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A B S T R A C T

Alveolar macrophages are pivotal components of the lung’s innate immune defense against respiratory virus 
infections. Their multifaceted role spans from viral clearance to modulation of immune responses, making them 
essential players in shaping disease outcomes. In this comprehensive review collection, we look into the intricate 
interplay between Alveolar macrophages and various respiratory viruses, shedding light on their dynamic 
contributions to immune resilience. From influenza to respiratory syncytial virus, Alveolar macrophages emerge 
as sentinels of the airways, actively participating in viral detection and initiating rapid antiviral responses. Their 
ability to recognize viral pathogens triggers a cascade of events, including cytokine and chemokine production 
that guides the recruitment and activation of immune effectors. Furthermore, Alveolar macrophages impact the 
fate of adaptive immune responses by modulating the activation of T lymphocytes and the secretion of key 
cytokines. These reviews encompass a range of insights, including the regulation of inflammasome activation, the 
influence of Alveolar macrophages on cytokine dysregulation, and their role in preventing secondary bacterial 
pneumonia post-infection. Collectively, they highlight the significance of Alveolar macrophages in preserving 
pulmonary integrity and immune homeostasis during viral challenges.

1. Introduction

Macrophages are a main group of innate immune cells that dwell in 
many tissues and are important in maintaining the immune function in 
the host tissue. By possessing a set of different receptors, they can be 
stimulated by pathogens and commence immune response. Also, they 
are responsible for homeostatic activities including releasing tissue 
repair and remodeling, clearing dead cells, angiogenesis, and meta
bolism [1,2]. Classically, macrophages are classified into 2 groups: M1 
macrophages, which are a part of inflammatory cells and help body fight 
microorganisms; and the second group, M2 macrophages, that are 
responsible for immune tolerance and tissue repair [3]. However, this 
classification has recently been challenged by studies that identified 

presence of both M1 and M2 features within the same macrophages [4].
It has been found that various groups of tissue-resident macrophages 

differ in terms of developmental pathway and cellular function. These 
differences stem from environmental factors within tissues, signaling 
pathways, and transcription factors. In airways and lungs, alveolar 
macrophages (AMs) are the primary immune cells. In mice, AMs can be 
identified by specific markers, including high levels of integrin CD11c 
and sialic acid–binding immunoglobulin-like lectins (Siglec)-F, which 
distinguish them from transient monocyte-derived cells. In humans, 
AMs are characterized by the expression of markers such as CD206, 
CD169, CD11c, CD163, and the macrophage receptor with collagenous 
(MARCO) [5]. Their lack of proper function results in the development 
of various diseases such as acute lung injury and pulmonary fibrosis [6].
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Respiratory infections pose a serious threat to the fragile respiratory 
environment since they are frequently caused by viral pathogens. The 
largest surface area of the human body in contact with the environment 
is the lungs’ epithelium. Each day, enormous volumes of air and aerosols 
flow through these cells, exposing the lung tissue and other parts of the 
respiratory tract to microorganisms found in the air. Viruses penetrate 
the respiratory epithelium when inhaled, with the intention of seizing 
control of the cellular machinery for their own replication. A series of 
actions may result from this incursion, such as the activation of immu
nological responses [7]. Therefore, in the early stages of respiratory 
infections, the interaction between viruses and immune cells becomes a 
critical battlefield that determines the course of later immune responses 
and the infection’s ultimate fate. This review discusses the pivotal role of 
AMs in host defense against respiratory viruses.

2. AM biology

2.1. Development of AMs

Recent studies indicate that AMs originate from embryonic mono
cyte progenitors, initially produced in the yolk sac or fetal liver during 
embryonic development [8,9]. Subsequently, these ancestors go to the 
lung and differentiate into AMs. Furthermore, monocyte-derived mac
rophages and interstitial macrophages from circulating monocytes may 
act as progenitors to AMs in situations such as injury or depletion [10,
11].

The development AMs is complexly regulated by various signaling 
pathways such as Granulocyte-macrophage colony-stimulating factor 
(GM–CSF)–peroxisome proliferator-activated receptor gamma (PPAR-γ) 
axis and transforming growth factor beta (TGF-β) [6,12,13]. Tradition
ally, Macrophage colony-stimulating factor (M-CSF) has been recog
nized as a key regulator of monocyte/macrophage lineage cells. 
However, it does not have a wide role in the development of AMs [14]. 
Instead, GM-CSF has gained attention for its critical contribution to AM 
maturation. Investigation of GM–CSF–deficient mice have revealed 
pathological lung alterations reminiscent of human pulmonary alveolar 
proteinosis (PAP), which is characterized by the accumulation of 
eosinophilic materials in alveolar spaces due to impaired surfactant 
production by AMs [12]. Furthermore, those mice have less number of 
AMs precursors at different embryonic stages, which indicates the 
importance of GM-CSF in the developmental pathway of AMs [15].

During embryonic lung development, the levels of GM-CSF surge, 
which coincides with the differentiation of AM precursors into mature 
AMs [12]. This cytokine acts as a potent inducer of PPAR-γ expression 
and activity, which serves as a major transcriptional regulator of AM 
development [15]. Noteworthy, Phenotypic similarities between 
GM–CSF–deficient, GM-CSFR β-chain (GM-CSFR βc)-deficient, and 
PPAR-γ-deficient mice show the significance of the GM-CSF–PPAR-γ axis 
in AM biology [6]. PPAR-γ is a critical transcription factor for the dif
ferentiation and functional identity of AMs. Using conditional knockout 
models have shown that the absence of PPAR-γ in macrophage pop
ulations, particularly in CD11c + cells, results in a profound defect in 
AM development. These mice exhibit a significant reduction in the 
number of mature AMs, which are instead replaced by immature, 
CD11b-high macrophage-like cells. Furthermore, PPARG-deficient AMs 
accumulate lipid droplets, resembling foam cells, and fail to effectively 
clear surfactant from the lungs. This is consistent with the role of PPAR-γ 
in regulating lipid metabolism, immune responses, and maintaining 
lung homeostasis. Importantly, PPAR-γ operates upstream of other 
transcription factors, such as EGR2, and is essential for the cytokine 
GM–CSF–driven pathways that promote AM terminal differentiation. 
Without PPAR-γ, AMs cannot fully mature or perform their key functions 
in tissue repair and pathogen clearance, highlighting its indispensable 
role in the immune and metabolic programming of AMs [15]. The 
transcription factor EGR2 has been identified as a distinct characteristic 
of AMs in both mice and humans, and it is essential for establishing the 

phenotypic identity of these cells. In mice, the deletion of EGR2 in 
myeloid cells disrupted the effective clearance of bacteria from the 
respiratory tract and hindered tissue repair following a sterile injury. 
This process depends on monocyte-driven AMs repopulation. The 
expression of EGR2 was triggered by the cytokines TGF-β and GM-CSF 
through a PPAR-γ–dependent pathway, indicating that EGR2 functions 
downstream of other critical signals that collectively regulate the AMs 
functional program [16]. The immune function of AMs relies on the 
activation of the transcription factor PU.1 by GM-CSF. In GM− /− mice, 
PU.1 levels were significantly reduced in AMs, but selective expression 
of GM-CSF in the lungs of SPC-GM/GM− /− transgenic mice restored 
PU.1. Additionally, introducing PU.1 through a retrovirus in AMs from 
GM− /− mice restored their host defense functions and the ability to 
break down surfactant. PU.1 plays a crucial role in GM–CSF–dependent 
terminal differentiation of AMs, which is essential for their innate im
mune functions and surfactant metabolism [17,18]. Recent research has 
highlighted the role of the transcription factor Bach1 in regulating 
oxidative stress and its impact on AMs. Bach1 plays a role in modulating 
antioxidant protein levels, such as heme oxygenase-1 (HO-1). Elevated 
levels of Bach1 have been associated with decreased expression of 
antioxidant proteins in conditions such as pulmonary emphysema. This 
shows it contribution in oxidative stress and impaired AM function [19]. 
Additionally, Bach1 has shown to work with Bach2 to repress inflam
matory response genes in AMs, as demonstrated by studies using 
Bach1/Bach2 double knockout (DKO) mice. While Bach2 deficiency 
alone leads to impaired lipid handling and a PAP-like phenotype, Bach1 
and Bach2 DKO mice display more severe abnormalities, suggesting 
their complementary roles in maintaining lung homeostasis [20]. These 
findings imply that Bach1 may influence AM function by regulating 
oxidative stress responses and surfactant metabolism, similar to the 
pathways mediated by EGR2 and PU.1.

