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Abstract

Dendritic cells (DCs) are central regulators of the adaptive immune response, and as such are
necessary for T cell-mediated cancer immunity. In particular, anti-tumoral responses depend upon
a specialized subset of conventional DCs that transport tumor antigens to draining lymph nodes
and cross-present antigen to activate cytotoxic T lymphocytes. DC maturation is necessary to
provide co-stimulatory signals to T cells, but while DC maturation occurs within tumors, it is often
insufficient to induce potent immunity, particularly in light of suppressive mechanisms within
tumors. Bypassing suppressive pathways or directly activating DCs can unleash a T cell response,
and although clinical efficacy has proven elusive, therapeutic targeting of DCs continues to hold
translational potential in combinatorial approaches.
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Dendritic Cells in Cancer

The preferential ability of conventional dendritic cells (cDCs) to activate T cells is the
foundation of the “cancer-immunity cycle” outlined by Chen and Mellman [1]. Tumor-
associated cDCs are thought to endocytose dead neoplastic cells or cellular debris and
transport cancer-associated antigens to the draining lymph node where T cell priming and
activation can occur. Although multiple other professional antigen-presenting cells exist,
including other DC subsets (Box 1), cDCs are particularly adept at initiating a T cell
response, directing T cell polarization, and presenting exogenous and endogenous antigen on
either major histocompatibility class I (MHC-1) or MHC-1I [2].

"Address for correspondence: Brian Ruffell, Ph.D., H. Lee Moffitt Cancer Center, 12902 Magnolia Drive SRB-2, Tampa, FL, 33612,
\oice: 813-745-6305, Brian.Ruffell@moffitt.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gardner and Ruffell

Page 2

cDCs in mice and humans can be further divided into two main lineages distinguished by
transcription factor dependency, marker expression, and functionality (Figure 1). cDC1
require the transcription factors IRF8, BATF3, and 1D2, preferentially express the
chemokine receptor XCR1, and display enhanced ability to cross-present exogenous antigen
on MHCI and activate CD8" T cells. In comparison, cDC2 depend upon IRF4 and ZEB2,
preferentially express CD172a, and represent a heterogeneous population that displays
enhanced MHCII antigen presentation and preferentially activates CD4* T cells [2-4].

Although the role of cDC2 in tumor immunity is largely unexplored, the cross-presenting
cDC1 population is now established as being necessary for inducing a protective CD8* T
cell response. This has been convincingly demonstrated using Batf3-deficient mice, as these
fail to reject highly immunogenic cancer cell lines [5, 6] and do not respond to checkpoint
blockade therapy using antibodies against programmed death 1 (PD-1) [7, 8]. Here we will
discuss the role of cDCs in delivering antigen to T cells in the lymph node, the stimulatory
and suppressive pathways within the tumor microenvironment involved in cDC maturation,
and the potential of cDCs as therapeutic targets in cancer immunity.

Antigen Delivery and Presentation

cDCs exist as resident lymphoid tissue cDCs in the spleen and lymph nodes critical for
sampling blood and lymph born antigen, respectively, and as nonlymphoid tissue cDCs that
can directly transport antigen from the peripheral tissues [2, 3]. The relative importance of
lymphoid versus nonlymphoid tissue cDCs in distributing and presenting antigen is highly
context specific, depending on both the type of antigen and route of exposure. For example,
infection models have been used to demonstrate the necessity of antigen transfer between
cDC populations, as well as sequential T cell interactions with different cDC subsets [9].

While lymphoid resident cDC1 (defined by expression of CD8a in mice) were originally
thought to be responsible for cross-presenting peripheral antigens, it has become
increasingly clear that migratory cDC1 (defined by expression of CD103 in mice) are
necessary for transporting cellular antigens from the periphery to the lymph nodes, at least
from the skin, lung and intestine in mice [9]. This is true for endogenous antigens and
localized infections, as well as the delivery of cellular debris to the lungs via intranasal or
intravenous delivery [10, 11]. Only during a bolus subcutaneous injection of dead cells does
cellular antigen appear to travel via the lymphatics independently of cDCs [12].
Comparatively less attention has been paid to antigen delivery in tumor models, although
naive T cell activation has long been known to be mediated by DCs within the draining
lymph node [13-15]. However, two recent studies have now shown that tumor-associated
fluorescent proteins are actively transported by CD103* ¢cDC1 that migrate from the tumor
to the lymph nodes in a CCR7-dependent manner [7, 12]. Importantly this occurs in both
implantable and spontaneous tumor models, avoiding experimental artifacts that may occur
when injecting large quantities of dead or dying cells.

