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Monocytes

Monocytes are mononuclear
phagocytes that circulate in
the blood. Monocytes are
thought to differentiate into
macrophages and some
dendritic cells in peripheral
tissues. They consist of two
subsets: classical monocytes
and non-classical monocytes.
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Studying the mononuclear phagocyte
system in the molecular age

The mononuclear phagocyte system (MPS) is composed
of monocytes, macrophages and dendritic cells (DCs) and
has crucial roles in maintaining organismal homeostasis.
In addition, the diverse activities of the MPS are relevant
in inflammation, autoimmunity, infection, cancer and
organ transplantation. Commitment to the mononuclear
phagocyte lineage is determined at the stage of the mac-
rophage and DC progenitor (MDP), at which point, eryth-
roid, megakaryocyte, lymphoid and granulocyte fates have
been precluded (FIC. 1). MDPs give rise to monocytes and
common DC progenitors (CDPs)"?. Whereas monocytes
can directly participate in effector immune responses or
differentiate into macrophages or DCs, the differentiation
potential of CDPs is restricted to the DC lineage (FIG. 1).
CDPs give rise to plasmacytoid DCs and pre-DCs, which
subsequently give rise to DCs*. Plasmacytoid DCs have
been recently reviewed and will not be further covered
in this manuscript®. How cell fate is decided, including
the factors that drive MDP differentiation and the genes
responsible, is still not well known.

What is becoming increasingly clear is that monocytes,
macrophages and DCs are not homogenous populations.
Just as CD4* T cells further differentiate into distinct
subsets (such as T helper 1 (T 1), T, 2, T,,17 and regu-
latory T (TReg) cells), monocytes, macrophages and DCs
can also differentiate into discrete functional subsets. The
monocyte population is composed of two main subsets
in mice and humans, designated classical monocytes and
non-classical monocytes, and these cells are found primarily
in the circulation, bone marrow and spleen’. Macrophages
are found in all tissues throughout the body from embry-
onic to adult life. Macrophages are well known for their
functions in protecting the host from pathogens and their
roles in clearing dead cells, but they also have unique func-
tions that are influenced by their locations in the body.
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Abstract | The mononuclear phagocyte system (MPS) comprises monocytes, macrophages
and dendritic cells. Tissue phagocytes share several cell surface markers, phagocytic
capability and myeloid classification; however, the factors that regulate the differentiation,
homeostasis and function of macrophages and dendritic cells remain largely unknown.
The purpose of this manuscript is to review the tools that are currently available and those
that are under development to study the origin and function of mononuclear phagocytes.

For example, bone marrow macrophages promote stromal
retention of haematopoietic stem and progenitor cells®,
and lymph node subcapsular sinus macrophages prevent
central nervous system (CNS) invasion after peripheral
infection with a neurotropic virus’.

DCs were originally distinguished from macrophages
by their increased ability to activate T cells in an antigen-
dependent manner, and these cells are also found in
lymphoid and non-lymphoid tissues. Whereas macro-
phage heterogeneity is classified based on tissue location,
the two main DC subsets are characterized by differential
requirements for transcription factors and distinct origins.
The transcription factors inhibitor of DNA binding 2
(ID2), interferon-regulatory factor 8 (IRF8) and basic
leucine zipper transcriptional factor ATF-like 3 (BATF3)
are the basis for this distinction. Although lymphoid tissue
CD8"DCs and non-lymphoid tissue CD103* DCs (collec-
tively termed BATF3-dependent DCs) require ID2, IRF8
and BATFS3 for their development, lymphoid tissue CD8"
DCs and non-lymphoid tissue CD11b* DCs (collectively
termed BATF3-independent DCs) develop independently
of these factors'*'*. The BATF3-dependent DC subset is
completely derived from a circulating pre-DC, but at least
some BATF3-independent DCs arise from circulating
monocytes'™'* (FIG. 1).

There are a number of outstanding questions about
the development, homeostasis and function of MPS cells.
Although several subsets of monocytes, macrophages
and DCs have been identified, the individual contribu-
tions of these subsets to health and disease are not well
known, and it is probable that additional, functionally
distinct subsets exist. Moreover, few of the relevant genes
involved in the development and function of MPS cells
have been characterized. Over the last few decades, a
number of tools have been developed to address these
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Figure 1| Lineage of mononuclear phagocytes. Commitment to differentiation into
amonocyte, macrophage or dendritic cell (DC) occurs at the stage of the macrophage
and DC progenitor (MDP). MDPs can give rise to common DC progenitors (CDPs) or
monocytes. CDPs are committed to the DC lineage and give rise to both CD8* and CD8~
DCs in lymphoid tissues and CD103*CD11b- DCs in peripheral non-lymphoid tissues.

In addition, monocytes can give rise to some CD11b*CD103~ DCs or to macrophages.
CMP, common myeloid progenitor; GMP, granulocyte and macrophage progenitor;
HSC, haematopoietic stem cell.

Macrophages

Macrophages are
tissue-resident phagocytes that
specialize in the capture and
clearance of damaged cells.
Macrophages also capture and
clear microorganisms and
secrete pro-inflammatory
molecules in response to
microbial infection, and thus
have a crucial role in host
defence.

Dendritic cells

(DCs). DCs are tissue-resident
phagocytes that specialize in
the presentation of antigens to
T cells to promote immunity to
foreign antigens and tolerance
to self antigens.

important questions. Methods have been developed to
ablate and track specific cell types, and several strate-
gies exist for gain- and loss-of-function genetic analyses,
including targeted gene knockouts and RNA interfer-
ence. However, the broad activity of some of the available
approaches, which often affect multiple MPS subsets,
presents limitations. This has led to efforts to develop
better genetic tools and animal models that enhance
our precision in manipulating particular mononuclear
phagocyte populations. Here, we review the tools that are
currently available and those that are under development
to study the origin and function of mononuclear phago-
cytes, as well as the genes that make the system work
(TABLE 1). These new tools will help us to answer some of
the lingering questions about the ontogenic relationship
(BOX 1) and functional diversity (BOX 2) of mononuclear
phagocytes and, potentially, to design more targeted
therapies for diseases that involve MPS cells.

