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Abstract The immune responses play a profound role in the progression of lung lesions in
both infectious and non-infectious diseases. Dendritic cells, as the “frontline” immune cells
responsible for antigen presentation, set up a bridge between innate and adaptive immunity
in the course of these diseases. Among the receptors equipped in dendritic cells, Toll-like re-
ceptors are a group of specialized receptors as one type of pattern recognition receptors,
capable of sensing environmental signals including invading pathogens and self-antigens.
Toll-like receptor 4, a pivotal member of the Toll-like receptor family, was formerly recognized
as a receptor sensitive to the outer membrane component lipopolysaccharide derived from
Gram-negative bacteria, triggering the subsequent response. Moreover, its other essential
roles in immune responses have drawn significant attention in the past decade. A better under-
standing of the implication of Toll-like receptor 4 in dendritic cells could contribute to the
management of pulmonary diseases including pneumonia, pulmonary tuberculosis, asthma,
acute lung injury, and lung cancer.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

As a human organ in extensive contact with external sub-
stances, the lung has a strong innate immune system for the
recognition and defense against a wide array of pathogenic
and environmental substances, such as bacteria, viruses,
and air pollution.1 Dendritic cells (DCs) are vital cell com-
ponents of innate immunity, playing crucial roles in the
development of adaptive immune responses.2 Within the
lung, DCs are located in the mucosa of bronchioles and
alveoli, as well as lymph nodes around the airway,3e5 which
are equipped with pattern recognition receptors (PRRs)
recognizing and responding to specific patterns of mole-
cules associated with pathogens or damaged cells. There
are several different types of PRRs, including Toll-like re-
ceptors (TLRs), NOD-like receptors (NLRs), RIG-I-like re-
ceptors (RLRs), and C-type lectin receptors (CLRs). As a
member of the TLR family of PRRs, TLR4 has been identified
as the receptor responsive to lipopolysaccharide (LPS),
which is a component of the outer membrane of Gram-
negative bacteria. After the binding of TLR4 and LPS on the
surface, DCs migrate from the mucosa to the nearest lymph
nodes, up-regulating the costimulatory molecules and
cytokine secretion. Moreover, the lung is highly vascular-
ized, which facilitates the recruitment of DCs or differen-
tiation of precursor cells from the bloodstream triggering
the elimination of invading pathogens in the lung. The
recruitment and differentiation process contribute to the
immune defense and homeostasis in the lung.6 Upon acti-
vation, DCs “talk” with naı̈ve CD4þ T cells, CD8þ T cells, and
B cells to present antigenic information, triggering the
initiation of adaptive immunity.7 In addition to LPS, other
ligands for TLR4 have been identified, such as cystatin8 and
heat-shock protein.9 However, the exact role of TLR4 in DCs
involved in immune responses remains obscure. Herein, we
focus on the studies of TLR4 in DCs in immune-related lung
diseases. Their critical roles in various lung diseases
including pneumonia, pulmonary tuberculosis (TB), asthma,
acute lung injury (ALI), and lung cancer, have been iden-
tified and highlighted, providing important clues for the
development of new clinical strategies.
Table 1 TLRs of specific DC subsets in the human airway.
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The expression and characteristics of TLR4 in
DCs in the lung

Generally, DCs can be classified into several subsets in the
lung, including plasmacytoid DCs (pDCs), monocyte-derived
DCs (moDCs), and classical (or conventional) DCs (cDCs),
which can further be divided into type 1 and type 2 sub-
types.10 As indicated in Table 1, each subset expresses
different TLRs with distinct surface markers.10 There are a
total of 15 members of TLRs identified in mammals, and 10
of them (TLR1e10) are present in humans. Through nucleic
acid sensors (TLR3 and TLR9) and lipid sensors (TLR2 and
TLR4), cDCs contribute to the cross-presentation of diverse
antigens.7 Monocytes serve as the primary source for DC
replenishment and differentiate into moDCs by expressing
most types of TLRs (except TLR9 and TLR10) upon sensing
stimulus signals.11 Additionally, pDCs play a crucial role in
antiviral immunity and express nucleic acid-sensing re-
ceptors TLR7 and TLR9. They produce substantial amounts
of type I IFN (IFN-a and/or IFN-b) in response to TLR7/9
signals and are thus implicated in autoimmune diseases.12

As a crucial receptor involved in innate immunity, TLR4
has been identified in cDCs, but not in pDCs.7 It performs a
functional role in CD8þ cDCs compared to CD141þ cDCs.26,27

TLR4 acts as a vital sensor of LPS and it is activated with
signals further amplified by a series of events. The activa-
tion process begins from the extracellular side of DCs where
LPS monomers are obtained from aggregates in solution and
transferred to LPS-binding protein (LBP). Subsequently, the
monomers are delivered to the cluster of differentiation 14
(CD14), which is either GPI-linked or soluble, and then to
myeloid differentiation factor 2 (MD2), also referred to as
LY96, which noncovalently associates with TLR4.28 These
sequential events initiate a signaling cascade that poten-
tiates the function of DCs.

Signaling of TLR4 in DCs has been classified into myeloid
differentiation factor 88 (MyD88)-dependent and MyD88-
independent way. MyD88-dependent and -independent
pathways exhibit differences in TLR4-related infectious and
non-infectious diseases (Table 2). In infectious diseases,
the primary pathway utilized by the host to respond to the
rocesses/functional specialization Reference(s)
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17 response during sensitization against
igatus

13e17
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Table 2 The differences between the MyD88-dependent and -independent pathways and driven factors of TLR4 signaling.

Pathways Driven factors Lung diseases Reference(s)

MyD88-dependent
pathway

Environmental factors, e.g.,
microbial products

Pneumonia, tuberculosis, asthma 32e34

Microbial diversity Acute lung injury 35
MyD88-independent

pathway
Genetic variations, e.g., SNPs Chronic obstructive pulmonary disease 36
Environmental factors, e.g.,
pollutants, microbial products, and
dietary factors

Asthma 37

Age, health status Pulmonary fibrosis 38
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pathogen and clear the infection is typically MyD88-
dependent TLR4 signaling, which is required for the host to
defend against Gram-negative bacterial infections such as
Klebsiella pneumoniae (K. pneumoniae)29 and Pseudo-
monas aeruginosa (P. aeruginosa).30 Conversely, in non-in-
fectious diseases, TLR4 signaling activation occurs via
endogenous ligands like damage-associated molecular pat-
terns (DAMPs) and danger signals, released during tissue
damage, stress, or chronic inflammation.31 In such situa-
tions, MyD88-independent TLR4 signaling primarily triggers
the inflammatory response. MyD88-dependent mechanism
carries out the activation of nuclear factor kappa-B (NF-kB)
and activator protein (AP)-1, while MyD88-independent
signaling involves TIR-domain-containing adaptor inducing
interferon B-dependent (TRIF) and triggers interferon reg-
ulatory factor 3 (IRF3) activation.28 Additionally, the TLR4
signaling response can be affected by various factors,
including genetic variations, environmental factors, mi-
crobial diversity, age, and health status (Table 2). The
complication of this enormous regulatory network hints at
the involvement of TLR4 in both exogenous and endogenous
inflammation, participating in infectious and non-infectious
lung diseases including pneumonia, pulmonary TB, asthma,
ALI, and lung cancer (Fig. 1). Since the clinical application
and efficacy of immunotherapies for these diseases present
quite limited by far, improved understanding of the role of
Figure 1 Involvement of TLR4 signal in dendrit
TLR4 in airway DC activation is helpful for the innovation of
promising strategy for these pulmonary diseases.
DC TLR4 in infectious inflammatory lung
diseases

Gram-positive bacteria

Bacterial pneumonia is a prevalent category of pulmonary
infectious diseases. Based on Gram staining, bacterial
pathogens are typically classified as either Gram-positive or
Gram-negative bacteria. Gram-positive bacteria, including
Streptococcus pneumoniae (S. pneumoniae) and Staphylo-
coccus aureus (S. aureus), are the most common causes of
community-acquired and nosocomial pneumonia. Although
the components of Gram-positive bacteria, lipoteichoic
acid,39 and peptidoglycan40 were reported to agonize TLR2
commonly, TLR4 in DCs also plays a crucial role in S.
pneumoniae infection.

