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Dendritic cells (DCs) play a central role in the orchestration of effective T cell

responses against tumors. However, their functional behavior is context-

dependent. DC type, transcriptional program, location, intratumoral factors,

and inflammatory milieu all impact DCs with regard to promoting or inhibiting

tumor immunity. The following review introduces important facets of DC

function, and how subset and phenotype can affect the interplay of DCs with

other factors in the tumor microenvironment. It will also discuss how current

cancer treatment relies on DC function, and survey the myriad ways with which

immune therapy can more directly harness DCs to enact antitumor cytotoxicity.
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Introduction

Harnessing the immune system to treat malignancies has become a powerful tool in

cancer therapy, with an explosion of FDA-approved immunotherapies in recent years. As

primary mediators of cytotoxic activity against tumors, CD8 T cells are the focus of current

treatments such as immune checkpoint inhibition (1), CAR-T cell therapies (2), and cancer

vaccines (3). The generation of effective CD8 T cell responses, however, is a complex

process involving multiple components of the immune system.

Dendritic cells (DCs) play a central role in the orchestration of effective CD8 T cell

responses against tumors (4, 5). At the most fundamental level, T cell-mediated anticancer

immune responses center around antigen presentation by DCs. This process starts with DC

capture of tumor-derived antigens, which are intracellularly loaded onto MHC molecules.

These peptide MHC complexes (pMHC) are then transported to the cell surface to prime

and activate effector T cells within the tumor-draining lymph node. Whereas antigen

loading onto MHC class I molecules on DCs primes CD8 T cells, presentation of antigens

by MHC class II molecules can prime CD4 T helper (Th) cells. “CD4 help,” particularly by
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activated effector memory Th1 cells, enhances priming of CD8 T

cells through CD40 signaling on DCs (6, 7). This interaction, in

turn, promotes cross-presentation (8), trafficking of T cells to the

tumor, and induction of effector function and memory formation

(9). Within the tumor microenvironment (TME), cytotoxic T cells

recognize their cognate antigen on tumor cells, which ultimately

leads to cancer cell death. The subsequent release of tumor antigens

and uptake by antigen-presenting cells restarts what is referred to as

the “cancer immunity cycle.”

The centrality of DCs in tumor immunity is demonstrated in

pre-clinical models where DCs are found to be critical to T cell

based immunotherapies (10, 11). In humans, intratumoral dendritic

cells are associated with favorable clinical benefit, whereas DC

dysfunction is associated with poor survival (12–14). Yet, whereas

the importance of DCs in tumor immunity is increasingly evident,

the biology of DCs is still not completely understood. DC functional

behavior is context-dependent, as DC type, transcriptional

program, location, intratumoral factors, and inflammatory milieu

all impact whether DCs promote or inhibit an effective T cell

response. The following review introduces key facets of DC

function, and how subset and phenotype can affect the interplay

of DCs with other cells in the tumor microenvironment. Subsequent

discussion will consider how current cancer treatment relies on DC

function, and survey the myriad ways with which immune therapy

can more directly harness DCs to enact antitumor cytotoxicity. Of

note, while there is increasing evidence that DCs can be used to

target humoral responses (15), B cell or antibody-based therapies

are beyond the scope of this review.
DC antigen presentation and
T-cell priming

Given the integral role of dendritic cells in inducing tumor T

cell immunity, the method in which DCs acquire and present tumor

antigens to T cells is of special interest. Classically, exogenous

antigens are taken up by DCs and processed for MHC class II

presentation. However, some exogenous antigens are shuttled into

the MHC class I presentation pathway in a specialized process

known as cross-presentation. Highlighting the importance of this

pathway in tumor immunity is the loss of WDFY4, a BEACH-

domain containing protein essential for cross-presentation in

conventional DCs, which results in failure to both prime CD8 T

cells and reject tumor in preclinical models (16).

Another method by which DCs can acquire and present tumor-

derived antigens by MHC-I is MHC-dressing (formerly known as

“cross-dressing”). MHC-dressing is the process by which a

dendritic cell acquires an intact peptide MHC complex (pMHC)

from a neighboring cell. pMHC-I transfer can occur both between

dendritic cells (17) and, in cancer, between tumor cells and

dendritic cells (18, 19). MHC-dressing in preclinical models has

been found to be an effective way to induce tumor immunity

independently of cross-presentation (18–21). In fact, in the

setting of low levels of antigen, MHC-dressing may even be more

efficient than cross-priming (20).
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Of note, the DC that acquires and processes a tumor antigen

may not be the same DC that eventually primes the tumor-specific

T cell in the lymph node. Several mechanisms of antigen transfer

between different types of DCs have been proposed, including

cross-presentation of phagocytosed donor DC fragments, MHC-

dressing, and synaptic transfer of antigen-laden vesicles (22). In

cases in which direct DC-T cell interaction is either limited due to

low cell density or ineffective due to downregulated antigen

presentation, antigen transfer between migratory DCs and lymph

node resident DCs has been shown to enhance, amplify, and even

salvage CD8 T cell activation (23, 24). Moreover, successful T cell

activation by traditional monocyte-derived DC vaccines relies

heavily on antigen transfer to endogenous DCs (25, 26), although

recent preclinical evidence suggests that a DC vaccine consisting of

conventional type I dendritic cells (cDC1), may theoretically

overcome this requirement by directly engaging host T cells (10).

Boosting tumor cytotoxic T lymphocyte (CTL) activity is key in

tumor immune therapy, and therefore MHC-I-mediated antigen

presentation is the primary focus. Yet, CD4 T cell help initiated by

pMHC-II complexes is critical in promoting effector and memory

CD8 T cell responses (7, 17, 27). Conversely, CD8 T cells primed in

the absence of CD4 help are functionally impaired, abrogating

tumor control (28). While direct CD4 T cell activation through

pMHC-II on tumor cells can be effective in select settings (29, 30),

DCs are central to mediating CD4 help. Moreover, cell surface

MHC-II expression by tumor cells is often downregulated. DCs,

after MHC-II engagement with CD4 T cells, are licensed to enable

CD8 effector programs via costimulatory and cytokine signals (7,

31). The utility of directly leveraging DC-mediated CD4 help is

evidenced to some degree in stage 3 melanoma patients, a small

fraction of whom were found to have detectable circulating tumor

antigen-specific CD8 T cells after DC vaccination with both MHC-

I- and II-restricted epitopes but not with MHC-I-restricted epitopes

alone (32).
Dendritic cell subtypes

Dendritic cells can be divided into subtypes based on function

and phenotypic markers. Initially, conventional DCs (cDCs) were

distinguished from plasmacytoid DCs (pDCs) based on their ability

to directly present antigens to T cells (33). More recently,

understanding of transcription factors driving DC differentiation

in mice has further reinforced the divisions of DCs and is

continually being refined with the advent of new technologies

such as single-cell RNA sequencing (34, 35). Broadly speaking,

DCs are divided into three main subsets: Type I and II conventional

DCs (cDCs) and plasmacytoid DCs (pDCs). These three subsets

function collectively to drive adaptive immune responses.

In humans, DC development begins in the bone marrow from

hematopoietic stem cells (HSCs) (36). Granulocyte, monocyte, and

DC progenitor (GMDPs) gives rise to monocyte and DC

progenitors (MDPs) which can give rise to all DC subsets. MDPs

lose the ability to differentiate into monocytes when they become

common DC progenitors (CDPs). CDPs can either differentiate into
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plasmacytoid DCs (pDCs) or a circulating pre-conventional DC

(pre-cDC) progenitor capable of becoming either type I or II cDCs.
Type I conventional dendritic cells

In mice, cDC1s are known as BATF3-dependent DCs due to

their reliance on a complexing of transcription factors BATF3 and

IRF8 to induce AP1-IRF composite elements (AICE)-dependent

auto-activation of IRF8 expression. A high IRF8/low IRF4 state then

drives gene expression of cDC1-specific genes (37). cDC1s express

surface markers XCR1, CLEC9A, CADM1, BTLA, and CD26 across

species (38). Most commonly, they are identified by CD8a
(lymphoid organ resident) or CD103 (peripheral tissue resident)

in mice, and CD141 (BDCA-3) in humans (39, 40). cDC1s are a rare

subset of cells in human blood and lymphoid tissues representing

<0.01% of CD45 cells, although analysis of deceased transplant

donors suggest large variation among individuals (41).