Gene deficiency models

Animals deficient in various transcription factors,
cytokines and cytokine receptors have been essential in
building our understanding of the developmental and
homeostatic requirements for mononuclear phago-
cytes in various tissues of the body. The discovery that
severely reduced numbers of macrophages are present in

the lymphoid and non-lymphoid tissues of osteopetrotic
mice (CsfI°P°P mice)!* — which have a frameshift muta-
tion in the gene encoding the cytokine colony-stimulating
factor 1 (CSF1; also known as M-CSF) — established the
role of CSF1 in macrophage differentiation. In addition,
the findings that mice deficient in FMS-related tyrosine
kinase 3 (FLT3) or its ligand, FLT3L, have marked reduc-
tions in lymphoid and non-lymphoid DC populations'
have helped to establish the key role of FLT3L in the
commitment and differentiation of the DC lineage.

The dissection of the mechanisms that control the
differentiation of the DC lineage and DC subsets has
also been bolstered by the study of animals deficient in
particular transcription factors. The numbers of DCs
are reduced in all DC subsets in Stat3™, Gfi”", Stat57",
Ikaros- and XbpI~~ mice'. Lymphoid tissue CD8" DCs
and non-lymphoid tissue CD103*CD11b- DCs are spe-
cifically reduced in number in mice lacking BATF3,
IRF8 or ID2, whereas the numbers of lymphoid tis-
sue CD8" DCs are specifically reduced in Irf2”- and
Irf47- mice's.

Although the study of mice deficient in transcrip-
tion factors or cytokines has provided insight into the
physiological and pathological relevance of monocytes,
macrophages and DCs, the broad impact of these gene
deficiencies makes it difficult to pin down functions to
a particular mononuclear phagocyte population. Hence,
animal models to specifically deplete particular popula-
tions (TABLE 2) and cell-type specific knockdown of vari-
ous proteins are essential to further our knowledge of
mononuclear phagocytes.

Non-genetic depletion models

Depleting a cell lineage or specific cell type provides an
excellent means for determining its relevance and func-
tion. Several methods exist to non-genetically deplete
MPS cells and to study the consequences of their removal
from the organism. Clodronate-encapsulated liposomes
are one of the most effective agents at depleting mononu-
clear phagocyte populations in rodents". The liposomes
are taken up by MPS cells as a result of the phagocytic
activities of these cells and, once inside a cell, the clo-
dronate bisphosphonate induces apoptosis. Provided that
there is no issue with access of the liposomes, it appears
that all mononuclear phagocytes are sensitive to deple-
tion by clodronate-encapsulated liposomes (TABLE 2),
including monocytes, macrophages and DCs.

Neutralizing antibodies specific for the CSF1 receptor
(CSF1R)' have also been used to deplete macrophage
populations'®? (TABLE 2). Moreover, CSF1R signalling
can be blocked downstream of the receptor using small
molecules that interfere with kinase activity. Several oral
kinase inhibitors, such as CYC10268 (REF. 21), Ki20227
(REF. 22) and GW2580 (REF. 23), have been developed to
successfully reduce populations of mononuclear phago-
cytes (reviewed in REF. 24) and are being considered for
translation into patients.

A downside of these agents is that they deplete a
broad range of mononuclear phagocyte cell types, and
this can lead to erroneous conclusions. One example
of this occurred when macrophages and DCs were
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Table 1| Pros and cons of different models for understanding the MPS

Model

Non-genetic
depletion

Gene knockout
mice

DTR transgenic
mice

DTA mice

Reporter mice

Cre-recombinase
and floxed mice

Lineage tracing

Humanized mice

RNA interference
(RNA)

Molecular
profiling

Zebrafish

Uses

Cellloss of function

Gene function
assessment, cell loss of
function

Cell loss of function

Cellloss of function

Invivo cell tracking

Gene function
assessment, cell loss

of function (if crossed

to inducible DTR or
inducible DTA) and in vivo
cell tracking (if crossed to
Rosa26-reporter mice)

In vivo assessment of
cell origin

In vivo human MPS
assessment

Gene function
assessment

Cell population
comparison, gene
function assessment

Invivo cell tracking, gene
function knockdown

Examples Pros

Clodronate Inducible, efficient and efficacious
liposomes, in all mouse strains
CSF1R-specific

antibody

Csf1orer, Csf1r”,
Fle3, Csf2r”,

Efficient gene deletion and
permits functional identification of

Batf3”- essential genes for MPS subsets
Cd11b-DTR, Inducible and efficient
Cd11c-DTR,

Cd169-DTR,

Langerin-DTR

Cd11c-Cre x Efficient and no development of
Rosa26-stopflox- immunity to diphtheria toxin
DTA,

Langerin-DTA

Cx3cr1-GFP, Permits cell tracking without
Lyz2-GFP, the need for antibodies. A side
Cd115-GFP, benefit has been the labelling of
Cd11c-YFP, chemokine and cytokine receptors

that are difficult to stain with
currently available antibodies

Langerin-GFP

Lyz2-Cre x Rosa26-
stopflox-EGFP,
Cd11c-Cre x
Dicer

LoxP-flanked genes are only
excised in cells expressing the
promoter driving Cre-recombinase.
Flexibility in intercrossing mice
lines, rather than generating

new lines for cell type-specific
knockdown or overexpression

Runx1-CrefR" x
stopflox-EGFP

Useful for determining
progenitor-mature cell lineage
relationships

Human Permits in vivo study of human
haemato-lymphoid mononuclear phagocytes and
system (HHLS) human MPS-specific pathogens
mice

Small hairpin RNA
(shRNA), small

More rapid gene knockdown than
knockout mice. shRNA libraries

interfering RNA permit high-throughput unbiased
(siRNA), and RNAi screening and identification of
libraries genes essential for MPS functions

