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mune responses in tissues. These cells have noteworthy 
functions: they phagocytose infected or invading patho-
gens using Fc receptors  [1] ; they identify pathogens or cel-
lular stress using pattern recognition receptors  [2] ; they 
shape inflammatory processes by secreting cytokines 
and other factors  [3] , and they play an essential role in 
adaptive immunity by presenting antigen to T cells  [4] . 
Despite their protective roles, tissue Mø and DC also con-
tribute actively to the progression of chronic inflamma-
tory conditions. For example, Mø and DC exhibit com-
plex regulatory functions mediated through growth fac-
tors, chemokines, cytokines, angiogenesis promoting 
factors and proteolytic enzymes, which can act to pro-
mote disease progression  [5–7] .

  A critical question is whether it is possible to ablate 
deleterious Mø or DC responses while sparing protective 
ones. Answering this question requires knowledge of the 
mechanisms that control the unfolding of Mø and DC 
activity in vivo. To do so, extensive work is underway to 
identify how tissue-resident Mø and DC execute their 
functions locally, how they become activated and re-
spond to their microenvironments, and perhaps more 
fundamentally, where they come from and what is the 
identity of their lineage precursors. 

 Key Words 

 Host defense  �  Immune response  �  Mononuclear 
phagocyte system 

 Abstract 

 Tissue macrophages (Mø) and dendritic cells (DC) are thought 
to derive from hematopoietic stem cells, which exist in the 
bone marrow and generate intermediate precursor popula-
tions with increasingly restricted lineage potentials. There ex-
ists several precursors committed to the Mø and DC lineages; 
these cells exhibit distinct tropism and function and respond 
differentially in pathophysiologic conditions. In this review, 
we consider experimental contexts in which Mø and DC re-
sponses in tissue are not only dictated by the local environ-
ment, but also by the quantity and quality of newly recruited 
lineage precursor cells. Consequently, we discuss whether 
therapeutic control of Mø and DC responses in tissue may be 
achieved through manipulation of their lineage precursors. 

 Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 Macrophages (Mø) and dendritic cells (DC) represent 
key components of the mononuclear phagocyte system 
and are critically important for mediating protective im-
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  This review is focused on the in vivo dynamics of Mø 
and DC precursor cell responses in the mouse. It is moti-
vated by the recent identification of discrete populations 
which derive from self-renewing hematopoietic stem 
cells (HSC) located in specialized niches of the bone mar-
row and relocate through the blood to constitute tissue-
resident Mø and DC populations  [8] . Remarkably, there 
are different precursors of Mø and DC and these cells ap-
pear to be endowed with distinct effector functions. Con-
sequently, the qualities of Mø and DC in tissue may be 
influenced, at least in part, by the identity of the precur-
sor cells from which they derive. 

  Initially, we will present information on the ontogeny 
of Mø and DC and on the migration of defined precursor 
cells in physiologic conditions. We will then review sev-
eral pathologic conditions that alter the homeostasis of 
precursor populations. We will discuss how these altera-
tions can affect the course of diseases and, consequently, 
whether the control of Mø and DC responses in tissue 
requires manipulation of their hematopoietic precursors.

  Ontogeny and Function of Tissue Mononuclear 

Phagocytes 

 Most tissue Mø and DC in an adult individual origi-
nate from self-renewing HSC, which are located in spe-
cialized niches of the bone marrow  [8, 9] . HSC are thought 

to go through successive and irreversible developmental 
checkpoints, which lead to the generation of intermediate 
precursor populations that increasingly lose self-renewal 
capacity and become restricted to one lineage  [10–12] . 
The last progenitor cell that Mø and DC are known to 
have in common is called an MDP (Mø and DC progeni-
tor)  [13] .  Figure 1  illustrates that this cell can give rise to 
common dendritic cell progenitors (CDP) and Ly-6C hi  
and Ly-6C lo  monocytes  [14–18] . The molecular control of 
mononuclear phagocyte development from hematopoi-
etic precursors is discussed in detail elsewhere  [19, 20] .

  The ontogenic relationship between the two monocyte 
subsets is currently debated. It is frequently proposed that 
Ly-6C lo  cells derive from their Ly-6C hi  counterparts. In 
line with this notion, cell depletion and cell transfer stud-
ies indicate not only that MDP can produce both Ly-6C hi  
and Ly-6C lo  monocytes in vivo  [15]  but also that Ly-6C hi  
cells recirculate into the bone marrow where they can 
convert into Ly-6C lo  cells  [15, 21, 22] . However, the mo-
lecular cues that drive Ly-6C hi  ] Ly-6C lo  monocyte con-
version remain largely unknown. Alternatively, it has 
been proposed that Ly-6C lo  monocytes can be generated 
independently of their Ly-6C hi  counterparts  [23]  based 
on observations that the numbers of circulating Ly-6C lo  
monocytes were not affected after antibody-based deple-
tion of Ly-6C hi  monocytes. However, the existence of a 
direct precursor  ]  product relationship between MDP 
and Ly-6C lo  monocytes – i.e. without a Ly-6C hi  monocyte 
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  Fig. 1.  Ontogeny of mononuclear phagocytes. The origin of DC 
and Mø populations can be tracked back to uncommitted HSC 
that reside in the bone marrow. Differentiation toward the mono-
nuclear phagocyte lineage involves the generation of cell interme-
diates, which progressively lose their capacity to produce other 
lineages. Known cell intermediates include: common myeloid 
progenitors (CMP), granulocyte and Mø progenitors (GMP) and 
MDP. MDP represent the most committed progenitor that DC 

