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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   T cell-based immunotherapeutic approaches are critically dependent on the cross-presenting dendritic cells.

■   DC-mediated antigen cross-presentation and DC maturation are pivotal for initiating effective T cell responses.

■   DC-T cell crosstalk is impaired in the context of cancer and can even be hijacked to facilitate tumor progression.

■   DC-based immunotherapeutic strategies hold great potential to improve the efficacy of cancer immunotherapy.
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Dendritic cells (DCs) are a heterogeneous population of antigen-presenting
cells  (APCs).  They  play  pivotal  roles  in  orchestrating  innate  and  adaptive
immune  responses,  particularly  in  cancer.  In  tumor-draining  lymph  nodes
(tdLNs), de  novo priming  occurs,  where  DCs  present  antigens  to  naive  T
cells,  activating  them  and  initiating  their  clonal  expansion.  In  the  tumor
microenvironment (TME),  intratumoral DCs provide survival or co-stimula-
tory  signals  to  shape  T  cell  differentiation.  However,  the  scarcity  and
dysfunctional  states  of  DCs  can  greatly  limit  anti-tumor  responses,  and
DCs  can  even  be  hijacked  by  tumor-related  factors  to  promote  tumor
progression.  Therefore,  comprehensively  understanding  the  anti- or  pro-
tumor activities of DCs is crucial. In this review, we discuss the ontogeny of
DC  lineages  and  the  emerging  complexity  of  intratumoral  DCs  states.
Importantly,  we  emphasize  the  significant  roles  of  DCs  in  priming  and
sustaining productive T cell anti-tumor immunity. In light of these findings,
we  also  explore  promising  approaches  for  targeting  DCs  to  boost  anti-
tumor immunity and overcome resistance to cancer immunotherapies. We
propose  that  insights  into  the  rational  design  of  DC-based immunothera-
peutic strategies against cancer hold immense, underexploited potential.

 INTRODUCTION
The incomplete elimination of cancer cells by the immune system results

in  the  persistence  of  "immune-edited"  tumors.  This  leads  to  the  failure  of
immune surveillance and unchecked cancer development.1–3 Cytotoxic CD8+

T  (CTL)  cells  play  a  pivotal  role  in  eliminating  cancer  cells  through  a  highly
specific, antigen-dependent manner, making them a focus of cancer therapy
development.4 Currently,  strategies  aimed  at  activating  CD8+ T  cells  or
enhancing  their  anti-tumor  activity  form  the  foundation  of  most  existing
immunotherapeutic  strategies.  These  include  immune  checkpoint  inhibitors
(ICIs),  adoptive  cell  transfer  therapy  (ACT),  and  cancer  vaccines.  However,
generating an effective CD8+ T cell  response is a complex process involving
multiple  immune  system  components.5 Also, the  efficacy  of  immunothera-
pies is greatly limited by insufficient infiltration or dysfunction of tumor-infil-
trating  CD8+ T  cells.6 Therefore,  understanding  of  factors  that  govern  the
quality  and quantity  of  intratumoral  CD8+ T  cells  is  crucial  for  the designing
more effective therapies.

The  cancer-immunity cycle  provides  a  useful  framework  for  understand-
ing  anti-tumor  immunity.  Each  step  in  the  cycle  can  act  as  a  rate-limiting
factor  for  generating  an  optimal  immune  response,  and  a  successful  anti-
tumor  immune  response  has  the  potential  to  amplify  itself  throughout  the
cycle.7 Dendritic  cells  (DCs)  constitute  indispensable  components  of  the
cancer-immunity  cycle  by  initiating  and  regulating  the  adaptive  immune
response.7 Specifically, DCs  encounter  and  process  tumor  antigens,  subse-
quently presenting processed antigen peptides to naive T cells. In the tumor-
draining lymph nodes (tdLNs), DCs prime naive T cells and trigger their clonal
expansion  and  effector  differentiation.  Activated  T  cells  exit  the  tdLNs  and
enter  the  blood  circulation,  and  are  then  recruited  into  the  tumor  via
chemokine  gradients  produced  by  tumor-resident  DCs  or  other  antigen-

presenting  cells  (APCs).  Tumor-resident  DCs  can  also  further  support  the
effector functions of T cells by providing essential co-stimulatory signals and
cytokines.

Increasing evidence has demonstrated a strong correlation between T cell
inflammatory  characteristics  and  DC  gene  signatures  in  tumors.8–12 T  cell
responses do not  occur  in  isolation but  are  directly  regulated by  DCs.13 The
interaction between T cells and DCs is essential for effective tumor control,7

and this  concept  is  increasingly  recognized.  While  DCs do not  exhibit  direct
anti-tumor activity, they play an important role in orchestrating effective T cell-
mediated  immune  responses  at  multiple  levels.14 However,  the  efficacy  of
these responses is often compromised by the scarcity or dysfunctionality of
DCs, which is largely due to tumor-associated factors.7,14 Therefore, a more in-
depth understanding of the precise activities and functional states of DCs in
the  cancer-immunity  cycle  is  essential  for  enhancing  the  efficacy  of
immunotherapies.

Herein, we discuss recent advancements in our understanding of DC biol-
ogy  under  homeostatic  conditions  and  within  the  tumor  microenvironment
(TME), with a particular emphasis on insights gained through single-cell multi-
omics.  We also examine the mechanisms underlying antigen cross-presen-
tation and the intricate functional crosstalk between DCs, T cells, and B cells.
Furthermore, we delve into how the TME-associated factors disrupt DC func-
tion  to  facilitate  tumor  immune  evasion.  By  highlighting  recent  progress  in
cancer immunology related to DCs, we emphasize how insights into DC biol-
ogy can be harnessed to  reprogram tumor immunotherapy.  This  addresses
the critical challenge that only a small fraction of patients currently responds
to  therapy.  Finally,  we  present  promising  DC-based  immunotherapeutic
approaches designed to elicit robust and durable anti-tumor immunity.

 DIVERSITY OF DC IN CANCER
 DC ontogeny, subsets, and function

Ontogenic  and  transcriptomic  studies  have  identified  distinct  DC  subsets
that  are  conserved  between  mice  and  humans,  and  across  tissues  and
cancer types.15 DC lineages classified on the basis of developmental, pheno-
typic,  and  functional  criteria  have  also  been  identified  in  both  mice  and
humans (Figure 1). DCs are broadly classified into conventional dendritic cells
(cDCs),  plasmacytoid dendritic  cells  (pDCs),  and monocyte-derived dendritic
cells (Mo-DCs). In both mice and humans, cDCs are divided into two distinct
subsets,  cDC1 and cDC2.16 Despite being derived from common DC precur-
sors  (CDP),17 cDC1  and  cDC2  are  highly  distinct  in  terms  of  developmental
and phenotypic aspects.

cDC1  is  considered  a  transcriptionally  homogeneous  and  clearly  defined
subset.  It  is  characterized  by  CD8α+ or  XCR1+ in  mice  and  CD141+ in
humans.16,18 Emerging  evidence  has  shown  that  BATF3  and  IRF8  are  key
transcription  factors  (TFs)  involved  in  the  development  of  the  cDC1
lineage.19–22 Additionally, recent studies have defined the roles of DC-SCRIPT
and  TRIM33  in  determining  DC  commitment  and  function.23–26 In  contrast,
there is significant heterogeneity within the cDC2 population,  as revealed by
single-cell  RNA  sequencing  (scRNA-seq)  and  lineage  tracing.27–35 For
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instance,  cDC2s  can  be  further  classified  into  T-bet+ cDC2A  and  T-bet−

cDC2B.35 Recent studies have distinguished nonconventional type 3 dendritic
cells  (DC3)  from  cDC2  in  phenotype  and  ontogeny  (Figure  1).27,29–31,36 pDCs
are identified by the expression of CD123 and CD303 in humans, or by CD11c
and B220 in mice (Figure 1). Interestingly, a population known as transitional
dendritic  cells  (tDCs)  has  been  identified  in  both  mice  and  humans.  These
cells  are  positioned  along  the  phenotypic  continuum  between  pDCs  and
cDC2.33,37 Mo-DCs  primarily  differentiate  from  infiltrating  monocytes  under
inflammatory  conditions  rather  than  bona  fide  cDCs  (Figure  1).  Moreover,
they do not express the cDCs marker ZBTB46.38

cDCs  are  central  to  the  cancer-immunity  cycle  and  play  crucial  roles  in
initiating and regulating adaptive immune response. High expression of cDC1-
associated gene characteristic in tumors is typically correlated with increased
infiltration  of  T  cells  and  improved  response  to  ICIs.8,9,39–41 cDC1-deficient
mouse models have also underscored the critical necessity of cDC1 in anti-
tumor  immunity.42–45 The  expression  of  cDC2-defined  genes  has  also  been
associated with improved prognosis of  breast  cancer,  head and neck squa-
mous  cell  carcinoma,  and  melanoma.46–49 For  example,  intratumoral  CD5+

cDC2 related to improved overall survival in some cancer types.46 Yet, cDC2-
associated  genes  predict  poor  prognosis  in  non-small  cell  lung  cancer
(NSCLC).49

pDCs represent  an important  source of  type I  interferons (IFN-I)  and also
play a role in amti-tumor immunity by modulating the activity of natural killer
(NK)  cells  and  T  cells  within  the  TME.  For  instance, in  vitro-activated  pDCs
can  effectively  recruit  and  activate  tumor-specific  T  cells  in  melanoma
patients.50,51 However,  pDCs  have  also  been  reported  to  be  associated  with
poor prognosis, depending on cancer type.49 Additionally, Mo-DCs are gener-
ally believed to have inferior immunostimulatory capacity compared to cDCs

but can induce T cell response in certain settings.52 Indeed, Mo-DCs acquire
and  present  peptide-MHC-I  (pMHC-I)  complexes  from  tumor  cells  through
"cross-dressing"  to  T  cells,  mediating  effective  T  cell  stimulation.53 Clinical
studies have identified CD14+CD16−HLA-DRhi monocytes as a potent predic-
tive biomarker for ICIs response.54