In addition to delivering tumor antigen, only migratory CD103* ¢cDC1 displayed a robust
ability to activate naive CD8* T cells ex vivo following sorting of the various cDC subsets
[7, 12]. These findings suggest that CD103* ¢cDC1 may be the only cDC population required
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to induce a cytotoxic T cell response against tumors. While this conclusion is consistent with
their role in antigen delivery, there are some important caveats to consider. First, ex vivo
stimulation would fail to identify a sequential role for cDC subsets. Indeed, using a more
stable fluorophore reporter, the Krummel group was able to detect tumor antigen in all of the
professional antigen-presenting cells within draining lymph nodes [12], although the
relevance of this antigen transfer is unclear. Second, CD8* T cell effector function is not
synonymous with proliferation, and support by CD4* T cells is required in many tumor
models [15-20]. While there appears to be a general defect in the ability of tumor cDCs to
present antigen to CD4* T cells ex vivo [15, 21], it is possible that the ability of cDC2 to
activate CD4* T cells may be involved in regulating multiple aspects of the immune
response during tumor development.

It is not completely clear why cDC2 fail to deliver tumor antigen to lymph nodes. In the
tumor microenvironment, macrophages, monocytes, and both cDC subsets uptake tumor
antigens, with macrophages representing the dominant phagocytic population [7, 21].
Migratory CD11b* ¢DC2 (defined by differential expression of CD11c and MHCII in mice)
also appear in equivalent numbers to migratory CD103* ¢cDC1 within tumor draining lymph
nodes [12], although it is not evident from the data whether these cells originate from the
tumor or other locations. One possibility is an inability of cDC2 to appropriately process
cellular antigen. cDC2 express lower levels of endocytic receptors such as CD36 and Clec9a
that are involved in recognizing apoptotic cells, and combined with higher levels of
lysosomal enzymes and lower phagosomal pH, antigen within cDC2 may simply be
degraded during migration. In support of this, delivery of antigen to CD11b* ¢cDC2 via Ig
immune complexes can permit cross-presentation [22, 23]. Reduced antigen presentation
may also be a result of cDC2 not receiving the appropriate stimulus within tumors. For
example, immune responses induced by anthracyclines or vaccines containing the toll-like
receptor 7 (TLR7) agonist R848 provide protection in Batf3-deficient mice [24, 25]. Notably
however, prophylactic immunity following vaccination with R848 is evident only when
using soluble peptides [24], highlighting the restricted ability of CD11b* cDCs to cross-
present cellular antigens [10, 26].

of Tumor DCs

Based upon the reduced capacity of tumor-associated CD11c™ cells to induce T cell
proliferation, DCs within the tumor microenvironment have often been viewed as
tolerogenic or immunosuppressive [27]. As discussed however, it is the rare cDC1 subset
that is required for CD8" T cell activation, and it is only recently that this population has
been evaluated within tumors (Box 2). Indeed, while the dominant CD11c* population of
macrophages is incapable of activating CD8* T cells, both tumor resident and migratory
CD103* cDCs display stimulatory capacity ex vivo [7, 12, 21]. This is not to imply that
cDCs are operating at peak capacity, especially considering limitations on their infiltration
and maturation status [7, 21], as well as suppressive pathways that may block particular
functions [28, 29]. However, the success of adoptive cell transfer and immune checkpoint
blockade therapies demonstrate that anti-tumor immunity develops in some patients, and
therefore — as a prerequisite for the development of these T cell responses — that at least
some measure of DC activation is occurring in many tumors.
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DC maturation is marked by the movement of MHC/peptide complexes to the cell
membrane, upregulation of the costimulatory molecules CD80/CD86, and expression of
cytokines that drive T cell proliferation and differentiation (e.g. IL-12). These molecules are
referred to as signal 1, 2, and 3, respectively, and are required for proper T cell activation
[30]. DC activation is normally considered to result from detection of pathogen-associated
molecular patterns (PAMPS) by pattern recognition receptors (PRRSs) such as the TLRs.
Within tumors many of these same receptors recognize endogenous, constitutively expressed
damage-associated molecular patterns (DAMPS) that are released or expressed on the
surface of dead/dying cells [31]. In contrast to apoptotic cells, dead ‘immunogenic’ cells
induce expression of MHCII, CD40, CD80, and CD86 on DCs, along with the release of the
inflammatory cytokines IL-1p, IL-6, IL-12 and TNF-a..

