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A pre-existing T cell-inflamed tumor microenvironment has prognostic utility and also can be predictive for re-
sponse to contemporary cancer immunotherapies. The generation of a spontaneous T cell response against tumor-as-
sociated antigens depends on innate immune activation, which drives type I interferon (IFN) production. Recent 
work has revealed a major role for the STING pathway of cytosolic DNA sensing in this process. This cascade of 
events contributes to the activation of Batf3-lineage dendritic cells (DCs), which appear to be central to anti-tumor 
immunity. Non-T cell-inflamed tumors lack chemokines for Batf3 DC recruitment, have few Batf3 DCs, and lack 
a type I IFN gene signature, suggesting that failed innate immune activation may be the ultimate cause for lack of 
spontaneous T cell activation and accumulation. With this information in hand, new strategies for triggering innate 
immune activation and Batf3 DC recruitment are being developed, including novel STING agonists for de novo im-
mune priming. Ultimately, the successful development of effective innate immune activators should expand the frac-
tion of patients that can respond to immunotherapies, such as with checkpoint blockade antibodies.
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Introduction

The immune system recognizes and interacts with 
growing tumors and immune evasion is now accepted 
as the seventh hallmark of cancer [1, 2]. A critical recent 
observation is that spontaneous priming of an adaptive 
immune response against tumor-associated antigens is a 
frequent occurrence. The initial innate immune sensing 
of tumors results in recruitment, activation, and clonal 
expansion of tumor antigen-specific CD8+ T cells, which 
have the potential to kill cognate tumor cells. In fact, 
tumor-infiltrating CD8+ T cells have been detected in 
subsets of patients with various cancers such as melano-
ma and carcinomas of the head and neck, breast, lung, 
prostate, bladder, kidney, colon, ovary, and esophagus [3]. 
Importantly, this T cell-inflamed phenotype correlates 
with positive treatment outcomes in these cancers and 

has been proposed as a prognostic biomarker [3-10]. For 
instance, the CD8+ T cell content in the core and invasive 
margin of colorectal tumors, a parameter termed “immu-
noscore”, has been reported to be a better predictor of 
post-surgery disease-free and overall survival than the 
standard TNM staging [11, 12]. Thus, an adaptive an-
ti-tumor immune response is spontaneously generated in 
a subset of patients, although without therapeutic inter-
vention it appears to be insufficient for complete tumor 
rejection. One explanation for the failure of complete 
tumor elimination by spontaneous immune responses is 
the observation that tumor-infiltrating lymphocytes (TILs) 
become dysfunctional via dominant suppressive mecha-
nisms in the tumor microenvironment [13, 14]. Among 
these mechanisms are the induction and recruitment 
of immunoregulatory cells, as well as the upregulation 
of inhibitory pathways, such as those initiated by the 
checkpoint receptors cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4) and programmed cell death protein 1 
(PD-1) expressed on TILs. Antibody-mediated blockade 
of CTLA-4 and PD-1 or its ligand, PD-L1, has yielded 
remarkable treatment outcomes in metastatic melano-
ma and also non-small cell lung cancer, kidney cancer, 
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bladder cancer, and Hodgkin’s lymphoma [15-22]. Thus, 
in patients with T cell-inflamed tumors, elimination of 
selected suppressive mechanisms in the tumor microen-
vironment and reactivation of the dysfunctional T cells 
leads to improvement of tumor control. Despite these 
positive advances, only a fraction of cancer patients 
within each tumor type exhibits a spontaneous T cell-in-
flamed tumor phenotype and clinical response to these 
checkpoint blockade agents. Thus, continued investiga-
tion is necessary to identify new strategies for expanding 
immunotherapy efficacy to a larger fraction of patients.