Despite their rarity, cDC1s play an integral role in tumor

immunity. BATF3-deficient (Batf3-/-) mice, the first murine model

devoid of cDC1s, are unable to reject even highly immunogenic tumors

and do not respond to immune checkpoint blockade or adoptive T cell

transfer (42). While monocyte-derived DCs (moDCs) can also perform

cross-presentation in vitro, indirect evidence suggests that cross-

presentation by cDC1s is required for T cell priming against tumors

in vivo. Cross-presentation bymoDCs operate under a distinct BATF3-

independent transcriptional program (43). MoDCs also do not require

BATF3 for their development. This suggests that moDCs and their

cross-presentation are not affected in Batf3-/- mice and are insufficient

for tumor rejection. Later transgenic murine models confirm that in

vivo tumor antigen cross-presentation is performed by cDC1s. Amodel

lacking MHC-I only on cDC1s, but not other subsets, could not reject

tumors (31). Furthermore, deletion of WDFY4, a vesicular trafficking

gene required for cross-presentation by cDC1s, but not moDCs,

abrogated tumor rejection (16). In a cDC1 deficient mouse model,

only vaccination with cDC1 (not other DC subsets) leads to tumor

regression (10). Taken together, cross-presentation of tumor antigens

by cDC1s is a necessary step for mounting T cell-mediated tumor

immunity. Analysis of the Cancer Genome Atlas reveals that cDC1

populations correlate with improved survival in a wide range of

malignancies (44).
Type II conventional dendritic cells

cDC2s are identified by surface markers CD11b, CD1c, and SIRPa
(CD172a) in mice and humans, and are driven by low levels of IRF8

and IRF4 transcription factors (38). This low level of IRF8 and IRF4 is

sufficient to activate the ETS-IRF composite elements (EICE)-

dependent program which leads to expression of common cDC

genes, but not the cDC1 specific AICE-dependent program (45–47).

Given their robust MHC-II antigen presentation capability, cDC2s

were originally believed to be responsible for priming CD4 T cells to

help in CD8 T cell activation and priming. Primed CD4 T cells

subsequently interact with cDC1s via MHC-II molecules, and,

through activation of CD40, enhance priming of CD8 T cells (48, 49).
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Recent studies in knockout murine models, however, has called

this paradigm into question. First, deletion of MHC-II molecules on

cDC1s impaired tumor rejection, consistent with the need for

interaction of CD4 T cells and cDC1s to effectively prime CD8 T

cells. However, lack of MHC-II on cDC1s also reduced CD4 T cell

responses. When MHC-II molecules were exclusively expressed on

cDC1s, CD4 T cell priming was unaffected (31). Thus, cDC1s are

sufficient for priming of CD4 T cells to then license cDC1s to

enhance CD8 T cell responses (Figure 1).

Heterogeneity of cDC2s is still incompletely understood. Recently,

single cell analysis revealed two distinct subpopulations of human

cDC2s referred to as DC2 and DC3 (50). Like all conventional DCs,

DC3 activate CD8 T cells, but is especially potent in inducing CD8+

CD103+ tissue-resident memory T cells (TRM) and correlated with

TRM accumulation in breast cancer (51). These findings suggest the

DC3 subset may play an important role in tumor immunity.
Plasmacytoid DCs

pDCs histologically resemble plasma cells with eccentric nuclei

and prominent endoplasmic reticulum. They are known for the

ability to secrete inflammatory cytokines such as type I interferon,

IL-6, and TNF-a (38). They retain GMDP markers such as CD123

and CD45RA. pDCs are essential mediators of anti-viral immunity,

but their role in tumor immunity is less defined (52). Mouse models

suggest that tumor associated pDCs may induce tumor immunity

when co-administered with TLR7 ligand (53, 54). Clinical data is

equivocal in the effect of pDCs on outcomes, although recent high

dimensional analysis reveal heterogeneity within what is defined as

pDC populations, suggesting variable outcomes could be attributed

to different subset populations (55).
FIGURE 1

cDC1s are critical to generation of anti-tumor immunity by CD8 T
cells. 1) cDC1s are responsible for priming CD8 T cells through B7/
CD28 signaling, 2) cross-presentation of exogenous antigens on
MHC class I molecules to CD8 T cells, and 3) recruitment of CD4 T
cell help and licensing of cDC1 through CD40L/CD40 signaling.
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Monocyte-derived DCs

moDCs differentiate from monocytes under inflammatory

conditions and represent a heterogeneous group of cells. Since

human monocytes express CD11c and MHC-II, it is difficult to

distinguish them from true dendritic cells. Dendritic cell surface

markers such as CD1c, CD1a, FceR1, and expression of IRF4 and

ZBTB46 help distinguish moDCs from macrophage-like cells (38).

Current models suggest moDCs are found primarily at sites of

inflammation and have limited migration potential to lymph nodes

(56). There was much excitement around applications to

immunotherapy given the ability to generate moDCs in vitro with

GM-CSF and IL-4 culture and maturation through LPS or PGE2
stimulation (57), however translation to clinical therapy has had

limited success. The intrinsic lack of biological potency compared to

the other types of DCs is believed to be the reason for the disappointing

performance of moDC-based cancer immunotherapy (58).
The role of DC in the
tumor microenvironment

For DCs to mediate effective tumor immunity, they have

to be able to infiltrate and remain functional within the

immunosuppressive tumor microenvironment. Within the tumor,

NK cells are likely major producers of cDC1 chemoattractants

CCL4, CCL5, XCL1, and XCL2 (44, 59, 60) and FLT3L (59). On

the contrary, tumor b-catenin signaling disrupts cDC1 recruitment

in melanoma (60, 61), and tumor production of factors such as IL-

10, IL-6, TGF-b, and PGE2 suppresses DC function and maturation

(62). When functional, cDC1 produce T cell chemoattractants

CXCL9 and CXCL10 (63, 64) as well as IL-12, which drives CD8

T cell effector function (65, 66).

High cDC1 gene signatures, conserved across various solid

human tumors (67), is correlated with greater tumor T-cell

infiltration (59, 68) and with improved patient response to

immune therapy and survival (44, 59, 68). Conversely, in

pancreatic ductal adenocarcinoma (PDAC), decreased

intratumoral cDC1 numbers are linked to poor immune therapy

responsiveness, decreased T-cell priming, and depressed tumor

control (69, 70). The few cDC1 that are present in PDAC may, in

fact, be tolerogenic. A recent Human Tumor Atlas Network study of

83 PDAC samples across 31 patients found that both cDC1 and

cDC2 strongly expressed pro-tumorigenic genes involved in

hypoxia and angiogenesis (71). Similarly, dysfunctional cDCs,

termed “mregDC,” possess a unique immunoregulatory program

upon uptake of tumor antigens and seem to preferentially engage

with exhausted, antigen-experienced CD4 T cells (72). mregDC1s in

particular are characterized by upregulation of IL4-R expression,

that, when targeted with antagonistic antibody, significantly

improves IL-12 production and subsequent CTL responses (73).

Given the unique ability of cDC1 to cross-present tumor

antigens to CD8 T cells as well as their ability to engage CD4 T

cells, they are regarded as the primary DC subset that orchestrates

antitumor T cell responses. However, cDC2 have been shown to be

a critical driver of tumor immunity in certain contexts. In one
Frontiers in Immunology 04
preclinical cDC1 diphtheria toxin receptor (DTR) knockout model,

intratumoral regulatory T cell (Treg) depletion enhanced cDC2

migration to the tumor-draining lymph node and reversed

dysfunction, leading to productive priming and activation of

effector CD4 T cells. This step was required for subsequent tumor

infiltration and rejection, highlighting that the interaction between

Tregs and cDC2s can lead to suppression of tumor immunity (74).

Moreover, certain cDC2s, upon acquiring an interferon-stimulating

gene (ISG) activation state (ISG+ DCs), are able to MHC-dress with

tumor-derived pMHC-1, stimulate CD8 T cells ex vivo, and drive

tumor control even in the absence of cDC1 (75). Conversely, in the

presence of high levels of IL-6 and PGE2, intratumoral cDC2s can

also be driven toward a pro-tumor phenotype characterized by

CD14 expression, upregulation of markers usually associated with

tumor-associated macrophages (TAMs), and impaired antigen

processing and presentation (76–78).

Similar to that of cDC2s, the role of pDCs in the TME is

complex and still poorly understood. Depending on their activation

state, they can suppress or promote antitumor immune responses.

OX40+ pDC in head and neck squamous cell cancer (HNSCC) and

IRF7+ pDC in colon cancer have been associated with increased

survival (79, 80), whereas high tumor infiltration of IFN-a-deficient
pDC across multiple cancers has been associated with aggressive

disease and poor survival (81–83). One proposed mechanism is that

tumor-derived TGF-b and other TME suppressive factors suppress

IFN-a production by pDC and foster pDC-Treg engagement (83).

ICOS-L and IDO expression by pDC then promote Treg

proliferation and a subsequently immunosuppressive TME (83–86).

In DCs, metabolism is closely linked to maturation signaling

and is therefore a key driver of DC activation or tolerogenicity

within the tumor microenvironment. In general, differences in

regulation of glycolysis and OXPHOS programs are associated

with anti- or pro- inflammatory DC phenotypes. In immature

DCs, the AMP-activated kinase (AMPK)/mammalian target of

rapamycin (mTOR) axis is suggested to play a crucial role in this

balance. AMPK promotes oxidative metabolism and antagonizes

mTOR, which upregulates glycolytic pathways after TLR signaling.

As AMPK negatively regulates DC activation, its downstream

effects include decreased expression of co-stimulatory molecules,

reduced CD8 priming capacity, and loss of tumor control (87–89).

In moDC, tolerogenic DCs with maturation-resistant phenotypes

tend to favor glycolytic pathways whereas CD86+ mature

populations tend to favor aerobic OXPHOS, as illustrated by

lower p-mTOR:p-AMK ratio (90).

