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Abstract

Macrophage, as an integral component of the immune system and the first responder to local 

damage, is on the front line of defense against infection. Over the past century, the prevailing 

view of macrophage origin states that all macrophage populations resided in tissues are terminally 

differentiated and replenished by monocytes from bone-marrow progenitors. Nonetheless, this 

theory has been reformed by ground-breaking discoveries from the past decades. It is now 

believed that tissue-resident macrophages (TRMs) are originated from the embryonic precursors 

and seeded in tissue prenatally. They can replenish via self-renewal throughout the lifespan. 

Indeed, recent studies have demonstrated that tissue-resident macrophages should not be classified 

by the over-simplified macrophage polarization (M1/M2) dogma during inflammation. Moreover, 

multiple lines of evidence have indicated that tissue-resident macrophages play critical roles in 

maintaining tissue homeostasis and facilitating tissue repair through controlling infection and 

resolving inflammation. In this review, we summarize the properties of resident macrophages in 

the lung, spleen, and heart, and further highlight the impact of TRM populations on inflammation 

control and tissue repair. We also discuss the potential role of local proliferation in maintaining a 

physiologically stable TRM pool in response to acute inflammation.
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INTRODUCTION

As a fundamental component of the immune system, macrophages are the most abundant 

immune cells in most tissues of mammals (1). Macrophages were first characterized 

by Elie Metchnikoff in 1893 as professional phagocytes during tissue inflammation (2). 

This seminal work marks a new era of immune research, and leads to the discovery of 

several core functions of macrophages in maintaining tissue homeostasis and regulating 

inflammation. With regard to the origin of macrophages, van Furth et al. (3) in 
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1972 proposed the “mononuclear phagocyte system (MPS)” theory emphasizing that all 

macrophages were terminally differentiated from blood monocytes. But, in the 1980s, 

several lines of contradictory evidence demonstrated that macrophages were not terminally 

differentiated (4, 5), and persisted in tissues (6). Thereafter, a large proportion of the 

subsequent studies was steered toward the differentiation and function of bone-marrow-

derived macrophages in healthy and various disease settings.

In the end of the last century, Mills et al. first reported the concept of macrophage 

polarization (the M1/M2 classification system) based on macrophage responses to various 

stimuli in vitro (7, 8). The classically activated macrophages are termed M1 macrophages, 

they can be induced by pro-inflammatory factors/cytokines [i.e., lipopolysaccharide (LPS), 

interferon-gamma, tumor necrosis factor alpha (TNF-α), or granulocyte macrophage colony-

stimulating factor (GM-CSF)]. These macrophages exhibit pro-inflammatory phenotype 

with increased secretion of cytokines (IL-1β, TNF, IL-6), nitric oxide, and reactive oxygen 

intermediates, and participate as inducers in polarized Th1 response (9–11). In contrast, the 

M2 macrophages are alternatively activated by exposure to certain Th2-related cytokines 

(i.e., IL-4, IL-13) or anti-inflammatory molecules (i.e., IL-10, transforming growth factor 

β1 [TGF-β]) (9–11). This subtype is characterized by: higher expression of scavenging 

molecules, mannose, and galactose receptors; enhanced phagocytic capacity and efficiency; 

and production of ornithine and polyamines (12). Accumulating evidence has shown 

that M2 macrophages play important roles in tissue repair, parasite clearance, resolving 

inflammation, and promotion of angiogenesis and tumor growth (11, 12). However, this 

over-simplified concept is unable to delineate the diverse macrophage populations observed 

in vivo.

In particular, in recent years, with the development of multicolor fluorescence-activated 

cell sorting (FACS), various fate-mapping and genetic tracing mouse models as well as 

parabiosis techniques, a distinct population of macrophages is identified in different tissues 

(13–17). These macrophages are shown to be originated from embryonic precursors and 

maintained through self-renew throughout adulthood, instead of recruitment of circulating 

monocytes (bone-marrow origin), and thus named tissue-resident macrophages (TRMs) (15–

19). These discoveries have challenged the conventional “MPS” theory and transformed 

the fundamental understanding of macrophage origin. Importantly, with the advancement 

of single-cell transcriptome analysis and high-resolution imaging tools, we are able to 

detect more subpopulations of TRMs with distinct functions (13, 20–23). In addition, these 

breakthrough findings have allowed us to better appreciate the complexity of macrophage 

heterogeneity in tissues, while forcing us to reassess the diverse and vital roles of 

macrophages.

