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Abstract

Lung macrophages, as key components of the pulmonary immune system, exert multiple key func-
tions in maintaining pulmonary homeostasis and immune defense by eliminating pathogens (such as
bacteria and viruses), modulating inflammatory responses, participating in antigen presentation, and
promoting tissue repair. This review summarizes the fundamental biological functions of lung macro-
phages and explores their mechanisms of action in diseases such as acute respiratory distress syn-
drome (ARDS), asthma, chronic obstructive pulmonary disease (COPD), influenza, tuberculosis (TB)
and lung cancer. Mounting evidence highlights the crucial link between macrophage dysfunction and
disease progression. With the advent of advanced technologies such as single-cell transcriptomics,
CRISPR gene editing, and proteomics, our understanding of lung macrophage heterogeneity, develop-
mental origins, and functional landscapes has significantly expanded. However, challenges remain in
the field, and future research requires interdisciplinary efforts to unravel the molecular mechanisms
of macrophages in disease and to develop novel therapeutic targets and strategies for the prevention

and treatment of lung diseases.
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Introduction

Lung macrophages are critical players in the immune
system, serving as the first line of defense in the lungs,
a key organ continuously exposed to external pathogens
and environmental particles. These tissue-resident cells
are strategically positioned to monitor and respond to for-
eign invaders, ensuring both the clearance of pathogens
and the maintenance of tissue homeostasis. Their role ex-
tends beyond simple pathogen elimination; they are also
involved in regulating inflammation, presenting antigens
to adaptive immune cells, and orchestrating the repair and
regeneration of lung tissue following injury.

In recent years, the understanding of lung macrophage
biology has greatly expanded. Technological advancements
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such as single-cell transcriptomics, CRISPR gene editing,
and proteomics have revealed the heterogeneity, functional
plasticity, and developmental origins of lung macrophages.
These insights have profound implications for understand-
ing how macrophages contribute to both lung health and
disease, particularly in such conditions as acute respira-
tory distress syndrome (ARDS), asthma, chronic obstruc-
tive pulmonary disease (COPD), and respiratory infections,
including influenza and tuberculosis (TB).

Despite these advancements, key challenges remain.
The molecular mechanisms governing macrophage func-
tion are still unclear and require deeper exploration. Un-
derstanding how macrophages interact with other immune
cells and their role in disease progression remains critical
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for developing targeted therapies. Additionally, how mac-
rophage dysfunction contributes to the pathogenesis of var-
ious pulmonary diseases needs further study to uncover
new therapeutic targets and improve patient outcomes.
This review aims to provide a comprehensive overview
of the current understanding of lung macrophage biology,
their roles in various pulmonary diseases, and the potential
therapeutic approaches that target macrophage-mediated
pathways to improve the prognosis of patients with lung
diseases. By delving into these issues, we can better under-
stand the key role of lung macrophages in maintaining pul-
monary health and fighting diseases, and provide direction
for future research and treatment.

Lung macrophages: characteristics
and functions

Development and differentiation

The lungs, as the core organ of the human respirato-
ry system, not only dominate the basic life process of gas
exchange, but also deeply participate in various physio-
logical activities, including immune regulation, pulmonary
circulation maintenance, and hematopoietic function [1].
Frequent environmental exposure makes the lungs a ma-
jor entry point for pathogens. Tissue-resident macrophages
play essential roles in host defense, tissue repair, and
maintaining homeostasis. Under homeostatic conditions,
macrophages are distributed across the lung: the luminal
side of the alveolar lumen (the inner surface of the alve-
olar space, directly exposed to inhaled air), the interalve-
olar stroma, the submucosa of the fine bronchioles, and
the vascular epithelium. Their classification depends on
their location within the lung [2, 3]. Among the various
subtypes, alveolar macrophages (AMs), located in the al-
veoli and airway lumens, are of the most concern. These
cells originate from embryonic precursors and are primar-
ily involved in immune surveillance, clearing foreign bod-
ies, and balancing pro- and anti-inflammatory responses.
Additionally, interstitial macrophages (IMs), residing in
the lung interstitium, derive from both bone marrow-
derived macrophages (BMDMs) and embryonic progeni-
tors. IMs play key roles in immune regulation, tissue re-
pair, and interaction with other immune cells [4].

Alveolar macrophages

Alveolar macrophages (AMs) are a dominant popula-
tion of innate immune cells in the distal lung parenchyma
(the lung region beyond the terminal bronchioles, primari-
ly consisting of alveoli and associated structures), residing
along the luminal surface of the alveolar space [5]. Embed-
ded amidst a microenvironment comprising type I and II
alveolar epithelial cells (AECs), capillary endothelial cells,
and alveolar interstitial fibroblasts, this niche fosters a cy-
tokine-laden microcosm that nurtures the proliferation and
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function of AMs. Proximal to the mucosal surface, AMs
play an indispensable role in maintaining airway homeo-
stasis [6, 7]. They are abundant in the lungs, with the upper
lobe of the human lung containing 1.5 x 10° AMs, most
of which are confined to the lung’s diffusion area, while
a few are limited to the conducting small airways [8].
The development and maturation of AMs, as well as their
self-maintenance and renewal, require granulocyte-macro-
phage colony-stimulating factor (GM-CSF) and transform-
ing growth factor B (TGF-f) secreted by alveolar type 11
epithelial cells [9-11]. In stable physiological states, AMs
primarily derive from embryonic precursors, exhibiting
an autonomous maintenance mechanism that is decoupled
from the circulating monocyte pool. In the specific con-
text of mice, these AMs originate from fetal monocytes
that, guided by the orchestration of GM-CSF, TGF-f, and
PPARYy (peroxisome proliferator activated receptor y) sig-
naling pathways, migrate to the lungs postnatally and sub-
sequently undergo differentiation into fully mature AMs.

Lung macrophages exhibit remarkable plasticity, shift-
ing between M1 and M2 phenotypes depending on envi-
ronmental signals [12]. The M1 phenotype is typically ac-
tivated by Th1 cytokines such as interferon y (IFN-y) and
tumor necrosis factor oo (TNF-at), and they release pro-in-
flammatory cytokines including interleukin (IL)-1, IL-6,
1L-12, IL-23, and TNF-a, as well as nitric oxide, which
are crucial for pathogen elimination. Conversely, the M2
phenotype, induced by Th2 cytokines such as IL-4 and
IL-13, is distinguished by the production of anti-inflam-
matory cytokines, including IL-10 and TGF-f3, which are
essential for mediating tissue repair, immune modulation,
and the resolution of inflammation [13, 14]. Apart from
the M1 and M2 types, other less common macrophage sub-
types such as the M4, Mhem, and Mox phenotypes have
been identified, each with distinct roles in various biolog-
ical processes [13].

While defending against pathogenic invasion, M1 mac-
rophages may simultaneously cause acute lung damage. On
the other hand, M2 macrophages can be further differen-
tiated into subtypes such as M2a, M2b, and M2c based on
the inducing factors. The M2a subtype, typically induced
by IL-4 or IL-13, primarily facilitates repair of damaged tis-
sue. The M2b subtype is generated by immune complexes
(IC) and toll-like receptor (TLR) or IL-1 receptor (IL-1R)
ligands, participating in the processing of IC and modula-
tion of inflammation. The M2c subtype, induced by IL-10
and glucocorticoids (GC), possesses immunomodulatory
and inhibitory effects, and also promotes tissue repair,
which is beneficial for the healing of lung tissue damage
[13, 15, 16].