Microarrays,
deep sequencing,

Permits relatively unbiased
comparison of various immune cell

proteomics populations. Identifies candidate

genes essential to MPS functions
mhc2dab:GFP Ease of gene knockdown and cell
zebrafish visualization

Cons

Currently available non-genetic depletion
methods have widespread effects on

MPS cells, precluding precise functional
characterization of MPS subsets.
Inducible cell death of mononuclear
phagocytes can be inflammatory

Potential for compensation from absence of
cellular population from birth. Deletion of
gene might have broad effects on multiple
MPS subsets and even on non-MPS subsets

The promoters used in some existing
models are expressed in multiple MPS
subsets and/or non-MPS lineages. Mice
can develop immunity to diphtheria toxin,
precluding long-term depletion. Inducible
cell death of mononuclear phagocytes can
be inflammatory

The promoters used in some existing
models are expressed in multiple MPS
subsets and/or non-MPS lineages.
Potential for compensation from absence
of cell population from birth

Models are not available for tracking many
MPS subsets. The promoters used in some
existing models are expressed in multiple
MPS subsets and/or non-MPS lineages

Requires considerable breeding efforts.
The promoters used in some existing
models are expressed in multiple MPS
subsets and/or non-MPS lineages

There is a paucity of promoters that are
specific for MPS progenitors

Generating these mice is expensive and
laborious. Although improving, most HHLS
models have poor reconstitution of MPS
cell types, particularly macrophages

Vectors expressing shRNA have variable
efficiency and multiple constructs may
have to be tested to find suitable levels of
gene knockdown. RNAi is more difficult to
employ for in vivo studies, and there can
be off-target effects

Transcriptome profiling may not always be
representative of protein levels; functional
validation is still required

Compared with mice, fewer tools are
currently available and MPS subsets are
less well described

Batf3, basic leucine zipper transcriptional factor ATF-like 3; Csf1, colony-stimulating factor 1; Csf1r, colony-stimulating factor 1 receptor; Cx3cr1, CX,C chemokine
receptor 1; DTA, diphtheria toxin fragment A; DTR, diphtheria toxin receptor; EGFP, enhanced green fluorescent protein; Fit3, FMS-related tyrosine kinase 3;
GFP, green fluorescent protein; Lyz2, lysozyme M; MPS, mononuclear phagocyte system; YFP, yellow fluorescent protein.

both implicated in aggravating graft-versus-host disease
(GVHD), as both were eliminated by systemic treatment
with clodronate-encapsulated liposomes®. However, in
a recent study using a CSF1R-specific antibody and a
low-dose of liposomal clodronate, it was shown that

although DCs aggravate GVHD, host lymphoid tissue-
resident macrophages are in fact able to limit GVHD
induction and severity®. In addition, it is known that
antibodies specific for CSFIR can persist in the cir-
culation for weeks, and this can lead, potentially, to
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Classical monocytes

(Also known as inflammatory
monocytes). This subset

of monocytes is important in
innate immune protection
against infectious pathogens.
During infectious challenge,
these cells produce
pro-inflammatory cytokines
and can give rise to TNF- and
INOS-producing (TIP) dendritic
cells, which contribute to the
development of adaptive
immune responses. In mice,
these monocytes are
characterized by high-level
expression of LY6C, CCR2 and
L-selectin (CD62L). In humans,
classical monocytes are
CD14"CD16°.

Non-classical monocytes
This subset of monocytes
patrols the blood circulation
and has been shown to
promote tissue healing. There
is evidence that these cells are
derived from classical
monocytes and can give rise to
tissue-resident macrophages.
In mice, these cells are
characterized by low-level
expression of LY6C and
high-level expression of
CX,CR1, LFAT and CD43. In
humans, non-classical
monocytes are CD14CD16*
or CD14CD16*.

Graft-versus-host disease
(GVHD). Tissue damage in a
recipient of allogeneic tissue
(usually a bone-marrow
transplant) that results from
the activity of donor cytotoxic
T lymphocytes that recognize
the tissues of the recipient as
foreign. GVHD varies markedly
in extent, but it can be life
threatening in severe cases.
Damage to the liver, skin and
gut mucosa are common
clinical manifestations.

© FOCUS ON MONOCYTES AND MACROPHAGES

Box 1| Tools needed to further our understanding of MPS origin and homeostasis

What are the homeostatic requirements for the steady-state maintenance of the various cells of the MPS?
Until recently, one of the dogmas in the field stated that tissue macrophages and dendritic cells (DCs) were terminally
differentiated cells that proliferated minimally in tissues. Recent studies have revealed that macrophages and DCs can
proliferate in situ and, in some cases, can self-renew throughout life®*1%1% However, the exact mechanisms that control
the maintenance of tissue phagocytes in the steady state remain unclear. The use of new mouse models, generated by
crossing mice that express Cre specifically in macrophages or DCs with mice that have a floxed cytokine receptor gene
(such as Csf1rfevfex micel®), could help to reveal key homeostatic requirements for the maintenance of tissue phagocytes.

What are the definitive ontogenic relationships among mononuclear phagocytes?

Several studies have established that macrophage and DC progenitors (MDPs) give rise to monocytes and steady-state
splenic macrophages following adoptive transfer into naive animals'?'°. Whether the MDP transits through a monocyte
intermediate before giving rise to splenic macrophages is unclear. Furthermore, the contribution of MDPs and monocytes
to other steady-state macrophage populations, including those from non-lymphoid tissues and those found in lymph
nodes, has not been established. The identification of gene promoters that are active only in particular circulating
populations of mononuclear phagocyte system (MPS) cells (such as MDPs, GR1" monocytes or GR1"°* monocytes) should
help to trace the lineage and determine the origin of peripheral tissue macrophages in the steady state, as these
promoters can be used to drive the expression of the Cre recombinase. Also, although it is established that monocytes
can give rise to macrophages during inflammation, the extent to which monocytes contribute to the post-inflammation

reconstitution of the macrophage compartment is unclear.

misinterpretation concerning the relevance of a particu-
lar mononuclear phagocyte population. Consequently,
with broad-spectrum depleting agents, one must be
careful to verify in other depletion models of more pre-
cise specificity that a biological phenomenon is indeed
due to depletion of a particular cell type. In addition,
one can deliver the agent in a tissue-restricted man-
ner, as has been done with clodronate-encapsulated
liposomes to selectively deplete dermal macrophages?,
subcapsular sinus macrophages®?” and lung-*° and
colonic’ mononuclear phagocytes.