and Mø have in common. They give rise to pDC and cDC via a 
CDP and a pre-DC intermediate. MDP also give rise to two sub-
sets of blood monocytes (Ly-6C hi  and Ly-6C lo  monocytes). Upon 
extravasation in tissue, Ly-6C hi  monocytes can differentiate into 
inflammatory Mø or monocyte-derived DC (Mø/DC), which re-
semble cDC, or TNF- �  and iNOS-producing DC (Tip-DC). Ly-
6C lo  monocytes, which may derive from Ly-6C hi  monocytes or 
MDP, can differentiate into Mø in tissue. 
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intermediate – has not been established. Thus, additional 
studies are required to conclusively understand the rela-
tionship between monocyte subsets. The transcription 
factor Nur77 has been shown to control the production 
of Ly-6C lo  monocytes, but neither of MDP nor Ly-6C hi  
monocytes  [24] . This finding might become instrumen-
tal in future ontogenic studies. 

  There is recent indication that CDP and monocyte 
subtypes have distinct tropism and functional fates in 
vivo. Therefore, it appears important to investigate these 
cells separately and to define their respective impacts on 
Mø and DC responses. CDP are known to differentiate 
into classical DC (cDC) via a circulating pre-DC precur-
sor and into plasmacytoid DC (pDC)  [14, 16–18, 25] . CDP 
have lost the potential to generate monocytes; thus DC 
produced in steady state typically do not originate from 
a monocytic precursor. Ly-6C hi  and Ly-6C lo  monocytes 
themselves are heterogeneous and committed, at least to 
some extent, to separate functions  [14] . Ly-6C hi  mono-
cytes produce tumor necrosis factor- �  (TNF- � ), interleu-
kin-1 and proteolytic enzymes – and therefore are termed 
inflammatory monocytes – and can differentiate into DC 
under inflammatory conditions. In contrast, Ly-6C lo  
monocytes have been shown to promote healing and type 
2 responses and to differentiate into Mø  [19, 26, 27] . Ly-
6C hi  and Ly-6C lo  monocytes show distinct tropisms, both 
in steady state and inflammation, as discussed in the sec-
tions below. 

  Tissue Mø and DC populations are distributed 
throughout the body but are typically found in higher 
numbers at strategic sites, such as the skin and mucosal 
surfaces, which are entry points for pathogens, and sec-
ondary lymphoid organs, where adaptive immune re-
sponses are initiated. Mø are specialized tissue-resident 
cells, which display phagocytic functions and clear dying 
cells and cellular debris in the steady state. Mø popula-
tions also express a complex repertoire of cell surface re-
ceptors, which are used to recognize pathogens and to 
mount effector responses. Mø are considered to be plas-
tic cells because the responses that they mount depend
on the cues that they receive: classic activation of Mø – 
e.g. by interferon- �  – generates type 1 inflammatory re-
sponses, whereas alternative activation – e.g. by interleu-
kin-4 and interleukin-13 – induces type 2 responses; both 
types of activation are implicated in physiologic and 
pathologic processes  [7, 28–30] . The body also comprises 
heterogeneous populations of DC, which are described in 
detail elsewhere  [31–33]  and can be divided at least into 
cDC and pDC as mentioned above. cDC are critical for 
the induction of adaptive immunity. Some classical fea-

tures of these cells are their capacity to migrate and con-
centrate in T cell areas in lymph nodes, form processes so 
as to probe their environment and induce CD4 and CD8 
T cell-adaptive responses  [34] . cDC are also responsible 
for maintaining T cell tolerance to self-antigens  [35] . pDC 
are distinguishable from cDC based on their capacity to 
produce interferon- �  and interferon- � , which are antivi-
ral compounds mediating a wide range of effects; how-
ever, pDC can also present antigen and control T cell re-
sponses  [36] . The study of Mø and DC has benefited tre-
mendously from the generation of monoclonal antibodies, 
which recognize cell surface markers – e.g. F4/80 on Mø, 
CD11c on cDC and PDCA on pDC. However, the pheno-
types of Mø and DC populations may not always be con-
stant and/or fully discriminatory. Consequently, the sep-
aration between these cell types can be challenging when 
using phenotypic markers only  [37] . Here, we will at-
tempt to refer to Mø and DC based on their origins and 
functions.

