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Abstract
Background: Dendritic cells (DCs) mediate divergent immune effects by acti-
vating T cells or negatively regulating the immune response to promote immune
tolerance. They perform specific functions determined by their tissue distri-
bution and maturation state. Traditionally, immature and semimature DCs
were described to have immunosuppressive effects, leading to immune toler-
ance. Nonetheless, recent research has demonstrated that mature DCs can also
suppress the immune response under certain circumstances.
Main body:Mature DCs enriched in immunoregulatory molecules (mregDCs)
have emerged as a regulatory module across species and tumour types. Indeed,
the distinct roles of mregDCs in tumour immunotherapy have sparked the inter-
est of researchers in the field of single-cell omics. In particular, these regulatory
cells were found to be associated with a positive response to immunotherapy and
a favourable prognosis.
Conclusion:Here, we provide a general overview of the latest and most notable
advances and recent findings regarding the basic features and complex roles of
mregDCs in nonmalignant diseases and the tumour microenvironment. We also
emphasise the important clinical implications of mregDCs in tumours.
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1 INTRODUCTION

Dendritic cells (DCs) are widely acknowledged as themost
important and efficient antigen-presenting cells (APCs) in
the immune system. Within the tissue microenvironment,
DCs orchestrate local antitumour immunity in various
cancers. Even though they were discovered 50 years ago,
their specific markers, subclassifications and relationships
with other immune cells remain controversial.1 Detected
in various tumour entities, DCs can be roughly divided
into two main subsets: antigen-presenting conventional
DCs (cDCs) and interferon (IFN)-producing plasmacytoid
DCs (pDCs). cDCs are composed of two major branches:
tumour-associated antigens can be presented by cDC1s to
cytotoxic CD8+ T lymphocytes, whereas cDC2 cluster cells
are more focused on stimulating CD4+ T-cell responses
throughmajor histocompatibility comlex (MHC) II.2 Apart
from that, monocyte-derived DCs (moDCs) are typically
connected to inflammatory settings in both humans and
mice, corresponding to effector T-cell activity.3 moDCs
profoundly influence tumour progression and are essential
for the efficacy of anti-programmed cell death-1 (PD-
1) immunotherapy.3 Therefore, strategies for the precise
manipulation of DCs could be of incredible value for
increasing the efficacy of antitumour treatments.
Since single-cell RNA sequencing (scRNA-seq) tech-

nology has become widely available over the past few
years, the field of DC phenotyping has gained considerable
momentum. In this context, scRNA-seq aids in unraveling
the potential heterogeneity of DCs against the background
of cancer and reveals new functions. An increasing num-
ber of studies have revealed other novel DC clusters based
on the transcriptional program through fate mapping
studies or transgenic animal models. AXL+SIGLEC6+DCs
(AS-DCs) are defined by the expression of surface mark-
ers AXL and SIGLEC6, and are related to both pDCs
and cDC2s cells.4 Moreover, DC3s (CD1c+CD14+CD163+)
are distinct from the classical cDC lineage, and these
cells expand in the context of inflammatory diseases and
exhibit an excellent potential to activate naive T cells into
tissue-resident memory T cells (Trm) that secrete IFN
and tumour necrosis factor (TNF).5 To date, the lineage-
specific anti- and protumour activities of DCs in cancer
biology have been the subject of numerous investiga-
tions. However, targeting various DC populations with
conserved programs will likely help advance DC-targeting
cancer therapeutics. Thus, the programs relatively con-
served across DC lineages during tumour development
were investigated.
Recently, a conserved program has beenwidely depicted

in multiple scRNA-seq-relevant studies on human and
mouse cancer. Mature DCs enriched in immunoregulatory

molecules (mregDCs) represent DCs with a typically con-
served regulatory program and are considered a key ele-
ment in the tumour microenvironment (TME).6 mregDCs
have been detected in different studies under different
titles, including Zilionis et al.’s7 ‘DC3’ cluster and Zhang
et al.’s8 CCR7+LAMP3+ DCs. As a result, a proposal to
universally refer to these cells as mregDCs was made to
guarantee clarity when sharing related findings.9 In this
timely review, we concentrate on summarising significant
discoveries and the current understanding of the contribu-
tion of mregDCs to tumour biology and addressing their
clinical implications to guide further research.

2 BASIC CHARACTERISTICS OF
mregDCs

First identified in non-small cell lung cancer (NSCLC)
research, mregDCs were considered to be DCs presenting
a regulatory program that restrains antitumour immunity
and is conserved in humans andmice.6 In contrast to cDCs
and pDCs, which have unique lineages, mregDCs repre-
sent a generalmolecular state of DCs. SincemregDCswere
identified, multiple independent studies have revealed the
presence of mregDCs in a broad range of cancer types,
such as hepatocellular carcinoma (HCC),10 lung cancer,
colon cancer,11 pancreatic cancer, melanoma,12 head and
neck squamous cell carcinoma (HNSCC),13 bladder can-
cer, and breast cancer14 (Table 1). Although mregDCs
are labelled differently among researchers, many stud-
ies have discovered that lysosomal-associated membrane
protein 3 (LAMP3) is a fundamental recognition marker
for mregDCs and is coexpressed with the CC chemokine
receptor 7 (CCR7) and programmeddeath ligand 1 (PD-L1).
These cells are characterised by their state of activation and
maturation, their migration and immunoregulation abili-
ties, and their lack of expression of key cDC1/2 and pDC
gene markers, including XCR1 and CLEC9A for cDC1s,
CD1C andFCER1A for cDC2s andCLEC4C for pDCs.7 This
novel and unique group of DCs has several characteristics,
as described below (Figure 1).

