=z
[=\‘ International Journal of m\DP|
G

Molecular Sciences

Review

Functional Role of Dendritic Cell Subsets in Cancer
Progression and Clinical Implications

Annalisa Del Prete 2%, Francesca Sozio 2t Ilaria Barbazza 1, Valentina Salvi !, Laura Tiberio 1,
Mattia Laffranchi !, Angela Gismondi 3, Daniela Bosisio !, Tiziana Schioppa 2 and Silvano
Sozzani 3*

1 Department of Molecular and Translational Medicine, University of Brescia, Viale Europa 11, 25123
Brescia, Italy; annalisa.delprete@unibs.it (A.D.P.); francesca.sozio@unibs.it (F.S.); i.barbazza@unibs.it (I.B.);
valentina.salvi@unibs.it (V.S.); laura.tiberio@unibs.it (L.T.); mattia.laffranchi@unibs.it (M.L.);
daniela.bosisio@unibs.it (D.B.); tiziana.schioppa@unibs.it (T.S.)

2 Humanitas Clinical and Research Center — IRCCS, Via Manzoni 56, 20089 Rozzano (MI), Italy

3 Laboratory Affiliated to Istituto Pasteur Italia-Fondazione Cenci Bolognetti, Department of Molecular
Medicine, Sapienza University of Rome, Viale Regina Elena 291, 00161 Rome, Italy;
angela.gismondi@uniromal.it

* Correspondence: silvano.sozzani@uniromal.it; Tel.: +39-06-4434-0632

t These authors contributed equally to this work.

Received: 3 May 2020; Accepted: 29 May 2020; Published: 30 May 2020

Abstract: Dendritic cells (DCs) constitute a complex network of cell subsets with common functions
but also with many divergent aspects. All dendritic cell subsets share the ability to prime T cell
response and to undergo a complex trafficking program related to their stage of maturation and
function. For these reasons, dendritic cells are implicated in a large variety of both protective and
detrimental immune responses, including a crucial role in promoting anti-tumor responses.
Although cDCls are the most potent subset in tumor antigen cross-presentation, they are not
sufficient to induce full-strength anti-tumor cytotoxic T cell response and need close interaction and
cooperativity with the other dendritic cell subsets, namely cDC2s and pDCs. This review will take
into consideration different aspects of DC biology, including the functional role of dendritic cell
subsets in both fostering and suppressing tumor growth, the mechanisms underlying their
recruitment into the tumor microenvironment, as well as the prognostic value and the potentiality
of dendritic cell therapeutic targeting. Understanding the specificity of dendritic cell subsets will
allow to gain insights on role of these cells in pathological conditions and to design new selective
promising therapeutic approaches.

Keywords: dendritic cell subsets; cancer; tumor microenvironment; cancer immunotherapy;
migration; cytokines; chemokines

1. Introduction

Dendritic cells (DCs) represent the bridge between innate and adaptive immune responses [1].
They are specialized in antigen recognition and presentation and play a central role in the initiation
of antigen-specific immunity as well as tolerance [2]. Activation and maturation of DCs depend on
the signals present in the local microenvironment, which are recognized by surface and intracellular
receptors able to sense Pathogen- and Damage-Associated Molecular Patterns (PAMPs and DAMPs)
and cytokines [3]. DCs are a heterogeneous immune cell population with consistent functional
plasticity and are distinguished in different subsets according to their ontogeny, phenotype, tissue
distribution, and molecular signatures both in mice and humans [4-6].
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DC subsets are classified as conventional DCs (cDCs), plasmacytoid DCs (pDCs), and monocyte-
derived DCs (moDCs) [6,7]. Based on the repertoire of transcription factors that control their
development, cDCs can be further divided into cDC1s, which are under the control of IRFS, ID2, and
BATEF3, and ¢cDC2s, which develop under the control of IRF4, ID2, ZEB, and Notch2/KLF4 [8]. The
two cDC subsets differ for both phenotypical and functional aspects. cDC1s (CD141/BDCA3* in
humans and CD8a* or CD103* in mouse) preferentially express the chemokine receptor XCR1 and the
C-type lectin receptor DNGR-1/CLEC9A [9-11], and are specialized in cross-presentation of
exogenous antigens on MHC-I to CD8* T cells. cDC2s (CD1c* in humans and CD11b* in mouse)
preferentially express the signal regulatory protein CD172a and are specialized in the presentation of
antigens on MHC-II to CD4* T cells [5]. PDCs are characterized by the expression of B220 and PDCA1
in mouse and CD123, BDCA2, and BDCA4 in humans, and are potent type I IFN producers [5,12].
MoDCs represent an additional subset that arise during inflammation. MoDCs develop from
monocytes recruited to the inflammatory site and are absent under homeostatic conditions. MoDCs
can promote CD4* T cell polarization within inflammatory contexts [3,13]. Additional human DC
subsets might exist, as suggested by advanced high-throughput analysis [14]. Further complexity in
DC biology is related to different migratory properties and tissue localization of DC subsets [15,16].
Recruitment of specific DC subsets in pathological conditions, such as cancer, may represent a key
step in the instruction of protective immune responses [17,18]. Indeed, different DC subsets play
specific roles in antitumor immunity through the expression of costimulatory molecules and
inflammatory cytokines and have the ability to activate specific T cell subsets [19]. At the same time,
DCs can favor the formation of a tumor-promoting local microenvironment by secreting anti-
inflammatory cytokines and expressing immune checkpoint molecules able to restrain T cell response
[20].

