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The blue background represents a cluster of
human plasmacytoid dendritic cells, coloured
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The mononuclear phagocyte system (MPS)
comprises dendritic cells (DCs), monocytes
and macrophages (M@s) that together
play crucial roles in tissue immunity and
homeostasis, but also contribute to a broad
spectrum of pathologies. They are thus
attractive therapeutic targets for immune
therapy. However, the distinction between
DCs, monocytes and M@ subpopulations
has been a matter of controversy and
the current nomenclature has been a
confounding factor.

DCs are remarkably heterogeneous and
consist of multiple subsets traditionally
defined by their expression of various
surface markers. While markers are
important to define various populations
of the MPS, they do not specifically define
the intrinsic nature of a cell population
and do not always segregate a bona fide
cell type of relative homogeneity. Markers
are redundant, or simply define distinct
activation states within one subset rather
than independent subpopulations. One
example are the steady-state CD11b+ DCs
which are often not distinguished from
monocytes, monocyte-derived cells, and
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macrophages due to their overlapping phenotype. Lastly, monocyte fate during inflammation results
in cells bearing the phenotypic and functional features of both DCs and M@s significantly adding
to the confusion. In fact, depending on the context of the study and the focus of the laboratory, a
monocyte-derived cell will be either be called “monocyte-derived DCs” or “macrophages”. Because
the names we give to cells are often associated with a functional connotation, this is much more than
simple semantics. The “name” we give to a population fundamentally changes the perception of its
biology and can impact on research design and interpretation.

Recent evidence in the ontogeny and transcriptional regulation of DCs and M@s, combined with the
identification of DC- and M@-specific markers has dramatically changed our understanding of their
interrelationship in the steady state and inflammation. In steady state, DCs are constantly replaced by
circulating blood precursors that arise from committed progenitors in the bone marrow. Similarly,
some M@ populations are also constantly replaced by circulating blood monocytes. However, others
tissue M@s are derived from embryonic precursors, are seeded before birth and maintain themselves
in adults by self-renewal. In inflammation, such differentiation pathways are fundamentally changed
and unique monocyte-derived inflammatory cells are generated.

Current DC, monocyte and M@ nomenclature does not take into account these new developments
and as a consequence is quite confusing. We believe that the field is in need of a fresh view on this
topic as well as an upfront debate on DC and M@ nomenclature. Our aim is to bring expert junior
and senior scientists to revisit this topic in light of these recent developments. This Research Topic will
cover all aspects of DC, monocyte and M@ biology including development, transcriptional regulation,
functional specializations, in lymphoid and non-lymphoid tissues, and in both human and mouse
models. Given the central position of DCs, monocytes and M@s in tissue homeostasis, immunity and
disease, this topic should be of interest to a large spectrum of the biomedical community.

Citation: Ginhoux, F, Guilliams, M., Naik, S., eds. (2016). Dendritic Cell and Macrophage Nomenclature and
Classification. Lausanne: Frontiers Media. doi: 10.3389/978-2-88919-918-1
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The Editorial on the Research Topic

Dendritic Cell and Macrophage nomenclature and classification

Mononuclear phagocytes that include dendritic cells (DCs), monocytes, and macrophages constitute
a group of cell types crucial for the control of pathogens and induction of immune responses as well
as for the support of tissue functions. These properties make them highly relevant targets for immune
therapy, vaccination, and treatment of autoimmune and inflammatory diseases (1, 2). However,
exactly how many cell types exist in the mononuclear phagocyte system (MPS), or whether they
even combine to constitute a family, has been a matter of contention for many years. Historically,
cells of the MPS have, at one time or another, been referred to as erythrophagocytes, pyrrhol cells,
adventitia cells, rhagiocrine cells, polyblasts, clasmatocytes, and histiocytes (Yona and Gordon) prior
to their current terminology established in 1972 (3). The seminal discovery of a new cell type termed
DCs in the 1970s by the late Ralph Steinman that were distinct from macrophages added even
more complexity in the MPS classification (4). However, some time passed before DCs were fully
accepted as true member of the MPS. Over time, there was appreciation that there were not just one
but multiple DC subtypes, each with a specialized role (5). So, while a “dendritic-shaped cell that can
process and present antigen to activate naive T cells” was a good initial working definition (6), it did
not take into account the inconsistent observations that other cells can be dendritic in appearance or
activate naive T cells, and that not all “DCs” are immunostimulatory nor dendritic (7). As a result,
many different cell types have been given a DC moniker over the years, such as monocyte-derived
DCs, conventional DCs (cDCs), and plasmacytoid DCs (8). This appreciation of multiple subtypes
has both clarified and confused the field. Importantly, we do not consider the classification and
nomenclature issues as trivial semantics. Indeed, classification is of very practical importance in
allowing researchers to work to a common framework as highlighted by Norma Lang “If we cannot
name it, we cannot control it, finance it, teach it, research it, or put into public policy (page 109)” (9).

The idea behind this Frontiers Research Topic on “Dendritic Cell and Macrophage Nomenclature
and Classification” was to have an open debate on the advantages and disadvantages of different
classification systems of cells within the MPS. In this Research Topic, 17 contributions from inter-
national experts cover the complexity of the MPS, from its ontogeny and transcriptional regulation,
its classification in different tissues and different species.
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Ginhoux et al.

Mononuclear Phagocyte Nomenclature and Classification

First, in a historical perspective, Yona and Gordon examine
the early origins and development of macrophage research from
Ilya Metchnikoff’s discovery to the establishment of the MPS
nomenclature half a century ago.

In an opinion article, Vremec and Shortman discuss issues of
DC subset definition encountered in their past work.

In a hypothesis and theory article, Guilliams and van de Laar
discuss the practical application of our recently proposed clas-
sification system based on ontogeny (8).

Hoeffel and Ginhoux cover the ontogeny of tissue-resident
macrophages and discuss evidence suggesting that hematopoietic
stem cell-independent embryonic precursors transiently present
in the yolk sac and the fetal liver give rise to long-lasting self-
renewing macrophage populations.

Tussiwand and Gautier discuss the developmental pathways of
murine MPS cells, with a particular emphasis on the transcrip-
tional factors that regulate their development and function.

Poltorak and Schraml review experimental approaches taken
to fate map DCs and discuss how these have shaped our under-
standing of DC ontogeny and lineage affiliation.

In a perspective article, Gottschalk and Kurts review the
complexity of the renal MPS, and how to distinguish DCs and
macrophages in the kidney from the nephrologist’s point of view.

Gross et al. discuss origins and functions of intestinal DCs and
macrophages and their respective subsets, focusing largely on the
mouse and cells residing in the lamina propria.

Greter et al. discuss myeloid cells in the brain and the difficul-
ties to delineate resident microglia from infiltrating myeloid cells
using currently known markers and the recent advances that have
helped to make clear definitions between phenotypically similar,
yet functionally diverse myeloid cell types of the brain.

Cassado et al. review the heterogeneity of peritoneal mac-
rophages, which exhibit distinct phenotypes, functions, and
origins.

Eckert et al. summarize the multiple roles of macrophages and
DCs in chronic liver diseases and outline the currently known
marker combinations for the identification of these cell popula-
tions for the study of their role in liver immunology.
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From the reticuloendothelial to
mononuclear phagocyte system - the
unaccounted years

Simon Yona'* and Siamon Gordon?

" University College London, London, UK, 2 Sir William Dunn School of Pathology, The University of Oxford, Oxford, UK

It is over 125 years since llya Metchnikoff described the significance of phagocytosis. In
this review, we examine the early origins and development of macrophage research con-
tinuing after his death in 1916, through the period of the reticuloendothelial system. Stud-
ies on these cells resulted in a substantial literature spanning immunology, hematology,
biochemistry, and pathology. Early histological studies on morphology and in situ labeling
laid the foundations to appreciate the diversity and functional capacity of these cells in the
steady state and during pathology. We complete this phagocyte retrospective with the
establishment of the mononuclear phagocyte system nomenclature half a century ago.

Keywords: macrophage, monocyte, Metchnikoff, phagocytosis, dendritic cells, inflammation

Introduction

The earliest accounts of macrophage research are closely linked with the widespread introduction
of the microscope in the mid-nineteenth century, 300 years following the seminal microscopic
observations of Antony van Leeuwenhoek (1700) (1). In the histological accounts, von Kolliker
(1847) detected cells in the spleen containing particles; later Preyer (1867) observed the internal-
ization of erythrocytes by splenic cells and proposed that this occurred by an active process (2, 3).
However, investigators at the time did not associate such observations with a defense mechanism.
In fact, Klebs (1872) believed just the opposite, proposing that these cells assist the transport of
bacteria to lymphatic tissue (4). Koch (1878) also concluded that these cells provide a suitable
microenvironment for bacilli to multiply and disseminate to other tissues, — the so-called Trojan
horse theory - after observing numerous bacilli within leukocytes, while studying frogs treated with
anthrax (5). Therefore, although cytological observations of the mid-nineteenth century recognized
the ability of leukocytes to devour (fressen) erythrocytes and microorganisms, opinion at the time
did not associate this event with host defense, nor was there a consensus that the process was active
or merely the penetration of foreign material into cells to aid infection.

By the late nineteenth century, Metchnikoff (1892), the Russian zoologist and forefather of cellular
immunity, established the idea of the phagocyte (6-8). Metchnikoff was the first to fully appreciate
the capabilities and purpose of phagocytosis, by performing a series of classical studies spanning
from simple unicellular organisms to complex vertebrates. The description of Metchnikoff’s dis-
covery of phagocytosis documented by his wife Olga, now rests in the pantheon of immunology
legend.

... One day when the family had gone to see some performing apes at the circus, Metch-
nikoff with his microscope introduced a rose thorn into the transparent body of a starfish
larva, Metchnikoff observed the accumulation of phagocytes surrounding the foreign
material and attempting to devour the splinter. . . (9).
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It is important to remember that Metchnikoff started his career
as an evolutionary developmental embryologist, influenced by
Darwin’s recent publication On the Origin of Species in 1859.
As an embryologist, Metchnikoff modeled the early formation of
the embryo in primitive organisms, such as sponges, and pro-
posed that an inner “parenchymella” contained wandering cells
of mesodermal origin capable of taking up particulate matter
during embryogenesis. These studies may have been the foun-
dation for Metchnikoff’s phagocytosis theory. Later, Metchnikoff
recognized the multiple tasks performed by phagocytosis; as an
embryologist, the reabsorption of tissue during embryogenesis, as
a zoologist, a common feeding mechanism of unicellular organ-
isms and as a pathologist, its role in host defense. Therefore,
when Metchnikoff performed his most notable study, the rose
thorn experiment at Messina culminated in the phagocytic process
we know today. Metchnikoff was one of, if not the, earliest to
demonstrate the evolutionary functional adaptation of a partic-
ular biological process, in this case phagocytosis, from a simple
feeding mechanism for unicellular organisms, to a developmental
requirement during embryogenesis and finally as a necessity for
host defense (3, 10).

Metchnikoff’s phagocytes comprised two populations he
termed macrophages (large eaters) and microphages (small eaters,
later known as polymorphonuclear leukocytes). Contrary to
Rudolf Virchow’s impression that inflammation is a continuous
life threatening menace, Metchnikoff regarded it as a healing
or salutary reaction as postulated 100 years earlier by the Scot-
tish surgeon and collector John Hunter (1794) (11). Therefore,
Metchnikoff concluded that the ability of cells to engulf foreign
microorganisms acts as an active defense mechanism, giving rise
to the concept of cellular innate immunity. At the time, this
triggered extensive debate between humoral and cellular schools
of thought. Two major events at the turn of the twentieth cen-
tury helped to reconcile this dispute. First, in 1908, the Nobel
Prize in Physiology or Medicine was awarded jointly to Metch-
nikoff, advocate of the cellularists and to Ehrlich, the champion
of humoralist dogmas “in recognition of their work in immunity’.
Second, in 1903, Wright and Douglas proposed the concept of
“opsonization” as a humoral mechanism to increase the suscepti-
bility of bacteria to phagocytosis. These investigators claimed that
humoral and cellular functions were not mutually exclusive, rather
interdependent (12). This theory was spoofed by George Bernard
Shaw, in the introduction to his play “The Doctor’s Dilemma” in
1906.

...Sir Almroth Wright, following up one of Metch-
nikoff’s most suggestive biological romances, discov-
ered that the white corpuscles or phagocytes, which
attack and devour disease germs for us, do their work
only when we butter the disease germs appetizingly
for them with natural sauce which Sir Almroth Wright
named opsonin. . . (13).

The Reticuloendothelial System

By the early decades of the twentieth century descriptions of
the phagocyte system had become chaotic, not least since the

term macrophage had become synonymous with adventitia cell,
anode cell, clasmatocyte, dictocyte, erythrophagocyte, histiocyte,
polyblast, pyrrhol cell, and rhagiocrine cell; the many terms
bestowed on these cells (>30 different names) (14) revealed that
the divergence of opinion at the time as to the relationship of
these cells to one another and from tissue-to-tissue. Not only
were tissue phagocytes given a variety of bewildering names but
also their origin remained unknown. From time-to-time, his-
toric discoveries are lost in the ether of a priori thought; this
is certainly true for histological techniques that assisted in the
classification of blood cytology. Until Ehrlich’s early effort to
develop leukocyte cytological staining, scholars of blood operated
solely on fresh samples. Ehrlich’s aim was to take advantage of
the known chemical structures of dyes and their interaction with
cellular bodies to map and characterize the anatomy of blood
cells. By using aniline dyes in combination with neutral dyes and
the morphology of the nucleus, he was able to divide cells of
the blood into mononucleated lymphocytes, some of which were
large, large mononuclears with indented nuclei (now known as
monocytes) and polymorphonuclear cells that were neutrophilic
(neutrophils), acidophilic (eosinophils), or basophilic granules
(basophils/mast cells) (15). By the early twentieth century, Rib-
bert (1904) had performed studies with lithium carmine solu-
tion injected into the peripheral circulation and observed the
specific uptake and storage by a group of cells, which became
vitally stained (16). These were subsequently demonstrated to be
mononuclear cells phagocytosing particulate matter. Clark and
Clark (17) described these large mononuclear cells in tissues to be
the same as “clasmatocytes,” described by Louis-Antoine Ranvier,
the “Polyblasts” of Alexander Maximow and the “Histiocytes”
defined by Kenji Kiyono. Following these early observations, it
became apparent that a large number of histological dyes includ-
ing trypan blue, neutral red, isamine blue, and other colloids
discriminated phagocytes from fibroblasts. The systematic anal-
ysis of tissues and dyes led Karl Albert Ludwig Aschoff (1924) to
coin the term “reticuloendothelial system” (RES) to describe this
group of cells, with their ability to incorporate vital dyes from the
circulation (18). Reticulo refers to the propensity of these large
phagocytic cells in various organs to form a network or a reticulum
by cytoplasmic extensions; endothelial refers to their proximity
to the vascular endothelium (19), from which they were some-
times believed to arise, these cells formed Aschoff’s unified system
throughout the organism. The capture and clearance of unwanted
particulate material from blood and lymph were considered to be
the major function of the RES. Although opinions about the origin
of cells of the RES will be discussed later in this series; at the time,
Aschoff considered that the cells of the RES were derived locally
and that both histiocytes and reticulum cells shared a common
origin.

Cells of the Reticuloendothelial System

Metchnikoff had previously described the dissemination of
macrophages throughout the organism and Aschoff’s system
implied a common function of the cells of the RES even in the
absence of inflammation. In the next section, we highlight some
of the tissue locations and possible functions assigned at the time.
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Kupffer Cells

The macrophages of the liver are located within the sinusoids,
which is composed of four cell types, each with its own mor-
phology and function. Karl Wilhelm von Kupffer (1876) observed
“Sternzellen” (star cells) in the liver and believed them to be an
integral part of the hepatic endothelium. Later, Tadeusz Browicz
(1899) identified Kupffers cells as the phagocytes of the liver
(20) (sometimes known as Browicz—Kupffer cells) and observed
that they could take-up a large percentage of vital stain. In the
early 1930s, Peyton Rous developed an ingenious method to
isolate Kupffer cells of the liver. Rous and Beard injected a sus-
pension of gamma ferrous oxide i.v., light in weight but highly
magnetic particles, Kupffer cells efficiently phagocytosed these
particles. They then perfused and processed the liver and the
phagocytes were then selected by magnetic force, to the best
of our knowledge the first description of magnetic cell sorting
(21, 22), enabling the extraction of macrophages from a solid
tissue for examination in vitro. The origin of Kupffer cells like
all cells of the RES at the time remained a source of continued
confusion and debate. At the American Association of Anatomists
conference in 1925, M. R. Lewis presented a paper comparing
Kupffer cells isolated from frogs, thought to be derived from
endothelial cells, side-by-side with an examination of clasmato-
cytes and concluded these cells were identical in morphology and
function (23).

In 1950s, Baruch Benacerraf, Nobel laureate in 1980 for his
work on MHC with George Snell and Jean Dausset (24), teamed
up with Guido Biozzi, a young Italian in the Halpern laboratory in
Paris in a productive collaboration. They developed techniques to
study clearance of particulates from blood and formulated equa-
tions that govern this in mammals. In subsequent work, Biozzi
bred strains of mice differing in the quantitative antibody response
to various antigens. Biozzi mice are still in use to study autoim-
mune inflammatory neurological disease (25). These studies in
mice and guinea pigs helped to introduce genetic approaches to
the role of macrophages in innate and adaptive immunity.

Microglia and the Origin of the RES

Virchow (1858) acknowledged that the central nervous system
(CNS) was composed of both neurones and interstitial cells, which
he termed neuroglia (26, 27). By the end of the nineteenth century,
the Scottish pathologist William Ford Robertson confirmed that
neuroglia were indeed composed of multiple cell types (28).
Robertson continued to investigate this heterogeneous population
of cells; with the aid of platinum staining techniques he was able to
distinguish a novel cell type in the brain he termed mesoglia (as he
believed that they were mesodermal in origin). Finally, Robertson
deduced that mesoglia possessed phagocytic properties (29). In
fact, Robertson had identified oligodendroglia and mesodermal
derived cells, under the term mesoglia. In 1913, Santiago Ramon
y Cajal described a group of cells derived from the mesoderm
as the “third element” of the CNS, the first element being neu-
rones and the second element the astrocytes, derived from ecto-
derm. It was the Spanish pathologist Pio Del Rio-Hortega who
revolutionized our understanding of neuroglia from a series of

detailed studies using silver carbonate impregnation staining. He
uncovered a homogeneous group of cells within the CNS with
tree like projections and predicted that they possess phagocytic
functions within the CNS; he termed these cells as microglia
(26, 27). Hortega laid the groundwork for microglia research
in a lecture given at University of Oxford, microglia enter the
CNS during development from mesodermal origin where they
disseminate throughout the CNS and take-up a branched ramified
cytological appearance. He went on to explain that they remain
evenly spaced in the steady state, while pathological insults cause
microglia to take on an amoeboid morphology, express the ability
to phagocytose and to migrate (30). These studies confirmed that
the microglia of the CNS belonged to the RES. The account he gave
in Oxford remains accurate to this day. Interestingly, although
microglia were unable to take-up vital dyes because of the blood
brain barrier, they were known to be highly phagocytic, reticu-
loendothelial cells readily stained by silver carbonate. Although
Hortega described microglia to be derived from cells of the meso-
derm during embryogenesis, this still remained a matter of great
debate, until recently. Early observations in the late nineteenth and
several studies in the early twentieth described microglia during
neurodegenerative diseases without a clear understanding of their
origin.

Osteoclasts

The histological identification of a cell that resorbs bone can
be traced back to the early 1850s. Tomes and De Morgan (31)
described within a section of diseased femur, cavities that were
associated with an increase in nucleated cells (31). By 1873,
Kolliker described multinucleated giant cells involved in bone
absorption that he termed Ostoklast and anticipated that these
cells are involved in homeostatic and pathological bone degra-
dation (32, 33). The notion of a bone-resorbing cell became
widely accepted (34). Over the next 50 years, the morphology of
the osteoclast was refined and interestingly these large multin-
ucleated cells showed variation in size and nuclear content; in
pigs, they contained as many as 100 nuclei (35) while human
osteoclasts could contain up to 50 nuclei (32). John Loutit an
Australian born pioneer in radiation biology from the late 1940s
studied not only osteoclast origin from blood precursors but
also the biology of bone marrow transplantation after irradi-
ation (36) in a long and productive career at Harwell MRC
laboratories.

Alveolar Macrophages and Phagocytosis

The lung also contains many mononuclear phagocytes, which
are associated with the alveoli and the alveolar space (37). The
macrophages within the alveolar space were initially known as
“dust cells” because of their content of intracellular carbon parti-
cles. There is a constant requirement to keep the alveolar space free
of particles and pathogens allowing for optimal oxygen transfer,
the major role of these cells. As the lung occupies a unique acces-
sible position among internal organs, it is constantly in contact
with the external world. In the late 1950s, Karrer observed the
efficient phagocytosis of India ink exclusively by free alveolar
macrophages, similar to the previous observations of increased
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carbon particles in these cells of city dwellers (38, 39). The ques-
tion of the origin of the macrophage troubled cytologists and
immunologists for most of the twentieth century; this was no
different in the lung.

One of the best-studied pathologies in the first half of the
twentieth century in relation to macrophages was pulmonary
tuberculosis. The initial stage of tuberculosis displays the tran-
sient influx of neutrophils described by Maximow in 1925 (40).
However, these cells are unable to destroy the bacilli and mono-
cyte/macrophages remain the most prominent infected host cells.
From 1920s, Sabin, the first full female Member of the Rockefeller
Institute and first female elected to the National Academy of
Sciences, considered the monocyte response to tuberculosis the
most significant process, “cellular and immunological reactions in
tuberculosis center around the monocyte,” when she first proposed
this she was mocked by her peers. Sabin observed monocytes to
become epithelioid cells that develop into macrophage giant cells
(41), previously described by the German pathologist Theodor
Langhans as a hallmark of tuberculous granulomata already in
the nineteenth century. In 1930s, Max Lurie, an advocate of the
monocyte theory, used inbred rabbits to study their susceptibil-
ity to bovine tuberculosis. Lurie observed resistant inbred rab-
bits went on to develop cavitary tuberculosis while susceptible
families went on to develop disseminated tuberculosis (42). The
Australian immunologist, George Mackaness studied the role of
anti-TB drugs on infected macrophages when a student at the
Sir William Dunn School of Pathology, University of Oxford
with Howard Florey in the early 1950s. His subsequent studies
in the sixties at the Trudeau Institute in Saranac Lake defined T
lymphocyte-dependent activation of macrophages by BCG and
Listeria infection (43, 44), Mackaness coined the term macrophage
activation, the so-called “angry” macrophages (45). Dannenberg
has been another pioneer of macrophage research in experimental
and clinical tuberculosis, especially in the characterization of the
granuloma (46).

Other resident phagocytic populations were described in many
tissues during this period, for example, in the skin (Langer-
hans cells), gut, lympho-hemopoietic tissues, reproductive and
endocrine organs, and placenta (Hoffbauer cells). We draw
attention to specialized macrophages in bone marrow stroma,
where they appear at the center of hematopoietic islands, first
described in detail by Marcel Bessis and his collaborators
(47). John Humphrey drew attention to the marginal metal-
lophilic macrophages located in a zone between the red and
white pulp of spleen, especially in rodents (48, 49). They line
a sinusoidal space where they sample circulating blood for
viruses, for example, and play an important role in clearance
of T cell-independent immunogenic polysaccharides. Tingible
body macrophages (TBM) were identified by Walther Flemming
in 1885; located in germinal centers. TBM contain phagocy-
tosed apoptotic cell debris (tingible bodies) and are involved in
the clearance of apoptotic lymphocytes (50), these observations
were confirmed by electron microscopy in the early 1960s (51).
Finally, the peritoneal macrophages of the mouse, responsible for
much of our knowledge of macrophage immunobiology, were
first described as a tractable cell population by Cohn only in
1962 (52).

The Origin of Macrophages

As Aschoft was formulating the requirements of the RES, a
number of research groups were searching for the origin of
macrophages. In 1914, Awrorow and Timofejewskij concluded
from the outgrowth of leukocytes from leukemic blood that
the lymphocyte is the progenitor from which macrophages arise
(53). A few years later, several in vitro studies described the
differentiation of blood monocytes into macrophages (53-55);
Carrel and Ebeling (55) and Lewis and Lewis (23) observed
that blood cultures over time developed into macrophages that
had phagocytosed the debris of other blood cells, concluding
that these monocyte-derived cells became actively phagocytic
and were indistinguishable from macrophages in staining with
neutral red (54, 55). At the same time, in 1925, Sabin took a
cytological approach using neutral red staining to examine res-
ident macrophage populations in connective tissue (clasmato-
cytes), concluding that a proportion of macrophages were derived
from bone marrow-derived monocytes (56). However, the first
in vivo study to examine how mammalian blood monocytes
behave during an acute pathological insult was performed by
Ebert and Florey (57) at the University of Oxford, using the
rabbit ear chamber, observing diapedesis of blood monocytes
toward the site of tissue injury. These monocytes transformed into
macrophages during the inflammatory process; they concluded
“The cells originating from monocytes eventually became cells which
we are calling histiocytes, which are indistinguishable from the so-
called resting wandering tissue-cell of Maximow” (57). Twenty-five
years later, Volkman and Gowans (58) confirmed these findings

using thymidine autoradiography and parabiosis inferring that
macrophage precursors are rapidly dividing cells derived from a
remote site during inflammation (58). Takahashi mentions in his
comprehensive review on macrophage ontology how the Japanese
pathologist Amano with the aid of supravital staining at the
inflammatory foci observed blood monocytes to be precursors
of the macrophage (59). Finally, Marchesi and Florey employing
electron microscopy were able to distinguish the earliest phase of
monocyte migration during mild inflammation, which occurred
during the maximal efflux of neutrophils (14, 60). The conclusion
from these studies suggests that macrophages derived from circu-
lating monocytes were based on inflammatory models. Therefore,
a more accurate conclusion would be that during inflammation
monocytes become effector cells by concentrating at the site of
injury with the ability to produce large quantities of inflammatory
mediators (61).

Another important and well-studied population of
recruited monocyte-derived cells are the foam cells, a hallmark of
atheromatous pathology. A pupil of Maximow in St. Petersburg
and later the student of Aschoff in Freiburg (62), Anitschkow (63,
64) showed that simply by feeding rabbits purified cholesterol
caused vascular changes leading to the formation of lesions
similar to those seen during atherosclerosis in humans (63, 64).
Anitschkow decided that these cholesterol-laden cells were of
leukocyte origin (65). Anitschkow’s work on lipid storage was
compared to the work by Robert Koch on the tubercle bacillus
(66). It was mainly as a result of the work by Russell Ross in
1970s that these monocyte-derived cells have been categorized
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as part of a fat modified inflammatory process (67). Recruited
monocytes can also give rise to multinucleated giant cells, not only
a feature of tuberculosis. They are found in many granulomatous
inflammatory diseases, including viral and parasitic infections,
and in responses to foreign bodies and fat necrosis (Touton
cells), named after the German dermatologist Karl Touton
(1885) (68).

The accumulation of data and the introduction of new tech-
niques highlighted that the cells of the RES differ in morphol-
ogy, function, and origin (14). In addition, the underlying pro-
cesses involved in these functional and morphologic alterations
remained unknown. Is there a proliferating mononuclear phago-
cyte population within the RES, constantly differentiating in
the steady state? These questions continued to puzzle scientists
throughout the twentieth century.

The Mononuclear Phagocyte System

... The most immature cell of the mononuclear phago-
cyte system . . . is the promonocyte . . . that by dividing
gives rise to monocytes. .. Monocytes in the circula-
tion constitute a mobile pool of relatively immature
cells on their way from the place of origin to the
tissues. At sites where conditions are favourable for
phagocytosis, these cells become macrophages. . . (69).

As knowledge accumulated, the term RES was regarded as insuf-
ficient to describe resident phagocytes and their antecedents. At a
scientific meeting in Leiden in 1969, a group of prominent pathol-
ogists/immunologists proposed the term “mononuclear phago-
cyte system” (MPS) as a more accurate term (Figure 1) (69).
The MPS at the time comprised monocytes and macrophages
derived from the bone marrow derived monocytes. Nevertheless,
little evidence existed to suggest that monocytes differentiate into
resident macrophages under steady state conditions. Interestingly,
Maximow proposed on the basis of embryonic studies on amphib-
ians and mammals that macrophages and leukocytes may arise
from distinct lineages (70).

While the MPS was being formulated in 1960s, immunologists
were in pursuit of the “third cell” (71) a requirement for adaptive-
immune responses. Steinman and Cohn in their landmark study
(1973) identified and characterized the dendritic cell (DC) as
distinct from macrophages (72, 73); over time, the DC became
accepted as the third arm in the trinity we know today as the

"

i.A. Cohn

J.G. Hirsch

R. Van Furth

FIGURE 1 | Selected experimental pathologists and immunologists
who coined the term mononuclear phagocyte system.

MPS (74). Monocytes, macrophages, and DCs are distinguished
on the basis of morphology, function, and origin, yet collectively
constitute the MPS.

As more data accumulated in the early decades of the twenty-
first century, it emerged that most tissue macrophage populations
in adults in the steady state are maintained independent of the
bone marrow and rely almost exclusively on self-renewal (75, 59,
76-86). These data facilitated the reexamination of the concept
of the MPS (87).

Conclusion

We have highlighted only a few of the many milestones of
macrophage biology from its early origins to the establishment of
the MPS nomenclature in 1968. Studies during this period resulted
in a substantial literature spanning immunology, hematology,
and pathology. A number of important issues emerge from a
retrospective analysis of the literature. First, we learn that rarely
in science do revolutions occur from a single Eureka moment
rather years of observation culminate in new findings. While
Metchnikoft’s phagocytosis theory seems to have emerged from
his experiments on starfish larvae, he had previously observed
cells capable of taking up particulate matter during embryogenesis
(10). Second, the first half of the twentieth century, blighted by
two World Wars, had profound impacts on science, resulting in
a geographical and common language shift of scientific research.
Third, the techniques used routinely in the laboratory shifted
from the pathologists’ tool box of the microscope and microbi-
ology to the immunologists’ introduction of cell transfer, thymi-
dine autoradiography, immunohistochemistry, parabiosis, elec-
tron microscopy, later flow cytometry, cell, and molecular biol-
ogy. However, if one was able to transport Metchnikoff, Aschoff,
or Cohn to a conference in 2015 on mononuclear phagocytes
they would perhaps not appreciate the cytokines, chemokines,
blots, and plots; however, the fundamental questions and dis-
cussions remain familiar; what is the origin of these cells? How
do they phagocytose? Do macrophages proliferate in situ? How
is particulate material recognized and cleared? This is why it is
important to examine the history of our field since our research
questions today are more closely linked to the past than we may
appreciate.

The macrophage story is not over. In recent months, further
strides have been made in examining the molecular signatures,
characterizing the MPS in the steady state and upon enhanced
recruitment of monocytes during inflammation (88-94). These
studies highlight collective attributes of the macrophages; how-
ever, they also show significant local adaptations associated with
particular functions within a specific organ. The next stage on
this journey will include recreating in vitro the phenotypes of
these specific populations using induced pluripotent stem cells,
and gaining a greater insight into how these cells behave under
steady state conditions in situ, as well as during and after the
inflammatory response. Finally, the role of the circulating mono-
cyte is also undergoing a re-evaluation; previously, monocytes
were viewed as the bridge from bone marrow progenitors to fully
differentiated tissue macrophages not only after inflammation,
injury, and infection but also for resident populations in the
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absence of inflammation, as stated in Van Furth’s description of
the MPS “Monocytes in the circulation constitute a mobile pool
of relatively immature cells on their way from the place of origin
to the tissues” (69). Moreover, monocytes should now be fur-
ther investigated as distinct precursors of only newly recruited
monocyte-derived cells and as effector cells in their own right.
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The name dendritic cell (DC) was given by Steinman to describe the unusual cell type he saw in
spleen cell suspensions. This morphological description is not sufficient to specify the cell of so
much interest to immunologists; many cells can adopt a similar form. A useful functional definition
evolved as Steinman and colleagues explored the immunological properties of this novel cell type
(1). DCs were considered as antigen collecting and processing cells able to present antigen on MHC
molecules and efficiently activate even primary T-cells. Nowadays, immunologists would likely add
to this definition, a capacity to sense the context in which the antigen was collected, via receptors for
pathogen or damaged cell-derived material. Why might we need to go beyond the name “dendritic
cell” for cells with these well-understood functions? Some limitations of this single name arose early
in DC research. This article surveys some problems of definition encountered in past work from
our own laboratory. The problems we encountered arose from two sources, the first the discovery
of different DC subsets and the need to determine whether these represented different maturation
states or separate sub-lineages. The second was the difficulty in distinguishing these DC subsets from
macrophages.

Our first hint that there could be distinct types of DCs came from our studies with Wu and
Ardavin on thymic T and DC development (2). We were surprised to find that a high proportion
of mouse thymic DCs stained with antibodies against characteristic T-cell markers, such as CD8q;
it was a relief to find they did not stain with antibodies against CD3 or the T-cell receptor! Pickup
of material from thymocytes was eliminated as an explanation. We then found a similar but less
frequent DC subset staining for surface CD80. among the DCs in mouse spleen and these DCs were
shown to express mRNA for CD8a. (3). Others had already reported some staining of DCs with
anti-CD8; our work emphasized that these CD81 DCs were a distinct population, CD80. expression
being positively correlated with expression of DEC205 but inversely correlated with expression of
other markers such as CD4, CD11b, and, as illustrated in Figure 1, SIRP. (4, 5).

Immunological interest in the CD8' and CD8~ DC subsets increased when it became apparent
from the work of many laboratories that these DCs differed in immunological functions. Differences
were apparent in the expression of toll-like and other microbial pattern recognition receptors, in
the cytokines produced on activation, in the fate of the T-cells they stimulated, in their capacity
to phagocytize dead cells, and in the processing of antigens for MHC class I versus MHC class II
presentation [reviewed in Ref. (7)]. The key findings from our laboratory were that the CD8" DCs,
when appropriately stimulated, were the most potent producers of IL12p70 (8), and that the CD8™
DCs have a strong bias to cross-presenting exogenous antigens, both soluble and particulate, for
MHC class I presentation (9, 10).

An important issue became whether these functionally distinct DC types represented different
lineages, or were simply different maturation states within one very plastic lineage. There was direct
evidence, confirmed by us, that some CD8~ DCs could on adoptive transfer, produce CD8' DCs.
However, these CD8" DCs proved to be generated from a small number of early members of the
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FIGURE 1 | Segregation of conventional DC subsets in mouse spleen.
Spleen CD11¢cTcDC were isolated, enriched, and gated as in Vremec et al. (5).
Staining for CD8a: and SIRPa. allows clear segregation into the DC1 (CD8T DC)
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and DC2 (CD8~ DC) subsets. However, the DC2 population can be separated
into two further subsets by several surface markers, here Clec12A and ESAM as
demonstrated in Lewis et al. (6).

CD8™" DC lineage that had not yet acquired CD8ct expression; the
bulk of CD8 ™ DCs did not give rise to CD8" DCs (11). Although
sequential maturation states were found within the CD8" DC
lineage, with early forms lacking CD8o. expression (12) and the
earliest stages lacking capacity for antigen cross-presentation (13),
there was a clear developmental separation from the bulk of CD8™
DCs. A further distinct DC type in mouse spleen became evident
when the mouse equivalent of the human type 1 interferon-
producing plasmacytoid dendritic cell (pDC) was identified (14).
Although some pDCs expressed CD8a (15), they were clearly
a separate lineage from the CD8™ conventional DCs (cDCs).
Our subsequent work with Naik showed that spleen CD8" DCs
and CD8™ DCs represented separate cDC sub-lineages derived
via pre-DC populations from a bone marrow pro-DC or com-
mon dendritic cell precursor (CDP) (16-18). Thus, because of
differences in surface phenotype, immunological functions, and
developmental pathways, these two spleen cDC populations had
to be distinguished, and the terms CD8" ¢DC and CD8~ ¢DC
became current.

In line with the pioneering work of Salomon et al. (19) and
Anjuere et al. (20), we extended our analysis of DC subtypes from
mouse spleen to mouse lymph nodes (LNs) (4, 21). Spleen should
contain only what we termed the “lymphoid tissue resident” cDCs
whereas LNs should contain both these and the “migratory” cDC
type arriving via the lymph from other tissues. It was immediately
apparent that the level of DC heterogeneity was greater than in
spleen. One source of heterogeneity was the existence of different
activation states within even one DC lineage. In particular, the DC
that had migrated even in steady state from peripheral tissues such
as skin into LNs were more activated than those remaining in skin,
and more activated than their lymphoid tissue resident counter-
parts; the DCs that had migrated expressed higher surface levels
of MHC class II and of co-stimulator molecules such as CD86.
Although they were first called “mature” DCs they proved to be
not fully activated but “semi-mature”; they were not producing

cytokines and were likely tolerogenic (22). A similar transforma-
tion termed “spontaneous activation” occurred when spleen cDCs
were isolated and placed in culture (23). In both cases, further
signals, such as given by microbial products interacting with TLR
ligands, were required to produce a fully active, cytokine secreting
immunogenic DC. However, even when these different activation
states were considered, further cDC subsets not found in spleen
were apparent, such as the epidermal Langerhans cell-derived LN
DCs. The full lineage complexity of LN has now been well delin-
eated by other laboratories, a notable finding being the existence
of a migratory form of the CD8" DC lineage but lacking CD8o.
expression, commonly termed as the CD103 " cDCs (24-26).
Our second problem with DC nomenclature arose as we
attempted to distinguish DCs from macrophages, a particularly
difficult exercise in inflamed tissues. It was also difficult to
relate the DC populations we isolated from steady state mouse
spleen with the DCs produced by culture of monocytes with
granulocyte-macrophage colony stimulating factor (GM-CSF), a
well-established model of DC generation (27). At that time, it
was generally assumed that all DCs and macrophages would be
bone marrow derived cells, with monocytes as the common late
precursor. Some questioned whether it was valid even to consider
DCs as a separate entity rather than as a macrophage variant (28).
We had some sympathy with this view, since in experiments with
Metcalf we had difficulty in segregating DCs from macrophages
in the peritoneal fluid from mice expressing high levels of GM-
CSF (29). Although cells with DC function and surface phenotype
could be segregated from macrophages at the extremes of the
distribution, there appeared to be a continuum of phenotypes
rather than two discrete populations. For us the clarification came
when, with Naik, the immediate precursor of the spleen cDC was
isolated and shown to be distinct from monocytes and unable
to produce macrophages (16). We termed these pre-DCs. This
led to the view that there were two different routes to cells with
DC antigen presenting function, one via monocytes and more
often found under conditions of inflammation, the other derived
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from CDP/pro-DC precursors in bone marrow then via pre-DC
to the types of DC found in steady state lymphoid tissue (17).
The culture model finally developed for generation of the type
of DCs found in steady state became bone marrow stimulated
with Flt3 ligand, rather that with GM-CSF (30, 31). Thus, the
developmental pathway leading to DC functions became a major
criterion for segregating and naming DC subtypes.

It was then possible to segregate DCs derived from mono-
cytes from the ¢cDCs found in steady state spleen. However, it is
evident from the account above that our previous nomenclature
of the subsets of spleen cDCs based on CD8c. expression was
inadequate. Certain pDC subsets also expressed CD8o.. Early DCs
of “CD8% cDC” lineage in spleen did not express CD8c. The
migratory version of the same lineage, the CD103" DCs, did not
express it. And finally, CD8 was not expressed by human DCs. A
major advance was the demonstration in several laboratories of an
equivalent of the mouse “CD8™ cDC” lineage within human DCs,
and the finding that the chemokine receptor XCR1 and the C-type
lectin-like molecule Clec9A, rather than CDS8, served as common
DC surface markers crossing this species barrier [commentary in
Ref. (32)]. The proposed designation of this DC subtype as DC1
overcomes the previous nomenclature problems (33).

In contrast to these advances in understanding the DCI subset,
the CD8~ CD11b"eh SIRPo"8" cDCs (designated as DC2) have
been less studied and still present nomenclature issues. We had
already separated spleen CD8™ DCs into two subsets based on
CD4 expression (5), but the significance of this remains obscure.
A more meaningful separation can now be made based on surface
expression of Clec12A (DCAL2, MICL) versus DCIR2 or ESAM
(6, 34, 35). An example of such segregation is shown in Figure 1.
Importantly, these DC subsets differ in both developmental
requirements and immunological characteristics; formation of
DCIR2T ESAM™#" Clec12A™ DCs requires Notch2 signaling
and this subset selectively responds to flagellin and induces Th2
responses. Will these differences demand a further division into
DC2 and DC3 subtypes? Or will one of these, particularly the
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The classification of mononuclear phagocytes as either dendritic cells or macrophages
has been mainly based on morphology, the expression of surface markers, and assumed
functional specialization. We have recently proposed a novel classification system of
mononuclear phagocytes based on their ontogeny. Here, we discuss the practical
application of such a classification system through a number of prototypical examples
we have encountered while hitchhiking from one subset to another, across species and
between steady-state and inflammatory settings. Finally, we discuss the advantages and
drawbacks of such a classification system and propose a number of improvements to
move from theoretical concepts to concrete guidelines.

Keywords: nomenclature, dendritic cells, macrophages, monocytes, classification

Introduction

In the science fiction series created by Douglas Adams (1), the Hitchhiker’s Guide to the Galaxy
starts as follows: “Space is big. Really big. You just won’t believe how vastly hugely mind-boggling
big it is. You may think its a long way down the road to the chemist’s, but that’s just peanuts to
space” Given the complexity of the mononuclear phagocyte (Star)system (MPS), one could easily
give a similar warning to readers who are trying to make some sense of the huge number of hypo-
thetically distinct dendritic cell (DC) and macrophage (M®) subsets. At the last International
DC Symposium (DC2014, Tours — France), we counted at least 28 different DC subsets that
were described using various surface markers and nomenclature systems in distinct species.
If one would add the different M® subsets and the Cytof technology allowing to measure the
expression of more than 30 different surface markers per cell, one could with a bit of luck end
up with “42” as answer to the ultimate myeloid question of how many mononuclear phagocyte
subsets exist in life, the universe, and everything. Although this would be great for fans of
Douglas Adams, without Babel Fish to help us make some sense of so many different subsets,
this evolution will not be beneficial for communication among myeloid cell experts, let alone
for the communication toward pharmaceutical companies, scientific editors, medical doctors,
or graduate students. We will here try to simplify this apparent complexity through a number of
practical examples and theoretical concepts. Having hitchhiked from M® to DC labs studying
myeloid cells in various tissues and in distinct inflammatory conditions, we would, in accord-
ance with the Hitchhiker’s Guide to the Galaxy, advise the following: do not panic and bring
your towel along.
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Classification of mononuclear phagocytes

Members of the Mononuclear
Phagocyte System

In the original MPS model proposed by Ralph van Furth, James
Hirsch, and Zanvil Cohn, M®s were proposed to derive from cir-
culating monocytes (2). A couple of years later, Ralph Steinman
and Zanvil Cohn identified DCs, which were also included in the
MPS (3). The fact that DCs could be derived from human and
mouse monocytes in GM-CSF-driven in vitro cultures (4-8) and
in vivo upon inflammation or in barrier tissues (9-15) supported
this concept. For a historical overview of the MPS field, we redi-
rect the readers to the review of Simon Yona and Siamon Gordon
in this issue (16). The identification of mouse hematopoietic
precursors committed to the DC lineage called the common DC
progenitors (CDPs - giving rise to pDCs and ¢DCs) and pre-
cDCs (giving rise to cDCs) that are distinct from monocytes and
can give rise to the so-called conventional DCs (¢cDCs) induced
a first conceptual revolution in the field (12, 17-20). Moreover,
Flt3-L, and not GM-CSE was shown to be critically involved in
the development of cDCs in vitro (8, 21-23) and in vivo (24-28).
Recently, two additional committed precursors were identified in
mice: the pre-pDC precursor that preferentially differentiates into
pDCs (29), and the monocyte-committed common monocyte
progenitor (cMop) (30). Importantly, the human equivalent of
the pre-cDC, CDP, and cMop was recently identified (31, 32).
A second conceptual revolution in the field was driven by the
finding that most tissue-resident M®s do not derive from cir-
culating HSC-derived monocytes but develop from embryonic
precursors, i.e., the yolk-sac M®s (YS M®s) or fetal liver (FL)
monocytes (33-39). The relative contribution of YS M®-derived

and FL monocyte-derived M®s seems to vary from one organ
to another (40-42). It was recently demonstrated that almost all
M®s have a YS origin [either directly from YS M®s or through
YS-derived EMPs (39)]. This may seem in contradiction with the
proposed partial origin from FL monocytes (35, 43). However, it
is now clear that YS-derived EMPs seed the FL and go through a
FL monocyte intermediate before differentiating into most tissue-
resident M®s (44), reconciling most of the apparent discrepan-
cies in the field. Together, these findings have challenged the MPS
dogma and revealed that most DCs and M®s derive from distinct
committed precursors rather than from circulating HSC-derived
monocytes (Figure 1).

Revisiting the Classification of
Mononuclear Phagocytes

Historically, mononuclear phagocytes were classified as DCs or
M®s based on a restricted set of surface markers (CD11¢ and
MHCII for DCs versus F4/80 for M®s), proposed functional
specialization (antigen-presentation and migration to lymph
nodes for DCs versus phagocytosis for M®s) and/or morpho-
logical features (dendritic-shaped cells for DCs versus large
vacuolar cells for M®s). However, these features are often not
mutually exclusive. For example, although CD11c and MHCII
are typically associated with DCs, alveolar M® are CD11c" and
MHCII is expressed by intestinal M®s (35, 45). Ideal surface
markers allowing identification of the distinct myeloid cell
subsets across tissues and species are still incomplete. Markers
typically associated with some myeloid cell subsets can be
lost or acquired by other subsets. The monocyte-associated
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® o
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FIGURE 1 | Mononuclear phagocytes and their precursors. Note that this is work in progress and technical advances such as single-cell RNASeq and
barcoding will in the near future prove or disprove many aspect of this theoretical scheme.
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marker Ly-6C is rapidly down-regulated on many monocyte-
derived cells (MCs) upon entrance in the tissues (45-48) and is
expressed on pDCs (and lowly expressed on some cDCs). The
pDC-associated marker mPDCAL1 (stained with 120G8) can be
acquired by MCs during inflammation (49). Alveolar M®s (50)
and Kupffer Cells (unpublished data) can upregulate CD11b
during inflammation. Finally, BDCA3 is expressed on both
human cDCl1s and MCs (51). Thus, the inability to consistently
identify myeloid cell subsets irrespective of tissue, species, or
inflammatory state makes surface markers unattractive as basis
for classification.

We would also propose to avoid a classification based primar-
ily on functional specialization. First, each myeloid cell subset
can perform more than one prototypical function. M®s are often
linked to phagocytosis of dead cells and pathogens but also have
importantimmunomodulatory and metabolic functions. Second,
subsets can acquire or lose functional capacities during inflam-
mation as recently demonstrated for cDC2s that acquire cross-
presentation capacities upon TLR stimulation (52). Therefore, we
propose to disregard function as a basis for classifying cells.

Instead of surface markers, functional specialization, or mor-
phology, we have recently suggested to classify cells based on their
cellular origin, which could allow a more robust classification
system (53). This would yield three big groups of cells (Figure 1):
(i) embryonic progenitor-derived M®s, (ii) CDP-derived DCs
(that would be subdivided into cDCls, cDC2s, and pDCs), and
(iii) MCs. As these precursors have now been identified in both
the mouse and the human, this allows one classification system
across tissues and species.

Although precursor-based classification would provide a
robust and species-conserved system, at the end of the day the
function of the cells is what really matters for converting our
knowledge into therapeutic advances for patients. Regrouping all
the DCs into three big subsets of cDCls, cDC2s, and pDCs will
thus have the disadvantage of lumping together cells that may
be in very different functional activation states. Similarly, MCs
have been shown to be particularly plastic cells (54). Therefore,
we propose to add a second classification level to the fixed
ontogeny-based Levell (Figure 2). Addition of a Level2 allows
specification of the cellular activation state, the micro-anatomical

localization or simply the surface markers utilized to identify the
cells in a particular study. Of note, when defining the Level2 it
will be important to avoid generalizations as a given function is
often performed by only a fraction of the cells studied. We would
thus propose to restrict the Level2 to objective criteria that can be
measured at the single-cell level.

Practical Implementation for DCs

Historically, DCs were divided into subsets based on surface
markers that differed between tissues and species, such as CD207
(Langerin) in the skin, CD103 (IntegrinaE) in the intestine,
CD11b (IntegrinaM) in the lungs, CD4/CD8a in the spleen, and
CD24/CD172a for in vitro differentiated DCs (Figure 3). Human
DCs, on the other hand, have been divided into CD141* (BDCA3)
and CD1c* (BDCA1) DCs. pDCs are identified by the expres-
sion of BDCA4 and BDCA2 in human, but by B220, mPDCA1
(BST2, recognized by 120G8), or Siglec-H in mice (53). Technical
advances in multi-color flow cytometry have made matters worse
with evermore “novel DC subsets” based on the expression of
additional surface markers. By comparing the gene-expression
profile of DCs isolated from various tissues and species, one can
appreciate three big clusters of DCs (55-61). The pDC cluster
includes mouse PDCA1* pDCs and human BDCA2*BDCA4*
pDCs. The ¢DCIl cluster comprises dermal CD207*CD103*
cDCls,lung CD103*CD11b~cDCls, splenic CD8a*CD4~ cDCls,
intestinal CD103*CD11b~ ¢DCls and human blood BDCA3*
cDCls. Dermal CD207-CD11b* ¢DC2s, lung CD103-CD11b*
cDC2s, splenic CD8a~CD4* ¢DC2s, intestinal CD103*CD11b*
cDC2s and human blood BDCAI* ¢DC2s form the cDC2
cluster (62, 63). This bio-IT-driven analysis also revealed that
within the ¢DC population, XCR1 and Sirpa are, respectively,
expressed by all cDCls and ¢cDC2s across tissues, allowing an
improved identification of these cells (51, 64-70). Note, however,
that Sirpa is also expressed by other myeloid cells than ¢cDC2s,
showing the need for correct ¢cDC identification prior to using
this marker to distinguish ¢cDC2s from cDCls. Strikingly, this
gene-expression-based division is supported by the existence of
distinct pre-committed precursors (29, 71, 72) and by differen-
tial developmental transcription factor requirement of c¢DCls,

General rule: LEVEL1 trumps the LEVEL2

Localization, function, surface-marker

Name-based-on-Ontogeny

\ J\
|

LEVEL 2
Optional
Flexible

FIGURE 2 | A nomenclature system in two levels would have the
advantage that cells can be first classified based on a restricted set of
names (in this proposition according to their cellular origin: M®, MC,

LEVEL 1
Mandatory

Fixed

cDC1, cDC2, pDC) that would be applicable across species and across
tissues, but the second level would still allow some flexibility to denote
a distinct activation state or localization.
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FIGURE 3 | Murine DCs have been subdivided into many different
subsets based on distinct surface markers in the spleen, the skin, the
intestine, and the lung.

¢DC2s, and pDCs in the mouse. cDCls, but not cDC2s, require
BATF3 (71, 73, 74), ID2 (28, 75, 76), NFIL3 (77), and IRF8 (28,
71, 78-80) for their development, while cDC2s, but not cDCls,
are dependent on RELB (81), RBPJ (82), and IRF4 (79, 83-85).
pDC development has been shown to be driven by E2-2 (86, 87).

The subdivision of DCs in three distinct Levell groups is
thus supported by their gene-expression profiles, cellular origin,
and transcription factor requirement. However, these cells can
acquire a distinct functional activation state from one tissue to
another and in distinct inflammatory settings, underlining the
need for a Level2 system. This can be illustrated by the capacity of
intestinal cDCs to produce retinoic acid and promote the genera-
tion of induced regulatory T cells (iTrecs) (88-91). Identification
of DCs with superior iTrec inducing ability is clinically relevant as
the prevalence of food allergies, celiac disease and inflammatory
bowel diseases is currently rising throughout the western world.
Originally, it was described that CD103* but not CD103~ intes-
tinal DCs excel in iTrec generation in a retinoic acid-dependent
manner (89, 90). It is now clear that CD103* intestinal DCs com-
prise two ontogenically distinct subsets, CD103*CD11b~ ¢cDCls
and CD103*CD11b* cDC2s (74). Interestingly, rather than being
associated with either of the two subsets, about half of the intesti-
nal CD103*CD11b~ ¢cDCls were shown to possess the capacity to
produce retinoic acid, while only one-third of the cDC2s do (91).
Moreover, on a per cell basis retinoic acid producing CD103*
cDCl1s were the best at inducing iTrecs (Figure 4). These data
reveal that CD103" ¢DCls, although broadly considered as a
homogeneous subset, consist of 50% cells that are very efficient
at inducing iTrecs and 50% cells that are not. Interestingly, dermal
c¢DC2s have higher retinoic acid-dependent iTrec induction
activity than dermal cDCl1s (91). We hypothesize that this func-
tional heterogeneity may be explained by the existence of distinct
micro-environments within organs, inducing diverse functional
modules on DCs. The finding that important functional modules
can be acquired by only a fraction of cDC1s and/or cDC2s, which
can moreover differ from one organ to another, illustrates the
need for a Level2 nomenclature for DCs.

Another example of functional heterogeneity within DCs
concerns the cDC2s. Splenic cDC2s contain a subpopulation that
expresses CD4 and is specifically localized in the bridging chan-
nels (92). This localization has been shown to be EBI2-driven and
essential to drive antibody production by B cells. The develop-
ment of these CD4* cDC2s is Notch2 dependent. Note also that

Notch2 deficiency is associated with defects in Ty17 induction
(93, 94). In addition, it was found that KLF4 controls the develop-
ment of a subpopulation of CD24°CD11b*Sirpai cDC2s in the
dermis (95). Importantly, loss of KLF4 was associated with loss
of Tu2 induction. Thus, although ¢cDC2s have been proposed to
excel at both the induction of Tu2 (47, 96) and Tul7 responses
(84, 85, 93), it may well be that these functional modules are in
fact expressed by subpopulations of cDC2s (controlled by KLF4
and Notch2, respectively). In conclusion, although the current
knowledge of early DC development in the bone-marrow seems
to support only three big groups of DCs (cDCls, cDC2s, and
pDCs), it appears that a second layer of tissue-specific signals
imprint operative gene modules on a fraction of DCs. Depending
on their micro-localization, subpopulations of ¢cDCls, cDC2s,
or pDCs will acquire distinct functional properties, requiring
a flexible Level2 to classify and describe functionally distinct
subpopulations.

A final example of a need for a Level2 classification involves
inflammation-induced changes of surface marker expression.
When mice are infected with the influenza virus, there is a
transient change in the CD103 versus CD11b expression profile
of lung cDCs, yielding four instead of two lung DC subsets
(Figure 5). If one considers these as four distinct DC subsets, one
could conclude that influenza infection disrupts hematopoiesis in
the bone-marrow, as has been shown for Toxoplasma infection
(97). Alternatively, these novel CD103/CD11b expression pat-
terns may represent distinct local activation states of cDCls or
cDC2s. We have studied the cellular origin of the “novel” DC sub-
sets arising during influenza infection (Neyt et al., manuscript in
preparation). Our preliminary data suggest that CD103*CD11b*
cells are cDC2s that acquire CD103 expression during inflamma-
tion rather than a completely new subset. In conclusion, although
we cannot rule out the existence of additional DC subsets that
specifically develop during inflammation, when in doubt we pro-
pose to first evaluate whether cells with a novel surface receptor
expression profile represent a different activation state of cDCls
or cDC2s before assuming the existence of a novel cDC3.

Practical Implementation for Embryonic
Macrophages

In our classification system based on ontogeny all mononuclear
phagocytes of embryonic origin are grouped together under
a single Levell as “macrophages” (Figure 1). This includes
liver-resident Kupffer cells, brain-resident microglial cells, lung-
resident alveolar M®s but also epidermis-resident Langerhans
cells. In effect, this would thus classify Langerhans cells as M®s
and not as DCs, based on the fact that these cells derive from
embryonic precursors that seed the epidermis around birth
and then self-maintain throughout life (43, 98). We propose to
keep the historical names for M®s with undisputed identities.
Mouse Kupffer cells, for example, do not require a different
nomenclature since these cells have a well-defined cellular
origin [embryonic (34, 38, 39)], localization (i.e., the liver
sinusoids), and gene-expression profile (99, 100). However,
we would like to emphasize that not any F4/80* cell in the
liver should be categorized as Kupffer cell. MCs infiltrating
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by the Aldefluor kit (91). DCs were sorted, loaded with the ovalbumin-peptide,
and co-cultured in vitro with naive OTII cells to measure the induction of Foxp3
on these cells.

the liver during acetaminophen-induced injury also express
F4/80 but are short-lived and acquire a gene-expression
profile that is strikingly different from resident Kupffer cells
(100). Similarly, MCs infiltrating the central nervous system
during inflammation are short-lived and do not acquire the
specific gene-expression profile of embryonic microglia
(101-103). As such, any M®-like cell in the liver or the
brain should not be classified as Kupffer cell or microglia,
respectively, as is often the case. Unfortunately, tools to cor-
rectly distinguish MCs from resident M®s have long been
lacking. In a way, this is surprising given the huge difference
in gene-expression profile between resident embryonic M®s
and recruited MCs in these disease models. We have now
identified several surface markers that are expressed by
Kupffer cells but not MCs recruited during liver injury (Scott
et al. manuscript in preparation) and we expect that given
the striking heterogeneity of tissue-resident M®s (104, 105)
many of these M®-specific markers will be found. This will
facilitate the correct classification of these cells and pave the
way toward unraveling the functional differences between
recruited MCs and tissue-resident embryonic M®s during
inflammation.

