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Abstract

Dendritic cells (DC) are key sentinels of the host immune response with an important role in
linking innate and adaptive immunity and maintaining tolerance. There is increasing recognition
that DC are critical determinants of initiating and sustaining effective T-cell-mediated anti-tumor
immune responses. Recent progress in immuno-oncology has led to the evolving insight that the
presence and function of DC within the tumor microenvironment (TME) may dictate efficacy of
cancer immunotherapies as well as conventional cancer therapies, including immune checkpoint
blockade, radiotherapy and chemotherapy. As such, improved understanding of dendritic cell
immunobiology specifically focusing on their role in T-cell priming, migration into tissues and
TME, and the coordinated /n vivo responses of functionally specialized DC subsets will facilitate a
better mechanistic understanding of how tumor-immune surveillance can be leveraged to improve
patient outcomes and to develop novel DC-targeted therapeutic approaches.
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1.0 Introduction

Dendritic cells (DC) comprise a diverse group of functionally specialized myeloid-derived
antigen presenting cells (APCs) that orchestrate antigen-specific immunity and tolerance,
including immunity to cancer and self-tolerance [1]. This specialization of DC to interpret
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and respond to environmental stimuli includes detecting pathogens and transformed cells.
The ability of DC to interpret these cues and to successfully capture, process and

present both self and non-self antigens for T-cell priming determines the host’s ability to
discriminate self from non-self. Under steady-state conditions, the ability of DC to regulate
innate and adaptive immunity carries importance for maintaining tissue homeostasis [2—
4]. Alternatively, in an inflammatory context, such as infection or cancer, danger signals
promote DC activation and/or maturation that culminates in an antigen-specific T-cell
response that is necessary for pathogen clearance and tumor rejection [5].

The success of immune checkpoint blockade (ICB) was a transformative advance immuno-
oncology [6]. It validated the concept that cancer immunotherapy targeting immune
checkpoints that activate or may re-invigorate neoantigen-specific T-cells clones promote
robust and durable anti-tumoral immunity [7]. Despite this, only a subset of patients respond
to ICB. This benefit is generally ascribed to tumors that harbor a pre-existing intratumoral
T-cell infiltrate and an immunologically permissive tumor microenvironment (TME) — a so
called “hot” or T-cell-inflamed TME [8]. In turn, focus has shifted towards understanding
the molecular-genetic and immunologic mechanisms that define distinct cancer-immune
phenotypes and regulate T-cell infiltration into the TME [9, 10].

Because DC are able to initiate de novo T-cell immunity and are responsible for priming

of antigen-specific T-cells they have been implicated as key regulators that guide response
to ICB and other cancer immunotherapies [11, 12]. This is now supported by several lines
of evidence that have associated the presence of intratumoral DC or the expression of
DC-specific transcriptional signatures with the T-cell inflamed phenotype and CD8 T-cell
infiltration [3, 13, 14], to favorable prognosis among patients with cancer [15, 16] and to
response to various cancer immunotherapies [17-19]. Along these lines, a paucity of DC

in the TME or dysregulated DC function correlate with poorly immunogenic tumor types
[20, 21]. Accordingly, there is growing interest to harness the DC compartment to more
effectively activate and mobilize T-cells into the TME in order to enrich the number of
responders to ICB, particularly among patients with poorly immunogenic and non-inflamed
tumors types. Emerging data suggests that DC are more directly linked to the mechanism

of action of ICB and other cancer therapies than previously suspected. These mechanisms
include ligation of DC-expressed immune checkpoints and co-stimulatory molecules as well
as sculpting of adaptive immunity via immunogenic cell death (ICD) and activation of innate
DNA or RNA sensing pathways [22-26]. This area of investigation has also led to novel
insights regarding immunological barriers that limit DC abundance or subvert DC function
that must be overcome to optimize DC-targeted strategies [27].

Here, we summarize an evolving understanding of DC biology as it shapes the behavior

of DC in tumors. This includes discussion of mechanisms by which DC promote anti-
tumor immunity, DC ontogeny and how DC subset diversity yields important functional
implications. We also consider how the TME can disrupt these efforts as a form of immune
evasion. We discuss how current cancer therapeutics influence DC function. Finally, we
speculate on opportunities to exploit unique and potent characteristics of DC to improve
cancer outcomes.
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2.0 Thediverse landscape and functions of Dendritic Cells

Since the discovery and initial characterization of DC by Steinman and Cohn in 1973 [28—
31], there have been ongoing efforts to clarify the developmental origins and characterize
unique functional aspects of DC subsets. Advances in available technologies, including

the advent of single-cell RNA sequencing (ScCRNA-seq) and mass cytometry (i.e. CyTOF),
facilitated a high-resolution view of DC ontogeny and the transcriptional programs that
regulate DC development and differentiation [32-36]. How DC reconcile subset-specific
developmental programing with the ability to differentiate in response to instructive
environmental cues in a context-dependent or tissue-specific manner remains unresolved
[37, 38]. However, this suggests a highly versatile and adaptable model where DC

subtypes exists across a range of functional states. Dynamic changes in the local milieu
may ultimately shape how diverse subsets of DC balance host immunity and tolerance

[39, 40]. In the setting of tumor immune surveillance, DC continually sample antigen
within the TME and sense danger signals via pattern recognition receptors (PRRs) that
recognize damage associated molecular patterns (DAMPS) originating from malignant cells
and/or pro-inflammatory cytokines [41]. These signals license DC to initiate tolerogenic

or immunogenic actions in a coordinated and often subset-specific fashion [42]. In immune-
edited tumors, malignant cells can evade host immune recognition through subversion of
DC sensing and activation, dysfunctional antigen processing and presentation that ultimately
lead to defects in T-cell priming or inappropriate induction of tolerance [43-45]. In addition
to loss of tumor immunogenicity during immune escape, malignant progression of advanced
tumors is also characterized by infiltration of DC that are overtly immunosuppressive and
directly abrogate T-cell immunity [45].

2.1 Anti-tumor immune functions of Dendritic Cells

The cancer immunity cycle provides an important conceptual framework to understand how
DC drive anti-tumor immunity that, when successful, leads to T-cell-mediated eradication
of malignant cells [46]. Dendritic cells transport antigens to the tumor-associated draining
lymph node (tdLN) and prime helper and cytotoxic effector T-cell populations as well

as long-lived memory cells. Indeed, the quality of this initial priming event may often

be overlooked but is likely critical to govern long-lived protective immunity in cancer as
occurs in anti-viral memory responses [47]. To mount an effective anti-tumor response, DC
are responsible for coordinated actions involving: (1) antigen capture and processing, (2)
licensing and activation in response to sensing and integration of environmental cues, (3)
maturation and migration to the tdLN, (4) antigen-presentation and priming of naive T-cells,
(5) recruitment of T-cells into the TME via DC-derived chemotactic gradients, and (6) /in situ
interaction with effector T-cells and local cytokine production in the TME [44].

