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Macrophages are the main effector cells of innate im-
munity and are involved in inflammatory and anti-in-
fective processes. They also have an essential role in main-
taining tissue homeostasis, supporting tissue development, 
and repairing tissue damage. Until few years ago, it was 
believed that tissue macrophages derived from circulating 
blood monocytes, which terminally differentiated in the 
tissue and unable to proliferate. Recent evidence in the bi-
ology of tissue macrophages has uncovered a series of im-
mune and ontogenic features that had been neglected for 
long, despite old observations. These include origin, heter-
ogeneity, proliferative potential (or self-renewal), polar-
ization, and memory. In recent years, the number of pub-
lications on tissue resident macrophages has grown rap-
idly, highlighting the renewed interest of the immunolo-
gists for these key players of innate immunity. This minire-
view aims to summarizing the new current knowledge in 
macrophage immunobiology, in order to offer a clear and 
immediate overview of the field.
[Immune Network 2015;15(4):167-176]
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INTRODUCTION

Innate immunity is the first line of defense of the body, 
present throughout evolution from lower (invertebrate) to 

more complex organisms (vertebrate) (1). In order to rap-
idly protect the host against infectious or stressful events, 
the innate immune cells initiate triggers an inflammatory 
response. When not properly regulated or in excess, in-
flammation may contribute to many and different patho-
logical conditions, from autoimmune and chronic in-
flammatory diseases to atherosclerosis and cancer (2-7). 
Monocytes/macrophages are the major effector cells of in-
nate immunity. They play a pivotal role in the immune re-
sponse to pathogens, by generating and then resolving the 
inflammatory reaction. But they also have a central role 
in tissue development (by shaping the tissue architecture), 
and in surveillance and monitoring of tissue changes (by 
acting as sentinel and effector cells). Especially, they are 
important in maintening tissue homeostasis, by clearing 
apoptotic or senescent cells, and by repairing and remodel-
ing structural and functional integrity of the tissue soon 
after a damage.
  In 1893, Elie Metchnikoff first described the phag-
ocytosis of pathogens by macrophages (“the big eaters” in 
Greek), observing starfish challenged with rose thorns (8). 
Macrophages were identified as tissue resident cells able to 
eat and kill infectious agents. In 1924, macrophages were de-
fined by Aeschoff as cells of the reticulo-endothelial system 
(RES). This implied that macrophages originate from, and 
reside and renew within, that tissue, which comprises the 
Kupffer cells of the liver, the cells lining the sinuses of 
spleen, lymph nodes, bone marrow, and the endothelial 
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cells of various organs (9). In the late 1960s, Ralph Van Furth 
proposed the existence of the Mononuclear Phagocyte 
System. Within this system, all macrophages, including tis-
sue macrophages and inflammatory cells (macrophages re-
cruited during inflammation, also meaning the mono-
cyte-derived macrophages), are terminally differentiated 
cells derived from blood monocytes (10). However, in 
1984 Van Furth together with Diesselhoff-den Dulk (11) 
suggested that not all macrophages derive from blood 
monocytes. In the same years it was observed that macro-
phages were not terminally differentiated (12,13) and were 
persistent in tissues (14). Recent evidence dramatically 
transformed our knowledge of macrophages biology. It has 
now become clear that tissue-resident macrophages may 
arise independently of monocyte input (see below), originat-
ing prenatally from c-myb-independent hematopoiesis (15) 
prior to the establishment of definitive hematopoiesis. 
Accordingly, there is now a consensus that some macro-
phages may proliferate, although it is not clear whether 
this takes place through self-renewal or through the pro-
liferation of local progenitors (16,17). Thus, in light of the 
monocyte-independent origin of macrophages, other as-
pects of macrophage biology need reassessment, including 
macrophages heterogeneity, the role of environment in the 
tissue-specific specialization, and macrophage polarization 
into different functional phenotypes during inflammation.
  In this review we provide an overview of these new in-
sights into tissue macrophages. Several questions are still 
open on differences, similarities, and development lineage 
relationship between monocyte-derived macrophages and 
tissue macrophages. These are discussed in depth else-
where (18). Finally, we will briefly report on the recently 
renewed interest for innate immune memory. A graphical 
representation of the review topic is shown in the Fig. 1.