In this review, we will discuss: (i) the specific role of DC subsets in fostering or suppressing
tumor growth; (ii) the molecules responsible for the recruitment of DC subsets into tumor
microenvironment (TME); (iii) the prognostic value of DC subsets in TME, and (iv) the potential
therapeutic implications of targeting specific DC subsets in cancer immunotherapy.

2. Anti-Tumor Activity of DC Subsets

An efficient T cell-mediated antitumor immune response requires cross-presentation of tumor-
associated antigens by DCs [21]. cDCls represent a subset specialized in cross-presenting tumor
antigens on MHC-I molecules to CD8* T lymphocytes for the generation of efficient cytotoxic T cell
(CTL)-mediated immunity (for a review, [22,23]). The critical role of cDCls in antitumor immune
defense was demonstrated by the genetic model of Batf3 deficient mice, where cDC1 depletion led to
the inability to reject transplantable immunogenic tumors [24-26] and to sustain immunotherapies
based on adoptive T cell transfer or immune checkpoint inhibition [25,27,28]. Several molecules
involved in membrane trafficking are required for efficient tumor antigen cross-presentation, such as
the Soluble NSE Attachment Protein Receptor (SNARE) member Sec22b and the regulator of
vesicular trafficking WDFY4. These molecules are also required for the control of tumor growth and
for the efficacy of anti-PD1-based immunotherapies [29,30]. In addition to cross-presentation, other
cDC1-associated molecules are necessary to promote anti-tumor immunity and tumor rejection [31].
For the initial priming of CD8* CTLs tumor antigens must be delivered to tumor-draining lymph
nodes by migratory CD103* cDC1s in a CCR7-dependent manner [32]. Although resident CD8a*
cDC1s may also be involved, migratory CD103* cDCl1s have unique abilities in tumor-antigen cross
presentation [27,32]. The expression of XCR1 is crucial for cDC1 functions, since it favors their
localization in response to the ligand (XCL1) produced by CTLs and NK cells and the XCR1/XCL1
axis appears indispensable in the development of efficient cytotoxic immunity [33,34]. cDCls in turn
orchestrate local anti-tumor immunity, being the main producer of CXCL9 and CXCL10, two
chemokines active on CXCR3* effector T and NK cells [28,35]. Both chemokines are considered to be
crucial also in the positioning of memory CD8* T cells in cDC1-rich areas in order to promote local T
cell restimulation [36,37]. Moreover, by locally producing high amounts of IL-12, cDC1s promote CTL
and NK cell cytotoxicity and IFN-y production [25,38—40]. As a positive feedback loop, IFN-y boosts
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IL-12 production by ¢cDCl1s and potentiates cross-presentation [38,41]. By producing CCL5, NK cells
can recruit circulating cDCl1s to neighboring tissues and tumors [42]. Intratumor cDC1s represent a
crucial source of FIt3L a factor that sustains the viability and functions of cDC1s within the TME and
promotes their local differentiation from precursor cells [43]. cDC1s not only promote CTL expansion
by MHC-I-mediated Ag presentation but also promote the generation of CD4* Th1 cells through the
presentation of antigens on MHC class II [44]. The antitumor functions of cDCls may also be
supported by pDCs [45]. pDCs are a major source of type I IFN, a potent activator of antigen cross-
presentation and CD8* T cell antitumor response [46,47]. T cell-mediated anti-tumor response may
also be induced by cytosolic DNA from dying tumor cells through the activation of cGAS/STING-
mediated type I IFN production [48]. In summary, the interaction of cDC1s with components of both
innate and adaptive immunity represents an efficient and versatile system for CTL activation and
antitumor functions.

The role of cDC2s in cancer immunology is apparently more limited compared to that of cDCls.
This is possibly due to the lack of selective membrane markers that allow the clear identification of
these cells in pathological contexts and the availability of few preclinical studies. Even if cDC2s are
in many aspects less efficient than cDCls, such as in taking up tumor antigens, trafficking to draining
lymph nodes, producing IL-12, and stimulating CD8* T cells [25,27,28,32], these cells are very efficient
in the presentation of MHC-II-associated tumor antigens to CD4* T cells [49-53]. Activated CD4* T
cells contribute to antitumor immunity not only by concurring in CTL activation, but also through
the production of IFN-y that activates NK cells and macrophages, inhibits angiogenesis, regulates the
generation of tumor stroma, and promotes direct cytolytic effects [54].

The cross-talk between T cells and DC subsets plays a crucial role at different levels. Maximal
induction of the cytotoxic CD8* CTL response requires not only cDCls, but also involves ¢cDC2, as
shown by differential localization and spatiotemporal interactions of the two DC subsets in draining
lymph nodes during viral infection [44]. A similar type of collaboration is also conceivable to happen
in tumors [55,56]. During tumor growth, cDC2s were shown to be suppressed in their ability to
induce differentiation of antitumor CD4* T cells. Depletion of T regulatory (Treg) cells was shown to
enhance their migration and ability to prime proinflammatory CD4+ T cells for IFN-y production and
tumor rejection [57]. Moreover, a role for tumor ¢cDC2s in inducing activation of CD4+ T cells towards
IL-17-producing T lymphocytes has also been described [49]. Th17 cells are apparently crucial for the
efficacy of cDC2 vaccination because of their capacity to reprogram pro-tumoral macrophages and
to reduce suppressive myeloid cells [49].