Understanding DC function as it relates to their local site-specific development, orchestrated
migration upon antigen capture, spatio-temporal relationships, and tissue or organ-specific
compartmentalization provides a roadmap to understand the critical role that DCs play in
initiating and sustaining anti-tumor immunity. In parallel, it is important to consider the
functional specialization of DC subsets and how this division of labor is often partitioned in
a subset-specific manner. Briefly, DC subsets are often classified by developmental origin
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as conventional DC [including type 1 conventional DC (cDC1) and type 2 conventional DC
(cDC2)], monocyte-derived DC (MoDC), plasmacytoid DC (pDC) as well as the emerging
appreciation of a population, termed DC3. To this end, several SCRNA-seq datasets of
human tumor-infiltrating DC across a spectrum of tumor types as well as a recent in-depth
meta-analysis by Gerhard et al. have demonstrated conservation of five distinct DC states
across tumor types [48-53]. These five states include cDC1, cDC2, cDC2/MoDC, pDC

and DC3 and represent the nomenclature that will be adopted henceforth. DC may also

be defined by their tissue-specific compartmentalization as migratory DC (migDC) that
possess capacity for trafficking between peripheral tissues and draining lymph nodes, and
exist in a state of semi-maturation when leaving the tissues (in the absence of pathogens

or other inflammatory stimuli). These are distinct from resident DC (resDC) that reside in
peripheral lymphoid organs, such as the spleen and draining lymph nodes and seed from
blood-based progenitors. While these classifications provide a useful operational framework
to discuss DC subsets, they fail to address the immense complexity and functional overlap
among DC subsets — particularly with respect to local environment conditioning cues and
maturation status. Future efforts are needed to reconcile and harmonize our understanding
of DC heterogeneity by both site and ontogeny, and the functional consequences of this
heterogeneity [54]. For the purposes of the review, we first discuss DC function as it pertains
to cancer and anti-tumor immunity which is followed by an in-depth discussion of DC
subsets in section 3.0.

2.2 Dendritic Cell recruitment and activation within the tumor microenvironment

Within the TME, the localization and accumulation of DC is dependent on local production
of growth factors and chemokines that promote DC recruitment, differentiation and/or
expansion [55, 56]. Innate lymphoid cells and specifically natural killer (NK) cells are

the predominant source of intratumoral FMS-like tyrosine kinase-3 ligand (FLT3-L) that
instruct differentiation of conventional DC precursors and expansion of tumor-infiltrating
cDC1 [18, 56]. NK cell production of XCL1 and CCL5, DC chemo-attractants, facilitate
recruitment cDC1 into the TME [16]. Notably, XCL1 is the ligand for XCR1, a chemokine
receptor that is exclusive to cDC1 — this suggests that intratumoral NK-DC crosstalk may
bias towards cDC1 accumulation for tumor-immune surveillance [57, 58]. Tumor-derived
CCL4, in contrast to NK cell-derived CCL5 (both CCR5 ligands), has also been associated
with recruitment of cDCL1 into the TME [59]. The presence of NK cells within the

TME positively correlates with accumulation of cDC1 and responsiveness to anti-PD-1
ICB among patients with melanoma [18]. Innate immune sensing and consequent PRR
pathway activation converge on tumor-intrinsic as well as DC autocrine production of
IFN-I programs. IFN-I attracts and activates DC, providing necessary licensing stimuli

for maturation and antigen presentation that ultimately link innate and adaptive immunity
[60-62]. Of relevance to cancer therapy, DAMPs generated in response to ICD of dead or
dying tumor cells also provide important licensing signals and maturation cues for DC in
the TME. Further, the recent discovery of a diverse landscape of intratumoral microbiota
poses additional questions regarding the potential contribution of microbe-derived pathogen-
associated molecular patterns (PAMPs) as additional mediators of anti-tumor immunity via
DC activation [63, 64].

Semin Immunol. Author manuscript; available in PMC 2022 May 20.
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2.3 Coordination of antigen capture, trafficking and presentation by Dendritic Cells

The efficiency of antigen capture and mode of antigen processing/presentation modulates
the quality and type of T-cell response [65]. cDC1 are recognized for superior processing of
exogenous and dead-cell associated antigens for cross-priming of CD8" T-cells to facilitate
immunogenic tumor rejection [56, 66, 67]. cDC1 cross-presentation is WDFY 4-dependent,
whereas other groups also have suggested an indispensable role for SEC22B [68-71].
While MoDC also cross-present antigen, a divergent crosspresentation program is employed
underscoring the notion that subset diversity has functional outcomes [72]. DC can also

be classified by anatomic location/compartmentalization as lymphoid-resident or tissue-
migratory. In the TME, tissue-migratory DC sample and process tumor-derived antigens.

If proper licensing cues are present, an activated DC undergoes complete maturation and
traffics MHC-loaded antigen to the tdLN. Maturation is a multi-faceted process whereby
DC modify their morphology and cell surface marker expression to enhance antigen
presentation and co-stimulatory interactions with T-cells in the tdLN. Mechanistically,
migratory DC upregulate CCR7 upon maturation and are recruited to T-cell rich zones
within the tdLN via a CCL21 chemokine gradient secreted by the lymphatic endothelium
[73-75]. Roberts et al. utilized intravital imaging of various DC populations including
resident CD8a.* ¢cDC1 (resDC1), resident CD11b* cDC2 (resDC2), migratory CD11b*
cDC2 (migDC2) and migratory CD103* ¢cDC1 (migDC1) to further dissect mechanisms

of antigen trafficking from the TME to the tdLN. These investigators concluded that the
CD103* migDC1 population in mice and BDCA-3+ migDC1 population in humans are

the dominant subset responsible for CCR7-dependent trafficking of tumor antigens for
cross-priming of tdLN-resident naive CD8* T-cells [76]. Supporting the clinical relevance
of their findings, intratumoral CCR7 expression in human melanoma specimens correlated
with robust T-cell infiltration and patients with CCR tumors had superior survival
relative to CCR7° counterparts. Interestingly, while migDC1 were the primary source of
intratumoral antigen capture and trafficking for cross-presentation, there was evidence of
antigen transfer to other resDC within the tdLN [76]. These findings echo earlier data
demonstrating that the success of autologous tumor-loaded DC-based vaccines is dependent
on the transfer of antigen to other endogenous antigen-presenting cells rather than direct
CD8+ T-cell priming [77]. This was further explored by Ruhland and colleagues to clarify
mechanisms of T-cell priming in the tdLN demonstrating that compartmentalization of DC
subsets has functional consequences for effector T-cell responses. The authors elegantly
demonstrated that both migDC1 and migDC2 are able to transfer tumor antigen-laden
vesicles to resident DC subsets via synaptic contact within the tdLN [78]. Priming of CD4"*
T-cells was restricted to migDC2; however, CD8* T-cells were also able to be primed by
migDC2 and resDC1 (in addition to direct crosspresentation by migDC1), suggesting tiers
of redundancy. /n vitro, OT-1 CD8* T-cells primed by resDC1, as compared with migDC1,
exhibit a short-lived effector phenotype (elevated KLRG1/CD127 ratio) rather than skewing
towards the migDC1-associated memory phenotype. These OT-1 T-cells primed by resDC1
also exhibit downregulated IFN-I/11 and PRR signaling gene expression programs alluding
to a potentially tolerogenic effect of antigen presentation by resDC1. Taken together,

these finding suggest that highly complex and coordinated process of antigen trafficking
and presentation where maturation and migration as well as DC-subset specificity and
compartmentalization sculpt T-cell immunity [77].