Immunogenic cell death is best described in cancer cells treated with anthracycline
chemotherapies and involves: 1) translocation of intracellular calreticulin and other
endoplasmic reticulum proteins to the cell surface; 2) secretion of ATP during the blebbing
phase of apoptosis; and 3) release of the chromatin-binding protein high-mobility group box
1 (HMGB1) [32]. ATP binding to P2RX7 appears important for inducing myeloid cell
recruitment and activation [25, 33-35], as well as the release of active IL-1p, while
recognition of calreticulin by CD91 is necessary for engulfment of cellular antigens [36, 37].
The mechanism by which HMGB1-TLR4 promotes immunity is less clear, but could involve
recruitment, enhanced antigen processing, and/or direct DC activation [38—40]. Despite this
knowledge gap, HMGB1 expression is the most distinguishing characteristic of
immunogenic cell death, as ATP release occurs under many conditions of cellular stress [34,
41]. Interestingly, CD11c* myeloid cell activation within tumors may be limited by binding
of HMGB1 to T-cell immunoglobulin and mucin-domain containing (TIM)-3, although this
receptor impacts tumor growth independently of a T cell response and therefore the role of
this pathway in regulating cDC activity is unclear [42].

In contrast to their critical role in mediating immunological responses to anthracycline
chemotherapies, mice deficient in TLR or IL-1 receptor signaling display no defect in
spontaneous or radiation-induced T cell responses against tumors [43, 44]. P2RX7 was
similarly dispensable for spontaneous T cell priming [43]. Instead, anti-tumor immune
responses were found to be highly dependent upon expression of the type | interferon
receptor (IFNARZL) [45]. Type I IFNs (IFN-a., IFN-B) promote DC activation, migration and
cross-presentation, and in an elegant series of experiments IFNAR1 expression by Batf3
dependent cDC1 was found to be specifically required [6, 46]. Although expression of /fna
genes was not examined, /fnb expression in these models localized to CD11c* cells within
tumors and draining lymph nodes, hinting at the migration of activated cDCs [43]. In
addition, Batf3-deficiency did not alter /fnb expression levels [6], suggesting that CD11b*
cDC2 might be an important source of IFN-B, at least within the lymph nodes. It remains to
be determined whether type | IFN expression by macrophages, plasmacytoid DCs (pDCs),
or even autocrine production by cDC1 might also be important. Finally, it is unclear whether
IFN-B is functionally necessary within tumors or draining lymph nodes, and
correspondingly whether IFNAR1-expression by migratory or non-migratory cDCL1 cells is
required.
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Surprisingly, incubating bone marrow-derived DCs with apoptotic or necrotic tumor cells
fails to induce /fnb expression. Instead, the entry of DNA into the cytoplasm is required for
recognition by cyclic-GMP-AMP synthase (cGAS), followed by activation of presence of
stimulator of interferon genes complex (STING) and phosphorylation of the transcription
factor IRF3 [43, 44, 47]. Although this is not observed in vitro, tumor DNA and
phosphorylated IRF3 are readily found within CD11c* leukocytes within tumors, and mice
deficient in either STING or IRF3 fail to develop immunity. This could suggest that specific
receptors not expressed by bone marrow-derived cells are required to allow DNA into the
cytoplasm. For example, Clec9a binding to exposed F-actin filaments regulates intracellular
trafficking and promotes cross-presentation by cDC1 during viral infection [31].
Alternatively, cDCs may require the appropriate stimulatory signals, as demonstrated for
TLRY7 stimulation of CD11b* cDC2 [24]. The source of this potential activating signal is
unclear, as TLR signaling in the host is dispensable for spontaneous or radiation-induced
immunity. One possibility is cell death via necroptosis, a programed form of necrosis linked
to inflammation [48]. In addition to release of DAMPS, necroptosis has recently been shown
to induce inflammatory cytokine gene expression within dying cells and to drive cross-
priming of CD8" T cells in vivo [49], a process that can be utilized for prophylactic
vaccination against tumors [50]. The discrepancies in the role of TLRs and IFN genes
between spontaneous and chemotherapy-induced T cell responses remain to be reconciled.

