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Abstract 

Dendritic cells (DCs) are professional antigen presenting cells that consist of functionally and 

phenotypically heterogeneous populations. Monocyte derived dendritic cells (moDCs) are a 

DC subset that have been attracting increasing interest due to their potent influence on 

adaptive immune function and their rapid accumulation upon an inflammatory stimulus. 

Whilst early studies on moDCs mainly addressed infection, their emergence and function in 

other settings such as autoimmunity and allogeneic organ transplantation are now being 

increasingly appreciated. In this review, the relationship between murine monocyte subsets 

and the moDCs that arise from them is discussed. Their role in initiating and modulating 

innate and adaptive immune responses in various pathophysiological scenarios is also 

explored, including how they may separate their labour from conventional DCs. How these 

findings might relate to their human counterparts is also discussed. Overall, monocytes and 

moDCs exhibit complex and heterogeneous behaviours that are critical in responses against 

microbial invasion, autoimmunity and allograft rejection. 

 

 

 

 

 

 

 

 

©    2016 Macmillan Publishers Limited. All rights reserved.



 3 

Introduction 

Dendritic cells (DCs) are the key professional antigen-presenting cells of the immune 

system. They are a highly heterogeneous population, comprised of many different subsets, 

each with distinct morphological, developmental and functional characteristics. Unlike the 

well-studied lymphoid resident conventional DCs (cDCs) and plasmacytoid DCs (pDCs) that 

arise from defined common DC precursors, monocyte derived dendritic cells (moDCs) arise 

from monocyte precursors in vitro and in vivo 
1, 2

. They have been implicated in the immune 

response to various infective and inflammatory conditions as well as in the pathogenesis of 

several autoimmune diseases. Most of what is known about them has been derived from 

mouse studies. Hence, in this review, we discuss the current understanding of the 

developmental and functional characteristics of murine moDCs and their monocyte 

precursors in the context of autoimmunity and organ transplantation. We explore the division 

of labour between moDCs and cDCs. We also highlight the phenotypic and functional 

differences of the various moDC populations reported in the literature. Whilst these 

observations regarding murine cells may not always directly translate to their human 

equivalents, they nevertheless provide important insights into the complex biology 

underlying this important component of the immune system. 

 

Monocytes 

Monocytes are circulating phagocytic leukocytes that have been classically 

considered to be precursors of macrophages in many tissues 
3, 4

. They comprise 

approximately 10% and 4% of circulating leukocytes in human and mouse blood respectively 

5
. M-CSF is critical whereas GM-CSF, Flt3L and lymphotoxin α1β2 are redundant for 

monocyte development 
5
. 

©    2016 Macmillan Publishers Limited. All rights reserved.
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Mouse blood monocytes are identified by their expression of CD115, CD11b, F4/80 

and Dectin-1. They can be separated into two subsets based on the variable expression of 

Ly6C and CX3CR1 
5, 6

. They share a number of typical morphological features such as an 

irregular cell shape, oval shaped nucleus, cytoplasmic vesicles and a high cytoplasm to 

nucleus ratio, but vary greatly in size and shape 
5
. 

 

Monocyte subsets in inflammation and repair 

There are at least two major monocyte subsets based on function and surface 

phenotype. The classical, more abundant monocyte (70 – 80% of circulating monocytes) that 

is recruited to inflamed tissues is CCR2
+
CX3CR1

low
Ly6C

+
CD62L(L-Selectin)

+
. 

Morphologically larger and more granular, it is often referred to as the “inflammatory” 

monocyte 
6
, as it produces abundant TNF-α and IL-1 in response to infection and injury 

7
. 

Upon infection, Ly6C
+
 monocytes exit the bone marrow into the circulation via CCR2 

7
. 

Interestingly, adoptively transferred monocytes from CCR2
-/-

 mice could still traffic to sites 

of infection, suggesting that CCR2 is not required for their migration into tissues 
7
. This 

monocyte subset is also the in vivo precursor of monocyte-derived dendritic cells (moDCs) 
2, 

8
.  

The second monocyte subset, operationally defined as CCR2
-
CX3CR1

high
Ly6C

-
,
 

comprises 20 – 30% of circulating monocytes 
5, 6

. Smaller in size and lacking L-Selectin 

(CD62L) 
5
, these Ly6C

-
 cells are often referred to as “patrolling monocytes” due to their 

involvement in innate surveillance of tissues such as the vascular endothelium 
4
. Although 

they mainly remain within blood vessels, they can rapidly extravasate (within 1 – 2 hrs) into 

surrounding tissues in response to tissue damage (e.g. tissue irritants or aseptic wounding) or 

infection (eg: Listeria monocytogenes peritoneal infection), whereupon they display an early 

©    2016 Macmillan Publishers Limited. All rights reserved.
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but transient inflammatory response characterized by production of TNFα up-regulation of 

genes associated with IL-1, lysozyme, defensins, complement, TLRs, scavenger receptors, 

IgFc receptors and chemokines 
4, 5

. This inflammatory response by these non-classical 

monocytes is only transient so that by 8 hours after Listeria infection, classical monocytes 

become the main producers of inflammatory cytokines 
5
.  

