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Simple Summary: The conceptualization of a “hot” tumor microenvironment has been characterized
by mainly T cell infiltration, whereas, “cold” or “immune-deserted” tumors were seen as lacking T
cells. However, the presence of antigen-presenting myeloid cells is equally important. In particular,
Batf3-lineage DCs are highly efficient in priming effector T cells. Additionally, they can recruit T cells
with CXCR3 ligands and re-activate dysfunctional T cells with co-stimulatory molecules in the tumor
microenvironment.

Abstract: In a T-cell-inflamed phenotype, tumor eradication works best and is potentiated by im-
munotherapy such as checkpoint blockade. However, a majority of patients die despite receiving
immunotherapy. One reason is insufficient T cell priming and infiltration in the tumor. Nature
provides us with innate immune mechanisms in T-cell-inflamed tumors that we can adopt for more
personalized immunotherapy strategies. Tumor sensing through innate signaling pathways and
efficient antigen-presenting possess a significant role in bridging innate and adaptive immunity and
generating a T-cell-inflamed tumor. One approach to strengthen these innate immune mechanisms
is to deliver innate immune factors such as STING or activated DCs into the tumor microenviron-
ment, in particular in patients resistant to checkpoint blockade. The low number of DCs in the
tumor bed could potentially be increased with the growth factor FMS-like tyrosine kinase 3 ligand
(Flt3L). CD103+ DCs are integral for three phases of anti-tumor immunity: priming, recruiting, and
re-invigoration of effector T cells. Re-activation of dysfunctional T cells is achieved via co-stimulatory
molecules such as the 4-1BB ligand. The presence of myeloid-cell-derived CXCL9 and CXCL10 in the
tumor microenvironment can predict response to immunotherapy. We outline recent preclinical and
clinical approaches to deliver these crucial components bridging innate and adaptive immunity into
the tumor microenvironment.

Keywords: chemokines; tumor microenvironment; dendritic cells

1. Introduction

A T-cell-inflamed tumor is associated with better outcome to immunotherapy in
metastatic cancer [1–3]. In order to create a T-cell-inflamed tumor microenvironment, a
close interaction of the innate immune system with T cells is warranted. Of particular
importance is tumor sensing through the STING (STimulator of INterferon Genes) pathway
in antigen-presenting cells (APCs). Among APCs, dendritic cells are the most efficient
cells in internalizing and presenting tumor antigens on MHC class I molecules to CD8+ T
cells. In particular, Batf3-lienage DCs (basic leucine zipper transcription factor ATF-like
3 expressing dendritic cells) are required for successful cross-priming of effector T cells in
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the tumor draining lymph node [4,5]. DCs develop from bone-marrow-derived precursor
cells and depend on the essential hematopoietic growth factor FMS-like tyrosine kinase
3 ligand (Flt3L). Tumor associated macrophages (TAMs) exhibiting an M1 phenotype are
usually more abundant in the tumor microenvironment than DCs and can also present
tumor antigens, though are generally less efficacious [6]. Myeloid cells are also involved
in trafficking of tumor antigen specific T cells to the tumor microenvironment by releas-
ing CXCR3-ligands. Whereas, Batf3 DCs can be recruited to the tumor bed through the
chemokine (C-C motif) ligand 5 (CCL5) and XCL1 (also known as ATAC, lymphotactin,
or SCM-1) produced by NK cells [7–9]. Sophisticated delivery systems for key innate
immune factors such as bispecific antibodies, nanoparticles, fusion proteins, or viral vectors
are on the edge of being translated into the clinic. Unwanted immune-related adverse
events could be minimized by these targeted strategies. Ultimately, leveraging innate
immunological pathways can lead to a more personalized immunotherapy. Future im-
munotherapy agents are likely to synergize with well-established antibodies for checkpoint
blockade by enhancing infiltration with crucial immune cells such as activated Batf3 DCs
and tumor-antigen-specific CD8+ T cells.