Practical Implementation for
Monocyte-Derived Cells

Monocytes are particularly plastic cells. This can be appreci-
ated using in vitro culture systems. Monocytes cultured
with GM-CSF express some DC-like characteristics and
have therefore long been referred to as moDCs. By contrast,

culturing monocytes with M-CSF induces their differentiation
into M®-like cells (moM®s). Adding IL-4 or IFN-y to M-CSF
cultures further polarizes MCs into the so-called “classically
activated M®s/M1s” or “alternatively activated M®ds/M2s”
(106), with strikingly different gene-expression profiles and
metabolic modules (107). In a nomenclature system based on
ontogeny, moDCs, M1s, or M2s are however first classified as
MCs (Levell). In theory, this does not prevent further Level2
classification as “dendritic MCs,” “classically activated MCs,” or
“alternatively activated MCs.” However, we feel this polarized
classification implies functional characteristics that are often
not assessed experimentally. For example, MCs classified as M1s
are typically associated with pathogen killing, M2s with wound
healing, and moDCs with antigen-presentation (Figure 6).
However, the identification of “dendritic MCs/moDCs,” “classi-
cally activated MCs/M1s,” or “alternatively activated MCs/M2s”
in vivo turned out to be very challenging. In fact, profiling of
MC:s isolated from various inflamed tissues or in vitro culture
systems reveals that monocytes can acquire a much broader
transcriptional repertoire than suggested by the three-way M1/
M2/moDC model. In recent efforts to further characterize the
heterogeneity of MC activation states, Schultze and colleagues
compared the gene-expression profile of MCs stimulated with
a vast array of cytokines and TLR ligands. Instead of yielding
a polarized model, the unbiased bio-informatics-driven clus-
tering approach revealed a spectrum model (54). In our view,
this spectrum model can be taken one step further and include
the “dendritic MCs/moDCs” derived from GM-CSF-induced
bone-marrow cultures as yet another extreme of the continuum
of cellular faiths that can be acquired by monocytes. Rather
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FIGURE 5 | Inflammation can induce the appearance of “novel” DC subsets. CD103 and CD11b expression on cDCs from uninfected or influenza-infected
lungs are shown. The appearance of CD103*CD11b* DCs and CD103-CD11b- DCs is transient as schematically represented.
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FIGURE 6 | A modular spectrum model for monocyte-derived cells. Replacement of the polarized three-way M1/M2/moDC model by a spectrum model in
which bacterial killing, wound-healing, and antigen-presentation represent only three of many functional modules that can be acquired by MCs.

than unique end points, bacterial killing, wound-healing, and One important consequence of the herein-described clas-
antigen-presentation represent three of many functional mod- sification would be the regrouping of moDCs and moM®s under
ules that can be acquired by MCs in a spectrum model that can  a single MC Levell. We feel this will represent an improvement
be graphically represented by a continuous circle (Figure 6). for the field due to the lack of clear, mutually exclusive features
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FIGURE 7 | Microscopic characterization of MCs isolated from inflamed mesenteric lymph nodes in an experimental model for colitis.
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that can be used to objectively separate moDCs from moM®s
(53). This problem can be illustrated by the MCs present within
inflamed mesenteric lymph nodes during an experimental model
for colitis (45). In this study, we called these cells moM®s because
they were CD64"F4/80" and excelled at phagocytosis (Figure 7).
However, we could perfectly, like the Powrie group (108), have
classified these cells as moDCs based on their CD11cMHCI™
profile, their localization within the T cell zone, their antigen-
presentation capacity, or their dendritic morphology (Figure 7).
By classifying these cells as CD64"F4/80" and/or CD11c""MHCII™
MCs, they are recognized as one lineage, which will promote
understanding and simplify communication between different
research groups without preventing the study of DC-like or M®-
like properties of specific MCs.

Finally, we do not expect MCs to be homogeneous in inflamed
tissues. We and others found iNOS, the enzyme that is used by
M®s to produce NO and that is classically associated with an M1
activation state, to be typically expressed by only 10% of MCs (11,
45,109). Since NO is bactericidal, suppressive for T cells, and can
induce serious tissue damage, it makes perfect sense to study the
factors that induce the expression of iNOS on a fraction of MCs.
But by classifying these cells as “iNOS* MCs” instead of “M1
macrophages” or “TIP-DCs” one avoids to associate functions
that have not been proven for these cells such as the antigen-
presentation activity typically expected from DCs [in fact mice
lacking monocytes showed identical T cell priming suggesting
that TIP-DCs are not essential for this function (11)].

The Tough Cases Part I: moDCs as
Fourth DC Subset?

MCsfitting the completelist of characteristics attributed tomoDC,
including migratory and antigen-presentation capacities compa-
rable to cDCs, are not easily identified in vivo. We have described
migratory MCs upon house-dust mite (HDM) exposure in the
lungs (47), but their migration is much less efficient as compared
to cDCs and required very high (and non-physiological) doses
of HDM. In fact, we found that the majority of HDM-induced

pulmonary MCs are not migratory cells but instead play an
important role in the secretion of inflammatory chemokines that
orchestrate the local immune responses. Similarly, a low-grade
migration of CCR2*CD64™ MCs was described upon DSS
inflammation in the skin but this was minor as compared to
¢DC migration (48). Moreover, compared to cDCs these dermal
CCR2*CD64™ MCs displayed a rather modest antigen-antigen
presentation capacity.

The most convincing pieces of evidence for cDC-like features
of MCs come from in vitro culture systems. Bone-marrow
cells cultured with GM-CSF yield cells with excellent antigen-
presentation capacity that acquire CCR7, the chemokine recep-
tor controlling migration of cDCs from tissues to lymph nodes,
upon TLR stimulation and can migrate to the lymph nodes upon
in vivo transfer (110, 111). This culture system has been used in
many labs and is globally accepted to yield a homogeneous popu-
lation of moDCs. This concept was first challenged by a study
using single-cell transcriptomics (112). Among LPS-stimulated
GM-CSF-induced bone-marrow-derived moDCs, the majority of
cells were found to show high expression of inflammatory genes
such as TNE, IL1, and CXCL10, while a smaller subset had much
lower expression of these genes but displayed a signature reminis-
cent of “mature DCs,” including high expression of CCR7 (113,
114). This was originally interpreted as functional heterogeneity
among moDCs. However, in what we consider a landmark paper,
Reis e Sousa and colleagues now demonstrate that this minor
“mature” population in fact represents cDC2s that contaminate
these cultures. These cDC2s displayed lower production of inflam-
matory cytokines but much better CCR7-ligand-induced migra-
tion and antigen-presentation as compared to GM-CSF-induced
MCs (115, 116). This implies that many of the DC-like features
of GM-CSF-induced moDCs should in fact not be attributed to
MCs, but to a minor contaminating cDC2 population. All in all,
both in vitro and in vivo data thus point toward a lower migration
and antigen-presentation capacity of MCs as compared to cDCs,
but conversely a higher production of inflammatory cytokines
and chemokines. We therefore propose that in an inflamed organ
the core business of cDCs will be migration to the draining lymph
nodes and activation of naive T cells, whereas MCs will primarily
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orchestrate local inflammatory responses. Note that this has
important consequences for DC-based vaccination strategies as
this may explain why MC-based vaccines have only yielded mod-
est clinical responses (117). The recent advances in cDC culture
systems and the proper identification of committed circulating
DC-precursors (31, 32, 118) may therefore pave the way toward
more efficient cDC-based vaccination strategies.

The Tough Cases Part Il: Steady-State
MCs Versus Embryonic Macrophages

Most M®-like cells present in steady-state tissues are of embry-
onic origin (33-36, 38, 39, 44). However, puzzling exceptions
have been reported. Although embryonic M®s colonize the
intestine and the heart before birth, these cells are thereafter pro-
gressively replaced by MCs. Importantly, these cells are relatively
short-lived and continuous monocyte-recruitment is required to
maintain the MC pool in these tissues (45,46, 119-121). Similarly,
monocytes are continuously recruited to the steady-state dermis
(48). Therefore, while in some steady-state tissues, including the
lung and the spleen, monocytes have been proposed to remain in
an undifferentiated state (37, 122); in others, including the intes-
tine, the skin, and the heart, they acquire a M®-like phenotype.
The classification of MCs that differentiate in these steady-state
organs and that replace the embryonic M®s is difficult. They
do not fit the profile of the MCs that are recruited to inflamed
tissues, including pulmonary infection (36), auto-immune brain
inflammation (101, 102), and acute liver injury (100), since in
these inflammatory settings MCs do not replace the embryonic
M®s and display a very different gene-expression profile. Future
research will be required to compare the functional properties
and gene-expression profile of the embryonic M®s present in the
intestine, the skin, and the heart to the ones from the MCs that
replace them with time. It will be interesting to compare the influ-
ence of tissue-imprinting to the intrinsic differences associated
with their distinct cellular origin. Embryonic M®s were recently
compared to their bone-marrow-derived counterparts that
replace them after irradiation-induced depletion. It was found
that both cells share between 50 and 90% of the tissue-specific
epigenetic landscape (105). This emphasizes the importance of
tissue-imprinting, but at the same time implies that between 10
and 50% of the epigenetic landscape could be governed by the
cellular origin of the cells. Future research will be required to
assess the functional relevance of these findings. In the meantime,
the classification of M®-like MCs in steady-state tissues remains
difficult.

The Way Forward

The Levell that forms the scaffold of the herein proposed clas-
sification system is in part based on elegant murine fate-mapping
systems developed to study the cellular origin of M®s (33, 34,
38, 39, 43, 44) and DCs [(123) and (124) in this issue]. Although
the recent identification of committed DC-precursors distinct
from monocytes in humans suggests that many of the principles
identified in mice apply to the human immune system, this

remains to be formally proven. Moreover, many of these murine
fate-mapping systems label only a small fraction of the cells per
population, rendering functional studies difficult. In cases where
classification as cDC1, cDC2, pDC, MC, or M® is not obvious, a
core set of signature genes that are specific for each cell type could
facilitate correct Levell identification. However, such signature
genes are not easily identified. In addition, identification based
on surface receptors would be most practical since it would allow
the sorting of living cells through flow cytometry for functional
assays. Ideally, such markers would be conserved across species.
We are currently data-mining the gene-expression profiles of cells
from various tissues and species to try to identify such markers.
This can however represent a catch22. To find markers specifically
expressed by the different populations, one requires pure gene-
expression profiles, but correct sorting of the cells without con-
tamination by other populations for RNA profiling requires the
very markers we are looking for. Recent technological advances in
single-cell RNA sequencing will allow to profile the gene expres-
sion of mixed populations. This may at last disentangle mixed
myeloid populations and will hopefully provide the field with new
markers that can then be validated with the current fate-mapping
systems.

Although the current classification systems should thus be
seen as work in progress, we are confident that in the near future
better markers will be found which faithfully translate the cel-
lular origin of cells and will form a practical base for the Levell
classification of myeloid cells. The Level2 classification should
in our view be kept as flexible as possible to allow researchers
to focus on one particular functional attribute of their cells of
interest without implying too many additional features that have
not been studied. Finally, it is noteworthy that in parallel to our
proposition a nomenclature system for M®s was proposed (106).
In this proposition, terms implying functional specialization such
as “classically activated macrophages” (pro-inflammatory) or
“alternatively activated macrophages” (anti-inflammatory) were
replaced by an objective description of how a M® is cultured
in vitro [e.g., M® (IL-10)] or identified in vivo (e.g., “Relma™
M®”). Thus, the common core Levell would be M® and the
added description provides the Level2. This and our classification
system thus share three important principles: (i) elimination of
terms that imply functional specialization as much as possible,
(ii) introduction of a fixed Levell system across species and
tissues, and (iii) permitting flexibility through a Level2 system.
Irrespective of which system is used to define the Levell [ontog-
eny as we propose, or gene-expression profile as proposed by the
Dalod group in this issue (60, 61)], we feel these three principles
should be maintained for a future and hopefully definitive clas-
sification system.
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Ontogeny of tissue-resident
macrophages

Guillaume Hoeffel* and Florent Ginhoux*

Singapore Immunology Network (SIgN), Agency for Science, Technology and Research (A*STAR), Singapore, Singapore

The origin of tissue-resident macrophages, crucial for homeostasis and immunity, has
remained controversial until recently. Originally described as part of the mononuclear
phagocyte system, macrophages were long thought to derive solely from adult blood
circulating monocytes. However, accumulating evidence now shows that certain mac-
rophage populations are in fact independent from monocyte and even from adult bone
marrow hematopoiesis. These tissue-resident macrophages derive from sequential
seeding of tissues by two precursors during embryonic development. Primitive macro-
phages generated in the yolk sac (YS) from early erythro-myeloid progenitors (EMPs),
independently of the transcription factor c-Myb and bypassing monocytic intermediates,
first give rise to microglia. Later, fetal monocytes, generated from c-Myb* EMPs that
initially seed the fetal liver (FL), then give rise to the majority of other adult macrophages.
Thus, hematopoietic stem cell-independent embryonic precursors transiently present in
the YS and the FL give rise to long-lasting self-renewing macrophage populations.

Keywords: macrophages, monocytes, fetal liver, yolk sac, C-Myb, erythro-myeloid progenitors, hematopoiesis,
hematopoietic stem cells

Introduction

Ilya (Elie) Metchnikoft first described the mechanism of phagocytosis and the cells responsible for
this process over a century ago. These professional phagocytic cells were named “macrophages”
(from the Greek derivation macro = large and phage = devouring, “large devouring cells”). These
were separate from “microphages,” which included polymorphonuclear phagocytes (1). Determining
the role of macrophages in pathogenic infections was one of the fundamental observations leading to
the concept of cellular immunity (2). Through this seminal work, Metchnikoff anticipated the central
role of macrophages in tissue inflammation and homeostasis. We recommend an elegant historical
review for more details about Metchnikoff’s work by Yona and Gordon in this issue (3).

Since then, the definition of the phagocyte system has been continuously refined, and our under-
standing of the wide-ranging functions of macrophages has been substantially expanded. It is now
clear that, in addition to their classical function in the activation and resolution of tissue inflamma-
tion, macrophages also play roles in tissue-specific functions, tissue remodeling during angiogenesis
and organogenesis, and wound healing, to name a few (4). Macrophages are exquisitely adapted to
their local environment, acquiring organ-specific functionalities during developmental stages and
the steady state (4). Macrophages are able to support multiple tissue functions, integrating cues from
both the outside environment and their microenvironment to act as rheostatic cells of tissue function.
Thus, tissue-resident macrophages represent an attractive target for modern medicine to treat a wide
spectrum of diseases in which they have been implicated, including atherosclerosis, autoimmune
diseases, neurodegenerative and metabolic disorders, and tumor growth (5-8). Understanding the
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Macrophage ontogeny

origin and developmental pathways of macrophages will help to
design novel intervention strategies targeting these cells in tissue-
specific sites.

A number of observations now indicate that certain
macrophage populations derive from embryonic precursors
sequentially seeding tissues during development (9-13). Two
macrophage progenitors, yolk sac (YS) macrophages and fetal
monocytes, have been described in the embryo, but their exact
nature and origin were not fully understood until recently (14,
15). Here, we discuss recent developments in our understanding
of the origin of adult tissue-resident macrophages, exploring the
sequence of progenitors generated during embryonic and adult
hematopoiesis. We focus on the relative contributions of YS
macrophages and fetal or adult monocytes, including a discus-
sion of our own recent data exploring the heterogeneity of fetal
monocyte developmental pathways.

Early Concepts

Macrophages form part of the mononuclear phagocyte system
(MPS), which also includes circulating monocytes and dendritic
cells (16). Until recently, our vision of macrophage origin and
homeostasis was largely based on seminal studies that used
in vivo radioisotope labeling and radiation chimera experiments.
These studies led to the early dogma that resident macrophages
were constantly replenished from circulating bone marrow (BM)-
derived monocytes as a continuum of differentiation (17-19).

In agreement with that concept, studying the ontogeny of the
MPS revealed that monocytes and macrophages derived from
macrophage and dendritic cell progenitors (MDPs) present in
the BM, which are phenotypically defined as lineage-c-kit*CX
3CRI*FIt3*CD115" (20). MDPs further differentiate through a
newly described common monocyte precursor (cMoP), pheno-
typically defined as lineage c-kit"*CX3CR1*Flt3-CD115* (21),
that gives rise to the two main subsets of circulating monocytes
distinguished by the expression of Ly6C (22).

Specific tissue macrophages, such as dermal, gut, and heart
macrophages, seemed to follow the model of Van Furth, that
macrophages are derived from monocytes (23-25). However, this
model did not fit in all cases and evidence also emerged indicating
that macrophages were long-lived cells, able to self-renew locally.
Hashimoto was the first to speculate that Langerhans cells (LCs)
represented a self-perpetuating “intraepithelial phagocytic sys-
tem” (26). Performing a human skin transplantation assay onto
nude mice, Krueger et al. described the remarkable longevity
of LCs, which were able to persist in the grafts for more than
2 months (27). Their ability to self-renew through proliferation
was later described using DNA densitometry (28). Similar con-
clusions were drawn soon after regarding alveolar macrophages
(29). The dominant concept of “the monocytic origin” of tissue
macrophages was also challenged through experiments in ani-
mals with prolonged monocytopenia following strontium-89
monocyte depletion, in which liver Kupffer cells were shown to
maintain cell numbers by increasing local proliferation (30, 31).

More recently, the use of long-term parabiotic mice and sub-
sequent fate-mapping models have challenged the MPS paradigm
and revealed that, unlike all other hematopoietic cells, which

rely on hematopoietic stem cell (HSC)-derived BM progeni-
tors, certain macrophage populations possess the unique ability
to self-renew locally independently of circulating precursors
(32-36). Initial studies describing the presence of macrophages
in embryonic tissues suggested that tissue macrophages derived
from embryonic progenitors. In rodents, macrophage-like cells
first described in the brain rudiment and in the developing skin
(37, 38) were named “fetal macrophages” and found to exhibit
a high capacity for proliferation (39). These observations sug-
gested that adult macrophages derive from fetal macrophages
established during early development. However, whether these
fetal macrophages were maintained until adulthood or were
replaced postnatally was not addressed until recently. In addition,
the exact nature and the origin of fetal macrophage progenitors
remained unclear.

Embryonic Hematopoiesis

Mammalian embryos produce several transient waves of hemat-
opoietic cells before the establishment of HSCs in the BM during
late gestation (40, 41). The multiple embryonic waves are differ-
entially regulated in time and space and exhibit distinct lineage
potentials. Importantly, they contribute to hematopoietic popula-
tions that persist until adulthood. These waves include primitive
hematopoiesis in the YS, and definitive hematopoiesis, which
comprises a transient definitive stage, generating multi-lineage
erythro-myeloid progenitors (EMPs) and lympho-myeloid pro-
genitors (LMPs), and a definitive stage characterized by the
production of HSCs in the aorta-gonad-mesonephros (AGM).
These transient progenitors establish themselves transiently in
the fetal liver (FL) during the mid to late stages of hematopoiesis.
The sequential waves of hematopoiesis can overlap in time and
space (Figure 1) and remain difficult to separate clearly, even with
the most recent fate-mapping tools available.

Primitive Hematopoiesis

In mice, the first hematopoietic progenitors appear in the
extra-embryonic YS blood islands at around embryonic age 7.25
(E7.25), where primitive hematopoiesis is initiated, producing
mainly nucleated erythrocytes. This observation linked the
myeloid progenitors observed in the YS at E7 with the emergence
of YS macrophages after E9.0 [Figure 2; Ref. (42-45)]. Primitive
hematopoiesis was also shown to produce megakaryocyte pro-
genitors (46). The denomination “primitive” was given to reflect
the production of embryonic erythroblasts, like those observed in
lower species such as fish, amphibians, and birds, and remaining
nucleated throughout their life span (47-49). This denomination
was extended to macrophages in the YS due to their concomitant
development prior to FL hematopoiesis. Interestingly, no clear
evidence of monocytic intermediates was reported at this stage,
although the seminal study of Cline and Moore did mention the
existence of local intermediate cells between progenitors and
functional macrophages (43). Studies by Naito and Takahashi
et al. clarified the emergence of primitive macrophages in the
YS blood islands in the mouse and rat, observing an absence
of endogenous peroxidase activity as a surrogate marker for an
absence of monocytic intermediates, such as those found in the
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FIGURE 1 | Fetal hematopoiesis. Primitive, transient definitive, and definitive waves of fetal hematopoiesis sequentially generate progenitors able to seed the fetal
liver. Primitive hematopoiesis starts at E7.0 in the blood islands of the extra-embryonic yolk sac (YS) and generates erythro-myeloid progenitors (EMPs). Early EMPs
initially express CD41 and later, CSF-1R, a signature of myeloid/macrophage commitment. Concomitant to the establishment of the blood circulation at E8.5, the YS
hemogenic endothelium (HE) generates late EMPs expressing C-Myb. At approximately E9.0, the intra-embryonic mesoderm generates additional HE and emerging
progenitors with lymphoid potentials (LMPs) without long-term reconstitution (LTR) capacity. These C-Myb* EMPs and LMPs constitute the so-called transient
definitive wave. Finally, hematopoietic stem cells (HSCs) with LTR activity emerge from the main HE situated in the aorta-gonad-mesonephros (AGM) regions and in

BM (50-52), suggesting a unique developmental pathway for YS
macrophages (53, 54).

Transient Definitive Hematopoiesis

The quest to elucidate the origins of embryonic HSCs led to
the discovery of earlier lineage-restricted HSC-independent
progenitors seeding the FL at E10.5. These progenitors arise
concurrently with the transition of primitive to definitive
erythropoiesis and were thus considered to form a transient
stage of definitive hematopoiesis (45, 47, 55). Transient defini-
tive hematopoiesis consists of progenitors sequentially acquir-
ing myeloid, then lymphoid potential, without exhibiting the
long-term reconstitution potential of HSCs. Seminal work from
Palis and colleagues on embryonic erythropoiesis in the YS
described the parallel emergence of multiple myeloid lineage

potential progenitors from E8.25 in the YS (45). Palis et al. first
observed the emergence of definitive progenitors for mast cells
and a bipotential granulocyte/macrophage progenitor. These
progenitors then migrated to the FL through the bloodstream
after E8.5, once circulation was established (44, 56). From this
pattern of development, the authors concluded that definitive
hematopoietic progenitors arise in the YS, migrate through the
bloodstream, and seed the FL to rapidly initiate the first phase
of intra-embryonic hematopoiesis. Similarly, primitive and
definitive erythropoiesis, associated with myelopoiesis, was also
shown to emerge prior to HSC in the zebrafish embryo (57).
Bertrand et al. showed that definitive hematopoiesis initiates
in the posterior blood island with only transient proliferative
potential. Because these HSC-independent definitive progeni-
tors were observed to produce definitive erythroid and myeloid

Frontiers in Immunology | www.frontiersin.org

September 2015 | Volume 6 | Article 486


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org

Hoeffel and Ginhoux

Macrophage ontogeny

™~

Yolk sac (YS) |

Placenta

ol
Ys Blood Islands/\YS hemogenlc‘/endothehum

E7.5 E8.5

Primitive hematopoiesis and macrophage ontogeny

FIGURE 2 | Primitive hematopoiesis and yolk sac macrophage ontogeny. Early EMPs emerge in the YS around E7.5 before establishment of the blood
circulation. They express CD41 and CSF-1R and are independent of the transcription factor C-Myb. Upon establishment of the blood circulation around E8.5, EMPs
differentiate into primitive macrophages as well as primitive erythrocytes and granulocytes. Primitive macrophages seed all fetal tissues, in particular the head where
they will give rise to future brain microglia that are able to continuously self-renew throughout adulthood. EMPs seeding the fetal liver briefly expand to generate a
local macrophage population, likely important for sustaining enucleation of primitive erythrocytes passing through the sinusoid prior to the establishment of definitive
hematopoiesis and the generation of fetal monocyte-derived macrophages in the fetal liver.
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cell types, but not to colonize the zebrafish thymus (implying
that they are devoid of lymphoid potential), this population was
termed EMPs (57). Interestingly, EMPs can also emerge from
the hemogenic endothelium (HE) located in the placenta and
umbilical cord (58) and colonize the FL from E9.5 (55) to par-
ticipate in definitive hematopoiesis. Further studies advanced
the field significantly by identifying CD41 as an early marker
(pre-CD45) for defining hematopoietic progenitors, including
EMPs, emerging from the YS (59, 60). Altogether, these impor-
tant studies provided phenotypic and functional analyses of the
first hematopoietic progenitors and demonstrated that defini-
tive hematopoiesis proceeds through two distinct waves during
embryonic development (Figure 3).

In parallel, several groups have also identified other multipo-
tential progenitors with lymphoid- or myelo-lymphoid-restricted
potential in the YS and the developing para-aortic splanchno-
pleura (P-Sp) prior to HSCs (61, 62). Lacaud et al. also described
AA4.1 (CD93)* multipotential progenitors present in the E14.5

FL with T cell, B cell, and macrophage potential (63), although
the precise origin of these progenitors was not addressed. At the
same time, the team of Jacobssen identified Flt3* lympho-myeloid
progenitors (LMPs) devoid of erythrocyte and megakaryocyte
capacity (64). Later, cells with myelo-erythroid and lymphoid
lineage potential, such as B-1 cells present in the adult spleen,
were associated with E9.5 YS progenitors expressing AA4.1 and
CD19 (65). A year later, the same team also identified T cell
potential within the E9.5 YS progenitors (66). Using a Rag-1-Cre
fate-mapping model, Boiers et al. confirmed that these LMPs
emerged at approximately E9.5 in the YS, seeding the FL by E11.5
to give rise to T and B cells, as well as granulocytes and monocytes
in the E14.5 FL, prior to HSCs (67). Finally, lympho-myeloid
progenitors isolated from the dorsal aorta at E9.0 were shown
to acquire long-term reconstitution capacity after a few days of
in vitro culture with stromal cells, and were called immature
HSCs (68). Without preculture, these multipotential progenitors
can only engraft natural killer (NK)-deficient Rag2yc™~ mice.
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Whether these immature HSCs arise from LMPs or represent
a distinct wave of progenitors remains to be clarified. However,
these seminal studies provided strong evidence that lymphoid
potential can emerge from the YS, prior to HSC-budding from
the AGM (69).

Because the emergence of EMPs and LMPs overlaps in time
and space, they could not be distinguished clearly until recently.
Previous reports had suggested that lymphoid potential was
restricted to the CD41-negative cell fraction (59, 65). However,
CD41 is also expressed in a sub-fraction of FL HSCs, and so this
phenotypical distinction spread some confusion (47). Finally,
a recent report from the group of Palis clarified this point by
showing that co-expression of c-kit, CD41, and CD16/32 defines
EMPs and allows their separation from other progenitors with
lymphoid potential, such as those giving rise to the B-1 cell (70).
McGrath et al. extended the notion of EMPs by showing their
potential to generate neutrophils, megakaryocytes, macrophages,
and erythrocytes. Finally, transplantation of EMPs in immune-
compromised adult mice can also provide transient adult red
blood cell reconstitution (70).

To conclude, commitment to hematopoietic fates begins dur-
ing gastrulation in the YS, which represents the only site of primi-
tive erythropoiesis and also serves as the first source of transient
definitive hematopoietic progenitors. HE develops from the YS
to various intra-embryonic sites, and acquires myeloid and then
lymphoid lineage potentials in overlapping waves, highlighting
the complexity of the hematopoietic output. Whether some of
these progenitors arise from independent sources or represent
different maturation stages of a shared hematopoietic wave, cul-
minating with the generation of HSCs, needs to be further clari-
fied. However, it is tempting to speculate that the clear contrasts
in differentiation/lineage potential do not reside in their intrinsic
potential, but rather in the extrinsic signals provided by the local
environment.

Definitive Hematopoiesis

The complex hierarchy of stem and progenitor cells in the BM
is first established during embryonic development starting
with the emergence of small numbers of HSCs from the AGM
at E10.5 in murine embryos or at 5 weeks in human embryos
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(71, 72). After E9.5 in the mouse, with the determination of the
intra-embryonic mesoderm toward a hematopoietic lineage, new
waves of hematopoietic progenitors emerge within the HE of the
embryo proper (Figure 4), first in the P-Sp region and the umbili-
cal and vitelline arterial regions of the embryo, then in the AGM
region and the placenta (55, 73, 74). The hematopoietic activities
of the P-Sp and AGM first generate immature HSCs and then
mature HSCs, which are defined by their capacity to reconstitute
adult conventional mice (long-term reconstitution; LTR). Both
immature and mature HSCs seed the FL at approximately E10.5
(68, 71, 75, 76) to establish definitive hematopoiesis (40, 77, 78).
A maturation step seems necessary for immature HSCs to express
their LTR activity in full, which is then maintained until adult-
hood (68). However, further investigations using a fate-mapping
system would be necessary to confirm this model.

The FL becomes the major hematopoietic organ after E11.5,
generating all hematopoietic lineages. Importantly, the FL
itself does not produce progenitors de novo, but rather recruits
progenitors derived from the YS and other hemogenic sites, to
initiate definitive hematopoiesis (79) in parallel with the expan-
sion of the definitive HSC population before their migration to
the spleen and BM (80).

The contribution of HSCs to FL hematopoiesis is complex
to evaluate, partly because of the lack of specific fate-mapping
models, and also the relatively limited knowledge regarding
embryonic HSC maintenance and homeostasis in this environ-
ment. The capacity for long-term reconstitution, which defines
functional HSCs, is present in the AGM by E10.5 (76). However,
lineage-specific commitment may not occur in vivo imme-
diately after reaching the FL environment. A number of other
progenitors generated during transient definitive hematopoiesis,
as discussed above, are already present and able to give rise to
almost all cell lineages, which could prevent HSC consumption
and differentiation (Figure 5). Evaluation of HSC contribution
has long been based on the assumption that all hematopoietic
cells in the FL were derived from HSCs as is the case in the BM
(81). Many multipotential progenitors share the same phenotype
with pre-HSC and HSCs, such as the expression of CD41 and
AA4.1 (60), adding to this confusion. The combination of the
marker Sca-1 and new markers such as those from the SLAM
family (82) have greatly helped to clarify the characterization of
HSCs, defined now as Lin~ckit*Sca-1*CD150*CD48-CD244".
However, no specific fate-mapping model exists to characterize
embryonic HSC progeny with the exception of the Flt3-Cre

Placenta

/:t*Sca-r ’

Fetal
monocytes

HSC
e e .
YS/P- Sp/Aorta-gonads-mesoneph Qs HE
o \
E9.0 E95 ~ E105 E11.5

Transition between fetal and adult monopoiesis and macrophage ontogeny

FIGURE 4 | Transition between fetal and adult hematopoiesis. Hemogenic endothelial cells from extra and intra-embryonic hematopoietic tissues generate
C-Myb-dependent multipotential progenitors, such as LMPs and pre-HSCs, between E9.0 and E10.5, culminating with the emergence of mature HSCs with
long-term reconstitution-bearing potential. CD93 (AA4.1) expression is associated with the emergence of lymphoid potential, whereas Sca-1 is the hallmark of
HSCs. These progenitors seed the fetal liver around E10/E11, expanding and giving rise to the various lineages of the hematopoietic system, including fetal
monocytes. These late fetal monocytes continue to participate in the tissue-resident macrophage network until hematopoiesis switches completely from the fetal
liver to the bone marrow. Once adult hematopoiesis begins to take place in the bone marrow generating monocytes, certain tissues, such as the dermis, heart
peritoneum, and the gut, continue to recruit adult monocytes to generate resident macrophages and replace with time the embryonic-derived macrophages.
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FIGURE 5 | Timeline of fetal and adult hematopoiesis. The primitive hematopoiesis is initiated in the yolk sac independently of C-Myb activity, and generates
early CSF-1R* EMPs that give rise to YS macrophages without monocytic intermediates during a short time window and will establish the brain microglia. The
transient definitive hematopoiesis and then the definitive hematopoiesis are both dependent on C-Myb activity and generate progenitors that differentiate in the fetal
liver. The transient definitive wave, which include EMPs and then LMPs, give rise in particular to fetal monocytes that seed the tissues prior to birth to establish the
self-renewing tissue-resident macrophage network. Although only HSCs, which result from the definitive hematopoiesis, seem to be maintained in the bone marrow
in adults, the relative contribution of the transient definitive wave to the adult immune system remains unclear.

model (83), which was used until now with the assumption that
embryonic and adult HSCs follow similar differentiation path-
ways. Our recent report suggests that the Flt3-Cre model can
also be used to follow the progeny of LMPs (15). Furthermore,
in the nascent BM, the long-term repopulation (LTR) capacity
that characterizes functional HSCs is only observed at around
E17.5 (84). Considering the time required to initiate full HSC
differentiation, these data suggest that proper adult HSC-derived
hematopoiesis does not take place in the BM until a few days
after birth. Characterization of the functional specificities and
regulatory pathways of HE that give rise to HSCs versus those
that generate EMPs and other multipotential progenitors could
aid the development of new fate-mapping models and improve
our understanding of this process (85). Use of other fate-mapping
models such as the Runxl-Mer-Cre-Mer (Runx1-iCre) (86),
Tie2-Mer-Cre-Mer mice (14), and the c-kit-Mer-Cre-Mer mice
(87) provided complementary results, although a careful analysis
of the targeted cells in time and space is not yet fully available
for the last two models. We present here our best interpretation
of the data provided in these two recent studies that have used
these models in light of the literature and our own results and
experience using the Runx1-iCre model (Figure 6).

Embryonic and Adult Precursors of Adult
Tissue-Resident Macrophages

Yolk Sac Macrophages

Yolk sac macrophages first appear in the YS blood islands at E9
(albeit in small numbers) with a unique pattern of differentiation
that bypasses the monocytic intermediate stage seen in adult mac-
rophages (50, 52). YS-derived primitive macrophages spread into
the embryo proper through the blood as soon as the circulatory
system is fully established (from E8.5 to E10) (56), and migrate
to various tissues, including the brain. Importantly, this occurs
before the onset of fetal monocyte production by the FL, which
starts around E11.5/E12.5 (92). These primitive macrophages
retain the high proliferative potential observed in the YS as they

colonize various tissues (52, 93-95). Primitive macrophages may
contribute to many fundamental processes during mid and late
embryogenesis, such as clearance of dead cells or tissue matura-
tion. In this regard, the developmental process of interdigital
cell death removal during the mouse footplate remodeling that
occurs between E12.5 and E14.5 is of interest as the interdigit
regions become heavily populated by macrophages and most of
the dead cells were shown to be rapidly engulfed by macrophages
(96). However, mouse models devoid of primitive macrophages
such as the colony-stimulating factor 1 receptor (CSF-1R) KO
(Florent Ginhoux, unpublished data,) and PU.1 KO (97) appears
to exhibit a normal interdigit web tissue. Wood et al. observed
that interdigit web tissue in PU.1 KO was only slightly retarded,
suggesting that other cell type such as neighboring mesenchymal
cells were compensating (97). In addition, we recently showed
that depletion of primitive macrophages and hence of embryonic
microglia, affected the progression of dopaminergic axons in the
forebrain and the laminar positioning of subsets of neocortical
interneurons, likely through phagocytic mechanisms (98).
Schulz et al. highlighted further differences between primitive
and definitive hematopoiesis, showing that the latter relies on
the transcription factor Myb, while YS-derived macrophages are
Myb-independent, and are instead dependent on PU.1 (12). This
again reinforces the view that YS-derived macrophages constitute
an independent lineage, distinct from the progeny of definitive
HSCs. Schulz et al. exploited the differential dependence of
primitive versus definitive hematopoiesis on the transcription
factor c-Myb and reported that E16.5 tissue macrophage popula-
tions were not affected by the loss of c-Myb. Using a CSF-1R-iCre
fate-mapping model of YS macrophages, they also reported the
persistence of YS macrophages progeny in adult tissue-resident
macrophage populations (lung, liver, and pancreas, as well as in
the brain and skin), although the level of labeling was minimal
(below 3-5%) and decreased with time. The authors concluded
that tissue-resident macrophages were therefore derived from
a c-Myb-independent lineage via YS macrophages (12), data
supporting the initial report showing that microglia arise from
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FIGURE 6 | Fate-mapping systems. (A) The Runx-iCre fate-mapping model (86) used in our study targets the hemogenic transition (88), hence, labeling
specifically progenitors in the process of budding out from the hemogenic endothelium. The Runx1 expression decreases in progenitors once they start to express
Vav thus reducing the chances of tagging released progenitors from precedent waves (88). As a consequence, Runx-iCre tagging is restricted to a short time
window in the lifespan of a given progenitor and allows a sharp definition of each hematopoietic wave. However, this model also restricts the tagging to only a small
fraction of the targeted progenitor wave. (B) Tie2 is expressed in all endothelial cells that constitute the hemogenic endothelia even before the hemogenic transition
(89). Thus, all endothelial cells and their progeny (non-hematopoietic and hematopoietic cells) will be labeled after tamoxifen injection using the Tie2-iCre model. As a
consequence, an early tamoxifen injection (such as at E7.5) will result in the tagging of all hematopoietic cells emerging before the time of analysis. This will include
progenitors from the primitive, the transient definitive, and the definitive waves if, for example, the analysis is done at E11.5. A late injection (such as at E10.5) will
restrict the tagging to only the latest hematopoietic stem cells wave as they are just budding from HEs (90). Thus, this model might not be suitable to clearly
separate the primitive from the transient definitive waves of hematopoiesis. However, this model could be important to study late HSC progeny as no other
progenitors than HSCs emerge from HE after E10.5 (91). (C) C-kit is expressed by all hematopoietic progenitors and does not label endothelial cells that constitute
the HEs (89). An early tamoxifen injection (such as at E7.5) will restrict the labeling to early progenitors making suitable the c-kit-iCre model to study the primitive
hematopoiesis. However, the FL recruits progenitors of each hematopoietic wave from E8.5 until E11 (79). These progenitors still express c-kit and coexist after
seeding the FL during the time necessary for their differentiation (47, 55). A later tamoxifen injection (such as at E9.5) might thus result in the cumulative labeling of
undifferentiated primitive and definitive progenitors, including the transient wave of EMPs and LMPs. Thus, such model may not be suitable to resolve the complexity
of the different embryonic hematopoietic waves characterized by short time windows of emergence and strong overlapping tendencies. Primitive hematopoietic
progenitors are rapidly consumed and the engagement of EMPs and LMPs in FL hematopoiesis reduces the expression of c-kit on their surface. Thus, later
tamoxifen injection (such as at E11.5) could restrict the labeling to newly derived HSCs expressing high level of c-kit without labeling precedent progenitor waves
(87). Such model might be interesting to study the progeny of late HSCs although the risk of tagging the progeny of EMPs and LMPs or later committed progenitors
derived from HSCs remains high and difficult to exclude. Further analysis would be necessary to clarify the potential of such model.

YS macrophages (9). Embryonic origin of macrophages was
further supported by the work of Yona et al. and Hashimoto et al.
showing that adult monocytes do not substantially contribute
to tissue macrophages under steady-state conditions (13, 33).
Furthermore, Yona et al. suggested the existence of a CX3CRI*
precursor for some of the monocyte-independent macrophages,

although the exact nature of this precursor was not elucidated. In
fact, both YS macrophages and fetal monocytes express CX3CR1
(9, 11, 15) and could therefore correspond to the unidentified
precursors suggested by Yona et al. However, using a CSF-1R-
iCre fate-mapping model, also used by Schulz et al. (12), another
study noted that the YS macrophage contribution in the brain,
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the adult liver, and the heart was maintained although at a mini-
mal level that decreased with time (99). Interestingly, the level of
labeling was always higher in microglia than that in the liver or
the heart, suggesting that the level of YS macrophage contribu-
tion may differ between tissues and that YS macrophages may
be differently replaced over time by later waves of progenitors,
which follow tissue-distinct kinetics (discussed below). Our
own report using the Runxl-iCre fate-mapping model (86)
indicated that only microglia, specialized macrophages of the
central nervous system, were derived solely from primitive
macrophages while all other tissue macrophages derived from
definitive hematopoiesis (9).

To understand whether YS macrophages might be the sole
progenitors of every other adult macrophages, we asked what
impact their in utero depletion would have on the subsequent
generation of fetal tissue macrophages. CSF-1R is expressed on
YS macrophages and fetal monocytes, but only the development
of the former is actively dependent on CSF-1R (9, 11). Thus, we
attempted to deplete YS macrophages by transiently inhibiting
the CSF-1R signaling pathway using a blocking anti-CSF-1R
antibody, as recently described (98). Importantly, after complete
depletion of primitive YS macrophages in E10.5 embryos and thus
of most macrophages in treated embryos at E14.5, tissue mac-
rophages (including microglia) were able to repopulate to normal
levels before birth. These data suggest that YS macrophages are
dispensable for the generation of tissue-resident macrophages in
the embryo, and that another CSF-1R-independent embryonic
precursor can functionally replace YS macrophages during
development (15, 98). Using a combination of both the CSF-1R-
iCre and the Runx1-iCre fate-mapping models, we noted that
although YS macrophages infiltrate all tissues (including lung,
liver, kidney, skin, gut, heart, pancreas, and stomach) until E13.5,
a second wave of precursors, with a monocytic morphology and
phenotype, supersedes them after E14.5 with the exception of
the brain where YS macrophages are maintained until adulthood
(15). A fuller understanding of this process may help to resolve
some of the earlier discrepancies regarding the contribution of
YS macrophages.

Fetal Monocytes

Fetal monocytes were described by Naito et al. (92). Focusing
their study on liver Kupffer cells (the resident macrophages of the
liver) during embryonic development, they exploited the endog-
enous peroxidase activity of monocytes and pro-monocytes
granules described earlier by van Furth et al. (18, 92). Naito
et al. observed the transient appearance of peroxidase activity, a
signature for monocyte and pro-monocyte granule activity, dur-
ing the in vitro generation of macrophages from a preparation
of FL-dissociated cells (92). In the YS and at early stages of FL
development, no peroxidase activity was observed, suggesting
that primitive macrophages first seed the FL. At a later stage,
the peroxidase activity increased, suggesting the presence of
monocytic intermediates. In vitro clonal expansion assays con-
firmed the existence of two types of colonies, those containing
fetal monocytes and those devoid of them. This provided early
evidence for the existence of two distinct developmental path-
ways leading to the generation of Kupffer cells, although at this

stage, direct differentiation of fetal monocytes into macrophages
in vivo had not been demonstrated (100).

To investigate the developmental event leading to the emer-
gence of tissue-specific macrophages, we initially focused on
the LC, the specialized myeloid population of the epidermis.
While YS macrophages seed the embryonic skin before E13.5, we
discovered that the major fraction of adult LCs is in fact derived
from fetal monocytes that are generated in the FL from E12.5 and
are then recruited into fetal skin at E14.5 (11). These cells share
a similar phenotype to their adult counterparts; however, they
are generated independently of CSF-1R expression (9, 11). They
possess high proliferative potential, and, in contrast to their adult
counterparts, express few genes related to pathogen recognition
and immune activation (15). Further studies should clarify
whether such differences reflect monocyte immaturity imposed
by a sterile fetal environment, or rather dedicated functional
specializations that have yet to be unraveled. In utero adoptive
transfers combined with fate-mapping studies unequivocally
confirmed in situ differentiation of fetal monocytes into adult LCs
(11). Fetal monocytes were then demonstrated to be the precur-
sor of adult macrophages in lung alveoli by intranasal injection
(10, 101). Fetal monocytes were also shown to be involved in
the generation of adult macrophages of the heart (99). In fact,
fetal monocytes become the major leukocyte within the blood
circulation after E13.5, spreading to all tissues. This occurred
independently of the CCL2/CCR2 axis (15), suggesting an
alternative mechanism of exit from the FL and/or recruitment
by fetal tissues. Moreover, we were able to fate-map, from before
birth to adulthood, the local differentiation of fetal monocytes
into resident macrophages, by taking advantage of the specific
expression of S100a4 in fetal monocytes compared to YS mac-
rophages (15). Only the brain remained free from fetal monocyte
infiltration, possibly resulting from the isolation of the brain by
the nascent blood-brain barrier as early as E13.5 (15, 102). Thus,
these data now reveal that fetal monocytes are the major circulat-
ing embryonic precursor for all macrophages, with the exception
of the brain. The absence of monocyte precursor contribution to
the microglial pool could result from a lack of intrinsic potential
or a lack of access to the developing brain due to the nascent
blood-brain barrier. Interestingly, we observed a major influx of
monocytes in the brain at E14.5 in our YS macrophage depletion
model, and preliminary data using our fetal monocyte S100a4-
Cre/WT fate-mapping model combined with in utero depletion
of YS macrophages suggest that fetal monocytes are capable of
giving rise to microglia under certain conditions (Hoeffel &
Ginhoux, personal communication). Whether this atypical fetal
monocyte infiltration reflects a compensatory mechanism to
fulfill an empty niche in the brain or results from a disruption of
the blood-brain barrier remains to be investigated.

Adult Monocytes

BM-derived circulating monocytes were considered the only
precursors for all tissue-resident macrophages since the seminal
work of van Furth et al. (17-18). Although this dogma was
entirely revisited recently with the emergence of sophisticated
fate-mapping tools as well as parabiotic models, the physi-
ological contribution of circulating adult monocytes to the adult

Frontiers in Immunology | www.frontiersin.org

39

September 2015 | Volume 6 | Article 486


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org

Hoeffel and Ginhoux

Macrophage ontogeny

macrophage network remains valid at least in certain tissues.
The continuous recruitment of circulating monocytes to the
dermis has been shown to shape the adult dermal macrophage
network (25). Although this study did not employ fate-mapping
techniques, Tamoutounour’s data suggest the existence in the
dermis of both a prenatal pool of macrophages and a second
pool derived from adult blood monocytes. The authors argue
that the dermis, in contrast to the epidermis, continues to recruit
circulating monocytes in adulthood, most likely facilitated by
its high level of vascularization. The macrophage network in the
intestine follows a similar model. Data from Bain et al. suggest
that embryonic macrophages do not persist in adulthood in the
gut, and are replaced constantly by circulating adult monocytes
(23), convincingly showing that adult monocytes are the source
of intestine-resident macrophages. The role of commensal
microbiota in this process is supported by the observation that
the use of germ-free animals or treatment with broad-spectrum
antibiotics results in a significant reduction in the recruitment
of Ly6C* monocytes to the colon (23). The macrophage network
of the heart has also been shown to contain a component of YS
macrophages and fetal monocyte-derived macrophages, both of
which are maintained in adulthood (99). However, similar to the
dermis and the gut, adult monocytes seem to replace embryonic
macrophages progressively over time (24). The decreasing capac-
ity for self-renewal of embryonic macrophages with age observed
by Molawi et al. may explain the requirement for continuous
recruitment of monocyte-derived macrophages to the heart in
the absence of inflammation. It remains to be clarified whether
this phenomenon occurs in other tissues as a result of aging. In
agreement, proliferation of YS macrophages and fetal monocytes
is very high during development (20-40% before E14.5) but
decreases progressively to 10% few days after birth in most tis-
sues and decreases to almost undetectable levels in adults (15).
Interestingly, macrophage turnover seems different from one
tissue to another. Following BrdU incorporation at steady state,
almost no proliferation was observed in adult gut macrophages
(23), while 2-5% was measured in adult heart macrophages
(24). Macrophage proliferation activity can also be mobilized
upon inflammation. For example, peritoneal macrophages can
increase their proliferation rate from 1 to 9% in response to
parasite infection or in response to IL-4 stimulation (35), while
enhanced local proliferation of macrophages in atherosclerotic
lesions sustain disease progression (103). The characterization of
local signals regulating macrophage proliferation as well as the
presence of specialized tissue niches that sustain macrophage
survival, proliferation, or even “stemness” will be fundamental to
better understand their tissue homeostasis.

The macrophage network of the lymphoid system seems to
follow a similar pattern than in the gut and dermis. Although
the lymph nodes (LN) start to develop very early in the embryo
(104), they become functionally active only within the first week
after birth recruiting and organizing B and T cell areas when fol-
licles start to shape with connections to afferent lymphatics via
the subcapsular sinus (105). Although macrophages are known
to participate in lymphangiogenesis during development, notably
by the production of VEGF (106, 107), the precise origin of the
different LN macrophage populations remain poorly understood

(108). The high level of foreign antigens passing through the LN
during the lifespan, support the model of a constant replenish-
ment of the local macrophage pool by circulating adult mono-
cytes. However, the work of Jakubzick et al. suggests otherwise
as tissue-patrolling monocytes at steady state seem to enter the
LN without any sign of local differentiation to macrophages or
dendritic cells (34). Further studies using fate-mapping systems
should be addressed to clarify this point. Spleen macrophages are
generated prenatally (13, 33). However, red pulp macrophages
and marginal zone macrophages seem highly dependent, respec-
tively, on the transcription factor SPI-C (109) and on the nuclear
receptor LXR (110), also expressed by circulating monocytes and
suggest again that embryonic-derived macrophages are replaced
over time by adult monocytes-derived macrophages. The use of
the S100a4-Cre fate-mapping model in our hands supports these
observations and similar conclusions were obtained for BM and
peritoneal macrophages (15). Although tissue microenviron-
ment shapes certain macrophage functional specificities (111),
through an ontogenic point of view, the composition of each
tissue-resident macrophage pool evolves throughout life and the
respective origins of each macrophage population may account
for some of their key functions and cellular behaviors in a given
tissue. Hence, a new challenge is to understand if an embryonic
or adult origin matters for the function and the activation states
of tissue-resident macrophages.

Origin and Development of YS
Macrophages and Fetal Monocytes

Origin of YS Macrophages

Bertrand et al, in line with the seminal work of Palis (45),
described two sequential myeloid waves within the early YS
(42). Using an in vitro culture reporter system, Bertrand et al.
observed a first wave of monopotent progenitors that gave rise
only to macrophages, followed by a second wave that gave rise
to a mix of granulocytes, monocytes, and macrophages. More
recently, Kierdorf et al. revisited the work of Bertrand et al.
exploiting organotypic embryonic brain slices to demonstrate
that microglial cells derived from YS EMPs (112). Kierdorf et al.
also showed that these EMPs did not express the transcription
factor c-Myb, associating them with the progenitors reported
by Schulz et al. (12), although a direct link with the generation
of microglia in vivo in adulthood was not conclusively demon-
strated. More recently, Perdiguero et al. used the CSF-1R-iCre
fate-mapping model to show that YS macrophages are derived
from CSF-1R* EMPs (14). Hence, these two studies suggest
that YS macrophages, and thus microglia, would originate from
c-Myb-independent CSF-1R* EMPs. Furthermore, Perdiguero
et al. demonstrated that CSF-1R* EMPs were able to seed the FL
by E10.5, suggesting that these progenitors could later populate
other tissue niches and produce YS-like macrophage later during
development in others tissues. Nevertheless, these data do not
explain the low percentage of labeled adult macrophages observed
by Schulz et al. using the CSF-1R-iCre fate-mapping model (12).
Later observations by Epelman et al. (99), and more recently by
our group using the same fate-mapping model (15), indicated
that the ability of CSF-1R* EMP to reach the FL could explain
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the surprising maintenance of primitive macrophages until E16.5
in c-Myb null embryos, where primitive macrophages generated
in the YS as well as in the FL would be able to fulfill the empty
niche left by the absence of c-Myb-dependent myeloid cells, that
include fetal monocytes. However, this may not reflect the physi-
ological situation and may instead result from a compensatory
mechanism to ensure the presence of macrophages in all tissues
in the absence of c-Myb activity and fetal monocytes. Using the
same CSF-1R-iCre fate-mapping model (15), we were able to
follow the maintenance of microglia in the brain by self-renewal
from E10.5 until adulthood, linking them with CSF-1R* EMPs
and confirming the previous observations of Perdiguero et al.
(14). However, for all other macrophage populations, the reduc-
tion of fate-mapping reporter labeling after E13.5 confirmed the
progressive replacement of YS macrophages by another unlabeled
precursor arising from a different hematopoietic wave.

We previously showed that Runxl*® YS progenitors that
emerged at E7.5 give rise to YS macrophages and microglia (9, 11).
Using both the Runx1-iCre and the CSF-1R-iCre fate-mapping
models, we showed that these E7.5 Runx1* YS progenitors were
in fact the same CSF-1R* EMPs described by Perdiguero et al.
and Kierdorf et al., which contributed to the generation of YS
macrophages and, to a lesser extent, those seeding the FL (14, 15,
112). However, we also observed their disappearance from the FL
after E11.5 indicative of a rapid local consumption/differentiation
rather than long-term maintenance. Our results also suggest that
these early CSF-1R* EMPs are able to contribute to a short-term
maintenance of macrophages in the FL (Figure 2), but do not
contribute to other tissue macrophages as evidenced by their rapid
disappearance from the blood circulation after E14.5 (15). This
transient population in the FL may be due to a local immediate
requirement for macrophages, at least during the onset of FL
hematopoiesis, to perform efficient enucleation of primitive eryth-
rocytes passing through the FL sinusoids (100, 113). Combining
historical evidences showing their direct lineage connection with
the emergence of YS macrophages and recent findings showing
their independence with c-Myb activity, we propose that CSE-1R*
EMPs should be designated as primitive EMPs.

Origin of Fetal Monocytes

Because adult monocytes are derived from HSCs in the BM, it
would be reasonable to assume that embryonic HSCs might also
give rise to fetal monocytes in the developing liver. In agreement
with this hypothesis, we have identified a population in the FL
similar to adult MDPs that have the potential to generate fetal
cMoPs and monocytes following in vitro culture (15). Exploiting
the Flt3-Cre tomato fate-mapping model (83), we then fol-
lowed the progeny of embryonic HSCs. However, the poor
labeling observed between E14.5 and E17.5 in FL monocytes and
macrophages contrasted with the strong labeling of FL MDPs,
suggesting that HSCs had limited involvement in the generation
of fetal monocytes (15). Nonetheless, the limited but significant
labeling in fetal monocytes and macrophages at birth suggested
an increasing derivation from fetal HSCs, assuming that fetal
HSCs follow a similar Flt3-dependent differentiation pathway as
adult HSCs. In parallel, gene array analysis highlighted a strong
lymphoid signature within fetal MDPs (15), indicative of their

derivation from the recently described YS-derived LMPs (67).
Thus, LMPs may be important for the generation of a small but
significant proportion of fetal monocytes prior to the expansion
of mature HSCs (Figure 4). Further investigations using more
specific fate-mapping models will be necessary to elucidate the
exact contribution of LMPs as well as the hematopoietic transi-
tion between the FL and the BM.

Importantly, we observed that fetal monocytes were not
tagged with the CSF-1R-Cre model that label early CSF-1R*
EMPs, suggesting that fetal monopoiesis is not dependent on
CSF-1R* EMPs, consistent with our previous data (9, 11) and
with our YS macrophage depletion results (15, 98). Furthermore,
the Runx1-iCre fate-mapping model allowed us to identify two
waves of EMPs that arise sequentially before LMPs in the YS.
These included an early wave, arising at E7.5 that differentiates
locally into YS macrophages; and a later wave tagged at E8.5, that
migrates and seeds the FL following the establishment of the blood
circulation before E9.0. Early EMPs tagged at E7.5 were therefore
related to those described previously by Kierdorf and Perdiguero
(14, 112). The late EMPs tagged at E8.5, however, expressed
c-Myb, expanded more efficiently in the FL, and differentiated
in vivo into fetal cMoPs, constituting the major component of the
fetal monocyte population as well as the fetal monocyte-derived
macrophage population (Figure 3), which was able to maintain
itself in all tissues tested (15).

The existence of two distinct EMP waves is in agreement
with Bertrand et al. who reported an early wave of macrophage
progenitors restricted to the YS, and a second wave that was able
to reach the FL to participate in definitive hematopoiesis (42).
The differential expression of c-Myb between early and late EMPs
is in agreement with previous reports indicating that primitive
hematopoiesis can occur in the absence of c-Myb, especially for
the generation of monopotent macrophage progenitors (114),
whereas EMPs from definitive hematopoiesis express and are
dependent on c-Myb activity (45, 62, 115).

Notably, a previous study showed that c-Myb ablation strongly
compromises definitive hematopoiesis (116). Palis et al. observed
that c-Myb is expressed prior to and during the early develop-
ment of definitive erythrocyte progenitors (45). Thus, late EMPs
and LMPs, as well as HSCs, express c-Myb (15, 45, 61, 62),
suggesting that the entire fetal monopoiesis machinery is reliant
on this transcription factor. In agreement, the CD11b"F480"
population, which in our hands contains fetal monocytes, was
completely absent in the c-Myb-deficient embryo (12, 116). As a
consequence, the contribution of c-Myb-dependent progenitors
to tissue-resident macrophage populations could not be evalu-
ated in c-Myb-deficient embryos, where c-Myb-independent YS
macrophages maintain themselves as a compensatory mecha-
nism due to the absence of c-Myb-dependent fetal monocytes
that normally outcompete them. Because c-Myb expression is
upregulated during the successive steps of fetal monopoiesis
(15), the switch in EMP localization between the YS and the
FL may indeed be orchestrated by c-Myb. As a consequence,
most tissue-resident macrophages derived from fetal monocytes
would therefore rely on c-Myb activity. Altogether we propose
that c-Myb* EMPs giving rise to the first circulating monocytes
should be designated as definitive EMPs.
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Conclusion

Recent reports have drastically changed the view of the develop-
ment of the MPS and shed light on the multiple layers that define
fetal hematopoiesis. It is now evident that fetal monocytes form
the major precursors of most adult tissue-resident macrophages,
and further investigations are now necessary to clarify how
they shape macrophage heterogeneity. Examining how tissues
imprint specific fates in these circulating precursors will aid our
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Mononuclear phagocytes (MP) are a quite unique subset of hematopoietic cells, which
comprise dendritic cells (DC), monocytes as well as monocyte-derived and tissue-res-
ident macrophages. These cells are extremely diverse with regard to their origin, their
phenotype as well as their function. Developmentally, DC and monocytes are constantly
replenished from a bone marrow hematopoietic progenitor. The ontogeny of macrophages
is more complex and is temporally linked and specified by the organ where they reside,
occurring early during embryonic or perinatal life. The functional heterogeneity of MPs is
certainly a consequence of the tissue of residence and also reflects the diverse ontogeny
of the subsets. In this review, we will highlight the developmental pathways of murine MP,
with a particular emphasis on the transcriptional factors that regulate their development
and function. Finally, we will discuss and point out open questions in the field.