Interstitial macrophages

Interstitial macrophages (IMs) originate from both
BMDMs and embryonic progenitor cells [17]. Occupying
the intricate realm between the lung epithelium and cap-
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illaries, they densely populate the lung interstitium [18].
These cells engage in intricate interactions with other im-
mune sentinels, including lymphocytes and dendritic cells
(DCs), within this microenvironment. Nonetheless, despite
their pivotal role, the precise anatomical localization of IMs
remains elusive in the majority of research endeavors, leav-
ing open the possibility that they may be implicated in lung
barrier immunity, alongside AMs, within the alveolar in-
terstitium, submucosa, or even the perivascular epithelium.
Research has found that AMs sorted from rat lungs are larg-
er and have more pseudopodia; IMs are smaller than AMs,
have smoother surfaces, and their nuclei are more irregular.
It has been reported that IMs, compared to AMs, display
nuclei with a relatively higher proportion of condensed
chromatin. While heterochromatin is a universal charac-
teristic of eukaryotic nuclei, this relative difference in chro-
matin condensation may reflect distinct functional states
between these cell types [19]. Currently, the research land-
scape pertaining to IMs lags behind that of AMs, primarily
owing to two pivotal factors. Firstly, AMs exhibit a distinct
advantage in accessibility and identifiability, facilitating
their retrieval from the lungs of both animal models and hu-
man patients through bronchoalveolar lavage (BAL). BAL
offers a relatively straightforward approach to acquiring
AMs. It typically yields a cell population dominated by
AMs (> 90%), along with smaller proportions of lympho-
cytes, neutrophils, eosinophils, and occasionally epithe-
lial cells, depending on the inflammatory or pathological
state of the lung. The differential cell counts obtained from
BAL fluid are valuable diagnostic indicators for various
pulmonary conditions, including infections, interstitial lung
diseases, and malignancies [20]. However, it is crucial to
acknowledge that this technique primarily captures the “ac-
tive” subset of AMs, potentially overlooking the “station-
ary” population attached to the alveolar epithelium, thus
potentially introducing a bias in sample representation. In
stark contrast, the investigation of IMs necessitates more
invasive procedures, including lung resection in animal
models and lung tissue biopsy or surgery in humans. Sub-
sequently, these samples undergo intricate tissue dissocia-
tion and rigorous cell purification protocols to isolate IMs,
posing significant technical hurdles that inadvertently skew
research efforts towards AMs. Furthermore, IMs inherently
represent a fleeting transitional phase of tissue infiltration
by circulating monocytes, destined to differentiate into
AMs within the airway lumen. This transient nature further
complicates their study, adding another layer of complexity
to the already challenging research landscape [21].

Despite technical limitations that have hindered
the precise isolation and differentiation of IMs from
monocytes and DCs, the increased utilization of scRNA-
seq technology in recent years has provided novel insights
into the identification and classification of IMs.

Recent research has identified that IMs in the lungs
of rats can be divided into three distinct subsets based on
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the relative surface expression of CD11c and MHC-II:
CD11c**MHC-IT"" (IM1), CD11c**MHC-II"e" (IM2),
and CD11cMHC-II*"¢" (IM3) [22, 23]. Phenotypic anal-
ysis reveals that IM1 and IM2 express higher levels
of CD206, Lyve-1, and CD169, while IM3 exhibits higher
levels of CCR2 (chemokine receptor type 2, also known
as CD192) and CD1Ic. Functionally, IM1 and IM2 appear
to be more efficient than IM3 in certain respects, yet they
exhibit lower phagocytic efficiency for latex microspheres
or microbial bioparticles in vivo compared to AMs. How-
ever, in vitro experiments demonstrate similar phagocytic
capabilities across all three populations [22]. This suggests
a potential diversity within IMs under homeostatic condi-
tions. When the lungs are exposed to endogenous or exog-
enous stress signals, such as after tissue injury or during
inflammation or infection, the situation may become more
complex. In these contexts, IMs may adjust their pheno-
types and functions to meet the demands of the pulmonary
tissue [23]. A comparison of the properties of AMs and
IMs at steady state is shown in Table 1.

Associated markers for the different
subpopulations

Different subpopulations of lung macrophages exhibit
distinct phenotypic markers and functions under various
physiological and pathological conditions. The activation
of M1 macrophages within AMs occurs through signaling
pathways involving IFN-y, TNF, and TLRs [14]. The sur-
face markers for these cells primarily include CD68,
CD80, CD86, and CD32 [24]. Microbial products or
pro-inflammatory cytokines induce the polarization of M1
macrophages, in which IFN-a can trigger specific gene
expression profiles, including MHC-II, IL-12, inducible
nitric oxide synthase (iNOS), and suppressor of cytokine
signaling-1 (SOCS-1) [25]. In contrast, the activation
of M2 macrophages is driven by cytokines such as IL-4,
IL-10, and IL-13, with surface markers mainly comprising
CD115, CD206, and CD163 [24]. It is important to note
that due to the phenotypic continuum between M1 and M2
macrophages, intermediate macrophages can co-express
some of these markers. IMs in the lung play a crucial role
in maintaining pulmonary homeostasis, regulating in-
flammatory responses, and promoting tissue repair. Their
marker expression and functional states are finely regulat-
ed by the local microenvironment, including markers such
as CD11b, CD14, CD64, and CD169 [19]. In addition to
surface markers, several molecular markers have been
identified as specific to M2 macrophages through immu-
nohistochemistry and flow cytometry. These markers in-
clude scavenger receptor-A CD204, CD209 (also known as
dendritic cell-specific intercellular adhesion molecule-1-3
grabbing non-integrin, DC-SIGN), and TREM-1 [26]. Sin-
gle-cell omics studies have further revealed transcription
factors associated with lung macrophages. For instance,
IRF5 and STATT1 are highly expressed in M1 macrophages
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Table 1. Properties of alveolar macrophages (AMs) and interstitial macrophages (IMs) in the steady state

Parameter AMs IMs

Origin Embryonic monocytes BMDMs and embryonic progenitor cells
Location Luminal aspect of the alveolar cavity Lung interstitium between the epithelium and capillaries
Morphology Large cells with abundant pseudopodia Smaller cells with smoother surfaces; nuclei with

arelatively high degree of chromatin condensation

Replenishment

Self-renewal

Circulating monocytes, self-renewal

Major phenotypes MI, M2 CD11c¢°"MHC-II"" (IM1), CD1 1cP"MHC-11I"¢" (IM2),
and CD11cMHC-II™"e" (IM3)
Function Higher phagocytosis capacity, immunomodulatory Diverse functions including immune regulation,

tissue repair, and supporting AMs

Markers (mammal)

MI1: CD68, CD80, CD86, CD32
M2: CD115, CD206, and CD163, CD209, TREM-1,

CD11b, CD14, CD64, and CD169

scavenger receptor-A CD204

Markers (murine) F4/80

F4/80

M1: IRFS, STAT1
M2: STATG6, IRF4

Additional markers
(transcription factors)

Similar to AMs

[27], while STATG6 and IRF4 are highly expressed in M2
macrophages [28]. The surface markers mentioned above
are generally conserved across mammals; however, some
markers, such as F4/80, are predominantly used in murine
macrophages and may not be applicable to other mamma-
lian species. A comparison of the properties of AMs and
IMs at steady state is shown in Table 1.