Genetic depletion mouse models

Conditional ablation approaches. The human diph-
theria toxin receptor (DTR) gene provides a genetic
means to deplete specific populations of mouse cells.
The human DTR is 10° to 10° times more sensitive to
diphtheria toxin than the mouse DTR, and thus when
the human DTR is expressed in a mouse cell, that cell
will die in the presence of diphtheria toxin®. Transgenic
mice have been generated that express the human DTR
under the control of the mouse Cd11b promoter®, and
this model has been used to deplete myeloid popula-
tions in the peripheral blood*, bone marrow® and
spleen”, as well as in non-lymphoid sites, such as the
peritoneal cavity***, liver*>***, kidney****-*, reproduc-
tive organs®**>*, pancreas”, atherosclerotic plaques*
and perivascular fat*” (TABLE 2). This method of deple-
tion results in a broad depletion of myeloid cells, as
CD11b is expressed on neutrophils, monocytes, eosin-
ophils, macrophages and some DCs. This is useful for
understanding the role of myeloid cells in various dis-
ease settings, but it can confound the interpretation of
results. For example, in the setting of carbon tetrachlo-
ride-induced hepatic injury, depletion of CD11b* cells
during injury ameliorated the extent of tissue dam-
age, whereas their depletion after injury slowed tissue
repair®®. This was probably a result of depleting two
different CD11b-expressing populations at two distinct
phases of the injury.

Another genetic conditional depletion model with
broad specificity is the ‘MAFIA’ (macrophage FAS-
induced apoptosis) mouse line, which expresses a sui-
cide construct based on FK506-binding protein (FKBP)
and FAS (also known as CD95) downstream of the CsfIr
promoter*®, When mice are treated with the FKBP-
dimerizing drug AP20187, cells that express CSFIR
are ablated***. This technique has been used to deplete
monocytes and numerous populations of macrophages
(TABLE 2). Although more selective depletion of MPS cells
is achieved with MAFIA mice than in Cd11b-DTR mice,
one of the drawbacks of using this model is the substantial
inflammation that arises using the 5-day drug treatment
protocol, as exemplified by bone marrow neutrophilia®.

Cd169-DTR mice® allow for specific depletion of
CD169-expressing macrophage populations, which
include marginal metallophilic and marginal zone mac-
rophages in the spleen®, lymph node macrophages®!
and bone marrow macrophages® (TABLE 2). This model
was used to demonstrate that splenic marginal zone
macrophages suppress immune responses elicited by
apoptotic cell-associated antigens®; that lymph node
CD11c¢*CD169* macrophages cross-present cell-asso-
ciated antigens after tumour cell death®; and that bone
marrow-resident macrophages promote the retention of
haematopoietic stem and progenitor cells®. This mouse
model is an important advance for delineating the spe-
cific roles of CD169* macrophages in physiology and
disease, as it does not deplete monocytes®, DCs* or neu-
trophils (A.C. and M.M., unpublished observations).
Notably, macrophages that do not express CD169 —
such as microglia, dermal macrophages and peritoneal
macrophages — are not depleted in this model.

Cd11c-DTR mice®® have been used extensively to
assess conditional depletion of classical DCs. Although
initially thought to be specific for DCs, it is now known
that alveolar macrophages and splenic marginal zone
and metallophilic macrophages are depleted efficiently
in this model, and that CD11c* plasmablasts and a subset
of activated CD8" T cells are ablated as well****. Notably,
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Langerhans cells

Dendritic cells that inhabit the
epidermis. They are best
distinguished by their
high-level expression of the
C-type lectin receptor langerin
and its associated Birbeck
granules. In contrast to other
dendritic cells, Langerhans
cells self-renew locally and are
not depleted by high doses of
X-ray irradiation.

Cre recombinase

Cre is a site-specific
recombinase that recognizes
and binds specific DNA

sequences known as loxP sites.

Two loxP sites recombine in
the presence of Cre, enabling
excision of the intervening
DNA sequence.

Box 2 | Tools needed to further our understanding of MPS function

What are the differential roles of infiltrating macrophages and tissue-resident macrophages?

Steady-state tissue-resident macrophages have many trophic and tissue homeostatic roles in addition to their functions in
providing protection against pathogens!'”. However, the vast majority of the literature on macrophages focuses on their
contribution to inflammation in pathological disease models. In many of these cases, the macrophages that are described
are not tissue-resident macrophages, but are derived from monocytes that recently infiltrated the tissue, as highlighted in
the case of peritoneal inflammation'®. The identification of definitive markers for infiltrating monocyte-derived
macrophages would be valuable in clarifying the differential functions of infiltrating monocyte-derived macrophages and
tissue-resident macrophages. Clearly, the array of phenotypical markers currently in use —such as CD11b, F4/80 (also
known as EMR1), CD11c, MHC class Il molecules and CX,C-chemokine receptor 1 (CX,CR1) —is insufficient; new genes
specific to each macrophage population will allow us to generate new tracking and depletion models to distinguish these
two populations. Furthermore, developing humanized mouse models with improved engraftment of tissue-resident
macrophages should help to illuminate the functions of the human equivalents of these populations.

What are the differential functions of tissue DC subsets?

