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Abstract 

Pulmonary infections are common respiratory diseases caused by a variety of patho-
gens, some of which can lead to epidemics. When they progress to acute lung 
injury or acute respiratory distress syndrome, the mortality rate is high and effective 
treatment options are lacking. Macrophages play a crucial role in the development 
and progression of lung injury, and serve as core components of immune regulation 
in the lungs. Therefore, regulation of macrophages to intervene in the progression 
of infection-induced lung injury is a promising research direction. However, the exist-
ence of different macrophage subsets and their inherent heterogeneity has led 
to the failure of many studies to achieve effective results, thereby limiting their clini-
cal applications. We believe that interventions targeting macrophages must consider 
factors, such as macrophage subsets, timing of interventions, patients’ varying immune 
states, and clinical stages, rather than simply focusing on regulating their phenotypes. 
This distinction is the key to the success of macrophage-targeted therapies. In this 
review, we summarize the characteristics of two distinct macrophage subpopulations, 
lung-tissue-resident alveolar macrophages and monocyte-derived macrophages, 
along with intervention strategies and research progress at various time points, 
with the aim of providing insights and directions for future research.
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Introduction
Pulmonary infections and acute lung injury (ALI) are the most prevalent respiratory 
ailments. Many pathogens can lead to the development of ALI and acute respiratory 
distress syndrome (ARDS), which have high mortality rates. During the global severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic, approximately 
15% of patients with coronavirus 2019 (COVID-19) developed severe pneumonia [1], 
and approximately 10–15% of hospitalized patients progressed to ARDS [2]. ARDS 
is a clinical syndrome characterized by acute respiratory failure, often triggered by 
various etiologies. ARDS has a high mortality rate, typically ranging from 30% to 
50%. The treatment primarily relies on mechanical ventilation, oxygen therapy, and 

*Correspondence:   
455957898@qq.com; 
xielx301@126.com

1 The 964th Hospital of PLA 
Joint Logistic Support Force, 
Changchun 130062, China
2 College of Pulmonary & Critical 
Care Medicine, 8th Medical 
Center, Chinese PLA General 
Hospital, Beijing 100091, China
3 Chinese PLA Medical School, 
Beijing 100853, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s11658-025-00750-6&domain=pdf
http://orcid.org/0000-0003-1928-072X


Page 2 of 21Hou et al. Cellular & Molecular Biology Letters           (2025) 30:69 

supportive care. However, standard treatment methods (such as protective ventila-
tion strategies) do not fully address the underlying issues of ARDS. A key challenge in 
the treatment of ALI and ARDS is the substantial heterogeneity [3]. The causes, clini-
cal manifestations, and disease course of ARDS vary widely among patients, making 
the implementation of standardized treatment protocols more difficult. Approxi-
mately 25% of patients with ARDS may develop pulmonary fibrosis during the recov-
ery phase [4], especially in severe cases and those who have undergone prolonged 
mechanical ventilation, further complicating treatment. Immune dysregulation plays 
a critical role in severe infections, ARDS, and fibrosis [5]. Excessive activation of the 
immune system can trigger severe pulmonary inflammation, leading to tissue damage 
and the systemic inflammatory response syndrome. In ARDS, immune dysregulation 
not only causes lung injury but may also lead to multi-organ failure and increased 
mortality. Excessive release of cytokines (such as in cytokine storms) is a key mecha-
nism underlying the progression of infection to ARDS [6]. Therefore, the inhibition 
of excessive immune responses has become an important therapeutic approach for 
severe infections and ARDS. Glucocorticoids, IL-6 monoclonal antibodies, and other 
treatments have demonstrated efficacy in managing lung infections characterized by 
excessive immune activation [7–9]. Consequently, it is imperative to comprehensively 
delineate the immune profiles during the progression of lung infection and fibrosis 
and analyze the immune regulatory mechanisms of key cells. Such endeavors are piv-
otal for the advancement of novel therapeutic strategies.

Macrophages are key players in pulmonary infection and ARDS, and play crucial roles 
throughout the inflammatory process, including initiation, amplification, and resolu-
tion [10]. Therefore, targeting the macrophage-mediated modulation of inflammation 
is a key area of research and a promising therapeutic strategy. However, clinical pro-
gress in targeting macrophages has been slow to date, primarily because macrophages 
are highly complex, with various subpopulations and phenotypes that perform different 
functions at different stages [11, 12]. Distinguishing between these subtypes is essen-
tial to ensure the effectiveness of targeted interventions. Two distinct subsets of alveolar 
macrophages emerge within the context of infection and fibrosis: tissue-resident alveo-
lar macrophages (TR-AMs) and monocyte-derived alveolar macrophages (MDMs), each 
with important roles. TR-AMs originating from the yolk sac and fetal liver are long-lived 
residents, whereas MDMs arise from circulating monocytes and most of them have a 
relatively short lifespan [13–15]. These two cell types exhibit substantial differences in 
metabolism, function, and other characteristics [16, 17]. TR-AMs are resident immune 
cells in the lungs, serving as the first line of defense and acting as the “coordinators” of 
pulmonary immunity [18]. They are also the first immune cell populations to undergo 
cell death during infection [19]. In contrast, MDMs exhibit classic macrophage char-
acteristics and are dynamic in nature, capable of rapidly changing their phenotype in 
response to environmental cues [20]. Together, TR-AMs and MDMs play critical roles 
in the defense against pathogens. However, if either population is disrupted, such as by 
the excessive death of AMs or sustained activation of MDMs, the immune balance in the 
lungs can be disturbed, leading to excessive damage. Therefore, to effectively target mac-
rophages, it is essential to understand their specific characteristics and dynamic changes 
so that targeted interventions can be appropriately applied.
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Dynamics of TR‑AMs and MDMs
TR-AMs reside on the luminal surface of alveolar spaces, embedded within a special-
ized niche formed by type I and type II alveolar epithelial cells, capillary endothelial 
cells, and alveolar interstitial fibroblasts [21]. MDMs can be categorized into interstitial 
macrophages (IMs) and alveolar lumen-residing MDMs on the basis of their anatomi-
cal locations. Under physiological conditions, IMs constitutively reside in peribron-
chovascular interstitial regions [22]. In contrast, alveolar lumen-localized MDMs are 
predominantly recruited during infectious challenges. These three macrophage subsets 
can be distinguished by their unique surface marker profiles [23]. While research on IMs 
remains in its nascent stage, current investigations predominantly focus on TR-AMs and 
alveolar recruited MDMs owing to their critical roles in pathogen clearance and disease 
pathogenesis.