Basic functions and immune defense

Lung macrophages are pivotal for maintaining pul-
monary homeostasis and defending against pathogenic
invasions. They rapidly identify and phagocytose patho-
gens that enter the lungs, such as bacteria, viruses, and
fungi. Via pattern recognition receptors (PRRs) on their
cell surface, they recognize pathogen-associated molecular
patterns (PAMPs) and initiate phagocytosis, encapsulating
pathogens within phagosomes for degradation. This pro-
cess not only effectively reduces the number of pathogens
in the lungs but also limits the spread of infection [29].
Furthermore, lung macrophages play a key role in immune
surveillance by presenting antigens to T cells and initiat-
ing adaptive immune responses. They also promote tissue
homeostasis and repair by secreting anti-inflammatory cy-
tokines and growth factors [14].

Alveolar macrophages reside within the alveolar lu-
men, where gas exchange occurs across the alveolar-cap-
illary membrane. They remove microbes, dead cells, and
airborne particles via phagocytosis, which is crucial for
maintaining airway patency and efficient oxygen exchange
[4]. AMs serve as the first line of defense against bacte-
rial and fungal pathogens, with their phagocytic activity
increasing in response to infection. IMs are major produc-
ers of IL-10 and can inhibit LPS-induced DCs maturation
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and migration by secreting high levels of IL-10 [30-32].
IMs enhance their capacity to produce IL-10 during ho-
meostasis and in response to microbial products. This
characteristic suggests that IMs can exert regulatory func-
tions [33]. The expression of IL-10 in human and murine
IMs increases upon environmental immune stimulation,
and although the signaling pathways that promote IL-10
expression in IMs are not well studied, current research
has demonstrated that signaling through MyD88, a down-
stream adapter protein for TLRs and IL-1 receptors, is
upstream of the pro-inflammatory transcription factor hy-
poxia-inducible factor-1a (Hif-1ou) [34]. These features
indicate that IMs effectively play a negative feedback role
in inflammatory responses [21, 34].

Inflammation regulation and tissue repair

During infection or injury, lung macrophages detect
PAMPs via TLR-4. This recognition process triggers
a complex signaling cascade response that centrally in-
volves multiple key signaling pathways such as NF-kB,
TLR, interferon and ER-phagosome, which further acti-
vates and promotes the transcription and synthesis of a se-
ries of pro-inflammatory cytokines (TNF-a, IL-6, IL-1f3,
etc.) in addition to the secretion of increased amounts
of oxygen metabolites, chemokines, lysozyme, antimicro-
bial peptides, and proteases [35]. These cytokines act as
“messengers” that not only exacerbate the local inflam-
matory response, but also actively recruit monocytes and
neutrophils from the circulatory system to the lung lesions.
These recruited immune cells effectively kill and eliminate
invading pathogenic microorganisms through mechanisms
such as the release of nitric oxide and the formation of neu-
trophil extracellular traps (NETs), reflecting the central de-
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fense role of lung macrophages in pathological processes
such as ARDS [35, 36].

However, excessive inflammation can damage lung tis-
sue, demonstrating the double-edged nature of the immune
response.

To maintain immune balance, lung macrophages ex-
hibit anti-inflammatory properties. Studies show that AMs
suppress pro-inflammatory responses by phagocytosing
dead cells during exposure to external stimuli, demonstrat-
ing anti-inflammatory effects [37]. Moreover, phagocyto-
sis can in turn promote the secretion of anti-inflammatory
factors by AMs, such as TGF-3, prostaglandin E2 (PGE2),
and platelet-activating factor (PAF), further suppressing
inflammatory responses [38]. The alveolar microenvi-
ronment is also actively involved in continuous signaling
to promote immunosuppressive activity in AMs. AECs
promote anti-inflammatory activity in AMs by producing
IL-10 and TGF-p to activate integrin avf36 [37]. In ad-
dition, continuous CD200-mediated CD200 receptor sig-
naling by type II AECs inhibits the c-Jun N-terminal ki-
nase (c-JNK), p38 mitogen-activated protein kinase (p38),
and extracellular signal-regulated kinase (ERK) signaling
pathways in AMs, thereby suppressing the expression
of proinflammatory cytokines [37]. These mechanisms
precisely regulate the intensity and duration of inflam-
matory responses, aimed at maintaining the homeostasis
of lung tissue, preventing unnecessary tissue damage, and
thus playing a crucial regulatory role in the process of lung
injury repair and regeneration.

Furthermore, lung macrophages dynamically switch
between M1 and M2 phenotypes in response to environ-
mental cues, representing two extremes of a functional
spectrum following activation [13, 14]. However, per-
sistent activation or dysregulation of M1 macrophages
can lead to non-resolving inflammatory processes charac-
terized by sustained production of pro-inflammatory me-
diators such as IL-1, IL-6, and TNF-a. This prolonged
inflammation contributes to chronic lung injury and im-
paired tissue healing, ultimately causing progressive tissue
damage and dysfunction [39].

Conversely, M2 macrophages play a significant role
in resolving inflammation and promoting tissue repair
through the secretion of anti-inflammatory cytokines and
growth factors such as IL-10 and TGF-f [40]. However,
pathological or excessive activation of the M2 macrophage
phenotype can lead to maladaptive tissue repair mecha-
nisms, including lung fibrosis. Specifically, sustained or
elevated production of TGF- by M2 macrophages strong-
ly promotes differentiation of fibroblasts into myofibro-
blasts, enhances excessive extracellular matrix deposition,
and results in progressive pulmonary fibrosis. This aber-
rant fibrotic response significantly impairs lung function
and contributes to chronic pulmonary disorders [40]. Thus,
maintaining a delicate balance between M1 and M2 mac-
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rophage activation states is essential for proper resolution
of inflammation and effective tissue repair.

Lung macrophages also play a significant role in tis-
sue repair and regeneration. In the later stages of the in-
flammatory response, lung macrophages express increased
amounts of IL-10 and arginase-1, which promote dissipa-
tion of inflammation and tissue repair [36, 41, 42]. As an
anti-inflammatory cytokine, IL-10 could inhibit the pro-
duction of pro-inflammatory cytokines and attenuate
the inflammatory response, while arginase-1 promotes
tissue repair by enhancing arginine metabolism — specif-
ically, by converting L-arginine into ornithine and urea.
Ornithine subsequently serves as a precursor for the syn-
thesis of polyamines and proline. Proline, in particular,
is a critical amino acid required for collagen production,
which is essential for extracellular matrix formation and
wound healing. In this way, the metabolic conversion
of arginine facilitates the biosynthesis of key molecules
necessary for tissue repair and regeneration [43]. By mod-
ulating macrophage polarization, lung macrophages are
transformed into an anti-inflammatory and repair state. It
also secretes growth and repair factors, such as TGF-f3,
VEGEF (vascular endothelial growth factor) and PDGF,
which stimulate the proliferation and migration of fibro-
blasts and endothelial cells, and promote angiogenesis and
collagen deposition, thus accelerating the repair and re-
generation process of lung tissues. It is very important for
tissue repair and regeneration after lung injury [36].