Keywords: transcription factors, development, dendritic cells, macrophages, immunity

INTRODUCTION

The mononuclear-phagocyte system (MPS), which comprises dendritic cells (DCs), macrophages,
and monocytes, is a heterogeneous group of myeloid cells. The complexity of the MPS is equally
reflected by the plasticity in function and phenotype that characterizes each subset depending on their
location and activation state. Specialized subsets of mononuclear phagocytes (MP) reside in defined
anatomical locations, are critical for the homeostatic maintenance of tissues, and provide the link
between innate and adaptive immune responses during infections. The ability of MP to maintain or to
induce the correct tolerogenic or inflammatory milieu also resides in their complex subset specializa-
tion. Such subset heterogeneity is obtained through lineage diversification and specification, which is
controlled by defined transcriptional networks and programs. Understanding the MP biology means
to define their transcriptional signature, which is required during lineage commitment, and which
characterizes each subset’s features. This review will focus on the transcriptional regulation of the
MPS; in particular, what determines lineage commitment and functional identity; we will emphasize
recent advances in the field of single-cell analysis and highlight unresolved questions in the field.

THE MONONUCLEAR-PHAGOCYTE SYSTEM NETWORK

Assummarized in Table 1, the MPS is a rather heterogeneous group of myeloid cells, which includes DC,
monocytes, and macrophages (1). DCs are mostly short lived and characterized by a half-life that varies
between few days up to few weeks (2). This subset of MPs is equipped with pattern recognition receptors
(PRR) and is specialized in antigen capture and presentation to T cells (3). At least three different DC
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subsets have been identified: plasmacytoid DCs (pDCs), and two
common or conventional DC (cDC) subsets; cDC1, which express
CD24, and CD8a in lymphoid tissues, or CD103 in peripheral
organs; and ¢cDC2, which express CD4, CD11b, and CD172 (1).
This latter subset of cDCs is heterogeneous and seems to comprise
also monocyte-derived DCs and activated macrophages, which
have acquired a DC phenotype and most likely function (4).

Steady-state monocytes are short-lived MPs. They are sub-
divided into two major subsets: patrolling and inflammatory
monocytes, which are characterized by low and high expression
of Ly-6C, respectively (5). Inflammatory monocytes are recruited
and extravasate into infected tissues. They play a role in main-
taining the correct inflammatory milieu, are important in the
resolution of inflammation and in certain tissues monocytes will
replenish the pool of resident macrophages (5-7). The role of
patrolling monocytes is less clear but they are certainly involved
in the homeostasis of the endothelium (8, 9).

The last subset of MP comprises the mostly long-lived tissue-
resident macrophages (10). This subset is present in every devel-
oping as well as mature tissue, which is highly heterogeneous in
terms of phenotype and function, reflecting the physiological
needs of the organ of origin (11). Macrophages are thought to be
required for the correct development and maintenance of tissues.
This topological-related feature is possibly the reason for their
extreme heterogeneity and their tissue specialization (12).

Collectively, MPs are highly plastic myeloid cells, which can
perform very diverse functions. Table 1 summarizes the mostly
used surface markers in mice and the function attributed to the
different MP subsets.

TRANSCRIPTIONAL REGULATION OF
DENDRITIC CELLS DEVELOPMENT

As shown in Figure 1, lineage development of hematopoietic
progenitor cells along DC lineage occurs through an orchestrated
expression pattern of transcription factors (TF), yet the precise
molecular mechanisms of lineage restriction and determination
remains largely unexplained (2, 13-17). The analysis of gene-
targeted mice has revealed the functional importance of a few

TABLE 1 | Summarized are the three major murine MPs: dendritic cells,
monocytes, and macrophages.

MPs Subset Surface MK Functions
Dendritic cells pDCs SiglecH, Bst2 Production of type 1 IFN
(antiviral response)
cDCH XCR1, CD103/  Th1 and CTL immunity, cross-
CD8, Clec9a presentation, IL-12 production
cDC2 CD11b, Sirp-a Th2 and Th17 immunity,
production of IL-23 and IL-6
Monocytes Ly6C high Ly6C hi CCR2  Differentiate into DCs and
inflammatory hi tissue macrophages during
inflammation
Ly6C low Ly6C low CCR2 Endothelial integrity
patrolling low Cx3Cr1
Macrophages Tissue F4/80, MerTK,  Tissue specific
specific CD64 CD11b

Each MP subset can be further subdivided into different subsets based on surface
marker expression and function and as indicated.

critical TFs in DC development, with some of them affecting all
DCs and some affecting specific subsets (18). DC progenitors are
present within the fms-related tyrosine kinase 3 (FIt3)-expressing
bone marrow fraction and sustained Flt3 signaling can be con-
sidered as instructive for DC development (19-22). Consistently,
Flt3-ligand (FIt3L) supports the in vitro differentiation of progeni-
tor cells into both pDCs and ¢DCs (23, 24). Genetic deletion of
FIt3L, its receptor, or treatment of mice with Flt3 inhibitors leads
to a 10-fold reduction of lymphoid-organ pDCs and cDCs (25,
26). Moreover, FIt3L injection or overexpression of FIt3L results
in the expansion of both pDCs and ¢DCs in all lymphoid and
non-lymphoid organs (27, 28). Engagement of FIt3 by FIt3L
induces Stat3 phosphorylation and activation, identifying Stat3
as the critical checkpoint of Flt3-induced DC development and
proliferation (29, 30). Mirroring Flt3 deficiency, Stat3-deficient
mice have severely reduced DC progenitors and mature cells
(29). Similarly, deletion of the transcriptional repressor growth
factor independent 1 (Gfil) results in impaired DC development
(31). Gfil-deficient mice show reduced Stat3 phosphorylation
and nuclear translocation, with increased expression levels of the
Stat3 negative regulators SOCS3 and PIAS3 suggesting that Gfil
is downstream of Stat3 signaling in the FIt3-Flt3L-induced DC
developmental pathway (31). However, the role of Gfil is more
complex since mice deficient for this repressor show multiple
hematopoietic impairments (32, 33). The defects related to Gfil
deficiency can partially berelated to dysregulation of Id2 expression
(34-36). However, further studies using subset-specific deletion
models will be instrumental to precisely dissect specific transcrip-
tional requirements within the MP lineage. Similarly, despite the
experimental evidence of DC expansion following sustained FIt3
signaling, the instructive mechanism promoting DC development
is still unclear, given the broad expression of Flt3 on all short-term
uncommitted hematopoietic progenitors (ST-HSC) (37, 38). A
long non-coding RNA (IncRNA), named Inc-DC, was recently
suggested to be the missing key element regulating Stat3 activity
exclusively in DCs (39). Inc-DC RNA is expressed by mature DCs
and by monocyte-derived DCs and seems to directly interact with
Stat3 preventing its de-phosphorylation by SHP1. Furthermore,
knockdown experiments of Inc-DC in vitro showed impaired DC
development from mouse BM progenitors. The conservation of
this Inc-DC in terms of function and of its consensus elements
at the promoter region across species supports the hypothesis of
a new level of regulation present in DC development. However,
in mice the transcript seems translated into a highly expressed
protein in adipose tissue (40). Further studies are therefore needed
to understand potential species-specificities as well as its require-
ment in vivo under steady-state conditions.

Proceeding along the DC developmental pathway, three major
branches of mature DCs are identified: pDCs, CD24* ¢DCl,
and CD11b* ¢cDC2 (3, 16). pDCs and ¢DCI both express and
depend on the transcription factor interferon regulatory factor
8 (Irf8), while cDC2 express and are partially dependent on Irf4
(1, 18, 41-44). Despite major advances in our understanding of
the transcriptional requirement during DC development, we are
still unable to draw a clear developmental map (Figure 2) (13,
18). This may reflect subset heterogeneity as well as the plasticity,
which characterizes DCs. Also, the expression of the different TFs
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FIGURE 1 | Transcriptional development of dendritic cells. Shown are the major transcription factors known to be involved in DC lineage commitment.
Development occurs from a FIt3-, Irf8-expressing hematopoietic progenitor. Progressive acquisition of one or more TFs will result in differentiation toward a specific
MP subset. Loss or reduction of one or more TFs can, to some extent, redirect commitment to another lineage.

is not unique and can change during differentiation and activa-
tion further complicating the picture.

During early stages of DC development, a progenitor that
expresses high levels of Irf8 and shows developmental potential
toward all DCs can be identified (42). It is likely that the first
branching choice will determine whether pDCs or cDCs commit-
ment occurs. The balance of the E-protein transcription factor 4
(Tcf4), also known as E2-2, and the E-protein inhibitor of DNA
binding 2 (Id2) seems to determine lineage development toward
pDCs or c¢DCs, respectively (45-50). Constitutive or inducible
deletion of E2-2 in CD11c-expressing cells blocks the development
of pDCs but not cDCs, while overexpression of Id2 inhibits pDC
development (47, 48). E2-2 is required not only during develop-
ment but also for lineage maintenance of pDCs (47, 51). Several
targets of E2-2 have been identified such as SpiB, Irf8, and Irf7,
and all contribute to pDCs lineage specification (47, 51). Despite
the requirement for E2-2 during pDCs commitment, how Id2 and
E2-2 are conversely induced and regulated is still an open ques-
tion. Recently, the eight-twenty-one (ETO) protein 2 or Mtgl6
(also referred as core-binding factor, runt domain, alpha subunit 2,
translocated to 3 Cbfa2t3) was suggested to target and repress 1d2
together with E2-2 and inhibit Irf8-expressing cDC1 development,
while favoring pDC commitment (52). Consistently, Id2 and Mtg16
double-deficient mice show restored pDC potential (52). However,
Mtg16 seems to act together with E2-2 leaving the question on how
lineage determination toward E2-2- or Id2-expressing progenitors

occurs, still open. On the other side, one other candidate, which
could be involved in reinforcing lineage fate toward Irf8-expressing
cDCI at the expenses of pDCs could be the leucine zipper transcrip-
tion factor E4BP4, also referred as Nfil3 (53). Mice deficient for this
TF show increased pDC and reduced cDC1 development (53). The
mechanism of action remains to be elucidated since Id2 expression
does not appear to be perturbed and only the basic leucine zipper
transcription factor ATF-like 3 (Batf3) expression was shown to be
reduced (53). Phenotypically, a bias toward pDC development has
been observed within the macrophage-colony-stimulating factor
receptor (M-CSFR) negative progenitors, whereas cDCs precursors
are enriched within the M-CSFR expressing BM fraction (54, 55).
These results may suggest that under sustained M-CSF stimulation
uncommitted progenitors may lose the potential toward pDCs.
Alternatively, as recently suggested, the absence of GM-CSF signal-
ing, which induces STAT5 phosphorylation, could be the permis-
sive condition to promote pDC development (56). Accumulation
and/or withdrawal of specific cytokines during proliferation and
differentiation as well as regulation of TF levels through division of
progenitor cells could partially explain how BM niches influence
development and lineage commitment (57, 58).

Proceeding along DC development, a common ¢DC pro-
genitor able to differentiate in vivo into both CD24* cDCI and
CD11b* ¢cDC2 was identified (55, 59-61). And recently, lineage-
tracing studies allowed further dissection of cDC commitment
and resulted fundamental to establish the transcriptional
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FIGURE 2 | Inmune modules dendritic cells will sense the environment and start the immune response by producing cytokines, activating innate
immune cells, and priming T cells. Intracellular pathogens, such as Toxoplasma gondii, or viral infections will activate cDC1 and pDCs. These subsets are
specialized in the production of IL-12 and type 1 IFNs, respectively. High amounts of IL-12 will activate innate lymphoid cells 1 (ILC1) to produce IFN-g and ultimately
leading to the priming of Th1 immunity and sustain IFN-g secretion. Following viral infections, pDCs will produce high amounts of type 1 IFNs, while cDC1 will prime
CTL response through cross-presentation of infected cells. Immunity against fungi and extracellular pathogens is mostly mediated by Irf4/Notch2 cDC2, which
produce high amounts of IL-23, leading to the activation of ILC3 and IL-22 production as well as priming of Th17 and Th22 T cells. Th2 immunity during allergic
reactions and following parasitic infections requires KLf4-dependent cDC2. In this case, the mechanism seems to be more complex and may require ILC2, but

ultimately results in the activation of Th2 cells and the production of IL-4 and IL-5.

IFN-y

requirements during development of clonogenic ¢cDC progeni-
tors (62, 63). The expression pattern of the zinc finger and BTB
domain containing 46 transcription factor Zbtb46 (also called
Btbd4) can be considered as cDC-lineage specific within hemat-
opoietic cells (64-66). This TF is not present on pDCs and is
induced on monocyte-derived DCs, supporting on the one hand
early divergence of pDCs during DC commitment, and on the
other hand suggesting a developmental convergence between
¢DCs and monocyte-derived DCs (4, 66). Similarly, lineage-
tracing experiments were performed using mice expressing Cre
recombinase under the control of Clec9a also referred as Dngr-1
(67). Although labeling is not absolute on all cDCs subsets, it
seems to be restricted to pre-cDC progeny, without marking
inflammatory-derived DCs (67). The use of these reporter mouse
models will help us better characterize the ontogeny of specific
cDCs subsets also depending on the tissue of origin and whether
under steady-state or inflammatory conditions.

The CD24" cDC1 branch of ¢cDCs depends on the transcrip-
tion factors Irf8, 1d2, Nfil3, and Batf3 (68). The generation of
mice deficient for Batf3 has revealed the common origin and
the lineage identity of Irf8-expressing cDC1 cells, also referred
as CD8a* or CD103* across all lymphoid and peripheral organs
(69, 70). However, while only Irf8 was shown to be necessary for
commitment, Id2, Nfil3, and Batf3 are dispensable under certain
conditions (71, 72). Lineage choice seems influenced by high and

sustained levels of Irf8 during cDC1 commitment. Binding of
Batf3 and Irf8 to an AP1-IRF composite element (AICE) within
the Irf8 super-enhancer in CD24- or Zbtb46-gfp-expressing
immediate progenitors leads to sustained Irf8 expression and
cDCl1 development (62). In the absence of Batf3, reduced Irf8 lev-
els, redirect commitment of a CD24-expressing cDC1 progenitor
toward the Irf4-expressing cDC2 lineage (62).

Despite the recent advances, how the branching of ¢cDCI and
¢DC2 occurs is still an open question. The recent identification of a
committed cDC2 progenitor might help to identify the key factors
involved in this process: we still need to understand how expression
of Irf4 progressively replaces Irf8, and how those two TF determine
the identity of these subsets. Furthermore, the ¢cDC2 lineage, as
already mentioned, is highly heterogeneous and possibly contains
multiple subsets (1, 2, 11, 16, 18). Mature CD11b-expressing cDC2
express high levels of Irf4, suggesting an important role for this
TF within this lineage. And indeed, absence of Irf4 impairs the
development as well as the function of cDC2 (42, 44, 73-77). In
mice lacking IRF4 in CD11c-expressing cells, cDC2 numbers are
reduced in lung and small intestinal DCs, while no difference is
reported for skin (44, 74). However, reduction in lung and lamina
propria ¢cDCs is only observed upon deletion of Irf4 in early pro-
genitors (44; 74). Despite, normal numbers of skin DCs in Irf4-
deficient animals, migration to draining lymph nodes is impaired as
a consequence of defective induction of CCR7 (78). Furthermore,
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reduced up-regulation of MHC-II and co-stimulatory molecules
is also associated with Irf4 deficiency (75, 77, 78). Collectively,
Irf4 shows a broad action across different tissues and potentially
subsets, and further studies are required to be able to understand
the specific requirement of this TF during development.

Other TFs reported to display a reduction of cDC2 are RelB,
Notch2, Rbp], and the Kruppel-like Factor 4 (K1f4) (79-85). Notch2
is required for terminal differentiation of endothelial cell-selective
adhesion molecule (ESAM)-expressing splenic cDC (81, 83).
Similar to Notch2 deficiency, mice compromised in Runx3 (86,
87) and in the alternative NF-kB pathway show a reduction in
the development of ESAM* ¢DCs (80, 88). However, a survival
disadvantage in competitive settings appears to be present in mice
with compromised NF-kB signaling, suggesting caution in propos-
ing the requirement for NF-kB during DCs development (80, 88).
Klf4 deficiency results in impaired development of the so-called
“double negative” DCs in skin draining LN and a partial reduction
of Sirp-a but not splenic ESAM-expressing cDC2 across all the
organs (84). In these mice, cDC progenitors are impaired in their
ability to down-regulate Irf8 and up-regulate Irf4. However, the
in vitro differentiation potential of Irf4-expressing cDCs as well as
expression of Irf4 on peripheral cDCs is not compromised. This can
be explained by the existence of at least two cDC2 subsets, where
only the Klf4/Irf4-dependent one is developmentally impaired.
Alternatively, a different maturation/activation state, which
requires Klf4, may exist within the Irf4-expressing cDC2 subset.

Collectively, a partial reduction associated with the lack of one
or the other TF confirms the developmental, and supports the
subset-specific heterogeneity observed in single-cell sequencing
experiments for the Irf4 and CD11b-expressing cDC2 cells (89-
92). The transcriptional diversity, which characterizes these cDC2
cells, results and reflects a functional heterogeneity (Figure 2).
Notch2 ¢DC2 are required for anti bacterial Th17/IL-22 immu-
nity, while K1f4 deficiency results in impaired Th2 immunity (83,
84, 93). Expression of Irf4 in ¢cDCs is necessary for both Th17 and
Th2 responses further highlighting the complexity of this TF in
DC biology (44, 73, 74, 77). Understanding whether the absence
of a subset or a functional defect caused by a transcriptional defi-
ciency on the remaining subset could account for the observed
phenotypes will require subset-specific deletion. Furthermore, we
also need to explore more in detail the influence of tissues on the
different subsets. Are tissue-specific cues driving the expression of
a transcriptional signature in a similar way as recently revealed for
macrophages? (12) Are the differences reflecting a developmental
or a functional heterogeneity? Is a developmental convergence
between cDCs and monocyte-derived DCs creating the confusion
within this branch of cDCs. We need a better characterization
of the different subsets, which fall under the broad umbrella of
CD11b or Irf4-expressing cDC2 and some progress has certainly
been made with the introduction of new reporter mice as previ-
ously discussed as well as the recently identified committed pro-
genitor. Teasing this heterogeneous pool of Irf4-expressing cDC2
apart is currently an active field of investigation (90, 91, 94). And
new technologies will be instrumental to improve our comprehen-
sion of the molecular clues, which regulate lineage commitment.
A recent report analyzed stage and subset-specific expression of
mi-RNAs during DC development and miR-142 was identified as

a key regulator of cDC2 differentiation, further adding additional
complexity to our current understanding of DC development (91).

Better genetic models are needed and will possibly be soon
developed as a result of the recently published single-cell
analysis (16, 89). Identifying TFs or surface markers, which
would compromise or trace the development of one lineage
independently of the anatomical localization, as previously
done in Batf3~~ mice for Irf8-dependent cDC1 would be of great
advantage (69, 70).

TRANSCRIPTIONAL REGULATION OF
MONOCYTE DEVELOPMENT

The molecular regulation, which defines monocyte differentiation
and lineage commitment, is poorly understood (95). Most of the
identified TFs, that result in impaired monocyte development, also
show an effect on other hematopoietic lineages. The transcription
factors Irf8, Sfpil (PU.1), Egr-1, Stat3, Gfil, Gata2, Gbx2, Nur77,
retinoic acid receptors, C/EBPa and C/EBP, Klf4, and c-Maf as
well as members of the NF-kB family members are all involved
in monocyte differentiation, however their function is often
redundant, certainly not limited to monocytes and in some cases
mediating proliferative and/or survival rather than instructive
cues (96). Most of the TFs involved in monocyte differentiation are
shared within the myelo-monocytic branch. Some of them were
already mentioned as important during DC development; others
are involved in macrophage and or granulocyte commitment; we
are therefore aware that we can only provide here a simplified
transcriptional path, which leads to monocyte development and
that more efforts are required to better understand.

Expression of the ETS family transcription factor Sfpil or PU.1 at
early stages is suggested to antagonize on the one hand key regula-
tors of other developmental pathways, such as GATA-1 for erythroid
lineage, and on the other hand activate myeloid-specific factors such
as Irf8, Klf4, and Ergl (95). A critical step in monocyte differen-
tiation is the induction of Csf1R expression at the cell surface. This
seems to be regulated by Klf4 and Irf8, however both factors are
also involved in ¢DC development, as previously discussed, (85).
Furthermore, Csf1R is also needed for macrophage development.

The identification of a committed progenitor with monocyte-
restricted potential called cMoP confirmed high expression
levels of the above-mentioned TF (97). However, none of those
is unique to monocyte differentiation and potentially complex
genetic models will be required to unravel the transcriptional
map required for monocyte lineage specification.

ORIGIN OF TISSUE-RESIDENT
MACROPHAGES

As discussed above for DCs, similar questions arise considering
tissue-resident macrophage origin and development. Lineage-
tracing studies recently revisited their origin and revealed how their
maintenance in adult tissues is mostly independent from monocytes
and adult definitive hematopoiesis (10). Indeed, tissue-resident
macrophages were proposed to develop from a Myb-independent
but Sfpil (PU.1)-dependent fetal progenitor present in the yolk sac
(YS) (5,6,15,98-100) and capable of seeding the developing embryo
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and self-renewing during adulthood. This developmental path was
first described for microglia, the brain-resident macrophages (98,
99), but still remained elusive for a number of other macrophage
populations. Using similar tools, the contribution of YS progenitors
to a number of adult tissue-resident macrophage populations was
next assessed and only very limited input was found in most tissues
tested (101). In parallel, other studies conducted in the lung and
skin found that resident alveolar macrophages and Langerhans cells
originated from fetal monocytes (99, 102). A recently described
hypothesis is now trying to bridge these findings by proposing
the existence of erythro-myeloid progenitors (EMP) distinct from
hematopoietic stem cells (HSCs), which develop in YS (E8.5) and
colonize the fetal liver at E16.5 giving rise to fetal erythrocytes, mac-
rophages, granulocytes, and monocyte (103, 104). Such progeni-
tors would generate microglia early during fetal development and
participate to Kupffer cells and Langerhans cells development, but
its definitive participation to the generation of other tissue-resident
populations, as well as its long-term persistence, still remains to be
firmly established. Indeed, a very recent study is now arguing that
fetal HSCs, and not YS progenitors or EMPs, give rise to most tis-
sue macrophage populations, except microglia known to originate
from YS progenitors other than HSCs (105). This study also high-
lighted that while most tissue macrophages subsets maintain by
self-renewal in the adult, peritoneal, dermal, and colonic residents
macrophages needed continuous HSCs input to be maintained
during lifetime. Accordingly, gut macrophages, most likely a spe-
cific population of macrophage residing in the serosa (106), were
shown to derive from HSC-derived circulating monocytes (107).
Moreover, blood monocytes can participate to the maintenance
of heart macrophages in the adult (108). During inflammation, in
addition to tissue-resident macrophages, some macrophages found
in tissue differentiate from locally recruited Ly-6C" monocyte. Such
monocyte-derived macrophages reside only for a short period of
time in the tissue until inflammation resolves, and are cleared
through local cell death (109). Overall, these studies suggest that
there is probably more than a single developmental pathway to gen-
erate tissue macrophages and to support their self-renewal potential
and unique long-term maintenance ability (Figure 3).

PATHWAYS ALLOWING FOR TISSUE-
RESIDENT MACROPHAGE
DEVELOPMENT AND MAINTENANCE

Proceeding along development, Runt-related transcription
factor 1 (RUNXI1) is required at early stages of myeloid lineage
specification and regulates the expression of Sfpil (PU.1) which
has to be expressed at high levels to allow for development and
maintenance of macrophage differentiation (57). One of the
most crucial target genes of PU.1 during macrophage develop-
ment is Csflr, which encodes the receptor for M-CSF and IL-34
(110). Signaling of M-CSFR through either M-CSF or IL-34
allows for the maintenance of tissue-resident macrophages (111,
112). Other TFs required for macrophage development, which
co-operate with PU.1 in lineage determination, are AML1 and
CCAAT enhancer-binding proteins (C/EBP) (113, 114). Overall,
our understanding of the molecular pathways controlling tissue

macrophage development in general, as well as their mainte-
nance, remains poorly defined and further studies are need to
better characterize how their development is regulated. While for
DCs, deletion of a subset might result in minor consequences,
macrophages are thought to be critical for the organogenesis
and organ homeostasis, therefore deletion of a subset could be
deleterious for the life of the individual or only compatible with
compensation through alternative subsets or pathways.

TISSUE-RESIDENT MACROPHAGES
DIVERSITY AND TISSUE-SPECIFIC
TRANSCRIPTION FACTORS
CONTROLLING RESIDENT MACROPHAGE
DEVELOPMENT AND MAINTENANCE

Our analysis of the transcriptional landscape of tissue-resident
macrophages revealed wide heterogeneity across tissues, leading
to the definition of population-specific signatures. These specific
signatures were recently shown to rely on distinct enhancer
landscapes shaped by the tissue microenvironment (115, 116).
Using the Immunological Genome database, the reconstruction
of lineage-specific regulation from gene-expression profiles
across lineages (117) revealed gene modules selectively associated
with a single tissue macrophage population (12). Additionally,
TFs were predicted to regulate these modules, and thus could
potentially influence the development of resident macrophages in
a tissue-specific manner (12). Among others, predicted regulators
included Spi-C for red pulp macrophages, which confirmed prec-
edent findings (118) and thus validated the predictive power of the
algorithm. Indeed, Spi-C is a TF closely related to Sfpil and highly
expressed in spleen red pulp macrophages compared to other
phagocytes (12, 118). Mice deficient for Spi-C lack splenic red pulp
macrophages (118), leading to defective red blood cells recycling
and iron accumulation in the spleen. At which levels Spi-C acts to
control the differentiation and/or survival of red pulp macrophage
remains to be determined. LXRa is another TF needed for splenic
red pulp macrophage development (119), and whether Spi-C and
LXRa interact together in this process is not known. Interestingly,
intracellular heme accumulation following erythrocytes uptake
induced Spi-C expression by stimulating the degradation of its
transcriptional inhibitor Bach1 (118). Thus, heme-induced Spi-C
controls the functionality of splenic red pulp macrophages, but
also their maintenance albeit by an undetermined mechanism.
Similarly, PPARy was identified as a regulator for lung mac-
rophages (120). It is a ligand-controlled TF of the nuclear receptor
family known for its role in lipid metabolism (121). Previous work
has shown that PPARy expression is important to maintain lung
macrophages functionality and surfactant catabolism (122). We
reported that conditional deletion of PPARy in lung macrophages
strikingly altered their transcriptome (120). Dysregulated expres-
sion of a number of genes involved in lipid metabolism was
observed (120), and many of these genes were known targets
of the sterol-responsive transcription factor LXR. Accordingly,
increased sterol accumulation was observed in lung macrophages
lacking PPARy, as well as decreased expression of genes involved in
inflammation and immunity (120). Using a different gene deletion
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FIGURE 3 | Macrophage ontogeny and requirement on specific transcription factors. This figure shows the progenitors of the different tissue-resident
macrophage populations. During embryogenesis, yolk sac progenitors only give rise to microglia. Most tissue-resident macrophages develop before birth and are
derived from early hematopoietic stem cells (HSC) present in the aorta—gonad-mesonephros region and in fetal liver. After birth and in the adult mouse, alveolar,
splenic, liver, and kidney macrophages maintain their pool by self-renewal, while gut and heart macrophages need a constant replenishment from bone marrow
HSC. Additionally, this figure depicts the transcription factors specifically controlling a single resident macrophage population such as Spi-C for splenic red pulp
macrophages, PPARy for alveolar macrophages, and Gata6 for peritoneal F4/80hi macrophages.

approach, it was recently shown that PPARy could also be key
in controlling the development of this subset. Such discrepancy
between models might relate to the different temporal induction
of the cre expressing strains used in these two studies (123).
Finally, GATA6 was identified as a specific peritoneal mac-
rophageregulatorand weobserved thatits expression wasselectively
found in F4/80+4 peritoneal macrophages across many lineages
tested (12), suggesting that it may represent the master regulator
of tissue-resident peritoneal macrophages. Interestingly, GATA6
expression by resident peritoneal macrophages was dependent on
retinoic acid signaling in vivo (12) and mice lacking GATA6 in
macrophages, generated by crossing Gata6™ mice with Lyz2-cre,
showed a strong reduction in F4/80+ peritoneal macrophages
(115-117). Additionally, Th2 inflammation following parasitic
infection failed to increase peritoneal macrophage numbers in
Lyz2-cre X Gata6"" mice (124), as described for wild-type mice
(125). Impaired steady-state numbers of peritoneal macrophages in
the absence of GATA6 was accompanied by impaired self-renewal,
marked increased in S/G2-M cell cycle phases and accumulation
of multinucleated macrophages due to impaired cytokinesis (126).
While reduced survival of peritoneal macrophage already explains
the strong contraction in their number, impaired cytokinesis
will likely further exacerbate the phenotype. GATA6 deficiency

in F4/80+ peritoneal macrophages led to the down-regulation
of Aspa mRNA, which encodes an aspartoacylase generating
acetyl-CoA, a central cellular metabolite, from N-acetylaspartate
(124). Interestingly, mice lacking Aspa showed reduced F4/80+
peritoneal macrophages. Overall, a tissue-specific transcriptional
network driven by GATAG6 controls multiple pathways all required
for the maintenance of F4/80+ peritoneal macrophages.

CONCLUDING REMARKS

In the past few years, major advances have been made in our under-
standing how the development of myeloid cells occurs. DNA, RNA
protein sequencing and characterization on entire tissues and pop-
ulations is now a more accessible technology. This combined with
improved multicolor flow cytometry and CyTOF technology has
allowed us to better understand which TFs identify specific subsets
and developmental stages during hematopoietic development (89,
90, 124, 127). However, as it is often the case, the better our analysis
tools become, the more complex the picture appears. And despite
these advances, we are now starting to perceive how many more gaps
need to be filled in order to be able to draw a definitive road map for
every MP subset. Significant progress has been made in defining,
which TF are needed during DC and macrophage development
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in specific tissues. Monocyte development, however, is still elusive
and most of the factors identified rather compromise their survival,
making hard to discriminate between developmental and survival
defects. Moreover, in the past few years, it has become obvious
how tissues are able to influence not only the phenotype but also
the function of the different subsets. This observation translates in
changes in the transcriptional signature, which identifies each sub-
set in a given tissue. Tissue-associated hallmarks have been mostly
studied in macrophages, however profound consequences appear
to matter also within DC subsets. It will therefore be important to
discriminate between tissue- versus subset-specific transcriptional
identity, to define intrinsic properties, and functional potential for
every subset across and within the different tissues. On the one
hand, it is attractive to think that subset specialization similar as
for T and innate lymphoid cells is also present within the myeloid
compartment. On the other hand, we are aware that myeloid cells
are characterized by an elevated intrinsic functional plasticity.
Anatomical compartments, pathogen and antigen dose as well as
small micro-environmental cues might drastically influence the
phenotype, the transcriptional landscape as well as the function
of the different subsets during immune responses and we are just
starting to explore in depth the complexity of the different subset in
response to animmunological insult (90, 127). For DCs,amodel has
been recently suggested which takes into account the development
of a subset with its immunological function. As shown in Figure 2,
expression of Irf8 and Batf3 is needed in response to pathogens or
immunological conditions where IFN-y is required. On the other
side, Irf4 is essential to stimulate Th17, Th2, and IL-22 responses.
Within the Irf4 response, Notch2 and Kl1f4 are specifically required
for Th17/IL-22 or Th2 immunity, respectively. The scenario, which
appears, is consistent with functional modules of transcription
across different cell types, i.e., KIf4 is also necessary for goblet cell
development and polarization of M2 macrophages, whereas Notch
is required for ILC3 development. Similarly, Nfil3 is important not
only for cDC1 but also for NK and ILC1 cells development.
Several TFs that are required for MP development have been
characterized; we can draw a map for their temporal requirement
along development but for most of them the precise mechanism of

REFERENCES

1. Guilliams M, Ginhoux F, Jakubzick C, Naik SH, Onai N, Schraml BU, et al.
Dendritic cells, monocytes and macrophages: a unified nomenclature based
on ontogeny. Nat Rev Immunol (2014) 14:571-8. doi:10.1038/nri3712

2. Merad M, Sathe P, Helft ], Miller J, Mortha A. The dendritic cell lineage:
ontogeny and function of dendritic cells and their subsets in the steady state
and the inflamed setting. Annu Rev Immunol (2013) 31:563-604. doi:10.1146/
annurev-immunol-020711-074950

3. Satpathy AT, Wu X, Albring JC, Murphy KM. Re(de)fining the dendritic cell
lineage. Nat Immunol (2012) 13:1145-54. doi:10.1038/ni.2467

4. Schlitzer A, McGovern N, Ginhoux F. Dendritic cells and monocyte-derived
cells: two complementary and integrated functional systems. Semin Cell Dev
Biol (2015) 41:9-22. d0i:10.1016/j.semcdb.2015.03.011

5. Yona S, Kim KW, Wolf Y, Mildner A, Varol D, Breker M, et al. Fate mapping
reveals origins and dynamics of monocytes and tissue macrophages under
homeostasis. Immunity (2013) 38:79-91. doi:10.1016/j.immuni.2012.12.001

6. Varol C, Yona S, Jung S. Origins and tissue-context-dependent fates of blood
monocytes. Immunol Cell Biol (2009) 87:30-8. doi:10.1038/icb.2008.90

7. Zigmond E, Varol C, Farache ], Elmaliah E, Satpathy AT, Friedlander G,
et al. Ly6C hi monocytes in the inflamed colon give rise to proinflammatory

action and their targets still need to be identified. Furthermore, since
the developmental as well as the functional requirements for a tran-
scriptional pathway are most often shared, caution is necessary to
ascribe a specific role to a TE Recently, a Waddington landscape was
suggested to explain the plasticity in DC development (92). A similar
concept may reflect and be applied to the entire MP system, where
lineage commitment, specific functions, as well as subset identity
could depend on the achievement of a threshold of a pool of TFs,
rather than a unique master regulator. This concept would explain
the so-called “graded-commitment” obtained from barcoding
individual progenitors and performing lineage-tracing experiments
(128). A second level of complexity is characterized by the fact that
multiple subsets share the same TF, though the functional require-
ments are different. For example, Irf4 seems to regulate migration
in skin DCs but not in other peripheral tissues, such as lungs. The
functional outcome might be shared; such as in both cases antigen
presentation is impaired, however it is important to understand the
different requirements depending on the tissue of origin.

The study of MP is characterized by blurry phenotypic
boundaries, which do not allow for unequivocal identification
of the different subsets. The absence of specific markers leads to
the absence of specific genetic tools and sometimes conflicting or
unclear results are present in the literature. For lineage-specific
deletion within ¢cDC, we still relay on CD11c-cre mice, despite the
evident limitations of this model. For monocytes as well as mac-
rophages we lack genetic models, which would allow for selective
and specific depletion of inflammatory or patrolling monocytes
as well as tissue macrophages. Efforts to generate better lineage-
deleter mouse models are therefore required and should be
a priority in the next future to better understand the development
as well as the contribution of MPs during an immune response.

ACKNOWLEDGMENTS

RT is supported by the Swiss National Fund with an SNF
Professorship (NBM 1570). EG is funded by grants (LIPOCAMD
and MACLEAR) from the National Agency of Research (ANR)
and by a grant from the Fondation de France (00056835).

effector cells and migratory antigen-presenting cells. Immunity (2012)
37:1076-90. d0i:10.1016/j.immuni.2012.08.026
8. Geissmann F, Auffray C, Palframan R, Wirrig C, Ciocca A, Campisi L, et al.
Blood monocytes: distinct subsets, how they relate to dendritic cells, and
their possible roles in the regulation of T-cell responses. Immunol Cell Biol
(2008) 86:398-408. doi:10.1038/icb.2008.19
9. Auffray C, Fogg D, Garfa M, Elain G, Join-Lambert O, Kayal S, et al.
Monitoring of blood vessels and tissues by a population of monocytes
with patrolling behavior. Science (2007) 317:666-70. doi:10.1126/
science.1142883
Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al.
Tissue-resident macrophages self-maintain locally throughout adult life
with minimal contribution from circulating monocytes. Immunity (2013)
38:792-804. d0i:10.1016/j.immuni.2013.04.004
Malissen B, Tamoutounour S, Henri S. The origins and functions of dendritic
cells and macrophages in the skin. Nat Rev Immunol (2014) 14:417-28.
doi:10.1038/nri3683
Gautier EL, Shay T, Miller ], Greter M, Jakubzick C, Ivanov S, et al. Gene-
expression profiles and transcriptional regulatory pathways that underlie
the identity and diversity of mouse tissue macrophages. Nat Immunol (2012)
13:1118-28. d0i:10.1038/ni.2419

10.

11.

12.

Frontiers in Immunology | www.frontiersin.org

52

October 2015 | Volume 6 | Article 533


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1038/nri3712
http://dx.doi.org/10.1146/annurev-immunol-020711-074950
http://dx.doi.org/10.1146/annurev-immunol-020711-074950
http://dx.doi.org/10.1038/ni.2467
http://dx.doi.org/10.1016/j.semcdb.2015.03.011
http://dx.doi.org/10.1016/j.immuni.2012.12.001
http://dx.doi.org/10.1038/icb.2008.90
http://dx.doi.org/10.1016/j.immuni.2012.08.026
http://dx.doi.org/10.1038/icb.2008.19
http://dx.doi.org/10.1126/science.1142883
http://dx.doi.org/10.1126/science.1142883
http://dx.doi.org/10.1016/j.immuni.2013.04.004
http://dx.doi.org/10.1038/nri3683
http://dx.doi.org/10.1038/ni.2419

Tussiwand and Gautier

Transcriptional development of mononuclear phagocytes

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Belz GT, Nutt SL. Transcriptional programming of the dendritic cell network.
Nat Rev Immunol (2012) 12:101-13. doi:10.1038/nri3149

Miller JC, Brown BD, Shay T, Gautier EL, Jojic V, Cohain A, et al. Deciphering
the transcriptional network of the dendritic cell lineage. Nat Immunol (2012)
13:888-99. doi:10.1038/ni.2370

Hashimoto D, Miller J, Merad M. Dendritic cell and macrophage heteroge-
neity in vivo. Immunity (2011) 35:323-35. doi:10.1016/j.immuni.2011.09.007
Mildner A, Jung S. Development and function of dendritic cell subsets.
Immunity (2014) 40:642-56. doi:10.1016/j.immuni.2014.04.016

Shortman K, Naik SH. Steady-state and inflammatory dendritic-cell develop-
ment. Nat Rev Immunol (2007) 7:19-30. d0i:10.1038/nri1996

Murphy KM. Transcriptional control of dendritic cell development. Adv
Immunol (2013) 120:239-67. doi:10.1016/B978-0-12-417028-5.00009-0
Maraskovsky E, Brasel K, Teepe M, Roux ER, Lyman SD, Shortman K, et al.
Dramatic increase in the numbers of functionally mature dendritic cells in
Flt3 ligand-treated mice: multiple dendritic cell subpopulations identified. J
Exp Med (1996) 184:1953-62. d0i:10.1084/jem.184.5.1953

Maraskovsky E, Pulendran B, Brasel K, Teepe M, Roux ER, Shortman
K, et al. Dramatic numerical increase of functionally mature dendritic
cells in FLT3 ligand-treated mice. Adv Exp Med Biol (1997) 417:33-40.
d0i:10.1007/978-1-4757-9966-8_6

Karsunky H, Merad M, Cozzio A, Weissman IL, Manz MG. Flt3 ligand regu-
lates dendritic cell development from Flt3+ lymphoid and myeloid-commit-
ted progenitors to Flt3+ dendritic cells in vivo. ] Exp Med (2003) 198:305-13.
doi:10.1084/jem.20030323

Naik SH, O’Keeffe M, Proietto A, Hochrein H, Shortman K, Wu L. CD8+,
CD8-, and plasmacytoid dendritic cell generation in vitro using flt3 ligand.
Methods Mol Biol (2010) 595:167-76. doi:10.1007/978-1-60761-421-0_10
Brasel K, De Smedt T, Smith JL, Maliszewski CR. Generation of murine
dendritic cells from flt3-ligand-supplemented bone marrow cultures. Blood
(2000) 96:3029-39.

Gilliet M, Boonstra A, Paturel C, Antonenko S, Xu XL, Trinchieri G, et al. The
development of murine plasmacytoid dendritic cell precursors is differentially
regulated by Flt3-ligand and granulocyte/macrophage colony-stimulating
factor. ] Exp Med (2002) 195:953-8. doi:10.1084/jem.20020045

McKenna HJ, Stocking KL, Miller RE, Brasel K, De Smedt T, Maraskovsky E, et al.
Mice lacking Flt3 ligand have deficient hematopoiesis affecting hematopoietic
progenitor cells, dendritic cells, and natural killer cells. Blood (2000) 95:3489-97.
Tussiwand R, Onai N, Mazzucchelli L, Manz MG. Inhibition of natural type I
IFN-producing and dendritic cell development by a small molecule receptor
tyrosine kinase inhibitor with Flt3 affinity. J Immunol (2005) 175:3674-80.
doi:10.4049/jimmunol.175.6.3674

Manfra DJ, Chen SC, Jensen KK, Fine JS, Wiekowski M T, Lira SA. Conditional
expression of murine Flt3 ligand leads to expansion of multiple dendritic cell
subsets in peripheral blood and tissues of transgenic mice. ] Immunol (2003)
170:2843-52. doi:10.4049/jimmunol.170.6.2843

Waskow C, Liu K, Darrasse-Jeze G, Guermonprez P, Ginhoux F, Merad
M, et al. The receptor tyrosine kinase FIt3 is required for dendritic cell
development in peripheral lymphoid tissues. Nat Immunol (2008) 9:676-83.
do0i:10.1038/ni.1615

Laouar Y, Welte T, Fu XY, Flavell RA. STATS3 is required for FIt3L-dependent
dendritic cell differentiation. Immunity (2003) 19:903-12. doi:10.1016/
$1074-7613(03)00332-7

Onai N, Obata-Onai A, Tussiwand R, Lanzavecchia A, Manz MG. Activation
of the FlIt3 signal transduction cascade rescues and enhances type I
interferon-producing and dendritic cell development 1. ] Exp Med (2006)
203:227-38. doi:10.1084/jem.20051645

Rathinam C, Geffers R, Yucel R, Buer ], Welte K, Moroy T, et al. The
transcriptional repressor Gfil controls STAT3-dependent dendritic cell
development and function. Immunity (2005) 22:717-28. doi:10.1016/j.
immuni.2005.04.007

Hock H, Hamblen MJ, Rooke HM, Schindler JW, Saleque S, Fujiwara Y, et al.
Gfi-1restrictsproliferationand preserves functionalintegrity ofhaematopoietic
stem cells. Nature (2004) 431:1002-7. doi:10.1038/nature02994

Karsunky H, Mende I, Schmidt T, Moroy T. High levels of the onco-protein
Gfi-1accelerate T-cell proliferation and inhibit activation induced T-cell death
in Jurkat T-cells. Oncogene (2002) 21:1571-9. doi:10.1038/sj.onc.1205216
Yucel R, Karsunky H, Klein-Hitpass L, Moroy T. The transcriptional repres-
sor Gfil affects development of early, uncommitted c-Kit+ T cell progenitors

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

and CD4/CD8 lineage decision in the thymus. ] Exp Med (2003) 197:831-44.
doi:10.1084/jem.20021417

Kim W, Klarmann KD, Keller JR. Gfi-1 regulates the erythroid transcription
factor network through Id2 repression in murine hematopoietic progenitor
cells. Blood (2014) 124:1586-96. doi:10.1182/blood-2014-02-556522

Li H, Ji M, Klarmann KD, Keller JR. Repression of Id2 expression by Gfi-1
is required for B-cell and myeloid development. Blood (2010) 116:1060-9.
doi:10.1182/blood-2009-11-255075

Mackarehtschian K, Hardin JD, Moore KA, Boast S, Goff SP, Lemischka
IR. Targeted disruption of the flk2/flt3 gene leads to deficiencies in
primitive hematopoietic ~ progenitors. Immunity (1995) 3:147-61.
doi:10.1016/1074-7613(95)90167-1

Adolfsson J, Mansson R, Buza-Vidas N, Hultquist A, Liuba K, Jensen CT, et al.
Identification of Flt3+ lympho-myeloid stem cells lacking erythro-mega-
karyocytic potential a revised road map for adult blood lineage commitment.
Cell (2005) 121:295-306. doi:10.1016/j.cell.2005.02.013

Wang P, Xue Y, Han Y, Lin L, Wu C, Xu S, et al. The STAT3-binding long
noncoding RNA Inc-DC controls human dendritic cell differentiation.
Science (2014) 344:310-3. doi:10.1126/science.1251456

Wu Y, Smas CM. Wdnml-like, a new adipokine with a role in MMP-2
activation. Am J Physiol Endocrinol Metab (2008) 295:E205-15. doi:10.1152/
ajpendo.90316.2008

Tamura T, Tailor P, Yamaoka K, Kong HJ, Tsujimura H, O’Shea JJ, et al.
IFN regulatory factor-4 and -8 govern dendritic cell subset development
and their functional diversity. J Immunol (2005) 174:2573-81. doi:10.4049/
jimmunol.174.5.2573

Suzuki S, Honma K, Matsuyama T, Suzuki K, Toriyama K, Akitoyo I, et al.
Critical roles of interferon regulatory factor 4 in CD11bhighCD8alpha-
dendritic cell development. Proc Natl Acad Sci U S A (2004) 101:8981-6.
doi:10.1073/pnas.0402139101

Yamamoto M, Kato T, Hotta C, Nishiyama A, Kurotaki D, Yoshinari M, et al.
Shared and distinct functions of the transcription factors IRF4 and IRF8 in
myeloid cell development. PLoS One (2011) 6:¢25812. doi:10.1371/journal.
pone.0025812

Williams JW, Tjota MY, Clay BS, Vander LB, Bandukwala HS, Hrusch CL,
et al. Transcription factor IRF4 drives dendritic cells to promote Th2 differ-
entiation. Nat Commun (2013) 4:2990. doi:10.1038/ncomms3990

Li HS, Yang CY, Nallaparaju KC, Zhang H, Liu Y], Goldrath AW, et al. The
signal transducers STAT5 and STAT3 control expression of Id2 and E2-2
during dendritic cell development. Blood (2012) 120:4363-73. doi:10.1182/
blood-2012-07-441311

Jackson JT, Hu Y, Liu R, Masson F, D’Amico A, Carotta S, et al. Id2 expression
delineates differential checkpoints in the genetic program of CD8alpha+ and
CD103+ dendritic cell lineages. EMBO ] (2011) 30:2690-704. doi:10.1038/
emboj.2011.163

Nagasawa M, Schmidlin H, Hazekamp MG, Schotte R, Blom B. Development
of human plasmacytoid dendritic cells depends on the combined action of
the basic helix-loop-helix factor E2-2 and the Ets factor Spi-B. Eur ] Immunol
(2008) 38:2389-400. d0i:10.1002/¢ji.200838470

CisseB, Caton ML, Lehner M, Maeda T, Scheu S, Locksley R, etal. Transcription
factor E2-2 is an essential and specific regulator of plasmacytoid dendritic cell
development 1. Cell (2008) 135:37-48. doi:10.1016/j.cell.2008.09.016

Spits H, Couwenberg F, Bakker AQ, Weijer K, Uittenbogaart CH. Id2 and Id3
inhibit development of CD34(+) stem cells into predendritic cell (pre-DC)2
but not into pre-DC1. Evidence for a lymphoid origin of pre-DC2. ] Exp Med
(2000) 192:1775-84. d0i:10.1084/jem.192.12.1775

Hacker C, Kirsch RD, Ju XS, Hieronymus T, Gust TC, Kuhl C, et al.
Transcriptional profiling identifies Id2 function in dendritic cell develop-
ment. Nat Immunol (2003) 4:380-6. do0i:10.1038/ni903

Ghosh HS, Cisse B, Bunin A, Lewis KL, Reizis B. Continuous expression of the
transcription factor e2-2 maintains the cell fate of mature plasmacytoid den-
dritic cells. Immunity (2010) 33:905-16. d0i:10.1016/j.immuni.2010.11.023
Ghosh HS, Ceribelli M, Matos I, Lazarovici A, Bussemaker H]J, Lasorella
A, et al. ETO family protein Mtgl6 regulates the balance of dendritic cell
subsets by repressing Id2. ] Exp Med (2014) 211:1623-35. doi:10.1084/
jem.20132121

Kashiwada M, Pham NL, Pewe LL, Harty JT, Rothman PB. NFIL3/E4BP4 is a
key transcription factor for CD8{alpha}+ dendritic cell development. Blood
(2011) 117:6193-7. doi:10.1182/blood-2010-07-295873

Frontiers in Immunology | www.frontiersin.org

53

October 2015 | Volume 6 | Article 533


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1038/nri3149
http://dx.doi.org/10.1038/ni.2370
http://dx.doi.org/10.1016/j.immuni.2011.09.007
http://dx.doi.org/10.1016/j.immuni.2014.04.016
http://dx.doi.org/10.1038/nri1996
http://dx.doi.org/10.1016/B978-0-12-417028-5.00009-0
http://dx.doi.org/10.1084/jem.184.5.1953
http://dx.doi.org/10.1007/978-1-4757-9966-8_6
http://dx.doi.org/10.1084/jem.20030323
http://dx.doi.org/10.1007/978-1-60761-421-0_10
http://dx.doi.org/10.1084/jem.20020045
http://dx.doi.org/10.4049/jimmunol.175.6.3674
http://dx.doi.org/10.4049/jimmunol.170.6.2843
http://dx.doi.org/10.1038/ni.1615
http://dx.doi.org/10.1016/S1074-7613(03)00332-7
http://dx.doi.org/10.1016/S1074-7613(03)00332-7
http://dx.doi.org/10.1084/jem.20051645
http://dx.doi.org/10.1016/j.immuni.2005.04.007
http://dx.doi.org/10.1016/j.immuni.2005.04.007
http://dx.doi.org/10.1038/nature02994
http://dx.doi.org/10.1038/sj.onc.1205216
http://dx.doi.org/10.1084/jem.20021417
http://dx.doi.org/10.1182/blood-2014-02-556522
http://dx.doi.org/10.1182/blood-2009-11-255075
http://dx.doi.org/10.1016/1074-7613(95)90167-1
http://dx.doi.org/10.1016/j.cell.2005.02.013
http://dx.doi.org/10.1126/science.1251456
http://dx.doi.org/10.1152/ajpendo.90316.2008
http://dx.doi.org/10.1152/ajpendo.90316.2008
http://dx.doi.org/10.4049/jimmunol.174.5.2573
http://dx.doi.org/10.4049/jimmunol.174.5.2573
http://dx.doi.org/10.1073/pnas.0402139101
http://dx.doi.org/10.1371/journal.pone.0025812
http://dx.doi.org/10.1371/journal.pone.0025812
http://dx.doi.org/10.1038/ncomms3990
http://dx.doi.org/10.1182/blood-2012-07-441311
http://dx.doi.org/10.1182/blood-2012-07-441311
http://dx.doi.org/10.1038/emboj.2011.163
http://dx.doi.org/10.1038/emboj.2011.163
http://dx.doi.org/10.1002/eji.200838470
http://dx.doi.org/10.1016/j.cell.2008.09.016
http://dx.doi.org/10.1084/jem.192.12.1775
http://dx.doi.org/10.1038/ni903
http://dx.doi.org/10.1016/j.immuni.2010.11.023
http://dx.doi.org/10.1084/jem.20132121
http://dx.doi.org/10.1084/jem.20132121
http://dx.doi.org/10.1182/blood-2010-07-295873

Tussiwand and Gautier

Transcriptional development of mononuclear phagocytes

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Onai N, Kurabayashi K, Hosoi-Amaike M, Toyama-Sorimachi N,
Matsushima K, Inaba K, et al. A clonogenic progenitor with prominent
plasmacytoid dendritic cell developmental potential. Immunity (2013)
38:943-57. d0i:10.1016/j.immuni.2013.04.006

Liu K, Victora GD, Schwickert TA, Guermonprez P, Meredith MM, Yao K,
et al. In vivo analysis of dendritic cell development and homeostasis. Science
(2009) 324:392-7. doi:10.1126/science.1170540

Kurotaki D, Yamamoto M, Nishiyama A, Uno K, Ban T, Ichino M, et al.
IRF8 inhibits C/EBPalpha activity to restrain mononuclear phagocyte pro-
genitors from differentiating into neutrophils. Nat Commun (2014) 5:4978.
doi:10.1038/ncomms5978

Kueh HY, Champhekar A, Nutt SL, Elowitz MB, Rothenberg EV. Positive
feedback between PU.1 and the cell cycle controls myeloid differentiation.
Science (2013) 341:670-3. doi:10.1126/science.1240831

Heissig B, Hattori K, Dias S, Friedrich M, Ferris B, Hackett NR, et al.
Recruitment of stem and progenitor cells from the bone marrow niche
requires MMP-9 mediated release of kit-ligand. Cell (2002) 109:625-37.
doi:10.1016/S0092-8674(02)00754-7

Naik SH, Proietto AI, Wilson NS, Dakic A, Schnorrer P, Fuchsberger M, et al.
Cutting edge: generation of splenic CD8+ and CD8- dendritic cell equiva-
lents in Fms-like tyrosine kinase 3 ligand bone marrow cultures. J Immunol
(2005) 174:6592-7. doi:10.4049/jimmunol.174.11.6592

Naik SH, Metcalf D, van Nieuwenhuijze A, Wicks I, Wu L, O’Keeffe M, et al.
Intrasplenic steady-state dendritic cell precursors that are distinct from
monocytes. Nat Immunol (2006) 7:663-71. doi:10.1038/ni1340

Liu K, Waskow C, Liu X, Yao K, Hoh J, Nussenzweig M. Origin of dendritic
cells in peripheral lymphoid organs of mice. Nat Immunol (2007) 8:578-83.
doi:10.1038/ni1462

Grajales-Reyes GE, Iwata A, Albring J, Wu X, Tussiwand R, Kc W, et al.
Batf3 maintains autoactivation of Irf8 for commitment of a CD8alpha(+)
conventional DC clonogenic progenitor. Nat Immunol (2015) 16:708-17.
doi:10.1038/ni.3197

Schlitzer A, Sivakamasundari V, Chen ], Sumatoh HR, Schreuder J, Lum J,
et al. Identification of cDC1- and ¢DC2-committed DC progenitors reveals
early lineage priming at the common DC progenitor stage in the bone mar-
row. Nat Immunol (2015) 16:718-28. doi:10.1038/ni.3200

Meredith MM, Liu K, Kamphorst AO, Idoyaga ], Yamane A, Guermonprez
P, et al. Zinc finger transcription factor zDC is a negative regulator required
to prevent activation of classical dendritic cells in the steady state. ] Exp Med
(2012) 209:1583-93. d0i:10.1084/jem.20121003

Reizis B. Classical dendritic cells as a unique immune cell lineage. ] Exp Med
(2012) 209:1053-6. doi:10.1084/jem.20121038

Satpathy AT, Kc W, Albring JC, Edelson BT, Kretzer NM, Bhattacharya
D, et al. Zbtb46 expression distinguishes classical dendritic cells and their
committed progenitors from other immune lineages. | Exp Med (2012)
209:1135-52. doi:10.1084/jem.20120030

Schraml BU, van Blijswijk J, Zelenay S, Whitney PG, Filby A, Acton SE, et al.
Genetic tracing via DNGR-1 expression history defines dendritic cells as a
hematopoieticlineage. Cell (2013) 154:843-58. d0i:10.1016/j.cell.2013.07.014
Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H, Kohyama
M, et al. Batf3 deficiency reveals a critical role for CD8alpha+ dendritic cells
in cytotoxic T cell immunity. Science (2008) 322:1097-100. doi:10.1126/
science.1164206

Edelson BT, K¢ W, Juang R, Kohyama M, Benoit LA, Klekotka PA, et al.
Peripheral CD103+ dendritic cells form a unified subset developmentally
related to CD8alpha+ conventional dendritic cells. ] Exp Med (2010)
207:823-36. doi:10.1084/jem.20091627

Ginhoux E Liu K, Helft J, Bogunovic M, Greter M, Hashimoto D, et al. The
origin and development of nonlymphoid tissue CD103+ DCs. ] Exp Med
(2009) 206:3115-30. doi:10.1084/jem.20091756

Seillet C, Jackson JT, Markey KA, Hill GR, Macdonald KP, Nutt SL,
et al. CD8alpha+ DCs can be induced in the absence of transcription
factors Id2, Nfil3 and Batf3. Blood (2013) 121:1574-83. doi:10.1182/
blood-2012-07-445650

Tussiwand R, Lee WL, Murphy TL, Mashayekhi M, Wumesh KC, Albring
JC, et al. Compensatory dendritic cell development mediated by BATF-IRF
interactions. Nature (2012) 490:502-7. d0i:10.1038/nature11531

Persson EK, Uronen-Hansson H, Semmrich M, Rivollier A, Hagerbrand K,
Marsal ], et al. IRF4 transcription-factor-dependent CD103(4)CD11b(+)

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

dendritic cells drive mucosal T helper 17 cell differentiation. Immunity (2013)
38:958-69. doi:10.1016/j.immuni.2013.03.009

Schlitzer A, McGovern N, Teo P, Zelante T, Atarashi K, Low D, et al.
IRF4 transcription factor-dependent CD11b(+) dendritic cells in human
and mouse control mucosal IL-17 cytokine responses. Immunity (2013)
38:970-83. doi:10.1016/j.immuni.2013.04.011

Vander LB, Khan AA, Hackney JA, Agrawal S, Lesch J, Zhou M, et al.
Transcriptional programming of dendritic cells for enhanced MHC class II
antigen presentation. Nat Immunol (2014) 15:161-7. doi:10.1038/ni.2795
Zhou Q, Ho AW, Schlitzer A, Tang Y, Wong KH, Wong FH, et al. CD11b+
lung dendritic cells orchestrate Th2 immunity to Blomia tropicalis. ] Immunol
(2014) 193:496-509. doi:10.4049/jimmunol.1303138