The most significant characteristic of TR-AMs and MDMs lies in their temporal 
heterogeneity, exhibiting distinct features and exerting diverse functions across differ-
ent phases. As the first responders following infection, TR-AMs not only phagocytose 
pathogens but also recognize them through pattern recognition receptors, subsequently 
releasing type I interferons (IFN-I) and interleukin-1β (IL-1β) [24, 25]. This initiating 
role of AMs constitutes a critical component in combating pathogens. Concurrently, 
TR-AMs interact with resident  CD8+ T cells to promote their proliferation [26]. During 
the intermediate inflammatory phase, MDMs replace TR-AMs as the primary effector 
cells. Both inflammatory and pro-reparative MDM subsets coexist in a dynamic equilib-
rium throughout this stage [17]. Inflammatory MDMs (iMDMs) enhance inflammatory 
responses through cytokine secretion, while pro-reparative MDMs (pMDMs) facilitate 
tissue repair via growth factor production. Simultaneously, MDMs activate lymphocytes 
to amplify adaptive immunity [17]. In the late phase, TR-AMs regain dominance with 
part of MDMs differentiation into AM-like macrophages persisting in alveolar spaces 
[27]. This final stage features three distinct populations: conventional TR-AMs, MHC 
class II-high AMs, and AM-like MDMs [27, 28]. Notably, the latter two subsets play piv-
otal roles in establishing innate immune memory (Fig. 1).

TR‑AMS

TR-AMs serve as primary sentinels against infections and exhibit limited plasticity [20, 
29]. These cells express a suppressed phenotype that mitigates unnecessary inflamma-
tion when clearing pathogens and particulates [21, 30]. Upon infection, TR-AMs swiftly 
activate and propagate inflammation in the lung [31]. Timely and effective signaling by 
AMs helps to rapidly recruit other inflammatory cells, ensuring the prompt clearance of 
pathogens [32]. However, both bacterial and viral pathogens can cause death of TR-AMs. 
Excessive AM death, particularly through necrosis and pyroptosis, exacerbates inflam-
mation and tissue damage [33, 34] (Fig.  2). Necrosis and pyroptosis are accompanied 
by the release of cytokines, such as TNF, IL-1β, IL-18, CCL2, and CCL5, which amplify 
the inflammatory response [35, 36]. Multiple factors contribute to the death of patients 
with TR-AMs, with pathogenic infections being the primary trigger. Influx of pathogens 
often leads to cell death. Gram-negative bacteria induce AM necrosis via lipopolysac-
charide (LPS) stimulation [37]. Similarly, viruses can directly infect TR-AMs, ultimately 
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Fig. 1 TR-AMs and MDMs in infection and ALI. Initially, TR-AMs respond to pathogens via phagocytosis and 
IFN-I/IL-1β secretion while activating  CD8+ T cells. During middle phease, MDMs dominate, with iMDMs and 
pMDMs subtypes maintaining equilibrium—iMDMs drive cytokine responses while pMDMs promote tissue 
repair, concurrently enhancing adaptive immunity. In resolution, TR-AMs re-emerge alongside MHC II-high 
AMs and AM-like MDMs derived from MDMs, with the latter two populations crucial for immune memory. 
Created with Adobe Illustrator

Fig. 2 Dynamic of TR-AMs in infection or ALI. After infection occurs, TR-AMs are rapidly activated, releasing 
cytokines and chemokines to recruit other immune cells and mediate inflammation. During the early stages 
of infection, TR-AMs undergo cell death, and excessive necrosis and pyroptosis can lead to uncontrolled 
inflammation and exacerbate lung injury. In the mid-to-late stages of normal infection, TR-AMs proliferate 
extensively to restore their population. Effective recovery of TR-AMs promotes inflammation resolution and 
tissue repair. Created with Adobe Illustrator
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resulting in their demise [38]. In the case of human adenovirus infection, macrophage 
pyroptosis is induced through non-canonical inflammasome activation, orchestrated by 
NF-kB signaling, culminating in pulmonary inflammatory damage [39]. In addition to 
direct pathogen-induced death, other cells involved in the infection process can exac-
erbate AM mortality. Neutrophils release neutrophil extracellular traps, which can trig-
ger pyroptosis in AMs, further contributing to the escalation of inflammation and tissue 
damage [40]. Monocyte and iMDMs both induce TR-AM death by releasing TNF-α [41].