  Migration of Mø and DC Precursors in Physiologic 

Conditions 

 In steady state, monocytes and pre-DC produced in 
the bone marrow are released into the circulation and can 
eventually extravasate in distant lymphoid and nonlym-
phoid tissues. The process of extravasation typically as-
sociates with an irreversible program of differentiation 
and generates tissue-resident Mø and DC populations 
with specialized functions  [8] . Pre-DC, Ly-6C hi  and Ly-
6C lo  monocytes have different tropisms and fates in 
steady state. The use of intravital optical imaging tech-
niques to study cell behavior in vivo  [38]  has indicated 
that Ly-6C lo  monocytes continuously patrol the vascula-
ture in the steady state  [39] . The cells are also thought to 
redistribute widely throughout the body and participate 
in the renewal of resident Mø populations  [19] . Some Mø 
have long tissue half-lives and thus their replenishment is 
slow. Ly-6C hi  monocytes, for the most part, are believed 
to remain in the circulation or return to the bone marrow 
in the absence of inflammatory stimuli  [40]  (however, 
they can produce DC under defined inflammatory con-
ditions as described in the next section). Pre-DC seed 
lymphoid and nonlymphoid tissues, where they continue 
to divide and differentiate into CD11c hi  MHCII hi  DC  [25, 
41] . Tissue Mø rarely proliferate whereas DC can do so 
 [42] . Importantly, however, notable exceptions to these 
rules exist and are discussed below.
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  Intestine 
 Mø and DC of the intestinal mucosa have two main 

functions. Not only do they participate in the mainte-
nance of tolerance to harmless food antigens and com-
mensal microorganisms, but they also respond to harm-
ful pathogens by initiating and controlling innate and 
adaptive immune responses. Cataloging mononuclear 
cells from the lamina propria based on surface markers 
defines populations with different origins, turnover rates 
and functional properties  [43] . For example, it has been 
proposed that CDP and pre-DC give rise to intestinal
DC, which are characterized with a CD103+ CX3CR1– 
phenotype  [41, 44] , whereas Ly-6C hi  monocytes – which 
usually do not enter extramedullary tissue in steady
state – generate lamina propria Mø, which are CD103– 
CX3CR1+ CD11b+ F4/80+ (and sometimes also referred 
to as DC)  [15, 44, 45] . CD103– CX3CR1+ cells form trans-
epithelial dendrites to the intestinal lumen, sample lumi-
nal antigens and likely modulate immune responses to 
invading pathogens locally  [46] . Conversely, CD103+ DC 
migrate to lymph nodes and participate in the activation 
of T cell responses  [47, 48] . Thus, current knowledge sug-
gests that mononuclear cells in the lamina propria have 
different origins and exhibit separate functions and that 
manipulation of either CDP or Ly-6C hi  monocytes may 
be used to control selective intestinal immune activities.

  Lung 
 The lung – together with the skin, which is discussed 

below – represents a major entry point to the body for 
environmental pathogens. Accordingly, Mø are found in 
numerous amounts in the alveolar space, they represent 
key contributors to pathogen clearance and can suppress 
local inflammatory processes  [49–52] . In steady state al-
veolar Mø have been proposed to be constituted of circu-
lating Ly-6C lo  monocytes, which extravasate and differ-
entiate in the lung parenchyma and then migrate into al-
veolar spaces  [53] . Along with Mø, the lung is the home 
to pDC and at least two cDC populations (CD103– 
CD11b hi  and CD103+ CD11b lo ). Both CD103– and 
CD103+ cDC have a relatively short lifespan in the lung 
and migrate to bronchial lymph nodes; however, they 
may have different origins and be endowed with different 
functions. For example, it has been proposed that Ly-6C lo  
monocytes can produce CD103– DC  [54, 55] , which ex-
press MHC II and can activate antigen-specific CD4+ T 
cells  [56] , whereas pre-DC may produce CD103+ DC  [41] , 
which resemble lymphoid tissue CD8+ DC because they 
express MHC I, produce interleukin-12, and efficiently 
cross-present antigen to CD8+ T cells  [32, 57, 58] . Inter-

estingly, both nonlymphoid tissue CD103+ DC  [59]  and 
lymphoid tissue CD8+ DC  [60]  have an increased ability 
to interact with CD8 T cells because they express the che-
mokine receptor XCR1 while CD8+ T cells actively se-
crete the cognate ligand – XCL1 (lymphotactin 1) – upon 
antigen activation. 

  However, some questions remain concerning the ori-
gin, phenotypic plasticity and functional diversity of the 
diverse lung DC and Mø populations. For example, the 
studies mentioned above suggest that Ly-6C lo  monocytes 
can produce both CD103– DC and Mø populations, 
which play opposing roles in lung pathology. Specifically, 
CD103– DC are involved in the perpetuation of airway 
effector responses and inflammation  [56, 61] , whereas the 
pulmonary Mø may suppress inflammatory activities 
 [49–52] . Thus, the mechanisms that control the fate of Ly-
6C lo  monocytes in tissue require further study.

