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by subtype-specific transcription factors. These tissue-
specific macrophages, commonly referred to as “resi-
dent macrophages,” encompass diverse cell types, such 
as microglia within the central nervous system (CNS), 
Kupffer cells in the liver, Langerhans cells in the epider-
mis, osteoclasts in bone tissue, and macrophages residing 
in the intestinal tract. Furthermore, certain macrophage 
subsets are distributed across multiple organs, as exem-
plified by perivascular macrophages (PVMs) situated on 
or in close proximity to the endothelial lining of blood 
vessels, where they execute a multitude of vital functions 
pertinent to vascular homeostasis [3–5]. Resident mac-
rophages integrate signals derived from diverse environ-
mental sensors to coordinate adaptive cellular responses 

Background
Macrophages were initially described in the scholarly 
works of Elie Metchnikoff, where they were characterized 
as cellular sentinels and facilitators of healing processes 
in response to infections and tissue injuries [1]. Wang et 
al. [2] discovered that the dynamic development of mac-
rophages originating from embryonic stages across vari-
ous tissues and organs, alongside the differentiation of 
distinct macrophage subtype populations, is orchestrated 
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Abstract
Tissue-resident macrophages and recruited macrophages play pivotal roles in innate immunity and the 
maintenance of brain homeostasis. Investigating the involvement of these macrophage populations in eliciting 
pathological changes associated with neurodegenerative diseases has been a focal point of research. Dysregulated 
states of macrophages can compromise clearance mechanisms for pathological proteins such as amyloid-β (Aβ) in 
Alzheimer’s disease (AD) and TDP-43 in Amyotrophic lateral sclerosis (ALS). Additionally, recent evidence suggests 
that abnormalities in the peripheral clearance of pathological proteins are implicated in the pathogenesis and 
progression of neurodegenerative diseases. Furthermore, numerous genome-wide association studies have linked 
genetic risk factors, which alter the functionality of various immune cells, to the accumulation of pathological 
proteins. This review aims to unravel the intricacies of macrophage biology in both homeostatic conditions and 
neurodegenerative disorders. To this end, we initially provide an overview of the modifications in receptor and 
gene expression observed in diverse macrophage subsets throughout development. Subsequently, we outlined 
the roles of resident macrophages and recruited macrophages in neurodegenerative diseases and the progress of 
targeted therapy. Finally, we describe the latest advances in macrophage imaging methods and measurement of 
inflammation, which may provide information and related treatment strategies that hold promise for informing the 
design of future investigations and therapeutic interventions.
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crucial for the growth, remodeling, and maintenance of 
specialized tissue cell homeostasis [1, 6–11].

Macrophage efficiency decreases progressively with 
age. Functionally, factors secreted by senescent cells, 
termed Senescent Associated Secretory Phenotype 
(SASP), promote chronic inflammation and can induce 
the accumulation of M1-type macrophages in tissues, 
characterized by elevated concentrations of media-
tors such as IL-6, TNFα and C-Reactive Protein (CRP). 
Chronic inflammation ultimately leads to macrophage 
senescence characterized by a significant increase in 
SASP components (TNF-α, IL-6 and IL-1β), reduced lev-
els of glycolysis and oxidative phosphorylation leading 
to energy depletion, defects in resistance to viral infec-
tions, and decreased phagocytosis. In molecular biology, 
the expression of mitochondrial calcium unidirectional 
transport protein (MCU) and its regulatory subunit 
MICU1, a core gene of the mitochondrial Ca2+ (mCa2+) 
signaling pathway, is inversely correlated with age. Cor-
relative studies have shown that the mCa2+ uptake 
capacity of macrophages decreases significantly with 
age. Reduced mCa2+ uptake amplifies cytoplasmic Ca2+ 
oscillations and enhances downstream activation of the 
nuclear factor kappa B. Inflammation-driven tissue-
resident macrophages polarize to an M1-like state [12, 
13]. Furthermore, Seegren et al. [12] conducted a com-
prehensive analysis of 700 human blood transcriptomes, 
revealing a conspicuous trend toward age-related low-
grade inflammation. Notably, monocytes emerge as piv-
otal mediators of chronic low-grade inflammation due to 
their capacity to differentiate into macrophages, thereby 
perpetuating low-grade inflammation and sustaining the 
inflammatory cascade response over extended durations. 
Moreover, specialized resident macrophages ubiquitously 
populate all tissues and organs, serving as central regu-
lators of local inflammation and homeostasis. Prolonged 
exposure of the human body to the inflammatory milieu 
can significantly contribute to the onset and progression 
of age-associated pathologies, such as neurodegenerative 
and cardiovascular metabolic diseases. Hence, compre-
hending macrophage physiology and elucidating its role 
in neurodegenerative diseases is paramount for address-
ing these health challenges.

Macrophages, regarded as the paramount immune cells 
in the body, are omnipresent from their inception to the 
culmination of disease progression and exert a significant 
influence on the pathophysiology of CNS inflammation, 
thereby precipitating neurodegenerative diseases. Despite 
the protective function of the blood–brain barrier (BBB) 
in safeguarding the CNS against immune activation, its 
permeability escalates during episodes of inflammation, 
rendering the brain susceptible to infections. Enhancing 
our understanding of inflammatory mediators, notably 
cytokines, is imperative for elucidating these intricate 

mechanisms [14]. Hence, fostering the development of 
novel therapeutic approaches tailored to combat neu-
rodegenerative diseases is imperative. Our objective is 
to provide a conceptual synthesis delineating the con-
temporary understanding of macrophage physiology 
and its pivotal role in neurodegenerative pathologies. 
Additionally, we endeavor to encapsulate the existing 
nexus between immunotherapeutic modalities and neu-
rodegenerative disorders, thereby potentially guiding the 
blueprint for forthcoming investigations and the formu-
lation of associated therapeutic interventions.

The developmental process and polarization of 
macrophages
Origin of macrophage development
Macrophages are among the most versatile and het-
erogeneous cell types and are ubiquitously distributed 
across nearly all mammalian tissues. They diligently sur-
veil the local milieu, orchestrating intricate interactions 
to uphold homeostatic equilibrium [15–17]. The genesis 
and differentiation trajectory of resident macrophages 
from their nascent embryonic hematopoietic progenitors 
are poised to sculpt their functional attributes and con-
tributions to both homeostatic regulation and pathologi-
cal processes. Vertebrates exhibit at least three distinct 
types of hematopoietic progenitor cells characterized 
by disparate developmental timings and genetic origins. 
These lineages include primitive hematopoiesis, erythro-
myeloid progenitors (EMPs), and hematopoietic stem 
cells (HSCs) [18].

Initially, the earliest wave of hematopoietic cell devel-
opment encompasses primitive hematopoietic cells, 
which emerge in a manner independent of RUNX1 from 
the posterior plate mesoderm of the extraembryonic 
yolk sac. The absence of RUNX1 leads to a failure in the 
development of both mouse and human macrophages 
[11, 18, 19]. Subsequently, the second wave of develop-
ment ensues with the emergence of EMPs, which origi-
nate from the yolk sac vascular endothelium. In mice, 
this process is contingent upon RUNX1 but operates 
independently of MYB and NOTCH1. Notably, EMPs 
can populate the fetal mouse liver. Studies [20–22] 
have shown that EMPs serve as precursors for various 
immune cells, including resident macrophages. These 
EMP-derived macrophage precursors (PreMacs) can 
colonize the entire embryo and subsequently differentiate 
into tissue-specific resident macrophages during organo-
genesis. PreMacs exhibit a fundamental transcriptional 
profile characterized by the expression of core transcrip-
tion factors such as PU.1, cMAF, and interferon regula-
tory factor 8 (IRF8).

In contrast, HSCs represent the progenitor cells of 
the third developmental wave and are the subject of 
extensive study. Originating from mesoderm-derived 
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aorta–gonad–mesonephros (AGMs), HSCs initially 
migrate to the fetal liver during embryonic development 
before eventually colonizing the bone marrow prior to 
birth. Unlike EMPs, HSCs possess self-renewal capa-
bilities and have the capacity to differentiate into diverse 
erythroid, lymphoid, and myeloid cell lineages, including 
macrophages [11, 18].

While most studies indicate that HSCs do not signifi-
cantly contribute to the proliferation of tissue-resident 
macrophages, tissue-resident macrophages typically 
exhibit a longer lifespan than macrophages derived from 
HSCs, which generally have a shorter lifespan [23–25]. 
Hence, EMPs have emerged as a primary reservoir for 
tissue-resident macrophages, contributing to a diverse 
array of tissue-specific macrophage populations. These 
populations include microglia in the CNS, Kupffer cells 
in the liver, Langerhans cells in the epidermis, osteoblasts 
in bone tissue, and intestinal macrophages, among oth-
ers. Additionally, various subsets of macrophages are 
dispersed throughout multiple organs, as exemplified 
by PVMs, which localize along or in close proximity to 
blood vessel surfaces.

Tissue-resident macrophages establish intricate inter-
actions with diverse cell types within their respective 
tissue microenvironments, playing specialized roles in 
antigen presentation. Disruptions of these functions can 
be implicated in organ-specific diseases. For instance, 
large peritoneal macrophages serve as resident defenders 
in the peritoneal cavity, shielding against microbial intru-
sion and inflammation while bolstering B cell activity. In 
contrast, small peritoneal macrophages, which originate 
from the bone marrow, exhibit a proinflammatory phe-
notype [26, 27]. Studies have shown that roughly half 
of the small peritoneal macrophages within the perito-
neal cavity (PerC) express L-selectin CD62L. This find-
ing lends support to the notion that, when appropriately 
stimulated, small peritoneal macrophages can migrate 
to lymph nodes and function as antigen-presenting cells 
[28]. Kupffer cells, as liver-resident macrophages, play a 
pivotal role in iron metabolism [29–31]. The differentia-
tion of alveolar macrophages (AMs) requires granulocyte 
macrophage colony-stimulating factor (GM-CSF), which 
depends on the transforming growth factor beta receptor 
(TGF - β R) signaling pathway. Mechanistically, the TGF 
- β R signaling pathway leads to upregulation of PPAR - 
γ, which is a necessary characteristic transcription factor 
for the development of AMs [32, 33]. Macrophages resid-
ing in the kidneys can produce a strong myd88 depen-
dent inflammatory response when encountering immune 
complexes containing immunostimulatory virus-like 
nucleic acids, resulting in recruitment of white blood 
cells and type III hypersensitivity reactions [34]. Osteo-
clasts secrete insulin-like growth factor 1 (IGF1), and 
upon bone resorption, they release transforming growth 

factor beta (TGFβ) and IGF1 into the bone matrix. These 
factors stimulate osteoblast activity and promote bone 
formation [18, 35–39]. Severe osteoclast destruction can 
disrupt bone remodeling, leading to conditions such as 
osteoporosis, increased bone density, and skeletal defor-
mities. These changes may affect internal hematopoietic 
bone cavities and neuronal tissues, potentially causing 
neurological symptoms and hematological defects [18, 
35, 37, 40, 41].

Consequently, comprehending the activation and 
mechanistic pathways of macrophages is critical for both 
preventing and treating such complications, thereby 
offering therapeutic avenues to improve the prognosis of 
future clinical patients.

Gene expression in macrophages
Franklin Mall and other scientists have divided the first 
eight weeks of human embryonic development into 23 
Carnegie stages, or Carnegie stage (CS1-CS23). Dur-
ing days 14–21 after fertilization (CS5-CS8), cells in 
this stage undergo germ layer specialization to form the 
early trichoblasts, contributing to the development of 
all organs and systems in our body. Between develop-
mental stages CS13 and CS14, the head predominantly 
harbors immune cells of the early macrophage (Mf) 
subtype, comprising YSdMP_AFPhigh, YSdMP_AFPlow, 
and S100B+ ACY3+ MP progenitors, and primitive 
head-enriched Mf progenitors (HeMPs). However, a 
minor proportion (3.8%) of microglia expressing mark-
ers such as P2RY12, TMEM119, SALL1, and C3 was also 
detected. In the liver, a substantial proportion of S100B+ 
ACY3+ MPs was observed from CS13 to CS18 and grad-
ually declined thereafter, coinciding with the emergence 
of Kupffer cells from CS19 onward. Red marrow macro-
phages appear in the spleen at 10 postconceptional weeks 
(PCW). In the gut, from CS13 to CS20, Mfs expressing 
YSdMP_AFPhigh, YSdMP_AFPlow, S100B+ ACY3+ MP, 
and prePraM constitute the majority. After 9 PCW, two 
intestinal Mf isoforms (CD209+ and CD207+) emerge, 
with CD209+ Mfs becoming predominant. From CS19 
onward, Pre-PraM, PraM, and adrenal-specific Mf con-
stitute the majority of the adrenal Mfs. In the female 
gonads, the majority of immune cells are either Pre-PraM 
or PraM cells [2, 5, 18].

Research [2] has shown that yolk sac-derived macro-
phage precursors (YSdMPs) can differentiate into primi-
tive macrophages (PraMs), microglia, or microglia-like 
cells during development. Notably, the perivascular space 
has been identified as a niche where YSdMPs can differ-
entiate into PraMs. Furthermore, PraMs have been found 
to play a regulatory role in angiogenesis within this peri-
vascular environment(Fig. 1).



Page 4 of 29Ma et al. Biomarker Research           (2024) 12:81 

Macrophage receptors
Macrophages serve as vigilant guardians of the local 
microenvironment, diligently maintaining homeostasis 
through the expression of an extensive array of sensing 
molecules. These receptors include scavenger receptors, 
pattern recognition receptors, nuclear hormone recep-
tors, and cytokine receptors, which collectively equip 
macrophages with the ability to monitor tissue integrity 
and respond swiftly to infection or tissue damage. More-
over, the diverse functions of macrophages across various 

tissues are reflected in their distinct phenotypic profiles. 
For instance, alveolar macrophages, blast cells, microg-
lia, and osteoblasts exhibit tissue-specific functions and 
phenotypes, suggesting that signals originating from the 
local tissue milieu may influence the development of 
tissue-specific macrophage phenotypes [5]. Upon activa-
tion by polysaccharides, macrophages initiate a cascade 
of intracellular signaling pathways by binding to cell-sur-
face polysaccharide receptors. This activation leads to the 
release of inflammatory mediators such as TNF-α, IL-1β, 

Fig. 1 Microglial development. Microglia emerge from yolk sac precursors, and PreMacs are able to colonize the whole embryo and differentiate into 
tissue-specific resident macrophages during organ development. They colocate in the developing brain around E9.5. At approximately E14.5, a transition 
from early to premicroglia occurs, with premicroglia progressively acquiring adult properties after birth and different developmental phenotypes
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and IL-6, thereby modulating the immune response. The 
key polysaccharide receptors involved in this process 
include Toll-like receptors (TLRs), the mannose receptor 
(MR), Dectin-1, scavenger receptors (SRs), complement 
receptor 3 (CR3), and other related receptors.

Toll-like receptor homologs, as type I transmembrane 
proteins, exhibit a tripartite structure comprising the 
extracellular region, the cytoplasmic region, and the 
transmembrane region. The transduction mechanisms 
of the TLR family predominantly involve two pathways: 
the myeloid differentiation factor 88 (MyD88)-dependent 
pathway and the MyD88-independent pathway. Notably, 
the MyD88-dependent pathway is shared among all TLR 
signaling pathways, except for TLR3. Upon encounter-
ing pathogen-associated molecular patterns (PAMPs), 
the extracellular segment of TLRs recognizes these 
ligands, prompting a conformational change in the Toll/
interleukin-1 receptor (TIR) domain at the C-terminus. 
Subsequently, this conformational shift facilitates the 
recruitment of MyD88 or other adaptor proteins [42, 43].

Following PAMP recognition, MyD88 recruits inter-
leukin-1 receptor-associated kinase (IRAK) via its N-ter-
minal death domain (DD). This recruitment activates 
signaling molecules such as tumor necrosis factor recep-
tor-associated factor 6 (TRAF6), β-transforming growth 
factor-activated factor, and β-transforming growth fac-
tor-activated protein kinase (TAK1). TAK1, along with 
its binding partners TAK1-binding proteins 1 and 2 
(Tables 1 and 2), initiates downstream signaling cascades, 
leading to the activation of nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) or activator 
protein-1 (AP-1). Consequently, this cascade induces the 
expression of inflammatory cytokines such as interleu-
kin-1 (IL-1), IL-6, IL-8, IL-12, and tumor necrosis factor-
alpha (TNF-α) [42].

The scavenger receptor superfamily encompasses a 
diverse range of ligands and functions that play crucial 
roles in maintaining tissue homeostasis and contribut-
ing to innate immune functions. SRs are categorized as 
pattern recognition receptors (PRRs) that are capable 
of recognizing both damage-associated molecular pat-
terns (DAMPs) and PAMPs, as well as various structural 
properties, ligands, and functions. Currently, scavenger 
receptor A1 (SR-A1) and CD36 are the primary media-
tors, accounting for a significant proportion (75–90%) 
of the phagocytosis and degradation of oxidized low-
density lipoprotein (OX-LDL) by macrophages [44, 
45]. Thus, understanding scavenger receptor action is 
potentially valuable for ameliorating the progression of 
atherosclerosis.

The MR, a C-type lectin predominantly expressed on 
macrophages and dendritic cells, plays a pivotal role in 
recognizing polysaccharide components within the cell 
wall. Upon interaction with its ligands, MR initiates a 

cascade of intracellular signaling events, leading to the 
activation of the transcriptional machinery. This activa-
tion, in turn, modulates the expression of various mol-
ecules, including nitric oxide (NO) and a spectrum of 
cytokines, such as interleukin-1 (IL-1), IL-6, granulocyte-
macrophage colony-stimulating factor (GM-CSF), TNF-
α, IL-12, IL-10, IL-1 receptor antagonist (IL-1ra), and 
IL-2 receptor (IL-RII). Thus, MR serves as a critical medi-
ator of immune responses, contributing to the regulation 
of inflammatory and immunoregulatory pathways [46]. 
IL-4, IL-13, and IL-10 have been shown to enhance the 
expression of MR on peritonitis-recruited macrophages. 
Additionally, prostaglandin E (PGE), dexamethasone, and 
1,25-dihydroxyvitamin D3 have been identified as agents 
capable of upregulating MR levels [47]. This upregulation 
leads to the effective activation of MR receptor‒ligand 
binding, resulting in increased macrophage phagocytosis 
and antigen presentation. These findings suggest promis-
ing therapeutic avenues for the treatment of inflamma-
tory diseases.

The Dectin-1 receptor, alternatively referred to as the 
C-type lectin structural domain family 7 member A 
(CLEC7A) receptor, employs intricate mechanisms for 
the recognition of pathogenic bacteria. Among these 
mechanisms, the classical pathway involves Dectin-1 
triggering of the Syk/Card9/NF-κB signaling cascade 
upon binding to the carbohydrate fiber β-glucan. This 
signaling pathway plays a pivotal role in the immune 
response against pathogens recognized by Dectin-1 [48]. 
The Dectin-1 receptor exhibits specificity in recognizing 
β(1–3) and β(1–6) linkages found in β-glucan molecules, 
with some studies suggesting potential binding to β(1–4) 
linkages as well [49].

Moreover, Dectin-1 can distinguish between granu-
lar and soluble beta-glucans. This distinguishing abil-
ity enables the receptor to modulate the inflammatory 
response, whereby Dectin-1 bound to granular β-glucans 
localized in the vicinity of the pathogenic fungus can trig-
ger an inflammatory response, while soluble β-glucans 
from distant cells infected with the fungus may not 
elicit the same response [50]. This differential response 
underscores the sophisticated regulatory role of Dec-
tin-1 in coordinating immune responses against fungal 
pathogens. When particulate β-glucan binds to Dectin-1 
receptors, it triggers the aggregation of Dectin-1 receptor 
populations, leading to reduced expression of regulatory 
receptors such as CD45 and CD148. In contrast, soluble 
β-glucan lacks the ability to aggregate Dectin-1 recep-
tors and consequently exhibits a weaker capacity to acti-
vate Dectin-1 receptors. Remarkably, soluble β-glucan 
can even hinder the activation of Dectin-1 induced by 
granular β-glucan by interfering with Dectin-1 recep-
tor binding and aggregation processes. This intricate 
interplay highlights the nuanced regulatory mechanisms 
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Diseases and 
medicines

Consequences Inflammatory factor 
changes

Appli-
cation 
models

Pathway / Site of action

AD
SIS3 Perhaps by increasing the phagocytic activity of 

macrophages and degradation of A β in peripheral 
blood.