Our progress in understanding the specialization of the dendritic cell (DC) lineage has accelerated owing to the
identification of the transcription factors basic leucine zipper transcriptional factor ATF-like 3 (BATF3), interferon-regula-
tory factor 8 (IRF8) and inhibitor of DNA binding 2 (ID2) as crucial for the development of CD8* and CD103* DCs, and as a
result of the generation of a BATF3-deficient mouse!’. However, the field is still in need of mice in which the Batf3 promoter
drives the expression of the Cre recombinase in order to achieve specific gene expression or knockdown in CD8* and
CD103* DCs without affecting CD8~ or CD11b* DCs. XC-chemokine receptor 1 (XCR1) appears to be expressed exclusively
by CD8* and CD103* DCs and is crucial for the cross-presentation of antigens to CD8* T cells'® (. Helft and M.M.,

unpublished observations). Thus, the generation of an Xcr1-Cre!

-2 mouse could be another strategy to specifically target

CD8*and CD103* DCs. Similarly, the discovery of novel promoters that are active specifically in CD8~and CD11b* DCs (or
subpopulations within these) is also much needed to clarify the contributions of these DC subsets to tissue immunity.

DT administration to transgenic mice under the short
5.5-kb Cd11c promoter does not lead to depletion of
monocyte-derived DCs®, plasmacytoid DCs™ or natu-
ral killer (NK) cells*>*®. The insights acquired from this
model and the challenges of its use have been covered
in other reviews**. One of the limitations described for
this mouse strain is the invariable lethality associated
with multiple injections of diphtheria toxin; this pre-
cludes long-term depletion studies unless Cd11c-DTR-
wild-type bone marrow chimaeras are generated.
A second Cdl11c-DTR model was developed, using the
full-length Cd11c promoter, in which lethality was not
observed at the normal range of diphtheria toxin dosing
(8 ng per g), although mortality was seen at higher
doses (64 ng per g)*’. Both models were similarly effi-
cient in the ablation of DCs, splenic marginal zone
macrophages, CD11c" T cells and CD11c" B cells but,
owing to the use of the full-length promoter, CD11c"
NK and NKT cells were also ablated in this model.

Another DTR model, the langerin-DTR mouse,
which was independently generated by two groups®**
(reviewed in REF. 32), can be used to deplete a more
restricted population of DCs. These animals have a
DTR-EGFP (enhanced green fluorescent protein) gene
cassette knocked into the mouse gene that encodes lan-
gerin (also known as CLEC4K and CD207), and this
enables specific depletion of langerin-expressing DCs,
including epidermal Langerhans cells®*-%?, langerin-
expressing CD8* DCs in lymphoid tissue®*®* and CD103*
DCs in peripheral tissues®-62%* (TABLE 2).

Constitutive ablation with DTA. One of the limita-
tions of the DTR models is that most MPS cells are
quickly replaced; thus, diphtheria toxin must be repeat-
edly administered. To overcome this limitation and to
achieve constitutive cell depletion, diphtheria toxin

fragment A (DTA) can be used instead of the DTR. In
this model, a stopflox-DTA gene cassette is knocked
into the constitutively expressed Rosa26 locus. The stop
cassette prevents translation of DTA. In the presence of
Cre recombinase, the stop cassette, which is flanked by loxP
sites, is excised, and DTA is expressed, which leads to cell
death. A model of constitutive ablation of DCs was gener-
ated using Cd11Ic-Cre animals crossed to stopflox-DTA
mice to assess the global function of DCs*. One report
demonstrated a myeloproliferative syndrome without
autoimmunity®, whereas another group reported a break
in self tolerance®. Notably, a recent report using this
model in MRL. Fas?" mice that are susceptible to a lupus-
like syndrome demonstrated that the animals were in fact
protected from the progression of autoimmunity®. The
stark contrast in outcomes could reflect the contribution
of the environment in these models, but also indicates
the need for more DC-specific ablation models for more
definitive studies on the relevance of distinct DC popu-
lations in T cell homeostasis and autoimmune disease
progression. Epidermal Langerhans cells have also been
constitutively ablated using this approach™.

Cell type-specific gene expression and knockout
Various genes that are relevant to MPS cell development
and function have been identified using gene-overex-
pression or gene-knockout models. However, with the
appreciation that the MPS comprises a number of dis-
tinct cell subsets with unique gene expression patterns,
there is a need for tools to overexpress or knock out
particular genes in a cell type-specific manner.

The simplest way to overexpress a gene in a specific
cell type is to place the gene downstream of a recon-
stituted promoter that has an expression pattern that
is restricted to the cell type of interest. For example, a
transgene encoding the CSF3 receptor (CSF3R) was
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Table 2 | Efficacy of various models for depleting mononuclear phagocytes in mice

Cell type Cell subset Depletion strategy and efficacy of each method
Clodronate CSF1R-specific Cd1lb- MAFIA*® Cd169- Cdlic- Langerin-
liposomes'’”  antibodies!® DTR33 DTR*®  DTR>%%’ DTR>%5°
Monocyte GR1" cells from peripheral s I 19, 4420 4443436 a8, _* ND ND
blood ++449
GR1"" cells from peripheral e WO +420; 44419 = ND ND
blood
Bone marrow GR1" cells 448 +* ++8 +448 -8 —* ND
Bone marrow GR1"* cells +++8 +* ++8 448 -8 —* ND
Macrophage  Bone marrow 448 +* +8 +++8 +++5 B39 ND
Lymph node +++927 +4++20 ND 4+ 4+ 4+ ND
Peritoneum 44112113 +++19 330 St —* ND ND
Splenic red pulp 114115 ++20 ND 4% ++* SiL ND
Splenic marginal metallophilic ~ +++"* +++20 ND ND +++0 457110 ND
Splenic marginal zone 4114 ND ND ND +++20 +++116 ND
Lung +4117.118, —19 S0 p 3 1849 ND 44121 64
++4+472030119.120
Liver ++2%; 444122 +++19 =3 ND ND ND ND
Gut ++123; 44431 +++19 ND +++31 ND ND ND
CNS +++124 i ND —125 _* ND ND
Dermis 4426 419 ND ND ND ND ND
Dendriticcell Lymph node = = ND ND =1 4126, 5T 27558
Spleen CD8* ++110 = ND ND =1 I +++03
Spleen CD8" 110 ND ND 53
Lung CD103*CD11b" = ND ND ND —* 404128 +4++04
Lung CD103-CD11b* - ND ND ND —* o4
Liver CD103*CD11b~ ND ND ND ND —* 44129 ND
Liver CD103-CD11b* ND ND ND ND —* ND
GutCD103*CD11b™ +++31 ND ND ND —* 444130 ND
GutCD103-CD11b* ND ND ND —* ND
Dermis CD103*CD11b" ND ND ND ND —* ++4126 +4+00-62
Dermis CD103 - CD11b* ND ND ND ND —* —*
Langerhans cells HHER ¥ ND ND =5 —/+% 445862