2.1 Activation and maturation state

Several studies based on scRNA-seq have noted that
mregDCs show the highest activity15 and have the largest
number of ligands among all DC populations.8,16,17 Impor-
tantly, immune costimulatory genes, such as CD40, CD80
and CD86, are highly expressed by mregDCs in multi-
ple types of tumours. The costimulatory molecule CD40
expressed on mature DCs can interact with CD40 lig-
ands on naive T cells, augmenting T-cell activation and
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F IGURE 1 Basic characteristics of mature dendritic cells enriched in immunoregulatory molecules (mregDCs) in the tumour immune
microenvironment. mregDCs are found in a wide range of tumours and tissues and are highly conserved among species. There are four
distinct features of this population—(1) maturation: mregDCs express numerous maturation-related signature genes, such as
lysosomal-associated membrane protein 3 (LAMP3), CD40, CD86, CD80 and CD83. (2) Migration: they highly express CC chemokine receptor
7 (CCR7), fascin actin-bundling protein 1 (FSCN1) and intercellular adhenson molecule 1 (ICAM1). (3) Chemokine and cytokine release
capability: these cells highly express chemokine ligands such as CC chemokine ligand 17 (CCL17), CCL19 and CCL22, which contribute to
recruiting other immune cells expressing CCR4, CCR7 and CXCR3. (4) Significant immunomodulatory function: mregDCs show high
expression of immune checkpoint-related molecules and immunosuppressive genes including programmed death ligand 1 (PD-L1), PD-L2,
CD200, T-cell immunoglobulin and mucin-containing molecule 3 (TIM-3) and IDO1, which limit T-cell activation. These features serve as the
foundation for subsequent research on mregDCs, offering novel concepts and justifications for DC-based cell therapy as well as new
therapeutic options for tumours based on altering the immune microenvironment. Created with BioRender.com.

promoting DC survival.18 Alternatively, mregDCs upregu-
late multiple genes that are enriched in pathways related
to the active state, such as antigen processing and pre-
sentation, DC differentiation, cytokine-mediated signal
transduction, membrane trafficking and leucocyte acti-
vation, suggesting the multifunctionality of the mregDC
population.15
Mature DCs upregulate T-cell activation motifs to

initiate adaptive antitumour immunity, including MHC
molecules.2 The scRNA-seq analysis revealed that
mregDCs exhibited the highest degree of differentiation
by trajectory mapping,16 indicating the mature status of
mregDCs. Similar to mature DCs, mregDCs displayed the
highest amounts of MHC class protein and LAMP3 in all
DC clusters.6 Moreover, as an important marker of DC
maturation, LAMP3 plays an essential role in the process
of exogenous antigen presentation to T lymphocytes in

DCs19 and is not expressed on naive primary cDC1s,
cDC2s or pDCs.8 Another recent study on the pancancer
microenvironment reported that LAMP3 was only upreg-
ulated in mregDCs.20 Thus, DCs expressing LAMP3 may
represent ‘true’ mregDCs, and this marker may assist in
distinguishing them from other DC subpopulation states.

2.2 Migration capability

As the sentinel cells of the immune system, DCs are widely
distributed throughout organs andmany nonlymphoid tis-
sues. Another characteristic of mregDCs is their ability to
migrate to lymph nodes or tertiary lymphoid structures
(TLSs), which allows them to effectively initiate antitu-
mour immunity. LAMP3-expressing mregDCs are more
enriched in tumour-draining lymph nodes (dLNs) and
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peritumoural clusters of T cells than in the primary tumour
itself in melanoma,21 and this phenomenon was further
verified in lung adenocarcinoma22 and breast cancer.23
In addition, mregDCs exhibited the strongest ability to
migrate to the lymph node among all DCs. In a single-
cell transcriptome study of HCC, investigators confirmed
by RNA velocity that mregDCs in tumours and dLNs
share the same lineage.8 Furthermore, CD8+ T lympho-
cytes in dLNs share an identical T-cell receptor with CD8+
T cells in primary tumours, which confirms that these T
cells are primed by mregDCs that migrate from the pri-
mary tumour to the dLNs.8 Through interactions with CC
chemokine ligand 21 (CCL21), which is generated by lym-
phatic endothelial cells,24 CCR7 promotes the mregDCs
to migrate from primary tumours to lymph nodes.7 As
assessed by flow cytometry, mregDCs were shown to
express higher CCR7 levels than other DCs.8 According
to another study, DCs were reprogrammed metabolically
towards glycolysis in response to CCR7 stimulation, which
promoted the hypoxia-inducible factor-1 (HIF-1) pathway
and facilitated DCmigration.25 Furthermore, using a tran-
swellmigration assay, CD40L/PGE2 orDCmaturation kits
could induce DCs to be more prone to migrate towards
CCL19.8

2.3 Chemokines and cytokines

Consistent with the mature phenotype, mregDCs exhibit
an increased release of cytokines and chemokines. CCL19,
CCL17 and CCL22 are highly expressed on mregDCs,
and they can recruit other lymphocytes expressing CCR7,
CCR4 and CCR3.26,27 Additionally, mregDCs are the pre-
dominant source of CCL17 and CCL22 in all APCs of
HNSCC tissues.28 In addition, interleukin (IL)-10, IL-4 and
IL-35 are also highly expressed in mregDCs.15,29 According
to single-cell investigations in lung cancer, mregDCs can
release IL-15 and promote tissue-resident T-cell function.30
In HCC, the upregulation of the STING signalling in
mregDCs results in CXCL9 and IL-12 secretion.31 Di Pilato
et al.32 similarly noted that mregDCs in the perivascu-
lar region are also capable of secreting CXCL16 and the
cytokine IL-15. These cytokines and chemokines endow
mregDCs with robust cellular communication capabilities
to remodel the TME by recruiting or modulating a wide
range of immune cells. Therefore, mregDCs can remark-
ably influence the TME and regulate tumour progression.

2.4 Immunoregulatory molecules

Immunomodulatory function is one of themost distinctive
features of mregDCs. Several studies have demonstrated

that mregDCs have the greatest amounts of immune
checkpoint transcripts among all DCs. In a scRNA-seq
study of ESCC, Zhang et al.17 found that indoleamine 2,3-
dioxigenase 1 (IDO1), PD-L1 and PD-L2 were abundantly
expressed in mregDCs and induced regulatory T-cell
(Treg) production. Similarly, flow cytometry and multi-
colour immunofluorescence confirmed the significantly
increased expression of PD-L1 in mregDCs.15 Previous
research has demonstrated that PD-L1, which acts as an
immune suppressor when combined with PD-1, is mainly
derived from tumour cells. However, a recent paper indi-
cated that macrophages and DCs (rather than tumour
cells) are the predominant sources of PD-L1 bound to
PD-1+ T cells.13 When analysing immune cells from blad-
der cancer tissues in a single-cell transcriptome study,
Chen et al.26 noted that PD-L1 was maximally expressed
in mregDCs, at an even higher level than in Tregs.
Importantly, immunohistochemistry also confirmed that
mregDCs uniquely express PD-L1 within DCs in breast
cancer.26 The high level of PD-L1 expression was modu-
lated by CMTM6, which was also upregulated in mregDCs
in tumours.33 CMTM6 is a key PD-L1 protein regulator,
and it increases PD-L1 expression onmregDCs by reducing
PD-L1 ubiquitination and prolonging its half-life.34 These
findings indicate that PD-L1 is another broad marker for
mregDCs, which shape the immunosuppressive ecosys-
tem in tumours, especially in T-cell dysfunction.35 Beyond
the prevalent PD-L1/PD-L2 genes, other immunosuppres-
sive genes, such as CD200, EBI3, SOCS1, SOCS2, SOCS316
and LGALS9,36 have also been identified to be overex-
pressed. These genes could extensively limit the effects of
T cells in multiple ways, impeding antitumour immune
effects. Alternatively, T-cell immunoglobulin and mucin-
containing molecule 3 (TIM-3) is emerging as a novel
immune checkpoint molecule. Although widely overex-
pressed on most DCs and macrophages, TIM-3 is most
abundantly expressed on mregDCs.37