Semin Immunol. Author manuscript; available in PMC 2022 May 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marciscano and Anandasabapathy Page 6

2.4 Crosstalk of T-cells and Dendritic Cells in the tumor microenvironment

In addition to antigen-presentation, co-stimulation and priming of de novo antigen-specific
T-cells in the tdLN, DC also interact directly with T-cells within the TME to promote
anti-tumoral immunity. The production of T-cell homing CXCR3-ligand chemokines
(CXCL9/CXCL10) by tumor-infiltrating CD103* DC have been shown to be important

for recruitment of effector T-cells into the TME in certain models and tumor types [79,

80]. Abrogation of this DC-generated chemotactic gradient and/or CXCR3-signaling axis
compromises the efficacy of ICB and adoptive cellular therapy [17, 81]. Importantly,
intratumoral CD103* cDC1 are able to re-stimulate previously activated antigen-specific
CD8™" T-cells. Thus DC play an important role in initiating de novo T-cell immunity but
also in sustaining an intratumoral adaptive immune responses by local re-priming of effector
T-cells [15, 82]. These investigators propose that re-priming is facilitated by the superior
cross-presenting capacity of cDC1 directly to T-cells within the TME. These findings also
suggest CXCR3 ligand activity extends beyond T-cell recruitment or chemotaxis and may
regulate spatiotemporal organization and distribution of immune subsets thereby facilitating
co-localization and immune cell crosstalk within the TME. There is increasing evidence that
the anatomical distribution and organization of T-cells within distinct niches within lymph
nodes are coordinated by non-redundant CXCR3 ligands which influence both DC-T-cell
co-localization and T-cell fate decisions, including priming of stem-like memory versus
effector phenotypes [47, 83]. Whether the CXCR3 axis governs similar crosstalk in TME
remains an open question and the importance of organization and co-localization of DC and
T-cells within the TME is an area of investigation receiving increasing attention. Garris et
al. provided additional insight into the dynamic intratumoral interplay that occurs between
DC and T-cells finding that positive feedback loop exists that involves IL-12 secretion

by cDC1 via non-canonical NFxB-dependent mechanism in response to IFN-y secreted

by activated CD8* T-cells [84]. This T-cell/DC cytokine positive feedback loop provides
licensing cues for DC activation and also, in part, uncovers an underappreciated component
of the mechanism of action of anti-PD-1 ICB which stimulates IFN-y production from
T-cells [73, 84]. Whether this crosstalk and IFN-y-mediated DC licensing step represents a
component a de novo immune response where an antigen-loaded DC matures and traffics
towards the tdLN to prime naive T-cells or represent a local re-stimulation event that
expands T-cells within the TME remains the be further elucidated. It is plausible that both
coordinated actions occur during the evolution of an anti-tumoral immune response [15, 82,
84]. Recently, an intratumoral niche of TCF1* stem-cell-like T-cells was identified in human
kidney tumors that gives rise to terminally differentiated T-cells [85]. Interestingly, these
stem-like T-cells reside within CD11c*MHC-11* DC-dense nests — while these nests are
quite sparse relative to the entire tumor volume the absence of this APC niche confers
defective T-cell responses and inferior progression-free survival. Additional functional
characterization and profiling of the DC within these intratumoral APC-rich niches is
warranted, particularly with respect to cross-priming and re-stimulation. Nevertheless, these
finds support a vital role for intratumoral DC crosstalk with T-cells that supports and
promotes anti-tumor immunity.

Semin Immunol. Author manuscript; available in PMC 2022 May 20.
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3.0 Evolving understanding of Dendritic Cell heterogeneity -
developmental hierarchy and functional diversity

DC comprise a relatively infrequent immune population that represent only a small fraction
of the cells of hematopoietic origin. The mouse and human developmental ontogeny of

DC has recently been comprehensively reviewed and knowledge in this arena continues

to rapidly evolve [34, 38]. Lineage tracing studies in mice confirm that DC arise from
multipotent bone marrow progenitors, termed common myeloid progenitors (CMP), with

a notable exception that certain pDC may be derived from lymphoid origins [34]. Briefly,
high IRF8 expression instructs CMP differentiation into the common DC precursor (CDP)
population that eventually gives rise to conventional DC and pDC. The zinc finger and BTB
domain-containing transcription factor, ZBTB46, is selectively expressed by conventional
DC (both type 1 and type 2) and can be used to distinguish conventional DC from pDC and
other DC or macrophage populations [86, 87]. Alternatively, MoDC, originate from a non-
CDP precursor, known as common monocyte precursor (cMoP) that ultimately differentiates
into MoDC, macrophages or Langerhans cells. As mentioned, recent studies have reported
that IFNa-producing pDC can arise from a common lymphoid progenitor population that
diverges from conventional DC before CMP differentiation while earlier work suggests that
pre-pDC may arise from both lymphoid and myeloid precursors and share features with both
lineages [88]. In addition to lineage-specific transcription factors, DC growth factors and
local cytokine milieu carry DC-subset specific functional implications for DC development
and differentiation. FLT3-L provides homeostatic developmental signals within the bone
marrow, and is instructed by TLR cues and also instructs DC expansion as DC migrate from
blood into peripheral tissues and secondary lymphoid organs [2, 89, 90]. As such, FLT3-L
can both tonically and acutely govern the relative size of the DC compartment. Additional
growth factors and cytokines, such as granulocyte monocyte colony-stimulating factor (GM-
CSF) and type | interferons (IFN) also regulate DC differentiation and/or function providing
activation and licensing cues in an inflammatory context, including cancer [61, 91-93].

Conventional DC can be further subdivided into two major subsets — cDC1 and cDC2

[55]. Recent data highlight substantial heterogeneity within cDC2 [94]. Some studies

have further distinguished cDC2 as two transcriptionally and phenotypically distinct cDC2
populations including the anti-inflammatory cDC2A subset defined by T-bet expression
and the pro-inflammatory cDC2B population defined by RORyt expression [33]. Similarly,
human scRNA-seq analysis by Villani et al. had previously reported the existence of two
cDC2 subpopulations, termed DC2 and DC3, with the cDC2B subset overlapping with
markers of both DC2 and DC3 clusters [35]. Furthermore, emerging data have assigned

the DC3 population, originally described as a cDC2 subpopulation by Villani et al., as

a separate DC lineage with distinct ontogeny from cDC1, cDC2 and monocyte-derived
counterparts with origins independent of CDP or cMoP precursors [14, 95]. Substantial
phenotypic overlap between cDC2 and MoDC (as well as DC3) under inflammatory
conditions make it challenging to define these subsets independent of environmental context
[96, 97]. An alternative view is that DC functional specialization is determined more so

by environmental cues than developmental fate specification. This is supported by the
convergence of a transcriptional program among ‘activated CCR7* DC that exhibit a

Semin Immunol. Author manuscript; available in PMC 2022 May 20.
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gene signature associated with maturation and migration shared across DC subsets /in

vivo which appears to be particularly relevant within the TME [3, 38, 76]. Ultimately, a
conceptual shift from more rigid hierarchical models to an understanding of DC phenotype,
transcriptional regulation, and function as plastic process influenced by tissue-specificity,
local cues determining maturation and licensing, and the presence or quality of danger
signals could help resolve these findings.