Fatty acid metabolism can also affect DC activation state, in that

intracellular lipid accumulation as a response to tumor-derived

factors has an inverse effect on DC cross-presentation. One possible

mechanism of lipid-dependent DC suppression is that oxidized

lipids bind to and inactivate chaperone protein HSP70, leading to

accumulation of pMHC in lysosomes instead of on the cell surface

(91, 92). Both inhibition of lipid uptake and reduction of fatty acid

synthesis in dendritic cells can improve DC (and subsequent T cell)

function, even leading to improved vaccine-mediated tumor control

in murine tumor models (93). Further intricacies of the relationship

between DC metabolism and activation state is expertly discussed

elsewhere (94–96).
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Although the above summary is not exhaustive, it does shed

light on the many receptors, axes, and pathways that are potential

targets for cancer immune therapy. Given that DC biology,

including subtypes, activation states, and cell-cell interactions, is

convoluted, any immune therapy targeting DCs will need to be

context-informed. The following sections discuss the past, current,

and possible future DC-based immune therapies (Figure 2) with a

prospective lens, taking what we have learned toward the future—

even while acknowledging that the current understanding of DCs

is imperfect.
Role of DCs in existing
cancer therapies

Chemotherapy and radiation therapy
enhance tumor immunity that is
DC dependent

Chemotherapy and radiation therapy are important cancer

treatment modalities. While these modalities were not designed as

immunotherapies, the immune system is critical to their overall

effectiveness. Chemotherapy and radiation therapy generate tumor

immunity predominantly through induction of DC mediated

immunogenic cell death (ICD) of tumor cells (97, 98) (Figure 3).

After insult by cytotoxic agents, DAMPs such as calreticulin (CRT),

HSP70 and HSP90, HMGB1, and ATP are released. Within 1 hour,
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CRT translocates from the ER to the cell surface, acting as an “eat me”

signal and binding to CD91 on the DC cell membrane. CRT-CD91

interaction is necessary for antigen cross-presentation to CTLs (99).

CRT expression has been found to correlate with clinical outcome in

non-small cell lung cancer and is associated with higher tumor

infiltration of mDCs and effector memory T cell subsets (100).

Twelve hours after insult, molecular chaperones HSP70 and

HSP90 appear on the cell surface of dying cells. HSP70 interacts

with CD40 on DCs, causing upregulation of CD86 and further

increase in CD40 expression, which are co-stimulatory signals for

CD8 T cells (101, 102). Furthermore, HSP70 stimulates TLR4 on

DCs and activates downstream pro-inflammatory pathways (103).

HSP90 binding with CD91 facilitates cross-presentation and leads

to DC activation and upregulation of CD80, CD83, and CD86

which are associated with DC maturation (104). In late-stage ICD,

necrotic cells release HMGB1 and ATP. Binding of extracellular

HMGB1 to TLR4 induces efficient cross-presentation by DCs (105).

Binding of ATP to P2X7 receptor on DCs leads to secretion of IL-1b
necessary for promoting IFN-g producing CD8 T cells.
Checkpoint inhibitors and DCs

Immune checkpoint therapy (ICT) is one of the great success

stories of modern cancer immunotherapy. The greatest successes

have been achieved targeting PD-1/PD-L1 and CTLA-4. Tumor cells

escape cancer immunosurveillance through activation of immune
FIGURE 2

DCs for cancer immunotherapy. DCs are critical to the generation of CD8 T cell anti-tumor activity and may thus be harnessed for therapy. Panel
descriptions from right to left: Adoptive Transfer - Given their rarity, DCs may be adoptively transferred after ex vivo generation. MoDCs and cDC2s
or pDCs may be generated from leukapheresis product or peripheral blood, respectively. cDC1s can be derived ex vivo from CD34 HSCs or
fibroblasts (iDCs) to sufficient quantities. Ex vivo derived DCs may be pulsed with tumor antigen peptides, DNA, or RNA. Targeted Vaccines - Cancer
vaccines using mRNA, DNA, or adenoviral platforms may be targeted towards cDC1s by encoding targeting sequences such as XCL1 or by modifying
surface proteins in the adenovirus by attachment of antibodies, e.g. single domain antibodies (sdAb). In vivo expansion - The quantity of DCs and
their activation status in patients may be enhanced through administration of Flt3L or CD40. Biomaterials - Biomaterials, such as injectable
mesoporous silica rods (MSRs), may be used to recruit cDC1s to an area of interest, such as site of vaccination.
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checkpoint pathways (106). Monoclonal antibodies and molecules

interrupting these inhibitory pathways help to reinvigorate tumor

immunity and has translated to clinical success in numerous solid

and hematologic malignancies (107). While the focus of immune

checkpoint inhibitors has been on T cells, many of the checkpoint

receptors have ligands on antigen presenting cells including DCs.

While there are numerous immune checkpoint receptors and ligands,

we will focus our discussion on the PD-L1-PD1 and CTLA-4

pathways which have FDA approved therapies.

Programmed death-1 (PD-1) is a hallmark of T cell exhaustion,

a dysfunctional phenotype arising from chronic antigenic and

inflammatory stimulation. While PD-L1 signaling arises

predominantly from tumor-associated macrophages, PD-L1 on

DCs is an important regulator of tumor immunity, and PD-L1-

PD-1 signaling restricts T-cell responses during cross-presentation

(108). Intravital real-time imaging with single cell RNA sequencing

analysis demonstrates that the full tumor effect of anti-PD-1

requires T cell and DC crosstalk and DC-derived IL-12 (65).

Furthermore, neoadjuvant anti-PD-1 therapy has been shown to

induce both T cell and cDC1 activation in glioblastoma (109).

Cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) is

another crucial negative regulator of T-cell function. Mature DCs

have been shown to express high intracellular levels of CTLA-4;

secretion of CTLA-4 via microvesicles downregulates CD80/CD86 on

bystander DC through competitive binding, resulting in downstream

inhibitory implications for T cell function (110). It has also been

observed that binding of CTLA-4 on MoDCs by agonist antibodies

enhances IL-10 secretion, thus decreasing T cell proliferation (111).
DC vaccines (adoptive transfer)

The last three decades have seen a precipitous increase in the

number of clinical trials featuring DC vaccines. The majority are
Frontiers in Immunology 06
autologous and monocyte-derived, with some variation in subtype

in recent years as outlined below. In general, tumor antigens are

introduced to patient DCs ex vivo prior to adoptive transfer. With

the trend toward personalized vaccines, tumor neoantigens are

increasingly used (Table 1).
Monocyte-derived (moDC)

In 2010, Sipuleucel-T (Provenge) became the first and to date

only dendritic cell therapy approved by the U.S. Food and Drug

Administration (117). It was authorized for the treatment of

asymptomatic metastatic castration-resistant prostate cancer. The

therapy involves treating patient-derived moDCs with a chimeric

protein of PAP (a prostate specific antigen) and GM-CSF (118). In

the phase III IMPACT trial of the therapy, an improvement in

median survival of 4.1 months (21.7 vs. 25.8 months) was observed

in the treatment group compared to standard therapy, although

there was no difference in time to progression by PSA levels (119).

The performance of Sipleucel-T as a monotherapy ultimately was

never widely adopted due to high cost for limited benefit. It is

however currently being investigated for use as combination

therapy with checkpoint blockade, chemotherapy, radiation, and

cryoablation (120, 121). Again, clinical benefit has been unclear. In

the VIABLE trial, despite promising immune efficacy demonstrated

in phase I/II trials, autologous moDC vaccination in combination

with docetaxel had no survival or progression-free survival in

metastatic prostate cancer patients upon phase III evaluation (122).

In the more than a decade since Sipuleucel-T, numerous clinical

trials of cancer DC therapies of various forms have been registered.

These include ex vivo generated DCs transfected with mRNA (123)

or pulsed with peptides encoding tumor antigens (124), DCs fused

with patient derived tumor cells (125), or tumor cells modified to

secrete DC stimulating cytokines (GVAX) (126). While most trials
FIGURE 3

Chemotherapy and radiation therapy induces dendritic cell mediated immunogenic cell death. Immunogenic cell death starts with translocation of
calreticulin (CRT) to the cell surface which attracts DCs. This is followed by migration of HSP70 to the cell surface and release of HSP90 and
HMGB1. HSP70 interacts with CD40 to induce DC maturation. HSP90 and HMGB1 binding to TLR4 activates downstream pro-inflammatory
pathways leading to cross-presentation and recruitment of CD4 help.
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TABLE 1 Neoantigen DC vaccines undergoing clinical trial.

atus Estimated
Completion
Date

Results

2017–03

2017–07 Case report on one patient: Positive
antigen-specific T cell response (112)

2019–11

2020–06 Positive neoantigen-specific T cell
response in 10/10 patients; 3/12
achieved PR; Median PFS 5.5 months,
Median OS 7.9 months at median
follow-up 7.1 months (113)

2020–12

2020–12

2022–01

2022–12

2023–03 Interim report: Positive neoantigen-
specific immune response in 6/7
patients; no clinical outcomes
data (114)