 Functional states of intratumoral DCs revealed by scRNA-seq
The  unbiased  characterization  of  single-cell  transcriptomes  has  revealed

the heterogeneity of intratumoral DCs lies not only in their ontogeny but also
in their functional states.15,55 For example, a distinct population of stimulatory
MHC-IIhighCCR7neg cDC1  has  been  identified,  which  can  produce  CXCL9,
fostering a cDC1-TCF1+CD8+ T cell (Tpex) niche.56 Similarly, interferon-stimu-
lated  gene  (ISG)  cDC2s  have  been  observed  in  regressing  fibrosarcoma
models in mice and various human cancers.55,57 Moreover, a cluster of intra-
tumoral  DCs  are  also  characterized  by  the  expression  of  immunoregulatory
genes  (Cd274, Pdcd1lg2,  and Cd200)  and  immunostimulatory  genes  (Cd40,
Ccr7, Cd86, and Il12b) (Figure 2).58 However, there is currently no consensus
on  the  nomenclature  for  these  DC  subsets,  with  terms  such  as  mregDC
(mature DCs enriched in immunoregulatory molecules),58 DC3,34 CCR7+ DC,59

or  LAMP3+ DC  are  used.60 A  growing  body  of  research  indicates  that  these
DCs  represent  a  heterogeneous  population  with  distinct  functional
states,34,55,61–63 and CITE-sequencing analyses also have revealed that CCR7+

DCs express surface markers of cDC1 and cDC2, suggesting a potential dual
origin of these cells.58,64

The  combined  expression  of  immunostimulatory  and  immunoregulatory
molecules  endows these  DCs with  dual  functionality,  a  feature  has  become
the  focus  of  recent  research.65 Immunohistochemical  analyses  of  human
tumors  have  shown  that  CCR7+ DCs  are  often  closely  associated  with  PD-
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Figure 1.  Dendritic cell (DCs) lineage and molecular markers In the bone marrow of mouse and humans, monocyte-dendritic cell progenitors (MDP) differentiate into pro-DC3,
blood monocytes, and common DC progenitors (CDP). Pro-DC3 eventually mature to become type3 DCs (DC3), while blood monocytes differentiate into monocyte-derived DCs
(Mo-DCs). CDPs give rise to type1 and type2 conventional dendritic cells (cDC1 and cDC2). Plasmacytoid dendritic cells (pDCs) develop from the common lymphoid progenitor
(CLP) or from CDP, and in mice, pre-pDC can differentiate into ESAM+ cDC2 cells. The right panel lists specific molecular markers associated with various DC subtypes in both
humans and mice.
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1+CD8+ T  cells  and  ICIs  efficacy.49,55,60,63 NSCLC  and  liver  cancer  data  also
suggest  that  CCR7+ DCs  closely  interact  with  CD4+PD-1+CXCL13+ T-helper
tumor  cell  subsets,  which  are  crucial  for  anti-tumor  efficacy  of  ICIs.64,66

Furthermore, CCR7+ DCs produce CXCL16 to recruit CXCR6+CD8+ T cells and
support  the  proliferation  and  survival  of  T  cells  through trans-presented  IL-
15.59 A distinct subset termed LAMP3+ DCs are frequently observed in tertiary
lymphoid structures (TLS), particularly in NSCLC patients.67 Pan-cancer anal-
yses  have  revealed  that  LAMP3+ DCs  express  higher  levels  of  CCL19
compared  to  other  DC  subsets,15 a  molecule  critical  for  T  cell  homing  and
TLS formation. Giving that the presence of TLS is associated with favorable
responses  to  ICIs,  the  initiation  of  adaptive  immune  responses  by  LAMP3+

DCs  in  TLS  may  serve  as  a  key  mechanism  of  anti-tumor  immunity.67

Furthermore, the expression of immunoregulatory factors, such as IDO1 and
IL4I1,58,62 by CCR7+ DCs increases generation of regulatory T cell (Treg) cells.
These DCs appear to lack immunogenicity due to reduced expression of IL-
12 and upregulated expression of PD-L1,49 this is partially due to enhanced IL-
4 and AXL signaling.58,68 Hypoxic conditions further  strengthen the inhibitory
function  of  these  cells.69 Additionally,  intratumoral  DCs  highly  express
CCL17/22, potentially promoting the recruitment of CCR4+ Tregs to the TME
and limiting the initiation of immune responses.70–72

Overall,  increasing  evidence  indicates  that  concurrent  expression  of
immunostimulatory and  immunoregulatory  molecules  results  in  highly  vari-
able  functional  states  of  intratumoral  DCs.  These  functional  differences  are
highly  context-dependent.49 Such  evidence  emphasizes  the  complexity  of
DCs  in  shaping  anti-tumor  immunity.  Future  research  should  focus  on  fully
characterizing  these  functionally  heterogeneous  intratumoral  DCs  and
conducting  in-depth  functional  analyses  to  explore  relevant  therapeutic
strategies.  A  promising  direction  is  to  identify  novel  markers  specific  to
mregDC, an example of which is the recent discovery of CD63.73 Currently, it
remains  unclear  whether  the  immunostimulatory  and  immunoregulatory
modules  that  are  often  co-upregulated during  DC  maturation  can  be  func-

tionally separated.

 ANTIGEN PROCESSING  AND  PRESENTA-
TION BY DC

CD8+ T  cells  serve as primary effector  cells
involve  in  fighting  against  infection  and
tumors,  with  DC-mediated  presentation  of
exogenous antigens is cornerstones of initiat-
ing  T  cell  response.74,75 DCs  capture  and
process antigens  through  various  mecha-
nisms  to  produce  pMHC  complexes  and
subsequently  present  them to  T  cell.76–78 This
process  is  highly  specific  and  determines  the
antigen  specificity  of  the  ensuing  T  cell
response.79,80 Notably,  DC-mediated  cross-
priming is a primary mechanism for activating
anti-tumor  or  anti-viral  CD8+ T  cells.81

However,  the  mechanisms  by  which  DCs
present  exogenous antigens to  T  cell  through

cross-presentation or cross-dressing remain incompletely understood.76,77

 Cross-presentation
The antigen processing and presentation pathways are highly complex and

involve  multiple  steps.82 Two  main  pathways  of  cross-presentation  in  DCs
have been proposed: the vacuolar pathway and the cytosolic pathway.74,76 In
the vacuolar pathway,  exogenous antigens are processed within endosomal
compartments into peptides, which are subsequently loaded onto MHC-I.83 In
contrast, the  cytosolic  pathway  involves  antigen  translocation  from  endo-
some  to  the  cytosol,  where  proteasomal  degradation  generates  antigenic
peptides.84 These peptides are then transported into the endoplasmic reticu-
lum  (ER)  via  transporters  associated  with  antigen  processing  (TAP)  and
loaded onto MHC-I (P2C pathway) or transferred back to vesicular compart-
ments (P2C2P pathway).82,85 In case of TAP dysfunction, DCs employ a non-
canonical  cross-presentation  pathway  that  is  mediated  by  ER-SNARE
Sec22b-dependent vesicular traffic of MHC-I from the ER-Golgi intermediate
compartment (ERGIC).78,86

Evidence  from LMP7 - / - mice,  which  lack  a  key  proteasomal  subunit,
suggests  that  the  cytosolic  (proteasome-dependent) pathway  is  predomi-
nantly  utilized.74,84 This  pathway  relies  on  the  "leakiness"  of  endocytic
compartments  due  to  phagosome  rupture  in  DCs.76 However,  the  precise
mechanism  by  which  antigens  escape  into  the  cytosol  remains  unclear.
Some studies  suggest  that  the  endoplasmic  reticulum-associated degrada-
tion  (ERAD)  complex  may  contribute  to  this  process.76,77 For  example,
Sec61/Sec22b  have  been  described  to  be  involved  in  antigen  translocation
across  the  membrane  into  the  cytosol.87–89 An  alternative  hypothesis
suggests that lipid peroxidation of endosomal membranes facilitates antigen
escape  into  the  cytosol.  This  is  triggered  by  reactive  oxygen  species  (ROS)
generated  by  the  NADPH  oxidase  NOX2.90 In  detail,  when  the  DC  endocytic
receptor DNGR-1 (also called CLEC9A) binds to its ligand F-actin on necrotic
cells, it activates the key adaptor SYK and increases recruitment of NOX2 to

 

Figure 2.  Intratumoral  DCs  characteristics Intratu-
moral  DCs  are  present  in  a  variety  of  tumor  types
and  are  considered  to  exert  immunostimulating  or
immunosuppressive functions.  They  have  remark-
able  characteristics  in  terms  of  their  maturation
status,  migratory  ability,  cytokine  secretion,  and
immunomodulatory  ability.  Top  left:  intratumoral
DCs  express  a  variety  of  co-stimulatory  molecules,
such as CD80, CD86, CD83, MHC-II,  and CD40, that
promote  maturation  of  interacting  immune  cells,
especially naive T cells; top right: high CCR7 expres-
sion facilitates DCs migration from the tumor site to
the  lymph  nodes;  bottom  right:  DCs  recruit  and
regulate  various  immune  cells  to  reshape  the  TME
by  secreting  a  variety  of  cytokines,  such  as  CCL17,
CCL19,  CXCL6,  IL-12,  IL-15,  and  IL-32;  bottom  left:
such as PD-L1, PD-L2, TIM-3, CD63, CD200, and IL-
4R.
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the  phagosome.90 This  leads  to  sustained  ROS  production,  which  induces
lumen alkalinization,  lipid oxidation, and membrane disruption of the phago-
some,91facilitating the translocation of antigens to the cytosol. Recent reports
have  identified  some  components  involved  in  disruption  of  the  phagosome
membrane, including VAMP8,91 ZEB1,92 and members of the Ras superfamily
of  small  GTPases,  such  as  Rac2  and  Rab27a.93–95 However,  the  function  of
DNGR-1  in  anti-tumor  immunity  remains  ambiguous.  While  DNGR-1
contributes to  the cross-presentation of  antigens derived from dead cells,  it
appears to be dispensable for the cross-presentation of soluble antigens and
bacterial antigens. Additionally, DNGR-1 deficiency does not produce signifi-
cant  defects  in  the  control  of  immunogenic  tumors.21,44,57,96-97 Paradoxically,
DNGR-1 appears to restrict anti-tumor immunity by suppressing the expres-
sion  of  CCL5.98 These  findings  suggest  the  existence  of  DNGR-1-indepen-
dent  cross-presentation  mechanisms.  Indeed,  two  pore-forming  proteins,
perforin-2 and apolipoprotein APOL7C, were recently identified as key effec-
tors  of  endosomal  antigen  escape  in  cDC1.99,100 But  further  research  is
needed  to  clarify  their  roles  in  antigen  cross-presentation  and  T  cell  cross-
priming.