3.0.1. Type 1 conventional Dendritic Cells (cDC1)

In the context of anti-tumor immunity, cDC1 are perhaps the most extensively studied
subset with an established role in promoting tumor rejection given their specialization in
recognition of dead and dying cells, cross-presentation and ability to drive CD8" T-cell
responses [66, 67, 98]. cDC1 are generally defined by dependence on key transcription
factors IRF8, BATF3 and ID2 as well as selective expression of C-type lectin receptor,
CLEC9A (also known as DNGR-1) and chemokine receptor, XCR1 [57, 58, 99]. BDCA-3
(CD141) in humans is an additional marker that selectively identifies the cDC1 subset [67].
Additionally, expression of CD8a and CD103 (integrin a.E) can help distinguish lymphoid-
tissue resident cDC1 (resDC1) and tissue-migratory cDC1 (migDC1) in mice, respectively.

In the TME, exogenous tumor-derived antigens and other cellular debris released from
necrotic and apoptotic tumors are engulfed and cross-presented by cDC1 on major
histocompatibility complex class | (MHC-I) to prime naive tumor-specific CD8" T-cells
[11]. Interestingly, exposure of F-actin filaments, a hallmark of necrotic cells, is the natural
ligand for cDC1-restricted CLEC9A and ligation initiates a signaling cascade that mediates
cross-presentation — this represents a potential mechanistic link between sensing of DAMPs
and initiation of de novo CD8* T-cell immunity [100]. cDC1 also express a wide array

of PRRs, including selective expression of TLR3 — a double-stranded RNA (dsRNA)
sensor and the therapeutic target of dsRNA analogue, poly(l:C). More recently, WDF4Y
has been shown to be indispensable for crosspresentation of cell-associated antigens in
cDC1 [69]. BATF3-deficient mice exhibit defects in cDC1 development and maturation
leading to the inability to reject immunogenic tumors and mount anti-viral responses [101].
Batf3~/~ mice and other cDC1 depletion models have highlighted additional anti-tumor
properties of cDC1 including production of I1L-12, secretion of type | and type 111 IFN, and
maintenance of IRF8 expression. Tumors have also been found to disrupt IRF8-dependent
development of cDC1 resulting in a systemic paucity of cDC1 and its precursors that
impairs cancer immunosurveillance [102]. Further, regulation of a set of BATF3-dependent
genes in cDC1 also appears to promote tumor rejection independent of cross-presentation
and overexpression of IRF8 is able to compensate for BATF3-deficiency and restores cDC1-
mediated tumor rejection [103]. Of note, BATF3 expression, among other transcription
factors, are not exclusive to the cDC1 subset with an emerging role in T-cell development
including tissue-resident memory CD8* T-cells (TRM) and memory formation [104, 105].

3.0.2. Type 2 conventional Dendritic Cells (cDC2)

cDC2 orchestrate host barrier protection as well as immunity to extracellular pathogens
and/or allergens largely by promoting CD4* helper T-cell responses through presentation
of soluble antigens via MHC class 11 (MHC-I1) [44]. This contrasts cDC1 function, which

Semin Immunol. Author manuscript; available in PMC 2022 May 20.
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regulates host defense to viruses and other intracellular pathogens and promotes CD8*
T-cell-mediated anti-tumor immunity. The cDC2 subset is defined by high IRF4 expression
and is dependent on additional transcription factors RELB, ZEB2, KLF4 and NOTCH?2
[106]. Certain transcription factor expression patterns may bias towards TH2 versus TH17
responses [65, 106, 107]. Further, an AP1-IRF Composite Elements (AICE)-dependent gene
program that is responsive to high IRF8 (and IRF4) expression levels yields a cDC1-specific
transcriptional signature that is distinct from its cDC2 counterparts [108]. The heterogeneity
and context-dependence of cDC2 pose a challenge for defining a uniform panel of cell
surface markers — however, in humans, BDCA-1 (CD1c) can be used to identify cDC2 in
conjunction with SIRPa. (CD172a) and CLEC10A (also known as CD301b or MGL) [109].
cDC2 also express other prototypical markers including CD11b, CD11c, CD5 (in humans)
and MHC-I1 but are not exclusive to this subset and can share overlap with cDC1s and
monocytes.

In cancer, the role of cDC2 is less well defined, in part, resulting from the heterogeneity

and functional diversity of this subset that may have differential effects on anti-tumoral
immunity [65]. Further, the subset-specific functions ascribed to cDC1 and cDC2 in mice
are less clearly defined in humans. It has been shown the tumor-infiltrating migratory cDC2
can drive potent CD4* T-cell responses, where cDC2 capture antigen and migrate to the
tdLN where they can either transfer antigen to resident DC populations or directly prime
naive CD4" T-cells [78, 110]. Binnewies et al. eloquently demonstrated that BDCA-1*
cDC2 and regulatory T-cell (Treg) immune contexture is predictive of CD4* T-cell
infiltration of the TME [110]. A higher cDC2:Treg ratio was associated with robust CD4*
T-cell tumor infiltration whereas a paucity of cDC2 or abundance of Tregs correlated with
less CD4* infiltration. These findings suggest that Tregs restrain cDC2 licensing ultimately
leading to a defect in CD4* T-cell priming. These investigators extended their observations
by demonstrating that Treg depletion restored cDC2 priming in murine models. Further, in a
cohort of patients with head & neck cancer that responded to PD-1 blockade, those patients
with high relative cDC2 abundance and CD4" T-cell accumulation were a distinct subset of
responders from those with cDC1-dominant responses. High CD207 on tumor-infiltrating
myeloid cells, a putative cDC2 marker, has also been associated with improved survival in
patients with non-small cell lung cancer [48]. Recently, it was reported that cDCL1 is required
for early priming of CD4" T-cells (in addition to CD8" T-cells) to drive anti-tumor immunity
which has challenged conventional dogma [111]. Future efforts will focus on the interplay
between cDC1 and cDC2 subsets and how this relationship regulates CD4* T-cell tumor
infiltration and treatment response.

3.0.3. Plasmacytoid Dendritic Cells (pDC)

pDC are functionally specialized for anti-viral responses and are an important source of
IFN-I (and IFN-I11) upon viral infection. pDC are considered to have a similar role in
potentiating anti-tumoral immune responses via IFN-I production, however, pDC may also
drive tolerance and immune suppression in the context of malignancy. While pDC are

able to cross-present antigen to prime CD8+ T-cells, they exhibit inferior cross-presenting
capacity relative to their conventional DC counterparts [66, 112—114]. Despite limited
antigen presentation, pDC secretion of IFN-1 (predominantly IFNa)) is critical to support
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cDC1 maturation with additional roles in local stimulation of local CD8" cytotoxic T-cell
and NK cell effector functions [115-117]. Notably, using deep scRNA-seq, Villani et al.
described a novel AXL*Siglec6* DC (termed DC5 or AS) population that shares many
expression and phenotypic features previously assigned to classically defined pDC (as well
as conventional DC) [35, 38]. However, relative to classical pDC, AXL*Siglec6* DC were
efficient at antigen-presentation with consequent T-cell activation and exhibited low IFN-I
secretion in response to TLR9 stimulation. AXL*Siglec6* DC also preferentially express
KLF12 [118]. These functional differences from classical pDC led the investigators to define
this population as distinct from both conventional DC and pDC.