Moreover, amidst the onset and progression of lung inju-
ry, inflammatory and physicochemical insults evoke the ac-
tivation of lung epithelial progenitor or stem cells. These
cells promptly proliferate and differentiate, thereby replen-
ishing the compromised cellular components and facilitating
the regenerative processes within lung tissue. Central to this
orchestrated response, lung macrophages assume a pivotal
function by stimulating the Wnt signaling pathway, which
serves as a pivotal catalyst for promoting lung repair and
regeneration [44]. Figure 1 illustrates the anti-inflammatory
and pro-inflammatory effects of lung macrophages.

Antigen presentation and adaptive immunity

Alveolar macrophages, as dedicated antigen-presenting
cells, possess the remarkable ability to sequester, process,
and subsequently present antigens to T cells, thereby or-
chestrating a pivotal role in both innate and adaptive im-
mune defenses of the host. In response to local lung tissue
infections initiated by pathogen colonization, these mac-
rophages harness PRRs on their surface to identify and
phagocytose the invading pathogens. In cases of severity,
they undergo further activation, presenting the internalized
antigens to adaptive immune cells, effectively bridging
the innate and adaptive immune responses. Of critical im-
portance is the fact that the significant phenotypic plas-
ticity allows AMs to maintain a dynamic balance between
pro-inflammatory and anti-inflammatory responses. This
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Fig. 1. Anti-inflammatory and pro-inflammatory effects of lung macrophages. A) Anti-inflammatory response of alveolar
macrophages (AMs). AMs suppress inflammation through several pathways. The binding of CD200 to CD200R inhibits
the JINK, ERK, and p38 signaling pathways, reducing the production of pro-inflammatory cytokines. Meanwhile, IL-4,
IL-10, IL-13 and TGF-B, secreted by AECs, activate IL-4R, IL-10R, IL-13R, and TGF-BR, further promoting anti-inflam-
matory activity. AMs also secrete TGF-3, PGE2, and PAF after engulfing dying cells, maintaining immune homeostasis.
B) Pro-inflammatory and antimicrobial response of AMs. Upon encountering pathogenic microorganisms, AMs initiate
a pro-inflammatory response. They release reactive oxygen metabolites, chemokines, lysozymes, antimicrobial peptides,
and proteases to eliminate pathogens. This response also involves the production of key cytokines such as TNF-a., IL-6,
and IL-1f, which recruit other immune cells to the site of infection. The coordinated action of these molecules is essential

for microbial clearance but must be tightly regulated to prevent excessive inflammation

phenotypic transformation triggers a cascade of immune
reactions through the orchestrated release of signaling
molecules, ultimately modulating both inflammatory in-
jury and lung tissue repair processes. Moreover, lung
macrophages are integral to the restoration of damaged
inflammatory tissues, highlighting their dual role in both
immune activation and subsequent resolution. They also
collaborate seamlessly with other antigen-presenting cells,
notably DCs, to amplify and sustain adaptive immune re-
sponses, ensuring a robust and coordinated defense against
lung pathogens [45].

In adaptive immunity, the classical activation of M1
macrophages is crucial for initiating immune responses
against pathogens. M1 macrophages release IL-1, IL-6,
IL-12, IL-23, and TNF-q, facilitating pathogen clearance
and T cell activation [46]. Conversely, M2 macrophages
play a role in resolving inflammation and promoting tissue
repair. M2 macrophages release IL-10 and TGF-3, modu-
lating immune responses and promoting the transition from
acute inflammation to tissue resolution and repair [45].

Role of lung macrophages in pulmonary
diseases

Acute respiratory distress syndrome (ARDS)

Acute respiratory distress syndrome is a severe form
of acute diffuse inflammatory lung injury that progresses

370

rapidly and poses a significant threat to human life, with
mortality rates in severe cases reaching 50-70% [35].
The hallmark features of ARDS include damage to AECs,
an overwhelming inflammatory response, and increased
permeability of the alveolar—capillary barrier. Diffuse al-
veolar damage (DAD) is frequently observed in autopsy
studies [47].

ARDS can be triggered by a variety of insults, not only
by infections but also by mechanical or chemical lung inju-
ries, fat embolism, and other factors. In the acute phase, as
key components of the innate immune system, AMs express
PRRs to detect PAMPs and damage-associated molecular
patterns (DAMPs). These cells play a pivotal role by re-
leasing high levels of pro-inflammatory cytokines (such
as [L-1, IL-6, and TNF-a), which recruit neutrophils and
other leukocytes to the lung, thereby exacerbating inflam-
mation and contributing to further AEC damage [48-50].
Due to the excessive inflammatory response, the protective
mechanisms fail to resolve the inflammation, leading to
persistent tissue injury and chronic inflammation. During
the recovery phase, AMs help modulate inflammation and
promote tissue repair by clearing cellular debris, interacting
with AECs, and secreting growth factors. However, in some
patients, an overactive or dysregulated repair response may
lead to pathological fibrosis. This fibrotic process can be
partly attributed to the oxidative stress from high-flow ox-
ygen therapy and an excessive M2 macrophage response

Central European Journal of Immunology 2025; 50(4)



Lung macrophages in pulmonary homeostasis and disease: from basic biology to clinical applications

that produces large amounts of TGF-f. TGF-f, in turn,
activates fibroblasts and stimulates collagen deposition,
ultimately resulting in lung fibrosis and long-term impair-
ment of lung function [51]. Additionally, IMs contribute to
the repair of the alveolar—capillary membrane by secreting
angiogenic factors such as VEGF and trophic factors such
as keratinocyte growth factor (KGF). While these factors
support the reconstruction of the pulmonary microvascular
network, they may also participate in pathological repair if
the inflammatory process remains unchecked [51].

Thus, the failure of protective mechanisms in ARDS
is twofold: persistent M1-driven inflammation leads to
immune dysregulation, and an excessive M2-mediated re-
pair response, driven by factors such as TGF-f3, results in
pathological fibrosis. Maintaining a balanced macrophage
response is critical for effectively resolving inflammation
without triggering deleterious fibrotic remodeling.

Asthma

Asthma is characterized by chronic airway inflamma-
tion, with clinical manifestations including immune cell
infiltration, airway hyperresponsiveness, excessive mucus
production, and airway remodeling, all of which contribute
to restricted airflow and dyspnea. AMs play a crucial role
in asthma pathogenesis by promoting allergic airway in-
flammation. They facilitate inflammatory cell recruitment
and activation and secrete factors that induce structural cell
thickening and airway remodeling [52]. Furthermore, AMs
participate in the airway remodeling process by secreting
factors such as IL-4, IL-13, profibrotic growth factors,
TGF-B, and platelet-derived growth factor (PDGF), which
promote the proliferation and migration of fibroblasts, as
well as the synthesis and deposition of ECM [53, 54].

In addition to the role of AMs, eosinophils are rec-
ognized as a critical player in the inflammatory process
of asthma. Eosinophils release cytotoxic granule proteins,
cytokines, and lipid mediators that exacerbate airway in-
flammation, mucus hypersecretion, and tissue remodeling
[55]. Importantly, the crosstalk between eosinophils and
macrophages amplifies the inflammatory response; for in-
stance, eosinophils produce IL-5, which can enhance mac-
rophage activation, while activated macrophages secrete
chemokines that further recruit eosinophils [56].