SIS3 treatment significantly 
reduces TNF-α and IL-6 
expression and significantly 
upregulates IL-10 expres-
sion in the cortex and 
hippocampus.

APP/PS1 Inhibition of Smad3 induced a 
phenotypic shift in macro-
phage polarization toward an 
anti-inflammatory phenotype 
and significantly enhanced 
their phagocytosis of Aβ.

PSK Enhancement of antibody clearance by blood 
monocytes and attenuation of AD-like pathology 
with reduced Ab deposition, neuroinflammation, 
neuronal loss and tau protein hyperphosphorylation.

Decreased TGF-β1. APP/PS1 Activates the TLR2 receptor; 
activates the endosomal–ly-
sosomal pathway; promotes 
Ab uptake by monocytes.

Inhibitor of RAGE, 
PF-04494700

Inhibits the binding of sRAGE to Aβ1–42; reduces 
the accumulation of Aβ peptides in the spleen.

Reduced expression of IL-6 
and macrophage colony-
stimulating factor. Associ-
ated with decreased TNF-α, 
TGF-β and IL-1 levels.

APP Inhibits the binding of sRAGE 
to RAGE ligand, S100b, am-
phiphiles and carboxymethyl 
lysine.

NLRP3 inhibitor 
MCC950

Skews microglia toward the M2 phenotype, with 
reduced deposition of Aβ.

Enhanced Aβ clearance. 
Reduced IL-1β and IL-18.

APP/PS1 Inhibits LPS- and Aβ-induced 
activation of caspase 1 and 
is involved in promoting the 
phagocytosis of Aβ.

Gantenerumab Aβ plaque reduction; ameliorated cognitive decline. – Aβ N-terminus; A β Middle 
domain.

PD
Prasinezumab 
(PRX002)

Reduced intracellular accumulation of alpha-nucleo-
protein in the cell body and at synapses, preventing 
synaptic loss and glial cell proliferation, and amelio-
rating motor and cognitive behavioral deficits.

– A-syn Tg 
mice

Acts on the α-syn C-terminus.

BIIB054 Attenuating the spread of alpha-syn pathology 
rescued dyskinesia and reduced the loss of striatal 
dopaminergic terminal dopamine transporter 
density.

– α-syn PFF 
inoculation 
of mouse 
models

α-syn N-terminus; α-syn 
polymer

Sargramostim Increased Treg number and function, improved 
motor function and associated brain activity.

IL-8, ILK, TNF, nitric oxide 
and oxidative phosphoryla-
tion were decreased and 
the LRRK2, HMOX1 and 
TLR2 proteins were signifi-
cantly downregulated.

– –

Exenatide Beneficial effects on motor function. TNF-α and IL-1 alterations. IRS-1, altered p-Tyr protein sig-
naling; changes in the Akt and 
mTOR signaling pathways.

Liraglutide Improved motor function; attenuated nigrostriatal 
neuron loss.

Reduces levels of interleu-
kin (IL)-1β, IL-6, transform-
ing growth factor (TGF)-β1.

Male albino 
rats

Significant increases in striatal 
dopamine and glial cell line 
neurotrophic factor (GDNF) 
originating in the substantia 
nigra; tyrosine hydroxylase 
positive (TH+).

TB006 TLR4 gene 
(KO)

TLR4 signaling.

NPT520-34 Reduce the aggregation of α-synuclein; protect 
dopaminergic neurons.

TLR2 signaling.

ALS
Sargramostim Decreased IL-8, ILK, TNF, 

nitric oxide and oxidative 
phosphorylation levels.

ACI-5891 Reduced TDP-43 pathology. rNLS8 
mouse

TDP-43-C-terminus-specific 
monoclonal antibody.

Table 1 Summary of therapeutic medicines and their therapeutic targets in neurodegenerative diseases and macrophage-related 
therapeutics
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governing Dectin-1-mediated immune responses and 
underscores the importance of the β-glucan particulate 
structure in modulating receptor activation [50]. Soluble 
dextran stimulates the production of interleukin-10 (IL-
10), TNF-α, and interleukin-23 (IL-23) in dendritic cells. 
Additionally, soluble dextran enhances the production of 
interleukin-4 (IL-4) and IL-23 in dendritic cells stimu-
lated with granular dextran. IL-4 is known to be associ-
ated with Th2 immune responses, which are traditionally 
considered detrimental to fungal clearance. This result 
suggests that the presence of soluble dextran may mod-
ulate dendritic cell responses toward a Th2 phenotype, 
potentially impacting the immune defense against fun-
gal pathogens [51]. Hence, conducting in-depth studies 
on the dectin-1 receptor has significant research value, 

particularly concerning the treatment of fungus-related 
diseases. Understanding the intricate mechanisms by 
which Dectin-1 recognizes and responds to fungal patho-
gens can offer valuable insights into the development of 
novel therapeutic strategies. By elucidating the signaling 
pathways and immune responses triggered by Dectin-1 
activation, researchers can explore innovative approaches 
for targeting fungal infections more effectively. More-
over, uncovering the regulatory mechanisms governing 
Dectin-1 function may pave the way for the development 
of targeted therapies that harness the immune system’s 
innate defenses against fungal pathogens. Therefore, con-
tinued investigation into the role of Dectin-1 in fungal 
immunity holds great promise for advancing our under-
standing and management of fungus-related diseases.

Table 2 Macrophage phenotypes and characteristics
Phenotype Stimuli Cytokines, chemokines, and 

other secreted mediators
Functions Receptors

M1 IFN-γ, LPS TNF-α, IL-6, IL-12, CCL2, MMP-2, 
MMP-9

Participates in endocytosis IFN-γR, TLR, 
MHCII, CD86

M2 IL-4, IC, LPS IL-10, IL-4, IL-5, IL-13 Mediates inflammation resolution, pro-
motes tissue repair or remodeling

CD163, MR, 
GR, SR, IL-4Rα

M2a IL-4, IL-13 IL-10, TGF-β, CCL17, CCL18, CCL22 Anti-inflammatory diseases, tissue 
remodeling

CD206, 
IL-1RA

M2b ICs, TLR ligands, IL-1 receptor 
ligands

IL-10, IL-1β, IL-6, and TNF-α Th2 activation, immunoregulation TLR, IL-1R

M2c Glucocorticoids, IL-10 IL-10, TGF-β, CCL16, and CCL18 Apoptosis, cell phagocytosis CD14, CD206
M2d TLR ligands, adenosine receptor 

ligand
IL-10, VEGF Angiogenesis, tumor progression TLR, CD14, 

CD206

Diseases and 
medicines

Consequences Inflammatory factor 
changes

Appli-
cation 
models

Pathway / Site of action

Neurotrophic 
factor
IGF-1 Regulation of survival and differentiation and main-

tenance of neuronal structural integrity.
Improves muscle atrophy 
and reduces astrocyte 
proliferation.

SOD1 
transgenic 
mice

PI3K/Akt and p44/42 MAPK.

GDNF Akt signaling pathway.
VEGF Stimulation of neurogenesis with potential antero-

grade and retrograde transit.
ADNF Preserves neuronal function but does not prolong 

neuronal survival.
Talampanel Reduction of glutamate-induced excitotoxicity 

to motor neurons. Improvement of ALS motor 
symptoms.

SOD1 
transgenic 
mice

Antagonism of AMPA 
receptors.

Beta-lactam 
antibiotics

Reduces glutamate excitotoxicity, maintains muscle 
stability and body weight; moderately extends 
lifespan.

SOD1 
transgenic 
mice

Promotes GLT1 promoter 
expression.

TB006 improved motor function and extended life 
expectancy.

hSOD1 
G93A 
transgenic 
mouse

TLR4 signaling.

NPT520-34 Reduced the activation of microglia. SOD1 
transgenic 
mice

TLR2 signaling.

Table 1 (continued) 



Page 8 of 29Ma et al. Biomarker Research           (2024) 12:81 

CR3 is a heterodimeric glycoprotein composed of two 
peptide chains, α and β, connected by a noncovalent 
bond, with molecular weights of 165  kDa and 95  kDa, 
respectively. CR3, a member of the integrin family of 
adhesion molecules, exhibits structural similarity to 
lymphocyte function-associated antigen-1 (LFA-1) and 
CR4. These molecules share identical β chains (desig-
nated CD18), while their α chains vary: CD11a for LFA-1, 
CD11b for CR3, and CD11c for CR4. Consequently, CR3 
is commonly referred to as the CD11b/CD18 molecule 
[52].

CR3 also has sites that bind to bacterial LPS and 
β-glucan in yeast cell walls. In inflammatory responses, 
CR3 mediates neutrophil adhesion to endothelial cells, 
facilitating their recruitment to sites of inflammation. 
Additionally, CR3 plays a crucial role in enhancing 
phagocytosis by promoting close contact between effec-
tor and target cells. This function is vital for effective 
anti-infection immunity, underscoring the significance 
of CR3 in host defense mechanisms against microbial 
pathogens [52, 53]. CD33 is prominently expressed on 
the surface of myeloid progenitor cells, mature mono-
cytes, and macrophages. As a lectin, CD33 functions 
as a cell binding protein. Notably, it contains puta-
tive immunoreceptor tyrosine-based inhibitory motifs 
(ITIMs), which typically confer inhibitory properties to 
the receptor, regulating cellular activity. This inhibitory 
role of CD33 is significant in modulating the functions 
of myeloid cells, including monocytes and macrophages, 
thereby influencing immune responses and inflammatory 
processes [54](Fig. 2).

Macrophage polarization states
Macrophages have high plasticity. They undergo mor-
phological and functional changes under the influence 
of different tissue environments in the body. After tis-
sue damage occurs, it causes inflammation, proliferation 
of locally recruited or resident macrophage populations, 
as well as significant phenotypic and functional changes 
occur under the regulation of growth factors and cyto-
kines released in the local tissue microenvironment, 
inducing macrophage polarization [55]. IFN-γ or bacte-
rial lipopolysaccharides (LPS) released by NK, Th1, etc. 
can activate macrophages to form M1 macrophages, 
which eliminate intracellular pathogens through type 
I inflammatory response, delayed hypersensitivity 
response, and cellular phagocytosis, while activating the 
body’s specific immune response; The IL-4 and IL-13 
released by Th2 cells can activate macrophages to form 
M2 macrophages, which can synthesize and release a 
large amount of anti-inflammatory cytokines and immu-
nosuppressive factors. Moreover, M2 macrophages have 
an inhibitory effect on the inflammatory response. M2 

can be further subdivided into M2a, M2b, M2c, and M2d 
[56–59].

Macrophages differentiate into two distinct and func-
tionally contrasting subtypes: classically activated 
(M1-type) macrophages, which are stimulated by LPS 
and interferon-gamma (IFN-γ), and alternatively acti-
vated (M2-type) macrophages, which are induced by IL-4 
and IL-13. M1 macrophages exhibit robust secretion of 
proinflammatory factors such as TNF-α, IL-6, IL-12, che-
mokine ligand 2, MMP-2, and MMP-9, among others, 
thereby promoting Th1 cell polarization and recruitment, 
thus augmenting or sustaining inflammatory responses 
[60, 61]. Furthermore, chemokines prompt M1 macro-
phages to recruit inducible nitric oxide synthase (iNOS), 
which facilitates the production of nitric oxide (NO). 
Subsequently, NO activates the enzyme NADPH oxidase, 
leading to the release of reactive oxygen species (ROS) 
and other stimulatory factors. These compounds not only 
amplify the lesion but also activate additional immune 
cells to eliminate the pathogen [62]. In gene sequencing 
studies of macrophages induced in vitro to exhibit both 
M1 and M2 phenotypes, a notable finding was that the 
majority of upregulated genes in M1 macrophages were 
associated with endocytosis. This observation may help 
researchers elucidate the prevalence of M1 macrophages 
over M2 macrophages in the vascular microenvironment.

M2 macrophages are activated via IL-4 and IL-13, 
which trigger the activation of STAT6 through IL-4 
receptor α (IL-4Rα). Subsequently, STAT6 activation 
stimulates Th2 cells to release cytokines such as IL-4, 
IL-5, and IL-13, which possess anti-inflammatory prop-
erties. Moreover, in addition to IL-4, IL-5, and IL-13, 
cytokines such as IL-10 can modulate M2 polarization 
by activating STAT3 through the IL-10 receptor (IL-10R) 
[57, 63].

Furthermore, M2 macrophages secrete mannose recep-
tors, which play a pivotal role in attenuating inflamma-
tion and fostering tissue repair or remodeling processes 
[63, 64]. In situations where tissues experience persistent 
stimulation with inflammatory factors, the normal wound 
healing response becomes disrupted and the gradual 
accumulation of extracellular matrix ensues, culminat-
ing in the formation of scars or fibrosis. The progression 
of this pathological condition is a significant contribu-
tor to organ failure and mortality. Remarkably, the abil-
ity of macrophages to undergo M2 polarization serves as 
an effective countermeasure, mitigating the escalation of 
such detrimental states and contributing to the preser-
vation of tissue homeostasis [63]. M2 macrophages can 
dedifferentiate into four distinct subtypes: 2a, 2b, 2c, and 
2d. While M2b macrophages deviate from this pattern, 
the other three subtypes are known for their capacity to 
secrete specific chemokines and anti-inflammatory fac-
tors. These activities are associated with promoting the 
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regression of inflammation and fostering tissue regen-
eration [65]. The M2a macrophage subpopulation can be 
induced by IL-4 and IL-13, leading to the production of 
elevated levels of CD206, decoy receptor IL-1 receptor 
II (IL-RII), and anti-IL-1 receptor (IL1Ra). Conversely, 
M2b macrophages can be activated by immune com-
plexes (ICs), TLRs, and IL-1 receptor ligands, resulting 
in the release of cytokines such as IL-10, IL-1β, IL-6, and 
TNF-α [57].

On the other hand, M2c macrophages are induced 
by glucocorticoids and IL-10 and exhibit potent anti-
inflammatory activity against apoptotic cells through the 
abundant secretion of IL-10 and TGF-β. Moreover, M2d 
macrophages are induced by Toll-like receptor (TLR) 
agonists or adenosine receptors, with adenosine recep-
tor activation responsible for inhibiting the production 
of proinflammatory cytokines and inducing the release of 
anti-inflammatory cytokines (high IL-10, low IL-12) and 

Fig. 2 Macrophage receptors and their secreted factors. Polysaccharide-activated macrophages first bind to cell surface polysaccharide receptors, acti-
vate intracellular signaling pathways, mediate the release of inflammatory factors such as TNF-α, IL-1β, and IL-6, and subsequently enhance their immu-
nomodulatory ability. The main polysaccharide receptors identified include TLRs, MR, Dectin-1, SR, and CR3. Inflammatory factors can activate different 
T-cell subsets
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vascular endothelial growth factor (VEGF). This charac-
teristic confers proangiogenic properties consistent with 
those of tumor-associated macrophages [66]. Moreover, 
Hofbauer cells express CD209 (a marker of M2a macro-
phages), CD86 (a marker of M2b macrophages), HLA-DR 
(a marker of both M2a and M2b macrophages), CD206 
(a marker of M2a and M2c macrophages), and CD14 (a 
marker of M2c macrophages) [67](Fig. 3).

Macrophage typing detection technology and imaging 
technology
Macrophage typing detection technology
At present, macrophages can be isolated and analyzed 
from whole blood (PBMC isolation, macrophage analysis, 
monocyte differentiation into macrophages) or tissues. 
There are various methods for isolating macrophages, 
including magnetic bead cell sorting, density gradient 
separation, laser capture microanatomy, and flow cytom-
etry sorting (FACS) [68]. After separation, macrophage 
function and phenotype can be analyzed and character-
ized through gene expression analysis, functional stud-
ies, evaluation of cytokine and chemokine generation, 
as well as protein expression and cell surface markers 
using immunofluorescence staining, immunoassay, flow 
cytometry, immunoblotting or polymerase chain reac-
tion. Nevertheless, not every analytical method requires 
the isolation of macrophages [68]. In addition, when 
segmenting cell subtypes in single-cell data, based on 

different subtypes of M1 or M2 markers and summariz-
ing cytokines together, a gene set of relevant subtypes 
can be obtained for scoring to distinguish macrophage 
subtypes [69].

Additionally, isolated macrophages can be further cul-
tured and stimulated. In most cases, M1 macrophages 
can be reprogrammed into M2 macrophages through 
stimulation, and vice versa. The cultivation of macro-
phages can be used to stimulate or generate cell lysates 
or cell culture supernatants, which can be used for qPCR 
detection, immunoblotting, or various immunoassays 
(IA), including ELISA, magnetic bead based immunoas-
says, and PCR based immunoassays. Macrophage func-
tion can also be studied by detecting phagocytosis.

Imaging techniques for microglia/macrophages in vivo
Recent advancements in in vivo imaging techniques offer 
remarkable opportunities to noninvasively monitor the 
dynamic transformation of microglia/macrophages and 
track their interactions with surrounding cells or struc-
tures. These imaging modalities enable direct observa-
tions of microglial/macrophage involvement in CNS 
repair processes and facilitate the correlation of morpho-
logical changes with cellular behavior in the intact envi-
ronment [70–72].

Fig. 3 The structures, surface markers, cytokine secretion and biological functions of the M1 and M2 macrophage subpopulations are summarized. 
Macrophages differentiate into two heterogeneous and opposing macrophage subtypes: classically activated (“M1-type”) macrophages stimulated by 
LPS and IFN-γ and alternatively activated (“M2-type”) macrophages stimulated by IL-4 and IL-13. M2 macrophages can dedifferentiate into four subtypes: 
2a, 2b, 2c and 2d. With the exception of M2b macrophages, the other three cell types are activated by the secretion of the appropriate chemokines and 
anti-inflammatory factors
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Two-photon excitation fluorescence microscopy (TPM)
Among these techniques, two-photon excitation fluo-
rescence microscopy (TPM) stands out as a powerful 
tool for three-dimensional (3D) imaging of turbid tis-
sues, allowing the visualization of cellular and subcellular 
structures and functions deep within biological samples 
[73]. While TPM has traditionally been instrumental in 
studying the roles of microglia/macrophages in specific 
repair processes, recent innovations have introduced 
a novel gradient light-field two-photon microimaging 
technique.

This cutting-edge approach requires only two-dimen-
sional (2D) scans to acquire 3D information about the 
sample, significantly reducing laser-induced damage, it 
accurately reflects the true 3D fluorescence intensity of 
the sample and provides depth information with high 
precision. Gradient light-field two-photon microscopy 
exhibits exceptional suitability for three-dimensional 
imaging of living cells. In experiments observing the 
phagocytosis of fluorescent spheres by macrophages, 
rapid capture of the three-dimensional trajectories of 
fluorescent spheres both inside and outside macrophages 
has been achieved. Moreover, it facilitates precise quan-
tification of the speed at which macrophages transport 
spheres, thereby offering valuable insights into cellular 
dynamics and interactions [74].

Magnetic resonance imaging (MRI) and single photon 
emission tomography (SPECT/CT)
Superparamagnetic iron oxide (SPIO) nanoparticles 
offer a valuable means for tracking various cell types via 
magnetic resonance imaging (MRI) within living organ-
isms. In a previous study, macrophages were specifically 
labeled with SPIO nanoparticles and 111Indium (111In) 
for enhanced tracking. Inductively coupled plasma‒mass 
spectrometry (ICP-MS) was employed to quantify the 
iron content within macrophages. This approach enabled 
the monitoring of macrophage recruitment and disease 
activity in vivo, providing insights into their dynamics 
and involvement in pathological processes [75].