As a highly conserved cell surface protein found in
various serotypes of pneumococcal strains, DnaJ has been
identified as a potential protein vaccine antigen. DnaJ can
activate and mature bone marrow-derived dendritic cells
(BMDCs) in a TLR4-dependent manner.41 The maturation
involves mitogen-activated protein kinases (MAPKs),
ic cells (DCs) in inflammatory lung diseases.
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phosphatidylinositol 3-kinase (PI3K)-Akt and NF-kB path-
ways, and then induce naı̈ve CD4þ T cell differentiation
toward Th1 and Th17 polarizing response which is TLR4-
dependent as well.41 These findings suggest that TLR4 is
protective against S. pneumoniae infections through the
intrinsic immunogenicity of DnaJ protein. Similarly, another
research team identified the housekeeping protein glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) on the sur-
face of S. pneumoniae, which also activates BMDCs through
a TLR2/TLR4 mechanism.42 In a mouse model of post-
hemorrhage pneumonia induced by methicillin-susceptible
S. aureus, Roquilly et al showed that monophosphoryl lipid
A (a TLR4 agonist inducing interferon-biased response)
partially recovered antigen presentation and transcrip-
tional activity in DCs and reduced systemic S. aureus spread
and attenuated inflammatory lung lesions after hemorrhage
damage.43 In summary, TLR4 mediates positive immune
promotion against Gram-positive infections, including DC
activation and subsequent inflammatory response.
Gram-negative bacteria

Compared to Gram-positive bacterial pathogens, TLR4
takes more engagement in host immunity against Gram-
negative bacteria. Epidemiologically common Gram-nega-
tive bacteria include K. pneumoniae, P. aeruginosa, and A.
baumannii. A major component of their outer membrane,
endotoxin, and its purified derivative LPS are potent TLR4
agonists continuously shed into the surrounding environ-
ment.44,45 The cooperative interaction between the LPS-
binding protein, CD14, and the TLR4-MD2 complex initiates
LPS recognition of TLR4 in innate immune cells.46 Upon
activation by LPS, TLR4 involves in a signaling pathway that
includes interleukin (IL)-1, tumor necrosis factor receptor-
associated factor (TRAF)-6, and NF-kB.47 Flow cytometry
analysis of induced sputum cells indicates that acute LPS
inhalation enhances DC maturation in healthy volunteers
directly through TLR4 stimulation or indirectly through
cytokine stimulation.48 Compared to Gram-positive bacte-
ria, Gram-negative bacteria are capable of inducing podo-
some (specialized adhesion structures found in immature
DCs) dissolution which is dependent on TLR4 and down-
stream signals and is necessary for the induction of effec-
tive DC migration.49 Additionally, Gram-negative bacteria
can induce the production of immunogenetic cytokines. P.
aeruginosa and LPS activate murine BMDCs to induce type I
IFN gene products via a TLR4/TRIF/MD2 cascade. Kim and
coworkers showed that TLR4-deficient BMDCs partially
reduced the production of IL-6, TNF-a, and IL-12p40 in
response to A. baumannii.50

Mature DCs migrate from tissue to lymph nodes, where
they deliver antigens to naı̈ve T lymphocytes. Pathogen
components, such as Escherichia coli (E. coli) LPS, activate
TLR4 and induce IL-12 production by innate immunity cells,
e.g., DCs, directing the activation of Th1 cells.51 A further
study has reported that E. coli LPS triggered TLR4 and
instructed DCs to produce IL-12p70 through phosphorylating
p38 and c-Jun N-terminal kinase (JNK) 1/2, thereby stim-
ulating Th1 responses.52 The lysate of the outer membrane
fraction of K. pneumoniae, containing LPS and outer
membrane protein A (OmpA), triggers DCs respectively
through TLR4 and TLR2, then leading to the recruitment of
natural killer (NK) cells in a CCR5-dependent manner.53 The
enhanced cytotoxicity of NK cells and IFN-g secretion may
contribute to Th1 polarization.53 Different antigens
expressed by the same bacterium can also have varying
effects on DCs. In contrast to DC activation by LPS O anti-
gen, the capsular polysaccharide (CPS) of K. pneumoniae
induced a defective immunological host response by hin-
dering bacterial binding and internalization.54 In addition to
cellular immunity, DCs can activate humoral immunity. In a
mouse lung co-culture model of DCs and B cells, Myco-
plasma hyopneumoniae triggered the response of immu-
noglobulin A (IgA) via TLR2/TLR4.55 Although the specific
mechanism was not studied, the authors speculate that the
capsular component of Mycoplasma pneumoniae can pro-
mote the secretion of IL-10 by activating TLR4 in DCs,
thereby triggering IgA production in B cells.

TLR4 plays a vital role not only in promoting protective
cellular immunity but also in facilitating immunosuppres-
sion to prevent collateral damage caused by pathogen-
induced inflammatory responses. The recovery of Borde-
tella pertussis infection has revealed that DCs produce IL-
10 through TLR4, leading to the activation of Treg cells and
serving as a negative immune regulation mechanism that is
protective for the host.56 TLR4-mediated DC flexibility in
generating either inflammation or tolerance can be
affected differently in vitro by single versus repeated
exposure to LPS. Following repeated stimulation with LPS,
cDCs exhibit higher levels of the anti-inflammatory medi-
ator indoleamine 2,3-dioxygenase 1 (IDO1) and the regula-
tory cytokine transforming growth factor (TGF)-b.
However, single LPS exposure up-regulates IL-6, promoting
inflammation and proteolysis of IDO1.57 These findings
suggest that low doses of LPS may induce DC-mediated
endotoxin tolerance and that the transfer of tolerance may
represent a novel strategy for regulating TLR4-mediated
inflammatory responses.