Although GM-CSF is indispensable for AM development, it should be 
noted that excessive signaling can lead to aberrant outcomes. The Ssu72 
protein is a crucial regulator in fine-tuning GM-CSFR signaling intensity. 
AMs upregulate Ssu72 expression in response to GM-CSF stimulation, 
which dephosphorylates GM-CSFR βc and attenuates downstream 
signaling. Developmental defects in AM are caused by dysregulation of 
this fine-tuning mechanism, which can be rectified by adjusting the 
strength of GM-CSF signaling [21].

In addition to GM-CSF, TGF-β plays a pivotal role in AM development 
[13]. Fetal liver (FL) monocytes continuously produce this cytokine, 
which causes autocrine and paracrine processes that drive their differ
entiation into AMs. The disruption of homeostasis caused by the selec
tive deletion of TGFβ receptor 2 (TGFβR2) in AMs emphasizes the need 
for ongoing TGFβ signaling to maintain AMs. PPAR-γ expression and 
activity in AMs are probably regulated by TGF-β via intricate signaling 
cascades that involve the SMAD3 and MAPK pathways [22]. TGFβ1 
triggers an elevation of DNA methyltransferase 1 (DNMT1) expression in 
human trabecular meshwork cells. It has been shown that this event can 
in turn promote M1 AMs polarization through microRNA (miR)-124/
Pellino 1 (PELI1)/interferon regulatory factor 5 (IRF5) Axis [23]. 
Moreover, TGFβ can increase the expression of Mast-cell expressed 
membrane protein-1 (MCEMP1) in AMs and monocytes, which pro
motes cell chemotaxis, adhesion, and migration in these cells [24].

Using a humanized mouse model, MISTRG mice, to delineate the 
ontogeny of AMs, a study [25] pinpointed AMs progenitors from human 
fetal liver by characterizing the expression of CD116, the transcription 
factor MYB, and GM-CSF receptor. Within the lungs of MISTRG mice, 
transplantation tests revealed a precursor-product link between mature 
human AMs and CD34− CD116+ fetal liver cells. Interestingly, pre
cursors of circulating macrophages expressing CD116, CD64− , and 
CD115+ were observed to migrate from the liver to the lung. These 
precursors are identical to those reported in human fetal lung tissue and 
express the CX3CR1 chemokine receptor. With a proliferative gene 
profile, these fetal macrophage precursors can outcompete their adult 
counterparts and adapt well to the perinatal alveolar niche. Eventually, 
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they develop into functional AMs [25]. This showed not only a devel
opmental route of AMs but also underscored their role in early immune 
response in the lung microenvironment.

Epigenetic analysis revealed the importance of histone deacetylase 3 
(HDAC3) in AM development and homeostasis. In early embryonic 
development, a defect of HDAC3 negatively affects AM development, 
which initiates at E14.5. Additionally, postnatal loss if HDAC3 impedes 
proper homeostasis and maturation of these cells. Single-cell RNA 
sequencing analyses showed that loss of HDAC3 can also cause mito
chondrial oxidative dysfunction, which is probably via the disruption of 
HDAC3-PPAR-γ axis [26]. This shows the importance of HDAC3 as an 
essential developmentary regulator of AMs.

In conclusion, the development and function of AMs are intricately 
regulated by a network of signaling pathways and molecular factors, 
with GM-CSF, PPAR-γ, TGF-β, and HDAC3 playing pivotal roles. AMs 
originate from embryonic monocyte progenitors and undergo complex 
differentiation processes influenced by the lung microenvironment. The 
GM-CSF–PPAR-γ axis is critical for AM maturation, while TGF-β 
signaling sustains their development and function. Epigenetic regula
tion, mainly through HDAC3, further underscores the importance of 
precise molecular control in AM ontogeny. Disruptions in these path
ways can impair AM function, highlighting the need for a balanced 
regulatory environment to maintain lung immunity. Understanding 
these mechanisms provides insights into potential therapeutic strategies 
for lung-related diseases and immune responses.

2.2. Immune surveillance

The airways are always exposed to non-sterile air, which poses a 
challenge for airways immune surveillance. AMs play a significant role 
in airways immune surveillance by constantly patrolling the alveoli, 
sensing, chemotaxing, and phagocytosing inhaled pathogens. Under
standing the role of AMs in immune surveillance is crucial, especially in 
the context of respiratory infections. Intravital imaging has revealed the 
dynamic behavior of AMs, crawling within and between alveoli to 
intercept pathogens. Impairment of AM chemotaxis leads to excessive 
neutrophil recruitment, which leads to imperfect inflammation and 
tissue injury, as observed in secondary bacterial co-infections following 
influenza A virus infection [27]. Pathogens have evolved strategies to 
evade immune surveillance and exploit the immunosuppressive prop
erties of AMs [28], benefiting from the anti-inflammatory effects of 
prostaglandin E2 (PGE2) produced by these cells, which can suppress 
immune response by decreasing Natural Killer (NK) cell activity and 
Major Histocompatibility Complex (MHC) II expression [29,30]. Addi
tionally, MTB can manipulate AMs metabolism by decreasing its oxygen 
consumption rate and suppressing its glycolytic pathway [31]. Inflam
mation can also dampen the phagocytic capability of AMs. In fact, 
Secondary immunosuppressive signals can develop tolerance in AMs. 
Signal-regulatory protein α (SIRPα), which regulates tyrosine 
kinase-coupled signaling processes such as phagocytosis, released after 
the resolution of inflammation induced by Influenza A virus can influ
ence the lung microenvironment by epigenetically inducing tolerance in 
AMs via downregulating Setdb2, which regulates chemokine responses 
during viral pneumonia by encoding a methyltransferase [32]. Age is 
another factor that influences AMs immune surveillance. Infecting mice 
of different age groups with Group B Streptococcus (GBS) resulted in 
higher mortality among neonate mice in comparison with young and 
adult mice. AMs phagocyte highly sialylated GBS capsule by the cell 
surface Siglec receptors. Since neonate mice express less Singlec re
ceptors than older ones, it can be comprehended that a developmental 
impairment in Singlec gene expression can impede efficient phagocy
tosis of pathogens [33].