Inflammatory diseases, such as systemic inflammatory response syndrome (SIRS) and 

sepsis, can trigger a complex series of cellular responses. Macrophages have been shown 

to play essential roles in virtually all stages of these responses, including initiation 

of inflammatory responses to neutralize invading pathogens, removal of pathogens and 

damaged cells through phagocytosis, and resolution of inflammation followed by tissue 

repair and remodeling (24). Of note, different macrophage populations play distinct and 

non-redundant roles in each of these processes (25, 26). Thus, it is significant to understand 
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the origins, functions, and potential cross-talks and transition among different macrophage 

pools (plasticity), particularly the newly identified TRMs. In this review, we summarize 

the contributions of TRM populations to the initiation, maintenance, and resolution of 

inflammatory responses in different organ systems, and further discuss the impact of self-

renewal capacity of TRMs in maintaining a physiologically stable TRM pool in response to 

acute inflammation.

ALVEOLAR MACROPHAGES IN THE LUNG

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are devastating 

complications of severe sepsis and SIRS, and these are commonly caused by pneumonia 

after infection with bacterial, viral, or fungal origin (27–30). Accumulating evidence has 

demonstrated the critical role of macrophages in the pathogenesis of ALI/ARDS (31, 32). 

Based on the anatomical compartments of the lung, two major subtypes of macrophages are 

identified, namely alveolar macrophages (AMs) and interstitial macrophages (33, 34). By 

using various techniques such as thymidine-labeling, adoptive transfer, and lineage tracing, 

studies have shown that alveolar macrophages originate from the fetal liver, seed in the lung 

during embryonic development, and undergo self-renewal to maintain the population size 

(35, 36). On the other hand, interstitial macrophages, with molecular phenotype between 

monocytes and alveolar macrophages, have a mixed origin: an embryonic yolk-sac-derived 

origin and a postnatal bone marrow-derived origin (36, 37). Accordingly, these macrophages 

are thought to be maintained or expanded by the recruitment of bone marrow-derived 

monocytes, yet local proliferation may also contribute to the maintenance of interstitial 

macrophages (36, 37).

Alveolar macrophages, the most abundant and best-characterized macrophage population 

in the lung, reside in the lumen of alveoli where gas exchange takes place (35). This 

strategic location allows alveolar macrophages to clear pathogens, dead cells, and other 

airborne foreign particles through phagocytosis during respiratory infection (38, 39). It is 

now recognized that alveolar macrophages are critical for tissue homeostasis, host defense, 

tissue repair, and control of lung inflammation (40–42) (Fig. 1). Under physiological steady 

condition, alveolar macrophages are characterized by the high phagocytic activity and the 

release of anti-inflammatory cytokines (40). Indeed, pharmacological depletion of AMs by 

clodronate liposomes results in impaired gas exchange and fatal hypoxia upon viral infection 

(39, 43). Similarly, the conditional genetic depletion of AMs shows increased influx of both 

neutrophils and monocytes and augmented inflammatory responses in the lung (44, 45), 

which further attests the importance of AMs in maintaining lung homeostasis. In addition, 

AMs are noted to directly release epithelial growth factors upon inflammation or lung injury, 

including TGF-β1, hepatocyte growth factor, and insulin-like growth factor 1 (46–48). These 

factors can promote the proliferation and differentiation of alveolar epithelial cell type 

II, contributing to the repair of the airway epithelium and reestablishment of normal gas 

exchange conditions in the lung (46–48). Furthermore, AMs may also play an important 

role in the repair of epithelial barrier through increasing the tightness of junctions between 

alveolar epithelial cells (46, 49).
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Regarding the inflammatory disease condition, AM-depleted mice display higher mortality 

rates compared with control mice in response to non-sterile and sterile inflammatory 

diseases (50–52). Notably, mice with AM depletion show increased influx of activated 

neutrophils to the lung, yet they also exhibit impaired clearance of damaged/dying 

neutrophils, which could undergo secondary necrosis and provoke inflammation in the lung 