During acute asthma exacerbations, the number and ac-
tivity of AMs increase significantly, thereby promoting in-
flammatory responses. Conversely, during remission, AMs
contribute to the resolution of inflammation and tissue
repair by suppressing excessive immune responses [52].
The dynamic polarization of AMs, shifting from a pro-in-
flammatory M1 state to an anti-inflammatory M2 state, is
critical for asthma management and treatment strategy de-
velopment. Modulating this polarization offers promising
therapeutic avenues for controlling airway inflammation
and improving outcomes in asthma patients.
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Moreover, current research has identified distinct asth-
ma phenotypes based on inflammatory cell profiles in in-
duced sputum or BAL. For example, eosinophilic asthma —
characterized by elevated eosinophils — is often responsive
to targeted therapies such as anti-IL-5 agents (e.g., mepo-
lizumab, benralizumab), anti-IL-4/IL-13 treatments (e.g.,
dupilumab), or anti-IgE therapy (e.g., omalizumab) [57].
Such phenotype-specific approaches underscore the impor-
tance of tailoring treatment strategies based on the domi-
nant inflammatory pathways in individual patients.

Interstitial macrophages also play a significant role
in the pathological process of asthma. In chronic asthma,
interactions between IMs, airway smooth muscle cells
(ASMCs), and fibroblasts contribute to persistent in-
flammation. IMs may aggravate inflammation by secret-
ing pro-inflammatory factors such as TNF-o and IL-1f3,
yet they can also exert anti-inflammatory effects through
alternative polarization [58]. ASMCs and fibroblasts are
directly involved in ECM deposition and structural re-
modeling, leading to airway wall thickening and reduced
elasticity. Furthermore, IMs indirectly influence airway re-
modeling by modulating ASMC phenotypes and promoting
fibroblast activation into myofibroblasts, thereby contrib-
uting to airway fibrosis and the progression of structural
changes [59].

Chronic obstructive pulmonary disease

Chronic obstructive pulmonary disease (COPD) is
a complex, heterogeneous disorder characterized primar-
ily by chronic airway inflammation, emphysema, and air-
flow limitation, rather than lung fibrosis being the main
pathological feature [60, 61]. Although structural lung ab-
normalities, including some degree of fibrosis, can occur
in COPD, fibrosis is not the predominant issue in most
patients. Chronic inflammation is central to COPD patho-
genesis, characterized by altered immune cell numbers and
dysfunction. In COPD, AMs play a pivotal role in airway
inflammation, particularly in smokers and patients with
severe disease, where both AM number and activity are
elevated. AMs process antigens — from pathogens to al-
lergens — and present them to T cells, thereby initiating
adaptive immune responses. However, in COPD, immune
dysfunction often compromises AM function, impairing
antigen clearance and promoting persistent inflammation
and lung tissue damage [60, 62]. While AMs contribute to
tissue repair, the therapeutic promotion of repair processes
must be approached with caution in COPD. For example,
agents targeting the TGF-f signaling pathway might en-
hance repair but could also exacerbate fibrotic remodeling
if used indiscriminately [63].

Recent studies have demonstrated that COPD can be
classified into distinct subtypes based on the cellular com-
position of induced sputum or BAL fluid. These subtypes
include: 1) eosinophilic COPD — characterized by elevat-
ed eosinophils, often responsive to inhaled corticosteroids
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and anti-IL-5 therapies (e.g., mepolizumab, benralizumab)
[64]; 2) neutrophilic COPD - characterized by high neu-
trophil counts, typically associated with a poor response to
corticosteroids and potentially benefiting from alternative
anti-inflammatory or antimicrobial strategies [65]; 3) mixed
or paucigranulocytic COPD — where the inflammatory cell
profile does not display a clear predominance, suggesting
the need for personalized treatment approaches [65].

In addition to inflammation, AMs contribute to oxi-
dative stress by releasing reactive oxygen species (ROS),
which further amplify lung damage and impair repair
mechanisms [66]. Furthermore, although IMs interact
with fibroblasts to stimulate the production of profibrot-
ic cytokines — such as TGF-B1 and PDGF — which drive
fibroblast activation and differentiation into myofibro-
blasts, these fibrotic responses are generally secondary to
the primary inflammatory processes in COPD [67].

Understanding these complex mechanisms — along
with the identification of COPD subpopulations — under-
scores the necessity for personalized therapeutic strate-
gies that effectively reduce inflammation while avoiding
the risk of pathological tissue repair and fibrosis.

Influenza, COVID-19, and other respiratory
infections

Alveolar macrophages play a crucial role in host de-
fense against both viral and bacterial infections [68]. Par-
ticularly during influenza virus infection, infected alveolar
type II cells and epithelial cells can release signals that
attract macrophages to their location and promote phago-
cytosis [69]. Furthermore, in response to the activation
of PRRs (TLRs), AMs are capable of producing a range
of cytokines, including IL-6, IL-12, etc., which contribute
to effectively limiting the spread of the virus [70]. This rap-
id immune response is essential for controlling viral infec-
tions and reducing immune-mediated damage to the host.

In the context of COVID-19, AMs also play a central
role in the immune response. SARS-CoV-2 infection dam-
ages AECs, triggering AM activation. However, overac-
tivation of AMs in severe COVID-19 cases can lead to
a cytokine storm characterized by excessive production
of pro-inflammatory cytokines such as IL-1f, IL-6, and
TNF-a [71]. This hyperinflammatory state contributes
to acute lung injury and the progression to ARDS [72].
Additionally, neutrophils are heavily involved in severe
COVID-19. They release NETs, which can further acti-
vate macrophages and amplify the inflammatory response,
thereby exacerbating lung injury [36].

In addition to their role in infection control, AMs
contribute to tissue repair and immune homeostasis. Af-
ter the clearance of infections — including influenza and
COVID-19 — AMs shift toward an M2 phenotype, se-
creting anti-inflammatory cytokines and growth factors,
such as IL-10 and TGF-, to promote tissue repair and
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regeneration [36]. IMs can also contribute to tissue repair
and immune balance through the secretion of IL-10 and
TGF-B. However, caution is warranted: an excessive M2
response may lead to overproduction of TGF-f3, potentially
driving pathological fibrotic remodeling [73]. In fact, post-
COVID lung fibrosis, which affects approximately 8-10%
of patients with severe SARS-CoV-2 infection requiring
hospitalization, underscores the risk of promoting exces-
sive tissue repair in this context. Early interventions in se-
vere COVID-19 cases focus on reducing the pathological
inflammatory reaction, particularly the cytokine storm, to
prevent long-term complications such as fibrosis.

Moreover, AMs release ROS during infections to aid
pathogen clearance. However, excessive ROS production
can exacerbate tissue damage, highlighting the delicate
balance between immune defense and tissue injury. Target-
ing macrophage activation pathways may enhance antiviral
therapies by promoting viral clearance while minimizing
immune-related tissue damage.

Concurrently, AMs maintain pulmonary homeostasis
by phagocytosing dead or damaged cells. Their multifac-
eted role in regulating immune responses and facilitating
tissue repair is essential for maintaining lung health.

Tuberculosis

Tuberculosis (TB), an ancient global pandemic dating
back to prehistoric times, is caused by Mycobacterium tu-
berculosis (Mtb). The transmission of this disease typically
occurs through the aerosolized droplet nuclei expelled by
infected individuals during coughing [74, 75].