3. Modulation of inflammation

3.1. Balancing pro-inflammatory and anti-inflammatory responses

The lung microbiome plays a crucial role in determining the acti
vation state of AMs. A harmonious microbiome supports immune 
tolerance, whereas an imbalance in the microbiota can trigger catabolic 
pathways and change the functions of AMs [34,35]. For example, a 
study [36] has shown that the microbiota enhances respiratory defenses 
by activating GM-CSF signaling, which improves the ability of AMs to 
eliminate pathogens through extracellular signal-regulated kinase 
signaling. The microbiota stimulates an elevation in pulmonary GM-CSF 
synthesis in response to infection, facilitated by interleukin (IL)-17A 
[36]. AMs have a reduced tendency to absorb apoptotic cells when 
inactive, but this changes during acute inflammation. Surfactant pro
teins A (SP-A) and D (SP-D) have a substantial impact on macrophage 
function by blocking the clearance of dying cells through the activation 
of the transmembrane receptor called SIRPα [37]. AMs in the lungs are 
essential for identifying and reacting to inhaled infections. When stim
ulated by these pathogens, AMs release proinflammatory cytokines that 
activate receptors on alveolar epithelial cells [38]. This stimulation re
sults in the mobilization of neutrophils, which aid in phagocytosing and 
eradicating the infections. AMs positioned on the alveolar wall create 
channels with connexin 43 (Cx43) that enable direct communication 
with epithelial cells. During lipopolysaccharide-induced inflammation, 
AMs stay attached to the alveoli and interact by releasing coordinated 
waves of calcium ions (Ca2+) [38,39]. Cx43 facilitates communication 
leading to immunosuppression by activating Akt through calcium 
signaling. Deletion of Cx43 in AMs boosts neutrophil recruitment to the 
alveoli and elevates the release of proinflammatory cytokines in the 
bronchoalveolar lavage fluid [38,39]. Studies have revealed that when 
compared to macrophages in other regions of the body, AMs express 
more of the negative regulator CD200 receptor (CD200R). The presence 
of CD200 on the airway epithelium regulates AM activity. Mice lacking 
CD200 had higher macrophage activity and were more vulnerable to 
influenza infection, which caused inflammation to resolve more slowly 
and eventually resulted in death [40]. Previous studies have demon
strated that AMs do not upregulate the production of B7-1 and B7-2 
when stimulated with interferons (IFNs)-γ. Research has shown that 
AMs can cause antigen-specific T-cell inactivation and reduce the 
responsiveness of CD4 T cells upon future stimulation. To offset this 
induced inactivity, CD28 co-stimulation or IL-2 might be added [41,42]. 
Studies have shown that AMs can cause anergy in CD4+ T lymphocytes 
through the involvement of nitric oxide, prostaglandins, and leukotri
enes in this tolerance mechanism. Studies have demonstrated that both 
AMs and conditioned media from AMs (AM-CM) from mice and humans 
may induce the production of FoxP3 in naive CD4+ T cells in vitro. Part 
of this impact was undone by preventing retinoic acid (RA) from 
attaching to its receptor (RAR) or by obstructing TGF-β1 signaling. The 
RAR antagonist administered nasally decreased the presence of 
CD4+FoxP3+ T cells in the lungs of mice after being exposed to Bor
detella pertussis by aerosol [43]. An interesting feature of how AMs 
regulate the immune system relates to asthma and bacterial infections. 
Research has demonstrated that murid herpesvirus 4 (MuHV-4) can 
inhibit the development of experimental asthma triggered by house dust 
mite (HDM) through its impact on lung innate immune cells. Specif
ically, MuHV-4 infection led to the replacement of local AMs by 
monocytes with regulatory functions. The monocyte-derived AMs 
inhibited the ability of dendritic cells to trigger a house dust 
mite-specific response by T helper 2 (TH2) cells [44]. Another Research 
has demonstrated that mice display enhanced defense against Strepto
coccus pneumoniae infection one month after recovering from influenza. 
This improved protection is due to a specific group of AMs produced 
from monocytes that secrete increased amounts of IL-6. AMs originating 
from monocytes after influenza infection exhibit a surface phenotype 
resembling resident AMs, although they have unique functional, 
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transcriptional, and epigenetic characteristics compared to resident AMs 
[45]. A recent study indicates that exposing innate immune cells, 
including tissue-resident macrophages, to damaging stimuli multiple 
times can strengthen the body’s defense systems [46]. It has been shown 
that lung-resident AMs become more resistant to cell death from in
fections when pre-exposed to bacterial endotoxin or Pseudomonas aeru
ginosa. These trained AMs also show enhanced capacity to absorb 
cellular debris and facilitate tissue repair. Reprogrammed AMs exhibit 
increased amounts of the efferocytosis receptor myeloid epithelial 
reproductive proto-oncogene tyrosine kinase (MERTK), which is 
controlled by the transcription factor KLF4. Transferring these trained 
antimicrobial agents into mice has been proven to reduce inflammatory 
lung damage when exposed to fatal P. aeruginosa infection [46]. AMs are 
critical in maintaining lung immunity and are heavily influenced by the 
lung microbiome, cytokine signaling, and environmental stimuli. The 
lung microbiome supports immune tolerance and enhances AM function 
through pathways like GM-CSF signaling, which is vital for pathogen 
clearance. AMs exhibit a range of functional responses, from coordi
nating with epithelial cells during inflammation to modulating T-cell 
activity and promoting immune tolerance. Moreover, AMs can undergo 
reprogramming in response to repeated exposure to pathogens, 
enhancing their resilience and capacity for tissue repair.

Research findings indicate that depleting AMs either 3 or 5 days after 
infection with a lethal influenza virus didn’t notably impact the disease 
outcome. However, eliminating these cells before a sublethal infection 
resulted in unchecked virus proliferation and mortality in mice [47]. 
This suggests that AMs play a protective role in the initial stages of 
infection before the virus gains dominance [47–49]. Interestingly, it has 
been shown that after depletion of AMs, monocyte derived macrophage 
replace them and cause to a more severe influenza infection [50,51]. For 
instance, research has demonstrated that H5N1 influenza has a greater 
capacity to stimulate AMs to produce higher levels of proinflammatory 
cytokines compared to the H1N1 strain. This characteristic renders 
H5N1 more pathogenic than H1N1 influenza [52,53]. Interestingly, the 
H5N1 virus was able to replicate remarkably well in DCs and AMs, even 
though these cells exhibited a strong antiviral interferon response. This 
ability to spread efficiently in immune cells might help explain the se
vere pathogenicity of H5N1 virus infections in humans [54]. Research 
indicates that IFN-β released by AMs is a critical factor in damaging 
alveolar epithelial cells in influenza infection. In extreme cases of 
influenza infection, IFN-β triggers an autocrine pathway that leads to the 
synthesis of the pro-apoptotic factor tumor necrosis factor (TNF)-related 
apoptosis-inducing ligand (TRAIL) Consistent with earlier studies on the 
harmful impact of recruited macrophages on alveolar epithelial cells due 
to the release of TRAIL [55,56]. Influenza infection can cause lung 
damage and acute respiratory distress syndrome (ARDS), which is 
marked by an abnormal buildup of fluid in the tiny air sacs of the lungs, 
leading to low oxygen levels and perhaps lethal consequences if not 
addressed. The removal of excess edema fluid depends mostly on the 
activity of the alveolar epithelial Na, K-ATPase, which is crucial for the 
survival of patients with ARDS. Researchers have discovered a 
communication network between infected and non-infected alveolar 
epithelial cells and AMs that results in a decrease in alveolar epithelial 
Na, K-ATPase function, and plasma membrane abundance, ultimately 
hindering alveolar fluid clearance. The decrease in Na, K-ATPase caused 
by influenza is controlled by a host signaling cascade that includes 
epithelial type I IFN and an IFN-dependent rise in macrophage TRAIL 
[57]. A study has demonstrated that the transcription factor PPAR-γ 
decreases in AMs during influenza infection as a result of type I 
IFN-dependent signaling. PPAR-γ is essential for regulating excessive 
antiviral and inflammatory reactions of AMs during influenza and res
piratory syncytial virus (RSV) infections. PPAR-γ deficiency in myeloid 
cells results in heightened host morbidity and lung inflammation after 
influenza and RSV infections, underscoring its role in restricting the 
advancement of severe illness. PPAR-γ expression in resident AMs is 
crucial for controlling the development of host diseases and is important 

for the activation of genes related to wound healing. Therefore, the 
absence of myeloid PPAR-γ leads to reduced ability to resolve inflam
mation and inadequate tissue repair after influenza infection [58,59]. 
Administering the PPARγ agonist Troglitazone reduce the secretion of 
proinflammatory cytokines induced by the virus, suggesting it as a po
tential therapeutic option [59]. In general, the replacement of depleted 
AMs by monocyte-derived macrophages can exacerbate the severity of 
influenza, highlighting the unique protective functions of resident AMs. 
The heightened pathogenicity of viruses such as H5N1 underscores the 
importance of AMs in controlling viral spread and modulating inflam
matory responses. Additionally, the balance of antiviral and inflamma
tory responses is critically regulated by factors such as IFN-β and PPAR-γ 
within AMs. Disruptions in these pathways can lead to excessive 
inflammation, impaired fluid clearance, and severe lung damage, as 
seen in conditions such as ARDS.

