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Single-Cell Insights Into Macrophage Subtypes in
Pulmonary Infections
Zhaoheng Lin, Yuxiao Zheng, Yu Zhong, and Hongyan Wang*

Macrophages are pivotal innate immune cells that play essential roles in
pathogen recognition, inflammation modulation, and tissue repair during
pulmonary infections. Macrophages have remarkable plasticity that is shaped
by diverse external stimuli to adapt to the dynamic lung microenvironment.
Traditional models of macrophage polarization (M1/M2) cannot capture the
full complexity of macrophage heterogeneity and diverse functions during
lung infections. Recent advances in single-cell omics have provided new
insights into distinct macrophage subtypes, revealing their unique
transcriptional profiles across various stages of infection. This review focuses
on the functional plasticity of pulmonary macrophages and how
environmental cues modulate their activation and effector functions. An
integrative classification framework that defines six major functional
macrophage subtypes in pulmonary infections, based on single-cell omics
with functional perspectives is proposed. This framework refines the
understanding of macrophage heterogeneity and offers a foundation for
developing targeted immunotherapeutic strategies against lung infections.

1. Introduction

Macrophages are important innate immune cells due to their
remarkable functional diversity and large numbers at infection
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sites during host defense against invading
pathogens.[1–3] The unique anatomical and
physiological features of the lung, includ-
ing its extensive surface area and constant
exposure to environmental stimuli, signifi-
cantly influence macrophage functions.[4,5]

Macrophages can detect dynamic microen-
vironment stimuli to modulate their own
function as well as their interactions with
various cell types, including adaptive im-
mune cells and epithelial cells.[6]

Genetic fate mapping studies have
revealed that lung macrophages orig-
inate from distinct lineage sources,
including embryonically-derived resi-
dent macrophages and monocyte-derived
macrophages recruited from the circulation
during infection or inflammation.[6–8] The
lung harbors two major macrophage pop-
ulations, alveolar macrophages (AMs) and
interstitial macrophages (IMs), each with

unique anatomical localization and functional specialization.
AMs are the predominant resident subset, which primarily arises
from embryonic precursors, including yolk sacmacrophages and
fetal liver monocytes, and establishes a long-lived, self-renewing
population throughout life.[7,9] Under inflammatory or infectious
conditions, AMs can be replenished by circulating monocytes.
In contrast, IMs reside within the bronchial interstitium and are
derived predominantly from blood monocytes.[10–12] IMs highly
express monocyte-associated genes (e.g., Cd14, Cd163, Csfr1),
supporting their monocytic origin.[10] Both AMs and IMs coor-
dinate immune surveillance, inflammation initiation and reso-
lution, and tissue homeostasis. This functional synergy under-
scores their critical roles in lung immunity.[13,14] Understanding
the functional plasticity of these macrophage populations is cru-
cial for manipulating macrophage cell fates to increase the effi-
cacy of pathogen clearance and tissue repair during pulmonary
infections.
The proinflammatory (M1)/anti-inflammatory (M2)

macrophage polarization paradigm cannot capture the full
spectrum of macrophage heterogeneity, because of its limita-
tion including only reflecting in vitro polarization states and
no cleanly mapping the in vivo phenotypes. To address these
limitations, single-cell omics have provided unprecedented reso-
lution to explore macrophage heterogeneity, which could reveal
previously unrecognized macrophage subpopulations, offering
deeper insights into their functional states and transcriptional
landscapes.[14–17] During pulmonary infections, the lung mi-
croenvironment is characterized by inflammation, hypoxia, and
tissue damage, which can dynamically shape the functional
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state of macrophages.[6,18] This review discusses the dynamic
plasticity of macrophage subtypes throughout pulmonary in-
fections, delineates their distinct roles, and classifies them into
six key subtypes: inflammatory cytokine-enriched macrophages
(Inflam-Ms), immunity hubs-associated macrophages (Hub-
Ms), immune regulatory macrophages (Reg-Ms), proliferating
macrophages (Prolif-Ms), memory macrophages (Memory-Ms),
and senescent macrophages (Senesc-Ms) (Figure 1; Table 1).

2. Macrophage Plasticity in the Infected Pulmonary
Microenvironment: From Homeostasis to
Inflammation and Resolution

2.1. Overview of the Pulmonary Microenvironment and
Macrophage Regulation

The pulmonary microenvironment contains various cells, such
as alveolar epithelial cells, fibroblasts, endothelial cells, im-
mune cells, and the lungmicrobiome, which cooperatively main-
tain lung homeostasis.[2,13,19] Oxygen abundance, pH, the ex-
tracellular matrix (ECM) composition, and surfactants are key
factors in the lung that modulate the functions of immune
cells, particularly macrophages.[20,21] Additionally, the lung mi-
crobiome, including both pathogenic and symbiotic microorgan-
isms, is crucial for maintaining the microecosystem balance.
It enhances macrophage antimicrobial activity through reactive
oxygen species (ROS) production and induces a spectrum of cy-
tokines, including IL-6, IL-10, IL-17, and TNF-𝛼.[19,22] When en-
countering pathogens, sensing host-derived cues, or interacting
with other cells in the lung microenvironment, macrophages ac-
tivate distinct signaling pathways to dynamically adjust their phe-
notype and immune responses to meet the specific demands of
the lung tissue.[23] For example, pathogen-associated molecular
patterns (PAMPs) in pathogens can be recognized by pattern
recognition receptors (PRRs) on the tissue-resident AMs, such
as Toll-like receptors (TLRs),[24,25] and trigger a cascade of proin-
flammatory signaling pathways, driving macrophages into an in-
flammatory state.[26,27] Cytokines and chemokines in the lung fur-
ther regulate macrophage proliferation and differentiation, and
recruit additional immune cells to the site of infection, thereby
enhancing pathogen clearance.[6]

Pulmonary macrophages are uniquely adapted to the lung
environment, which is defined by direct air exposure, gas
exchange, and constant contact with inhaled particles. Un-
like macrophages in the liver, kidney, spleen, or heart, AMs
and alveolar-associated IMs predominantly sustain themselves
through local self-proliferation under homeostatic conditions.[9]

Circulating monocyte recruitment becomes prominent only dur-
ing infection or injury.[28] AMs, as resident macrophages di-
rectly guarding the gas-exchange surface, must balance efficient
pathogen clearance with the need to prevent excessive inflam-
mation. Accordingly, AMs could remove pathogens and par-
ticulates and promote tissue recovery.[29] This dual functional-
ity contrasts with the tolerance-oriented phenotype of intesti-
nal macrophages toward commensals, the fibrosis-promoting
potential of liver macrophages, and the comparatively limited
reparative role of kidneymacrophages.[30,31] Morphologically, pul-
monary macrophages often display large, multi-branched shapes

rich in pseudopods, a structural adaptation that facilitates the en-
gulfment of inhaled particles.[32] This morphology differs from
that of skin macrophages, which specialize in capturing sur-
face antigens, or the shorter and spindle-shaped forms typical of
intestinal and cardiac macrophages.[33,34] Collectively, these fea-
tures illustrate how the lung microenvironment has evolutionar-
ily shaped pulmonary macrophages into highly specialized sen-
tinels optimized for preserving gas exchange while mounting
rapid responses to pathological damages.
Lung infection progresses through different stages—the acute

phase, the pathogen clearance phase, and the inflammation
resolution phase. In the acute phase, macrophages adopt a
proinflammatory state that acts as an “accelerator” to control
pathogens and initiate inflammation.[27] As infection progresses
into the pathogen clearance phase and the subsequent inflam-
mation resolution phase, macrophages shift toward an anti-
inflammatory, tissue-repairing state that functions as a “brake,”
promoting tissue healing, maintaining barrier integrity, and
restoring homeostasis.[14,35] The transition of macrophages from
proinflammatory to anti-inflammatory states is driven by signals
in the pulmonary microenvironment, such as anti-inflammatory
cytokines such as IL-10 and TGF-𝛽.[16,36] Additionally, the recruit-
ment of monocytes and their differentiation into macrophages
are involved in regulating inflammation and homeostasis in lung
infections. However, in chronic pulmonary infections, the failure
to resolve inflammation leads to a persistent immune response.
Macrophages remain in a sustained proinflammatory state and
continuously produce cytokines and ROS, which can result in
tissue damage and fibrosis.[37] Disturbance of the equilibrium
between proinflammatory and anti-inflammatory macrophages
is a key driver of chronic lung disease pathogenesis.[27] Under-
standing the dynamic shifts in macrophage functions through-
out infection stages is crucial for developing targeted therapies
to improve lung health.

2.2. Distinct Biology of Alveolar and Interstitial Macrophages at
Steady State and During Infection

AMs are characterized by distinct phenotypic signatures. Inmice,
AMs typically express MerTK, CD64, CD68, CD206, and F4/80,
while in the steady state, AMs lack CX3CR1 and CD11b but dis-
play high levels of CD11c and Siglec-F. In humans, AMs are de-
fined by the expression of CD206, CD169, CD11c, CD163, and
MARCO, a profile largely conserved in non-human primates.
AMs exhibit heterogeneous spatial distributions within the lung,
with studies showing that approximately 60% of alveoli lack resi-
dent AMs.[2,38] Only a minority (∼10%) remains stably anchored
to the alveolar epithelium, where they form connexin 43 (Cx43)-
mediated gap junctions that enable direct intercellular commu-
nication. Notably, this sessile population persists even during in-
flammatory challenges such as lipopolysaccharide (LPS) expo-
sure, coordinating immunoregulatory signals through synchro-
nized calcium (Ca2+) waves propagated via the epithelial network.
This mechanism is thought to dampen excessive inflammation
and maintain tissue homeostasis.[38] In contrast, the majority of
AMs are highly motile and actively patrol the alveolar surface un-
der steady state conditions. These cells migrate across adjacent
alveoli by traversing the pores of Kohn, which allows for short-
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Figure 1. Characteristics of macrophage subtypes in pulmonary infections. Inflam-Ms, inflammatory cytokine-enriched macrophages; Hub-Ms,
immunity hubs-associated macrophages; Reg-Ms, immune regulatory macrophages; Prolif-Ms, proliferating macrophages; Memory-Ms, Memory
macrophages; Senesc-Ms, Senescent macrophages; PPARs, peroxisome proliferator-activated receptors. Created with BioRender.com.

range locomotion. Through this dynamic surveillance, migratory
AMs contribute to the clearance of inhaled particles and cellular
debris, thereby supporting immune defense.[2]

Interstitial macrophages (IMs) are a distinct lung-resident
population marked by SiglecF−CD11b+. They originate predom-
inantly from postnatal Ly6C+ monocytes, with their recruitment
and differentiation are largely driven by pathogens or inflamma-
tory stimuli.[39] Single-cell technologies have resolved IMs into
two to three distinct subpopulations.[10,12] Gibbings et al. identi-
fied three IM subsets based on CD11c and MHC class II expres-
sion: CD11cloMHC IIlo, CD11cloMHC IIhi, and CD11chiMHC
IIhi.[10] In contrast, Chakarov et al. described two conserved sub-
sets across organs and species: Lyve1loMHC IIhiCX3CR1

hi and
Lyve1hiMHC IIloCX3CR1

lo. Spatial localization analysis via im-
munofluorescence further revealed that Lyve1loMHC IIhi IMs are
enriched in perineural regions, whereas Lyve1hiMHC IIlo IMs
are predominantly situated near blood vessels. These subsets ex-

hibit distinct functions. Lyve1hiMHC IIlo IMs restrain inflamma-
tion and fibrosis, as their depletion in pulmonary fibrosis models
leads to increased vascular leakage, immune infiltration, and col-
lagen deposition. In contrast, Lyve1loMHC IIhi IMs display strong
antigen-presenting capacity.[12]

Macrophages act not only as sensors that perceive and respond
tomicroenvironmental changes by adopting distinct phenotypes,
but also as effectors that orchestrate critical immune functions.
Their dynamic transitions across infection phases, from home-
ostasis to inflammation and resolution, underscore their indis-
pensable roles in pulmonary immune regulation.