Examination of transcription factors used by the two monocyte subsets suggests that 

extravasated Ly6C
-
 monocytes, after the conclusion of their transient inflammatory response, 

initiate a typical macrophage differentiation program (characterized by up-regulation of cMaf 

and MatB, but not RelB and Pu.1), whereas Ly6C
+
 monocytes initiate a DC differentiation 

program (characterized by up-regulation of RelB and Pu.1 but not cMaf and MafB) 
4
. Ly6C

-
 

monocytes promote tissue healing after injury. They are recruited to the healing myocardium 

where they promote healing through myofibroblast accumulation and collagen deposition 
9
. 

After an early accumulation of Ly6C
+
 monocytes, induced muscle necrosis resulted in later 

preponderance (after 4 days) of Ly6C
-
 monocytes, whereupon they exhibited features of anti-

inflammatory macrophages 
10

. Interestingly, whereas Ly6C
+
 monocytes can facilitate cancer 

metastasis, Ly6C
-
 monocytes contribute to cancer immunosurveillance 

11
. 

In humans, the current consensus view has three monocyte subsets characterized by 

CD14
high

CD16
-
CX3CR1

low
, CD14

hi
CD16

int
CX3CR1

hi
 and CD14

int
CD16

hi
CX3CR1

hi
 

12
. The 

first is similar to the “inflammatory” monocyte and the latter two are more similar to the 

“patrolling” monocyte. Similarly, human monocytes can also differentiate into DCs in vitro 
1
. 

As the focus of this review is mainly on the differentiation and function of differentiated 

moDCs in vivo, and given that most of what is known in this area has been generated from 

mouse studies, most of our discussion will focus on murine monocytes and moDCs. Whilst 

findings derived from animal studies may not always directly translate to the human immune 
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system, they can still provide important insights into relationships and associations that may 

also occur in the human. 

 

Developmental relationship between monocyte subsets 

The existence of monocyte subsets raises the question about their developmental 

relationship. After depletion with poison-loaded liposomes, the first monocytes to recover 

were Ly6C
+ 

monocytes (within 18 hours), whereas Ly6C
-
 monocytes recovered over several 

days 
13

. Analysis of bone marrow in chimeric mice 8 weeks after irradiation and 

reconstitution with wild-type and CCR2
-/-

 cells revealed that Ly6C
+
 monocytes were 

predominantly comprised of CCR2
-/-

 cells (presumably their inability to exit the bone marrow 

resulted in their accumulation), while Ly6C
-
 monocytes were moderately dominated by wild-

type cells. Furthermore, in the blood, both Ly6C
+
 and Ly6C

-
 monocyte subsets were 

dominated by wild-type cells 
14

. These results suggest that the precursors of Ly6C
-
 monocytes 

require CCR2. Whilst there is a possibility that some radiation cells may have contaminated 

these findings, when taken together with the observations from the earlier study these results 

are consistent with the premise that the Ly6C
+
 subset is the precursor to the Ly6C

-
 population 

(Figure 1). 

 

Monocytes as effector cells 

Monocytes contribute as circulating precursors for macrophages and moDCs in 

tissues 
8
. They also contribute directly as effector cells in the immune response against 

microbial pathogens. Successful clearance of Listeria monocytogenes, for instance, requires 

the activation of both innate and adaptive immune responses, the former of which includes 

the production of TNFα and interferon-ɣ (IFN-ɣ) by monocytes and their derivative cells 
8
. 

©    2016 Macmillan Publishers Limited. All rights reserved.
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Depletion of monocytes and neutrophils by the administration of an antibody that sees both 

Ly6C and Ly6G resulted in profound susceptibility to the infection 
15

. This was especially so 

when the antibody was administered within the first 24 hours post infection. Similarly, 

antibody blockade of CD11b (which prevents monocyte and neutrophil recruitment) within 

24 hours of infection with Listeria monocytogenes resulted in profound susceptibility 
16

. In 

these settings, it appears that monocytes can mediate bacterial killing through phagocytosis 

and phagolysomal enzyme activity or through the production of reactive oxygen species 
8
. 

Pulmonary infection with Mycobacterium tuberculosis results in the recruitment of 

various inflammatory cells including monocytes, macrophages, DCs and neutrophils into the 

bronchoalveolar space. The recruited monocytes are CCR2
+
 (hence corresponding with the 

Ly6C
+
 subset) and are reduced in frequency in CCR2

-/-
 mice 

17
. They subsequently give rise 

to macrophages and/or DCs. CCR2
-/-

 mice are highly susceptible to Mycobacterium 

tuberculosis infection (with high mortality and up to 100-fold greater bacterial replication), 

especially at high infection doses, a finding which is associated with delayed T cell priming 

and reduced IFN-ɣ secretion by CD4
+
 T cells in the lung 

17
. Monocytes also appear to be 

important in early control of infection with Toxoplasma gondii. Infection in CCR2
-/-

 and 

MCP-1
-/-

 mice resulted in a lack of recruitment of Ly6C
+
 monocytes and in increased 

mortality, even though the induction of normal Th1 responses remained intact 
18

.  