3.2. Tissue repair and resolution

Macrophages continuously remove apoptotic cells to avoid necrosis 
and facilitate the healing of injuries. The processes behind this process 
are not completely known. A study showed that efficient efferocytosis is 
improved by linking the metabolism of absorbed material during early 
clearance to later stages. It has been discovered that the continuous 
process of efferocytosis is enhanced by the conversion of arginine and 
ornithine from apoptotic cells into putrescine by macrophage enzymes 
arginase 1 and ornithine decarboxylase (ODC) [60]. Furthermore, it has 
been noticed that methionine from apoptotic cells contributes to reso
lution by epigenetically suppressing the extracellular signal-regulated 
kinase 1/2 (ERK1/2) phosphatase Dusp4. Another research shows that 
efferocytosis triggers the activation of prostaglandin-endoperoxide 
synthase 2/cyclooxygenase 2 (Ptgs2/COX2), leading to PGE2 and the 
stimulation of TGF-β1. ERK1/2 phosphorylation/activation by apoptotic 
cells-activated CD36 is necessary for Ptgs2 induction, but it is limited by 
an ERK-DUSP4 negative feedback mechanism that decreases 
phospho-ERK levels. After apoptotic cells are engulfed and degraded, 
Dusp4 is repressed, leading to increased p-ERK levels and activation of 
the Ptgs2-PGE2-TGF-β1 pathway. Apoptotic cell-derived methionine is 
converted to S-adenosylmethionine, which is used by DNMT3A to 
methylate Dusp4 [61]. There are also other ways that AMs aid resolution 
of inflammation and tissue repair for example, through the secretion of 
immunomodulatory cytokines such as IL-10 and CCL22, as well as a 
variety of growth factors including TGF-β, VEGF, trefoil factor 2, and 
PDGF, AMs actively contribute to the resolution of inflammation and the 
repair of damaged airways [51]. Specifically, it has been demonstrated 
that the production of TNF-α by AMs can induce the release of GM-CSF 
by alveolar epithelial cells, hence contributing to the process of alveolar 
epithelial healing [62]. IL-4 and IL-13, in addition to apoptotic cells, 
were responsible for inducing the activation of anti-inflammatory and 
tissue-repair genes within AMs in a model of helminth infection [51,63,
64]. Recent studies have found that AMs have elevated expression of 
Placenta-expressed transcript 1 (Plet1). The study revealed that Plet1, 
produced by AMs, acts as a key mediator in the interaction between 
macrophages and epithelial cells in lung healing. It promotes the growth 
of alveolar epithelial cells and helps repair the epithelial barrier. 
Injecting recombinant Plet1 directly into the lungs at an early stage of 
the disease has been proven to reduce viral lung damage and save mice 
from a potentially deadly condition, showing its potential as a treatment 
[65].

It is necessary to strike a delicate balance between the resolution of 
inflammation, the restoration of the epithelial barrier, and the avoid
ance of aberrant remodeling to successfully repair and restore damaged 
tissue, which failing in this process can lead to fibrosis. Interestingly, 
Research indicates that monocyte-driven AMs are the primary cells 
involved in this process, as they express genes associated with fibrosis 
[66]. Chronic herpesvirus infection in the lung caused AMs to be 
attracted to regions exhibiting epithelial hyperplasia and fibrosis. The 
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AMs that were attracted showed elevated levels of proteins such Ym1/2, 
FIZZ1, insulin-like growth factor-1, and arginase I, as well as enhanced 
fibronectin transcription, suggesting activation through an alternate 
pathway. Arginase I was found in interstitial fibroblasts, and increased 
arginase activity was discovered in the lungs of infected mice. In in
dividuals with idiopathic pulmonary fibrosis (IPF), lung tissue displayed 
increased levels of arginase I expression in epithelial cells, fibroblast 
foci, and AMs compared to healthy lung tissue. The results indicate that 
the increase in arginase I caused by the virus may have a role in the 
development of lung fibrosis [67]. Patients with IPF showed signifi
cantly decreased efferocytosis by AMs in comparison to patients with 
other types of interstitial pneumonia. This disruption in the process of 
efferocytosis could be a contributing factor in the progression of IPF 
[68].

All these pieces of evidence show that AMs are vital for lung ho
meostasis, clearing apoptotic cells, and promoting tissue repair through 
metabolizing absorbed materials and secreting immunomodulatory 
factors. While they aid in resolving inflammation and healing, disrup
tions in these processes can lead to conditions like fibrosis, especially 
when monocyte-derived AMs drive abnormal tissue remodeling.

3.3. Anti-tumor properties of AM

AMs’ ability to modulate immune responses makes them critical in 
the context of lung cancer [69]. In patients with various subtypes of lung 
cancer, including small cell carcinoma, squamous cell carcinoma, and 
large cell undifferentiated carcinoma, AMs exhibit altered phagocytic 
functions and cytokine secretion profiles. Specifically, these AMs show a 
reduced uptake of particles and decreased secretion of pro-inflammatory 
cytokines such as TNF-α, IL-1, and IL-6, which potentially depicts an 
impaired anti-tumor immune response. Additionally, phenotypic 
changes in AMs, such as decreased expression of MHC class II, ICAM-1, 
and CD83, have been observed, particularly in patients with small cell 
carcinoma. These alterations suggest that AMs in lung cancer patients 
may have a diminished capacity to stimulate an effective anti-tumor 
immune response, which could vary depending on the type of lung 
cancer [69]. However, AMs can be "trained" by prior immune chal
lenges, such as respiratory viral infections, to develop enhanced 
anti-tumor capabilities [70]. For instance, exposure to influenza virus 
has been shown to reprogram AMs, endowing them with long-lasting, 
tissue-specific antitumor immunity. These trained AMs infiltrate tumor 
lesions and demonstrate enhanced phagocytic activity and cytotoxic 
functions against tumor cells. This training is associated with epigenetic, 
transcriptional, and metabolic changes that enable AMs to resist 
tumor-induced immune suppression. The process of generating this 
trained immunity in AMs is dependent on IFN-γ and NK cells. Further
more, the presence of AMs with trained immunity traits in human 
non-small cell lung cancer tissue correlates with a favorable immune 
microenvironment, highlighting their potential role in tumor surveil
lance and control [70]. These findings suggest that the functional state 
of AMs, whether impaired in certain lung cancer subtypes or enhanced 
through trained immunity, is crucial in determining their effectiveness 
in anti-tumor responses. Understanding the mechanisms that govern AM 
training can show researchers new ways for therapeutic strategies aimed 
at enhancing the anti-tumor potential of these immune cells.

4. AM in viral respiratory infections

4.1. AMs in RSV infection

Findings indicate that AMs are the primary producers of Type I IFNs 
in response to viral infections [71]. A study conducted on mice infected 
with Newcastle disease virus (NDV) revealed that targeted depletion of 
AMs resulted in a significant impairment in the initial clearance of the 
virus from the lungs, confirming the crucial role of these cells in 
secreting IFNs [72]. Moreover, Study has shown that AMs are the main 

source of IFNs when mice are infected with RSV. AMs detect RSV 
through the use of mitochondrial antiviral signaling protein (MAVS)-
coupled retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs). 
MAVS deficiency heavily impairs the innate immune response to RSV 
[73]. Research shows that C fibers (the nociceptive sensory nerves) are 
essential for the host’s resistance against RSV infection. Blocking tran
sient receptor potential vanilloid 1 (TRPV1) to inhibit C fiber activity 
after RSV infection in mice results in lower viral reproduction and 
decreased lung inflammation compared to control mice. A large increase 
in AMs has been seen in mice with deteriorated C fibers following RSV 
infection, accompanied by elevated levels of IFN-α/β production in 
bronchoalveolar lavage fluid (BALF) samples. C fiber degradation results 
in the release of vasoactive intestinal peptide (VIP), which helps regulate 
AM and IFN-α/β levels, offering defense against RSV infection. The re
sults emphasize the important role of C fibers in controlling antiviral 
responses against RSV infection through VIP, which shows novel 
possible treatment strategies for RSV infection [74].