Positron emission tomography (PET)
PET imaging, a molecular imaging technique utilizing 
nuclide labeling and tracing, allows dynamic and con-
tinuous monitoring of various aspects, such as migra-
tory localization, cell targeting, population expansion, 
cell activation, and immune functioning, of hyperactive 
immune cells in vivo. Despite its relatively lower imaging 
resolution (1–3 mm), PET offers exceptional imaging sen-
sitivity. Radioligands that specifically bind to the translo-
cator protein 18 kDa (TSPO) can be employed, with the 
isoquinoline carboxamide derivative [11  C]PK-11,195 
being the most commonly used. [11 C]PK-11,195 is sig-
nificantly distributed in activated microglia/macrophages 

across various models of cerebral ischemia and traumatic 
brain injury [70].

Physiological function and immune regulation of 
resident macrophages in organisms
Tissue-resident macrophages constitute a conserved 
lineage in postnatal organisms and play pivotal roles in 
development, tissue maintenance, and overall organis-
mal homeostasis through paracrine signaling. Across the 
trajectory from organogenesis to maturity, these macro-
phages establish enduring associations with specialized 
cell populations distinct from circulating monocytes and 
their derivatives. Given the diverse and sometimes con-
tradictory functions exhibited by various macrophage 
subtypes, forthcoming investigations must discern the 
nuanced contributions of individual subpopulations to 
specific phenotypic outcomes. This conceptual frame-
work not only facilitates the exploration of complex tis-
sue physiology but also holds promise for unraveling the 
pathophysiological mechanisms and genetic underpin-
nings of multifaceted diseases such as dementia, obesity, 
autoimmune disorders, and cancer, thus paving the way 
for the discovery of novel therapeutic interventions [76].

The physiology of microglia
Microglia, which serve as “macrophages” within the 
CNS. Widely dispersed throughout the CNS paren-
chyma, they constitute approximately 10% of the total 
glial cell population. As the primary immune component 
of the brain, microglia play indispensable roles not only 
in CNS development and maintenance but also in the 
regulation of pathological conditions, including neurode-
generative diseases, autoimmune disorders, and neuro-
developmental anomalies. Originating from EMPs within 
the embryonic yolk sac, microglia differentiate from 
PreMacs, which populate the entire embryo and undergo 
tissue-specific specialization during organogenesis [18, 
77].

Microglia generally exist in two distinct states: resting 
and activated. In their resting state, microglia actively 
surveil the microenvironment and contribute to synaptic 
pruning, neurogenesis, and the regulation of neural net-
works without inducing an inflammatory response. Dur-
ing homeostasis, microglia typically display a “branching” 
morphology characterized by quiescent cell bodies and 
elongated, highly dynamic branches that maintain tran-
sient contact with peripheral neurons, blood vessels, 
and astrocytes. These branches allow them to continu-
ally “monitor” their surroundings and respond to any 
aberrant neuronal activity. These functions collectively 
contribute to the neuroprotective effects attributed to 
microglia [78]. Upon stimulation, microglia undergo 
rapid morphological changes, transitioning into either a 
“hypertrophic” or an “amoeboid” state. Transcriptomic 
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analyses revealed that “hypertrophic” microglia, in 
response to inflammatory stimuli, express genes associ-
ated with neuronal maturation, synaptic transmission, 
and antigen presentation. On the other hand, “amoeboid” 
microglia express genes related to cell cycle progression, 
migration, and phagocytosis [57].

Microglial activation and subsequent inflamma-
tory responses are initiated by various damage sensors, 
including TLRs, cytoplasmic DNA/RNA sensors, trig-
gering receptor expressed on myeloid cells 2 (TREM2), 
receptor for advanced glycation end products (RAGE), 
P2 purinergic receptors, and complement and scaven-
ger receptors. Activation involves alterations in cellular 
protrusions, increases in cell body size and proliferation, 
and enhanced phagocytosis, collectively referred to as 
microglial proliferation. This process is mediated through 
signaling pathways such as nuclear factor-kappa B (NF-
κB), interferon regulatory factor 3 (IRF3), and mamma-
lian target of rapamycin (mTOR) [79].

Depending on the extent and duration of injury, 
microglia differentiate into proinflammatory (M1) or 
anti-inflammatory (M2) phenotypes. Proinflamma-
tory microglia secrete cytokines such as TNF, IL-1β, 
IL-6, interferon-β, and chemokines; upregulate dam-
age sensors; and produce ROS and nitric oxide (NO). 
In contrast, anti-inflammatory microglia (M2) inhibit 
inflammation, downregulate certain damage sensors, 
promote tissue regeneration via the cytokines IL-4, 
IL-13, and IL-10, and phagocytose cellular debris and 
aggregated proteins via the upregulation of the scaven-
ger receptors YM1 and CD206. Moreover, microglia can 
display various morphologies, including “senescent” and 
“rod-like” morphologies [80]. Senescent microglia exhibit 
distinctive features, including “bead-like” spherical swell-
ing of their protrusions, the accumulation of lipofuscin (a 
marker of incomplete lysosomal degradation and endoly-
sosomal stress), and dilation of the endoplasmic reticu-
lum. As senescence progresses, microglial protrusions 
display uneven levels of IBA1 until the spherical cell body 
becomes completely detached from the cytoplasm. This 
detachment results in long, thin protrusions that were 
once part of the cytoplasm [57].

Previous studies have shown that the increased density 
of microglia with aging exacerbates neurodegenerative 
diseases, suggesting that aging microglia may become 
less responsive to chronic inflammatory stimuli and may 
lose their neuroprotective and phagocytic abilities [81, 
82]. Slowing microglial senescence represents a novel 
diagnostic and therapeutic approach for treating neuro-
degenerative diseases [83].

Microglia in the central nervous system
A portion of early EMPs differentiate into microglial 
precursor cells in the yolk sac on the 9th day of embryo 

(E9), and microglial precursor cells are implanted into 
the embryonic brain starting from E9.5. The precursor 
microglia in the yolk sac can be distinguished based on 
their expression of PU.1 (also known as SPI1), CSF1R, 
CD45, high-level F4/80 (also known as ADGRE1), and 
CX3C chemokine receptor 1 (CX3CR1). The late stage 
EMPs produced in the yolk sac since E8 are implanted in 
the fetal liver, where they expand and produce myeloid 
(e.g. monocytes) and red blood cell lines [84–86]. By 
E10.5, microglia are observed within both cephalic lat-
eral mesenchymal cells and neuroepithelial cells, albeit 
at a reduced density within the latter [87]. Embryonic 
microglial differentiation hinges upon the coordinated 
action of two pivotal myeloid transcription factors, 
namely, the transcription factor Pu.1 and IRF8. Follow-
ing their ingress into the neural ectoderm, the embryonic 
microglial population undergoes a phase of proliferation 
and subsequent expansion throughout the developmen-
tal stages. The proliferation and differentiation processes 
of developing microglia critically rely on the expression 
of colony-stimulating factor 1 receptor (CSF1R). Nota-
bly, with the establishment of the blood–brain barrier 
at approximately E13.5, microglia within the brain are 
shielded from subsequent hematopoiesis originating 
from the fetal liver and bone marrow. Consequently, 
under homeostatic conditions, monocyte-derived cells 
do not supplant yolk sac-derived microglia. The tran-
sition from early microglia to premicroglia occurs at 
approximately E14.5, followed by a gradual acquisition 
of adult-like properties postnatally, with full maturation 
to adult microglia typically commencing around the sec-
ond or third week of life [88]. The origin and migratory 
trajectories of early microglia play pivotal roles in shap-
ing microglial populations and profoundly influence neu-
rodevelopment and the maintenance of nervous system 
homeostasis. Understanding these processes holds sig-
nificant promise for leveraging microglia as a noninvasive 
cellular therapy for gene delivery to the nervous system 
[89].

Regulation of peritoneal macrophages
GATA6 has been implicated in the regulation of perito-
neal macrophage-specific gene expression. Ghosn et al. 
[28] documented the presence of two distinct subpopu-
lations within mouse peritoneal macrophages. Lepto-
meningeal macrophages (LPMs) and small peritoneal 
macrophages (SPMs) are two distinct subpopulations 
of peritoneal macrophages. LPMs are predominant 
and exhibit elevated F4/80 expression but low MHC 
class II (MHC-II) expression. In contrast, SPMs display 
lower levels of F4/80 but higher expression of MHC-II. 
Interestingly, during inflammatory responses, SPMs 
exhibit heightened expression of the chemokine recep-
tor CCR2 mRNA [90]. The number of small peritoneal 
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macrophages (SPM) in the peritoneal exudate of CCR2 
knockout (KO) mice was notably decreased, while the 
number of LPMs was unaffected. This observation sug-
gested that the majority of SPMs originate from the 
inflammatory monocyte population [26]. The distribu-
tion and function of macrophages within tissues are intri-
cately regulated by various signals, including the vitamin 
A metabolite retinoic acid. Retinoic acid governs mac-
rophage differentiation and function by activating the 
retinoic acid receptor (RAR). Moreover, signals originat-
ing from other tissue sources, such as peritoneal adipose 
tissue, also play a crucial role in regulating macrophage 
distribution and function within specific tissue compart-
ments, such as the peritoneal cavity. These insights offer 
valuable perspectives for understanding the multifaceted 
roles and regulatory mechanisms of macrophages in tis-
sue environments.

Activation of meningeal macrophages
The meninges serve as a protective barrier surround-
ing the CNS. Within the complex layers constituting the 
meninges, the dura mater is notable for its abundance of 
tissue macrophages. These macrophages, akin to microg-
lia, originate from yolk sac precursors and maintain vigi-
lant surveillance of their surrounding environment [15, 
91, 92]. Rua et al. [93] reported that upon infection of 
the meninges with lymphocytic choroid plexus menin-
gitis virus (LCMV), antiviral cytokines produced within 
this tissue prompted the activation of meningeal macro-
phages. During the zenith of the infection, approximately 
one-third of CD206+ meningeal macrophages (MMs) 
displayed viral antigens and succumbed to cytotoxic 
CD8+ lymphocytes. The IFN-γ released by infected MMs 
promoted heightened MHC-II expression, facilitating 
CD4+ lymphocyte binding. By the 30th day postinfection, 
most LCMV-infected MMs were eradicated. Chemokine-
recruited peripheral blood mononuclear cells replenished 
the MM niche across the meninges. Thus, in addition to 
the previously described epigenetic mechanisms regu-
lating the activity of CNS-resident macrophages, infec-
tion can induce enduring alterations in CNS immunity 
by triggering the replacement of MMs with peripheral 
blood monocytes [15, 93–95]. Indeed, the replacement 
of tissue-resident dural macrophages with inflammatory 
monocytes has the potential to significantly impact CNS 
immunity, homeostasis, and neurological function.

Immune regulation of macrophages in the spleen and liver
Macrophages play a crucial role in the clearance of 
apoptotic cells and in orchestrating a noninflamma-
tory response [96, 97]. The development of the “waste 
disposal hypothesis” of autoimmunity, which is related 
to complement deficiency, highlights the pivotal role of 

tingible body macrophages, particularly those present in 
the spleen.

Macrophages play a central role in iron homeosta-
sis, primarily in the spleen (red pulp) and liver (Kupffer 
cells), where they recycle iron obtained from hemoglo-
bin. Damaged or senescent erythrocytes are degraded 
through macrophage phagocytosis and protein hydro-
lysis. In mice, erythromedullary macrophages exhibit 
the F4/80+ CD206+ CD11blo/- phenotype and selectively 
express the transcription factor Spi-C. The absence of 
Spi-C results in deficient splenic erythromedullary mac-
rophages, impairing erythrocyte clearance and leading 
to iron accumulation in the red pulp [29]. Macrophages 
release hemoglobin and eventually iron, which can be 
stored as a ferritin complex or exported via iron transport 
proteins [98]. When hemoglobin is released into the cir-
culation, such as upon damage to erythrocytes, it binds 
to haptoglobin. This complex is then recognized by the 
scavenger receptor CD163, facilitating its scavenging by 
macrophages [99]. A secondary system for the clearance 
of hemoglobin has been described, wherein hemoglobin 
binds to haptoglobin and is subsequently recognized by 
CD91 expressed on macrophages, facilitating its clear-
ance [99]. The splenic marginal zone is characterized 
by an abundance of B cells and specialized macrophage 
subtypes. Positioned in the “outer layer” of the marginal 
zone, these macrophages are strategically equipped to 
efficiently capture blood-borne antigens. These cells 
express a rich array of selective scavenger and pattern 
recognition receptors, including scavenger receptor A, 
CD204, Marco (a macrophage receptor with a collagen 
structure), and CD209b (SIGN-R1, a DC-SIGN homo-
log) [29, 100–106]. Research indicates that macrophages 
within the marginal zone play a pivotal role in regulating 
the retention of B cells within this region [107]. Addition-
ally, the structural integrity of the splenic marginal zone 
relies on the presence and activity of B cells [101, 102].

Fundamental functions of perivascular macrophages
Perivascular macrophages (PVMs) are a unique popula-
tion of macrophages in the brain, mainly distributed in 
the perivascular space of small arteries and veins with a 
diameter of 10–35 μm. The shape of PVMs is elongated 
[108]. Regarding the origin of PVM, according to the 
recent study by Masuda et al. [109] PVMs are generated 
in an integrin-dependent manner after birth by migra-
tion of chondrocytic macrophages into the perivascular 
space. CD206 and lymphatic vessel endothelial hyaluro-
nan receptor 1 (Lyve1) are PVM-specific markers. PVMs 
are relatively stable under physiological conditions and 
do not normally exchange with peripheral monocytes. 
However, they can be replenished by peripheral cells 
either in pathological states or through intervention. In 
adult homeostatic tissues, PVMs usually have important 
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functions related to their perivascular location, such as 
regulating vascular permeability, clearing blood-borne 
pathogens, and controlling the movement of other leu-
kocytes in the vascular system. Although PVMs may 
express some unique phenotypic markers in some tis-
sues, they do not share a single, common phenotype. This 
may be due to the exposure of PVMs to different signals 
in various tissues and possible differences in their indi-
vidual occurrence [59, 110](Fig. 4).

The main changes in innate immune cells in 
neurodegenerative diseases
The progression of macrophages in Alzheimer’s disease
Alzheimer’s disease (AD) is the predominant cause of 
dementia, encompassing the majority of dementia cases 
worldwide. It represents a significant and escalating 
global health concern, with far-reaching implications 
for individuals and the society at large. Characteristic 
hallmarks of AD pathology include the aberrant accu-
mulation of Aβ, the formation of neurofibrillary tangles, 
neuronal degeneration, and the occurrence of neuroin-
flammatory processes [111, 112]. Currently, the amyloid 
cascade hypothesis is the prevailing theory regarding the 
pathogenesis of AD. According to this hypothesis, dys-
function in the clearance of Aβ is considered the primary 
factor leading to the accumulation of Aβ in sporadic cases 
of AD, which represent the vast majority (approximately 
99%) of all AD cases [113]. Hence, emphasis on the tar-
geted clearance of Aβ as a crucial therapeutic approach 
for treating ADis growing [114]. Yu et al. [115] indicated 
that approximately 40–60% of Aβ originating from the 
brain is transported to the peripheral nervous system for 
clearance [113, 116]; rather than focusing solely on con-
trolling the overproduction of Aβ, boosting Aβ clearance 
within the brain could be a more promising treatment 
strategy for Alzheimer’s disease [113, 117, 118].

Microglia in pathological states (e.g. AD) are acti-
vated by various factors and surface related receptors, 
such as TREM2 and TLRs. Among them, an increase 
in the expression level of TREM2 protein promotes 
the polarization of microglia towards an inflammatory 
state and enhances the activation of NLRP3 inflamma-
somes, resulting in an exacerbation of the inflammatory 
response. TREM2 and TLRs can bind to A β and ApoE 
and then migrate specifically to the site of injury [43, 119, 
120]. In addition, A β aggregates can activate microglia 
to M1 type through TLRs and RAGE receptors, causing 
microglia migration and promoting acute and chronic 
inflammatory responses to aggregates. These receptors, 
in turn, can activate NF kB and AP-1 transcription fac-
tors, inducing the production of NO, ROS, pro-inflam-
matory cytokines TNF α, IL-1 β, and IL-6, which may 
ultimately promote neuronal death [43].

There is a growing evidence that perivascular macro-
phages (PVMs), the other major innate immune cell, are 
intimately involved in neurodegenerative diseases and act 
in a protective and/or destructive manner during disease 
progression. In the context of AD pathology, PVMs are 
essential for Aβ amyloid phagocytic clearance and is reg-
ulated by scavenger receptor class B type I (SR-BI). When 
PVMs are depleted in TgCRND8 mice using chloroform, 
Aβ deposition around cerebral blood vessels is increased 
[121, 122]. Moreover, the absence of SR-BI increase Aβ 
deposition in the hippocampal region of the hippo-
campus and in the brain parenchyma of J20 mice, while 
exacerbating the behavioral deficits in J20 model mice 
[123]. However, studies have also elaborated on the del-
eterious role of PVMs in AD. Park et al. [108] found that 
intravascular Aβ crosses the vessel wall, enters the peri-
vascular space and reaches the PVMs, inducing ROS pro-
duction and altering neurovascular function. Therefore, 
the researchers concluded that PVMs are responsible for 
vascular dysfunction in AD. In addition to its Aβ-related 
functions, PVM is thought to play a role in blood-brain 
barrier regulation and antigen.

Inflammatory factors related to the AD central nervous 
system
A study documented notable increases in the levels of 
proinflammatory cytokines, including TNF-α, IL-6, IL-
12p40, IL-1β, IL-1α, and GM-CSF, within the brains of 
transgenic mice [111]. Recent investigations have iden-
tified mutations in AD risk genes associated with the 
immune response and endocytosis, such as ATP-bind-
ing cassette transporter A7, CD33, triggering receptor 
expressed on myeloid cells 2 (TREM2), and complement 
receptor 1, suggesting that innate immune dysfunction 
primarily involves microglia and peripheral myeloid cells 
[124]. Elevated CD33 expression has been correlated with 
more pronounced cognitive decline and AD progression.

Neuroinflammatory factors secreted by AD-related barrier 
cells in the immune response
In AD, perturbations in the blood‒brain barrier mani-
fest through the accumulation of circulating molecules, 
notably fibrinogen, albumin, and IgG. Concurrently, a 
decrease in the expression of endothelial cell-specific 
connexins, including claudin-5, occludin, ZO-1, and 
ve-calmodulin, is observed [125–129]. Moreover, endo-
thelial cell activation, characterized by the upregulation 
of cell adhesion molecules such as VCAM-1, ICAM-1, 
E-selectin, and P-selectin, contributes significantly to 
blood‒brain barrier compromise [129, 130]. Pericytes, 
integral constituents of the blood vessel wall encir-
cling capillaries, play a pivotal role in maintaining cere-
brovascular homeostasis and preserving the integrity 
of the blood‒brain barrier [131]. Remarkably, cerebral 
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capillaries exhibit a greater density of pericytes than their 
peripheral counterparts, highlighting their paramount 
importance in the brain microvascular architecture [131]. 
Studies utilizing transgenic animal models have under-
scored the effects of pericyte depletion on exacerbating 
AD pathology, a phenomenon corroborated by observa-
tions of diminished pericyte coverage in postmortem 

analyses of AD-afflicted individuals [132–134]. Disrup-
tion of the blood‒brain barrier, coupled with subsequent 
protein extravasation, serves as a trigger for microg-
lial activation, initiating inflammatory cascades within 
the cerebral milieu [129, 135]. Additionally, microglia 
have been implicated in contributing to vascular injury 
through the release of proinflammatory cytokines or 

Fig. 4 Macrophage ontogeny and specification. Arrows indicate developmental relationships between cells. Macrophage-specific transcription factors 
and tissue signals are marked in red and blue, respectively. Tissue-resident macrophages are tissue-specific subpopulations that arise during organogen-
esis. They establish and maintain stable spatial and functional relationships with specialized tissue cells. For example, microglia coexist with neurons in 
the brain, osteoclasts with osteoblasts in bone, and adipose-associated macrophages with white adipocytes in adipose tissue. They sense and integrate 
local and systemic information to provide growth factors, nutrient recycling and waste removal to specialized tissue cells essential for tissue growth, 
homeostasis and repair
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matrix metalloproteinases (MMPs) into the systemic cir-
culation [129, 136]. However, the precise mechanisms 
governing microglial modulation of vascular injury, as 
well as the temporal sequence of events linking microg-
lial activation to blood–brain barrier dysfunction and 
cerebrovascular impairment, remain subjects of ongoing 
investigations and scrutiny in the field.