 

Differentiation of monocytes into macrophages 

Whilst the concept that monocytes act as precursors for various populations of 

macrophages in tissues had been generally accepted in the past 
3
, this paradigm has come 

under challenge in recent years. In the traditional framework, monocytes were thought to give 

rise to various steady state macrophages contained within specific compartments of bone 

©    2016 Macmillan Publishers Limited. All rights reserved.
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marrow, thymus, secondary lymphoid organs (including germinal centre macrophages, lymph 

node subcapsular macrophages, splenic marginal zone and red pulp macrophages), as well as 

macrophages in non-lymphoid tissues (e.g. liver Kupffer cells, lung alveolar macrophages 

and microglial cells in the central nervous system) 
3
. According to this paradigm, during 

inflammatory states associated with infection, injury or malignancy, monocytes were also 

thought to be recruited to inflamed tissues where they were induced to differentiate into 

various types of inflammatory macrophages which variably participate in diverse functions 

such as clearance of dead cells, removal of pathogens, tissue repair and regulation of innate 

and adaptive responses 
3
. 

It has become increasingly clear, however, that this concept of a definitive monocyte-

macrophage axis does not provide an entirely satisfactory picture of macrophage ontology in 

vivo. In support of a new conceptual framework, some recent reports now contend that 

monocytes do not contribute significantly to many tissue macrophage populations in the 

steady state and even some that arise during inflammation. Instead, most of these populations 

may actually be derived from embryonic precursors which are seeded before birth and 

capable of self-renewal, even into adulthood 
19

. Fate mapping using both constitutive and 

CX3CR1-dependent deletion found no evidence of monocyte contribution to a number of 

steady state macrophage populations such as liver Kupffer cells, lung alveolar, splenic or 

peritoneal macrophages 
14

. Instead, the authors concluded that the major macrophage 

populations in these organs are established prenatally during development and continued to 

be maintained without contribution from monocytes. Further evidence for this concept was 

provided by a second study in which CD45.2
+
 and congenic CD45.1

+
 mice were 

parabiotically joined for between 2 – 12 months 
20

. While peripheral blood monocytes 

exhibited a degree of non-host chimerism (approximately 15% for Ly6C
+
 monocytes and 

40% for Ly6C
-
 monocytes), lung, peritoneal, splenic, red pulp and bone marrow macrophages 

©    2016 Macmillan Publishers Limited. All rights reserved.
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as well as microglial cells showed negligible chimerism, consistent with a lack of monocyte 

contribution. Even more remarkably, a second set of parabiotic experiments between wild-

type CD45.1
+
 and CCR2

-/-
 CD45.2

+
 mice showed that, despite an even more pronounced non-

host chimerism in CCR2
-/-

 parabionts (approximately 70% and 90% for Ly6C
+
 and Ly6C

-
 

monocytes respectively; due to defective bone marrow emigration by CCR2
-/-

 cells), the 

macrophage populations continued to show negligible non-host chimerism (even after 12 

months of parabiosis). 

Notwithstanding the above, monocytes can give rise to certain macrophage 

populations under particular conditions 
19

. For example, a short-lived intestinal CX3CR1
+
 

macrophage population was found to be derived from Ly6C
+
 monocytes in adoptive transfer 

studies 
19

. Similarly, a proportion of dermal macrophages in the steady state were derived 

from Ly6C
+
 monocytes 

21
. Interestingly, an analysis of the origins of four distinct populations 

of cardiac macrophages revealed that they were primarily maintained by local proliferation at 

the steady state, whilst both infiltration of Ly6C
+
 monocytes and local proliferation 

contributed during inflammation 
22

. Overall, it seems that the origins of macrophages can 

vary between tissues and between inflammatory states, and hence each circumstance needs to 

be considered individually. 

 

MoDCs 

Monocytes can differentiate into moDCs in vitro 
1
 and in vivo 

2, 8
. The concept that 

moDCs arising in inflammatory contexts could play important roles in the induction and 

regulation of immune responses has led to a number of studies aimed at better understanding 

and defining these DCs.  

 

©    2016 Macmillan Publishers Limited. All rights reserved.
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Generation of moDCs in vitro 

Monocytes from human or mouse peripheral blood or bone marrow, when cultured 

with GM-CSF and IL-4, differentiated into DCs with typical dendritic morphology and high 

levels of MHC and co-stimulation molecules 
1, 23

. A variety of methods using different 

combinations of cytokines and culture conditions have been since reported 
24

.  

These systems availed the study of DC biology. While there was significant 

variability in reported findings depending on the particular conditions of the experiments 

involved, overall in vitro moDCs were found to be highly capable of antigen uptake, 

processing and presentation, as well as being stimulatory in mixed leukocyte reactions 

(MLRs) 
1
. Treatment with a number of compounds, such as LPS, TNFα, IFN-ɣ or CD40L, 

have been found to induce in vitro moDC maturation, as defined by expression levels of 

MHC II and co-stimulatory molecules, or by functional changes in antigen presentation and 

modulation of T cell responses 
24

. Interestingly however, when monocytes (as opposed to 

moDCs) were incubated in LPS prior to culture with GM-CSF and IL-4, their differentiation 

into moDCs was impaired (only 30% became DCs) compared to when they were cultured in 

LPS, GM-CSF and IL-4 simultaneously (approximately 75% became DCs) 
25

. These 

observations highlight the critical importance of the conditions in which monocytes are 

cultured in determining their ultimate fate. Indeed it appears that TLR signalling on 

monocytes (prior to differentiating into moDCs) and moDCs have opposite effects, such that 

signalling on monocytes inhibits DC development, while signalling on moDCs induces their 

maturation 
24

. 