DUAL ORIGIN, PROLIFERATIVE POTENTIAL 
AND HETEROGENEITY OF TISSUE 
MACROPHAGES

Tissue macrophages are heterogeneous and versatile cells 
found in virtually all tissues of adult mammals, where they 
can represent up to 10∼15% of the total cell number in 
quiescent conditions. This number can increase further in 
response to inflammatory stimuli (18). The functional spe-
cialization of macrophages in unique tissue microenviron-
ments explains their heterogeneity (19,20). Thus, macro-

phages take different names according to their tissue loca-
tion, such as osteoclasts (bone), alveolar macrophages 
(lung), microglial cells (brain), histiocytes (connective tis-
sue), Kupffer cells (liver), Langerhans cells (LC) (skin), 
etc. If on the one hand tissue macrophages acquire specific 
morphological and functional phenotypes according to the 
microenvironment in which they reside, on the other hand 
some functions of macrophages are the same in all tissues, 
such as the surveillance that maintains tissue homeostasis 
(recognizing and removing anomalous and senescent 
cells), and the protective function (reaction to infections 
and tissue damage by initiating, developing and resolving 
an inflammatory response). As mentioned above, it re-
cently became evident the existence of a myb-independent 
hematopoietic stem cell (HSC)-independent lineage of tis-
sue macrophages. Fate-mapping experiments showed that 
tissue-resident macrophages in multiple organs, including 
the liver (Kupffer cells), epidermis (LC), and brain 
(microglia), originate from the yolk sac (YS) or fetal liver 
(FL) (15,21). Overviews of all the experiments demonstrat-
ing myb-independent macrophage origin are critically re-
viewed in (22). 
  Two main phases of embryonic hematopoiesis have been 
described in the mouse: 1. primitive hematopoiesis that 
takes place in YS and gives rise to macrophages without 
going through a monocytic progenitor (myb-independent); 
2. definitive hematopoiesis that takes place in the FL 
(myb-dependent), which is initially seeded by hema-
topoietic progenitors from the YS and subsequently by 
hematopoietic stem cells from endothelium of the aorta-go-
nads-mesonephros (23). The relative contribution of YS 
progenitors to the circulating definitive hematopoietic pro-
genitor cell pool that seeds the FL (and that then replenishes 
macrophages of peripheral organs) remains controversial. 
YS- and FL-derived macrophages have been considered 
distinct so far, but a recent work identified an eryth-
ro-myeloid progenitor population that originates in the YS 
and later migrates to the liver (24). Thus, a common origin 
in the YS for both YS- and FL-derived macrophages is 
a reasonable hypothesis. During embryogenesis, the FL 
subsequently becomes the source of definitive hematopoi-
esis that generates all major hematopoietic lineages, in-
cluding circulating monocytes. FL monocytes populate 
most peripheral tissues (e.g., lung, spleen, dermis, liver), 
except the brain, and give rise to tissue macrophages, 
which generally coexist with, but can progressively dis-
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Figure 1. New insights in macrophages. Origin. During embryogenesis, tissue macrophages derive from yolk sac (YS) and fetal liver 
(FL) progenitors, by primitive and definitive hematopoiesis, respectively. It is possible that FL progenitors may derive from YS 
progenitors (orange arrow). After birth and in adulthood, monocyte-derived macrophages come from bone marrow (BM) progenitors by 
definitive hematopoiesis. Heterogeneity/Diversity. Macrophage heterogeneity depends on tissue microenvironment and origin. In the 
tissue, macrophages can differentiate and acquire a functional specialization depending on tissue-specific signals (▲●✦■), thereby 
becoming microglia in the brain, Langerhans cells in the dermis, Kupffer cells in the liver, and gut macrophages (Mϕ) in the intestine. 
The differentiation in the tissue is both phenotypical and functional, but it is not end-stage, since tissue macrophages retain 
proliferative/self-renewal capacity and functional plasticity (see below). The yellow and blue bold arrows indicate different origin of 
these macrophages, being microglia totally yolk sac-derived, while gut macrophages are mostly monocyte-derived macrophages. Thin 
brown arrows indicate that a fraction of macrophages from FL is already present in tissues such as liver and dermis (taken as examples), 
but also in peritoneum, lung, spleen, pancreas, and kidney. Polarization/Plasticity. During the different phases of inflammation, the 
microenviromental changes can polarize macrophages in different functional phenotypes, from an inflammatory (M1) to an 
alternative/deactivated phenotype (M2), responsible of induction and resolution of inflammation, respectively. These two phenotypes are 
the extreme of a spectrum of multiple phenotypes (here signed as MX), as many as the microenvironmental scenarios could be. Memory. 
Macrophages can react to a second challenge reducing (tolerance) or enhancing (trained immunity) their own immune response in terms 
of cytokine production. Different mechanisms underlie this macrophage capacity, such as epigenetic and metabolic reprogramming or 
activation of different signaling pathways. In the picture, the memory phenotype referred to as “mixed memory phenotype” indicates that 
the type of innate memory induced by pre-challenge can be different (increased or decreased cytokine production) and coexist in the same 
cells depending on the inflammatory cytokines measured and the type of mononuclear phagocyte (see text).