2023–12

2024–03

2024–04

2024–09
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NCT
Number

Conditions DC type Antigen
Delivery

Arms Phase Study S

NCT02632019 Advanced biliary
tract malignancy

Arm 1: Gemcitabine +
Dendritic cell-precision T cell
for neo-antigen (DC-PNAT)
Arm 2: Gemcitabine

1, 2 Unknown

NCT04879888 Triple negative breast cancer Peptide DC Vaccine 1 Complete

NCT03205930 NSCLC Stage IV Peptide
(TAA
+ neoantigen)

Neoantigen Multiple Target
Antigen Stimulating Cell
Therapy (Neo-MASCT)

1, 2 Unknown

NCT02956551 NSCLC moDC Peptide or
oxidized
tumor lysate

DC vaccine 1 Complete

NCT03674073 HCC Arm 1: DC Vaccine +
Microwave Ablation
Arm 2: Microwave Ablation

1 Unknown

NCT03871205 NSCLC, SCLC DC Vaccine 1 Unknown

NCT04105582 Triple Negative Breast Cancer Peptide DC Vaccine 1 Complete

NCT03914768 Diffuse Intrinsic Pontine Glioma
or Glioblastoma

Whole tumor
or peptide

DC Vaccine 1 Unknown

NCT03067493 Primary HCC Peptide (TAA
+ neoantigen)

Arm 1: Neoantigen Multiple
Target Antigen Stimulating
Cell Therapy (Neo-MASCT)
Arm 2: Observation

2 Recruiting

NCT05235607 Melanoma, Bladder cancer,
Colorectal cancer

DC vaccine + Autologous
sensitized T cells

1 Unknown

NCT05270720 Recurrent Ovarian Cancer moDC mRNA DC Vaccine 1 Unknown

NCT05317325 Esophageal Squamous
Cell Carcinoma

Peptide or
oxidized
tumor lysate

OCDC vaccine (oxidized
tumor lysate - prime) followed
by NeoDC vaccine
(neoantigen peptide - boost)

1 Unknown

NCT05195619 Metastatic NSCLC moDC Peptide Arm 1: Patients w/o actionable
driver mutations: PEP-DC
vaccine + Low-dose

1 Recruiting
t
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TABLE 1 Continued

y Status Estimated
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Date

Results
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2025–12 Positive T cell response in 5/6
patients; 3/6 patients with disease
recurrence at 2 year follow-up (115)

iting 2025–12

iting 2026–03

et recruiting 2026–06

iting 2026–06 Interim report: 5/13 patients
generated a positive immune response
to at least 50% of neoantigens,
median survival outcome not
reached (116)

iting 2026–10

iting 2026–12
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cyclophosphamide
Arm 2: Patients with
actionable driver mutations:
PEP-DC vaccine + Low-
dose cyclophosphamide

NCT04968366 Glioblastoma Peptide DC Vaccine +Temozolomide 1 Activ
not r

NCT01885702 Colorectal Cancer with MSI,
Lynch Syndrome

moDC Peptide DC Vaccine 1, 2 Activ
not r

NCT06253234 WHO Grade 3 or 4 Gliomas Peptide ZSNeo-DC1.1 1 Recr

NCT04912765 HCC, Colorectal cancer DC vaccine + Nivolumab 2 Recr

NCT04078269 NSCLC moDC mRNA DC Vaccine 1 Activ
not r

NCT05749627 Primary or metastatic melanoma,
Gastrointestinal tumor, Breast
cancer, Cervical cancer,
Pancreatic cancer, Lung cancer,
or other malignant tumors

Arm 1: DC Vaccine
Arm 2: Peptide Vaccine

Not applicable Recr

NCT05767684 Stage IV pancreatic cancer, liver
cancer, biliary tract cancer and
colorectal cancer

Arm 1: DC Vaccine
Arm 2: DC Vaccine +
Lenvatinib + Nivolumab

1 Recr

NCT06195618 Triple negative breast cancer Peptide DC Vaccine 1 Not

NCT04147078 Gastric Cancer| Hepatocellular
Carcinoma| Non-Small-Cell Lung
Cancer| Colon Rectal Cancer

Peptide DC Vaccine 1 Recr

NCT06329908 Advanced lung cancer resistant
to ICI

Peptide (TAA
+ neoantigen)

Neo-DCVac/LG002 + PD1/
PDL-1 Inhibitors

1 Recr

NCT05886439 Advanced Lung Carcinoma mRNA Arm 1: NSCLC DC Vaccine
(LK101) + Pembrolizumab
Arm 2: SLCLC DC Vaccine
(LK101) + Durvalumab

1 Recr
d

e

e

u

u

e

u

u

y

u

u

u

https://doi.org/10.3389/fimmu.2024.1393451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


TABLE 1 Continued

s Phase Study Status Estimated
Completion
Date

Results

1: TP53-EphA-2-CAR-D
raxane +
phosphamide
2: Arm 1+ Anti-PD-1
ody
3: Arm 2 + Anti-CTLA4

1 Recruiting 2026–12

1: KRAS-EphA-2-CAR-
Abraxane +
phosphamide
2: Arm 1+ Anti-PD-1
ody
3: Arm 2 + Anti-CTLA4

1 Recruiting 2026–12

accine + PolyIC-LC 1 Not yet recruiting 2028–01

DC + Nivolumab 1 Recruiting 2028–09

1: PEP-DC1 (peptide) +
dose cyclophosphamide
2: OC-DC (oxidized
r lysate) + Low-dose
phosphamide followed by
DC2 (peptide) + Low-
cyclophosphamide

1, 2 Not yet recruiting 2030–03

or associated antigen; PR, Partial response; PFS, Progression free survival; OS, Overall survival.
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Delivery

Arm

NCT05631886 Lymphoma with EphA2
Overexpression and TP53
R273H/R175H/R248Q/
R249S mutation

CAR-DC Peptide
(Tp53)

Arm
+ Ab
Cyclo
Arm
Antib
Arm

NCT05631899 Solid Tumors with EphA2
Overexpression and KRAS
G12V/G12C/G12D mutation

CAR-DC Peptide
(KRAS)

Arm
DC +
Cyclo
Arm
Antib
Arm

NCT06342908 Diffuse Hemispheric Glioma, H3
G34-Mutant

Peptide DC V

NCT04627246 Pancreatic Adenocarcinoma Peptide PEP-

NCT05714306 High Grade Serous
Ovarian Carcinoma

moDC Peptide Arm
Low-
Arm
tumo
cyclo
PEP-
dose

Blank cells represent unknown data that has not been reported.
NSCLC, Non-small cell lung cancer; HCC, Hepatocellular cancer; ICI, Immune checkpoint inhibition; TAA, Tum
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demonstrate an overall survival benefit, therapies often fail to

demonstrate a clear tumor response, leaving room for therapeutic

optimization (127). For example, moDCs have shown success when

combined with other therapeutic modalities such as immune

checkpoint blockade. In a phase II advanced stage melanoma

trial, mRNA electroporated moDCs plus ipilimumab had a 38%

tumor response rate with 8 out of 15 responders demonstrating

response beyond a median of 36 months (128). Furthermore,

moDC vaccinations may be more effective in the adjuvant setting

after surgery with minimal residual tumor rather than in the setting

of metastatic disease (129, 130).

A key limitation to these therapies may be the predominance of

moDCs instead of other types of DCs. The choice of moDCs is one

of convenience since they are generated with relative ease through

culturing patient bone marrow or blood-derived myeloid cells with

GM-CSF and IL-4. As mentioned previously, however, compared to

“natural” conventional DCs in particular, moDCs are innately less

potent in antigen cross-presentation and induction of CD8 T cell

responses (58). Furthermore, they lack migration potential, which

may mitigate their ability to induce in vivo immune responses (131).

To address these shortcomings, one study introduced a monocyte-

derived DC culture protocol that used TNF-a, IL-1b, Poly-ICLC,
IFN-a, and IFN-g to mature “alpha-type-1-polarized-DC”

(alphaDC1) that exhibit superior migratory potential and secrete

high levels of IL-12 (132), although reproducibility and scalability of

this method has been called into question (133). In-human trial

data is limited and in disparate settings, with alphaDC1 showing

some antitumor efficacy in a few recurrent malignant glioma

patients but no objective clinical efficacy in patients with

malignant peritoneal disease (134, 135). Of note, both these trials

utilized intranodal alphaDC1 vaccination, whereas an ongoing trial

NCT05127824 in non-metastatic clear cell renal cell carcinoma

utilizes intradermal injection, which will be a test of the purported

increased migratory capacity of alphaDC1.
cDC2 and plasmacytoid DC vaccines

In response to inconsistent clinical efficacy, requirement of

extensive ex vivo culture periods, and relatively inefficient

antitumor T cell induction, the next era of dendritic cell vaccines

has moved toward cDC2 and plasmacytoid DC vaccines. In the last

decade, several trials have evaluated autologous pDC and cDC2

vaccines in metastatic melanoma patients, as well as in combination

(both pDC and cDC2 vaccination) for stage 3 melanoma and

prostate cancer (136). Individually and together, pDC and cDC2

are able to induce antigen-specific T cell responses in phase II trials

(136–139). However, interim results from a subsequent phase III

trial (NCT02993315) evaluating combination pDC and cDC2

therapy in stage 3 melanoma demonstrated no improvement in 2-

year RFS over placebo (140). A considerable benefit of these

vaccines was that pDC and cDC2 isolated from the patient’s

peripheral blood only needed to be cultured overnight, enabling

high-throughput production. However, as long-term clinical

efficacy remains to be seen, there is apparent room for

optimization. A proposed mechanism impeding full efficacy for
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cDC2 vaccines is the presence of soluble factors in the TME such as

IL-6 and M-CSF that convert cDC2s to a tolerogenic state upon

arrival (141). One group has taken an antigen-agnostic approach

that bypasses both ex vivo culture and need for tumor infiltration by

injecting unpulsed cDC2 intratumorally. This method has been

attempted in two phase 1 trials of advanced melanoma

(NCT03747744) and var ious advanced sol id tumors

(NCT03707808) with the most durable tumor response seen in

melanoma (142, 143). An obvious challenge to intratumoral

injection is feasibility in visceral tumors, and, despite partial and

even complete tumor response seen in some melanoma patients, the

majority of patients still progressed (143).
The potential for cDC1 vaccines

Despite overwhelming acknowledgement of the superiority of

cDC1 for priming CTLs, cDC1 vaccine therapy remains nascent.