Human studies show some overlapping functions between cDCls and ¢DC2s, such as IL-12
production and requirement of FIt3L for their development [58,59]. Similar to cDCls, the number of
circulating cDC2s is usually decreased in tumor patients [60]. Nevertheless, cDC2s were shown to be
part of an immune signature in early lung adenocarcinoma lesions [61]. In breast cancer lesions, the
expression of costimulatory molecules by cDC2s were differentially regulated in relation to cancer
subtype, being higher in triple negative than in luminal breast cancers [62]. cDC2s do not express a
unique gene signature. Indeed, cDC2 share a common signature with monocytes, with only a few
genes selectively expressed, such as CCL22, a gene that encodes for a chemokine active on CCR4* T
cells [62]. In a different study, the gene CD207 (that encodes for langerin) was identified as a specific
marker for tumor-associated cDC2s, both in mouse and human lung cancers [63].

PDCs may favor antitumor immunity mostly through the production of IFN-a, an inhibitor of
tumor cell proliferation, angiogenesis, and metastasis [64]. PDCs possess direct cytotoxic activity
through the expression of TRAIL and Granzyme B [65,66]; this function was reported both in in vitro
and in vivo experimental models [67,68]. TLR7-mediated production of type IFN I is essential for the
regulation of TRAIL and Granzyme B secretion by pDCs via IFNARI signaling [65-67] and inhibition
of this pathway by an anti-BDCA-2 moAb resulted in decreased TRAIL-mediated cytotoxic functions
[65]. PDCs can exert also indirect antitumor effects through the CCR5-mediated recruitment of NK
cells and the OX40L-mediated induction of IFN-y [69]. In head and neck squamous carcinoma, a
morphologically, functionally, and transcriptionally unique pDC subset expressing high levels of
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OX40 was described for being able to synergize with cDCs in generating potent tumor antigen
specific CD8* T cell responses [70].

Because of the high degree of overlap with other myeloid cells, the relevance of moDCs in
human tumors is unclear. MoDCs may have an important role in anti-tumor response promoting the
proliferation of naive CD8* T cells [71]. In preclinical studies, moDCs were found to play a crucial
role in mediating immune responses during chemotherapy, T cell adoptive therapy, and cell
vaccination [72-74]. The main mechanisms exploited by DC subsets to perform efficient anti-tumor
immune responses are summarized in Figure 1.
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Figure 1. Role of dendritic cells (DC) subsets in the regulation of the anti-tumor immune response.
The main events that involve DC subsets and contribute to a robust anti-tumor response are
illustrated. The anti-tumor action of DC subsets starts with the uptake of tumor antigens followed by
DC recruitment to the draining lymph nodes, where antigen presentation to T cells occurs. cDCls are
specialized in tumor antigen cross-presentation to CD8+ T cells, leading to tumor-specific cytotoxic T
cell (CTL) differentiation, whereas cDC2s are the most efficient CD4* T cell activators. In the tumor
microenvironment (TME), DCs induce the recruitment and activation of NK cells and CTLs through
the production of IL-12 and other chemokines/cytokines. Plasmacytoid DCs (PDCs) can kill tumor
cells through the expression of TRAIL and Granzyme B (TDLN = tumor draining lymph node).

3. Tumor-Mediated Suppression of DC Functions

DCs can favor tumor growth and progression by promoting immune tolerance [75] (Figure 2).
Within the TME, several soluble factors can upregulate transcriptional and metabolic pathways
permissive for the generation of DC tolerogenic phenotype, such as IL-10, IL-6, PGE2, VEGF, and
colony stimulating factor-1 (CSF-1). VEGF was one of the first identified factors produced by tumor
cells described to inhibit DC functions, including differentiation from precursors, activation, and
recruitment to the tumor site [76-78]. IL-10 production by tumor-associated macrophages can
suppress the expression of the anti-tumor cytokine IL-12 by CD103* ¢cDCl1s. IL-10 receptor blockade,
in combination with CSF-1 inhibition, was shown to reduce metastatic burden and to improve the
efficacy of paclitaxel therapy [39]. In addition, DCs may by themselves produce inhibitor factors.
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Tumor-derived TLR2 ligands were shown to be critical for the generation of immunosuppressive IL-
6- and IL-10-producing DCs [79]. The Wnt/{3-catenin activation in tumor cells has been variously
implicated in the suppression of DC functions by paracrine IL-10 production and the downregulation
of CCL4, a chemokine responsible for the recruitment of CD103* cDCl1s [28]. Within the TME, DCs
are the main producers of CCL22, a chemokine that regulates the migration of CCR4* Treg cells
[80,81]. Treg-DCs interaction at the tumor site is critical for the local suppressive functions of Treg
[82,83]. Tumor-intrinsic upregulation of COX activity and PGE2 production may be responsible for
impaired NK cell recruitment and the consequent reduction of CCL5- and XCL1-mediated
intratumoral cDC1 and CTL infiltration [42,84]. The enzyme indoleamine 2,3 dioxygenase (IDO) is
upregulated in tumor-associated DCs. IDO-expressing DCs consume tryptophan, an essential
aminoacid for effector T cell functions, promoting Treg differentiation [85]. Tumor-derived lactic acid
was recently shown to impair DC functions in lung cancer [86]. The abnormal accumulation of lipids
is a major mechanism involved in DC dysfunction, in particular in cross-presentation, as shown in
several preclinical models and cancer patients [87,88]. In ovarian cancer, DCs engulfed with lipid
droplets showed robust activation of the endoplasmic reticulum stress response factor XBP1. This
pathway is responsible for triglyceride metabolism and accumulation of intracellular lipids, a
mechanism that makes DCs unable to induce antitumor responses [89].
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Figure 2. Tumor-mediated suppression of DC functions. Outline of the mechanisms by which tumors
can alter DC functions switching their phenotype in immunosuppressive or tolerogenic, helping
tumor growth and its escape from immune responses. Tumor cells secrete a variety of factors that can
block the production of type I IFN (IFN-I) by pDCs or IL-12 by ¢DCs (IL-10, TGFB) induce
immunosuppressive moDCs (IL-6) and inhibit the recruitment of NK cells (PGE2). Tumor cells are
also able to induce the expression of ICOS and PD-L1 by DCs creating an immunosuppressive
microenvironment.