(50–52). In fact, these mice without AMs produce higher levels of intrapulmonary cytokines 

and chemokines, such as TNF-α, IL-1β, C-X-C motif chemokine receptor 1 (CXCL1), and 

chemokines monocyte chemoattractant protein-1 (50–52). Put together, these observations 

have strongly indicated that AMs are not only critical phagocytes to clear injured cells 

for subsequent tissue repair, but also necessary to prevent overt inflammatory responses 

that might drive secondary tissue damage. In line with this, ex vivo experiments using 

AMs isolated from human and mice also demonstrate that AMs produce much lower level 

of pro-inflammatory cytokines (i.e., TNF-α, IL-6) in response to the acute inflammation, 

when compared with the recruited monocytes/macrophages (53, 54). Interestingly, alveolar 

macrophages have also been shown to participate in the initiation of inflammation through 

secretion of CXCL1, which enhances the recruitment of neutrophils (55, 56). These 

seemingly contradictory findings implicate an intriguing hypothesis that AMs may present 

unique characteristics of plasticity in response to various environmental cues (40, 42, 

54). Accordingly, alveolar macrophages could be phenotypically and functionally classified 

into two major types: M1 macrophage (pro-inflammatory, profibrotic, and actively recruit 

neutrophils) and M2 macrophages (anti-inflammatory, anti-fibrotic, pro-asthmatic, and 

proresolving with tissue regenerating properties) (40, 57, 58). Similar to the concept 

of macrophage polarization, this classification paradigm is flawed by the nature of its 

extreme simplicity. For the pro-inflammatory role of AMs, major direct evidence is obtained 

through ex vivo or in vitro studies (55, 56, 58). What’s more, due to the lack of lineage 

marker, the immature circulating monocyte-derived macrophages in the lung are mistakenly 

recognized as “M1” population of AMs, given these cells also contribute to enhancing 

inflammatory responses (59). Therefore, although the current M1/M2 theory may be useful 

to define macrophage phenotypes in vitro, further investigations are required to identify 

and characterize various macrophage populations in vivo. Most importantly, future studies 

should not exclude the possibility of the existence of macrophage population with mixed 

phenotypes. Indeed, as AMs mentioned above, most macrophages exhibit a wide spectrum 

of phenotypes and functionalities, which may be potentially changed and become different 

macrophage subtypes depending on the local environmental cues.

RED PULP MACROPHAGES IN THE SPLEEN

As the second largest lymphoid organ in human, spleen plays important roles in immunity 

(60). Loss-of-function of the spleen, either by splenectomy or infiltrative disease, is known 

to prominently increase the risk of severe infection and sepsis (five to six times higher) (61). 

Spleen is composed of the red pulp and white pulp that are separated by marginal zone (62). 

Different subsets of macrophages have been identified within the spleen of mice. The most 

abundant subtype of macrophages is the red pulp macrophage (RPM), which can be detected 

by F4/80+CD206+CD11blo/− signature and selective expression of the transcription factor 

Spi-C (63). Except RPMs in the spleen, other subpopulations of macrophages also exist in 
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spleen, including marginal zone macrophages, marginal zone metallophilic macrophages, 

and tingible body macrophages, as defined by anatomical compartments (64). However, only 

red pulp macrophages are recognized as tissue-resident macrophages in the spleen, since 

this population is seeded prenatally and maintained through local proliferation instead of 

monocytic input (63, 65).

Red pulp macrophages are best characterized for their ability to remove aged red blood cells 

and their critical roles in iron metabolism (63). Interestingly, recent studies have indicated 

that RPMs could control bacteria dissemination and actively participate in the maintenance 

of immune homeostasis (64). Yet, the underlying mechanism that governs the bacterial 

clearance activity of RPMs remains largely elusive. To fill in this knowledge gap, our recent 

study has identified that secreted and transmembrane1A (Sectm1a), as a potential ligand for 

glucocorticoid-induced tumor necrosis factor receptor (GITR), could directly bind GITR on 

the surface of macrophages (66). Such interaction then activates the downstream PI3K-Akt 

pathway, which in turn promotes phagocytosis and bacterial killing activity of macrophages 

(66).