Of interest, the regulation of TLR4-mediated responses
of DCs involves various factors that influence immune
enhancement or suppression. For instance, the type of
ligand that binds to TLR4, the intensity and duration of the
TLR4 signaling,58 and the presence of co-receptors or co-
stimulatory molecules32 may all impact the immune
response. Furthermore, environmental factors such as
diet,59,60 microbiota, and pollutants have also been found
to influence TLR4-mediated immune responses by medi-
ating TLR4 ligand recognition and signal transduction.
Numerous studies have shown that a series of regulatory
factors are involved in the TLR4-mediated LPS-induced
pulmonary inflammation of DCs. Within the immune regu-
latory network, various receptors interact extensively with
one another. Surfactant protein-A (SP-A) is a secretory
pathogen recognition receptor produced by epithelial cells
on the mucosal surface.61 Awasthi et al reported that TLR4-
interacting SP-A peptides interact with TLR4-MD2 protein
and inhibit the LPS-induced release of TNF-a in the mouse
JAWS II DC line.62 Furthermore, the authors have supported
and expanded their findings on the region from the inter-
face of SP-A-TLR4 complex identified as SPA4 peptide
through multiple in vitro and in vivo experiments.63 Addi-
tionally, in a mouse model of P. aeruginosa lung infection,
the researchers have demonstrated that the therapeutic
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administration of SPA4 peptide induces the uptake and
localization of bacteria in immune cells, including JAWS II
DCs, which subsequently reduces the bacterial burden,
suppresses inflammatory cytokines/chemokines and lactate
levels, inhibits intracellular signal transduction, thus alle-
viates lung edema and tissue damage.64

The activation of TLR4 in DCs by LPS is preceded by a
series of reactions initiated by serum LBP, which converts
LPS aggregates into highly concentrated LPS monomers at
the cell surface. These monomers were subsequently
extracted by CD14 and then delivered to the TLR4/MD2
complex.65e67 CD14 is anchored in cholesterol and sphin-
golipid-rich plasma membrane microdomains known as
rafts.68 It has been discovered that a decrease in CD14 cell
surface levels is the primary cause of defective TLR4
endocytosis.69 Conversely, the up-regulation of CD14 during
the maturation of murine DC accelerates LPS-induced TLR4
endocytosis.70 In addition to controlling the macro-
pinocytosis of LPS-activated TLR4 through CD14 in DCs,
CD14 has an additional role. The raft localization of CD14 is
essential for its function in LPS-stimulated DCs, as indicated
by CD14-dependent activation of nuclear factor of acti-
vated T cells (NFAT). Ca2þ influx induced by LPS stimulation
of CD14 leads to calcineurin-mediated activation of NFAT in
DCs. Subsequently, IL-2 and prostaglandin E2 production
surge, and DCs undergo apoptosis.71,72 Along with CD14,
other raft proteins such as Lyn tyrosine kinase of the Src
family73,74 participate in LPS-triggered TLR4 signaling in
DCs as well.

In addition to serving as sensors of exogenous or foreign
PAMPs, TLR4 in DCs may also identify and modulate re-
sponses to endogenous stimuli, such as the heat shock
protein 60 (HSP60) secreted by necrotic cells undergoing
cell death75 and fibrin generated from plasma-derived
fibrinogen.76 Thus, severe tissue injury may stimulate
endogenous TLR4 activation, leading to an enhanced TLR4-
mediated proinflammatory response by DCs.77 TLR4 ago-
nists hold promise as effective adjuvants for Brucella
abortus (B. abortus) vaccines. The B. abortus strain RB51
has been reported to promote DC activation, increase IgG
and IgA in the bronchoalveolar lavage (BAL) or serum, and
enhance CD4þ Th1 and CD8þ Tc1 immune responses.78
Mycobacterium tuberculosis

Tuberculosis (TB), caused by acid-fast stain-positive Myco-
bacterium tuberculosis (Mtb), is a major source of illness
and a leading infectious cause of mortality worldwide,
ranking above HIV/AIDS.79 During Mtb infection, DCs play a
significant role in the development and direction of adap-
tive immunity by presenting mycobacterial antigens and
expressing costimulatory signals and cytokines.80 A series of
studies have been conducted to investigate the patho-
physiological mechanism of DC activation by Mtb. As a
virulent factor of Mtb,81,82 the 6-kDa early secretory anti-
genic target (ESAT6) drives the activation and maturation of
BMDCs via TLR4-mediated signaling.83 The maturation of DC
is characterized by the up-regulation of costimulatory
molecules and enhanced cytokine release. Additionally, in
a study of human peripheral blood and a mouse model, Mtb
components stimulate the production of hepcidin from DCs,
which is an antimicrobial peptide with broad-spectrum
antimicrobial activities.84 The mycobacterial cell wall
contains glycolipid macromolecules that have significant
and distinct effects on human DCs. For example, mannose-
capped lipoarabinomannan (ManLAM) is immunostimula-
tory, while phosphatidylinositol mannosides (PIMs) function
as potent inhibitors of DC cytokine responses.85

Furthermore, additional studies on the adaptive immu-
nity induced by DC activation have shown that MtbGrpE (a
heat-shock stress-responsive chaperone),86 Mtb protein
resuscitation-promoting factor B (RpfB, a secretory pro-
tein),87 Mtb protein Rv3841 (bacterioferritin B, BfrB),88 and
PPE39 (a protein in Mtb strain Beijing/K)89 stimulate Th1-
type T cell immunity through TLR4-dependent activation of
DCs. In addition to the Th1-biased T cell immune response,
RpfE contributes to a Th17 immune response via TLR4
binding and subsequent activation of MAPK (ERK and p38)
and NF-kB signaling.90 In tuberculous pleural effusions and
peripheral blood from TB patients compared to healthy
controls, an increased CD1c DC subset with the phenotypic
CD1cþ CD11cþ CD19� CD11bþ and a significantly enhanced
TLR4 expression level was identified.91 When co-cultured
with autologous naı̈ve CD4þ T cells, the CD1cþ CD11bþ DC
subset stimulated the generation of Th17 cells.91 Moreover,
TLR4 can enhance the activation of T cells by mediating DC
autophagy and inducing DC maturation. Agrewala et al
observed that NOD-like receptor-2 (NOD-2) and TLR-4 act in
concert to trigger autophagy in DCs, thereby enhancing the
DC capacity to activate T cells.92 They applied this finding
in a mouse model of TB and demonstrated that it not only
boosted the immune system but also decreased the dosage
and duration of rifampicin and isoniazid treatment.93 These
findings suggest that NOD-2 and TLR-4 signals in DCs are
potential therapeutic targets that can reinforce host im-
munity and improve TB treatment outcomes.