In addition to soluble factors, several membrane proteins concur in the suppression of DC
functions. Production of the immunosuppressive chemokine CCL2 by stromal cells contributes to the
generation of immunoregulatory DCs with decreased HLA-DR expression and upregulation of PD-
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L1 [90]. In mouse models of advanced ovarian cancer and hepatocellular carcinoma, PD-1 expression
by tumor-infiltrating cDCs suppresses CD8* T cell activity and decreases T cell infiltration [91,92]. In
addition, PD-L1-expressing DCs can promote the expansion and function of Treg [93]. The inhibitory
checkpoint receptor, TIM3, when expressed by cDCs infiltrating breast cancer, inhibits CTL
recruitment through the downregulation of CXCL9 expression [94]. Furthermore, the release of
HMGBI by dying tumor cells was shown to compete with nucleic acid binding to the receptor TIM3
selectively expressed by intratumoral DCs with consequent inhibition of anti-tumor immune
responses [95]. The expression of macrophage galactose N-acetyl-galactosamine specific lectin 2
(MGL2/CLEC10A) was described on an immunosuppressive subset of PD-L2* DCs that accumulates
in liver metastasis of pancreatic cancer as responsible for Treg development. Blocking PD-L2 or
depletion of MGL2* cells selectively activated CD8* T cells and suppressed metastasis, suggesting
that DCs use this pathway to inhibit CD8* T-cell-mediated tumor immunity [96].

Recent evidence demonstrates a role for tumor-derived extracellular vesicles (EV) in promoting
tumor progression and metastasis [97]. EVs derived from ovarian cancer were shown to deliver
arginase-1 to DCs present in draining lymph nodes and to inhibit antigen-specific T-cell proliferation
[98]. In another study, tumor-derived exosomes were reported to induce immune suppression
through the delivery of heat shock proteins to DCs, leading to increased IL-6 production, which
dramatically promoted tumor invasion by increasing signal transducer and activator of transcription
3 (STAT3)-dependent matrix metalloproteinases 9 transcription activity in tumor cells [99]. Moreover,
tumor-derived exosomes can deliver different miRNA which play crucial roles in regulating DC
functions [100].

In the TME, pDCs tend to be tolerogenic and favor tumor progression. Several studies have
shown that tumor-associated pDCs are immature and have a diminished capacity to produce IFN-a,
as originally shown in head and neck squamous carcinoma [101]. HMGBI secretion during cervical
carcinogenesis was described to be responsible for the decrease in IFN-a production and impairment
of pDC functions [102]. PDCs can induce Treg cells through IDO or inducible T cell co-stimulator
ligand (ICOSL). The presence of ICOSL-expressing pDCs correlates with breast cancer progression
by a mechanism involving the induction of IL-10-producing Treg cells [103]. PDC-dependent, IL-10-
producing, regulatory CD8*T cells can suppress the generation of antigen-specific effector T cells by
cDCs, in ovarian cancer [104,105]. In melanoma, pDCs, through OX40L and ICOSL, support tumor
progression by promoting type 2 immune responses [106]. Recently, TGF-{3 was described as the main
factor responsible for pDC immunosuppressive phenotype, being responsible for the inhibition IFN-
a and MHC I expression following TLR9 activation [107]. In melanoma, IDO* pDCs stimulation of
CD4+CD25*FoxP3* Tregs caused the upregulation of PDL-1 and PDL-2 in DCs, supporting a
immunosuppressive microenvironment [108,109]. PDCs can favor tumor growth by promoting
neoangiogenesis and producing high levels of IL-1a [110,111]. Finally, Granzyme B-secreting pDCs
may play a regulatory role in immune evasion by affecting T cell proliferation [112].

Additionally, moDCs can be conditioned by TME to acquire an immunosuppressive, regulatory
phenotype, as described in different models of ovarian cancer [113]. In the TME of many tumors (e.g.,
breast, colon cancer and leukemia) moDCs become efficient inducers of Treg and poor stimulators of
allogeneic T cells [114,115]. Several products (such as IL-6, PGE2, ROS) from tumor cells and other
immune cells can impair moDC differentiation and survival and block their antigen presenting
functions, leading to a tumor-promoting phenotype [116,117].