AD-related inflammatory factors in the peripheral nervous 
system
Physiological clearance mechanisms responsible for 
removing Aβ from the periphery are indispensable 
for preventing its accumulation in the brain. Multiple 
organs, tissues, and immune cell subsets contribute to 
Aβ degradation and catabolism, collectively forming cru-
cial Aβ clearance pathways [118]. Notably, investigations 
employing human BBB models and AD mouse models 
have revealed that more than half of the Aβ derived from 
the brain is naturally eliminated through exocytosis to 
the periphery [137]. Consequently, a substantial reduc-
tion in peripheral Aβ levels or impediments to brain 
influx results in a net efflux, thereby mitigating Aβ depo-
sition and ameliorating AD-related neuropathological 
changes in the brain [138, 139]. For instance, studies have 
shown that peritoneal dialysis effectively reduces plasma 
Aβ concentrations in both human cohorts and animal 
models, subsequently alleviating AD-associated pheno-
types in mice harboring APP/PS1 mutations [140, 141]. 
Conversely, renal or hepatic impairment in patients or 
experimental models correlates with elevated Aβ levels, 
whereas interventions such as renal dialysis or enhanced 
hepatic Aβ degradation effectively lower Aβ concentra-
tions [118, 140, 142]. Notably, investigations by Yu et 
al. [115] and Sevigny et al. [143] have modeled AD and 
splenectomy, revealing that splenic monocytes/macro-
phages play a direct role in Aβ uptake both in vivo and in 
vitro. Furthermore, splenectomy alters the composition 
of blood immune cell populations, diminishing circu-
lating Aβ uptake and potentially exacerbating Aβ accu-
mulation in the brain. Moreover, splenectomy leads to a 
reduction in monocyte/macrophage numbers, resulting 
in elevated blood Aβ levels and suggesting that the spleen 
is involved in the physiological removal of Aβ from the 
circulation [144]. Recent findings indicating that senes-
cent splenocytes accelerate aging, a significant risk factor 
for AD, underscore the potential contributions of periph-
eral organs and immune cell subsets to Aβ clearance. 
Genome-wide meta-analyses have highlighted the robust 
expression of AD risk-associated genes in immune-
related tissues and cell types, including the spleen, liver, 
and microglia, implicating their roles in AD pathogen-
esis [145]. Consequently, as individuals age or develop 
AD, their capacity to clear circulating Aβ diminishes sig-
nificantly. Thus, specific peripheral organs, tissues, and 

immune cell subsets likely play pivotal roles in Aβ deg-
radation and catabolism, representing promising avenues 
for targeted Aβ clearance strategies, with monocytes/
macrophages emerging as playing key roles in this pro-
cess [118].

Previous investigations have predominantly focused 
on the migration of peripheral monocytes/macrophages 
into the brain or cerebrovascular region to clear central 
amyloid-beta (Aβ), often overlooking the potential for 
direct Aβ phagocytosis in the periphery. However, mac-
rophages residing in peripheral tissues and organs, along 
with circulating monocytes, exhibit robust abilities to 
engulf Aβ [141]. Given the abundant presence of periph-
eral monocytes/macrophages, they may serve as an effi-
cient reservoir for peripheral Aβ, effectively sequestering 
Aβ away from the brain and ameliorating AD pathology 
[141]. Therefore, augmenting the phagocytic activity of 
peripheral blood monocytes/macrophages has emerged 
as a promising strategy to enhance Aβ clearance within 
the brain.

Xu et al. [141] showed that in AD, Aβ triggers inflam-
matory activation in macrophages, resulting in the upreg-
ulation of proinflammatory markers such as interleukin 
1β (IL-1β), interleukin 6 (IL-6), and iNOS. They further 
elucidated the pivotal role of Smad signaling in macro-
phage phagocytosis, observing that Smad3 activation 
levels exhibited a negative correlation with age-related 
decreases in macrophage phagocytic activity and a posi-
tive correlation with AD neuropathological progression. 
Additionally, Smad3 signaling was found to modulate the 
inflammatory response, as Smad3 deficiency mitigated 
NF-κB signaling-dependent inflammation in diabetic 
nephropathy [141]. Notably, enhancing Aβ clearance by 
peripheral macrophages through Smad3 inhibition was 
reported to ameliorate AD-associated Aβ deposition, 
neuroinflammation, and cognitive deficits, revealing 
novel insights into AD pathogenesis and potential thera-
peutic interventions.

Progress in determining the role of macrophages in PD
Parkinson’s disease (PD) is a prevalent neurodegenerative 
disorder affecting middle-aged and elderly individuals. 
In China, the prevalence of PD among those aged over 
65 years is estimated to range from 1.6 to 1.7%. Projec-
tions indicate that by the year 2030, the number of PD 
patients in China is expected to exceed 5  million, con-
stituting approximately half of the global PD patient 
population [146]. PD is characterized by a multifac-
eted pathophysiology involving various interconnected 
mechanisms. These mechanisms include the aggregation 
of α-synuclein, mitochondrial dysfunction, impairment 
of lysosomal or vesicular transport, synaptic dysfunc-
tion, and neuroinflammation. Collectively, these patho-
logical processes culminate in the accelerated death of 
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predominantly dopaminergic neurons. However, the neu-
ropathology of Parkinson’s disease extends beyond dopa-
minergic circuits, affecting multiple other motor and 
nonmotor neuronal circuits as well [146]. Alpha-synu-
clein protofibrils have been shown to elicit microglial 
activation and trigger inflammatory responses. Addition-
ally, they facilitate phagocytosis, enabling the removal of 
neurons containing pathological alpha-synuclein aggre-
gates through intercellular membrane protrusions [147]. 
Alpha-synuclein (α-syn) acts as a damage-associated 
molecular pattern (DAMP), triggering the activation of 
myeloid phagocytes, which include microglia, monocyte-
derived macrophages, and dendritic cells. This activation 
process can also be induced by DAMP-associated oxida-
tive stress mediators released by damaged or deceased 
neurons. These mediators are detected by pattern-rec-
ognition receptors (PRRs), such as Toll-like receptor 2 
(TLR2), Toll-like receptor 4 (TLR4), and CD11b. The 
recognition of damage-related signals by PRRs plays a 
pivotal role in the initiation of oxidative stress and sub-
sequent inflammatory responses [148]. Impaired clear-
ance of extracellular α-synuclein occurs when microglial 
autophagy is compromised. Moreover, dysfunction of the 
microglial autophagy‒lysosome system and an imbalance 
in sphingolipid metabolism can exacerbate the aggrega-
tion and seeding of pathological α-synuclein by enhanc-
ing the activation of inflammatory vesicles [149]. While 
microglia are recognized as the primary immune cells 
in the CNS responsible for responding to neurological 
injury, studies have revealed the infiltration of periph-
eral immune cells into the brain of Parkinson’s disease 
(PD) patients [150]. Grozdanov et al. [151] reported an 
increase in the number of proinflammatory monocytes 
characterized by activation of the CCR2-CCL2 axis in 
individuals with Parkinson’s disease (PD). Addition-
ally, natural killer (NK) cells have been shown to clear 
α-synuclein aggregates through both the endosomal–
lysosomal pathway and the activated antigen-presenting 
cell pathway [152]. In the context of adaptive immunity, 
regulatory T cells (Tregs) play a crucial role in mitigat-
ing neurotoxicity by inhibiting the release of ROS from 
neurons and microglia, thus promoting neuroprotec-
tion. Conversely, helper T (Th)1 and Th17 cells, through 
the secretion of interferon (IFN)-γ and interleukin IL-17, 
respectively, can expedite neuronal death. Notably, 
the accumulation of pathological α-synuclein has been 
linked to the induction of Th17 cell differentiation, which 
impedes the function of Tregs, consequently amplifying 
the proinflammatory cascade within the nervous system 
[153]. Pathological α-synuclein triggers activated astro-
cytes to upregulate the production and release of vas-
cular endothelial growth factor A (VEGF-A) and nitric 
oxide (NO). This collaborative effect contributes to the 
disruption of the blood‒brain barrier, a crucial event in 

the pathogenesis of Parkinson’s disease [154]. Endothe-
lial cells play a multifaceted role in Parkinson’s disease 
pathophysiology. They can secrete chemokines that pro-
mote microglial migration and activity. Additionally, acti-
vated T cells can degrade the peri-endothelial basement 
membrane via endothelial glycosidases, enabling them 
to breach the BBB and infiltrate brain tissue, exerting 
their functions there. Recent single-cell transcriptome 
sequencing studies of peripheral blood mononuclear cells 
from Parkinson’s disease patients have shed light on the 
involvement of PD-associated peripheral CD4+ T cells in 
BBB impairment. Specifically, these T cells may contrib-
ute to BBB dysfunction by migrating to midbrain endo-
thelial cells and stimulating endothelial cell responses to 
IFN-γ [155].

Progress in determining the role of macrophages in MS
Rua et al. [93] underscore the significance of pivotal 
inquiries that could steer the trajectory of neuroimmu-
nological investigations in the foreseeable future. For 
instance, the intricate interplay among various CNS-
resident cell populations governs their functionality [94]. 
Hence, the transcriptional alterations observed in MMs 
following infection may impact not only their subsequent 
reactions to pathogenic invasion but also their capacity to 
interact with and modulate the functions of other CNS-
resident cells, potentially influencing the onset of CNS 
disorders. Indeed, various environmental factors, such as 
infections, are believed to play a role in the pathogenesis 
of multiple sclerosis (MS) and other similar diseases [95]. 
Microbial metabolites generated by the commensal gut 
microbiota have been reported to regulate the function 
of CNS-resident cells. The boundaries of the CNS make 
them susceptible to peripheral signals, including micro-
bial metabolites absorbed by the host [95, 156–158]. 
Hence, alterations in the repertoire of microbial sensing 
molecules detected following viral infection could influ-
ence the ability of microglia/macrophages (MMs) to 
respond to microbial metabolites, thereby modulating 
the regulation of CNS inflammation via the gut–brain 
axis in both health and disease. Furthermore, the symbi-
otic flora may influence MMs and peripheral monocytes 
to govern the recruitment and polarization of meningeal 
monocytes [159]. Consequently, ascertaining whether 
pathogen-induced changes in MM populations contrib-
ute to the onset of MS while also proposing a potential 
role for alterations in the MM phenotype and function 
in disease pathogenesis are crucial. Valuable insights 
into the regulation of meningeal inflammation by MMs 
and its long-term neurological repercussions are pro-
vided, illuminating the pathogenesis of neurological dis-
orders and offering novel therapeutic avenues for clinical 
intervention.
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ALS-related macrophages
ALS is a multifaceted condition characterized by the pro-
gressive degeneration of motor neuron function. This 
degeneration manifests as the selective demise of motor 
neurons within the CNS and the subsequent denervation 
of neuromuscular synapses in the peripheral nervous sys-
tem (PNS). Disease progression culminates in a debilitat-
ing loss of motor function, often leading to paralysis and 
respiratory insufficiency. ALS has a global prevalence of 
approximately 8 cases per 100,000 individuals, with most 
patients succumbing to respiratory failure within 2 to 5 
years following diagnosis [160, 161]. Respiratory compro-
mise, attributed to the loss of motor neurons innervat-
ing the diaphragm and chest wall muscles, is the primary 
cause of mortality in individuals with ALS [162]. Stud-
ies have underscored the prognostic value of assessing 
forceful lung capacity (FVC) in predicting survival rates 
among ALS patients. Despite extensive research efforts, 
no approved or investigational therapies currently offer 
reliable prognostic indicators for ALS patients.

Immunopathological mechanisms in amyotrophic lat-
eral sclerosis (ALS) include various processes, such as 
the phagocytosis of apoptotic and nonapoptotic neuro-
nal cells by inflammatory macrophages, cytotoxic effects 
mediated by granzyme-positive CD8+ T cells, disruption 
of the blood‒brain barrier by Th17 cells, and IL-6 trans-
signaling, which has been shown to exert dose-related 
toxicity in mouse brains. Additionally, dysregulation of 
microglia and T cells due to decreased levels of TGF-β, 
diminished neuroprotection, reduced numbers of regula-
tory T cells, and a deficiency in trophic factors contrib-
utes to the pathogenesis of ALS [163].

ALS is associated with the function of microglia and 
astrocytes near motor neurons. In ALS related research, 
Trem2 and Tyrobp mediated signal transduction is an 
early step in microglial cell disease. In the spatiotempo-
ral dynamic pattern of glial cell proliferation in ALS, the 
gene expression patterns of microglia such as Trem2 and 
Tyrobp are correlated with the patterns of Lrp1 and Gba. 
The Trem2 submodule includes many factors involved in 
complement cascade, such as Fc receptor mediated sig-
nal transduction and phagocytosis. However, the Lrp1 
submodule includes many sphingolipid signaling trans-
duction factors [164]. In vitro experiments, research-
ers have found that mutated mSOD1 protein can also 
activate microglia, possibly through CD14 (a pattern 
recognition receptor for misfolded proteins), as CD14 
shares common receptors TLR-2 and TLR-4. Similar to 
LPS, mSOD1 can bind to CD14. After using antibodies 
against TLR2/4 or CD14, or alternatively blocking this 
pathway by using CD14-/- microglia, it was found not 
only the decreased production of pro-inflammatory cyto-
kines and free radicals but also the increased release of 
IGF-1 from mSOD1G93A microglia, thereby weakening 

neurotoxicity and enhancing the neuroprotective effect 
of microglia, which indicates that activation of microglia 
through the CD14 and TLR pathways is one of the neuro-
pathological markers of ALS. Thus, selectively enhancing 
or blocking the activation mechanism of microglia may 
be a potential therapeutic approach [165, 166].

The most prevalent mutations associated with spo-
radic ALS (SALS) occur in genes such as C9orf72, SOD1, 
FUS, or TARDBP, accounting for approximately 40%, 
20%, 1–5%, and 2–5% of familial ALS (FALS) cases, 
respectively [167]. The etiology of 90–95% of SALS cases 
remains elusive, with only 5–10% attributed to known 
genetic mutations. Familial ALS (FALS) is associated 
with more than 30 different genes [168, 169]. The cur-
rent understanding implicates multiple genetic epitopes 
and mechanisms in SALS, including DNA methylation, 
histone remodeling, aberrant miRNA genesis, and other 
silencing mechanisms [170]. Alterations in the CNS 
expression of genes such as C9orf72, MATR, and VEGFA 
have been observed [171]. Moreover, transcriptional 
changes in peripheral blood mononuclear cells (PBMCs) 
involve the genes B2M, ACTG1, DYNLT1, SKIV2L2, 
C12orf35, TARDBP, and ILKAP [172]. TBK1, identi-
fied as an ALS-associated gene, links the autophagy of 
ubiquitinated proteins with inflammation [172]. Studies 
have shown that C9orf72 deletion can upregulate Trem2 
and Tyrobp, immune markers possibly linked to intrin-
sic immunity [173]. The SMCR8 protein forms com-
plexes with C9orf72, which exhibits guanine nucleotide 
exchange factor (GEF) activity against RAB39B (a mem-
ber of the RAS oncogene family) and RAB8A (a member 
of the RAS oncogene family), key regulators of cellular 
processes such as cytoplasmic reorganization, prolifera-
tion, migration, intracellular transport, and differentia-
tion through GTPase activation [174, 175]. In addition, 
Shao et al. [175] showed that the SMCR8-C9orf72 com-
plex is associated with the autophagy initiation-related 
complex ULK1 (unc-51 like kinase 1)-ATG13 (autophagy 
related 13)-RB1CC1/FIP200 (RB1-inducible coiled-coil 
1). Moreover, Smcr8-deficient macrophages showed 
increased expression of NOS2, a hallmark of M1 mac-
rophages. At the same time, M2 macrophages showed 
decreased expression of the marker ARG1 (arginase 1). 
When the c9orf72 and smcr8 genes were mutated the 
proinflammatory cytokine IL6 was elevated in peripheral 
blood, the number of CD68-positive macrophages in the 
splenic red pulp increased, and the mRNA expression of 
the inflammatory cytokines Il-1β and Nos2 increased. 
Deletion of C9orf72 or Smcr8 resulted in the upregu-
lation of MTOR proteins and the MTORC1 signaling 
pathway. Thus, researchers have not clearly determined 
whether altering macrophage activation attenuates the 
inflammatory response in ALS patients. However, rel-
evant studies have shown that if peripheral macrophages 
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are appropriately regulated at appropriate time, they 
may have an impact on microglia in the central nervous 
system, prompting them to enter a more “neuroprotec-
tive” state and providing overall therapeutic benefits for 
improving motor function in amyotrophic lateral sclero-
sis [176].

The absence of a clear-cut M1/M2 phenotype of 
microglia observed in patients with ALS has been docu-
mented previously [177–179]. Therefore, microglia in 
symptomatic patients with ALS cannot be definitively 
classified as either proinflammatory (M1) or alternatively 
activated (M2) microglia, which are typically associated 
with acute rather than chronic inflammation. The pre-
cise triggers initiating the dysregulated inflammatory 
response in ALS patients remain elusive. One plausible 
conjecture is that microglia exhibit delayed responsive-
ness to inflammation compared to that of macrophages, 
rendering them less efficient at tissue healing and repair 
and more inclined to sustain chronic inflammation. This 
microglial phenotype mirrors findings in Alzheimer’s 
disease models and experimental autoimmune encepha-
lomyelitis, leading to the terminology “disease-associated 
microglia” (DAM) [180–184]. This phenotype is elicited 
through the TREM2 signaling pathway in response to 
chronic stimulation by neuronal fragments and protein 
aggregates, among other factors. The DAM phenotype 
is characterized by the downregulation of homeostatic 
genes such as CX3CR1, P2RY12, and TMEM119, while 
the upregulation of APOE, CCL3, CLEC7A, CST7, 
CTSE, GPNMB, ITGAX, LGALS3, LILRB4, and LPL is 
observed. These genes are associated with microglial 
activity, phagocytosis, and inflammation [181]. Some 
reports suggest an association between chronic inflam-
mation in ALS and TGF-β [178, 185, 186]. TGF-β is pri-
marily synthesized by astrocytes and has diverse immune 
regulatory functions, including promoting anti-inflam-
matory responses and regulatory T cells (Tregs) and facil-
itating proinflammatory Th17 T cells and fibrosis. These 
effects are context dependent and influenced by the local 
microenvironment and cytokine profile [178, 186]. In 
mutant hSOD1-activated microglia, TGF-β induces the 
differentiation of reactive astrocytes, which in turn inhib-
its the neuroprotective actions of microglia, contributing 
to the acceleration of disease progression [178].