  Skin 
 Langerhans cells (LC) are DC that reside in the epider-

mis and serve to protect the host against the external en-
vironment  [62] . In contrast to Mø and DC populations in 
most other tissues, most LC are not replaced with circulat-
ing precursors under steady-state conditions. LC remain 
of host origin in mice transplanted with congenic bone 
marrow and parabiotic mice fail to mix LC populations 
 [63] . Instead, precursor cells that are recruited in the epi-
dermis prior to birth have been postulated to give rise to 
LC  [64] . It has been suggested that the recruited precursor 
cells expand locally, most notably during the first week 
after birth, and then renew locally and independently of 
the bone marrow throughout life under steady-state con-
ditions via low-level proliferation. LC can also proliferate 
vigorously in response to changes in their microenviron-
ment  [64, 65] . Only in response to severe injury are LC 
repopulated with circulating Ly-6C hi  monocytes  [66] . The 
unusual development and renewal of LC may occur be-
cause the epidermis is avascular and is not easily accessi-
ble by circulating precursors in adult life. Whether or not 
these findings have consequences for the regulation of 
skin immunity requires further investigation. For exam-
ple, it appears important to determine whether Ly-6C hi  
monocyte-derived LC – which accumulate in an inflam-
matory context – differ functionally from preexisting LC, 
and whether harnessing one or the other population may 
serve to manipulate skin immune responses.

  Brain 
 Microglia are Mø that reside in the brain and spinal 

cord. The cells are separated from the rest of the body 
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by endothelial cells that form the blood-brain barrier 
 [67] . They scavenge the central nervous system for dam-
aged neurons and infectious agents; however, they are 
also associated with the pathogenesis of severe neurode-
generative diseases  [68, 69] . Similarly to LC but in con-
trast to many other Mø populations, microglia are 
thought to renew independently from the bone marrow 
under steady-state conditions  [70]  and arise from circu-
lating Ly-6C hi  monocytes only under critical pathologi-
cal conditions  [71] . Fate mapping studies indicate that 
microglia in the adult brain derive essentially from 
primitive hematopoietic cell progenitors that arise be-
fore embryonic day 8 in the extraembryonic yolk sack 
 [72] . The yolk sack produces progenitor cells, which 
likely migrate to the brain via newly formed blood ves-
sels. Resident microglia populations are then main-
tained locally throughout life. Consequently, it will be 
useful to define whether monocyte-derived Mø and pre-
existing microglia participate differently in the protec-
tion of the nervous system and/or in the induction or 
progression of neurodegenerative diseases. Emerging 
evidence suggests distinct functions for these cells. For 
example, the progression of experimental autoimmune 
encephalitis may be driven predominantly by Ly-6C hi  
monocyte-derived Mø  [73] . Also, recovery from spinal 
cord injury likely involves blood-derived Mø, which dis-
play anti-inflammatory functions  [74] .

  Spleen 
 The spleen contains various populations of Mø and 

DC  [75] . These include SIGN-R1+ marginal zone Mø and 
CD169+ marginal metallophilic Mø, which are posi-
tioned in the reticular framework of the marginal zone 
and protect the host by ingesting and eliminating blood-
borne pathogens, red pulp CD163+ Mø, which participate 
in blood filtration, the removal of old erythrocytes and 
the recycling of iron, and white pulp CD11c hi  DC, which 
are strategically located in T cell zones and initiate adap-
tive immunity by presenting blood-borne antigens to T 
cells. The known (and unknown) functions of these pop-
ulations are reviewed in more detail in an accompanying 
review of the same issue. Elegant experiments using 
adoptive transfer and fate mapping of progenitors into 
nonirradiated animals showed that MDP produce splen-
ic DC as well as marginal zone and red pulp Mø popula-
tions  [13] . As expected for DC in general, splenic DC do 
not descend from monocytes  [13, 15]  but instead from 
CDP, which are downstream of MDP and differentiate 
into cDC through a pre-DC intermediary  [25] . However, 
the mechanisms involved in the orchestration and spe-

cialization of the various splenic Mø and DC functions 
remain largely unknown.

  Unexpectedly, the resting spleen also accumulates 
MDP-derived circulating Ly-6C hi  and Ly-6C lo  mono-
cytes, which do not differentiate into Mø or DC locally 
 [76] . These bona fide monocytes are found in clusters lo-
cated in the parenchyma of the red pulp, are phenotypi-
cally distinct from resident Mø and DC, and outnumber 
their blood equivalents. The splenic monocytes are im-
portant because they can reenter blood circulation and be 
deployed to distant sites in response to inflammation (see 
‘Migration of Mø and DC Precursors in Pathophysiolog-
ic Conditions’). The spleen thus represents a unique 
monocyte reservoir that the body exploits to control in-
flammation. The mechanisms that retain splenic mono-
cytes in an undifferentiated state as well as the compensa-
tory mechanisms that regenerate the splenic niche after 
release of the reservoir cells remain to be defined. 

  Migration of Mø and DC Precursors in 

Pathophysiologic Conditions 

 Pathophysiologic conditions are often associated with 
profoundly altered homeostasis of mononuclear phago-
cytes ( fig.  2 ). Below we discuss several conditions in 
which precursors of Mø or DC are involved.

  Inflamed Lymph Node 
 Lymph nodes that drain infected or inflamed tissue 

are hubs of DC activity. DC that have captured antigen in 
tissue migrate to the draining lymph node via afferent 
lymph vessels and accumulate in T cell areas in a se-
quence of steps that involves chemokines and adhesion 
molecules  [31] . Antigen presentation occurs through 
physical interaction with many motile scanning T cells 
and results in full-fledged activation of the rare lympho-
cytes, which present a T cell receptor that is specific for 
the antigen presented by the DC  [77] . DC that reside in 
resting tissue normally derive from bone marrow CDP, 
which are developmentally distinct from monocytes  [15–
17] . Consequently, the professional antigen-presenting 
DC that migrate to draining lymph nodes should not 
have a monocyte origin. 