2. How Are Endogenous T Cells Successfully Recruited into The Tumor
Microenvironment?

Non-T cell inflamed tumors have a set of immunogenic tumor antigens that are com-
parable to that of T cell inflamed tumors [10]. Thus, antigenicity is not the main reason for
CTL infiltration. However, non-T cell inflamed tumors are lacking transcriptional markers
for Batf3 DCs. Innate sensing of tumor derived factors is essential for the recognition of
cancer by the immune system. One well-described signaling pathway is the STING pathway.
Tumor infiltrating antigen presenting cells (APCs) can sense tumor-derived cytosolic DNA via
cyclic-GMP-AMP synthase (cGAS) which activates the protein STING [5]. Activated STING
results in the production of type I Interferons (IFNs) and maturation of Batf3 DCs downstream
of the recruitment of TBK1 and the transcription factors IRF3 and NF-κB [11] (Figure 1).

An alternate innate tumor sensing pathway involves the high-mobility-group box 1
(HMGB1) alarmin protein. This protein was secreted by dying tumor cells after radio-
and chemotherapy and interacts with Toll-like receptor 4 (TLR4) and its adaptor MyD88
expressed by DCs [12,13]. The HMGB1 and TLR4 interaction improved antigen presentation
by slowing down degradation of phagocytic cargo [12]. A subsequent report argues that
TLR9 is involved sensing tumor-derived DNA, DC maturation, and CTL priming [13].
TLR9−/− mice treated intratumorally with FITC-labeled E7 peptide and chemotherapy
had significantly less FITC+ DCs in the tumor draining lymph nodes [14]. The CD11c+
DCs expressed less co-stimulatory molecules CD40 and CD80 compared to wild type (WT)
mice. Furthermore, the frequency of CD8+ T cells was decreased in TLR9−/− mice and
they produced significantly less IFN-γ [14]. Matured CCR7 bearing CD103+ DCs take
up cancer antigens and migrate through lymphatic vessels to the tumor draining lymph
node following a chemokine gradient of CCL19 and CCL21 [15–17]. In the lymph node,
CD103+ DCs cross-present internalized cancer antigens on MHC I molecules to naïve
CD8+ T cells [18]. Tumor antigens are carried in small vesicles inside DCs that can also
be transferred among DC subsets enabling also resident CD8α+ DCs to prime CD8+ T
cells [19]. Recent results have shown that also CD11b+ conventional DCs can present tumor-
derived antigens on MHC class I molecules upon interferon stimulation and thus contribute
to anti-tumor CD8+ T cell immunity [20]. Activated CD8+ T cells expand clonally and then
migrate through the blood stream to the tumor microenvironment. Integrin α4β1 (VLA-4)
and integrins α4 and αLβ2 (LFA-1) on effector T cells bind to their endothelial ligands
VCAM-1 and ICAM-1 which facilitates trans-endothelial migration and diapedesis [21].
Additionally, the interaction of LFA-1 and ICAM-1 contributes to the maturation of the
cytotoxic immune synapse and effector function of CTLs [22]. CTLs can bind and kill
their target cancer cells via specific T cell receptors which interact with the compatible
antigen–MHC-I complex on the cancer cells [23]. Thus, new cancer antigens and DNA
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are released from the dead cancer cells and the “cancer–immunity cycle” begins anew.
Within the “cancer–immunity cycle” there are multiple points of possible pharmacological
interventions (Figure 2).Cancers 2022, 14, 2458 3 of 15 
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other innate cytokines [25]. However, DMXAA is not able to bind human STING [26]. 
Intratumoral administration of STING was favored in the past because of metabolic insta-
bility of CDN-based STING agonists [27]. Two recent reports propose alternate admin-
istration routes for the more stable STING agonists named MSA-2 and SR-717 configured 
in a closed confirmation [28,29]. MSA-2 is administered orally and SR-717 systemically. 
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Figure 2. “Cancer–immunity cycle”. 1: CTL-mediated tumor killing; 2: tumor antigen release, release
of HMGB1 and tumor-derived DNA; 3: tumor antigen uptake by Batf3 DCs, tumor-derived DNA and
HMGB1 sensing via STING, TLR9 and TLR4, activation and maturation of Batf3 DCs; 4: migration of
antigen-presenting Batf3 DCs through lymphatic vessels to the tumor-draining lymph node following
a chemokine gradient of the CCR7-ligands CCL19 and CCL21; 5: DCs prime CD8+ T cells via a
MHC-I–antigen complex, clonal expansion of tumor antigen specific T cells; 6: CTLs migrate via
blood and exit the vessels into the tumor. Crawling along the endothelial wall and diapedesis are
facilitated through the adhesion molecules VCAM1 and ICAM1. Possible interventions: STING−,
TLR9− agonists and “VEGFC vax” enhancing cross-priming and vasculature normalization.
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Clinical Applications