Specialized  vesicular  transport  mechanisms,  potentially  regulated  by
Sec22b and RAB43,85,88,101 are  also thought  to  mediate  antigen translocation
in  the  cytosolic  pathway.  Functional  CRISPR  screen  identified  the  BEACH
domain-containing  protein  WDFY4  as  a  key  factor  for  cross-presentation,
potentially due to its role in vesicular transport.96 However, the precise mech-
anisms  by  which  WDFY4  influences  cross-presentation  remain  unclear.
Additionally, other molecules involved in cross-presentation, such as the m6A
reader  protein  YTHDF1  and  palmitoyl-protein  thioesterase  1,  have  been
proposed  to  regulate  peptide  degradation,  either  directly  or  indirectly.102–104

Additionally, the antigen cross-presentation pathways also involve other criti-
cal  yet  understudied  steps,  such  as  antigen  ubiquitination  and  proteolytic
processing. Systematic CRISPR screening may facilitate the identification of
key ubiquitin ligases that regulate antigen cross-presentation.

 Cross-dressing
In  addition  to  cross-presentation,  cross-dressing  is  an  emerging  antigen

presentation pathway that increasingly attracts attention in tumor immunol-
ogy.  In  this  process,  DCs  acquire  pre-formed  functional  pMHC  complexes
from  neighboring  cells  without  processing  the  antigen  themselves.105,106

pMHC-I  complexes  can  be  transferred  through  diverse  mechanisms,107

including  trogocytosis,108 extracellular  vesicles  (EVs),107 or  membrane
nanotubes  that  allow  to  protein  traffic.109 Cross-dressing  can  also  occur
between  two  DCs.  for  example,  migratory  DCs  carry  tumor  antigen-laden
vesicles to tdLNs and form tight synaptic contacts with resident DCs,  facili-
tating antigen transfer.110 Arisa et al. also demonstrated that DCs can swiftly
acquire  MHC-I-containing  membrane  fragments  from  dead  cells  through
phosphatidylserine  recognition.111 Moreover,  recent  studies  in  mouse  tumor
models have revealed that,  in the absence of cross-presentation, both cDC1
and  cDC2  are  capable  of  obtaining  tumor-derived  pMHC-I  complexes  via
cross-dressing.57,112 Interestingly, a study using Wdfy4 − / − mice discovered that
the  contribution  of  cDC1  cross-presentation  to  CD8+ T  cell  activation  is
marginal.112 This  suggests  that  cross-dressing  plays  an  important  role  in  T
cell  activation  in  certain  context.  Furthermore,  another  study  revealed  that
ISG+ cDC2  cells  in  tumor-bearing  mice  can  load  tumor-derived  pMHC-I
complexes  by  cross-dressing,  thereby  inducing  a  robust  anti-tumor  CD8+ T
cell response in the absence of cDC1.57 The ISG+ cDC2 gene signature is also
present in human tumors and could potentially be harnessed through strate-
gies such as IFN-I administration or vaccination.57

While it is evident that cross-dressing is a prevalent antigen spread mech-
anism that  is  significant  for  driving anti-tumor  immunity,  our  understanding
of  when,  why,  and  how  it  occurs  is  far  from  complete.  Based  on  existing
evidence,106 the  advantage  of  cross-dressing  appears  to  lie  in  its  ability  to
enable DCs to initiate CD8+ T cell responses against tumor antigens that are
processed  and  presented  by  tumor  cells  only  and  not  by  DCs.  Our  current
knowledge of  how cross-dressing and cross-presentation differently  impact
CD8+ T cell function is also limited. In vivo studies demonstrated that optimal
priming  of  CD8+ T  cells  requires  both  cross-presentation  and  cross-
dressing.113 Indeed,  owing  to  their  inherent  differences  and  complementary
nature,  the  co-existence  of  these  two  antigen  presentation  pathways  may

increase  the  likelihood  of  effectively  activating  the  adaptive  immune
response.

However,  tumors have evolved various mechanisms to inhibit  the antigen
presentation  of  DCs.  For  instance,  tumor  cells  can  secrete  gelsolin  (sGSN),
which inhibits DNGR-1 binding with F-actin.114 Moreover, CBL E3 ligases can
be recruited to the DNGR-1 receptor complex to mediate the ubiquitination of
SYK, terminating DNGR-1 signaling.115 Intratumoral DC-intrinsic XBP1-driven
oxidative lipid accumulation has also been linked to defects in antigen cross-
presentation.116 Additionally,  activation  of  the  ER  stress  sensor  IRE1α  curbs
DC  cross-presentation  through  regulated  IRE1α-dependent  decay  (RIDD)  of
MHC-I.117 Collectively,  these  findings  underscore  the  complexity  of  antigen
presentation in intratumoral DCs.

 DC MATURATION
The diverse functions of DCs are acquired through a complex, multi-stage

process known as maturation. Single-cell  multi-omics analysis of DC matu-
ration  has  revealed  that  it  is  not  a  uniform  activation  process,  but  rather  a
heterogeneous  differentiation  program  with  varied  outcomes,62 including
stimulatory  DCs,  hyperactive  DCs,  and  tolerogenic  DCs.65 Therefore,  it  is
crucial  to  understand  the  molecular  programs  of  DC  maturation,  and  how
tumors  hijack  this  process  to  suppress  the  immunogenic  functions  of  DCs.
This  will  aid  in  the  development  and improvement  of  DC-targeted therapies
and synergistic T-cell-based immunotherapeutic strategies.

 Immunogenic maturation
In  order  to  effectively  activate  T  cells,  DCs  must  undergo  immunogenic

maturation.  During  this  process,  DCs  undergo  phenotypic  and  functional
changes,  providing  the  necessary  co-stimulatory  signals  such  as  CD80,
CD86, and CD40, as well  as cytokines such as IL-12 and IFN-I.  These allow
them to effectively prime T cells.5,62

The immunogenic maturation process of DCs is induced by the activation
of  pattern  recognition  receptors  (PRRs)  (Table  1),  which  are  triggered  by
pathogen-associated  molecular  patterns  (PAMPs)  or  damage-associated
molecular  patterns (DAMPs).118 In  the  TME,  the  immunogenic  maturation of
DCs can be induced by tumor-derived DNA and microbes. Thess activate the
cGAS-STING  signaling  pathway  and  induce  secretion  of  IFN-I  and  the
chemokines CXCL9/10.119,120 Toll-like receptors (TLRs) constitute another well-
known class of PRRs that trigger DC maturation.121 Numerous findings have
shown a significant correlation between TLR activation and the induction of
DC maturation.52,122,123 However,  the  mechanisms of  TLR-induced DC matu-
ration differ depending on the specific TLR receptor. For instance, TLR4-TRIF-
induced  DC  maturation  is  independent  of  IRF3  and  IFN-I,  whereas  TLR3-
mediated  DC  maturation  relies  entirely  on  IFN-I  feedback.124 Notably,  TLR3
agonists  specifically  induce  cDC1  maturation,  promoting  the  production  of
type  III  interferons  (IFN-λ)  and  enhancing  anti-tumor  immune  response.47

Although PRRs are potent in activating anti-tumor immunity, not all PRRs are
beneficial.  For  instance,  the  mitochondrial  antiviral  signaling  protein  (MAVS)
has been shown to  inhibit  a  noncanonical  NF-κB (ncNF-κB) signaling path-
way  in  DCs,  thereby  suppressing  their  immunogenicity  within  tumors.125

Additionally,  chronic  TLR  and  STING  signaling  can  lead  to  intratumoral  DC
dysfunction.126,127

In  addition to  engagement  of  PRRs by  PAMPs or  DAMPs,  soluble  factors
and other signaling pathway have been implicated in modulating DC matura-
tion. Two relevant transcriptional programs are characteristic of mature DCs,
represented by ISG+ DC and mregDC, are enriched in IFN-I/II- induced and NF-
κB-induced signaling pathway,  respectively.57,127 Since the 1990s,  IFN-I  have
been recognized as critical regulators of DC maturation and function.128 Both
intrinsic  and  extrinsic  IFN-I  signaling  in  DCs  enhance  the  expression  of  co-
stimulatory  molecules  and  the  chemokine  receptor  CCR7.129–132 The activa-
tion of DCs represents a fundamental mechanism underlying the concept of
immunogenic  cell  death  (ICD).  In  ICD,  tumor-derived  danger  signals  trigger
endogenous  or  exogenous  IFN-I  signaling  in  DCs.133 For  example,  IFN-I
signaling maintains a basal state of DC maturation, enabling them to respond
to  additional  maturation  signals  from  PAMPs  or  CD40  stimulation.134 Addi-
tionally, although both IFN-I and IFN-γ signaling promote DC maturation, IFN-
γ  plays  a  unique  and  non-redundant  role  in  DC  maturation  and  anti-tumor
immunity.  Particularly,  IFN-γ  signaling  can  orchestrate  DC  maturation  by
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inducing the expression of CXCL9/10, which recruit CXCR3+ CTLs and facili-
tate DC-T cell interactions.10 Moreover, IFN-γ signaling establishes a feedfor-
ward  loop  of  IL-12-IFN-γ  as  part  of  the  DC-T  cell  crosstalk.11 This mecha-
nism has  been  highlighted  in  multiple  preclinical  tumor  models  as  a  crucial
determinant  of  effective  anti-tumor  immunity.  Despite  the  well-documented
role of  interferons  in  promoting  DC  maturation,  clinical  outcomes  of  inter-
feron therapies in cancer treatment have yielded mixed results, particularly in
solid tumors.127 Emerging technologies offer potential strategies for precisely
delivering interferons and thereby maximize their anti-tumor potential.