Following the death of TR-AMs, a recovery process is initiated, which marks the onset 
of resolution (Fig. 2). The increased proliferation and restoration of TR-AMs signify the 
beginning of this phase. Newly proliferating TR-AMs often exhibit a suppressed pheno-
type, which facilitates the resolution of inflammation and promotes lung tissue repair 
[42]. Currently, the mechanisms underlying TR-AM self-recovery remain unclear; how-
ever, alterations in AM Wnt expression levels may be linked to changes in the self-prolif-
erative capacity [43]. During the early stages of infection, the Wnt-β-catenin pathway is 
upregulated, leading to a pro-inflammatory phenotype in AMs. However, in later stages, 
the activity of the Wnt-β-catenin pathway decreases in AMs, coinciding with their tran-
sition to an anti-inflammatory state and a gradual recovery in numbers [43]. After the 
resolution of inflammation, the number of TR-AMs returns to normal, typically without 
relying on replenishment from monocytes [43, 44]. However, this issue remains the sub-
ject of ongoing debate.

MDMs

MDMs often exhibit contrasting quantitative characteristics those of AMs [17]. iMDMs 
are the primary drivers of excessive inflammation. They induce cytokine storms and 
exacerbate lung injury [34, 45]. The proportion of iMDMs is often correlated with dis-
ease severity. In severe cases, numerous iMDMs commonly accumulate in the lungs [46] 
(Fig. 3). The massive infiltration of iMDMs releases many inflammatory mediators that 
induce widespread pyroptosis, ultimately leading to lethal viral infection [47]. Therefore, 
an important characteristic of severe infection is numerous iMDMs in the lungs, which 
is often accompanied by a reduction in TR-AMs [48].

While performing pro-inflammatory and phagocytic functions, some iMDMs undergo 
a phenotypic transition from a pro-inflammatory state to a pro-reparative phenotype 
(Fig. 3). pMDMs secrete various reparative factors, such as platelet-derived growth fac-
tor, insulin-like growth factor 1 and fibroblast-derived growth factor that facilitate tissue 
repair [49]. Thus, MDMs are in a dynamic state, with iMDMs predominating during the 
early inflammatory phase and pMDMs predominating during the recovery phase [17]. 
At each stage, both types of MDMs coexist, and the difference lies in their relative pro-
portions. This phenomenon may explain the inconsistent findings of previous studies 
focusing on macrophage phenotypes. The failure of iMDMs to effectively transition to 
pMDMs can result in immune dysregulation and a cytokine storm. However, the specific 
mechanisms governing phenotypic switching of MDMs remain to be elucidated.

Unlike other organs, most MDMs are short-lived cells that do not remain in the lungs 
for an extended period after fulfilling their role [14]. Instead, they undergo cell death, 
thereby freeing the space for TR-AMs in the lungs [50]. Normal apoptosis in MDMs is 
a key factor that ensure the resolution of inflammation. If MDMs persist in the lungs, 
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they can lead to prolonged inflammation, potentially contributing to the development of 
fibrosis [51] (Fig. 3).

Reconstitution of TR‑AMs in lung infections
TR-AMs play a protective role against infection and lung injury. A decrease in absence 
of TR-AMs is associated with the severity of infection [48, 52, 53]. Reducing excessive 
AM cell death and promptly promoting their recovery are the key strategies for inter-
rupting promoting TR-AM function.

Preventing excessive death of TR‑AMs

Cell death is a key contributor to inflammation. In COVID-19, FasL, which reflects the 
level of cell death, is a critical determinant of disease severity [54]. During the early 
phase of infection, TR-AMs act as pivotal regulators of cellular communication, and a 
sufficient number of TR-AMs are essential for pathogen clearance. TR-AMs are among 
the first cell types to initiate pyroptosis, and excessive AM death and inflammasome 
activation may be linked to uncontrolled inflammation [55, 56]. Macrophage pyropto-
sis, a gasdermin D (GSDMD)-mediated necrosis, is activated by caspase-1 or -11/4/5, 
which cleaves GSDMD to release its pore-forming N-terminal domain, disrupting mem-
brane integrity [57]. This process is driven by the inflammasome, integrating sensor pro-
teins, adaptor ASC, and procaspase-1 [58]. Caspase-1 activation via CARD interactions 
cleaves GSDMD and pro-cytokines (IL-1β/IL-18). Canonical activation requires dual 
signals: priming (TLR/NF-κB-induced NLRP3) and triggering (ATP-P2X7R, K⁺ efflux, 
lysosomal/mitochondrial damage), linking pyroptosis to inflammation [59]. Thus, inhi-
bition of AM pyroptosis can effectively attenuate pathological inflammatory responses.