Suppression of Tumor DCs

Several features distinguish immunogenic from non-immunogenic tumors. The frequency of
neoantigens appears to be a major determinant, based upon the importance of
immunoediting as well as the relationship between mutational burden and response to
immune checkpoint blockade [51-54]. As discussed above, a second factor may be the
degree of DC maturation that results from the type and extent of cell death within tumors. A
third factor is likely the level of local and systemic immune suppression caused by the
tumor. Direct suppression of effector T cells is well characterized, but the switch from
immunogenic to immunosuppressive that occurs during tumor progression also correlates
with a phenotypic change in DCs [55]. In particular the balance between stimulatory and
suppressive signals within the tumor microenvironment is probably critical in dictating the
ability of cDCs to induce and maintain a T cell response, and understanding this relationship
will be important in the development of therapies designed to augment T cell immunity.

A number of molecules found in the tumor microenvironment inhibit DC activation in vitro.
This includes vascular endothelial growth factor (VEGF), prostaglandin E; (PGE), and
IL-10. Additionally, VEGF, IL-6, IL-10, and colony-stimulating factor 1 (CSF-1) have been
shown to inhibit maturation of bone marrow progenitors or monocytes into DCs, instead
driving monocytes toward a suppressive phenotype [27]. The relevance of these suppressive
pathways in vivo is not well established, especially as monocytes are not a source of cDCs
within tumors. However, increased numbers of CD11c*CD83* DCs are found in murine
tumors following blockade of VEGF receptor 2 [56], and we have reported a higher
percentage of CD103* ¢DC1 and CD11b* ¢cDC2 in tumors following CSF-1 neutralization
or blockade of the IL-10 receptor during paclitaxel chemotherapy [28]. IL-10 production by
tumor macrophages also suppresses expression of 1L-12 by tumor CD103* ¢DC1 [28],
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which may be sensitized to respond via TLR2-mediated upregulation of the IL-10 receptor
[57].

Other factors likely to suppress DC function relate to the metabolic dysfunction within
tumors. For example, hypoxia and lactic acid regulate macrophage function within tumors
[58, 59] and suppress DC activation in vitro [60, 61]. Metabolic reprograming within DCs
themselves is also important during TLR-mediated activation and could mediate dysfunction
within tumors [62], as was recently demonstrated for activation of the ER stress response
factor XBP1 and the ensuing accumulation of intracellular lipids [63]. Presumably migration
of cDCs to the lymph node will also be impacted by the tumor microenvironment, but this
has yet to be described. Finally, CD103* and BDCA3* ¢DC1 represent the least prevalent
myeloid population in mouse and human tumors, respectively [7, 21, 28]. The functional
relevance of these cells may therefore be restricted due to a lack of cell numbers. This has
been demonstrated in melanoma, with either systemic expansion or intratumoral injection of
cDCs able to augment response to checkpoint blockade [7, 29]. With the ability to clearly
differentiate tumor cDCs from macrophages, it will be important to begin to validate some
of the suspected suppressive pathways in vivo, as well as to examine their potential to
regulate anti-tumor immunity in a therapeutic context.

Non-Migratory Tumor DCs

The primary function of cDCs in cancer immunity is to sequentially acquire tumor antigen,
migrate to the lymph node, and activate a de novo T cell response (Figure 2). However, only
a small fraction of tumor cDCs will end up migrating to the lymph nodes, possibly related to
controlled expression of CCR7 [12]. This raises the possibility that the remaining cells may
be involved in regulating the local immune microenvironment. It has already been described
in the skin that clustering of effector/memory T cells with macrophages and cDCs is
important for an immune response following re-exposure to a hapten [64]. These clusters are
also involved in the maintenance of anti-viral memory CD4* T cells in mucosa [65].
Although these situations are not synonymous with the continuous presence of antigen or the
immunosuppressive environment within tumors, it is possible that non-migratory
intratumoral cDCs may have a similar role in maintaining cytotoxic T cell activity, either
through direct antigen presentation or through establishment of a favorable cytokine milieu
[28]. In support of this, removing tumor-draining lymph nodes does not impact the immune
response during anthracycline chemotherapy [25], and intratumoral CD103* ¢cDC1 are
important for tumor regression after adoptive T cell transfer, irrespective of any activity in
the lymph node [21]. While it is technically challenging to differentiate between a local and
systemic role for cDCs, this distinction may have important implications when optimizing
dosing strategy for combination immunotherapies.