4.2. AMs in influenza infection

Investigations indicate that AMs are depleted along with disrupted 
phagocytic activity during influenza infection, which prepares the 
environment for virus progression and subsequent bacterial infection. 
However, following recovery from the disease or treatment with GM- 
CSF therapy, the pool of AMs is successfully replenished [75–77]. 
Another study demonstrates that the presence of bacteria in the normal 
microbiota helps mitigate influenza infection by promoting the activa
tion of AMs [78]. It was discovered that blocking the entry of macro
phages into the lungs in a mouse model of influenza-induced 
pneumonitis worsened the damage and programmed cell death of 
alveolar epithelial cells. Hepatocyte growth factor (HGF), released by 
macrophages in response to influenza, helps in the repair of alveolar 
epithelial tissue [79]. It has been shown that IFN-I not only makes the 
host more susceptible to secondary bacterial infections after influenza 
but also hinders the ability of human macrophages to engulf bacteria 
through phagocytosis [80]. In the case of AMs, an investigation revealed 
that influenza infection activates IFN-γR signaling, impairing the ability 
of AMs to eliminate microorganisms without lowering immunological 
responses or neutrophil function across the body. Reduced ability of 
AMs to eliminate microorganisms results in increased vulnerability to 
pneumococcal infection; it is shown that the highest vulnerability to 
pneumococcal superinfection corresponds with the production of IFN-γ; 
this opens a way for future studies to evaluate the exact role of IFN-γ in 
AMs defense against viral infections [81]. In other viral infections, it has 
been demonstrated that neonatal rhinovirus hampers the immune 
response of AMs, making them more susceptible to S. pneumoniae 
infection by upregulating Toll-Like Receptor (TLR)-3 signaling, which 
impairs the phagocytosis ability via poly I:C (polyinosinic:polycytidylic 
acid) [82]. A study revealed that mice with lung-expressed GM-CSF 
displayed strong resistance against influenza virus infection. This 
resistance was attributed to AMs, which exhibited heightened resistance 
to apoptosis [83]. Another research emphasizes the crucial function of 
AMs in the survival of mice infected with influenza and vaccinia viruses. 
AMs prevent asphyxiation by preserving lung function, which is a major 
factor in preventing death. When AMs were absent in mice without 
GM-CSF or in those with selectively depleted AMs, it caused poor gas 
exchange, leading to lethal hypoxia and severe illness during influenza 
virus infection [84]. However, the ability to clear the virus was only 
slightly impacted. Reintroducing AMs formation in mice lacking 
GM-CSF or its receptor avoided severe sickness and mortality, high
lighting the crucial role of AMs in disease outcomes [84]. Fig. 1 illus
trates interactions between viruses and AMs. Interestingly, during 
influenza infection, there is a considerable release of IL-1β, which is 
strongly associated with the infiltration of neutrophils and is stopped 
when neutrophils are removed. AMs are identified as the main con
tributors to IL-1β production during influenza infection and the virus 
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stimulates the expression of NLRP3 inflammasome and pro-IL-1β in 
these macrophages [71]. Mice lacking in AMs had severe widespread 
alveolar damage following infection with influenza A virus [48]. This 
damage ultimately resulted in deadly respiratory impairment and finally 
death. The lethal injury that occurred in those mice was caused by an 
increased infection of their Type-1 Alveolar Epithelial Cells (T1AECs), 
which was then followed by the elimination of the infected T1AECs by 
the adaptive immunological T-cell response. After further examination, 
it was discovered that AMs inhibited the expression of genes that were 
implicated in the cysteinyl leukotriene (cysLT) pathway in T1AECs, both 
in vivo and in vitro. The sensitivity of T1AECs to influenza A virus 
infection was reduced when the enzymes of the cysLT pathway were 
inhibited in a T1AECs cell line. This finding suggests that the inhibition 
of this pathway by AMs is a contributing factor to the resistance of 
T1AECs to influenza A virus infection. Furthermore, inhibiting the en
zymes that are part of the cysLT pathway and blocking the cysteinyl 
leukotriene receptors in mice that were lacking in AMs resulted in a 
reduction in the sensitivity of their T1AECs to influenza A virus infec
tion, which in turn protected these mice from a potentially fatal case of 
infection [48]. One of the most intriguing findings was the capacity of 
various influenza virus strains to infect murine airway macrophages 
varies dramatically from strain to strain. For instance, the BJx109 strain 
(H3N2) was capable of infecting macrophages with great efficiency and 
was linked to a mild illness in mice that had been infected through the 
nasal passages. On the other hand, the PR8 strain (H1N1) demonstrated 
a low level of infectiousness for macrophages, but it was quite virulent in 
laboratory mice. The depletion of airway macrophages led to the 
development of severe viral pneumonia in mice infected with BJx109, 
whereas it had no effect on the severity of the disease in mice infected 
with PR8. There was a correlation between the severe illness that was 
observed in macrophage-depleted mice that were infected with BJx109 
and enhanced virus replication in the airways, which ultimately led to 

severe inflammation of the airways [85]. Conversely, another study with 
mice lacking AMs found that they had higher amounts of PR8 influenza 
virus in their lungs after being infected with a normally non-lethal 
dosage of the virus. As a consequence, there was significant inflamma
tion in the airways, pulmonary edema, and blood vessel leaking, leading 
to the death of the affected animals [86]. These findings show that AMs 
are essential in defending against influenza infection by modulating 
immune responses, clearing pathogens, and aiding in tissue repair. 
When AMs are depleted, it results in increased viral replication, severe 
lung damage, and greater susceptibility to secondary infections. AMs 
help to reduce the severity of influenza through the inhibition of harmful 
pathways and support recovery, as evidenced by the effectiveness of 
GM-CSF therapy. The differing ability of influenza virus strains to infect 
AMs highlights the complexity of their role, making them a vital focus 
for better understanding and treating influenza-induced lung injury.

4.3. AMs in coronavirus infection

Severe acute respiratory syndrome coronavirus (SARS-CoV)-2 
infection causes a cytokine storm by infecting the lungs through the 
Angiotensin-converting enzyme 2 (ACE2) receptor [87]. Studies have 
shown that IL-10 induces the upregulation of ACE2 in healthy AMs, 
converting them into vehicles for SARS-CoV-2. Hamster models showed 
decreased pathogenicity of SARS-CoV-2 when this mechanism was 
inhibited. Scientists discovered a transcript called Coronavirus disease 
2019 (COVID-19) infectivity-enhancing dual receptor (CiDRE) through 
genome-wide association and quantitative trait locus analyses. CiDRE is 
created by the readthrough of the interferon-α receptor 2 (IFNAR2)-
IL10RB and is found in high levels in patients with COVID-19 risk alleles 
at the IFNAR2 locus. CiDRE was shown to synergistically affect AMs 
through the IL-10-ACE2 pathway and function as a decoy receptor for 
type I IFNs [87]. AMs in the M1 state promote virus propagation, 