The canonical NF-κB (cNF-κB) and ncNF-κB signaling pathways also play
pivotal roles in DC maturation and function. Intratumoral DC maturation and
priming  of  CD8+ T  cells  by  cDC1  are  orchestrated  by  a  cNF-κB-dependent
program  mediated  through  the  activation  of  interferon  regulatory  factor  1
(IRF1).135 Specific deletion of Ikbkb in DCs impairs their maturation, decreases
CD8+ T cell infiltration, and consequently promotes tumor growth.135 Although
the  cNF-κB  and  ncNF-κB  pathways  share  interconnected  signaling  nodes,
they  have  distinct  functions.  Loss-of-function  mutations  in  NF-κB-inducing
kinase (NIK) reveal that ncNF-κB exhibits unique immunological and inflam-
matory functions.136 Current research on the role of ncNF-κB in DC matura-
tion primarily focuses on CD40 signals, which induce ncNF-κB signaling acti-
vation.  This  upregulates  the  expression  of  maturation  and  co-stimulatory
molecules while promoting IL-12 secretion.137 CD40 deficiency in cDC1 leads
to  impaired  cDC1  survival  and  maturation.138 Furthermore,  loss  of  CD40
signaling  disrupts  mitochondrial  function  in  DCs,  suggesting  that  metabolic
reprogramming mediated by ncNF-κB activation plays a role  in  DC matura-
tion.139 Intriguingly,  during radiotherapy,  components  of  ncNF-κB (p52/RelB)
are recruited to the Ifnb promoter, which suppresses the production of IFN-I
in DCs and anti-tumor efficacy.140

Of note,  recent studies have identified a new mode of DC maturation that
produces “hyperactive” DCs.141,142 Typically,  inflammasome activation in DCs
triggers the release of large amounts of active IL-1β, which is often accom-
panied by pyroptosis.141 However, combination of LPS and oxidized phospho-
lipids  oxPAPC  or  PGPC  has  been  shown  to  initiate  a  unique  transcriptional
program in DCs (Table 1), pushing them into a hyperactive state. In this state,

IL-1β  is  released  in  a  caspase-11-dependent  manner  without  pyroptosis.141

Importantly,  mouse  models  have  revealed  that  excessive  activation  of  DCs
uniquely  induces durable  CTL-mediated  anti-tumor  immunity,  particularly  in
tumor models resistant to PD-1 inhibition. Interestingly, hyperactive DCs elicit
Th1-skewed  CD4+ T  cell  response  in  an  NLRP3  inflammasome-dependent
manner,  which  can  correct  age-related  anti-tumor  immune  deficiencies.143

These findings suggest that the mechanism of DC hyperactivation deserves
in-depth investigation  to  uncover  its  therapeutic  potential.  Currently,  ques-
tions  remain  on  how  the  combination  of  LPS  and  PGPC  promote  DC  entry
into  the  hyperactivated  state.  It  is  also  unclear  whether  there  are  other  DC
agonist combinations that could more effectively induce DC hyperactivation.

 Tolerogenic maturation
Tolerogenic  DCs  were  once  thought  to  be  immature  or  semi-mature.

However,  emerging  evidence  suggests  that  they  undergo  a  full  maturation
program  and  express  inhibitory  molecules  such  as  PD-L1  and  PD-L2,144

which  stands  in  contrast  to  the  quiescent  state  of  immature  DCs.  Recent
studies  have  intriguingly  shown  that  the  transcriptional  program  of  IFN-I-
induced ISG+ DCs is highly enriched in early mature cDC1, but it is downregu-
lated in a later mature cDC1 subset that harbors the mregDC transcriptional
program.127,145 These findings imply that tolerogenic DCs reflect a remodeling
of the maturation process, rather than a completely new maturation program.

Intratumoral  DC  maturation  is  shaped  by  factors  within  the  TME,  where
tumor- or  stroma-derived soluble  mediators  induce  tolerogenic  DC  forma-
tion.146 For  instance,  IL-10,  IL-27,  transforming  growth  factor-beta  (TGF-β),
aryl  hydrocarbon  receptor  (AhR)  ligands,  vitamin  D,  and  rapamycin  have  all
been  shown  to  induce  tolerogenic  DCs  under  tumor  conditions.144,146–148 In
addition, the  role  of  metabolic  shifts  in  DC maturation  has  garnered  signifi-
cant  attention.  Various  metabolic  conditions  within  the  TME  can  disrupt
normal  metabolic  homeostasis  and  maturation  state  in  intratumoral
DCs,149,150 including hypoxia,  ER  stress,  lactate  accumulation,  nutrient  depri-
vation,  ROS  accumulation,  and  dysregulated  amino  acid  and  adenosine
metabolism. One example is that tumor-derived liver X receptor (LXR) ligands
weakens  CCR7  expression  on  DCs,  which  is  essential  for  the  migration  of

 

Table 1.  Agents indcuing immunogenic functions of DCs.

Compounds Characteristics Effect on DCs and immune consequences Clinical trials

GM-CSF Cytokine essentialfor cDC development DCs homeostasis, development, migration and activation NCT04106180

FLT3L Cytokine essential for DC and NK cell
development

Promotes cDC1 and cDC2 mobilization/expansion, enhances
tumor immunity

NCT01811992

TLR2/TLR4
agonists

Synthetic or microbial-derived PRR ligands Mainly activates human cDC2, promotes cytokine secretion,
CD8+ T cell induction, and immune response

NCT02615574

TLR3 agonists Synthetic PRR ligands, mainly poly(I:C)
derivatives

Activates cDC1, induces Th1 immunity, NK cell activation, and
CD8+ T cell response

NCT03403634

TLR5 agonists TLR5 ligand recognizes bacterial flagellin Activates DCs, promotes antigen presentation and pro-
inflammatory cytokine secretion

NCT01289210

TLR7/TLR8
agonists

Various ligands targeting PRRs, mainly
imidazoquinolines

Activates pDCs and cDCs, induces cytokine production, Th1
immunity, CD8+ T cell activation, and anti-tumor responses

NCT02826434

TLR9 agonists Synthetic PRR ligands, unmethylated CpG
oligonucleotides

Activates pDCs and cDCs, induces Th1 immunity and CD8+ T cell
response

NCT02254772

STING agonists Activators of the STING pathway, crucial for
detecting intracellular DNA

Induces type I interferons, activates DCs, and enhances tumor
immunity

NCT05916274

IFN-I Includes IFN-α and IFN-β, crucial for antiviral
and antitumor immunity

Enhances DC antigen presentation, activates NK cells and T
cells, suppresses tumor growth

NCT02615574

CD40 agonists Target CD40, a costimulatory molecule on
antigen-presenting cells

Enhances DC maturation, antigen presentation, and T cell
activation for tumor immunity

NCT04059588
NCT04547777

TIM-3 antibody Block TIM-3, an immune checkpoint receptor on
T cells and DCs

Prevents DC dysfunction, restores T cell responses, and
enhances antitumor immunity

NCT06608940

Hyperactivators Hyperactive DCs by 1-palmitoyl-2-glutaryl
phosphatidylcholine (PGPC) witn LPS

Enhance DC function, T cell activation, and inflammatory
cytokine production

Pre-clinical mice
model
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intratumoral  DCs  to  tdLNs,61,151 and  induces  a  tolerogenic  maturation
program by promoting cholesterol efflux.145 The tyrosine kinase receptor AXL
has been identified as a key regulator  of  cholesterol  metabolism,  promoting
tolerogenic  DC  maturation  by  inhibiting  the  biosynthesis  and  transport  of
cholesterol.68 Additionally,  phagocytic  receptors  that  recognize “eat-me”
signals  facilitate  dead  cell  engulfment  under  certain  conditions,  which  is
considered an “immunologically silent” process.127 Phosphatidylserine recog-
nition receptors,  such  as  MERTK  and  AXL,  contribute  to  immune  suppres-
sion  by  blocking  NF-κB  signaling  or  inducing  SOCS1  and  SOCS3
expression.127 Furthermore,  TIM-3 on  DCs  can  drive  tolerogenic  program-
ming  by  inhibiting  the  cGAS-STING  pathway  and  inflammasome
activation.152–154 Blocking phosphatidylserine recognition or inhibitory phago-
cytic receptors has been shown to enhance the immunogenic maturation of
DCs  and  tumor  control.68,152–154 Moreover,  it  is  noteworthy  that  many  of  the
mechanisms that inhibit or enhance the maturation and function of DCs are
associated with the presence and composition of  the gut microbiota,  a field
of active ongoing research.

Overall,  tumor  cells  and  the  TME  can  directly  or  indirectly  regulate  DC
maturation,  reshaping  the  immune  landscape  of  the  tumor.  Understanding
these different  DC  maturation  states  will  help  develop  better  immunothera-
peutic strategies to optimize anti-tumor immune responses.

 DC-T/B-CELL  INTERACTIONS  SHAPE  THE  ANTI-TUMOR  IMMUNE
RESPONSE

The  unique  spatial  localization  and  interactions  of  immune  cells  within
tumors,  are  critical  determinants  of  the  efficacy  of  immunotherapy  in  solid
tumors,  and  are  more  important  than  just  their  quantity,  an  example  is  the
formation of immunological triads and TLS.67,155 DCs produce chemokines to
attract T cells and profoundly influence the fate decisions of infiltrating CD8+

and  CD4+ T  cells.  The  latest  two-step  activation  model  of  T  cells  suggests

that  DCs  not  only  mediate  T  cell  priming  but
also  affect  their  local  immune  landscape
(Figure  3).156 This  depends  on  the  physical
proximity of DC-derived signals.