Graves et al. [163] reported that inflammation in both 
the spinal cord and cortex of ALS patients involves innate 
immune responses orchestrated by macrophages and 
mast cells, as well as adaptive immune responses medi-
ated by T cells. They observed dense infiltration of mac-
rophages in both the white and gray matter of the ALS 
spinal cord, which appeared morphologically distinct 
from microglia, suggesting that these cells originated 
from the bloodstream [170]. Following macrophage 
infiltration in the ALS spinal cord and cortex, CD40 

ligand-positive T cells infiltrate the spinal cord, initiating 
adaptive immunity by binding to macrophages express-
ing the CD40 receptor. ALS spinal cord macrophages 
exhibit elevated expression of cyclooxygenase-2 (COX-2) 
and inducible nitric oxide synthase (iNOS), while spinal 
cord blood vessels display tight junction protein disrup-
tion and are surrounded by CD68-positive macrophages, 
further attracting CD3+ T cells. Additionally, a study 
indicated that downregulation of the neuroprotective 
M2/Treg/Th2-mediated pathway and upregulation of the 
cytotoxic M1/Th1/Th17 pathway accelerated the pro-
gression of proinflammatory disease [115, 187–189].

Mast cell infiltration is also evident in the ALS spinal 
cord. These cells, which are present in neural tissue, are 
known to secrete neurotrophic factors and potentially 
contribute to regenerative processes [163, 190]. Notably, 
mast cells are localized in skeletal muscle areas adjacent 
to tendons, and their distribution throughout the muscle 
is altered following denervation. Furthermore, on the 
skin and mucosal surfaces of organs such as the lungs, 
intestines, and bladder, mast cells are positioned near 
sensory nerves via a narrow synapse-like gap, enabling 
intercellular communication mediated by substances 
such as NT-3 and substance P [163, 191]. Additionally, 
mast cells can initiate the cytokine cascade response by 
releasing preformed TNF-α, akin to the process in mac-
rophages. Given their expression of COX-2, similar to 
that of macrophages, further investigations are warranted 
to explore the potential neuroprotective effects of COX-2 
inhibitors on ALS spinal cord neurons.

Neurodegenerative diseases and macrophage-
related therapeutic drugs and targets
Potential therapeutic drugs and targets for macrophages 
in AD
The decrease in monocyte-mediated clearance of circu-
lating amyloid-beta (Aβ) observed in aging individuals 
with AD underscores a potential therapeutic strategy: 
enhancing Aβ phagocytosis by monocytes/macrophages. 
In a recent study, the intraperitoneal administration 
of polysaccharide hormone (PSK) to APP/PS1 mice 
improved performance on behavioral tests and reduced 
Aβ deposition, neuroinflammation, neuronal loss, and 
tau protein hyperphosphorylation. These findings sug-
gest the potential of PSK as an AD preventive agent by 
augmenting antibody clearance by blood monocytes and 
mitigating AD-like pathology [192].

Diminished expression of Toll-like receptor 2 (TLR2), 
a natural innate immune receptor that recognizes and 
takes up antibodies via a receptor complex with CD14 
polysaccharide kinase, has been noted in individuals 
with AD. Activation of TLR2 restores antibody uptake by 
monocytes in individuals with AD, and as a novel TLR2 
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agonist, PSK may promote Aβ uptake by monocytes 
through TLR2 activation [193, 194].

Moreover, transplantation of splenocytes from young 
mice has been shown to delay the aging process in senes-
cent mice [144], suggesting that the spleen is a potential 
therapeutic target for AD. Considering that DAMPs and 
misfolded proteins drive neuroinflammation by interact-
ing with various pattern recognition receptors (PRRs), 
such as RAGE, Mac1, and TLRs, targeting these PRRs 
may offer therapeutic avenues. In a related study, admin-
istration of the RAGE receptor inhibitor PF-04494700 
to APP transgenic mice resulted in reduced Aβ pep-
tide accumulation in the spleen, decreased expression 
of IL-6 and macrophage colony-stimulating factor, and 
significant reductions in inflammatory markers (TNF-α, 
TGF-β, and IL-1) and amyloid deposition in the central 
nervous system [195]. At present, there is no consistent 
or clinically significant impact of PF-04494700 on plasma 
A β levels, inflammatory biomarkers, or secondary cogni-
tive or functional outcomes. Further evaluation is needed 
to assess the impact of long-term treatment on the cogni-
tion and clinical measures of AD patients [195].

Recent investigations have implicated NLRP3, an 
inflammasome effector protein, in AD pathogenesis. 
NLRP3 forms functionally complete inflammasomes by 
binding to the pyrin structural domain of the apoptosis-
associated speck-like protein ASC, recruiting caspase-1 
and subsequently cleaving the proinflammatory cyto-
kines IL-1β and IL-18 into their mature forms. Inhibition 
of NLRP3 with MCC950 in APP/PS1 transgenic mice led 
to reduced caspase-1 and IL-1β activation and enhanced 
Aβ clearance [196, 197]. MCC950 was once promoted to 
the clinical phase II of rheumatoid arthritis, but it was 
found to cause an increase in serum liver enzyme levels, 
and therefore the project was shelved [198]. Twenty years 
after the discovery of MCC950, Genentech restarted this 
failed project. It was later discovered that key compounds 
could accumulate in the kidneys due to pH dependent 
solubility, ultimately causing kidney damage. Therefore, 
it is very important to address the side effects caused by 
this drug [199].

Gantenerumab, a monoclonal antibody designed to 
target aggregated amyloid-beta (Aβ) in the brain, specifi-
cally binds to the N-terminal and intermediate structural 
domains of Aβ peptides with high affinity for aggregated 
amyloid beta species. The results from a phase III clinical 
trial revealed a dose-dependent reduction in Aβ plaques 
in the brain below the threshold for healthy individuals, 
accompanied by improvements in patients’ mental status 
and reductions in cognitive decline, particularly in early 
disease stages [200, 201]. The researchers conducted two 
Phase 3 trials (Gradate I and II), and the results showed 
that after 116 weeks of treatment, the experimental 
group decreased brain A β levels compared to the control 

group. Nevertheless, the former group did not delay the 
progression of AD [202].

In addition, it has been shown to improve patients’ 
mental status and reduce cognitive decline, especially in 
the early stages of the disease [14, 201]. Xu et al. [141] 
documented that inhibiting the Smad3 signaling pathway 
promotes macrophage phagocytosis and Aβ degradation 
while inducing macrophage polarization toward an anti-
inflammatory phenotype in both primary cell culture 
and animal models. Smad3 blockade effectively lowered 
Aβ levels in peripheral organs and the circulation, facili-
tating Aβ efflux from the brain, likely through enhanced 
clearance by peripheral macrophages. These processes 
resulted in reduced Aβ deposition and neuroinflam-
mation in the brain, ultimately ameliorating behavioral 
deficits in APP/PS1 ADmodel mice. However, Smad3 
blockade using SIS3 did not significantly impact microg-
lial phagocytosis of Aβ in the brains of APP/PS1 mice. 
Instead, SIS3 treatment inhibited microglial activation 
and local neuroinflammation, possibly due to decreased 
local Aβ accumulation.

Potential therapeutic drugs and targets for macrophages 
in PD
Prasinezumab, also known as PRX002, is a monoclonal 
antibody directed toward the C-terminal region of alpha-
synuclein (α-syn) and is currently undergoing phase II 
clinical trials. Studies have shown that targeting α-syn 
aggregates with prasinezumab significantly reduces free 
serum α-syn levels, albeit without affecting free cerebro-
spinal fluid (CSF) α-syn levels [14, 203, 204]. Preclini-
cal investigations with the precursor to PRX002, mouse 
monoclonal antibody 9E4, have shown that the antibody-
α-syn aggregation complex leads to decreased α-syn 
concentrations through Fc-γ receptor-mediated inter-
nalization on microglial surfaces [204]. The second phase 
clinical trial of PASADENA showed a certain slowing 
effect on the progression of motor symptoms in rapidly 
progressing cases. In addition, in the baseline subgroup 
receiving monoamine oxidase B inhibitors (MAO-B), 
Prasinezumab showed a more significant effect in inhib-
iting symptom deterioration, whose outstanding per-
formance may be related to the speed and degree of 
aggregation of alpha synuclein, suggesting that interven-
tion with aggregated alpha synuclein may be more effec-
tive in rapidly progressing PD subtypes [205].

BIIB054, another monoclonal antibody, targets the 
N-terminal region of α-syn and is currently undergoing 
phase II clinical trials. This antibody preferentially binds 
to alpha-synuclein aggregates and has been deemed safe 
and tolerable in clinical studies [14, 206, 207]. Relative 
studies have shown that BIIB054 analyzes the efficacy of 
anti alpha synuclein monoclonal antibody Cinpanemab 
in reducing injury and disability in Parkinson’s disease 
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patients compared to placebo in the Phase 2 clinical 
study SPARK. However, it does not reach the primary 
and secondary endpoints, and further development is 
discontinued. Furthermore, the application of sargramos-
tim (GM-CSF) for Parkinson’s disease (PD) treatment has 
been linked to the gene and/or protein expression levels 
of potential biomarkers such as LRRK2, HMOX1, TLR2, 
TLR8, RELA, ATG7, and GABARAPL2, which may pre-
dict therapeutic responses to immunomodulatory thera-
pies [148].

Exenatide, a synthetic glucagon-like peptide 1 (GLP-
1) agonist, has shown promising results in a random-
ized, placebo-controlled clinical trial involving patients 
with moderate PD. After 12 weeks of exenatide expo-
sure, improvements in motor function and disease sever-
ity, particularly in exercise severity, were observed after 
the discontinuation of nocturnal dopaminergic medica-
tion [208]. GLP-1 is an enteric insulinotropic hormone 
secreted mainly by intestinal L cells. GLP-1 has beneficial 
effects on glucose homeostasis, stimulates B cell prolif-
eration and differentiation, and inhibits B cell apoptosis. 
Lef-1, a GLP-1 receptor agonist, e.g., liraglutide (50 lg/kg, 
s.c.), was administered with a subcutaneous injection of 
fisetinone (3 mg/kg/d, s.c.) to male albino rats for 16 days 
and was found to have a statistically significant effect on 
behavioral activity, resulting in a statistically significant 
increase in striatal levels of dopamine and a neurotrophic 
factor of nigral glial cell line origin (GDNF); tyrosine 
hydroxylase positivity (TH+); and decreased levels of 
the proinflammatory factors interleukin (IL)-1β, IL-6, 
and transforming growth factor (TGF)-β1 [209, 210]. A 
phase II clinical trial showed that Lixisenatide (lisenatide, 
developed by Sanofi), a GLP-1 receptor agonist for the 
treatment of diabetes, could slow down the progress of 
Parkinson’s disease related dyskinesia after 12 months of 
treatment [210].

Gut microbial dysbiosis is suggested to alter TLR2 and 
TLR4 signaling, promoting α-synuclein aggregation in 
enteric and vagal neurons, which in turn migrates to the 
brain via peripheral nerves and contributes to neurode-
generation. These results provide a strong evidence for 
the involvement of gut microbial dysbiosis in PD devel-
opment [211, 212]. There is an ongoing Phase 1 clinical 
study being conducted on TB006.

TLR2 activation further enhances the aggregation of 
α-synuclein by regulating autophagy. In line with these 
results, blocking the interaction between TLR2 and 
MyD88 can reduce the activation of glial cells, decrease 
α-synuclein spreading, and protect dopaminergic neu-
rons [211, 213, 214]. Currently, a phase 1 clinical study is 
being conducted on healthy volunteers with NPT520-34.

Potential therapeutic drugs and targets for macrophages 
in ALS of the spinal cord
ALS is a debilitating neurodegenerative condition char-
acterized by the progressive degeneration of motor 
neurons, leading to paralysis and long-term disability. 
Currently, riluzole is the sole FDA-approved medication 
for ALS treatment [215, 216]. The neuroprotective effects 
of IGF-1 are mediated by downstream signaling path-
ways involving insulin receptor substrates 1 and 2 (IRS1 
and IRS2), followed by activation of the PI3K/Akt and 
p44/42 MAPK pathways [217, 218]. Activity-dependent 
neurotrophic factor (ADNF)-derived peptides have also 
produced neuroprotective effects on ALS-SOD1 mouse 
models.

These signaling mechanisms lead to the neuroprotec-
tive effects of IGF-1 [219]. Intramuscular injection of an 
IGF-1-expressing adeno-associated virus (AAV) delays 
disease progression and prolongs the lifespan of a trans-
genic mouse model of ALS expressing the G93A SOD1 
transgene [220]. The retrograde transport of AAV to 
the cell body via axons facilitates the targeted delivery 
of IGF-I, resulting in positive outcomes such as muscle 
atrophy, reduced astrocyte hyperplasia, delayed motor 
neuron loss, and increased muscle mass [221, 222]. Thus, 
the use of neurotrophic factors either as monotherapy 
or in combination therapies holds promise as a potential 
therapeutic strategy for ALS treatment.

Talampanel, an oral noncompetitive antagonist of the 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptor, has been identified as a potential ther-
apeutic agent for ALS [223]. AMPA receptors play a cru-
cial role in mediating glutamate-induced excitotoxicity 
in motor neurons, a key factor in the neuropathogenesis 
of ALS [224]. In vivo studies utilizing the SOD1 mouse 
model have revealed the beneficial effects of AMPA 
antagonists such as talampanel [225]. However, the neu-
roprotective effects of talampanel are most pronounced 
when it is administered early in the course of the disease.

In a phase II clinical trial involving 60 ALS patients, 
Yacila et al. [215] investigated the efficacy, safety, and tol-
erability of talampanel. While no significant differences 
were noted in efficacy measures, a slower decline in the 
ALS functional rating scale score, muscle strength, and 
timed hand movements was observed.

The impact of TLR4 on ALS has also been studied. 
An analysis of post-mortem tissue from sporadic ALS 
patients showed an increased TLR4 expression in the 
spinal cord [226]. In the hSOD1 G93A transgenic mouse 
model, the expression of TLR4 is upregulated in microg-
lia and astrocytes, and TLR4 deficiency or antagonist 
treatment decreases microglia activation, improves 
motor function, and extends life expectancy [211, 227, 
228]. There is a Phase 1 clinical study currently being con-
ducted on TB006. TLR2 expression in microglia is also 
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enhanced in ALS mouse model. The increased expression 
of TLR2 is strongly associated with aggravated neuroin-
flammation and degeneration of motor neurons [229]. 
Furthermore, TLR2 expression is enhanced in the post-
mortem spinal cord tissue from sporadic ALS patients 
[226]. Currently, research is underway to evaluate the 
safety, pharmacokinetics, and target binding of NPT520-
34 in Phase 1 clinical trials targeting healthy volunteers.

Beta-lactam antibiotics have emerged as another 
potential treatment option for ALS. Synaptic glutamate 
reuptake, which is crucial for maintaining glutamate 
homeostasis, relies on normal levels of major glial gluta-
mate transporter 1 (GLT1) [230]. Reduced levels of GLT1 
have been observed in ALS patients, potentially leading 
to diminished glutamate elimination from neuromus-
cular synapses [231]. Rothstein et al. [232] reported that 
ceftriaxone, a beta-lactam antibiotic, exerts neuroprotec-
tive effects by stimulating the GLT1 promoter sequence, 
thereby reducing glutamate excitotoxicity. This effect has 
been associated with the preservation of muscle stability, 
body weight, and a moderate extension of lifespan [215] 
(Table 1).

Emerging strategies for macrophage therapy in 
neurodegenerative diseases
The burgeoning comprehension of microglial/mac-
rophage phenotypes has ushered in novel thera-
peutic avenues for CNS remodeling. Notably, M2 
microglia/macrophages are heralded for their pro-regen-
erative properties, representing a promising avenue for 
cell-based regenerative strategies. In this regard, the 
transplantation of ex vivo activated M2 cells has emerged 
as a potential approach to counteract the transition from 
the M2 phenotype to the M1 phenotype observed in the 
later stages of injury. Encouragingly, studies using mul-
tiple sclerosis models have shown the efficacy of M2 
macrophage transplantation in promoting neurological 
recovery [70, 233].

However, the sensitivity of microglia/macrophages to 
their extracellular milieu poses a challenge, as unforeseen 
environmental cues post cell preparation and transplan-
tation may compromise or attenuate their protective M2 
features. The application of genetic engineering tech-
niques to generate M2 microglia/macrophages ex vivo 
holds promise to circumvent this hurdle. This approach 
may offer greater control over the phenotype and func-
tionality of transplanted cells, enhancing their therapeu-
tic potential. Nonetheless, further comprehensive animal 
studies are imperative to ascertain the clinical viability of 
this cell therapy strategy.

In addition to cell transplantation, the secretion of pro-
tective factors by M2 microglia/macrophages presents an 
alternative avenue to bolster regenerative therapies. By 
harnessing the reparative properties of these cells, efforts 

can be directed toward augmenting the production of 
beneficial factors that facilitate CNS repair and regen-
eration. This multifaceted approach holds considerable 
promise for advancing the field of regenerative medicine 
and addressing the unmet needs of patients with CNS 
disorders (Table 2).

Conclusions
The field of neuroimmunology is rapidly advancing 
alongside the progress in microglia and CNS-associated 
macrophage research. While traditional macrophages 
have long been recognized for their role in inflammation 
and pathogen clearance, it is now widely accepted that a 
key aspect of macrophage biology is the maintenance of 
tissue homeostasis and organ function. In fact, most tis-
sues have their own resident macrophages dedicated to 
this purpose. The primary focus lies in determining the 
factors that dictate the tissue identity of specific organs, 
as well as understanding the extent to which macrophage 
function can be influenced, rather than being solely 
determined by a specific developmental lineage.

Disruptions to homeostasis caused by inflammation, 
diet, injury, and aging may result in bone marrow-derived 
monocytes replacing embryonic derived monocytes. 
Furthermore, there is still much to be studied regarding 
potential functional differences among seemingly “identi-
cal” cell types of different origins. Plasticity and flexibility 
are fundamental characteristics of mononuclear phago-
cytes and their activation status. It has been observed 
that the phenotype of polarized M1-M2 macrophages 
can be partially reversed both in vitro and in vivo.

Additionally, pathological conditions are often associ-
ated with dynamic changes in macrophage activation. 
Conventionally activated M1 cells are believed to play a 
role in initiating and perpetuating inflammation, while 
M2 or M2-like cells are linked with resolving inflam-
mation or managing chronic inflammation. However, it 
remains unclear whether these transformations involve 
recruiting circulating precursor cells or re-educating 
existing cells within the tissue itself.

The acknowledged plasticity and diversity of mono-
nuclear phagocytes underscore their ability to integrate 
a wide array of signals, including those from microbes, 
injured or dying cells, and the tissue microenvironment. 
Three distinct pathways control macrophage polariza-
tion: epigenetic and cell survival mechanisms, signals 
from the tissue microenvironment, and external factors 
such as microbial products and inflammatory cytokines. 
The significance of macrophage polarization in both 
normal physiology and pathophysiology has garnered 
increased attention in recent years. However, questions 
persist regarding the origins of macrophage heteroge-
neity, their microanatomical specialization, and how 
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different macrophage populations modulate their epigen-
etic and phenotypic profiles.

With the aging of the population, the incidence rate 
of neurological related diseases in China continues to 
increase. The detection of biomarkers related to neu-
roinflammation, neurodegenerative diseases, and rare 
diseases has become one of the important detection 
methods in the field of neuroscience. There are currently 
multiple methods available for detecting cytokines, which 
can be roughly divided into four categories based on their 
principles and methods: immunological methods, bio-
logical methods, molecular biology methods, and mass 
spectrometry. Among these approaches, immunological 
methods include Western Blot, enzyme-linked immuno-
sorbent assay (ELISA), ELISA spot technology, hypersen-
sitive electrochemiluminescence technology, Luminex 
liquid phase chip detection technology Olink technology, 
and Simoa technology. ELISA is commonly used in clini-
cal practice for qualitative analysis. Mass spectrometry is 
mainly applied in protein analysis in scientific laborato-
ries such as biomarker discovery and structural identifi-
cation with a focus on protein expression level analysis.

With the widespread application of new technolo-
gies such as single-cell RNA sequencing, errors have 
been reduced without relying on cell surface markers. 
Meanwhile, such new technologies may reveal new het-
erogeneity features in tissue macrophage populations. 
Nevertheless, there are still many unsolved mysteries 
regarding macrophage polarization and its role in health 
and patients.