4. Regulation of DC Subsets Migration in TME

Chemokines are master regulators of DC tissue distribution. DCs express a complex repertoire
of chemokine receptors that are responsible for their trafficking between primary and secondary
lymphoid organs and to peripheral tissues. Proper trafficking of DCs is required to promote T cell
activation, proliferation, and survival [15,118]. Both cDC1s and ¢cDC2s were shown to take up tumor
antigens [25] and to migrate to tumor draining lymph nodes in a CCR7-dependent manner [32,49,119]
(Figure 3).



Int. ]. Mol. Sci. 2020, 21, 3930 7 of 23

Naive T cell TDLN

Blood vessel .
cDC1 Antigen
% . Ppresentation
/ Effector / \ eDC1
/ XCL1 .
/ / . T cells . 3:?:}

/ _— DC
; o p-defensin . P Q
f [ ]
. . {- & \ 0 @ cCL9 . % h
2] .

;: Immature
i cDC

L]
© Chemerin

@C b2
@ . © o ol Oxysterol
’ 1‘ o 000 e 3
.C(LZU .‘o- e ¥ x
\ Immature e et st ¥ ¥
{ »pDC CXCL12 pDC Y X/

Figure 3. Recruitment of DCs to tumor microenvironment. Tumor cells can secrete many factors that
can recruit different DC subsets: chemokines, such as CCL20, CXCL12, and CXCL14, and other
molecules, such as ATP (from dying cells) or 3-defensins. Tumor cells can also produce factors that
inhibit the recruitment of CCR7* DCs to lymph nodes (e.g., oxysterols).

Tumor infiltrating ¢cDCs derive from a bone marrow precursor (pre-cDC) that migrate from
blood to tumor to differentiate in proliferating cDCs. In different transplantable tumor models, this
process was shown to be largely driven by the tumor expression of CCL3, a ligand of CCR1 and
CCR5, two chemokine receptors expressed by pre-cDCs [120]. However, tumor moDCs may also
develop and function independently of pre-cDC-derived DCs [74], as already differentiated
circulating cDC1s may accumulate in the TME in response to the production of CCL5 and XCL1 by
tumor-infiltrating NK cells, CD8*T cells, and innate lymphoid cells [42]. While chemokines, such as
CCL5, may also recruit cells that promote tumor growth, such as Treg and macrophages [121,122],
XCL1 is a specific chemoattractant for cDC1s [123,124] and this chemokine could be exploited in
cDC1-targeted therapies [125]. Many tumors also produce CCL20, as documented in primary breast
carcinoma [126], renal carcinomas, and thyroid papillary carcinoma [127-129].

Infiltration of TME by cDCs is associated with favorable prognosis and response to
immunotherapy [28,43]. Tumors with active intrinsic (-catenin pathway are characterized by
reduced accumulation of cDCls, leading to uncontrolled tumor growth [130]. In addition, tumor cell
intrinsic factors may restrain cDC1 migration and usually, tumor infiltrating cDCs have immature
phenotype. Indeed, CCL20 produced in TME preferentially recruits immature CCR6* ¢cDCs, with
mature cDCs being confined to peritumoral areas [127-129,131]. Tumor-derived oxysterols were
shown to inhibit DC trafficking to draining lymph nodes by downregulating CCR7 expression [132].

Proteins other than chemokines, such the antimicrobial inflammatory peptides $-defensins, are
involved in the recruitment of CCR6* DCs, as shown in ovarian and cervical cancers [78,133]. Other
antimicrobial peptides, such as LL-37, a member of the cathelicidin family, may promote lymph node
recruitment of cDCl1s through the upregulation of CCR7 and XCR1, as described in a model of murine
squamous cell carcinoma [134]. CRAMP (Cathelicidin-Related AntiMicrobial Peptide), the mouse
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homologue of LL-37, binds the formylpeptide receptor-2 (Fpr2), a receptor expressed by DCs [135].
Moreover, formylpeptide receptor 1 (FPR1) was described to be required for the correct localization
of DCs in proximity of dying cells following anthracyclines treatment and eliciting antitumor T cell
immunity [136]. Complement components are also involved in DC recruitment as described in colon
cancer hepatic metastasis [137].

PDCs infiltrate both primary and metastatic tumors with the most studied tumor being
melanoma. Melanoma cells produce CCL20 that can recruit immature circulating pDCs through
CCR6 [138]. Mature pDCs are mainly localized in the peritumoral area of melanoma lesions with
some of them also found in association with malignant cells, suggesting a possible role for pDCs in
starting antitumor immune response [139]. Immature pDCs also express CXCR4, the receptor for
CXCL12, a chemokine produced by tumor cells [140]. The CXCL12/CXCR4 axis is also involved in
the recruitment of immature pDCs in ovarian cancer where high levels of CXCL12 are produced by
epithelial tumor cells [141]. CXCL12 can act as a survival factor for tumor infiltrating pDCs [142].
Likewise, tissues of patients with head and neck squamous cell carcinoma showed pDC infiltration
in response to CXCL12 [101]. The ability of the constitutive chemokine CXCL12 to induce pDC
recruitment is controlled by the expression of CXCR3 ligands [143]. Finally, pDCs isolated from non-
small cell lung cancer lesions were shown to migrate in response to CCL19 and CCL13 [144].