The plasticity of monocyte-moDC development is further illustrated by the skewing 

of DCs toward a Langerhans’ resembling phenotype (CD324, CD207, CCR6) when IL-4 was 

replaced by IL-15 
26

. Replacement of IL-4 by IFN-α resulted in short-lived TNF-related 

©    2016 Macmillan Publishers Limited. All rights reserved.
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apoptosis-inducing ligand (TRAIL) expressing moDCs that were more potent at stimulating 

T cell responses 
27

. On the other hand, exposure of in vitro derived moDCs to agents such as 

vitamin D3, corticosteroids, rapamycin, cyclosporine, tacrolimus, aspirin or retinoic acid, 

results in the DCs adopting a stable semi-mature phenotype characterized by low expression 

of MHC II and co-stimulatory molecules but elevated expression of indoleamine 

dioxygenase, IL-10, TRAIL and PDL-1 
28

. These cells show tolerogenic properties as they 

down regulate adaptive responses, in part through the induction of regulatory T cells. 

These in vitro manipulations avail the production of large numbers of tailored moDCs 

for potential clinical benefit. One such potential benefit is in the use of moDCs as therapeutic 

vaccines against malignant tumours. Tolerogenic DCs generated by culturing peripheral 

blood monocytes in GM-CSF, IL-4 and vitamin D3 resulted in a nearly 3-fold increase in 

kidney allograft survival in macaque primates 
29

. Whilst these results indicate potentially 

significant benefits in using manipulated moDCs, DC therapy has not yet become routine 

clinical treatment. 

 

Differentiation of monocytes into moDCs in vivo 

Monocytes differentiating into DCs in vivo was first reported by tracking the fate of 

the monocytes that phagocytosed subcutaneously injected fluorescent latex microspheres 
2
. 

While most of these CD11b
+
F4/80

-
 monocytes remained at the site of injection and 

eventually became macrophages, 25% of them migrated to T cell areas of the draining lymph 

node over 3 – 4 days, where they up-regulated MHC II, CD11c, CD80 and CD86, consistent 

with their differentiation into DCs. After the injection of microspheres with different 

fluorescent labels in adjacent but not overlapping subcutaneous sites, the resulting moDCs in 

the draining lymph nodes contained only one colour of microsphere and not both. This 

©    2016 Macmillan Publishers Limited. All rights reserved.
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suggested that the microspheres had actually been taken up locally by monocytes that had 

then trafficked to the lymph node and differentiated into moDCs en route, rather than free 

microspheres being transported passively in lymphatic channels before being taken up by 

resident DCs upon arrival in the lymph node. A later report found that the in vivo 

differentiation of monocytes into moDCs was blocked by the presence of bacteria or bacterial 

LPS 
30

; this accords with the earlier in vitro findings of LPS inhibiting in vitro moDC 

development 
25

. That inflammatory monocytes are truly the precursors of the moDCs derived 

in this model was shown in a subsequent report using CX3CR1
gfp/+

 mice in which monocytes 

and their daughter cells could be tracked by analysing GFP
+
 cells 

31
. After ingesting the 

fluorescent microspheres, moDCs that trafficked to the draining lymph node expressed Gr1 

(Ly6C/Ly6G), thereby suggesting that they corresponded to the Ly6C
+
 inflammatory 

monocyte subset. In contrast, CCR2
-
Gr1

-
 monocytes did not give rise to these moDCs.  

 

Possible heterogeneity of moDC populations in vitro and in vivo 

There have been recent discussions regarding the proper identification of in vitro 

derived moDCs generated under GM-CSF. Classically, cells within the CD11c
+
 MHCII

+
 

fraction resulting from cultures of murine bone marrow cells with GM-CSF have been 

thought to be homogeneous populations of DCs. Differences within these cells were thought 

to reflect only variation in maturation stage. However, recent reports have contended that 

these differences actually result from the presence of two distinct cell types within this 

fraction 
32

. By examination of ontogeny and gene expression, the presence of both bone fide 

DCs and monocyte-derived macrophages was detected within this population. If validated, 

these findings might have significant implications for the interpretation of numerous studies 

that have assumed that this population is mainly comprised only of moDCs.  

©    2016 Macmillan Publishers Limited. All rights reserved.
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Whilst the generation of moDCs in vitro has often been accomplished through 

stimulation with GM-CSF, in vivo moDCs can be derived in the absence of GM-CSF 
33

. 

Instead, M-CSF has been found to be a critical cytokine required to drive the differentiation 

of moDCs in vivo. Nevertheless, moDCs do become more abundant in mice in which levels 

of GM-CSF are increased.  Indeed, owing to their abundance, we used moDCs from GM-

CSF transgenic mice as an in vivo source of moDCs for our functional evaluation 
34

. Thus, 

GM-CSF can still be a critical factor influencing moDC differentiation, particular under 

conditions where GM-CSF levels are elevated. 

Regardless of the potential differences in growth factors that regulate moDC 

differentiation in vitro and in vivo, there may also be significant moDC heterogeneity in vivo. 