Fig. 3 Dynamic of MDMs in infection or ALI and potential therapeutic targets. In the early stages of 
infection, monocytes are massively recruited into the lungs and differentiate into MDMs. Excessive 
iMDMs are key contributors to uncontrolled inflammation and cytokine storms. Studies are ongoing 
to reduce iMDM infiltration, including blocking the CCL2/CCR2 axis and antagonizing GM-CSF. After 
exerting pro-inflammatory and pathogen-fighting effects, some iMDMs undergo apoptosis, while others 
transition into pMDMs. Promoting iMDM apoptosis and their transition to pMDMs helps mitigate excessive 
inflammation. However, persistent abnormal signaling can drive pMDMs toward a pro-fibrotic phenotype. 
Inhibiting the M-CSF pathway and other approaches can prevent the generation of pro-fibrotic MDMs. 
Created with Adobe Illustrator
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In a mouse model of lung infection, clearing TR-AMs with clodronate liposomes 
reduced injury by preventing AM pyroptosis [37]. However, given the critical role of 
AMs in maintaining homeostasis and resolving inflammation, clearing TR-AMs may 
not be a suitable clinical option. Therefore, blocking the cell death pathway in AMs is a 
more viable strategy. Several drugs used to treat other diseases block macrophage death, 
thereby alleviating lung injury. Sacubitril/valsartan suppressed GSDMD-mediated mac-
rophage pyroptosis and prevented ALI in mice [60]. Afatinib is a second-generation 
tyrosine kinase inhibitor that targets the epidermal growth factor receptor in non-small-
cell lung cancer. Afatinib blocks activation of the NLRP3 inflammasome in macrophages 
and alleviates LPS-induced sepsis in  vivo [61]. Lidocaine pretreatment eliminated 
NLRP3 activation and IL-1β release in macrophages [62]. Administration of hormones, 
such as melatonin, significantly attenuates H3N2-induced pulmonary damage, leuko-
cyte infiltration, and edema; inhibits reactive oxygen species (ROS)-mediated pyropto-
sis; and suppresses the NLRP3/GSDMD pathway and lactate dehydrogenase release [63, 
64]. Certain metabolites, such as itaconate and fumarate derivatives, and alpha-linolenic 
acid, can block the activation of the NLRP3 inflammasome in macrophages [65, 66]. Pre-
treatment with alpha-linolenic acid inhibits pyrin inflammasome-driven macrophage 
pyroptosis. 4-hydroxynonenal, a major endogenous product of lipid peroxidation, inhib-
its pyroptosis and inflammasome activation [67]. Additionally, some plant extracts block 
AM death. For instance, apigenin inhibited M. hyopneumoniae-induced elevation of 
TNF-α and necroptosis in alveolar macrophages [68].

Promoting TR‑AM recovery

TR-AMs maintain lung homeostasis and the mechanisms by which they self-renew in 
a steady state are well recognized. AT2-derived granulocyte–macrophage colony-stim-
ulating factor (GM-CSF) directs AM fate, establishing the postnatal AM compartment 
and maintaining AMs in adult lungs [69]. However, the mechanisms regulating TR-AM 
recovery in pulmonary infections and ALI remain poorly understood, and the therapeu-
tic strategies for promoting TR-AM recovery are currently limited. Some studies have 
highlighted the role of GM-CSF in enhancing innate immunity and promoting TR-AM 
recovery by acting on TR-AMs [70–72]. Inhalation of GM-CSF may be an effective strat-
egy for driving pulmonary host defense, improving oxygenation, and enhancing out-
comes in pneumonia-associated ARDS [73]. Considering the role of GM-CSF in early 
inflammation, some studies have explored the use of GM-CSF antagonists to treat severe 
pneumonia [74]. Therefore, whether GM-CSF should be supplemented or blocked 
depends on the patient’s immune status, disease stage, and number of AMs. Blocking 
GM-CSF during the acute inflammatory phase may help prevent the activation of the 
inflammatory cascade, whereas supplementing GM-CSF during the recovery phase can 
promote the restoration of AM numbers and accelerate the resolution of inflammation.

Direct supplementation with TR-AMs has promoted inflammation resolution and tis-
sue repair in animal studies [43]. However, to use TR-AMs for cell therapy, challenges 
such as obtaining TR-AMs and their limited numbers must be addressed [75]. Research-
ers have explored the derivation of AMs from other cell types by inducing AMs from 
pluripotent stem cells and culturing them in vitro. Human induced pluripotent stem cells 
(iPSCs) are potential sources of AMs. iPSC-derived macrophages exhibit characteristics 



Page 8 of 21Hou et al. Cellular & Molecular Biology Letters           (2025) 30:69 

and functions similar to those of resident macrophages [76, 77]. Supplementation of 
ALI mice with PSC-derived AMs improves survival following infection with various 
pathogens and accelerate tissue repair [78–80]. However, the clinical application of this 
approach remains unclear.

Targeting MDMs
MDMs undergo several stages of infection and lung injury, including recruitment, pro-
inflammatory activation, phenotypic switching, anti-inflammatory responses, and cell 
death. Effective intervention strategies during inflammation and lung injury include 
blocking excessive MDM recruitment, inhibiting MDM-mediated inflammation, pro-
moting a phenotypic shift toward an anti-inflammatory phenotype, and inducing iMDM 
death (Fig. 2).

Preventing excessive infiltration of iMDMs

Chemokine and receptor signaling are essential for MDM recruitment. Chemokines, 
such as CCL2 and CCL5, which are elevated in the BALF of patients with severe 
COVID-19, play a crucial role in MDM recruitment [45]. Therefore, blocking this signal-
ing pathway may help inhibit MDM recruitment and alleviate inflammation. In animal 
studies, blocking CCR2 reduced lung injury induced by both the influenza virus and LPS 
[17, 81]. Lipoxin A4 downregulates LPS-induced CCL2 secretion from TR-AMs, thereby 
reducing the infiltration of recruited macrophages [82]. However, in clinical trials, the 
CCR2/CCR5 inhibitor, cenicriviroc, did not improve the recovery time in patients with 
COVID-19 [83, 84]. Similarly, CCR5-specific monoclonal antibodies do not effectively 
improve the condition of patients with COVID-19 [85]. GM-CSF also plays a role in 
iMDM recruitment. Mavrilimumab treatment has been shown to effectively improve 
clinical outcomes in patients with severe COVID-19 by reducing excessive inflamma-
tion with good tolerability [74]. The phase 3 clinical trial of lenzilumab (NCT04351152) 
also yielded promising results. However, another randomized controlled trial (RCT) 
investigating the use of otilimab for severe COVID-19 did not increase the survival 
and respiratory failure rates on day 28. However, otilimab treatment reduced the lev-
els of inflammatory markers, including CCL-17 [86]. In contrast, an RCT of gimsilumab 
(NCT04351243) did not improve survival rates in patients with COVID-19 nor reduce 
systemic inflammation [87]. Therefore, clinical treatment is far more complex than ani-
mal experiments because animal models exhibit a higher degree of consistency, whereas 
clinical patients show substantial heterogeneity. In addition to chemokines, other mac-
rophage recruitment mechanisms are also being actively studied, and the oxysterol-
sensing receptor GPR183 has been identified as a driver of monocyte-macrophage 
infiltration into the lungs during influenza virus (IAV) and SARS-CoV-2 infection. 
Loss-of-function mutations in GPR183 or treatment with a GPR183 antagonist reduced 
macrophage infiltration and inflammatory cytokine production in the lungs of IAV- or 
SARS-CoV-2-infected mice. The GPR183 antagonist significantly attenuated the severity 
of SARS-CoV-2 infection and viral loads [88].