The response against Mtb of DCs is regulated by diverse
in vitro and in vivo factors. Corresponding experiments
indicated that the MyD88-mediated signaling pathway is a
crucial element for the establishment of innate immune
responses, exemplified by TNF-a and IL-12 p40 production
from DCs against Mtb infection. However, adaptive immu-
nity and TH1 responses are still observed even in the
absence of MyD88.94 The lack of IL-1R signaling demon-
strates a similar impairment of early Mtb infection control,
suggesting that IL-1 and IL-1-induced innate immunity play
a substantial role in the MyD88-dependent host response
during acute Mtb infection.95 Immunomodulatory factors,
such as six-O-acyl-muramyldipeptides (monoacylated MDP),
BCG-cell wall skeleton (CWS), and BCG-peptidoglycan
(PGN), can serve as beneficial adjuvants for the Calmette-
Guerin (BCG) vaccine in clinical settings. The activation
patterns of human DCs by six-O-acyl MDP were comparable
to that by CWS and PGN which was demonstrated by their
ability to up-regulate costimulators, HLA-DR, b2-micro-
globulin, and allostimulatory monocyte/lymphocyte ratio
(MLR). Six-O-acyl MDP is a potential adjuvant that targets
TLR2/4 pathways through MyD88-dependent signaling
pathways in DCs to induce cytokine profiles including TNF-
a, IL-12p40, and IL-6.96 Glucopyranosyl lipid adjuvant-sta-
ble emulsion (GLA-SE), a synthetic TLR4 agonist type
adjuvant has also shown its efficacy. Paired with the TB
vaccine antigen ID93, GLA-SE promotes a Th1 immune
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response characterized by CD4þ T cells generating IFN-g,
TNF-a, and IL-2, as well as IgG2c class switching through the
MyD88 and TRIF synergistic interaction.97 Lin et al discov-
ered that the macrolide antibiotic azithromycin (AZM) can
down-regulate CD80, CD86, and HLA-DR expression and
suppress the production of IL-6, IL-10, IL-12, and TNF-a in
LPS-stimulated DCs. Moreover, AZM can enhance endocy-
tosis and/or expression of TLR4 in DCs and suppress the
proliferation of CD4þ T cells and the production of IFN-g,
indicating its potential therapeutic use.98 Additionally, E.
coli bacterial ghosts (BGs) which are complete Gram-
negative bacterial cell envelopes without cytoplasm
generated by the conditional expression of plasmid-enco-
ded gene E from the bacteriophage FX174, have been
shown to have therapeutic adjuvant properties against
TB.99 BG can activate markers, partially dependent on
TLR4, increase the migratory ability of DCs, and promote T
cell differentiation into CD4þ Th1 lineage. In vivo, treat-
ment with BG decreases lung bacterial burden in mice
infected with M. bovis BCG and Mtb and synergizes with
second-line agents bedaquiline (BDQ) and delamanid
(DLM).100
Virus pathogens

In addition to bacteria, various viral pathogens, such as
Ebola virus (EBOV), human metapneumovirus (hMPV),
influenza virus, and respiratory syncytial virus (RSV), can
modulate immune responses through TLR4.

In vivo, DCs are important early targets of EBOV infec-
tion and are activated by Ebola virus-like particles (VLPs)
containing the viral matrix protein (VP40) and viral glyco-
protein (GP), leading to the production of a number of
proinflammatory cytokines and the activation of several
transcription factors, including NF-kB and ERK1/2 MAPK.101

Further research on a human monocytic cell line (THP-
1 cells) reveals that Ebola virus VP40þ GP VLPs induce cy-
tokines (TNF-a, IL-6, and IFN-b) and suppressor of cytokine
signaling 1 (SOCS1) expression in a TLR4/MD2 dependent
manner.102 Shed GP and non-structural secreted glycopro-
tein sGP are both present in the blood of infected humans
and animals. Shed GP functions by binding and activating
non-infected DCs, leading to the release of pro- and anti-
inflammatory cytokines (TNF-a, IL-1b, IL-6, IL-8, IL-12p40,
IL-1-RA, and IL-10) and an increased expression of cos-
timulatory molecules CD40, CD80, CD83, and CD86 on the
surface of DCs, whereas sGP can bind to DCs without acti-
vating them.103 In mice lacking TLR4 and infected with
hMPV, decreased levels of proinflammatory cytokines (IL-
1b, IL-6, and TNF-a), immunomodulatory cytokines (GM-
CSF, IL-12 p40, IL-17), and chemokines (MCP-1, MIP-1a)
were observed, along with impaired DC-mediated T cell
proliferation. It indicated the essential role of TLR4 in the
activation of innate rather than adaptive immunity against
hMPV infection.104 Casola et al have previously demon-
strated that TLR4 takes an essential part in hMPV G glyco-
protein-induced activation of mDCs, inducing chemokine
and type I IFN expression.105 Influenza virus infection in-
duces the expression of cytokines (i.e., TNF-a, IL-1b, and
IFN-b) and chemokines such as KC (murine IL-8). While TLR4
antagonists Eritoran106 and FP7107 are highly protective
when delivered therapeutically to mice infected with a
fatal dose of influenza virus (A/PR/8/34, known as PR8).
Young infants are particularly susceptible to RSV infections,
and a neonatal murine model of RSV infection has shown
that treatment with TLR4 agonists significantly promotes an
adult-like CD8þ T cell response, as well as increasing the
quantity of cDCs and the expression of the costimulatory
molecule CD86 in the lung draining lymph nodes.108 Addi-
tionally, the involvement of TLR4 agonists has been shown
to enhance immune responses as potent adjuvants when
administered with subunit vaccines.109 Th17 cells are ab-
sent in healthy neonates but present in infants with acute
RSV infection, and TLR4-mediated Th17-polarizing DC
response is responsible for their promotion.110 Overall,
TLR4 expressed in DCs plays a crucial role in promoting the
activation of both innate and adaptive immunity.

DC TLR4 in non-infectious inflammatory lung
diseases

Asthma

Current researches present a contentious debate regarding
the role of TLR4 signaling in regulating allergic inflamma-
tion. Notably, asthmatic patients were found to exhibit a
reduced expression level of TLR4 in DC population in com-
parison to control subjects. Consequently, the authors hy-
pothesized that the TLR4-related Th1 profile may be
diminished.111 Similarly, a lower expression of TLR4 was
observed in the mDCs of relapsed eosinophilic gran-
ulomatosis with polyangiitis (EGPA) patients relative to
EGPA patients in remission or non-EGPA patients. While
TLR4 was positively associated with the percentages of Treg
and Th17 cells.112

On the other hand, numerous studies have put forth the
argument that TLR4 in DCs plays a crucial role in promoting
immunity. In mice, protease allergens or fibrinogen cleav-
age products (FCPs) were found to cause a significant in-
crease in Th2-favorable and TLR4-dependent programmed
cell death 1 ligand 2 (PD-L2)þ DCs in mediastinal lymph
nodes.113 Inhalation of house dust mite (HDM) was observed
to induce the TLR4/MyD88-dependent migration of IL-4
capable basophils and eosinophils, as well as inflammatory
DCs, to the draining mediastinal lymph nodes.34 Allergen-
specific IgG can enhance Th2-mediated responses by
ligating FcgRIII (a receptor of IgG-immune complexes) and
TLR4 in DCs through an IL-33-dependent pathway in lung.114

In vitro, high mobility group box 1 protein (HMGB1) may
also enhance Th2 or Th17 differentiation by activating
TLR2, TLR4, and RAGE-NF-kB signaling in DCs to regulate
their maturation and antigen-presenting capacity.115