Most studies examining moDCs in vivo have used similar cell surface markers to define 

similar populations that are likely to be analogous 
8, 34, 35

. However, an additional population 

of quite different moDCs was reported to accumulate in the skin-draining lymph nodes of 

mice which had been treated with LPS 1 day earlier 
36

. This DC subset is unique amongst 

other reported moDC populations in that they arise only in the skin-draining lymph nodes 

(not in other lymph nodes or the spleen) after LPS treatment (but not other TLR ligands or 

inflammatory stimuli). Furthermore, they are also uniquely characterized by the expression of 

CD206 (mannose receptor) and DC-SIGN. This DC-SIGN expressing population has 

phenotypical and functional differences from historically ascribed moDC populations. We 

confirmed that, unlike traditionally defined moDCs, this CD206
+
DC-SIGN

+
 population does 

not arise in the spleen following LPS administration 
34

. Another recent study has also found 

that they do not accumulate in LPS treated Flt3l
-/-

 mice despite the presence of normal 

monocyte numbers, with mixed bone marrow chimera experiments excluding the possibility 

that this is due to loss of cDC help 
37

. The significance of this heterogeneity has not been 
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fully resolved, although the possibility that this population might be more closely related to 

migratory cDCs has not been excluded. 

 

moDCs in infection and disease 

moDCs are rare in steady state tissues and lymphoid organs but become abundant 

during inflammation 
8
. They have been found to arise during viral, bacterial, fungal and 

protozoan infections: pulmonary influenza infection 
33

, genital herpes simplex virus-2 

infection 
38

, systemic Listeria monocytogenes infection 
8
, gastrointestinal Salmonella 

Typhimurium infection 
39

, pulmonary Streptococcus pneumoniae infection 
33

, pulmonary 

Mycobacterium tuberculosis infection 
40

, pulmonary Cryptococcus neoformans infection 
41

, 

and pulmonary Aspergillus fumigatus infection 
42

, cutaneous Leishmania major infection 
35

, 

and systemic Trypanosoma brucei infection 
43

. They have also been implicated in the 

pathogenesis of autoimmune and allergic diseases: experimental autoimmune 

encephalomyelitis (EAE) 
44

, rheumatoid arthritis 
45

, inflammatory colitis 
46

 and asthma 
47

. 

Thus, moDCs are likely to play a role in any disease with substantial inflammation. 

 

The role of moDCs in innate immune responses 

moDCs have been implicated in a number of innate and adaptive immune responses 

under various conditions (Table 1) . One of the earliest reports of moDCs arising in vivo 

under disease conditions found that they became abundant in the spleen of mice 2 days after 

Listeria monocytogenes infection 
8
. These moDCs were originally called Tip-DCs (TNFα and 

inducible nitric oxide synthase (iNOS) producing) and were characterized by 

CD11b
+
CD11c

int
Mac-3

+
; up-regulated MHC II, CD40, B7.1 and B7.2; and CCR2 dependent 

recruitment. They were distinguished from macrophages, as the former neither expressed 
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F4/80 nor adhered to culture plates in vitro. CCR2
-/-

 mice lacked Tip-DCs, had profound TNF 

and iNOS deficiencies, and died early upon bacterial challenge, suggesting that these moDCs 

were critical in facilitating bacterial clearance.   

The iNOS production by moDCs during Brucella melitensis infection was dependent 

on TLR4 and TLR9 stimulation 
48

. Gastrointestinal Salmonella infection induces rapid 

accumulation of Gr1
+
 monocytes 

39
 and within 5 days, they differentiate into moDCs (up-

regulated MHC II, CD80 and CD86). As well as producing iNOS, these moDCs rapidly 

phagocytosed and killed bacteria. Despite this, the moDCs were found to be weak at inducing 

OT-II T cell proliferation after incubation with Salmonella expressing OVA.  

With such potent effector molecules, it is not surprising that moDCs can also elicit 

immunopathology. During chronic Trypanosoma brucei infection, moDCs accumulated in 

the liver and lymphoid organs, contributing to tissue toxicity such as hepatic inflammation, 

ischaemia and necrosis 
43

. This damage was exacerbated by IL-10 deficiency, which resulted 

in enhanced differentiation of monocytes into moDCs.  

 

The role of moDCs in the regulation of adaptive immune responses 

CD4
+
 T cell proliferation 

moDCs have been found to be capable of inducing proliferation of antigen specific 

CD4
+
 T cells ex vivo under a number of different experimental conditions 

49
. moDCs from 

the mediastinal lymph node or lung of house dust mite-exposed mice were found to be as 

efficient as CD11b
+
 migratory DCs (and more efficient than CD103

+
 migratory DCs) at 

inducing proliferation of naïve cognate CD4
+
 T cells in vitro 

47
. These moDCs were already 

activated. Under steady state conditions, we found that like pDCs, moDCs are markedly less 
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efficient than cDCs at inducing CD4
+
 T cell proliferation 

34
 (see below under Division of 

Labour). 