After recruitment to the lungs, MDMs undergo apoptosis within a few days [13]. 
MDM apoptosis is a normal part of the inflammation resolution process. Therefore, pro-
moting MDM apoptosis can accelerate the resolution of inflammation. Soluble PD-L1 



Page 9 of 21Hou et al. Cellular & Molecular Biology Letters           (2025) 30:69  

(sPD-L1), a potential PD-1 pathway activator, is upregulated in survivors of direct ARDS 
compared with that of non-survivors. In mice with direct ARDS, sPD-L1 administration 
reduced inflammatory lung injury, improved survival, and significantly decreased the 
number of MDMs exhibiting pro-inflammatory markers [89]. They also found that sPD-
L1 induces MDM apoptosis in patients with direct ARDS. Resolvin D1, an endogenous 
lipid mediator derived from docosahexaenoic acid, can also increase MDM apoptosis, 
partly via the FasL-FasR/caspase-3 signaling pathway and alleviate acute lung injury [90].

Preventing persistent activation of iMDMs and promoting their transition

The sustained and abnormal activation of MDMs is a key contributor to immune dys-
regulation [45]. Abnormally activated macrophages continuously release cytokines with 
high levels of pro-inflammatory factors that drive macrophage activation, thereby cre-
ating a positive feedback loop. However, the mechanisms underlying abnormal MDM 
activation remain unclear. Endothelial cells may play a role in this process. In sepsis, the 
number of circulating endothelial cell-derived extracellular vesicles increases, exacer-
bating lung injury by targeting monocytes and reprogramming them into iMDMs [91]. 
Additionally, overexpressed VCAM1 on EC-EVs activates the NF-κB pathway by inter-
acting with integrin subunit alpha 4 on the monocyte surface, thereby regulating mono-
cyte differentiation [91]. Multiple signaling pathways, such as JNK, Notch, JAK/STAT, 
and TLR4/NF-κB, mediate the phenotypic modulation of macrophages. JNK promotes 
M1-associated inflammation mediated partly via cAMP/PKA signaling [92]. Notch acti-
vation drives M1 polarization via canonical and non-canonical pathways, suppressing 
M2 genes [93]. JAK/STAT signaling integrates cytokine cues: STAT1/STAT3 drive M1 
polarization and inflammation, while STAT6 mediates IL-4/IL-13-induced M2 acti-
vation [94]. TLR4 engages MyD88-dependent and MyD88-independent pathways to 
promote M1 polarization, while NF-κB also resolves inflammation and supports M2 
polarization [95]. Macrophage phenotypic switching is highly complex, and accompa-
nied by a shift in metabolism from fatty acid metabolism to fatty acid oxidation and oxi-
dative phosphorylation [96]. The modulation of macrophage inflammatory responses or 
promotion of phenotypic transitions is one of the most actively researched areas. From 
early stage chemical agents and pharmaceuticals to the development of nanodrugs and 
biological therapies, advancements have underscored the significance of this direction in 
macrophage-targeted interventions.

Drugs and chemical agents

Owing to the positive feedback loop between aberrant MDM activation and cytokine 
storm, blocking the cytokine storm can help prevent persistent MDM activation. IL-6 
plays a central role in the cytokine storm [97]. Blocking IL-6 or its receptor can inter-
rupt the cytokine storm and prevent further deterioration of the condition. IL-6 recep-
tor antagonists, such as tocilizumab, have shown promising effects in the treatment 
of severe COVID-19, significantly improving clinical outcomes [9]. Other cytokine 
and receptor antagonists, such as the IL-1 antagonist anakinra, did not improve clini-
cal outcomes in patients with C-reactive protein (CRP) levels > 25 mg/L [98]. However, 
it reduced mortality in patients with soluble urokinase plasminogen receptor (suPAR) 
levels greater than 6 ng/mL [99]. Similarly, the IL-1β antagonist, canakinumab, and the 
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IL-17 antagonist, secukinumab, did not improve clinical outcomes in severe COVID-
19 cases [100, 101]. In addition to cytokines, JAK inhibitors, such as baricitinib and 
tofacitinib, inhibit excessive inflammation. Both baricitinib and tofacitinib significantly 
reduced mortality in patients with COVID19 [102, 103].