The role of TLR4 in DCs is critical in HDM-mediated
allergic airway inflammation. HDM-derived extracellular
vesicles were isolated, containing abundant amounts of LPS
which may be immunogenic in the development of airway
inflammation.116 The LPS-binding protein MD2, implicated
in LPS-induced TLR4 signaling, protects against HDM-
induced airway allergy by regulating inflammation in airway
epithelial cells and subsequently activating DCs.117 The
main HDM allergen, Derp2, has structural similarity with
MD2 in the TLR4 signaling complex.118e120 Immunoaffinity-
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purified Derp2 from HDM induced TLR4-dependent TNF-a
secretion by mouse BMDCs.121 In MD2-null mice, Derp2
could also activate DCs,121 mimicking the TLR4-activating
properties of LPS-MD2 complexes.122 The divergent abun-
dance of LPS in HDM extracts was reported to induce
significantly different cytokine profiles of bronchial lavage
and differential gene enrichment based on whole lung
transcriptome analysis.123 It was demonstrated that LPS
dose-dependently inhibited HDM-induced eosinophil
recruitment, attenuated the production of Th2 cytokines
(IL-4, IL-5, IL-10, and IL-13), and enhanced the release of
IL-6, IL-17, IL-33, IFN-g, and TNF-a, particularly at a rela-
tively higher dose (10 mg).124 Bachus et al challenged HDM-
sensitized mice with relatively higher (50 mg) and lower
doses (5 mg) of LPS. The lower dose prevented allergic Th2
cell responses in lymph nodes as CD11bþ mDCs up-regulated
the transcription factor T-bet in responding T cells after
direct recognition of LPS by TLR4.125 The research team
further unraveled the underlying mechanism of cytokine
regulation in the dual effect of LPS, either inducing or
suppressing Th2 cell responses. In the presence of GM-CSF,
moDCs with programming enhanced TLR4 expression pro-
moted lung mDC2s producing IL-12 to prevent Th2 cell
priming. In the absence of GM-CSF and the lack of moDCs,
LPS exposure promoted Th2 cell-mediated immunity.126

Besides the HDM sensitization model, the OVA model is a
well-established method of inducing asthma. In mouse
models, airway sensitization with antigen OVA, combined
with a very low-dose (<1 ng) LPS, induces tolerance.
Conversely, low-dose (100 ng) LPS triggers Th2 immune re-
sponses and allergic asthma in a TLR4-dependentmanner.127

It is interesting to note that in neonatal asthmatic mice, pre-
exposure to LPS (1 mg) induces tolerogenic Treg skewing by
down-regulating TLR4-dependent TRIF/IRF3/IFNb-mediated
glucocorticoid-induced tumor necrosis factor receptor
ligand (GITRL, a Treg-suppressive factor) in DCs.128

In contrast, airway sensitization with OVA plus high-dose
(100 mg) LPS induces a Th1 response, which suppresses the
generation and activation of Th2 immunity.127,129 Studies
have shown that in addition to inducing a Th1 response, LPS
increases the selective enrichment of CD11bþ Gr1 (int)F4/
80þ cells (referred to as Gr1 (int) cells) over DCs in the lung
tissue of mice dependent on MyD88-mediated TLR4 signal,
contributing to the immunosuppressive effect. Gr1 (int)
cells were found to blunt the ability of lung DCs to up-
regulate transcription factors involved in Th2 effector
function, such as GATA-3 or STAT5 activation in primed Th2
cells.130 Coadministration of OprI (lipoprotein I from P.
aeruginosa) and OVA intranasally led to a significant
reduction in Th2 cytokines (IL-4 and IL-13) and an increase
in Th1 cytokine IFN-g production. OprI stimulated DCs to
produce IL-12 and TNF-a, which subsequently triggered the
production of IFN-g from T cells via TLR2/4 signaling
pathway.131 Dermal exposure to TLR4 ligand LPS or TLR2
ligand Pam3Cys suppressed asthmatic responses by
reducing airway hyperreactivity, mucus production, Th2-
type inflammation in the lung, and IgE antibodies in the
serum of OVA-induced mouse model. LPS specifically
augmented the activation of dermal DCs by increasing the
expression of CD80 and CD86, diverting the Th1/Th2 bal-
ance toward Th1 by stimulating the production of IFN-g.132

Marsland et al reported that exposure to the bacteria E. coli
significantly suppresses Th2 responses characterized by
reduced airway hyperreactivity, decreased eosinophilia,
and cytokine production by T cells in the lung. The process
consists of two pathways, inhibition of airway hyperreac-
tivity by recruited gd T cells and ineffective antigen pre-
sentation to TLR4-dependent effector T cells in the lung
achieved by inhibiting DC activity.133 Co-absorption of TLR4
agonists (including LPS) onto alum impaired OVA-induced
Th2-mediated allergic responses by activating TLR4-MyD88
signaling and the IL-12/IFN-g axis.134 On the contrary,
Rodrı́guez et al proved that LPS suppresses Th2 responses
through TLR4 signaling via nitric oxide generated by nitric
oxide synthases 2 independently of IL-12 or IFN-g produc-
tion.135 Although these studies did not construct condi-
tional knockout mouse models, they may provide insights
into the antagonistic function of TLR4 in DCs in allergic
inflammation.

Allergen immunotherapy is a therapeutic approach used
to induce immune tolerance in patients with allergic dis-
eases. It involves the mediation of multiple molecular,
cellular, and humoral pathways that limit allergen-induced
early and late-phase inflammatory responses, thereby
inducing immunological tolerance. When paired with an
allergy vaccination, the ideal adjuvant should promote the
stimulation of the innate immune system to enhance the
adaptive immunological response to the antigen. Allergen
immunotherapy is the only disease-modifying treatment
that induces specific immunological memory, thereby
providing long-term immunity to the allergen. Physcion, an
anthraquinone derivative, induces DC maturation via TLR4
and promotes the differentiation of Th1 cells without
affecting the differentiation of Th2 cells, implying that
physcion may be useful for treating asthma with Th1/Th2
cell imbalance.136 Given the immunosuppressive effects of
LPS, monophosphoryl lipid A, a significantly less toxic de-
rivative, is used as an adjuvant in allergen immunotherapy.
DC-targeting is a highly effective approach to increasing the
immunogenicity of antigens, thereby improving the efficacy
of allergen immunotherapy. Amylase-trypsin inhibitors
found in wheat may be significant dietary allergen activa-
tors and adjuvants due to the marked exacerbation of
allergen-specific T-cell proliferation and cytokine produc-
tion with TLR4 engagement.137 Furthermore, nitrated
amylase-trypsin inhibitors produced by tetranitromethane
cause far greater proliferation of Th cells and production of
Th1 and Th2 cytokines than unmodified ones.138

It is worth noting that LPS, as a major component of
Gram-negative bacteria, is also commonly used in non-in-
fectious lung disease models, such as asthma which is dis-
cussed in this section. While LPS can activate the TLR4
signaling pathway in both infectious and non-infectious
diseases, the sources of LPS differ, and the resulting im-
mune outcomes are not uniform. In infectious lung dis-
eases, bacteria typically release LPS, which activates the
TLR4 signaling pathway and prompts immune cells to
eliminate the bacteria. On the other hand, LPS involved in
non-infectious lung diseases usually stems from dust and
microbial metabolites in the air, present in lower concen-
trations.139 Prolonged exposure to LPS can induce chronic
inflammation in the body, which can lead to diseases
including asthma, chronic obstructive pulmonary dis-
ease,140 and pulmonary fibrosis.141
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Acute lung injury (ALI)

ALI is a severe respiratory disorder that presents with
multiple etiologies characterized by tissue inflammation,
pulmonary edema, reduced lung compliance, and wide-
spread capillary leakage. The pathophysiological features
of ALI in humans are commonly triggered by excessive in-
flammatory mediators, of which LPS, a regular pathological
factor, is widely used to induce an ALI model.142 The various
causative factors of ALI include influenza A143, hyper-
oxia,144 toxic gas exposure,145 ischemia-reperfusion,146 acid
aspiration,147 smoke inhalation,148 and high tidal mechani-
cal ventilation.149