The role of moDCs in the induction of CD4
+
 T cell proliferation in vivo has been less 

well characterized. Nevertheless, in a model of pulmonary infection with Aspergillus 

fumigatus, CCR2
+
Ly6C

+
 inflammatory monocytes were found to accumulate in infected 

lungs and draining lymph nodes, where they differentiated into CD11b
+
 moDCs 

42
. Depletion 

of CCR2
+
 cells (by diphtheria toxin treatment of CCR2.DTR mice) reduced the amount of 

Aspergillus transported from lungs to lymph nodes, abolished pulmonary CD4
+
 T cell 

proliferation and prevented fungal clearance. In contrast, we observed a significant increase 

in the proliferation of adoptively transferred CD4
+
 T cells in the spleens of diphtheria toxin 

treated CCR2.DTR mice 
34

, suggesting that moDCs can also inhibit T cell proliferation in the 

spleen in vivo. The differences in these observations may reflect variability in moDC 

function in different tissues, possibly in order to support the initiation of adaptive responses 

at peripheral sites of inflammation, while preventing potentially deleterious over activation of 

these functions in lymphoid organs. 

 

CD4
+
 T cell polarization 

Several studies have indicated that moDCs induce Th1 and Th17 responses. After 

cutaneous infection with Leishmania major, moDCs could induce Th1 polarization 
35

. 

Furthermore, we also recently reported that GM-CSF responsive CCR2
+
 moDCs are critical 

for Th17 induction, and for the development of EAE 
44

. Depletion of moDCs in CCR2.DTR 

mice significantly delayed the development of EAE, whereas deletion of cDCs in 

CD11c.DTR mice had no effect on disease progression. Examination of lymph nodes from 

moDC depleted mice revealed significant reduction in numbers of IL-17A
+
 CD4

+
 T cells and 
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reduced IL-17A levels in culture supernatants. Consistent with this, purified moDCs induced 

significantly greater production of IL-17 from OT-II CD4
+
 T cells than cDCs ex vivo. Most 

interestingly, while GM-CSF has been previously found to be dispensable for in vivo moDC 

development 
33

, this study found that it was required to allow moDCs to mediate Th17 

induction. Thus, only GM-CSF responsive moDCs, and not Csf2rb
-/-

 moDCs (which do not 

respond to GM-CSF) can induce Th17 responses in vitro and in vivo. These findings confirm 

an in vivo role for Th17 induction by moDCs after previous reports of moDC mediated Th17 

induction in vitro. They also suggest that, while GM-CSF is not required for moDC 

recruitment in vivo, it is required for their polarizing function.  

Although most studies report that moDCs induce Th1 and Th17 responses, moDCs 

can foster Th2 responses under certain stimuli such as alum adjuvant or dust mite exposure. 

After alum injections, moDCs induced persistent Th2 responses in the draining lymph nodes 

50
. After induction of asthma by house dust mite allergens, lung moDCs could induce Th2 

polarization, albeit less efficaciously than conventional DCs 
47

. 

Overall, the variability of these observations suggest that there is a significant degree 

of plasticity in moDC function and that the type of T cell response they induce is dependent 

on the particular inflammatory context. 

 

Cross presentation 

Although CD8
+
 cDCs have been recognized as the classical DC subset responsible for 

cross presentation of exogenous antigen to CD8
+
 T cells, several studies have suggested that 

moDCs may also be involved. Administration of measles virus nucleoprotein or 2,4-

dinitrofluorobenzene onto the buccal mucosa resulted in recruitment of Gr1
+
 monocytes and 

their differentiation into moDCs in a CCR6/CCL20 dependent mechanism 
51

. These moDCs 
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were found to be critical for in vivo cross priming of antigen specific CD8
+
 T cells, as 

illustrated by the loss of cross priming in CCR6 deficient mice, and its restoration with 

adoptive transfer of CCR6 sufficient Gr1
+
 monocytes. In a model of HSV-1 reactivation, 

depletion of monocytes and moDCs by administration of clodronate-containing liposomes 

was found to reduce the stimulation of antigen-specific memory CD8
+
 T cells in inflamed 

peripheral tissues, further suggesting a role in cross-presentation 
52

.  

 

Immunoglobulin class switch recombination 

moDCs present in the gut-associated lymphoid tissues have been found to be critical 

for the induction of IgA class switch recombination and IgA production by B cells in the 

gastrointestinal mucosa 
53

. This was dependent on TLR, iNOS and transforming growth 

factor-β. 

 

Division of labour between moDCs and cDCs 

The fact that DC subsets are located differently anatomically and secrete different 

cytokines would suggest some division of labour. However, most previous studies of moDC 

function have examined their behaviour in isolation, making it difficult to gauge their 

contribution to immune responses relative to other DC subsets (i.e. lymphoid resident DCs or 

tissue resident DCs). We recently conducted side-by-side comparisons between how moDCs 

and cDCs affect T cell responses 
34

. We found ex vivo moDCs to be 10 – 20 times less 

efficient than cDCs at driving CD4
+
 T cell proliferation. moDCs were in fact capable of 

inhibiting cDC induced T cell proliferation through a nitric oxide dependent process. In 

contrast, we observed that moDCs were highly efficient at driving Th1 and Th17 responses in 

vitro and inhibiting Th2 responses in vivo. Overall, our observations suggest that there is 
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some division of labour between cDCs and moDCs, with cDCs acting as initiators 

predominantly of proliferation (corresponding to their lymphoid location), and moDCs acting 

as initiators predominantly in differentiation and as regulators (corresponding with their 

target location).  

In the light of this division of labour between moDC and lymphoid resident DC 

subsets, it is interesting to speculate whether further subgroups of moDCs might also exhibit 

a similar division of labour, therefore allowing for the variety of functions that moDCs have 

been found to exhibit. It remains to be seen whether this is indeed the case. 