Of note, there are a large number of splenic monocytes (F4/80+/low CD11b+) localized 

in the sub-capsular red pulp, which are called “reservoir monocytes” because they could 

readily leave the spleen and migrate into inflamed tissues (i.e., lung and heart) during 

acute inflammation (67–70). Once they reach the target tissues such as heart and lung, 

these monocytes could release large amount of inflammatory cytokines and promote the 

recruitment of neutrophils, resulting in exaggerated tissue damage (67–70). In consistence 

with these findings, our recent study also revealed that LPS administration caused a 

significant decline in the number of splenic monocytes (71). In addition, mice with 

Sectm1a deficiency showed greater response to LPS injection by releasing more splenic 

monocytes when compared with wild-type counter parts, leading to increased infiltration 

of monocytes to target tissues such as heart and lung. By contrast, administration of 

mice with recombinant Sectm1a protein exhibited opposite effects. Taken together, these 

findings suggest that red-pulp macrophages may play critical roles in controlling pathogen 

infection as well as host inflammatory responses. More importantly, organ cross-talk by 

means of monocyte migration should be taken into careful consideration when investigating 

inflammatory responses of a certain organ, as many studies tend to utilize tissue-specific 

genetic animal models to improve specificity, which oftentimes might overlook the 

confounding effects contributed by other tissues. Intriguingly, Sectm1a not only plays a 

role in regulating monocyte release from spleen (71), it may potentially have direct impact 

on various organs since its soluble/secreted form has been reported (72, 73), which could 

potentially travel through circulation by itself or within microvesicles (i.e., exosomes) to 

various target cells.

RESIDENT MACROPHAGES IN THE HEART

Given its critical roles in the pathogenesis of heart failure, inflammation has been the 

focus for intense research since 1990s, and various drug candidates that aim to modulate 

inflammation are being identified using mouse models (73–76) and tested in clinical trials 

(77), though mixed results are reported. This suggests better understanding on immune 
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responses to cardiac health is needed. As the largest immune cell population in the heart, 

resident cardiac macrophages (RCMs) represent 6% to 8% of the non-cardiomyocyte 

population in the healthy adult mouse heart (78). They not only are essential to coronary 

development and cardiac regeneration, but also involved in cardiac electrical conduction 

and preserving cardiac functions (78–81). Recent studies have rigorously characterized 

several cardiac macrophage subpopulations in the steady state (79). These authors also 

demonstrated that RCMs are originated from embryonic yolk-sac progenitors, and could 

maintain its population pool in the myocardium mainly through in situ proliferation, as well 

as be partially replaced by circulating monocytes over time (79).

In the steady state, cardiac resident macrophages are thought to serve as sentinels for 

injury and circulating infectious agents (i.e., bacteria, viruses), and to support tissue 

homeostasis by removing debris and facilitating electrical conduction (81, 82). Nevertheless, 

in response to pathophysiological stress such as permanent myocardial infarction, ischemia-

reperfusion injury, or diphtheria toxin-induced cardiomyocyte loss, RCMs are predominately 

replaced by monocyte-derived inflammatory monocytes/macrophages, which contribute to 

the development of heart failure (83–86). In fact, within 30-min post-myocardial infarction 

(MI), the number of RCMs decreases, whereas the inflammatory Ly6Chigh monocytes start 

to migrate into the infarcted area (87, 88). Subsequently, the number of infiltrated monocytes 

continue to grow and peak at around 24 to 72 h after MI (87, 88). Interestingly, Bajpai et 

al. (83) have shown that CCR2− RCMs are able to inhibit monocyte recruitment in response 

to the inflammation, and such an inhibitory effect appears to be beneficial for the following 

wound-healing process. Similarly, in our recent study, we also observed more than 50% 

reduction of RCM population in the heart at 18 h post-LPS injection, with a concomitant 

increase of recruited inflammatory monocytes/macrophages (56.8%) when comparing to 

that of phosphate-buffered saline control group (2.2%) (71). It is important to note that LPS-

triggered inflammatory response could suppress the self-renewal capacity of RCMs (71). 