The positive pro-inflammatory role of activated TLR4
signaling in ALI pathogenesis is well established. The
intracellular domain mutation of TLR4 (Tlr4Lps-d), which
inhibits TLR4 signaling, showed resistance to LPS chal-
lenge.51 Genetic silencing of TLR4 considerably reduced
ALI, measured by enhanced lung elasticity, decreased
edema development, and ameliorated histological alter-
ations.150 Collectively, TLR4 has been recognized as an ALI
susceptibility gene. It was previously mentioned that
different adaptors transmit TLR4 stimulation to cellular
responses, such as the MyD88 and TRIF adaptors.151 The
MyD88-dependent LPS/TLR4 signal pathway activates NF-kB
which in turn, causes the up-regulation of pro-inflammatory
cytokines such as IL-1b, IL-6, and TNF-a.152 TRIF signals
either through IKK-e, leading to IRF3 activation, or through
TRAF6-mediated NF-kB activation.153 In acid-triggered ALI,
TLR4-TRIF-TRAF6-NF-kB signaling is a critical pathway
connecting acid damage to ALI severity.150,154 Other than
LPS, oxidative stress was also implicated in ALI. Possibly
due to the unique exposure of the air-liquid interface to an
aerobic environment, making it more susceptible to
oxidation. This leads to the production of reactive oxygen
species and oxidized phospholipids, which are involved in
the pathogenesis of ALI.150 Furthermore, LPS activation of
TLR4 receptor has been shown to induce NADPH oxidase-
mediated reactive oxygen species production, resulting in
the activation of proinflammatory NF-kB155 and TNF-a
signaling,156,157 so LPS and oxidative stress are not isolated
pathogenesis. During hemorrhagic shock and sepsis-induced
ALI, extracellular cold-inducible RNA-binding protein trig-
gers an inflammatory response in DCs by acting as a DAMP.
SIIN-CIRP is a fusion protein prepared by combining the
amino acids of CD8 T cell’s TCR-specific epitope from
ovalbumin along with three flanking amino acids with the N-
terminal of murine CIRP. This protein induces cytokine
production and maturation and migration of DCs through a
TLR4-MD2 mediated NF-kB pathway.158 LLDT-8, a triptolide
derivative, inhibited the activation of DCs in both LPS and
P. aeruginosa-induced ALI mouse models. Moreover, LLDT-8
influenced the maturation, apoptosis, and cytokine secre-
tion capacity of BMDCs, potentially through modulation of
TLR4 expression and NF-kB signaling in vitro.159

FP7, a TLR4 antagonist, demonstrated protective effects
against influenza virus-induced ALI by reducing proin-
flammatory cytokines (IL-6, IL-8, and MIP-1b) produced by
monocytes and DCs. Moreover, FP7 prevented DC matura-
tion by blocking TLR4 stimulation and antagonized TLR4-
induced glycolytic activity in human DCs.107 Endoplasmic
reticulum (ER) stress is characterized by the accumulation
of unfolded or misfolded proteins in the endoplasmic re-
ticulum.160 Kim et al have demonstrated that such stress
contributes to LPS-induced lung inflammation by activating
NF-kB signaling and the production of proinflammatory
mediators such as TNF-a, IL-1b, chemokine CXCL1, inter-
cellular adhesion molecule-1 (ICAM-1), and vascular endo-
thelial growth factor (VEGF).161 Furthermore, they also
found that in LPS-induced ALI, there is a positive feedback
loop between IL-17A and endoplasmic reticulum stress,
which results in an increase in the stress and NF-kB
activation.162

Lung cancer

DCs obtained from human non-small cell lung cancer
(NSCLC) patients were classified into three groups based on
their level of CD11c expression: CD11chigh mDC, CD11c-

pDC, and a third intermediate group expressing moderate
levels of CD11c. CD11c high tumor-infiltrating DCs displayed
a “semi-mature” phenotype when stimulated by TLR4, and
they only partially matured and secreted limited amounts
of cytokines, indicating a poor antigen-presenting cell
function.163

High expression of TLR4 was detected in a majority of
lung cancer specimens (mainly NSCLC) compared to tumor-
free lung tissue, with TLR4 expression levels positively
linked to tumor cell differentiation. This suggests TLR4 may
have a dual function in lung cancer, one promoting tumor
cell survival, and the other promoting immune defense
against malignant transformation.164 To further study TLR4
expression on DCs and their subsets, we re-analyzed single-
cell RNA sequencing data from primary and adjacent lung
adenocarcinoma and lung squamous cell carcinoma samples
from Li’s cohort165 (Fig. 2). All cells were visualized by
Uniform Manifold Approximation and Projection. TLR4
expression was elevated in myeloid dendritic type 1 and
type 2 in lung adenocarcinoma (Fig. 2A), as well as in
EREGþDC, IGSF21þDC, and myeloid dendritic type 1 and
type 2 in lung squamous cell carcinoma tissues (Fig. 2B),
compared to normal tissues. The up-regulation of TLR4
expression in DCs may indicate an immune-enhancing ef-
fect. Nevertheless, further investigation is required to
determine the precise contribution of TLR4 in DCs regarding
the pathogenesis and progression of lung tumors.

Various studies have reported that certain regulatory
factors mediate the protective function of anti-tumor im-
munity through TLR4 in DCs. KaplaneMeier and univariate
Cox analyses were conducted for preliminary screening of
ferroptosis-related genes with potential prognostic capacity
in a cohort analysis on lung adenocarcinoma. According to a
risk score analysis, the down-regulation of TLR4 in high-risk
groups among the ferroptosis-related 15-gene signature
suggests a protective role of TLR4 in lung adenocarci-
noma.166 In an experimental Lewis lung cancer model, it was
found that recombinant human calcineurin B subunit (rhCNB)
up-regulated different mature molecules such as CD40,
CD80, CD86, and MHCII in DCs, as well as stimulated the
formation of CD4þ and CD8þ Tcells in splenocytes fromwild-
type mice through a TLR4-dependent pathway. Further-
more, the intraperitoneal administration of rhCNB resulted



Figure 2 Expression patterns of TLR4 in dendritic cells of normal lung tissues and lung carcinomas. TLR4 expression at the single-
cell level in six different dendritic cell subsets stratified by histology in (A) lung adenocarcinoma (LUAD) and (B) lung squamous cell
carcinoma (LUSC) cohorts is visualized in the boxplots. P-values were calculated using the KruskaleWallis test. *P < 0.05, **P < 0.1,
***P < 0.001, ****P < 0.0001.
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in a 50% reduction in the growth of Lewis lung cancer tumors,
and culture supernatants from rhCNB-stimulated immune
cells induced apoptosis of Lewis lung cancer cells.167 A serum
complement lectin named Ficolin-2 was found to be present
in considerably lower concentrations in the serum of lung
cancer patients than in those of healthy donors. The
administration of exogenous Ficolin-2 was observed to
effectively inhibit tumor cell growth inmurine tumormodels
by binding to TLR4 in DCs and enhancing their antigen-pre-
senting abilities to CD8þ T cells.168 The expression of calre-
ticulin on the cell membrane (mCALR) had a favorable link
with DC infiltration in NSCLC and had a significant association
with the prognosis of NSCLC patients. mCALR promoted the
migration and maturation of DCs by activating CALR-TLR4-
MyD88 signaling and boosting the production of TNF-a and
CCL19. Additionally, it suppressed the progression of lung
cancer by promoting the infiltration of DCs within lung can-
cer tissues in vivo.169