3 MATURE DYNAMICS OFmregDCs

Under normal conditions, DCs exist in a steady state to
perform their role as sentinel cells. However, upon uptake
of tumour antigens, primary DCs are rapidly activated
and undergo antigen presentation processing to transform
to a mature state while being modulated by the tumour
immune suppressive microenvironment, leading to the
acquisition of the mregDC phenotype (Figure 2).38
It has been reported that many DC populations can be

induced to express specific markers of mregDCs. Recently,
the transcriptomes of peripheral cDC1s and cDC2s have
been found to converge upon cancer-induced maturation
and acquire the mregDC program.16 The cDC1s and cDC2s
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F IGURE 2 The dynamic maturation process of dendritic cells (DCs) with the mature DCs enriched in immunoregulatory molecules
(mregDC) program. Different DC lineages—conventional DCs (cDC1 and cDC2), plasmacytoid DCs (pDCs) and monocyte-derived DCs
(moDCs)—can contribute to mregDCs. Following circulation, these terminally differentiated cells are recruited and arrive at the tumour site.
After stimulation by tumour antigens, these naive DCs are activated, mature and initiate the mregDC program and migrate from the tumour
to the peripheral lymph nodes or tertiary lymphoid structures (TLSs). mregDCs are regulated by a variety of cells in the tumour
microenvironment. Apoptotic tumour cells release growth arrest-specific protein 6 (Gas6) and protein S 1 (PROS1), which bind to the
anexelekto (AXL) of mregDCs, initiating the mregDC program and leading to an upregulation of programmed death ligand 1 (PD-L1)
transcript levels in mregDCs. In addition, tumour necrosis factor (TNF) and interferon-γ (IFNR) released by other immune cells activate the
nuclear factor kappa-B (NF-κB) and the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathways, respectively,
which promoting PD-L1 transcription in mregDCs. Created with BioRender.com.

that migrated to the lymph nodes also exhibited mregDC
features, according to bulk transcriptomic analysis.39
Given that mregDCs lack distinguished markers of cDC1s
and cDC2s at the transcriptome level, Pomboutilised cellu-
lar indexing of transcriptomes and epitopes by sequencing
(CITE-seq) technology to provide protein information on
the distribution of mregDCs at single-cell resolution.38
They revealed that cDC1s and cDC2s both made a sig-
nificant contribution to mregDCs in humans and mice.
However, mregDCs derived from cDC1s and cDC2s seem
to have different features. A pancancer analysis noted that
cDC1-like mregDCs are more common in the majority of
tumours, while cDC2-likemregDCs are prone to be present
in pancreatic and nasopharyngeal cancers.34 In an exper-
imental model, mregDCs were also found in pDC subsets
in hepatocellular cancer, suggesting that the mregDC pro-

gram could exist in pDCs.08 Similarly, the transcriptional
profiles of moDCs40 and AXL+SIGLEC6+DCs41 could also
converge into themregDC state. The results taken together
imply that all human DC clusters might display the
mregDC transcriptional program under specific circum-
stances, which is in line with earlier research indicating
that all types of DCs undergo profound and convergent
transcriptional changes during their maturation.42
To the best of our knowledge, an intricate web of

cytokines and other variables may have an impact on
the mregDC polarisation program. From the results of in
vitro cellular experiments, it appears that DCs initiate the
mregDC program when costimulatory and inhibitory sig-
nals cooccur. When exposed to CD40 L and prostaglandin
E2 (PGE2), moDCs could present a quintessential mregDC
state with an increased level of LAMP3 and migration
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TABLE 2 Mature dendritic cells enriched in immunoregulatory molecules (mregDCs) in the inflammatory microenvironment in
single-cell transcriptome research.

Disease Methodology Samples Species Key markers Name Ref.
Acute sterile skin
inflammation

scRNA-seq Healthy skin and sterile
skin wounds

Human CD83, CCL22, CCR7,
HLA-DPA1 and
LAMP3

BDCA-2+ CD123
int DCs

41

Chronic
inflammatory
skin diseases

Smart-seq2 Healthy skin and atopic
dermatitis and
psoriasis lesions

Human CCL17, LAMP3, BIRC3,
CD200, IL-15, IL-32

mregDCs 46

Atopic dermatitis 10× genomics Lesional and nonlesional
skin

Human CCR7, CCL22, LAMP3,
BIRC3

LAMP3+CCR7+

DCs

48

Polymicrobial
sepsis

10× genomics Bone marrow, peripheral
blood and spleen

Mouse Cd86, Cd274,Marcks,
Il4ra, Ccr7

mregDCs 49

Atherosclerosis Public datasets Mouse aortic leucocyte Mouse Fscn1, Ccr7 mregDCs 100

– 10× genomics Healthy corneal tissue Human LAMP3, BIRC3 mregDCs 45

Oropharyngeal
diseases

10× genomics Tumour tissues and
nonmalignant
inflamed tissues

Human LAMP3, CCR7, CCL19,
CSF2RA

mregDCs 28

Abbreviations: CCL, CC chemokine ligand; CCR, CC chemokine receptor; IL, interleukin; LAMP3, lysosomal-associated membrane protein 3; scRNA-seq, single-
cell RNA sequencing.