  Instead, it was recently demonstrated that gram-nega-
tive bacteria also recruit Ly-6C hi  monocytes from blood 
to lymph nodes and that upon recruitment these cells be-
come ‘authentic’ lymph node DC  [33] . The mobilization 
of Ly-6C hi  monocytes and their differentiation toward 
monocyte-derived DCs is potently activated by Toll-like 
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receptor (TLR)4 signaling. Other TLR ligands might be 
less efficient at inducing differentiation of monocytes to-
wards ‘authentic’ DC  [33] , although they may work at dif-
ferent concentrations. The route of entry of monocyte-
derived DC into lymph nodes has yet to be defined  [34] . 
The cells may first enter the inflamed nonlymphoid tissue 
adjacent to the lymph node and only then enter the latter 
using an afferent lymph vessel; alternatively, the cells may 
enter directly from blood via high endothelial venules. 
The monocyte-derived DC recruited to lymph nodes can 
be distinguished from CDP-derived DC because they se-
lectively express the marker DC-SIGN/CD209a. These 
cells are nevertheless described as authentic DC because 
they concentrate in T cell areas, share many of the pheno-

typic attributes of DC and demonstrate efficient cross-
presenting activity  [33] . Monocyte-derived DC become 
the dominant antigen-presenting cell in lymph nodes in 
some experimental conditions and thus may represent a 
critical and long-lasting component of the DC response.

  Infected and Injured Tissues 
 Whether tissue responds to insults with preexisting 

resident Mø or DC only, or instead recruits new circulat-
ing cells, is context dependent. The degree of tissue mal-
function likely represents an important parameter that 
guides the magnitude of the inflammatory response  [78] . 
A mild tissue malfunction may involve local Mø or DC 
only, whereas extensive malfunction will require addi-

Bone marrow Blood Disturbed tissue

Proliferation and skewed
differentiation in bone marrow

Selective recruitment to
disturbed tissue

Selective release from
bone marrow

Selective release from
spleen

Spleen

Proliferation and skewed
differentiation in disturbed

tissue

a

b

c

d

e

  Fig. 2.  Alteration of Mø/DC precursor responses in pathophysi-
ologic conditions. This diagram reviews five scenarios in which 
mononuclear phagocyte precursors are involved. The responses 
mediated by these cells can affect tissue Mø and DC both quanti-
tatively and qualitatively, and eventually have an impact on the 
course of the disease. The quantity of Mø/DC is controlled at least 
in part by the number of precursor cells that are mobilized, where-
as the quality of Mø/DC is affected when defined precursor pop-
ulations are mobilized. The diagram, which depicts HSC (grey 
dots), Ly-6C hi  monocytes (light blue dots), Ly-6C lo  monocytes 
(green dots), CDP/pre-DC/DC (red dots) and Mø/DC (dark blue 
dots), highlights how Ly-6C hi  monocyte responses can be ampli-
fied in vivo. However, similar mechanisms of action – which are 
not shown here – may apply to other precursor populations.
 a  Dormant HSC residing in the bone marrow can be stimulated 
(e.g. by TLR ligands) to enter into a limited number of cell divi-

sions and may differentiate toward the myloid lineage  [85, 86] . 
This amplification process may produce Ly-6C hi  monocytes.
 b  Select bone marrow precursor populations can be released in 
circulation  [88] . For example, CCR2 signaling triggers the release 
of bone marrow Ly-6C hi  monocytes.  c  The spleen serves as a res-
ervoir site for monocytes, which can be mobilized into circulation 
 [76] . Defined stimuli may trigger the exit of Ly-6C hi  monocytes 
selectively.  d  Select precursor populations can be recruited to tis-
sue  [3, 96, 101, 109] . For example, production of MCP-1 by a dis-
turbed tissue acts to recruit Ly-6C hi  monocytes.  e  A small fraction 
of HSC and progenitor cells exit the bone marrow and traffic 
through extramedullary tissues. These cells can be stimulated lo-
cally (e.g. by TLR ligands) to give rise to mononuclear phagocytes 
 [92] . This amplification process may produce Ly-6C hi  monocytes 
and Mø/DC in inflamed tissues. 
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tional cells, perhaps equipped with distinct effector func-
tions. Studies of inflammatory reactions in the skin can 
be used to illustrate this point whereby an experimental 
model of atopic dermatitis triggers local proliferation of 
LC but does not involve infiltration by monocytes  [64] ; 
instead, both UV irradiation and graft-versus-host dis-
ease, which kill resident LC, stimulate massive infiltration 
of the epidermis by circulating Ly-6C hi  monocytes  [79] . 

