associated molecular pattern
molecules and immunoglobulins to facilitate pathogen clearance [2, 16].

When injury is sufficiently severe, circulating monocytes are recruited to the lung where they differentiate
into alveolar macrophages. The signals that induce the recruitment of circulating monocytes to the injured
lung remain unclear; however, some data suggest that tissue-resident alveolar macrophages tend to inhibit
this response [17]. As they differentiate, recruited monocytes express a host of pro-inflammatory and
pro-fibrotic genes and can upregulate major histocompatibility complex class II, rendering them capable of
activating effector T-cells through antigen presentation [18, 19]. Both tissue-resident and
monocyte-derived alveolar macrophages express CD64 (Fc receptor that binds immunoglobulin G-type
antibodies) and MER receptor tyrosine kinase bolstering efferocytosis [19]. Investigators have used mice
deficient in CCR2, the receptor for monocyte chemoattractant protein-1, to investigate the specific role of
monocyte-derived and tissue-resident macrophages in the response to inflammation [5, 6, 20–22].
Unfortunately, CCR2-deficient mice have monocytopenia, which synergises with the loss of CCR2 to limit
the recruitment of monocytes into the lung and therefore provides little insight into the specific function
or fate of monocyte-derived alveolar macrophages in disease.

Using parabiosis techniques and the generation of bone marrow chimeras with thoracic shielding in mice,
investigators have reported that in the absence of lung injury, the tissue-resident alveolar macrophage pool
persists for as long as 5–8 months, with minimal input from circulating monocytes [6, 23]. Tissue-resident
alveolar macrophages may even survive mild influenza A infection or lipopolysaccharide (LPS)-induced
lung injury, or proliferate to restore their population after injury [6, 23]. Monocyte-derived alveolar
macrophages persist in the lung for up to 14 days after influenza A infection and for as long as 38 days
after bleomycin-induced injury; however, longer-term data are lacking [23, 24]. As currently available
thoracic shielding techniques probably result in incomplete chimerism due to protection of the thoracic
and sternal bone marrow, further refinement of lineage tracing techniques is required to allow separation
of the alveolar macrophage populations over time and after the resolution of injury. These populations can
be examined to determine whether the epigenetic programming that drives the differentiation of
monocyte-derived alveolar macrophages is complete or whether monocyte-derived and tissue-resident
alveolar macrophages retain epigenetic marks reflecting their ontogeny. If the latter is true, these two
macrophage populations might differ in their ability to maintain a normal alveolar environment during
steady-state conditions or may respond differently to subsequent insults.

Macrophage plasticity in homeostasis and injury
State-of-the-art technologies, such as flow cytometry and gene expression profiling provide the opportunity
for detailed molecular phenotyping of immune cell populations in the normal and diseased lung. Our
group used data from the Immunological Genome (ImmGen) Consortium [10] to develop a panel of
antibodies that can identify all myeloid cell populations in standardised lung tissue homogenates from the
normal and diseased murine lung using multicolour flow cytometry [24]. Because this panel recognises
surface markers, it can be used for sorting live cells for subsequent gene expression, epigenetic or other
analysis. Specifically, this panel identifies alveolar macrophages, interstitial macrophages, Ly6Chi classical
monocytes, and Ly6Clow non-classical monocytes. In humans, standardised protocols for the isolation of
alveolar macrophages are lacking and are largely based on cells obtained during bronchoalveolar lavage. In
mice, we and others found that samples obtained from bronchoalveolar lavage fluid poorly represented the
heterogeneity of pulmonary macrophages observed in lung homogenates [25, 26].

In carefully controlled cell culture conditions, the administration of bacterial LPS and interferon-γ to
murine macrophages results in a characteristic pattern of gene expression that includes increased
expression of the pro-inflammatory genes tumour necrosis factor-α, interleukin (IL)-6 and inducible nitric
oxide synthase, while the administration of IL-4 results in increased expression of genes involved in tissue
remodelling including IL-13, TGF-β and arginase-1. This polarisation of macrophages into “M1” and
“M2” gene expression phenotypes has proved useful for understanding the complexity of tissue
macrophage function over the time course of tissue injury and repair [27, 28]. However, recent findings
from several independent groups suggest that this concept incompletely describes the complexity of
macrophage gene expression in vivo, which might include simultaneous expression of M1 and M2 genes
during injury and repair [29]. Furthermore, the applicability of this paradigm to human lung macrophages
is not known. These findings have led investigators to examine macrophage plasticity and function in vivo
using unbiased techniques [29–31]. Advances in transcriptomic and epigenomic approaches, in particular
RNA sequencing and ChIP sequencing allow for the analysis of the transcriptome in small cell
populations and even in single cells [32]. Similar unbiased examination of the proteome in isolated
immune cell populations is now technically feasible, but current technology requires more material than is
available from a single mouse lung or from a small tissue biopsy specimen. Nevertheless, we can now
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envision the identification of key pathways by which macrophages contribute to the development and
resolution of lung disease through analysis of the macrophage transcriptome, epigenome and proteome in
health and disease in both mice and humans.