to CCL19.8 IFNγ and lipopolysaccharide (LPS) were also
reported to be critical regulators of mregDCs. Upon in
vitro stimulation with LPS+ and IFNγ, CD83, LAMP3,
PD-L1 and IDO were all upregulated in DCs, and these
markers are key to the mregDC program.15 In addition,
tumour cells typically remodel the TME by metabolising
elements and show the potential to regulate the mregDC
program. The hypoxic environment leads to an increase
in hypoxia-inducible factor-alpha (HIF-α) levels in tumour
cells, which diminishes the ability of mregDCs to present
antigens in the quiescent cancer cell niche.43 This sug-
gests the strategy of applying HIF inhibitors to restore the
antigen-presenting ability of DCs.43 Nikolos et al.44 also
discovered that releasing PGE2 from tumour cells hin-
dered the maturation of DCs and promoted the mregDC
program.
Although previous reports demonstrated that DC sub-

sets could be reprogrammed into mregDCs with various
stimuli, the specific transcriptomic profiles of mregDCs
support their diverse functional properties. CITE-seq
revealed that cDC1-like mregDCs expressed high levels of
IL-12B, CCL17, IRF8 and CADM1 at both the RNA and
protein levels. IL-12B is specifically expressed in cDC1-like
mregDCs and is capable of inducing the differentiation
of T helper 1 (Th1) cells,34 indicating that the lineage-
specific profiles of DC subpopulations are conserved in
the mregDC state.42 Furthermore, according to a recent
study, cDC1-derived mregDCs play the dual roles in reg-
ulating both CD8+ T cells and Tregs,17 which is line
with the intricate coexpression profile of activating and
inhibitory molecules of cDC1-like mregDCs.34 In addi-
tion, research found that patients with colorectal cancer

who had more activated cDC1s, which may correspond
to cDC1-like mregDCs, had a favourable prognosis.32 In
contrast, cDC2-like mregDCs highly expressed the cDC2
marker gene CD1E together with SIRPA and FCER1G6 and
showed CXCL9 deregulation and IDO1 upregulation,10
representing enhanced immunosuppressive functional-
ity. The migration function indicates that mregDCs can
migrate to other sites to perform antigen-presenting func-
tions after being stimulated by antigens, yielding a broad
immunomodulatory effect.

4 mregDCs IN THE NONTUMOUR
MICROENVIRONMENT

With research progress, many academics have also found
the existence of mregDCs in a variety of normal tis-
sues and disease-related tissues (Table 2). In a single-cell
study, researchers surprisingly confirmed the existence of
mregDCs in healthy corneas in adults.45 Furthermore, they
found that mregDCs were also present in the skin, and
mregDCs in both tissue types exhibited high expression
of CCR7, CD274 and IDO2. However, mregDCs only make
up a minor part of the skin’s overall DC population. All
corneal DCs were identified as the mregDCs.45 mregDCs
in the cornea function as APCs and may take part in the
control of immunological tolerance through collaborating
with other immune cells.45 Tonsils are an important part
of our immune system that impede bacteria from enter-
ing the body through the mouth and nose. mregDCs are
also found in tonsils and express LAMP3 and CCR7.40
When compared to those in inflamed skin, mregDCs in
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the tonsils exhibit higher expression of RELB, IER2 and
SPI1.46 mregDCs have also been identified in the thymus
and play a significant role in generating Tregs. In addition
to transcriptomic analysis, RNA in situ single-molecule
fluorescence in situ hybridisation showed the colocali-
sation of mregDCs and Tregs,47 indicating their spatial
relationship.
Inflammation is acknowledged as one of the hallmarks

of cancer and is not unique to tumours. Many investiga-
tors have found mregDCs in patients with inflammatory
diseases, and their presence and functionality are closely
related to the disease state. mregDCs were first recognised
in human skin by Chen et al.41 in the context of acute
aseptic skin inflammation and were defined as activated
DCs. High expression of DC maturation-related genes,
including HLA-DPA1 and LAMP3, was one of their distin-
guishing features. This group of cells infiltrated near the
injured skin at the early stage of wound formation and
underwent rapid renewal, contributing to the formation of
the skin’s immune network and thus assisting in wound
healing.41 mregDCs also play a crucial function in chronic
inflammatory disorders. mregDCs (LAMP3+CCR7+DCs)
exhibit significantly higher infiltration in skin affected by
atopic dermatitis (AD) than in healthy skin.48 This find-
ing was confirmed by another work, which also identified
mregDCs as a major source of IL-15 in AD and psoria-
sis (PSO). These cells drive the production of Th17 cells
and play a key role in the pathogenesis and recurrence
of chronic inflammatory skin diseases. Therefore, mod-
ulation of mregDC function and cytokine secretion with
targeted drugs might contribute to alleviate the AD and
PSO.48 The mregDC program can also be driven by sepsis
and is tightly associated with hyperinflammatory stages.49
To identify differences in mregDCs in the tumour versus
inflammatory condition,Mair et al.28 compared the single-
cell transcriptome of mregDCs in inflamed tissue of the
oral mucosa and in oral squamous carcinoma. They spec-
ified that most of the mregDC phenotypes in both states,
including the high expression of PD-L1, were essentially
identical, whichmay explain the inflammatory side effects
that sometimes occur with systemic anti-PD-L1 therapy
(Figure 3).

5 THE COMPLEX CROSSTALK
BETWEENmregDCs AND THE TME

5.1 mregDCs suppress the immune
response by regulating immune checkpoint
molecules

Immune checkpoint molecules have been found to be
widely expressed on mregDCs, and extensive scRNA-seq

studies have made it possible to comprehensively under-
stand the ligand–receptor interactions between mregDCs
and other cells. Paired ligand–receptor analyses suggest
that mregDCs are more likely to regulate exhausted CD8+
T cells and Tregs via PD-1/PD-L1 in HCC.8 This pattern
was also observed in the study of oesophageal cancer and
was further validated by coculture experiments. Follow-
ing the coculture of naive CD8+ T cells with tumour-
derived mregDCs, the proliferation and effectiveness of
CD8+ T cells were significantly curtailed by PD-1/PD-L1
interactions.17 PD-1/PD-L1, CTLA4–CD86 and LGALS9–
HAVCR2 interactions among mregDCs and various T
cells were widely observed in colorectal tumours, promot-
ing Tregs and dysfunctional T cells and hindering the
effective immune response.36 In addition, a nonclassical
immunosuppressive pathway engaged in suppressing anti-
tumour responses, CD200-CD200R signalling, was also
predicted to be an important way for mregDCs to inter-
act with CD8+ T cells.16 In mycosis fungoides tumours,
the expression of PVR was revealed to be extremely high
in mregDCs.50 The poliovirus receptor (PVR) on mregDCs
has a high affinity for TIGIT expressed on effector natural
killer (NK) cells or CD8+ T cells, and the PVR–TIGIT sig-
nalling axis is known to have a strong immunosuppressive
effect. Furthermore, mregDCs can also directly modulate
liver-resident NK cells via the NECTIN–TIGIT interaction,
delivering an inhibitory signal.8
Another unique approach to forming an immunosup-