 Interactions between DCs and CD8+ T cells
T  cell  responses  are  orchestrated  within

distinct  microanatomical  environments  in
lymph  nodes  (LNs)  and  the  TME,  where  the
interaction  between  DCs  and  CD8+ T  cells
significantly impact the activation and differen-
tiation  of  T  cells.  For  example,  effector  and
stem-like CD8+ T cells are generated within LNs
and  are  associated  with  spatially  distinct  DC
subsets.157 Specifically,  effector-like  T  cells  are
generated at the periphery of LNs in a CXCR3-
dependent  manner  and  are  associated  with
CXCL10-expressing cDC2.158 In contrast, stem-
like  T  cells  co-localize  with  CXCL9-expressing
cDC1  in  the  paracortex  of  LNs  in  a  CCR7-
dependent  manner.158 The  spatial  organization

of  DCs and CD8+ T  cells  significantly  shapes T cell  fate through DC-derived
signals.  Inflammation-induced  DC  repositioning  within  the  LNs  or  selective
disruption of  DC-derived chemokine signaling can directly  affect  the pheno-
type of activated CD8+ T cells.158,159

DCs in the TME also influence the spatial organization and effectiveness of
CD8+ T  cell  responses.  Intratumoral  DCs produce the  chemokine  CXCL9/10
to attract CD8+ T cells to the tumor site, resulting in colocalization of intratu-
moral cDC1 and CD8+ T cells.9,10,56 This could be why CD8+ T cells exposed to
cDC1-derived IL-12 generate a stronger anti-tumor response.160 The function
of cDC1 can be therapeutically enhanced through TIM-3 and PD-L1 blockade,
which has been shown to increase CXCL9 expression in cDC1 and enhance
cDC1-CD8+ T crosstalk.152–154,161 DCs can provide critical survival signals to co-
localized CD8+ T cells within the perivascular niche of the tumor stroma. For
instance, CXCL16+ DCs trans-present IL-15 to CXCR6+ CTLs,59 promoting the
local  expansion  of  T  cells  in  the  TME.  Additionally,  DCs  provide  auxiliary
signals  from  T  helper  (Th)  cells  to  CD8+ T  cells  through  the  CD70-CD27
axis.162 Chimeric  switch  receptors  designed  to  exploit  this  axis  significantly
improved the efficacy and persistence of CAR T cells.163

Tpex  cells  are  crucial  for  maintaining  anti-tumor  immunity,  especially
during ICIs therapy.164 They give rise to more differentiated effector cells that
effectively  control  tumor  progression.  Studies  have  demonstrated  spatial
correlations  between  the  Tpex  and  MHC-II+ APCs,165 and  tumor-associated
macrophages (TAM) have been shown to drive T cells terminal exhaustion.166

These findings imply that DCs may provide critical support the maintenance
of the Tpex population. Recent studies support the concept that cDC1s main-
tain the Tpex population in an MHC-I-dependent manner,  preventing activa-
tion-driven  T  cell  exhaustion  in  a  chronic  LCMV infection  model.167 Further-
more,  increasing  the  number  and  activity  of  cDC1  enhances  the  pool  of
TCF1+CD8+ T cells in tdLNs.168 However, key questions remain regarding the
origin  of  TCF1+CD8+ T  cells  within  tumors  and  the  specific  mechanisms  by
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Figure 3.  DC prime T cell activation in the tdLN and
TME In  the  tumor  microenvironment  (TME),  DCs
play  a  crucial  role  in  orchestrating  the  immune
response.  Mature  DCs  capture  tumor  antigens  and
migrate to the tumor-draining lymph nodes (tdLNs),
where  they  present  captured  antigens  to  naive  T
cells, initiating  the  immune  response.  This  interac-
tion  results  in  the  activation  of  naive  T  cells,  which
differentiate into effector and memory CD8+ T cells.
Effector  T  cells  migrate  to  the  tumor  site,  where
cytotoxic T lymphocytes (CTLs) exert their cytotoxic
effects by inducing death of tumor cells. In the TME,
regulatory  T  (Treg)  cells  and  myeloid-derived
suppressor  cells  (MDSCs)  modulate  CTL  activity,
and  efficient  antigen  presentation  by  mature  DCs
sustains CTL activation.
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which  cDC1  sustain  Tpex  formation.  Latest  evidence  suggests  that  Tpex
formation in tdLNs and their persistence within tumors depend on the proxi-
mal  location  of  DCs  and  optimal  TCR  signals.169 Other  studies  have  shown
that  the  CXCL9-producing  cDC1  co-localize  with  TCF1+CD8+ T  cells  in  LNs
and tumors.56,158 However,  it  was also shown that deletion of CXCL9 did not
alter CD8+ T cell differentiation.158 Our unpublished findings indicate that Tpex
cells  highly  express  XCL1,  and  overexpression  of  XCL1  in  T  cells  preserves
TCF1  expression  within  the  TME.  Nevertheless,  it  remains  unclear  whether
XCL1  expression  by  Tpex  cells  is  a  prerequisite  for  forming  memory-like
populations or a result of their differentiation. Future studies using the strate-
gies of XCL1-specific deletion could provide valuable insights into how cDC1s
facilitate the formation of Tpex subset. Additionally, although studies indicate
that DC-T cell interactions are essential for the maintenance of Tpex cells, the
specific signals provided by DCs (such as TCR signaling, cytokines, co-stim-
ulatory  or  co-inhibitory  signals,  and metabolites)  remain  largely  unknown.  A
comprehensive  understanding  of  how  these  signals  sustain  Tpex  and  how
they can be modulated to enhance Tpex persistence will offer new perspec-
tives  in  rationally  designing  therapies  to  optimize  anti-tumor  immunity  of
CD8+ T cells.

 Interactions between DCs and CD4+ T cells
CD4+ T  cells  enhance  the  maturation  and  function  of  DCs  through  CD40,

endowing  DCs  with  anti-tumor  activity.21,164 Reciprocally,  it  was  recently
shown that CD40 signaling to cDC1 is also crucial for CD4+ T cell priming and
anti-tumor activity.138 Moreover, CD4+ T cells themselves produce inflamma-
tory cytokines that stimulate the immunogenic maturation of DCs. For exam-
ple,  type  1  T  helper  (Th1)  cells  secrete  IFN-I  and  IFN-γ,  which  enhance  the
antigen  cross-presentation  ability  of  DCs.132,170 Type  2  T  helper  (Th2)  cells
produce IL-4 and IL-5, which can affect the migration and function of DCs.171

DC-CD4+ T  cell  interactions  also  have  spatial  coordination  with  other
immune cells,  particularly  CD8+ T  cells.172 During the effector  phase,  CD4+ T
cells interact with CD8+ T cells on the surface of the same DC forming a three-
cell  cluster  that  licenses  CD8+ T  cell  anti-tumor  cytotoxicity.  Owing  to  the
complexity  of  the  interaction,  it  is  challenging  to  study  this  configuration
directly in  vivo. The  technique  "Labeling  Immune  Partnerships  by  Sorting
Intercellular  Contacts"  (LIPSTIC)  provides  a  valuable  means  to  analyze  the
mechanisms  of  dynamic  cell-cell  interactions  directly.173 This  method  was
used to show that  there are two distinct  modes of  interaction between DCs
and  CD4+ T  cells  during  T  cell  priming,  offering  important  insights  into  the
intricacies  of  immune  cell  interactions.  Additionally,  it  was  observed  that,
while interacting with CD4+ T cells in both tdLNs and the TME, DCs adopt a
hyperactivated phenotype, characterized by the production of IL-27, and DCs
exhibit  a  similar  transcriptional  profile  while  interacting  with  CD4+ T  cells.174

Latest evidence indicates that DC-derived IL-27 also supports tumor control
by CD8+ T cells.175

Additionally,  the interaction between DCs and Tregs has also been widely
discussed.18 On  one  hand,  DCs  induce  Treg  development  through  various
molecules,  including retinoic  acid  (RA),  IDO,  IL-10,  and TGF-β.18 In  the  TME,
DCs typically upregulate inhibitory molecules to enhance Treg differentiation
and  accumulation  via  chemokines  such  as  CCL17/22.71,72 Specifically,
mregDC  maintain  Treg  activation  via  the  CCL17/22-CCR4  axis,  forming  a
Treg-mregDC-lymphatic  niche  that  restricts  mregDCs  migration  and  T  cell
responses.70 On the other  hand,  Treg actively  remodel  the characteristics of
tumor-infiltrating DCs, particularly by inhibiting their maturation and antigen-
presenting  capabilities.52 While  cDC1-derived  CXCL9/10  are  crucial  for
recruiting tumor-infiltrating T cells,  recent studies have shown that Treg co-
localize  with  DCs  in  tumors  via  the  CXCR3-CXCL9/10  axis,  inhibiting  DC
function.176 Interaction  between  Tregs  and  DCs  also  plays  a  non-redundant
role.  For  instance,  CTLA-4  on  Tregs  reduces  the  expression  of  stimulatory
molecules on DCs,  weakening DC-CD8+ T  cell  crosstalk.177 Additionally,  lung
tdLNs specifically enrich IFN-γ-induced inhibitory Th1-like effector Treg, driv-
ing  cDC1  inhibition  through  MHC-II  dependent  DC-CD4+ T  contact.178 Simi-
larly, HDVax-induced type 1 regulatory T (Tr1) cells selectively kill cDC1, lead-
ing to a reduction in the number of cDC1 within the tumor.179

Increasing  evidence highlights  the  crucial  role  of  DC-T cell  interactions  in
tumor  control  and  successful  immunotherapy.66,172,180 However,  it  should  be
noted that DC-T cell interactions also promote the proliferation and function

of Tregs, favoring tumor progression. Deconstructing the different modes of
DC-T cell interactions will be a key focus in future efforts to develop interven-
tions  that  enhance  beneficial  interactions  in  anti-tumor  immunity  while
blocking unwanted ones.

 DC-B Cell Interactions in Tertiary Lymphoid Structures
TLS  are  lymphoid-like  formations  that  emerge  in  non-lymphoid  tissues

under  chronic  inflammation  conditions,  such  as  cancers,  chronic  infections,
and  autoimmune  diseases.  B  cells  are  critical  components  of  TLS,67,181 and
play a pivotal  role  by acting as substitutes for  lymphoid tissue inducer  (LTi)
cells  and  secreting  the  lymphotoxins  α1β2  (LTα1β2)  or  LIGHT  (TNFSF14).
These  signals  activate  lymphoid  tissue  organizer  (LTo)  cells  expressing
lymphotoxin-β receptor (LTβR),182 facilitating TLS formation.

During  TLS  formation,  CXCL13+ follicular  dendritic  cells  (FDC)  guide  the
distribution of CXCR5+ B cells, establishing B cell-rich regions with a reticular
structure.  FDC  produce  cytokines  such  as  B  cell  activating  factor  (BAFF),
APRIL,  and  IL-6, which  support  B  cell  survival,  proliferation,  and  differentia-
tion into plasma cells.182 Additionally, B cell signaling through CXCR5 induces
the  expression  of  LTα1β2.  This  initiates  a  positive  feedback  loop  that
sustains lymphoid chemokine production and preserves the lymphoid niche.
The FDC-B cell interaction within TLS is akin to their interaction in the germi-
nal  center  of  secondary  lymphoid  organs.  Recent  studies  also  highlight  the
critical  role  of  mature  DCs,  particularly  cDC1,  in  TLS  formation  and
function.183 Spatial transcriptomics analyses by Mattiuz et al. revealed molec-
ular  signatures  significantly  enriched in  TLS,  including  those  of  mature  DCs
(CCR7, FSCN1),  cDC1 (XCR1),  T follicular helper cells (TFH),  memory B cells
(CD19, BANK1), and germinal center B cells (LMO2, MEF2B, RGS13).183 Prox-
imity  analysis  revealed  that  mature  DCs  are  closely  located  (within  30  μm
radius)  to  naive  B  cells,  T  cells,  and  germinal  center  B  cells.  Notably,  cDC1
depletion  significantly  reduced TLS formation  and the  presence  of  germinal
center B cells. Altogether, this underscores the importance of DC-B cell inter-
actions  in  TLS  maintenance  and  function.  These  findings  have  profound
implications for cancer immunotherapy. However, the precise spatial organi-
zation  and  molecular  mechanisms  governing  DC-B  cell  interactions  in  TLS
remain  unclear.  Further  investigations  are  required  to  elucidate  how  these
interactions shape T-cell mediated immune responses and impact therapeu-
tic outcomes.