In addition to specifically antagonizing certain cytokines or signaling pathways, broad-
spectrum anti-inflammatory strategies are crucial to prevent excessive inflammation 
and persistent macrophage activation. Glucocorticoids are the most widely used drugs. 
Dexamethasone can reduce 28-day all-cause mortality in critically ill patients [104]. 
However, systemic corticosteroid therapy can lead to significant side effects that limit 
its clinical use. Some studies have combined dexamethasone with hyaluronic acid for 
targeted delivery to inflamed lung tissue. Intravenously administered hyaluronic acid-
dexamethasone selectively accumulates in lung macrophages, offering superior anti-
inflammatory effects compared with that of traditional dexamethasone, while reducing 
the required dose [105]. Other unconventional therapeutic agents, such as olopata-
dine hydrochloride, a potential NF-κB inhibitor, reduce mortality in LPS-induced ALI. 
Olopatadine hydrochloride also attenuates LPS-induced elevation of pro-inflammatory 
markers, oxidative stress, neutrophil infiltration, edema, and lung damage [106]. Mive-
bresib, a BET protein-bromodomain-containing protein 4 inhibitor, can suppress the 
inflammatory phenotype of macrophages as well as the secretion of IL-6 and TNF-α 
[107]. Through its inhibition of ZEB1, metformin suppresses mitochondrial translation, 
thereby promoting the transition of inflammatory macrophages to an anti-inflammatory 
phenotype [108].

Activation of NF-κB is one of the key mechanisms for the activation of monocytes and 
macrophages. Inhibiting NF-κB may help block the excessive activation of MDMs, pre-
venting the overdevelopment of inflammation [109]. For example, nestorone inhibits the 
TLR-4/MyD88/NF-κB pathway in macrophages, thereby reducing acute lung inflamma-
tion and alleviating diffuse alveolar damage [110]. The thyroid hormone analog GC-1 
may suppress NF-κB signaling activation, selectively blocking M1 macrophage polari-
zation through the DNMT3b-PPARγ-NF-κB pathway [111]. Many metabolic products 
also play roles in regulating macrophage inflammation. Itaconic acid suppresses mac-
rophage inflammation by inhibiting TET family DNA dioxygenases, thereby alleviating 
lung injury [112]. Trace elements, such as zinc, along with vitamins, such as C and D, are 
often depleted in patients with sepsis and ARDS. Dietary supplementation with these 
molecules significantly inhibits NF-κB activation [113–116].

Nanomedicines

Conventional drugs may have drawbacks, such as poor targeting, low bioavailability, and 
substantial side effects. Combining drugs with nanoparticle platforms can enhance their 
efficacy, reduce the required dosage, and minimize side effects. For example, encapsulat-
ing dexamethasone in liposomes improves targeting, reduces side effects, effectively tar-
gets macrophages and alleviates lung inflammation [117, 118]. In addition to liposomes, 
new nanoparticle platforms have been recently developed to further enhance target-
ing efficiency and safety. These advanced platforms offer improved specificity for tar-
geted delivery and reduced toxicity, making them promising options for drug delivery 
and therapeutic intervention. By engineering neutrophil nanovesicles with cholesterols, 
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Meng et al. made an extracellular nanovesicle-based delivery (iSEND) system, and the 
nanoDEX, made by encapsulating DEX with the iSEND, showed improved targeting to 
macrophages and neutralized broad-spectrum cytokines [119]. Liu et  al. developed a 
new inhalable nanoplatform (D-SEL) by conjugating DNase I to a serum exosomal and 
liposomal hybrid nanocarrier (SEL), and encapsulating methylprednisolone sodium suc-
cinate (MPS). After inhalation, MPS/D-SEL remains in the alveoli for more than 24 h, 
precisely targeting macrophages and promoting their transition to the repair phenotype 
[120]. Peng et al. [121] developed a novel inhalable nanozyme therapeutic platform. This 
platform consisted of engineered cerium-based tannic acid nanozymes bound to self-
assembling peptides. The nanozyme primarily targets activated macrophages and epi-
thelial cells at sites of inflammation. In a mouse model of viral pneumonia in an oxidative 
environment, nanozymes assembled into catalytically active structures that reduced the 
production of ROS and pro-inflammatory cytokines. This promotes macrophage polari-
zation toward the M2 phenotype, which is favorable for healing. In a mouse model of 
viral pneumonia with a secondary bacterial infection, the nanozyme alleviated bacterial 
inflammation and reduced tissue damage [121]. Fan et al. synthesized ROS-responsive 
red light-emitting carbon dots (RCMNs) that target lung macrophages. RCMNs allevi-
ate inflammation in ALI by improved macrophage activity and decreased inflammatory 
cytokines such as TNF-α and IL-6 [122].

Probiotic-based nanoparticles have been developed to regulate the pulmonary micro-
biome and modulate macrophages for the treatment of bacterial pneumonia [123]. 
Probiotic-based nanoparticles of OASCLR were formed by coating live Lactobacil-
lus rhamnosus with chitosan, hyaluronic acid, and ononin. OASCLR interacts with the 
binding site of CD44 on macrophages, thereby inhibiting their inflammatory response 
and alleviating excessive inflammation [123]. CRISPR/Cas9 technology can be combined 
with nanotechnology for specific gene editing in macrophages to enable targeted regula-
tion. This approach allows the precise modification of macrophage function by directly 
altering the genes involved in inflammation, immune response, or tissue repair, offer-
ing a promising therapeutic strategy. Huang et al. [124] found that hexokinase 2 (HK2) 
is a key regulator of macrophage metabolism and inflammation. They developed an 
aerosolized core–shell liposomal nanoplatform (CSNs) to encapsulate an mRNA-based 
CRISPR/Cas9 system (mCas9/gHK2). CSN-mCas9/gHK2 treatment effectively knocked 
out HK2, thus reducing glycolysis and inflammation in macrophages [124]. This demon-
strates that the combination of nanotechnology and CRISPR/Cas9 technology has broad 
potential as a powerful tool for the precise modulation of macrophage metabolism and 
immune responses in various therapeutic contexts (Table 1).