 

Monocytes and moDCs in innate allo-recognition 

Despite an increasingly well-developed understanding of the role of moDCs in 

infection and inflammation, their role in mediating allograft rejection in the setting of organ 

transplantation has been less well explored. Nevertheless, a number of recent studies have 

proposed that monocytes might be capable of innately sensing allogeneic non-self resulting in 

their subsequent differentiation into moDCs that can then activate T cells and initiate 

allograft rejection. Whilst inflammation and tissue damage-associated danger signals arising 

from surgical procedures are likely to contribute to moDC development in this context, these 

studies suggest that moDCs can also be induced directly by allogeneic stimulation 

independent of external danger signals. 

Initial evidence of this concept was provided in experiments in which RAG
-/-

 mice 

(which lack B cells, T cells and NK cells) were injected with allogeneic or syngeneic 

splenocytes into the ear pinnae 
54

. Injection of allogeneic splenocytes induced significantly 

greater swelling and skin infiltration with myeloid cells (mainly neutrophils, monocytes and 

macrophages) than injection of syngeneic splenocytes, but only if hosts had been previously 
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primed with allogeneic cells or an allogeneic skin graft. Interestingly, it was also found that 

the adoptive transfer of syngeneic monocytes from mice that had previously been primed 

with allogeneic cells, was sufficient to prime a significant allogeneic immune response in 

otherwise naïve hosts. This suggested that monocytes were able to recognize allo-antigen and 

therefore prime an immune response. 

A subsequent study comparing moDC recruitment in syngeneic and allogeneic murine 

models of heart and kidney transplantation, found that innate allo-recognition by monocytes 

resulted in their differentiation into mature moDCs, and that this process was required to 

initiate rejection under certain conditions 
55

. Using CX3CR1
gfp/+

/CD45.1 recipients, which 

allowed for cells of monocyte lineage to be identified, allogeneic heart transplants were found 

to be infiltrated with significantly more moDCs than syngeneic transplants. moDCs in 

allografts exhibited a more mature phenotype, had greater production of IL-12p40, and 

persisted for longer periods of time than those in syngeneic grafts. Transplantation of 

BALB/c RAG-/- or C57BL/6 RAG-/- organs into C57BL/6 RAG-/-ɣc /-CX3CR1gfp/+ hosts 

(which lack B cells, T cells and NK cells) showed similar results, suggesting that this innate 

allo-recognition was not dependent on recipient lymphoid cells. Transplantation of NK 

depleted BALB/c RAG-/- hearts into C57BL/6 RAG-/-ɣc-/-CX3CR1gfp/+ also yielded 

similar results, suggesting that donor lymphoid cells were also not required. The caveat here 

is that NK cells are notoriously difficult to fully deplete. Results from experiments with a 

bone marrow plug transplantation model comparing the response of C57BL/6 RAG-/-ɣc-/-

CX3CR1gfp/+ hosts to transplantation with syngeneic C57BL/6 or allogeneic NOD grafts 

from wild type or RAG-/- ɣc-/- backgrounds, similarly found greater numbers of moDCs in 

allografts than syngeneic grafts. There were, however, significantly greater numbers of 

moDCs in wild type allografts than in RAG-/-ɣc-/-, suggesting that donor lymphoid cells do 

contribute to the host monocyte response, but that they are not required for eliciting it. 
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Unfortunately, while elegant and compelling, a potential contribution of surgery-

induced danger signals could not be fully excluded in this study. Therefore, in order to avoid 

the potentially confounding impacts of surgery associated tissue damage, we recently 

employed a system involving the enumeration of splenic moDCs after i.v. transfer of freshly 

isolated allogeneic cells 
56

. Using this experimental model, in which external danger signals 

were minimised, we found that host moDCs accumulated rapidly (within 1 day) following 

exposure to allo-antigen. This accumulation was mainly associated with recruitment of cells 

from outside the spleen rather than from differentiation or proliferation of in-situ monocytes. 

Using RAG
-/-

ɣc
-/-

, scid ɣc
-/-

 and NK cell deficient Mc11
fl/fl

Ncr1-Cre mice, we found that 

lymphoid cells and NK cells were required to elicit this phenomenon. 

 

Monocytes as precursors of conventional DCs 

Several reports have attempted to characterise the potential monocyte contribution to 

steady state cDCs in peripheral tissues. In one such study, in which macrophage/DC 

precursors (MDPs) and monocytes from CX3CR1
gfp

/CD45.1 mice were adoptively 

transferred into wildtype CD45.2 mice, Gr1
high

 inflammatory monocytes in the blood, which 

originally derive from MDPs, were found to develop into steady state cDCs in the intestinal 

lamina propria and the lung, but not to splenic cDCs 
57

. The latter were found to develop 

directly from MDPs without a monocytic intermediate. A second similar study revealed that 

adoptively transferred Gr1
high

 as well as Gr1
low

 monocytes were able to give rise to lung DCs 

under non-inflammatory and inflammatory conditions 
58

. When combined with other studies 

showing distinct non-monocyte precursors that specifically generate particular lymphoid 

resident cDC populations, these observations suggest that monocytes give rise to steady state 

cDCs only in peripheral tissues and not lymphoid organs. 
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Under inflammatory conditions, monocytes are capable of differentiating into several 