place, YS-derived tissue macrophages. After birth, upon 
bone formation, hematopoiesis passes from the FL to the 
bone marrow. Blood monocyte precursors originate in the 
bone marrow, and blood monocytes constantly replenish 
resident macrophages in various organs, such as intestine 
and dermis (25-27). Together with these monocyte-derived 
tissue resident macrophages, the tissues may encompass 
monocyte-derived macrophages that developed from in-
flammatory monocytes recruited during an infection or 
damage of the tissue (18,28). 
  Macrophages that prenatally reside the tissues then pro-

liferate to repopulate the expanding tissue with tissue resi-
dent macrophages. This proliferative potential or self-re-
newal capacity has been recently observed in microglia, 
in peritoneal, pleural and alveolar macrophages, in macro-
phages of adipose tissue and atherosclerotic plaques, and 
in cardiac macrophages (16). Nevertheless, tissue macro-
phages of embryonic origin can be replaced by mono-
cytes-derived macrophages after severe inflammation (18), 
or in the aging heart (29). 
  Varol et al. (30) have recently reviewed the current 
knowledge on resident macrophage development and their 
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functional specialization in the tissue, while Dey et al. (31) 
have examined tissue macrophage ontogenesis and rela-
tionship with blood monocytes. We refer the reader to 
these two reviews for deeper and detailed information on 
these aspects of macrophage biology. 

MACROPHAGE POLARIZATION

The macrophage functional specialization/differentiation 
defines the presence of morphologically distinct macro-
phages with tissue-specific functions in homeostatic 
conditions. On the other hand, macrophage polarization de-
scribes the capacity of macrophages to modify their func-
tion in a plastic manner during the inflammatory reaction. 
Both tissue macrophages and monocyte-derived macro-
phages have a high level of plasticity, although their rela-
tive contribution to the progression and resolution of in-
flammation is not fully demonstrated. The relationship be-
tween tissue macrophages and monocyte-derived macro-
phages and their role in steady state conditions and during 
inflammation has been extensively reviewed in (18) and, 
with a focus on brain, adipose tissue and liver, in (31).
  Macrophage polarization occurs through different acti-
vation programs, by which macrophages carry out their de-
fense functions. In this way, macrophages become able to 
respond with appropriate functions in distinct contexts, and 
functional diversity becomes the key feature of these cells. 
Essentially, macrophages can modify their functions from 
a heal/growth promoting setting (M2 or alternative macro-
phages), to a killing/inhibitory capacity (M1 or classical 
macrophages) (32). 
  In vitro, macrophages are activated towards an M1 func-
tional program by microorganism-related molecules (e.g., 
the gram-negative lipopolysaccharide, LPS) and by the in-
flammation-related cytokines TNF-α or IFN-γ, alone or 
in combination. M1 macrophages are efficient producers of 
toxic effector molecules (such as reactive oxygen/nitrogen 
species, and inflammatory cytokines), participate as inducers 
and effector cells in polarized Th1 responses, and mediate 
resistance against intracellular parasites and tumors (33).
  Conversely, M2-like polarization has been observed in 
vitro in response to the Th2-related cytokines IL-4 or 
IL-13, to the concomitant triggering of Fcγ receptors and 
Toll-like receptors (TLR), to immune complexes, and to 
anti-inflammatory molecules such as IL-10, TGF-β, and 
glucocorticoids (34,35). High levels of scavenger, mannose 