Clinical applications built on the foundation of this work include a phase 1b study, a
combination of Pembrolizumab with vidutolimod, a TLR9-agonist, given intratumorally
to 44 patients with resistance to prior anti-PD-1 treatment resulted in durable response in
1
4 of the treated patients underlined by an increased IFNγ production [24]. In vivo and
in vitro data have shown that STING agonists such as 5,6-dimethylxanthenone-4-acetic acid
(DMXAA) or cyclic dinucleotide (CDN)-based STING agonists support DC maturation,
facilitate CD8+ T cell cross-priming, and increase production of type I IFNs, TNF-α, and
other innate cytokines [25]. However, DMXAA is not able to bind human STING [26]. Intra-
tumoral administration of STING was favored in the past because of metabolic instability
of CDN-based STING agonists [27]. Two recent reports propose alternate administration
routes for the more stable STING agonists named MSA-2 and SR-717 configured in a closed
confirmation [28,29]. MSA-2 is administered orally and SR-717 systemically. Both agonists
achieved cross-priming and tumor control in mice. Additionally, exosome delivery mech-
anisms for STING agonists are also in clinical development; this approach may help to
overcome the direct cytotoxicity observed with initial clinical STING agonists [30]. Clinical
trials for intravenous application of STING are ongoing (NCT04420884, NCT04096638,
NCT04609579 and NCT04592484). Apart from DCs, tumor endothelial cells can also pro-
duce type I IFNs upon STING activation [31]. Endothelial STING expression correlated
with CTL infiltration into the tumor in murine and human tissue and better overall sur-
vival [32]. In the mouse model, intratumorally administered STING upregulated genes for
the vascular adhesion molecules Vcam and Icam, decreased hypoxia, reduced blood vessel
density, and induced blood vessel maturation through increased pericyte coverage [32].
Other reports described tumor vasculature destruction through either high IFN-β-levels
injected into the tumor or through STING agonists via TNF-α-production [25,33]. Overall,
STING agonists in the right concentration can suppress angiogenesis/malformation and
contribute to vascular normalization. Tumor antigen specific T cells need functional blood
vessels within the tumor in order to migrate from the tumor draining lymph node to the
tumor microenvironment. Conversely, antigen-loaded migratory DCs travel via lymph
vessels from the tumor bed to the tumor draining lymph nodes. B16 melanoma bearing
mice with blocked vascular endothelial growth factor receptor 3 (VEGFR3) signaling and
a lack of lymphatic vessels showed significantly less trafficking of DCs to the draining
lymph nodes, reduced immune cell infiltrates, and inflammatory cytokines in the tumor mi-
croenvironment [34]. Inducing lymph angiogenesis with a vaccine overexpressing VEGF-C
(“VEGFC vax”) resulted in increased infiltration of CD8α+ cross-presenting DCs and CD8+
T cells and hence better tumor control in combination with anti-PD-1 in a B16 melanoma
mouse model [35].