Gao Y, Nish SA, Jiang R, Hou L, Licona-Limon P, Weinstein JS, et al. Control
of T helper 2 responses by transcription factor IRF4-dependent dendritic
cells. Immunity (2013) 39:722-32. doi:10.1016/j.immuni.2013.08.028
Bajana S, Roach K, Turner S, Paul ], Kovats S. IRF4 promotes cutaneous den-
dritic cell migration to lymph nodes during homeostasis and inflammation.
J Immunol (2012) 189:3368-77. doi:10.4049/jimmunol.1102613

Burkly L, Hession C, Ogata L, Reilly C, Marconi LA, Olson D, et al. Expression
of relB is required for the development of thymic medulla and dendritic cells.
Nature (1995) 373:531-6. doi:10.1038/373531a0

Wu L, DAmico A, Winkel KD, Suter M, Lo D, Shortman K. RelB is essential
for the development of myeloid-related CD8alpha- dendritic cells but not
of lymphoid-related CD8alpha+ dendritic cells. Immunity (1998) 9:839-47.
doi:10.1016/51074-7613(00)80649-4

Caton ML, Smith-Raska MR, Reizis B. Notch-RBP-J signaling controls
the homeostasis of CD8- dendritic cells in the spleen. | Exp Med (2007)
204:1653-64. doi:10.1084/jem.20062648

Cheng P, Nefedova Y, Miele L, Osborne BA, Gabrilovich D. Notch signaling is
necessary but not sufficient for differentiation of dendritic cells. Blood (2003)
102:3980-8. doi:10.1182/blood-2003-04-1034

Satpathy AT, Briseno CG, Lee JS, Ng D, Manieri NA, Kc W, et al. Notch2-
dependent classical dendritic cells orchestrate intestinal immunity to
attaching-and-effacing bacterial pathogens. Nat Immunol (2013) 14:937-48.
doi:10.1038/ni.2679

Tussiwand R, Everts B, Grajales-Reyes GE, Kretzer NM, Iwata A, Bagaitkar
J, et al. KIf4 expression in conventional dendritic cells is required for
T helper 2 cell responses. Immunity (2015) 42:916-28. doi:10.1016/j.
immuni.2015.04.017

Kurotaki D, Osato N, Nishiyama A, Yamamoto M, Ban T, Sato H, et al. Essential
role of the IRF8-KLF4 transcription factor cascade in murine monocyte dif-
ferentiation. Blood (2013) 121:1839-49. doi:10.1182/blood-2012-06-437863
Dicken ], Mildner A, Leshkowitz D, Touw IP, Hantisteanu S, Jung S, et al.
Transcriptional reprogramming of CD11b+Esam(hi) dendritic cell identity
and function by loss of Runx3. PLoS One (2013) 8:77490. doi:10.1371/
journal.pone.0077490

Satpathy AT, Brisefio CG, Cai X, Michael DG, Chou C. Hsiung S, et al. Runx1
and Cbfp regulate the development of dendritic cell precursors by restricting
granulocyte/macrophage lineages. Blood (2014) 123:2968-77. doi:10.1182/
blood-2013-11-539643

Kobayashi T, Walsh PT, Walsh MC, Speirs KM, Chiffoleau E, King CG, et al.
TRAF6 is a critical factor for dendritic cell maturation and development.
Immunity (2003) 19:353-63. doi:10.1016/S1074-7613(03)00230-9

Amit I, Garber M, Chevrier N, Leite AP, Donner Y, Eisenhaure T, et al.
Unbiased reconstruction of a mammalian transcriptional network
mediating pathogen responses. Science (2009) 326:257-63. doi:10.1126/
science.1179050

Jaitin DA, Kenigsberg E, Keren-Shaul H, Elefant N, Paul E Zaretsky I, et al.
Massively parallel single-cell RNA-seq for marker-free decomposition of tis-
sues into cell types. Science (2014) 343:776-9. doi:10.1126/science.1247651
Mildner A, Chapnik E, Manor O, Yona S, Kim KW, Aychek T, et al
Mononuclear phagocyte miRNome analysis identifies miR-142 as critical
regulator of murine dendritic cell homeostasis. Blood (2013) 121:1016-27.
doi:10.1182/blood-2012-07-445999

Paul F, Amit I. Plasticity in the transcriptional and epigenetic circuits regu-
lating dendritic cell lineage specification and function. Curr Opin Immunol
(2014) 30:1-8. doi:10.1016/j.c0i.2014.04.004

Lewis KL, Caton ML, Bogunovic M, Greter M, Grajkowska LT, Ng D, et al.
Notch2 receptor signaling controls functional differentiation of dendritic

Frontiers in Immunology | www.frontiersin.org

54

October 2015 | Volume 6 | Article 533


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/j.immuni.2013.04.006
http://dx.doi.org/10.1126/science.1170540
http://dx.doi.org/10.1038/ncomms5978
http://dx.doi.org/10.1126/science.1240831
http://dx.doi.org/10.1016/S0092-8674(02)00754-7
http://dx.doi.org/10.4049/jimmunol.174.11.6592
http://dx.doi.org/10.1038/ni1340
http://dx.doi.org/10.1038/ni1462
http://dx.doi.org/10.1038/ni.3197
http://dx.doi.org/10.1038/ni.3200
http://dx.doi.org/10.1084/jem.20121003
http://dx.doi.org/10.1084/jem.20121038
http://dx.doi.org/10.1084/jem.20120030
http://dx.doi.org/10.1016/j.cell.2013.07.014
http://dx.doi.org/10.1126/science.1164206
http://dx.doi.org/10.1126/science.1164206
http://dx.doi.org/10.1084/jem.20091627
http://dx.doi.org/10.1084/jem.20091756
http://dx.doi.org/10.1182/blood-2012-07-445650
http://dx.doi.org/10.1182/blood-2012-07-445650
http://dx.doi.org/10.1038/nature11531
http://dx.doi.org/10.1016/j.immuni.2013.03.009
http://dx.doi.org/10.1016/j.immuni.2013.04.011
http://dx.doi.org/10.1038/ni.2795
http://dx.doi.org/10.4049/jimmunol.1303138
http://dx.doi.org/10.1016/j.immuni.2013.08.028
http://dx.doi.org/10.4049/jimmunol.1102613
http://dx.doi.org/10.1038/373531a0
http://dx.doi.org/10.1016/S1074-7613(00)80649-4
http://dx.doi.org/10.1084/jem.20062648
http://dx.doi.org/10.1182/blood-2003-04-1034
http://dx.doi.org/10.1038/ni.2679
http://dx.doi.org/10.1016/j.immuni.2015.04.017
http://dx.doi.org/10.1016/j.immuni.2015.04.017
http://dx.doi.org/10.1182/blood-2012-06-437863
http://dx.doi.org/10.1371/journal.pone.0077490
http://dx.doi.org/10.1371/journal.pone.0077490
http://dx.doi.org/10.1182/blood-2013-11-539643
http://dx.doi.org/10.1182/blood-2013-11-539643
http://dx.doi.org/10.1016/S1074-7613(03)00230-9
http://dx.doi.org/10.1126/science.1179050
http://dx.doi.org/10.1126/science.1179050
http://dx.doi.org/10.1126/science.1247651
http://dx.doi.org/10.1182/blood-2012-07-445999
http://dx.doi.org/10.1016/j.coi.2014.04.004

Tussiwand and Gautier

Transcriptional development of mononuclear phagocytes

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

cells in the spleen and intestine. Immunity (2011) 35:780-91. doi:10.1016/j.
immuni.2011.08.013

Watchmaker PB, Lahl K, Lee M, Baumjohann D, Morton J, Kim §J, et al.
Comparative transcriptional and functional profiling defines conserved
programs of intestinal DC differentiation in humans and mice. Nat Immunol
(2014) 15:98-108. doi:10.1038/ni.2768

Terry RL, Miller SD. Molecular control of monocyte development. Cell
Immunol (2014) 291:16-21. doi:10.1016/j.cellimm.2014.02.008

Friedman AD. Transcriptional control of granulocyte and monocyte devel-
opment. Oncogene (2007) 26:6816-28. doi:10.1038/sj.onc.1210764
Hettinger J, Richards DM, Hansson J, Barra MM, Joschko AC, Krijgsveld J,
et al. Origin of monocytes and macrophages in a committed progenitor. Nat
Immunol (2013) 14:821-30. doi:10.1038/ni.2638

Schulz C, Gomez PE, Chorro L, Szabo-Rogers H, Cagnard N, Kierdorf K,
et al. A lineage of myeloid cells independent of Myb and hematopoietic stem
cells. Science (2012) 336:86-90. doi:10.1126/science.1219179

Ginhoux E, Greter M, Leboeuf M, Nandi S, See P, Gokhan §, et al. Fate map-
ping analysis reveals that adult microglia derive from primitive macrophages.
Science (2010) 330:841-5. doi:10.1126/science.1194637

Geissmann E, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. Development
of monocytes, macrophages, and dendritic cells. Science (2010) 327:656-61.
doi:10.1126/science.1178331

Epelman S, Lavine KJ, Beaudin AE, Sojka DK, Carrero JA, Calderon B, et al.
Embryonic and adult-derived resident cardiac macrophages are maintained
through distinct mechanisms at steady state and during inflammation.
Immunity (2014) 40:91-104. doi:10.1016/j.immuni.2013.11.019

Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, et al.
Alveolar macrophages develop from fetal monocytes that differentiate
into long-lived cells in the first week of life via GM-CSE. ] Exp Med (2013)
210:1977-92. d0i:10.1084/jem.20131199

Gomez Perdiguero E, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L,
et al. Tissue-resident macrophages originate from yolk-sac-derived eryth-
ro-myeloid progenitors. Nature (2015) 518:547-51. doi:10.1038/nature13989
Hoeffel G, Wang Y, Greter M, See P, Teo P, Malleret B, et al. Adult Langerhans
cells derive predominantly from embryonic fetal liver monocytes with a
minor contribution of yolk sac-derived macrophages. ] Exp Med (2012)
209:1167-81. d0i:10.1084/jem.20120340

Sheng J, Ruedl C, Karjalainen K. Most tissue-resident macrophages except
microglia are derived from fetal hematopoietic stem cells. Immunity (2015)
43:382-93. d0i:10.1016/j.immuni.2015.07.016

Muller PA, Koscso B, Rajani GM, Stevanovic K, Berres ML, Hashimoto
D, et al. Crosstalk between muscularis macrophages and enteric neurons
regulates gastrointestinal motility. Cell (2014) 158:300-13. doi:10.1016/j.
cell.2014.04.050

Bain CC, Bravo-Blas A, Scott CL, Gomez Perdiguero E, Geissmann F, Henri
S, et al. Constant replenishment from circulating monocytes maintains
the macrophage pool in the intestine of adult mice. Nat Immunol (2014)
15:929-37. d0i:10.1038/ni.2967

Molawi K, Wolf Y, Kandalla PK, Favret ], Hagemeyer N, Frenzel K, et al.
Progressive replacement of embryo-derived cardiac macrophages with age. J
Exp Med (2014) 211:2151-8. doi:10.1084/jem.20140639

Gautier EL, Ivanov S, Lesnik P, Randolph GJ. Local apoptosis mediates
clearance of macrophages from resolving inflammation in mice. Blood (2013)
122:2714-22. doi:10.1182/blood-2013-01-478206

Chihara T, Suzu S, Hassan R, Chutiwitoonchai N, Hiyoshi M, Motoyoshi
K, et al. IL-34 and M-CSF share the receptor Fms but are not identical in
biological activity and signal activation. Cell Death Differ (2010) 17:1917-27.
doi:10.1038/cdd.2010.60

Greter M, Lelios I, Pelczar P, Hoeffel G, Price ], Leboeuf M, et al. Stroma-
derived interleukin-34 controls the development and maintenance of
Langerhans cells and the maintenance of microglia. Immunity (2012)
37:1050-60. doi:10.1016/j.immuni.2012.11.001

Wang Y, Szretter KJ, Vermi W, Gilfillan S, Rossini C, Cella M, et al. IL-34 is a
tissue-restricted ligand of CSF1R required for the development of Langerhans
cells and microglia. Nat Immunol (2012) 13:753-60. doi:10.1038/ni.2360
Zhang P, Iwasaki-Arai J, Iwasaki H, Fenyus ML, Dayaram T, Owens BM,
et al. Enhancement of hematopoietic stem cell repopulating capacity and

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

self-renewal in the absence of the transcription factor C/EBP alpha. Immunity
(2004) 21:853-63. doi:10.1016/j.immuni.2004.11.006

Zhang DE, Hetherington CJ, Meyers S, Rhoades KL, Larson CJ, Chen HM,
et al. CCAAT enhancer-binding protein (C/EBP) and AMLI (CBF alpha2)
synergistically activate the macrophage colony-stimulating factor receptor
promoter. Mol Cell Biol (1996) 16:1231-40.

Gosselin D, Link VM, Romanoski CE, Fonseca GJ, Eichenfield DZ, Spann NJ,
etal. Environment drives selection and function of enhancers controlling tis-
sue-specific macrophage identities. Cell (2014) 159:1327-40. doi:10.1016/j.
cell.2014.11.023

Lavin Y, Winter D, Blecher-Gonen R, David E, Keren-Shaul H, Merad M,
etal. Tissue-resident macrophage enhancer landscapes are shaped by thelocal
microenvironment. Cell (2014) 159:1312-26. doi:10.1016/j.cell.2014.11.018
Jojic V, Shay T, Sylvia K, Zuk O, Sun X, Kang J, et al. Identification of tran-
scriptional regulators in the mouse immune system. Nat Immunol (2013)
14:633-43. doi:10.1038/ni.2587

Haldar M, Kohyama M, So AY, Kc W, Wu X, Briseno CG, et al. Heme-mediated
SPI-C induction promotes monocyte differentiation into iron-recycling
macrophages. Cell (2014) 156:1223-34. doi:10.1016/j.cell.2014.01.069
A-Gonzalez N, Guillen JA, Gallardo G, Diaz M, de la Rosa JV, Hernandez IH,
et al. The nuclear receptor LXRalpha controls the functional specialization
of splenic macrophages. Nat Immunol (2013) 14:831-9. d0i:10.1038/ni.2622
Gautier EL, Chow A, Spanbroek R, Marcelin G, Greter M, Jakubzick C, et al.
Systemic analysis of PPARgamma in mouse macrophage populations reveals
marked diversity in expression with critical roles in resolution of inflam-
mation and airway immunity. J Immunol (2012) 189:2614-24. doi:10.4049/
jimmunol.1200495

Tontonoz P, Spiegelman BM. Fat and beyond: the diverse biology of
PPARgamma. Annu Rev Biochem (2008) 77:289-312. doi:10.1146/annurev.
biochem.77.061307.091829

Baker AD, Malur A, Barna BP, Ghosh S, Kavuru MS, Malur AG, et al. Targeted
PPAR{gamma} deficiency in alveolar macrophages disrupts surfactant catab-
olism. J Lipid Res (2010) 51:1325-31. doi:10.1194/jlr.M001651

Schneider C, Nobs SP, Kurrer M, Rehrauer H, Thiele C, Kopf M. Induction of
the nuclear receptor PPAR-gamma by the cytokine GM-CSF is critical for the
differentiation of fetal monocytes into alveolar macrophages. Nat Immunol
(2014) 15:1026-37. d0i:10.1038/ni.3005

Gautier EL, Ivanov S, Williams JW, Huang SC, Marcelin G, Fairfax K, et al.
Gata6 regulates aspartoacylase expression in resident peritoneal macrophages
and controls their survival. ] Exp Med (2014) 211:1525-31. doi:10.1084/
jem.20140570

Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, Van Rooijen
N, et al. Local macrophage proliferation, rather than recruitment from
the blood, is a signature of TH2 inflammation. Science (2011) 332:1284-8.
doi:10.1126/science.1204351

Rosas M, Davies LC, Giles PJ, Liao CT, Kharfan B, Stone TC, et al. The tran-
scription factor Gata6 links tissue macrophage phenotype and proliferative
renewal. Science (2014) 344:645-8. doi:10.1126/science.1251414

Becher B, Schlitzer A, Chen ], Mair E Sumatoh HR, Teng KW, et al. High-
dimensional analysis of the murine myeloid cell system. Nat Immunol (2014)
15:1181-9. doi:10.1038/ni.3006

Naik SH, Perie L, Swart E, Gerlach C, van Rooij N, de Boer R], et al. Diverse
and heritable lineage imprinting of early haematopoietic progenitors. Nature
(2013) 496:229-32. doi:10.1038/nature12013

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest. The Guest Associate Editor Martin
Guilliams declares that, despite having published one manuscript together with
Roxane Tussiwand, the review process was handled objectively.

Copyright © 2015 Tussiwand and Gautier. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

October 2015 | Volume 6 | Article 533


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/j.immuni.2011.08.013
http://dx.doi.org/10.1016/j.immuni.2011.08.013
http://dx.doi.org/10.1038/ni.2768
http://dx.doi.org/10.1016/j.cellimm.2014.02.008
http://dx.doi.org/10.1038/sj.onc.1210764
http://dx.doi.org/10.1038/ni.2638
http://dx.doi.org/10.1126/science.1219179
http://dx.doi.org/10.1126/science.1194637
http://dx.doi.org/10.1126/science.1178331
http://dx.doi.org/10.1016/j.immuni.2013.11.019
http://dx.doi.org/10.1084/jem.20131199
http://dx.doi.org/10.1038/nature13989
http://dx.doi.org/10.1084/jem.20120340
http://dx.doi.org/10.1016/j.immuni.2015.07.016
http://dx.doi.org/10.1016/j.cell.2014.04.050
http://dx.doi.org/10.1016/j.cell.2014.04.050
http://dx.doi.org/10.1038/ni.2967
http://dx.doi.org/10.1084/jem.20140639
http://dx.doi.org/10.1182/blood-2013-01-478206
http://dx.doi.org/10.1038/cdd.2010.60
http://dx.doi.org/10.1016/j.immuni.2012.11.001
http://dx.doi.org/10.1038/ni.2360
http://dx.doi.org/10.1016/j.immuni.2004.11.006
http://dx.doi.org/10.1016/j.cell.2014.11.023
http://dx.doi.org/10.1016/j.cell.2014.11.023
http://dx.doi.org/10.1016/j.cell.2014.11.018
http://dx.doi.org/10.1038/ni.2587
http://dx.doi.org/10.1016/j.cell.2014.01.069
http://dx.doi.org/10.1038/ni.2622
http://dx.doi.org/10.4049/jimmunol.1200495
http://dx.doi.org/10.4049/jimmunol.1200495
http://dx.doi.org/10.1146/annurev.biochem.77.061307.091829
http://dx.doi.org/10.1146/annurev.biochem.77.061307.091829
http://dx.doi.org/10.1194/jlr.M001651
http://dx.doi.org/10.1038/ni.3005
http://dx.doi.org/10.1084/jem.20140570
http://dx.doi.org/10.1084/jem.20140570
http://dx.doi.org/10.1126/science.1204351
http://dx.doi.org/10.1126/science.1251414
http://dx.doi.org/10.1038/ni.3006
http://dx.doi.org/10.1038/nature12013
http://creativecommons.org/licenses/by/4.0/

'.\' frontiers
In Immunology

REVIEW
published: 04 May 2015
doi: 10.3389/fimmu.2015.00199

OPEN ACCESS

Edited by:
Shalin Naik,
Walter & Eliza Hall Institute, Australia

Reviewed by:

Sam Basta,

Queen’s University, Canada
Theresa T. Lu,

Weill Cornell Medical Center, USA

*Correspondence:

Barbara Ursula Schraml,

Institute for Medical Microbiology,
Immunology and Hygiene, Technische
Universitdt Mdnchen, TrogerstraBBe
30, Munich 81675, Germany
barbara.schraml@tum.de

Specialty section:

This article was submitted to Antigen
Presenting Cell Biology, a section of
the journal Frontiers in Immunology

Received: 31 January 2015
Accepted: 13 April 2015
Published: 04 May 2015

Citation:

Poltorak MP and Schram! BU (2015)
Fate mapping of dendritic cells.
Front. Immunol. 6:199.

doi: 10.3389/fimmu.2015.00199

Fate mapping of dendritic cells

Mateusz Pawel Poltorak and Barbara Ursula Schraml*
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Dendritic cells (DCs) are a heterogeneous group of mononuclear phagocytes with versatile
roles in immunity. They are classified predominantly based on phenotypic and functional
properties, namely their stellate morphology, expression of the integrin CD11c¢, and major
histocompatibility class Il molecules, as well as their superior capacity to migrate to
secondary lymphoid organs and stimulate naive T cells. However, these attributes are
not exclusive to DCs and often change within inflammatory or infectious environments.
This led to debates over cell identification and questioned even the mere existence of
DCs as distinct leukocyte lineage. Here, we review experimental approaches taken to fate
map DCs and discuss how these have shaped our understanding of DC ontogeny and
lineage affiliation. Considering the ontogenetic properties of DCs will help to overcome
the inherent shortcomings of purely phenotypic- and function-based approaches to cell
definition and will yield a more robust way of DC classification.

Keywords: dendritic cell, ontogeny, fate mapping, lineage tracing, mononuclear phagocyte

Introduction

Dendritic cells (DCs) were originally identified in mouse spleen for their unique stellate mor-
phology, their ability to adhere to certain glass surfaces and their superior capacity to activate
naive T lymphocytes that distinguished them from macrophages (M@s) (1-3). Mostly for historical
reasons, DCs are considered part of the mononuclear phagocyte (MP) system, which groups all
highly phagocytic cells derived from monocytes or their precursors based on the premise that
tissue M@s arise from monocytes (4-9). This presumed relatedness of DCs, monocytes, and MQs
coupled to the lack of reliable ways to distinguish MP subtypes has caused continuous debates over
accurate cell-type identification and has led some to question whether DCs in fact constitute an
independent cell lineage (6, 7, 10-14). However, today we have conclusive evidence demonstrating
that DCs, monocytes, and M@s have distinct cellular origin and we further distinguish plasmacytoid
DCs (pDCs) from two subsets of so-called conventional or classical DCs (cDCs) based on unique
developmental requirements (7, 15-19). Nonetheless, DCs remain defined based on phenotypic and
functional properties that often overlap with those of monocytes or M@s (19), although some have
suggested a shift in paradigm toward a nomenclature that takes cell ontogeny into account (6, 7, 10).

Dendritic cells are generally identified by their high expression of major histocompatibility
complex class IT molecules (MHCII) and of the integrin CD11c, as well as their superior capacity
to migrate from non-lymphoid to lymphoid organs and stimulate naive T cells (3, 20-22). However,
these characteristics are not absolute and can change in situations of inflammation or infection, thus
complicating cell identification (6, 7, 23, 24). For instance, CD11c, considered the hallmark surface
marker of DCs, is also found on B, T, and NK cells as well as some monocytes, M@s, and eosinophils
(25-32). Dendritic protrusions have also been observed in some M@s and T cells (33-35). Further,
surface markers, such as F4/80, CD14, or CD64 (Fc-gamma receptor 1), generally associated with
monocytes or M@s can be found on DCs (36-38). One might argue that the most defining feature of
DCs is their ability to activate T cells, however such definition discounts the fact that DCs potently
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regulate innate immune responses independent of their ability to
migrate to lymphoid organs or stimulate T cells (39-44). Con-
versely, non-DCs can carry antigen to lymph nodes and activate
naive T cells in some instances (45-47).

Therefore, morphological and functional properties, as well
as the expression of surface markers are insufficient to clearly
distinguish DCs from monocytes and M@s, raising the necessity
to find a more robust way of cell identification. Recent studies in
mouse and human indicate that DCs, M@s, and monocytes have
unique ontogenetic properties and thus can be considered distinct
cell lineages (36, 48-54). Here, we review approaches that have
been employed to track and define the progeny of DC precursors
in vivo and discuss how such “fate mapping” approaches have
improved our understanding of DC heterogeneity and ontogeny.
These studies lay the foundation for moving toward cell ontogeny
as a major lineage-determining criterion, which will allow for a
more reliable and precise classification of DCs and DC subsets.

DC Development

Dendritic cells are short-lived and their maintenance relies on
constant replenishment from bone marrow progenitors that orig-
inate from hematopoietic stem cells (HSCs) (19, 55). In the classic
model of DC development monocytes and DCs arise from bi-
potent progenitors, so-called M@ and DC progenitors (MDPs)
(Figure 1) (56). MDPs further give rise to common DC pro-
genitors (CDPs) restricted to the generation of pDCs and ¢cDCs
(Figure 1) (57, 58). pDCs terminally differentiate in the bone
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FIGURE 1 | Classic model of DC development. DCs and monocytes are
ancestrally related and arise from bi-potential MDPs residing in the bone
marrow. MDPs further differentiate into monocytes and CDPs, which are
restricted to the generation of various types of DCs. CDPs give rise to pDCs,
which fully develop in the bone marrow, and pre-DCs, which migrate through
the blood to tissues, where they fully differentiate into CD11b ™ (including
CD8at ¢DCs in lymphoid tissue and migratory CD103% cDCs in
non-lymphoid tissue) and CD11b* ¢DCs. Monocytes complete their
development in the bone marrow and reach peripheral tissues via the
bloodstream. There they further differentiate into monocyte-derived DCs
(mo-DCs) or M@s (mo-MJs) in response to environmental cues.

marrow, thus exit the bone marrow as fully developed cells
and reach peripheral organs via the blood stream (Figure 1)
(15, 59). In contrast, cDCs arise from another developmen-
tal intermediate termed pre-DC, which exits the bone marrow
and migrates through the blood to seed lymphoid and non-
lymphoid tissues (60, 61). There, pre-DCs terminally differentiate
into ¢DCs, including the main CD11b~ and CD11b™ subtypes
(Figure 1) (60-63). In lymphoid tissues these are CD8a.TCD11b™
and CD11b™ resident cDCs, whereas in non-lymphoid tissues
they comprise CD103"CD11b~ and CD11b™" migratory cDCs
(3, 60-63). Like pDCs, monocytes complete their development
in the bone marrow but in tissues they differentiate into cells
with DC- or M@-like features (Figure 1) (23, 24, 64, 65). This
plasticity is remarkably prominent in inflammatory or infectious
environments, when monocyte-derived cells with qualities of DCs
have been referred to as TNF-0/iNOS-producing DCs (Tip-DCs),
monocyte-derived DCs (mo-DCs), and/or inflammatory DCs
(23, 24, 64, 65).

Although most of our knowledge concerning DC development
is derived from mouse studies, developmental parallels have been
observed in other species (66-73). Especially the identification of
putative equivalent DC progenitor populations in human holds
promise for future research (72, 73). Yet, some uncertainties
remain. Common lymphoid progenitors (CLPs) can give rise
to DC descendants upon adoptive transfer (74), although it is
now thought that DCs originate predominantly from myeloid
progenitors (75, 76). Nonetheless, some pDCs, but not ¢DCs,
show evidence of VD] gene rearrangements, potentially indicat-
ing lymphoid lineage heritage (15, 59, 77). However, it remains
unclear whether evidence of Rag gene expression history neces-
sarily means that pDCs have dual lymphoid and myeloid origin.
Contrary to the dogma that monocytes and DCs share a common
immediate ancestor, recent data suggest that lineage divergence
of HSC-derived myeloid cells occurs much earlier than previously
predicted and that monocytes and DCs might arise independent
of a bi-potential developmental intermediate (49, 78, 79). Eluci-
dating such unresolved aspects pertaining to DC ontogeny may
solve uncertainties in determining lineage affiliation, which, in
turn, will aid to further decipher the unique functions of DCs in
immunity.

Fate Mapping

Understanding cell development requires models with which the
relationship of a precursor cell and its progeny can be defined
in vivo. Such “fate mapping” can be achieved in various ways and
relies on the selective labeling of the cell(s) of interest so that con-
sequently the development of the marked cell can be followed in its
natural environment (80). Tracing progenitors in vivo also offers
the possibility to determine the fate of populations when lineage
affiliation is most heavily debated, namely following experimental
manipulation to generate conditions of inflammation or infection.
While most fate mapping strategies follow the progeny of bulk cell
populations, recently developed techniques have enabled the trac-
ing of single cells, thus providing valuable information regarding
their developmental potential at the clonal level (80, 81). In all
fate mapping experiments, it is important to consider that their
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interpretation is dependent on the use of select, faithful and stable
markers (82).

Precursor Transfers

The transfer of purified and pre-marked precursor cells into con-
genic recipients is the most accessible form of fate mapping as
a variety of labeling options can be used to distinguish between
donor and host cells (Figure 2A) (80). As a result, precursor
transfers are commonly used to study cell development and lin-
eage relationships and remain a standard protocol for defining
the stemness of progenitor cells (80). Such experiments rely on
the ability to purify sufficient precursors that, after cell isolation,
retain the capacity to home to the appropriate anatomical niche
and expand sufficiently into detectable progeny. To circumvent
such limitations transfer studies are often combined with proto-
cols to induce leukopenia, such as irradiation, in order to increase
the niche available for cell engraftment (Figure 2A) (80). How-
ever, these manipulations can alter developmental signals, which,
in turn, might impact on the interpretation of results (18, 54, 83).
To best mimic the endogenous cellular environment, progenitors
have been returned directly to their organs of origin, for instance
by intra-bone injection (84).

The DC progenitors MDP, CDP, and pre-DC were in part
defined by assessing their developmental potential after adoptive
transfer into mice (56-58, 60, 61, 84-86). In such experiments,
MDPs give rise to DCs and monocytes, whereas CDPs and pre-
DCs are restricted to the generation of DCs but do not gener-
ate monocytes or other leukocyte lineages (56-58, 61, 84-86).
In combination with experiments assessing the differentiation
potential of single progenitors in vitro (56-58), these studies have
significantly shaped our view of DC development (Figure 1).
Surprisingly, the existence of MDP as a bi-potential intermedi-
ate for DCs and monocytes has recently been questioned when
single CX;CR1T MDPs were unable to generate both DCs and
monocytes upon differentiation in vitro (78). The authors further
found that adoptively transferred CX3CR1" MDPs, not only gave
rise to DCs and monocytes but also neutrophils (78). However,
such multi-potency of MDPs was not observed in earlier studies
(52, 56, 61, 85, 86) and is not evident in genetic CX3CR1 fate
mapping experiments (50). It is possible that these discrepancies
may be explained by experimental variation such as differences
in cell isolation, the timing of analysis or variances in the niche
available for cell engraftment following irradiation (18, 54, 83). In
light of these results it is noteworthy, however, that upon adoptive
transfer MDPs exhibit pDC potential only in some studies (52,
86) but not others (56, 85), whereas the presumed downstream
CDPs produce both pDCs and cDCs (57, 58). Taken together
these experiments raise some doubt about the existence of a MDP
as a key developmental intermediate for monocytes, cDCs, and
pDCs. However, resolving this matter will require the use of
better models to trace single cells in vivo as experiments relying
on the isolation and analysis of bulk progenitor populations are
inherently prone to disparities in gating strategy or cell purity.

In DC ontogeny, these issues are augmented because MDP and
CDP exhibit substantial phenotypic overlap: both lack lineage-
defining markers, are characterized by expression of CX3CRlI,
CD115 (M-CSFR, CsflR) as well as CD135 (FMS-like tyrosine

kinase 3, FLT3) and, until recently, CDP could only be distin-
guished from MDP by lower expression of the receptor tyro-
sine kinase CD117 (c-kit) (56-58, 61, 86). We have recently
found that the C-type lectin receptor DNGR-1 (Clec9a) marks
cells resembling CDPs (36). Surprisingly, upon adoptive transfer,
DNGR-1TCD115" progenitors exhibit cDC-restricted differen-
tiation potential and do not generate pDCs (36), suggesting
that DNGR-1 marks cDC-restricted progenitors. These data are
in line with a recent study demonstrating a strong bias for
CDI115% CDPs to generate cDCs, whereas pDCs arise predom-
inantly from CD115 negative cells (79). Therefore, cDCs and
pDCs appear to have distinct developmental intermediates that
can be distinguished by expression of CD115 (79) and DNGR-1
(36). Since CD115% CDPs presumably express DNGR-1 (36),
it is unclear why some CD115" CDPs show combined ¢DC
and pDC potential in clonal assays (57, 58, 79). It is possi-
ble that antibody-mediated triggering of DNGR-1 or growth
factor receptors, such as CD115, during cell isolation skews
DC differentiation toward a particular DC sub-lineage in an
unforeseeable manner. The developmental potential of progen-
itors may also be influenced by the specific culture conditions
used (78) or DCs could exhibit a degree of developmental plas-
ticity (87). Nonetheless, the existence of a putative intermedi-
ate monocyte-restricted progenitor downstream of MDP (com-
mon monocyte progenitor, cMoP) (52) alongside the aforemen-
tioned pDC- and c¢DC-restricted progenitors supports a model
in which monocytes, cDCs, and pDCs develop independently.
The genuine point of lineage divergence, however, remains to be
determined.

Questions regarding the lineage affiliation of DCs have been
muddled significantly by the developmental plasticity of mono-
cytes (6, 24). The phenotypic transformation of monocytes into
DC-like cells is most prominent in inflamed environments (8, 19,
23, 24). It can also be mimicked in vitro by culturing monocytes
in the presence of GM-CSF (granulocyte-macrophage colony-
stimulating factor) +1L-4 (Interleukin-4) (88, 89). However,
in vivo the inflammation-induced differentiation of monocytes
into cells with attributes of DCs appears GM-CSF-independent
(90), highlighting that the developmental requirements underly-
ing this phenotypic conversion in vitro might differ from those
involved in vivo. In the absence of experimentally induced infec-
tion or inflammation, adoptively transferred monocytes readily
acquire CD11c and MHCII expression as well as functional fea-
tures of DCs in non-lymphoid tissues (91-95). This phenotypic
conversion is also observed after adoptive transfer into unir-
radiated hosts, which most closely mimics steady-state condi-
tions (63). In contrast, transferred monocytes do not generate
DCs in lymphoid organs, even if the niche for engraftment is
opened by depletion of CD11c™ cells (84). Importantly, in non-
lymphoid tissues monocytes exclusively generate CD11b™, but
not CD103"CD11b™ cells, which is in contrast to CDPs and pre-
DCs that generate CD11b™ as well as CD103TCD11b~ ¢DCs
(63, 91-95). Therefore, CD11cTMHCIITCD11bT cells in non-
lymphoid tissues appear to constitute a population of mixed cellu-
lar origin that can arise from monocytic progenitors as well as pre-
DCs. Adoptive transfer experiments do not allow to determine
the relative contribution of each progenitor to this population,
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FIGURE 2 | Continued

(A) Progenitors are adoptively transferred to assess their differentiation in the
physiological context. Graft-derived cells are distinguished from host cells based
on pre-defined labels, for instance congenic markers. This method is often
combined with strategies to increase the niche available for cell engraftment,
such as irradiation. (B) In transgenic approaches, lineage-restricted promoters
can be used to drive a reporter gene. Target cell populations can be visualized
by the expression of fluorescent proteins or can be depleted. In the latter case,
cell-restricted expression of DTR allows for conditional cell ablation following DT
injection. (C) Progenitors are transduced in vitro with semi-random DNA
sequences (barcodes) by retro- or lentiviral vectors and subsequently

transferred into irradiated congenic recipients. After differentiation, cell progeny
are analyzed for their barcode repertoire using deep sequencing or microarray.
The representation of a given barcode in multiple cell populations indicates
multi-potency of the transferred cell. (D) Expression of Cre recombinase is
driven by a lineage or cell-specific promoter. Additionally, a reporter gene,
usually a fluorescent protein, is placed under control of a constitutive promoter.
Expression of the reporter is blocked by inserting a loxP-flanked STOP cassette
(1). Cre expression leads to excision of the STOP cassette resulting in
expression of the reporter gene (2). Since the promoter-driving reporter gene
expression is constitutively active, the target cell is irreversibly labeled
irrespective of continuous Cre expression (3).

although surrogate markers such as CD64 or Mar-1 can serve
to distinguish monocyte-derived cells from bona fide pre-DC-
derived cDCs (46, 93, 94).

Notably, in irradiated hosts transferred monocytes can also
generate CD11c " MHCII cells of the epidermis, which resemble
Langerhans cells (LCs) (96-99). LCs exhibit many phenotypic and
functional features of DCs, such as the capacity to migrate to
lymphoid organs and stimulate naive T cells, and have long been
considered a prototypical DC population (96-99). However, we
now realize that the majority of LCs is established before birth
and maintained under steady-state conditions by self-renewal
from local progenitors (96, 97, 99-102). These properties thus
ontogenetically separate LCs from bone marrow-derived DCs or
monocyte-derived cells. Moreover, monocytes may not necessar-
ily adopt features of DCs or M@s upon entry into tissues, as a
recent study indicates that monocyte can also exist in tissues with-
out further differentiation (45). When considering this immense
plasticity it will be crucial to elucidate the environmental cues
that shape the diverse fates of monocytes to further dissect the
full functional spectrum of monocytes and monocyte-derived
cells.

Lineage Restricted Reporters

When the availability of isolatable progenitor cells is limiting and
when populations are ontogenetically heterogeneous or might
be influenced by alterations in their surroundings, determining
lineage affiliation requires models to trace cells directly in their
natural environment. One way to achieve this is by engineering
models in which lineage-restricted promoters or genetic elements
drive the expression of reporter genes (Figure 2B) (80, 82, 103).
It is important to bear in mind that such experiments assume that
the expression of the selected marker is restricted to the cell lineage
in question and therefore, the choice of stable and specific markers
is essential (80, 82, 103). Additionally, the genetic elements used to
drive expression of the reporter must faithfully mimic endogenous
gene expression (80, 82, 103).

Genetic elements of the Itgax gene, which encodes CD11c, have
extensively been used to generate reporters to study DCs (82, 103).
As such, transgenic mice in which the CD11c promoter drives
the expression of fluorescent proteins (Figure 2B) have been key
to visualizing the distribution and cellular interactions of DCs
in a variety of tissues, including lymphoid organs, heart, lung,
and skin (103-107). But fate mapping can also be achieved by
cell deletion. Transgenic expression of primate diphtheria toxin
receptor (DTR) renders murine cells susceptible to diphtheria
toxin (DT)-induced cell death and, thus, enables inducible target

cell depletion (Figure 2B) (82, 108). In this sense mice in which
DTR expression is controlled by the elements of the CD11c pro-
moter have been widely used to characterize the in vivo functions
of DCs (28, 109-112). In part through analyzing such reporter
mice, however, it has become evident that CD11c expression is not
entirely restricted to DCs. It is also expressed on alveolar M@s,
Ly6C" as well as activated monocytes, plasmablasts, NK cells,
and some T cells (25-29, 113). In addition, CD11c-driven fate
reporter expression varies depending on the specific promoter
elements used for transgenesis. CD11c.DTR mice, which were
generated by conventional transgenesis using a 5.5-kb promoter
element of the Itgax gene (109, 114), efficiently deplete most
CDll1c-expressing cDCs, LCs, alveolar, splenic marginal zone,
and metallophilic M@s, as well as plasmablasts and T cells (27,
109, 115). However, DT-induced cell depletion in these mice
is incomplete and spares certain cell types that transcribe their
endogenous Itgax allele, including pDCs and NK cells (82, 115).
Additionally, prolonged cell depletion using CD11c.DTR mice
requires the use of bone marrow chimeras, possibly because of
aberrant DTR expression on non-immune cells (82, 108, 112).
Notably, this is not the case in CD11¢.DOG and CD11c.LuciDTR
mice, which were generated using bacterial artificial chromosome
(BAC) transgenesis to place DTR under control of the extended
regulatory region of the Ifgax gene and in which DTR expression
seems to more faithfully represent endogenous CD11c expression
(28, 112, 115, 116). In all models, the occurrence of systemic
neutrophilia and monocytosis following CD11c™ cell depletion
(28, 115, 117) adds another layer of complexity to deciphering the
cellular function and lineage affiliation of DCs.

The realization that CD1lc is not restricted to DCs in
all instances nurtured the search for more specific lineage-
defining markers. Two groups simultaneously identified the
transcription factor Zbtb46 (zDC, Btbd4) as ideal candidate
to distinguish cDCs, as it is expressed in pre-DCs and c¢DCs
but not in pDCs or their precursors (37, 38). Consistently,
CD8a.™ and CD11b" c¢DCs in lymphoid organs as well as
CD103% ¢DCs in non-lymphoid organs uniformly express
Zbtb46 as assessed in Zbtb46-GFP (37) and Zbtb46-DTR (38)
reporter mice generated by site-directed mutagenesis. In contrast,
CD11cTMHCIITCD11bt  cells in non-lymphoid organs,
including lung, small intestine, and kidney, exhibit partial Zbtb46
expression (37, 38) indicating that they represent a heterogeneous
population. This is consistent with reports demonstrating that
these cells are of mixed monocyte and pre-DC origin (63, 91, 92,
95). Subsequently, Zbtb46 reporter mice have been used to help
establish lineage relationships in a variety of tissues including
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heart, pancreas, tumors, and thymus (118-121). The fact that
Zbtb46 expression is also found in human DCs suggests that it
may also help to identify DCs across species (48, 122).

Nevertheless, the use of Zbtb46 as lineage-defining marker
requires a note of caution. Zbtb46 expression is downregulated
after DC stimulation and it is found in some non-immune cells
(37, 123). Despite its prominent expression in the cDC lineage,
Zbtb46 appears largely dispensable for cDC development (37,
123). Instead, it may reinforce DC-specific transcriptional pro-
grams (37) and/or suppress DC activation (123). Interestingly,
monocytes activated in the presence of GM-CSF =+ IL-4 uniformly
induce Zbtb46 expression, whereas monocyte-derived Tip-DCs
that are generated following infection with Listeria monocytogenes
do not (37). This raises the possibility that Zbtb46 may control
DC-like features of monocyte-derived cells in some inflamma-
tory situations and it will be interesting to determine if Zbtb46
controls transcriptional programs in monocytes. These data also
highlight that despite its selective expression on cDC progenitors
and their descendants, Zbtb46 is not necessarily an indicator of
cell ontogeny.

Identifying Common Developmental
Requirements

Establishing that the development and/or delineation of a cell
type depends on a certain transcription or growth factor consti-
tutes a powerful way of fate mapping that has extensively been
applied to MPs (42, 51, 63, 124-141). We can now clearly delineate
DCs into distinct subpopulations based on the transcriptional
programs that govern their development. pDCs are distinguished
from two subsets of cDCs by their dependence on E2-2 (67, 142).
The differentiation of pre-DCs into CD8o™ ¢DCs in lymphoid
organs and CD103TCD11b~ ¢DCs in non-lymphoid tissues is
controlled by a set of transcription factors, including Irf8, Nfil-3,
1d2, and Batf3 (124-128). Therefore, CD8ct™ ¢cDCs and CD103 %
cDCs represent a developmentally related lineage of cDCs (6, 7).
Notably, these cells also exhibit a degree of functional relatedness
that is, for instance, exemplified by their superior capacity to
activate CD8™ T cells (124, 143-145). In contrast, the develop-
ment of CD11b™ ¢DCs from pre-DCs is controlled by distinct
transcription factors, including RelB, Rbp]J, PU.1, and Irf4 (42,
129-136). Notably, expression of CD24 separates pre-DCs into
cells that preferentially generate either CD80™ or CD11b™ ¢DCs
in spleen (60) suggesting a stepwise differentiation of pre-DCs
into cDCs. It will be interesting to determine whether such het-
erogeneity of pre-DCs also exists in the bone marrow. Notably, the
extent of transcription factor dependence is linked to the genetic
background of the particular mouse strain analyzed (146-148),
indicating that transcriptional requirements are not always abso-
lute or redundant factors exist (148). Consistently, CD8a.t DCs
can develop in the absence of Batf3, Id2, and Nfil-3 (149). The local
microenvironment may also contribute to shaping the diversity
of the DC compartment, as in some tissues, such as the spleen
and intestinal system, CD11b™ ¢DCs can be divided into onto-
genetically and functionally distinct subpopulations (36, 42, 91,
95, 131). Importantly, some of the transcription factors control-
ling DC differentiation in mice have also been implicated in the
development of human DCs (67, 69, 71) and putative equivalent

DC subpopulations exist in rat, chicken, sheep, and pig (150-153),
highlighting that DC populations are conserved across species.

While several growth factors have been linked to DC differen-
tiation, the development of all DC subsets is strongly dependent
on FLT3 ligand (FLT3L) and downstream signaling events (7, 18,
154). FLT3L administration potently expands pDCs and ¢DCs
in mice and humans (72, 73, 85, 155-157). In vitro, FLT3L pro-
motes the differentiation of bone marrow progenitors from mice,
humans, and pigs into functional subsets of DCs (66, 158, 159).
Mice lacking FLT3L display a severe deficiency in DCs, which is
also apparent, although to a lesser extent, in mice lacking its recep-
tor CD135 or mice treated with CD135 inhibitors (63, 137, 160,
161). In contrast, FLT3L appears largely dispensable for monocyte
and M@ development (137) and, therefore, FLT3L dependency is
often used delineate DCs in vivo (18, 65, 162). The interpretation
of fate mapping using mice deficient in CD135 or its ligand is
however complicated by the fact that these animals also exhibit
abnormalities in other hematopoietic lineages, including B, T, and
NK cells (137, 163) and show evidence of systemic neutrophilia
and monocytosis, as has been reported in other DC-deficient
models (112, 117).

Despite the prominent expression of CD135 on DC progenitors
it remains to be clarified exactly at what stage of cellular differ-
entiation FLT3L impacts on DC development. Consistent with a
role for FLT3L early in development, a reduction of bone marrow
CDPs in FLT3L deficient animals has been reported but ranges
from a mere twofold decrease (164) to near complete absence (78).
In contrast, the numbers of MDPs and splenic pre-DCs appear
largely unaffected by CD135 deficiency (85). The observation that
pre-DC frequencies in non-lymphoid organs of FLT3L-deficient
mice are reduced (63) and that transfer of DCs into a FLT3L-
deficient environment decreases their homeostatic proliferation
(85) indicates a role for FLT3L in the peripheral expansion of
DCs rather than their differentiation. This interpretation would
equally be consistent with the observation that DCs that develop
in the absence of FLT3L are functional (137). In light of this
finding it will be interesting to determine, to what extent FLT3L
impacts on the development and functional regulation of other
MPs. Addition of FLT3L to purified human monocytes cultured
with GM-CSF £ IL-4 increases their T cell stimulatory capacity
(165), although it is not clear whether this is also the case for
murine monocytes. Culture of murine bone marrow with GM-
CSF and IL-4 presumably mimics monocyte differentiation under
the same conditions (166). When FLT?3 signaling is inhibited in
such bulk cultures the T cell stimulatory capacity of the output
cells is reduced (161). Therefore, these data raise the possibility
that FLT3L might influence monocyte differentiation into cells
with functional properties of DCs also in the murine system,
although a direct causality remains to be demonstrated. Fur-
ther, comparative gene expression profiling revealed that upon
migration to lymph nodes LCs induce CD135 expression (167),
indicating that they might be capable of responding to FLT3L.
Therefore, it is conceivable that FLT3L may control certain func-
tional aspects generally associated with DCs, such as antigen pre-
sentation, in ontogenetically distinct MP subtypes, which will be
interesting to formally address in the context of FLT3L or CD135
deficiency.
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Dendritic cell progenitors also express CD115, the receptor for
M@ colony-stimulating factor (M-CSF) (56-58, 61, 86). However,
compared to the dominant role of FLT3L in DC differentiation,
M-CSF-deficiency only mildly impacts on DC development (168).
M-CSF deficient osteopetrotic (op/op) mice exhibit a two- to
threefold reduction in splenic cDCs and pDCs, respectively, but
the remaining DCs are capable of stimulating a mixed lymphocyte
reaction and induce costimulatory molecules upon activation,
thus appear functional (168). In contrast, M-CSF is strongly
required for monocyte and M@ development (141, 169). There-
fore, the observation that mice lacking CD115 exhibit reduced
frequencies of CD11c*MHCITTCD11b™ cells in non-lymphoid
organs (63, 91) likely reflects the ontogenetic heterogeneity of
this population (63, 91-95). Consistently, M-CSF is also required
for the generation of monocyte-derived cells with features of
DCs during inflammation (90). Nonetheless, M-CSF may play
a role in DC development. It can promote DC differentiation
in vitro and in vivo even in the absence of FLT3L, although
DCs generated by M-CSF alone phenotypically and function-
ally differ from those induced by FLT3L (170). M-CSF-induced
DC poeisis is also more efficient in FLT3L-sufficient conditions
(170). In vivo, antibody-mediated blockade of M-CSF in pregnant
mice reduces pre-DC extravasation, translating into a reduction
of CD11b* DCs in the pregnant uterus (171). Whether M-CSF
affects pre-DC migration also in other tissues and whether it
acts in a cell intrinsic manner or by promoting the produc-
tion of chemotactic factors by other cells remains to be deter-
mined (171).

In purified monocytes, GM-CSF induces phenotypic and
functional attributes of DCs (88, 89, 172). Similarly, purified
CD1157 MDPs respond to GM-CSF by differentiating into
CD11c"MHCIIT DCs (85) and GM-CSF deficiency leads to a
slight reduction of bone marrow MDPs and CDPs (164). How-
ever, GM-CSF is dispensable for the differentiation of lymphoid
tissue DCs (85, 173) and, therefore, it seemed likely that GM-
CSF would selectively regulate the differentiation of monocytes
into cells resembling DCs (23). This speculation also lead to the
hypothesis that monocytes cultured in the presence of GM-CSF
represent the counterpart of mo-DCs generated under conditions
of inflammation/infection in vivo (23). Surprisingly, GM-CSF
does not appear to control monocyte differentiation in vivo (90)
and thus, GM-CSF elicited monocyte-derived cells are unlikely
to be fully equivalent to inflammatory monocyte-derived cells.
Rather, GM-CSF influences the homeostasis of cDCs in a variety,
but not all, non-lymphoid tissues, most likely by promoting cell
survival (90). Importantly, GM-CSF deficiency leads to a greater
reduction of CD103" ¢DCs than of CD11b™ ¢DCs (90). However,
the extent of cDC reduction in the absence of GM-CSF apparently
relates to the markers used for cell identification (90, 147, 164).
This is most likely because GM-CSF regulates certain phenotypic
as well as functional features of DCs, such as CD103 expression
(174) or their ability to cross-present antigen (90, 174, 175).
Therefore, the above-mentioned growth factors not only influence
lineage decisions but also impact on the functional regulation of
DCs, monocytes, and M@s. Elucidating the exact roles of FLT3L,
GM-CSE and M-CSF in each cell type will help to decipher the
functional heterogeneity of MPs.

Cellular Barcoding

The biggest challenge for fate mapping is to trace the develop-
mental plasticity of individual cells. This can now be achieved
using “cellular barcoding,” in which progenitors are tagged in vitro
with semi-random, non-coding DNA sequences by transduction
using retro- or lentiviral vectors (Figure 2C) (81). Therefore,
the barcodes are heritable and by choosing conditions of low
transduction efficiency one can ensure that each cell receives only
a single barcode. Subsequently, barcode-labeled progenitors are
adoptively transferred in numbers low enough to minimize the
chance that two identically barcoded cells are transferred into
the same recipient (Figure 2C). After differentiation in vivo, cell
progeny are analyzed for their barcode repertoire using deep
sequencing or custom microarray. Since each barcode represents
an individual progenitor, the presence of the same barcode in
more than one cell type indicates that they were generated from
a single precursor (multi-potent or bi-potent, Figure 2C). On the
other hand, if a barcode is only found in one cell type, the progen-
itor generated only a single cell lineage (mono-potent, Figure 2C)
(81).

During maturation, HSCs are thought to progressively lose
their self-renewal ability and become increasingly limited in
their differentiation potential, ultimately giving rise to lineage-
restricted progenitors (55, 176). Lymphoid primed multi-potent
progenitors (LMPPs) are developmental intermediates down-
stream of HSCs that can give rise to various, but not all, cell lin-
eages and are thus considered multi-potent (55, 176). Surprisingly,
in barcoding experiments only a minority (3%) of single LMPPs
exhibits true multi-potency, defined as the ability to generate all
of the following cell lineages: B cells, DCs, and myeloid cells
(monocytes and neutrophils) (49). Rather, single LMPPs differ
drastically in terms of their cellular output: 10% of the progen-
itors contribute primarily to B cells, 10% primarily to myeloid
cells but about 50% of transferred LMPPs produce predominantly
DCs (49). The remaining fraction of progenitors exhibits bi-
potentiality to generate combinations of the examined cell lineages
(49). Therefore, LMPPs are multi-potent when analyzed as a pop-
ulation, however single cells exhibit unexpected lineage bias that
is imprinted early in development. Why the majority of LMPPs
is DC-committed (49), even though DCs constitute a minority
lineage compared to B cells, remains to be clarified, although it
is possible that some progenitors proliferate better than others or
have certain competitive advantages. A major lineage divergence
toward DCs seems to occur before or at the LMPP stage, as most
HSCs analyzed by the same method are multi-potent, although
even HSCs exhibit a degree of lineage bias (49, 177). Since CDPs
might arise directly from LMPPs without additional develop-
mental intermediates (79), these data infer that DCs diverge as
a developmental lineage distinct from other myeloid cells early
on (49).

This, again, questions the existence of a bi-potential MDP as
central intermediate in the development of DCs and monocytes.
Yet, it is noteworthy that even though DC-biased LMPPs are
fivefold more frequent than bi-potent myeloid/DC LMPPs, mono-
potent and bi-potent progenitors contribute equally to the final
DC pool (49). Therefore, bi-potent progenitors seem to play a
significant part in generating DCs, potentially because they have a
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proliferative advantage. Resolving these issues will require further
refinement of the technique at hand. The differentiation potential
of progenitors may be influenced by cell isolation, processing
or in vitro manipulation (80) and virus-mediated transformation
might skew cell fate in an unforeseeable manner, as evidenced by
the fact that barcoded LMPPs cannot generate T cells (49, 81). This
also means that barcoding does not yet uncover the full potential
of single progenitors. The early lineage bias of HSCs and LMPPs
suggests that cell development may follow a model of graded com-
mitment rather than proceeding in a truly stepwise manner (178).
It will be interesting to determine, to what extent this process
is regulated by epigenetic modification and how inflammatory
processes might impact on lineage divergence. Future studies will
benefit from the development of models allowing for in vivo
barcoding of single cells but the labor-intensive quantification
and analysis of barcoding experiments makes it difficult to follow
populations in real time.

Genetic Lineage Tracing

Dynamic mapping of populations of distinct origin in vivo can be
achieved using genetic lineage tracing based on Cre-loxP technol-
ogy (Figure 2D) (80, 179). It relies on inducible reporter genes that
are placed under the control of constitutively active promoters,
such as the Rosa26 locus. The reporter is most commonly a fluo-
rescent protein that is preceded by a loxP-flanked STOP cassette
and, therefore, its expression is induced only after Cre recom-
binase (Cre) mediated excision of the stop codon (Figure 2D).
Since this form of labeling is genetic it is also heritable, meaning
that any cell expressing Cre will pass on the label to all progeny,
irrespective of continuous recombinase expression (Figure 2D).
Since the promoter driving the reporter gene is constitutively
active, labeling is irreversible and not affected by fluctuations in
gene expression (Figure 2D) (80).

By crossing mice expressing Cre under the control of the Clec9a
locus to Rosa26-STOP-flox-enhanced-yellow fluorescent protein
(YFP) reporter mice (180), we have recently generated the first
genetic model to trace the progeny of DNGR-1" CDPs and pre-
DCs (36). In these mice, YFP expression is restricted to DCs but is
not found in monocytes or M@s even in inflammatory conditions,
as tested after intestinal inflammation or infection with L. mono-
cytogenes (36). Nonetheless, certain limitations need to be taken
into account. DNGR-1 is also expressed on CD8c"/CD103™
¢DCs and to a lower extent on pDCs (36, 71, 181, 182) and,
therefore, in these populations labeling is not a strict indicator
of cell ontogeny. Further, labeling of CDP and pre-DC progeny
in mice heterozygous for Cre is incomplete, possibly due to a
delay in Cre protein synthesis and DNA recombination in rapidly
cycling progenitors (36). Consistently, penetrance of the YFP label
is increased in mice homozygous for Cre (36). The efficiency of
lineage tracing experiments in such cases or when Cre expression
is low may be improved by using alternate reporter constructs in
which the loxP sites are positioned closer together, thus facilitating
recombination (183).

Genetic lineage tracing does not require prior knowledge of
which markers are expressed by the output cells and, thus, enables
unbiased monitoring of cell ontogeny. Therefore, we were able to
identify CDP-derived cells in cell populations previously thought

to constitute monocytes/M@s based on the expression of sur-
face markers, such as CD64 (36). CD641 CDP-derived cells do
not express Clec9a message and are especially frequent in kid-
neys, although the presence of few YFP™ cells in the CD64™
component of lung and small intestine indicates that atypical
CDP-derived cells also exist in other tissues (36). CD641 kid-
ney DCs resemble yolk sac-derived F4/80" tissue-resident M@s,
appear to lack Zbtb46 expression (37) and their affiliation as DCs
or M@s has been debated (184). We, therefore, used adoptive
transfer as additional method to confirm cell ontogeny. Surpris-
ingly, neither purified DNGR-1" CDPs nor total bone marrow
generated F4/80"CD64" CDP progeny in kidneys 1 week after
adoptive transfer into irradiated recipients (36). Since kidney
DCs reportedly have a slow turnover (185), it is possible that
CDPs had insufficient opportunity to reach their renal niche and
expand during short-term transfer experiments. Consistent with
this notion, F4/80MCD64" kidney leukocytes were efficiently
generated from bone marrow progenitors in long-term reconsti-
tution experiments (36). Therefore, our data strongly support a
CDP origin of CD64 " kidney leukocytes, despite their phenotypic
resemblance to monocytes or M@s (36). These data exemplify the
power of lineage tracing in following cell ontogeny in an unbiased
way, although it is possible that DNGR-1 is expressed on yet
unidentified developmental intermediates.