The phase 1 trial (NCT03747744) highlighted above utilizing

intratumoral DC injections also evaluated a combined cDC2 and

cDC1 arm. One out of six patients experienced a partial tumor

response. Notably, after leukapheresis, the cDC1 yield was ten-fold

lower on average than the cDC2 yield, and purity was merely 5.8%

(143). Herein lies the challenge, for relative scarcity of cDC1 has

precluded in-human utility of a cDC1 vaccine. Yet, recognizing the

potential for cDC1-mediated antitumor immunity, recent efforts

toward ex vivo generation remain undeterred (Table 2).

Protocols have been developed to generate CD141+/CLEC9A+

DCs from CD34+ progenitor cells isolated from human cord blood

or bone marrow. These are permissive cultures featuring cytokines

such as FLT3L and SCF in combination with GM-CSF, IL-3, IL-4,

IL-6, TPO, and other cytokines. There are typically 2 phases in such

protocols, including an “expansion” phase, to expand pluripotent

progenitors, and a “differentiation” phase to allow differentiation of

those progenitors into various lineages of dendritic cells, including

cDC1s (144–148). Ex vivo generated cDC1s resemble natural cDC1s

in their gene expression profile and in their phenotype by their

response to TLR3 signaling by PolyIC and increased IL-12

production after T cell stimulation through CD40, IL-4, GM-CSF,

or IFN-g (144). Although these strategies are successful in

generating cells that resemble cDC1s in genotype and phenotype,

quantity remains a barrier. Lee et al. reports that per thousand

CD34+ progenitor input, ex vivo differentiation yields a mere 0.2–

0.3 CD141+ cDCs (147).

Another approach to generate cDC1s is instructive, rather than

permissive. Rosa et al. demonstrated that fibroblasts could be

reprogrammed into induced DCs (iDCs) that behave like cDC1s.

They found for human and mouse fibroblasts, transcription factors

PU.1, IRF8, and BATF3 transfected via lentiviral vectors were

sufficient for reprogramming. These iDCs functionally have

increased CD40 and CD86 expression and secrete IL-12 after

TLR stimulation like native cDC1s and also demonstrate similar

single-cell transcriptomes. As in cytokine culture, quantity

remains a barrier for translation, with only 0.6% and 0.2%

of human embryonic and dermal fibroblasts reprogrammed

respectively (149).
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DC activation and expansion in vivo

Whereas DC vaccines often rely on ex vivo manipulation, other

DC-based strategies strive to leverage agents that expand or activate

DCs in vivo. Below are two key therapies that have been

recently explored.
FLT3L expansion

FLT3/FLT3L is an essential pathway in the early development of

dendritic cells. FLT3L administration resulted in strong expansion

of cDC1s in mice (150). This was associated with increased

proliferation of tumor specific CD8 T cells in tumor draining

lymph nodes (151). Of note, FLT3L administration has been

shown to inhibit tumor growth in fibrosarcoma (152), breast

(153), melanoma, and lymphoma cancer models (154). Hegde

et al. demonstrated that PDACs have a paucity of cDCs and

increasing cDC number through FLT3L treatment restored

immune responses to cancer antigens, inhibited tumor growth,

reversed fibrosis, and sensitized tumors to radiation therapy (69).
Frontiers in Immunology 11
FLT3L therapy has been tested in multiple clinical trials in the

last two decades. FLT3L as a monotherapy tends to increase

circulating DCs without objective clinical response (155, 156). As

an adjuvant to vaccine, it has mixed effects. With a HER-2/neu

peptide vaccine, FLT3L administration for 14 days was not able to

elicit any T cell proliferation, but it may have led to an increase in

frequency of precursor IFN-g+ HER2-specific T cells (157).

However, with a DC-targeted anti-DEC205-NY-ESO-1 vaccine,

FLT3L administration was associated with activation and

proliferation of circulating effector T cells as well as NK cells and

DCs (158). Most recently, a combination of adenoviral vectors Ad-

hCMV-TK “Ad-TK” and Ad-hCMV-FLT3L used to treat glioma

patients was able to induce a significant influx of intratumoral CD8

T cells and pDCs, a finding not seen in prior studies using only Ad-

TK (159). Regarding toxicity, while generally found to be tolerable

in small safety studies, FLT3L has been associated with adverse

effects ranging from local inflammation of the skin to

lymphoproliferative disorders in severe cases (160). FLT3L

therefore remains a promising therapy as an adjuvant, but will

need close attention to tolerability in larger studies.
CD40 activation

CD40 agonism is an attractive way to enhance and/or replace T

cell help and drive both CD8 T cell responses (8, 161) and T-cell

mediated tumor immunity (162–164). While CD40 agonism

broadly activates a variety of hematopoietic cell types that include

B cells and macrophages, its activation of DCs, in particular cDC1s,

plays an essential role in tumor immunity as illustrated by

abrogation of tumor control in murine Batf3-/- models (162, 165).

In a small percentage of malignancies, direct cytotoxicity from

CD40 ligation on tumor cells (166, 167) creates a “vaccine effect” in

which tumor antigens are released and subsequently acquired and

cross-presented by intratumoral APCs. On the other hand, in

tumors that feature low CD40 expression, fail to express strong

antigens, or are characterized by poor immune infiltrate, CD40

agonist therapy has shown promise as an adjunct to multiple cancer

therapies, including radiation, irreversible electroporation,

neoantigen vaccine, chemotherapy, FLT3L, and checkpoint

blockade (69, 162, 168–171). Furthermore, in multiple anti-PDL-1

resistant murine tumors with poor T-cell infiltrate, a combination

of FLT3L, radiation, polyIC, and CD40 agonist was able to reverse

anti-PDL-1 resistance, induce tumor regression, and establish

antitumor memory (169).

With the success in preclinical models, there are now multiple

clinical trials testing CD40 agonism as monotherapy or in

combination with other cancer therapies. Current trials with

immune therapy take advantage of CD40 agonism in different

ways, such as an adenoviral vector vaccine encoding TAA MUC1

and CD40-ligand in multiple advanced adenocarcinomas (172), or

TriMixDC-Mel-IPI, a monocyte-derived dendritic cell encoding

multiple melanoma TAAs as well as CD70, CD40 ligand, and

TLR4 (173). The more traditional approach to CD40 agonism is

by administering CD40 agonistic antibodies, of which there are

several different variations (174). In a phase II trial of metastatic
TABLE 2 Strategies to generate cDC1s ex vivo.

Authors Input Output Expansion Differentiation

Poulin
et al.

Lin-
cord
blood

CD141
+/Clec9a
+ cDC

7–11 days
Flt3L 100 ng/
ml
SCF 100 ng/
ml
IL-3 20 ng/ml
IL-6 20 ng/ml

12–14 days
Flt3L 100 ng/ml
SCF 20 ng/ml
GM-CSF 20 ng/ml
IL-4 20 ng/ml

Balan
et al.

Cord
blood
CD34+

XCR1
+ cDC

7 days
Flt3L 100 ng/
ml
SCF 100 ng/
ml
IL-3 20 ng/ml
IL-6 20 ng/ml

8–11 days
Flt3L 100 ng/ml
SCF 20 ng/ml
GM-CSF 20 ng/ml
IL-4 20 ng/ml

Balan
et al.

Cord
blood
CD34+

XCR1
+ cDC

7 days
Flt3L 100 ng/
ml
SCF 100 ng/
ml
IL-3 20 ng/ml
TPO 50 ng/ml

8–13 days
Flt3L 100 ng/ml
SCF 20 ng/ml
GM-CSF 20 ng/ml
IL-4 20 ng/ml

Helft et al. MLP
or CMP

Clec9a
+ cDC

12 days
Flt3L 100 ng/ml
SCF 20 ng/ml
GM-CSF 20 ng/ml
IL-4 20 ng/ml

Lee et al. Cord
blood
CD34+

CD141
+ cDC

14 days
MS5 stromal cells
Flt3L 100 ng/ml
SCF 20 ng/ml
GM-CSF 10 ng/ml

Kirkling
et al.