Mesenchymal stem cells

Owing to their powerful ability to regulate immune and inflammatory responses, mes-
enchymal stem cells (MSCs) are emerging as promising tools for cell-based therapies in 
immune and inflammatory diseases [125]. MSCs suppress inflammation in MDMs and 
promote their phenotypic shift toward a repair phenotype. The mechanisms by which 
MSCs regulate MDMs are diverse, the most prominent being their secretome, which 
includes extracellular vesicles, exosomes, and various other reparative factors [126–128]. 
Apoptosis of MSCs is another mechanism by which they exert their effects. Blocking 
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MSC apoptosis may potentially reduce the therapeutic efficacy [129]. In addition to 
inhibiting inflammation and promoting the phenotypic shift of macrophages toward a 
repair phenotype, MSCs enhance macrophage phagocytic ability by secreting migras-
omes, thereby facilitating bacterial clearance [130].

MSCs commonly used in biological therapy include human placental MSCs (hPMSCs), 
adipose MSCs (hADMSCs), bone marrow MSCs (hBMMSCs), and umbilical cord MSCs 
(hUCMSCs) [131]. In bacterial pneumonia and lung injury models, hPMSCs effectively 
alleviate lung damage, reduce mortality in severe pneumonia, decrease the recruitment 
of inflammatory macrophages, and reduce the secretion of pro-inflammatory cytokines 
[132, 133]. Exosomes from ADMSCs enabled macrophages shifting to an anti-inflamma-
tory phenotype, as featured with the downregulation of IL-1β, TNF-α, and iNOS secre-
tion and increase in production of anti-inflammatory cytokines, IL-10 and Arg-1 [134]. 
Deng et al. [135] compared the efficacy of human MSC-derived exosomes from human 
adipose tissue, bone marrow, and umbilical cord in the treatment of sepsis-induced 
ARDS. They found that exosomes derived from different sources of hMSCs effectively 
downregulated sepsis-induced glycolysis and inflammation in macrophages, ameliorated 
pathological lung damage, and improved the survival rate of mice with sepsis. Notably, 
the protective effect of hADMSC-exos was better than that of hBMMSC-exo and hUC-
MSC-exo [135]. Li et  al. compared the therapeutic differences between UCMSCs and 
PMSCs in treating lung damage and found that UCMSCs demonstrated better thera-
peutic effects on lung injury than that of PMSCs. Under cytokine stimulation, UCM-
SCs express higher levels of inflammation-related genes than that with PMSCs and more 
effectively guide macrophages toward polarization into the M2 phenotype [136]. Cur-
rent stem cell therapies can be administered via the intravenous or intratracheal routes. 
Song et al. [137] found that intravenous stem cell therapy provided better outcomes in 
alleviating lung inflammation and fibrosis. Additionally, early and repeated intravenous 
treatments significantly enhanced therapeutic efficacy [137].

Priming is considered an effective approach for stimulating and enhancing the thera-
peutic efficacy of MSCs [138]. The most commonly used priming agents are cytokines, 
such as IFN-γ and TNF-α [138]. Hypoxia is a commonly used priming strategy. Hypoxia-
preconditioned MSCs alleviate inflammation and ALI by promoting efferocytosis and 
anti-inflammatory polarization of macrophages [139]. Hypoxia-preconditioned MSCs 
exhibit increased proliferation and decreased cell senescence1 [139]. PGE2-priming 
MSC therapy significantly reduce the severity of LPS-induced ALI in mice by modulat-
ing macrophage polarization and cytokine production. This strategy enhanced the thera-
peutic efficacy of MSCs in the cell-based treatment for ALI [140].

Targeting pro‑fibrosis MDMs

Lung injury is often accompanied by the development of pulmonary fibrosis, and the 
persistent presence of abnormal MDMs is a major contributor to the onset of fibrosis 
[141]. These dysfunctional MDMs drive chronic inflammation and fibrosis by releasing 
cytokines and growth factors, leading to excessive deposition of extracellular matrix and 
tissue remodeling. As MDMs, rather than AMs, play a primary role in promoting fibro-
sis [142, 143], blocking MDM recruitment is also a strategy to prevent lung fibrosis. The 
M-CSF signaling pathway is critical for inducing the pro-fibrotic phenotype of MDMs. 
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Blocking the M-CSFR signaling pathway reduces the number of MDMs and severity of 
lung fibrosis without affecting the number of TR-AMs [143]. Axatilimab, a monoclo-
nal antibody targeting the colony-stimulating factor 1 receptor (CSF-1R), is a novel and 
therapeutically promising approach for inhibiting pro-fibrotic macrophages in phase I/II 
studies. Its favorable safety profile makes it a viable option for refractory chronic graft-
versus-host diseases [144, 145]. In 2024, axatilimab was approved approval in the USA, 
marking a significant advancement in its clinical application [146]. SHP-1 agonists sup-
press CSF1R expression, inactivate the STAT3/NF-κB signaling pathways, and ultimately 
inhibit macrophage survival, disrupting macrophage polarization [147]. Nintedanib, 
a broad-spectrum kinase inhibitor approved for idiopathic pulmonary fibrosis treat-
ment, inhibits CSF-1R expression in both human and mouse MDMs [148]. Pirfenidone, 
another drug used for pulmonary fibrosis treatment, inhibits the mechanical activation 
of MDMs by suppressing integrin αMβ2 and Rho-associated kinase 2 [149]. In addi-
tion to the CSF-1R signaling pathway, the Notch signaling pathway may play a role in 
MDM-induced pulmonary fibrosis. Blocking the Notch signaling pathway reduces the 
degree of fibrosis and this effect is dependent on MDMs [142]. Chemical agents, such as 
diphenyleneiodonium chloride, and metabolites, such as itaconate can modulate MDM 
function and inflammatory responses [150, 151]. Various nanoparticle-based drugs are 
promising for targeting MDMs. Niclosamide-loaded nanoparticles and mannosylated 
albumin nanoparticles specifically targeted MDMs in animal studies, blocking the 
TGF-β/Smad signaling pathway and reducing pulmonary fibrosis [152, 153].