2.2.1. The Acute Phase of Infection

During the acute phase of infection, the alveolar microenvi-
ronment undergoes rapid and profound changes, which are
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often referred to as the “pathogen-induced damage phase.”
[40,41] It is characterized by a combination of intense immune
activation, inflammatory responses, and substantial metabolic
reprogramming within host cells.[4,42] Pathogens employ di-
verse strategies to manipulate the host immune system, in-
cluding the secretion of small RNAs (sRNAs), to dampen the
host’s early immune response via interference with key path-
ways, such as blocking RIG-I and IRAK1-mediated type I in-
terferon production.[43–45] By targeting key sensors and reg-
ulators of the host immune system, pathogenic sRNAs dis-
rupt the host immune response, thereby promoting pathogen
survival.[44,45]

Concurrently, the acute phase induces profound metabolic
reprogramming in macrophages, resembling the Warburg effect
observed in cancer cells. This metabolic shift is characterized
by increased glycolysis, even in the presence of sufficient
oxygen, and alterations in mitochondrial function.[41,46,47]

Within macrophages, this metabolic shift exhibits a func-
tional dichotomy: intracellular pathogens co-opt glycolytic
intermediates for the biosynthesis of lipids, amino acids, and
nucleotides, promoting their replication, whereas macrophages
paradoxically leverage this metabolic state to enhance anti-
pathogen defenses.[41,48,49] The Ras-ERK-PI3K-mTOR signal-
ing axis orchestrates these metabolic shifts by stabilizing
HIF-1𝛼, a key transcription factor that drives glycolytic en-
zyme expression through mTORC1 signaling.[50–53] This
metabolic reprogramming directs pyruvate toward lactate
and acetyl-CoA production, fostering an energetic environ-
ment that supports phagosomal acidification and pathogen
containment.[40,54]

2.2.2. The Pathogen Clearance Phase

As the immune response transitions from the acute phase to the
pathogen clearance phase, the focus shifts to the coordinated res-
olution of infection. This phase marked by the activation and
dynamic interactions of various immune cell populations work-
ing in concert to eliminate pathogens.[55] Macrophages not only
serve as phagocytic effectors in pathogen clearance but also regu-
late the functions of other immune cells, including neutrophils,
T cells, dendritic cells (DCs), and B cells.[23,55–58] The precise or-
chestration of these cellular responses, along with the metabolic
regulation governing immune cell activation, is essential for ef-
fective pathogen clearance.
AMs, which reside in the airway lumen, continue to phago-

cytose residual pathogens and debris,[59] and secrete TGF-𝛽 to
induce CD4+ T cell anergy and foster FoxP3+ regulatory T cell
differentiation, thereby dampening excessive inflammation.[60]

In the lung interstitium, interstitial macrophages (IMs) comple-
ment these functions by presenting antigens via high MHC II
expression and fine-tuning T helper responses.[61] IMs can pro-
mote Th2 polarization in murine models and deliver costim-
ulatory signals to tissue-resident memory CD4+ T cells in hu-
mans, yet also restrain hyperactive Th2/Th17 responses through
IL-10 secretion.[61,62] Interestingly, compared with CD11b+ con-
ventional dendritic cells (cDCs) and AMs, IMs induce a higher
percentage of CD4+ T cells expressing FoxP3, a marker of
regulatory T cells, particularly in models of allergic airway

inflammation.[63] This IL-10- and TGF-𝛽-dependent process
highlights the potential of IMs in regulating immune responses
during inflammation.[63,64] CD4+ T cells frequently colocalize
with CX3CR1

+/MHC II+ IMs, suggesting that IMs spatially reg-
ulate adaptive responses under inflammatory conditions.[64]

Concomitantly, circulating monocytes are recruited to the
infected tissue, where inositol 1,4,5-trisphosphate (IP3) and
elevated intracellular calcium (Ca2+) fluxes drive their acti-
vation, migration, and differentiation into macrophages.[65,66]

While these Ca2+ signals are indispensable for pathogen up-
take and clearance, their dysregulation can perpetuate in-
flammation, compromise epithelial barriers, and exacerbate
lung damage.[58] Furthermore, macrophage population expan-
sion is also driven by local proliferation. While the cell cy-
cle of infected macrophages is arrested, uninfected bystander
macrophages are triggered to proliferate, leading to macrophage
accumulation.[67]

In viral infections like severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), macrophages orchestrate adap-
tive immunity through reciprocal crosstalk with CD160+CD8+

T cells. They interact with CD160+CD8+ T cells, which ex-
press chemokine receptors CXCR3 and CXCR6 that direct
their migration to infected sites.[35,68] These T cells, which
are rich in granzymes, cooperate with macrophages to elimi-
nate infected cells.[69] Moreover, CD160+CD8+ T cells secrete
CCL5, which recruits additional macrophages, thus amplifying
the antiviral response. At the same time, macrophages help
regulate neutrophil activity by clearing apoptotic neutrophils
and modulating the inflammatory environment, ensuring a
balanced immune response. Notably, Slamf9+ macrophages co-
express ligand-receptor pairs such as Pecam1/Cd38, Ccl5/Ccr5,
and Ccl8/Ccr1, as detected by spatial enhanced resolution
omics-sequencing (Stereo-seq), suggesting that they actively
participate in neutrophil recruitment and modulation of
their function.[14,70] Similarly, macrophage interactions with
DCs, which are critical for initiating adaptive immunity,
further contribute to the efficient coordination of immune
responses.[35]

Furthermore, macrophages play crucial roles in regulating im-
mune cell function in specific regions of the lung, such as the
adventitia of pulmonary vessels, where regional immune hubs
are located.[71] FR𝛽+ IMs predominate in these areas and are key
in maintaining local immune homeostasis. These macrophages
express chemokines such as CXCL13 and CCL8, which recruit
B cells, Th2 cells, group 2 innate lymphoid cells (ILC2s), and
CD103+ DCs.[72,73] Through these interactions, FR𝛽+ IMs help
coordinate immune responses, ensuring that immune cells are
appropriately positioned to clear the infection while minimizing
inflammatory damage.[17]

2.2.3. The Inflammation Resolution Phase

As the immune response progresses to the inflammation res-
olution phase, the lung microenvironment undergoes a critical
transition from a proinflammatory state to an anti-inflammatory
state, which is essential for restoring tissue homeostasis and fa-
cilitating repair.[74] As inflammation subsides, immune cell ac-
tivation decreases, proinflammatory cytokines are reduced, and
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tissue repair mechanisms are initiated.[75,76] Macrophages con-
tribute significantly to this resolution by regulating inflammatory
mediators and supporting tissue regeneration.
The resolution of inflammation relies on a carefully coordi-

nated process where macrophages reduce ROS and proinflam-
matory cytokines while simultaneously promoting the accumu-
lation of anti-inflammatory signals.[77] Moreover, macrophages
play a critical role in clearing apoptotic cells, such as neu-
trophils and T cells, thus preventing excessive inflamma-
tion and facilitating efficient tissue repair.[78,79] This process,
known as efferocytosis, not only prevents the release of proin-
flammatory molecules and toxins but also triggers the secre-
tion of reparative mediators such as TGF-𝛽, PAF, and PGE2.
Thesemediators suppress proinflammatory cytokines (e.g., TNF-
𝛼) and chemokines (e.g., MIP-2), further promoting tissue
repair.[75,80–82]

As resolution progresses, macrophages shift phenotypes to
support tissue repair. For example, after SARS-CoV-2 infection,
the number of S100a9+ and Slamf9+ macrophages in alveolar
DC–T immunity hubs decreases. These macrophages differenti-
ate into Trem2+ immune regulatory macrophages and Fbp1+ pro-
liferating macrophages, which contribute to repair by secreting
anti-inflammatory cytokines and clearing residual pathogens and
dead cells.[14,35] In addition, macrophage interactions with regu-
latory T cells (Tregs), which dampen inflammation, further fa-
cilitate resolution. Tregs exert pro-resolution effects both directly
and indirectly through macrophages, decreasing proinflamma-
tory cytokine secretion and increasing the levels of reparative fac-
tors like TGF-𝛽.[76,83,84]

Another key feature of lung repair is the transient appear-
ance of cytokeratin 8 (KRT8)hi transitional epithelial progen-
itor cells. However, their prolonged persistence or dysregula-
tion can disrupt alveolar architecture and drive fibrotic remod-
eling, contributing to long-term complications such as post-
acute sequelae of COVID-19 (PASC).[85,86] Emerging evidence
has revealed a critical role for macrophage peroxisomes in or-
chestrating alveolar recovery and mitigating fibrotic outcomes.
By modulating lipid metabolism, peroxisomes preserve mito-
chondrial function and support macrophage programs that pro-
mote alveolar type 2 (AT2) cells renewal.[37] However, sustained
interferon signaling, particularly IFN-𝛾 signaling, can impair
this process by suppressing peroxisome biogenesis and trigger-
ing pexophagy (autophagy of peroxisomes), ultimately compro-
mising the reparative functions of macrophages.[87] Pharmaco-
logical enhancement of peroxisome activity, such as through
sodium 4-phenylbutyrate (4-PBA), has shown promise in restor-
ing macrophage-mediated repair and limiting long-term lung
damage.[37]

The resolution of inflammation is typically an orderly and
protective process; however, defects in this pathway can lead
to chronic inflammation (e.g., COPD, asthma, and pulmonary
fibrosis).[37,88–90] Impaired phagocytosis, excessive apoptosis, or
reduced specialized pro-resolving mediators (SPMs) production
can all hinder proper resolution, resulting in persistent inflam-
mation and tissue damage.[91] A deeper understanding of how
targeting macrophages to modulate these molecular pathways
could offer potential therapeutic strategies for improving out-
comes in pulmonary infections and preventing long-term lung
damage.

2.3. Metabolic Cues Shape Macrophage Plasticity in Pulmonary
Infections

Metabolic regulation has emerged as a critical determinant of
macrophage function in the lung, particularly during pulmonary
infections. Both systemic and local metabolic cues, ranging from
host-derived to microbiota-generated metabolites, profoundly
shape macrophage phenotype, gene expression, and immune
responsiveness, thereby influencing the outcome of respiratory
diseases.[92,93]

Obesity exemplifies how systemic metabolic dysregulation al-
ters pulmonary immunity. Elevated levels of the adipokine lep-
tin in obese individuals impair antiviral immunity by repro-
gramming macrophages, particularly in bronchoalveolar lavage
(BAL) macrophages.[93,94] AMs, which uniquely express the lep-
tin receptor (Lepr), are particularly sensitive to such metabolic
cues. Leptin signaling exerts dual effects on these cells.[93] On
the one hand, it undermines antiviral defenses by suppress-
ing protein kinase R (PKR) expression and the production of
interferon-𝛽 (IFN-𝛽) or interferon-stimulated genes (ISGs), such
as 2′-5′-oligoadenylate synthetase (OAS).[93] This inhibition is re-
inforced by the induction of suppressor of cytokine signaling 3
(SOCS3), which blocks JAK/STAT signaling to weaken host re-
sistance to viral infection.[94,95] On the other hand, LEP-R sig-
naling protects AMs from necroptosis to reduce the release of
interleukin-1𝛼 that prevents neutrophil recruitment and conse-
quent tissue injury.[93] Thus, hyperleptinemia creates a complex
immunometabolic state in which macrophage survival and tis-
sue integrity are preserved at the cost of compromised antiviral
capacity.
In addition to host-derived metabolites, the gut microbiota

and its metabolic by-products—particularly short-chain fatty
acids (SCFAs)—also significantly influence macrophage func-
tion in the lung.[19,96] SCFAs, including acetate, propionate,
and butyrate, have been linked to shifts in macrophage func-
tion, characterized by a reduction in mTOR kinase activity, in-
creased microtubule-associated protein 1 light chain 3 alpha
(LC3)-associated host defense, and increased production of an-
timicrobial peptides, without provoking excessive proinflam-
matory cytokine production.[97–100] Mechanistically, butyrate has
been shown to inhibit histone deacetylase 3 (HDAC3) activ-
ity, leading to acetylation and suppression of STAT1 phospho-
rylation and dimerization, thereby steering macrophages to-
ward an anti-inflammatory state that confers protection against
Methicillin-resistance Staphylococcus aureus (MRSA)-induced
pneumonia.[101] These effects are not limited to local immune
modulation; SCFAs also affect hematopoietic precursors in the
bonemarrow, promoting the generation of macrophage and den-
dritic cell progenitors, thus altering the composition of immune
cells recruited to the lung.[92]

Dietary habits further influence this process by shaping the gut
microbial landscape (e.g., the ratio of Firmicutes to Bacteroidetes)
and SCFA output.[102,103] High-fiber diets increase SCFA produc-
tion and have been associated with protection against allergic air-
way inflammation, whereas low-fiber diets lead to reduced SCFA
levels and heightened disease susceptibility.[104] Importantly, SC-
FAs regulate key metabolic pathways within macrophages, in-
cluding the balance between glycolysis and oxidative phospho-
rylation, and the promotion of fatty acid oxidation.[105] These
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metabolic changes not only fuel macrophage activity but also in-
fluence transcriptional programs that guide their differentiation
and functional polarization.
Together, these findings underscore the profound role of

metabolic signals, both host- and microbiota-derived, in orches-
tratingmacrophage plasticity in the lung. By reprogramming cel-
lular metabolism, these cues determine macrophage fate, func-
tional phenotype, and their ability to either resolve or exacerbate
infection-driven inflammation.