Bone
marrow
CD34+

Clec9a
+ cDC

14 days
OP9-DL1 or OP9-DL4 cells
Flt3L 100 ng/ml
SCF 20ng/ml
GM-CSF 20 ng/ml
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melanoma patients who had progressed on checkpoint blockade,

the combination of sotigalimumab (APX005M CD40 agonist

antibody) and nivolumab was able to induce long-lasting clinical

tumor response in a subset of patients (175). On the contrary, in the

PRINCE II trial, sotigalimumab with gemcitabine/nab-paclitaxel

and/or nivolumab in metastatic pancreas cancer showed little

clinical benefit. In this trial, those who did have some survival

benefit in the sotigalimumab/chemotherapy arm were shown to

have higher pre-treatment frequencies of cross-presenting dendritic

cells and Tbet+ CD4 Th1 cells, indicating possible utility for

biomarker use in treating these patients with similar therapy

(176). Of note, agonistic antibodies are reported in several trials

to have significant systemic side effects, including cytokine release

syndrome and hepatotoxicity (174); the next generation of CD40

agonistic antibodies will need to bypass systemic toxicity, with some

methods already being explored including local administration or

engineered tumor-specific antibodies (177).

A potent activator of dendritic cells, CD40 agonism is a

reasonable adjunct to multiple cancer therapies. Its antitumor

activity is clear in a multitude of preclinical studies and it has

been shown to produce modest clinical benefit in certain patient

populations. In a strongly immunosuppressive TME, CD40

agonism will be more likely to succeed with a cytotoxic agent (i.e.

chemotherapy or radiation), an expansion/infiltration agent (i.e.

FLT3L), and/or tolerogenic reversal (i.e. checkpoint blockade).
DC targeting

Cancer vaccines using tumor associated antigens and

neoantigens have risen to prominence, utilizing an array of

vaccine platforms such as DNA, mRNA, peptides, and viral

vectors with many ongoing clinical trials (clinicaltrials.gov). Given

the variety of DCs, heterogeneity among subsets, and context-

dependent activation states even within each subset, strategies to

target tumor antigens to DCs of interest, particularly cDC1, are

gaining popularity. Especially with the challenges of generating

enough cDC1s ex vivo, targeting and activating cDC1s in vivo is an

attractive strategy with great translational potential. Vaccines

encoding tumor antigens targeted towards cDC1s in mice have

shown increased T cell responses against the encoded antigens.

Most targeting strategies rely on the unique surface markers of

cDC1s for targeting such as XCR1 and CLEC9A (178–180). For

instance, adenovirus vaccine platforms may be modified to replace

its native fiber with CD40L (181) or single domain antibodies for

CLEC9A or XCR1 to specifically infect cDC1s (182, 183).

Furthermore, DNA and RNA vaccines may encode XCL1

chemokine so its protein products will be delivered to XCR1+

DCs (41, 184). Similarly, peptide vaccination of OVA synthetic long

peptide (SLP) fused with XCL1 led to greater tumor control of B16-

OVA melanoma tumors with higher CD8 T cell tumor

infiltration (185).

Biomaterials may be used to enhance DC targeting. An

alternative to targeting natural receptors on DCs is to introduce
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artificial targets. This has the advantage of producing DCs with a

significantly greater density of chemical tags available for targeting

(186). An example of such a strategy is the use of unnatural sugars.

These sugars are endocytosed and metabolized by DCs and

byproducts are subsequently presented as unique glycoproteins

and glycolipids on the cell membrane (187). T cells, proteins, and

cytokines can subsequently be targeted towards these unique

chemical tags. Biomaterials may also be used as scaffolds to

recruit DCs to areas of interest. Mesoporous silica rods (MSRs),

for example, that self-assemble upon subcutaneous injection

carrying immunomodulatory agents have been shown to increase

efficacy of vaccines through recruitment of conventional dendritic

cells in mice (188, 189). Recruitment of DCs via a stabilized XCL1

has shown similar results (178).
Conclusion

Being key mediators of CD8 T cell responses, dendritic cells

have tremendous potential for cancer immunotherapy. To date

however, the performance of DC-based therapies has been limited.

Improved understanding of the immunobiology of dendritic cells

reveals a heterogeneous group of cells with subsets having unique

functions (38). Previous therapies have focused on using moDCs

given their relative abundance. While capable of cross-presenting

antigens in vitro, they possess restricted migration ability and are

less potent at priming and activating CD8 T cells compared to other

DC subsets, limiting their effectiveness in vivo (56, 58).

Alternatively, autologous pDC and cDC2 therapies are a feasible

approach to DC vaccination with quick turnaround time after

leukapheresis and isolation (136), but each subset is poorly

understood and can be driven into protumor states, which may

preclude clinical efficacy.

Among natural DCs, cDC1s have been identified as the key

mediators of CTL immunity because they effectively cross-present

tumor antigens. Pre-clinical studies suggest the utilization of cDC1s

for cancer immunotherapy may be much more rewarding compared

to the previous generation of moDC therapies. However, one

fundamental roadblock to effective utilization of cDC1s is

generating sufficient quantities of cells. A currently ongoing phase

I/II trial in stage III ovarian cancer (NCT05773859) may give us

further insight into feasibility. Meanwhile, this challenge may be

overcome through various strategies such as in vivo expansion or in

vivo targeting, as delineated above.

The efficacy of any DC therapy will likely need to be through a

highly tailored approach to both patient and disease. For example,

DC vaccination is suggested to best benefit patients with both low

tumor burden and low tumor mutational burden (190).

Additionally, there is growing reliance on tumor-specific

biomarkers to predict not only response to DC therapy but choice

of adjunct therapy, whether it be chemotherapy, radiation, and/or

immune therapy (191). Ultimately, understanding the intrinsic

nuances of the TME is crucial to identifying barriers to immune

activation and will dictate target DC subset and phenotype, as well
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as therapeutic platform, route of administration, timing, and

synergy of combinatorial treatment.
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141. Becker AMD, Decker AH, Flórez-Grau G, Bakdash G, Röring RJ, Stelloo S, et al.
Inhibition of CSF-1R and IL-6R prevents conversion of cDC2s into immune
incompetent tumor-induced DC3s boosting DC-driven therapy potential. Cell Rep
Med. 5:101386. doi: 10.1016/j.xcrm.2023.101386

142. Schwarze JK, Awada G, Cras L, Tijtgat J, Forsyth R, Dufait I, et al. Intratumoral
combinatorial administration of CD1c (BDCA-1)(+) myeloid dendritic cells plus
ipilimumab and avelumab in combination with intravenous low-dose nivolumab in
patients with advanced solid tumors: A phase IB clinical trial. Vaccines (Basel). (2020)
8:670. doi: 10.3390/vaccines8040670

143. Schwarze JK, Tijtgat J, Awada G, Cras L, Vasaturo A, Bagnall C, et al.
Intratumoral administration of CD1c (BDCA-1)(+) and CD141 (BDCA-3)(+)
Frontiers in Immunology 16
myeloid dendritic cells in combination with talimogene laherparepvec in immune
checkpoint blockade refractory advanced melanoma patients: a phase I clinical trial. J
Immunother Cancer. (2022) 10:e005141. doi: 10.1136/jitc-2022-005141

144. Poulin LF, Salio M, Griessinger E, Anjos-Afonso F, Craciun L, Chen J-L, et al.
Characterization of human DNGR-1+ BDCA3+ leukocytes as putative equivalents of
mouse CD8a+ dendritic cells. J Exp Med. (2010) 207:1261–71. doi: 10.1084/
jem.20092618

145. Wilkinson AC, Ishida R, Kikuchi M, Sudo K, Morita M, Crisostomo RV, et al.
Long-term ex vivo haematopoietic-stem-cell expansion allows nonconditioned
transplantation. Nature. (2019) 571:117–21. doi: 10.1038/s41586-019-1244-x

146. Balan S, Dalod M. In Vitro Generation of Human XCR1(+) Dendritic Cells
from CD34(+) Hematopoietic Progenitors. Methods Mol Biol. (2016) 1423:19–37.
doi: 10.1007/978-1-4939-3606-9_2

147. Lee J, Breton G, Oliveira TYK, Zhou YJ, Aljoufi A, Puhr S, et al. Restricted
dendritic cell and monocyte progenitors in human cord blood and bone marrow. J Exp
Med. (2015) 212:385–99. doi: 10.1084/jem.20141442

148. Helft J, Anjos-Afonso F, van der Veen AG, Chakravarty P, Bonnet D, e Sousa
CR. Dendritic cell lineage potential in human early hematopoietic progenitors. Cell Rep.
(2017) 20:529–37. doi: 10.1016/j.celrep.2017.06.075

149. Rosa FF, Pires CF, Kurochkin I, Ferreira AG, Gomes AM, Palma LG, et al.
Direct reprogramming of fibroblasts into antigen-presenting dendritic cells. Sci
Immunol. (2018) 3:eaau4292. doi: 10.1126/sciimmunol.aau4292

150. Maraskovsky E, Brasel K, Teepe M, Roux ER, Lyman SD, Shortman K, et al.
Dramatic increase in the numbers of functionally mature dendritic cells in Flt3 ligand-
treated mice: multiple dendritic cell subpopulations identified. J Exp Med. (1996)
184:1953–62. doi: 10.1084/jem.184.5.1953

151. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al.
Expansion and activation of CD103+ dendritic cell progenitors at the tumor site
enhances tumor responses to therapeutic PD-L1 and BRAF inhibition. Immunity.
(2016) 44:924–38. doi: 10.1016/j.immuni.2016.03.012

152. Lynch DH, Andreasen A, Maraskovsky E, Whitmore J, Miller RE, Schuh JC.
Flt3 ligand induces tumor regression and antitumor immune responses in vivo. Nat
Med. (1997) 3:625–31. doi: 10.1038/nm0697-625

153. Chen K, Braun S, Lyman S, Fan Y, Traycoff CM, Wiebke EA, et al. Antitumor
activity and immunotherapeutic properties of Flt3-ligand in a murine breast cancer
model. Cancer Res. (1997) 57:3511–6.