 DCs ARE CRITICAL FOR THE CLINICAL EFFICACY OF CANCER THERAPY
Current  cancer  therapy,  including  chemotherapy,  radiotherapy,  and  small

molecule  inhibitors,  may  require  or  even  rely  on  the  activation  of  DCs  to
induce T cell responses.133

 Radiotherapy and DCs
Radiotherapy induces  the  release  of  DNA  from  tumor  cells,  which  acti-

vates  cGAS-STING sensor  and promotes IFN-I production,  thereby enhanc-
ing anti-tumor immunity.184,185 Evidence has shown that this process involves
cDC1-mediated CD8+ T cell activation via the cGAS-STING pathway.184 Addi-
tionally,  the ZBP1-RIPK3-MLKL necroptotic cascade in tumor cells can acti-
vate  the  cGAS-STING  pathway,  inducing  DC  activation.186 However, radio-
therapy can also suppress anti-tumor immunity. For example, high doses of
non-fractionated  radiotherapy  can  induce  the  expression  of  DNase  TREX1,
which degrades cytosolic DNA.187,188 A recent report noted that radiation can
upregulate YTHDF1 expression in DCs through STING-IFN signaling,  inhibit-
ing  their  antigen  presentation  capacity.189 Additionally,  non-canonical  NF-kB
signaling dampens radiation-induced anti-tumor immunity by inhibiting IFN-I
producing.140 These evidence highlights the dual influence of radiotherapy on
DC function.

 Small-molecule inhibitors and DCs
Small  molecule  inhibitors  target  key  oncogenic  signals  in  tumor  cells  can

restore DC function (Table 2), examples include STAT3 and mTOR, which can
impair DC differentiation and survival.14 STAT3 inhibitors can reverse abnor-
mal DC function in the TME.190 Activation of WNT-β-catenin signaling induces
immunosuppression  through  mTOR-IL-10  dependent  pathways  in  DCs.
Consistently,  the  mTOR  inhibitor  temsirolimus  enhances  the  efficacy  of  DC
vaccines.191 Interestingly, genome-wide CRISPR screens revealed BCL2 as an
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endogenous inhibitor  of  DC function.192 When combined with ICIs,  the BCL2
inhibitor  venetoclax  enhances  DC-dependent  tumor  regression.  This  is
potentially  due  to  increased  mitochondrial  DNA  release  and  enhanced  DC
immunogenic maturation.

 Immune checkpoint therapy and DCs
The therapeutic efficacy of ICIs is shaped not only by their direct effects on

T  cells  but  also  by  their  direct  or  indirect  modulation  of  DC-mediated  anti-
tumor activities. Preclinical data indicate that ICIs primarily exert their effects
through  DCs,  particularly  cDC1s,  to  prime  and  maintain  T  cell  response.193

Tumor-bearing  mice  lacking  CD11c+ cells or  cDC1  exhibit  significant  resis-
tance to ICIs.49 A key example of this paradigm is that the anti-tumor efficacy
of  anti-PD-1/PD-L1  therapy  is  largely  dependent  on  DC-T  cell
crosstalk.11,161,194–196 Anti-PD-1  treatment  activates  CD8+ T  cell  immune
responses mediated by IFN-γ-IL-12 loop in DC-T cell interaction. Additionally,
anti-PD-1  treatment  also  increases  the  intratumoral  abundance  of  cDC1,
which enhances both the frequency and duration of DC-T cell interactions by
modulating  the  CXCR3-CXCL9  axis.10,11,42 In  preclinical  melanoma  models,
anti-PD-1 also increase the number of CD1c+CD5+ cDCs, theraby driving the
activation of CD5high CD4+ and CD8+ T cells in tdLNs and the TME.46

Growing evidence highlights the pivotal role of DCs in the therapeutic effi-

cacy  of  anti-PD-L1  therapy.197–199 Although  macrophages  are  the  primary
source of PD-L1 in the TME, studies have shown that selective deletion of PD-
L1  in  DCs  leads  to  effective  tumor  control.161 Furthermore,  PD-L1-deficient
tumors remain responsive to anti-PD-L1 therapy.161 These findings suggests
that  PD-L1 expression on DCs is  essential  for  the  success of  PD-L1 block-
ade. Interestingly, while PD-L1 expression on DCs is necessary for an effec-
tive  response  to  PD-L1  blockade,  it  also  paradoxically  enhances  DC-medi-
ated anti-tumor immunity by protecting DCs from T cell-mediated cytotoxic-
ity.200,201 Additionally, PD-L1 interacts in cis with CD80 on cDCs,202,203 forming
CD80-PD-L1 heterodimers that block the inhibitory trans-interaction between
PD-L1 and PD-1,  as  well  as  that  between CD80 and CTLA4.204 At  the  same
time,  it  preserves  the  activating trans CD80-CD28  interaction  between  DCs
and T cells. Despite the seemingly opposing effects of cis- and trans- CD80-
PD-L1 interactions on anti-tumor immunity,  disrupting PD-L1/CD80 interac-
tions in  vivo has  been  shown  to  enhance  immune  responses.205 Based  on
these  findings,  bispecific  antibodies  (bsAb)  targeting  CD3/PD-L1  and
CLEC9A/PD-1  have  shown  potent  anti-tumor  effects  through  the  activation
of  DC.194,206 Additionally,  bi-specific  CD40  agonists  have  been  demonstrated
the  ability  to  reverse  the  immunosuppressive  TME  in  a  DC-dependent
manner.207
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Table 2.  Small-mulecule inhibitor in cancer therapy.

Inhibitor Product Chemical structure Effect on DCs Cancer-treatment approved examples

STAT3 inhibitors JSI-124 DC activation, prevention of DC survival Mice tumor model

Ruxolitinib Reprogramed immunostimulatory state of
DC

Myelofibrosis, NCT03681561

mTOR inhibitor Temsirolimus Enhanced the activity of DC vaccines kidney cancer

BCL2 inhibitor Venetoclax DC immunogenic maturation Chronic lymphocytic leukemia (CLL), small
lymphocytic lymphoma (SLL), or acute
myeloid leukemia (AML)

BCL9 inhibitor ZW4864 DC activation, enhanced antigen
presentation of DC

Mice tumor model

IDO inhibitor Epacadostat Prevention of IDO-mediated tryptophan
depletion, tolerogenic functions of DC NCT03516708 (Phase II)

NCT02752074 (phase III)

IDH inhibitor Enasidenib DC activation via IFN-1 pathway NCT03343197, IDH-mutated acute myeloid
leukemia (AML)

Cox inhibtor ketorolac Prevention of PGE2 prodction, preserved the
proliferation and functionality of DC

Nonsteroidal anti-inflammatory drug
(NSAID) used to treat pain

IAP Antagonist AZD5582 non-canonical NF-kB pathway activation,
DC maturation

Mice tumor model
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 Immune cell therapy and DCs
Innovative cell therapies are also being explored to harness DCs for tumor

control.  DC-based  CAR-T  and  TCR-T  cell  therapies  represent  cutting-edge
strategies  to  boost  the  immune  response.  ACT  therapy  has  shown  limited
efficacy in melanoma patients with low cDC1 infiltration.9 CAR-T cells armed
with chemokines (CCL19) or cytokines (Flt3L) can enhance the infiltration of
cDC1  into  tumor,208-210 which  in  turn  boosts  endogenous  polyclonal  T  cell
responses.  Additionally,  T  cells  armed with  CCR4 or  CD40L show increased
capacity to interact with DCs.211,212 LN-targeted vaccines can enhance CAR-T
and host DC crosstalk and generate potent antigen spreading.213,214 Similarly,
DC  vaccines  armed  with  CXCL9/10  and  CCL21  promote  the  infiltration  and
activation of T cells in a lung cancer model.215–217

 Impaired DC function in the TME
The duration and magnitude of immune response are tightly regulated by

the balance between pro- and anti-tumor immune factors. Immunosuppres-
sive factors in the TME impair DC functionality, thereby limiting the effective-
ness  of  anti-tumor  immune  response  and  favoring  immune  evasion.218,219

Given  the  pivotal  role  of  DCs  in  tumor  immunology  and  immunotherapy,
understanding  the  mechanisms  by  which  DCs  are  impaired  in  TME  is
paramount (Figure 4).

 Oncogenic mutation
Exclusion  of  DCs  from  tumors  is  emerging  as  a  critical  mechanism  of

cancer  immune  evasion.  Tumor-intrinsic  β-catenin  signaling  reduces  the
expression  of  CCL4,  leading  to  decreased  cDC1  infiltration  and  increased
tumor  growth  (Figure  4).8 Other  gene  mutations  associated  with  immune-
cold TME may also interfere with DC function. Examples include TRP53 loss,
PTEN deficiency,  isocitrate  dehydrogenase  1  (IDH1)  mutation  (mIDH1),  and
abnormal epigenetic modifications. The loss of TRP53 leads to a decreased
expression of CCL4/5 by tumor cells,  which inhibits the tumoral recruitment
of DCs.220 PTEN-deficient melanomas are associated with poor T cell infiltra-

tion  and  immune  response.221 Importantly,
PTEN-deficient  tumors  present  decreased
CXCL10 and increased VEGF expression, indi-
cating  a  DC-suppressive environment.  Treat-
ment  with  PI3K  inhibitors  or  reactivation  of
PTEN by an mRNA vaccine has been shown to
enhance  the  response  to  ICIs,222,223 but  PTEN
can  inhibit  Flt3L  signaling  in  DC
development.224 Finally,  compared  with  IDH

wild-type  gliomas,  mIDH1  mutants  accumulate  R-2-hydroxyglutarate  (R-
2HG),  which  inhibits  CXCL10  and  IFNγ-STAT1  pathway.14 Notably,  a  recent
finding  showed  that  mIDH1  inhibitors  activate  the  cGAS-STING-mediated
innate immune pathway by inducing a "viral mimicry" response,225 leading to
DC  activation  and  a  more  robust  T  cell-mediated  anti-tumor  responses
(Table 2).