pressive microenvironment in mregDCs is prolonged and
sustained stimulation, which induces T-cell exhaustion
programs. From a conventional perspective, DCs and
macrophages contribute to the rapid differentiation of
T cells and yield effective antitumour functions by pre-
senting tumour antigens. However, a recent study in
melanoma showed that cDC2-like mregDCs contribute to
only CD4+ T-cell initiating activation rather than sub-
sequent differentiation, consequently causing a defect in
antitumour effector T cells. These results indicate that
mregDCs could lead to impaired immunity by inhibiting
CD8+ T cells directly or by inducing T-cell dysfunction.51
This phenomenon was also reported in tumour-associated
macrophages (TAMs). Recent work has demonstrated that
augmented antigen presentation by TAMs cannot com-
pletely support the infiltration and function ofCD8+ Tcells
but instead initiates T-cell exhaustion programs through
persistent antigen-specific synaptic interactions.52 More-
over, the physical interactions of mregDCs with PD-1+
cytotoxic T lymphocytes (CTLs) and PD-L1+ macrophages
were imaged by 3D high-resolution microscopy. When
tumours become locally invasive, they participate in the
formation of a reinforced, spatially restricted immunosup-
pressive environment alongside the tumour–stroma bor-
der and facilitate tumour survival.11 Therefore, mregDCs
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F IGURE 3 Interactions of mature dendritic cells enriched in immunoregulatory molecules (mregDCs) with other lymphocytes in
tumour immune microenvironment. Multiple ligand genes are expressed by mregDCs, allowing them to interact with a wide variety of T cells.
In this figure, the pink area represents the antitumour immunity induced by mregDCs, and the blue denotes their immunomodulatory
function. The immunosuppressive function of mregDCs can result in T-cell exhaustion by immune checkpoint molecules and recruit
regulatory T cells (Tregs) through secreted chemokines forming an immunosuppressive microenvironment. Maturation of DCs presenting the
mregDC program and antigen-presenting functions in turn confer antitumour capacity, stimulating B cell and T lymphocyte activation
through the presentation of tumour antigens and expression of immune costimulatory molecules. mregDCs play a crucial and irreplaceable
role in the immune microenvironment. Created with BioRender.com.

contribute to immunosuppression through direct contact
in two ways. On the one hand, mregDCs suppress the T-
cell response by expressing ligands for various immune
checkpoints; on the other hand, they can provoke T-cell
exhaustion through direct chronic antigen presentation
stimulation, impairing T-cell antitumour immune func-
tion.

5.2 mregDCs support the
immunosuppressive microenvironment by
secreting cytokines/chemokines

mregDCs are predominantly enriched in tumour tissues
compared to adjacent noncancerous tissues in various can-
cers as revealed through imaging mass cytometry and

single-cell resolution analysis.8,15,34 In the context of the
TME, mregDCs extend their immunosuppressive func-
tion by secreting cytokines and chemokines. Notably,
mregDCs express CCL17, CCL19 and CCL22,26,27 which
promote Treg migration into the TME by binding to CCR4
and promoting tumour invasion and drug resistance to
immune checkpoint blockade (ICB) treatment.53 In the
bladder cancer cohort, the mregDC signature correlated
strongly with the Treg and Th2 signatures but not with
the CTL signature. It is worth highlighting that both Treg
and Th2 cells were identified as CCR4-positive cells.26 In
addition, in silico model predictions in the human thy-
mus indicated that CXCR3-expressing pDCs and mature
Tregs are in turn likely to be recruited by mregDCs via
CXCL9/10-CXCR3. Furthermore, coexpansion of Tregs
and cDC2-like mregDCs results in tumour immune



LI et al. 11 of 19

tolerance, while therapeutic depletion of Tregs effectively
augments cDC2 maturation and reverses the phenotypic
dysfunction, thereby facilitating the production of antitu-
mour CD4+ T cells.51
In addition, IDO1 is highly expressed inmregDCs across

an array of human tumours,17 which might enable the
identification of tumour-specific mregDCs. DC-expressed
IDO1 contributes to the differentiation of Tregs while
simultaneously inhibits CD8+ T-cell proliferation and
effector functions as well as NK cell and plasma cell
proliferation.54 Furthermore, PD-L1 and IDOexpression in
mregDCs enhanced the ability of mregDCs to induce Treg
differentiation when cocultured with CD4+CD45RA+
naive T cells.15 In addition, IL-10, IL-4 and IL-35 are also
highly overexpressed in mregDCs,15,29 which effectively
promotes Treg transition and restrains the antitumour
function of CD8+ T and CD49+ NK cells. Furthermore,
scRNA-seq analysis of nasopharyngeal carcinoma indi-
cated that the overexpression of suppressor of cytokine
signalling (SOCS)-related genes may also be an impor-
tant pathway by which mregDCs exert their suppressive
antitumour function.16 These findings suggest that rele-
vant cytokine blockers may help restore antitumour T-cell
responses by targeting mregDCs.