3. Single-Cell Profiling of Macrophage Subtypes in
Pulmonary Infections

Single-cell transcriptomics has uncovered a remarkable diversity
of macrophage states across infectious and inflammatory dis-
eases. A central challenge is how to organize these transcrip-
tional states into biologically meaningful categories that are re-
producible and functionally coherent. In infectious contexts, nu-
merous single-cell studies have delineated macrophage hetero-
geneity across pathogens. For example, analysis of murine lungs
infected with Mtb,[106] or bronchoalveolar lavage macrophages
from patients with latent versus active tuberculosis,[107] or ex vivo
infection of human lung tissue with SARS-CoV-2,[57,108,109] and
spatiotemporal mapping of Slamf9+ macrophages during coron-
avirus infection [14,35] have shown distinct macrophage subclus-
ters. Comparable findings have also emerged in influenza, Strep-
tococcus pneumoniae, and other models, underscoring the gener-
alizability of these observations. Across studies, the subsets are
characterized by recurring transcriptional programs such as in-
terferon and TNF-driven inflammatory modules, chemokine ex-
pression patterns, metabolic remodeling signatures, cell-cycle–
linked proliferative states, and markers of senescence. They are
further distinguished by spatial localization to niches such as im-
munity hubs or interstitial compartments, and by dynamic tran-
sitions across the course of infection, from acute inflammation
to resolution.
Parallel efforts in cancer immunology have similar insights.

According to single-cell and spatial multi-omics data across mul-
tiple tumor types, a conserved taxonomy of tumor-associated
macrophages (TAMs) was proposed. This framework delin-
eates seven major classes, including interferon-primed, inflam-
matory cytokine-enriched, immune-regulatory, lipid-associated,
pro-angiogenic, resident tissue–like, and proliferating TAMs.
Each category is anchored by a characteristic transcriptional
program, such as ISG/IDO modules in interferon-primed
TAMs, IL1B/CCL chemokine clusters in inflammatory TAMs,
ARG1/MRC1 and efferocytosis signatures in regulatory TAMs,
APOE/APOC modules in lipid-associated TAMs, VEGFA/SPP1
programs in angiogenic TAMs, scavenger and tissue-specific
markers in resident-like TAMs, and MKI67-driven cell-cycle
genes in proliferating TAMs. Importantly, this framework em-
phasized recurrence and functional coherence, helping to link
macrophage programs to therapeutic targets such as TREM2,
MARCO, and QPCTL.[110]

For pulmonary infections, six macrophage subtypes are
proposed: inflammatory cytokine-enriched macrophages
(Inflam-Ms), immunity hubs–associated macrophages (Hub-
Ms), immune regulatory macrophages (Reg-Ms), proliferating
macrophages (Prolif-Ms), memory macrophages (Memory-Ms),

Table 1. Characterization and functional roles of macrophage subsets in
lung infection.

Inflammatory cytokine-enriched macrophages

Human-derived signature[107,108,117,196–198]: FCN1, MAFF, KLF4, NFE2L2, BACH1,
TOP1, ISG15/20, Lgals3, Ndufa4, Fabp5, S100A8/9/10/12, GBP1/5, CD63, Fcer1g,
HSPA6/A1A/A1B/B1/H1, IER3, LITAF, CASP1, ELK3, SERPINB1/9, UBE2B, BID,
HNRNPH2, STARD4, KPNA4, FCGR3A, ELOVL5, LYZ, APOE, C1QA, B2M,
VCAN, CORO1A, SELL, CFP, RNASE2, FPR1, COTL1, MPEG1, STAB1, MS4A6A,
DNAJB1, BAG3, TIMP1, DEFB1, VAMP5, NINJ1, SOD2, BCL2A1, TYMP, SGK1,
CTSB, ANKRD22, CALHM6, APOBEC3A, IDO1, TNFSF10, CLU, PPARG, TCF7L2,
INHBA, SLC19A3, ITGB8, CD5L, IL17RB, SLC25A37, PLEK, GCH1, PLA2G7,
SLAMF7, CYP1B1, CTSL, IFI6, CXCL5/10/11/18, CCL2/3/4/8/18/20, IL1B

Mouse-derived signature[48,117,199–201]: S100a8/a9, Sdc1, Cst7, Fam162a, Orm1,
Clmp, Slc7a2, Saa3, Nos2, Adgre1, Clec4e, Ubd, Fcgr1/2b, Apoe, C1qa, Itgam, Ccr2,
Ccr5, Il1b, Tnfa, Tnfsf10, Cxclc2, Cxcl3,Csf1,Il4, Myd88, Mafb, Irg1, Aif1, Hif1a,
Ccl2/4/5, Irf1, Irf7, Isg15, Ifitm3, Cxcl10; CD68hi, CD40hi, CD38+, CD86+, iNOS+

Induction type Human:Mycobacterium tuberculosis (Mtb),
Mycobacterium bovis, Bacillus Calmette-Guérin
(BCG), SARS-CoV-2

Mouse: Klebsiella pneumoniae,Mtb, Influenza A virus
(IAV)

Function/Enriched
pathway

Human: IFN response, Viral replication, Cytokine
secretion, Neutrophil activation

Mouse: IFN response, TNF signaling, Antigen
processing and presentation, Cytokines and
chemokines enrichment, NF-𝜅B signaling,
Complement activation, Leukocyte migration,
Glycolysis, Endocytosis

Immunity hubs-associated macrophages

Human-derived signature[23,107]: IFIT2, IFIT3, ISG15, AGRP, IGFBP2, LPL, PARAL1,
CD52, PTPMT1, CYSLTR1, STMN1, MGST3, TSPO, ASP5, S100A4/13,
CXCL8/9/10/11, CCL7/8/13/23/24

Mouse/hamster-derived signature[14,35,117,129,130]: Slamf9, Spp1, Siglec1, H2-M2,
Ubd, Cd38, Isg12, Cd80, Ctsd, Apoe, Lyz2, Fth1, Gdf15, Ccr2, Ccl5, Ccl6,
Cxcl4/9/10/11/16, Il18, Il10, Il1a, Il1b, Tgfb1

Induction type Human: SARS-CoV-2,Mtb
Mouse/hamster: SARS-CoV-2, IAV, Pseudomonas
aeruginosa

Function/Enriched
pathway

Human: Monocytes and T cells recruitment, IFN
response, Antigen processing and presentation,
Chemokine-mediated signaling

Mouse/hamster: Neutrophil interaction, Lymphocyte
interaction, Antigen processing and presentation,
Chemokine-mediated signaling, Lysosome,
Peroxisome, TLR signaling

Immune regulatory macrophages

Human-derived signature[14,107,108,198,200,202–205]: CD163, CD206, SPP1, RHOA,
HLA-A, AZIN1, TUBA1A, FAM49B, NLN, RIPK2, HSPD1/90B1/H1, CD84, CD86,
CD180, TAF7, DUSP3, FCGR2A, RIT1, PTP4A1, GNPGAB, DYSF, LGMN, RGS1,
RNASE1, HMOX1, C1QC, SDS, ARL4C, CTSL, CTSZ, GPR183, NR1H3, FPR3,
ABCA1, TTYH3, CREG1, A2M, NRP2, PLTP, GPNMB, LHFPL2, SMPDL3A, PLD3,
MARCKS, SDC3, TMEM2/176A/176B, PMP22, MMP14, MS4A4A, CREM, APOE,
IL7R, LIPA, IL4, IL13, IL10, CCL18, CCL13, TGFB1

Mouse/hamster-derived signature[14,48,117,141,201,206]: Csf1, Slamf7, Arg1,Mrc1,
Trem2, Spp1, C1qa/b/c, Marco, Ctsb, Fcgr2b, Ifit1, Usp18, Irgm1, Irg1, Ptgs2, Ptafr,
lcn2, Socs1/3, Msr1, Mmp14, Ccr1/2/7, Clec4b, Parp14, Il1rn, Fizz1, Cd163, Slc7a2,
Ear2, Malat1, Kcnq1ot1, Apoe, Aif1, Ms4a7, Mrc1, Fn1, Vim, Crip1, Pdgfc, Plet1,
Cxcl12/16, Il4/10/13, Tgfb1, Pparg, Klf4, Myc31, Rxra33; Ly6G+, CD64+, Siglec-Flo,
CD11clo, CD163+, CXCR4hi, MHC II hi, CD101hi, CD319hi, CD177lo, CD206hi,
ARG1+

(Continued)
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Table 1. (Continued)

Induction type Human:Mtb, IAV, SARS-CoV-2
Mouse/hamster: IAV, SARS-CoV-2, Klebsiella
pneumoniae, P. aeruginosa,Mtb, Nippostrongylus
brasiliensis

Function/Enriched
pathway

Human: Neutrophil degranulation, Leukocyte
differentiation, Regulation of plasma lipoprotein
particle levels, Oxidative stress response, Lipid
catabolic process, ECM remodeling

Mouse/hamster: Oxidative phosphorylation, PPAR
signaling, Proteasome, Calcium signaling, Wnt
signaling, Cell-substrate adhesion, Cell migration,
Cell development, Protein kinase activity, Fatty acid
oxidation

Proliferating macrophages

Human-derived signature[107,117]: TYMS, STMN1, TOP2A, PCLAF,MKi67
Mouse/hamster-derived signature[14,117,130,152,206,207]:Mki67, Fbp1, Mx1, Irg1, Ifi44l,
Lgals9, Unc93b1, Irf7, Isg15, Bst2, Ifit2/3, Bax, Apobec1, parp9, Rsad2, Rtp4, Adar,
Clec4e, Nmi, Ager, Eif2ak2, Stmn1, Top2a, Il1r2, Saa3, Mcm3/4/5/6, Tff2, c-Myc,
Ccl2

Induction type Human: BCG,Mtb
Mouse/hamster: IAV, SARS-CoV-2, P. aeruginosa,Mtb

Function/Enriched
pathway

Human: Proliferation
Mouse/hamster: Proliferation, Chemokine signaling,
NLR signaling, ECM receptor interaction, Ubiquitin
mediated proteolysis, p53 signaling, MAPK
signaling, Wnt signaling

Memory macrophages

Mouse-derived signature[3,169]: CD64, TLR2/4, CD80, CD86, Cd36, Mip2, Cxcl1;
MHC IIhi, Siglec-Fhi

Induction type Mouse: Adenoviruses, SARS-CoV-2, IAV

Function/Enriched
pathway

Mouse: Antiviral immune response and IFN-I signaling

Senescent macrophages

Mouse-derived signature[179,181,184,208–212,189]: Cd24a, Marco, Ctsd, Cybb, Pdpn,
Cxcr1, Cxcr2, Pdk4, Slpi, S100a1, Plpp3, Gm12840, Cd63, Wfdc21, Serpine1, Car4,
Gstm1, Wfdc17, Chil3, Spp1, Gpnmb,Mfge8, Cebpb, Cxcl3, Ccl6, Ccl2, Il1b, Il12,
Il10, Tnfa, Ifnb,Mif, Cdkn2a, Phlda3, cpeb1, Cxcl2, Mmp14, Ax1, Itgav, Chil1, Cd74,
Cdkn2a, Ptgs1;MHC IIhi, CD11c+, CD11b+, Siglec-Flo, CCR2hi, p16Ink4a+,
𝜷-galactosidase

Induction type Mouse:Mtb, IAV, Streptococcus pneumoniae

Function/Enriched
pathway

Mouse: Cell-cycle arrest, Cellular senescence, Cell
junction, Cell adhesion, Cell migration, PGE2-EP2
signaling, Endocytosis

Italic font denotes signature genes of the macrophage clusters. The Roman font rep-
resents the protein markers of the macrophage clusters. The key genes reported in
multiple studies are highlighted in bold.

and senescent macrophages (Senesc-Ms) (Figures 1 and 2;
Table 1). This framework rests on three principles: i) recurrence
across independent scRNA-seq datasets of viral, bacterial, and
fungal infections; ii) functional coherence such as cytokine
production, spatial coordination, efferocytosis, proliferation,
epigenetic reprogramming, and senescence; and iii) orthogonal
validation through spatial mapping, cell-cycle or senescence
markers, and epigenetic profiling, etc. By integrating single-cell
signatures with function, this six-subtype model provides a
reproducible and mechanistically interpretable scaffold for
understanding macrophage plasticity in the infected lung.