154. Esche C, Subbotin VM, Maliszewski C, Lotze MT, Shurin MR. FLT3 ligand
administration inhibits tumor growth in murine melanoma and lymphoma. Cancer
Res. (1998) 58:380–3.

155. Morse MA, Nair S, Fernandez-Casal M, Deng Y, St Peter M, Williams R, et al.
Preoperative mobilization of circulating dendritic cells by Flt3 ligand administration to
patients with metastatic colon cancer. J Clin Oncol. (2000) 18:3883–93. doi: 10.1200/
JCO.2000.18.23.3883

156. Rini BI, Paintal A, Vogelzang NJ, Gajewski TF, Stadler WM. Flt-3 ligand and
sequential FL/interleukin-2 in patients with metastatic renal carcinoma: clinical and
biologic activity. J Immunother. (2002) 25:269–77. doi: 10.1097/00002371-200205000-
00010

157. Disis ML, Rinn K, Knutson KL, Davis D, Caron D, dela Rosa C, et al. Flt3 ligand
as a vaccine adjuvant in association with HER-2/neu peptide-based vaccines in patients
with HER-2/neu–overexpressing cancers. Blood J Am Soc Hematology. (2002) 99:2845–
50. doi: 10.1182/blood.V99.8.2845

158. Bhardwaj N, Friedlander PA, Pavlick AC, Ernstoff MS, Gastman BR, Hanks BA,
et al. Flt3 ligand augments immune responses to anti-DEC-205-NY-ESO-1 vaccine
through expansion of dendritic cell subsets. Nat Cancer. (2020) 1:1204–17.
doi: 10.1038/s43018-020-00143-y

159. Umemura Y, Orringer D, Junck L, Varela ML, West MEJ, Faisal SM, et al.
Combined cytotoxic and immune-stimulatory gene therapy for primary adult high-
grade glioma: a phase 1, first-in-human trial. Lancet Oncol. (2023) 24:1042–52.
doi: 10.1016/S1470-2045(23)00347-9

160. Cueto FJ, Sancho D. The Flt3L/Flt3 axis in dendritic cell biology and cancer
immunotherapy. Cancers. (2021) 13:1525. doi: 10.3390/cancers13071525

161. Bennett SRM, Carbone FR, Karamalis F, Flavell RA, Miller JFAP, Heath WR.
Help for cytotoxic-T-cell responses is mediated by CD40 signalling. Nature. (1998)
393:478–80. doi: 10.1038/30996

162. Byrne Katelyn T, Vonderheide Robert H. CD40 stimulation obviates innate
sensors and drives T cell immunity in cancer. Cell Rep. (2016) 15:2719–32. doi: 10.1016/
j.celrep.2016.05.058

163. French RR, Chan HTC, Tutt AL, Glennie MJ. CD40 antibody evokes a
cytotoxic T-cell response that eradicates lymphoma and bypasses T-cell help. Nat
Med. (1999) 5:548–53. doi: 10.1038/8426

164. van Mierlo GJD, den Boer AT, Medema JP, van der Voort EIH, Fransen MF,
Offringa R, et al. CD40 stimulation leads to effective therapy of CD40− tumors through
induction of strong systemic cytotoxic T lymphocyte immunity. Proc Natl Acad Sci.
(2002) 99:5561–6. doi: 10.1073/pnas.082107699

165. Oba T, Hoki T, Yamauchi T, Keler T, Marsh HC, Cao X, et al. A critical role of
CD40 and CD70 signaling in conventional type 1 dendritic cells in expansion and
antitumor efficacy of adoptively transferred tumor-specific T cells. J Immunol. (2020)
205:1867–77. doi: 10.4049/jimmunol.2000347
frontiersin.org

https://doi.org/10.1001/jamaoncol.2021.7298
https://doi.org/10.1111/j.0105-2896.2004.00139.x
https://doi.org/10.1172/jci.insight.91438
https://doi.org/10.1097/CJI.0b013e3180de4ce8
https://doi.org/10.1016/j.urolonc.2005.08.021
https://doi.org/10.1016/S1470-2045(13)70585-0
https://doi.org/10.1016/S1470-2045(13)70585-0
https://doi.org/10.1200/JCO.2015.63.4121
https://doi.org/10.1080/2162402X.2015.1057673
https://doi.org/10.1080/2162402X.2015.1057673
https://doi.org/10.1186/s40425-018-0405-z
https://doi.org/10.1038/s41423-021-00726-4
https://doi.org/10.1158/0008-5472.CAN-04-1261
https://doi.org/10.1158/0008-5472.CAN-04-1261
https://doi.org/10.1016/j.vaccine.2008.03.054
https://doi.org/10.1200/JCO.2010.30.7744
https://doi.org/10.1245/s10434-020-09464-9
https://doi.org/10.1186/s40425-019-0580-6
https://doi.org/10.1158/1078-0432.CCR-15-2205
https://doi.org/10.1158/0008-5472.CAN-12-2583
https://doi.org/10.1186/s40425-019-0787-6
https://doi.org/10.1016/j.annonc.2020.08.1202
https://doi.org/10.1016/j.xcrm.2023.101386
https://doi.org/10.3390/vaccines8040670
https://doi.org/10.1136/jitc-2022-005141
https://doi.org/10.1084/jem.20092618
https://doi.org/10.1084/jem.20092618
https://doi.org/10.1038/s41586-019-1244-x
https://doi.org/10.1007/978-1-4939-3606-9_2
https://doi.org/10.1084/jem.20141442
https://doi.org/10.1016/j.celrep.2017.06.075
https://doi.org/10.1126/sciimmunol.aau4292
https://doi.org/10.1084/jem.184.5.1953
https://doi.org/10.1016/j.immuni.2016.03.012
https://doi.org/10.1038/nm0697-625
https://doi.org/10.1200/JCO.2000.18.23.3883
https://doi.org/10.1200/JCO.2000.18.23.3883
https://doi.org/10.1097/00002371-200205000-00010
https://doi.org/10.1097/00002371-200205000-00010
https://doi.org/10.1182/blood.V99.8.2845
https://doi.org/10.1038/s43018-020-00143-y
https://doi.org/10.1016/S1470-2045(23)00347-9
https://doi.org/10.3390/cancers13071525
https://doi.org/10.1038/30996
https://doi.org/10.1016/j.celrep.2016.05.058
https://doi.org/10.1016/j.celrep.2016.05.058
https://doi.org/10.1038/8426
https://doi.org/10.1073/pnas.082107699
https://doi.org/10.4049/jimmunol.2000347
https://doi.org/10.3389/fimmu.2024.1393451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2024.1393451
166. Eliopoulos AG, Davies C, Knox PG, Gallagher NJ, Afford SC, Adams DH, et al.
CD40 induces apoptosis in carcinoma cells through activation of cytotoxic ligands of
the tumor necrosis factor superfamily. Mol Cell Biol. (2000) 20:5503–15. doi: 10.1128/
MCB.20.15.5503-5515.2000

167. Funakoshi S, Longo D, Beckwith M, Conley D, Tsarfaty G, Tsarfaty I, et al.
Inhibition of human B-cell lymphoma growth by CD40 stimulation. Blood. (1994)
83:2787–94. doi: 10.1182/blood.V83.10.2787.2787

168. Charpentier M, Formenti S, Demaria S. CD40 agonism improves anti-tumor T
cell priming induced by the combination of radiation therapy plus CTLA4 inhibition
and enhances tumor response. Oncoimmunology. (2023) 12:2258011. doi: 10.1080/
2162402X.2023.2258011

169. Oba T, LongMD, Keler T, Marsh HC,MindermanH, Abrams SI, et al. Overcoming
primary and acquired resistance to anti-PD-L1 therapy by induction and activation of
tumor-residing cDC1s. Nat Commun. (2020) 11:5415. doi: 10.1038/s41467-020-19192-z

170. Shankara Narayanan JS, Hayashi T, Erdem S, McArdle S, Tiriac H, Ray P, et al.
Treatment of pancreatic cancer with irreversible electroporation and intratumoral CD40
antibody stimulates systemic immune responses that inhibit liver metastasis in an orthotopic
model. J Immunother Cancer. (2023) 11:e006133. doi: 10.1136/jitc-2022-006133