5.3 Antitumour activity of mregDCs

mregDCs have higher activity than other DC subsets and
act as the hub of the immune system. Increasing evi-
dence has also demonstrated that mregDCs can exert
antitumour immunity by activating primitive T cells for
antigen presentation and interacting extensively with B
cells and NK cells. Consistent with these speculations,
mregDCs were shown to be capable of interacting with
CD8+ T cells via TNFRSF9–TNFSF9, offering a strong
costimulatory signal to facilitate efficient cytotoxic CD8+
T-cell differentiation.17 In addition, mregDCs express
high levels of the costimulatory signal CD70, which is
involved in the differentiation of cytotoxic CD8+ T cells
via CD27.38,40 Moreover, according to a single-cell study
of lung cancer, Trm expansion and homeostatic survival
may be facilitated by mregDCs through IL-15 and IL-
15R binding,30 which are vital cytotoxic immune cells
and are responsible for the effects of immunotherapy.
Di Pilato et al.32 also noted that CXCL16 and IL-15 sup-
port the activation of CXCR6-expressing tumour-invasive
CTLs by mregDCs in the perivascular niche of the TME.
Therefore, mregDCs provide crucial survival and prolifer-
ation signals to local T cells to maximise their antitumour
activity.
In addition, mregDCs also enhance innate antitumour

immunity through modulation and enhancement of NK-

cell activity. By assessing ligand–receptor pairs, it was
anticipated that mregDCs would interact with NK cells
via NECTIN2–CD226 and confer an activating signal.8
Moreover, IL-15 from mregDCs also promotes the prolifer-
ation of NK cells and enhances their antitumour function.
According to a mouse model of HCC, researchers discov-
ered that the administration of CD47 blockade promoted
the infiltration of both mregDCs and NK cells, and the
activation of STING in mregDCs led to CXCL9 and IL-12
secretion, further promoting the infiltration and activation
of NK cells.31
In addition to conferring direct antitumour effects,

mregDCs (LAMP3+ DCs) are an essential component of
TLSs in human tumours.33,55 In regions of the tumour
stroma, especially at the boundaries around the tumour,
mregDCs are often detected in clusters with T cells,
characteristic of a sustained immune response.56,57 Organ-
ised TLSs provide an immune-supportive niche for quick
surveillance, which is associated with increased patient
survival in various tumours.58,59 In lung cancer, mregDCs
are localised in TLSs and close to T cells, consistent with
their roles in T-cell activation and clonal expansion.60 In
addition, consecutive immunohistochemical staining of
multiple markers on a single slide showed that LAMP3-
andPD-L1-expressingmregDCs accumulated inTLSs close
to T cells.27 Recent research has highlighted that microag-
gregates composed of CD8+ (CD103+) T cells, CD4+ T cells
and mregDCs within tumour cell beds in oropharyngeal
squamous cell carcinoma have remarkable similarities
with TLSs. They constitute as a positive feedback loop to
maintain the formation of DC–T-cell microaggregates and
identify patients with unprecedented survival rates after
standard therapy.60 Additionally, Cohen et al.61 developed
a novel technology to show the preferential interactions
between PD-1+CXCL13+ helper T cells (Th cells) and
mregDCs in the TME by RNA sequencing of physically
interacting cells. In addition, this finding was confirmed
by confocal microscopy images of TLSs, which a marker of
a vigorous antigen-specific adaptive antitumour immune
response that confers a prognostic benefit in anti-PD-L1
treatment for patients with NSCLC,27 demonstrating the
high value of mregDCs in regulating the immunotherapy
response.
As the most crucial and fundamental components of

TLSs, B lymphocytes may be attracted to and activated
by mregDCs via CCL19–CCR7 based on analysis of cell–
cell interactions in lung adenocarcinoma.30 Marginal zone
B cells have been demonstrated by Schriek et al.62 to
extract MHC II from DCs to stimulate or influence T-
cell activation. In addition, a strong association between
LAMP3+ DCs and high endothelial venules (HEVs) has
been identified. Combination therapy with apatinib and
an anti-PD-L1 triggers HEV production and promotes the
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F IGURE 4 Mature dendritic cells enriched in immunoregulatory molecules (mregDCs) in chemotherapy and immunotherapy. In
chemotherapy, immune costimulatory molecules (black line) and immune checkpoint ligands (red line) in mregDCs bind to their counterpart
ligands on T cells. Due to the immunosuppressive microenvironment, the immune activation of mregDCs is much weaker and ultimately
manifests as immunosuppression. While in immunotherapy, the suppressive immune checkpoints in mregDCs are blocked and therefore
immune activation is enhanced. At the same time mregDCs are involved in the formation of tertiary lymph node structures, augmenting the
efficacy of immunotherapy. During treatment, the number of mregDCs decreased in chemotherapy-responsive patients and increased
significantly in immunotherapy-responsive patients. Created with BioRender.com.

infiltration of lymphocytes by activating LTβR signalling
in mregDCs, thereby enhancing the antitumour immune
response.63 Together, these findings robustly support the
role of mregDCs in TLSs in cancer patients, indicat-
ing the function of mregDCs in coordinating adaptive
anti-immune responses at the tumour site (Figure 4).

6 mregDCs IN TUMOUR THERAPY

6.1 mregDCs in chemotherapy

To date, research on mregDCs in chemotherapy is rela-
tively limited. Traditionally, the effects of chemotherapy
on DCs are thought to be manifested in two ways.64

On the one hand, chemotherapy causes immunogenic
death in tumour cells; it induces the recruitment and
activation of DCs by generating various danger signals
and damage-associated molecular patterns. For instance,
tumour-derived IFN-I is capable of recruiting and activat-
ingDCs, initiating the programofmregDCs and increasing
their migratory and invasive capacity. Administration of
ployI:C, a TLR3 agonist, resulted in activation of the
STING pathway in mregDCs. Second, chemotherapy itself
has an immunosuppressive effect, as it kills immune stores
directly, leading to diminished effects on both local and
systemic immunity. For instance, by releasing PGE2 from
dying cancer cells, gemcitabine–cisplatin chemotherapy
impedes DC maturation.44 Moreover, PGE2–EP2/EP4 sig-
nalling elicits an immunosuppressive microenvironment
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by potentiating the mregDC–Treg axis.65 Thus, upon phar-
maceutical blockade of PGE2 release, synergism with
chemotherapy could sensitise bladder tumours to anti-PD-
1 ICB therapy. In colorectal cancer, mregDCs expressed
LGALS9 and PD-L1 (CD274) in tumour tissues from
patients who received presurgical chemotherapy or not,36
while the production of chemokines recruiting Tregs,
such as CCL19 and CCL10, was reduced in the treated
patients. This phenomenon implies that chemotherapy
modulates the phenotypes of mregDCs and attenuates the
immunosuppressive effect of mregDCs.