3.1. Inflammatory Cytokine-Enriched Macrophages

Inflammatory cytokine-enriched macrophages (Inflam-Ms) play
pivotal roles during pulmonary infections. Inflam-Ms are acti-
vated by type I interferons and proinflammatory cytokines, which
reprogram their functional state and metabolism. The release
of inflammatory cytokines by Inflam-Ms is critical for effective
pathogen clearance; however, excessive cytokines can lead to tis-
sue damage, while an insufficient inflammatory response allows
pathogens to evade immune surveillance.[55,111] Notably, Inflam-
Ms produce distinct responses when confronted with various
types of infections, and their gene expression profiles are char-
acteristic of the specific pathogens.
During the progression of SARS-CoV-2 infection,

DDX60+CHIT1hi Inflam-Ms are significantly elevated during
the acute phase. In this stage, Inflam-Ms increases expression
of IFN-responsive genes such as OAS1, ISG15, and RSAD2.
As infection progresses, DDX60+CHIT1hi Inflam-Ms increase
expression of key inflammatory markers, including HLA-DRB1,
MRC1, and SERPINE2.[15] In severe cases of coronavirus disease
2019 (COVID-19), excessive production of proinflammatory
cytokines and complement components drives a life-threatening
cytokine storm, leading to diffuse alveolar damage and acute res-
piratory distress syndrome (ARDS).[55,111] As an intrinsic feature
of ARDS, hypoxia further drives the release of soluble comple-
ment C5a.[112] Elevated C5a levels correlate with disease severity
and, via the C5a–C5aR1 axis, induce CCL2 secretion to recruit
monocytes and promote their differentiation into C5a receptor
1+ (C5aR1+) Inflam-Ms.[113,114] This feed-forward loop sustains
and exacerbates lung inflammation. In Inflam-Ms, an overactive
immune response is driven by elevated levels of cytokines such
as TNF-𝛼 and IFN-𝛾 , which also induce PANoptosis, a unique
form of inflammatory cell death.[115]

In certain chronic granulomatous infections, such as those
caused byMycobacterium tuberculosis, Inflam-Ms exhibit distinct
response patterns. They prefer to utilize oxidative stress and ex-
press a specific inflammatory molecular profile that does not
primarily focus on interferons to combat the infection. In the
context of Mtb infection, Inflam-Ms are primarily derived from
monocytes and exhibit a phagocytic phenotype, which is char-
acterized primarily by Nos2 expression.[106] Nos2+ Inflam-Ms
also express high levels of proinflammatory genes, including
Clec4e (Mincle) and Saa3 (serum amyloid A),[106,116] which in-
crease the production of ROS and reactive nitrogen species (RNS)
to promote macrophage clearance of Mtb.[117] Nos2+ Inflam-Ms
upregulate glycolysis and pathways involved in RNS produc-
tion, and this metabolic shift ensures persistent proinflamma-
tion during infection.[118] During active tuberculosis, monocyte-
derived FCN1+ Inflam-Ms become enriched in signaling path-
ways associated with TLR signaling, the lipopolysaccharide (LPS)
response, TNF signaling, the IL-1 response, and interferon
pathways.[107] Upon activation by pathogen-associated molecular
patterns (PAMPs) via TLR4 and TLR2, these macrophages pro-
mote ROS production in a Nox2-dependent manner.[119] Com-
pared to SARS-CoV-2, Inflam-Ms infected with Mtb display a
lower and more sustained level of inflammatory response.[120]

Moreover, to evade host immune defenses, Mtb can produce
the phosphatase PtpB that directly targets and alters the compo-
sition of host membrane phospholipids, thereby inhibiting py-
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Figure 2. Macrophage subtypes during different stages of pulmonary infection and their functional roles. Inflam-Ms, inflammatory cytokine-enriched
macrophages; Hub-Ms, immunity hubs-associated macrophages; Reg-Ms, immune regulatory macrophages; Prolif-Ms, proliferating macrophages;
Memory-Ms, Memory macrophages; Senesc-Ms, Senescent macrophages; DC, dendritic cell; NEUT, neutrophil. Created with BioRender.com.

roptosis. By hijacking host ubiquitin, PtpB prevents the activa-
tion of gasdermin D (GSDMD), a key mediator of pyroptotic cell
death.[121–123] Disruption of PtpB activity could enhanceGSDMD-
dependent immune responses, leading to reduced intracellular
pathogen survival.[123]

3.2. Immunity Hubs-Associated Macrophages

Immunity hubs-associated macrophages (Hub-Ms) can be de-
fined by their consistent spatial enrichment within alveolar
dendritic cell–T cell immunity hubs and by a characteristic
transcriptional and receptor–ligand program that enables in-
tensive crosstalk with DCs, T cells, and neutrophils. Direct

evidence comes from Stereo-seq–based spatiotemporal map-
ping of infected lungs, showing a preferential accumulation of
a Slamf9+ monocyte-derived subset. Slamf9+ Hub-Ms, distin-
guished by heightened viral detection rates and sustained prolif-
erative activity, are localized within hubs enriched for Ccr7+Ido1+

DCs, Cd160+CD8+ T cells, and Tnfrsf4+CD4+ T cells.[14,35,124,125]

Functionally, they phagocytose viral particles and interact with
Isg12+Cst7+ neutrophils through receptor–ligand axes such as
PECAM1, CCL5/8, CD80, and IL-10, while secreting chemokines
including CCL7, CCL8, and CCL13 to recruit T cells.[14,126,127]

During SARS-CoV-2 infection, Slamf9+ Hub-Ms expand rapidly
within these hubs, orchestrating immune cell cooperation and
making a decisive contribution to viral clearance. Once infec-
tion is resolved, their population contracts to baseline levels, but
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Figure 3. Functions and transitions of macrophage subtypes within the alveolar microenvironment during SARS-CoV-2 or influenza A virus (IAV)
infection. Inflam-Ms, inflammatory cytokine-enriched macrophages; Hub-Ms, immunity hubs-associated macrophages; Reg-Ms, immune regulatory
macrophages; Prolif-Ms, proliferating macrophages; AT1, alveolar type 1 cells; AT2, alveolar type 2 cells; BASCs, bronchoalveolar stem cells; OPN,
osteopontin; DC, dendritic cell; NEUT, neutrophil. Created with BioRender.com.

by day 14 post-infection, they undergo functional diversification,
giving rise to Trem2+ Reg-Ms and Fbp1+ Prolif-Ms that promote
inflammation resolution and tissue repair [14] (Figure 3).
Insights from the tumor microenvironment further under-

score the broader immunological significance of hub structures.
Recent spatial transcriptomic analyses in human lung cancer
have identified “stem-immunity hubs,” enriched for TCF7+PD-
1+ stem-like CD8+ T cells, CCR7+LAMP3+ DCs, and CCL19+

fibroblasts, which correlate with favorable responses to im-
munotherapy. Within these hubs, CXCL10+ macrophages pref-
erentially colocalize with effector CD8+ T cells and reinforce cy-
totoxic programs.[131] These results emphasize that hub-localized
macrophagesmight function as active organizers ofmulticellular
immunity or coordinate immune programs.
Beyond the Slamf9+ subset, multiple single-cell studies have

described macrophage states with features strongly suggestive of
hub association, even though their localization has not yet been
directly demonstrated. For example, IL-18hi subsets capable of
antigen cross-presentation drive the expansion of CD103+CD8+

resident memory T cells (TRM) after influenza infection.
[128,129]

Similarly, monocyte-derived CCL23hi macrophages identified in
Mtb infection express chemokines that preferentially recruit
CD8+CCR6+ T cells via the CCL20–CCR6 axis, implying a role
in organizing localized immunity hubs.[107] Single-cell profiling

of Pseudomonas aeruginosa infection likewise revealed infection-
stage–dependent macrophage chemokine modules, including
CXCL4/PF4 and CXCL16, which coordinate NK, NKT, and T-
cell responses in a manner consistent with hub biology during
chronic bacterial inflammation.[130] However, Hub-Ms beyond
the Slamf9+ subset remain poorly characterized, and their spatial
organization, ontogeny, and conserved molecular signatures re-
quire further elucidation. Future studies integrating spatial tran-
scriptomics, lineage tracing, and interactome analyses will be
crucial to define their identity and functions. Such knowledge
could inform new strategies to enhance hub-mediated immune
coordination during infections.

3.3. Immune Regulatory Macrophages

Immune regulatory macrophages (Reg-Ms) act as crucial modu-
lators in the host immune response to infection. On one hand,
their ability to suppress excessive inflammation plays a protec-
tive role by preventing cytokine storms and minimizing tissue
damage.[80,132] On the other hand, insufficient or dysregulated
activity of Reg-Ms may compromise pathogen clearance, poten-
tially resulting in unresolved inflammation and chronic infec-
tion. In addition to their immunomodulatory functions, Reg-Ms
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are actively involved in tissue repair following infection. They fa-
cilitate epithelial regeneration, extracellular matrix remodeling,
and angiogenesis, thereby contributing to the restoration of tis-
sue integrity. These reparative processes are underpinned by dis-
tinct phenotypic changes, such as cytoskeletal reorganization, en-
hanced motility, and metabolic reprogramming, all of which are
essential for efficient tissue regeneration.[133,134]

A fundamental mechanism by which Reg-Ms exert their im-
munoregulatory function is the clearance of apoptotic cells (ef-
ferocytosis), a process that not only removes proinflammatory
cellular remnants but also delivers anti-inflammatory signals.
Macrophages initiate efferocytosis by sensing exposed phos-
phatidylserine (PtdSer) on apoptotic cells through the receptor
tyrosine kinases (RTKs) AXL and MERTK, which require the
bridging proteins growth arrest–specific 6 (GAS6) or protein S
alpha (PROS1) for ligand binding.[135] Critically, full activation
of the anti-inflammatory tissue-repair phenotype requires a sec-
ond signal: the concurrent presence of IL-4 or IL-13 together
with apoptotic targets drives the characteristic transcriptional and
metabolic reprogramming of Reg-Ms.[136] Under these dual stim-
uli, macrophages up-regulate key repair genes (e.g., Arg1, Retnla,
Chil3) and redirect L-arginine metabolism toward ornithine and
polyamines, fostering collagen synthesis and extracellular matrix
remodeling.[137,138] Simultaneously, ARG1 induction supports a
shift to oxidative metabolism, marked by elevated fatty-acid ox-
idation and mitochondrial respiration, which suppresses proin-
flammatory cytokine release and promotes the secretion of pro-
resolving mediators.[139,140]

Reg-Ms also promote tissue repair during the resolution
phase. During infection with influenza A virus (IAV), circulat-
ing monocytes are recruited into the alveolar niche via CCR2-
dependent signaling pathways.[141,142] Within this microenvi-
ronment, they are exposed to granulocyte–macrophage colony-
stimulating factor (GM-CSF) secreted by adjacent alveolar type
2 (AT2) epithelial cells.[143] Ex vivo studies have shown that
upon GM-CSF stimulation, these monocyte-derived precursors
markedly increase the expression of lymphocyte antigen 6 com-
plex, locus G (Ly6g). In vivo, signaling through the GM-CSF re-
ceptor is essential not only for their differentiation into Ly6G+

Reg-Ms but also for the upregulation of arginase-1 (ARG1) fol-
lowing IAV infection. Once differentiated, Ly6G+ Reg-Ms un-
dergo rapid expansion, peaking at approximately day 10 post-
infection and disappearing by day 17.[141] Activation of the IL-4 re-
ceptor further stimulates Ly6G+ Reg-Ms to produce osteopontin
(OPN), a ligand for CD44, along with proinflammatory cytokines
such as IL-1 and TNF-𝛼—all of which have been shown to sup-
port alveolar regeneration.[144,145] Osteopontin binding to CD44hi

AT2 progenitors promotes their differentiation into type I alveo-
lar (AT1) epithelial cells, thereby preventing abnormal bronchi-
olization and supporting effective alveolar regeneration.[146,147]