The early response of AMs to pathogens involves
a complex array of signaling pathways aimed at controlling
microbial growth while simultaneously triggering inflam-
matory responses to recruit other immune cells to the site
of infection. In the context of TB, the interaction of AMs
with Mtb is particularly critical. These macrophages are
among the first cells to encounter the bacteria, and their
initial response is pivotal in shaping the subsequent adap-
tive immune response necessary for controlling the infec-
tion [75]. After phagocytosis, AMs and DCs present TB
antigens to immune cells. Activated effector CD4+ Thl
cells release IFN-y and TNF-a, which enhance AMs bac-
tericidal activity. This response is vital for controlling Mtb
infection and resolving inflammation [76].

Despite the immune defense initiated by AMs, Mtb
employs several strategies to evade macrophage-mediat-
ed immunity and persist within host cells. Mtb can inhib-
it phagolysosome formation and acidification, rendering
AMs less effective in killing the bacteria. Additionally, it
can tolerate the toxic effects of ROS and suppress essen-
tial processes such as autophagy and apoptosis, ensuring
survival within macrophages [77, 78].

A critical component of the host defense against TB
is the formation of granulomas — organized aggregates
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of macrophages, lymphocytes, and other immune cells
that contain Mtb and prevent its dissemination [79].
TNF-a plays a key role in maintaining granuloma in-
tegrity. However, biological therapies targeting TNF-a.,
such as infliximab, adalimumab, and etanercept used in
rheumatoid diseases, can disrupt granuloma structure and
increase susceptibility to TB and other mycobacterial in-
fections [80]. Therefore, immunomodulatory treatments in
patients at risk must be used with caution.

During pulmonary TB infection, IMs help suppress
excessive inflammatory responses by secreting IL-10, an
anti-inflammatory cytokine that downregulates the pro-
duction of pro-inflammatory cytokines, thereby reducing
tissue damage and facilitating lesion repair [81]. This reg-
ulatory function is crucial for preventing tissue damage
caused by TB and facilitating the repair of lesions. Recent
studies have also highlighted the importance of the tran-
scription factor NRF?2 in the early response of AMs to Mtb.
Infected AMs upregulate an NRF2-driven antioxidant tran-
scriptional response that is distinct from the pro-inflam-
matory responses typically associated with macrophage
activation [75]. Moreover, the early response of AMs
to Mtb appears to be less inflammatory than previously
thought, which may have implications for the overall host
response. The NRF2-mediated response in AMs could po-
tentially hinder the initiation of a robust adaptive immune
response, critical for long-term TB control [75]. Given
the complexity of Mtb — macrophage interactions, ther-
apeutic strategies targeting AMs offer promising avenues
for TB management. Modulating AM polarization from
an NRF2-dominant antioxidant state to a more pro-inflam-
matory, bactericidal state could enhance Mtb clearance.
In addition, strategies aimed at restoring phagolysosome
function and promoting autophagy through host-directed
therapies (HDT) — such as the careful use of corticoste-
roids or agents that modulate the NF-xB pathway — may
improve TB treatment efficacy [82]. However, caution
is warranted with immunomodulatory drugs, particularly
TNF-a inhibitors, as they may adversely impact granulo-
ma integrity and TB clinical course [83].

Lung cancer

Lung cancer is a leading cause of cancer-related mor-
tality worldwide, accounting for only 18% of all cancer
diagnoses but possessing one of the lowest 5-year survival
rates among all malignant neoplasms. Lung macrophages
play a complex role in lung cancer, often polarized by
the tumor microenvironment to become tumor-associated
macrophages (TAMs), which exert a crucial influence on
the development and progression of lung cancer [84].

Research indicates that in the early stages of lung can-
cer, M1-type macrophages predominantly exist, but as
the tumor progresses, there is a phenotypic shift from M1
to M2, with TAMs in the middle and late stages typically
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exhibiting M2 polarization characteristics, which are as-
sociated with tumor promotion and immune suppression
functions [85]. M2 macrophages, through the secretion
of IL-10 and other immunosuppressive molecules, can ac-
tivate tumor stem cells and inhibit the activity of T cells,
thereby reducing the immune system’s ability to attack tu-
mors and promoting tumor progression [86, 87]. Further-
more, M2 macrophages also aid in the invasion of tumor
cells into surrounding tissues and the basement membrane
by producing matrix metalloproteinases (MMPs) and other
proteases, promoting the metastasis and invasion of lung
cancer. They are also involved in regulating tumor angio-
genesis, promoting the formation of new blood vessels
through the secretion of factors such as VEGF, providing
oxygen and nutrients for the tumor, thus supporting tumor
growth and survival [84].

Interstitial macrophages within the tumor microen-
vironment can also interact with cancer cells to secrete
MMPs, particularly MMP-2 and MMP-9, which facilitate
the degradation of the ECM, thereby supporting the in-
vasion and metastasis of cancer cells [8§8]. TAMs pro-
mote angiogenesis by regulating MMPs, breaking down
the basement membrane, and secreting pro-angiogenic fac-
tors, cytokines, and chemokines, which in turn promote
the formation of the tumor vascular network and enhance
the tumor’s resistance to therapy [89].

In recent years, therapeutic strategies targeting TAMs
have become a focal point in lung cancer research. For
instance, the use of small molecule drugs or antibodies to
block the recruitment of TAMs or to reprogram them into
MI-type macrophages enhances their anti-tumor capabil-
ities. One approach involves targeting the CD47-SIRPa
(signal-regulatory protein o) axis, which can prevent
the expression of CD47 by healthy and cancerous cells.
CD47, when bound to SIRPa on macrophages, inhibits
phagocytosis, thereby suppressing the anti-tumor activi-
ty of macrophages [90]. Furthermore, activating TAMs
alongside T cells through combined immunotherapy strate-
gies is an important direction in current research, aiming to
achieve a more effective anti-tumor immune response [91].

In summary, the role of TAMs in lung cancer is multi-
faceted; they are not only involved in tumor promotion and
immune evasion but also represent potential therapeutic
targets. Gaining an in-depth understanding of the specif-
ic mechanisms by which TAMs function in lung cancer
is of significant importance for the development of nov-
el treatment strategies. The Figure 2 summarizes the role
of AMs and IMs in pulmonary diseases.

The impact of trained immunity
on the function of lung macrophages

Trained immunity, as a form of innate immune memo-
ry, holds significant relevance in the context of lung mac-
rophage research. This phenomenon refers to the enhanced
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Fig. 2. The roles of AMs and IMs in pulmonary diseases. This figure illustrates the distinct roles of AMs and IMs in
various pulmonary diseases, including ARDS, asthma, COPD, lung cancer, TB, and other respiratory infections. AMs
and IMs exhibit remarkable functional plasticity and coordinate immune responses, tissue repair, and immune regulation.
In ARDS, AMs initiate acute inflammation through recognition of PAMPs and DAMPs, while IMs promote recovery by
regulating inflammation and supporting angiogenesis. In asthma, AMs recruit immune cells through IL.-4 and IL-13 secre-
tion, while IMs interact with fibroblasts to promote airway remodeling. In COPD, AMs maintain chronic inflammation,
and IMs contribute to fibrosis by interacting with structural cells. In lung cancer, TAMs, which originate from both AMs
and IMs, promote tumor progression, immune suppression, and metastasis by producing MMPs and VEGF. During TB
infection, AMs combat Mtb through phagocytosis and antigen presentation, while IMs modulate excessive inflammation
through IL-10 secretion. In respiratory infections, AMs control viral spread through IL-6 and IL-12 release, and IMs
promote tissue repair through IL-10 and TGF-f. This figure highlights the complementary roles of AMs and IMs in main-
taining pulmonary homeostasis and underscores their significance as potential therapeutic targets in pulmonary diseases

and accelerated response that trained immune cells can
mount against homologous or even heterologous pathogens
upon secondary encounters, even in the absence of adaptive
immune components such as T and B cells [92].