 Tumor-derived suppressive factors
In addition to genetic alterations, suppressive factors released by the TME

also  directly  inhibit  DC  differentiation  and  maturation,  examples  include  IL-
6,226 IL-10,227 IL-4,58 VEGF,14 granulocyte colony-stimulating factor (G-CSF),228

PGE2,229 TGF-β,230 and lactate acid (Figure 4).218 IL-6 and IL-10 released from
myeloid-derived  suppressor  cells  (MDSCs),  in  particular,  can  synergistically
activate  the  STAT3  signaling  pathway.231,232 This  has  long  been  associated
with  DC  dysfunction  in  the  TME.  Previous  studies  have  shown  that  IL-21
induces cDC apoptosis through STAT3 and BIM, and this effect is inhibited by
GM-CSF-induced  STAT5.233 IL-6  may  have  multiple  DC-inhibitory  effects,
including  its  ability  to  induce  C/EBPβ  in  CDPs,  which  activates  ZEB2  and
prevents cDC1 development.226 IL-10 plays a dual role in regulating immune
responses. It  induces the transformation of tolerogenic DCs by reducing the
expression  of  co-stimulatory  factors.227 Conversely,  other  findings  suggest
that IL-10 can enhance anti-tumor immunity by preventing CD8+ T cell apop-
tosis  through  interactions  with  IL-10R  on  DCs.234 Tumor  can  also  interfere
with DC function remotely through the secretion of G-CSF, which inhibits the
expression of IRF8.235 Similarly, tumor-driven PGE2 can reduce IRF8 expres-
sion  through  the  EP2/EP4-PKA  axis  or  counteract  the  NK  cell-mediated
production of Flt3L.229,236 TGF-β may impact the activity of cDCs by inducing
the  expression  of  other  immunosuppressive  molecules.146 Recent data  indi-
cate  that  TGF-β  induces  hyperglycosylation  and  subsequent  pSAP
secretion,230 leading to  lysosomal  sphingolipid  depletion  and  impaired  anti-
gen  presentation.  Additionally,  tumor-derived  chemokines  facilitate  Tregs
recruitment  via  CCL20/28,  while  CXCL5  released  by  Tregs  attracts  CXCR2+

 

Figure 4.  DCs  are  functionally  impaired  in  the
TME Various  tumor-intrinsic and  extrinsic  mecha-
nisms  impair  DC  function  in  the  TME  and  result  in
immune suppression or immune evasion. (A) Onco-
genic  mutation:  activation  of  the  Wnt/β-catenin
signaling  pathway  reduces  CCL4  secretion  from
tumor  cells,  which  leads  to  reduced  DC  infiltration
and  immune  escape.TRP53, IDH1, PTEN mutation.
(B) Immunosuppressive  factors:  immunosuppres-
sive factors are present in the TME, including VEGF,
TGFβ,  IL-6,  IL-10,  and  PGE2,  which  inhibit  CD8+ T-
cell  activity,  leading  to  immune  escape  and  tumor
progression. (C) Immune checkpoint molecules: DCs
express a  variety  of  immune checkpoint  molecules,
such  as  PD-L1,  CTLA-4,  TIM-3,  ICOS-L,  AXL,  and
CD39, which inhibits effector T cell function, leading
to  suppression  of  their  anti-tumor  activity.  (D)
Metabolic  reprogramming:  microenvironmental
factors,  including but  not  limited to the presence of
reactive oxygen species (ROS) and hypoxia, impairs
DC  function  through  metabolic  reprogramming  in
the TME. VEGF, Vascular Endothelial Growth Factor;
TGFβ,  Transforming  Growth  Factor-beta; IL,  Inter-
leukin;  PGE2,  Prostaglandin  E2;  ROS,  Reactive
Oxygen Species; PD-L1, Programmed Death-Ligand
1;  CTLA-4,  Cytotoxic  T-Lymphocyte-Associated
Protein 4; TIM-3, T-cell Immunoglobulin and Mucin-
domain  containing-3;  ICOS-L,  Inducible  T-cell
Costimulatory Ligand;  ATF3,  Activating  Transcrip-
tion Factor 3; CCL4, C-C Motif Chemokine Ligand 4.
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MDSCs. In turn, these MDSCs further increase Treg accumulation by releas-
ing CCL2/17,  ultimately suppressing DC function through direct  and indirect
mechanisms.81 Finally,  high  levels  of  lactate  in  the  TME  can  inhibit  IL-12
production  and  antigen  presentation  by  DCs  via  GPR81  signaling,237,238 and
drive  the  transformation  of  cDCs  into  mregDCs  through  the  activation  of
SREBP2.73

 DC-intrinsic immunosuppressive factors
The activity of cDC1 in tumors may also be further restricted by immuno-

suppressive  molecules  that  they  express  (Figure  4),  such  as  PD-L1,  TIM-3,
and CD39.52,239 cDC1 expresses high levels of the receptor PD-L1 and TIM-3,
which  inhibits  DC  functions.152–154 High  CD39  expression  on  DCs  in
metastatic  tdLNs  show  spatial  proximity  with  Tpex  cells.240 CD39  inhibitors
enhance  anti-tumor  efficacy  in  a  cDC1-dependent  manner.241 Intratumoral
DCs can also regulate T cell  function by altering the availability of metabolic
substrates.  L-tryptophan,  essential  for  T  cell  responses,  is  depleted  when
converted  to  L-kynurenine  under  the  action  of  IDO1  or  IL4I1.149,242 Elevated
IDO1/IL4I1 expression in intratumoral DCs inhibits the proliferation and func-
tion of  CD8+ T  cells  and NK cells.  It  also promotes Treg differentiation,  thus
suppressing the immune response.149,242

Overall, factors that disrupt the recruitment, differentiation, and maturation
of  DCs  may  allow  tumor  immune  evasion.  Interventions  targeting  these
microenvironmental  abnormalities  hold  promise  for  reprogramming  anti-
tumor immunity.

 DC-BASED THERAPEUTIC APPROACHES IN CANCER IMMUNOTHERAPY
Given the central  role  of  DCs in  orchestrating anti-tumor immunity,  much

attention should be paid to designing the next-generation of DC-based thera-
peutics  that  aim to  enhance  DC abundance  and  functionality  in  both  tdLNs
and  tumors  in  order  to  better  elicit  strong  and  durable  T  cell  immune
responses (Figure 5).

 DC vaccines
The application of DC vaccines in cancer treatment has been widely stud-

ied,  but  their  success  rates  are  varied.  While  DC  vaccines  have  shown
consistent clinical safety, their objective response rates remain low. Only one
DC  vaccine  (Provenge,  Sip-T)  have  been  approved  by  the  FDA.52 Given  the
significant potential of DCs to induce anti-tumor immunity, there is an urgent
need to rationally design DC vaccines.243 Existing data suggest that Mo-DCs
may  have  impaired  function  and  require  antigen  transfer  to  host  DCs  for
effective  function.45,244 As  a  result, bona  fide DC subsets  with  more  special-
ized  functions  have  been  proposed  as  the  foundation  for  next-generation
vaccines  (Figure  5).52 However,  results  from  a  recent  phase  III  clinical  trial
(NCT02993315) in  melanoma  patients  showed  no  improvement  in  recur-
rence-free survival (RFS). Although patients vaccinated with autologous DCs
exhibited specific  immune responses and good tolerance,  no clinical  benefit
was  observed.245 This  may  be  due  to  the  dysfunctional  state  of  autologous
DCs in cancer patients.246 Thus, strategies to optimize the activity of patient-
derived DCs ex vivo or to use iPS-derived DCs as vaccine carriers may hold
promise.  Inducing  cDC1-like  subsets  from  CD14+ monocytes  or  CD34+

progenitors  through  small  molecules  or  genetic  manipulation  is  also  worth
exploration.

Despite current limitations of Mo-DCs as the mainstay of DC vaccines, new
approaches, such as the use of cytokine combinations (IL-15) or mRNA/LNP
technology  (encoding  CD40/CD40L),247–249 are  being  developed  to  enhance
vaccine  efficacy.  For  example,  in  a  phase  III  clinical  trial  (NCT00045968)  in
glioblastoma  patients,  DCVAX-L,250 an  autologous  tumor  lysate-loaded  DC
vaccine,  significantly  improved overall  survival  (OS).  Similarly,  the  MesoPher
vaccine  induced  reactive  T  cell  responses  against  autologous  tumors  in  a
phase  I  clinical  trial  in  PDAC  patients.251 The  route  of  administration  also
influences  the  efficacy  of  DC  vaccines.  While  Sip-T can  be  safely  adminis-
tered  via  intravenous  injection,  the  optimal  method  of  DC  delivery  remains
under debate. Additionally, understanding the role of circadian rhythms in DC
function  and  vaccination  responses  could  lead  to  more  effective  timing  of
vaccine administration.252,253

 Adjuvants and cytokines

Cytokines that mobilize DCs and immunostimulatory adjuvants have been
explored as strategies to enhance DC activity.254 Examples include TLR/cGAS
agonists and the cytokines Flt3L and GM-CSF (Figure 5). The low abundance
of cDC1 within tumors may result from decreased cDC1 development. Flt3L
administration  has  been  shown  to  expand  cDC1  populations  and  improve
anti-tumor response in both mouse models and clinical trials in non-Hodgkin’
s  lymphoma  patients.255–258 However,  systemic  administration  of  Flt3L
produces  significant  toxicity.  This  highlights  the  need  for  exploring  more
feasible  and  effective  delivery  methods,  such  as  mRNA  delivery,  synNotch
technology. A recent report proposed a cell therapy platform based on mouse
or  human  DC  progenitors  (DCPs).  This  platform  produces  cytokine  (IL-
12/Flt3L)-armed DCP vaccines and has demonstrated the ability to eradicate
intracranial glioma in mice.259 Of particular interest is XCL1, which specifically
attracts XCR1+ cDC1.  It  appears to be a highly promising target,  both in  the
context  of  antigen-XCL1  fusion  strategies  and  in  combination  with  cellular
immunotherapies (Figure 5).