The table only includes data from reports in which depletion takes place in mice under steady-state conditions. Data from rats and other species or depletion
demonstrated in the context of other manipulations (such as infection, cancer or transplantation) were excluded. Population subset boxes are merged when data
does not distinguish between subsets. -, <20% of population depleted; +, 20-50% of population depleted; ++, 50-80% of population depleted; +++, >80% of
population depleted; CSF1R, colony-stimulating factor 1 receptor; DTR, diphtheria toxin receptor; MAFIA, macrophage FAS-induced apoptosis; ND, not determined.
*Unpublished observations (A.C., D. Hashimoto and M.M.).

Dicer

Dicer is an endoribonuclease
that cleaves double-stranded
RNA and is important for
processing pre-microRNAs.

recently cloned downstream of the Cd68 promoter and
used to generate transgenic mice. This demonstrated
that CSF3R expression on CD68* monocytic cells is suf-
ficient to mobilize haematopoietic stem and progenitor
cells in response to CSF3 (also known as G-CSF)®.

It is also possible to achieve cell type-specific or con-
ditional gene knockout in mice. This is done by knock-
ing in two loxP sites at distant introns within a given
gene, which is known as ‘floxing’ the gene. The mouse is
then crossed with a mouse that expresses the Cre recom-
binase from a cell type-specific promoter. In the cells in
which Cre is expressed, the portion of the gene encom-
passed by the two loxP sites is excised and the gene is no
longer expressed. This type of model is very useful for

determining the precise function of a gene in a given cell
type without the confounding action of knockout in other
cell types. This model is also particularly useful when
global loss of the gene causes embryonic lethality. For
example, to overcome the embryonic lethality that results
from deletion of the gene encoding Dicer, and to restrict
the deletion to CD11c* cells, mice with a floxed Dicer gene
were crossed with Cd11c-Cre mice. This resulted in the
depletion of Langerhans cells, revealing a role for Dicer
in the maintenance of this DC population, whereas other
DC populations were unaffected®. The specific depletion
of Langerhans cells in this model may be due to the slow
turnover of these cells, whereas other DC populations have
a much more rapid turnover once they express CD11c.
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Mice with cell type-specific Cre expression also
provide a way to overexpress a gene in particular cell
types. This is achieved by crossing the promoter-Cre
mice with mice in which a copy of the gene to be over-
expressed is preceded by a stopflox cassette and knocked
into the ubiquitously expressed Rosa26 locus. Thus,
in cells that express Cre, the stopflox cassette will be
excised and the transgene will be expressed. The main
advantage of this approach is that it does not require a
unique transgenic mouse to be generated for every pro-
moter—transgene combination. Instead, a single Cre-
transgenic animal can be crossed with any line that has
a loxP-flanked stop codon upstream of a gene encod-
ing DTR”, DTA’"”* or a tracking protein (such as green
fluorescent protein (GFP), red fluorescent protein (RFP),
the fluorescent protein tdTomato or LacZ) to achieve
cell depletion (see above) or tracking (see below) in a
promoter-specific manner.

One can also achieve temporal control over protein
expression or knockdown using the Cre** system. In
this system, the Cre recombinase enzyme is linked to
the mutated ligand-binding domain of the oestrogen
receptor. Only when tamoxifen, an oestrogen recep-
tor antagonist, is administered to the animal does Cre
enter the nucleus, where it can excise the loxP-flanked
sequence. This additional layer of temporal control is
crucial when gene expression or knockout in a particular
cell type causes embryonic lethality.

Reporter mice and lineage-tracing mouse models
Reporter mice with transgenic or knock-in expression of
fluorescent proteins have added to our understanding
of the origin and function of mononuclear phagocytes.
Traditionally, these models have been generated by
placing a reporter, such as LacZ or EGFP, downstream
of a reconstituted promoter or in an appropriate bacte-
rial artificial chromosome, or by knocking the reporter
into a specific genomic locus. Various mouse models
have been created to allow antibody-free tracking of
mononuclear phagocytes. These include lysozyme M
(Lyz2)-EGFP mice”, CsfIr-EGFP (MacGreen” and
MAFIA*) mice, CX,C-chemokine receptor 1 (Cx3crl)-
EGFP mice”, CC-chemokine receptor 2 (Ccr2)-
RFP mice’®, MHC class II-EGFP mice”’, Cd11¢-DTR/
GFP mice®, Cd11c-EYFP (enhanced yellow fluorescent
protein) mice’, langerin-EGFP mice and langerin-DTR-
GFP mice®®®. The uses and pitfalls of most of these
models have been recently reviewed”.

When used in tandem with antibodies in flow
cytometry, these reporter models are very useful in
identifying specific subpopulations of monocytes,
macrophages or DCs, especially for markers to which
commercial antibodies are either suboptimal or not
available. However, when used singly for imaging pur-
poses, the main limitation of these reporter mice is
their inability to precisely track specific populations of
cells owing to overlapping activities of the promoters
among mononuclear phagocytes. For example, EGFP is
expressed by neutrophils as well as mononuclear phago-
cytes in Lyz2-EGFP”?, MacGreen’%*%! and MAFIA'1>*
mice. Cx3cr1-EGFP animals have been extensively

used to study the MPS, because CX3CR1 is expressed
throughout mononuclear phagocyte development and
is absent from granulocytes™. Expressed on early mye-
loid precursors in the embryo®? and adult myeloid pro-
genitors (such as MDPs, CDPs and pre-DCs)*, CX,CR1
remains expressed on circulating monocytes, as well
as on some tissue macrophages and DCs”. However,
CX,CRl1 is not a specific marker of the MPS, as it can
also be expressed by lymphoid cells (such as NK cells”)
and by mouse epidermal y§ T cells (E Ginhoux and
M.M., unpublished observations). Similarly, Ccr2-RFP
animals have RFP-expressing monocytes, with classical
monocytes showing higher RFP expression than
non-classical monocytes, but NK cells and T cells® are
also labelled in these mice.