and galactose receptors characterize M2 cells in vitro. M2 
macrophages take part in polarized Th2 responses, allergy, 
parasite clearance, dampening of inflammation, tissue re-
modeling, angiogenesis, immunoregulation, and tumor pro-
motion (36). M2 is the normal “default” program adopted 
by resident macrophages (37).
  In addition to functional differences, M1 and M2 macro-
phages have distinct features in terms of chemokine pro-
duction profiles (38) and metabolism (39). The main dis-
tinction in terms of metabolism is that in M2 macrophages 
the arginine metabolism is shifted to ornithine and poly-
amines, which are important in the would healing process. 
Conversely, in M1 cells such metabolism is shifted to NO, 
which plays a key role in the intracellular killing of patho-
gens (40). 
  The M1/M2 classification is useful to understand the 
plasticity of macrophages but is just a limited attempt to 
capture the complexity and plasticity of these cells. In fact, 
this macrophage taxonomy does not fully mirror what real-
ly happens in the tissue during inflammation. In vivo the 
sequence of changing scenarios/signals presumably in-
duces macrophages to adopt a variety of functional pheno-
types during the course of an inflammatory reaction. 
Therefore, the M1/M2 polarization of macrophage func-
tions may be taken as a simplified conceptual framework 
describing a continuum of diverse functional states, of 
which M1 and M2 activation states are not ontogenically 
defined subsets but represent the extremes of the func-
tional continuum (41). As suggested by Martinez and 
Gordon (42), it is time for reassessing the concept of mac-
rophage activation. Recently, Murray and coworkers at-
tempted a re-classification of polarized macrophage in re-
sponse to a range of stimuli (43). Furthermore, this issue 
has been recently addressed by network modeling analyses 
of hundreds of macrophage transcriptomes triggered by a 
diverse set of stimuli (44). This analysis revealed at least 
nine distinct macrophage activation programs, thus extend-
ing the dual M1/M2 macrophage polarization to a spec-
trum model. Moreover, knowing that local environment 
controls macrophage phenotypes, and given that many ex-
periments with human cells are performed in vitro, we 
should redefine the in vitro culture conditions to closely 
match those occurring in a specific tissue microenvironment 
(45,46) or in the course of an inflammatory reaction (47).
  An important issue of macrophage polarization is wheth-
er polarized macrophage populations can switch one to the 
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other in response to different conditions. Data from in vitro 
studies demonstrate that human monocytes can acquire the 
phenotype of polarized M1 macrophages and then mature 
into M2 repair macrophages upon exposure in culture to 
sequential changes in the microenvironmental conditions 
(47). A related open question is whether both tissue-resi-
dent macrophages and monocyte-derived macrophages can 
polarize in M1 or/and M2 functional phenotypes. These 
questions are abundantly discussed elsewhere (see for ex-
amples 18, 31). Here we just want to highlight the major 
role of microenvironmental signals in the functional phe-
notype switching of monocytes and macrophages by men-
tioning two severe pathological conditions: obesity and 
cancer. The metabolic syndrome can lead to a switch in 
the phenotype of adipose tissue macrophages from 
M2/wound healing (as in healthy non-obese humans) to 
classically activated macrophages (48). In cancer, tu-
mor-infiltrating classically activated macrophages have the 
potential to contribute to the earliest stages of neoplasia, 
and then, as the tumor progresses, can progressively differ-
entiate to a regulatory phenotype and eventually become 
cells that share the characteristics of both regulatory and 
wound-healing macrophages (49). In both cases, signals 
present in the surrounding environment at a given time 
drive the changes in the functional phenotype of adipose 
tissue macrophages and tumor-associated macrophages at 
given stage of the disease. 