6.2 mregDCs in immunotherapy

Evidence is increasing that mregDCs could serve as
biomarkers of the response to immune checkpoint inhibi-
tion. As described above, one common feature of mregDCs
in cancer is the overexpression of a wide spectrum of
immunological checkpoints, for example, PD-L1, TIM-3,
CD200 and IDO1.Consequently, it is feasible thatmregDCs
might be a potential target of ICB.
Recently, a large study of 499 triple-negative breast can-

cer (TNBC) patients noted that PD-L1 positivity was asso-
ciated with significant increases in the infiltration of DCs,
specifically mregDCs.66 Moreover, a recent study reported
that the presence of PD-L1 on myeloid cells was linked
to an increased rate of pathologic complete response to
anti-PD-1 treatment combined with chemotherapy.67 DCs,
but just notmacrophages, exhibited enhanced CD8+ T-cell
antitumour responses when PD-L1 was deleted, signifi-
cantly limiting tumour growth.68 This suggests that PD-L1
expression in mregDCs, a vital target for immunology,
is crucial in the response to ICB treatment.69 Evaluation
of a gene expression dataset of pembrolizumab-treated
breast cancer patients revealed that the relative frequency
of mregDCs correlated positively with T-cell expansion
following anti-PD-1 treatment, and mregDCs supported T-
cell function in responders, both at baseline and during
treatment.38 Another study conducted on TNBC patients
treated with paclitaxel monotherapy or paclitaxel plus
atezolizumab in the neoadjuvant setting revealed a consid-
erable increase in mregDCs in the combination treatment
group versus the paclitaxel monotherapy group, indi-
cating their involvement in the response to anti-PD-L1
therapy.70 Similar results have shown that the interac-
tion between mregDCs and CD4+PD-1+CXCL13+ T cells
is critical for utilising the antitumour response caused by
anti-PD-1 treatment.71 These results strongly indicate that
PD-L1 blockade reinvigorates mregDC function to gener-
ate a potent anticancer T-cell immune response. Thus, a
dependable way to estimate the number of mregDCs is
considerably valuable for future immunotherapy research

as it would allow the identification of patients predicted to
have a poor immune response.
Preclinical research also suggests the potential of tar-

geting inhibitory ligands of mregDCs to inhibit tumour
progression. As mentioned, IDO is primarily released
by mregDCs and inhibits CD8+ T-cell proliferation
and effector capabilities. Data from in vitro studies
in melanoma demonstrate that targeted inhibition by
the BTK–IDO checkpoint, in combination with PD-L1
immune checkpoint inhibition, induces a synergistic ther-
apeutic response.72

7 PROGNOSTIC VALUE OFmregDCs
IN CANCERS

Given thatmregDCs have been defined and studiedmainly
based on bioinformatics analysis of the single-cell tran-
scriptome, there is a paucity of information on their prog-
nostic role in the clinic. An investigation of melanoma-
derived brain and meningeal metastases demonstrated
that enrichment of mregDCs was linked to a more respon-
sive immune environment and a higher overall survival
(OS) rate in melanoma patients.73 Through the compre-
hensive analysis of multiple single-cell datasets, Jaiswal
et al.74 found that the features of mregDCs, the matura-
tion of DCs and the coexpression of IFNγ are indicators of
a favourable prognosis for melanoma patients.
Although the clinical implications of mregDC in can-

cers remain rudimentary, previous results emphasise the
significant role that LAMP3, a typical marker of mregDC,
plays in mediating better clinical outcomes of numerous
solid cancers. The prognostic value of LAMP3+ DCs has
been evaluated in several cancer types, including the ovar-
ian cancer, melanoma, breast cancer and lung cancer. In
an immunohistochemical study of metastatic melanoma,
a high maximum density of LAMP3+ DCs was observed in
primary tumours with activated T lymphocytes (p < .001)
and was associated with prolonged OS (p = .0195).75 These
findings were validated in another cohort of 458 patients;
Elliott et al.76 reported that patients with a high density of
LAMP3+ DCs (≥200/mm2) in sentinel lymph nodes con-
taining metastatic melanoma cells had the lowest risk of
death (p = .047).
In breast cancer, a recent report showed that recurrence-

free survival was better in patients with high mRNA
levels of LAMP3 than in those with low levels in patients
with basal or HER2-positive subtypes.77 Notwithstand-
ing, another study reported that the abundance of either
mature DCs or infiltrating T cells did not significantly
correlate with prognosis in other solid tumours, although
there was a high correlation between the prevalence of
LAMP3+ DCs and CD3+ cells and prognosis.78 In addition,
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high levels of activated cDC1s, which could be cDC1-
like mregDCs, were closely linked with better survival in
patients diagnosed with colorectal cancer.11 Another study
used qPCR (n = 32) and immunohistochemistry (n = 192)
to assess colorectal carcinoma and found that patients with
relatively high densities of CD8+ T cells and LAMP3+ DCs
had longerOS than thosewith lowdensities (p= .008).79 In
lung cancer, a study using immunohistochemistry staining
found that patients who had considerably higher concen-
trations of CD8+ T cells and LAMP3+ DCs than those who
had lower densities had prolonged OS in early stage.55
An investigation with independent retrospective cohorts
of ovarian carcinoma patients revealed that robust tumour
infiltration byLAMP3+DCswas associatedwithTh1 polar-
isation, cytotoxic activity as well as improved OS.80 Sim-
ilarly, tumour-infiltrating LAMP3+DCs were commonly
prevalent in the peritumoural region and accompanied
by CD8+ T cells, and high levels of these DCs were
highly correlated with a good prognosis among patients
with ESCC.81 In HNSCC, Hoffman et al.71 found that
patients with an enriched cDC2-like mregDCs pheno-
type had a better prognosis than other patients and had
a favourable immunotherapy response. A similar phe-
nomenon was also demonstrated in breast cancer and
melanoma patients.
These results highlight the predictive value of mregDCs

in cancers, and evidence indicates that mregDCs are
associated with improved clinical outcomes. Although
several preclinical studies have suggested an immunosup-
pressive function of mregDCs within the TME, reports
are still lacking relating tumour-infiltrating mregDCs
with poor prognosis and immunotherapy resistance
in cancer patients.82 This phenomenon may be due to
the lack of a unified definition standard for mregDCs,
which has resulted in multiple and complex names in
different studies; these names include LAMP3+CCR7+
cells, CD45+Lin−MHC-II+CD11c+CD80hiCD274hi, and
LAMP3+IDO1+CCL19+ cells. Furthermore, the annota-
tion of mregDCs in single-cell studies involves a series
of genes, while previous relevant studies could not
precisely define mregDCs due to the limitations of the
experimental technology. Therefore, the findings of
immunohistochemistry or flow cytometric assays may not
perfectly match the results of single-cell transcriptome
studies. Finally, the dual immunomodulatory function
of mregDCs may be altered during different treatments,
resulting in inconsistent results regarding their prognostic
value. For reliable prognosis evaluation in cancers, better
markers and a unified definition of mregDCs are urgently
needed. Additionally, further studies with more advanced
techniques are needed to substantiate the prognostic value
of mregDCs.