The transcription factor TCF4 is critical for pDC development with additional transcription
factors including IRF8 expression and RUNX1 guiding pDC differentiation. Notably, there
appears to be reciprocal repression of TCF4 by cDC1 precursors that allow divergence

of cDC1 and pDC lineages from a shared CDP origin [34]. BDCA-2 (also known as
CLECA4C or CD303) is a commonly used marker for identification of pDC in humans

with additional markers including CD123 (IL-3 receptor a-chain) and CD304 (BDCA-4
or neuropilin-1). B220 and Siglec-H may help identify pDC in mice [119]. Expression

of TLR7 and TLR9 in the endosomal compartment of pDC recognize single-stranded
RNA (ssRNA) and unmethylated CpG-DNA, respectively. This pattern of PRR distribution
underlies key function of pDC in host defense again viral infection and tumors whereby
presence of these nucleic acid species trigger cyclic GMP-AMP synthase / stimulator

of interferon genes (cCGAS/STING) signaling to drive a robust IFN-I response and IFN-
stimulated gene (1SG) programs [120]. Indeed, imiquimod, a TLR7/TLR8 ligand, and
CpG oligonucleotides, a TLR9 agonist, highlight pDC as a key therapeutic target to drive
adaptive immunity, promote tumor rejection and reverse tolerance [121]. Alternatively,
pDC have been shown to be tolerogenic and their dysregulation in the TME can promote
tumor progression. pDC hypofunction has been observed across a spectrum of cancer
subtypes — manifesting as a muted response to TLR7 or TLR9 activation and/or poor
induction of IFN-I responses. Tolerogenic pDC actions have been attributed to TME-derived
immunosuppressive molecules including IL-10 and TGF-p as well as expansion of Tregs
[122-127]. In contrast to conventional DC, pDC, particularly in a tolerogenic context, have
been correlated with adverse prognosis among patients with advanced cancer [128, 129].

3.0.4. Monocyte-derived Dendritic Cells (MoDC)

MoDC are a highly context-dependent DC subset that differentiate in response to
inflammatory stimuli and are recruited to sites of inflammation, including the TME, via
the CCR2-CCL2 chemokine signaling axis [130]. MoDC are heterogeneous and share
substantial overlap with certain cDC2 subsets and monocytes, which is reflected in the
diverse range of immune actions initiated by MoDC. Several scRNA-seq datasets have
been unable to de-convolute certain cDC2 subsets from MoDC, therefore defining a cDC2/
MoDC state that represents a spectrum of differentiation between MoDC and ¢cDC2 with
variation in function and phenotypic expression markers along this continuum. This is
further supported by additional CyTOF and/or scRNA-seq-based studies noting substantial
heterogeneity across DC subsets leading to discordance in classifying DC3 as a distinct
population or a subset of conventional DC or as a MoDC [97]. There is additional
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controversy regarding the use of CD14 expression as a monocyte-lineage marker, which
potentially conflates classification of a distinct DC3 population with MoDC; with CD88
expression demonstrating utility as a marker of monocyte-lineage [14, 35, 94, 96].

Nevertheless, a population of inflammation-associated DC (termed MoDC in this review)
that respond to inflammatory stimuli and are derived from monocyte precursors does exist.
However, the relationship to and overlap with other DC subsets, particularly cDC2 and

DC3 remains to be fully elucidated [38]. Inflammatory MoDC can skew CD4+ T-cell
response towards TH1, TH2 or TH17 phenotypes and a tolerogenic milieu can drive
differentiation of monocytes towards a regulatory MoDC phenotype [131, 132]. MoDC also
cross-present captured cell-associated antigens to prime CD8+ T-cell responses [72]. Despite
shared ability to cross-prime CD8* T-cells, Brisefio and colleagues reported that a distinct
transcriptional program governs this function in MoDC as compared with conventional DC.
These authors conclude that GM-CSF-derived MoDC are IRF4-dependent and require 1L-4,
but not BATF3, to acquire cross-presenting function. However, a CyTOF-based analysis
revealed that ex vivo MoDC generated from monocytes when cultured in the presence of
GM-CSF and IL-4 were not found to be representative of any human DC subset identified in
blood, lymphoid tissues or skin [94].

3.0.5. Tumor-infiltrating DC3

Recently, a tumor-infiltrating DC3 population has been consistently identified in a number
of studies across multiple cancer types, suggesting an important role for DC3 in the context
of cancer [48-52, 133]. The DC3 subset has been described to share overlapping phenotypic
features with conventional DC, including both cDC1 and ¢cDC2, yet harbor a distinct
transcriptional profile [53, 133]. Indeed, a DC3 program is signified by the co-existence
maturation/activation markers and an immunoregulatory profile that includes markers of
DC migration (CCR7, FSCN1), DC maturation (LAMP3, CD80, CD83, CD40) as well

as immune-regulation (PD-L1/PD-L2, IDO1, CD200) [49, 51, 52], molecules previously
associated to a semi-maturation/migration program arising in DC in peripheral tissues

[3, 134, 135]. Given the recent introduction of this DC3 population, largely aided by in
depth single-cell profiling, it is plausible that other groups have previously described a
DC3-like population using different nomenclature and phenotypic markers or have attributed
functional properties of DC3 to other DC subsets or by cell state. Indeed, Gerhard et

al. recently highlighted the transcriptional similarities among the CCR7+ LAMP3+ DC
[22, 51, 133], mature DC enriched in immunoregulatory molecules (mregDC) [49], as

well as datasets describing tumor-infiltrating ‘activated’ or “mature’ conventional DC [22,
48], suggesting that these clusters likely represent the same tumor-infiltrating DC3 state
[53]. Further, a pan-cancer analysis by Cheng et al. confirmed that the LAMP3+ DC
closely resembles mregDC and their developmental trajectory can be tracked back to either
cDC1 and cDC2 - although, most of the tumor-infiltrating DC3 population appears to

be cDC1-derived [133]. An alternative view is that DC3 simply represent a continuum

of conventional DC undergoing maturation that capture antigen and acquire migratory
capacity, as denoted by high CCR7 expression, suggesting that DC converge upon a unified
activation/maturation program determined by the local TME or tissue microenvironment
that supersedes developmental origin [37, 48]. While the aforementioned studies suggest
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that conventional DC likely differentiate into activated DC3 in the inflammatory context of
peripheral tissues and tumors, other groups have suggested the existence of a corresponding
blood-based DC3 progenitor [14, 95]. This suggests a model where DC3 may represent

an independent DC lineage arising from an IRF8!° non-CDP granulocyte-monocyte-DC
precursor exhibiting early developmental divergence from ¢cDC1, cDC2 and pDC in the
bone marrow — however, this population may more closely resemble inflammatory MoDC/
cDC2 [14, 95]. Further confounding a precise classification of DC — DC, monocytes and
macrophages entering and migrating from tissues share site-specific programs that can
supersede their ontogeny [3, 134, 135]. These controversies highlight a critical need to
develop uniform and consistent nomenclature and definitions in order to contextualize the
evolving understanding of the DC3 state.