TISSUE-SPECIFIC SIGNALS DICTATE 
FUNCTIONAL SPECIALIZATION AND 
POLARIZATION OF TISSUE MACROPHAGE

As previously discussed, innate immune cells have two pe-
culiarities, diversity/heterogeneity and plasticity (50). 
Steady state hematopoietic differentiation programs may 
generate diverse subsets of monocytes (e.g., CD14＋＋

CD16− or classical monocytes, CD14＋＋CD16＋ or inter-
mediate monocytes, CD14＋CD16＋＋ or non-classical mon-
ocytes) (51), and distinct tissue-resident macrophages (e.g., 
Kupffer cells, microglia, LC, etc.). Thus, tissue-resident 
macrophages may be exposed to endogenous signals from 
the tissue during development or steady state conditions, 
in order to develop tissue specialization, whereas both tis-
sue-resident macrophages and monocyte subpopulations 
(once in the tissue, monocyte-derived macrophages) may 
be subsequently activated by microbial or danger signals 

during inflammation or tissue damage. Thus, in the pres-
ence of diverse microenvironmental stimuli, each subset 
modifies its activation state in a plastic manner depending 
on the nature of the stimulus. As already mentioned, this 
feature has been termed plasticity or polarization. Pheno-
typic, transcriptional and epigenetics mechanisms underlie 
both diversity and plasticity, inducing functional special-
ization in different cells and in the same cells in different 
microenvironmental contexts. 
  We want to underline that heterogeneity, maintenance 
and specific function of resident macrophages are firmly 
under tissue control during homeostasis and in inflam-
matory conditions. This control mainly arises from different 
mechanisms: 1. tissue-selective transcriptional control; 2. en-
vironment reprogramming; 3. presence of silencing circuits. 
  It is evident that the expression of different transcription 
factor is required for specific functions in macrophages 
(52,53). Several examples of transcription factors that dic-
tate tissue-specific transcription programs in macrophages 
have been reported. For examples: the heme-induced tran-
scription factor Spic is required for the development of red 
pulp macrophages (54), and Nr1h3 is needed for the devel-
opment of all macrophages of the marginal zone (55). 
GATA6 is a regulator of a tissue-specific gene expression 
program in peritoneal macrophages, and retinoic acid re-
leased in the tissue is a signal that regulates reversibly the 
induction of GATA6 (46). Induction of PPAR-γ by 
GM-CSF is critical for the development of alveolar macro-
phages from fetal monocytes (56). Transcription factors 
such as STAT1, STAT6, C/EBPb, IRF-4, IRF5, and 
PPAR-γ have been shown to regulate transcription pro-
grams that control M1/M2 macrophage polarization (57). 
  Two recent studies that have employed RNA-seq have 
demonstrated the main role of the microenvironment in de-
termining the macrophage phenotype reprogramming (58,59). 
Authors concluded that tissue macrophages shared with 
other myeloid cells the epigenetic structure and gene ex-
pression (regulated by the master transcription factor 
PU.1), and in addition that each tissue has its own unique 
gene expression profile controlled by changes in enhancer 
landscapes. Moreover, tissue-specific reprogramming was 
evident by transferring macrophages from a tissue to an-
other, showing that transferred cells lost most of the old 
tissue programming, acquiring a new one according to 
their new tissue microenvironment). The same was evident 
upon lethal irradiation of embryonic tissue macrophages 
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and replacement with macrophages derived from trans-
planted healthy bone marrow. 
  Within a tissue, macrophages sense the microenviron-
mental changes through a series of sensors, such as PRR, 
scavenger receptors, cytokines receptors, and adhesion 
molecules, and are susceptible to silencing programs dic-
tated by the tissue. Indeed, the tissue sets tissue-specific 
thresholds for the timing and extent of macrophage activa-
tion depending on the type and intensity of the stimulus. 
The exact nature of these silencing circuits differs between 
tissues and includes innate inherent suppression, as well 
as acquired deactivation induced activating stimuli (34). 
Examples are gut macrophages and microglia. Intestinal 
gut macrophages express the IL-10 receptor, and in order 
to prevent severe inflammation they must be exposed to 
homeostatic T regulatory cell-derived IL-10 (60). On the 
other hand, microglia is probably silenced by TGF-β (61) 
and maintained into a down-regulated phenotype by neu-
ral-derived CX3CR1 and CD200 (62,63). Local tissue-de-
rived signals are thought to control the development of the 
tissue-specific phenotypes of resident macrophages, prov-
ing the critical role of tissue environment. However, for 
most tissues the identity of these signals remains largely 
unknown (with some exceptions, see microglia, 61, and 
bone, 64). 
  In conclusion, the environment may reprogram macro-
phages in a tissue-specific manner in order to tailor their 
functions based on the tissue needs, or may polarize mac-
rophages conferring a differently reactive phenotypes 
(classical vs. alternative vs. deactivated). Moreover, it is 
unknown whether functional heterogeneity and polarization 
are the result of irreversible lineage-specific differentiation 
or a consequence of continuous but reversible induction of 
diverse functional programs. Some functional differences 
may depend also on the diverse origin. It was recently sug-
gested to classify monocyte/macrophage primarily by their 
ontogeny and only secondarily by their location, function 
and phenotype (65). However, which is the effect of origin 
on macrophage function is not yet fully known. 