3. Chemokines in The Tumor Microenvironment

Another important mechanism for immune cell infiltration into the tumor microen-
vironment is chemoattraction through chemokines. CXCL9, CXCL10, and CXCL11 (in
humans) bind to the CXCR3-receptor on T cells. CXCL9 and CXCL10 enhanced migration
of T cells in vivo and in vitro and were associated with T-cell-inflamed tumors in a gene
expression analysis [2]. Type I IFN induces the expression of CXCL9 and CXCL10 [36]. Pre-
clinically, Batf3 DCs were characterized as a predominant source for CXCL9 and CXCL10 [4].
The presence of Batf3 DCs, CXCL9 and CXCL10 in the tumor microenvironment indepen-
dently correlated with T cell infiltration [4]. In melanoma patients, baseline levels of
CXCL9, CXCL10, and CXCL11 were associated with response to anti-PD-1 therapy [37].
According to single-cell RNA sequencing data from patients with melanoma, head and
neck, and lung cancers who underwent checkpoint blockade therapy, these chemokines
were primarily produced by macrophages [37]. DCs such as CD103+ DCs were the second
strongest cellular source for CXCL9/10/11 among the measured immune cells. In vitro,
melanoma cell lines M537 produced CXCL9 and CXCL10 which was associated CD8+
effector T cells [2]. In a recently published work with in situ staining of RNA transcripts
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and proteins in baseline biopsies of melanoma patients, we found that the major cellular
source of CXCL10 was indeed CD45+ immune cells in humans [38]. However, cancer cells
were also able to produce CXCL10 to a lesser extent in some patients before commencing
therapy with anti-PD-1. The baseline CXCL10 production of CD45+ immune cells and
Sox10+ both correlated significantly with response to immunotherapy [38].

In vitro, cancer cells also produced CCL4, which led to the migration of CD103+
DCs [8]. The corresponding receptor on DCs is CCR5 [39]. Tumor-derived CCL4 can recruit
CD103+ into the tumor microenvironment. Conversely, activated B-catenin signaling
and ATF3 transcription suppressed CCL4 transcription [8]. CCL4 expression levels were
increased significantly in T-cell-infiltrated tumors [2], arguing for successful cross-priming
and recruitment of T cells by Batf3 DCs. In a murine model, XCL1 and CCL5 were mainly
produced by NK cells and attracted conventional type 1 dendritic cells (cDC1) into the
tumor microenvironment [7] (Figure 3). XCL1 binds to its chemokine receptor XCR1 which
is expressed on Batf3 DCs [40,41]. In humans, the gene signature of XCL1 was associated
with better survival and correlated with a NK cell and a cDC1 signature [7].
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Figure 3. Chemoattraction in the tumor microenvironment. Tumor-derived CCL4 can attract Batf3
DCs and CXCL9/10 can recruit cytotoxic T cells to the tumor microenvironment. Natural Killer
Cells attract Batf3 DCs via XCL1 and CCL5. CCL4 can be administered with a fusion protein
consisting of CCL4 and the collagen-binding domain (CBD) of von Willebrand factor and XCL1 with
a viral-vector. Batf3 DCs can produce CXCL9/10/11 and recruit CTLs. In turn, IFN-γ produced by
CTLs can stimulate Batf3 DCs. Batf3 DCs are activated by STING agonists which can contribute
to CXCL9/10/11 production via IFNα/β. CXCL9/10/11 can be induced by oncolytic viruses or
delivered with the help of virus-based vectors.