  It is well known that infected and injured tissues can 
accumulate inflammatory leukocytes, including Ly-6C hi  
monocytes. For example, the latter cells are recruited to 
 Listeria monocytogenes -infected spleen and liver, where 
they mediate antimicrobial activity  [3] . Upon recruit-
ment to target sites, Ly-6C hi  monocytes are called Tip-DC 
because they produce TNF- �  and inducible nitric oxide 
synthase (iNOS)  [80] . The release of these factors plays an 
essential role in the early control of infection by the bac-
teria and spares noninfected sites. Ly-6C hi  monocytes 
also migrate toward sites infected by other pathogens, in-
cluding influenza  [81]  and West Nile virus  [82] , as well as 
to injured sites  [83, 84]  (see ‘Ischemic Myocardium’). The 
chemokine receptor CCR2 represents a prototypical cell 
surface molecule expressed by Ly-6C hi  monocytes, which 
serves to guide the cells toward tissues that produce the 
inflammatory ligand MCP-1  [14] .

  Ly-6C lo  monocytes normally patrol the resting endo-
thelium of blood vessels but can rapidly extravasate to an 
abnormal tissue site as well and, in some cases, be mobi-
lized even before their Ly-6C hi  counterparts  [39] . Gene 
expression profiling studies indicate that Ly-6C lo  cells re-
cruited early to a site of infection differentiate into Mø, 
whereas Ly-6C hi  cells that follow acquire inflammatory 
DC functions  [39] . Future studies should define the con-
sequences of the initial Ly-6C lo  monocyte response. Fi-
nally, circulating DC, and likely pre-DC, can also engage 
in rolling interactions with the vasculature and infiltrate 
tissue in response to inflammation  [31] . 

  The examples mentioned above indicate that inflam-
matory stimuli dictate tissue responses by recruiting se-
lect Mø and/or DC precursors to tissue. In addition, in-
flammatory stimuli can amplify defined precursor pop-
ulations, even before their recruitment to tissue. For 
example, HSC express TLRs, which recognize bacterial 
or viral molecules. TLR ligation induces proliferation of 
quiescent bone marrow HSC  [85]  and skews maturation 
toward myeloid/mononuclear phagocyte lineages ex vivo 
 [86] . TLR ligands can also act on HSC indirectly; bone 
marrow mesenchymal stem cells stimulated by TLR4 li-
gands produce MCP-1, which is a chemokine that guides 
neighboring Ly-6C hi  (CCR2+) monocytes into the blood-

stream  [87] . The process thus augments the availability of 
Ly-6C hi  monocytes in the circulation  [88] . Finally, TLR4 
ligands also stimulate HSC and progenitor cells outside 
the bone marrow. Indeed, a small fraction of HSC enter 
circulation each day to survey peripheral organs before 
returning to bone marrow cavities  [89–91] , and HSC 
transiting in tissue can respond actively to inflammatory 
signals by proliferating and producing DC locally  [92] . It 
will be important to define to what extent such amplifica-
tion processes further contribute to immune responses 
mediated by precursor cells in tissue. Also, since HSC and 
progenitor cells patrol healthy tissue, it will be interesting 
to test whether, in addition to their contribution during 
inflammation, they replenish tissue-resident Mø and DC 
in steady-state conditions.

  Helminths Infection 
 An uncommon scenario occurs in response to infec-

tion with the helminth  Litomosoides sigmodontis . Larvae 
transmitted into the skin by mites parasited by the nem-
atode migrate to the thoracic pleural cavity where they 
mature, breed and induce a potent type 2 Mø response. 
In this context, local Mø amplification occurs without 
recruitment of circulating precursors to the pleural cav-
ity; instead, the nematode stimulates rapid in situ prolif-
eration of tissue-resident Mø  [93] . This distinct type of 
response is imposed by the pathogen, and not by the tis-
sue environment, because intrathoracic injection of thyo-
glicollate stimulates the recruitment of circulating mono-
cytes (and neutrophils) as expected. Proliferation of Mø 
in the pleural cavity requires IL-4 signaling, as indicated 
by a failure of IL-4-deficient mice to mount a full-fledged 
Mø response. Also, administration of bioactive IL-4 
(IL4c)  [94]  elicits Mø proliferation in tissue. It is possible 
that the type 2 inflammatory response induced by  L. sig-
modontis  requires the appropriate combination of two 
variables: (1) the absence of Ly-6C hi  monocytes, which 
would exhibit potentially damaging (type 1) effector 
functions and (2) the presence of Ly-6C lo  monocyte-de-
rived resident Mø, which proliferate in response to IL-4, 
sequester parasites and mediate (type 2) wound repair 
functions. These and future studies should help to under-
stand better the regulation of type 1 versus type 2 Mø 
responses and their associated diseases  [7, 28] .

  Ischemic Myocardium 
 Myocardial infarction (MI) is characterized by an in-

terruption of blood supply and death of cardiac myo-
cytes. Healing of the ischemic myocardium requires 
monocytes and Mø, which represent the most abundant 
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cell infiltrates within the first 2 weeks. The mononuclear 
phagocytes scavenge and degrade dead cardiac myocytes 
and promote the formation of granulation tissue and re-
modeling. These functions need to be properly executed 
to preserve the heart’s left ventricular geometry. If not, 
the heart undergoes left ventricular dilatation, which 
leads to heart failure and poor prognosis  [95] . 