MHC class II-EGFP knock-in animals can be used
to identify DCs, but there is also EGFP expression on
B cells and macrophages”®. Cd11¢-DTR/GFP and
Cd11c¢c-EYFP mice have been used to track DCs*>78;
however, although there are no reports of fluorescence
in other cell types, subsets of monocytes, macrophages,
NK cells, B cells and T cells also express CD11¢, and
it remains to be seen if these subpopulations are also
labelled in CD11c reporter mice. Reporter animals
based on the langerin promoter selectively label lan-
gerin-expressing DCs***, allowing for direct visu-
alization of epidermal Langerhans cells and CD103*
DCs in an antibody-free system. New models with
such a restricted expression of a reporter gene by only
certain subpopulations of monocytes, macrophages
or DCs will be invaluable for imaging mononuclear
phagocytes in vivo.

To better understand the developmental ori-
gins of MPS cells, lineage-tracing models have been
developed. These mice are generated by crossing
Rosa26-stopflox-EGFP or Rosa26-stopflox-LacZ ani-
mals with mice that express Cre from a specific pro-
moter. In cells in which the promoter is active, Cre is
expressed, the floxed stop cassette is excised and the
reporter is then expressed. As this reaction is irrevers-
ible, the cells continue to express the reporter even if
they differentiate and the promoter that drives Cre
expression is turned off. Thus, cells with a common
gene expression pattern or heritage can be identi-
fied. Recently, Runx1-Cre®™™ " mice were crossed with
Rosa26-stopflox-EGFP or Rosa26-stopflox-LacZ ani-
mals to trace the lineage of yolk sac-derived haemat-
opoietic cells*. Using this mouse line for fate-mapping
analyses, it was determined that adult microglia are
derived from yolk sac macrophages®. Similar fate-
mapping approaches to label other cell types, such as
MDPs and monocytes, will be instrumental in help-
ing us to identify the origins of tissue macrophages
and DCs.

The limitation of this approach is that the tracing
is defined by the expression pattern of the specific
promoter driving Cre expression. If this promoter is
active in the progenitors of unrelated lineages, this
can confound interpretations. Thus, it is important to
identify promoters with high fidelity to the cell type
of interest.
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Improving targeting

For achieving cell type-specific expression of transgenes,
including that encoding Cre, there are several useful
promoters (such as those from the Lyz2, Cd11b, CdlIc
and langerin genes) that have been reconstituted or
can be inserted into a bacterial artificial chromosome.
However, although these promoters are helpful for
broad, although sometimes incomplete, targeting to
macrophages or DCs, they are not useful for target-
ing specific subsets”. Therefore, we need to identify
regulatory elements that enable transgene expression
to be more specifically targeted to distinct mono-
nuclear phagocyte subpopulations. In addition, as
similar DC and macrophage subsets may have diverse
roles depending on the tissue environment, it would be
extremely useful to generate methods that enable cell
type-specific ablation in particular organs and tissues.
In this way, the tissue-specific role of a subset can be
better determined. Transcriptional profiling provides an
in silico means to find new regulatory elements that can
be used to drive cell type-specific transgene expression.
Of course, few promoters or enhancers are restricted to
a single cell type, so achieving exquisite targeting can
require additional actions.

An alternative and complementary strategy is to use
microRNA-based targeting. To do this, synthetic target
sites for a microRNA that is expressed in a specific cell
type are placed downstream of the transgene®*’. This
results in suppression of the transgene in cells in which the
microRNA is expressed. This ‘de-targeting’ approach has
been used to specifically eliminate transgene expression
in a variety of cell types (including T cells, mature DCs
and haematopoietic stem cells), and it can be a powerful
addendum to improve transgene targeting in transgenic
systems that rely on cell type-specific promoters®*.

Molecular profiling

Molecular profiling involves the use of technologies
that globally characterize gene expression and protein
levels, such as microarrays, next-generation sequencing
and proteomics. It is being used to answer some of the
outstanding questions about MPS biology; for example,
to define the differences between DCs and macro-
phages, and between their subsets. Because of their low
frequency and broad distribution throughout tissues,
it has been difficult to isolate different in vivo DC and
macrophage populations at sufficient purity and quantity
for profiling. Quantitative proteomics has been particu-
larly challenging; however, Mann and colleagues recently
reported that a label-free approach could be used to deter-
mine the abundance of more than 5,000 proteins in four
different subsets of splenic DCs isolated from mice®. Their
results confirmed earlier transcriptional profiling studies
indicating distinct gene expression signatures between
DC subsets, and even showed that the differential expres-
sion of components of pattern recognition pathways
leads to differences in the functions of splenic DCs.

One of the most ambitious attempts at understand-
ing the molecular programming of MPS cells and
other haematopoietic cells has been established by the
Immunological Genome Project (ImmGen). InmGen is

a US National Institutes of Health (NIH)-funded con-
sortium, which we are part of, that has isolated almost
every known subset of immune cells (including more
than 20 different populations of DCs and macrophages)
and has performed microarray-based transcriptional
profiling on each. The ImmGen data (available from
the ImmGen website) enables a broad comparison of
gene expression signatures across haematopoietic cells.
Although gain- and loss-of-function experiments will
still be necessary to determine the relevance of many
of these genes to MPS cells, this compilation of data
should help to identify the core gene expression signa-
tures that define subtypes of monocytes, macrophages
and DCs and the progenitors from which they arise
(that is, haematopoietic stem cells, multipotent progen-
itors, common myeloid progenitors, granulocyte and
macrophage progenitors, MDPs and CDPs).