3.1. Inducing Chemokines

Injecting a virus-based vector expressing XCL1 and soluble Flt3L intratumorally
improved tumor control in MC38- and B16-bearing mice through the accumulation of
cross-presenting Batf3 DCs in the tumor draining lymph node [42]. Synergistic effects
with anti-PD-1, anti-CD137, or anti-CTLA-4 mAbs were described. Interestingly, Batf3
knockout mice were missing these anti-tumoral effects. Another group exploited a differ-
ent strategy to deliver the DC-chemoattractant CCL4 into the tumor microenvironment.
Instead of injecting a viral-vector into the tumor directly, a fusion protein consisting of
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CCL4 and the collagen-binding domain (CBD) of von Willebrand factor were administered
intravenously [43]. Increased infiltration with CD103+ DCs and CD8+ T cells was noted
in the tumor microenvironment. By binding the collagen of the tumor stroma specifically,
off-target side effects were not observed in this B16 melanoma mouse model. Combination
therapy of CBD-CCL4 and checkpoint blockade improved survival significantly [43]. In-
terestingly, blocking only CXCR3 led to a loss of tumor control through this combination
therapy, underpinning the importance of Batf3 DCs and CXCR3 ligands for the recruit-
ment of CTLs and tumor killing. The CXCR3 ligands CXCL9 and CXCL10 also have been
successfully delivered via viral-vectors in colon and melanoma mouse models [44,45].
The intra-tumoral delivery resulted in increased CTL infiltration and better tumor control.
CXCL9 delivery with a viral-vector was combined with the immunostimulatory factor
OX40 ligand (OX40L)/tumor necrosis factor superfamily member 4 (TNFSF4) and anti-PD-
1 therapy [45]. Furthermore, oncolytic viruses can function as strong inducers of CXCL9
and 10 in the tumor microenvironment [46,47]. One group designed an oncolytic virus
overexpressing CXCL11 and proved increased frequency of tumor infiltrating lymphocytes
in a murine tumor model [48]. The viral enhancement of the CXCR3 ligands expression
worked synergistically with checkpoint blockade in all animal models [46–48]. Clinical
trials are starting to leverage these concepts to treat human cancers. A current trial makes
use of an oncolytic virus which actively expresses an FAP-TAc antibody, CXCL9, CXCL10,
and IFNα (NCT04053283). CXCL10 can be indirectly upregulated by endogenous DNA
sensing pathways such as STING. This has been shown inversely by blocking IFNAR1
which downregulated CXCL10 expression in vitro in a colon cancer model [49]. In vitro
bone-marrow-derived DCs expressed significantly more CXCL9 upon STING activation [5].
CXCL9/10 expression downstream of STING activation is mediated in a IFNα/IFN-β-
dependent fashion. Thus, in vitro experiments have shown that IFN-β treatment induced
CXCL10 expression of melanoma cells [50] and DCs stimulated with IFNα/IFN-β produced
significant amounts of CXCL9 and CXCL10 [41]. Blockade with an anti-PD-1 antibody
enhanced proliferation of T cells and thereby increased expression of IFN-γ in the tumor mi-
croenvironment which in turn increased production of CXCL10 (Interferon gamma-induced
protein 10) [51].

3.2. Adverse Effects Caused by Chemokines

Systemic upregulation of CXCL9/10/11 can contribute to inflammation and autoim-
munity such as Alopecia areata, Vitiligo, autoimmune arthritis, type 1 diabetes, or adult-
onset Still’s disease [52–56]. Similarly, patients with checkpoint inhibitor colitis showed
an upregulation of CXCL9 and CXCL10 in the myeloid compartment measured with
single-cell RNA sequencing [57]. In vitro migration studies underlined that low concentra-
tions of CXCL9 and CXCL10 produced by tumor endothelial cells promoted chemotaxis.
However, high concentrations of CXCL9 and 10 produced by endothelial cells induced
trans-endothelial migration (chemo-repulsion) of melanoma cells [58], arguing for a dose-
dependent effect of the chemokine gradients. Therefore, targeted chemokine delivery
has to be performed with caution. Nonetheless, it has potential to expand efficacy of
checkpoint blockade when administered in the correct time, dosage, and directly into the
tumor microenvironment.