8 POTENTIAL CLINICAL
IMPLICATIONS

Considering the high level of immune checkpoint lig-
ands on mregDCs, simultaneous targeting of immune
checkpoint ligands on mregDCs and immune checkpoint
receptors on T cells may yield synergistic effects, resulting
in robust antitumour immunity. Several preclinical studies
have demonstrated that combination with other immune
checkpoint inhibitors may significantly improve the anti-
tumour effect of anti-PD-1/PD-L1 therapies (Figure 5).
The relevance of TIM-3 to the mregDC program was

recently discovered by a study employing a genetic knock-
out mouse model and scRNA-seq. This study indicated
that deletion of TIM-3 on DCs prevented the acquisition of
the mregDC program, which promotes the preservation of
stem-like T cells and CD8+ effector cells. Moreover, when
anti-TIM-3 and anti-PD-L1 treatments were combined, the
tumour burden was significantly reduced.37 Furthermore,
TIM-3 inhibition was found to cause cDC1-like mregDCs
to take up more tumour antigen and activate the cGAS–
STINGpathway,83 inducing the release of CXCL9 and IL-12
from mregDCs and encouraging CD8+ T-cell colocalisa-
tion with DCs to enhance antitumour immunity.84 The
bispecific antibody ABL501, which targets both LAG-3 and
PD-L1, promotes mregDC interaction with T cells and con-
sequently induces efficient CD8+ T-cell responses.85 More
importantly, blocking the mregDC and Treg interaction
could promote their communication with effector T cells.
Targeting mregDCs and PD-1+ T cells yielded a synergis-
tic effect in prostate cancer.86 Blocking CD47 and PD-L1
by bispecific antibody could increase the antigen process-
ing and presentation function ofmregDCs and increase the
frequency of stem-like progenitor and effector CD8+ T-cell
subsets in the tumour, achieving an effective response to
ICB therapy.87 Collectively, these results imply that syner-
gistic targeting of the immune checkpoint molecules of T
cells and mregDCs exhibits significant therapeutic utility.
In addition to targeting mregDC immune checkpoint-

related molecules, therapeutics targeting mregDCs in
cancer can take two approaches, the first of which is aug-
menting the mregDCs activation state to prime T cells. A
bispecific antibody created by Dahan and coworkers88 that
targets CD40 and CD11c widens the therapeutic window
of CD40 agonists via specific DC expansion and activa-
tion, triggering more mregDCs to effectively prime T cells.
Moreover, Fc-enhanced CD40 antibody agonists targeting
DCs exhibit robust and long-lasting systemic antitumour
immunity.89 By promoting CD8+ T-cell infiltration and
local TLS neogenesis, STING agonists also assist mregDCs
control tumour development.90 Notably, STING-type I IFN
from microbiota enhances the responsiveness to ICB in
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F IGURE 5 Immunotherapeutic strategies for targeting mature dendritic cells enriched in immunoregulatory molecules (mregDCs).
Strategy for targeting mregDCs to achieve antitumour effects. (1) mregDCs highly express immune checkpoint ligands, and most mregDCs
can be targeted using specific inhibitor antibodies (red) to block immunosuppressive switches, such as ABL501. (2) Blocking
immunosuppressive factors (such as IDO inhibitors) in the microenvironment activates pro-inflammatory pathways
(cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) or cytosine-phosphate-guanine (CpG)) in mregDCs and can
re-educate mregDCs to support antitumour immunity. (3) Use of agonists that activate dendritic cell activation can help enhance the
antitumour function of mregDCs and prompt T-cell initiation and differentiation. (4) In addition, reprogramming the genes of powerful
antitumour functions in mregDCs enables DCs to acquire more potent antitumour functions and prolong the survival of patients. Created
with BioRender.com.

melanoma patients by enhancing DC–NK cell crosstalk.91
The second approach is modifying DC cancer vaccines.
Although the quantity of mregDCs increases in response
to ICB treatment, they still remain a moderately small
percentage of antigen-introducing cells. The restricted
amount of activated DCs is likely to result in unsatis-
factory antigen cross-presentation for clinical needs. As
mentioned earlier, migration of CCR7+ mregDCs and effi-
cient interactions between T cells and DCs are mediated
by CCL21. In a phase I trial (NCT01574222), patients with
lung cancer who received injections of CCL21-modified
DCs exhibited tumour-specific immune responses. PD-
L1 expression increased in tandem with increasing CD8+
T-cell infiltration.92 Therefore, as a result, patients who
lack CD8+ T infiltrate and have low PD-L1 expression
have extraordinary potential for combination therapy that
combines anti-PD-1/PD-L1 medicines with modified DC
vaccines. Considering the high expression of SOCS1 in
mregDCs, genetically modified DCs with SOCS1 silenc-
ing were evaluated (NCT01956630) and were found to
elicit powerful immune effects and increase the survival
of patients with acute myeloid leukaemia.93 Further-
more, the substantially conserved properties of mregDCs
observed across various cancers support the hypothe-
sis that focusing shared immunotherapy paradigms on

mregDCs could help a great number of cancer patients,
irrespective of disease heterogeneity.27

9 CONCLUSIONS AND PERSPECTIVES

mregDCs research has recently gained considerable
momentum. It is known that mregDCs represent DCs
with distinct programs conserved across lineages and play
dynamic functions in the TME, either promoting cancer
elimination or immune suppression via direct or indirect
mechanisms, but the details are unclear. In addition,
infiltration of LAMP3+ mregDCs is positively correlated
with favourable prognosis in multiple cancer types,
while the prognostic value of other subsets of mregDCs
remains undetermined and will require further investi-
gation. Remarkably, preclinical studies and early-stage
clinical trials indicate that mregDCs play critical roles in
ICB treatment, and targeting mregDCs by augmenting
their immunostimulatory function or weakening their
immunosuppressive role presents tremendous opportu-
nities as a promising therapeutic approach. Collectively,
accumulating results have identified mregDCs as a novel
and important population of DCs in cancers, and further
research is required to better understand the molecular
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system that dynamically regulates their development
and maintenance in the TME; such studies will provide
deep insights to increase the functionality of this DC
population.
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