While studies suggest that embryonic and adult pre-
cursors produce transcriptionally similar macrophages, 
aging, illness, and disease may alter this paradigm. 
Understanding how brain homeostasis influences macro-
phage behavior, particularly in the context of inflamma-
tion and neurodegenerative diseases, is crucial.

Moreover, the multifaceted functions of brain mac-
rophages, beyond their phagocytic roles, remain largely 
unexplored. The interactions between microglia/macro-
phages and other immune cells, such as T and B cells, in 
health and disease warrant further investigation.

Overall, macrophage plasticity plays a paradoxical 
role in neurodegenerative diseases, with the potential to 
either promote or inhibit disease progression. A deeper 
understanding of the pharmacological and pathological 
mechanisms underlying macrophage regulation of dis-
ease development could pave the way for novel therapeu-
tic interventions for neurodegenerative diseases.

Abbreviations
Aβ  Amyloid-β
AAV  Adeno-associated virus
AD  Alzheimer’s disease crophages
BAT  Brown adipose tissue
BBB  Blood–brain barrier
CLEC7A  C-type lectin structural domain family 7 member A

CNCCs  Cranial neural crest cells
CNS  Central nervous system
CRP  C-reactive protein
CR3  Complement receptor 3
CSF1R  Colony-stimulating factor 1 receptor
CX3CR1  CX3C chemokine receptor 1
DAMPs  Damage-associated molecular patterns
DCs  Dendritic cells
DD  Death domain
EMPs  Erythro-myeloid progenitors
GEF  Guanine nucleotide exchange factor
GLP-1  Glucagon-like peptide 1
GLT1  Glutamate transporter 1
GM-CSF  Granulocyte-macrophage colony-stimulating factor
HeMPs  Head-enriched Mf progenitors
HSCs  Hematopoietic stem cells
IA  Immunoassays
ICs  Immune complexes
IFN-γ  Interferon-gamma
IGF1  Insulin-like growth factor 1
IL-1  Interleukin-1
IL-1ra  IL-1 receptor antagonist
iNOS  Inducible nitric oxide synthase
IRAK  Interleukin-1 receptor-associated kinase
IRF8  Interferon regulatory factor 8
ITIMs  Immunoreceptor tyrosine-based inhibitory motifs
KO  Knockout
LCMV  Lymphocytic choroid plexus meningitis virus
LCs  Langerhans cells
LFA-1  Lymphocyte function-associated antigen-1
LPMs  Leptomeningeal macrophages
LPS  Lipopolysaccharides
Lyve1  Lymphatic vessel endothelial hyaluronan receptor 1
MCU  Mitochondrial calcium unidirectional
Mf  Macrophage
MMPs  Matrix metalloproteinases
MMs  Meningeal macrophages
MR  Mannose receptor
MRI  Magnetic resonance imaging
mTOR  Mammalian target of rapamycin
MyD88  Myeloid differentiation factor 88
NCCs  Neural crest cells
NF-κB  Nuclear factor kappa-light-chain-enhancer of activated B cells
NK  Natural killer
OX-LDL  Oxidized low-density lipoprotein
PAMPs  Pathogen-associated molecular patterns
PBMCs  Peripheral blood mononuclear cells
PCW  Postconceptional weeks
PD  Parkinson’s disease
PerC  Peritoneal cavity
PGE  Prostaglandin E
PNS  Peripheral nervous system
PPAR-γ  Peroxisome proliferator-activated receptor gamma
PraMs  Primitive macrophages
PreMacs  Macrophage precursors
PRRs  Pattern recognition receptors
PSK  Polysaccharide hormone
PVMs  Perivascular macrophages
RAGE  Receptor for advanced glycation end products
RAR  Retinoic acid receptor
ROS  Reactive oxygen species
SASP  Senescent associated secretory phenotype
scRNA-seq  Single-cell RNA sequencing
SPIO  Superparamagnetic iron oxide
SPMs  Small peritoneal macrophages
SR-A1  Scavenger receptor A1
SR-BI  Scavenger receptor class B type I
SRs  Scavenger receptors
TAK1  β-Transforming growth factor-activated protein kinase
TGFβ  Transforming growth factor beta
TGF-βR  Transforming growth factor-β receptor
TIR  Toll/interleukin-1 receptor



Page 24 of 29Ma et al. Biomarker Research           (2024) 12:81 

TLRs  Toll-like receptors
TNF-α  Tumor necrosis factor-alpha
TPM  Two-photon excitation fluorescence microscopy
TRAF6  Tumor necrosis factor receptor-associated factor 6
UCP1  Uncoupling protein 1
VEGF  Vascular endothelial growth factor
WAT  White adipose tissue
YSdMPs  Yolk sac-derived macrophage precursors
α-syn  Alpha-synuclein

Acknowledgements
Not applicable.

Author contributions
Conceptualization, Hongyue Ma and Mingxia Zhu; original draft preparation, 
Hongyue Ma and Mengjie Chen; review and editing, Xinhong Feng and Xiuli 
Li; supervision, Xinhong Feng.All authors reviewed the manuscript.

Funding
This work was supported by Beijing Municipal Administration of Hospitals 
Incubating Program. Code: PX2023037.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 28 April 2024 / Accepted: 22 July 2024

References
1. Metschnikoff E. Lecture on phagocytosis and immunity. BMJ. 1891;1:213–7.
2. Wang Z, Wu Z, Wang H, Feng R, Wang G, Li M, et al. An immune cell atlas 

reveals the dynamics of human macrophage specification during prenatal 
development. Cell. 2023;186:4454–e7119.

3. Utz SG, See P, Mildenberger W, Thion MS, Silvin A, Lutz M et al. Early fate 
defines microglia and non-parenchymal brain macrophage development. 
Cell. 2020;181:557 – 73.e18.

4. Chakarov S, Lim HY, Tan L, Lim SY, See P, Lum J, et al. Two distinct interstitial 
macrophage populations coexist across tissues in specific subtissular niches. 
Science. 2019;363:eaau0964.

5. Dick SA, Wong A, Hamidzada H, Nejat S, Nechanitzky R, Vohra S, et al. Three 
tissue resident macrophage subsets coexist across organs with conserved 
origins and life cycles. Sci Immunol. 2022;7:eabf7777.

6. Wilson DM, Cookson MR, Van Den Bosch L, Zetterberg H, Holtzman 
DM, Dewachter I. Hallmarks of neurodegenerative diseases. Cell. 
2023;186:693–714.

7. Popescu DM, Botting RA, Stephenson E, Green K, Webb S, Jardine L, et al. 
Decoding human fetal liver haematopoiesis. Nature. 2019;574:365–71.

8. Machnik A, Neuhofer W, Jantsch J, Dahlmann A, Tammela T, Machura K, et 
al. Macrophages regulate salt-dependent volume and blood pressure by a 
vascular endothelial growth factor-C–dependent buffering mechanism. Nat 
Med. 2009;15:545–52.

9. Faraco G, Park L, Anrather J, Iadecola C. Brain perivascular macrophages: 
characterization and functional roles in health and disease. J Mol Med. 
2017;95:1143–52.

10. Fantin A, Vieira JM, Gestri G, Denti L, Schwarz Q, Prykhozhij S, et al. Tissue mac-
rophages act as cellular chaperones for vascular anastomosis downstream of 
VEGF-mediated endothelial tip cell induction. Blood. 2010;116:829–40.

11. Cox N, Pokrovskii M, Vicario R, Geissmann F. Origins, biology, and diseases of 
tissue macrophages. Annu Rev Immunol. 2021;39:313–44.

12. Seegren PV, Harper LR, Downs TK, Zhao XY, Viswanathan SB, Stremska ME, et 
al. Reduced mitochondrial calcium uptake in macrophages is a major driver 
of inflammaging. Nat Aging. 2023;3:796–812.

13. Covarrubias AJ, Kale A, Perrone R, Lopez-Dominguez JA, Pisco AO, Kasler HG, 
et al. Senescent cells promote tissue NAD+ decline during ageing via the 
activation of CD38+ macrophages. Nat Metab. 2020;2:1265–83.

14. Mortada I, Farah R, Nabha S, Ojcius DM, Fares Y, Almawi WY, et al. Immuno-
therapies for neurodegenerative diseases. Front Neurol. 2021;12:654739.

15. Sanmarco LM, Quintana FJ. Meningeal memories of viral infection. Trends 
Neurosci. 2019;42:513–4.

16. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development, 
homeostasis and disease. Nature. 2013;496:445–55.

17. Hume DA, Robinson AP, MacPherson GG, Gordon S. The mononuclear 
phagocyte system of the mouse defined by immunohistochemical localiza-
tion of antigen F4/80. Relationship between macrophages, langerhans cells, 
reticular cells, and dendritic cells in lymphoid and hematopoietic organs. J 
Exp Med. 1983;158:1522–36.

18. Lazarov T, Juarez-Carreño S, Cox N, Geissmann F. Physiology and diseases of 
tissue-resident macrophages. Nature. 2023;618:698–707.

19. Okuda T, Van Deursen J, Hiebert SW, Grosveld G, Downing JR. AML1, the tar-
get of multiple chromosomal translocations in human leukemia, is essential 
for normal fetal liver hematopoiesis. Cell. 1996;84:321–30.

20. Schulz C, Perdiguero EG, Chorro L, Szabo-Rogers H, Cagnard N, Kierdorf K, et 
al. A lineage of myeloid cells independent of myb and hematopoietic stem 
cells. Science. 2012;336:86–90.

21. Perdiguero EG, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L, et al. Tissue-
resident macrophages originate from yolk-sac-derived erythro-myeloid 
progenitors. Nature. 2014;518:547–51.

22. Blériot C, Chakarov S, Ginhoux F. Determinants of resident tissue macrophage 
identity and function. Immunity. 2020;52:957–70.

23. Hashimoto D, Chow A, Noizat C, Teo P, Beasley Mary B, Leboeuf M, et al. 
Tissue-resident macrophages self-maintain locally throughout adult 
life with minimal contribution from circulating monocytes. Immunity. 
2013;38:792–804.

24. Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FMV. Infiltrating mono-
cytes trigger EAE progression, but do not contribute to the resident microglia 
pool. Nat Neurosci. 2011;14:1142–9.

25. Yona S, Kim KW, Wolf Y, Mildner A, Varol D, Breker M, et al. Fate mapping 
reveals origins and dynamics of monocytes and tissue macrophages under 
homeostasis. Immunity. 2013;38:79–91.

26. Okabe Y, Medzhitov R. Tissue-specific signals control reversible pro-
gram of localization and functional polarization of macrophages. Cell. 
2014;157:832–44.

27. Rosas M, Davies LC, Giles PJ, Liao CT, Kharfan B, Stone TC, et al. The transcrip-
tion factor Gata6 links tissue macrophage phenotype and proliferative 
renewal. Science. 2014;344:645–8.

28. Ghosn EEB, Cassado AA, Govoni GR, Fukuhara T, Yang Y, Monack DM, et al. 
Two physically, functionally, and developmentally distinct peritoneal macro-
phage subsets. Proc Natl Acad Sci U S A. 2010;107:2568–73.

29. Kohyama M, Ise W, Edelson BT, Wilker PR, Hildner K, Mejia C, et al. Role for 
Spi-C in the development of red pulp macrophages and splenic iron homeo-
stasis. Nature. 2008;457:318–21.

30. Kristiansen M, Graversen JH, Jacobsen C, Sonne O, Hoffman HJ, Law 
SKA, et al. Identification of the haemoglobin scavenger receptor. Nature. 
2001;409:198–201.

31. Zhao J, Andreev I, Silva HM. Resident tissue macrophages: key coordinators of 
tissue homeostasis beyond immunity. Sci Immunol. 2024;9:eadd1967.

32. Yu X, Buttgereit A, Lelios I, Utz SG, Cansever D, Becher B et al. The cytokine 
TGF-β promotes the development and homeostasis of alveolar macro-
phages. Immunity. 2017;47:903 – 12.e4.

33. Aegerter H, Lambrecht BN, Jakubzick CV. Biology of Lung macrophages in 
health and disease. Immunity. 2022;55:1564–80.

34. Stamatiades EG, Tremblay ME, Bohm M, Crozet L, Bisht K, Kao D, et al. Immune 
monitoring of trans-endothelial transport by kidney-resident macrophages. 
Cell. 2016;166:991–1003.

35. Jacome-Galarza CE, Percin GI, Muller JT, Mass E, Lazarov T, Eitler J, et al. Devel-
opmental origin, functional maintenance and genetic rescue of osteoclasts. 
ESPE Yearb Paediatr Endocrinol. 2019;16:18.



Page 25 of 29Ma et al. Biomarker Research           (2024) 12:81 

36. Pivetta E, Scapolan M, Pecolo M, Wassermann B, Abu-Rumeileh I, Balestreri L, 
et al. MMP-13 stimulates osteoclast differentiation and activation in tumour 
breast bone metastases. Breast Cancer Res. 2011;13:R105.

37. Saftig P, Hunziker E, Wehmeyer O, Jones S, Boyde A, Rommerskirch W, et al. 
Impaired osteoclastic bone resorption leads to osteopetrosis in cathepsin-K-
deficient mice. Proc Natl Acad Sci U S A. 1998;95:13453–8.

38. Miyagawa K, Ohata Y, Delgado-Calle J, Teramachi J, Zhou H, Dempster DD, et 
al. Osteoclast-derived IGF1 is required for pagetic lesion formation in vivo. JCI 
Insight. 2020;5:e133113.

39. Xian L, Wu X, Pang L, Lou M, Rosen CJ, Qiu T, et al. Matrix IGF-1 maintains 
bone mass by activation of mTOR in mesenchymal stem cells. Nat Med. 
2012;18:1095–101.

40. Frattini A, Orchard PJ, Sobacchi C, Giliani S, Abinun M, Mattsson JP, et al. 
Defects in TCIRG1 subunit of the vacuolar proton pump are responsible 
for a subset of human autosomal recessive osteopetrosis. Nat Genet. 
2000;25:343–6.

41. Sobacchi C, Frattini A, Guerrini MM, Abinun M, Pangrazio A, Susani L, et al. 
Osteoclast-poor human osteopetrosis due to mutations in the gene encod-
ing RANKL. Nat Genet. 2007;39:960–2.

42. Zhai Y, Wang C, Jiang Z. Cross-talk between bacterial PAMPs and host PRRs. 
Natl Sci Rev. 2018;5:791–2.

43. Mary A, Mancuso R, Heneka MT. Immune activation in Alzheimer disease. 
Annu Rev Immunol. 2024;42:585–613.

44. Hansson GK, Libby P, Tabas I. Inflammation and plaque vulnerability. J Intern 
Med. 2015;278:483–93.

45. Zhang X, Xing S, Li M, Zhang L, Xie L, He W, et al. Beyond knockout: a novel 
homodimerization-targeting MyD88 inhibitor prevents and cures type 1 
diabetes in NOD mice. Metabolism. 2016;65:1267–77.

46. Gazi U, Martinez-Pomares L. Influence of the mannose receptor in host 
immune responses. Immunobiology. 2009;214:554–61.

47. Beharka AA, Crowther JE, McCormack FX, Denning GM, Lees J, Tibesar 
E, et al. Pulmonary surfactant protein A activates a phosphatidylinositol 
3-kinase/calcium signal transduction pathway in human macrophages: 
participation in the up-regulation of mannose receptor activity. J Immunol. 
2005;175:2227–36.

48. Brown GD, Taylor PR, Reid DM, Willment JA, Williams DL, Martinez-Pomares 
L, et al. Dectin-1 is a major β-glucan receptor on macrophages. J Exp Med. 
2002;196:407–12.

49. Tada R, Adachi Y, Ishibashi KI, Tsubaki K, Ohno N. Binding capacity of a barley 
β-d-glucan to the β-glucan recognition molecule dectin-1. J Agric Food 
Chem. 2008;56:1442–50.

50. Goodridge HS, Reyes CN, Becker CA, Katsumoto TR, Ma J, Wolf AJ, et al. 
Activation of the innate immune receptor dectin-1 upon formation of a 
‘phagocytic synapse’. Nature. 2011;472:471–5.

51. Romani L. Immunity to fungal infections. Nat Rev Immunol. 2004;4:11–24.
52. Ricardo-Carter C, Favila M, Polando RE, Cotton RN, Horner KB, Condon D, et 

al. Leishmania major inhibits IL‐12 in macrophages by signalling through CR3 
(CD11b/CD18) and down‐regulation of ETS‐mediated transcription. Parasite 
Immunol. 2013;35:409–20.

53. Kimura M, Griffin FM. C3bi/CR3 is a main ligand-receptor interaction in 
attachment and phagocytosis of C3‐coated particles by mouse peritoneal 
macrophages. Scand J Immunol. 2006;36:183–91.

54. Bradshaw EM, Chibnik LB, Keenan BT, Ottoboni L, Raj T, Tang A, et al. CD33 
Alzheimer’s disease locus: altered monocyte function and amyloid biology. 
Nat Neurosci. 2013;16:848–50.

55. Guilliams M, Svedberg FR. Does tissue imprinting restrict macrophage plas-
ticity? Nat Immunol. 2021;22:118–27.

56. Stout RD, Jiang C, Matta B, Tietzel I, Watkins SK, Suttles J. Macrophages 
sequentially change their functional phenotype in response to changes in 
microenvironmental influences. J Immunol. 2005;175:342–9.

57. Biswas SK, Mantovani A. Macrophage plasticity and interaction with lympho-
cyte subsets: cancer as a paradigm. Nat Immunol. 2010;11:889–96.

58. Lawrence T, Natoli G. Transcriptional regulation of macrophage polarization: 
enabling diversity with identity. Nat Rev Immunol. 2011;11:750–61.

59. Susser LI, Rayner KJ. Through the layers: how macrophages drive atheroscle-
rosis across the vessel wall. J Clin Investig. 2022;132:e157011.

60. Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional profiling of 
the human monocyte-to-macrophage differentiation and polarization: new 
molecules and patterns of gene expression. J Immunol. 2006;177:7303–11.

61. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. Pillars article: M-1/M-2 
macrophages and the Th1/Th2 paradigm. J. Immunol. 2000. 164: 6166–6173. 
J Immunol. 2017;199:2194 – 201.

62. Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, Van Rooijen N, et al. 
Local macrophage proliferation, rather than recruitment from the blood, is a 
signature of TH2 inflammation. Science. 2011;332:1284–8.

63. Saha S, Shalova IN, Biswas SK. Metabolic regulation of macrophage pheno-
type and function. Immunol Rev. 2017;280:102–11.

64. Wang L, Zhang Y, Zhang N, Xia J, Zhan Q, Wang C. Potential role of M2 macro-
phage polarization in ventilator-induced lung fibrosis. Int Immunopharmacol. 
2019;75:105795.

65. Lu J, Cao Q, Zheng D, Sun Y, Wang C, Yu X, et al. Discrete functions of M 2a 
and M 2c macrophage subsets determine their relative efficacy in treating 
chronic kidney disease. Kidney Int. 2013;84:745–55.

66. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili 
SA, Mardani F, et al. Macrophage plasticity, polarization, and function in 
health and disease. J Cell Physiol. 2018;233:6425–40.

67. Loegl J, Hiden U, Nussbaumer E, Schliefsteiner C, Cvitic S, Lang I, et al. 
Hofbauer cells of M2a, M2b and M2c polarization may regulate feto-placental 
angiogenesis. Reproduction. 2016;152:447–55.

68. Cassetta L, Noy R, Swierczak A, Sugano G, Smith H, Wiechmann L, et al. Isola-
tion of mouse and human tumor-associated macrophages. Adv Exp Med 
Biol. 2016;899:211–29.

69. Liang Y, Tan Y, Guan B, Guo B, Xia M, Li J, et al. Single-cell atlases link macro-
phages and CD8 + T-cell subpopulations to disease progression and immu-
notherapy response in urothelial carcinoma. Theranostics. 2022;12:7745–59.