It is also probable that tumor-associated cDCs are involved in priming T cell responses
within tumors when found in ectopic or tertiary lymphoid structures (TLS). These clusters of
T cells, B cells, and cDCs occur during chronic inflammation and are capable of inducing
and supporting a T cell response during infection [66]. Although they may not be involved in
the initial detection of the tumor, TLS could play an important role in the response to
neoantigens that develop during later stages of neoplastic progression. Critically, when
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present in tumors, TLS are associated with a positive prognosis across a range of
malignancies [67]. TLS have proven difficult to evaluate experimentally as they do not
normally develop in murine models. However, expression of ovalbumin by tumor cells is
sufficient to drive TLS formation and T cell activation even in mice lacking lymph nodes
[68, 69]. TLS can also be generated by intratumoral injection of DCs expressing CCL21,
overexpression of tumor necrosis factor superfamily member 14 (TNFSF14), or injection of
lymphotoxin a, and in all cases this is sufficient to drive an anti-tumor T cell response [70-
72].

DCs in Cancer Therapy

Vaccines

Therapeutic vaccination for cancer continues to be an active area of research and clinical
investigation. However, as this has been expertly reviewed elsewhere [73], we will attempt
only to highlight some key concepts here. All vaccines depend upon the ability of DCs to act
as antigen-presenting cells to T cells and can be classified by their approach into: 1)
nontargeted; 2) in vivo targeted; or 3) ex vivo loaded [73]. One of the first cancer vaccines to
significantly advance in the clinic was GVAX, which involves irradiated tumor cells
modified to express GM-CSF, thereby recruiting and maturing DCs at the site of vaccination
to promote antigen uptake and delivery. Building off of this concept has included the
addition of stimulating agents such as cyclic dinucleotides to activate STING [74], or
alternative delivery vehicles for GM-CSF such as oncolytic viruses [75].

In the more traditional and widely tested approach, recombinant peptides/proteins are mixed
with adjuvants containing various formulations of TLR agonists. These can be injected
directly or fused with antibodies that target DCs /n vivo, including DEC205, Clec9a, or DC-
SIGN. While the /n vivo targeting approach has not shown much clinical advancement,
multiple trials with peptide vaccines are ongoing [73]. Efficacy has been observed in humans
using allogeneic monocyte-derived DC (moDCs) loaded with peptides ex vivo, an approach
first approved with Sipuleucel-T for metastatic castration-resistant prostate cancer [76]. In
this case, peripheral blood mononuclear cells are isolated and pulsed with a fusion protein
made up of GM-CSF and human prostatic acid phosphatase [77]. GM-CSF induced moDCs
can also be matured ex vivo with CD40 ligand, IFN--y, and/or TLR agonists [78, 79].
However, as moDCs display a limited capacity to cross-present antigen or migrate to the
lymph nodes, it is unclear the degree to which these cells are acting as antigen-presenting
cells or delivery vehicles for antigen, with several studies demonstrating that endogenous
DCs are actually required for T cell priming [80-82].

In general these single-agent cancer vaccines are well tolerated and produce a systemic
immune reaction against the tumor antigen, but have failed to demonstrate substantial
efficacy in late stage clinical studies. One possible explanation for this failure is a
suppressive tumor microenvironment that can limit T cell infiltration and effector function.
The current testing of vaccines in combination with antagonist antibodies against
programmed death-1 should address whether this pathway has been a significant
impediment. Another possibility is that the target antigens have not been optimized, given
that they have been mostly limited to overexpressed or aberrantly expressed antigens that are
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not tumor-specific. The next generation use of vaccines containing patient-specific
neoantigens will help to determine whether this has been a critical barrier to efficacy [79].
Alternatively, perhaps the lack of observed efficacy has simply been due to insufficient or
inappropriate immune stimulation. In support of this, a DC vaccine formulated with tetanus
toxoid has been reported to show efficacy in glioblastoma in both mice and patients [83],
and an attenuated strain of Listeria expressing mesothelin increased overall survival in
pancreatic cancer patients when used to boost a GVAX priming injection [84]. Approaches
that trigger IFN-a release by pDCs may be an alternative way to exploit anti-pathogen
defenses while avoiding these complex vaccine formulations [85].