Functionally, DC3 harness the capacity to prime naive T-cells and may have a specific

role in TRM programing [14, 35]. Activated DC3 are able to upregulate CCR7 expression
upon TLR stimulation (TLR3, TLR4 and TLR7/8) and secrete 1L-12 and other T-cell-
homing chemokines including CXCL9 and CXCL10 [14]. In contrast to cDC2, DC3

induce CD103 expression on CD8* and CD4* T-cells, potentially via a TGF-@ regulated
program [14, 49, 110]. Intriguingly, examination of primary tumors from patients with
luminal breast cancer reveal an association between abundance of DC3 and CD8*CD103*
T-cells alluding to a potentially critical role in TRM formation. Alternatively, Zhang et

al. identified an intratumoral LAMP3* DC population in hepatocellular carcinoma with an
activated yet immune-regulatory phenotype that traffics from the TME to hepatic lymph
nodes [51]. A LAMP3* population has also been identified in breast and lung tumors
whereas both conventional DC (both ¢cDC1 and cDC2) upregulate LAMP3 expression upon
polyl:C or IFN-y stimulation suggesting that a DC3 state represents a convergence of DC
activation where inflammatory cues supersede ontogeny [48, 51, 133, 136]. Interestingly, a
LAMP3* DC3 gene signature strongly correlated with Treg and exhausted T-cell phenotype
and PD-L1-expressing LAMP3* DC3 co-localize with T-cells in tumors and was further
substantiated in a subsequent pan-cancer analysis [51, 133]. As mentioned, these findings
are concordant with the mregDC population described by Maier et al. where an immune-
regulatory program in tumor-infiltrating DC is characterized by co-expression of maturation
markers and PD-L1/PD-L2 — a potential mechanism of immune evasion co-opted by the
TME to dampen anti-tumor immunity [3, 49]. While the /n vivo effects including migratory
function and cross-priming capacity of DC3 need to be further elucidated in relevant models,
the available data that DC3 can license CD8" T-cells and correlate with CD103* TRM tumor
infiltration suggests a role in driving anti-tumor immunity. However, DC3 also appear to
employ immune-regulatory modules that counterbalance T-cell-mediated immunity that may
be particularly relevant to T-cell dysfunction in the TME[3].

4.0 Role of Dendritic Cells in cancer therapy

DC are also increasingly recognized as key mediators of therapeutic response to
immunotherapy as well as conventional cancer treatments including radiotherapy and
chemotherapy. Certain cancer therapies promote /immunogenic cell death— a process by
which dying cells stimulate innate immunity through exposure of immunogenic antigens
(antigenicity). ICD may also produce danger signals (adjuvanticity), including DAMPs
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and cytokines that recruit and/or license DC [137]. Additionally, endogenous nucleic

acid species released into the cytosolic or extracellular compartment as a result of DNA
damage from cytotoxic therapies can function as DAMPs that trigger PRR activation
leading to a robust IFN-1 production similar to the host anti-viral response [25, 62,

93, 138-140]. Spatiotemporal coordination of DC antigen capture and licensing cues is
important for effective DC maturation, underscoring ICD as a critical process that bridges
innate and adaptive immunity. Alternatively, some immunotherapies directly target the

DC compartment by providing adjuvants to stimulate innate sensing and PRR activation
(i.e. TLR agonists) or growth factors (i.e. FLT3-L, GM-CSF) that promote expansion or
differentiation. Further, the traditional understanding of the mechanism of action of several
T-cell-based immunotherapies, including as ICB and cytokines, is being reexamined as DC
have come to the forefront — this highlights the inextricable link between DC and T-cells in
the TME and tdLN. While cancer vaccines are beyond the scope of this review, DC-based
vaccine platforms and the majority of vaccination strategies are built on the foundational
principle of providing sufficient antigen(s) and adjuvant(s) to DC to generate adaptive
immunity and protective memory.

4.1 Immunogenic Chemotherapy

While immunosuppressive effects of chemotherapy are well established, in the proper
context, cytotoxic therapy also promotes immunogenicity [141, 142]. Mechanistic studies of
ICD in immunogenic chemotherapy, particularly anthracyclines and certain platinum-based
regimens, have defined key molecular events that initiate DC-based immune responses. The
translocation of intracellular calreticulin to the tumor cell surface (ecto-calreticulin) on a
dying tumor cell promotes CD11c* DC phagocytosis [142]. The release of high mobility
group box protein (HMGB1) from cancer cells undergoing ICD ligate TLR4 on DC to
promote maturation and cross-presentation [141]. Similarly, extracellular secretion of ATP
during ICD functions as a potent chemoattractant for DC that binds P2XR7, a purinergic
receptor on DC, triggering NLRP3 inflammasome activation and pro-inflammatory cytokine
secretion [143-145]. However, additional work suggests that P2X7R-dependent STING
activation occurs primarily in macrophages and other monocytic populations rather than DC
[146]. Dying tumor cells establish chemotactic gradients that recruit DC (generally CCR2-
dependent MoDC) into the TME and promotes their differentiation [130, 147]. Formyl
peptide receptor 1 (FPR1) expression on DC appears to be necessary for chemotherapy-
induced antitumoral immunity, as FPR1 (on DC) interacts with dying tumor cells via
Annexin A1 (ANXA1 on tumor cells) leading to subsequent DC maturation and T-cell
priming [148, 149]. This relationship parallels recognition of F-actin on necrotic cells by
CLEC9A-expressing DC [100]. Notably, administration of polyl:C, a synthetic TLR3 ligand,
is able to circumvent FPR1 deficiency and restore responsiveness to anthracycline-based
chemotherapy [149]. Tumor-derived production of IFN-I also recruits and activates DC

to potentiate responses to immunogenic chemotherapy [150]. Collectively, chemotherapy-
induced ICD fosters immunity through the generation of various dangers signals and
DAMPs that result in a diverse range of effects on the DC compartment including DC
recruitment, DC interaction with dying tumors cells and DC activation/maturation [137].
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4.2 Radiotherapy

Radiotherapy exerts therapeutic effect via DNA damage, however, it is increasingly
recognized that the nucleic acid species generated from radiation-induced DNA damage

are also inflammatory and potentially immunogenic. Radiotherapy enhances antigenicity via
tumor cell death-associated antigen release, radiation-induced exposure of immunogenic
neoantigens and upregulation of MHC-I [151-153]. In addition, radiotherapy exhibits
characteristic hallmarks of ICD — including calreticulin surface translocation, ATP secretion
into the extracellular space and passive release of HMGB1 [154].