Circulating monocytes are recruited into tumor through the CCL2/CCR?2 axis, as described in
breast cancer [145]. Once in the TME, they can differentiate in macrophages or in moDCs [146].
Moreover, stromal primary cells derived from biopsies from prostate cancer patients contained high
levels of CCL2, a monocyte chemoattractant. In the presence of stromal derived tumor-promoting
factors, monocytes can differentiate in moDCs [147]. Chemotherapy-induced dying cells can release
ATP, which recruits a DCs resembling inflammatory moDCs [72].

5. Prognostic Value of DC Subsets in TME

By using public datasets of gene expression profiles of whole tumor tissues, the presence of
tumor infiltrating cDCls has emerged to correlate with a better clinical outcome in a variety of
different solid tumors. In breast cancer, independent studies have documented that elevated
infiltration of cDCls represents a positive prognostic value [25,38,42]. Similarly, a cDC1
transcriptomic signature was as predictive as a CTL signature of better survival [62]. The positive
prognostic value of tumor cDCl1 infiltration was apparently more important in triple negative breast
cancer (TNBC) than in luminal cancer or other breast cancer subtypes [25,38,42]. A positive
prognostic value for cDC1 infiltration was also reported for other solid tumors, such as head and
neck squamous cell carcinomas, lung adenocarcinomas, and melanomas [32,43,148]. The analysis of
a large cohort of breast primary tumors highlighted the selective role of cDC1-derived IFN-lambal
in the generation of a microenvironment rich of Thl-cytokines and chemokines active on cytotoxic
lymphocytes. Both IFN-lambal and its receptor were associated with favorable patient outcomes
[149].

Tumor infiltrating ¢cDCs show a dynamic distribution over time and can influence disease
progression at different stages of tumor growth [150,151]. For instance, increased cDC infiltration was
associated in early pancreatic ductal adenocarcinoma (PDAC) lesions with better anti-tumor
immunity of CD8* T cells and in advanced PDAC, with increased efficacy of radiation therapy [152].

A significant prognostic factor is the maturation state of cDCs. Mature cDCs in lung tertiary
lymphoid structures are strongly associated with a Th1l and T cytotoxic immune signature, and long-
term survival. The combination of mature cDCs and CD8* T cell densities constitutes a powerful and
independent prognostic factor of overall survival [153]. A block in maturation was found in
metastasized breast cancer in cDCs localized in sentinel lymph nodes; this was associated with
reduced co-localization of mature DC-CTL and expanded Treg cells [154]. In Glioblastoma
Multiforme patients, cDC2 showed immature phenotype with reduced IL-12 production [155].

Immunohistochemistry analysis of infiltrated mature cDC subsets in primary colon
adenocarcinoma showed accumulation of CD83* cDCs mostly at the invasive margin, forming
clusters with T lymphocytes [156]. In colorectal cancer, decreased levels of stroma mature DC-LAMP*
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cells in association with reduced tumor infiltrating lymphocytes and increased immature/tolerogenic
CD1a* ¢cDCs correlated with disease recurrence [157]. Consistent with this finding, infiltration of DC-
LAMP+ cells in the TME of ovarian cancer patients [158] and cutaneous malignant melanoma were
associated with better overall survival [159]. BDCA3* DCs in melanoma patients correlated with
improved overall survival and the formation of clusters with NK cells represents a prognostic tool
for T cell-directed immunotherapy [43].

PDCs infiltration of TME is often linked to immune tolerance. Indeed, in epithelial ovarian
cancer, pDCs drive immunosuppression mediated by the ICOS-L-dependent accumulation of Foxp3+
Treg cells, which localize in close proximity. The frequency of these two cell populations directly
correlated with and was predictive of disease progression [160]. The accumulation of pDCs in ovarian
cancer epithelium is an independent prognostic factor associated with early relapse [161]. PDCs can
also induce lymphangiogenesis and neo-angiogenesis through the production of VEGF-C [162], TNF-
a and IL-8 which are hallmarks of poor prognosis associated with multifocal intra-peritoneal
dissemination [110]. In cutaneous melanoma, the presence of pDCs in draining lymph nodes is
associated with poor prognosis [106].

Increased levels of pDCs in peripheral blood of Non-Small Cell Lung Cancer (NSCLC) patients
and increased pDC infiltration in breast tumors and head and neck and oral squamous cell
carcinomas correlated with more advanced tumor stages and poor prognosis [101,111,163-166].

MoDCs were detected in melanoma nodules [167] in lung and colon carcinoma both in mice and
patients [49], and in ascites from ovarian and breast cancer patients with negative prognostic value
[13].