4. Interaction of Batf3 DCs and CTLs in The Tumor Microenvironment

In vitro data showed that Batf3 DCs are involved in repriming CTLs in the tumor
microenvironment [59]. A second interaction of adoptively transferred already primed
CTLs with Batf3 DCs in the tumor microenvironment was needed for more effective tumor
control. However, Batf3 DCs within the tumor microenvironment are rare. The significance
of these rare tumor-infiltrating DCs is underscored by a TCGA analysis which revealed
that CD103+ DC transcripts correlated with better overall survival across cancers [59].
Interestingly, a Flt3L-expressing B16 melanoma tumor model facilitated the expansion of
the sparse CD103+ DC in the tumor [59], arguing for a potential therapeutic role of Flt3L
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in non-inflamed tumors. NK cells were identified as a major source for Flt3L in the tumor
microenvironment in a melanoma mouse model with a Flt3l-reporter mouse [60]. When NK
cells were depleted, significantly decreased amounts of CD103+ were found in the tumor
draining lymph node and tumor. The importance of Flt3L has been successfully demon-
strated in humans using intratumoral recombinant Flt3L along with radiotherapy and an
innate immune agonist. In this trial, patients with indolent lymphomas non-responsive
to immune checkpoint inhibition developed de novo CD8+ T cell tumor infiltrates, and
clinical responses were observed [61]. This approach highlights the potential role of Flt3L
therapy to mobilize cross-presenting DCs to generate a CD8+ T cell response in cold tumors.
DCs are not only crucial for successful priming and activation but also production of
co-stimulatory molecules. One important example for activation of CTLs is characterized
by the binding of the 4-1BB ligand located on APCs to the 4-1BB (CD137) receptor on T
cells [62]. Co-stimulation through this interaction leads to cytotoxicity, proliferation, and
activation of CD8 T cells [63]. The co-stimulation via 4-1BB is particularly important in
Batf3 DCs because they are the APCs responsible for the most efficient cross-priming of
tumor antigens to CTLs [36]. This is shown by less effective cross-priming in Batf3−/−
mice stimulated with an anti-CD137-monoclonal antibody (mAb) alone or together with an
anti-PD-1 mAb [64]. As opposed to WT mice, treatment did not result in higher frequencies
of tumor-antigen-specific CTLs and subsequently anti-tumor control. Furthermore, CTLs
in Batf3−/− mice showed much lower levels of PD-1 and Batf3−/− DCs were less prolif-
erative and produced less IFNγ in vitro [64]. Noteworthy, recombinant IL-12 repetitively
administered into tumor lesions which generally boosts the CTL effector function was not
able to restore the anti-tumor effect of anti-CD137-mAb in Batf3−/− mice [64,65]. How-
ever, cultured Flt3L-derived DCs injected into Batf3-low BrafV600E/Pten−/−/CAT-STA
tumor-bearing mice tumors achieved a response to checkpoint blockade by restoring the
interaction between CD103+ dendritic cells and CTLs [8]. Hence, one therapeutic avenue
is to deliver DCs to the tumor microenvironment or tumor-antigen-loaded DCs directly
into the lymph node in particular in non-inflamed tumors. In the presence of a tumor,
infiltrating DCs blocking CD47 had additional beneficial effects in a hepatocellular carci-
noma model [66]. It led to the activation of CD103+ DCs, secretion of IL12 and CXCL9, and
recruitment of NK cells.