populations of peripheral tissue cDCs as well as lymphoid resident cDCs. Examination of 

dermal and interstitial DC subsets during infection suggest significant monocyte contribution 

to these populations. Additionally, following ultraviolet depletion, epidermal Langerhans 

cells have been shown to be reconstituted by Csf1r dependent Gr1
+
 monocytes specifically 

recruited to the inflamed skin 
59

. Vaginal epithelial Langerhans cells, which in contrast to 

their epidermal counterparts are mainly repopulated by non-monocyte bone marrow derived 

precursors at the steady state, were also reconstituted by Gr1
+
 monocytes during HSV-2 

infection 
60

. Although less convincing, there is some evidence that monocytes can contribute 

toward lymphoid resident cDCs during inflammation. After the adoptive transfer of CD45.2 

monocytes into irradiated CD45.1 hosts, approximately 20% of the transferred donor 

monocytes were found to have differentiated into splenic CD8
+
 and CD8

-
 cDCs 

23
. A 

subsequent study similarly using monocyte adoptive transfer during Leishmania major 

infection, also revealed evidence of monocyte differentiation into splenic CD8
+
 and CD8

-
 

cDCs 
35

. 

Overall, the available evidence supports the concept that, in addition to being able to 

differentiate into specialised inflammatory moDCs, monocytes are also capable of acting as 

precursors for several populations of peripheral tissue cDCs at the steady state, as well as 

peripheral tissue and lymphoid resident cDCs during inflammation. 

 

Conclusion 

What was once a simple paradigm used to explain the role and function of monocytes 

within the broader immune response (i.e. monocytes traffic in blood to peripheral tissues 

where they differentiate into macrophages), has now been replaced by an increasingly 

compartmentalized framework which attempts to recognize the complexity of the 
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developmental and functional relationship between monocytes, macrophages and moDCs. It 

has become apparent that the developmental pathways of each of these cell types are highly 

variable and can be influenced by intrinsic aspects of host biology and extrinsic aspects of the 

type of inflammatory stimuli. Furthermore, multiple studies have implicated one or more of 

these populations in promoting many different aspects of innate and adaptive immunity. The 

newly reported functional differences between moDCs and cDCs foreshadow more 

exploration. Whilst there remain some disputes on some of the detail, it is clear that 

monocytes, macrophages and moDCs are critical for the immune system’s ability to 

effectively respond to microbial threats, allorejection and autoimmunity. An important caveat 

is that most of the findings discussed here have been derived from animal studies which may 

not always directly translate to the human immune system. Nevertheless, they provide 

guidance for future studies that might more directly examine the role of moDCs in the 

human. Such future research focused on further investigating the origins and functions of 

these cells in humans may allow for greater clarity in this framework and potentially avail 

novel therapeutic targets. 
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Figure Legends 

Figure 1: Developmental relationship between murine monocyte subsets. Ly6C
+
 

inflammatory monocytes egress from the bone marrow into the blood via a CCR2
+
 dependent 

process. They can then differentiate into Ly6C
-
 patrolling monocytes. Under inflammatory 

conditions they can upregulate MHC II and CD11c and differentiate into moDCs. 
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Table 1: The role of moDCs in innate and adaptive immune responses

Response Experimental model Anatomical Compartment Reference

Innate 

Responses iNOS dependent bacterial killing Listeria monocytogenes  infection Spleen Serbina et al. 8

Phagocytosis of bacteria

Gastrointestinal Salmonella 

infection Gastrointestinal tract Rydstrom et al. 39

iNOS mediated tissue toxicity Trypanosoma brucei  infection Spleen, liver, lymph nodes Guilliams et al. 43

Adaptive 

responses

Induction of CD4+ T cell 

proliferation ex vivo Intravenous LPS administration Skin draining lymph nodes Cheong et al. 36

Intramuscular alum-OVA 

administration Draining lymph nodes Langlet et al. 49

Intranasal house dust mite 

exposure Mediastinal lymph nodes Plantinga et al. 47

Induction of CD4+ T cell 

proliferation in vivo

Pulmonary Aspergillus fumigatus 

infection

Lungs and mediastinal lymph 

nodes Hohl et al. 42

Cross presentation to CD8+ T cells Measles virus infection Buccal mucosa Le Borgne et al. 51

HSV-1 infection

Peripheral non lymphoid tissues 

(e.g. kidney) Wakim et al. 52

Suppression of CD4+ T cell 

proliferation

OT-II CD4+ T cells in CCR2.DTR 

mice Spleen Chow et al. 34

Induction of Th1 polarisation Leishmania major  infection Draining lymph nodes Leon et al. 35

Induction of Th2 polarisation

Intranasal house dust mite 

exposure Mediastinal lymph nodes Plantinga et al. 47

Induction of Th 17 polarisation

Experimental autoimmune 

encephalomyelitis Spleen Ko et al. 44

OT-II CD4+ T cells in CCR2.DTR 

mice Spleen Chow et al. 34

iNOS and TGF-β dependent IgA 

production and class switch 

recombination Commensal bacteria

Gastrointestinal tract lymphoid 

tissues Tezuka et al. 53

Mediation of innate 

allorecognition and transplant 

rejection Allogeneic heart transplantation Cardiac allografts Oberbarnscheidt et al. 55
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