Several key differences have been identified between 
the T cell-inflamed and -non-inflamed cancer pheno-
types. High numbers of TILs correlate with increased 
expression of multiple chemokines capable of recruiting 
effector T cells, including CCL2, CCL3, CCL4, CCL5, 
CXCL9, and CXCL10 [23]. Recent work has indicated 
that the most critical chemokines of them are CXCL9 
and CXCL10, which are recognized by CXCR3 on effec-
tor CD8+ T cells [24]. Interestingly, recent mouse model 
data has indicated that the major source of these chemo-
kines is the subset of dendritic cells (DCs) characterized 
by the basic leucine zipper transcription factor ATF-like 
3 (Batf3), which in the mouse express surface CD103 
or CD8α. This DC subset appears to play a central role 
in orchestrating anti-tumor T cell responses, both in the 
priming phase and at the effector phase (Figure 1).

The central role for type I IFNs and Batf3 DCs

A functionally relevant characteristic of T cell-in-
flamed tumors is the expression of type I IFN and 
IFN-inducible genes [23]. In various cancers, there is a 
positive correlation between the expression of type I IFN 
and the presence of T cell markers in the tumor micro-
environment. The type I IFN family consists of genes 
encoding multiple IFN-α subtypes, one IFN-β, as well as 
the less-studied IFN-ε, -κ, -τ, and -ω subtypes. All type I 
IFNs signal through a heterodimer receptor composed of 
one interferon alpha receptor 1 (IFNAR1) chain and one 
IFNAR2 chain. Ligation of the receptor causes recruit-
ment and phosphorylation of signal transducer and acti-
vator of transcription 1 (STAT1) and STAT2. The phos-
phorylated STAT1 and STAT2 in complex with interfer-
on regulatory factor 9 (IRF9) translocate to the nucleus 
and activate the transcription of interferon-stimulated 
genes by binding to IFN stimulatory response elements 
in their promoters [25]. In addition to a well-documented 
involvement of type I IFNs in anti-viral immunity and 
responses to intracellular pathogens, other studies have 
revealed a beneficial role of type I IFNs in the control 
of tumor growth [26-29]. Importantly, Dunn et al. [30] 

demonstrated that type I IFN-induced signaling in hema-
topoietic cells was required for the rejection of immuno-
genic tumors. Further studies showed that mice deficient 
in IFNAR or STAT1 failed to induce robust priming and 
expansion of anti-tumor CD8+ T cells in vivo [31]. This 
was not due to a CD8+ T cell-intrinsic defect, because 
ex vivo stimulation of IFNAR−/− CD8+ T cells resulted in 
effector functions comparable to wild-type CD8+ T cells. 
Therefore, a defect in the innate immune cell compart-
ment upstream of CD8+ T cells in IFNAR−/− and STAT1−/− 
mice is the likely culprit. Interestingly, mice with a 
deletion of IFNAR in CD11c+ DCs were unable to reject 
a model of immunogenic sarcoma [32]. Furthermore, 
IFNAR−/− or STAT1−/− mice exhibit a defect in the recruit-
ment of CD8α+ DCs to the tumors [31] and IFNAR−/− 
CD8α+ DCs showed impairment in cross-presentation of 
tumor-derived antigens to CD8+ T cells in vivo [32].