Supporting this, ex vivo co-culture experiments demonstrate that
Ly6G+ Reg-Ms directly facilitate AT2 wound closure, emphasiz-
ing their essential role in orchestrating epithelial repair during
recovery from IAV infection [141] (Figure 3).
In the case of SARS-CoV-2 infection, single-cell RNA se-

quencing has revealed a distinct subpopulation of Reg-Ms
characterized by high expression of SPP1 and intermedi-
ate expression of CHIT1 (SPP1hiCHIT1int Reg-Ms).[15] No-
tably, these SPP1hiCHIT1int Reg-Ms upregulate genes asso-

ciated with cholesterol metabolism and tissue remodeling,
such as peroxisome proliferator-activated receptors (PPARs) and
their downstream targets.[148,149] These SPP1hiCHIT1int Reg-Ms
are predominantly derived from infiltrating DDX60+CHIT1hi

monocyte-derived macrophages.[15,108] Moreover, a distinct sub-
population of Trem2+ Reg-Ms has been identified during the in-
flammation resolution phase in the lung following SARS-CoV-
2 clearance. These Trem2+ Reg-Ms differentiate from monocyte-
derived Slamf9+ Int-Ms and are integral to the resolution of in-
flammation, immune homeostasis, and tissue repair.[14]

3.4. Proliferating Macrophages

In response to tissue injury or infection, proliferating
macrophages (Prolif-Ms) play a critical role in rapidly replen-
ishing the macrophage pool, maintaining a dynamic balance
between regulating the inflammatory response and promoting
tissue repair. Prolif-Ms also contribute to the renewal of tissue-
resident macrophages under steady-state conditions.[150,151] The
proliferation of macrophages is tightly regulated by specific sig-
naling pathways.[152] The surrounding microenvironment is also
essential for controlling macrophage proliferation, with Prolif-
Ms relying on the collagen receptor LAIR1 (CD305) to sense
stromal cues that influence their fitness and function.[153,154]

This interaction is critical for both homeostasis and disease
progression.
A critical aspect of macrophage proliferation is its regulation

through specific signaling pathways. Among these, Wnt signal-
ing promotes the stabilization of 𝛽-catenin, which accumulates
in the nucleus, where it interacts with transcription factors like
TCF/LEF to activate downstream genes.[155] In AMs, this path-
way not only facilitates the production of inflammatory medi-
ators but also plays a role in restricting excessive proliferation
andmaintaining stemness.[156] Moreover,Wnt-induced 𝛽-catenin
accumulation influences metabolic shifts, particularly through
its interaction with hypoxia-inducible factor 1-alpha (HIF-1𝛼),
a transcription factor that drives glycolysis while inhibiting mi-
tochondrial respiration.[157,158] Interestingly, activation of Wnt
signaling suppresses the stemness and self-renewal of alveolar
macrophages while simultaneously enhancing their proinflam-
matory function.[152]

The microenvironment in which macrophages reside is also
a key determinant of their behavior, including their prolifera-
tive capacity.Macrophages, including bothmonocyte-derived and
tissue-residentmacrophages, are exposed to collagen-rich niches,
which provide both physical and biochemical cues that influence
their function.[159] Collagen receptors such as LAIR1, which are
expressed on bothmonocytes and lung IMs,mediate interactions
with collagen and other stromal proteins, which help regulate
macrophage survival, proliferation, and differentiation.[153]

Pulmonary macrophages arise from yolk sac precursors and
fetal liver monocytes, giving rise to two major lineages: alveolar
macrophages (AMs) and interstitial macrophages (IMs).[9] Over
90% of AMsmaintain population stability primarily through self-
renewal, supported by alveolar niche factors such as GM-CSF.[9]

By contrast, IMs, occupying the interstitial space, rely on a mixed
strategy of local proliferation and continuous monocyte replen-
ishment. In addition, IM subsets display different renewal pat-
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terns: CD206+ IMs near the alveolar wall predominantly self-
proliferate under GM-CSF and TGF-𝛽 signaling, whereas Ly6C+

IMs adjacent to vessels and bronchi are mainly replenished by
CCL2- and M-CSF–driven monocyte recruitment.[160,161] These
differences highlight that AMs favor a self-renewal to minimize
barrier disruption, while IMs remain primed for rapid turnover
in response to environmental cues.
Under conditions of acute inflammation or lung injury, these

proliferative programs are dynamically reshaped. AMs are of-
ten depleted by pathogen uptake and efferocytosis, necessitat-
ing rapid replenishment from both monocyte influx and ac-
celerated self-proliferation. While monocyte-derived AMs dom-
inate during the acute phase, their self-renewal program reestab-
lishes long-term stability once inflammation resolves. Similarly,
IMs undergo activation and loss during infection and are re-
plenished primarily through circulating monocytes differentiat-
ing into proinflammatory IMs, with CD206+ IMs contributing
a smaller proliferative component.[160] Together, orchestrated by
both niche-derived signals and inflammatory context, AMs and
IMs employ distinct but complementary proliferative strategies
to sustain lung immune homeostasis and repair.
Interestingly, during Mtb infection, macrophage prolifera-

tion is restricted to uninfected bystander cells, whereas infected
macrophages undergo cell cycle arrest. Both lung-resident AMs
and IMs exhibit basal levels of self-renewal even under unin-
fected conditions, as shown by Ki67 labeling.[10,162] Flow cytome-
try analyses show that Ki67 and inducible nitric oxide synthase
(iNOS) expression are mutually exclusive in AM and IM pop-
ulations. iNOS expression is markedly upregulated in infected
macrophages; however, these cells remain Ki67−, indicating that
active proliferation does not occur in the infected cells them-
selves. In contrast, a subset of uninfected macrophages retains
Ki67+.[11,163] These findings suggest that macrophage prolifera-
tion during Mtb infection is largely confined to uninfected by-
stander cells.

3.5. Memory Macrophages

Innate immunity was long regarded as incapable of memory. Re-
cent advances have revealed that macrophages can acquire long-
lasting memory-like states in response to infection or inflamma-
tory cues.[164,165] This phenomenon, broadly referred to as trained
immunity, results from persistent epigenetic and metabolic re-
programming, such as Warburg-like metabolic shifts and chro-
matin remodeling, which together enhance pathogen recogni-
tion, cytokine secretion, and effector responses.[3,166,167] Unlike
adaptive immune memory, it is antigen-independent, enabling
macrophages to mount more effective responses upon subse-
quent encounters.[3,168] Memory macrophages (Memory-Ms) pri-
marily arise from the proliferation of resident macrophage pools
and sustain immune competence independently of circulating
monocytes.[3,169]

scRNA-seq and single-nucleus ATAC sequencing (snATAC-
seq) analyses reveal that lung-resident macrophages acquire dis-
tinct memory programs characterized by increased chromatin
accessibility at interferon-stimulated loci (e.g., Ifnb1, Stat1, Ifit1,
Mx1) and activating histonemodifications such asH3K4me1 and
H3K27ac.[3,170] Developmentally, Memory-Ms follow a two-stage

trajectory: their priming requires CD8+ T cell help through IFN-𝛾
and contact-dependent interactions, while their persistence and
recall responses can occur independently of T cell input.[169] No-
tably, studies diverge on whether T cell help is essential for mem-
ory programming. For example, viral airway infection induces
memory AMs through an early CD8+ T cell–dependent priming
phase,[169] whereas parenteral BCG vaccination generates mem-
ory AMs via the gut–lung axis independently of T cells or IFN-
𝛾 .[171] These discrepancies likely reflect differences in context: air-
way infection drives local, contact-dependent priming by effector
T cells, while BCG engages systemic immune–metabolic circuits
that reprogram AMs through soluble mediators.
Functionally, Memory-Ms broaden host defense beyond

antigen-specific mechanisms. Prior infections, including SARS-
CoV-2, influenza A virus, Staphylococcus aureus, and Mycobac-
terium tuberculosis, induce durable epigenetic changes in airway-
residentmacrophages.[165,167,168] These include enhanced accessi-
bility at interferon-related effector genes (e.g., Ifnb1, Stat1, Ifit1)
and ISG loci (e.g., Mx1, Oas3, Cd86, Rsad2), enabling faster an-
tiviral responses upon reinfection.[3,170] Such “preconditioning”
not only accelerates clearance of homologous pathogens but also
confers heterologous protection.[165,167] For instance, prior SARS-
CoV-2 infection has been shown to mitigate the severity of sec-
ondary influenza A virus infection,[3] while chronic exposure
to Mtb or other respiratory pathogens primes the lung to limit
replication of subsequent invaders, including SARS-CoV-2.[168]

This cross-protection is largely mediated by an enhanced antivi-
ral state marked by elevated IFN-I, TNF-𝛼, and IL-1 production,
which primes the lung for more effective immunity.[3,170] Impor-
tantly, because trained immunity operates independently of anti-
gen recognition, it offers an advantage over adaptive immunity
in countering rapidly evolving RNA viruses.
Nevertheless, memory-like reprogramming is not uniformly

protective. Depending on the intensity and nature of the ini-
tial stimulus, macrophages may adopt either a trained state
with heightened responsiveness or a tolerant state with im-
paired effector activity. Low-dose LPS or 𝛽-glucan exposure
establishes latent enhancers (H3K4me1) that promote ro-
bust cytokine responses upon restimulation, whereas high-
dose LPS or severe systemic inflammation induces repres-
sive histone marks (H3K9me2, H3K27me2), suppressing cy-
tokine production and phagocytosis.[172,173] In the lung, this
can manifest as long-term immunoparalysis of AMs, with im-
paired bacterial clearance persisting weeks after pneumonia or
sepsis.[172] Clinically, tolerogenic memory increases susceptibil-
ity to hospital-acquired pneumonia, and such states can persist
in human monocytes and AMs for months following systemic
inflammation.[172]

Recent work further highlights the importance of epigenetic
remodeling in shapingmacrophage memory within the lungmi-
croenvironment. In a muco-obstructive airway model, AMs ex-
hibited widespread DNA hypomethylation and increased chro-
matin accessibility at promoter and enhancer regions, accompa-
nied by enrichment of IRF, NF-𝜅B, C/EBP, STAT6, and ATF3
motifs. These epigenetic changes were linked to a mixed acti-
vation state, impaired efferocytosis, and exaggerated responses
to secondary stimuli. Notably, exposing wild-type macrophages
to native mucus could reproduce similar transcriptional and
functional alterations, demonstrating that local tissue cues
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can impose durable epigenetic reprogramming independent of
infection.[174]

Collectively, these findings underscore the dual nature of
macrophage memory. On one hand, trained Memory-Ms pro-
vide broad, antigen-independent protection that complements
adaptive immunity; on the other, tolerogenic states compro-
mise host defense and predispose individuals recovering from
severe illness to secondary infections. Modulating macrophage
memory—by enhancing beneficial training or reversing toler-
ance might offer therapeutic strategy.[172,175,176] But the differen-
tiation, persistence, and tissue distribution of Memory-Ms re-
main poorly defined. Key questions include how acute infec-
tion, systemic vaccination, or microbial metabolites shape dis-
tinct memory trajectories, and how T cell–dependent and T cell–
independent pathways converge in vivo. Addressing these gaps
will be crucial for translating macrophage memory into clinical
interventions for pulmonary infections.

3.6. Senescent Macrophages

Senescent macrophages (Senesc-Ms) constitute a distinct sub-
population that accumulates with age and chronic inflammatory
stress. Senesc-Ms exhibit profound phenotypic and functional
changes, including dysregulated gene expression, increased tran-
scriptional noise, reduced proliferative capacity, and altered cy-
tokine profiles. The progressive decline in macrophage function
is a hallmark of aging-associated chronic inflammation.[177]

In the aging lung, embryonically-derived tissue-resident AMs
gradually lose their proliferative ability and are increasingly re-
placed by monocyte-derived AMs.[178] This shift in origin is accel-
erated by repeated inflammatory insults such as respiratory infec-
tions. As a result, senescent AMsnot only emerge in aged individ-
uals but are also observed in young individuals recovering from
severe or recurrent infections, indicating a broader relevance of
macrophage senescence beyond chronological aging.[179]

Functionally, Senesc-AMs exhibit impaired pathogen clear-
ance and compromised tissue homeostasis, contributing to in-
creased susceptibility to infections and the development of
chronic inflammatory lung diseases. Interestingly, while the ex-
pression of MHC II molecules increases in Senesc-AMs, which
are primarily driven by IFN-𝛾 signaling from T cells during in-
flammation, this does not fully compensate for their decreasing
numbers and diminished functional capacity.[169,178,180] Senesc-
AMs also exhibit a distinctive proinflammatory transcriptional
profile. Compared to their younger counterparts, they display
elevated mRNA levels of cytokines and chemokines, including
CCL2, IFN-𝛽, IL-10, IL-12p40, TNF-𝛼, andMIF. These molecules
are enriched in alveolar lining fluid, contributing to a chronic in-
flammatory microenvironment that impairs immune regulation
and promotes tissue damage.[181]

Aging not only alters macrophage function but also reshapes
their ontogeny. In aged lungs, monocyte-derived AMs increas-
ingly populate the alveolar niche, which is marked by Siglec-Flo,
MHC IIhi, and CCR2hi expression, along with monocytic mark-
ers such as Ly6C,CX3CR1, andCD115.