Mechanistically, radiotherapy employs a form of viral mimicry through generation of
endogenous nucleic acid species that activate innate immune sensing pathways akin to viral
RNA and DNA detection by host PRRs [25]. To this point, radiation-induced micronuclei
resulting from double-stranded DNA (dsDNA) breaks are able to activate the cytosolic
DNA-sensing cGAS/STING axis [138]. Additional PRRs have been implicated in radiation-
induced innate sensing including the RIG-1 axis, where expression of LGP2 in DC (an
RNA-sensing RIG-I-like receptor) is essential for radiation-driven anti-tumor immunity
and promotes cross-priming of T-cells [155-157]. Ultimately, cytosolic accumulation

of nucleic acids from both nuclear and mitochondrial sources leads to robust IFN-I
production and activation of ISG programs that recruit and license DC in the TME
[158-161]. BATF3-dependent cDC1 are critical to radiation-mediated immunogenicity and
are responsible for engulfment of tumor-associated antigen, migration to the tdLN and
cross-priming of naive antigen-specific T-cells in the tdLN [160, 162—-164]. Moreover,
cDC1 govern the responsiveness of tumors to radiotherapy [165]. Blair et al. observed

that failure of intratumoral cDC1 maturation defines poorly radio-immunogenic tumors
suggesting that radiotherapy provides an insufficient source of endogenous adjuvant in

this setting and that administration of exogenous adjuvants might help overcome this
defect [165]. In parallel, radiotherapy also initiates immune-regulatory and/or homeostatic
actions that dampen DC function within the TME. For example, higher fractional doses of
radiation have been associated with dose-dependent TREX1 induction in preclinical models
[158]. TREX1 is a DNA exonuclease that attenuates cytosolic accumulation of radiation-
induced dsDNA thereby reducing cGAS/STING signaling and IFN-1 production. STING
activation also appears to promote radioresistance through CCR2-dependent recruitment
of immunosuppressive myeloid-derived suppressor cells [166]. Similarly, radiation-induced
activation of non-canonical NFxB signaling in DCs negatively regulates IFN-I production
and counteracts canonical NFxB-mediated anti-tumor immunity [167]. Further, cytosolic
RNA sensor LGP2 has opposing functions in tumor cells and DC — suppressing IFN-I
activity in tumor cells while promoting radiation-mediated cross-priming by DC [155].
Taken together, radiotherapy drives anti-tumoral immunity through DC-mediated innate
sensing and cross-priming but can simultaneously exert tolerogenic effects that counteract
DC function.

Immunotherapy

Although disruption of the PD-1/PD-L1 axis with ICB has been the most successful cancer
immunotherapy to date, it is now evident that a T-cell-centric view of this mechanism of
action is incomplete. Initial dogma presupposed that the effects of PD-1/PD-L1 blockade
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predominated in the TME during the effector phase of the anti-tumor immune response
where dysfunctional intratumoral T-cells become reinvigorated when the immune-inhibitory
interaction between exhausted PD-1* T-cells and PD-L1" tumor cells is disrupted. However,
PD-L1 expression on host immune cells appears to be indispensable for the efficacy of
PD-L1 ICB [168, 169]. While various myeloid populations within the TME express PD-L1,
recent mechanistic studies have provided convincing evidence that PD-L1 on conventional
DC is a direct target of ICB and a determinant of ICB response [19, 23, 24]. Mayoux

et al. demonstrated that the c¢/sinteraction of PD-L1 and CD80 (B7.1) on DC prevents co-
stimulatory signaling (signal 2) between DC and T-cells. Disruption of CD80 sequestration
with PD-L1 blockade allows CD80 to interact (in trans) with CD28 for T-cell priming [19].
Oh et al. extended these findings using a mouse model with DC-specific genetic deletion of
PD-L1 [24]. These investigators demonstrate that both the cis interaction of CD80:PD-L1
on DC and the #rans interaction of PD-1:PD-L1 between T-cell and DC are necessary for
optimal anti-tumoral T-cell responses and that both interactions are targets of PD-1 axis
blockade. While the aforementioned studies focused primarily on PD-L1* tumor-infiltrating
DC, Dammeijer et al. selectively targeted anti-PD-L1 antibodies to the tdLN (excluding

the TME) and demonstrated that dual-positive migratory cDC2 (CD80*PD-L1* mDC?2) are
likely key targets of nodal-directed ICB and can potentiate anti-tumor immunity [170].
Interestingly, mDC2 expressed significantly more PD-L1 than cDC1 counterparts express
and were found to co-localize with CD8" T-cells. As the current understanding of ICB is
actively revised, additional mechanisms by which DC are central to therapeutic efficacy
are emerging. DC were recently implicated as an indirect target of IL-2 cytokine therapy
—aclassically T-cell-directed immunotherapy. Cytokine therapy with IL-2 has largely been
shown to mediate immune effects via T-cell expansion and activation. Conventional DC
lack functional IL-2 receptors, but proliferate and differentiate in response to IL-2 as a
consequence of several DC growth factors (FLT3-L, CSF2 and TNF) that are produced by
IL-2-stimulated lymphoid cells, including innate lymphoid cells. 1L-2 treatment was also
found to augment DC antigen capture and processing [171]. Successful adoptive T-cell
therapy also depends on the presence of intratumoral cDC1, to provide T-cell homing
chemokines and aid the local expansion of adoptively transferred T-cells by CD40 and
CD70-dependent mechanisms [17, 172].

As evidence accumulates that DC govern therapeutic efficacy of several cancer treatments,
there is growing interest in directly targeting DC to improve outcomes [173]. Treatment
strategies that promote abundance, intratumoral localization and/or function of DC are
under investigation and have been comprehensively reviewed [44]. Providing DC mitogens
and -poietins such as FLT3-L and GM-CSF have the potential to expand, differentiate

and mobilize DC for recruitment into the TME, but require further parsing of their
individual and collective impact [174]. Alternatively, stimulation of innate sensing and PRR
pathways using TLR agonists represents a promising strategy to promote DC activation
and maturation whereas agonist antibodies directed at CD40 may function to boost DC-
mediated T-cell priming [175-177]. Ultimately, different DC-targeted approaches may

be required to overcome tolerance and tumor-specific immune evasion mechanisms and
targeting of specific DC subsets may help fine-tune this approach. It will also be necessary
to pursue combination strategies focusing on multiple facets of the cancer immunity cycle
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to fully harness the potential of DC for cancer therapy [46]. Along these lines, combining
DC-targeted immunotherapy with conventional cancer therapy promises to augment the
immunogenicity of these regimens [178].

5.0 Immunological barriers that limit Dendritic Cell-mediated anti-tumor

immunity

Several tumor-intrinsic mechanisms within the TME limit DC function and hamper tumor-
immune surveillance [98]. The absence or exclusion of DC from the TME is a major
barrier to generation of de novo adaptive immunity as well as /n situ re-priming of T-cell
responses [15]. A constellation of immuno-genetic and metabolic factors regulates DC
recruitment into tumors and a paucity of DC is often the result of a failure to generate

an effective chemotactic gradient within the TME [20]. Furthermore, tumor-infiltrating DC
are subject to a hostile milieu where various immunosuppressive factors promote tolerance
and DC dysfunction [21]. The now established concept that the T-cell inflamed TME is a
direct consequence of effective recruitment and activation of DC is an important advance
for immuno-oncology [10]. As such, an improved understanding of non-T-cell inflamed
tumors will facilitate development of novel therapies to address the immune-desert and
immune-excluded phenotypes — subtypes with traditionally poor response to ICB and other
T-cell-based approaches [9].