This might partially explain the LPS-induced reduction of RCM population. Collectively, 

transient switch from local RCM pool to recruited monocytes/macrophages may be an 

important contributor to the pathogenesis of primary and/or secondary heart injury. Future 

studies may be warranted to explore how self-renewal capability of RCMs is affected under 

inflammatory conditions, and whether/how recruited monocytes/macrophages may play a 

role in such a process. Understanding these vital aspects of cardiac macrophage biology 

would be of great clinical interest, as they would provide important guidance to what 

(cells or specific cellular components) we should be targeting when developing therapeutic 

reagents.

TISSUE-RESIDENT MACROPHAGES CONTRIBUTE TO MAINTAINING 

VASCULAR INTEGRITY DURING INFLAMMATION

The endothelial cell layer forms a barrier between blood and tissue, which controls the 

transit of leukocytes and fluid extravasation (89, 90). During acute inflammatory disease, 

compromised integrity of endothelial barrier causes vascular leakage, which facilitates the 

infiltration of leukocytes and thereby, may contribute to tissue edema and organ damage 

(89, 90). Currently, many cell junction proteins (i.e., occludin, ZO-1, and VE-cadherin) 
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have been identified. They are responsible for establishing the linkage/connection between 

adjacent endothelial cells (ECs) that is pivotal for the endothelial barrier function (91, 

92). The cross-talk between macrophages and ECs has been significantly explored in the 

context of cancer (93), and tissue-resident macrophages are well known for their ability 

to promote angiogenesis during tumor growth (94). Nonetheless, it remains unclear to 

what degree tissue-resident macrophages could influence vascular integrity during acute 

inflammation. Current understanding about perivascular macrophages has suggested that 

they are in close contact with blood vessels and play multiple roles in: maintaining 

tight junctions between endothelial cells, eliminating potential pathogens by means of 

phagocytosis before they enter tissues, and restricting inappropriate inflammation in tissues 

under steady state (95). For example, one type of perivascular macrophages in the cochlea 

has been shown to limit the permeability of cochlear EC monolayers through releasing 

pigment epithelial-derived factor (96, 97). This factor could then directly bind to pigment 

epithelial-derived factor receptor on the ECs, and upregulates the expression of junction-

associated proteins such as occludin, ZO-1, and ve-cadherin in ECs (96, 97). In line 

with this, our in vitro data also revealed that tissue-resident macrophages isolated from 

spleen could upregulate tight junction-associated proteins, and in vivo depletion of tissue-

resident macrophages augmented LPS-induced vascular leakage in different organs (i.e., 

lung, heart) of mice (71). Similarly, De Schepper et al. (98) recently demonstrated that 

depletion of tissue-resident macrophages in the gut downregulated the expression of VE-

Cadherin, leading to pronounced abnormalities and vascular leakage in the submucosal 

vascular network. Interestingly, a new subtype of tissue-resident macrophages, epithelial-

like CX3CR1+ macrophages, has been identified in the joint (99). These macrophages 

are connected to one another through expression of tight-junction proteins, thus forming 

an internal immunological barrier at the synovial lining, which prevents the recruitment 

of inflammatory leukocytes in the intra-articular structures (99). Taken together, these 

discoveries of tissue-resident macrophages highlight their importance in maintaining the 

vascular integrity through cross-talk with ECs or acting as a barrier by themselves, thus 

preventing vascular hyperpermeability under inflammatory insults (Fig. 2).

THE SELF-RENEWAL CAPACITY IS ESSENTIAL IN REGULATING THE 

POPULATION SIZE OF TISSUE-RESIDENT MACROPHAGES DURING ACUTE 

INFLAMMATORY DISEASE

Generally, during the steady state, tissue-resident macrophages actively participate in 

many cellular processes such as: neutralizing invading pathogens and infection; removing 

dying/dead cells and debris; secreting a variety of factors that stimulate neighboring 

cells (i.e., immune cells, epithelial cells, endothelial cells, or fibroblasts) to maintain 

tissue homeostasis (16, 100). Nonetheless, tissue-resident macrophages also exert specific 

functions depending on their anatomical location, i.e., participating in iron recycling, 

synaptic information transfer, and electrical signal conduction in the heart (16, 100). In fact, 

Roberts et al. (101) recently demonstrated that, unlike bone marrow-derived macrophages, 

tissue-resident macrophages are able to conduct silent clearance of apoptotic cells without 

triggering the inflammatory response due to their low expression of TLR9 and less toll-
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like receptor responsiveness to nucleic acids. Furthermore, tissue-resident macrophages are 

found to be capable of preventing neutrophil influx and subsequent monocyte infiltration 

(102). Remarkably, tissue-resident macrophages could suppress inflammatory damage 

through prostrating their membranes to cover the dead cells (102). Hence, these recent 

findings clearly suggest that maintaining appropriate size of tissue-resident macrophage 

pool has a potential to preserve and restore tissue homeostasis upon acute inflammation 

challenge.