Adjuvants  that  drive  the  immunogenic  activation  of  DCs  are  also  under
active investigation. These particularly include derivatives of ligands for TLRs
expressed  on  DCs. In  vitro and  preclinical  studies  have  shown  that  the
synthetic  TLR3  agonist  poly  (I:C)  effectively  activates  DCs,  making  it  a
promising  candidate  for  cancer  immunotherapy.52 Recent  findings  have
revealed that TLR4 ligands, combined with oxidized phospholipids (PGPC or
oxPAPC),  can drive  DCs into  a  hyperactive  state  and potent  tumor  rejection
(Figure 5).141–143 Given the increasing recognition of IFN-I as a crucial aspect
of protective intratumoral immunity, the cGAS-STING signaling pathway has
gained significant  attention.  Several  novel  STING agonists have been devel-
oped, such as LND-CDNs and PolySTING,260,261 which significantly enhances
anti-tumor  immunity.  Additionally,  the  use  of  metal  ions  as  activators  of
signal transduction has garnered increasing attention. Mn2+ acts as an acti-
vator of cGAS, thereby enhancing the production of IFN-I and promoting the
maturation of DCs and macrophages. In phase I  clinical trials,  the combina-
tion of Mn2+ and anti-PD-1 has shown promising efficacy.262

 CD40 agonists and DC-T cell engagers (BiCE)
CD40 is  upregulated  on  mature  DCs,  agonistic  antibodies  targeting  CD40

stimulates  DCs  to  produce  pro-inflammatory  signals.  The  degree  of  CD40
stimulation  depends  on  Fc-FcR  interactions.263 Second-generation  Fc-engi-
neered  variants  are  now  undergoing  clinical  trials  for  solid  tumors
(NCT04059588,  NCT04547777,  NCT05126472).14 While  CD40  agonists
exhibit  cDC1-dependent  anti-tumor  activity,207 they  have  shown  modest
single-agent activity in clinical trials. Engineered bsAbs that specifically target
CD40 signaling in DCs (CD40×CD11c, and CD40×Clec9A bsAbs) more signifi-
cantly enhanced anti-tumor efficacy, with reduced toxicity (Figure 5).207

Importantly,  improving  DC-T  cell  interactions  is  a  promising  strategy  to
enhance  anti-tumor  immunity.10,152 Compared  with  mono-specific  anti-PD-
L1,  PD-L1  blockade  combined  with  T  cell  recruitment  to  DCs,  such  as
CD3×PD-L1  or  LAG3×PD-L1,  results  in  superior  anti-tumor  activity.194,264 A
novel  PD-1×CLEC9A bsAb (BiCE)  designed to enhance interactions between
T cells  and cDC1s has been shown to bolster  anti-tumor responses (Figure
5).206 Despite these encouraging findings, precisely targeting functionally rele-
vant  DC  subsets in  vivo remains  highly  challenging,  especially  given  that
scRNA-seq  has  revealed  the  diversity  and  heterogeneity  of  intratumoral  DC
functional  states.  In  order  to  design  innovative  BiCE  and  next-generation
CD40 agonists, further research is required to understand the specific roles of
different DC subsets.

 Genetic and epigenetic modifications
Advances in knowledge of genetic and epigenetic modifications offer new

avenues to  enhance  DC  function.  For  instance,  genetic  engineering  tech-
niques,  such  as  CRISPR/Cas9,  can  be  used  to  modify  DCs,  which  can
enhance  their  immunogenic  function  or  resistance  to  tumor-induced
suppression (Figure 5).265,266 For instance, genetic deletion of histone deacety-
lase  1  (HDAC1)  in  DCs  can  induce  immunological  switching  and  increase
cDC1  maturation  and  IL-12  production.267 Additionally,  targeting  YTHDF1  in
DCs can restore their antigen-presenting function.104 These findings suggest
that  manipulation  of  epigenetic  factors  has  the  potential  to  transform  into
novel  DC-targeted  anti-tumor  therapies.  Moreover,  lipid  nanoparticle-mRNA
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formulations, carrying CD40 and CD40L mRNAs, has been combined with DC
therapies  (referred  to  as  CATCH)  to  enhance  DC  function  and  anti-tumor
immunity.247 Developing genetic methods to produce CAR-DC may enhance
tumor-specific uptake by DCs, leading to the initiation of systemic anti-tumor
immune  responses.  Notably,  viral  vector  or  mRNA  technology  targeting  the
delivery  of  TFs  has  emerged  as  a  highly  promising  therapeutic  strategy.
Examples include PU.1, IRF8, and BATF3 (PIB) to reprogram tumor cells into
antigen-presenting  cells  (Figure  5).268–270 Additionally,  the  potential  of  small
molecules  to  reprogram  tumor  cells  into  DC-like  cells  also  warrants  further
investigation.  However,  the  clinical  feasibility  of  these  approaches  is  still
under investigation.

 Combination therapies
Cancers  are  increasingly  recognized  as  systemic  diseases,  making  it

unlikely that any single approach can cure them.271 The future of tumor treat-
ment will undoubtedly involve the combination of multiple therapeutic modal-
ities.272,273 Combining  DC  therapies  with  traditional  treatments  should  better
overcome  immune  suppression  and  enhance  anti-tumor  responses.49,52 For
example,  radiotherapy  can  induce  ICD,  thus  combining  radiation  with  DC-
targeted  therapies  (DC  vaccines,  adjuvants,  or  ICIs)  may  synergistically
improve anti-tumor immunity. Additionally, CAR-T/TCR-T cell therapy can also
be  combined  with  DC  vaccines  to  increase  the  specificity  and  efficacy  of
therapy.

Metabolic  abnormalities  in  the  TME  are  a  hallmark  of  tumors.218,274 For
instance,  tumors  suppress  immune  surveillance  by  depleting  glutamine.
Studies have shown that  glutamine supplementation can improve the func-
tion  of  tumor-infiltrating  DCs  and  boost  CD8+ T  cell  responses.150 Further-
more,  PGE2  plays  a  significant  role  in  inhibiting  anti-tumor  immune

 

Figure 5.  Strategies  to  enhance  DC-mediated  anti-tumor  immunity (A)  DC  vaccines:  mRNA  vaccine:  delivery  of  mRNA  encoding  tumor-specific  antigens,  neoantigens  or
immune-stimulatory  molecules (IL-12,  CD40)  to  enhance cross-priming;  DC-based cancer  vaccines:  designed to  leverage monocytic-DCs from patient  PBMC or  the superior
cross-presentation and cross-priming capabilities of autologous cDC1, loaded with tumor antigens and administered back to the patient to stimulate a robust T cell response; (B)
Adjuvants and cytokines: agents such as TLR agonists, FLT3L, GM-CSF, XCL1 can enhance DC recruitment, maturation, and activation. It is also possible to enhance T cell cyto-
toxicity by inducing the hyperactivation of DCs, resulting in the production of large amounts of inflammatory factors; (C) Checkpoint inhibitors and DC-T cell engagers: by block-
ing immune checkpoint inhibitors, such as PD-1/PD-L1, CTLA-4 and TIM-3, the interaction between DCs and T cells can be restored by CD3-PD-L1 and PD-1-CLEC9A bispecific
antibodies,  enhancing  the  function  of  DCs.  (D)  CD40  agonists:  targeting  CD40  with  agonist  antibodies  stimulates  DCs  to  produce  pro-inflammatory  cytokines,  increase  the
expression of co-stimulatory molecules, and improve their ability to activate T cells. (E) Specific genetic or epigenetic modifications can promote DC maturation and function.
Alternatively, gene editing or small molecules can be used to reprogram tumor cells into cDC1-like cells to enhance anti-tumor immunity.
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responses,229,275,276 and using COX inhibitors in combination with DC-targeted
therapies  holds  the  potential  to  generate  strong  immunotherapeutic  effects
(Table 2).

 CONCLUSION AND PERPECTIVES
DCs play a central role in orchestrating anti-tumor immunity, by acting as

the  bridge  between  innate  and  adaptive  immune  responses.  Over  the  past
decade,  advances  in  single-cell  technology  and  functional  genomics  have
significantly  expanded  our  understanding  of  DC  subsets  and  their  diverse
roles within the TME. These insights have revealed the complexity of DC biol-
ogy in cancer. They also have demonstrated how distinct DC subsets, func-
tional states,  and interactions with other  immune cells  impact the effective-
ness of immunotherapies.

Looking  ahead,  several  challenges  remain.  For  instance,  DCs  are  often
subject  to  tumor-mediated suppression,  thereby  diminishing  their  abun-
dance and functionality,  which impedes the generation of  robust  anti-tumor
immune responses. DCs within tumors also show high heterogeneity, both in
their  ontogeny and functional  states.  Additionally,  how interactions  between
DCs  and  other  immune  cells,  especially  T  cells,  are  spatially  regulated
remains an open question. More efforts are needed to: 1. Uncover the mech-
anisms  and  local  factors  that  suppress  DCs  within  the  TME  and  tdLNs;  2.
Devise strategies that more effectively enhance the abundance and function
of DCs in tumors;  3.  Identify  and modulate specific  DC subsets and/or their
activation  states  in  order  to  induce  optimal  CD4+ and  CD8+ T  cell  response
required  for  tumor  control.  In  other  respects,  identification  of  predictive
biomarkers,  optimization  of  combination  therapies,  and  exploration  of  DC’s
potential  to  generate  protective  immune  memory  are  important.  These
combined with standardized methodologies for studying DCs in tumors,  will
be instrumental  in unlocking the full  potential  of  DCs in tumor immunother-
apy.

Another significant drawback in current DC research efforts is the develop-
ment  of  preclinical  animal  models.  Most  humanized  mouse  models  are
costly to construct and maintain and often lack DC subsets, which results in
limited utility for evaluating the efficacy of antibody drugs, DC vaccines, cellu-
lar  immunotherapy,  or  other  DC-based therapies.  Therefore,  the  establish-
ment  of  fast  and  stable  and  cost-effective  humanized  mouse  models  that
include DCs would be of great benefit and contribution.
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