Addressing this possibility might require tamoxifen-inducible
Cre constructs that can be used to pulse label progenitor pop-
ulations (80). In the future, combinatorial approaches, such as
“split-Cre” fragments controlled by two different promoters (186)
or an intersection where Cre and the inducible reporter are driven
by two cell-specific promoters (187, 188) may be of benefit to
generate improved models to lineage trace DCs. The identification
of CDP-derived cells with attributes of monocytes/M@s exem-
plifies the insufficiency of phenotypic properties, such as surface
markers, as means of accurate cell identification of MPs. It also
raises the question why cells of distinct ontogeny but overlapping
phenotype exist in the same tissue. Further elucidation of the
specific functions of MPs in immunity will benefit from lineage
tracing approaches that result in target cell deletion through the
use of inducible DTR or DT subunit modules (82, 112, 189, 190).

Conclusion

The studies discussed above have significantly advanced our
understanding of DC ontogeny but have also uncovered some
uncertainties (Figure 3). While the bone marrow origin of DCs
and monocytes is undisputed, the exact developmental inter-
mediates and branching points between HSCs and DC progen-
itors remain to be clarified. Current data indicate that lineage
imprinting toward DCs and monocytes may occur as early as
LMPPs, potentially through epigenetic modification (Figure 3).
This realization constitutes a major conceptual shift as it puts in
question the existence of a bi-potential MDP and the resulting
relatedness of DCs and monocytes. A definitive resolution of
this question requires increasingly refined methods to geneti-
cally trace single progenitors or select DC and monocyte lin-
eages. Nonetheless, it is clear that cDCs, pDCs, and monocytes
can be separated based on their descendance from committed
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FIGURE 3 | DCs develop as independent cell lineage. Although bone
marrow LMPPs are generally considered multi-potent, single LMPPs exhibit
a degree of lineage bias toward generating exclusively DCs or monocytes.
Such mono-potent LMPPs (single colored nuclei) may generate DC
progenitors and monocyte progenitors (cMoPs) directly without additional
developmental intermediates. In contrast, multi-potent LMPPs (tri-colored
nuclei) presumably give rise to DCs and monocytes via bi-potent MDPs and
CDPs. CDPs separate into pDC- and cDC-biased DC progenitors and can
be delineated from cMoPs based on the expression of surface markers,
including CD135, DNGR-1, Ly6C, and CD115 (as indicated in black). While
pDCs fully develop in the bone marrow, cDCs arise via pre-DCs, which
migrate through the blood stream to lymphoid and non-lymphoid tissues,
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where they terminally differentiate into distinct cDC subsets. These
developmental processes are strongly driven by FLT3L and controlled by
several transcription factors (TF; indicated in blue). Monocytes also fully
differentiate in the bone marrow but upon entry into lymphoid and
non-lymphoid tissues and directed by environmental cues they can acquire
features of DCs or M@s. In contrast to DCs and monocytes, most
tissue-resident MJs arise from embryonic progenitors and are maintained by
self-renewal. Markers commonly used to distinguish pDCs, cDCs,
monocyte-derived cells, and M@s in mice are shown. (*) indicates that the
specified marker can be expressed on ontogenetically distinct MP subtypes
in some instances. (+/—) indicates markers with heterogeneous or
tissue-dependent expression on the specified MP sublineage.

developmental intermediates (Figure 3). Their differentiation is
further driven by unique factors indicating that their develop-
mental paths are distinct (Figure 3). In stark contrast to pDCs,
cDCs, and monocytes, most tissue M@s arise from embryonic
progenitors and are predominantly maintained by self-renewal
into adulthood (Figure 3).

Taken together, these data unequivocally establish that DCs,
monocytes, and M@s develop as unique cellular entities and
although one could argue that most of this knowledge is derived
from mouse studies, developmental parallels have been observed
in other species (66-73). Despite these advances, we are at a
loss for a universal definition of DCs that is readily accessible to
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experts within and outside the field of MP biology. In light
of this recognition, it has been suggested to revise the current
nomenclature of MPs into a system that takes cell ontogeny
into account when defining subpopulations (6). Such system
would greatly aid our understanding of phagocyte biology as
it remains uncertain to what extent the cellular origin of DCs,
monocytes, and M@s determines the unique functionality of
these cells in immunity and/or tissue homeostasis. While global
profiling has revealed a role for the local tissue microenviron-
ment in shaping the transcriptional landscape of DCs, mono-
cytes, and M@s from different organs, certain gene signatures
and transcriptional features are set by ontogeny (167, 191-193).
Therefore, the full functional diversity of DCs, monocytes, and
MO@s is likely shaped by both nature (ontogeny) and nurture
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(the environment). Since ontogeny is immutable it provides a
more robust common denominator for cell definition that enables
deciphering cellular functions without assuming preconceived
functional or phenotypic relationships. DC classification based
on cell ancestry is a work in progress but its implementation
will ultimately yield a more robust and transparent way of cell
definition.
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The mononuclear phagocyte system includes macrophages and dendritic cells (DCs),
which are usually classified by morphology, phenotypical characteristics, and function.
In the last decades, large research communities have gathered substantial knowledge
on the roles of these cells in immune homeostasis and anti-infectious defense. However,
these communities developed to a degree independent from each other, so that the
nomenclature and functions of the numerous DC and macrophage subsets overlap,
resulting in the present intense debate about the correct nomenclature. This controversy
has also reached the field of experimental nephrology. At present, no mutually accepted
way to distinguish renal DC and macrophages is available, so that many important roles
in acute and chronic kidney disease have been ascribed to both DCs and macrophages.
In this perspective article, we discuss the causes and consequences of the overlapping
DC—-macrophage classification systems, functional roles of DCs and macrophages,
and the transferability of recent findings from other disciplines to the renal mononuclear
phagocyte system from the nephrologist’s point of view.

Keywords: dendritic cells, macrophages, kidney, flow-cytometry, glomerulonephritis

Introduction

The current intense debate regarding the classification and nomenclature of dendritic cells (DCs)
and macrophages has reached also the field of experimental nephrology. Numerous kidney diseases
are immune mediated, such as the different forms of glomerulonephritis, and research over the last
years has described important, yet overlapping roles of both cells types.

Macrophages and DCs are often considered distinct cell types based on their morphology and
function. Macrophages were defined as large vacuolar cells that are highly phagocytic and modulate
immune responses by production of immune mediators (1, 2), whereas DCs were characterized as
stellate migratory cells that act as sentinels in non-lymphoid tissues and enter lymphoid tissues upon
antigen encounter, present antigen and subsequently activate naive T lymphocytes (3-5). Following
these original descriptions, two research areas developed that more or less independently studied
macrophages and DCs. This artificial separation has contributed to the emergence of different names
for similar or the same cell types, thereby adding to the current confusion about their identity and
function. In particular, advances in multi-color flow cytometry and gene-analyses enabled research-
ers to define many DC and macrophage subsets by the expression of a variety of surface molecules
(6). As cell surface markers are easy to determine, they are widely used to classify mononuclear
phagocytes, although they are rather unspecific and their expression patterns in the murine and
human systems differ substantially.

Also in the kidney, surface markers and functional parameters have been used to propose several
classification systems of mononuclear phagocytes. However, these systems overlap, comparable to
the situation in other non-lymphoid organs, resulting in great uncertainty among experimental
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nephrologists regarding the correct terminology. Here, we dis-
cuss the present state of our knowledge on renal mononuclear
phagocytes in health and disease and problems resulting from the
current nomenclature debate from a nephrologist point of view.

The Network of Renal DCs and
Macrophages

The kidney parenchyma consists of the outer renal cortex and
the inner renal medulla. Numerous individual functional units,
the nephrons, span both compartments. The cortex contains
glomeruli and proximal tubuli of the nephrons, which generate
the primary urine. The medulla contains the loop of Henle, which
generates a high osmolarity that is required for water reabsorption
from the primary urine. The distal tubules end in collecting ducts
through which the concentrated urine is transported into the
renal pelvis and on through the ureters into the bladder. The space
between the tubules is known as tubulointerstitium and contains
blood vessels, fibroblasts, and numerous cells of the hematopoietic
system that had been classified by pathologists as constituents of
the reticuloendothelial system [reviewed in Ref. (7)].

Early immunological studies had classified the tubuloint-
erstitial mononuclear cells as macrophages due to their F4/80
expression (8). During the early 1990s, several groups reported
that these tubulointerstitial cells morphologically resembled DCs
in humans and rodents (9-12), whereas cells with the typical
morphology of macrophages were described to reside mainly in
the kidney capsule, the intravasal lumina, and the pelvic wall of
healthy kidneys (13). The use of CX;CR1-reporter mice and live
cell imaging illustrated the intricate tubulointerstitial network of
dendritiform processes that these cells use to constantly probe the
environment, suggestive of DCs in action (14-16). The nomencla-
ture debate intensified when it became clear that the vast majority
of renal mononuclear phagocytes possess the phenotype CD11c*
CD11b* F4/80* CX;CR1* (17), which allows classification of both
macrophages and DCs.

Notably, CX;CR1 exhibits relative organ specificity for renal
mononuclear phagocytes: these cells were >50% reduced in the
kidneys, but not in other organs (except the intestine) of CX;CR1-
deficient mice. This may be explained by the comparatively
high renal expression of its ligand CX;CL1 (18). Notably, those
CX;CR1* phagocytes that co-express CD11c and exert DC func-
tionality were reduced even by more than 75% (18-20). This may
result from an effect of CX;CR1 on CD11c expression, but this
has yet to be shown. Interestingly, CX;CR1 regulated the numbers
of the CD11c* and the CD11c™ renal mononuclear phagocytes
by different mechanisms: it promoted homeostatic and inflam-
matory recruitment of the former, whereas it prevented in situ
proliferation of the latter under inflammatory conditions (20).
Assuming that CD11c distinguishes renal DCs and macrophages,
this difference would be consistent with recent reports that the
number of tissue macrophages is regulated by local proliferation
(21), whereas DC numbers are usually thought to be regulated by
immigration and emigration (22).

The kidney also contains a minor subset of CD103* DCs,
which constitute <5% of all renal CD11c* phagocytes and lack
expression of CX;CR1, CD11b, and F4/80 (23), whose function

currently is unclear. There are neither CD11b* CD103* DCs nor
plasmacytoid DCs in the healthy kidney (24).

Functionality and Phenotype of Renal
Mononuclear Phagocytes

Researchers from both, the DC and the macrophage fields, have
investigated kidney mononuclear phagocytes defined by cell
surface markers in homeostasis and models of renal disease.
Many important roles were shown in models of acute renal injury
and in chronic immune-mediated kidney disease (Table 1), such
as cytokine production or T cell-crosstalk in response to tissue
injury or infection (17, 25-33). However, none of these functions
is generally accepted to be exclusive for DCs or macrophages.
Moreover, many nephrologists trained by the DC and macrophage
communities still use CD11c and F4/80 to identify DCs and mac-
rophages, respectively (see Table 1), even though 70-90% of renal
mononuclear phagocytes co-express these two markers (17),
implying that they studied cellular subsets that largely overlap.
Also, the tools used for loss-of-function studies cannot clearly
discriminate between DCs and macrophages: CD11c-DTR mice
are used to deplete kidney DCs, CD11b-DTR mice for depleting
kidney macrophages but the expression of CD11c and CD11b
on kidney mononuclear phagocytes is too heterogeneous for this
black-and-white thinking (34). Clodronate liposomes are used for
both purposes (35-38). All kidney mononuclear phagocytes are
phagocytic (34) which might render them sensitive to clodronate
liposomes.

The consequence of this overlap is well illustrated by two
recent studies examining how CX;CR1 affects renal disease: both
studies agreed that mononuclear phagocytes are substantially
reduced in the kidneys of CX;CR1-deficient mice. However, one
of them noted a higher susceptibility to renal candidiasis and
attributed this to the loss of renal macrophages (19), while the
other documented protection against glomerulonephritis and
assigned this to the loss of renal DCs (18). A possible explana-
tion for this different classifications is that glomerulonephritis
is driven mostly by phagocytes in the kidney cortex, in which
glomeruli are located, whereas anti-infectious activity seem to
be primarily due to phagocytes in the medulla, through which
pathogens enter the kidney (18). Medullary phagocytes express
significantly less CD11c than those in the cortex, which may bias
their classification as DCs. The causes for these phenotypical and
functional differences between medullary and cortical mononu-
clear phagocytes are unknown, but may result from differences in
osmolarity, pH, and oxygen tension between these compartments,
to which the mononuclear phagocytes may adapt. This would be
in line with the current view that the tissue microenvironment
dictates the organ-specific plasticity of macrophages (39, 40), and
thus, perhaps also of renal mononuclear phagocytes.

Re-Defining Kidney Mononuclear
Phagocyte Nomenclature

The current definitions of renal DCs and macrophages are not
mutually exclusive, so that renal mononuclear phagocytes may
fulfill the definitions of both cell types simultaneously. This creates
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TABLE 1 | Summary of the functions of mononuclear phagocyte subsets in renal diseases, which have been attributed to either renal DC or
macrophages, based on marker expression and/or disease attenuation or aggravation after cell depletion.

Disease

Function and associated cell type

Classification of associated cell types

Acute renal injury

Ischemia/re-perfusion

Unilateral ureter
obstruction (UUO)

Adriamycin nephropathy,
cisplatin nephropathy,
crystal nephropathy

Chronic renal disease

Glomerulonephritides

Pro-inflammatory

|. TNFa secretion
DC (26, 63, 64)
Macrophages (63, 64)
II. Th activation
Macrophages (63)

Anti-inflammatory
|. Tissue regeneration
DC (33)
Macrophages (67)
II. Suppression of TNFa, IL-6, CXCL2, CCL2
production by IRF4 upregulation
DC (65)
lIl. Prevention of renal failure
DC (66)

Pro-inflammatory

I. Antigen presentation to CD4* T cells
DC (27)

IIl. Accumulation of Th17 cells
DC (28)

lll. TNFa, TGFb production
DC (28, 68)
Macrophages (68)

IV. Tubular apoptosis
DC (68)
Macrophages (68)

V. Renal fibrosis
DC (68, 69)
Macrophages (68, 69)

Pro-inflammatory
I. Aggravation of kidney injury in adriamycin-
induced nephropathy

Macrophages (25)

II. IL-1b secretion after inflammasome activation

DC (29)

Anti-inflammatory
|. Protective against cisplatin nephropathy,
induction of IL-10

DC (70)

Accumulating

|. Population changes during nephrotoxic
nephritis
DC (17)

Pro-inflammatory

|. Crescent formation
Macrophages (71)

II. T cell infiltration and activation

Pro-inflammatory

DC

CD45+, CD11c*, MHCII¥, CD11b*, CD16*, F4/80*, CD68*, CD4-, CD8-, CD205-,
33D1-, CD169- CD204- (26)

Macrophages

Sensitive to liposomal dichloromethylene bisphosphonate (clodronate liposome)
treatment, F4/80* (63)

Sensitive to clodronate liposome treatment (64)

Anti-inflammatory

DC

Sensitive to clodronate liposome treatment, CD45*, MHCII*,CD11c*, F4/80+ (33)
Sensitive to clodronate liposome treatment, CD45*, MHCII*, CD11c* (65)
Sensitive to clodronate liposome treatment, CD11b* (66)

Macrophages
Sensitive to clodronate liposome treatment, F4/80+ (67)

Pro-inflammatory

DC

CD11ct, T cell stimulatory, phagocytotic (27)

CD45*, CD11c*, F4/80*, Ly6C- or CD45*, CD11c*, F4/80-, Ly6C-, sensitive to
clodronate liposome treatment (28)

CD45+ CD11c*, F4/80* (sensitive to clodronate liposomes) or F4/80- (not sensitive to
clodronate liposomes) (68)

Macrophages

CD45* F4/80+, CD11c, sensitive to clodronate liposomes (68)

CD45*, CD11b*, CsfrtR-GFP+, CD11c~; depletion in CD11b-DTR mice (69)

Pro-inflammatory
DC

In vitro studies with bone marrow derived DC; renal CD45*, CD11c* cells; sensitive to
clodronate liposome depletion and diphtheria toxin in CD11c-DTRg mice (29)
Macrophages

CD45+, MHCII*, CD11c*, F4/80+, CD68*, CD204+, CD206*, CD103-; morphology,
phagocytic capacity, ontogeny (25)

Anti-inflammatory

DC

CD45*, MHCII+, CD11c*, CD11b*, F4/80*; morphology of GFP* cells in CD11c—
DTRtg mice (70)

Accumulating
DC

CD11ct, CD11b*, F4/80+*; morphology, lysosomal content, phagocytic activity,
microbicidal effector functions, expression of T cell costimulatory molecules, T cell
activation (17)

Pro-inflammatory

DC

MHCII*, CD11c*, F4/80- (72)

MHCII*, CD11c* CD11b*, CD8-, B220-; depletion in CD11c-DTR mice; antigen
presentation and T cell activation function (32)

DC (32, 72) Chemokine expression by CD11b* CD11c* DC was analyzed in lymphoid organs (73)
IIl. Chemokine expression Macrophages
DC (73) Sensitive to diphtheria toxin in CD11b-DTR mice, CD68* (71)
(Continued)
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TABLE 1 | Continued

Disease Function and associated cell type Classification of associated cell types
Anti-inflammatory Anti-inflammatory
I. Induction of IL-10 secretion by CD4 T cells DC
DC (31) Morphology; MHCII*, CD11c*, CD11b*, sensitive to diphtheria toxin in CD11c-DTR
mice (31)
II. Recruitment of regulatory CXCR6* iINKT cells ~ CD45+*, CD11c*, depletion in CD11c-luciDTR mice (74)
DC (74)
Infection Anti-infectious Anti-infectious

|. Bacterial clearance
DC (18, 30)
II. Candida protection
Macrophages (19)
lll. Response to infectious stimuli, chemokine
secretion, migration
DC (75)

DC
MHCII*, CD45*, CD11c*, CD11b*, F4/80*, CXsCR1* CD103"; depletion in
CD11c-DTR mice (18, 30)

Enrichment by FIt3L administration, sorted by CD11¢ purification (75)
Macrophages

MHCII*, F4/80+*, CD11b*, CD11c"; morphology (19)

confusion, especially among those nephrologists that are more
interested in disease relevance than in semantics. A recent
proposal for a unified nomenclature has been based on cellular
ontogeny: it proposes an initial division of mononuclear phago-
cytes into macrophages, monocytes and monocyte-derived cells
and DCs (so-called “level 1 nomenclature”) (41). This classifica-
tion was based on the following facts: (1) most adult macrophages
in tissues are successors of an embryonic precursor and main-
tained through self-renewal (42-46), (2) a common monocyte
progenitor (cMoP) exists, which gives rise to monocytes (47),
and (3) conventional DC (cDC) and plasmacytoid DC but not
monocytes or macrophages arise from a common DC precursor
(CDP) (48, 49). Thus, tissue-resident macrophages were classified
by their origin from embryonic (yolk sac and fetal monocytes)-
derived erythro-myeloid progenitors (46, 50) and DC were
classified as cells arising from hematopoietic stem cell-derived
precursors, identified by genetic tracing via DNGR1 (CLEC9A)
(51), which are distinct from monocyte/macrophage precursors.
Finally, monocyte-derived cells differentiate from cMoP that can
exert macrophage- or DC-like functions and express markers
associated with either (41). This classification does not resolve
the question whether monocyte-derived macrophages and
monocyte-derived DCs are ontogenically distinct or whether one
cell type displays high plasticity in different microenvironments.
To include cell function, location, and morphology, the authors
suggested to add a “level 2” nomenclature to the level 1 classifica-
tion (41).

While this nomenclature proposal might bring order into
the ever increasing numbers DC and macrophage subsets, one
major concern remains: without fate mapping tools, the origin of
a phagocyte in a given tissue is usually not apparent, so that surro-
gate markers need to be used. Several markers for distinguishing
phagocytes derived from different precursors are currently being
discussed, but as we shall see below, they fail to discriminate renal
DCs and macrophages.

One of these markers, CD64, alone or in combination with
CCR2or MerTK, hasbeen reported to identify monocyte-derived
macrophages and to be able to discriminate DC from non-DC in
the intestine, the muscle and spleen (52-55), and the skin (56).

DNGRI, when combined with genetic fate mapping technology,
was shown to mark CDP and pre-DC (51), whereas Csflr can
be used for fate mapping of yolk sac derived (myb independ-
ent) tissue macrophages (46). In the kidney, most mononuclear
phagocytes express CD64, low levels of CD11b and high levels
of F4/80, which is not the case in other organs. However, 30% of
CD64" cells co-expressed the DNGR1-fate mapper, indicating
that CD64 expression, despite the evidence for specificity in other
organs, does not differentiate CDP-derived from monocyte-
derived cells in the kidney (51). Similarly, another fate mapping
study that used Myb and PU.1 dependency for defining CD11b*
monocytes or macrophages and F4/80"" tissue macrophages
derived by adult or embryonic hematopoiesis, respectively,
found a dual origin in kidney macrophages as well (45). These
findings highlight the difficulties when basing cellular classifica-
tion solely on ontogeny when ontogeny is based on surrogate
markers. Furthermore, transferring ontogeny-based nomencla-
ture to human mononuclear phagocytes in tissue might prove
impracticable.

A classification approach based on transcriptome analysis
reported that CD11ct MHC II* cells in the kidney expressed a
set of core DC markers characteristic of DCs in non-lymphoid
tissues, that is absent from macrophages, including Zbtb64, Flt3,
and CCR?7 (57). These “core DC markers” had been defined by
analyzing cDCs except the CD11b* non-lymphoid tissue-DC,
because of the great heterogeneity of CD11b* cells. However,
these constitute the vast majority of kidney mononuclear
phagocytes.

Another classification approach is based on mononuclear
phagocyte functionality. However, observed functions generally
represent a snapshot of a cell within a specific context and time
frame. Demonstrating that a phagocyte performs a given func-
tion under certain conditions at a certain time-point does not
imply that this is a general feature of this cell. Furthermore, there
is no clear demarcation between exclusive DC and macrophage
functions. For example, macrophages phagocytose and degrade
material. However, under certain conditions DCs do that too,
albeit less efficiently [reviewed in Ref. (58)]. On the other hand,
DCs classically activate naive T cells, but macrophages can do
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that too, albeit less efficiently (59, 60). Furthermore, the ability
to stimulate T cells is difficult to determine on a single cell basis.
A recent study differentiated renal mononuclear phagocytes
into five phenotypically and functionally distinct populations
(34). In that study, mononuclear phagocyte populations were
differentiated by CD11c, CD11b, F4/80, CD103, CD14, CD16,
and CD64 expression in juvenile and adult mice of different
strains. Functional analyses and fate mapping studies were
used for further characterization. In line with the complex-
ity of kidney mononuclear phagocyte subsets observed by
others and us (17, 45, 51), the study revealed that all subsets
expressed CD68 that is usually used to identify macrophages
and that all subsets were phagocytic but showed differences in
their antigen presentation capacity. Fate mapping experiments
identified one population with a dual origin, two populations
that were closely related to monocytes, whereas the remaining
two were not. Notably, the largest population not only showed
the phenotypical and functional characteristics of reparative
macrophages (M2) but also had significant antigen presenta-
tion function and most likely emigrated from the kidney under
inflammatory conditions. Additionally, this population dif-
fered significantly between mouse strains, which might explain
immunological differences between those strains. The authors
concluded that functions are more related to context than
separate lineage and suggested their marker combination as an
unbiased approach to identify kidney mononuclear phagocyte
populations (34). These findings are consistent with recent
concepts that macrophage fine differentiation is shaped by the
tissue microenvironment (39, 40).

Concluding Remarks

As a consequence of the separate development of the DC and
macrophage research communities, the functional and pheno-
typic definitions of these cell types overlap substantially. Thus,
scientists from both communities often study the same cells,
perhaps unaware of, or ignoring progress and concepts in the
other field. The false assumption that classifying a mononuclear
phagocyte as a macrophage implies that it is not a DC, and
vice versa, hampers communication between researchers from
both fields. Some studies have focused on arguing about subsets
and semantics (61), perhaps hoping to “claim territory” for their
own communities. This may result in highly citable or controver-
sial publications, but it does not advance our understanding of
mononuclear phagocytes, neither in the kidney nor elsewhere.
An overlapping classification system, such as the existing one,
is certainly not desirable. An improvement is needed. It is unreal-
istic to assume that either the DC or the macrophage community
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Intestinal mononuclear phagocytes find themselves in a unique environment, most
prominently characterized by its constant exposure to commensal microbiota and food
antigens. This anatomic setting has resulted in a number of specializations of the intestinal
mononuclear phagocyte compartment that collectively contribute the unique steady state
immune landscape of the healthy gut, including homeostatic innate lymphoid cells, B,
and T cell compartments. As in other organs, macrophages and dendritic cells (DCs)
orchestrate in addition the immune defense against pathogens, both in lymph nodes
and mucosa-associated lymphoid tissue. Here, we will discuss origins and functions of
intestinal DCs and macrophages and their respective subsets, focusing largely on the
mouse and cells residing in the lamina propria.

Keywords: gut, dendritic cells, macrophages, homeostasis, inflammation, IBD

The Unique Characteristics of the Gut Landscape

Intestinal mononuclear phagocytes are located in a unique anatomic environment that necessitated
the evolution of special functional adaptations of these cells. Exposure to commensal bacteria and
harmful pathogens, as well as nutrients and food antigens, in the intestinal lumen force the immune
system to continuously weigh tolerogenic and protective immune response. Disruption of this
critical and delicate balance can result in devastating inflammatory reactions, e.g., hyper-reactivity
to food components (1) or inflammatory bowel diseases (IBD), such as Crohn’s disease or ulcerative
colitis (2).

Both dendritic cells (DC) and macrophages are found spread throughout the connective tissue
that underlies the epithelial layer of the gut, the lamina propria. Moreover, representatives of the
two main mononuclear phagocyte families are also located in mucosa-associated lymphoid tissue
(MALT), including Peyers’ Patches and isolated lymphoid follicles (ILFs) (3). DC and macrophages
have distinct, yet complementary roles in maintaining gut homeostasis and immune defense. In
keeping with their migratory capacity, DC translocate from the lamina propria via the lymphatics
to the gut-draining mesenteric lymph nodes (MsnLNs), where they present antigens to naive T
cells, polarize them toward effector fates, and thus establish the adaptive branch of the immune
system (4).

Macrophages, on the other hand, are believed to contribute to the local clearance of bacteria
from the tissue, translate alert signals to other immune cells, secrete cytokines to establish the local
homeostatic immune cell network, and participate in T cell re-stimulation and maintenance within
the lamina propria (5).

DC and macrophages can, as discussed in detail below, be divided into several subpopu-
lations with defined origins, overlapping and distinct surface marker profiles, functions and
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TABLE 1 | Mononuclear phagocytes and their respective subsets in the lamina propria of the mouse intestine.

Intestinal Main markers Location Precursor Growth/transcription/ Functional Additional Selected references
mononuclear (additional environmental factor specialization comments S|, Ll indicate organ of study:
phagocyte markers) dependence small or large intestine
DC CD103+ CD11b— Lamina preDC FIit-3L Irf8, 1d2, Batf-3 ~ Cross- Equivalent Edelson et al. (6) SI
(CD24+, XCR1+) propria, presentation of splenic Ginhoux et al. (7) Sl
MALT XCR1+ Becker et al. (8) SI
CD8a+ DC Crozat et al. (9) SI
Schlitzer et al. (10) SI
CD103+ CD11b+ Lamina preDC Fit-3L (partially) Csf-2 ~ Required for More Bogunovic et al. (11) SI, LI
(CD24+, Sirpo.+) propria, (GM-CSF), Irf-4, generation and prevalent Lewis et al. (12) SI, LI
MALT Notch2, Retinoic priming of in ileum Welty et al. (13) SI, LI
acid (ileumn) TH17 cells Schlitzer et al. (10) Sl
Persson et al. (14) SI, LI
Klebanoff et al. (15) Sl
CD103— CD11b+ preDC Fit-3L, Csf-1 Priming of Bogunovic et al. (11) SI, LI
(M-CSF) IL-17 and Cerovic et al. (16) SI
INFy-producing Scott et al. (17) SI, LI
T cells
CD103— CD11b- preDC Fti3L Priming of Cerovic et al. (16)
THA17 (in vitro)
Macrophages CD64+ CX3CR1+ Lamina Ly6C+ Csf-1 (M-CSF) Niess et al. (18) SI
CD11c+ (F4/80+ propria monocytes Csf-2 (GM-CSF) Varol et al. (19) Sl
CD11b+) (in colon) Bogunovic et al. (11) SI
Mortha et al. (20)
Cecchini et al. (38)
CD64+ CX3CR1+ Lamina Ly6C+ Csf-1 (M-CSF) Ishifune et al. (21) SI
CD11c— (F4/80+ propria monocytes Notch 1/2 Cecchini et al. (38), SI LI
CD11b+)
CD64+ CX3CR1+ Crypt Ly6C+ Csf-1 (M-CSF) Hiemstra et al. (22) LI
CD169+ (F4/80+ proximity monocytes Cecchini et al. (38), SI'LI
CD11b+)
CD64+ CX3CR1+ Muscularis  Ly6C+ Csf-1 (M-CSF) Communication Muller et al. (23) SI, LI
(F4/80+ CD11b+) layer monocytes with neurons Cecchini et al. (38), SI LI

locations. The best characterized DC and macrophage subsets and
their key features are summarized in Table 1.

With this review, we provide an overview on the character-
istics and function of intestinal macrophages and DC in the
mouse, including specific roles of their subpopulations. We will
discuss distinct origins, roles in maintaining gut homeostasis,
and the interactions between these cells and other immune cells.
Finally, we will review their communication with their non-
immune microenvironment and elaborate on emerging roles of
macrophages and DC in inflammation.

Intestinal Macrophages

Macrophages are the most abundant mononuclear phagocytes in
the steady-state gut lamina propria (3, 24). Intestinal macrophages
are currently best characterized by their expression of CD64, the
Fcy receptor 1 (FcyRI) (25), and the chemokine receptor CX3CR1
(18), as well as the F4/80 antigen (EGF-like module containing
mucin-like hormone receptor-like 1-EMR1) and the integrins
CD11b and CD11c (26). Due to the high surface expression levels
of the chemokine receptor CX3CR1 by gut macrophages, these
cells can also be readily detected, isolated, and studied in situ using
intra-vital microscopy on mice harboring a GFP reporter gene
inserted into the CX3;CR1 locus (27).

Ontogeny

Like other tissue macrophages (28), also intestinal macrophages
are first established before birth from precursors originating in
the yolk sac or fetal liver (29). However, unlike macrophages
in most other tissues, these embryo-derived cells are replaced
in the gut shortly after birth by cells that derive from Ly6C™*
blood monocytes (29). The adult monocyte-derived cells dis-
play a uniquely short half-life for macrophages (30) indicating
their continuous renewal. The monocytic origin of intestinal
macrophages was first established in adoptive transfer experi-
ments, involving the transfer of CX3CR18® monocyte-precursors
and monocytes into CD11c-DTR transgenic mice, whose CD11c-
expressing cells, including intestinal macrophages, were depleted
by a diphtheria toxin challenge (11, 19, 31). During their dif-
ferentiation into gut macrophages, monocytes lose Ly6C expres-
sion, while other surface markers, such as MHCII, F4/80, CD64,
CDllc, and CX3CRI are up-regulated (25, 32, 33). Moreover,
the cells acquire a characteristic anti-inflammatory gene expres-
sion profile (32, 34), whose timely establishment and mainte-
nance are critical for gut homeostasis (35). This includes the
expression of IL-10, TREM-2, IRAK-M, and tumor necrosis fac-
tor (TNF)AIP3 genes, but also of TNFo., which has both pro-
and -anti-inflammatory activity (32). Of note, this expression
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profile is robust, as it seems to withstand acute challenges, such
as the ones associated with oral dextran sulfate sodium (DSS)
exposure (32). The molecular cues that drive the “education”
of the macrophages in various regions of the gut remain to be
defined, but the epithelium is likely to play a role in this pro-
cess. Epithelial cells could control macrophage differentiation by
secretion of immune-regulatory factors, such as thymic stromal
lymphopoietin (TSLP), transforming growth factor-f (TGEF-B),
and prostaglandin E-2 (PGE-2) (36). In addition, recent findings
suggested that semaphorin 7A, which is secreted by epithelial cells,
contributes to the induction of IL-10 expression by CX3CR1T
intestinal macrophages (37). Also, colony-stimulating factor 2
(Csf-1; previously named macrophage colony-stimulating fac-
tor, M-CSF) and colony-stimulating factor 2 (Csf-2; previously
named granulocyte-macrophage colony-stimulating factor, GM-
CSF) play a role in the development of macrophages. Csf-1 is
a crucial factor for monocyte development, as Csf-1-deficient
osteopetrotic (op/op) mice display reduced levels of F4/80 cells
in the small and large intestine after the first few days of life (28,
38, 39). Csf-2-depleted mice were shown have reduced numbers
of CD11c™ colonic macrophages (20).

Of note, Ly6C™ monocytes fail to acquire the characteris-
tic macrophage quiescence during intestinal inflammation, but
under this condition respond to local factors that trigger pattern
recognition receptors, such as TLRs and NLRs, giving rise to pro-
inflammatory macrophages (32). These pro-inflammatory cells,
which in acute inflammation outnumber the resident macrophage
population, secrete IL-12, IL-23, TNF-0, and inducible nitric
oxide synthase (iNOS) (32).

A key suppressor of macrophage-associated inflammation is
the IL-10/IL-10 receptor (IL-10R) axis, as mice bearing muta-
tions in IL10-Ra in intestinal CX3CR1™ macrophages developed
severe colitis (35) comparable to the pathology reported for IL-
10-deficient animals (40). This central critical role of IL-10 in
maintaining the non-inflammatory state of macrophages, and
thereby, gut homeostasis is also supported by research conducted
on samples from humans with loss of function mutations in IL-
10R (41). The latter provides an explanation for the severe early
onset of colitis observed in pediatric patients harboring non-
sense and missense mutations in IL-10R, which reduce IL-10R
expression and hamper its signaling cascades (42). Interestingly
though, IL-10 production by intestinal macrophages, although
also prominent, seems to be redundant for the maintenance of gut
homeostasis (35); rather the system seems to rely on alternative
IL-10 sources, such as Treg cells (43).

Homeostatic monocyte recruitment to the gut is thought to
depend on the chemokine receptor CCR2, as CCR2-deficient mice
display less intestinal macrophages and CCR2-deficient intesti-
nal macrophages are underrepresented in mixed bone marrow
chimeras (24, 25). The exact factors and mechanisms that ensure
homeostatic Ly6CT monocyte recruitment to the steady state gut
are, however, still unknown. While they are likely related to the
microbiota exposure of the tissue, analysis of germ-free animals
has yielded conflicting results (29, 34, 44, 45). The latter could
be due to intestinal embryo-derived macrophages that might per-
sist in the absence of arising competition by an adult monocyte
influx.

Macrophage Heterogeneity

Interestingly, emerging evidence suggests that intestinal
macrophages are more heterogeneous than previously thought.
Monocyte-derived CD11b™ CX3CR1™T cells in the gut comprise
both CD11c" and CD11c™ cells. While differential functions of
these cells remain to be established, studies into this matter might
profit from the recent finding that generation of CD11c*, but
not CD11c™ CX3;CRI1T intestinal macrophages requires Notch
signaling (21). A subpopulation of CD169-expressing CX;CR1™"
macrophages has been reported to be associated with the intestinal
crypts (22), although these cells will require further functional
characterization. Bogunovic and colleagues recently reported an
intriguing CX3CR1" macrophage subpopulation that resides in
the muscularis layer and communicates with enteric neurons to
regulate gastrointestinal motility (23). Importantly, we and others
have recently shown that macrophages isolated from distinct
tissues, such as the liver, lung, brain, and peritoneum, differ
considerably with respect to their gene expression profile (46,
47). As expected, this diversity is also prominently reflected in the
differential enhancer usage of these cells, as inferred from highly
divergent histone modifications (47). Moreover, given that the
number of regulatory elements by far exceeds the number of genes
(48, 49), this heterogeneity is even more pronounced, including
both active and poised enhancer states (47). This applies, albeit
to a lesser extent, also to macrophages located in proximal
and distal segments of the gut (47). Epigenetic heterogeneity
of intestinal macrophages likely reflects monocyte exposure
to distinct environmental cues in ileum and colon during
their local differentiation (32, 47). In-depth understanding
of how these macrophage identities are established, including
the hierarchy of induced transcription factors, could yield
valuable insights into monocyte differentiation that might be
applicable to other tissues and inflammatory settings. PU.1 is
a pioneering factor, which induces c-fms transcription and is
hence required for macrophage differentiation (50). Intestinal
macrophages are furthermore characterized by prominent
expression of the Runt-related transcription factor 3 (Runx-3)
(47). Interestingly, mice that harbor Runx3 deficiency develop
spontaneous colitis (51). Other candidates that might be involved
in the establishment of the intestinal macrophage signature are
the interferon regulatory factors 4 and 5 (Irf-4, Irf-5), shown to be
associated with classical and alternative macrophage activation,
respectively (52-54).

Macrophage Interactions with Their
Environment

Macrophage Communication with the Epithelial
Cell Layer

Pioneering studies by Rescignio and colleagues revealed that
certain intestinal mononuclear phagocytes can penetrate the
intestinal epithelium by virtue of expression of tight junction
proteins and formations of dendritic projections (55). These struc-
tures, later termed trans-epithelial dendrites (TEDs) (56), were
subsequently ascribed to macrophages expressing CX3CR1 (18)
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and allegedly allow these non-migratory cells to sense, and poten-
tially sample, the luminal content (18, 56). TED formation by
macrophages in the terminal region of the ileum was found to
be dependent on expression of both CX3CR1 macrophages and
its membrane-tethered ligand CX3CL1/Fractalkine by selected
epithelial cells (57). CX3CRI1-deficient and CX3CL1-deficient
mice were reported to be relatively protected from acute, DSS-
induced colitis (58) - a phenotype that might be related to TED
formation (57). Likewise, CX3CR1-deficient mice were shown to
display impaired oral tolerance, which was related to impaired IL-
10 production by intestinal macrophages, though not their TED
formation (59). Finally, there is evidence for a potential role of
CX3CR1™" macrophages in the capture of luminal bacteria (60)
and even the transport of the latter to lymph nodes, at least under
conditions of dysbiosis (61). However, the exact definition of
macrophage contributions in their native tissue context remains
challenging, because it requires their accurate discrimination from
closely related and phenotypically similar monocyte-derived DC.

Apart from their role in maintaining intestinal immune home-
ostasis, gut macrophages also contribute critically to epithe-
lial wound healing. Macrophages associated with the crypts of
Lieberkuehn in the colon were reported to assist, following tis-
sue damage, the proliferation and survival of epithelial progen-
itor cells in a Myd88-dependent manner (62-64). Moreover, in
a murine model of acute epithelial regeneration in the colon,
activated macrophages supported tissue repair by up-regulating
expression of IL-3 and IL-4, while inhibiting secretion of TNF and
interferon-y (IFN-7) in the lamina propria (3, 65). Macrophages
also appear to be able to influence the permeability of the epithe-
lium barrier via the secretion of IL-6 and NO, thereby potentially
increasing the invasion of pathogens (66).

Communication with Immune Cells

Macrophages are inferior to DC in their ability to prime naive
T cells (67). This might be due to their rapid degradation of
ingested proteins, which impairs their ability to retain antigens
for presentation (68). Moreover, at least in steady state, intesti-
nal CX;CR1" macrophages lack expression of CCR7, i.e., the
chemokine receptor required for migration to the MsnLNs (25,
69). Rather, the cells that reside in the lamina propria have been
proposed to maintain the functionality of FoxP-3" T regulatory
cells that migrated back from the MsnLNs into the tissue (59).
Thus, while Treg cell generation of CX3CR1-deficient mice is
unimpaired, these animals harbor reduced Treg cell numbers in
the lamina propria, a phenotype that is associated with impaired
oral tolerance (59). In light of other data (70), the authors of this
study linked the reduced FoxP-3" Treg cell numbers to impaired
production of IL-10 by CX3CR1" macrophages (59). However,
the latter might have to be revised, since CX3CR1¢:IL10"" mice
were shown to harbor unimpaired FoxP-3" Treg cell numbers
(35). Also, interactions between CX3;CR1% macrophages and
Th17 cells, which are rarely found in intestinal lymphoid tissues
and, though primed in the MsnLN, might terminally differentiate
in the lamina propria, remain incompletely defined. On one
hand, it was shown that intestinal CD70™ CX;CR1T macrophages
are activated by commensal-derived ATP and drive the in vitro

differentiation of Th17 cells (71, 72). On the other hand, intesti-
nal macrophages were reported to counteract Th17 generation
that is promoted by CD103TCD11bT DC (73, 74). Of note,
CD1031TCD11b™ DCs and Th17 cells co-localize in the intestinal
tract, as the number of both cells drop from the duodenum to the
ileum, and they are scarce in the colon. By contrast, CX;CR1 ™
macrophages and FoxP3™" Treg cells are most abundant in the
colon (74).

Recent findings revealed an intriguing cross-talk between
intestinal macrophages and innate lymphoid cells (ILC). Thus,
in response to luminal stimuli and using a signaling pathway
involving the TLR adaptor Myd88, macrophages were shown to
secrete IL-1B and in turn induce production of csf-2 by RORyt™
type 3 ILC (20). Mice lacking Csf-2 display reduced numbers of
colonic macrophages and DC, associated with a hampered Treg
cell compartment (20). Moreover, in a Citrobacter infection model
CX3CR1" macrophages were shown to promote ILC produc-
tion of IL-22 via secretion of IL-23 (75), in line with another
report (76). Interestingly, CX3CR1" macrophage-derived IL-23
not only induces IL-22 but also seems to concomitantly suppress
IL-12 production by CD103" CD11b~ DC and thereby prevents
otherwise detrimental immunopathology (77). Notably, the latter
finding provides first evidence for the existence of a direct cross-
talk among intestinal mononuclear phagocytes in tissue context, a
topic that clearly deserves further study.

Intestinal Dendritic Cells

Dendritic cells are specialized in communicating with T cells,
curbing autoreactivity and activating T cell immunity in response
to threats. Specifically, DC provide T cells with antigenic peptides
that are presented in MHC context, co-stimulation and instructing
cytokines that govern T cell polarization into effector cells (67). In
order to maintain homeostasis and avoid inflammatory responses
toward innocuous antigens, gut DC employ tolerogenic mecha-
nisms that allow them to dampen adaptive immunity. MsnLN-
and lamina propria-resident CD103™ DC secrete, for example,
retinoic acid (RA) and transforming growth factor-3 (TGEF-B),
which promote the generation of Foxp3™ Treg cells and contribute
to the differentiation of plasma cells, which secrete IgA (78, 79).

Classification and Ontogeny

Intestinal DC in mice are characterized by the surface expression
of the integrins CDI11c (ox) and CD103 (agf7) (11, 19, 69).
More recently, CD24 and Sirpa. have been introduced for the
better discrimination of DC from macrophages (8, 10). CD103t
DC in the gut arise from dedicated DC precursors, or preDC,
and accordingly, mice deficient for fms-related tyrosine kinase-
3 receptor (Flt-3) or its ligand Flt-3L have significantly decreased
levels of intestinal DC (7, 19). Other, currently though less well-
characterized DC progenitors are 0i4B7 so-called “pre-uDC’
which are generated in the bone marrow and were shown to give
rise to classical CD103T DC and CCR9T plasmacytoid DC (80).

Classical CD103™ DC are divided into two major subpopula-
tions according to their expression of CD11b (o) (81). CcD103%
CD11b" DC and CD103" CD11b~ DC display distinct abun-
dance in small and large intestine, present different additional
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surface markers, and require different growth factors for their
development (82, 83).

CD103" CD11b™ DC are developmentally related to CD11b™
CD8a.~ splenic DCs (15) and found in the lamina propria of the
small and large intestine. They can migrate in CCR7-dependent
manner (84) to the MsnLNs, where they present luminal antigens
to T cells. CD103" CD11b™* DCs likely represent a heterogeneous
population, as a fraction of them is Csf-2-dependent (3). Develop-
ment of CD103% CD11b* DC, but not of CD103* CD11b™~ DC,
is hampered in Csf-2R-deficient mice (85) and when expression
of Notch-2 (12, 76) or IRF-4 (14) is impaired. Moreover, CD103t
CD11b™ DC numbers are also reduced in absence of RA and
under conditions of vitamin A deprivation (15).

CD103" CD11b™~ DCare more prevalent in lymphoid organs —
the Peyer’s Patches, MsnLNs, and ILFs (7, 69). However, they can
be found also in animals lacking these structures, and are hence
not limited to lymphoid tissues (3). Similar to classical CD8o. ™"
DC in the spleen, CD103" CD11b~ DC depend on the expression
of the transcription factors BatF-3 and Irf-8 (6, 15). Like the
former, they also express the chemokine receptor XCR1 that has
emerged as a universal marker for this DC subset in mouse and
human (8, 9). The connection between CD103+T CD11b~ DC
and CD8o™ DC is also supported by the fact that the number
of CD103" CD11b~ DC was shown to increase, alongside with
splenic CD8at DC, in mice that display constitutive B-catenin
activation (86). Moreover, like splenic CD8a™ DC (87), also
CD103" CD11b™ DC are specialized in cross-presentation (88).

The exact definition of intestinal DC is complicated,
since monocyte-derived cells can acquire phenotypic and
functional DC hallmarks. Studies have described a population
of CD103~ CX3CR1TCD11b" DC, which resides in the lamina
propria (11, 16). These cells are CSFR-1 dependent and appear
to be derived from Ly6Chigh monocytes (11). Recent studies
also reported that under inflammatory conditions, these
CD103~ CX3CR1TCDI11b™ DC expressed CCR7 and migrated
in the intestinal lymph, similar to classical intestinal DC, and
induced the differentiation of IL-17 and IFN-y producing T cells
(16, 17).

Antigen Sensing and Uptake

CD103" DC, present in the lamina propria and associated with
the intestinal epithelium lining the villi, provide surveillance of the
luminal environment (30). They detect foreign and inflammatory
signals, acquire and present antigens and interact with T cells
by migrating to secondary lymphoid organs (3). Located deep
in the core of the villous lamina propria, CD103"CD11b™ DC
would seemingly have limited access to luminal signals, unless
antigens or bacteria cross the epithelium or are imported into
the lamina propria by other cells, e.g., macrophages, epithelial M
cells, or small intestine goblet cells (36, 89, 90). However, lamina
propria-resident CD103" DC were shown to migrate into the
epithelial cell layer and capture bacterial antigens (90).

DC Migration

Mucosal T cell priming, arguably one of the primary roles of
gut DC, is believed to be restricted to lymphoid tissues (3).

Intestinal DC are hence bound to migrate from the lamina pro-
pria to the MsnLNs, or within Peyer’s Patches into T cell zones.
Indeed, CD103" DC were detected in the intestinal lymph under
homeostatic conditions (69, 84). In addition, after systemic BrdU
administration, labeled CD103% DC were found in the lamina
propria before they could be discerned in the MsnLNs (30). LN-
resident CD103" DC are thus derived from the tissue and con-
stantly immigrate (30, 91). Interestingly, steady state migration
of intestinal CD103" DC does not appear to be induced by the
microbiota or by TLR signaling (92), but may rather depend on
a low, tonic release of inflammatory cytokines, or result from
spontaneous DC maturation. Nevertheless, entry of CD103" DC
into the MsnLNs is of course considerably enhanced by pro-
inflammatory cytokines or TLR ligands (93, 94). Migration of
intestinal DC depends on CCR?7, both in steady state and under
inflammatory conditions. Accordingly, CCR7 expression is up-
regulated in DC before their migration from the tissue into the
MsnLN (84) and CCR?7 deficient DC fail to migrate (69, 84, 95).
Moreover, it was recently shown that DC can also migrate from
the lamina propria into the epithelial layer (90) and can thus gain
direct access to antigen and luminal bacteria. Hence, following
challenge with Salmonella, accumulation of the bacteria was first
observed in DC of the epithelial fraction and only subsequently in
DC in the lamina propria (90).

DC and the Epithelium

DC intimately interact with the epithelial layer of the intestine
by a variety of mechanisms. Small intestinal goblet cells were
shown to transfer small soluble antigens from the intestinal lumen
to CD103% DC (89). Chemokines secreted by enterocytes in
response to TLR ligand exposure can induce the above-mentioned
relocation of lamina propria DC to the epithelium (90). In addi-
tion, it is becoming more and more evident that epithelial cells
play a critical role in maintaining DC in a tolerogenic state,
compatible with gut homeostasis. Epithelial and stromal cells
secrete factors, which are thought to induce DC tolerance, such
as RA, TGF-B, PGE-2, and TSLP (3, 82, 96-99). In parallel to
ILC (20), intestinal epithelial cells regulate retinal dehydroge-
nase (RALDH) expression by CD103T DC that the cells need to
metabolize retinoids. Specifically, epithelial cells express a critical
cytosolic retinoid chaperone, the cellular retinol binding protein
II, which is required for in vivo imprinting of gut DC by lume-
nal retinoids (99, 100). Supporting this notion, the in vitro co-
culture of bone marrow- or spleen-derived DC with epithelial
cells results in the up-regulation of CD103 and RALDH, together
with TGF-f imprinted homing potential on T cells (101-103).
These data establish the potential of intestinal epithelial cells to
educate intestinal DC, although further in vivo studies and higher
resolution, with respect to cell subsets, are required to better
elucidate the underlying mechanisms.

DC Communication with Intestinal T Cells

Intestinal CD103" DC, found in lamina propria, Peyer’s Patches,
and the MsnLNs program T cells to express the gut-homing factors
CCR9 and 04P7 integrin (101, 104, 105). Concomitantly, DC can
also induce the development of FoxP-3" and IL-10 producing
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Treg cells (106) and prime Th17 cells (17, 107, 108). The majority
of these DC-governed priming events require TGF-} signaling
and RA, which are generated in the DC by enzymatic conversion
of all-trans-retinal, a derivative of vitamin A, using RALDH2 (101,
109, 110). Indeed, RA has emerged as the critical conditioning
factor for intestinal DC, as vitamin A is crucial for the activity of
the enzyme RALDH in DC. Without RALDH, the ability of DC
to imprint T cells is hampered, and restored only after vitamin A
administration (111). The balance between RA and TGF-J3 levels

seems to determine the fate of Treg cells primed by DC, as presence
of both RA and TGE-B favor the development of FoxP-37 cells,
while RA induces the generation of IL-10 producing T cells (106).

Other enzymes that influence the outcome of T cell prim-
ing are indoleamine 2,3 dioxygenase (IDO) and TSLP. IDO is
expressed also by DC in other tissues and was shown to inhibit the
development of effector T cells and promote Treg cell generation
(112, 113). TSLP is, as mentioned above, secreted by epithelial
cells, but also by the intestinal DC, themselves. In the presence

Macrophages

FIGURE 1 | CyTOF analysis of CD457 cells from murine colon. Cells
were isolated from colon of 6-9 weeks old WT female C57BI/6 mice and
stained with a panel of 26 cell surface markers. The results were gated for
live, single, CD4571 cells. Bh-SNE analysis and clustering were performed
by Accense (http://www.cellaccense.com/) and the results were processed
by GIMP. Colors indicate high levels of the following markers:
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squares indicate high levels of the marker written. Representative of at least
four separate, independent experiments.
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of TSLP, Th17 responses are restricted due to a reduced ability to
produce IL-17, and Treg cell differentiation is up-regulated (107).
The ability of the intestinal DC compartment to generate Th17
cells seems to be associated with CD103" CD11b™ DC, as the
frequency of Th17 cells is reduced in mice lacking these DC due
to either IRF-4 or Notch-deficiency (10, 12, 14), or as a result of
conditional ablation of this DC subset (13). Interestingly though,
a recent study showed that also another subpopulation of DC,
ie. CCR2" CD103~ CD11b" DC can induce IL-17a production
in CD4™ T cells and effectively prime Th17 cells, probably via
IL-12/IL-23p40 secretion (17).

Intestinal DC, Inflammation, and Immune
Response

In steady state, intestinal DC are probably mainly tolerogenic.
Under inflammatory conditions, however, they can become
highly effective T cell activators (114). Induction of experimen-
tal colitis results in the accumulation of CD103" DC with an
inflammatory profile in the MsnLNs (114). These DC express
less RALDH and TGF-P and instead of promoting Treg cell for-
mation, now induce Th1l inflammatory responses (114). While
Th17 polarization might be carried out by CD103* CD11b™ DC
(12), differentiation of CD8V effector T cells under inflammatory
conditions seems to be dependent on CD103" CD11b~ CD8o.™
DC that migrated into the lymph (88).

Flagellin stimulation causes TLR-57 CD103" DC in the small
intestine to promote differentiation of Th17 cells and secrete IL-
23, which in turn induces IL-22 production by ILC3 and subse-
quent epithelial up-regulation of antibacterial peptides (115).

In summary, DC are major players in maintaining homeostasis
in the intestine. While tolerogenic at steady state, under inflam-
matory conditions they tip the scales and activate the immune
system. They can migrate between different compartments of the
intestine — from the lamina propria to the epithelium and into the
MsnLNs - and execute different immune responses in each tissue.
Further research regarding the location of DC, their functions and
characteristics should shed new light on the role of these cells in
the intestine.

Concluding Remarks and a Glimpse to the
Future

In summary, macrophages and DC critically contribute to
intestinal homeostasis and immune defense. Both cellular
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As immune sentinels of the central nervous system (CNS), microglia not only respond
rapidly to pathological conditions but also contribute to homeostasis in the healthy brain.
In contrast to other populations of the myeloid lineage, adult microglia derive from primitive
myeloid precursors that arise in the yolk sac early during embryonic development, after
which they self-maintain locally and independently of blood-borne myeloid precursors.
Under neuro-inflammatory conditions such as experimental autoimmune encephalomyeli-
tis, circulating monocytes invade the CNS parenchyma where they further differentiate
into macrophages or inflammatory dendritic cells. Often it is difficult to delineate resident
microglia from infiltrating myeloid cells using currently known markers. Here, we will
discuss the current means to reliably distinguish between these populations, and which
recent advances have helped to make clear definitions between phenotypically similar,
yet functionally diverse myeloid cell types.

Keywords: microglia, macrophage, monocyte, dendritic cell, CNS inflammation

Introduction

Most tissues are populated by incredibly diverse and abundant myeloid cells. By contrast, the central
nervous system (CNS) harbors comparatively few myeloid cell subsets. This is likely due to the
immune privilege and relative isolation enjoyed by the CNS compared to other non-lymphoid
tissues such as the gut or the lung, which are continually confronted with foreign entities. In
the steady state, the CNS houses several populations of myeloid cells with distinct localizations
including perivascular, choroid plexus, and meningeal macrophages/dendritic cells (DCs) and
microglia, which are the most abundant (1). Microglia are considered the resident macrophages
of the brain given that they are the only myeloid cells present in the CNS parenchyma. Microglia
perform both homeostatic and immune-related functions and constitute about 5-20% of all cells
in the CNS (2). They use their “ramified” morphology to act as immune sentinels, extending
specialized processes, and sampling the local environment for foreign bodies (3, 4). Numerous
recent reports have unmasked additional functions for microglia other than being simply the brain’s
intrinsic immune system. For example, microglia are also critical for neuronal development, adult
neurogenesis, learning-dependent synapse formation, and brain homeostasis (5-7). Microglia are
classified as tissue resident macrophages but are clearly ontogenically distinct from other members
of the mononuclear phagocyte system (MPS), which includes DCs, monocytes, and macrophages.
Microglia originate from primitive macrophages that derive from erythro-myeloid precursors in the
yolk sac (8-10). These primitive yolk sac macrophages colonize the developing brain in mice as
early as embryonic day 9.5 (8). Throughout adult life microglia remain of embryonic origin in the
healthy CNS and maintain themselves locally without any detectable contribution from circulating
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myeloid progenitors including monocytes. Yolk sac macrophages
and microglia precursors in the developing brain express high
levels of the fractalkine receptor (CX3CR1) and are positive for
the integrin alpha M (Itgam, also know as CD11b; macrophage-
1 antigen, Mac-1), F4/80, and the macrophage-colony stimulat-
ing factor receptor 1 (Csf-1R, CD115) similar to adult microglia
as described below (8). Compared to adult microglia, however,
microglia precursors are CD45™. The development of microglia
is dependent on Csf-1R (CD115), the transcription factors PU.1
and Irf8 but is independent of Myb, which is crucial for the
development of hematopoietic stem cells (HSCs) (8,9, 11, 12). In
contrast to microglia, recent adoptive transfer and fate-mapping
studies revealed that other macrophage populations are either
embryonically derived from definitive hematopoiesis (e.g., alveo-
lar or heart macrophages) or are constantly replaced by circulating
monocytes (e.g., dermal or gut macrophages) (10, 13-18). Aside
from the unique ontogeny of microglia within the MPS, a clear
classification of microglia compared to other tissue macrophages
in terms of phenotype and function has been difficult. Only
recently, transcriptome and epigenetic analysis identified genes
uniquely expressed and regulated by microglia but not by other
macrophage populations (19-24). These studies might be useful
to classify and distinguish microglia from other myeloid cells.

Microglia Markers in Steady State

In steady state conditions, microglia express surface markers typi-
cally present on many other tissue macrophages and/or monocytes
such as CD11b, F4/80, Fc-gamma receptor 1 (CD64), and CD115
(Csf-1R), ionized calcium-binding adapter molecule 1 (Iba-1) and

proto-oncogene tyrosine-protein kinase MER (MerTK) (Figure 1)
(19). In contrast to microglia, which are y-irradiation resistant,
perivascular myeloid cells are replaced by bone marrow (BM)-
derived precursors after total-body irradiation and BM transplan-
tation (25-28). However, the exact ontogeny of (non-microglia)
myeloid cells associated with the CNS and whether they are also
able to maintain themselves locally is, to date, not known (29).
These perivascular cells are equipped to present antigen (varying
levels of MHCII and CD11c). Whether they represent a homo-
geneous distinct population or a heterogeneous population of
macrophages and/or DCs is not entirely resolved. In the past, a cell
expressing F4/80 was deemed to be a macrophage, whereas a cell
expressing CD11c was considered a DC. It is clear now that subsets
of DCs can also express F4/80 and certain macrophage popula-
tions express CD11c. Upon Flt3L treatment, a CD11c*MHCII™
population in the meninges and choroid plexus expanded, which
is indicative of the DC lineage whose development is dependent
on FIt3L signaling (27, 28). In addition, a limited number of
CD11c" myeloid cells were also described to be in a juxtavascular
location in the CNS parenchyma (30). These cells might, however,
represent bona fide microglia expressing CD11c in certain regions
of the brain. Further studies are required to dissect the ontogeny
and characterize these elusive myeloid cells associated with the
CNS in the steady state.