70. Hu X, Leak RK, Shi Y, Suenaga J, Gao Y, Zheng P, et al. Microglial and 
macrophage polarization—new prospects for brain repair. Nat Rev Neurol. 
2014;11:56–64.

71. Chen YY, Wang MC, Wang YN, Hu HH, Liu QQ, Liu HJ, et al. Redox signal-
ing and Alzheimer’s disease: from pathomechanism insights to biomarker 
discovery and therapy strategy. Biomark Res. 2020;8:42.

72. Chiu FY, Yen Y. Imaging biomarkers for clinical applications in neuro-oncol-
ogy: current status and future perspectives. Biomark Res. 2023;11:35.

73. Denk W, Strickler JH, Webb WW. Two-photon laser scanning fluorescence 
microscopy. Science. 1990;248:73–6.

74. Gao Y, Xia X, Liu L, Wu T, Chen T, Yu J, et al. Axial gradient excitation 
accelerates volumetric imaging of two-photon microscopy. Photonics Res. 
2022;10:687–96.

75. Wu Y, Briley-Saebo K, Xie J, Zhang R, Wang Z, He C, et al. Inflammatory bowel 
disease: MR- and SPECT/CT-based macrophage imaging for monitoring 
and evaluating disease activity in experimental mouse model—pilot study. 
Radiology. 2014;271:400–7.

76. Ginhoux F, Guilliams M. Tissue-resident macrophage ontogeny and homeo-
stasis. Immunity. 2016;44:439–49.

77. Miron VE, Priller J. Investigating microglia in health and disease: challenges 
and opportunities. Trends Immunol. 2020;41:785–93.

78. Borst K, Schwabenland M, Prinz M. Microglia metabolism in health and 
disease. Neurochem Int. 2018;130:104331.

79. Borst K, Dumas AA, Prinz M. Microglia: immune and non-immune functions. 
Immunity. 2021;54:2194–208.

80. Borst K, Schwabenland M, Prinz M. Microglia metabolism in health and 
disease. Neurochem Int. 2019;130:104331.

81. Davies DS, Ma J, Jegathees T, Goldsbury C. Microglia show altered morphol-
ogy and reduced arborization in human brain during aging and Alzheimer’s 
disease. Brain Pathol. 2016;27:795–808.

82. Bachstetter AD, Van Eldik LJ, Schmitt FA, Neltner JH, Ighodaro ET, Webster 
SJ, et al. Disease-related microglia heterogeneity in the hippocampus of 
Alzheimer’s disease, dementia with Lewy bodies, and hippocampal sclerosis 
of aging. Acta Neuropathol Commun. 2015;3:32.

83. Nobs SP, Kopf M. Tissue-resident macrophages: guardians of organ homeo-
stasis. Trends Immunol. 2021;42:495–507.

84. Barry-Carroll L, Gomez-Nicola D. The molecular determinants of microglial 
developmental dynamics. Nat Rev Neurosci. 2024;25:414–27.

85. Young AMH, Kumasaka N, Calvert F, Hammond TR, Knights A, Panousis N, et 
al. A map of transcriptional heterogeneity and regulatory variation in human 
microglia. Nat Genet. 2021;53:861–8.

86. Ydens E, Amann L, Asselbergh B, Scott CL, Martens L, Sichien D, et al. Profil-
ing peripheral nerve macrophages reveals two macrophage subsets with 
distinct localization, transcriptome and response to injury. Nat Neurosci. 
2020;23:676–89.

87. Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate mapping 
analysis reveals that adult microglia derive from primitive macrophages. Sci-
ence. 2010;330:841–5.



Page 26 of 29Ma et al. Biomarker Research           (2024) 12:81 

88. Cook J, Prinz M. Regulation of microglial physiology by the microbiota. Gut 
Microbes. 2022;14:2125739.

89. Nguyen QH, Witt RG, Wang B, Eikani C, Shea J, Smith LK, et al. Tolerance 
induction and microglial engraftment after fetal therapy without con-
ditioning in mice with mucopolysaccharidosis type VII. Sci Transl Med. 
2020;12:eaay8980.

90. Kurihara T, Warr G, Loy J, Bravo R. Defects in macrophage recruitment and 
host defense in mice lacking the CCR2 chemokine receptor. J Exp Med. 
1997;186:1757–62.

91. Kipnis J. Multifaceted interactions between adaptive immunity and the 
central nervous system. Science. 2016;353:766–71.

92. Rebejac J, Eme-Scolan E, Paroutaud LA, Kharbouche S, Teleman M, Spinelli L, 
et al. Meningeal macrophages protect against viral neuroinfection. Immunity. 
2022;55:2103–e1710.

93. Rua R, Lee JY, Silva AB, Swafford IS, Maric D, Johnson KR, et al. Infection drives 
meningeal engraftment by inflammatory monocytes that impairs CNS 
immunity. Nat Immunol. 2019;20:407–19.

94. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L, et 
al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature. 
2017;541:481–7.

95. Rothhammer V, Borucki DM, Tjon EC, Takenaka MC, Chao CC, Ardura-Fabregat 
A, et al. Microglial control of astrocytes in response to microbial metabolites. 
Nature. 2018;557:724–8.

96. Henson PM, Hume DA. Apoptotic cell removal in development and tissue 
homeostasis. Trends Immunol. 2006;27:244–50.

97. Erwig LP, Henson PM. Clearance of apoptotic cells by phagocytes. Cell Death 
Differ. 2007;15:243–50.

98. Ganz T. Macrophages and systemic iron homeostasis. J Innate Immun. 
2012;4:446–53.

99. Møller HJ, Peterslund NA, Graversen JH, Moestrup SK. Identification of the 
hemoglobin scavenger receptor/CD163 as a natural soluble protein in 
plasma. Blood. 2002;99:378–80.

100. Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD, Gordon S. 
Macrophage receptors and immune recognition. Annu Rev Immunol. 
2005;23:901–44.

101. Mebius RE, Kraal G. Structure and function of the spleen. Nat Rev Immunol. 
2005;5:606–16.

102. Den Haan JMM, Kraal G. Innate immune functions of macrophage subpopu-
lations in the spleen. J Innate Immun. 2012;4:437–45.

103. Geijtenbeek TBH, Groot PC, Nolte MA, Van Vliet SJ, Gangaram-Panday ST, 
Van Duijnhoven GCF, et al. Marginal zone macrophages express a murine 
homologue of DC-SIGN that captures blood-borne antigens in vivo. Blood. 
2002;100:2908–16.

104. Elomaa O, Kangas M, Sahlberg C, Tuukkanen J, Sormunen R, Liakka A, et al. 
Cloning of a novel bacteria-binding receptor structurally related to scavenger 
receptors and expressed in a subset of macrophages. Cell. 1995;80:603–9.

105. Kang YS, Kim JY, Bruening SA, Pack M, Charalambous A, Pritsker A, et al. 
The C-type lectin SIGN-R1 mediates uptake of the capsular polysaccharide 
ofStreptococcus pneumoniaein the marginal zone of mouse spleen. Proc 
Natl Acad Sci U S A. 2003;101:215–20.

106. Lanoue A, Clatworthy MR, Smith P, Green S, Townsend MJ, Jolin HE, et al. 
SIGN-R1 contributes to protection against lethal pneumococcal infection in 
mice. J Exp Med. 2004;200:1383–93.

107. Karlsson MCI, Guinamard R, Bolland S, Sankala M, Steinman RM, Ravetch JV. 
Macrophages control the retention and trafficking of B lymphocytes in the 
splenic marginal zone. J Exp Med. 2003;198:333–40.

108. Park L, Uekawa K, Garcia-Bonilla L, Koizumi K, Murphy M, Pistik R, et al. 
Brain perivascular macrophages initiate the neurovascular dysfunction of 
Alzheimer Aβ peptides. Circ Res. 2017;121:258–69.

109. Masuda T, Amann L, Monaco G, Sankowski R, Staszewski O, Krueger M, et 
al. Specification of CNS macrophage subsets occurs postnatally in defined 
niches. Nature. 2022;604:740–8.

110. Wen W, Cheng J, Tang Y. Brain perivascular macrophages: current under-
standing and future prospects. Brain. 2024;147:39–55.

111. Patel NS, Paris D, Mathura V, Quadros AN, Crawford FC, Mullan MJ. Inflamma-
tory cytokine levels correlate with amyloid load in transgenic mouse models 
of Alzheimer’s disease. J Neuroinflammation. 2005;2:9.

112. Selkoe DJ. Alzheimer’s disease results from the cerebral accumulation and 
cytotoxicity of amyloid ß-protein. J Alzheimer’s Dis. 2001;3:75–80.

113. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25 years. 
EMBO Mol Med. 2016;8:595–608.

114. Tanzi RE, Bertram L. Twenty years of the Alzheimer’s disease amyloid hypoth-
esis: a genetic perspective. Cell. 2005;120:545–55.

115. Yu ZY, Chen DW, Tan CR, Zeng GH, He CY, Wang J, et al. Physiological clear-
ance of Aβ by spleen and splenectomy aggravates Alzheimer-type patho-
genesis. Aging Cell. 2021;21:e13533.

116. Xiang Y, Bu XL, Liu YH, Zhu C, Shen LL, Jiao SS, et al. Physiological amyloid-
beta clearance in the periphery and its therapeutic potential for Alzheimer’s 
disease. Acta Neuropathol. 2015;130:487–99.

117. Bateman RJ, Siemers ER, Mawuenyega KG, Wen G, Browning KR, Sigurdson 
WC, et al. A γ-secretase inhibitor decreases amyloid‐β production in the 
central nervous system. Ann Neurol. 2009;66:48–54.

118. Wang J, Gu BJ, Masters CL, Wang YJ. A systemic view of Alzheimer disease 
— insights from amyloid-β metabolism beyond the brain. Nat Rev Neurol. 
2017;13:612–23.

119. Jay TR, Hirsch AM, Broihier ML, Miller CM, Neilson LE, Ransohoff RM, et al. Dis-
ease progression-dependent effects of TREM2 deficiency in a mouse model 
of Alzheimer’s disease. J Neurosci. 2017;37:637–47.

120. Ulrich JD, Ulland TK, Mahan TE, Nyström S, Nilsson KP, Song WM, et al. ApoE 
facilitates the microglial response to amyloid plaque pathology. J Exp Med. 
2018;215:1047–58.

121. Hawkes CA, McLaurin J. Selective targeting of perivascular macrophages for 
clearance of β-amyloid in cerebral amyloid angiopathy. Proc Natl Acad Sci U S 
A. 2009;106:1261–6.

122. Uekawa K, Hattori Y, Ahn SJ, Seo J, Casey N, Anfray A, et al. Border-associated 
macrophages promote cerebral amyloid angiopathy and cognitive impair-
ment through vascular oxidative stress. Mol Neurodegener. 2023;18:73.

123. Thanopoulou K, Fragkouli A, Stylianopoulou F, Georgopoulos S. Scavenger 
receptor class B type I (SR-BI) regulates perivascular macrophages and modi-
fies amyloid pathology in an Alzheimer mouse model. Proc Natl Acad Sci U S 
A. 2010;107:20816–21.

124. Chen SH, Tian DY, Shen YY, Cheng Y, Fan DY, Sun HL, et al. Amyloid-beta 
uptake by blood monocytes is reduced with ageing and Alzheimer’s disease. 
Transl Psychiatry. 2020;10:423.

125. Yamazaki Y, Kanekiyo T. Blood-brain barrier dysfunction and the pathogenesis 
of Alzheimer’s disease. Int J Mol Sci. 2017;18:1965.

126. Montagne A, Zhao Z, Zlokovic BV. Alzheimer’s disease: a matter of blood–
brain barrier dysfunction? J Exp Med. 2017;214:3151–69.

127. Nelson AR, Sweeney MD, Sagare AP, Zlokovic BV. Neurovascular dysfunc-
tion and neurodegeneration in dementia and Alzheimer’s disease. Biochim 
Biophys Acta Mol Basis Dis. 2016;1862:887–900.

128. Montagne A, Barnes Samuel R, Sweeney Melanie D, Halliday Matthew R, 
Sagare Abhay P, Zhao Z, et al. Blood-brain barrier breakdown in the aging 
human hippocampus. Neuron. 2015;85:296–302.

129. Li C, Zhu Y, Chen W, Li M, Yang M, Shen Z, et al. Circulating NAD + metabo-
lism-derived genes unveils prognostic and peripheral immune infiltration in 
amyotrophic lateral sclerosis. Front Cell Dev Biol. 2022;10:831273.

130. Zenaro E, Piacentino G, Constantin G. The blood-brain barrier in Alzheimer’s 
disease. Neurobiol Dis. 2017;107:41–56.

131. Winkler EA, Sagare AP, Zlokovic BV. The pericyte: a forgotten cell type with 
important implications for Alzheimer’s disease? Brain Pathol. 2014;24:371–86.

132. Sengillo JD, Winkler EA, Walker CT, Sullivan JS, Johnson M, Zlokovic BV. Defi-
ciency in mural vascular cells coincides with blood–brain barrier disruption in 
Alzheimer’s disease. Brain Pathol. 2012;23:303–10.

133. Kirabali T, Rigotti S, Siccoli A, Liebsch F, Shobo A, Hock C, et al. The amyloid-β 
degradation intermediate Aβ34 is pericyte-associated and reduced in brain 
capillaries of patients with Alzheimer’s disease. Acta Neuropathol Commun. 
2019;7:194.

134. Halliday MR, Rege SV, Ma Q, Zhao Z, Miller CA, Winkler EA, et al. Accelerated 
pericyte degeneration and blood–brain barrier breakdown in apolipo-
protein E4 carriers with Alzheimer’s disease. J Cereb Blood Flow Metab. 
2015;36:216–27.

135. Ryu JK, McLarnon JG. A leaky blood–brain barrier, fibrinogen infiltration and 
microglial reactivity in inflamed Alzheimer’s disease brain. J Cell Mol Med. 
2009;13:2911–25.

136. Zhao X, Eyo UB, Murugan M, Wu LJ. Microglial interactions with the neurovas-
cular system in physiology and pathology. Dev Neurobiol. 2018;78:604–17.

137. Yuede CM, Lee H, Restivo JL, Davis TA, Hettinger JC, Wallace CE, et al. Rapid 
in vivo measurement of β-amyloid reveals biphasic clearance kinetics in an 
Alzheimer’s mouse model. J Exp Med. 2016;213:677–85.

138. DeMattos RB, Bales KR, Cummins DJ, Paul SM, Holtzman DM. Brain to plasma 
amyloid-β efflux: a measure of brain amyloid burden in a mouse model of 
Alzheimer’s disease. Science. 2002;295:2264–7.



Page 27 of 29Ma et al. Biomarker Research           (2024) 12:81 

139. Qosa H, Abuasal BS, Romero IA, Weksler B, Couraud PO, Keller JN, et al. Differ-
ences in amyloid-β clearance across mouse and human blood–brain barrier 
models: kinetic analysis and mechanistic modeling. Neuropharmacology. 
2014;79:668–78.

140. Jin WS, Shen LL, Bu XL, Zhang WW, Chen SH, Huang ZL, et al. Peritoneal dialy-
sis reduces amyloid-beta plasma levels in humans and attenuates Alzheimer-
associated phenotypes in an APP/PS1 mouse model. Acta Neuropathol. 
2017;134:207–20.

141. Xu L, Pan CL, Wu XH, Song JJ, Meng P, Li L, et al. Inhibition of Smad3 in 
macrophages promotes Aβ efflux from the brain and thereby ameliorates 
Alzheimer’s pathology. Brain Behav Immun. 2021;95:154–67.

142. Liu YH, Xiang Y, Wang YR, Jiao SS, Wang QH, Bu XL, et al. Association between 
serum amyloid-beta and renal functions: implications for roles of kidney in 
amyloid-beta clearance. Mol Neurobiol. 2014;52:115–9.

143. Sevigny J, Chiao P, Bussière T, Weinreb PH, Williams L, Maier M, et al. The 
antibody aducanumab reduces Aβ plaques in Alzheimer’s disease. Nature. 
2016;537:50–6.

144. Yousefzadeh MJ, Flores RR, Zhu Y, Schmiechen ZC, Brooks RW, Trussoni CE, et 
al. An aged immune system drives senescence and ageing of solid organs. 
Nature. 2021;594:100–5.

145. Kong ZH, Chen X, Hua HP, Liang L, Liu LJ. The oral pretreatment of glycyrrhizin 
prevents surgery-induced cognitive impairment in aged mice by reducing 
neuroinflammation and Alzheimer’s-related pathology via HMGB1 inhibition. 
J Mol Neurosci. 2017;63:385–95.

146. Bloem BR, Okun MS, Klein C. Parkinson’s disease. Lancet. 2021;397:2284–303.
147. Scheiblich H, Dansokho C, Mercan D, Schmidt SV, Bousset L, Wischhof L et 

al. Microglia jointly degrade fibrillar alpha-synuclein cargo by distribution 
through tunneling nanotubes. Cell. 2021;184:5089 – 106.e21.

148. Abdelmoaty MM, Machhi J, Yeapuri P, Shahjin F, Kumar V, Olson KE, et al. 
Monocyte biomarkers define sargramostim treatment outcomes for Parkin-
son’s disease. Clin Transl Med. 2022;12:e958.

149. Bartels T, De Schepper S, Hong S. Microglia modulate neurodegeneration in 
Alzheimer’s and Parkinson’s diseases. Science. 2020;370:66–9.

150. Galiano-Landeira J, Torra A, Vila M, Bové J. CD8 T cell nigral infiltration 
precedes synucleinopathy in early stages of Parkinson’s disease. Brain. 
2020;143:3717–33.

151. Grozdanov V, Bousset L, Hoffmeister M, Bliederhaeuser C, Meier C, Madiona K, 
et al. Increased immune activation by pathologic α-synuclein in Parkinson’s 
disease. Ann Neurol. 2019;86:593–606.

152. Earls RH, Menees KB, Chung J, Gutekunst CA, Lee HJ, Hazim MG, et al. NK 
cells clear α-synuclein and the depletion of NK cells exacerbates synuclein 
pathology in a mouse model of α-synucleinopathy. Proc Natl Acad Sci U S A. 
2020;117:1762–71.

153. Li J, Zhao J, Chen L, Gao H, Zhang J, Wang D, et al. α-synuclein induces 
Th17 differentiation and impairs the function and stability of Tregs by 
promoting RORC transcription in Parkinson’s disease. Brain Behav Immun. 
2023;108:32–44.

154. Lan G, Wang P, Chan RB, Liu Z, Yu Z, Liu X, et al. Astrocytic VEGFA: an essential 
mediator in blood–brain-barrier disruption in Parkinson’s disease. Glia. 
2021;70:337–53.

155. Yan S, Si Y, Zhou W, Cheng R, Wang P, Wang D, et al. Single-cell transcrip-
tomics reveals the interaction between peripheral CD4 + CTLs and mesence-
phalic endothelial cells mediated by IFNG in Parkinson’s disease. Comput Biol 
Med. 2023;158:106801.

156. Erny D, De Angelis ALH, Jaitin D, Wieghofer P, Staszewski O, David E, et al. Host 
microbiota constantly control maturation and function of microglia in the 
CNS. Nat Neurosci. 2015;18:965–77.

157. Rothhammer V, Mascanfroni ID, Bunse L, Takenaka MC, Kenison JE, Mayo L, 
et al. Type I interferons and microbial metabolites of tryptophan modulate 
astrocyte activity and central nervous system inflammation via the aryl 
hydrocarbon receptor. Nat Med. 2016;22:586–97.

158. Sampson TR, Debelius JW, Thron T, Janssen S, Shastri GG, Ilhan ZE et al. Gut 
microbiota regulate motor deficits and neuroinflammation in a model of 
Parkinson’s disease. Cell. 2016;167:1469-80.e12.

159. Distéfano-Gagné F, Bitarafan S, Lacroix S, Gosselin D. Roles and regulation of 
microglia activity in multiple sclerosis: insights from animal models. Nat Rev 
Neurosci. 2023;24:397–415.