Delivering DCs into The Tumor Microenvironment

In mice, nanoparticles loaded with tumor antigens were successfully phagocytosed
by DCs in vitro [67]. Mice injected with nanoparticle-DCs induced more tumor-antigen-
specific CD4+ or CD8+ T cells in the draining lymph nodes. The CTLs produced more IFN-γ
and subsequently a better tumor control and survival were achieved. Pre-conditioning the
DCs might be another key element for DC-vaccination in cancer. The strongest adjuvant for
DC-vaccination among all TLR agonists was polyinosinic:polycytidylic acid (polyI:C) which
stimulates TLR3 [68]. It caused the strongest production of proinflammatory cytokines, e.g.,
CXCL10 or bioactive IL12p70 and infiltration with tumor-antigen-specific CTLs. In vivo
experiments have proven that DC-derived IL12 increases IFN-γ production by CTLs [69].
In a small clinical trial, tumor-antigen-specific IL-12p70-producing DCs that were activated
with CD40L/IFN-γ have been used to assess antigen-specific immunity [70]. Clinical
response in 3 out of 7 patients correlated with more CTLs and higher amounts of IFN-
γ and IL12p70. Lacking IL12p70 was explained with a defect in the IL12p35 pathway.
Noteworthy, ex vivo IL-12 expression could be restored by adding the TLR3 agonist
poly I:C and the TLR8 agonist R848 as adjuvants [70]. Targeted IL-12 expression has the
potential of preventing systemic toxicity. Activating and expanding DCs in vivo with
Flt3L and a polyI:C and injecting CD141+ DCs intratumorally could add efficacy to the
anti-tumoral effect of anti-PD-1 therapy in a humanized melanoma mouse model [71].
The next important step for efficient tumor cell killing is activating CTLs in the tumor
microenvironment. The costimulatory molecule 4-1BB is specifically expressed on inactive
antigen-specific CTLs in the tumor microenvironment but not in the lymph node [72],



Cancers 2022, 14, 2458 8 of 14

arguing for the necessity of intratumoral activation of T cells via 4-1BB ligand expressed
on Batf3 DCs or other APCs or 4-1BB agonists (Figure 4) [73]. However, clinical studies
with the anti-human 4-1BB (h4-1BB)-agonistic mAbs urelumab or utomilumab ended with
severe hepatotoxicity or low efficacy, respectively [74]. Preclinically, bispecific antibodies
that target the costimulatory molecule 4-1BB and tumor antigen or tumor stroma prevented
a systemic adverse event and resulted in increased infiltration with CD8+ T cells producing
IFN-γ and Granzyme b [63]. Another bispecific antibody targeting B7-H3 and 4-1BB worked
synergistically with anti-PD-1 blockade by increasing the frequency of CTLs and eliminating
the murine tumors without systemic adverse events [75]. Cell therapy approaches using
4-1BBL expressing erythrocytes are also in development. This approach restricts 4-1BBL
expression to intravascular spaces only and may improve tolerability [76]. Additionally,
bi-specific antibodies for 4-1BB with PD-L1 are in development with the goal to restrict
4-1BB agonism only to sites of PD-L1 expression (Table 1). These approaches may improve
the therapeutic window for 4-1BB agonists to allow safe delivery of this promising therapy.
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Figure 4. Batf3 DC-CTL interaction tumor microenvironment. In the tumor microenvironment,
repriming of CTLs via Batf3 DCs is mandatory for efficient tumor eradication. Inactive CTLs need
co-stimulation with 4-1BB ligand (4-1BBL). Batf3 DCs can provide this signal. Alternatively, 4-1BB-
agonists such as bispecific antibodies targeting 4-1BB could be used. Batf3 DCs also secrete IL-12 in
order to generate CTL effector function and IFN-γ production. To expand the low frequency of Batf3
DCs in the tumor microenvironment, vaccines delivering DCs combined with IL12 are on the verge
of being translated in the clinic. Before administration, DCs have to be activated and expanded with
polyl:C or FIt3L ex vivo.

Table 1. Induction and delivery of components related to innate immune that synergize with
immunotherapy: summary of recent preclinical and clinical studies.

Components Function Model/Species Delivery Route/Therapeutic Agent Year/Citation

STING sensing tumor-derived DNA,
DC maturation and CTL priming mouse systemic administration of SR-717 in

a “closed” conformation 2020 [28]

mouse oral administration of MSA-2 in a
“closed” conformation 2020 [29]
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Table 1. Cont.