During inflammatory disease, tissue-resident macrophage populations are rapidly 

diminished following the initiation of inflammation in different tissues (103, 104). 

Meanwhile, neutrophils and inflammatory monocytes/macrophages are recruited to the 

inflammation site, which play important roles in immune defense, but they could also 

contribute to the pathogenesis of various inflammatory diseases and organ failure (105). 

Therefore, it is reasonable to postulate that reduction of tissue-resident macrophage 

pool may be an important trigger for the influx of inflammatory leukocytes, whereas 

conserving the tissue-resident macrophage population may be beneficial to prevent the 

overt inflammatory damage caused by infiltrated leukocytes. The reduction of tissue-resident 

macrophages has mainly been attributed to increased cell death (103). Yet, the self-renewal 

capacity, as the most important trait of tissue-resident macrophages, has been overlooked 

(106). With regard to molecular signals that regulate self-renewal capacity of tissue-resident 

macrophages, only a few factors have been validated as stimulators so far (106, 107). 

Nonetheless, among these stimulators, GM-CSF, M-CSF, and IL-34 are all context-and 

tissue-specific in promoting macrophage local proliferation (9), while only IL-4 is able to 

induce rapid local proliferation in diverse tissues (108–110).

In our recent study, local proliferation of tissue-resident macrophages in multiple organs 

(i.e., lung, spleen, and heart) is significantly impaired upon LPS insult, leading to 

substantial reduction in the amount of tissue-resident macrophages (71). This phenomenon 

is accompanied by dramatic increase of inflammatory monocyte and neutrophil infiltration 

at early time point (20 h post-LPS treatment) (71). Moreover, using loss-of- and gain-

of-function approaches, we defined Sectm1a as a novel positive regulator for the local 

proliferation of tissue-resident macrophages. Specifically, Sectm1a deficiency exaggerated 

acute inflammation-caused reduction of tissue-resident macrophages in multiple organs 

by suppressing their proliferation at earlier stage (71). By contrast, administration of 

recombinant Sectm1a protein significantly attenuated the reduction of macrophage pool and 

improved animal survival upon LPS challenge. Mechanistically, we identified that Sectm1a, 

as a novel GITR ligand, could promote the expansion of T helper cells, especially Th2, 

which increased secretion of Th2 cytokines (i.e., IL-4). Indeed, IL-4 could in turn stimulate 

the local proliferation of tissue-resident macrophages and improve animal survival following 

acute inflammation (71).

On the other hand, during the inflammation resolution phase, tissue-resident macrophages 

undergo a transient and intense proliferative burst in situ to repopulate the tissue. In 2009, 

Chorro et al. (111) showed that murine Langerhans cells (sharing a common ontogeny 

with macrophages) could proliferate in situ to restore the lost cells during inflammation. 

Indeed, in terms of recovery from the inflammatory episode, similar findings were observed 
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in other tissue-resident macrophages such as peritoneal macrophages (112), microglias 

(113), alveolar macrophages (114), cardiac macrophages (115), and Kupffer cells (115). 

Furthermore, although the majority of recruited/inflammatory monocytes are going to die 

in the late inflammatory phase due to their short lifespan (116, 117), some of these 

could undergo a slow phenotypic conversion to become tissue-resident macrophages (65, 

114). This process may occur during inflammation or after experimental deletion of tissue-

resident macrophages (65, 114). It is important to note here that tissue-resident macrophages 

successively lose self-renewal capacity with aging (118, 119), which partially explain the 

significantly higher incidence and mortality rates of sepsis among aged patients (≥ 65) when 

compared with younger individuals.