A RENEWED INTEREST FOR INNATE 
MEMORY

Considering the new insights in macrophage biology, it is 
worth mentioning the recent reassessment of the innate im-
mune memory, an old concept that is currently raising a 

renewed interest in the scientific community. Indeed, re-
visited old knowledge on the repeated stimulation of the 
innate immune responses (see for instance 66, 67) has re-
introduced the old concept of innate immune memory (68). 
Evidence in both plants and invertebrates (that do not pos-
sess adaptive immunity and classical memory) indicates 
that phagocytes can respond much better to a challenge if 
they have been pre-stimulated with the same or with an-
other agent (69). Thus, innate immunity can have a memo-
ry, although different from acquired immune memory. A 
very interesting notion is that the innate memory is appa-
rently at least in part non-specific, which implies that cells 
pre-challenged with (almost) any kind of agents can attain 
an improved defensive response to a subsequent challenge. 
Another very interesting concept is that of the exquisitely 
local dimension of phagocyte memory. In higher verte-
brates such as man, tissues are disseminated with resident 
macrophages. These phagocytes have the main role of 
maintaining tissue integrity and function. However, in the 
case of external challenges (e.g., an infectious agent), they 
can initiate an immediate defensive inflammatory response. 
It is very interesting to observe that macrophages, after a 
challenge, can develop a memory and react to a second 
challenge in different ways: they become less reactive to 
some challenges to avoid extensive tissue damage or they 
display an enhanced response to improve tissue surveil-
lance, e.g., against tumors. These two different responses 
of innate immune memory are known as “tolerance” and 
“trained immunity”, respectively. LPS activates macro-
phages into a disruptive inflammatory reaction that also 
damages the surrounding tissue. Upon a second challenge, 
macrophages react much less because they aim at avoiding 
an excessive response that would destroy the tissue 
integrity. On the other hand, challenge with fungal compo-
nents (implying a long-term slow infection with tissue de-
bilitation) induces an innate memory that results in en-
hanced reactivity to subsequent stimuli, necessary for the 
adequate defense of a weakened tissue. 
  The molecular mechanisms responsible for shifting mac-
rophages toward a memory status have not yet been 
elucidated. Putative mechanisms may involve different re-
cruitment of different monocyte/macrophage subpopulation 
(i.e., CD14＋ and CD16−) (68), or changes in the ex-
pression of lectin receptors on cell membrane (70), or in 
the functional phenotype (e.g., phagocytosis or protein pro-
duction). In any case, all of these changes are probably due 
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to epigenetic reprogramming that regulates gene expression 
by inducing dynamic alterations in the chromatin structure, 
through modification of DNA, post-translational mod-
ifications of histones (methylation), or microRNA (71-73). 
Another interesting aspects of innate memory are changes 
in metabolic processes, as already observed in macrophage 
polarization (39,74). Whether monocyte-derived macro-
phages or tissue macrophages or both retain a memory of 
past challenge has not been fully demonstrated, as well as 
their fate in the tissue. We preliminarily observed (unpu-
blished observation) that a mild microbial stimulus could 
induce different immunological programming in mono-
cyte-derived macrophages vs. tissue macrophages. Indeed, 
in vitro monocyte-derived macrophages and tissue macro-
phages primed with microbial agents (e.g., LPS, β-glucan) 
produce a substantially different profile of inflammatory 
cytokines upon re-exposure, demonstrating the capacity of 
adapting their response to an evolving situation (such as 
multiple or chronic infections). Notably, the type of innate 
memory induced by pre-challenge may be different 
(decrease vs. increase vs. no effect) depending on the in-
flammatory endpoint (e.g., production of TNF-α or IL-1β 
or IL-8) and the type of mononuclear phagocyte, with in-
flammatory monocytes being more reactive than tissue 
macrophages. 
  The increased understanding of the properties of innate 
memory is changing our awareness of host defense and 
immune memory, and could lead to defining new classes 
of vaccines and adjuvants. Efficacy of many vaccines 
probably implies the induction of non-specific macrophage 
memory that contributes to the increased resistance to 
infections. Research in the field of memory macrophages 
needs a thorough reassessment of a large body of old evi-
dence accumulated in the past decades in the areas of mac-
rophage activation and of adjuvanticity.