Fig. 1. Schematic of virus-alveolar macrophages (AMs) interactions in vial respiratory infections. A) AMs use mitochondrial antiviral signaling protein (MAVS)- 
coupled retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs) to detect viruses. A deficiency in MAVS results in the lack of capacity in AMs to be activated. B) 
vasoactive intestinal peptide (VIP) regulated AMs and its level is controlled by Unmyelinated (C-fiber) nociceptors. Blocking transient receptor potential vanilloid 1 
(TRPV1) causes a decrease in C-fiber, which eventually helps virus clearance by increasing AMs number. C) Granulocyte macrophage colony-stimulating factor (GM- 
CSF) is an important cytokine in the developmet of AMs. Its presence during viral infections can help the immune system by increasing AMs. D) viral infection 
stimulates the production of NLRP3 and pro-interleukin-1β in AMs, which are two activating factors for AMs, leading to a robust antiviral response. E) TLR-4 has an 
inhibitory role in the inhibition of AMs by decreasing tumor necrosis factor-α (TNF-α) release. Therefore, Downregulation of TLR-4 results in the inhibition of AMs F) 
Toll-Like Receptor 3 (TLR3) can initiate an inhibitory signaling pathway and AMs, which is utilized by viruses to inhibit AMs.
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including SARS-CoV-2, but those in the M2 state limit their spread [88]. 
M1 macrophages use their more pliable cellular structure to effectively 
ingest SARS-CoV-2 particles. Upon entry, the viruses take control of the 
endo-lysosomal system to avoid being detected. M1 AMs uphold a 
reduced pH in their endosomes, facilitating the liberation of viral RNA 
into the cytoplasm for reproduction. On the other hand, M2 AMs have 
elevated endosomal pH and reduced lysosomal pH, resulting in the 
breakdown of viruses. The process includes the endosomal protease 
cathepsin L (CTSL), which breaks down the SARS-CoV-2 spike protein in 
acidic conditions. This cleavage aids in the merging of viral and endo
somal membranes, allowing the viral RNA to be released into the cyto
plasm of macrophages. The Delta variant of the virus can overcome the 
endosomal restriction in M2 macrophages by using spike protein alter
ations to neutralize the inhibitory effects of the increased endosomal pH 
on CTSL [88,89]. A further study revealed that the invasion of AMs by 
SARS-CoV-2 may lead to the initiation of the cytokine storm, which 
could result in damage to pulmonary tissues, as well as the heart and 
lungs, ultimately resulting in multi-organ failure [90]. SARS-CoV-2 in
vades AMs, which is followed by the attraction of T cells by AMs. 
Attracted T cells produce IFN-γ, which stimulates AMs to release in
flammatory cytokines, enhancing T-cell activation. The research sug
gests that SARS-CoV-2 triggers a slowly developing, confined 
inflammation in the alveoli, where AMs, the virus and T cells create a 
cycle that maintains continuous alveolar inflammation [91]. Re
searchers studied if SARS-CoV-2 remains in the body and the 

mechanisms that cause its persistence using a macaque model of viral 
infection. Macaques with persistent virus showed reduced IFN-γ pro
duction in NK cells. IFN-γ was found to enhance the expression of human 
leukocyte antigen E (HLA-E) on AMs, which can impede NK 
cell-mediated killing. Macaques with reduced amounts of persistent 
virus generated adaptive NK cells that circumvented the inhibition 
induced by MHC-E. The results emphasize the interaction between NK 
cells and macrophages in controlling the long-term presence of 
SARS-CoV-2 [92]. Researchers studied the involvement of AMs in the 
development of Middle East respiratory syndrome coronavirus (MER
S-CoV) using a mouse model [93]. Their study showed that reducing 
AMs using clodronate (CL) liposomes notably increased both morbidity 
and mortality in human dipeptidyl peptidase 4 knock-in (hDPP4-KI) 
mice. Examination of lungs from animals lacking AM and control mice at 
different time points after infection revealed increased neutrophil ac
tivity but a reduced MERS-CoV-specific CD4 T-cell response in 
AM-deficient lungs in the latter stages of illness. Moreover, heightened 
severity of MERS in mice lacking AMs was associated with lung 
inflammation and lesions. The results highlight the crucial function of 
AMs in promoting a potent virus-specific T-cell response and in con
trolling excessive inflammation in MERS-CoV infection [93]. AMs are 
pivotal in the immune response to SARS-CoV-2 and MERS-CoV. 
Depending on their activation state, AMs can either facilitate or hind
er viral propagation. The interaction between AMs and other immune 
cells, such as T cells and NK cells, is crucial in determining the severity 

Fig. 2. AMs’ interaction with other immune cells in viral infections. A) Upon infection of AMs with viruses, these cells release chemokines that attract T cells. In turn, 
T cells produce IFN-γ, which triggers the release of inflammatory cytokines by AMs. B) Infecting Natural Killer cells (NK cells) by viruses makes these cells produce 
IFN-γ, which increases the expression of inhibitory ligand human leukocyte antigen E (HLA-E) on AMs’ surface. This can in turn inhibit NK cells, which are crucial 
sentinels of antiviral response. C) IFN-γ-producing CD4+ T cells are important players in immune response against viral infections. Their proliferation in virus 
infected bodies is associated with the presence of AMs. Therefore, AM depletion obstructs proper virus-specific CD4+ propagation, paralyzing efficient adaptive 
immune response.
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and outcome of infections. As seen in severe COVID-19 and MERS cases, 
disruptions in these interactions can lead to excessive inflammation, 
cytokine storms, and multi-organ failure. Understanding the mecha
nisms of AMs in viral infections is essential for developing targeted 
therapies to mitigate disease severity and improve patient outcomes. 
Fig. 2 exhibits interactions of AMs and other immune cells in the course 
of viral infections.

4.4. AMs in HIV-1 infection

Human Immunodeficiency Virus (HIV)-1 infection reduces the 
immunological capacities of AMs, making patients more prone to 
pneumonia. It has been shown that HIV-1 transgenic expression de
creases the expression of GM-CSFRβ in AMs, impairing their ability to 
phagocytose germs in vitro. The study suggests that a lack of zinc in the 
lungs, together with a decrease in GM-CSFRβ, may be a mechanism by 
which long-term HIV-1 infection weakens the function of AMs, making 
individuals more vulnerable to severe lung infections [94]. HIV-positive 
macrophages have a reduced capacity to release TNF-α due to impaired 
TLR-4-mediated signaling [95,96]. HIV infection is associated with 
impaired TLR-4-mediated signaling in macrophages, specifically 
impacting the MyD88-dependent pathway of TLR-4 signaling. These 
results indicate that long-term HIV infection causes specific and targeted 
interference with important TLR-4 signaling in macrophages, possibly 
contributing to the onset of bacterial pneumonia linked to the illness 
[95,96]. Therefore, it can be concluded that HIV-1 infection impairs 
AMs, reducing their ability to fight lung infections. This is due to 
decreased GM-CSFRβ expression and disrupted TLR-4 signaling, making 
patients more vulnerable to pneumonia and other respiratory infections.

5. Age-related changes in AM

AMs are believed to undergo age-related changes that impair their 
defense capabilities. Research has shown that bacteria trigger cyto
skeletal remodeling in AMs by interacting with structure MARCO. This 
remodeling enhances the cell surface expression of MARCO and facili
tates bacterial phagocytosis [97]. Further research revealed that 
Rac1-GTP mediates MARCO signaling, activating the actin-related pro
tein-2/3 complex, an F-actin nucleator, which leads to F-actin poly
merization, filopodia formation, and increased MARCO expression on 
the cell surface, which are all crucial steps for effective phagocytosis. 
However, AMs isolated from older mice show reduced Rac1 mRNA and 
protein expression, leading to lower Rac1-GTP levels, decreased acti
vation of the actin-related protein-2/3 complex, and a subsequent 
reduction in F-actin polymerization, filopodia formation, and MARCO 
expression on the cell surface. Consequently, phagocytosis is diminished 
in aging AMs [97]. AMs from aged mice displayed markers of cellular 
senescence and exhibited downregulation of genes related to growth and 
cell cycle pathways compared to those from younger mice [98]. Addi
tionally, AMs from older mice showed a reduced transcriptional 
response to distal injury, in contrast to the more robust response seen in 
AMs from younger mice. Many of these changes involved 
glucocorticoid-regulated genes, and when primary AMs from aged ani
mals were treated with corticosteroids ex vivo, their transcriptional 
response was diminished. These findings reveal a complex, age-related 
AM phenotype characterized by disrupted stress hormone signaling, 
which may hinder AM responses to physiological stress and contribute 
to their dysfunction, leading to a decline in pulmonary immunity during 
the aging process [98].