High-throughput screening
RNA interference is the most rapid means to identify
gene function in human and mouse cells, and has been
effective in elucidating gene functions in macrophages
and DCs. A large-scale example was recently reported
by Paul et al.”'. They performed a genome-wide screen
to identify genes that regulate MHC class IT expression
by transfecting a model cell line, which was distrib-
uted in dozens of 96-well plates, with small interfering
RNAs (siRNAs) targeted against 21,245 human genes.
High-throughput fluorescence-activated cell sorting
(FACS) and confocal microscopy were used to monitor
the impact of each gene knockdown on representa-
tive markers for MHC class II expression and peptide
loading, as well as for MHC class II localization. Their
screen identified 250 genes with a previously unap-
preciated role in MHC class II regulation, including a
new axis that links cell signalling with an actin-based
mechanism involved in redistributing MHC class II
molecules on the cell surface during DC maturation.
Hacohen and colleagues used a lentiviral vector-
based small hairpin RNA (shRNA) library to investigate
the regulatory role of 125 genes in the response of mouse
bone marrow-derived DCs to lipopolysaccharide (LPS)
or polyinosinic-polycytidylic acid (polyI:C). Instead
of looking at particular phenotypic markers following
gene knockdown, as Paul et al. did, Hacohen and col-
leagues used transcriptome profiling to uncover the set
of genes controlled by a putative regulatory gene®. This
type of approach allows for a relatively unbiased inter-
rogation of gene function and enabled them to identify
a core network of 24 regulatory genes (including several
unexpected cell cycle genes, such as Jun and Timeless)
that regulates the larger network of genes involved in
the response of bone marrow-derived DCs to pathogens.
At present, high-throughput screening is only feasi-
ble in cell culture, which limits the approach to in vitro
models of macrophage and DC function. Current high-
throughput screening studies use cell lines, such as human
THP-1 pro-monocytic cells, or cells derived from progeni-
tor cell cultures, such as macrophages induced by CSF1
and DCs induced by CSF2 (also known as GM-CSF) or
FLT3L. Certain subsets — such as CD103* DCs, red pulp
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macrophages, lymph node subcapsular macrophages
and alveolar macrophages — cannot be easily manipu-
lated in culture. However, as we learn more about the
developmental requirements of macrophages and DCs,
it should be possible to generate better in vitro models for
performing gain- and loss-of-function studies.

The high cost of genome-wide RNA interference
screens will lead many investigators to choose a candi-
date gene approach rather than an unbiased, compre-
hensive screen. An alternative is to use pooled libraries
of cDNAs or shRNAs, introduce these into cells en masse
and use selection techniques (for example, FACS based
on a phenotypic marker) followed by deconvolution of
the library in the selected cells to identify the cDNAs
or shRNAs, and by inference the genes, that drove the
selected phenotype. This type of approach, which is rela-
tively cheap, has been used in cancer biology (for exam-
ple, to identify genes involved in chemoresistance®) and
may be amenable to the study of macrophage and DC
development and function.

The creation of better siRNA and shRNA designs and
validated libraries is starting to increase the use of RNA
interference. The Broad Institute, for one, is validating
the efficiency of target knockdown for >50,000 publicly
available lentiviral vector-based shRNA constructs®, and
the Hannon and Lowe laboratories recently generated
a mouse model that can be used to create conditional
shRNA-transgenic mice®. These new tools will help to
facilitate genomic analyses of the MPS.

Humanized mice to study the MPS

Differences between mouse and human immunology,
including in MPS cells, have been previously described*.
Moreover, human strains of certain pathogens that
infect MPS cells — such as HIV, hepatitis B virus and
hepatitis C virus — do not cause disease in murine sys-
tems owing to differences in the susceptibility of murine
and human MPS cells to infection. This precludes stud-
ies of these human pathogens in vivo in rodent models.
Collectively, these factors have driven the develop-
ment of human-haemato-lymphoid-system (HHLS)
mice (reviewed in REF. 97). The general concept is to
reconstitute a human haematopoietic system in mice by
transplanting human CD34" haematopoietic stem and
progenitor cells into newborn immunocompromised

mice that have been sublethally irradiated. The first
generation of these models suffered from impaired
haematopoietic stem cell engraftment and, consequently,
reduced human cell chimerism after 4-6 months, and
the engraftment of human myeloid cells was also poor””.
In order to achieve greater engraftment of human MPS
cells in HHLS mice, human cytokines — such as throm-
bopoietin, interleukin-3, CSF1 and CSF2 — have been
introduced into these mice through various modali-
ties, including straightforward injection, transgenic
expression or knock-in expression’®. Modification of
the mouse signal-regulatory protein-a (Sirpa) gene has
also been used to yield higher engraftment of human
cells”. These approaches have allowed for more dura-
ble myeloid chimerism of human MPS cells in mice
and will facilitate the study of human myeloid cells in a
physiological in vivo setting.

Use of zebrafish to study MPS cell development

New mouse models will greatly advance our understand-
ing of macrophage and DC development. However,
identifying the role of the thousands of genes expressed
in these cells requires models that are more amenable to
accelerated analysis. The identification of macrophages
and DCs in zebrafish may make this a useful model to
study the development of these cells'®. These aquatic ver-
tebrates make it comparatively easy to study the develop-
ment, migration and localization of a cell lineage because
the embryos, and now even a strain of adults'”, are trans-
lucent. A zebrafish model was recently generated with a
GFP reporter under the control of the MHC class II gene
promoter, and this established similarities in the tissue
distribution of MPS cells in zebrafish and higher order
mammals'®. It will now be useful to generate strains of
zebrafish with GFP reporters specific for macrophages
and DCs, and to cross these strains with the many
zebrafish gene mutants that are currently being generated.

Conclusions

The tools that are currently available have been instru-
mental in establishing the field of mononuclear phago-
cytes. In order to push the field to the next stage and to
answer many of the lingering questions (see BOX 1 and
BOX 2), the next generation of tools must be developed
to more precisely dissect the MPS.
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