Collectively, as shown in Figure 3, acute inflammation reduces the self-renewal capacity 

of tissue-resident macrophages, which contributes to the reduction of resident population 

in tissues at the earlier stage of inflammation. Such macrophage insufficiency triggers 

the detrimental influx of monocytes. Nonetheless, during the late stages of inflammatory 

responses, substantial numbers of tissue-resident macrophages are restored by increased 

local proliferation, with a concomitant reduction of infiltrated monocytes/macrophages due 

to cell death. Therefore, as shown in Figure 4, the dynamic change of tissue-resident 

macrophage’s self-renewal capacity may contribute to the reciprocal population change 

happened between TRMs and recruited/inflammatory macrophages in tissues.

CONCLUSIONS AND PERSPECTIVES

With advancing technologies in cellular and molecular biology (i.e., single-cell RNA 

sequencing and multicolor FACS) and genetic mouse models (i.e., lineage tracing and 

fate-mapping), tissue-resident macrophages with a wide spectrum of phenotypes and 

functionalities have been identified in many organs. Currently, two perspectives are proposed 

to explain the complex heterogeneity of these macrophages: the observed phenotype is an 

origin-dependent difference; and the local environment plays an important role in educating 

and imprinting the various attributes and functions of macrophages.

Despite the ongoing intense research in the field, the urgent challenge and most important 

question remains: how to maintain a physiologically stable tissue-resident macrophage pool 

to maintain/restore homeostasis upon injury, and thereby protect tissue function and prevent 

detrimental inflammatory response in tissues/organs. Hence, deciphering mechanisms 

governing the self-renewal capacity of TRMs might have great biomedical potential, as 

it would allow us to dynamically control macrophage pools in tissues and thus, fine-tune 

the balance between inflammation and tissue repair. Future discoveries in the field of tissue 

resident macrophages would be very helpful in the development of drugs that treat a wide 

range of inflammatory diseases.
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Fig. 1. The summary of alveolar macrophage functions.
Alveolar macrophages (AMs) play important roles in the clear of airborne foreign particles/

pathogens, phagocytosis of apoptotic cells, inhibition of monocyte/neutrophil recruitment, 

proliferation/differentiation of type II alveolar epithelial cells (AEC II) (epithelial progenitor 

cells), repair of epithelial barrier by junctional sealing and resolution of inflammation.
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Fig. 2. Tissue-resident macrophages contribute to maintaining vascular integrity.
During the steady condition, tissue-resident macrophages (TRMs) are capable of protecting 

vascular integrity through releasing PEDF, which interacts with PEDFR on ECs and 

increases the producing of junction proteins. In addition, part of TRMs are able to 

produce tight-junction proteins to connect each other, and form an internal immunological 

barrier to prevent the infiltration of inflammatory leukocytes. However, during acute 

inflammation, reduction of TRM population caused by cell death and suppression of 

local proliferation results in the decreased levels of PEDF, the disappearance of TRM 

barrier, and the infiltration of inflammatory monocytes/neutrophils, which contribute to 

the vascular leakage. PEDF indicates pigment epithelial-derived factor; PEDFR, pigment 

epithelial-derived factor receptor; EC, endothelial cells.
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Fig. 3. The scheme depicts the dynamic change of monocyte/macrophage population in the tissue 
during acute inflammation.
Tissue-resident macrophages (TRMs) originate from embryonic precursors during 

development, and are capable of maintaining themselves by local proliferation throughout 

the lifespan without contribution from monocyte-derived macrophages under the 

homeostasis. While during the initiation of acute inflammation, TRM population decreases 

due to the inflammation-caused cell death and suppression of local proliferation. At 

the same time, bone marrow-derived monocytes, neutrophils, and splenic monocytes 

are recruited into the tissue. During inflammation, recruited monocytes exhibit a robust 

inflammatory response through releasing pro-inflammatory cytokines. At the stage of 

inflammation resolution, TRMs expand through increased self-renewal capacity and 

repopulate the niche. In addition, while the majority of recruited monocytes/macrophages 

undergo apoptosis, a small portion of these cells may undergo a slow in situ phenotypic 

conversion to become tissue-resident macrophages.
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Fig. 4. Tissue-resident macrophage versus recruited monocytes during acute inflammation.
The graph presents that local proliferation of TRMs contributes to the dynamic change 

of tissue-resident macrophages and recruited monocytes during acute inflammation. TRMs 

indicates tissue-resident macrophages.
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