While aging, there is a reduction in the quantity of AMs, which play a 
vital role in preserving lung function [99]. It has been noticed that these 
macrophages are crucial in influenza-related deaths in older people. 
Aging drastically changes the gene expression profile of AMs, specif
ically by inhibiting cell cycling mechanisms. Age-related changes hinder 
AMs’ capacity to safeguard the lungs from harm caused by influenza 
infection. In addition, aging diminishes the capacity of AMs to engulf 

dying neutrophils, reduces the presence of the scavenger receptor 
CD204, and causes the accumulation of neutrophils during influenza 
infection [99]. In older mice, there was an increase in PGE2 levels in 
their BALF compared to younger mice. Externally administered PGE2 
inhibited AM proliferation through an E prostanoid receptor 2 
(EP2)-cyclic AMP-dependent pathways. Moreover, EP2 knockout (EP2 
KO) mice had higher baseline AM numbers, and their AMs were resistant 
to the inhibitory effects of PGE2 and BALF from aged mice on prolifer
ation [100]. As mice ages, naive mice undergo a gradual transition 
where AMs are replaced by those derived from bone marrow monocytes 
(BMo)-AM. This transition significantly contributes to the severity of 
influenza infection in a manner inherent to the cells themselves. The 
presence of both naive and experienced BMo-AM heightened the 
severity of influenza infection, which correlated with an inflammatory 
phenotype [50]. Single-cell RNA-Seq analysis in both mice and humans 
indicated that the observed changes were not due to the emergence of a 
new AMs subpopulation during aging [101]. Surprisingly, age-related 
transcriptomic alterations in tissue-resident AMs were largely reversed 
by heterochronic adoptive transfer but remained unaffected by hetero
chronic parabiosis. Additionally, the transcriptomic profiles of 
tissue-resident AMs and BMo were similar during aging and in response 
to influenza A infection [101]. These observations suggest that the 
transcriptomic changes in AMs with age are predominantly influenced 
by the lung microenvironment. Analysis of ligand-receptor interactions 
between genes that altered with age in alveolar type 2 cells and AMs 
suggested that changes in the extracellular matrix contribute to an 
age-related hyporesponsiveness to GM-CSF in AMs. Supporting this idea, 
levels of hyaluronan, a ligand for CD44 on AMs, were found to be higher 
in the epithelial lining fluid of older mice compared to younger ones. 
Hyaluronan was also shown to inhibit the proliferation of bone 
marrow-derived macrophages when cultured on matrix proteins from 
the epithelial lining fluid. These findings show the role of age-related 
changes in the alveolar environment, including alterations in the 
extracellular lining fluid, and the reduced number and altered function 
of AMs during aging [101]. Aging significantly impairs the function and 
efficiency of AMs. Age-related changes, such as reduced cell cycling, 
diminished phagocytic capacity, and altered gene expression, weaken 
AMs’ ability to protect the lungs, leading to increased susceptibility to 
severe respiratory infections in the elderly. Additionally, the aging lung 
environment, including alterations in the extracellular matrix and stress 
hormone signaling, further contributes to AM dysfunction, highlighting 
the need for targeted interventions to enhance pulmonary immunity in 
older individuals. A schematic of the impacts of ageing on AMs’ antiviral 
response is shown in Fig. 3.

6. Therapeutic implications

6.1. Immunomodulation strategies

6.1.1. Targeting c-Myc and SIRPα
Regarding the importance of c-Myc in EBV infection, it can be used as 

a target in therapeutic approaches to avoid cancers associated with that 
virus. After the primary pneumonia was resolved, mouse AMs showed 
decreased phagocytic capacity for several weeks such as decreased 
phagocytic activity after Rhinovirus and influenza A virus infection [32,
102]. The impairment was caused by resident AMs undergoing an 
epigenetic process known as tolerogenic training. SIRPα greatly in
fluences the creation of this state by generating a milieu suitable for 
tolerogenic training [32]. In humans with systemic inflammation, both 
AMs and circulating monocytes displayed indications of reprogramming 
even six months after the inflammation had subsided [32]. Experiments 
conducted in a controlled environment showed that inhibiting SIRPα 
using antibodies improved the ability of monocytes to engulf pathogens 
in very unwell patients, indicating a possible strategy to reduce the risk 
of hospital-acquired pneumonia [32].
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6.1.2. Targeting TGF-β1
Exposure of AMs to TGF-β1 decreased their ability to fight viruses 

and inflammation, and also hindered many aspects of mitochondrial 
function such as basal and maximal respiration, and mitochondrial ATP 
generation. Exposure to RSV following TGF-β1 therapy exacerbated 
mitochondrial dysfunction [103]. AMs treated with TGF-β1, either alone 
or with RSV, exhibited higher rates of cell death and decreased capacity 
to ingest pathogens, possibly caused by mitochondrial stress. New 
treatment approaches could involve disrupting TGF-β1 signaling or 
restoring mitochondrial respiration to improve AMs function and pre
vent subsequent bacterial infections that commonly accompany viral 
respiratory illnesses [103].

6.1.3. Targeting necroptosis
Targeting TNF and/or the necroptotic machinery could be effective 

therapeutic approaches to reduce respiratory issues caused by RSV 
infection in young children [104]. Research has shown that RSV infec
tion triggers necroptosis in primary mouse macrophages and human 
monocytes via a process that involves RIPK1, RIPK3, and MLKL. More
over, triggering necroptosis pathways hinders the removal of RSV from 
AMs, worsening lung damage. Autocrine TNF triggers RSV-induced 
macrophage necroptosis, involving necroptosis pathways in TNF 
release, exacerbating lung injury during RSV infection. Tnfr1-deficient 
mice showed decreased expression of Ripk3 and Mlkl genes and a sig
nificant reduction in the number of necrotic AMs in the lungs [104].

6.1.4. GM-CSF therapy and AM maturation
GM-CSF’s role in the formation and function of AMs has been well 

studied. However, further research is needed to understand the impact 
of GM-CSF treatment on AMs because of its various biological activities. 
In a study, mice were first infected with influenza through intranasal 

injection, then given aerosolized recombinant mouse GM-CSF, and later 
exposed to a secondary infection with S. pneumoniae [105]. Adminis
tering GM-CSF through inhalation significantly increased the survival 
rate of mice when exposed to a secondary challenge with S. pneumoniae. 
Inhaled GM-CSF did not reduce bacterial growth in the airways or lung 
tissues, but it did dramatically decrease the incidence of S. pneumoniae 
bacteremia [105]. During COVID-19, researchers have noticed that the 
disease is marked by a deficiency in GM–CSF–dependent guidance of 
AMs and the buildup of pro-inflammatory macrophages. It has been 
shown that inhaling GM-CSF did not result in notable enhancements in 
average oxygenation parameters when compared to normal therapy 
alone [106]. A greater percentage of patients who received GM-CSF 
treatment exhibited a positive clinical response. GM-CSF inhalation 
led to an increase in virus-specific CD8 effector lymphocytes and 
class-switched B cells, without exacerbating systemic hyper
inflammation. This study proposes the exploration of inhaled GM-CSF as 
a non-invasive treatment to improve alveolar gas exchange and boost 
antiviral immunity in COVID-19, acting as a preliminary demonstration 
of its potential [106]. After allergic airway inflammation, the lungs 
exhibited decreased levels of GM-CSF, a cytokine important for the 
maturation of AMs. Administering GM-CSF directly into the airways of 
mice with post-allergic airway inflammation facilitated the final matu
ration of AMs, thereby preventing the heightened susceptibility to hy
perreactivity and inflammation induced by RSV [107]. The findings 
revealed that M1 macrophages exhibited greater expression of CTSL 
compared to M2 macrophages. Treatment of AMs with dexamethasone 
(Dex) and alendronate (ALN) was shown to decrease CTSL expression 
and increase endosomal pH in AMs, respectively. As a result, the viral 
load, indicated by the expression of viral NP and ORF1ab, was dimin
ished in AMs treated with either ALN alone, Dex alone, or a combination 
of both treatments [108].