As common to many other macrophage populations including
microglia, most of the CNS-associated myeloid cells also express
CD11b, CD115, Iba-1, and F4/80 (31). Therefore, apart from
their location, the only available means to unequivocally distin-
guish microglia from other CNS-resident myeloid populations
(CNS-associated macrophages/DCs) and circulating monocytes
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FIGURE 1 | Central nervous system myeloid cells and their defining lineage markers. In the steady state and under inflammatory conditions, myeloid cells in
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the CNS express a diverse, yet overlapping set of markers commonly used to discriminate between MPS members.
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is by the reduced expression of the common leukocyte anti-
gen CD45, which is readily detectable by flow cytometry. Adult
microglia, unlike most other tissue macrophages, constitutively
express high levels of the fractalkine receptor CX3CR1 (32).
A major advance in the microglia field has been the genera-
tion of Cx3Cr1°*R mice (32-34). This tamoxifen-inducible Cre-
recombinase under the CX3CRI1 promoter allows for microglia-
specific gene targeting. Despite the fractalkine receptor being
expressed by monocytes and myeloid precursors in the BM,
microglia remain a self-contained population in the CNS and
therefore remain targeted long after ceasing of tamoxifen adminis-
tration, returning the short-lived, circulating myeloid cells to their
wild-type origin.

Only recently, gene expression studies have identified sur-
face markers and transcription factors specifically expressed by
steady state microglia but not by other macrophage popula-
tions or monocytes. These include, for example, sialic acid-
binding immunoglobulin-type lectin H (Siglec-H), Fc receptor-
like S (Fcrls), and purinergic receptor P2Y G-protein coupled 12
(P2ry12) (20, 21). Furthermore, microglia seem to be the only
hematopoietic cell population that specifically expresses Sal-like
1 (Salll), a transcription factor that plays a crucial role in kidney
development (35). While previous studies have reported expres-
sion of Salll only by stromal cells, in the adult CNS this factor
is expressed exclusively by microglia. These aforementioned gene
expression studies have compared the transcriptome of microglia
to either macrophages derived from the spleen, the lung, the peri-
toneum, or to monocytes. Whether these microglia core signature
markers are also expressed by CNS-associated macrophages/DCs
remains to be shown.

Microglia Markers in Inflammation

In contrast to the healthy brain, during neuro-inflammation the
picture becomes far more complicated. A hallmark of microglia is
their rapid activation after a CNS insult, resulting in their migra-
tion toward injury, proliferation, and their change in morphology.
They take on a more “amoeboid” shape with shorter and thicker
processes, display increased immunoreactivity for Iba-1 and
upregulate CD45. Experimental autoimmune encephalomyelitis
(EAE), which is a mouse model for multiple sclerosis (MS),
is characterized by infiltration of T cells, monocytes, and neu-
trophils. Monocytes and their progeny [macrophages/monocyte-
derived DCs (moDCs)] are undoubtedly the prevailing cell type
in the lesions (see below). However, activated microglia are also
clearly detected in the vicinity of the inflammatory lesions. The
downregulation of Ly6C by monocytes upon their differentiation
adds complexity to the separation of these two distinct cell types
based on the commonly used cell surface markers. Additionally,
molecules involved in antigen presentation and T cell stimula-
tion, which are barely detectable in steady state microglia, are
expressed to some level by microglia already at disease onset and
retain expression throughout disease progression. These mark-
ers include major histocompatibility complex class II (MHCII),
CDllc (also known as integrin alpha X, Itgax), CD80 (B7-
1), CD86 (B7-2), and CD40 (36-38). Under these conditions,
it is considerably more difficult to distinguish these activated

microglia from inflammatory monocyte-derived cells. Similar
changes in microglia surface markers have been observed in
mouse models of neurodegenerative disease such as Alzheimer’s
disease (AD), Parkinson’s disease, and amyotrophic lateral sclero-
sis (ALS) (20, 31, 39).

A recent study, however, has used differentially expressed
chemokine receptors on the surface of microglia and monocytes
to distinguish those two myeloid populations and study their
function during neuro-inflammation. Microglia were identified
by their high expression of CX3CR1 whereas infiltrating mono-
cytes, which subsequently differentiate into macrophages/DCs,
were defined by their high expression of C-C chemokine receptor
type 2 (CCR2), a receptor mediating monocyte recruitment to
sites of inflammation. Gene expression profiles from macrophages
versus “‘embryonically derived” microglia at different stages of
EAE show that despite some similarities between these inflam-
matory cell types, microglia exhibit a distinct molecular signa-
ture (40). This genetic distinction reflects a different function of
resident microglia and infiltrating monocytes under pathological
circumstances. While monocyte-derived macrophages seemed to
be the effector cell type causing CNS damage, microglia might
have a regulatory function and could play a role in tissue repair
and homeostasis (40). Another report also showed that monocytes
recruited to the CNS in EAE do not acquire microglia-signature
genes (21). These studies will unquestionably help attributing
unique functions to microglia and CNS-invading myeloid cells in
different pathological conditions in the brain.

Whether microglia-specific surface markers and transcription
factors alter their expression between steady state and inflam-
mation remains unclear. The microglia-specific ATP receptor
P2ry12 was downregulated under inflammatory conditions such
as lipopolysaccharide (LPS) systemic injection or in SOD1 mouse-
model of ALS (41, 42). On the other hand, P2ry12 and Fecrls con-
tinue to be expressed by microglia in EAE but are not expressed by
infiltrating monocytes (21). Therefore, further studies need to be
undertaken in order to better characterize these “new” phenotypic
microglia markers under pathological conditions.

Monocyte-Derived Microglia

Even though microglia homeostasis is maintained through local
self-renewal, under certain conditions circulating precursors can
give rise to microglia-like cells. For example, early studies using
BM-chimeras showed that up to 10-20% of microglia were recon-
stituted by donor-derived cells 6-12 months after total-body irra-
diation and BM transplantation (43). However, this engraftment
of BM-derived microglia can only be seen upon blood-brain-
barrier (BBB) disruption (e.g. irradiation) and becomes mini-
mal in models where the BBB is unperturbed (e.g. protection
of the head during irradiation and parabiosis) (44, 45). This
clearly indicates that under steady state conditions, monocytes
or BM-derived myeloid progenitors do not infiltrate the CNS
parenchyma and thus do not give rise to adult microglia. Sim-
ilarly, as described above in experimental models of neuro-
inflammation, monocytes infiltrate the CNS and differentiate
into effector cells resembling phenotypically activated microglia.
Despite these similarities, monocyte-derived cells do not persist
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in the CNS after inflammation has been resolved and thus do not
contribute to long-lived microglia (46).

Finally, local administration of ganciclovir to transgenic mice
expressing the thymidine kinase of herpes simplex virus under
the CD11b promoter (CD11b-HSVTK) leads to a rapid deple-
tion of microglia (47, 48). Subsequently, BM-derived cells enter
the CNS and differentiate into long-lived microglia-like cells.
Notably, while these cells form a network filling the niche for
embryonically derived microglia, they do not obtain a com-
plete microglia phenotype. Monocyte-derived “microglia” in this
model show a less-ramified morphology and a higher expres-
sion of CD45 compared to yolk sac-derived microglia resembling
more activated microglia (48). It has not yet been investigated
whether these monocyte-derived “microglia” functionally resem-
ble embryonically derived microglia or whether they acquire
microglia-signature genes (Siglec-H, Fcrls, P2ry12) as described
above.

Recent studies used a Csf-1R inhibitor to deplete microglia.
Upon treatment stop, microglia were repopulated within 1 week
(49, 50). These studies showed that new “microglia” were derived
from CNS-resident nestin-positive precursors and resembled
embryonically derived microglia in response to an inflammatory
stimulus. Animals with newly repopulated “microglia” did not
display any impairment in behavior, cognition, or motor function
compared to control animals (50).

Monocytes and Monocyte-Derived Cells
in CNS Inflammation

Brain inflammation or “encephalitis” invariably results in a
reshaping of the myeloid cell populations inhabiting the CNS.
An inflammatory response brought on by either infection or
autoimmune manifestations results in a rapid increase in blood-
derived cellularity to this otherwise dormant site. Despite EAE
being fully dependent on T helper cells (51), the vast major-
ity of the inflammatory infiltrate seen in EAE is of myeloid
derivation. Two types of monocytes exist including the classi-
cal monocytes (Ly6C"CCR2TCX3CR1%) and the non-classical
monocytes (Ly6C°CCR2~CX;CR1™). Here, we will only discuss
Ly6CM monocytes given that during neuro-inflammation, this
is the subset recruited to the brain. Engraftment of phagocytes
derived from circulating CCR2" monocytes has also been shown
in an AD mouse model (39). Ly6C™ monocytes egress from the
BM and cross the BBB in a CCR2-dependent manner (52, 53)
followed by their differentiation into macrophages/moDCs and
upregulation of a set of cell surface markers (e.g., MHCII, CD11c)
expressed on a wide variety of MPS members. Likewise, microglia
progressively alter their phenotype to resemble more classically
activated macrophages during CNS inflammation, infection, and
neuronal or myelin damage (54).

Ly6C™ monocytes were shown to migrate into the CNS
prior to disease onset and precede the development of paralysis
and subsequent clinical manifestations of EAE, when “DC-like”
cells are found in abundance in the inflamed tissue (55, 56).
This corresponds well with a previous report showing CD205"
myeloid cells accumulating in the meninges, choroid plexus, and
subpial space of the spinal cord and in perivascular cuffs in

demyelinating lesions during acute disease (57). CD11b™ DCs
within the inflamed CNS were demonstrated to be critical for the
propagation of EAE (27, 58, 59). Further phenotypical charac-
terization would be required to demarcate their lineage whether
they resemble moDCs or are more similar to classical DCs.
Indeed, monocyte-derived antigen presenting cells (APCs) have
been shown to be required for optimal priming of T cells in
models of infection (60). Current evidence suggests that phe-
notypically similar macrophages in the CNS can not only con-
tribute to the generation of inflammatory lesions and perform a
pathogenic role in the demyelination process but also contribute
to regenerative repair mechanisms to resolve inflammation (61,
62). These studies emphasize that distinct functions are attributed
to the different subsets of myeloid cells in the course of a CNS
inflammation. As such, a complete understanding of cell types
based on surface phenotype alone would be of great benefit both
in preclinical models of CNS inflammation and also in human
patients.

Even with the knowledge we now possess on myeloid cell diver-
sity, it is still commonplace in the literature using animal models
of CNS inflammation to use a simplistic CD45"CD11b" gating
strategy to separate CNS infiltrating, blood-derived myeloid cells
from CNS-resident, embryonically derived microglia (CD45"v)
(63). Efforts to sort cells using a broad CD45"CD11b" surface
phenotype from within the inflamed CNS will inevitably result
in analysis of multiple cell types, lacking any of the desired
specificity. Indeed, without the removal of Ly6G™ cells during
sorting, a mixed population is inevitable and expression profiles
subsequently attributed to moDCs are either confused with, or
heavily influenced by, an abundant neutrophil contamination.
Even if the effort is taken to remove neutrophils, moDCs at
various stages of development will be incorporated. This dis-
tinction is increasingly important given that both neutrophils
and moDCs have been shown to mediate BBB permeability and
demyelination, and that different pathogenic mechanisms are
likely active in the two populations during the same inflamma-
tion (40, 64).

We know that at least four clearly distinct cell types share
this rather non-specific CD45"CD11b" surface phenotype in an
inflamed CNS, namely neutrophils (CD11b* Ly6G ™), monocytes
(CD11b* Ly6CMCX3CR1°%), and their progeny such as moDCs
and/or activated macrophages (Figure 1). The latter two cell
types represent most likely the same population with just dif-
ferent names assigned by different studies. Ly6C™ monocytes
that have migrated into the CNS can further be subdivided into
numerous differentiation stages characterized by the upregula-
tion of CD11c and MHCII, with the concomitant downregu-
lation of Ly6C and CCR2. Upon differentiation and upregu-
lation of MHCII, monocytes are then called moDCs/activated
macrophages. Thus, moDCs in the CNS are characterized by the
expression of CD11b™ F4/80" MHCIIT CD11¢™Ly6C™/~. These
moDCs/activated macrophages also express CD64 and likely
also MerTK, which both are universally expressed by tissue
macrophages including microglia (19). Interestingly, it has been
shown that monocytes recruited to the CNS during EAE do
not express the newly identified microglia markers Fcrls and
P2ry12 highlighting again the diverse ontogeny of these cell types
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and suggesting that the microglia-signature genes are indeed
specific to microglia rather than location (CNS) specific (21).
The FceRIow (MAR-1) has been suggested to represent a moDC
marker. Whether moDCs in the inflamed CNS express MAR-
1 has so far not been analyzed (65). Perhaps a more functional
distinction should be drawn on the level of relevance for the
inflammatory process to persist. CNS-infiltrating myeloid cells
with DC-like morphology express MHCII, CD40, and CD86, all
of which have critical roles in multiple inflammatory models
(66). The CD86/CD28 interaction between T cells and APCs
is of critical importance for T cell activation. Furthermore, the
CD40/CD40L interaction induces a maturation pathway within
the inflamed CNS, resulting in further costimulatory capabilities
and proinflammatory cytokine expression (67, 68). The levels of
CD40 on monocyte-derived cells in the inflamed CNS are variable
but generally not as high as on classical DCs.

After activation, inflammatory macrophages can not only
express a wide range of inflammatory cytokines but also oxygen-
based chemically reactive molecules involved in host defense. The
route an activated macrophage takes depends largely on the T
cell and/or NK cell-derived cytokines present during their acti-
vation. For example, activation in the presence of LPS and IFN-y
leads to a “classical” activation (often called “M1”), resulting in
secretion of high levels of TNF-a, iNOS, IL-1, IL-6, and IL-12.
Conversely, activation of the same cells in the presence of IL-4
and IL-10 will result in rapid upregulation of IL-10, production
of Arginase-1, and upregulation of the mannose receptor CD206,
generating a macrophage capable of suppressing T cell activity
(called “M2”) (69). This intracellular divergence in phenotype
illustrates that an apparently similar cell expressing F4/80, CDé64,
CD11b, MHCI]J, and CD1lc on its surface may, in fact, differ
greatly in its function. Indeed, markers identifying both M1 and
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Tissue macrophages play a crucial role in the maintenance of tissue homeostasis and
also contribute to inflammatory and reparatory responses during pathogenic infection
and tissue injury. The high heterogeneity of these macrophages is consistent with their
adaptation to distinct tissue environments and specialization to develop niche-specific
functions. Although peritoneal macrophages are one of the best-studied macrophage
populations, recently it was demonstrated the co-existence of two subsets in mouse
peritoneal cavity (PerC), which exhibit distinct phenotypes, functions, and origins. These
macrophage subsets have been classified, according to their morphology, as large peri-
toneal macrophages (LPMs) and small peritoneal macrophages (SPMs). LPMs, the most
abundant subset under steady state conditions, express high levels of F4/80 and low
levels of class Il molecules of the major histocompatibility complex (MHC). LPMs appear
to be originated from embryogenic precursors, and their maintenance in PerC is regulated
by expression of specific transcription factors and tissue-derived signals. Conversely,
SPMs, a minor subset in unstimulated PerC, have a F4/80°YMHC-II"S" phenotype and
are generated from bone-marrow-derived myeloid precursors. In response to infectious or
inflammatory stimuli, the cellular composition of PerC is dramatically altered, where LPMs
disappear and SPMs become the prevalent population together with their precursor, the
inflammatory monocyte. SPMs appear to be the major source of inflammatory mediators
in PerC during infection, whereas LPMs contribute for gut-associated lymphoid tissue-
independent and retinoic acid-dependent IgA production by peritoneal B-1 cells. In the
previous years, considerable efforts have been made to broaden our understanding
of LPM and SPM origin, transcriptional regulation, and functional profile. This review
addresses these issues, focusing on the impact of tissue-derived signals and external
stimulation in the complex dynamics of peritoneal macrophage populations.

Keywords: peritoneal macrophages, peritoneal cavity, LPM, SPM, origin

Introduction

Macrophages are resident cells found in almost all tissues of the body, where they assume specific
phenotypes and develop distinct functions. Tissue macrophages are considered as immune sentinels
because of their strategic localization and their ability to initiate and modulate immune responses
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during pathogenic infection or tissue injury and to contribute
to the maintenance of tissue homeostasis (1-3). Macrophages
were first identified in the late 19th century by Elie Metchnikoff
(1845-1916) and designated as large phagocytes (4, 5). Based
on their phagocytic activity, macrophages were first classified as
cells from the reticuloendothelial system, which also comprised
endothelial cells, fibroblasts, spleen and lymphoid reticular cells,
Kupffer cells, splenocytes, and monocytes (6). However, because
endocytosis performed by endothelial cells is a process that is
distinct from phagocytosis, by the late 1960s a new classification
system for mononuclear phagocytic cells as cells from “mononu-
clear phagocytic system” (MPS) was proposed (7). The MPS was
defined as a group of phagocytic cells sharing morphological
and functional similarities, including pro-monocytes, monocytes,
macrophages, dendritic cells (DCs), and their bone marrow (BM)
progenitors (7-12). Although the phagocytic cells play similar
roles in orchestrating the immune response and maintaining tis-
sue homeostasis (11), they represent cell populations that are
extremely heterogeneous (13), and the general classification of
mononuclear cells in a unique system is currently under intense
discussion (12, 14). In this context, Guilliams et al. suggested a
classification of MPS cells based primarily on their ontogeny and
secondary on their location, function, and phenotype, promoting
a better classification under both steady state and inflammatory
conditions (14).

In the last few years, a complex scenario to describe
macrophage origins has been developed (15-19), replacing the
simplistic view of myeloid precursors giving rise to blood
monocytes that, in turn, originate tissue macrophages (20-
22). For example, resident macrophages from brain, lung, liver,
peritoneum, and spleen are not differentiated from mono-
cytes; instead, they are derived from an embryonic precursor
and maintained by self-renewal (23-27). In addition to res-
ident macrophages, infiltrating monocytes are also found in
injured tissues, where they can differentiate into inflamma-
tory macrophages or TNF-a- and inducible nitric oxide syn-
thase (iNOS)-producing (Tip)-DCs (28). Currently, it is accepted
that inflammatory macrophages and tissue-resident macrophages
comprise developmentally and functionally distinct populations
(3, 14, 17, 18, 29).

Under steady state conditions, some tissues and serous cav-
ities, including lung, spleen, and the peritoneal cavity (PerC),
present distinct resident macrophage subpopulations. In the
spleen, at least three macrophage subsets are found: red pulp,
metalophilic, and marginal zone macrophages (30). In the PerC,
two peritoneal macrophage subsets have been described: large
peritoneal macrophage (LPM) and small peritoneal macrophage
(SPM) (31). Mouse peritoneal macrophages are among the
best-studied macrophage populations in terms of cell biology,
development, and inflammatory responses (24, 31-42). Peri-
toneal macrophages play key roles in the control of infec-
tions and inflammatory pathologies (43, 44), as well as in the
maintenance of immune response robustness (40). Therefore,
this review will discuss recent advances in our understanding
of peritoneal macrophage subsets characterization, origin and
functions, and the accurate experimental approaches to ana-
lyze them.

Identification of Peritoneal Macrophages

Cohn and collaborators introduced the study of peritoneal
macrophages (45-48). Indeed, a representative portion of the
current knowledge regarding macrophage biology, such as their
function, specialization, and development stems from studies per-
formed using peritoneal macrophages as a cellular source. How-
ever, the existence of two resident macrophage subsets present in
the PerC was described recently (31). These macrophage subsets
were designated LPM and SPM according to their size. LPMs
and SPMs were initially identified based on their differential
expression of F4/80 and CD11b, where LPMs express high levels of
F4/80 and CD11b while SPMs show F4/80'°*CD11b°" phenotype
(Table 1). CD11b is an integrin that, together with CD18, forms
the CR3 heterodimer (13, 30, 49), but is not exclusively expressed
on macrophages and is found on several others cell types, includ-
ing polymorphonuclear cells (50, 51), DCs (52), and at low levels
on B lymphocytes (53, 54). F4/80, a 160 kD glycoprotein from the
epidermal growth factor (EGF)-transmembrane 7 (TM7) family,
is expressed by macrophages in several organs, such as the kidney
(55), BM (56), epithelium (57), lung (58, 59), lymphoid organs
(60), and among others (61, 62), and it is not found on fibrob-
lasts, polymorphonuclear cells, and lymphocytes (63). However,
peritoneal eosinophils show low levels of F4/80 (31) and some
macrophage subpopulations exhibit low levels or do not express
F4/80, such as white pulp and marginal zone splenic macrophages
(30). Therefore, F4/80 expression levels distinguish macrophage
subpopulations, including those residing in the same tissue, such
as subsets found in the spleen and PerC (30, 31, 35). In this sense,
the great majority (approximately 90%) of F4/80T CD11b™ cells
present in the PerC from several mouse strains, including BALB/c,
C57BL/6, 129/S6, FVB/N, SJL/J, and RAG /™, express high levels
of these molecules and correspond to the LPM subset, whereas the
minor SPM subset expresses low levels of these markers (31).

An accurate evaluation of SPMs and LPMs by flow cytom-
etry and optical microscopy revealed that in addition to the
differential expression of CD11b and F4/80, SPMs and LPMs
display unique morphologies and phenotypes. LPMs assume the

TABLE 1 | Phenotypic profile of SPMs and LPMs.

Surface molecule LPMs SPMs
F4/80 +++ +
CD11b +++ +
CD11c + -
MHC-Il + ++
GR1 + -
Ly6C — —
c-kit - -
CD62L - ++
Dectin-1 + +4+
DC-Sign - ++
TLR4 ++ +
CD80 ++ +
CD86 +++ +
CD40 ++ +
12/15-LOX + -
TIM4 + -
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classical morphology described for macrophages after adherence,
exhibiting prominent vacuolization and abundant cytoplasm,
whereas SPMs display a polarized morphology in culture, pre-
senting dendrites similar to DCs (35). Moreover, the analysis of
a complex panel of cell surface molecules (Table 1) demonstrated
that SPMs express higher levels of MHC-II (IA®), dectin-1, and
DC-sign endocytic receptors than LPMs. Moreover, half of SPM
subset expresses high levels CD62L (31, 35, 36). Conversely,
LPMs express higher levels of toll like receptor (TLR)-4 and
co-stimulatory molecules in comparison to SPMs (31, 35, 36).

Given that PerC is a singular compartment where special-
ized immune cells reside and interact, including macrophages,
B cells, DCs, eosinophils, mast cells, neutrophils, T cells, nat-
ural killer (NK), and invariant NKT cells (31, 32, 35, 36, 64),
the identification of myeloid cells from PerC based on cell sur-
face molecules is still a complex matter, particularly in terms
of distinguishing macrophage subsets from DCs and inflamma-
tory monocytes. The expression of 12/15-lipoxygenase (LOX),
Tim4, and Ly6B has also been examined to discriminate heteroge-
neous macrophage subsets in PerC under steady state conditions
and during peritonitis (24, 37, 38, 42). The high expression of
12/15-LOX and Tim4 was observed in peritoneal macrophages,
which also express high levels of F4/80 and CD11b, correlating
with the phenotype and frequencies observed for LPMs (24, 31,
37, 38, 42). Conversely, 12/15-LOX" cells and SPM share the
same CD11b*F4/80°"MHCII™®" phenotype; however, 12/15-
LOX cells express high levels of CD1lc and co-stimulatory
molecules, suggesting that 12/15-LOX" cells and SPM:s are, at least
in part, distinct populations (31, 35, 37). Despite similarities in cell
morphology and MHC-II expression presented by SPMs and DCs,
the possibility that SPMs may be part of the peritoneal DC pool is
excluded by the smaller size, the distinct and lack of the CD11b
and F4/80 expression presented by DCs and, primarily, by the
lower expression of CD11c (HL3 or N418 clones of monoclonal
anti-CD11c) on SPMs compared with LPMs or typical peritoneal
DCs (31, 35).

Given the cell complexity present in PerC and the impor-
tance of the development of efficient strategies to correctly
identify macrophage subsets as well as to avoid contamination
by other cell populations and misinterpretation of peritoneal
macrophage studies, our group has proposed a simple way to
identify peritoneal macrophage subsets using a four-color flow
cytometry staining panel. From doublet, CD19"¢" and CD11c"¢"
discarded selected cell populations; the analysis of F4/80" cells
based on MHCII expression defines three distinct subpopulations,
F4/80™E" AP ™8, F4/80'°VIAP™8", and F4/80°"IA™8, which cor-
respond, respectively, to LPMs, SPMs, and granulocytes (35).

Origin and Development of LPM and SPM

The theories that explain the origin of macrophages have been
completely reformulated in the last few years. The differentia-
tion process of monocytes, macrophages, and DCs that occurs
in the BM starts with the earliest progenitor, the hematopoietic
stem cell (HSC), and follows the common myeloid progenitor
(CMP) and the granulocyte and macrophage progenitor (GMP)
(16). The clonotypic BM-resident precursor differentiated from

GMP, termed the macrophage-DC precursor (MDP), expresses
high levels of the fractalkine receptor CX3CRI, c-kit, and CD115,
and gives rise to circulating blood monocytes, some macrophage
populations and a common DC precursor (CDP), but does not
originate granulocytes (15, 65, 66). The recruitment of mono-
cyte subsets under steady state or inflammatory and pathological
conditions depends on particular chemokines and the expression
of their counterparts receptors. The Ly6C" monocyte subset
migrates via a CCR2-dependent pathway, whereas Ly6C appears
to migrate in response to CX3CR1 signaling (67). Under steady
state conditions, extravasated monocytes do not contribute to
the pool of resident macrophages in many tissues (3, 15, 16).
In inflammatory settings, the Ly6C™ monocyte subset differenti-
ates into inflammatory macrophages and monocyte-derived DCs,
such as Tip-DCs (15, 16).

Recent accumulating evidence supports the prenatal origin of
tissue-resident macrophages and the idea that they are maintained
locally by self-renewal throughout adult life, both in the steady
state and after cell turnover, which is predominantly independent
of hematopoiesis (17, 18,23-27, 29, 68, 69). Microglia, Langerhans
cells, Kupffer cells, red pulp splenic macrophages, lung, and peri-
toneal macrophages are originated from embryogenic precursor
and proliferative cells maintained by self-renewal (23-27, 69-
71). Fetal-liver monocytes or primitive macrophages found in the
yolk sac, an extraembryonic tissue, have been related with the
origin of tissue-resident macrophages. In this context, recent date
using yolk sac macrophages depletion and fate-mapping models
demonstrated that yolk sac macrophages, which are generated
from early erythro-myeloid progenitors (EMPs), are important
for development of macrophages in mid-gestation; however in
adulthood, only microglia is maintained by these embryogenic
precursor (69). In contrast, fetal monocytes that are derived from
late EMPs give rise to tissue-resident macrophages from liver,
lung, skin, kidney and spleen (69). The exception to the origin
of resident macrophages is intestinal macrophages, which are
continuously repopulated by circulating monocytes (72).

Understanding the dynamics of maintenance and recruitment
of peritoneal macrophages is of particular interest since these cells
are involved in physiological as well as pathological processes,
such as peritonitis, tumors, and pancreatitis (40, 43, 44). Early
studies demonstrated that peritoneal macrophages are main-
tained in PerC through self-renewal in the steady state or under
inflammatory conditions (73-76). The omentum, a fat tissue that
connects the abdominal organs, is also involved in peritoneal
macrophage development through the proliferative capacities of
omental macrophages (75, 76). The combination of these early
observations, which were acquired recently, with the technical
advances to correctly identify the peritoneal macrophage subsets
has permitted the ontogeny of the peritoneal macrophage subsets
to be elucidated (24, 31, 36, 39, 40, 42).

Under steady state conditions, LPMs appear to be main-
tained by self-renewal and independent of hematopoiesis (26, 36),
whereas SPMs are originated from circulating monocytes (31, 36,
40) (Figure 1). Dates from Schulz et al. suggest that, in general,
F4/80 expression by tissue macrophages correlated with yolk sac
(F4/80"8") and not hematopoietic (F4/ 80'°%) progenitors (25). In
the CX3CR1FPWT mice, Cain et al. (36) showed the presence of
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FIGURE 1 | Distinct origin of peritoneal macrophage subsets. SPMs are
generated from hematopoietic stem cells (HSC) in the bone marrow (BM) by
differentiation of inflammatory blood monocytes (31, 40). However, LPMs
appear to be originated from progenitors from yolk sac and independent of
hematopoietic progenitors (69). Local proliferation of LPMs ensures
homeostatic maintenance by self-renewal (36).

GFP™ cells in DC and SPM pool, but not in the LPM population.
Conversely, in the CX3CR1CreRosa26R-FGFP mice, which show
the active and past expression of CX3CR1, the presence of GFP™
cells was found within DC, SPM, and LPM populations. These
data indicate that SPMs are short-lived cells, whereas LPMs have a
more distant ontogenic relationship with a CX3CR1™" progenitor,
corroborating the idea that they originate from the yolk sac (36).
However, in chimeric C57BL/6 mice reconstituted with C57BL/6-
CD45.1 BM, around 80% of SPMs and more than 70% of LPMs
are CD45.1-expressing cells, demonstrating that both peritoneal
macrophage subsets differentiate from BM precursors after abla-
tion of peritoneal macrophages induced by irradiation (36). Data
from our group suggest that PerC recruited Ly6C* monocytes
could give rise to SPMs during inflammatory conditions (31).
Confirming that SPMs are generated via the differentiation of
inflammatory monocytes recruited to PerC, reduced numbers of
SPMs are found in the PerC of CCR2™/~ mice (40).

The analysis of Ki67 and phosphorylated histone H3 (pHH3
at a discrete stage of mitosis) staining and the quantification of
cell cycle and basal DNA content revealed that the number of
proliferating F4/80"8"CD11bM8" cells decreases in 12-week-old
mice compared with proliferation capacity of this population in
newborn mice (15 days to 4 weeks) (24). After 12-16 weeks, the
number of F4/80"¢"CD11b"#"cells in PerC is maintained under
a low rate of proliferation, which suggests that the number of
F4/80"8"CD11b"8" peritoneal cells increases during mouse devel-
opment until PerC acquires sufficient homeostatic cell numbers
(24). Indeed, BrdU-labeled LPM frequencies after a single BrdU
pulse were 7 and 15-fold lower than those found in HSC and
GMP, respectively. Moreover, the presence of BrdU™ LPMs was
detectable 14 days after BrdU pulse, suggesting that they are a

long-lived population, i.e., maintained at low levels of prolifera-
tion (36). Conversely, the detection of low numbers of proliferat-
ing SPMs at 6-10 days after one pulse of BrdU suggests that these
cells have a low proliferation rate under steady state conditions
and are short-lived cells (36).

Studies with mice deficient in CCAAT/enhancer binding
protein (C/EBP)b also support the notion that LPMs and
SPMs represent distinct ontogenies, because in the absence
of this transcription factor, PerC did not contain LPMs and
exhibited increased numbers of SPMs (36). Interestingly, adop-
tively transferred SPMs differentiated into LPMs in Cebpb ™'~
mice. However, in control mice that have normal numbers of
LPMs, only a small frequency of transferred SPMs acquired the
F4/80"MHCIT®CD93 " phenotype of LPMs. Based on these
results, the authors proposed that under physiological conditions,
SPMs appear to contribute in only a small way to generate LPMs,
but SPMs could be involved in the maintenance of LPMs in sit-
uations where this pool has been greatly reduced, such as under
inflammatory conditions or following radiation ablation (36).
These data are consistent with the findings of Yona et al. (26),
which demonstrated the presence of monocyte-derived cells in the
LPM compartment 8 weeks after the i.p. injection of thioglycol-
late. Together with LPMs, a subset of proliferating BM-derived
inflammatory macrophage has also been associated with self-
renewal mechanisms during the resolution of peritonitis induced
by zymosan and thioglycollate (42). Conversely, LPMs do not
seem to contribute to the SPM pool, even during inflammation.
Our group demonstrated that adoptively transferred CFDA-SE-
labeled LPMs 1 h after LPS stimulation retained its phenotype, and
no CEDA-SE™ cells were found in the SPM compartment until
2 days after stimulation (31).

In the last year, a great advance in the understanding of the
transcriptional control of peritoneal macrophages provided novel
insights into this scenario (39, 40). The zinc finger transcrip-
tion factor GATA-binding protein 6 (GATAG6) appears to regulate
the majority of peritoneal macrophage-specific genes (PMSGs).
Of note, GATAG is selectively expressed by LPMs (40). Accord-
ingly, the number of LPMs were greatly reduced in peritoneal
lavages from GATA6-KO™* and Mac-GATA6 KO mice, which
have a GATAG6 deficiency in all myeloid cells or only in the
macrophage lineages, respectively (39, 40). Interestingly, retinoic
acid (RA) is the extracellular factor that regulates GATA-6-specific
gene expression in LPMs, because vitamin A depleted (VAD;
the RA precursor) mice exhibited a decrease in GATAG6 expres-
sion and LPM numbers (40). Moreover, the stimulation of peri-
toneal macrophages from VAD mice with all-trans RA restored
the expression of GATA-6 and many PMSGs at levels found in
peritoneal macrophages from control mice. In addition to the
regulation of gene expression profiling in peritoneal macrophages,
GATA-6 appears to be involved in the control of the proliferation,
survival, and metabolism of these cells (39, 77). GATA-6-deficient
macrophages demonstrate an altered proliferation state during
peritonitis (39). Moreover, Lyz2-Cre x GATA6¥1%) mice also
exhibit reduced numbers of peritoneal macrophages, which could
be explained by the perturbation in their metabolism, culminating
in the high frequency of cell death found in this compartment
(77). Despite great contributions to our understanding in the
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involvement of GATA-6 in peritoneal macrophage development,
metabolism, self-maintenance, and survival, the existence of dis-
tinct pathways that could govern the transcriptional regulation of
SPMs remains largely unknown.

In addition to transcriptional regulation, signaling factors
derived from the microenvironment also play an essential role
in promoting the development and phenotype of tissue-resident
macrophages. For example, TGF-B1 signaling is required for
the development of the microglia population and to regulate a
microglia expression program through the Smad tissue factors
(78-80). Heme has been shown to induce Spi-c, a transcription
factor important for red pulp macrophage development (81, 82).
Finally, in PerC, omentum-derived RA promotes the expression
of GATA-6 in the LPM subset, determining its localization and
functions (40), even if the factors that maintain the SPM pool
under steady state conditions still remain to be elucidated.

Dynamics and Function of Peritoneal
Macrophage Subsets

Mouse PerC is a compartment where many cell types co-habitat
and interact, similar to the secondary lymphoid organs. In addi-
tion, PerC is a unique body compartment that contains B-1 cells
(83). Under steady state conditions, the peritoneal cells comprise

LPMs, SPMs, B-1 cells, conventional B-2 cells, T cells, NK cells,
DCs, and granulocytes (mostly eosinophils) (31, 35). B1 cells con-
stitute the majority of the PerC cell population, whereas the SPM
and LPM frequencies represent 30-35% of total peritoneal cells
(31, 35) (Figure 2A). However, after inflammatory or infectious
stimuli, there is a dramatic alteration in cell numbers and the
frequencies of each of PerC cell subpopulation. With regard to the
myeloid compartment, modifications in PerC cell composition
include the disappearance of LPMs, increases in SPM frequency
and numbers, and a massive recruitment of inflammatory mono-
cytes (24, 31, 35, 36, 40) (Figure 2B).

The “macrophage disappearance reaction” (MDR) in PerC has
been extensively described during delayed-type hypersensitivity
(DTH) and acute inflammatory processes (84). MDR has been
associated with cell death, emigration to draining lymph nodes,
or adherence of macrophages to structural tissues. LPMs are the
unique peritoneal macrophage subset that disappears from PerC,
which is attributed not to cell death but rather to their migration
to the omentum (31, 40). LPM disappearance in response to
inflammatory stimuli is accompanied by an increase in SPM and
inflammatory monocyte numbers (24, 31, 35, 36, 40) (Figure 2B),
and has been correlated with the renewal and improvement of
immune conditions of the PerC (35). Adherent peritoneal cells
from naive mice, which are composed primarily of LPM, exhibit
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FIGURE 2 | Summary of the dynamic of peritoneal macrophage
subsets. (A) Under homeostatic conditions, peritoneal macrophages
comprise two subsets LPMs and SPMs (31). LPMs, which are the major
peritoneal macrophage population, appear to be responsible for phagocytosis
of apoptotic cell and tissue repair (36). (B) At the outset of inflammation, the
myeloid compartment is modified in general by disappearance of LPMs,
increase of SPMs numbers, and monocytes influx (31, 35, 36, 40). The
changes in the myeloid cells from zymosan, T. cruzi, and LPS stimulated or
thioglicollate-elicited PerC result in the gain of immune state (35, 36). SPMs

0 Apoptotic cell

@ Infectious stimuli

from zymosan and T. cruzi stimulated mice contribute to effector function of
PerC through secretion of high levels of NO and presence of IL-12-producing
cells (35). In response to LPS in vivo, SPMs produce several inflammatory
cytokines, such as IL-12, MIP-1a,, TNF-a,, and RANTES, whereas LPMs
produce enhanced amounts of G-CSF, GM-CSF, and KC (36). LPMs, which
migrate to omentum by a retinoic acid and GATA-6-dependent way in
response to in vivo LPS stimulation or vitamin-A deprivation, return to PerC
and appear to be correlated with GALT-independent and TGF-B2-dependent
IgA production by B-1 cells in the intestine (40).
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a high frequency of cells stained for B-galactosamine (B-gal), a
senescence marker (85-87). These cells are unable to secrete NO
in response to LPS challenge (35). In contrast, adherent peri-
toneal cells from Trypanosoma cruzi or zymosan-stimulated mice
in which the main cell population constitutes SPMs and mono-
cytes (F4/80°"MHCII™Ly-6C™), respectively, display a signifi-
cant reduction in the frequency of B-gal-positive cells and secrete
high levels of NO in response to LPS (35). The frequency of IL-
12-producing cells after in vitro LPS plus IFN-vy stimulation was
also higher within myelo-monocytic cells from mice exposed to
zymosan and T. cruzi than the frequencies of IL-12-producing
cells found in unstimulated mice (35). In response to Staphylo-
coccus epidermidis cell-free (SES) supernatant in vivo stimulation,
F4/80°CD11b* cells (consisting of SPMs and DCs) produced
enhanced levels of IL-1f, IL-1at, TNF-0., and IL-12 in the presence
or absence of subsequent SES treatment (37). In contrast, the
supernatants of adherent cells from naive mice treated with SES
were found to contain high levels of MCP-1, MCP-10,, MIP-
1B, and G-CSF (37). It is important to note that 4 days after
thioglycollate injection, peritoneal cells, an extensively studied cell
population (88-91), also consist primarily of SPMs and inflam-
matory monocytes (31, 40). The increase in SPM numbers and
the influx of inflammatory monocytes that will give rise to SPMs
greatly contribute to the improvement of the capacity of PerC to
deal with inflammatory stimuli. Indeed, although neither SPMs
nor LPMs produce significant levels of pro- or anti-inflammatory
cytokines under steady state conditions (35-37), SPMs appear to
develop a pro-inflammatory profile in response to in vitro stimuli.
SPMs produced high levels of TNF-o,, MIP-10i, and RANTES in
response to LPS, whereas LPMs were the unique population that
produced abundant levels of G-CSF, GM-CSEF, and KC in response
to the same stimulus (36) (Figure 2B).

The NO secretion and pro-inflammatory cytokine produc-
tion are the most important functions of activated macrophages
by inflammatory stimulation and assigns the M1 profile (13,
34, 92-97). The functional profile of peritoneal macrophages
was previous studied by our group and others (33, 34). Peri-
toneal macrophages from Th1-prone mouse strains (C57BL/6 and
B10.A) are easily activated to produce NO in response to rIFN-y or
LPS, characterizing the M1 profile. In contrast, macrophages from
Th2-prone mouse strains (BALB/c and DBA/2) exhibit a weak
NO response as a consequence of high levels of spontaneously
secreted TGF-B1 (34). Moreover, the cells from C57BL/6 IL-
12p40-deficient mice have a bias toward the M2 profile, indi-
cating that IL-12 is required for M1 polarization of peritoneal
macrophages (33). Although LPMs from naive mice can produce
NO after in vitro LPS stimulation, SPMs produce higher levels of
NO than LPMs following in vivo LPS stimulation. The NO secre-
tion by LPMs was also detected by flow cytometry in Escherichia
coli inoculated mice (31), whereas nitrite was not produced in vitro
by LPS-stimulated adherent peritoneal cells from control mice,
which is composed mainly by LPMs (35). In addition, adherent
cells obtained 48 h after T. cruzi infection, which are mostly com-
posed by SPMs, were the unique source of NO without in vitro
subsequent challenge with LPS (35). In resume, the SPM and
LPM subsets cannot be accommodated in the M1/M2 framework
considering the NO secretion. However, considering phagocytic

assays, SPMs appear to develop an efficient profile to control
infections as M1 macrophages, whereas LPMs assume a role in the
maintenance of PerC physiological conditions as M2 or alternative
macrophages. Despite the preserved phagocytic ability of LPMs,
higher numbers of zymosan and E. coli were found inside of
SPMs at early time points after i.p. injection (31, 35). Conversely,
at 1h after challenge, LPMs appear to present a higher phago-
cytic index of apoptotic thymocytes in comparison to SPMs (36)
(Figure 2A).

In addition, it was recently demonstrated that LPMs have
a unique ability to induce gut-associated lymphoid tissue
(GALT)-independent IgA production by peritoneal B-1 cells
(40) (Figure 2B). RA and TGF-P2 are the most critical factors
to induce IgA class switching, and the production of TGF-B2 is
regulated by the Tgfb2 and Ltbpl genes, which are expressed by
LPMs in a GATA-6-dependent manner. This process is regulated
by the abundant presence of RA in the omentum, which is
responsible for the induction of GATA-6 expression in LPMs
that migrates to this tissue. The dynamic of LPM migration
between the PerC and the omentum after the stimulation of PerC
is correlated with their disappearance and the return to basal
numbers of LPMs later after stimulation with LPS, zymosan,
and thioglycollate (24, 31, 35, 36, 39, 40). This observation
suggests that LPMs can return to PerC to resolve an infectious or
inflammatory process. Therefore, the presence of two specialized
macrophage subsets in PerC is crucial to maintain the health of
this compartment under different situations.

Concluding Remarks

Peritoneal macrophages represent one of the most studied
macrophage populations. However, the existence of two pheno-
typically and functionally distinct subsets, LPMs and SPMs, resid-
ing in the PerC was recognized recently (31). In the last year, great
advances in our understanding of the transcriptional regulation
of peritoneal macrophages have brought novel insights into the
identification of LPMs and SPMs (39, 40). GATA-6, an LPM-
restricted transcription factor, regulates many PMSGs, including
those related to the maintenance of LPMs in PerC (40) and those
that determine their function (40), metabolism, proliferation,
and cell survival (39, 77). Under steady state conditions, LPMs
appear to originate independently from hematopoietic precursors
and retained the ability to proliferate in situ, maintaining phys-
iological numbers (26, 36). Conversely, SPMs appear to origi-
nate from circulating monocytes (31, 36, 40), and their numbers
increase remarkably under inflammatory conditions. Of note,
SPMs together with their precursor, the inflammatory mono-
cyte population, are the major myeloid populations present in
elicited PerC, and are an excellent resource to study the biology of
inflammatory macrophages. SPMs and LPMs exhibit specialized
functions in the PerC, where SPMs present a pro-inflammatory
functional profile, and LPMs appear to have a role in the mainte-
nance of PerC physiological conditions. Moreover, the particular
interactions between macrophage subsets and other peritoneal cell
populations appear to play crucial roles in PerC immune state.
Although the consequences of the crosstalk between SPMs and
peritoneal T and B lymphocytes remain to be clarified, LPM:s are
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required for GALT-independent and RA-dependent IgA produc-
tion by peritoneal B-1 cells (40). Finally, the elucidation of the
influence of soluble factors and the microbiota on the mainte-
nance of LPM/SPM ratios in PerC, and the role of these subsets
in the systemic immune response are the future challenges for
this field.

References

—

[ S8

W

'S

o

~

o

o

10.

12.

13.

15.

16.

18.

19.

20.

21.

22.

23.

24.

. Taylor PR, Gordon S. Monocyte heterogeneity and innate immunity. Immunity

(2003) 19(1):2-4. doi:10.1016/S1074-7613(03)00178-X

. Gordon S. The macrophage: past, present and future. Eur J Immunol (2007)

37(Suppl 1):59-17. doi:10.1002/€ji.200737638

. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development,

homeostasis and disease. Nature (2013) 496(7446):445-55. d0i:10.1038/
naturel2034

. Metchnikoff E. Legons sur la Pathologie Comparée de I'inflammation faites a

IInstitut Pasteur en 1891. Paris: Masson (1892).

. Van M. [Elie Metchnikoff, 1845-1916]. Voeding (1964) 25:351-6.
. Aschoff L. Das reticuloendotheliale system. Ergeb Inn Med Kinderheilkd (1924)

26:1-117.

. van Furth R, Cohn ZA, Hirsch JG, Humphrey JH, Spector WG, Langevoort

HL. The mononuclear phagocyte system: a new classification of macrophages,
monocytes, and their precursor cells. Bull World Health Organ (1972)
46(6):845-52.

. van Furth R. Current view of the mononuclear phagocyte system. Haermatol

Blood Transfus (1981) 27:3-10.

. van Furth R. The mononuclear phagocyte system. Verh Dtsch Ges Pathol (1980)

64:1-11.
Hume DA, Ross IL, Himes SR, Sasmono RT, Wells CA, Ravasi T. The mononu-
clear phagocyte system revisited. ] Leukoc Biol (2002) 72(4):621-7.

. Hume DA. The mononuclear phagocyte system. Curr Opin Immunol (2006)

18(1):49-53. d0i:10.1016/§.c01.2005.11.008

Geissmann F, Gordon S, Hume DA, Mowat AM, Randolph GJ. Unravelling
mononuclear phagocyte heterogeneity. Nat Rev Immunol (2010) 10(6):453-60.
doi:10.1038/nri2784

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev
Immunol (2005) 5(12):953-64. doi:10.1038/nri1733

. Guilliams M, Ginhoux F Jakubzick C, Naik SH, Onai N, Schraml BU, et al.

Dendritic cells, monocytes and macrophages: a unified nomenclature based on
ontogeny. Nat Rev Immunol (2014) 14(8):571-8. d0i:10.1038/nri3712

Auffray C, Sieweke MH, Geissmann F. Blood monocytes: development, het-
erogeneity, and relationship with dendritic cells. Annu Rev Immunol (2009)
27:669-92. doi:10.1146/annurev.immunol.021908.132557

Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. Development of
monocytes, macrophages, and dendritic cells. Science (2010) 327(5966):656-61.
doi:10.1126/science.1178331

. Davies LC, Jenkins SJ, Allen JE, Taylor PR. Tissue-resident macrophages. Nat

Immunol (2013) 14:986-95. doi:10.1038/ni.2705

Ginhoux E Jung S. Monocytes and macrophages: developmental pathways
and tissue homeostasis. Nat Rev Immunol (2014) 14(6):392-404. doi:10.1038/
nri3671

Ginhoux E, Merad M. Ontogeny and homeostasis of Langerhans cells. Immunol
Cell Biol (2010) 88(4):387-92. doi:10.1038/icb.2010.38

van Furth R. [The origin of mononuclear phagocytes]. Ned Tijdschr Geneeskd
(1967) 111(48):2208.

van Furth R, Cohn ZA. The origin and kinetics of mononuclear phagocytes.
J Exp Med (1968) 128(3):415-35. doi:10.1084/jem.128.3.415

van Furth R. Origin and kinetics of monocytes and macrophages. Semin
Hematol (1970) 7(2):125-41.

Ginhoux E Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate mapping
analysis reveals that adult microglia derive from primitive macrophages. Science
(2010) 330(6005):841-5. doi:10.1126/science.1194637

Davies LC, Rosas M, Smith PJ, Fraser DJ, Jones SA, Taylor PR. A quantifiable
proliferative burst of tissue macrophages restores homeostatic macrophage
populations after acute inflammation. Eur ] Immunol (2011) 41(8):2155-64.
doi:10.1002/€ji.201141817

Acknowledgments

This work was supported by Fundagido de Amparo a Pesquisa
do Estado de Sao Paulo (FAPESP - Brazil) Proc 2013/16010-
5 and 2013/07140-2, Brazilian Research Council (CNPq-Brazil),
CAPES, and INCTV.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N, Kierdorf
K, et al. A lineage of myeloid cells independent of Myb and hematopoietic stem
cells. Science (2012) 336(6077):86-90. doi:10.1126/science.1219179

Yona S, Kim KW, Wolf Y, Mildner A, Varol D, Breker M, et al. Fate mapping
reveals origins and dynamics of monocytes and tissue macrophages under
homeostasis. Immunity (2013) 38(1):79-91. doi:10.1016/j.immuni.2012.12.001
Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al. Tissue-
resident macrophages self-maintain locally throughout adult life with minimal
contribution from circulating monocytes. Immunity (2013) 38(4):792-804.
doi:10.1016/j.immuni.2013.04.004

Auffray C, Fogg DK, Narni-Mancinelli E, Senechal B, Trouillet C, Saederup
N, et al. CX3CR1+ CDI115+ CD135+ common macrophage/DC precursors
and the role of CX3CRI in their response to inflammation. J Exp Med (2009)
206(3):595-606. doi:10.1084/jem.20081385

Sieweke MH, Allen JE. Beyond stem cells: self-renewal of differentiated
macrophages. Science (2013) 342(6161):1242974. doi:10.1126/science.1242974
Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD, Gordon S.
Macrophage receptors and immune recognition. Annu Rev Immunol (2005)
23:901-44. doi:10.1146/annurev.immunol.23.021704.115816

Ghosn EE, Cassado AA, Govoni GR, Fukuhara T, Yang Y, Monack DM,
et al. Two physically, functionally, and developmentally distinct peritoneal
macrophage subsets. Proc Natl Acad Sci U S A (2010) 107(6):2568-73. doi:10.
1073/pnas.0915000107

Schleicher U, Hesse A, Bogdan C. Minute numbers of contaminant CD8+ T
cells or CD11b+CD11c+ NK cells are the source of IFN-gamma in IL-12/IL-
18-stimulated mouse macrophage populations. Blood (2005) 105(3):1319-28.
doi:10.1182/blood-2004-05-1749

Bastos KR, Alvarez JM, Marinho CR, Rizzo LV, Lima MR. Macrophages from
IL-12p40-deficient mice have a bias toward the M2 activation profile. ] Leukoc
Biol (2002) 71(2):271-8.

Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages
and the Th1/Th2 paradigm. J Immunol (2000) 164(12):6166-73. doi:10.4049/
jimmunol.164.12.6166

Cassado Ados A, de Albuquerque JA, Sardinha LR, Buzzo Cde L, Faustino L,
Nascimento R, et al. Cellular renewal and improvement of local cell effector
activity in peritoneal cavity in response to infectious stimuli. PLoS One (2011)
6(7):¢22141. doi:10.1371/journal.pone.0022141

Cain DW, O’Koren EG, Kan M]J, Womble M, Sempowski GD, Hopper K, et al.
Identification of a tissue-specific, C/EBPbeta-dependent pathway of differen-
tiation for murine peritoneal macrophages. J Immunol (2013) 191(9):4665-75.
doi:10.4049/jimmunol.1300581

Dioszeghy V, Rosas M, Maskrey BH, Colmont C, Topley N, Chaitidis P, et al.
12/15-Lipoxygenase regulates the inflammatory response to bacterial products
in vivo. J Immunol (2008) 181(9):6514-24. doi:10.4049/jimmunol.181.9.6514
Rosas M, Thomas B, Stacey M, Gordon S, Taylor PR. The myeloid 7/4-antigen
defines recently generated inflammatory macrophages and is synonymous with
Ly-6B. ] Leukoc Biol (2010) 88(1):169-80. doi:10.1189/j1b.0809548

Rosas M, Davies LC, Giles PJ, Liao CT, Kharfan B, Stone TC, et al. The
transcription factor Gata6 links tissue macrophage phenotype and proliferative
renewal. Science (2014) 344(6184):645-8. doi:10.1126/science.1251414

Okabe Y, Medzhitov R. Tissue-specific signals control reversible program
of localization and functional polarization of macrophages. Cell (2014)
157(4):832-44. doi:10.1016/j.cell.2014.04.016

Wang C, Yu X, Cao Q, Wang Y, Zheng G, Tan TK, et al. Characterization
of murine macrophages from bone marrow, spleen and peritoneum. BMC
Immunol (2013) 14:6. doi:10.1186/1471-2172-14-6

Davies LC, Rosas M, Jenkins SJ, Liao CT, Scurr MJ, Brombacher F, et al. Distinct
bone marrow-derived and tissue-resident macrophage lineages proliferate at
key stages during inflammation. Nat Commun (2013) 4:1886. doi:10.1038/
ncomms2877

Frontiers in Immunology | www.frontiersin.org

May 2015 | Volume 6 | Article 225


http://dx.doi.org/10.1016/S1074-7613(03)00178-X
http://dx.doi.org/10.1002/eji.200737638
http://dx.doi.org/10.1038/nature12034
http://dx.doi.org/10.1038/nature12034
http://dx.doi.org/10.1016/j.coi.2005.11.008
http://dx.doi.org/10.1038/nri2784
http://dx.doi.org/10.1038/nri1733
http://dx.doi.org/10.1038/nri3712
http://dx.doi.org/10.1146/annurev.immunol.021908.132557
http://dx.doi.org/10.1126/science.1178331
http://dx.doi.org/10.1038/ni.2705
http://dx.doi.org/10.1038/nri3671
http://dx.doi.org/10.1038/nri3671
http://dx.doi.org/10.1038/icb.2010.38
http://dx.doi.org/10.1084/jem.128.3.415
http://dx.doi.org/10.1126/science.1194637
http://dx.doi.org/10.1002/eji.201141817
http://dx.doi.org/10.1126/science.1219179
http://dx.doi.org/10.1016/j.immuni.2012.12.001
http://dx.doi.org/10.1016/j.immuni.2013.04.004
http://dx.doi.org/10.1084/jem.20081385
http://dx.doi.org/10.1126/science.1242974
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115816
http://dx.doi.org/10.1073/pnas.0915000107
http://dx.doi.org/10.1073/pnas.0915000107
http://dx.doi.org/10.1182/blood-2004-05-1749
http://dx.doi.org/10.4049/jimmunol.164.12.6166
http://dx.doi.org/10.4049/jimmunol.164.12.6166
http://dx.doi.org/10.1371/journal.pone.0022141
http://dx.doi.org/10.4049/jimmunol.1300581
http://dx.doi.org/10.4049/jimmunol.181.9.6514
http://dx.doi.org/10.1189/jlb.0809548
http://dx.doi.org/10.1126/science.1251414
http://dx.doi.org/10.1016/j.cell.2014.04.016
http://dx.doi.org/10.1186/1471-2172-14-6
http://dx.doi.org/10.1038/ncomms2877
http://dx.doi.org/10.1038/ncomms2877
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Cassado et al.

Peritoneal macrophage heterogeneity

43.

44.

45.

46.

47.

48.

49.

50.

Dahdah A, Gautier G, Attout T, Fiore F, Lebourdais E, Msallam R, et al. Mast
cells aggravate sepsis by inhibiting peritoneal macrophage phagocytosis. J Clin
Invest (2014) 124(10):4577-89. doi:10.1172/JCI75212

Machado MCC, Coelho AMM. Role of Peritoneal Macrophages on Local And
Systemic Inflammatory Response in Acute Pancreatitis. Sio Paulo: InTech (2012).
doi:10.5772/25639

Cohn ZA. Determinants of infection in the peritoneal cavity. I. Response to and
fate of Staphylococcus aureus and Staphylococcus albus in the mouse. Yale ] Biol
Med (1962) 35:12-28.

Cohn ZA. Determinants of infection in the peritoneal cavity. II. Factors influ-
encing the fate of Staphylococcus aureus in the mouse. Yale J Biol Med (1962)
35:29-47.

Cohn ZA. Determinants of infection in the peritoneal cavity. III. The action of
selected inhibitors on the fate of Staphylococcus aureus in the mouse. Yale ] Biol
Med (1962) 35:48-61.

Steinman RM, Moberg CL. Zanvil Alexander Cohn 1926-1993. ] Exp Med
(1994) 179(1):1-30. d0i:10.1084/jem.179.1.1

Taylor PR, Brown GD, Geldhof AB, Martinez-Pomares L, Gordon S. Pattern
recognition receptors and differentiation antigens define murine myeloid cell
heterogeneity ex vivo. Eur ] Immunol (2003) 33(8):2090-7. doi:10.1002/eji.
200324003

Hickstein DD, Ozols ], Williams SA, Baenziger JU, Locksley RM, Roth GJ. Iso-
lation and characterization of the receptor on human neutrophils that mediates
cellular adherence. J Biol Chem (1987) 262(12):5576-80.

63.

64.

65.

66.

68.

69.

70.