[178,181–184] This phenotypic
switch is further influenced by the aged pulmonary microenvi-
ronment.

Importantly, senescence-like features are not exclusive to ag-
ing but can be induced by acute infections. During sublethal
Streptococcus pneumoniae (S.P.) infection, embryonically-derived
tissue-resident AMs survive the initial insult but exhibit senes-
cent phenotypes—reduced self-renewal, elevated senescence-
associated 𝛽-galactosidase (SA-𝛽-Gal) activity, and transcrip-
tional signatures associated with metabolic decline.[185] These
Senesc-AMs are gradually outcompeted by monocyte-derived
AMs within 2–3 weeks post-infection. Transitional macrophages
(Trans-Macs), identified during this recovery phase, exhibit a phe-
notypic continuum from CD11bhiCD11c−Siglec-F− monocyte-
like cells to mature CD11b−CD11c+Siglec-F+ AMs.[179,186] Bone
marrow chimera experiments and adoptive transfer assays con-
firm that Trans-Macs represent a differentiation intermediate be-
tween recruited monocytes and mature monocyte-derived AMs.
In contrast, Senesc-AMs show diminished competitive fitness in
vivo, suggesting that bacterial pneumonia drives a functional de-
cline in embryonic AMs, ultimately favoring their replacement
by monocyte-derived populations.[179]

Several advanced tools are now available to characterize
Senesc-Ms through various hallmarks, including cell cycle ar-
rest, the expression of cyclin-dependent kinase (CDK) inhibitor
proteins (e.g., p16Ink4a and p21CIP1), senescence-associated 𝛽-
galactosidase (SA-𝛽-Gal) activity, and the senescence-associated
secretory phenotype (SASP).[187–189] Lineage-tracing techniques
reveal that p16Ink4a+ Senesc-Ms exhibit reduced vascular endothe-
lial growth factor (VEGF) production, which may contribute
to the pathogenesis of fibrotic pulmonary diseases.[189,190] Nev-
ertheless, distinguishing true senescence from other dysfunc-
tional states remains amajor challenge. p16Ink4a and SA-𝛽-Gal are
widely used as canonical markers of senescent cells, and clear-
ance of p16Ink4a+ cells has been shown to improve healthspan in
agedmice.[191] However, recent findings raise concerns about the
specificity of these markers in macrophages. p16Ink4a/SA-𝛽-Gal–
positive macrophages have been detected in the adipose tissue of
aged mice and in the peritoneal cavity of young animals after in-
jection of alginate-encapsulated senescent cells, suggesting that
these markers may not be exclusive to bona fide senescent cells.
Moreover, unlike the classical p53-dependent pathway that un-
derlies senescence induction inmost cell types,macrophages can
express p16Ink4a and SA-𝛽-Gal in a p53-independent manner, as
demonstrated in p53-null mice. Their expression is also dynam-
ically regulated by microenvironmental cues: M2-polarizing cy-
tokines such as IL-4 and IL-13 enhance p16Ink4a promoter activity
through JAK–STAT signaling, while poly(I:C) treatment signif-
icantly reduces p16Ink4a expression in alginate-bead models and
in agedmice without affectingmacrophage viability. These obser-
vations highlight the context-dependent and reversible nature of
p16Ink4a/SA-𝛽-Gal expression in macrophages, underscoring the
need to discriminate true senescence from transient activation or
differentiation states.[192]

4. Conclusion and Future Perspectives

In this review, we propose an integrative classification system
for identifying macrophage subtypes in pulmonary infections on
the basis of single-cell omics and functional phenotypic charac-
teristics. This framework provides a more precise understanding
of macrophage function and phenotype transitions during infec-
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tion, highlighting key macrophage populations as potential ther-
apeutic targets.
Macrophages are highly plastic and continuously adapt to

changes in the microenvironment during infection.[154] The
macrophage subtypes discussed in this review are defined by
subtle differences in their transcriptional profiles and functional
characteristics, which are continuously shaped by pathogen in-
teractions, the immune microenvironment, and other immune
cells.[6] Importantly, these macrophage subsets are not strictly
mutually exclusive but instead represent preferential functional
states along a continuous spectrum of activation. In this sense,
the six-category model should not be interpreted as rigidly dis-
crete groups, but rather as conceptual “nodes” on a continuum of
macrophage plasticity, where distinct functional biases become
sufficiently robust to warrant classification as subpopulations.
Moreover, molecular features, pathways, and metabolic changes
can be highly pathogen specific, with different pathogens induc-
ing distinct alterations.[40,41] Macrophages within the same func-
tional subset may also originate from different sources, includ-
ing tissue-resident macrophages undergoing reprogramming or
monocyte-derived macrophages recruited from the peripheral
circulation during infection.[7,160] Several of the functional sub-
types are enriched in, or preferentially associated with, particu-
lar anatomical niches. For example, Nos2+ Inflam-Ms are pre-
dominantly monocyte-derived and often localize to the intersti-
tial compartment,[106] whereas a subset of SPP1hi Reg-Ms is en-
riched in the alveolar space.[15] Similarly, Prolif-Ms have been de-
scribed both in self-renewing AM pools and in replenished IM
compartments.[9,160,161] In addition, senescent macrophages fre-
quently emerge within the alveolar niche as aging or recurrent
infection progressively impairs the embryonic AM pool.[179]

Macrophage identity and function are profoundly influenced
by interactions with surrounding cell types. Pluripotent stem
cell–derived co-culture models have demonstrated that differen-
tially polarized macrophages exert opposing effects on viral repli-
cation, epithelial survival, and inflammatory output, underscor-
ing the decisive role of macrophage–epithelial crosstalk in shap-
ing infection outcomes.[193] Likewise, iPSC-derived mesenchy-
mal stromal cells have been shown to dampen macrophage
and neutrophil infiltration, reduce oxidative stress, and pro-
mote epithelial repair through paracrine factors as well as
contact-dependent mechanisms.[194] These findings highlight
that macrophages not only act as independent immune modu-
lators, but also connect multicellular networks that orchestrate
immunity, tissue remodeling, and repair.
It is critical to recognize functionally distinct macrophage sub-

groups, which then can serve as diagnostic or therapeutic targets.
Given the continuous spectrum of macrophage plasticity, future
studies employing single-cell omics are expected to uncover addi-
tional, previously unrecognized macrophage subtypes.[15] While
these technological advances offer increasingly refined resolu-
tion, a critical challenge lies in balancing this granularity with
conceptual clarity. Future progress depends on developing stan-
dardized single-cell analysis pipelines, which can provide more
consistent and accurate insights into macrophage functions dur-
ing infection.
Despite significant advances in understanding macrophage

heterogeneity through single-cell technologies, several limita-
tions remain. Current scRNA-seq methods may underrepresent

rare cell populations and capture only a snapshot of dynamic
cellular processes. Furthermore, variability in sample prepara-
tion, sequencing depth, and bioinformatic analysis pipelines
can introduce biases, affecting reproducibility across different
studies.[195] In addition, technical challenges remain in single-
cell omics approaches, including biases in cell capture, lim-
ited spatial resolution, and difficulties in correlating transcrip-
tional profiles with functional outcomes. This might have the
risk of oversimplifying the highly dynamic and transitional states
of macrophages during infection. Emerging approaches such
as RNA velocity and pseudotime analysis might be applied
to infer dynamic state transitions of macrophages. Also, com-
bining scRNA-seq with spatial transcriptomics or spatial pro-
teomics enables the localization of macrophage subsets within
the pulmonary microenvironment, thereby linking transcrip-
tional states to tissue architecture. Furthermore, experimental
strategies such as lineage tracing and multi-omics integration
(e.g., scATAC-seq, metabolomics) could enhance the ability to re-
solve rare subsets and uncover regulatory mechanisms. Future
research should focus on integrating multi-omics data, incorpo-
rating spatial information, and developing standardized proto-
cols to address these limitations and gain a more comprehensive
understanding ofmacrophage heterogeneity in pulmonary infec-
tions.
In conclusion, exploring the relationships between newly iden-

tified macrophage subtypes and specific infection types, as well
as different stages of infection, could reveal molecular signa-
tures with diagnostic, prognostic, and therapeutic potential. Ad-
vanced technologies such as spatial transcriptomics, lineage trac-
ing, and stereo-seq are essential for elucidating macrophage dif-
ferentiation and functional shifts during infection, enabling the
identification of key signaling pathways andmicroenvironmental
cues that drive these processes.[16,110] Targeting macrophage sub-
types based on theirmolecular signatures holds great promise for
developing personalized therapies that can prevent tissue dam-
age while optimizing the immune response in pulmonary in-
fections. Moreover, incorporating macrophage-targeting strate-
gies into vaccine development could offer a novel approach to
combating global pandemics, such as the ongoing SARS-CoV-2
crisis.[175,176] Nevertheless, translating these approaches into clin-
ical practice faces substantial challenges. Safety and specificity
remain critical concerns, as off-target effects or unintended im-
mune activation could compromise host homeostasis. Delivery
to pulmonary macrophages is particularly difficult due to bio-
logical barriers, and the durability and long-term consequences
of macrophage reprogramming remain uncertain. In addition,
the high cost and complex manufacturing of cell-based thera-
pies pose barriers to large-scale application. Addressing these
issues will be essential to realize the therapeutic potential of
macrophage-based interventions and their impact on global in-
fectious disease control.
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[36] T. Rőszer,Mediators Inflammation 2015, 2015, 816460.
[37] X. Wei, W. Qian, H. Narasimhan, T. Chan, X. Liu, M. Arish, S. Young,

C. Li, I. S. Cheon, Q. Yu, G. Almeida-Santos, X.-Y. Zhao, E. V. Yeatts,
O. J. Spear, M. Yi, T. Parimon, Y. Fang, Y. S. Hahn, T. N. J. Bullock, L.
A. Somerville, M. H. Kaplan, A. I. Sperling, Y. M. Shim, R. Vassallo,
P. Chen, S. E. Ewald, A. C. Roden, J. Que, D. Jiang, J. Sun, Science
2025, 387, adq2509.

Adv. Sci. 2026, 13, e10758 e10758 (14 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[38] K. Westphalen, G. A. Gusarova, M. N. Islam, M. Subramanian,
T. S. Cohen, A. S. Prince, J. Bhattacharya, Nature 2014, 506,
503.

[39] C. C. Bain, A. Bravo-Blas, C. L. Scott, E. Gomez Perdiguero, F.
Geissmann, S. Henri, B. Malissen, L. C. Osborne, D. Artis, A. M.
Mowat, Nat. Immunol. 2014, 15, 929.

[40] R. L. Rosa, M. Berger, L. Santi, D. Driemeier, P. B. Terraciano, A. R.
Campos, J. A. Guimarães, M. H. Vainstein, J. R. Yates, W. O. Beys-
da-Silva, J. Proteome Res. 2019, 18, 3885.

[41] A. D. Proal, M. B. VanElzakker, Immunometabolism 2021, 3.
[42] W. He, A. Heinz, D. Jahn, K. Hiller, Curr. Opin. Biotechnol. 2021, 68,

231.
[43] T. Sahr, P. Escoll, C. Rusniok, S. Bui, G. Pehau-Arnaudet, G. Lavieu,

C. Buchrieser, Nat. Commun. 2022, 13, 762.
[44] Z. Tan, J. Fan, S. He, Z. Zhang, H. Chu, The Journal of Gene Medicine

2023, 25, 3492.
[45] K. I. Krohmaly, M. Perez-Losada, I. Ramos-Tapia, Z. Zhu, K.

Hasegawa, C. A. Camargo, jr., B. Harmon, J. A. Espinola, L. Reck
Cechinel, R. Batabyal, R. J. Freishtat, A. Hahn, Front. Immunol. 2024,
15, 1330991.

[46] Warburg, O., Journal of Cancer Research 1925, 9, 148.
[47] S.-M. Fendt, Cell 2024, 187, 3824.
[48] A. Dumigan, O. Cappa, B. Morris, J. Sá Pessoa, R. Calderon-

Gonzalez, G. Mills, R. Lancaster, D. Simpson, A. Kissenpfennig, J.
A. Bengoechea, EMBO Mol. Med. 2022, 14, 16888.