171. Yamauchi T, Hoki T, Oba T, Kajihara R, Attwood K, Cao X, et al. CD40 and
CD80/86 signaling in cDC1s mediate effective neoantigen vaccination and generation
of antigen-specific CX3CR1(+) CD8(+) T cells. Cancer Immunol Immunother. (2022)
71:137–51. doi: 10.1007/s00262-021-02969-6

172. Tan TJ, Ang WXG, Wang WW, Chong HS, Tan SH, Cheong R, et al. A phase I
study of an adenoviral vector delivering a MUC1/CD40-ligand fusion protein in
patients with advanced adenocarcinoma. Nat Commun. (2022) 13:6453.
doi: 10.1038/s41467-022-33834-4

173. De Keersmaecker B, Claerhout S, Carrasco J, Bar I, Corthals J, Wilgenhof S,
et al. TriMix and tumor antigen mRNA electroporated dendritic cell vaccination plus
ipilimumab: link between T-cell activation and clinical responses in advanced
melanoma. J Immunother Cancer. (2020) 8:e000329. doi: 10.1136/jitc-2019-000329

174. Vonderheide RH. CD40 agonist antibodies in cancer immunotherapy. Annu
Rev Med. (2020) 71:47–58. doi: 10.1146/annurev-med-062518-045435

175. Weiss SA, Sznol M, Shaheen M, Berciano-Guerrero M, Couselo EM,
Rodrı ́guez-Abreu D, et al. A phase II trial of the CD40 agonistic antibody
sotigalimab (APX005M) in combination with nivolumab in subjects with metastatic
melanoma with confirmed disease progression on anti-PD-1 therapy. Clin Cancer Res.
(2024) 30:74–81. doi: 10.1158/1078-0432.CCR-23-0475

176. Padrón LJ, Maurer DM, O’Hara MH, O’Reilly EM, Wolff RA, Wainberg ZA,
et al. Sotigalimab and/or nivolumab with chemotherapy in first-line metastatic
pancreatic cancer: clinical and immunologic analyses from the randomized phase 2
PRINCE trial. Nat Med. (2022) 28:1167–77. doi: 10.1038/s41591-022-01829-9

177. Salomon R, Dahan R. Next generation CD40 agonistic antibodies for cancer
immunotherapy. Front Immunol. (2022) 13. doi: 10.3389/fimmu.2022.940674

178. Matsuo K, Kitahata K, Kawabata F, Kamei M, Hara Y, Takamura S, et al. A
highly active form of XCL1/lymphotactin functions as an effective adjuvant to recruit
Frontiers in Immunology 17
cross-presenting dendritic cells for induction of effector and memory CD8+ T cells.
Front Immunol. (2018) 9:2775. doi: 10.3389/fimmu.2018.02775

179. Lahoud M, Radford K. Enhancing the immunogenicity of cancer vaccines by
harnessing CLEC9A. Hum Vaccines immunotherapeutics. (2022) 18:1873056.
doi: 10.1080/21645515.2021.1873056

180. Gou S, Wang S, Liu W, Chen G, Zhang D, Du J, et al. Adjuvant-free peptide
vaccine targeting Clec9a on dendritic cells can induce robust antitumor immune
response through Syk/IL-21 axis. Theranostics. (2021) 11:7308. doi: 10.7150/
thno.56406

181. Thacker EE, Nakayama M, Smith BF, Bird RC, Muminova Z, Strong TV, et al.
A genetically engineered adenovirus vector targeted to CD40 mediates transduction of
canine dendritic cells and promotes antigen-specific immune responses in vivo.
Vaccine. (2009) 27:7116–24. doi: 10.1016/j.vaccine.2009.09.055

182. Sharma PK, Dmitriev IP, Kashentseva EA, Raes G, Li L, Kim SW, et al.
Development of an adenovirus vector vaccine platform for targeting dendritic cells.
Cancer Gene Ther. (2018) 25:27–38. doi: 10.1038/s41417-017-0002-1

183. Gao J-Q, Sugita T, Kanagawa N, Iida K, Okada N, Mizuguchi H, et al. Anti-
tumor responses induced by chemokine CCL19 transfected into an ovarian carcinoma
model via fiber-mutant adenovirus vector. Biol Pharm Bulletin. (2005) 28:1066–70.
doi: 10.1248/bpb.28.1066

184. Sanchez-Lugo YE, Perez-Trujillo JJ, Gutierrez-Puente Y, Garcia-Garcia A,
Rodriguez-Rocha H, Barboza-Quintana O, et al. CXCL10/XCL1 fusokine elicits in
vitro and in vivo chemotaxis. Biotechnol letters. (2015) 37:779–85. doi: 10.1007/s10529-
014-1746-4

185. Botelho NK, Tschumi BO, Hubbell JA, Swartz MA, Donda A, Romero P.
Combination of synthetic long peptides and XCL1 fusion proteins results in superior
tumor control. Front Immunol. (2019) 10:294. doi: 10.3389/fimmu.2019.00294

186. Yarema KJ, Mahal LK, Bruehl RE, Rodriguez EC, Bertozzi CR. Metabolic
delivery of ketone groups to sialic acid residues: Application to cell surface glycoform
engineering. J Biol Chem. (1998) 273:31168–79. doi: 10.1074/jbc.273.47.31168

187. Prescher JA, Dube DH, Bertozzi CR. Chemical remodelling of cell surfaces in
living animals. Nature. (2004) 430:873–7. doi: 10.1038/nature02791

188. Kim J, Li WA, Choi Y, Lewin SA, Verbeke CS, Dranoff G, et al. Injectable,
spontaneously assembling, inorganic scaffolds modulate immune cells in vivo and
increase vaccine efficacy. Nat Biotechnol. (2015) 33:64–72. doi: 10.1038/nbt.3071

189. Li AW, Sobral MC, Badrinath S, Choi Y, Graveline A, Stafford AG, et al. A facile
approach to enhance antigen response for personalized cancer vaccination. Nat
materials. (2018) 17:528–34. doi: 10.1038/s41563-018-0028-2

190. Heras-Murillo I, Adán-Barrientos I, Galán M, Wculek SK, Sancho D. Dendritic
cells as orchestrators of anticancer immunity and immunotherapy. Nat Rev Clin Oncol.
(2024) 21:257–77. doi: 10.1038/s41571-024-00859-1

191. van Willigen WW, Bloemendal M, Gerritsen WR, Schreibelt G, de Vries IJM,
Bol KF. Dendritic cell cancer therapy: vaccinating the right patient at the right time.
Front Immunol. (2018) 9. doi: 10.3389/fimmu.2018.02265
frontiersin.org

https://doi.org/10.1128/MCB.20.15.5503-5515.2000
https://doi.org/10.1128/MCB.20.15.5503-5515.2000
https://doi.org/10.1182/blood.V83.10.2787.2787
https://doi.org/10.1080/2162402X.2023.2258011
https://doi.org/10.1080/2162402X.2023.2258011
https://doi.org/10.1038/s41467-020-19192-z
https://doi.org/10.1136/jitc-2022-006133
https://doi.org/10.1007/s00262-021-02969-6
https://doi.org/10.1038/s41467-022-33834-4
https://doi.org/10.1136/jitc-2019-000329
https://doi.org/10.1146/annurev-med-062518-045435
https://doi.org/10.1158/1078-0432.CCR-23-0475
https://doi.org/10.1038/s41591-022-01829-9
https://doi.org/10.3389/fimmu.2022.940674
https://doi.org/10.3389/fimmu.2018.02775
https://doi.org/10.1080/21645515.2021.1873056
https://doi.org/10.7150/thno.56406
https://doi.org/10.7150/thno.56406
https://doi.org/10.1016/j.vaccine.2009.09.055
https://doi.org/10.1038/s41417-017-0002-1
https://doi.org/10.1248/bpb.28.1066
https://doi.org/10.1007/s10529-014-1746-4
https://doi.org/10.1007/s10529-014-1746-4
https://doi.org/10.3389/fimmu.2019.00294
https://doi.org/10.1074/jbc.273.47.31168
https://doi.org/10.1038/nature02791
https://doi.org/10.1038/nbt.3071
https://doi.org/10.1038/s41563-018-0028-2
https://doi.org/10.1038/s41571-024-00859-1
https://doi.org/10.3389/fimmu.2018.02265
https://doi.org/10.3389/fimmu.2024.1393451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Dendritic cell subsets and implications for cancer immunotherapy
	Introduction
	DC antigen presentation and T-cell priming
	Dendritic cell subtypes
	Type I conventional dendritic cells
	Type II conventional dendritic cells
	Plasmacytoid DCs
	Monocyte-derived DCs

	The role of DC in the tumor microenvironment
	Role of DCs in existing cancer therapies
	Chemotherapy and radiation therapy enhance tumor immunity that is DC dependent
	Checkpoint inhibitors and DCs

	DC vaccines (adoptive transfer)
	Monocyte-derived (moDC)
	cDC2 and plasmacytoid DC vaccines
	The potential for cDC1 vaccines

	DC activation and expansion in vivo
	FLT3L expansion
	CD40 activation

	DC targeting
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