Austyn JM, Gordon S. F4/80, a monoclonal antibody directed specifically
against the mouse macrophage. Eur J Immunol (1981) 11(10):805-15. doi:10.
1002/€ji.1830111013

Ghosn EE, Yang Y, Tung J, Herzenberg LA, Herzenberg LA. CD11b expression
distinguishes sequential stages of peritoneal B-1 development. Proc Natl Acad
Sci U S A (2008) 105(13):5195-200. doi:10.1073/pnas.0712350105

Fogg DK, Sibon C, Miled C, Jung S, Aucouturier P, Littman DR, et al. A
clonogenic bone marrow progenitor specific for macrophages and dendritic
cells. Science (2006) 311(5757):83-7. doi:10.1126/science.1117729

Landsman L, Varol C, Jung S. Distinct differentiation potential of blood
monocyte subsets in the lung. J Immunol (2007) 178(4):2000-7. doi:10.4049/
jimmunol.178.4.2000

. Geissmann E Jung S, Littman DR. Blood monocytes consist of two princi-

pal subsets with distinct migratory properties. Immunity (2003) 19(1):71-82.
doi:10.1016/S1074-7613(03)00174-2

Chorro L, Geissmann F. Development and homeostasis of ‘resident’” myeloid
cells: the case of the Langerhans cell. Trends Immunol (2010) 31(12):438-45.
doi:10.1016/j.it.2010.09.003

Hoeffel G, Chen J, Lavin Y, Low D, Almeida FF, See P, et al. C-myb(+)
erythro-myeloid progenitor-derived fetal monocytes give rise to adult tissue-
resident macrophages. Immunity (2015) 42(4):665-78. do0i:10.1016/j.immuni.
2015.03.011

Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM. Local self-renewal can
sustain CNS microglia maintenance and function throughout adult life. Nat

51. Petty HR, Todd RF III. Receptor-receptor interactions of complement receptor Neurosci (2007) 10(12):1538-43. doi:10.1038/nn2014
type 3 in neutrophil membranes. ] Leukoc Biol (1993) 54(5):492-4. 71. Chorro L, Sarde A, Li M, Woollard KJ, Chambon P, Malissen B, et al. Langer-
52. Shortman K, Liu YJ. Mouse and human dendritic cell subtypes. Nat Rev hans cell (LC) proliferation mediates neonatal development, homeostasis, and
Immunol (2002) 2(3):151-61. d0i:10.1038/nri746 inflammation-associated expansion of the epidermal LC network. ] Exp Med
53. Kantor AB, Stall AM, Adams S, Herzenberg LA. Differential development of (2009) 206(13):3089-100. doi:10.1084/jem.20091586
progenitor activity for three B-cell lineages. Proc Natl Acad Sci U S A (1992)  72. Zigmond E, Jung S. Intestinal macrophages: well educated exceptions from the
89(8):3320-4. doi:10.1073/pnas.89.8.3320 rule. Trends Immunol (2013) 34(4):162-8. d0i:10.1016/j.it.2013.02.001
54. Ghosn EE, Yang Y, Tung ], Herzenberg LA. CD11b expression distinguishes ~ 73. Parwaresch MR, Wacker HH. Origin and kinetics of resident tissue
sequential stages of peritoneal B-1 development. Proc Natl Acad Sci U S A (2008) macrophages. Parabiosis studies with radiolabelled leucocytes. Cell Tissue
105(13):5195-200. doi:10.1073/pnas.0712350105 Kinet (1984) 17(1):25-39.
55. Hume DA, Gordon S. Mononuclear phagocyte system of the mouse defined ~ 74. Melnicoff MJ, Horan PK, Breslin EW, Morahan PS. Maintenance of peritoneal
by immunohistochemical localization of antigen F4/80. Identification of res- macrophages in the steady state. ] Leukoc Biol (1988) 44(5):367-75.
ident macrophages in renal medullary and cortical interstitum and the  75. Daems WT, de Bakker JM. Do resident macrophages proliferate? Immunobiol-
juxtaglomerular complex. ] Exp Med (1983) 157(5):1704-9. doi:10.1084/jem. ogy (1982) 161(3-4):204-11. doi:10.1016/S0171-2985(82)80075-2
157.5.1704 76. Wijffels JE, Hendrickx R], Steenbergen JJ, Eestermans IL, Beelen RH. Milky
56. Hume DA, Loutit JE Gordon S. The mononuclear phagocyte system of spots in the mouse omentum may play an important role in the origin
the mouse defined by immunohistochemical localization of antigen F4/80: of peritoneal macrophages. Res Immunol (1992) 143(4):401-9. doi:10.1016/
macrophages of bone and associated connective tissue. J Cell Sci (1984) $0923-2494(05)80072-0
66:189-94. 77. Gautier EL, Ivanov S, Williams JW, Huang SC, Marcelin G, Fairfax K, et al.
57. Hume DA, Perry VH, Gordon S. The mononuclear phagocyte system of Gata6 regulates aspartoacylase expression in resident peritoneal macrophages
the mouse defined by immunohistochemical localisation of antigen F4/80: and controls their survival. ] Exp Med (2014) 211(8):1525-31. d0i:10.1084/jem.
macrophages associated with epithelia. Anat Rec (1984) 210(3):503-12. doi:10. 20140570
1002/ar.1092100311 78. Makwana M, Jones LL, Cuthill D, Heuer H, Bohatschek M, Hristova M, et al.
58. Bedoret D, Wallemacq H, Marichal T, Desmet C, Quesada Calvo F, Henry E, Endogenous transforming growth factor beta 1 suppresses inflammation and
et al. Lung interstitial macrophages alter dendritic cell functions to prevent promotes survival in adult CNS. J Neurosci (2007) 27(42):11201-13. doi:10.
airway allergy in mice. J Clin Invest (2009) 119(12):3723-38. doi:10.1172/ 1523/JNEUROSCI.2255-07.2007
JCI39717 79. Abutbul S, Shapiro ], Szaingurten-Solodkin I, Levy N, Carmy Y, Baron R,
59. Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, et al. Alveolar et al. TGF-beta signaling through SMAD2/3 induces the quiescent microglial
macrophages develop from fetal monocytes that differentiate into long-lived phenotype within the CNS environment. Glia (2012) 60(7):1160-71. doi:10.
cells in the first week of life via GM-CSE ] Exp Med (2013) 210(10):1977-92. 1002/glia.22343
doi:10.1084/jem.20131199 80. Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G,
60. Hume DA, Robinson AP, MacPherson GG, Gordon S. The mononuclear phago- et al. Identification of a unique TGF-beta-dependent molecular and func-
cyte system of the mouse defined by immunohistochemical localization of tional signature in microglia. Nat Neurosci (2014) 17(1):131-43. d0i:10.1038/
antigen F4/80. Relationship between macrophages, Langerhans cells, reticular nn.3599
cells, and dendritic cells in lymphoid and hematopoietic organs. ] Exp Med  81. Kohyama M, Ise W, Edelson BT, Wilker PR, Hildner K, Mejia C, et al. Role
(1983) 158(5):1522-36. doi:10.1084/jem.158.5.1522 for Spi-C in the development of red pulp macrophages and splenic iron
61. Hume DA, Perry VH, Gordon S. Immunohistochemical localization of a homeostasis. Nature (2009) 457(7227):318-21. doi:10.1038/nature07472
macrophage-specific antigen in developing mouse retina: phagocytosis of dying ~ 82. Haldar M, Kohyama M, So AY, K¢ W, Wu X, Briseno CG, et al. Heme-mediated
neurons and differentiation of microglial cells to form a regular array in the SPI-C induction promotes monocyte differentiation into iron-recycling
plexiform layers. ] Cell Biol (1983) 97(1):253-7. doi:10.1083/jcb.97.1.253 macrophages. Cell (2014) 156(6):1223-34. doi:10.1016/j.cell.2014.01.069
62. Hume DA, Halpin D, Charlton H, Gordon S. The mononuclear phagocyte  83. Baumgarth N. The double life of a B-1 cell: self-reactivity selects for protective
system of the mouse defined by immunohistochemical localization of antigen effector functions. Nat Rev Immunol (2011) 11(1):34-46. d0i:10.1038/nri2901
F4/80: macrophages of endocrine organs. Proc Natl Acad Sci U S A (1984) 84. Barth MW, Hendrzak JA, Melnicoff MJ], Morahan PS. Review of the
81(13):4174-7. doi:10.1073/pnas.81.13.4174 macrophage disappearance reaction. J Leukoc Biol (1995) 57(3):361-7.
Frontiers in Immunology | www.frontiersin.org 102 May 2015 | Volume 6 | Article 225


http://dx.doi.org/10.1172/JCI75212
http://dx.doi.org/10.5772/25639
http://dx.doi.org/10.1084/jem.179.1.1
http://dx.doi.org/10.1002/eji.200324003
http://dx.doi.org/10.1002/eji.200324003
http://dx.doi.org/10.1038/nri746
http://dx.doi.org/10.1073/pnas.89.8.3320
http://dx.doi.org/10.1073/pnas.0712350105
http://dx.doi.org/10.1084/jem.157.5.1704
http://dx.doi.org/10.1084/jem.157.5.1704
http://dx.doi.org/10.1002/ar.1092100311
http://dx.doi.org/10.1002/ar.1092100311
http://dx.doi.org/10.1172/JCI39717
http://dx.doi.org/10.1172/JCI39717
http://dx.doi.org/10.1084/jem.20131199
http://dx.doi.org/10.1084/jem.158.5.1522
http://dx.doi.org/10.1083/jcb.97.1.253
http://dx.doi.org/10.1073/pnas.81.13.4174
http://dx.doi.org/10.1002/eji.1830111013
http://dx.doi.org/10.1002/eji.1830111013
http://dx.doi.org/10.1073/pnas.0712350105
http://dx.doi.org/10.1126/science.1117729
http://dx.doi.org/10.4049/jimmunol.178.4.2000
http://dx.doi.org/10.4049/jimmunol.178.4.2000
http://dx.doi.org/10.1016/S1074-7613(03)00174-2
http://dx.doi.org/10.1016/j.it.2010.09.003
http://dx.doi.org/10.1016/j.immuni.2015.03.011
http://dx.doi.org/10.1016/j.immuni.2015.03.011
http://dx.doi.org/10.1038/nn2014
http://dx.doi.org/10.1084/jem.20091586
http://dx.doi.org/10.1016/j.it.2013.02.001
http://dx.doi.org/10.1016/S0171-2985(82)80075-2
http://dx.doi.org/10.1016/S0923-2494(05)80072-0
http://dx.doi.org/10.1016/S0923-2494(05)80072-0
http://dx.doi.org/10.1084/jem.20140570
http://dx.doi.org/10.1084/jem.20140570
http://dx.doi.org/10.1523/JNEUROSCI.2255-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2255-07.2007
http://dx.doi.org/10.1002/glia.22343
http://dx.doi.org/10.1002/glia.22343
http://dx.doi.org/10.1038/nn.3599
http://dx.doi.org/10.1038/nn.3599
http://dx.doi.org/10.1038/nature07472
http://dx.doi.org/10.1016/j.cell.2014.01.069
http://dx.doi.org/10.1038/nri2901
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Cassado et al.

Peritoneal macrophage heterogeneity

85.

86.

87.

88.

89.

90.

91.

92.

Lloberas J, Celada A. Effect of aging on macrophage function. Exp Gerontol
(2002) 37(12):1325-31. doi:10.1016/S0531-5565(02)00125-0

Herrero C, Sebastian C, Marques L, Comalada M, Xaus J, Valledor AF, et al.
Immunosenescence of macrophages: reduced MHC class II gene expression.
Exp Gerontol (2002) 37(2-3):389-94. doi:10.1016/50531-5565(01)00205-4
Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et al. A biomarker
that identifies senescent human cells in culture and in aging skin in vivo. Proc
Natl Acad Sci U S A (1995) 92(20):9363-7. doi:10.1073/pnas.92.20.9363
Takahashi M, Galligan C, Tessarollo L, Yoshimura T. Monocyte chemoat-
tractant protein-1 (MCP-1), not MCP-3, is the primary chemokine required
for monocyte recruitment in mouse peritonitis induced with thioglycollate or
zymosan A. ] Immunol (2009) 183(5):3463-71. doi:10.4049/jimmunol.0802812
Cohn ZA. Activation of mononuclear phagocytes: fact, fancy, and future.
J Immunol (1978) 121(3):813-6.

Leijh PC, van Zwet TL, ter Kuile MN, van Furth R. Effect of thioglycolate on
phagocytic and microbicidal activities of peritoneal macrophages. Infect Immun
(1984) 46(2):448-52.

Lagasse E, Weissman IL. Flow cytometric identification of murine neutrophils
and monocytes. | Immunol Methods (1996) 197(1-2):139-50. doi:10.1016/
0022-1759(96)00138-X

Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polar-
ization: tumor-associated macrophages as a paradigm for polarized M2
mononuclear phagocytes. Trends Immunol (2002) 23(11):549-55. doi:10.1016/
$1471-4906(02)02302-5

93.

94.

Gordon S. Alternative activation of macrophages. Nat Rev Immunol (2003)
3(1):23-35. doi:10.1038/nri978

Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine
system in diverse forms of macrophage activation and polarization. Trends
Immunol (2004) 25(12):677-86. doi:10.1016/.it.2004.09.015

. Martinez FO, Helming L, Gordon S. Alternative activation of macrophages:

an immunologic functional perspective. Annu Rev Immunol (2009) 27:451-83.
doi:10.1146/annurev.immunol.021908.132532

. Mosser DM. The many faces of macrophage activation. J Leukoc Biol (2003)

73(2):209-12. doi:10.1189/j1b.0602325

. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation.

Nat Rev Immunol (2008) 8(12):958-69. doi:10.1038/nri2448

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Cassado, D’Império Lima and Bortoluci. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

103

May 2015 | Volume 6 | Article 225


http://dx.doi.org/10.1016/S0531-5565(02)00125-0
http://dx.doi.org/10.1016/S0531-5565(01)00205-4
http://dx.doi.org/10.1073/pnas.92.20.9363
http://dx.doi.org/10.4049/jimmunol.0802812
http://dx.doi.org/10.1016/0022-1759(96)00138-X
http://dx.doi.org/10.1016/0022-1759(96)00138-X
http://dx.doi.org/10.1016/S1471-4906(02)02302-5
http://dx.doi.org/10.1016/S1471-4906(02)02302-5
http://dx.doi.org/10.1038/nri978
http://dx.doi.org/10.1016/j.it.2004.09.015
http://dx.doi.org/10.1146/annurev.immunol.021908.132532
http://dx.doi.org/10.1189/jlb.0602325
http://dx.doi.org/10.1038/nri2448
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

{frontiers in
IMMUNOLOGY

REVIEW ARTICLE
published: 20 April 2015
doi: 10.3389/fimmu.2015.00179

The complex myeloid network of the liver with diverse
functional capacity at steady state and in inflammation

Christoph Eckert, Niklas Klein, Miroslaw Kornek and Veronika Lukacs-Kornek *

Department of Medicine Il, Saarland University Medical Center, Homburg, Germany

Edited by:
Florent Ginhoux, Singapore
Immunology Network, Singapore

Reviewed by:

Frank Tacke, University Hospital
Aachen, Germany

Charles-Antoine Dutertre, Duke-NUS
Graduate Medical School, Singapore

*Correspondence:

Veronika Lukacs-Kornek, Department
of Medicine Il, Saarland University
Medical Center, Kirrbergerstr. 100,
Homburg 66424, Germany

e-mail: veronika.lukacs-kornek@
uniklinikum-saarland.de

liver immunology.

LIVER AS AN IMMUNE MILIEU

The liver functions as a metabolic center to ensure the proper pro-
cessing of nutrients and the clearance of toxins; yet, plays multiple
roles in systemic immune responses and in immune surveillance.
The liver receives blood from both the systemic circulation and
the intestine that mixes within the liver sinusoids (1). Approx-
imately, two-third of the hepatic blood flow procures from the
oxygen rich arteria hepatica and one-third is from the vena porta
carrying microbial and food-derived antigens and molecules (1,
2). The mixed blood travels through the sinusoids that are special-
ized blood vessels lined by the liver sinusoidal endothelial cells
(LSECs). LSECs assemble a discontinuous endothelium that is
in contact with various passenger and organ-resident immune
cells (3). Besides LSEC:s, the liver contains other parenchymal cells
such as hepatocytes and hepatic stellate cells (HSCs). The acti-
vation status and extracellular matrix production of HSCs are
critical for the progression of multiple liver diseases (4, 5). Impor-
tantly, these liver parenchymal cells interact with the variety of
immune cells, influence memory T cells, respond to danger sig-
nals, and additionally take on the role of antigen presenting cells
(APCs) within the liver (6, 7). As APCs, they present antigens

Abbreviations: APC, antigen presenting cell; BDL, bile duct ligation; BM, bone
marrow; DCs, dendritic cells; Batf3, basic leucine zipper transcription factor, ATF-
like 3; CCL4, carbon tetrachloride; CCR9, chemokine (C—C motif) receptor 9; CTL,
cytotoxic T lymphocyte; DNGR-1, DC NK lectin group receptor-1; DT, diphtheria
toxin; DTR, diphtheria toxin receptor; ECM, extracellular matrix; FA, fatty acid;
FIt3L, FMS-like tyrosine kinase 3 ligand; GM-CSEF, granulocyte macrophage colony-
stimulating factor; HSC, hepatic stellate cells; HL-DC, high-lipid liver dendritic cell;
1d2, inhibitor of DNA binding 2; IL, interleukin; KC, Kupffer cells; LL-DC, low-lipid
liver dendritic cell; LSEC, liver sinusoidal endothelial cells; LPS, lipopolysaccha-
ride; MCD, methionine choline deficient; MCP-1, monocyte chemotactic protein-1;
MMP-9, matrix metalloproteinase-9; MMP13, matrix metalloproteinase-13; NASH,
non-alcoholic steatohepatitis; pDC, plasmacytoid dendritic cell; PDL-1, programed
cell death 1 ligand; TNFa, tumor necrosis factor-alpha; TAA, thioacetamide; TLR,
toll like receptor; zbtb46, zinc finger and BTB domain containing.

In recent years, it has been an explosion of information regarding the role of various myeloid
cells in liver pathology. Macrophages and dendritic cell (DC) play crucial roles in multiple
chronic liver diseases such as fibrosis and non-alcoholic fatty liver disease (NAFLD). The
complexity of myeloid cell populations and the missing exclusive marker combination make
the interpretation of the data often extremely difficult. The current review aims to sum-
marize the multiple roles of macrophages and DCs in chronic liver diseases, especially
pointing out how these cells influence liver immune and parenchymal cells thereby alter
ing liver function and pathology. Moreover, the review outlines the currently known marker
combinations for the identification of these cell populations for the study of their role in

Keywords: dendritic cells, Kupffer cells, liver fibrosis, NASH, inflammatory monocytes

in the context of immunosuppressive cytokines and inhibitory
surface molecules resulting largely in tolerance (6, 7). The liver
also encompasses large populations of hematopoetic cells such as
innate lymphocytes (NK, NKT cells, and y3T cells) and myeloid
cells [dendritic cells (DCs) and macrophages] (6). Multiple cross-
talks exist between hematopoetic cells and liver parenchymal cells
at steady state and during injury. This review focuses on the phys-
iological and pathological roles of liver DCs and macrophages
paying special attention to chronic liver diseases such as fibrosis
and non-alcoholic fatty liver disease (NAFLD).

LIVER DENDRITIC CELLS

Dendritic cells are present in all tissues and represent the major
APCS within the body (8). They constantly sense their environ-
ment and capable of recognizing pathogens and various danger
signals. Activation of DCs results in their maturation toward
several functionally distinct “effector DCs” (9) that drive T cell
responses, such as T helper cell differentiation, induction of CTL,
and T cell tolerance (9). Additionally, DCs communicate with
innate lymphocytes (e.g., NK, NKT cells), therefore, can influence
both innate and adaptive immune responses (8).

Murine liver DC population, similarly as in most non-
lymphoid organs (except the lamina propria and dermis), consists
of three types of DCs (Table 1): the cDCls (classical type 1 DCs),
the ¢cDC2s (classical type 2 DCs), and pDCs (10, 11). Despite of
this categorization, in most liver studies, DCs are evaluated as
either CD11c* or MHCII™ cells. Although neither of the mole-
cules pinpoint exclusively DCs, using these markers liver DCs are
primarily located within the portal area and rarely scattered within
the parenchyma (6). The ¢cDC1 cells resemble lymphoid tissue
CD8* DCs, show migratory capacity in various non-lymphoid
organs, and can efficiently cross-present cell-associated antigens
(10, 11). Although the role of DC migration in liver pathology has
not been explored in details, antigen injected or targeted to the
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Table 1 | Summary of DC and macrophage population in healthy and injured liver.

Cell types Murine Human Reference

Dendritic cells

Classical Type 1 DCs (cDC1) CD45% PDCA1~ CD11ct CD11b~ CD103+ MHCII* CD45% HLA-DR* CD141F CD123~ CD11c* (8, 15)
Langerint/~ F4/80~ CX3CR1~ CD14-

Classical Type 2 DCs (cDC2) CD45% PDCA1~ CD11¢* CD11b* CD103~ MHCII*+ CD45* HLA-DR* CD1c* CD123~ CD11c* (10, 15=17)

F4/80*/~ Langerin™ CX3CR1*

CD141~ CD14*

pDCs CD45* PDCA1* CD11c* HLA-DR* CD123* CD11¢~ CD303*+ CD304+  (17)
pre-DCs CD45+ CD11ct MHCII~ Fit3+/~ ND (18)
Macrophages

KCs CD68* F4/80* CD11b'oW Ly6C'o™ Ly6G~ TLR4*T TLR9O* coest (19-22)
LyBCN' classical monocytes F4/80* CD11b" Ly6CM Gr1+ CX3CR1+ CCR2* CD14" CD16~ (23, 24)
M1 inflammatory F4/80+ CCR9T iINOS+ galectin-3* CD14* CD167 (it is not yet clarified how they  (25-27)
macrophages/monocytes differ from non-classical monocytes)

Restorative macrophages F4/80% CD11b'ow Ly6Clow CD14*+ CD16™" (24, 26, 28)

DCs and macrophages are classified according to the recently suggested nomenclature based on the ontogeny of these cells (15). The M1 type monocyte/macrophage

population present in liver injury and the restorative macrophages during resolution could not be incorporated in this nomenclature as their origin and relation to

monocytes and resident liver macrophages (KCs) need further clarification in the future. DCs, dendritic cells; KCs, Kupffer cells; pDCs, plasmacytoid DCs; pre-DCs,

precursor DCs.

liver reaches the draining LN and induces T cell activation (12,
13). Additionally, migratory DCs could be identified within the
portal lymphatic vessels in electronmicroscopy analyses (1, 14).

The ¢DC2s within non-lymphoid organs are heterogeneous
and partially monocyte lineage derived (10, 11). Their specific
role is less understood in non-lymphoid organs, involving the
liver as well. While the development of this subset depends in
most non-lymphoid organs on the presence of FLT3L and M-
CSE, in the liver, these cells are not exclusively dependent on these
growth factors but yet on an unidentified molecule (10). The liver,
similarly to other non-lymphoid tissues, contains not only fully
differentiated DCs but precursor DC population as well. From
these pre-DCs, either FLT3L or GM-CSF can induce liver DC
development bestowing DC homeostasis in situ (29, 30).

Functionally, CD11c™ cells isolated from healthy mouse
liver are less mature, have lower capacity to endocytose anti-
gen, and induce less efficient allogenic T cell activation as
secondary lymphoid organ (SLO)-derived DCs (31, 32). The
inhibitory/tolerogenic capacity of liver DCs could be attributed
to the specific microenvironment provided by parenchymal cells
of the liver. Fibroblastic and VCAM™ cells derived from the liver
could induce hematopoetic progenitor cells to differentiate toward
tolerogenic DCs in vitro that can inhibit experimental autoim-
mune hepatitis (33). It is assumed that circulatory DCs during
their translocation within the liver sinusoids toward the lymphat-
ics receive such tolerogenic education from liver parenchymal cells
(14, 34). Yet, its in vivo relevance needs to be elucidated.

Freshly isolated murine liver CD11c™ cells promote Th2 rather
than Thl T cell differentiation and via interacting with NK cells
induce regulatory T cell (Treg) development (35, 36). Moreover,
liver DCs produce increased amount of IL-10, IL-27 but less IL-12
upon LPS stimuli (37, 38). This hyporesponsive behavior toward
TLR stimuli, known as endotoxin tolerance, involves LPS/TLR4

but also extends toward other TLRs (6). This is especially impor-
tant, as the liver is constantly exposed to gut derived microbial
products. The breakdown in this tolerance could be observed
in colitis where pro-inflammatory DC/macrophage population
expands within the liver due to the increased amount of bacterial
products present in the portal blood. This creates an inflammatory
environment in the liver despite the absence of direct liver dam-
age (39). The tolerant state toward TLRs is an active process and
involves the action of various negative regulators of the TLR signal-
ing pathway (6). Interestingly, under steady state, liver DCs rather
respond to ECM stimuli (collagen-type I, laminin, fibronectin)
that induces MHC-II upregulation and maturation of GM-CSF
expanded liver DCs in vitro (40).

In humans, the cDC2 cells (CD11ct BDCA1™) are the most
abundant in the liver and they exhibit similar immature, tolero-
genic capacity as their murine counterpart (16,41) (Table 1). The
cDCl cell population that expresses CD141" has been recently
identified as a counterpart of murine CD8a™ cells (42). These
cells induce pro-inflammatory allogeneic MLRs, resulting in IFN-
y and IL-17 production by activated T cells (17). Importantly,
as opposite to cDC2s and pDCs, cDCls (identified in the study
as CD1417" cells) were markedly decreased during liver diseases
but among the DC-subsets produced the highest level of IEN-\
(17). It is possible that functional differences are reflected among
the DC subsets and each subset represents different aspects of
liver immunity and tolerance. In line with this, a classification of
murine liver DCs according to their lipid content distinguishes
between immunogenic and tolerogenic liver DCs. Due to their
acetyl-CoA carboxylase activity, HL-DCs (high lipid DCs) mount
strong immunogenic CTLs while the LL-DCs (low lipid DCs) with
low lipid content are tolerogenic (43). Notably, the marker combi-
nations used for this study showed that both HL-DCs and LL-DCs
include multiple DC-subsets distinguished by currently known
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surface markers and were not restricted to one specific subset.
Novel surface molecules are needed to specifically explore their
functional diversity.

pDCs are the major source of type-I IFN, regulate NK cell activ-
ity, and play important role in the induction of antiviral immunity
(44, 45). The murine liver is especially rich in pDCs; yet, the
human counterpart contains a smaller proportion of this popula-
tion among all DCs (17) (Table 1). Under steady state condition,
pDCs express low level of costimulatory molecules, are weak T
cell stimulators, and induce apoptosis in activated T cells in a Treg
dependent manner (46). Later could indicate a cellular interplay
between pDCs and Tregs in the liver microenvironment in order
to maintain the tolerogenic milieu. Accordingly, pDCs can induce
efficient CD4 and CD8 T cell tolerance to orally administered
antigens (47).

Microbial products, such as muramyl dipeptide present in
the portal blood, upregulate PDL-1 in pDCs and reduce their
response to TLRY stimuli (48). This is another example for the
TLR-mediated hyporesponsiveness (“endotoxin tolerance”) in the
liver. Strikingly, upon FLT3L treatment, the expanded liver pDCs
display strong immunostimulatory properties (49). It is unclear
whether this could be due to the expansion of a specific subpopula-
tion of pDCs, or their modified interaction with Tregs, or the result
of the complete rearrangement in the myeloid cell compartment,
and the consequent imbalance in the tolerogenic milieu.

Taken together, the multiple DC subsets within the liver par-
ticipate in guarding the tolerogenic environment and primarily
skewed toward suppressing T cell responses and toward induction
of Tregs. While DCs are the main APCs and inducers of T cell
immunity in SLOs, within the liver environment the question still
remains: how immunity can be induced by DCs in such suppressive
microenvironment? Induction of immunity might be attributed to
special DC subpopultaions such as the CD141" ¢DCls in humans
(17) and the CD103" ¢DCls in mice (50). Moreover, the appear-
ance of novel DC population, such as monocyte-derived DCs
present in iMATEs (intrahepatic myeloid-cell aggregates for T
cell population expansion), participates in efficient CLT expan-
sion within the liver (51). Alternatively, immunity is induced by
migratory DCs reaching the draining LN, thus, outside of the
liver suppressive environment. In line with this, antigen specifi-
cally expressed in draining LN results in hepatitis inducing CD8
T cell activation, while the same antigen within the liver induces
tolerance (52). Additionally, the liver can provide newly formed
structures for T cell activation resulting in immunity. Portal tract
associated lymphatic structures (PALPs) during Propionibacterium
acnes granuloma formation and tertiary lymphoid structures in
biliary cirrhosis represent locations where possible T and B cell
activation takes place, respectively (53, 54).

KUPFFER CELLS — RESIDENT MACROPHAGE POPULATION OF
THE LIVER

Kupffer cells (KCs) are tissue resident macrophages and they rep-
resent the largest hematopoetic cell population within the liver.
They arise from yolk sac during fetal development (55), adjust
themselves to the local microenvironment (56, 57), and renew
their population at steady state locally throughout adult life with
no or minimal contribution of hematopoetic progenitors or blood

monocytes (58-60). In mice, KCs can be distinguished from
monocytes among the F4/80™ cells as Ly6C'®" CD11b'°Y cell pop-
ulation (20, 21) (Table 1) and possess functional specifications
according to their positioning within the sinusoid (61). Recent
study could distinguish two KC functional groups: the one with
higher phagocytosis capacity and the one with preference toward
cytokine production (61, 62). Additionally, macrophages are func-
tionally grouped into two classes M1 and M2. While such plain
classification is questionable and often overstated, still provide a
simple but distinguishable concept for functional categorization
of these cells. M1 (termed classically activated) macrophages are
pro-inflammatory, while the M2 (termed alternatively activated)
macrophages are suppressive and involved in cellular repair (63).
According to this, KCs belong to the M2 type of cells and play
fundamental role in homeostasis, immune surveillance, and tissue
repair (63).

Their importance as tolerogenic APCs in the liver microen-
vironment is demonstrated in liver transplantation where they
prolong allograft survival (31). At steady state, they inhibit DC
mediated T cell activation within the sinusoids and presentation
of high affinity peptide by KCs results in deletional CD8 T cell tol-
erance (6, 64). Furthermore, they promote the suppressive capacity
of Tregs toward hepatic antigens (65, 66).

As all tissue resident macrophages, KCs express a wide reper-
toire of receptors for the recognition of pathogens and danger
signals such as Toll-like receptors, members of the inflammasome,
and scavenger receptors (31). In the presence of TLR ligands such
as LPS and CpG, KCs become immunogenic, and can induce CD8
T cell activation, and the generation of efficient CLT response (67,
68). Thus, during liver infection, they support the development
of antimicrobial T cell responses. Unfortunately, KCs induce effi-
cient CTL against antigens from the systemic circulation such as
the case in influenza infection (69). This CTL response results in
bystander hepatitis, often accompanying systemic viral infections.
Besides CD8 T cell responses, recent study describes naive CD4 T
cell activation in the murine liver by antigens expressed in hepa-
tocytes. This process is independent from lymphoid tissue but
dependent on clodronate-sensitive liver APC population possibly
involving KCs as well (70). Thus, KCs participate in the generation
of both CD4 and CD8 T cell responses.

Using their scavenger receptor repertoire, KCs are involved in
the clearance of apoptotic cell debris and central to iron home-
ostasis (71). KCs interact with multiple immune cells within the
sinusoids, such as Tregs, DCs, DC precursors, and innate lym-
phocytes (7, 53, 72, 73). After recognizing any danger signals,
KCs primarily drive the influx of inflammatory leukocytes such
as neutrophils and monocytes (63). Thus, KCs function as sen-
tinels and central orchestrators of cellular processes in healthy
and injured liver. Additionally, while they support the tolerogenic
milieu within the liver, their presence also ensures the protection
of the liver during pathogen invasion.

TOOLS TO STUDY LIVER DCs AND MACROPHAGES

In order to characterize the specific physiological and pathologi-
cal roles of DCs and macrophages, various animal models, tools
have been developed (Table 2) Among these models, there are
mouse lines deficient in transcription factors that are responsible
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Table 2 | Summary of the available models to study liver macrophages and DCs.

Animal model

Cell types affected

Liver fibrosis/NASH studies

Transcription factors
Cfsr19P/op Cfsr1~/=, Csfr2—/=
Batf3~/~, ID2/~, IRF8~/~
FIt3L~/~, injection of FLT3L
IRF2~/—, IRF4~/~

DTR system

CD11¢c-DTR-short promoterlong promoter

CD11b-DTR
CD169-DTR
Langerin-DTR

Zbtb46-DTR

Clodronate liposome mediated cell
depletion

Reporter/Cre mouse lines
CX3CR1-GFP

Cfsr1-GFP (MacGreen)
Lyz2-GFP/Lyz2-Cre
Cfsr1-GFP

CCR2-RFP

MHCII-EGFP
CDM1c-YFP/CD11c Cre
Langerin-GFP

DNGR-1-GFP

Macrophages, monocytes, some DCs, granulocytes
CD8* DCs, CD103* DC

CD8* CD11b~, CD11b™ DCs, pDCs

CD8~ CD11b* DCs

DCs, plasmablast, some activate CD8T cells, marginal zone
macrophages, alveolar macrophages, some B cells

All above + some NK and NKT, pDCs, monocyte-derived DCs
Neutrophils, monocytes, eosinophils, macrophages, some DCs
Splenic MM macrophages, LN macrophages, BM macrophages, KC
Langerin®™ dermal DCs, langerhans cells, some CD8*DCs, and some
CD103* DCs

DCs and DC committed progenitors, monocytes (Il-4 and GM-CSF)

Macrophages, some DCs, monocytes

Macrophages, monocytes, some DCs
Macrophages, monocytes, some DCs
Macrophages, granulocytes

Macrophages, monocytes, some DCs
Monocytes, macrophages, memory T cells
Macrophages, DC, B cells

See above

See above

DCs, pre-DCs

ND
ND
(75)
ND

(75-78)

(28, 79, 80)
ND
ND

ND

(81-86)

(87, 88)

ND, non-determined; DCs, dendritic cells; MM, marginal zone.

for the development of one or multiple subsets of myeloid cells.
Due to the multiple cell types affected in these models, the broader
impact of each of these genes makes it difficult to unequivocally
pinpoint subset specific functions. Nevertheless, these transgenic
animals helped significantly to establish broader understanding
of macrophage and DC development and their role under steady
state and inflammation (63, 74). However, just few of these models
have been evaluated so far in fibrosis and non-alcoholic steatohep-
atitis (NASH) models (Table 2) but also in liver immunology. This
might extend in the future as genetic model lacking cDCl1s have
just recently demonstrated that cDCls respond to hepatotropic
viral infection and are keys in the induction of anti-viral CD8 T
cell response in situ (50).

The most frequently used cell-depleting tools in liver
immunology are the clodronate liposome mediated depletion of
mononuclear cells and the CD11c-/CD11b-DTR (diphtheria toxin
receptor) transgenic system (87, 89). Clodronate-encapsulated
liposomes are taken up by mononuclear cells and the clodronate
bisphosphonate within the cell induces apoptosis that results in
depletion of the phagocytic cell population. Multiple phagocytic
cell types are affected using this depletion method such as KCs,
macrophages, and some members of the DC population as well.
Since more than one cell types are affected, the effects can be

extrapolated to a group of cells and not to individual subtypes
(89). Additionally, the release of inflammatory mediators (such as
TNF) has been associated with this type of cell depletion further
complicating the interpretation of experimental results (90).

The other widely used tool for liver biology is the CD11c-
DTR-based depletion system. Here, the human diphtheria toxin
receptor is expressed under the CD11c promoter and adminis-
tration of diphtheria toxin results in the depletion of CD11c*
cells. This model is used to dissect the role of conventional DCs.
The major disadvantage in this system is that multiple cell types
are affected such as marginal zone macrophages, monocytes, acti-
vated CD8 T cells, NK cells, and plasmacytoid DCs (89). Two
different CD11¢c-DTR mouse lines have been generated: the one
encompassing only a short piece of the CD11c promoter (3) and
the one with the full-length promoter (91). Although, they dif-
fer in the list of affected cell types, they gave important insights
in the role of CD11c" cells in liver immunology (Table 2).
Novel DTR tools have been developed in recent years that aim
to restrict the expression of DTR more specifically to DCs. The
zbtb-46-DTR model uses the transcription factor zbtb46 that
is exclusively expressed by DCs and DC-committed precursors
(92). Unfortunately, zbtb46 is upregulated in monocytes stim-
ulated with GM-CSF and IL-4, suggesting some limitations to
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this promoter (93, 94). Another promising promoter is the DC
NK lectin group receptor-1 (DNGR-1) that seems to be highly
restricted to the DC linage (95). Not only for DCs but also for
the study of macrophages, the perfect targeting tool still needs
to be developed. The primary tool for analyzing macrophages is
the CD11b-DTR system. However, CD11b is a widely expressed
marker among multiple immune cell types causing caveat for the
interpretation of cell types using this model for understanding
liver diseases (Table 2) (87).

To follow myeloid cells in situ using in vivo imaging, flow
cytometry or microscopy multiple reporter mouse models have
been developed. The promoters from different molecules such as
e.g., CD11c, Csfr1, CCR2, MHC-II, or CX3CR1 were used to gen-
erate these animal models (88) (Table 2). These models have their
own limitations according to their expression profile that have
been reviewed elsewhere (88) (Table 2). Some of the promoters
are also utilized to express Cre recombinase (Table 2). Crossing
these Cre expressing lines with animals carrying a flox-ed gene
allows the analyses of the cell specific depletion of the gene of
interest. Certainly, the specificity and limitation of the models are
determined by the expression pattern of the promoter used for
Cre expression (87). Despite the availability of these models, only
limited have been exploited for understanding specifically liver
fibrosis and NASH (Table 2).

Taken together, multiple models are available to answer liver
immunological questions. While each of the available models
has its own limitation, the combination of these models with
each other can still pinpoint important contribution of DCs and
macrophages in liver pathology.

THE ROLE OF DENDRITIC CELLS AND MACROPHAGES IN
CHRONIC LIVER DISEASES

LIVER FIBROSIS PROGRESSION

Liver fibrosis is a common endpoint of many chronic liver dis-
eases such as viral hepatitis, primary biliary cirrhosis, alcoholic and
NASH, or autoimmune liver disorder (96, 97). To investigate liver
fibrogenesis, several rodent models have been developed inducing
toxic (CCLy), biliary (bile duct ligation), oxidative (TAA-induced),
or metabolic (MCD/methionine choline deficient diet induced)
liver damage (96, 97). The MCD diet contains high sucrose and
fat (usually 40% sucrose and 10% fat) but lacks the amino acid
methionine and the small molecule choline that are essential for
hepatic B-oxidation and production/secretion of very low density
lipoprotein (VLDL). As a result, lipids are deposited in the liver
and steatosis, and NASH develops in these animals (98).

Remarkably, even though the molecular mechanisms leading
to hepatic cell death are very different, the process of fibrogenesis
and the cellular components involved share common hallmarks.
Such common components, that have established their role in
liver fibrosis, are the macrophages and the recruited inflammatory
monocytes.

Major evidence for the involvement of macrophages in liver
fibrosis is demonstrated in in vivo depletion studies using the
CD11b-DTR system and the clodronate-liposome mediated cell
depletion. In CCL4 induced liver injury, the progression of fibrosis
was attenuated in the absence of CD11b™ cells and the num-
ber of HSC-derived myofibroblasts was greatly reduced (79).

The administration of clodronate liposomes similarly suggested
that macrophages are pro-fibrogenic and affect the survival of
HSCs via TNF and IL-1 induced NF-kb signaling (84, 99).
Liver macrophage populations change during liver injury. One
of the major changes is the recruitment of inflammatory mono-
cytes to the injured liver and their differentiation toward tissue
macrophages (24, 26, 28, 100). Resident KCs in liver injury rapidly
secrete pro-inflammatory cytokines such as IL-18, TNF, CCL2, and
CCLS5 resulting in recruitment of multiple immune cells involv-
ing monocytes as well. The accumulation of circulating Ly6Ch
monocytes within the liver is greatly dependent on CCR2/CCL2
and CCL1/CCR8 axis (100). The monocyte recruiting chemokines,
however, not only originate from KCs but also from TLR-
activated HSCs (101). Moreover, senescent hepatocytes and NF-
kb-inducing kinase (NIK) activation in hepatocytes lead to the
release of numerous chemokines (86, 102). These chemokines
can influence the migration or activation state of macrophages
that in turn induce hepatocyte apoptosis. Accordingly, hepatocyte-
specific expression of the NIK in vivo triggers massive liver
inflammation and hepatocyte apoptosis leading to liver fibrosis
(86). Thus, the macrophage—hepatocyte cross-talk seems to greatly
influence cell recruitment and the activation state of macrophages,
thereby affecting the progression of liver injury. The fact that in the
above study KC/macrophage depletion using clodronate reversed
NIK-induced damage, also strongly suggests this.

Monocyte recruitment to the injured liver can be observed
early within 24h after the induction of CCLs; damage (25).
These early recruited cells are CCR9™, colocalize and interact
with CCR9' HSCs (27). Furthermore, these monocyte-derived
macrophages are characterized as CD11b*F4/80TiNOS™ cells that
exhibit profibrogenic properties via promoting HSC activation,
Th1 cell differentiation, and TGF release (25, 26). In addition to
this, profibrogenic Ly6C" macrophages express PDGF, IL-13 and
IL-4 that directly act on HSC derived myofibroblasts and induce
ECM production (25, 26). Macrophages produce various lectins
among them galectin-3 is required for TGFf mediated myofibrob-
last activation and matrix production that further underline their
profibrogenic capacity (103).

Another chemokine that affects the infiltrating monocytes is the
fractalkine receptor (CX3CR1). Fractalkine is released by hepa-
tocytes and HSCs during liver injury. It ensures the survival of
infiltrating monocytes and influences their differentiation toward
tissue macrophages (25). In the absence of CX3CR1, infiltrat-
ing monocytes develop into highly inflammatory macrophages
that die early via apoptosis. This perpetuates further inflamma-
tion and recruitment of Ly6CM cells. Additionally, CX3CR1 on
KCs increase their IL-10 expression and reduces their TNF and
TGFB (104). Thus, fractalkine represent a negative feedback on
the extension of liver inflammation through affecting KCs and the
presence and destiny of Ly6CM cells at least in the murine system.
It requires future research to clarify how the changes in monocyte
and macrophage subsets observed in mice are reflected in humans.

Regarding the M1-M2 classification of macrophages, during
the progression phase of liver fibrosis and during fibrosis reso-
lution, both types of cells are present in the liver side by side
(105). Interestingly, based on histological analyses these M1 and
M2 macrophages localize near to the fibrotic septa and could
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indicate further undiscovered cross-talk among these cells in liver
pathology. Of note, transcriptional analyses of macrophages that
are present in the resolution phase display a profile that cannot be
classified according to the M1/M2 nomenclature (28).

Accumulation of macrophages within the injured liver caused
just partially by the recruited monocytes and their differentiation
toward tissue macrophages. There is some evidence that local mul-
tiplication of resident and monocyte-derived macrophage pop-
ulation contribute to this process. Ki67 staining during CCL4
mediated liver injury demonstrated the presence of proliferating
KCs and monocyte-derived macrophages (28, 62). In most recent
study, Listeria infection of the liver resulted in monocyte-derived
macrophage proliferation via IL-4 and IL-33 (106). Whether these
cytokines are also involved in this process during other types of
liver injury and in humans as well remain to be elucidated.

Multiple animal studies reported that the number of dendritic
cells, pre-DCs, and pDCs increase during the progression phase
of liver fibrosis (76, 107). This raised the assumption that DCs
might contribute to fibrosis progression. Using the CD11¢c-DTR
model, it has been demonstrated that CD11c* cells provide a pro-
inflammatory milieu by producing IL-1p and TNF during injury
(76). Moreover, isolated cells contribute to HSC survival in vitro
suggesting a clear profibrogenic capacity of these cells (37). This
phenomenon, despite of the relatively broad CD11c expression
among other myeloid cells as discussed above (Tables 1 and 2),
was attributed to DCs.

Another study determined using the same CD11¢-DTR system
that DC depletion accelerates the development of fibrosis due to
their influence on angiogenesis. DCs seem to be the source of the
anti-angiogenic VEGF receptor 1 (also known as sFlt-1) and thus
influence the bioavailability of VEGF during fibrogenesis (78).
Notably, recent study has demonstrated that VEGF" inflamma-
tory monocytes/monocyte derived macrophages colocalize with
newly formed vessels in injured liver and pharmacological inhibi-
tion of CCL2 mediated recruitment of inflammatory monocytes
reduces fibrosis-induced angiogenesis without affecting fibrosis
progression (108). Thus, recruited monocytes/macrophages seem
to counterbalance the anti-angiogenic property of DCs during
fibrosis progression. Whether classical DCs or pDCs truly con-
tribute to fibrosis progression or play other role during liver injury
still remain to be clarified in the future.

LIVER FIBROSIS REGRESSION
Duringliver fibrosis, the increased production of ECM is accompa-
nied by high expression of MMPs and the presence of collagenase
activity, suggesting alterations and adjustments in the fibrotic
ECM. In fact, the fibrotic ECM seems to be different biochem-
ically than ECM produced during a steady state turnover (109).
In lung fibrosis, the pathological ECM activates fibroblastic cells
to build further matrix indicating a positive cross-talk between
fibroblast and matrix components (109). Also during liver fibro-
sis, heavily cross-linked, modified ECM could be identified (110);
however, it remains to be elucidated whether similar regulatory
loop as in the lung operates in liver fibrosis as well.

Importantly, after removal of the noxious agents causing liver
damage, fibrotic scars degrade and normal liver architecture can be
restored. This process is called resolution. While this functions well

in various animal models, in humans this seems to be a point of
no return where fibrosis and cirrhosis progresses nonetheless (97).

In resolution, the role of macrophages has been demonstrated
in multiple animal studies. Depletion of CD11b" cells during
fibrosis progression, as above discussed, reduced scarring while
during fibrosis resolution led to a failure in matrix degrada-
tion (79, 80). This strongly suggests the dominant presence of
two functionally different macrophage populations. According to
this, Ramachandran et al. have identified a subset of Ly6C1°W
“restorative” macrophages during resolution (28). These cells
originated from Ly6CM recruited monocytes expressed MMPs
including MMP9, MMP12,and phagocytosis related genes. Impor-
tantly, based on gene expression profiling, they could not be fit
in the M1/M2 macrophage classification. Moreover, phagocyto-
sis of liposomes or cellular debris by liver macrophages could
recapitulate this type of restorative phenotype (28). In addition
to this, recent study demonstrated that scar associated myeloid
cells attract endothelial cells to the scar tissue via VEGF and
that genetic ablation of VEGF in myeloid cells resulted in the
increase of MMP2 and MMP13 and decrease of TIMP1 in the
liver. While macrophages have not been unequivocally identi-
fied as myeloid cells in this study, the results indicate that the
myeloid cells induced angiogenesis gears the balance toward fibrol-
ysis (111). This is in line with recent findings that demonstrated
that VEGF signaling plays key role during liver fibrosis resolution.
Anti-VEGF antibody treatment during resolution led to impaired
tissue repair. Mechanistically, VEGF regulated endothelial per-
meability, monocyte recruitment, and affected the CXCL9 and
MMP13 expression of scar-associated macrophages. Importantly,
depletion of Cfsr17 cells (including macrophages, monocytes, and
DCs Table 2) impaired fibrosis resolution (112).

Based on these findings, macrophages can be grouped in profi-
brogenic and restorative macrophage populations beyond the
M1/M2 scheme, a classification that might be much more benefi-
cial for finding new targets for fibrosis therapy. However, multiple
open questions remain concerning the balance of the heteroge-
neous population in liver diseases and the relation to each other.
One molecule could provide a better understanding to the prob-
lem, the chemokine CX3CL1. Ramachandran et al. showed a
higher expression of CX3CR1 within the restorative macrophage
population, then in the profibrotic subset (28). Consistent with
these findings, HSC and hepatocyte-derived fractalkine led to the
induction of Arginase 1 in a mixed Kupffer-cell/macrophage cell
population, a marker that has been associated with the fibrolytic
macrophage subset (28, 104). Thus, an intriguing possibility is the
progressive class switch between macrophage populations dur-
ing fibrosis progression and regression. This possibility is under-
lined by the fact that the overall number of profibrogenic Ly6CM
macrophages strongly decreases in resolution despite the presence
of their strong proliferation activity at early time points of fibrosis
regression. At the same time, the number of Ly6C!® macrophages
increases (28). Along this line, blocking CCL2 dependent liver
infiltration by Ly6CM monocytes during fibrosis regression leads
to a higher relative amount of Ly6C!® macrophages (113). More-
over, the Ly6C!® macrophages could be shown to be postphagocytic
and seem to appear in the phase of reduced hepatocyte death, fur-
ther supporting the switch concept (28). It remains to be clarified
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in the future how the macrophage populations interact and relate
to each other. Similarly as the murine restorative macrophages
in humans, this population is likely represented by the CD14*
CD16™ cells (24,26). They display phagocytic activity but as oppo-
site to the murine cells express a variety of pro-inflammatory and
pro-fibrogenic molecules as well.

Besides macrophages, DCs have also been implicated in liver
fibrosis resolution. Jiao et al. have demonstrated that depletion of
CD11c cellsleads to delay in fibrosis resolution and delayed clear-
ance of activated HSCs. To more precisely pinpoint DCs in this
process, adoptive transfer of purified DCs or expansion of endoge-
nous DCs using FLT3L could accelerate regression. Moreover, DCs
were the source of MMP9 and therefore seem to complement
restorative macrophages in this process (75).

NON-ALCOHOLIC FATTY LIVER DISEASE

Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifes-
tation of metabolic syndrome that includes hypertension, hyper-
lipidemia, insulin resistance, and visceral adiposity, and shows a
worldwide increasing tendency among chronic liver diseases (114,
115). In most cases, the liver steatosis is mild. However, up to one-
fifth of the cases progresses toward NASH that is characterized
by intrahepatic inflammation, increased steatosis with hepatocel-
lular ballooning, and often accompanied by progressive fibrosis
(114, 115). NASH is prone to the development of cirrhosis and
liver cancer (115). While the precise cellular and molecular mech-
anisms of NASH are not yet fully understood, multiple studies
have investigated macrophages and DCs in this disease.

Similarly as during liver fibrogenesis, in NASH, the two
main components that show alterations are the response of
macrophages/KCs and the recruited inflammatory monocytes.
The key role of macrophages/KCs in NASH has been demon-
strated in studies where these cells were specifically depleted using
gadolinium chloride or clodronate liposomes (81-83, 85). In the
absence of KCs, the steatohepatitis was markedly reduced. In addi-
tion to this, KCs display an M1 TNF expressing pro-inflammatory
phenotype and increase triglyceride accumulation, decrease fatty
acid oxidation and insulin responsiveness of hepatocytes (82, 83).
KC-derived TNF production seems to be central in NASH devel-
opment, as silencing liver TNF or using TNFR1/2 deficient animals
attenuate liver steatosis compared with control wild-type animals
(85, 116).

Multiple triggers have been identified for KC activation and
for the induction of their pro-inflammatory cytokine production
in NASH. TLR4 deficient animals showed reduced liver damage
and KC depletion prevented the increase in TLR4 expression dur-
ing MCD diet (81). Bacterial product induced KC activation is in
accordance with clinical data that demonstrate bacterial transloca-
tion in NASH patients (117). Notably, TLR4 can be triggered not
only by LPS but also by free fatty acids and high mobility group
box-1 protein (HMGBI1) that is increased in obesity and during
hepatocyte injury. Not only LPS but also translocated nucleic acids
have been implicated in the development of NASH via triggering
TLR9 mediated KC activation and IL-1f release (118).

Lipidomics and mass spectrometry profiling revealed that KCs
accumulate toxic lipids due to the dysregulation of lipid metab-
olism during high fat diet. Moreover, these lipid-loaded KCs

produce pro-inflammatory cytokines and chemokines (119). The
balance between the M1 and M2 type of KCs seem to be a key
for NASH progression. Mice fed with high-fat diet displayed a
predominant M2 KC polarization, the apoptosis of M1 KCs and
resistance to hepatocyte steatosis. In vitro experiments demon-
strated that M2 macrophages release IL-10 that in return increase
the sensitivity of M1 macrophages to undergo apoptosis (120).

The other hallmark of NASH is the increased monocyte recruit-
ment to the injured liver. Activated KCs upregulate their MCP-1
expression that is the major chemokine involved in the recruit-
ment of Ly6CM cells. These Ly6CM cells are pro-inflammatory
and further perturb hepatic inflammation (85). Consequently,
CCR2 deficient animals show decreased steatosis (113, 121). On
the other hand, CCR2 signaling, when MCD diet is replaced with
control diet, counteracts tissue resolution by perpetuating inflam-
mation (113). This is a similar phenomenon as observed in fibrosis
resolution (113).

Non-alcoholic steatohepatitis is associated with increased num-
ber of hepatic DCs identified by MHCII™ CDI11c* cells (77).
Depletion of these cells using CD11c-DTR mouse model exacer-
bates hepatic inflammation whereas during the resolution phase
delays the reconstitution of normal tissue homeostasis. Impor-
tantly, these cells take up apoptotic cells, inhibit TLR expression,
T cell expansion, and cytokine production by innate cells (77).
This strongly suggests DCs as an important negative regulator of
NASH inflammation. As opposite to this, another study has clas-
sified CD11c™ cells during MCD-diet based on their lipid content
(43). It remains to be clarified whether the tolerogenic LL-DC (low
lipid DC) population is equivalent with the same immunoregula-
tory DCs in NASH as described by Henning et al. Of note, based
on the surface marker expression profile of HL-DCs and LL-DCs,
they rather seemed to be a part of a heterogeneous population,
despite that all cells expressed various level of CD11c (43).

SUMMARY AND CONCLUSION

Taken together, the liver represents a unique immunological niche
within the body. Its parenchymal and non-parenchymal cells
guard its tolerogenic and suppressive microenvironment while
supporting its sentinel task of the portal and systemic circu-
lation (Figure 1). Most liver injuries trigger the activation of
resident KC/macrophage population that rapidly releases pro-
inflammatory mediators such as TNF and IL-1B. This is followed
by a chain of events that seem to be commonly shared by many
injuries causing NASH and leading to liver fibrosis. The response
involves the alterations within the myeloid cell composition pri-
marily affecting macrophages. Importantly, other immune cells
such as DCs, neutrophils, innate cells, and activated T cell are also
recruited to the injured liver and play various roles in disease pro-
gression (6, 97). The exact role of liver DCs during chronic liver
injury is yet to be determined. Nevertheless, they seem to be sim-
ilarly pro-inflammatory as the Ly6C" recruited monocytes. This
feature is shared with infectious liver diseases; thus, it supposes to
induce liver protecting immunity (2, 7). During chronic liver dis-
eases, the overwhelming presence of pro-inflammatory immune
cells together with liver damaging noxious agents eventually lead
to extensive cell death and scar formation, a common outcome for
chronic liver disorders. While KC activation alarms other immune
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FIGURE 1 | The contribution of DCs and macrophages to the
pathomechanism of liver fibrosis and NASH. Liver injury triggers the
activation of Kuppfer cells, the resident macrophage population of the liver.
Their activation leads to the release of inflammatory mediators and
chemokines such as TNF, IL-18, and CCL2. This is followed by the recruitment
of various immune cells involving inflammatory monocytes and DCs. The
Ly6C" monocytes differentiate into M1 CCR9*iINOS* macrophages, and

together with DCs in the progression phase of liver injury, act in a
pro-inflammatory manner and perpetuate inflammation. Some DCs, possibly
the LI:DCs, seem to inhibit liver steatohepatitis and protect liver damage. In
resolution, the Ly6C" restorative macrophages together with MMP9* DCs
promote fibrolysis and the restoration of normal tissue architecture. HMGB-1,
high mobility group box-1 protein; HSC, hepatic stellate cells; KC, Kupffer
cells; LL-DC, low lipid containing DCs; LSEC, liver sinusoidal endothelial cells.

cells to travel to the liver, it influences metabolic processes and
survival of hepatocytes. During disease progression, Ly6CP cells
seem to develop into Ly6C!® restorative macrophages. These cells,
if the harmful agent vanishes, lead to resolution and can restore
normal tissue architecture (Figure 1). Especially, in this process,
DCs are complementing the macrophage population. In infection,
recent report demonstrated that necroptosis of KCs was necessary
to induce the Th2 mediated tissue repair (106) that remains to be
tested to affect fibrosis resolution in the future. Equally important
is the more detailed understanding of the factors involved in the
switch from the pro-inflammatory to the restorative macrophage
population.

Despite of the significant amount of data available in mice,
we have just limited understanding about the course of events in
human liver diseases. It will need future studies to analyze DC,
monocyte, and macrophage populations within human liver sam-
ples not only phenotypically and functionally but also on genomic
level in comparison with their murine counterparts. This can
lead to better understanding of liver diseases but also for iden-
tifying novel therapeutic targets. A promising clinical perspective
is to target chemokines in the early phase of the liver response to
avoid inflammatory cell recruitment and further inflammation.
One possibility is affecting the CCL2 axis. Currently, Cenicriviroc,
an inhibitor of CCR2, is tested (Centaur study, phase 2 clin-
ical trial, NCT:022117475) to attenuate fibrosis progression in
NASH patients. Along this line, other chemokines that could affect

the differentiation of monocytes to inflammatory macrophages
could be a possible target in the future. Additionally, DCs and
restorative macrophages could become novel objectives for induc-
ing fibrolysis and reversing liver damage. Notably, autologous
transfer of expanded mononuclear cells to chronic viral hepatitis-
associated fibrotic patients showed improved outcome as indicated
by reduced Child-Pugh score (122), suggesting a great potential of
myeloid cell transfer-based therapeutic procedures in the future.

AUTHOR CONTRIBUTIONS

CE, NK contributed to the writing of the manuscript, prepared the
tables. MK supervised the students and critically read the manu-
script. VL-K developed the concept of the manuscript, supervised,
and wrote the manuscript.

ACKNOWLEDGMENTS

This work was supported by the Alexander von Humboldt Foun-
dation, Sofja Kovalevskaja Award to VL-K by a Deutsche Krebshilfe
grant #111184 to MK.