Cross-presentation, a process of internalization of 
cell-associated antigens and their presentation in com-
plex with class I MHC to CD8+ T cells, is perhaps the 
most important functional characteristic of the CD8α+ 
subset of classical DCs (cDCs) [33, 34]. In mice, CD8α+ 
DCs reside in secondary lymphoid tissues and share 
a common differentiation pathway, cross-presentation 
ability, and other similarities with CD103+ cDCs found 
in peripheral non-lymphoid tissues [35, 36]. Both sub-
sets are developmentally dependent on the transcription 
factors IRF8 and Batf3 [37-39] and are collectively re-
ferred to as Batf3 DCs. The pivotal role of Batf3 DCs in 
anti-tumor immunity is evident in Batf3−/− mice, which 
fail to reject immunogenic tumors. Using mixed bone 
marrow chimeras and conditional knockout models, 
two independent experimental approaches conclusively 
demonstrated that type I IFN signaling in Batf3 DCs is 
required for the immune control of tumor growth [31, 
32]. Notably, during infection of Batf3−/− mice with intra-
cellular bacteria, Batf1 and Batf2 can interact with IRF8 
and provide a compensatory restoration of the abundance 
and functions of Batf3 DCs via a signaling mechanism 
dependent on IL-12 and IFN-γ, but independent of T 
cells or B cells [40]. Furthermore, pre-treatment with IL-
12 restores the ability of Batf3−/− mice to cross-prime an-
ti-tumor CD8+ T cells and to reject immunogenic tumors, 
which appears largely due to the restoration of Batf3 
DC function [40]. Although human DCs do not express 
CD8α, genome-wide expression profiling suggests that 
the human equivalent of murine Batf3 DCs is a popula-
tion expressing blood dendritic cell antigen 3 (BDCA3, 
also known as CD141) identified in peripheral blood [41]. 
Like the murine Batf3 DCs, human CD141+ DCs express 
the transcription factors IRF8 and Batf3; express C-type 
lectin domain family 9 member A (Clec9A, also known 
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Figure 1 A central role of Batf3 DCs and the STING pathway in orchestrating anti-tumor T cell responses. Tumor cells dis-
playing a T cell-inflamed phenotype produce chemokines, such as CCL4, which recruit Batf3 DCs. Tumor cell turnover and 
perhaps death results in the liberation of DNA and other DAMPs that gain access to infiltrating APCs, including DCs. Cyto-
solic DNA in APCs activates the STING pathway, resulting in the secretion of type I IFNs and also of the chemokines CXCL9 
and CXCL10. Tumor endothelial cells can also contribute to the production of type I IFNs. This cytokine subsequently facili-
tates the activation of tumor-infiltrating Batf3 DCs, which take up tumor-associated antigens and migrate via the lymphatics 
to the tumor-draining lymph node, where they cross-prime tumor-specific CD8+ T cells. The activated CD8+ T cells undergo 
clonal expansion in the tumor-draining lymph node and traffic via the bloodstream. They are recruited back to the tumor 
microenvironment under the influence of CXCL9 and CXCL10 also released by Batf3 DCs in the tumor microenvironment. 
Dynamic movement of infiltrated CD8+ effector T cells results in direct contact with tumor cells, which can lead to tumor cell 
death. If tumor cells are not completely eliminated, then immune inhibitory pathways suppress T cell activation as part of a 
negative feedback loop.

as DNGR1), which potentiates cross-presentation of an-
tigens derived from necrotic cells [42]; and secrete IL-12 
leading to TH1 polarization [43, 44].

The role of type I IFNs is critical in the early stag-
es of anti-tumor immune response, because a blocking 
antibody against this cytokine prevented rejection of a 

transplantable immunogenic tumor if administered with-
in the first 4-6 days of tumor growth, but had no effect 
at later time points [32]. Indeed, at this early stage, type 
I IFN is produced by CD11c+ cells in the tumor-draining 
lymph node in the B16 melanoma model [31]. In fact, 
in this model, type I IFN is also induced in tumor-in-
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filtrating DCs and myeloid cells as early as day 1 after 
tumor inoculation [45]. Type I IFNs are also expressed 
by leukocytes in the tumor and tumor-draining lymph 
node in an autochthonous melanoma model driven by 
melanocyte-specific activating mutation in BRAF and 
deletion of PTEN [45]. Recently, it was demonstrated 
that CD103+ DCs are uniquely capable of transporting 
tumor-derived antigens to the tumor-draining lymph 
node in a CCR7-dependent manner, where they prime 
antigen-specific CD8+ T cells [46]. This process was 
augmented in an IFNAR-dependent manner, revealed 
by a combination treatment of tumor-bearing mice with 
Fms-related tyrosine kinase 3 ligand (Flt3L) and intratu-
moral injection of polyinosinic:polycytidylic acid (poly 
I:C). The improvement of tumor control with this treat-
ment was attributed to Flt3L-mediated expansion of the 
tumor-infiltrating CD103+ DCs and their activation by 
poly I:C via the toll-like receptor 3 (TLR3)-TIR-domain 
containing adapter-inducing IFN-β (TRIF) pathway [46]. 
Collectively, these findings support a model in which 
type I IFN production in the tumor facilitates antigen 
cross-presentation by Batf3 DCs, which then migrate via 
the lymphatics to the tumor-draining lymph nodes, where 
they cross-prime naive CD8+ T cells. 