[49] Y. Dai, C. Zhu, W. Xiao, K. Huang, X. Wang, C. Shi, D. Lin, H. Zhang,
X. Liu, B. Peng, Y. Gao, C. H. Liu, B. Ge, S. H. E. Kaufmann, C. G.
Feng, X. Chen, Y. Cai, J. Clin. Invest. 2023, 133, 159941.

[50] J. Kim, I. Tchernyshyov, G. L. Semenza, C. V. Dang, Cell Metab. 2006,
3, 177.

[51] I. Papandreou, R. A. Cairns, L. Fontana, A. L. Lim, N. C. Denko, Cell
Metab. 2006, 3, 187.

[52] C. Li, Y. Wang, Y. Li, Q. Yu, X. Jin, X. Wang, A. Jia, Y. Hu, L. Han, J.
Wang, H. Yang, D. Yan, Y. Bi, G. Liu, Sci. Rep. 2018, 8, 3603.

[53] A. Nagao, M. Kobayashi, S. Koyasu, C. C. T. Chow, H. Harada, IJMS
2019, 20, 238.

[54] K. A. Mayer, J. Stöckl, G. J. Zlabinger, G. A. Gualdoni, Front. Im-
munol. 2019, 10.

[55] C. Wang, J. Xie, L. Zhao, X. Fei, H. Zhang, Y. Tan, X. Nie, L. Zhou,
Z. Liu, Y. Ren, L. Yuan, Y. Zhang, J. Zhang, L. Liang, X. Chen, X. Liu,
P. Wang, X. Han, X. Weng, Y. Chen, T. Yu, X. Zhang, J. Cai, R. Chen,
Z.-L. Shi, X.-W. Bian, EBioMedicine 2020, 57, 102833.

[56] N. Eroshenko, T. Gill, M. K. Keaveney, G. M. Church, J. M. Trevejo,
H. Rajaniemi, Nat. Biotechnol. 2020, 38, 789.

[57] H. Shaath, R. Vishnubalaji, E. Elkord, N. M. Alajez, Cells 2020, 9,
2374.

[58] S. Li, F. Zhao, J. Ye, K. Li, Q. Wang, Z. Du, Q. Yue, S. Wang, Q. Wu,
H. Chen,Med Microbiol Immunol 2022, 211, 49.

[59] T. Hussell, T. J. Bell, Nat. Rev. Immunol. 2014, 14, 81.
[60] M. M. Coleman, D. Ruane, B. Moran, P. J. Dunne, J. Keane, K. H. G.

Mills, Am. J. Respir. Cell Mol. Biol. 2013, 48, 773.
[61] X.-Z. Tang, L. S. M. Kreuk, C. Cho, R. J. Metzger, C. D. C. Allen, Elife

2022, 11, 63296.
[62] H. Kawano, H. Kayama, T. Nakama, T. Hashimoto, E. Umemoto, K.

Takeda, Int. Immunol. 2016, 28, 489.
[63] A. Khare, N. Krishnamoorthy, T. B. Oriss, M. Fei, P. Ray, A. Ray, J.

Immunol. 2013, 191, 25.
[64] C. Legrand, D. Vanneste, A. Hego, C. Sabatel, K. Mollers, J. Schyns,

P. Maréchal, J. Abinet, A. Tytgat, M. Liégeois, B. Polese, M. Meunier,
C. Radermecker, L. Fiévez, F. Bureau, T. Marichal, Am. J. Respir. Cell
Mol. Biol. 2024, 70, 446.

[65] R. F. Irvine, M. J. Schell, Nat. Rev. Mol. Cell Biol. 2001, 2, 327.
[66] M. C. Perez, P. V. N. Bodine, M. C. Leiva, K. B. Isaacson, B. S. Komm,

Fertil Steril 2002, 77, 1261.

[67] B. M. Cumming, Md. A. Rahman, D. A. Lamprecht, K. H. Rohde,
V. Saini, J. H. Adamson, D. G. Russell, A. J. C. Steyn, PLoS Pathog.
2017, 13, 1006389.

[68] J. R. Groom, A. D. Luster, Exp. Cell Res. 2011, 317, 620.
[69] Z. L. Z. Hay, J. E. Slansky, Int. J. Mol. Sci. 2022, 23, 1833.
[70] X.-S. Zheng, Q. Wang, J. Min, X.-R. Shen, Q. Li, Q.-C. Zhao, X. Wang,

R.-D. Jiang, R. Geng, Y. Chen, Y. Zhu, B. Li, W. Zhang, A. Li, T.-T. Xie,
M.-Q. Liu, L. Cheng, Z.-L. Shi, P. Zhou, J. Virol. 2022, 96, 00038.

[71] M. W. Dahlgren, A. B. Molofsky, Trends Immunol. 2019, 40, 877.
[72] C. L. Sokol, R. B. Camire, M. C. Jones, A. D. Luster, Immunity 2018,

49, 449.
[73] F. Puttur, L. Denney, L. G. Gregory, J. Vuononvirta, R. Oliver, L. J.

Entwistle, S. A. Walker, M. B. Headley, E. J. McGhee, J. E. Pease,
M. F. Krummel, L. M. Carlin, C. M. Lloyd, Sci. Immunol. 2019, 4,
aav7638.

[74] C. T. Robb, K. H. Regan, D. A. Dorward, A. G. Rossi, Semin Im-
munopathol 2016, 38, 425.

[75] M.-L. N. Huynh, V. A. Fadok, P. M. Henson, J. Clin. Invest. 2002, 109,
41.

[76] L. Wang, L. Zhao, J. Lv, Q. Yin, X. Liang, Y. Chu, R. He, Am J. Respir.
Crit. Care Med. 2012, 186, 989.

[77] B. D. Levy, C. N. Serhan, Annu. Rev. Physiol. 2014, 76, 467.
[78] A. Ariel, G. Fredman, Y.-P. Sun, A. Kantarci, T. E. Van Dyke, A. D.

Luster, C. N. Serhan, Nat. Immunol. 2006, 7, 1209.
[79] B. H. P. De Lorenzo, L. C. Godoy, R. R. Novaes e Brito, R. L. Pagano,

M. A. Amorim-Dias, D. M. Grosso, J. D. Lopes, M. Mariano, Im-
munobiology 2010, 215, 341.

[80] V. A. Fadok, D. L. Bratton, A. Konowal, P. W. Freed, J. Y. Westcott, P.
M. Henson, J. Clin. Invest. 1998, 101, 890.

[81] M.-L. N. Huynh, K. C. Malcolm, C. Kotaru, J. A. Tilstra, J. Y. Westcott,
V. A. Fadok, S. E. Wenzel, Am J. Respir. Crit. CareMed. 2005, 172, 972.

[82] C. Moon, Y.-J. Lee, H.-J. Park, Y. H. Chong, J. L. Kang, Am J. Respir.
Crit. Care Med. 2010, 181, 374.

[83] F. R. D’Alessio, K. Tsushima, N. R. Aggarwal, E. E. West, M. H.
Willett, M. F. Britos, M. R. Pipeling, R. G. Brower, R. M. Tuder, J.
F. McDyer, L. S. King, J. Clin. Invest. 2009, 119, 2898.

[84] B. T. Garibaldi, F. R. D’Alessio, J. R. Mock, D. C. Files, E. Chau, Y.
Eto, M. B. Drummond, N. R. Aggarwal, V. Sidhaye, L. S. King, Am. J.
Respir. Cell Mol. Biol. 2013, 48, 35.

[85] S. S. K. Jyothula, A. Peters, Y. Liang, W. Bi, P. Shivshankar, S. Yau,
P. S. Garcha, X. Yuan, B. Akkanti, S. Collum, N. Wareing, R. A.
Thandavarayan, F. Poli De Frias, I. O. Rosas, B. Zhao, L. M. Buja,
H. K. Eltzschig, H. J. Huang, H. Karmouty-Quintana, eBioMedicine
2022, 86, 104351.

[86] M. Strunz, L. M. Simon, M. Ansari, J. J. Kathiriya, I. Angelidis, C.
H. Mayr, G. Tsidiridis, M. Lange, L. F. Mattner, M. Yee, P. Ogar, A.
Sengupta, I. Kukhtevich, R. Schneider, Z. Zhao, C. Voss, T. Stoeger, J.
H. L. Neumann, A. Hilgendorff, J. Behr,M. O’Reilly, M. Lehmann, G.
Burgstaller, M. Königshoff, H. A. Chapman, F. J. Theis, H. B. Schiller,
Nat. Commun. 2020, 11, 3559.

[87] K. Germain, P. K. Kim, Int. J. Mol. Sci. 2020, 21, 578.
[88] C. L. Karp, L. M. Flick, K. W. Park, S. Softic, T. M. Greer, R. Keledjian,

R. Yang, J. Uddin, W. B. Guggino, S. F. Atabani,Nat. Immunol. 2004,
5, 388.

[89] A. Planagumà, S. Kazani, G. Marigowda, O. Haworth, T. J. Mariani,
E. Israel, E. R. Bleecker, D. Curran-Everett, S. C. Erzurum, W. J.
Calhoun, M. Castro, K. F. Chung, B. Gaston, N. N. Jarjour, W. W.
Busse, S. E. Wenzel, B. D. Levy, Am J. Respir. Crit. Care Med. 2008,
178, 574.

[90] I. Vachier, C. Bonnans, C. Chavis, M. Farce, P. Godard, J. Bousquet,
P. Chanez, J. Allergy Clin. Immunol. 2005, 115, 55.

[91] S. Bozinovski, M. Uddin, R. Vlahos, M. Thompson, J. L. McQualter,
A.-S. Merritt, P. A. B. Wark, A. Hutchinson, L. B. Irving, B. D. Levy,
G. P. Anderson, Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 935.

Adv. Sci. 2026, 13, e10758 e10758 (15 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[92] A. Trompette, E. S. Gollwitzer, K. Yadava, A. K. Sichelstiel, N.
Sprenger, C. Ngom-Bru, C. Blanchard, T. Junt, L. P. Nicod, N. L.
Harris, B. J. Marsland, Nat. Med. 2014, 20, 159.

[93] M. Almond,H. A. Farne,M.M. Jackson, A. Jha, O. Katsoulis, O. Pitts,
T. Tunstall, E. Regis, J. Dunning, A. J. Byrne, P. Mallia, O. M. Kon, K.
A. Saunders, K. D. Simpson, R. J. Snelgrove, P. J. M. Openshaw,
M. R. Edwards, W. S. Barclay, L. M. Heaney, S. L. Johnston, A.
Singanayagam, Nat. Commun. 2023, 14, 6607.

[94] J. St-Pierre, M. L. Tremblay, Cell Metab. 2012, 15, 292.
[95] V. Guglielmi, L. Colangeli, M. D’Adamo, P. Sbraccia, Int. J. Mol. Sci.

2021, 22, 3183.
[96] A. N. Thorburn, C. I. McKenzie, S. J. Shen, D. Stanley, L. Macia, L. J.

Mason, L. K. Roberts, C.H.Wong, R. Shim, R. Robert,Nat. Commun.
2015, 6, 7320.

[97] W. E. Roediger, Gut 1980, 21, 793.
[98] H. J. Binder, P. Mehta, Gastroenterology 1989, 96, 989.
[99] S. Fukuda, H. Toh, K. Hase, K. Oshima, Y. Nakanishi, K. Yoshimura,

T. Tobe, J. M. Clarke, D. L. Topping, T. Suzuki,Nature 2011, 469, 543.
[100] J. Schulthess, S. Pandey, M. Capitani, K. C. Rue-Albrecht, I. Arnold,

F. Franchini, A. Chomka, N. E. Ilott, D. G. W. Johnston, E. Pires, J.
McCullagh, S. N. Sansom, C. V. Arancibia-Cárcamo, H. H. Uhlig, F.
Powrie, Immunity 2019, 50, 432.

[101] Y. Zhao, H. Sun, Y. Chen, Q. Niu, Y. Dong, M. Li, Y. Yuan, X. Yang,
Q. Sun, mBio 2023, 14, 01987.

[102] C. M. D. S. P. Indiani, K. F. Rizzardi, P. M. Castelo, L. F. C. Ferraz, M.
Darrieux, T. M. Parisotto, Childhood Obesity 2018, 14, 501.

[103] F. Magne, M. Gotteland, L. Gauthier, A. Zazueta, S. Pesoa, P.
Navarrete, R. Balamurugan, Nutrients 2020, 12, 1474.