  Two distinct phases of monocyte participation after 
MI have been identified in experimental mouse models 
 [96] . Modulation of CCR2 (ligand: MCP-1) and CX3CR1 
(ligand: CX3CL1, fractalkine) chemokine receptor ex-
pression in the ischemic myocardium triggers the se-
quential recruitment Ly-6C hi  and Ly-6C lo  monocytes, re-
spectively. A first phase (days 1–4 after MI) is dominated 
by Ly-6C hi  monocytes. These cells are not only phago-
cytic but also produce proteolytic enzymes and inflam-
matory mediators and thus serve to digest damaged tis-
sue. A second phase (days 5–10 after MI) is dominated by 
Ly-6C lo  monocytes. The latter have attenuated inflam-
matory activity and promote healing because they facili-
tate angiogenesis and promote the deposition of collagen 
and accumulation of reparative myofibroblasts  [96] . The 
biphasic monocyte response has also been captured in 
human patients with acute MI  [97] .

  Sufficient infarct healing requires a balanced and co-
ordinated biphasic response. Indeed, experimental abla-
tion of either monocyte phase  [96]  or an imbalance of 
endogenous monocyte subset ratios as seen in hypercho-
lesterolemic ApoE–/– mice  [98]  disturbs the resolution of 
inflammation and enhances left ventricular remodeling. 
Thus, healing after MI is an example of orchestrated mo-
bilization of monocyte subtypes.

  Where do recruited monocytes come from? Studies on 
the origins of mononuclear phagocytes in the ischemic 
myocardium indicate that the injury triggers the mobili-
zation of reservoir splenic monocytes  [76] . Activation and 
release into the circulation of the reservoir cells is medi-
ated at least in part by the hormone angiotensin II, levels 
of which increase in serum after MI, and the angiotensin 
type 1 receptor, which is expressed by the monocytes. Ac-
cordingly, treatment with angiotensin-converting en-
zyme inhibitors attenuates the release of reservoir mono-
cytes after MI and affects the outcome of disease  [99] . 
These initial studies indicate the relevance of under-
standing the fluxes of monocyte populations in vivo and 
the molecular cues that control migration of these cells.

  Atherosclerotic Plaque 
 Atherosclerosis is a chronic disease that is profoundly 

influenced by inflammatory leukocytes. Among them, 

Mø participate actively in the initiation and progression 
of the disease. Lesional Mø produce proteases and in-
flammatory products, which modulate plaque develop-
ment and can eventually cause the rupture of a plaque 
and provoke myocardial infarction and stroke  [5] . 

  In vivo fate mapping experiments in the ApoE–/– 
mouse model have revealed that growing atherosclerotic 
lesions continuously accumulate monocytes and that hy-
percholesterolemia further augments the flux of circulat-
ing monocytes to lesions  [100] . It is also known that sys-
temically elevated concentrations of cholesterol and
lipids induce a progressive and selective increase of
circulating Ly-6C hi  monocytes in mice  [101] . Such expan-
sion is controlled, at least in part, through loss of interac-
tion between cell surface proteoglycan-bound ApoE and 
ABCA1/ABCG1 in HSC and progenitor cells, which de-
creases cholesterol efflux and promotes cell proliferation 
and monocyte production  [102] .

  Ly-6C hi  monocytes efficiently adhere to activated en-
dothelium, preferentially accumulate into lesions and 
are centrally involved in promoting atherosclerosis  [101, 
103] . Ly-6C hi  monocyte infiltration in atheromata is 
driven by the CCR2, CCR5 and CX3CR1 chemokine re-
ceptors and their cognate ligands  [103, 104] . Upon re-
cruitment, Ly-6C hi  monocytes differentiate into lesional 
Mø and foam cells  [101] , though some cells can acquire 
a DC phenotype  [103] . Also, hypercholesterolemia-asso-
ciated monocytosis in ApoE–/– mice dramatically en-
larges the size of the splenic reservoir and selectively ex-
pands the Ly-6C hi  monocyte subset  [101] . This process 
may promote the increased flux of inflammatory mono-
cytes into lesions and accelerate disease progression. 
Thus, the amplification and lesional accumulation of Ly-
6C hi  monocytes represent key events of the inflamma-
tory response in experimental atherosclerosis. Ly-6C lo  
monocytes do not expand in atherosclerotic mice and 
infiltrate lesions much less frequently than their Ly-6C hi  
counterparts. Whether Ly-6C lo  monocytes or pre-DC 
play a decisive function in atherosclerosis requires addi-
tional investigation. 

  Tumor Stroma 
 Tumor-associated Mø (TAM) are common host cells 

in the stroma of solid tumors. Their presence typically 
promotes malignant progression and shortens survival, 
whereas their selective ablation can reduce cancer growth 
and prolong survival  [6, 105] . Clinical studies have large-
ly validated the initial findings in mice by showing that 
the presence of TAM in several types of human cancer 
correlates with adverse outcomes and shorter survival 
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 [106, 107] . Thus, TAM represent exciting new targets for 
the therapy of various types of cancer.