In further support of a pivotal role of Batf3 DCs in 
anti-tumor immunity, a recent study demonstrated that 
CD103+ DCs in the lung internalize membrane-bound 
cytoplasmic material (which they termed “cytoplast”) re-
leased in the lung vasculature by circulating tumor cells 
[47]. As early as 72 h after injection of OVA-expressing 
tumor cells, these “cytoblast”-loaded CD103+ DCs were 
detected in mediastinal lymph nodes, clustering together 
with adoptively transferred OT-I T cells, which exhib-
ited a morphology consistent with cell activation. The 
ability of these CD103+ DCs to activate OT-I T cells was 
conclusively confirmed ex vivo and using bone marrow 
chimeras [47].

In addition to the classical notion that the site for acti-
vation of tumor-specific CD8+ T cells is the tumor-drain-
ing lymph node, cross-priming of naive CD8+ T cells has 
also been reported to occur in the tumor microenviron-
ment [48]. This appears to be due to the presence in the 
tumors of vasculature resembling the high endothelial ve-
nules characteristic of lymph nodes. Through the expres-
sion of peripheral node addressins (PNAd) and CCL21 
on the luminal endothelial surface, these blood vessels 
supported the extravasation of naive CD8+ T cells, which 
were subsequently activated in the tumor [48, 49]. Thus, 
intratumoral expression of type I IFNs may even prompt 
tumor-infiltrating Batf3 DCs to cross-prime naive CD8+ 
T cells in the tumor, bypassing the need for migration to 
the draining lymph nodes.

The STING pathway and innate immune sensing of 
tumors

A major conundrum had been how antigen-present-
ing cells (APCs) in the tumor microenvironment could 
productively cross-present tumor antigens to T cells in 
the absence of pathogen-derived factors. Now it is well 
established that under sterile conditions, pattern recog-
nition receptors (PRRs) can sometimes be activated by 
endogenous factors [50], bridging innate immune activa-
tion to adaptive immunity. However, in the tumor setting 
the nature of such tumor-related factors and the main 
pathways activated during carcinogenesis have only re-
cently begun to be elucidated.  The association between 
a type I IFN gene signature and T cell infiltration in hu-
man cancers as well as mouse tumor models allowed a 
focus on innate signaling pathways capable of inducing 
type I IFNs [23, 31, 32]. As described above, deficiency 
in IFNAR or the downstream transcription factor STAT1 
in host cells resulted in impaired priming of T cells 
against tumor-associated antigens [31, 32]. Production 
of IFN-β was detected in response to tumor challenge in 
tumor-draining lymph nodes, predominantly by CD11c+ 
cells consistent with DCs as a major source. Downstream 
type I IFN signaling was specifically required in Batf3 
DCs for T cell priming to occur, as well as for subse-
quent immune-mediated tumor control. Other cells in 
the tumor can contribute to production of type I IFNs, 
including tumor endothelial cells [51].