6. Targeting DC Subsets to Improve Cancer Imnmunotherapy

The distinctive capacity of DCs to activate anti-tumor immune responses has been exploited in
cancer immunotherapy [168-172]. As DCs are poorly present in circulation (about 1% of total
leukocytes), most of the vaccination trials are based on moDCs, differentiated ex vivo from CD14*
monocytes or from CD34+ progenitors in the presence of growth factors (e.g., GM-CSF and IL-4) and
maturation factors (such as TLR agonists or CD40L), loaded with different forms of tumor antigen
preparation [172,173]. In the past two decades, several clinical studies on DC vaccination were
conducted based on ex vivo generated DCs, such as the melanoma antigens-pulsed DC vaccines for
metastatic melanoma patients [174,175], and the FDA-approved Sipuleucel-T for metastatic prostate
cancer patients [176]. MoDC vaccines, tested in different cancer patients [177], demonstrated the
ability of moDCs to cross-prime and activate T cells to produce antitumor cytokines in the presence
of limited toxicity [178-180]. However, only a minority (5-15%) of metastatic patients showed
objective clinical response notwithstanding a trend to survival benefit reported in most studies [181].
Of note, in vitro differentiated moDCs are distinct from the primary circulating DCs both at
transcriptional and phenotypic levels [182] and function less efficiently in T cell priming and in
migratory capacity [183,184]. Another reason for the apparent lack of success of moDC vaccines can
be ascribed to enhanced tumor burden and immune suppression occurring in advanced
malignancies.

From the pioneering studies by Ralph Steinman, who paved the way to new designed vaccines
based on the principle of in vivo targeting DCs [185], recent advances in tumor immunology suggest
to focus on autologous DCs and to exploit DC subset specificity [186]. Distinct primary DC subsets
may be associated with improved survival in diverse types of cancer [25,32,42]. Considering that all
DC subsets can generate an anti-tumor response, several clinical trials were conducted [187-189] and
some are still ongoing (NCT02574377, NCT02692976, NCT02993315), using autologous primary
cDC2s and pDCs [168]. Although cDCl1s are the most promising DC subset, based on their ability to
activate CD8* T cells, their isolation from circulation still represents a major challenge that has limited
clinical use [168]. The use of Flt3L-dependent mobilization can trigger an in vivo expansion of all DC
subsets, including cDC1 [187,189]. Nevertheless, many attempts are under investigation in order to
optimize cDC1-based vaccines for clinical applications. Recent work has highlighted the role of the
Notch signaling pathway in driving cDC1 differentiation ex vivo [190,191]. Additionally, direct
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reprogramming of dermal fibroblasts into cDC1s might be a promising alternative strategy [192]. The
efficacy of cDC1-based vaccine in preclinical settings was recently described and will pave the way
to clinic [193].

Despite the revolution in cancer immunotherapy, the manipulation of DCs for cancer vaccines
has not reached its full maturity. Optimization of molecular pathways to boost DC anti-tumor
activity, such as maturation, priming, and trafficking, is still required. Recent evidence suggests that
cell maturation in cDCl-based vaccines can be optimized using TLR3 (poly I:C) and TLR8 (R848)
stimulation [194,195]. To improve T cell priming ability, several antigen loading approaches were
explored. For example, moDCs pulsed with autologous oxidized whole tumor lysates led to
prolonged patient survival in a personalized ovarian cancer clinical trial [196]. Alternatively, DCs,
engineered with a chimeric receptor to increase selective uptake of tumor-derived, antigen-bearing
extracellular vesicles, were tested in a preclinical model of DC vaccination and shown to produce
expansion of specific T cells and effective anti-tumor response [197]. Antigen processing and cross-
presentation can be improved through the regulation of proteolysis of internalized antigens as
recently demonstrated by the genetic deletion of molecules involved in the vesicular trafficking
machinery, such as SEC22B and YTHDEF1 [30,198]. Another strategy that can be used to improve T
cell priming is the silencing of cDCl-intrinsic immunosuppressive signals, by the use of small
interfering RNA (siRNA) to delete PD-L1 and PD-L2 as already shown for moDCs [199]. The synergic
use of DC vaccines and immune checkpoint blockade is one of the most promising therapeutic
approach for cancer immunotherapy. The efficacy of anti-PD-1 and anti-TIM-3 checkpoint inhibitors
is strictly correlated with indirect role of cDC1 that potentiate NK cell and CTL effector functions
[43,94,200,201].

A very encouraging approach to improve the cross-presenting capacity of cDC1 is the direct
targeting of CLEC9A, a molecule specifically expressed by cDC1, involved in the uptake of dead cells
and cross-priming of antigens to CD8* T cells [11,202]. In addition to antigen delivery, a CLEC9A
antibody can also deliver maturation stimuli to ¢DC1, as shown by the intratumoral injection of a
chimeric recombinant protein [203].

The ability of DCs to mount an anti-tumor immune response depends on their efficient tumor
homing and migration to draining lymph nodes. CCR7 is the key player for DC migration to draining
lymph nodes. The knowledge on how to induce CCR7 upregulation generated with moDCs, such as
adenoviral transduction, immune adjuvant targeting micelles, and epigenetic regulation [204-206],
should now be extended to cDC1-based vaccines [32]. Chemokines involved in the recruitment of
¢DCl1 in tumors could be targeted to improve the clinical use of these cells. One valid example is the
ability of adenovirally-induced CCL21-expressing DCs, injected intratumorally, to induce anti-tumor
immunity in a phase I clinical trial in lung cancer [207]. The selective expression of XCR1 in both mice
and humans cDC1 makes this molecule attractive for cDC1 targeting. XCR1 targeting was shown to
be important in tumor antigen delivery to cDC1 and subsequent CD8* T cell priming [208,209]. In
addition, the intratumor inoculation of XCL1 increased cDC1 accumulation and improved tumor
control in several preclinical models [34,42,210]. The usage of XCL1 variants engineered to enhance
receptor stability and chemotactic activity was reported to further improve anti-tumor immune
response [34] and could provide a rational for future translational developments.