Discussion
Macrophages play a crucial role in infections and lung injury, and targeting them for the 
treatment of severe infections and lung damage has considerable therapeutic potential. 
However, owing to the numerous subtypes and strong heterogeneity of macrophages, 
multiple populations can coexist at any given time, each of which performs distinct 
functions. This complexity makes the development of macrophage-targeted therapies 
challenging. TR-AMs and MDMs have fundamentally different characteristics, requiring 
distinct targeting strategies. Therefore, we advocate for future research on macrophages 
to distinguish between these two cell types rather than merely categorizing them into 
M1 and M2 phenotypes.

TR-AMs play a protective role in infection and ALI owing to their involvement in initi-
ating inflammation and maintaining homeostasis [154]. The excessive death of TR-AMs 
during the early stages of inflammation exacerbates both inflammation and tissue dam-
age. Beyond this, if the TR-AM numbers are not promptly restored during the recovery 
phase, inflammation alleviation and tissue repair may be delayed. Therefore, the primary 
therapeutic strategy for targeting TR-AMs is to prevent excessive cell death, while pro-
moting recovery in terms of quantity. Recently, substantial progress has been made in 
the study of cell death mechanisms and various approaches for blocking cell death have 
emerged [59]. However, the mechanisms underlying the restoration of TR-AMs remain 
unclear, and as a result, targeted strategies for this purpose are limited. Further research 
is needed to identify how TR-AMs regenerate and how this process can be effectively 
harnessed to improve recovery from lung injury.
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MDMs exhibited greater plasticity and heterogeneity than TR-AMs. In the early stages 
of inflammation, MDMs are key drivers of pro-inflammatory responses, whereas in the 
later stages, they transition into crucial cells for tissue repair. Therefore, the core strat-
egy for targeting MDMs is to inhibit excessive inflammation, while promoting their 
transition to a reparative phenotype. This approach has been the focus of extensive 
research, and numerous chemical agents, drugs, and biological therapies have emerged 
as potential solutions [155, 156]. In the later stages of inflammation, MDM apopto-
sis resolves inflammation. Therefore, the promotion of MDM apoptosis may acceler-
ate recovery. However, the final fate of MDMs is not fully understood. In addition to 
cell death, MDMs may also undergo migration, which adds complexity to their role in 
inflammation resolution. Thus, understanding the trajectories of TR-AMs and MDMs 
is crucial for developing targeted therapies. Furthermore, targeting pro-fibrotic MDMs 
is a key research focus. Clinical trials involving drugs that block the CSF-1R signaling 
pathway have yielded promising results in terms of reducing fibrosis. However, the exact 
mechanisms by which MDMs develop a pro-fibrotic phenotype remain unclear. Further 
research is needed to understand this process and refine targeted therapeutic strategies.

Regardless of the regulatory approach, it is essential to consider the optimal timing for 
application because the same treatment may have drastically different effects at different 
stages. For example, blocking cell death can prevent the exacerbation of inflammation in 
the early stages; however, inhibiting macrophage death in later stages may interfere with 
the normal resolution of MDMs, thereby delaying the resolution of inflammation. Simi-
larly, antagonizing GM-CSF can block the occurrence of cytokine storms in the context 
of excessive immune responses; however, inhibiting GM-CSF during the recovery phase 
may impair AM function and hinder the recovery of inflammation. Moreover, immu-
notherapy should be tailored to each patient’s immune status. For example, the use of 
the IL-1 inhibitor anakinra did not improve clinical outcomes in patients when suPAR 
levels were not stratified [98]. However, when suPAR levels were >6 ng/ml, anakinra sig-
nificantly improved survival rates [99]. This underscores the importance of personalized 
immunotherapy, in which treatments are based on patient-specific immune profiles, to 
optimize therapeutic outcomes. Currently, the assessment of immune status in patients 
with pulmonary infections and ALI/ARDS is unclear. The evaluation primarily relies 
on certain inflammatory markers such as CRP and IL-6. However, to achieve optimal 
results with macrophage-targeted therapies, it is essential to explore better methods for 
assessing the immune state of the lungs. The ratio of AM to MDM, as well as the propor-
tions of iMDMs and pMDMs, could serve as effective indicators of the immune system 
within the lungs and guide targeted macrophage therapies. Currently, only single-cell 
RNA sequencing can accurately distinguish between the different subpopulations and 
phenotypes of lung macrophages. Owing to the high cost of this technology, its clinical 
application is limited. Therefore, future targeted therapies will inevitably require preci-
sion medicine approaches and the development of more accessible and effective meth-
ods for distinguishing immune states is crucial for improving clinical outcomes.
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BALF  Bronchoalveolar lavage fluid
iPSCs  Induced pluripotent stem cells
RCT   Randomized controlled trial
IAV  Influenza virus
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