Despite the potential anti-tumor effects of TLR4 in DCs,
several studies have suggested that TLR4 could also mediate
tumor-promoting effects. Fridman et al have reviewed the
influence of infectious context and immune cell infiltration
organization in the progression of human NSCLC. Their study
showed that bacterial stimulation of tumor cells through
TLR4 might promote tumor survival and induce chemo-
resistance, which could be protumorigenic.170

DCs hold the potential for the stimulation of robust anti-
tumor immunity. Despite this potential, the clinical appli-
cations of DC-based immunotherapy are restricted by the
low potency observed in generating tumor antigen-specific
T-cell responses. The utilization of the Mtb heat shock
protein X as an immunoadjuvant in DC-based tumor
immunotherapy could provide a potential solution for
generating potent immunostimulatory DCs. Mtb heat shock
protein X stimulates the maturation of DCs, as well as the
production of proinflammatory cytokines such as TNF-a, IL-
1b, IL-6, and IFN-b, through TLR4 binding which is partially
mediated by both the MyD88 and the TRIF signaling path-
ways. The administration of Mtb heat shock protein X-
stimulated DCs improved the activation of naive T cells and
promoted tumor-targeted Th1 type and cytotoxic T cell
immunity.171 Chorismate mutase (Rv1885c), which is a pu-
tative Mtb virulence factor, also holds promising potential
as an immunoadjuvant in DC-based tumor immunotherapy.
It functionally activated DCs by up-regulating costimulatory
molecules, increasing the production of proinflammatory
cytokines, enhancing migration, and triggering the Th1-
type immune response dose-dependently through TLR4-
mediated signaling. Moreover, the subcutaneous injection
of chorismate mutase-activated DCs loaded with cell ly-
sates led to decreased tumor mass, improved mouse sur-
vival, and lower tumor incidence in Lewis lung cancer cell-
bearing mice. These effects were primarily due to func-
tional cytotoxic T lymphocyte-mediated oncolytic activity
which inhibited the proliferation and metastasis-related
genes of cancer. Additionally, chorismate mutase-induced
DCs have the possibility to produce memory CD4þ T cells
which demonstrate long-term tumor prevention benefits.172

In addition to DC-based immunotherapy, tumor-associated
antigen-based vaccines have been developed as potential
cancer treatments. However, tumor-associated antigens may
have limited therapeutic effectiveness due to their lack of
immunogenicity and immune evasion mechanisms present in
advanced malignancies. A new vaccine adjuvant system
combining the T-cell costimulatory molecule SA-4-1BBL with
the TLR4 agonist monophosphoryl lipid was evaluated for its
ability to enhance the effects of tumor-associated antigens.
This approach was found to be therapeutically effective, as
evidenced by enhanced DC activation, improved CD8þ T cell
function, and increased intratumoral ratio of CD8þ Teffector
cells to CD4þ FoxP3þ Treg cells.173

Conclusions

Recent studies have revealed important insights into the
regulation of LPS/TLR4 signaling, as well as other TLR4-
related pathways. These observations have significantly
improved our understanding of the function of DCs and the



Table 3 Functions and mechanisms of TLR4 in DCs in lung diseases.

Lung diseases Classification TLR4 functions in DCs Mechanisms Reference(s)

Infectious Gram-positive
bacteria

Induce Th1 and Th17 response MAPKs, NF-kB, and PI3K-Akt
pathways

41

Gram-negative
bacteria

Induce Th1 response IL-12p70 induction by p38 and
JNK1/2 signaling

52

Enhance NK cell recruitment NK cell cytotoxicity and IFN-g
secretion

48

Stimulate B cell IgA response IL-10 production 174
Activate Treg cells IL-10 production 56
Induce CD8þ T cell response Unmentioned

Mycobacterium
tuberculosis

Induce Th17 response MAPK and NF-kB signaling 90
Induce Th1 response MyD88 and TRIF signaling

collaboration
97

Virus pathogens Proinflammatory cytokine production NF-kB and ERK1/2 MAPK
pathways

101

Induce CD8þ T cell response cDCs, CD11bþ and CD103þ DCs
recruitment and costimulatory
molecule CD86 up-regulation

108

Noninfectious Asthma Induce Th2 response TLR4/MyD88 pathway 34
Induce Th17 response RAGE-NF-kB signaling 115
Activate Treg cells TRIF/IRF3/IFN-b-mediated DC

GITRL down-regulation
128

Induce Th1 response The expression of CD80 and
CD86 elevated skewing the
Th1/Th2 balance toward Th1

132

Acute lung injury Proinflammatory cytokine production MyD88 and TRIF signals
mediated NF-kB and TNF-a
signaling

152e154,156

Lung cancer Induce Th1 and CD8þ T cell response MyD88 and the TRIF signaling
pathways

171

Promote tumor survival and chemoresistance Unmentioned
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specific role of TLR4 in DCs in lung diseases (Table 3). Given
that dysregulation of TLR4 signaling in DCs can lead to a
range of immune dysfunctions that contribute to various
pulmonary diseases, it is essential to explore these under-
lying mechanisms in greater detail to identify new targets for
treatment.
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75. Ohashi K, Burkart V, Flohé S, Kolb H. Heat shock protein 60 is a
putative endogenous ligand of the toll-like receptor-4 com-
plex. J Immunol. 2000;164(2):558e561.

76. Smiley ST, King JA, Hancock WW. Fibrinogen stimulates
macrophage chemokine secretion through Toll-like receptor
4. J Immunol. 2001;167(5):2887e2894.

77. Paterson HM, Murphy TJ, Purcell EJ, et al. Injury primes the
innate immune system for enhanced Toll-like receptor reac-
tivity. J Immunol. 2003;171(3):1473e1483.

78. Surendran N, Sriranganathan N, Boyle SM, et al. Protection to
respiratory challenge of Brucella abortus strain 2308 in the
lung. Vaccine. 2013;31(38):4103e4110.

79. World Health Organization. Global Tuberculosis Report 2021.
Accessed October 12, 2022. Available at https://www.who.
int/publications-detail-redirect/9789240037021.

80. Rodrigues TS, Conti BJ, Fraga-Silva TFC, Almeida F,
Bonato VLD. Interplay between alveolar epithelial and den-
dritic cells and Mycobacterium tuberculosis. J Leukoc Biol.
2020;108(4):1139e1156.

81. Wong KW. The role of ESX-1 in Mycobacterium tuberculosis
pathogenesis. Microbiol Spectr. 2017;5(3).

82. Gröschel MI, Sayes F, Simeone R, Majlessi L, Brosch R. ESX
secretion systems: mycobacterial evolution to counter host
immunity. Nat Rev Microbiol. 2016;14(11):677e691.