In the alveoli, macrophages serve as the first line
of defense, constantly exposed to inhaled particles and
microorganisms. This exposure imprints a form of mem-
ory on the macrophages, known as trained immunity,
which enhances their response to subsequent challenges.
The mechanisms of trained immunity involve epigenetic
reprogramming and metabolic reprogramming, induced
by various stimuli, including microbial components and
certain immunomodulatory agents [93].

Epigenetic reprogramming is a pivotal mechanism in
the process of trained immunity [94]. During this process,
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macrophages undergo alterations in chromatin structure,
encompassing modifications in histone modifications
and DNA methylation status. These changes facilitate
the opening of chromatin, thereby promoting rapid ex-
pression of pro-inflammatory factors and the formation
of memory. In the context of trained immunity, it has been
observed that well-trained lung macrophages, following
an initial stimulus, exhibit certain epigenetic modifica-
tions that enable faster expression of related effector genes
upon re-stimulation. Notably, these modifications include
non-permanent histone modifications associated with gene
activation, such as H3K4 monomethylation and trimethyl-
ation, as well as H3K27 acetylation [95]. These epigene-
tic marks, detected through various methodologies such
as chromatin immunoprecipitation (ChIP) and the assay
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for transposase accessible chromatin with high-through-
put sequencing (ATAC-seq), lead to chromatin opening at
the promoters of genes encoding pro-inflammatory cyto-
kines, such as IL-6, IL-1, and TNF. This chromatin ac-
cessibility is correlated with protection against subsequent
infections [96].

Metabolic reprogramming emerges as another corner-
stone in the establishment and maintenance of the trained
immunity state. Studies have demonstrated that exposure
to lipopolysaccharide (LPS) can induce trained immuni-
ty in lung macrophages, leading to significant alterations
in the composition of metabolites and lipids, including
a marked increase in the levels of certain ceramides, phos-
phatidyl ethanolamines, sphingomyelins, and phosphatidyl-
cholines, while the levels of triglycerides are significantly
reduced [93]. These changes potentially have a direct im-
pact on membrane receptor signaling, thereby modulating
the functional state of lung macrophages and enhancing
their activity following pneumococcal invasion. Concur-
rently, lung macrophages in a state of trained immunity
exhibit reduced basal metabolic activity, as evidenced by
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decreased oxygen consumption rates (OCR) and extracellu-
lar acidification rates (ECAR), and this metabolic signature
remains significantly lower during a secondary bacterial
attack [93]. Furthermore, the induction and sustenance
of trained immunity involve multiple metabolic pathways,
including glycolysis, oxidative phosphorylation, the tricar-
boxylic acid (TCA) cycle, and the metabolism of amino
acids and lipids [97]. These metabolic pathways not only
provide energy and biosynthetic precursors but also directly
regulate epigenetic mechanisms by producing intermediate
metabolites that serve as substrates or cofactors, thereby
facilitating the expression of inflammatory genes. Figure 3
summarizes the research methods in training immunity.
The effects of training immunity on lung macrophage
function are being actively explored, especially in the context
of diseases such as ARDS, asthma and COPD. Current re-
search indicates that AMs can be “trained” by viral infections
to enhance their phagocytic activity and cytokine production,
which aids in the clearance of pathogens and contributes
to the resolution of inflammation [46, 98, 99]. This trained
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state can persist for an extended period, providing long-term
protection against a variety of pulmonary diseases.

The concept of trained immunity extends beyond
infectious diseases and shows promise in the context
of cancer immunotherapy [46]. Studies have found that
B-glucan-induced trained immunity has antitumor effects.
This antitumor effect of trained immunity is associated
with the transcriptional and epigenetic reprogramming
of granulopoiesis, and it is also related to the reprogram-
ming of neutrophils toward an antitumor phenotype; this
process requires type I IFN signaling and is independent
of the host’s adaptive immunity [100].

However, trained immunity can also lead to adverse
effects under certain circumstances. Researchers have
transferred lung macrophages, which were isolated five
days after in vivo training with LPS, into initial recipients
via intratracheal administration. An increase in bacterial
load and pulmonary inflammation was observed in the re-
cipients 24 hours later, indicating that trained lung mac-
rophages may lead to increased pulmonary inflammation
and impaired bacterial clearance in specific environmental
and disease contexts [93]. Furthermore, under conditions
of chronic inflammation, trained immunity may be mal-
adaptive, contributing to the progression of excessive in-
flammation and autoinflammatory syndromes, and aiding
in disease development [101].

In summary, the impact of trained immunity on the func-
tion of lung macrophages is complex and multifaceted. It
has the potential to enhance resistance to infections but
may also lead to adverse reactions under certain conditions.
This duality has significant implications for the develop-
ment of novel therapeutic strategies for respiratory diseases.
Therefore, the study of trained immunity is a complex en-
deavor that requires a deep investigation into its metabolic
pathways and a consideration of its mechanisms and im-
pacts within the context of various disease states. This is
essential not only to comprehend the intricacies of trained
immunity but also to enhance pulmonary immune defenses
and to harness its potential in clinical applications, thereby
providing novel strategies for clinical intervention.

Vaccinations significantly impact trained immunity
by inducing long-term functional reprogramming of in-
nate immune cells, including macrophages [102]. For
example, the Bacillus Calmette-Guérin (BCG) vaccine
induces trained immunity by epigenetic and metabolic
reprogramming of macrophages, enhancing their capacity
to respond rapidly and robustly to subsequent unrelated
pathogens (heterologous protection). Similar mechanisms
are observed following influenza and pneumococcal vac-
cinations, highlighting potential clinical strategies for
harnessing macrophage-trained immunity in protecting
against diverse pulmonary infections [103].
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Therapeutic targeting of lung
macrophages

Gene therapy and precision medicine

Emerging therapeutic strategies based on gene ed-
iting and molecular targeting of lung macrophages are
becoming potent tools for the treatment of lung diseases.
Research has demonstrated that through gene-editing tech-
nologies such as CRISPR (clustered regularly interspaced
short palindromic repeats)-Cas9 (CRISPR associated pro-
tein 9), the deletion or insertion of specific genes can re-
program macrophages from an immunosuppressive state
(e.g. M2 phenotype) to an immunoactivated state (e.g. M1
phenotype), thereby enhancing their antitumor capabili-
ties [104]. By precisely modifying gene expression within
macrophages, scientists can study the impact of specific
genes on macrophage function, altering cellular behavior
and enhancing their ability to clear specific pathogens or
modulate immune responses in disease contexts [105].

Molecular targeted therapies intervene in specific mo-
lecular pathways of lung macrophages to modulate their
functions. These treatments utilize small molecule drugs
or monoclonal antibodies that target molecular nodes such
as cytokine receptors, enzymes, or transcription factors,
influencing macrophage activation, polarization, and ef-
fector functions. Studies have shown that targeting the col-
ony-stimulating factor-1 receptor (CSF-1R) can regulate
the survival and differentiation of macrophages, which
may have potential therapeutic benefits for certain lung
diseases, including pulmonary fibrosis or specific types
of pneumonia [106].