7. Conclusions

DC subsets are diverse cell types that requires different transcription factors for their
development, express specific membrane markers and possess specialized functions. The recognition
of this complex scenario may allow to better understand their role in homeostatic and pathological
conditions and to develop successful therapeutic approaches. DCs exert a major role in the control of
anti-tumor immune response. This function is accomplished through efficient antigen processing and
presentation and cytokine production. However, tumor-derived molecules may decrease their anti-
tumor potential and turn DCs in cells with tumor-promoting activity. Based on their specialized
ability to cross-present tumor antigens to CD8 T cells and to their homing characteristics, cDCl1s are
emerging as the DC subset endowed with the highest potential to activate an anti-tumor response,
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both in mouse and human settings. At present, the most common approach in DC-based cancer
therapy rely on the use of moDCs. These cells showed limited efficacy in terms of cross-presentation
and migration to lymph nodes. In addition, moDCs can turned out to favor an immunosuppressive
context in TME [168]. Primary DCs are considered a potent alternative to moDCs, especially ¢cDCls.
However, successful DC-targeted immunotherapy might require co-administration with other drugs,
in a multiphase approach, such as in association with chemotherapy, radiotherapy, or checkpoint
inhibitors [173]. Chemotherapy can enhance anti-tumor functions through multiple mechanisms,
including the release of tumor associated antigens and the depletion of the tumor suppressive milieu
[72,73]. Additionally, radiotherapy can enhance response to immunotherapy and can promote
immune-mediated tumor clearance by a mechanism apparently associated with radiation-induced
cytosolic DNA, which stimulates the secretion of IFN-3 by cancer cells. IFN-f promotes activation
and recruitment of cDC1, responsible for CD8* T cell priming and systemic tumor rejection (abscopal
effect) in the context of immune checkpoint inhibition [211].

Tumor-induced immunosuppression is one of the most important challenge for DC vaccination,
and the association with immune checkpoint inhibition is under evaluation in clinical trials [173]. A
better understanding of the specialized immune functions of DC subsets will improve our
understanding of their role in pathology and will provide the rationale for the design of new
therapeutic strategies.
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DCs Dendritic Cells
PAMPs Pathogen-Associated Molecular Patterns
DAMPs Damage-Associated Molecular Patterns
cDCs Conventional DCs
pDCs Plasmacytoid DCs
moDCs Monocyte-derived DCs
IRF8 Interferon Regulatory Factor 8
ID2 Inhibitor DNA-binding 2 protein HLH
BATEF3 Basic leucine zipper ATF-like Transcription Factor 3
IRF4 Interferon Regulatory Factor 4
ZEB Zinc ginger E-box-binding homeobox1
KLF4 Kruppel-Like Factor 4
DNGR-1 Dendritic cell Natural killer lectin Group Receptor-1
CLEC9A C-type lectin domain family 9 member A
MHC Major Histocompatibility Complex
BDCA Blood Dendritic Cell Antigens
IEN Interferon
TME Tumor Microenvironment
CTL Cytotoxic T Lymphocytes
SNARE SNAP Receptor (SNAP= Soluble NSF Attachment Protein)
IL-12 Interleukin 12
NK Natural Killer
cGAS Cyclic GMP-AMP Synthase
STING Stimulator of Interferon Genes

FIt3L FMS:-like tyrosine kinase 3 Ligand
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IFNAR1 Interferon-alpha receptor alpha chain
TRAIL TNF-related apoptosis-inducing ligand
TLR Toll Like Receptor

PGE2 Prostaglandin E2

VEGF Vascular Endothelial Growth Factor

CSF-1 Colony Stimulating Factor 1

COX Cyclooxygenase

IDO Indoleamine 2,3 dioxygenase

HMGBI1 High Mobility Group Box 1

TIM3 T-cell immunoglobulin and mucin-domain containing-3
HLA-DR Human Leukocyte Antigen-DR isotype
PD-L Programmed Death-Ligand

PD-1 Programmed cell Death protein 1

MGL2 Macrophage Galactose N-acetyl-galactosamine specific Lectin 2 isoform
Treg Regulatory T cell

XBP1 X-Box binding protein 1

EV Extracellular vesicle

STAT3 Signal Transducer and Activator of Transcription 3
ICOSL Inducible T cell co-stimulator ligand

TGF-B Transforming Growth Factor beta

TNF-a Tumor Necrosis Factor alpha

ROS Reactive Oxygen Species

CRAMP Cathelicidin-Related AntiMicrobial Peptide
FPR1 Formyl Peptide Receptor 1

CMKLR1 Chemokine Like Receptor 1

ATP Adenosine triphosphate

LBC Luminal Breast Cancer

TNBC Triple Negative Breast Cancer

PDAC Pancreatic Ductal AdenoCarcinoma

LAMP Lysosomal-Associated Membrane Protein
NSCLC Non-Small Cell Lung Cancer

YTHDF1 YTH domain-containing family protein
siRNA Small interfering RNA
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