The concept that oncogenic signaling axes restrict DC access to the TME is emerging

and now supported by several lines of evidence [179]. Spranger et al. reported that tumor-
intrinsic WNT/B-catenin signaling is associated with T-cell exclusion in both preclinical
models and human melanomas [59]. p-catenin-driven tumors were characterized by poor
CD103* DC infiltration of the TME. These investigators attributed these findings to
attenuation of CCL4 secretion by tumor cells that disrupted CCL4-dependent chemo-
attraction of BATF3 DC into the TME. Similarly, in a preclinical model of hepatocellular
carcinoma, p-catenin-signaling was linked to immune evasion and impaired cDC1
recruitment that was attributed to the absence of a tumor-derived CCL5 (rather than CCL4)
chemokine gradient in B-catenin-driven tumors [180]. Several additional molecular-genetic
pathways have been associated with the immune-excluded phenotype, including PTEN loss,
with some models suggesting that pharmacologic inhibition of genetic signaling pathways
can promote immune infiltration and restore responsiveness to immunomodulating therapies
[10, 181]. Beyond aberrant WNT/B-catenin, additional examination of how other oncogenic
signaling pathways specifically alter DC immunobiology is needed. Intriguingly, the STK11/
LKBL1 axis appears to play a pivotal role in the regulating DC induction of tolerance and
Treg homeostasis whereby LKB1-deficient DC have been shown to promote expansion of
Tregs and immune-regulatory programs via IL-6 dependent mechanisms [182, 183]. STAT3-
mediated oncogenic signaling also suppresses DC differentiation and maturation through
production of immune-suppressive soluble factors including IL-10 as well as tolerogenic
interactions with immune-regulatory subsets including TGF-B-dependent induction of Tregs
and induction of indoleamine 2,3-dioxygenase (IDO) expression [184]. Of note, DC also
express a variety of immune-inhibitory checkpoints that may function as viable targets to
boost anti-tumor immunity [24]. To this point, TIM-3-expressing CD103* tumor-infiltrating
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cDC1 were found to be a primary target of therapeutic antibody blockade and indispensable
for treatment efficacy. TIM-3 blockade on intratumoral cDC1 increased CXCR3-ligand
expression thereby enhancing recruitment of CD8™ effector T-cells into the TME [22].

Other DC-intrinsic signaling pathways function to balance tolerance and immune-
surveillance, which can become dysregulated in the tumor microenvironment as a form

of immune evasion. Nirschl et al. identified a broadly conserved IFN-y-dependent module
that functions to preserve tissue homeostasis during steady state that is co-opted in the TME
to promote tolerance [3]. Suppresor-of-cytokine-2 (SOCS2) expression in tumor-infiltrating
DC was identified as a critical IFN-y-induced negative regulator of anti-tumor immunity
resulting in decreased T-cell priming /n vivo. Supporting the critical homeostatic role of
IFN-v, loss of SOCSL1 (another family member) amplified IFN-vy signaling in CD11c*

DC which favored innate immune signaling pathways but drove a defect in adaptive

CD8+ T-cell priming in a Listeria monocytogenes vaccine model [185]. As discussed,
counter-regulatory measures exist between canonical and non-canonical NFxB signaling
where the non-canonical pathway in DC may oppose downstream consequences of cCGAS/
STING activation and abrogate IFN-I production [167]. Cubillos-Ruiz and colleagues
reported that the TME induces an endoplasmic reticulum (ER) stress response in tumor-
infiltrating DC that disrupts homeostasis through constitutive activation of the IRE1/XBP1
axis [186]. This ER stress response results in abnormal lipid metabolism and accumulation
of lipid peroxidation byproducts within DCs that has immunological consequences. XBP1
activation confers reduced T-cell priming capacity and promotes tumor progression whereas
DC-specific genetic ablation of XBP1 was able to restore anti-tumor immunity. Collectively,
these findings suggest that disruption of homeostatic programs in DC that are subverted
within the TME may be a promising strategy to promote immune-mediated tumor rejection.

Immunometabolism is also an important regulator of DC function within the TME. Zelenay
et al. reported that a pro-tumorigenic inflammation program mediated by COX-2 expression
contributes immune evasion. These investigators demonstrated in a murine BrafV600E
melanoma model that COX-2-dependent production of prostaglandin E2 (PGE2) in the TME
restricts tumor-infiltration of CD103* ¢DC1 [187]. Further work by this group clarified

that NK cell production of the cDC1 chemoattractants, CCL5 and XCL1, is restrained by
PGE2 production in a COX-dependent manner, which established a complex interaction
between NK cells, cDC1 and tumor cells that limits DC-mediated anti-tumor immunity [16,
187]. While most efforts have focused on conventional DC subsets, the tumor-infiltrating
inflammatory MoDC subset may suppress T-cell immunity. Compared with conventional
DC counterparts, MoDC were found to be highly efficient at antigen capture but were
non-migratory to the tdLN [65]. Further, MoDC were potent inhibitors of antigen-specific
T-cell proliferation /n vitro and exhibited an elevated I1L-10:1L-12 ratio consistent with an
immune-suppressive profile — this suppressive effect was attributed to high production of
nitric oxide within the TME. Further, lactic acidosis has been shown to reduce both the
frequency and function (IFNa production) of pDC in patients with metastatic melanoma
[188].
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6.0 Conclusions

The functional specialization of DC underlie their critically important role in governing
the balance between self-tolerance and anti-tumor immunity. In the TME, the ability of
DC to sense and interpret danger signals, environmental stimuli, licensing cues as well as
capacity for antigen trafficking and presentation are the foundational steps necessary to
generate de novo antigen-specific T-cell immunity. Improved understanding of the functional
impact of DC subset diversity and how DC are differentially conditioned by licensing cues,
environmental context and anatomic compartmentalization will be important to develop
improved precision immunotherapy platforms. Further, decoding immune crosstalk and
cooperative interactions between DC and various components of the TME and tdLN,
including T-cells, innate lymphoid cells and stroma will be an important future direction

to harness the full potential of DC-based therapy. The rapidly expanding clinical use

of immunotherapy provides urgency to dissect mechanisms of therapeutic response and
resistance to understand how DC immunobiology can be leveraged to improve response
rates and treatment outcomes for patients with cancer.
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Highlights:

. Dendritic cells (DC) are a diverse subset of immune cells that initiate,
orchestrate and regulate antitumor immune responses

. Dysregulation of DC activation, licensing and maturation dampens antigen-
specific T cell immunity

. Anti-cancer treatments can directly and indirectly modulate DC function

. Therapeutic targeting of DCs may synergize with other immunotherapeutic
or anti-cancer treatments to initiate de novo anti-tumor immunity or augment
pre-existing responses.

Semin Immunol. Author manuscript; available in PMC 2022 May 20.



	Abstract
	Introduction
	The diverse landscape and functions of Dendritic Cells
	Anti-tumor immune functions of Dendritic Cells
	Dendritic Cell recruitment and activation within the tumor microenvironment
	Coordination of antigen capture, trafficking and presentation by Dendritic Cells
	Crosstalk of T-cells and Dendritic Cells in the tumor microenvironment

	Evolving understanding of Dendritic Cell heterogeneity - developmental hierarchy and functional diversity
	Type 1 conventional Dendritic Cells (cDC1)
	Type 2 conventional Dendritic Cells (cDC2)
	Plasmacytoid Dendritic Cells (pDC)
	Monocyte-derived Dendritic Cells (MoDC)
	Tumor-infiltrating DC3

	Role of Dendritic Cells in cancer therapy
	Immunogenic Chemotherapy
	Radiotherapy
	Immunotherapy

	Immunological barriers that limit Dendritic Cell-mediated anti-tumor immunity
	Conclusions
	References