Irrespective of their ontogeny, alveolar macrophages demonstrate a pattern of gene expression distinct
from macrophages in other tissues and from other myeloid cells [8–10]. Understanding the molecular
basis for these differences represents an area of intense investigation. Recently, investigators have used
different approaches to suggest that changes in histone modifications, i.e. the epigenetic landscape, drive
the expression of alveolar macrophage-specific genes [8, 9]. Specifically, these investigators have shown
that enhancer regions distinguish alveolar macrophages from other myeloid cells and from other
tissue-resident macrophage populations. These enhancer regions are defined as regions distal to the
transcriptional start site of alveolar macrophage-specific genes that undergo specific histone modifications,
including high levels of H3K4me1 and low levels of H3K4me3, among others. These epigenetic
modifications result in the recruitment of PU.1, which serves as a “pioneer” transcription factor, followed
by recruitment of a host of transcription factors to the enhancer regions that augment alveolar
macrophage-specific gene expression [8, 9]. Furthermore, the adoptive transfer of peritoneal macrophages
into the lung resulted in the expression of some alveolar macrophage-specific genes, suggesting that
macrophage differentiation is at least partially reversible [9].

These results suggest that the lung microenvironment supplies continuous signals to maintain or replace the
alveolar macrophage pool. While our understanding of these signals is incomplete, granulocyte macrophage
colony-stimulating factor (GM-CSF) is known to play an important role. Humans and mice genetically
deficient in GM-CSF or its receptor fail to develop alveolar macrophages capable of clearing surfactant
protein from the lung, resulting in pulmonary alveolar proteinosis [5, 33, 34]. Pleotropic peroxisome
proliferator-activated receptor-γ, important for lipid metabolism, may act downstream of GM-CSF to drive
alveolar macrophage differentiation [35–37]. Another transcription factor, the B lymphoid transcription
repressor BTB and CNC homology (Bach)2 has been linked with the development of pulmonary alveolar
proteinosis independently of GM-CSF signalling, and Bach2-deficient animals showed increased expression
of M2 macrophage phenotype-related genes, such as arginase-1 and chitinase-like 3 [38]. In addition, the
host microbiota plays an important role in the modulation of the local immune response during the
steady-state and diseased lung. Investigators have reported that changes in the microbiota during
influenza-induced lung injury altered the gene expression profiling of alveolar macrophages rendering a
decreased antiviral immune response to the infection [39]. Another group of investigators showed that
priming the immune system with bacteria prior to influenza infection induced an M2 macrophage
phenotype, which dampened lung injury [40]. It is tempting to speculate that the change in the lung
microenvironment might alter the epigenetic programming of tissue-resident or monocyte-derived alveolar
macrophages, which might change their response to subsequent environmental challenges.

Conclusions
Alveolar macrophages are critical resident cells in the alveolus important for both lung homeostasis and the
response to injury. In the adult lung, there are at least two ontologically distinct populations of alveolar
macrophages. Tissue-resident alveolar macrophages develop outside of the bone marrow, differentiate into
alveolar macrophages shortly after birth, are capable of self-renewal, and persist over the lifespan.
Monocyte-derived alveolar macrophages develop from circulating monocytes and are recruited to the lung
during injury. While the molecular basis for the differentiation of monocytes into alveolar macrophages is
incompletely understood, we now know that factors present in the lung microenvironment induce at least
partially reversible changes in the epigenetic landscape of the cell, with the appearance of enhancer sites
around differentially expressed alveolar macrophage genes. These findings suggest that alveolar macrophages
might change their gene expression profiles during normal conditions or in response to environmental
challenges as a result of age or injury-related replacement of tissue-resident with monocyte-derived alveolar
macrophages, or as the result of changes in the lung microenvironment that impair the maintenance of the
alveolar macrophage pool. Advances in flow cytometry and “omic” technologies in mice and humans will
allow us to explore changes in macrophage populations over time and with disease with unprecedented
detail, offering the hope for developing novel biomarkers and therapeutics.
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