160. Chiu IM, Phatnani H, Kuligowski M, Tapia JC, Carrasco MA, Zhang M, et al. 
Activation of innate and humoral immunity in the peripheral nervous system 
of ALS transgenic mice. Proc Natl Acad Sci U S A. 2009;106:20960–5.

161. McGrath MS, Zhang R, Bracci PM, Azhir A, Forrest BD. Regulation of the innate 
immune system as a therapeutic approach to supporting respiratory func-
tion in ALS. Cells. 2023;12:1031.

162. Andrews JA, Meng L, Kulke SF, Rudnicki SA, Wolff AA, Bozik ME, et al. Associa-
tion between decline in slow vital capacity and respiratory insufficiency, use 
of assisted ventilation, tracheostomy, or death in patients with amyotrophic 
lateral sclerosis. JAMA Neurol. 2018;75:58–64.

163. Graves M, Fiala M, Dinglasan LA, Liu N, Sayre J, Chiappelli F, et al. Inflamma-
tion in amyotrophic lateral sclerosis spinal cord and brain is mediated by 
activated macrophages, mast cells and T cells. Amyotroph Lateral Scler Other 
Mot Neuron Disord. 2009;5:213–9.

164. Maniatis S, Äijö T, Vickovic S, Braine C, Kang K, Mollbrink A, et al. Spatiotempo-
ral dynamics of molecular pathology in amyotrophic lateral sclerosis. Science. 
2019;364:89–93.

165. Philips T, Robberecht W. Neuroinflammation in amyotrophic lateral 
sclerosis: role of glial activation in motor neuron disease. Lancet Neurol. 
2011;10:253–63.

166. Liu J, Wang F. Role of neuroinflammation in amyotrophic lateral sclerosis: cel-
lular mechanisms and therapeutic implications. Front Immunol. 2017;8:1005.

167. Taylor JP, Brown RH, Cleveland DW. Decoding ALS: from genes to mechanism. 
Nature. 2016;539:197–206.

168. Chia R, Chiò A, Traynor BJ. Novel genes associated with amyotrophic lateral 
sclerosis: diagnostic and clinical implications. Lancet Neurol. 2018;17:94–102.

169. Martin S, Al Khleifat A, Al-Chalabi A. What causes amyotrophic lateral sclero-
sis? F1000Research. 2017;6:371.

170. Lam L, Chin L, Halder RC, Sagong B, Famenini S, Sayre J, et al. Epigenetic 
changes in T-cell and monocyte signatures and production of neurotoxic 
cytokines in ALS patients. FASEB J. 2016;30:3461–73.

171. Jones AR, Troakes C, King A, Sahni V, De Jong S, Bossers K et al. Stratified 
gene expression analysis identifies major amyotrophic lateral sclerosis genes. 
Neurobiol Aging. 2015;36:2006.e1-.e9.

172. Baciu C, Thompson KJ, Mougeot JL, Brooks BR, Weller JW. The LO-BaFL 
method and ALS microarray expression analysis. BMC Bioinf. 2012;13:244.

173. Maguire E, Menzies GE, Phillips T, Sasner M, Williams HM, Czubala MA, et al. 
PIP2 depletion and altered endocytosis caused by expression of Alzheimer’s 
disease-protective variant PLCγ2 R522. EMBO J. 2021;40:e105603.

174. Sellier C, Campanari ML, Julie Corbier C, Gaucherot A, Kolb-Cheynel I, Oulad‐
Abdelghani M, et al. Loss of C9ORF72 impairs autophagy and synergizes with 
polyQ ataxin‐2 to induce motor neuron dysfunction and cell death. EMBO J. 
2016;35:1276–97.

175. Shao Q, Yang M, Liang C, Ma L, Zhang W, Jiang Z, et al. C9ORF72 and smcr8 
mutant mice reveal MTORC1 activation due to impaired lysosomal degrada-
tion and exocytosis. Autophagy. 2019;16:1635–50.

176. Özdinler PH. Help from peripheral macrophages in ALS? Nat Neurosci. 
2020;23:1311–2.

177. Nikodemova M, Small AL, Smith SMC, Mitchell GS, Watters JJ. Spinal but not 
cortical microglia acquire an atypical phenotype with high VEGF, galectin-3 
and osteopontin, and blunted inflammatory responses in ALS rats. Neurobiol 
Dis. 2014;69:43–53.

178. Butovsky O, Jedrychowski MP, Moore CS, Cialic R, Lanser AJ, Gabriely G, et 
al. Identification of a unique TGF-β–dependent molecular and functional 
signature in microglia. Nat Neurosci. 2013;17:131–43.

179. Chiu Isaac M, Morimoto Emiko TA, Goodarzi H, Liao Jennifer T, O’Keeffe S, 
Phatnani Hemali P, et al. A neurodegeneration-specific gene-expression 
signature of acutely isolated microglia from an amyotrophic lateral sclerosis 
mouse model. Cell Rep. 2013;4:385–401.

180. Weissmann R, Hüttenrauch M, Kacprowski T, Bouter Y, Pradier L, Bayer TA, 
et al. Gene expression profiling in the APP/PS1KI mouse model of familial 
Alzheimer’s disease. J Alzheimer’s Dis. 2016;50:397–409.

181. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R, 
Ulland TK, et al. A unique microglia type associated with restricting develop-
ment of Alzheimer’s disease. Cell. 2017;169:1276–e9017.

182. Deczkowska A, Keren-Shaul H, Weiner A, Colonna M, Schwartz M, Amit I. 
Disease-associated microglia: a universal immune sensor of neurodegenera-
tion. Cell. 2018;173:1073–81.

183. Deczkowska A, Amit I, Schwartz M. Microglial immune checkpoint mecha-
nisms. Nat Neurosci. 2018;21:779–86.

184. Kang SS, Ebbert MTW, Baker KE, Cook C, Wang X, Sens JP, et al. Microglial 
translational profiling reveals a convergent APOE pathway from aging, amy-
loid, and tau. J Exp Med. 2018;215:2235–45.

185. Cohen M, Matcovitch O, David E, Barnett-Itzhaki Z, Keren‐Shaul H, 
Blecher‐Gonen R, et al. Chronic exposure to TGFβ1 regulates myeloid 



Page 28 of 29Ma et al. Biomarker Research           (2024) 12:81 

cell inflammatory response in an IRF7‐dependent manner. EMBO J. 
2014;33:2906–21.

186. Endo F, Komine O, Fujimori-Tonou N, Katsuno M, Jin S, Watanabe S, et al. 
Astrocyte-derived TGF-β1 accelerates disease progression in ALS mice by 
interfering with the neuroprotective functions of microglia and T cells. Cell 
Rep. 2015;11:592–604.

187. Hooten KG, Beers DR, Zhao W, Appel SH. Protective and toxic neuroinflamma-
tion in amyotrophic lateral sclerosis. Neurotherapeutics. 2015;12:364–75.

188. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal 
developmental pathways for the generation of pathogenic effector TH17 and 
regulatory T cells. Nature. 2006;441:235–8.

189. Chiu IM, Chen A, Zheng Y, Kosaras B, Tsiftsoglou SA, Vartanian TK, et al. T lym-
phocytes potentiate endogenous neuroprotective inflammation in a mouse 
model of ALS. Proc Natl Acad Sci U S A. 2008;105:17913–8.

190. Esposito B, De Santis A, Monteforte R, Baccari GC. Mast cells in wallerian 
degeneration: morphologic and ultrastructural changes. J Comp Neurol. 
2002;445:199–210.

191. Bauer O, Razin E. Mast cell-nerve interactions. Physiology. 2000;15:213–8.
192. Chen SH, He CY, Shen YY, Zeng GH, Tian DY, Cheng Y, et al. Polysaccharide 

krestin prevents Alzheimer’s disease-type pathology and cognitive deficits by 
enhancing monocyte amyloid-β processing. Neurosci Bull. 2021;38:290–302.

193. Richard KL, Filali M, Préfontaine P, Rivest S. Toll-like receptor 2 acts as a 
natural innate immune receptor to clear amyloid β 1–42 and delay the 
cognitive decline in a mouse model of Alzheimer’s disease. J Neurosci. 
2008;28:5784–93.

194. Lu H, Yang Y, Gad E, Wenner CA, Chang A, Larson ER, et al. Polysaccharide 
krestin is a novel TLR2 agonist that mediates inhibition of tumor growth via 
stimulation of CD8 T cells and NK cells. Clin Cancer Res. 2011;17:67–76.

195. Sabbagh MN, Agro A, Bell J, Aisen PS, Schweizer E, Galasko D. PF-04494700, 
an oral inhibitor of receptor for advanced glycation end products (RAGE), in 
Alzheimer disease. Alzheimer Dis Assoc Disord. 2011;25:206–12.

196. Naeem A, Prakash R, Kumari N, Ali Khan M, Khan AQ, Uddin S, et al. MCC950 
reduces autophagy and improves cognitive function by inhibiting NLRP3-
dependent neuroinflammation in a rat model of Alzheimer’s disease. Brain 
Behav Immun. 2024;116:70–84.

197. Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-Saecker A, et 
al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in 
APP/PS1 mice. Nature. 2012;493:674–8.

198. Mangan MSJ, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz E. Targeting 
the NLRP3 inflammasome in inflammatory diseases. Nat Rev Drug Discov. 
2018;17:588–606.

199. McBride C, Trzoss L, Povero D, Lazic M, Ambrus-Aikelin G, Santini A, et al. Over-
coming preclinical safety obstacles to discover (S)-N-((1,2,3,5,6,7-hexahydro-
s-indacen-4-yl)carbamoyl)-6-(methylamino)-6,7-dihydro-5H-pyrazolo[5,1-b]
[1,3]oxazine-3-sulfonamide (GDC-2394): a potent and selective NLRP3 inhibi-
tor. J Med Chem. 2022;65:14721–39.

200. Klein G, Delmar P, Voyle N, Rehal S, Hofmann C, Abi-Saab D, et al. Gan-
tenerumab reduces amyloid-β plaques in patients with prodromal to moder-
ate Alzheimer’s disease: a PET substudy interim analysis. Alzheimer’s Res Ther. 
2019;11:101.

201. Ostrowitzki S, Lasser RA, Dorflinger E, Scheltens P, Barkhof F, Nikolcheva T, et 
al. A phase III randomized trial of gantenerumab in prodromal Alzheimer’s 
disease. Alzheimer’s Res Ther. 2017;9:95.

202. Bateman RJ, Smith J, Donohue MC, Delmar P, Abbas R, Salloway S, et al. Two 
phase 3 trials of gantenerumab in early Alzheimer’s disease. N Engl J Med. 
2023;389:1862–76.

203. Jankovic J, Goodman I, Safirstein B, Marmon TK, Schenk DB, Koller M, et al. 
Safety and tolerability of multiple ascending doses of PRX002/RG7935, an 
anti–α-synuclein monoclonal antibody, in patients with Parkinson disease. 
JAMA Neurol. 2018;75:1206–14.

204. McAlonan GM, Masliah E, Rockenstein E, Mante M, Crews L, Spencer B, et al. 
Passive immunization reduces behavioral and neuropathological deficits 
in an alpha-synuclein transgenic model of lewy body disease. PLoS ONE. 
2011;6:e19338.

205. Pagano G, Taylor KI, Cabrera JA, Simuni T, Marek K, Postuma RB, et al. Prasine-
zumab slows motor progression in rapidly progressing early-stage Parkinson’s 
disease. Nat Med. 2024;30:1096–103.

206. Brys M, Fanning L, Hung S, Ellenbogen A, Penner N, Yang M, et al. Random-
ized phase I clinical trial of anti–α-synuclein antibody BIIB054. Mov Disord. 
2019;34:1154–63.

207. Weihofen A, Liu Y, Arndt JW, Huy C, Quan C, Smith BA, et al. Development of 
an aggregate-selective, human-derived α-synuclein antibody BIIB054 that 

ameliorates disease phenotypes in Parkinson’s disease models. Neurobiol Dis. 
2019;124:276–88.

208. Athauda D, Gulyani S, Karnati Hk, Li Y, Tweedie D, Mustapic M, et al. Utility 
of neuronal-derived exosomes to examine molecular mechanisms that 
affect motor function in patients with Parkinson disease. JAMA Neurol. 
2019;76:420–9.

209. Badawi GA, El Fattah MAA, Zaki HF, El Sayed MI. Sitagliptin and liraglutide 
reversed nigrostriatal degeneration of rodent brain in rotenone-induced 
Parkinson’s disease. Inflammopharmacology. 2017;25:369–82.

210. Meissner WG, Remy P, Giordana C, Maltête D, Derkinderen P, Houéto 
J-L, et al. Trial of lixisenatide in early Parkinson’s disease. N Engl J Med. 
2024;390:1176–85.

211. Zhang W, Xiao D, Mao Q, Xia H. Role of neuroinflammation in neurodegen-
eration development. Signal Transduct Target Ther. 2023;8:267.

212. Gorecki AM, Anyaegbu CC, Anderton RS. TLR2 and TLR4 in Parkinson’s disease 
pathogenesis: the environment takes a toll on the gut. Transl Neurodegener. 
2021;10:47.

213. Dzamko N, Gysbers A, Perera G, Bahar A, Shankar A, Gao J, et al. Toll-like 
receptor 2 is increased in neurons in Parkinson’s disease brain and may con-
tribute to alpha-synuclein pathology. Acta Neuropathol. 2016;133:303–19.

214. Dutta D, Jana M, Majumder M, Mondal S, Roy A, Pahan K. Selective targeting 
of the TLR2/MyD88/NF-κB pathway reduces α-synuclein spreading in vitro 
and in vivo. Nat Commun. 2021;12:5382.

215. Yacila G, Sari Y. Potential therapeutic drugs and methods for the treatment of 
amyotrophic lateral sclerosis. Curr Med Chem. 2014;21:3583–93.

216. Afroz T, Chevalier E, Audrain M, Dumayne C, Ziehm T, Moser R, et al. Immuno-
therapy targeting the C-terminal domain of TDP-43 decreases neuropathol-
ogy and confers neuroprotection in mouse models of ALS/FTD. Neurobiol 
Dis. 2023;179:106050.

217. Duan C. Specifying the cellular responses to IGF signals: roles of IGF-binding 
proteins. J Endocrinol. 2002;175:41–54.

218. De Meyts P, Wallach B, Christoffersen CT, Ursø B, Grønskov K, Latus LJ, et al. 
The insulin-like growth factor-I receptor. Structure, ligand-binding mecha-
nism and signal transduction. Horm Res. 1994;42:152–69.

219. Sakowski SA, Schuyler AD, Feldman EL. Insulin-like growth factor-I for 
the treatment of amyotrophic lateral sclerosis. Amyotroph Lateral Scler. 
2009;10:63–73.

220. Vincent AM, Feldman EL, Song DK, Jung V, Schild A, Zhang W, et al. Adeno-
associated viral-mediated insulin-like growth factor delivery protects motor 
neurons in vitro. NeuroMol Med. 2004;6:79–86.

221. Kaspar BK, Frost LM, Christian L, Umapathi P, Gage FH. Synergy of insulin-like 
growth factor‐1 and exercise in amyotrophic lateral sclerosis. Ann Neurol. 
2005;57:649–55.

222. Kaspar BK, Lladó Jn, Sherkat N, Rothstein JD, Gage FH. Retrograde viral 
delivery of IGF-1 prolongs survival in a mouse ALS model. Science. 
2003;301:839–42.

223. Pascuzzi RM, Shefner J, Chappell AS, Bjerke JS, Tamura R, Chaudhry V, et al. 
A phase II trial of talampanel in subjects with amyotrophic lateral sclerosis. 
Amyotroph Lateral Scler. 2009;11:266–71.

224. Tortarolo M, Grignaschi G, Calvaresi N, Zennaro E, Spaltro G, Colovic M, et al. 
Glutamate AMPA receptors change in motor neurons of SOD1G93A trans-
genic mice and their inhibition by a noncompetitive antagonist ameliorates 
the progression of amytrophic lateral sclerosis-like disease. J Neurosci Res. 
2006;83:134–46.

225. Paizs M, Tortarolo M, Bendotti C, Engelhardt JI, Siklós L. Talampanel reduces 
the level of motoneuronal calcium in transgenic mutant SOD1 mice only if 
applied presymptomatically. Amyotroph Lateral Scler. 2011;12:340–4.

226. Casula M, Iyer AM, Spliet WGM, Anink JJ, Steentjes K, Sta M, et al. Toll-like 
receptor signaling in amyotrophic lateral sclerosis spinal cord tissue. Neuro-
science. 2011;179:233–43.

227. Lee JY, Lee JD, Phipps S, Noakes PG, Woodruff TM. Absence of toll-like 
receptor 4 (TLR4) extends survival in the hSOD1G93A mouse model of amyo-
trophic lateral sclerosis. J Neuroinflammation. 2015;12:90.

228. De Paola M, Mariani A, Bigini P, Peviani M, Ferrara G, Molteni M, et al. 
Neuroprotective effects of toll-like receptor 4 antagonism in spinal cord 
cultures and in a mouse model of motor neuron degeneration. Mol Med. 
2012;18:971–81.

229. Nguyen MD, D’Aigle T, Gowing G, Julien JP, Rivest S. Exacerbation of motor 
neuron disease by chronic stimulation of innate immunity in a mouse model 
of amyotrophic lateral sclerosis. J Neurosci. 2004;24:1340–9.

230. Carrì MT, Grignaschi G, Bendotti C. Targets in ALS: designing multidrug thera-
pies. Trends Pharmacol Sci. 2006;27:267–73.



Page 29 of 29Ma et al. Biomarker Research           (2024) 12:81 

231. Guo H. Increased expression of the glial glutamate transporter EAAT2 modu-
lates excitotoxicity and delays the onset but not the outcome of ALS in mice. 
Hum Mol Genet. 2003;12:2519–32.

232. Rothstein JD, Patel S, Regan MR, Haenggeli C, Huang YH, Bergles DE, et al. 
β-Lactam antibiotics offer neuroprotection by increasing glutamate trans-
porter expression. Nature. 2005;433:73–7.

233. Mikita J, Dubourdieu-Cassagno N, Deloire MSA, Vekris A, Biran M, Raffard G, 
et al. Altered M1/M2 activation patterns of monocytes in severe relapsing 

experimental rat model of multiple sclerosis. Amelioration of clinical status by 
M2 activated monocyte administration. Mult Scler J. 2010;17:2–15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	The role of macrophage plasticity in neurodegenerative diseases
	Abstract
	Background
	The developmental process and polarization of macrophages
	Origin of macrophage development
	Gene expression in macrophages
	Macrophage receptors
	Macrophage polarization states
	Macrophage typing detection technology and imaging technology
	Macrophage typing detection technology
	Imaging techniques for microglia/macrophages in vivo
	Two-photon excitation fluorescence microscopy (TPM)
	Magnetic resonance imaging (MRI) and single photon emission tomography (SPECT/CT)
	Positron emission tomography (PET)


	Physiological function and immune regulation of resident macrophages in organisms
	The physiology of microglia
	Microglia in the central nervous system


	Regulation of peritoneal macrophages
	Activation of meningeal macrophages
	Immune regulation of macrophages in the spleen and liver
	Fundamental functions of perivascular macrophages
	The main changes in innate immune cells in neurodegenerative diseases
	The progression of macrophages in Alzheimer’s disease
	Inflammatory factors related to the AD central nervous system
	Neuroinflammatory factors secreted by AD-related barrier cells in the immune response
	AD-related inflammatory factors in the peripheral nervous system


	Progress in determining the role of macrophages in PD
	Progress in determining the role of macrophages in MS
	ALS-related macrophages
	Neurodegenerative diseases and macrophage-related therapeutic drugs and targets
	Potential therapeutic drugs and targets for macrophages in AD
	Potential therapeutic drugs and targets for macrophages in PD
	Potential therapeutic drugs and targets for macrophages in ALS of the spinal cord

	Emerging strategies for macrophage therapy in neurodegenerative diseases
	Conclusions
	References