REFERENCES
1. Ohtani O, Ohtani Y. Lymph circulation in the liver. Anat Rec (Hoboken) (2008)
291:643-52. doi:10.1002/ar.20681
2. Jenne CN, Kubes P. Immune surveillance by the liver. Nat Immunol (2013)
14:996-1006. doi:10.1038/ni.2691
3. Racanelli V, Rehermann B. The liver as an immunological organ. Hepatology
(2006) 43:554—62. doi:10.1002/hep.21060

Frontiers in Immunology | Antigen Presenting Cell Biology

April 2015 | Volume 6 | Article 179 | 111


http://dx.doi.org/10.1002/ar.20681
http://dx.doi.org/10.1038/ni.2691
http://dx.doi.org/10.1002/hep.21060
http://www.frontiersin.org/Antigen_Presenting_Cell_Biology
http://www.frontiersin.org/Antigen_Presenting_Cell_Biology/archive

Eckert et al.

Myeloid cells in the liver

ks

wul

>

N

o

°

10.

—
—

14.

16.

17.

19.

20.

2

—

22.

23.

24,

25.

Winau F, Quack C, Darmoise A, Kaufmann SH. Starring stellate cells in
liver immunology. Curr Opin Immunol (2008) 20:68-74. doi:10.1016/j.coi.
2007.10.006

. Puche JE, Saiman Y, Friedman SL. Hepatic stellate cells and liver fibrosis. Compr

Physiol (2013) 3:1473-92. doi:10.1002/cphy.c120035

Thomson AW, Knolle PA. Antigen-presenting cell function in the tolerogenic
liver environment. Nat Rev Immunol (2010) 10:753—66. doi:10.1038/nri2858
Crispe IN. Immune tolerance in liver disease. Hepatology (2014) 60:2109-17.
doi:10.1002/hep.27254

. Steinman RM, Banchereau J. Taking dendritic cells into medicine. Nature

(2007) 449:419-26. doi:10.1038/nature06175

Hopp AK, Rupp A, Lukacs-Kornek V. Self-antigen presentation by dendritic
cells in autoimmunity. Front Immunol (2014) 5:55. doi:10.3389/fimmu.2014.
00055

Ginhoux E, Liu K, Helft J, Bogunovic M, Greter M, Hashimoto D, et al. The ori-
gin and development of nonlymphoid tissue CD103+ DCs. ] Exp Med (2009)
206:3115-30. doi:10.1084/jem.20091756

. Miller JC, Brown BD, Shay T, Gautier EL, Jojic V, Cohain A, et al. Deciphering

the transcriptional network of the dendritic cell lineage. Nat Immunol (2012)
13:888-99. d0i:10.1038/ni.2370

. Yoneyama H, Narumi S, Zhang Y, Murai M, Baggiolini M, Lanzavecchia A,

et al. Pivotal role of dendritic cell-derived CXCL10 in the retention of T helper
cell 1 lymphocytes in secondary lymph nodes. ] Exp Med (2002) 195:1257—66.
doi:10.1084/jem.20011983

. Barbier L, Tay SS, McGuffog C, Triccas JA, McCaughan GW, Bowen DG, et al.

Two lymph nodes draining the mouse liver are the preferential site of DC
migration and T cell activation. ] Hepatol (2012) 57:352—8. d0i:10.1016/j.jhep.
2012.03.023

Matsuno K, Kudo S, Ezaki T. The liver sinusoids as a specialized site for blood-
lymph translocation of rat dendritic cells. Adv Exp Med Biol (1997) 417:77-81.
doi:10.1007/978-1-4757-9966-8_13

. Guilliams M, Ginhoux F Jakubzick C, Naik SH, Onai N, Schraml BU, et al.

Dendritic cells, monocytes and macrophages: a unified nomenclature based on
ontogeny. Nat Rev Immunol (2014) 14:571-8. doi:10.1038/nri3712

Bosma BM, Metselaar HJ, Mancham S, Boor PP, Kusters JG, Kazemier G, et al.
Characterization of human liver dendritic cells in liver grafts and perfusates.
Liver Transpl (2006) 12:384-93. doi:10.1002/1t.20659

Kelly A, Fahey R, Fletcher JM, Keogh C, Carroll AG, Siddachari R, etal.
CD141(+) myeloid dendritic cells are enriched in healthy human liver. ] Hepa-
tol (2014) 60:135—42. doi:10.1016/j.jhep.2013.08.007

. Liu K, Nussenzweig MC. Origin and development of dendritic cells. Immunol

Rev (2010) 234:45-54. doi:10.1111/j.0105-2896.2009.00879.x

Guo S, Yang C, Mei F, Wu S, Luo N, Fei L, et al. Down-regulation of Z391g
on macrophages by IFN-gamma in patients with chronic HBV infection. Clin
Immunol (2010) 136:282-91. doi:10.1016/j.clim.2010.03.007

Nascimento M, Huang SC, Smith A, Everts B, Lam W, Bassity E, etal.
Ly6Chi monocyte recruitment is responsible for Th2 associated host-protective
macrophage accumulation in liver inflammation due to schistosomiasis. PLoS
Pathog (2014) 10:¢1004282. doi:10.1371/journal.ppat.1004282

. Zigmond E, Samia-Grinberg S, Pasmanik-Chor M, Brazowski E, Shibolet O,

Halpern Z, etal. Infiltrating monocyte-derived macrophages and resident
kupffer cells display different ontogeny and functions in acute liver injury.
J Immunol (2014) 193:344-53. doi:10.4049/jimmunol.1400574

Strauss O, Dunbar PR, Bartlett A, Phillips A. The immunophenotype of anti-
gen presenting cells of the mononuclear phagocyte system in normal human
liver — a systematic review. ] Hepatol (2015) 62:458—68. doi:10.1016/j.jhep.
2014.10.006

Karlmark KR, Weiskirchen R, Zimmermann HW, Gassler N, Ginhoux F, Weber
C, etal. Hepatic recruitment of the inflammatory Grl+ monocyte subset
upon liver injury promotes hepatic fibrosis. Hepatology (2009) 50:261-74.
d0i:10.1002/hep.22950

Liaskou E, Zimmermann HW, Li KK, Oo YH, Suresh S, Stamataki Z,
etal. Monocyte subsets in human liver disease show distinct phenotypic
and functional characteristics. Hepatology (2013) 57:385-98. doi:10.1002/hep.
26016

Karlmark KR, Zimmermann HW, Roderburg C, Gassler N, Wasmuth HE,
Luedde T, et al. The fractalkine receptor CX(3)CR1 protects against liver fibro-
sis by controlling differentiation and survival of infiltrating hepatic monocytes.
Hepatology (2010) 52:1769—-82. doi:10.1002/hep.23894

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

45.

Zimmermann HW, Seidler S, Nattermann J, Gassler N, Hellerbrand C, Zer-
necke A, et al. Functional contribution of elevated circulating and hepatic non-
classical CD14CD16 monocytes to inflammation and human liver fibrosis.
PLoS One (2010) 5:e11049. doi:10.1371/journal.pone.0011049

Chu PS, Nakamoto N, Ebinuma H, Usui S, Saeki K, Matsumoto A, et al. C-
C motif chemokine receptor 9 positive macrophages activate hepatic stel-
late cells and promote liver fibrosis in mice. Hepatology (2013) 58:337-50.
d0i:10.1002/hep.26351

Ramachandran P, Pellicoro A, Vernon MA, Boulter L, Aucott RL, Ali A, et al.
Differential Ly-6C expression identifies the recruited macrophage phenotype,
which orchestrates the regression of murine liver fibrosis. Proc Natl Acad Sci U
S A (2012) 109:E3186-95. doi:10.1073/pnas.1119964109

Liu K, Waskow C, Liu X, Yao K, Hoh J, Nussenzweig M. Origin of dendritic
cells in peripheral lymphoid organs of mice. Nat Immunol (2007) 8:578-83.
doi:10.1038/ni1462

Liu K, Victora GD, Schwickert TA, Guermonprez P, Meredith MM, Yao K, et al.
In vivo analysis of dendritic cell development and homeostasis. Science (2009)
324:392-7. doi:10.1126/science.1170540

Thomson AW, Geller DA, Gandhi C, Murase N, Demetris AJ, Beer-Stolz D.
Hepatic antigen-presenting cells and regulation of liver transplant outcome.
Immunol Res (2011) 50:221-7. doi:10.1007/s12026-011-8223-0
Lukacs-Kornek V, Schuppan D. Dendritic cells in liver injury and fibrosis: short-
comings and promises. J Hepatol (2013) 59:1124-6. doi:10.1016/j.jhep.2013.
05.033

Xia S, Guo Z, Xu X, Yi H, Wang Q, Cao X. Hepatic microenvironment programs
hematopoietic progenitor differentiation into regulatory dendritic cells, main-
taining liver tolerance. Blood (2008) 112:3175-85. doi:10.1182/blood-2008-
05-159921

Kudo S, Matsuno K, Ezaki T, Ogawa M. A novel migration pathway for rat
dendritic cells from the blood: hepatic sinusoids-lymph translocation. J Exp
Med (1997) 185:777-84. doi:10.1084/jem.185.4.777

Khanna A, Morelli AE, Zhong C, Takayama T, Lu L, Thomson AW. Effects
of liver-derived dendritic cell progenitors on Thl- and Th2-like cytokine
responses in vitro and in vivo. J Immunol (2000) 164:1346-54. doi:10.4049/
jimmunol.164.3.1346

Jinushi M, Takehara T, Tatsumi T, Yamaguchi S, Sakamori R, Hiramatsu N, et al.
Natural killer cell and hepatic cell interaction via NKG2A leads to dendritic
cell-mediated induction of CD4 CD25 T cells with PD-1-dependent regula-
tory activities. Immunology (2007) 120:73-82. doi:10.1111/j.1365-2567.2006.
02479.x

Abe M, Tokita D, Raimondi G, Thomson AW. Endotoxin modulates the capacity
of CpG-activated liver myeloid DC to direct Th1-type responses. Eur ] Immunol
(2006) 36:2483-93. doi:10.1002/€ji.200535767

Chen Y, Jiang G, Yang HR, Gu X, Wang L, Hsieh CC, et al. Distinct response
of liver myeloid dendritic cells to endotoxin is mediated by IL-27. J Hepatol
(2009) 51:510-9. doi:10.1016/j.jhep.2009.04.026

Mikami Y, Mizuno S, Nakamoto N, Hayashi A, Sujino T, Sato T, etal.
Macrophages and dendritic cells emerge in the liver during intestinal inflam-
mation and predispose the liver to inflammation. PLoS One (2014) 9:e84619.
doi:10.1371/journal.pone.0084619

LuL,Woo J,Rao AS, LiY, Watkins SC, Qian S, et al. Propagation of dendritic cell
progenitors from normal mouse liver using granulocyte/macrophage colony-
stimulating factor and their maturational development in the presence of type-
1 collagen. J Exp Med (1994) 179:1823-34. doi:10.1084/jem.179.6.1823
Bamboat ZM, Stableford JA, Plitas G, Burt BM, Nguyen HM, Welles AP, et al.
Human liver dendritic cells promote T cell hyporesponsiveness. ] Immunol
(2009) 182:1901-11. doi:10.4049/jimmunol.0803404

Haniffa M, Shin A, Bigley V, McGovern N, Teo P, See P, et al. Human tissues
contain CD141hi cross-presenting dendritic cells with functional homology
to mouse CD103+ nonlymphoid dendritic cells. Immunity (2012) 37:60-73.
doi:10.1016/j.immuni.2012.04.012

Ibrahim J, Nguyen AH, Rehman A, Ochi A, Jamal M, Graffeo CS, et al. Dendritic
cell populations with different concentrations of lipid regulate tolerance and
immunity in mouse and human liver. Gastroenterology (2012) 143:1061-72.
doi:10.1053/j.gastro.2012.06.003

Villadangos JA, Young L. Antigen-presentation properties of plasmacytoid den-
dritic cells. Immunity (2008) 29:352—61. doi:10.1016/j.immuni.2008.09.002
Swiecki M, Gilfillan S, Vermi W, Wang Y, Colonna M. Plasmacytoid den-
dritic cell ablation impacts early interferon responses and antiviral NK and

www.frontiersin.org

April 2015 | Volume 6 | Article 179 | 112


http://dx.doi.org/10.1016/j.coi.2007.10.006
http://dx.doi.org/10.1016/j.coi.2007.10.006
http://dx.doi.org/10.1002/cphy.c120035
http://dx.doi.org/10.1038/nri2858
http://dx.doi.org/10.1002/hep.27254
http://dx.doi.org/10.1038/nature06175
http://dx.doi.org/10.3389/fimmu.2014.00055
http://dx.doi.org/10.3389/fimmu.2014.00055
http://dx.doi.org/10.1084/jem.20091756
http://dx.doi.org/10.1038/ni.2370
http://dx.doi.org/10.1084/jem.20011983
http://dx.doi.org/10.1016/j.jhep.2012.03.023
http://dx.doi.org/10.1016/j.jhep.2012.03.023
http://dx.doi.org/10.1007/978-1-4757-9966-8_13
http://dx.doi.org/10.1038/nri3712
http://dx.doi.org/10.1002/lt.20659
http://dx.doi.org/10.1016/j.jhep.2013.08.007
http://dx.doi.org/10.1111/j.0105-2896.2009.00879.x
http://dx.doi.org/10.1016/j.clim.2010.03.007
http://dx.doi.org/10.1371/journal.ppat.1004282
http://dx.doi.org/10.4049/jimmunol.1400574
http://dx.doi.org/10.1016/j.jhep.2014.10.006
http://dx.doi.org/10.1016/j.jhep.2014.10.006
http://dx.doi.org/10.1002/hep.22950
http://dx.doi.org/10.1002/hep.26016
http://dx.doi.org/10.1002/hep.26016
http://dx.doi.org/10.1002/hep.23894
http://dx.doi.org/10.1371/journal.pone.0011049
http://dx.doi.org/10.1002/hep.26351
http://dx.doi.org/10.1073/pnas.1119964109
http://dx.doi.org/10.1038/ni1462
http://dx.doi.org/10.1126/science.1170540
http://dx.doi.org/10.1007/s12026-011-8223-0
http://dx.doi.org/10.1016/j.jhep.2013.05.033
http://dx.doi.org/10.1016/j.jhep.2013.05.033
http://dx.doi.org/10.1182/blood-2008-05-159921
http://dx.doi.org/10.1182/blood-2008-05-159921
http://dx.doi.org/10.1084/jem.185.4.777
http://dx.doi.org/10.4049/jimmunol.164.3.1346
http://dx.doi.org/10.4049/jimmunol.164.3.1346
http://dx.doi.org/10.1111/j.1365-2567.2006.02479.x
http://dx.doi.org/10.1111/j.1365-2567.2006.02479.x
http://dx.doi.org/10.1002/eji.200535767
http://dx.doi.org/10.1016/j.jhep.2009.04.026
http://dx.doi.org/10.1371/journal.pone.0084619
http://dx.doi.org/10.1084/jem.179.6.1823
http://dx.doi.org/10.4049/jimmunol.0803404
http://dx.doi.org/10.1016/j.immuni.2012.04.012
http://dx.doi.org/10.1053/j.gastro.2012.06.003
http://dx.doi.org/10.1016/j.immuni.2008.09.002
http://www.frontiersin.org
http://www.frontiersin.org/Antigen_Presenting_Cell_Biology/archive

Eckert et al.

Myeloid cells in the liver

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

63.

64.

65.

CD8(+) T cell accrual. Immunity (2010) 33:955-66. doi:10.1016/j.immuni.
2010.11.020

Tokita D, Sumpter TL, Raimondi G, Zahorchak AF, Wang Z, Nakao A, et al.
Poor allostimulatory function of liver plasmacytoid DC is associated with
pro-apoptotic activity, dependent on regulatory T cells. J Hepatol (2008)
49:1008-18. doi:10.1016/j.jhep.2008.07.028

Goubier A, Dubois B, Gheit H, Joubert G, Villard-Truc F, Asselin-Paturel C,
et al. Plasmacytoid dendritic cells mediate oral tolerance. Immunity (2008)
29:464-75. doi:10.1016/j.immuni.2008.06.017

Castellaneta A, Sumpter TL, Chen L, Tokita D, Thomson AW. NOD?2 liga-
tion subverts IFN-alpha production by liver plasmacytoid dendritic cells and
inhibits their T cell allostimulatory activity via B7-H1 up-regulation. ] Immunol
(2009) 183:6922-32. doi:10.4049/jimmunol.0900582

Kingham TP, Chaudhry UI, Plitas G, Katz SC, Raab J, Dematteo RP. Murine
liver plasmacytoid dendritic cells become potent immunostimulatory cells after
Flt-3 ligand expansion. Hepatology (2007) 45:445-54. doi:10.1002/hep.21457

Krueger PD, Kim TS, Sung SS, Braciale TJ, Hahn YS. Liver-resident CD103+
dendritic cells prime antiviral CD8+ T cells in situ. J Immunol (2015)
194:3213-22. doi:10.4049/jimmunol.1402622

. Huang LR, Wohlleber D, Reisinger F, Jenne CN, Cheng RL, Abdullah Z, et al.

Intrahepatic myeloid-cell aggregates enable local proliferation of CD8(+) T
cells and successful immunotherapy against chronic viral liver infection. Nat
Immunol (2013) 14:574-83. doi:10.1038/ni.2573

Bowen DG, Zen M, Holz L, Davis T, McCaughan GW, Bertolino P. The site
of primary T cell activation is a determinant of the balance between intra-
hepatic tolerance and immunity. J Clin Invest (2004) 114:701-12. doi:10.1172/
JCI21593

Yoneyama H, Matsuno K, Zhang Y, Murai M, Itakura M, Ishikawa S, et al.
Regulation by chemokines of circulating dendritic cell precursors, and the for-
mation of portal tract-associated lymphoid tissue, in a granulomatous liver
disease. J Exp Med (2001) 193:35-49. doi:10.1084/jem.193.1.35

Link A, Hardie DL, Favre S, Britschgi MR, Adams DH, Sixt M, et al. Associa-
tion of T-zone reticular networks and conduits with ectopic lymphoid tissues
in mice and humans. Am J Pathol (2011) 178:1662-75. doi:10.1016/j.ajpath.
2010.12.039

Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N, Kier-
dorf K, et al. A lineage of myeloid cells independent of Myb and hematopoietic
stem cells. Science (2012) 336:86—90. doi:10.1126/science.1219179

Gosselin D, Link VM, Romanoski CE, Fonseca GJ, Eichenfield DZ, Spann
NJ, et al. Environment drives selection and function of enhancers controlling
tissue-specific macrophage identities. Cell (2014) 159:1327—40. doi:10.1016/j.
cell.2014.11.023

Lavin Y, Winter D, Blecher-Gonen R, David E, Keren-Shaul H, Merad M,
et al. Tissue-resident macrophage enhancer landscapes are shaped by the local
microenvironment. Cell (2014) 159:1312-26. doi:10.1016/j.cell.2014.11.018
Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al. Tissue-
resident macrophages self-maintain locally throughout adult life with mini-
mal contribution from circulating monocytes. Immunity (2013) 38:792-804.
doi:10.1016/j.immuni.2013.04.004

Sieweke MH, Allen JE. Beyond stem cells: self-renewal of differentiated
macrophages. Science (2013) 342:1242974. doi:10.1126/science.1242974

Yona S, Kim KW, Wolf Y, Mildner A, Varol D, Breker M, et al. Fate mapping
reveals origins and dynamics of monocytes and tissue macrophages under
homeostasis. Immunity (2013) 38:79-91. doi:10.1016/j.immuni.2012.12.001

. Kinoshita M, Uchida T, Sato A, Nakashima M, Nakashima H, Shono S, et al.

Characterization of two F4/80-positive Kupffer cell subsets by their function
and phenotype in mice. ] Hepatol (2010) 53:903-10. doi:10.1016/j.jhep.2010.
04.037

Bouwens L, Baekeland M, De Zanger R, Wisse E. Quantitation, tissue distrib-
ution and proliferation kinetics of Kupffer cells in normal rat liver. Hepatology
(1986) 6:718-22. doi:10.1002/hep.1840060430

Davies LC, Jenkins SJ, Allen JE, Taylor PR. Tissue-resident macrophages. Nat
Immunol (2013) 14:986-95. doi:10.1038/ni.2705

Kuniyasu Y, Marfani SM, Inayat IB, Sheikh SZ, Mehal WZ. Kupffer cells required
for high affinity peptide-induced deletion, not retention, of activated CD8+ T
cells by mouse liver. Hepatology (2004) 39:1017-27. doi:10.1002/hep.20153
Wiegard C, Frenzel C, Herkel ], Kallen KJ, Schmitt E, Lohse AW. Murine liver
antigen presenting cells control suppressor activity of CD4+CD25+ regulatory
T cells. Hepatology (2005) 42:193-9. doi:10.1002/hep.20756

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Breous E, Somanathan S, Vandenberghe LH, Wilson JM. Hepatic regula-
tory T cells and Kupffer cells are crucial mediators of systemic T cell tol-
erance to antigens targeting murine liver. Hepatology (2009) 50:612-21.
doi:10.1002/hep.23043

Lee WY, Moriarty TJ, Wong CH, Zhou H, Strieter RM, Van Rooijen N, et al. An
intravascular immune response to Borrelia burgdorferi involves Kupffer cells
and iNKT cells. Nat Immunol (2010) 11:295-302. d0i:10.1038/ni.1855

Beattie L, Phillips R, Brown N, Owens BM, Chauhan N, Dalton JE, et al. Inter-
feron regulatory factor 7 contributes to the control of Leishmania donovani in
the mouse liver. Infect Immun (2011) 79:1057-66. doi:10.1128/IA1.00633- 10
Polakos NK, Cornejo JC, Murray DA, Wright KO, Treanor JJ, Crispe IN, et al.
Kupffer cell-dependent hepatitis occurs during influenza infection. Am J Pathol
(2006) 168:1169—78. doi:10.2353/ajpath.2006.050875

Tay SS, Wong YC, Roediger B, Sierro F, Lu B, McDonald DM, et al. Intrahepatic
activation of naive CD4+ T cells by liver-resident phagocytic cells. J Immunol
(2014) 193:2087-95. doi:10.4049/jimmunol.1400037

Ganz T. Macrophages and systemic iron homeostasis. J Innate Immun (2012)
4:446-53. d0i:10.1159/000336423

Uwatoku R, Suematsu M, Ezaki T, Saiki T, Tsuiji M, Irimura T, etal.
Kupffer cell-mediated recruitment of rat dendritic cells to the liver: roles
of N-acetylgalactosamine-specific sugar receptors. Gastroenterology (2001)
121:1460-72. doi:10.1053/gast.2001.29594

Schmieg ], Yang G, Franck RW, Van Rooijen N, Tsuji M. Glycolipid presentation
to natural killer T cells differs in an organ-dependent fashion. Proc Natl Acad
Sci US A (2005) 102:1127-32. doi:10.1073/pnas.0408288102

Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue
macrophages. Immunity (2014) 41:21-35. doi:10.1016/j.immuni.2014.06.013
Jiao ], Sastre D, Fiel MI, Lee UE, Ghiassi-Nejad Z, Ginhoux F, et al. Dendritic
cell regulation of carbon tetrachloride-induced murine liver fibrosis regression.
Hepatology (2012) 55:244-55. doi:10.1002/hep.24621

Connolly MK, Bedrosian AS, Mallen-St Clair J, Mitchell AP, Ibrahim J, Stroud
A, etal. In liver fibrosis, dendritic cells govern hepatic inflammation in mice
via TNF-alpha. J Clin Invest (2009) 119:3213-25. doi:10.1172/JCI37581
Henning JR, Graffeo CS, Rehman A, Fallon NC, Zambirinis CP, Ochi A, et al.
Dendritic cells limit fibroinflammatory injury in nonalcoholic steatohepatitis
in mice. Hepatology (2013) 58:589-602. doi:10.1002/hep.26267

Blois SM, Piccioni F, Freitag N, Tirado-Gonzalez I, Moschansky P, Lloyd R,
et al. Dendritic cells regulate angiogenesis associated with liver fibrogenesis.
Angiogenesis (2014) 17:119-28. doi:10.1007/s10456-013-9382-5

Dulffield JS, Forbes SJ, Constandinou CM, Clay S, Partolina M, Vuthoori S, et al.
Selective depletion of macrophages reveals distinct, opposing roles during liver
injury and repair. J Clin Invest (2005) 115:56—65. doi:10.1172/JCI22675
Fallowfield JA, Mizuno M, Kendall TJ, Constandinou CM, Benyon RC, Duffield
JS, etal. Scar-associated macrophages are a major source of hepatic matrix
metalloproteinase-13 and facilitate the resolution of murine hepatic fibrosis.
J Immunol (2007) 178:5288-95. doi:10.4049/jimmunol.178.8.5288

Rivera CA, Adegboyega P, Van Rooijen N, Tagalicud A, Allman M, Wal-
lace M. Toll-like receptor-4 signaling and Kupffer cells play pivotal roles in
the pathogenesis of non-alcoholic steatohepatitis. ] Hepatol (2007) 47:571-9.
doi:10.1016/j.jhep.2007.04.019

Huang W, Metlakunta A, Dedousis N, Zhang P, Sipula I, Dube JJ, et al. Depletion
of liver Kupffer cells prevents the development of diet-induced hepatic steatosis
and insulin resistance. Diabetes (2010) 59:347-57. d0i:10.2337/db09-0016
Lanthier N, Molendi-Coste O, Cani PD, Van Rooijen N, Horsmans Y, Leclercq
IA. Kupffer cell depletion prevents but has no therapeutic effect on meta-
bolic and inflammatory changes induced by a high-fat diet. FASEB J (2011)
25:4301-11. doi:10.1096/1j.11- 189472

Sunami Y, Leithauser F, Gul S, Fiedler K, Guldiken N, Espenlaub S, etal.
Hepatic activation of IKK/NFkappaB signaling induces liver fibrosis via
macrophage-mediated chronic inflammation. Hepatology (2012) 56:1117-28.
do0i:10.1002/hep.25711

Tosello-Trampont AC, Landes SG, Nguyen V, Novobrantseva TI, Hahn YS.
Kuppfer cells trigger nonalcoholic steatohepatitis development in diet-induced
mouse model through tumor necrosis factor-alpha production. J Biol Chem
(2012) 287:40161-72. doi:10.1074/jbc.M112.417014

Shen H, Sheng L, Chen Z, Jiang L, Su H, Yin L, et al. Mouse hepatocyte over-
expression of NF-kappaB-inducing kinase (NIK) triggers fatal macrophage-
dependent liver injury and fibrosis. Hepatology (2014) 60:2065-76. doi:10.
1002/hep.27348

Frontiers in Immunology | Antigen Presenting Cell Biology

April 2015 | Volume 6 | Article 179 | 113


http://dx.doi.org/10.1016/j.immuni.2010.11.020
http://dx.doi.org/10.1016/j.immuni.2010.11.020
http://dx.doi.org/10.1016/j.jhep.2008.07.028
http://dx.doi.org/10.1016/j.immuni.2008.06.017
http://dx.doi.org/10.4049/jimmunol.0900582
http://dx.doi.org/10.1002/hep.21457
http://dx.doi.org/10.4049/jimmunol.1402622
http://dx.doi.org/10.1038/ni.2573
http://dx.doi.org/10.1172/JCI21593
http://dx.doi.org/10.1172/JCI21593
http://dx.doi.org/10.1084/jem.193.1.35
http://dx.doi.org/10.1016/j.ajpath.2010.12.039
http://dx.doi.org/10.1016/j.ajpath.2010.12.039
http://dx.doi.org/10.1126/science.1219179
http://dx.doi.org/10.1016/j.cell.2014.11.023
http://dx.doi.org/10.1016/j.cell.2014.11.023
http://dx.doi.org/10.1016/j.cell.2014.11.018
http://dx.doi.org/10.1016/j.immuni.2013.04.004
http://dx.doi.org/10.1126/science.1242974
http://dx.doi.org/10.1016/j.immuni.2012.12.001
http://dx.doi.org/10.1016/j.jhep.2010.04.037
http://dx.doi.org/10.1016/j.jhep.2010.04.037
http://dx.doi.org/10.1002/hep.1840060430
http://dx.doi.org/10.1038/ni.2705
http://dx.doi.org/10.1002/hep.20153
http://dx.doi.org/10.1002/hep.20756
http://dx.doi.org/10.1002/hep.23043
http://dx.doi.org/10.1038/ni.1855
http://dx.doi.org/10.1128/IAI.00633-10
http://dx.doi.org/10.2353/ajpath.2006.050875
http://dx.doi.org/10.4049/jimmunol.1400037
http://dx.doi.org/10.1159/000336423
http://dx.doi.org/10.1053/gast.2001.29594
http://dx.doi.org/10.1073/pnas.0408288102
http://dx.doi.org/10.1016/j.immuni.2014.06.013
http://dx.doi.org/10.1002/hep.24621
http://dx.doi.org/10.1172/JCI37581
http://dx.doi.org/10.1002/hep.26267
http://dx.doi.org/10.1007/s10456-013-9382-5
http://dx.doi.org/10.1172/JCI22675
http://dx.doi.org/10.4049/jimmunol.178.8.5288
http://dx.doi.org/10.1016/j.jhep.2007.04.019
http://dx.doi.org/10.2337/db09-0016
http://dx.doi.org/10.1096/fj.11-189472
http://dx.doi.org/10.1002/hep.25711
http://dx.doi.org/10.1074/jbc.M112.417014
http://dx.doi.org/10.1002/hep.27348
http://dx.doi.org/10.1002/hep.27348
http://www.frontiersin.org/Antigen_Presenting_Cell_Biology
http://www.frontiersin.org/Antigen_Presenting_Cell_Biology/archive

Eckert et al.

Myeloid cells in the liver

87.

88.

89.

90.

9

—_

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

—_

102.

103.

104.

105.

106.

Chow A, Brown BD, Merad M. Studying the mononuclear phagocyte system in
the molecular age. Nat Rev Immunol (2011) 11:788-98. doi:10.1038/nri3087
Hume DA. Applications of myeloid-specific promoters in transgenic mice sup-
port in vivo imaging and functional genomics but do not support the concept
of distinct macrophage and dendritic cell lineages or roles in immunity.  Leukoc
Biol (2011) 89:525-38. doi:10.1189/j1b.0810472

Bar-On L, Jung S. Defining in vivo dendritic cell functions using CD11¢c-DTR
transgenic mice. Methods Mol Biol (2010) 595:429-42. doi:10.1007/978-1-
60761-421-0_28

Torres PF, Slegers TP, Peek R, Van Rooijen N, Van Der Gaag R, Kijlstra A,
etal. Changes in cytokine mRNA levels in experimental corneal allografts
after local clodronate-liposome treatment. Invest Ophthalmol Vis Sci (1999)
40:3194-201.

. Hochweller K, Striegler J, Hammerling GJ, Garbi N. A novel CD11¢.DTR trans-

genic mouse for depletion of dendritic cells reveals their requirement for home-
ostatic proliferation of natural killer cells. Eur J Immunol (2008) 38:2776—83.
doi:10.1002/€ji.200838659

Meredith MM, Liu K, Darrasse-Jeze G, Kamphorst AO, Schreiber HA, Guer-
monprez P, etal. Expression of the zinc finger transcription factor zDC
(Zbtb46, Btbd4) defines the classical dendritic cell lineage. | Exp Med (2012)
209:1153-65. doi:10.1084/jem.20112675

Meredith MM, Liu K, Kamphorst AO, Idoyaga J, Yamane A, Guermonprez P,
et al. Zinc finger transcription factor zDC is a negative regulator required to
prevent activation of classical dendritic cells in the steady state. ] Exp Med
(2012) 209:1583-93. doi:10.1084/jem.20121003

Satpathy AT, Kc W, Albring JC, Edelson BT, Kretzer NM, Bhattacharya D, et al.
Zbtb46 expression distinguishes classical dendritic cells and their commit-
ted progenitors from other immune lineages. J Exp Med (2012) 209:1135-52.
doi:10.1084/jem.20120030

Schraml BU, Van Blijswijk ], Zelenay S, Whitney PG, Filby A, Acton SE, et al.
Genetic tracing via DNGR-1 expression history defines dendritic cells as a
hematopoietic lineage. Cell (2013) 154:843-58. d0i:10.1016/j.cell.2013.07.014
Liedtke C, Luedde T, Sauerbruch T, Scholten D, Streetz K, Tacke F, et al. Exper-
imental liver fibrosis research: update on animal models, legal issues and
translational aspects. Fibrogenesis Tissue Repair (2013) 6:19. doi:10.1186/1755-
1536-6-19

Pellicoro A, Ramachandran P, Iredale JP, Fallowfield JA. Liver fibrosis and repair:
immune regulation of wound healing in a solid organ. Nat Rev Immunol (2014)
14:181-94. doi:10.1038/nri3623

Takahashi Y, Soejima Y, Fukusato T. Animal models of nonalcoholic fatty liver
disease/nonalcoholic steatohepatitis. World ] Gastroenterol (2012) 18:2300-8.
doi:10.3748/wjg.v18.i119.2300

Pradere JP, Kluwe J, De Minicis S, Jiao JJ, Gwak GY, Dapito DH, et al. Hepatic
macrophages but not dendritic cells contribute to liver fibrosis by promot-
ing the survival of activated hepatic stellate cells in mice. Hepatology (2013)
58:1461-73. doi:10.1002/hep.26429

Tacke F, Zimmermann HW. Macrophage heterogeneity in liver injury and fibro-
sis. ] Hepatol (2014) 60:1090-6. doi:10.1016/j.jhep.2013.12.025

. Seki E, De Minicis S, Osterreicher CH, Kluwe J, Osawa Y, Brenner DA, et al.

TLR4 enhances TGF-beta signaling and hepatic fibrosis. Nat Med (2007)
13:1324-32. d0i:10.1038/nm1663

Irvine KM, Skoien R, Bokil NJ, Melino M, Thomas GP, Loo D, et al. Senes-
cent human hepatocytes express a unique secretory phenotype and pro-
mote macrophage migration. World ] Gastroenterol (2014) 20:17851-62.
doi:10.3748/wjg.v20.147.17851

Henderson NC, Mackinnon AC, Farnworth SL, Poirier F, Russo FP, Iredale JP,
et al. Galectin-3 regulates myofibroblast activation and hepatic fibrosis. Proc
Natl Acad Sci U S A (2006) 103:5060—5. doi:10.1073/pnas.0511167103
Aoyama T, Inokuchi S, Brenner DA, Seki E. CX3CL1-CX3CR1 interaction pre-
vents carbon tetrachloride-induced liver inflammation and fibrosis in mice.
Hepatology (2010) 52:1390-400. doi:10.1002/hep.23795

Beljaars L, Schippers M, Reker-Smit C, Martinez FO, Helming L, Poelstra
K, et al. Hepatic localization of macrophage phenotypes during fibrogenesis
and resolution of fibrosis in mice and humans. Front Immunol (2014) 5:430.
d0i:10.3389/fimmu.2014.00430

Bleriot C, Dupuis T, Jouvion G, Eberl G, Disson O, Lecuit M. Liver-resident
macrophage necroptosis orchestrates type 1 microbicidal inflammation and
type-2-mediated tissue repair during bacterial infection. Immunity (2015)
42:145-58. doi:10.1016/j.immuni.2014.12.020

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Bleier JI, Katz SC, Chaudhry UI, Pillarisetty VG, Kingham TP III, Shah AB, et al.
Biliary obstruction selectively expands and activates liver myeloid dendritic
cells. J Immunol (2006) 176:7189-95. doi:10.4049/jimmunol.176.12.7189
EhlingJ, Bartneck M, Wei X, Gremse F, Fech V, Mockel D, et al. CCL2-dependent
infiltrating macrophages promote angiogenesis in progressive liver fibrosis. Gut
(2014) 63:1960-71. doi:10.1136/gutjnl-2013-306294

Parker MW, Rossi D, Peterson M, Smith K, Sikstrom K, White ES, et al. Fibrotic
extracellular matrix activates a profibrotic positive feedback loop. J Clin Invest
(2014) 124:1622-35. doi:10.1172/JCI71386

Issa R, Zhou X, Constandinou CM, Fallowfield J, Millward-Sadler H, Gaca MD,
et al. Spontaneous recovery from micronodular cirrhosis: evidence for incom-
plete resolution associated with matrix cross-linking. Gastroenterology (2004)
126:1795-808. doi:10.1053/j.gastro.2004.03.009

Kantari-Mimoun C, Castells M, Klose R, Meinecke AK, Lemberger U], Rautou
PE, et al. Resolution of liver fibrosis requires myeloid cell-driven sinusoidal
angiogenesis. Hepatology (2015). doi:10.1002/hep.27635

Yang L, Kwon J, Popov Y, Gajdos GB, Ordog T, Brekken RA, et al. Vascular
endothelial growth factor promotes fibrosis resolution and repair in mice. Gas-
troenterology (2014) 146:1339-1350 e1331. doi:10.1053/j.gastro.2014.01.061
Baeck C, Wei X, Bartneck M, Fech V, Heymann F, Gassler N, et al. Pharmaco-
logical inhibition of the chemokine C-C motif chemokine ligand 2 (monocyte
chemoattractant protein 1) accelerates liver fibrosis regression by suppress-
ing Ly-6C(+) macrophage infiltration in mice. Hepatology (2014) 59:1060-72.
d0i:10.1002/hep.26783

Loomba R, Sanyal AJ. The global NAFLD epidemic. Nat Rev Gastroenterol
Hepatol (2013) 10:686—90. doi:10.1038/nrgastro.2013.171

Michelotti GA, Machado MV, Diehl AM. NAFLD, NASH and liver cancer. Nat
Rev Gastroenterol Hepatol (2013) 10:656—65. doi:10.1038/nrgastro.2013.183
Tomita K, Tamiya G, Ando S, Ohsumi K, Chiyo T, Mizutani A, et al. Tumour
necrosis factor alpha signalling through activation of Kupffer cells plays an
essential role in liver fibrosis of non-alcoholic steatohepatitis in mice. Gut
(2006) 55:415-24. doi:10.1136/gut.2005.071118

Miele L, Valenza V, La Torre G, Montalto M, Cammarota G, Ricci R, et al.
Increased intestinal permeability and tight junction alterations in nonalcoholic
fatty liver disease. Hepatology (2009) 49:1877-87. doi:10.1002/hep.22848
Miura K, Kodama, Inokuchi S, Schnabl B, Aoyama T, Ohnishi H, et al. Toll-like
receptor 9 promotes steatohepatitis by induction of interleukin-1beta in mice.
Gastroenterology (2010) 139:323—334 e327. doi:10.1053/j.gastro.2010.03.052
Leroux A, Ferrere G, Godie V, Cailleux F, Renoud ML, Gaudin F etal.
Toxic lipids stored by Kupffer cells correlates with their pro-inflammatory
phenotype at an early stage of steatohepatitis. J Hepatol (2012) 57:141-9.
doi:10.1016/j.jhep.2012.02.028

Wan J, Benkdane M, Teixeira-Clerc F, Bonnafous S, Louvet A, Lafdil F, et al.
M2 Kupffer cells promote M1 Kupffer cell apoptosis: a protective mecha-
nism against alcoholic and nonalcoholic fatty liver disease. Hepatology (2014)
59:130—42. doi:10.1002/hep.26607

Baeck C, Wehr A, Karlmark KR, Heymann E, Vucur M, Gassler N, et al. Phar-
macological inhibition of the chemokine CCL2 (MCP-1) diminishes liver
macrophage infiltration and steatohepatitis in chronic hepatic injury. Gut
(2012) 61:416-26. doi:10.1136/gutjnl-2011-300304

Schuppan D, Kim YO. Evolving therapies for liver fibrosis. J Clin Invest (2013)
123:1887-901. doi:10.1172/JCI166028

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 27 February 2015; accepted: 30 March 2015; published online: 20 April 2015.
Citation: Eckert C, Klein N, Kornek M and Lukacs-Kornek V (2015) The complex
myeloid network of the liver with diverse functional capacity at steady state and in
inflammation. Front. Immunol. 6:179. doi: 10.3389/fimmu.2015.00179

This article was submitted to Antigen Presenting Cell Biology, a section of the journal
Frontiers in Immunology.

Copyright © 2015 Eckert, Klein, Kornek and Lukacs-Kornek. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

www.frontiersin.org

April 2015 | Volume 6 | Article 179 | 114


http://dx.doi.org/10.1038/nri3087
http://dx.doi.org/10.1189/jlb.0810472
http://dx.doi.org/10.1007/978-1-60761-421-0_28
http://dx.doi.org/10.1007/978-1-60761-421-0_28
http://dx.doi.org/10.1002/eji.200838659
http://dx.doi.org/10.1084/jem.20112675
http://dx.doi.org/10.1084/jem.20121003
http://dx.doi.org/10.1084/jem.20120030
http://dx.doi.org/10.1016/j.cell.2013.07.014
http://dx.doi.org/10.1186/1755-1536-6-19
http://dx.doi.org/10.1186/1755-1536-6-19
http://dx.doi.org/10.1038/nri3623
http://dx.doi.org/10.3748/wjg.v18.i19.2300
http://dx.doi.org/10.1002/hep.26429
http://dx.doi.org/10.1016/j.jhep.2013.12.025
http://dx.doi.org/10.1038/nm1663
http://dx.doi.org/10.3748/wjg.v20.i47.17851
http://dx.doi.org/10.1073/pnas.0511167103
http://dx.doi.org/10.1002/hep.23795
http://dx.doi.org/10.3389/fimmu.2014.00430
http://dx.doi.org/10.1016/j.immuni.2014.12.020
http://dx.doi.org/10.4049/jimmunol.176.12.7189
http://dx.doi.org/10.1136/gutjnl-2013-306294
http://dx.doi.org/10.1172/JCI71386
http://dx.doi.org/10.1053/j.gastro.2004.03.009
http://dx.doi.org/10.1002/hep.27635
http://dx.doi.org/10.1053/j.gastro.2014.01.061
http://dx.doi.org/10.1002/hep.26783
http://dx.doi.org/10.1038/nrgastro.2013.171
http://dx.doi.org/10.1038/nrgastro.2013.183
http://dx.doi.org/10.1136/gut.2005.071118
http://dx.doi.org/10.1002/hep.22848
http://dx.doi.org/10.1053/j.gastro.2010.03.052
http://dx.doi.org/10.1016/j.jhep.2012.02.028
http://dx.doi.org/10.1002/hep.26607
http://dx.doi.org/10.1136/gutjnl-2011-300304
http://dx.doi.org/10.1172/JCI66028
http://dx.doi.org/10.3389/fimmu.2015.00179
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org
http://www.frontiersin.org/Antigen_Presenting_Cell_Biology/archive

',\' frontiers
in Immunology

REVIEW
published: 25 June 2015
doi: 10.3389/fimmu.2015.00330

OPEN ACCESS

Edited by:

Shalin Naik,

Walter and Eliza Hall Institute,
Australia

Reviewed by:

Kristen J. Radford,

University of Queensland, Australia
Simon Yona,

University College London, UK

*Correspondence:

Muzlifah Haniffa,

Human Dendritic Cell Laboratory,
Institute of Cellular Medicine, The
Medlical School, Newcastle
University, Framlington Place,
Newcastle upon Tyne NE2 4HH, UK
m.a.haniffa@ncl.ac.uk

Specialty section:

This article was submitted to Antigen
Presenting Cell Biology, a section of
the journal Frontiers in Immunology

Received: 11 May 2015
Accepted: 12 June 2015
Published: 25 June 2015

Citation:

Reynolds G and Haniffa M (2015)
Human and mouse mononuclear

phagocyte networks: a tale of two
species?

Front. Immunol. 6:330.

doi: 10.3389/fimmu.2015.00330

Human and mouse mononuclear
phagocyte networks: a tale of two
species?

Gary Reynolds'? and Muzlifah Haniffa™

"Human Dendritic Cell Laboratory, Institute of Cellular Medicine, Newcastle University, Newcastle upon Tyne, UK,
2Musculoskeletal Research Group, Institute of Cellular Medicine, Newcastle University, Newcastle upon Tyne, UK

Dendritic cells (DCs), monocytes, and macrophages are a heterogeneous population of
mononuclear phagocytes that are involved in antigen processing and presentation to
initiate and regulate immune responses to pathogens, vaccines, tumor, and tolerance to
self. In addition to their afferent sentinel function, DCs and macrophages are also critical
as effectors and coordinators of inflammation and homeostasis in peripheral tissues.
Harnessing DCs and macrophages for therapeutic purposes has major implications for
infectious disease, vaccination, transplantation, tolerance induction, inflammation, and
cancer immunotherapy. There has been a paradigm shift in our understanding of the
developmental origin and function of the cellular constituents of the mononuclear phago-
cyte system. Significant progress has been made in tandem in both human and mouse
mononuclear phagocyte biology. This progress has been accelerated by comparative
biology analysis between mouse and human, which has proved to be an exceptionally
fruitful strategy to harmonize findings across species. Such analyses have provided
unexpected insights and facilitated productive reciprocal and iterative processes to inform
our understanding of human and mouse mononuclear phagocytes. In this review, we
discuss the strategies, power, and utility of comparative biology approaches to integrate
recent advances in human and mouse mononuclear phagocyte biology and its potential to
drive forward clinical translation of this knowledge. We also present a functional framework
on the parallel organization of human and mouse mononuclear phagocyte networks.

Keywords: mononuclear phagocyte system, dendritic cells, macrophages, monocytes, comparative genomics

Introduction

The mononuclear phagocyte system (MPS) is a branch of the immune system comprising dendritic
cells (DCs), macrophages, and monocytes (1-3). The many functions of the MPS include tissue
maintenance and healing, innate immunity and pathogen clearance, and the induction of adaptive
immune responses (1-3). Manipulating these functions could lead to clinical benefit, such as modulat-
ing DCs to develop antigen-specific anti-tumor immunity or suppressing peripheral autoreactive T cell
responses in autoimmunity (4, 5). Several factors need to be considered in designing immunotherapy
targeting the MPS, including cellular or pathway target choice and the relevant disease and tissue
context. Diversity and plasticity of the MPS, two core features that are paramount for directing the
quantity and quality of specific immune responses, have frustrated attempts to develop successful
focused therapies. The additional variable of local tissue environment, which also heavily influences the
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composition and function of resident and infiltrating mononuclear
phagocytes (MPs), also requires careful consideration (1-3).

The MPS was conceived in the 1960s by van Furth to encom-
pass a family of phagocytic mononuclear leukocytes regarded as
functional variations of monocytes (6). DCs were embraced as
members of the MPS several years later (7). The revolutionary
discovery that human monocytes and CD34" hematopoietic
stem cells (HSCs) could be differentiated into DC (mo-DC) and
macrophage-like (mo-Mac) cells provided a convenient in vitro
model to study human MP biology (8-10). However, murine
studies have demonstrated the independence of many DCs,
macrophages, and Langerhans cells (LCs) from blood monocytes
questioning the accuracy of human in vitro monocyte-derived
cells in recapitulating in vivo populations (11-16). Conventional
DCs arise from HSCs along a lineage that does not go through a
monocyte stage and are dependent on the growth factor receptor
FLT3 (11). In contrast, the majority of tissue macrophages arise
from prenatally seeded precursors that can survive into adulthood
and are dependent on CSF1-R (12-16).

The constituents of MPS share overlapping surface markers,
which poses a challenge in parsing functionally distinct popula-
tions. A rewarding approach to unravel this complexity has been
comparative biology analysis (17-28). In essence, comparative
biology relies on the concept that core developmental programs
and functions such as differential CD4 and CD8 T cell prim-
ing, cross-presentation, migration, and cytokine production
are likely to be non-redundant and conserved between species.
In support of this, around 99% of murine genes have human
analogs and around 96% are syntenic, despite the two species
having 80 million years of divergent evolution (29). Comparative
transcriptomic mapping has revealed conserved gene expres-
sion profiles in the two species allowing parallels to be drawn
between DC and macrophage subsets (17-28). This approach
places comparative analysis as the central fulcrum facilitating
the integration of fundamental immunology to fertilize clinical
translational strands (Figure 1). Integrating this workflow with
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FIGURE 1 | Comparative biology is a validation and discovery tool to
pull-through fundamental knowledge in MPS biology to clinical
translation. Incorporation of new genomics and proteomics methodologies
will accelerate discovery.

cutting-edge technologies including single-cell genomics and
proteomics approaches has the potential to accelerate discovery
in basic MP biology and its clinical applicability (Figure 1).
Comparative biology has revealed further insights into the ori-
gin and function of human and mouse mononuclear phagocyte
populations (17-28) and generated new hypotheses to be tested
in both species.

The concept of functional specialization as an inherent
property imprinted by MP ontogeny and tissue anatomy has
been well demonstrated in many murine studies [reviewed in
Ref. (1, 3, 30)]. However, the MPS possesses an additional layer
of complexity in the form of dynamic mobility, plasticity, and
adaptability to tissue/local microenvironment both in steady state
and in inflammation (1, 3, 31). These issues have been particularly
difficult to dissect in human, where the temporal resolution to
observe these kinetics is constrained by snapshot analysis during
inflammation and disease without adequate recourse to their
onset and evolution (Figure 2). Snapshot observations during
inflammation may be confounded by temporal variations in MPS
composition and function resulting in highly variable biological
data. This variability may account for the biological noise inher-
ently observed with outbred humans in contrast to inbred mice
in specific pathogen free (SPF) facilities.

Mononuclear phagocytes and their progenitors are in dynamic
equilibrium between peripheral tissue, blood, and bone marrow
(1, 3, 31, 32). The distinction between MPs within peripheral
interstitial tissue and blood can be difficult to establish in highly
vascularized organs such as liver and spleen, where large sinusoids
are present adjacent to discontinuous endothelial lining that
enables greater mobility of leukocytes within these organs. In addi-
tion, inflammatory perturbations affect the dynamic equilibrium
between tissue, blood, and bone marrow compartments favoring
the relative expansion and egress of specific lineages in response
to distinct stimuli (33-35). Expansion of monocyte-derived cells
dominates the response to inflammatory stimuli in tissue but little
is known regarding their fate upon resolution of inflammation
(35). Peripheral tissue DCs migrate to the lymph node where
they mediate their potent functions upon inflammatory stimuli.
Whether they play a prominent role in local tissue immune regula-
tion and how migratory DCs are repopulated during inflammation
and its resolution has been poorly characterized.
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FIGURE 2 | Biological noise with snapshot analysis during temporal
course of inflammation and disease.
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Comparative Biology to Interrogate
Human and Mouse MP Networks

Identifying homology between mice and humans in other hemat-
opoietic cells such as T and B cells has been relatively simple at
phenotype and practical levels because of shared lymphocyte
surface markers (CD3/CD4/CD8 and CD19, respectively) as well
as the relative ease of isolating lymphocytes, which form 90% of
human peripheral blood mononuclear cells (c.f. <1% being DCs).
Nevertheless, there are functional differences in lymphocytes
between the two species, such as differentiation requirements
for IL-17 (36) and GM-CSF (37, 38) secreting CD4* T cells, the
specificity of granzyme and FOXP3 expression to define natural
Tregs (39), the distinct classes of immunoglobulin (40) and human
CDla, 1b, and lc-restricted responses to lipid molecules (41).
Unfortunately, components of the human and mouse MPS lack
overlapping phenotypic markers, hampering initial progress in
identifying homologous populations between species.

A range of —omics technologies such as transcriptomics,
metabolomics, proteomics, and epigenomics could potentially be
employed to assess proximity between species. Of these approaches,
transcriptomics is technically most tractable and generates enough
complexity to achieve good definition between populations
(n-dimensions where n is the number of genes analyzed) (42,
43). Transcriptome-based comparison of various hematopoietic
lineages between human and mouse shows broad conservation but
also highlighted specific differences and transcriptional divergence
due to gene duplication (43).

Transcriptomics
The hypothesis underlying comparative transcriptomics is that
the identified MP populations were present in a shared ances-
tor and that these same subsets are present in modern animals.
Furthermore, despite divergent evolution over time, cells from
each subset will have a conserved transcriptomic signature similar
to that of its equivalent in the other species. Two approaches are
generally used to measuring this similarity: (1) unsupervised hier-
archical clustering and principal component analysis (PCA), which
assigns samples a point in #-dimensional space (n corresponding
to the number of genes analyzed) and applying a distance metric
with greater proximity suggesting a developmental relationship,
or (2) supervised assessment of defined transcriptome signature
enrichment between populations of interest exemplified by gene
set enrichment analysis (GSEA) (44) and its later variations (45).
In hierarchical clustering, the Euclidean distance is calculated
between samples. In PCA, the same Euclidean metric is used
after the n-dimensional data are projected on to the two or three
dimensions over which the most variation occurs. This approach
has the disadvantages inherent in using large sets of gene data,
large number of variables/genes, and high inter-sample vari-
ability when testing a limited number of samples. The consistent
finding that tissue-specific genes predominate in DC microarray
transcriptomes highlights the first point. As a result, microarray
data of DC subsets from the same tissue tend to cluster together
rather than with their equivalent in blood or another tissue (46).
This can be corrected for by techniques such as excluding genes
that are differentially expressed between pooled cells from each

tissue (and classifying these “tissue-specific”) (23, 26) or through
using an abbreviated gene panel that is enriched for genes that
are known to give good definition between DC subsets (17). An
important corollary of this finding is that, while the relative con-
tribution of ontogeny and environment to DC function remains
to be determined, the list of genes that define ontogeny is a small
fraction of the genes that are modulated by the environment and
highlights a potential drawback of using blood DCs as a proxy
for tissue DCs.

The use of GSEA derives from large-scale microarray data in
which it was recognized that groups of co-regulated functionally
linked genes may be more relevant than the few genes that are most
significantly differentially regulated but functionally unrelated.
This approach is dependent upon an a priori understanding of
gene function and this can introduce bias. When GSEA has been
used in aligning DC subsets between species, a “query signature”
is produced that defines the subset of interest. Samples in the test
population can then be interrogated for whether they are enriched
for this query signature. The underlying analysis is based on the
non-parametric goodness-of-fit Kolmogorov-Smirnov test statis-
tic with the reference probability distribution that of the query
signature. GSEA and its later variant connectivity map analysis
(CMAP) have been successfully used to identify homologous
MP populations between species and the developmental origin
of human inflammatory DCs (17, 23, 25, 26, 47). Steady state
homologous MP populations in human and mouse blood, lymph
node, and peripheral tissues are illustrated in Figure 3.

Most transcriptomics studies thus far on MPs have involved
ensemble or bulk-population analysis. This introduces an inherent
bias, as cell populations have to be defined a priori based on expres-
sion of specific markers. More recently, the application of single-cell
RNA-sequencing (sc-RNA-Seq) with unbiased analysis potential
has been successfully used to interrogate cellular heterogeneity to
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Tale of two species

uncover new cell populations, functional immune states, and to
establish cellular lineage hierarchies and lymphocyte differentia-
tion programs (48-53). These technical advances combined with
novel computational approaches have the potential to revolution-
ize our understanding of MPS biology by unraveling predicted
and unexpected functional heterogeneity, which underpins the
dynamic repertoire of our immune system in health and disease.

Proteomics

Proteomics analysis has revealed differences in viral sensing path-
ways between murine splenic DC subsets (54) and identified the
murine common monocyte progenitor (cMOP), an intermediate
cell-type between the monocyte/macrophage and DC precursor
(MDP) and monocyte (55). However, current large-scale proteom-
ics approaches require high cell numbers for robust analysis and
are impractical for rare populations, especially from limited human
tissue material. Protein expression on a more limited scale has been
the mainstay of conventional flow cytometry to define popula-
tions and assess MP functions at single-cell resolution. Although
the number of parameters that can be analyzed simultaneously
is limited (17-18 parameters using commercial instruments),
the application of new unbiased probabilistic analysis to define
populations could reveal new insights to MP heterogeneity (56).
Mass cytometry (CyTOF) provides additional parameters (up to
100) and combined with unbiased population assignment has
enormous discovery potential. This combined analysis on mouse
myeloid cell populations has revealed far greater population
heterogeneity than previously appreciated (57).

Functional Validation

Comparative functional analysis between mouse and human MPs
has resulted in variable findings [reviewed in Ref. (30, 58)]. It is
unknown if this is due to true biological differences or experimen-
tal factors which are not comparable within and between species,
including the common use of murine in vivo models in contrast to
human in vitro assays to assess MP functions. Conserved functions
are detailed in Figure 4.

Lineage Analysis

The power and utility of comparative biology to identify homologous
MP populations is beginning to be applied to MP lineage analysis.
The recent identification of the successive downstream progenies
of human MDP; the Common DC precursor (CDP) and precursor
of myeloid DCs (pre-cDCs) exploited the conserved dependency
on growth factors and cytokines between human and mouse DC
precursors (27, 28). Similarly, comparative analysis suggested the
monocyte-origin of human dermal CD14* cells (25) and inflamma-
tory DCs (47). The preservation of LCs and dermal macrophages
in GATA?2 and biallelic IRF8 deficiencies show that they are bone
marrow independent in the steady state and similar to their murine
counterparts, also arise from prenatally seeded precursors (59, 60).

DC, Monocyte, and Macrophage Subsets
in Mice and Humans

This approach of using ontogeny and by extension transcription
factor dependence to define MPS populations was formalized
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recently in a proposed nomenclature (61). In this scheme, four
adult HSC-derived MP populations are described in mice: two
conventional/classical DC subsets (cDC1 and ¢cDC2), plasmacy-
toid DCs (pDCs), and monocyte-derived cells (61). Both cDCs and
pDCs are derived from murine CDP (62, 63). The CDP-derived
cells are defined by their dependence on specific transcription fac-
tors (TFs): cDCI are Batf3-dependent, cDC2 are Irf4-dependent,
and pDCare E2-2-dependent (61). This definition is unambiguous
and avoids using surface markers that can vary between tissues
and in inflammation. While the ontogeny approach aids definition
of murine populations, it cannot be easily transferred to human
DC nomenclature, due to inherent logistical difficulties of human
ontogeny studies. However, with the aid of comparative biology
approaches, homologous populations between human and mouse
MP subsets can be identified and inferences between species on
ontogeny and function can be made (Figures 3 and 4).

cDCH1

Phenotype

This subset is identified in mouse by the expression of CD8a in
the spleen and CD103 in non-lymphoid tissues (