CONCLUDING REMARKS

Given the important role of macrophages in acute and 
chronic inflammation and in other severe diseases (arthero-
sclerosis, neurodegeneration and cancer), it is not surpris-
ing the growing interest for their proprieties and for their 
potential clinical applications. In a recent review, Martinez 
and Gordon address the issue of translating the new knowl-
edge of macrophage biology into clinical practice (75). 
They describe a selection of the potential functional targets 

in macrophages, such as macrophage recruitment, activa-
tion, and memory, which are being considered for potential 
therapeutic/clinical application by using ad hoc inhibitors. 
Moreover they indicate new application areas that are like-
ly to develop in the near future, thanks to our new under-
standing of macrophage biology, including cell therapy, di-
agnosis and prognosis.
  We agree with Martinez and Gordon especially on the 
following key needs: more studies on humans to close the 
gap between the bench and the clinic; and use of stand-
ardized and improved methods to investigate macrophages 
heterogeneity and to measure genes, proteins and metabo-
lites in situ. 
  The common view is that macrophage diversity and 
plasticity are driven by cues in the tissue microenviron-
ment, which can include cytokines, growth factors and mi-
croorganism-associated molecular patterns. These signals 
are believed to dictate a transcriptional response that 
shapes the phenotype and function of macrophages based 
on the physiological or pathological context. Progress has 
been made in defining the molecular mechanism under-
lying macrophage biology, but the data are still incomplete 
and far from being systematic. Thus, we need to increase 
our knowledge of the mechanistic basis of macrophage 
heterogeneity/diversity and plasticity, and how to pharma-
cologically manipulate them. Considering that various in 
vitro models currently used do not adequately reflect the 
heterogeneity and plasticity of tissue macrophages, we 
conclude by suggesting that future studies should be con-
ducted on macrophages isolated directly from tissues in 
different homeostatic and pathological conditions (in 
steady state condition and in response to a changing envi-
ronment). Single-cell transcriptomic and epigenetic analy-
sis (76) might help to molecularly identify the macrophage 
functional states and their changes driven by changing tis-
sue conditions. 
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