Possible limitations or challenges in clinical
application

Targeted therapies based on lung macrophages play
a pivotal role in disease treatment; however, their clini-
cal application may still face certain limitations and chal-
lenges. In targeted therapy, if the drug delivery system
lacks accuracy, drugs may be distributed to off-target
cells, leading to unintended side effects. To address this
issue, researchers have developed a strategy using folic
acid-functionalized exosomes (FA-Exo) to achieve target-
ed delivery to M1-type macrophages, thereby increasing
drug accumulation at the site of pulmonary disease and
minimizing off-target effects [107]. The design of drug de-
livery systems must take into account not only the distribu-
tion and metabolism of the drug within the body but also
the precision with which the drug is delivered to the tar-
get cells. In this regard, a team has successfully encap-
sulated mRNA encoding a single-chain antibody against
IL-11 within optimized lipid nanoparticles (LNPs). This
approach enhances targeted delivery to specific tissues or
cells and minimizes adverse reactions [108]. However,
even if drugs are precisely delivered to the target cells,

Central European Journal of Immunology 2025; 50(4)



Lung macrophages in pulmonary homeostasis and disease: from basic biology to clinical applications

they may still affect off-target cells due to the drug’s in-
herent side effects. Thus, ensuring the specificity of tar-
geted drugs remains one of the challenges currently faced
in the field [109]. Although researchers have made some
progress in addressing the challenges of targeted therapy,
several issues still require ongoing attention to resolve.
These include ethical considerations related to targeted
therapy, the development of drug resistance, long-term ef-
fects and safety, and the cost and accessibility challenges
caused by the complex drug design and delivery systems.
By addressing these concerns, we can maximize the ther-
apeutic potential of these treatments and improve patient
outcomes.

Challenges and future directions

Unanswered questions in macrophage biology

Human alveolar macrophages (HAMs) are a rare and
elusive cell population, residing deep within the lung
and posing significant challenges and risks for direct ac-
quisition from the human body. The limited availability
of HAMs, coupled with their propensity to undergo phe-
notypic changes and lose their original functions and char-
acteristics during in vitro culture, restricts their application
in laboratory research. Although it is widely acknowledged
that lung macrophages exhibit heterogeneity, this diversity
complicates their classification and study. The extent to
which heterogeneity reflects different origins, micro-ana-
tomical specialization, or historical remnants of various in-
juries to the epigenetic and phenotypic landscape remains
unclear [8]. Studies have indicated that both embryonic
and adult precursors give rise to macrophages with nearly
identical transcriptional profiles at birth when they occupy
empty niches, yet these cells display a high degree of het-
erogeneity and dynamic changes in the context of aging,
injury, and disease in the lung [8]. More sophisticated lin-
eage tracing methods are required to further understand
their developmental origins and lineages.

Technological and methodological challenges

Despite the new perspectives offered by technologies
such as single-cell sequencing for studying lung macro-
phages, current research has predominantly focused on
the level of gene expression, with less attention given to
protein function and regulation. The complexity and cost
of these technologies also limit their widespread applica-
tion, necessitating the development of new techniques and
methods to overcome these limitations [110]. Additionally,
accurately detecting and assessing the function and sta-
tus of lung macrophages in vitro, as well as translating
research findings into clinical applications, remain press-
ing issues that require close collaboration and joint efforts
between researchers and clinicians.
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Potential for clinical translation

Macrophages play a multifaceted role in respiratory dis-
eases, offering opportunities for the development of novel
therapeutic strategies. In addition to modulating the polar-
ization states of macrophages to improve disease outcomes
through the regulation of inflammatory responses and tissue
repair processes, macrophage-targeted therapies may also
exert their effects by reducing pathological inflammation
and promoting the repair of lung tissue [111]. Despite
the considerable potential, translating these research find-
ings into clinical applications still faces challenges, includ-
ing ensuring the safety, efficacy, and accessibility of drugs.

To achieve the clinical translation of macrophage-tar-
geted therapies, a deeper understanding of the specific
mechanisms of macrophages in different disease states
is required. Furthermore, the development and validation
of new therapeutic tools that can precisely modulate mac-
rophage functions are necessary. The design and execution
of clinical trials must also take into account individual dif-
ferences and disease heterogeneity to ensure personalized
and optimized treatment strategies.

Conclusions

Lung macrophages are essential components of the pul-
monary immune system, demonstrating irreplaceable
importance in maintaining lung homeostasis, defending
against pathogen invasion, promoting tissue repair, and
finely regulating immune responses. They efficiently clear
pathogens and foreign substances, such as bacteria and vi-
ruses, modulate inflammatory responses, present antigens,
and actively participate in tissue repair and regeneration
processes, thereby effectively protecting the lungs from
damage. Furthermore, lung macrophages play a key role
in the onset and progression of pulmonary diseases such
as ARDS, asthma, COPD, and influenza, with their func-
tional abnormalities often closely associated with disease
progression. With the rapid development and application
of emerging therapeutic approaches such as gene editing
and molecular targeting, our understanding of the heteroge-
neity, developmental origins, and functional states of lung
macrophages has reached unprecedented depths.

Research on lung macrophages holds significant poten-
tial for the treatment of pulmonary diseases. Understand-
ing the molecular mechanisms and pathological functions
of AMs can lead to the identification of new targets and
strategies for disease prevention, early diagnosis, and
precision therapy. This research is expected to improve
treatment outcomes and quality of life for patients with
pulmonary diseases and provide important safeguards for
lung health.

Recent years have witnessed the development of novel
techniques and model systems, which have helped to over-
come previous limitations in lung macrophage research.
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Real-time intravital imaging technology has allowed
researchers to visualize the motility of AMs within and
between alveoli and better understand their role in main-
taining immune homeostasis [112]. This breakthrough has
shed light on the dynamic behavior of AMs in live tis-
sues, addressing previous knowledge gaps. Furthermore,
the advent of a dual homologous recombination genetic
fate-mapping technique (Dre-rox and Cre-loxP systems)
has enabled the construction of specialized tool mice, pro-
viding deeper insights into the specific functions of pleu-
ral cavity macrophages [113]. This technology offers new
therapeutic opportunities for addressing organ inflamma-
tion and promoting tissue repair. In addition, the devel-
opment of a new cell culture model of HAMs has been
a major milestone. Researchers have successfully created
culture conditions using pulmonary lipids and lung-relat-
ed cytokines to transform blood-derived monocytes into
alveolar macrophage-like (AML) cells in vitro [114]. This
model serves as an invaluable tool for the study of pulmo-
nary inflammatory diseases and may lay the groundwork
for the discovery of novel therapeutic approaches. The in-
tegration of these advanced technologies and model sys-
tems has not only enhanced our understanding of the com-
plex roles of lung macrophages in health and disease but
also opened new avenues for therapeutic intervention in
pulmonary disorders.

Despite the significant progress made, the field of lung
macrophage research still faces many challenges. Future
research will need to employ interdisciplinary comprehen-
sive methods and technologies to more precisely elucidate
the molecular mechanisms and pathological functions
of AMs. In-depth exploration of their origins, polarization
processes, functional regulatory mechanisms, and complex
interaction networks with other pulmonary immune cells
is essential. This effort is expected to provide new targets
and strategies for disease prevention, early diagnosis, and
precision therapy, thereby improving treatment outcomes
and quality of life for patients with pulmonary diseases and
contributing significantly to the protection of lung health.
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