In vivo expansion/activation

Many of the same stimulatory pathways used in vaccine development could also prove
useful for enhancing endogenous DC activity within tumors. This approach has the potential
advantage of targeting a broader spectrum of antigens, allowing neoantigen targeting without
patient-specific vaccine development, and minimizing the complexities associated with live
cell approaches. Intratumoral injection of TLR (CpG or Poly[l:C]) or STING agonists has
already been shown to suppress tumor growth in mice by enhancing a CD8* T cell-response
[7, 86-88]. As well as the expected increase in cDC maturation, these agonists may promote
lymph node migration and could theoretically increase antigen delivery. However, as with
vaccination, monotherapy with these agonists is unlikely to show substantial clinical
efficacy. Instead, targeting multiple pathways to abrogate immune suppression while
augmenting cDC activation may be required. One of the first examples of this involved
treating tumor-bearing animals with CpG and an anti-IL-10 receptor antibody [89], with
potentially comparable results obtained when using cytotoxic therapy as a surrogate immune
agonist [28]. In addition, systemic injection of FMS-related tyrosine kinase 3 ligand (FIt-3L)
induces a 4-fold expansion of CD103* ¢cDCs in B16 melanomas, overcoming limited tumor
infiltration and delaying tumor growth equivalent to treatment with Poly(l:C) [7].
Importantly, combining Flt-3L with Poly(l:C) shows excellent tumor control that is further
augmented by immune stimulation or checkpoint blockade [7, 8]. Identifying additional
pathways that can be manipulated to increase ¢cDC infiltration, activation, or effector
function should prove useful for enhancing the efficacy of any treatment modalities that are
dependent upon an anti-tumor immune response.

Concluding Remarks and Future Directions

As inducers of a T cell response, DCs are the foundation of oncoimmunology, and it will
likely become clear that they are critical for responses to cytotoxic and targeted agents as the
immunological components of these treatments are uncovered. Although DC activation has
been thoroughly examined in the context of infection, our understanding of the signals
driving activation under sterile conditions remains incomplete, as does our understanding of
the immunosuppressive pathways within tumors that prevent immune recognition (see
Outstanding Questions). This knowledge gap has inhibited the translational potential of DC-
targeted therapies, but is beginning to be addressed with significant discoveries regarding the
importance of the cDC1 subset in delivering antigen to the lymph nodes and inducing the
anti-tumor T cell response. One of the major shifts in focus resulting from the success of
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eckpoint blockade is the realization that combination immunotherapy will be required for

the majority of patients to experience durable complete responses. Molecules that drive the
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Box 1
Other DC lineages
Plasmacytoid DCs

Prominent in the blood and spleen, plasmacytoid DCs (pDCs) are found in small numbers
throughout the periphery and are recognized by their expression of B220, Ly6C, and
PDCA.1 in mice and CD123, CD303/BDCA2 and CD304/BDCA4 in humans. pDCs
selectively express TLR7 and TLR9, and their most important function is thought to be
producing significant quantities of type 1 IFN in response to single-stranded viral RNA
and DNA [90]. pDCs also have the potential to act as antigen-presenting cells as they
express MHC class Il and co-stimulatory molecules; however, the ability of pDCs to
phagocytose dead cells and present cell-associated antigen is debatable, as is their ability
to cross-present exogenous antigen on MHC class | [91]. In tumors, the presence of pDCs
correlates with poor prognosis in both breast and ovarian cancers [92, 93], but pDCs can
also act as therapeutic targets to elicit IFN-a release and antigen-presentation by cDCs
[85, 94].

Monocyte-derived DCs

moDCs differentiate from Ly6C* or CD14" monocytes in mice and humans, respectively
[95, 96]. moDCs are hard to distinguish as they are phenotypically similar to CD11b*
cDCs or macrophages depending on the markers used for identification, but recent
studies have shown that the Fc receptors FcyRI (CD64) and FceRI can be used
successfully [4, 97, 98]. The capacity of moDCs within tissue to transport antigen to the
lymph nodes and activate naive T cells ex vivo represents a fraction of that observable
with cDCs [97, 99]. It therefore remains unclear the degree to which moDCs are involved
in inducing a de novo T cell response. As recruitment of moDCs is enhanced by infection
or TLR ligand injection — conditions that result in the presence of “TipDCs’ expressing
tumor necrosis factor a. (TNF- a) and inducible nitric oxide synthase (iNOS) — one
possibility is that they may regulate T cell activity within tumors [100].
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Box 2
The Problem with CD11c