Fig. 3. Ageing and its effects on antiviral activity of AMs. Ageing hampers cell proliferation by inhibiting cell cycle, and also hinders efficient antiviral response by 
reducing CD204 expression and AM’s phagocytosis capacity. Furthermore, lung-resident AMs will be replaced by monocyte-derived AMs, which is related to disease 
severity as monocyte-derived AMs are less efficient in antiviral response in comparison with lung-resident AMs.
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6.1.5. Microparticle-based therapy
Extracellular vesicles (EVs) have emerged as a significant mode of 

paracrine intercellular communication, gaining increasing recognition 
over the past decade [109]. These small membrane-bound structures, 
typically less than 1 μm, originate from endosomal or plasma mem
branes in various cell types and organisms. Cells can generate different 
extracellular vesicles, including exosomes and microparticles (MPs), 
also known as microvesicles or ectosomes. Exosomes are smaller, 
ranging from 30 to 100 nm, and are released from endosomes, whereas 
MPs, which range in size from 100 to 1000 nm, are released from the 
plasma membrane in response to various stimuli [109]. It has been 
shown that AMs continuously secrete EVs with paracrine activity that 
inhibits influenza infection in epithelial cells both in vitro and in vivo. 
The susceptibility of different influenza strains to inhibition by AM-EVs 
varied. Strains that escape early from endosomes and have a high fusion 
pH were inhibited due to a reduction in endosomal pH. In contrast, 
strains with later endosomal escape and lower fusion pH were resistant 
to this inhibition [110]. A study has shown that MPs produced from 
A549 cells with increased ACE2 expression (AO-MPs) have potential as a 
treatment for SARS-CoV-2 infection [111]. When given intranasally, 
AO-MPs efficiently travel through the lungs’ structural and biological 
characteristics to reach the alveoli, where they are absorbed by AMs. 
AO-MPs in AMs increase endosomal pH and decrease lysosomal pH, 
aiding in the movement of SARS-CoV-2 from phago-endosomes to ly
sosomes for breakdown. The change in pH is caused by oxidized 
cholesterol found in AO-MPs, which moves to endosomal membranes, 
blocking proton pumps and preventing endosomal acidification. 
AO-MPs help degrade viruses and reduce inflammation in AMs, leading 
to improved treatment of SARS-CoV-2 in mice without causing harm 
[111]. The results highlight the effectiveness of AO-MPs in treating 
SARS-CoV-2 infections and show that microparticle-based therapeutics 
can be used to combat other respiratory viruses in the future [111]. 
These findings suggest that EV-based therapies, particularly those 
leveraging MPs, hold promise for treating respiratory viruses like 
SARS-CoV-2. Future studies should explore the broader applicability of 
these therapies across various viral infections, optimizing delivery 
methods and ensuring safety in clinical use.

6.1.6. Gene therapy using fetal liver monocytes for AM restoration
A recent study has shown that fetal liver monocytes, when cultivated 

with GM-CSF (CSF2-cFLiMo), quickly differentiate into a consistent 
population that resembles AMs in vitro [112]. The CSF2-cFLiMo cells 
retain their capacity to differentiate into genuine AMs when transferred 
into Csf2ra− /− newborn mice, successfully halting the progression of 
alveolar proteinosis and the buildup of apoptotic cells for a period of one 
year in vivo. CSF2-cFLiMo cells show better integration into vacant AMs 
spaces in the lungs and provide improved defense against severe pa
thology caused by viral respiratory infections compared to transplanting 
macrophages from bone marrow cells cultured with M-CSF, regardless of 
GM-CSF presence. By utilizing this method for gene therapy, scientists 
have effectively repaired a malfunctioning Csf2ra gene in fetal liver 
monocytes, demonstrating their ability to transform into AMs in vivo 
[112].

6.1.7. Immunobiotics and post-immunobiotics
Immunobiotics and post-immunobiotics, which are beneficial mi

croorganisms with immune-modulating capabilities, have potential in 
formulations designed to prevent respiratory virus infections. Research 
shows that post-immunobiotics from specific strains such as Lactobacillus 
gasseri TMT36, TMT39, and TMT40 (known as HK36, HK39, or HK40) 
can regulate the innate antiviral response of AMs and reduce lung 
inflammation caused by TLR-3 activation in vivo [113].

In summary, targeting specific pathways and mechanisms in AMs 
offers promising therapeutic strategies to combat viral infections and 
associated complications. From inhibiting SIRPα to enhance phagocy
tosis to leveraging GM-CSF for better AM function and utilizing 

immunobiotics to modulate immune responses, these approaches hold 
the potential to improve outcomes in diseases like COVID-19, RSV, and 
influenza. Further research into these strategies could lead to more 
effective treatments for respiratory viral infections and their 
complications.

6.2. Vaccine development

Candidate universal influenza vaccines aim to provide broad pro
tection against both influenza A and B viruses. Studies indicate that 
widely reactive antibodies depend on interactions between Fc regions 
and Fc gamma receptors for successful protection [114]. It has been 
demonstrated that AMs play a vital role in the protective effects pro
vided by both widely neutralizing and non-neutralizing antibodies in 
mice. The research also reveals the potential ways in which AMs 
contribute to protection in living organisms, such as through 
antibody-induced inflammation and antibody-dependent cellular 
phagocytosis [114]. Furthermore, it has been demonstrated that the 
transfer of wild-type AMs into mice lacking FcγRI and FcγRIII receptors 
reinstates the protective effects of passively transferred anti-The ecto
domain of matrix protein 2 (M2e) IgG antibodies [115]. Another study 
demonstrates that utilizing a recombinant influenza virus containing the 
Lymphocytic choriomeningitis (LCMV) GP33-41 epitope does not 
effectively provide cross-subtype protective immunity through influenza 
virus-specific CD8+ T cells or virus-specific non-neutralizing antibodies 
alone. When these two components are joined, they cooperate to provide 
robust protective immunity. This boost in immunity is achieved through 
the collaboration of AMs [116]. Universal influenza vaccines depend on 
AMs for effective protection. AMs enhance the impact of antibodies 
through mechanisms like phagocytosis and inflammation. Restoring AM 
function can boost vaccine efficacy, demonstrating their crucial role in 
broad influenza immunity.

7. Conclusion

AMs play a variety of roles in viral respiratory infections, and they 
are essential for immunological modulation and viral clearance. By 
secreting type I interferons and coordinating immune responses against 
respiratory viruses such as RSV, influenza, and SARS-CoV-2, AMs play a 
critical role in starting the antiviral response. Depletion or malfunction 
frequently results in worsening lung damage, reduced ability to clear 
viruses, and heightened vulnerability to recurrent bacterial infections. 
Therapeutic strategies targeting AMs offer promising ways for tackling 
viral respiratory infections. The goal of immunomodulation techniques 
such as blocking tolerogenic training or reestablishing GM-CSF signaling 
is to improve AM function and strengthen host defenses. Furthermore, 
measures that target particular signaling pathways, such as blocking 
TNF/necroptosis or inhibiting TGF-β1, may be able to lessen the pro
gression of viral pathogenesis and the lung damage that results from it. 
Cutting-edge approaches to treating viral infections include developing 
fetal liver monocytes to differentiate into functional AMs or employing 
microparticle-based therapy. Furthermore, vaccine development stra
tegies underscore the importance of AMs in mediating protective im
mune responses. Understanding how AMs and antibodies interact during 
vaccine-induced immunity can help develop more potent universal 
influenza vaccines and improve cross-subtype protection.
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