  Experimental evidence using different animal models 
of cancer indicates that Ly-6C hi  monocytes are the main 
source of TAM  [106, 108, 109] . These cells are coopted by 
tumors and promote malignant progression in different 
ways, which include stimulation of angiogenesis, en-
hancement of tumor cell migration, promotion of tumor 
cell intravasation at the primary site and extravasation at 
metastatic sites, and suppression of antitumor T cell im-
munity  [6] . Accumulation of Ly-6C hi  monocytes in tu-
mors also associates with an increased turnover of Mø (or 
TAM)  [108] . Taken together, these data indicate that cir-
culating precursors should significantly influence the 
TAM repertoire in growing tumors.

  A population of circulating monocytes called TEM 
(for TIE2-expressing monocytes) has also been reported 
in humans and mice; these cells accumulate in perivas-
cular and hypoxic areas of tumors and contribute to tu-
mor angiogenesis  [110] . TEM express a TIE2+ VEGF+ 
CCR2– CCR5+ phenotype, and thus may correspond to 
Ly-6C lo  monocytes  [19] . Blockade of the TIE2 ligand an-
giopoietin-2 disables TEM, which has been used to in-
hibit tumor growth and metastasis in several genetic 
mouse models of cancer  [111] .

  Myeloid-derived suppressor cells (MDSC)  [112] , which 
are defined operationally by their capacity to suppress T 
cell responses and often characterized as CD11b+ Gr-1+ 
(F4/80 lo  CD11c lo  CD31 lo  CD34 lo ) cells, overlap phenotyp-
ically with neutrophils and Ly-6C hi  (Gr-1+) monocytes. 
Thus, the functions of MDSC may be attributed in part 
to Ly-6C hi  monocytes (and inversely). Studies focusing on 
MDSC have identified that the number of these cells in 
the circulation increases in patients with various forms of 
cancer and is correlated with clinical stage. MDSC are 
also known to accumulate in tumors, where they may ac-
quire a CD11b+ F4/80+ Gr-1– phenotype, which is remi-
niscent of the one of TAM  [113] . Remarkably, tumor-
bearing hosts that produce GM-CSF and IL-6 stimulate 
the production of MDSC in the bone marrow  [114] . These 
findings may open new ways to suppress tumor-promot-
ing immunity.

  Perspectives for Fundamental Research and 

Therapeutic Interventions 

 Research on the origins of Mø and DC over the past 
decade has been successful on at least three levels: (i) it 
has decoded ontogenic pathways to hematopoietic stem 

cells; (ii) it has determined some of the rules that guide 
precursor cell migration and fate, and (iii) it has identi-
fied how some precursor cell responses can profoundly 
impact certain diseases. Certainly, new questions have 
arisen, some of which are listed in the sections above. 
The appendix also compiles several open inquiries which 
may be worthwhile investigating. Finally, whether cur-
rent and future knowledge of the underpinnings of 
mononuclear responses can be exploited in therapy rep-
resents an interesting challenge. Remarkably, the notion 
that Ly-6C hi  (CCR2+) monocytes are central effectors of 
inflammation has been recently harnessed for therapy in 
various experimental models. It has been demonstrated 
that administration of anti-CCL2 antibodies prevents 
the recruitment of Ly-6C hi  monocytes to metastatic tu-
mors and prolongs the survival of tumor-bearing mice 
 [109] . Lipid nanoparticles incorporating a CCR2-silenc-
ing short-interfering RNA (siRNA) were also shown to 
accumulate efficiently into Ly-6C hi  monocytes upon in 
vivo injection. The procedure prevented Ly-6C hi  mono-
cyte accumulation to lesions and reduced cancer pro-
gression  [115] . Therapeutic CCR2-siRNA silencing was 
also shown to prolong normoglycemia in diabetic mice, 
to lower the number of Mø in atheromata and to reduce 
atherosclerosis in hypercholesterolemic mice. Thus tar-
geting of the Ly-6C hi  monocyte axis – or its human 
equivalent – may become a useful therapeutic compo-
nent of various chronic inflammatory diseases. The con-
tributions of Ly-6C lo  monocytes and CDP to pathologic 
conditions remain generally less well understood, though 
harnessing them for therapy may represent interesting 
additional options.

  Appendix – Open Questions 

 (1) What are the individual contributions of CDP, Ly-6C hi  and 
Ly-6C lo  monocytes in disease? These three subsets are function-
ally heterogeneous and generate different Mø and DC popula-
tions, yet future studies should inform about their roles, specifi-
cally in pathologic conditions. 

  (2) Do other precursors of Mø and DC exist? Current knowl-
edge does not exclude the possibility that unidentified distinct 
precursor cells commit to other important Mø and/or DC lin-
eages.

  (3) Ly-6C hi  monocytes can be produced in the bone marrow 
and stored in the spleen and both bone marrow and splenic mono-
cytes can be recruited to sites of inflammation. Are these cells 
different and do they mediate separate functions? Also, how is the 
splenic reservoir repopulated following monocyte mobilization?

  (4) Which factors can be used to manipulate HSC and pro-
genitor cell commitment and thus to generate a selective Mø or 
DC subset in a therapeutic setting?
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