83. Jang AR, Kim G, Hong JJ, Kang SM, Shin SJ, Park JH. Myco-
bacterium tuberculosis ESAT6 drives the activation and

http://refhub.elsevier.com/S2352-3042(23)00264-7/sref45
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref45
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref46
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref46
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref46
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref46
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref46
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref47
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref47
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref47
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref47
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref47
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref47
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref48
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref48
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref48
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref48
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref48
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref49
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref49
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref49
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref49
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref49
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref49
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref50
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref50
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref50
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref50
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref51
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref51
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref51
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref51
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref52
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref52
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref52
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref52
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref52
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref52
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref53
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref53
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref53
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref53
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref53
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref53
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref54
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref54
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref54
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref54
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref54
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref55
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref55
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref55
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref55
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref56
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref56
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref56
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref56
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref56
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref56
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref57
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref57
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref57
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref57
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref57
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref58
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref58
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref58
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref59
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref59
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref60
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref60
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref60
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref61
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref61
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref61
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref61
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref62
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref62
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref62
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref62
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref62
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref62
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref63
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref63
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref63
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref63
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref64
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref64
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref64
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref64
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref65
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref65
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref65
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref65
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref66
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref66
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref66
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref66
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref66
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref67
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref67
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref67
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref67
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref67
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref68
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref68
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref68
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref68
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref69
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref69
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref69
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref69
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref70
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref70
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref70
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref70
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref71
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref71
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref71
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref71
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref72
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref72
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref72
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref72
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref73
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref73
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref73
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref73
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref73
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref74
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref74
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref74
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref74
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref74
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref74
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref75
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref75
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref75
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref75
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref76
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref76
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref76
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref76
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref77
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref77
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref77
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref77
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref78
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref78
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref78
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref78
https://www.who.int/publications-detail-redirect/9789240037021
https://www.who.int/publications-detail-redirect/9789240037021
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref80
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref80
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref80
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref80
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref80
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref81
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref81
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref82
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref82
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref82
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref82
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref83
http://refhub.elsevier.com/S2352-3042(23)00264-7/sref83


Implication of DC TLR4 in lung diseases 13
maturation of bone marrow-derived dendritic cells via TLR4-
mediated signaling. Immune Netw. 2019;19(2):e13.

84. Sow FB, Nandakumar S, Velu V, et al. Mycobacterium tuber-
culosis components stimulate production of the antimicrobial
peptide hepcidin. Tuberculosis. 2011;91(4):314e321.

85. Mazurek J, Ignatowicz L, Kallenius G, Svenson SB, Pawlowski A,
Hamasur B. Divergent effects of mycobacterial cell wall gly-
colipids on maturation and function of human monocyte-
derived dendritic cells. PLoS One. 2012;7(8), e42515.

86. Kim WS, Jung ID, Kim JS, et al. Mycobacterium tuberculosis
GrpE, a heat-shock stress responsive chaperone, promotes Th1-
biased T cell immune response via TLR4-mediated activation of
dendritic cells. Front Cell Infect Microbiol. 2018;8:95.

87. Kim JS, Kim WS, Choi HG, et al. Mycobacterium tuberculosis
RpfB drives Th1-type T cell immunity via a TLR4-dependent
activation of dendritic cells. J LeukocBiol. 2013;94(4):733e749.

88. Choi S, Choi HG, Shin KW, et al. Mycobacterium tuberculosis
protein Rv3841 activates dendritic cells and contributes to a T
helper 1 immune response. J Immunol Res. 2018;2018,
3525302.

89. Choi HH, Kwon KW, Han SJ, et al. PPE39 of the Mycobacterium
tuberculosis strain Beijing/K induces Th1-cell polarization
through dendritic cell maturation. J Cell Sci. 2019;132(17):
jcs228700.

90. Choi HG, Kim WS, Back YW, et al. Mycobacterium tuberculosis
RpfE promotes simultaneous Th1- and Th17-type T-cell im-
munity via TLR4-dependent maturation of dendritic cells. Eur
J Immunol. 2015;45(7):1957e1971.

91. Liu Y, Wang R, Jiang J, et al. A subset of CD1cþ dendritic cells
is increased in patients with tuberculosis and promotes Th17
cell polarization. Tuberculosis. 2018;113:189e199.

92. Khan N, Vidyarthi A, Pahari S, et al. Signaling through NOD-2
and TLR-4 bolsters the T cell priming capability of dendritic
cells by inducing autophagy. Sci Rep. 2016;6, 19084.

93. Aqdas M, Maurya SK, Pahari S, et al. Immunotherapeutic role
of NOD-2 and TLR-4 signaling as an adjunct to antituberculosis
chemotherapy. ACS Infect Dis. 2021;7(11):2999e3008.

94. Fremond CM, Yeremeev V, Nicolle DM, Jacobs M,
Quesniaux VF, Ryffel B. Fatal Mycobacterium tuberculosis
infection despite adaptive immune response in the absence of
MyD88. J Clin Invest. 2004;114(12):1790e1799.

95. Fremond CM, Togbe D, Doz E, et al. IL-1 receptor-mediated
signal is an essential component of MyD88-dependent innate
response to Mycobacterium tuberculosis infection. J Immu-
nol. 2007;179(2):1178e1189.

96. Uehori J, Fukase K, Akazawa T, et al. Dendritic cell matura-
tion induced by muramyl dipeptide (MDP) derivatives: mon-
oacylated MDP confers TLR2/TLR4 activation. J Immunol.
2005;174(11):7096e7103.

97. Orr MT, Duthie MS, Windish HP, et al. MyD88 and TRIF syner-
gistic interaction is required for TH1-cell polarization with a
synthetic TLR4 agonist adjuvant. Eur J Immunol. 2013;43(9):
2398e2408.

98. Lin SJ, Kuo ML, Hsiao HS, Lee PT. Azithromycin modulates
immune response of human monocyte-derived dendritic cells
and CD4þ T cells. Int Immunopharm. 2016;40:318e326.

99. Witte A, Wanner G, Sulzner M, Lubitz W. Dynamics of PhiX174
protein E-mediated lysis of Escherichia coli. Arch Microbiol.
1992;157(4):381e388.

100. Lim J, Koh VHQ, Cho SSL, et al. Harnessing the immunomod-
ulatory properties of bacterial ghosts to boost the anti-
mycobacterial protective immunity. Front Immunol. 2019;10:
2737.

101. Martinez O, Valmas C, Basler CF. Ebola virus-like particle-
induced activation of NF-kB and Erk signaling in human den-
dritic cells requires the glycoprotein mucin domain. Virology.
2007;364(2):342e354.
102. Okumura A, Pitha PM, Yoshimura A, Harty RN. Interaction
between Ebola virus glycoprotein and host toll-like receptor 4
leads to induction of proinflammatory cytokines and SOCS1. J
Virol. 2010;84(1):27e33.
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