[104] J. Durack, S. V. Lynch, S. Nariya, N. R. Bhakta, A. Beigelman, M.
Castro, A.-M. Dyer, E. Israel, M. Kraft, R. J. Martin, J. Allergy Clin.
Immunol. 2017, 140, 63.

[105] V. L. Ngo, C. M. Lieber, H. Kang, K. Sakamoto, M. Kuczma, R. K.
Plemper, A. T. Gewirtz, Cell Host Microbe 2024, 32, 335.

[106] D. Pisu, L. Huang, V. Narang, M. Theriault, G. Lê-Bury, B. Lee, A. E.
Lakudzala, D. T. Mzinza, D. V. Mhango, S. C. Mitini-Nkhoma, K. C.
Jambo, A. Singhal, H. C. Mwandumba, D. G. Russell, J. Exp. Med.
2021, 218, 20210615.

[107] Q. Yang, F. Qi, T. Ye, J. Li, G. Xu, X. He, G. Deng, P. Zhang,M. Liao, K.
Qiao, Z. Zhang, Emerging Microbes & Infections 2023, 12, 2239940.

[108] M. Liao, Y. Liu, J. Yuan, Y. Wen, G. Xu, J. Zhao, L. Cheng, J. Li, X.
Wang, F. Wang, L. Liu, I. Amit, S. Zhang, Z. Zhang, Nat. Med. 2020,
26, 842.

[109] T. T.-H. Wu, K. J. Travaglini, A. Rustagi, D. Xu, Y. Zhang, L. Andronov,
S. Jang, A. Gillich, R. Dehghannasiri, G. J. Martínez-Colón, A. Beck,
D. D. Liu, A. J. Wilk, M. Morri, W. L. Trope, R. Bierman, I. L.
Weissman, J. B. Shrager, S. R. Quake, C. S. Kuo, J. Salzman, W. E.
Moerner, P. S. Kim, C. A. Blish, M. A. Krasnow, J. Exp. Med. 2024,
221, 20232192.

[110] R.-Y. Ma, A. Black, B.-Z. Qian, Trends Immunol. 2022, 43, 546.
[111] P. Mehta, D. F. McAuley, M. Brown, E. Sanchez, R. S. Tattersall, J. J.

Manson, Lancet 2020, 395, 1033.
[112] M. Jahani, S. Dokaneheifard, K. Mansouri, J Inflamm 2020, 17, 33.
[113] J. Carvelli, O. Demaria, F. Vély, L. Batista, N. Chouaki Benmansour, J.

Fares, S. Carpentier, M.-L. Thibult, A. Morel, R. Remark, P. André, A.
Represa, C. Piperoglou, L. Assante Miranda, W. Baron, N. Belaid, C.
Caillet, F. Caraguel, B. Carrette, F. Carrette, F. Chanuc, R. Courtois,
A. Fenis, M. Giordano, M. Girard-Madoux, M. Giraudon-Paoli, N.
Gourdin, G. Grondin, et al., Nature 2020, 588, 146.

[114] S. Halawa, S. S. Pullamsetti, C. R. M. Bangham, K. R. Stenmark, P.
Dorfmüller, M. G. Frid, G. Butrous, N. W. Morrell, V. A. De Jesus
Perez, D. I. Stuart, K. O’Gallagher, A. M. Shah, Y. Aguib, M. H.
Yacoub, Nat. Rev. Cardiol. 2022, 19, 314.

[115] R. Karki, B. R. Sharma, S. Tuladhar, E. P. Williams, L. Zalduondo,
P. Samir, M. Zheng, B. Sundaram, B. Banoth, R. K. S. Malireddi,

P. Schreiner, G. Neale, P. Vogel, R. Webby, C. B. Jonsson, T.-D.
Kanneganti, Cell 2021, 184, 149.

[116] E. Ishikawa, T. Ishikawa, Y. S. Morita, K. Toyonaga, H. Yamada, O.
Takeuchi, T. Kinoshita, S. Akira, Y. Yoshikai, S. Yamasaki, J. Exp. Med.
2009, 206, 2879.

[117] D. Pisu, L. Huang, J. K. Grenier, D. G. Russell, Cell Rep. 2020, 30,
335.

[118] B. Kelly, L. A. O’neill, Cell Res. 2015, 25, 771.
[119] C. H. Liu, H. Liu, B. Ge, Cell Mol. Immunol. 2017, 14, 963.
[120] W. Zheng, I.-C. Chang, J. Limberis, J. M. Budzik, B. S. Zha,

Z. Howard, L. Chen, J. D. Ernst, PLoS Pathog. 2024, 20,
1012205.

[121] X. Chen, W. He, L. Hu, J. Li, Y. Fang, X. Wang, X. Xu, Z. Wang, K.
Huang, J. Han, Cell Res. 2016, 26, 1007.

[122] R. Kang, L. Zeng, S. Zhu, Y. Xie, J. Liu, Q. Wen, L. Cao, M. Xie, Q.
Ran, G. Kroemer, Cell Host Microbe 2018, 24, 97.

[123] Q. Chai, S. Yu, Y. Zhong, Z. Lu, C. Qiu, Y. Yu, X. Zhang, Y. Zhang, Z.
Lei, L. Qiang, B.-X. Li, Y. Pang, X.-B. Qiu, J. Wang, C. H. Liu, Science
2022, 378, abq0132.

[124] A. Chen, S. Liao, M. Cheng, K. Ma, L. Wu, Y. Lai, X. Qiu, J. Yang, J.
Xu, S. Hao, Cell 2022, 185, 1777.

[125] Z. Zhou, Y. Zhong, Z. Zhang, X. Ren, Nat. Commun. 2023, 14,
7930.

[126] J. G. Filep, A. Ariel, Am. J. Physiol.: Cell Physiol. 2020, 319, C510.
[127] J. Schulte-Schrepping, N. Reusch, D. Paclik, K. Baßler, S.

Schlickeiser, B. Zhang, B. Krämer, T. Krammer, S. Brumhard, L.
Bonaguro, E. De Domenico, D. Wendisch, M. Grasshoff, T. S.
Kapellos, M. Beckstette, T. Pecht, A. Saglam, O. Dietrich, H. E.
Mei, A. R. Schulz, C. Conrad, D. Kunkel, E. Vafadarnejad, C.-J.
Xu, A. Horne, M. Herbert, A. Drews, C. Thibeault, M. Pfeiffer, S.
Hippenstiel, et al., Cell 2020, 182, 1419.

[128] M. Embgenbroich, S. Burgdorf, Front. Immunol. 2018, 9, 1643.
[129] T. Kawasaki, M. Ikegawa, K. Yunoki, H. Otani, D. Ori, K. J. Ishii, E.

Kuroda, S. Takamura, M. Kitabatake, T. Ito, A. Isotani, T. Kawai, Cell
Rep. 2022, 41, 111828.

[130] X. Hu, M. Wu, T. Ma, Y. Zhang, C. Zou, R. Wang, Y. Zhang, Y. Ren,
Q. Li, H. Liu, H. Li, T. Wang, X. Sun, Y. Yang, M. Tang, X. Li, J. Li, X.
Gao, T. Li, X. Zhou,MedComm 2022, 3, 193.

[131] J. H. Chen, L. T. Nieman, M. Spurrell, V. Jorgji, L. Elmelech, P.
Richieri, K. H. Xu, R. Madhu, M. Parikh, I. Zamora, A. Mehta, C. S.
Nabel, S. S. Freeman, J. D. Pirl, C. Lu, C. B. Meador, J. L. Barth, M.
Sakhi, A. L. Tang, S. Sarkizova, C. Price, N. F. Fernandez, G. Emanuel,
J. He, K. Van Raay, J. W. Reeves, K. Yizhak, M. Hofree, A. Shih, M.
Sade-Feldman, et al., Nat. Immunol. 2024, 25, 644.

[132] A. M. Grabiec, T. Hussell, Semin Immunopathol 2016, 38, 409.
[133] X. Wei, H. Narasimhan, B. Zhu, J. Sun, Annu. Rev. Immunol. 2023,

41, 277.
[134] C. Ruscitti, C. Radermecker, T. Marichal, Curr. Opin. Virol. 2024, 66,

101409.
[135] F. Wanke, S. Gutbier, A. Rümmelin, M. Steinberg, L. D. Hughes, M.

Koenen, J. Komuczki, D. Regan-Komito, S. Wagage, J. Hesselmann,
R. Thoma, D. Brugger, T. Christopeit, H. Wang, F. Point, R. Hallet,
S. Ghosh, C. V. Rothlin, C. Patsch, B. Geering, Cell Death Dis. 2021,
12, 538.

[136] L. Bosurgi, Y. G. Cao, M. Cabeza-Cabrerizo, A. Tucci, L. D. Hughes,
Y. Kong, J. S. Weinstein, P. Licona-Limon, E. T. Schmid, F. Pelorosso,
N. Gagliani, J. E. Craft, R. A. Flavell, S. Ghosh, C. V. Rothlin, Science
2017, 356, 1072.

[137] E. Karadima, T. Chavakis, V. I. Alexaki, Semin Immunopathol 2025,
47, 11.

[138] A. Mantovani, S. K. Biswas, M. R. Galdiero, A. Sica, M. Locati, The
Journal of Pathology 2013, 229, 176.

[139] H. Zhang, G. Han, H. Liu, J. Chen, X. Ji, F. Zhou, Y. Zhou, C. Xie,
Journal of radiation research 2011, 52, 717.

Adv. Sci. 2026, 13, e10758 e10758 (16 of 18) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[140] E. Schmok, M. Abad Dar, J. Behrends, H. Erdmann, D. Rückerl, T.
Endermann, L. Heitmann, M. Hessmann, A. Yoshimura, S. Rose-
John, Frontiers in Immunology 2017, 8, 1537.

[141] C. Ruscitti, J. Abinet, P. Maréchal, M. Meunier, C. De Meeûs, D.
Vanneste, P. Janssen, M. Dourcy, M. Thiry, F. Bureau, C. Schneider,
B. Machiels, A. Hidalgo, F. Ginhoux, B. G. Dewals, J. Guiot,
F. Schleich, M.-M. Garigliany, A. Bellahcène, C. Radermecker, T.
Marichal, Sci. Immunol. 2024, 9, ado1227.

[142] N. V. Serbina, E. G. Pamer, Nat. Immunol. 2006, 7, 311.
[143] J. D. Planer, E. E. Morrisey, Annu Rev Pathol 2023, 18, 337.
[144] J. Choi, J.-E. Park, G. Tsagkogeorga, M. Yanagita, B.-K. Koo, N. Han,

J.-H. Lee, Cell Stem Cell 2020, 27, 366.
[145] G. F. Weber, S. Ashkar, M. J. Glimcher, H. Cantor, Science 1996, 271,

509.
[146] Q. Chen, V. Suresh Kumar, J. Finn, D. Jiang, J. Liang, Y.-Y. Zhao, Y.

Liu, Am J Physiol Lung Cell Mol Physiol 2017, 313, L41.
[147] K. Liu, X. Meng, Z. Liu, M. Tang, Z. Lv, X. Huang, H. Jin, X. Han, X.

Liu, W. Pu, H. Zhu, B. Zhou, Cell 2024, 187, 2428.
[148] M. A. Bouhlel, B. Derudas, E. Rigamonti, R. Dièvart, J. Brozek, S.

Haulon, C. Zawadzki, B. Jude, G. Torpier, N. Marx, Cell Metab. 2007,
6, 137.

[149] C. Schneider, S. P. Nobs, M. Kurrer, H. Rehrauer, C. Thiele, M. Kopf,
Nat. Immunol. 2014, 15, 1026.

[150] M. Kopf, C. Schneider, S. P. Nobs, Nat. Immunol. 2015, 16, 36.
[151] J. Pang, T. J. Koh, J. Leukocyte Biol. 2023, 114, 532.
[152] B. Zhu, Y. Wu, S. Huang, R. Zhang, Y. M. Son, C. Li, I. S. Cheon, X.

Gao, M. Wang, Y. Chen, X. Zhou, Q. Nguyen, A. T. Phan, S. Behl, M.
M. Taketo, M. Mack, V. S. Shapiro, H. Zeng, H. Ebihara, J. J. Mullon,
E. S. Edell, J. S. Reisenauer, N. Demirel, R. M. Kern, R. Chakraborty,
W. Cui, M. H. Kaplan, X. Zhou, A. W. Goldrath, J. Sun, Immunity
2021, 54, 1200.

[153] L. Meyaard, Journal of Leucocyte Biology 2008, 83, 799.
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