Components Function Model/Species Delivery Route/Therapeutic Agent Year/Citation

mouse
engineered extracellular vesicle
exogenously loaded with cyclic

dinucleotide
2021 [30]

human intravenous infusion of TAK-676 ongoing
NCT04420884

human intravenous infusion of SB 11285 ongoing
NCT04096638

human intravenous infusion of SNX281 ongoing
NCT04609579

human intratumoral injection of CDK-002 ongoing
NCT04592484

TLR9 sensing tumor-derived DNA,
DC maturation and CTL priming human intratumoral injection of

Vidutolimod 2021 [24]

mouse
intratumoral injection CpG

oligodeoxynucleotide (TLR9 ligand)
and an antibody against OX40

2022 [77]

VEGF
local lymphangiogenesis,

immune cell trafficking, and CTL
activation

mouse injection of “VEGFC vax” 2021 [35]

TLR3+
Flt3L+

CD141+ DCs
DC activation and expansion Humanized mouse

intratumoral injection of human
CD141+ DCs, activated/expanded

with Flt3L and
polyinosinic:polycytidylic acid

(TLR3 agnoist)

2021 [71]

Flt3L+
Poly-ICLC+

Radiotherapy
DC expansion and maturation Human intratumoral Flt3L, Poly-ICLC plus

low-dose radiotherapy
ongoing

NCT01976585

XCL1+
Flt3L DC recruitment and expansion mouse

intratumoral injection of XCL1 and
SFlt3L encoded in recombinant

Semliki Forest virus-derived vectors
2018 [42]

CCL4 DC recruitment mouse

intravenous administration of a
fusion protein of CCL4 and the

collagen-binding domain of von
Willebrand factor

2019 [43]

CXCL9/10/11 CTL recruitment mouse CXCL9 and OX40L 2020 [45]

mouse
intravenous injection of oncolytic
vesicular stomatitis virus encodes

CXCL9
2020 [47]

mouse genetically engineered mesenchymal
stem cells producing CXCL10 2018 [78]

humanized mouse injection of CXCL10 producing
SynNotch T cells 2021 [79]

mouse
intravenous delivery of

CXCL9/10/11 plasmids by
nanoparticles

2022 [80]

human

NG-641 is an oncolytic adenoviral
vector which expresses a FAP-TAc
antibody together with an immune

enhancer module
(CXCL9/CXCL10/IFNα).

ongoing
NCT04053283

B7-H3+
4-1BB

T cell checkpoints, stimulation
leads to CD8+ T expansion human intravenous injection of bispecific

antibody targeting B7-H3 and 4-1BB 2021 [75]

human bi-specific mAb for PD-L1 and 4-1BB ongoing
NCT03809624 [81]
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Table 1. Cont.

Components Function Model/Species Delivery Route/Therapeutic Agent Year/Citation

4-1BBL+
IL15

IFN-γ production, promote
CD8+ T and NK cell

proliferation
human

intravenous infusion of RTX-240
(genetically engineered red blood

cells that express 4-1BBL and
IL-15/IL-15TP

2021 [76]

IL-12 induction of Th1 anti-tumor
responses Human

intra-tumoral injection of IL-12
encoding mRNA with PD-L1

antibody

ongoing
NCT03946800 [82]

5. Conclusions

Learning from the innate immune system and functional endogenous T cell priming,
activation and recruitment in the tumor microenvironment can offer various leverage points
to improve immunotherapy. Attempts to bring innate immune DNA sensing agonists, DC-
and T-cell-chemoattracting factors or co-stimulatory molecules into the clinic are ongoing.
Challenges lie in finding the right formulation, doses, delivery route, and combination
for efficient agonists without causing systemic adverse events. Immune related adverse
events could potentially be overcome by innovatively engineered delivery-systems such as
nanoparticles or engineered oncolytic viruses. All the aforementioned strategies facilitate
optimal activation and recruitment of CTLs into the tumor environment and, therefore,
work well in conjunction with existing immunotherapies such as checkpoint blockade or
adoptive cell therapy.
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