CD11c is not a reliable marker of the cDC lineage even under steady state conditions, and
this issue is further exaggerated in inflamed tissue. Small populations of macrophages
and lymphocytes express CD11c in the secondary lymphoid organs, while migratory
cDCs downregulate surface expression. Alveolar macrophages in the lung express high
levels of CD11c and macrophages substantially upregulate CD11c following stimulation
[3]. Similarly, both populations of cDCs express CD11b, albeit to varying degrees. As
such, macrophages cannot be accurately distinguished from cDCs in either human or
mouse tumors using only the common markers CD11c, CD11b and MHCII. This has
resulted in confusion in the field as properties of macrophages are ascribed to tumor
cDCs. IRF8-dependent cDCs can be identified by markers such as XCR1, but depending
on the tissue and species being examined, additional macrophage (CD14, CD64, CD115)
or cDC markers (CD24, CD26) are necessary to distinguish between macrophages and
CD11b* cDCs [4].
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Outstanding Questions

What role (if any) do monocytic DCs play in priming T cells? Do they
regulate immune responses within tumors?

What is the role of CD11b* cDCs in anti-tumor immunity? Are they
responsible for activating CD4" T cells?

Avre intratumoral cDCs necessary for sustaining a T cell response?

What is the relative importance of soluble versus cell-associated tumor
antigens?

What factors are critical for DC activation within tumors? Does this
vary with the type of therapeutic intervention? What suppressive
pathways block DC activation?

How important are tertiary lymphoid structures in anti-tumor
immunity? Do they regulate response to therapy?

What is the best way to target DCs therapeutically? How can DC-based
therapies be combined with other immunotherapies?
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Trends Box

c¢DC1 are necessary for inducing anti-tumor T cell responses. This
appears to trace to the ability of migratory cDC1 to deliver tumor
antigen and cross-present to CD8* T cells.

Spontaneous anti-tumor immunity is dependent upon activation of
cDCs by type I IFN. Expression of type I IFNs is induced in myeloid
cells via recognition of cytosolic DNA and activation of the STING
pathway.

Intratumoral cDC1 are capable of restimulating CD8* T cells and may
be important within tumors for antigen-presentation and/or cytokine
expression.

The next generation of vaccines consisting of patient-specific
neoantigens or attenuated pathogens may demonstrate single agent
efficacy or find utility in combination with checkpoint blockade.
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Figure 1. Dendritic Cell Differentiation
Dendritic cells (DCs) are part of the hematopoietic cell lineage, originating from

hematopoietic stem cells (HSC), which subsequently differentiate into common myeloid
progenitors (CMPs). The transcription factor Nur77 drives the differentiation of CMPs
through several steps into monocytes, which can further differentiate into monocyte DCs
(moDCs) under inflammatory conditions. In the absence of Nur77, CMP will differentiate
through multiple stages into a common dendritic cell progenitor (CDP). The conventional
type 1 DC (cDC1), conventional type 2 DC (cDC2) and plasmacytoid DC (pDC) subsets
arise from the CDP, with the critical transcription factors shown for each lineage. Markers
for each DC subset are shown on the right for mouse (black) or human (green). cDC1 in
mice can be identified by expression of either CD8 a. in the lymphoid organs or CD103
within peripheral tissues.
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Figure 2. DCs in Anti-Tumor Immunity
Conventional type 1 dendritic cells (cDC1) are necessary for the generation of ade novo T

cell response against tumors. Expansion of cDC progenitors occurs in the bone marrow
driven by FMS-related tyrosine kinase 3 ligand (FIt-3L) (1). These cells differentiate into
immature cDC1 within tissues, including tumors as depicted here. There, they can acquire
antigens but are unable to stimulate T cells (2). DC activation/maturation is driven by
damage-associated molecular patterns (DAMPs) released from necrotic cells and/or type |
interferons (IFNs) released by cells within the tumor microenvironment (3). A subset of
mature cDC1 expressing CCR7 migrate to the lymph node (4) where they prime a CD8" T
cell response (5). Activated T cells may then migrate to the tumor site — depending on the
condition of the vasculature and stroma — where they can mediate their cytotoxic effector
function (red X). Non-migratory cDC1 that remain in the tumor may interact with CD8* T
cells to regulate the anti-tumor response, with cDC1 secreting interleukin-12 (I1L-12) or
other cytokines to promote T cell effector function (6). Under ideal conditions this may
release additional tumor antigens and DAMPs, and increase expression of inflammatory
cytokines, further augmenting an immune response.
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