The involvement of type I IFNs in the innate immune 
sensing of cancer provided a tool for probing candidate 
PRR pathways. Through the use of gene-targeted mice 
specifically deficient in defined receptors and signaling 
proteins, the necessity of specific pathways for sponta-
neous T cell priming against tumor-associated antigens 
was pursued. Mice deficient in specific TLRs, includ-
ing TLR4 or TLR9, or lacking the downstream adapt-
ers myeloid differentiation primary response gene 88 
(MyD88) and/or TRIF, showed intact priming of tumor 
antigen-specific CD8+ T cells. Similarly, mice deficient 
in the cytosolic RNA sensing pathway via MAVS, and 
the purinergic receptor P2X7R that is activated by ex-
tracellular ATP [52], had intact anti-tumor immunity. 
However, mice lacking the adaptor molecule stimulator 
of interferon genes (STING, also known as TMEM173, 
MITA, ERIS, and MPYS) or the transcription factor 
IRF3, which is activated downstream of STING stimula-
tion, showed blunted anti-tumor T cell priming and defi-
cient rejection of transplantable tumors [45, 53]. The host 
STING pathway has also been shown to be protective in 
other tumor models, including in a mouse model of coli-
tis-associated carcinogenesis induced by azoxymethane/
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dextran sodium sulfate [54-56] and in a glioma model 
caused by a sleeping beauty transposon system [57].

The STING pathway has been defined to survey the 
presence of cytosolic DNA. In the characterized path-
way, cyclic-GMP-AMP (cGAMP) synthase (cGAS, also 
known as MB21D1) senses cytosolic DNA and catalyzes 
the synthesis of cGAMP [58]. cGAMP, the defined en-
dogenous ligand of STING [59], then induces conforma-
tional changes in STING, which causes its subsequent 
trafficking from the endoplasmic reticulum to perinuclear 
vesicles [60]. This results in the recruitment and phos-
phorylation of TANK-binding kinase 1 (TBK1), which 
in turn phosphorylates and activates IRF3 leading to the 
activation of type I IFN transcription [61]. Based on this 
model of STING pathway activation, the presence of 
tumor-derived DNA has been examined in the cytosol of 
intratumoral APCs and does appear to be found there [45, 
53]. In vitro, the delivery of tumor-derived DNA into 
APCs using lipofectamine was also sufficient to activate 
the STING pathway and elicit type I IFN production. To-
gether, these data are consistent with the idea that STING 
activation in host APCs in the tumor is triggered upon 
successful transfer of DNA from tumor cells. However, 
there is also the potential to transfer cGAMP directly, 
which in some model systems has been reported to occur 
through gap junctions [62, 63]. The detailed cell biology 
of STING pathway activation in the cancer context is the 
subject of current investigation. 

Although it is now well established that activation 
of STING can lead to an anti-tumor T cell response and 
thus tumor control, chronic activation of the pathway in 
models of inflammation-induced carcinogenesis can in 
some cases promote tumorigenesis. In a model of cu-
taneous skin tumors induced by 7,12-dimethylbenz[a]
anthracene (DMBA), STING-deficient animals showed a 
better outcome [64]. This was explained by the persistent 
generation of downstream cytokines and recruitment of 
phagocytes, which created an inflammatory milieu that 
promoted tumor development [54, 64]. It also has been 
reported in the context of a non-immunogenic transplant-
able tumor that deficiency of STING increases tumor 
protection. In this model, activation of STING by DNA 
or STING agonists promoted tolerogenic responses by 
induction of indoleamine 2,3 dioxygenase (IDO), which 
activated Tregs to promote dominant inhibitory T cell 
regulation [65, 66]. A recent study has linked the activa-
tion of STING and production of inflammatory cytokines 
to brain metastasis and chemoresistance [63]. In this 
case, brain metastatic cancer cells established gap junc-
tions with astrocytes and used these channels to transfer 
cGAMP. Activation of the STING pathway in astrocytes 
led to the generation of pro-inflammatory cytokines that 

in a paracrine loop activated the STAT1 and NF-κB path-
ways in brain metastatic cells, supporting tumor growth. 
These studies indicate that in some conditions STING 
activation might facilitate inflammation-induced carcino-
genesis, thus an appropriate balance in STING pathway 
activation may be required for optimal anti-tumor effects.

Potential role for additional innate immune sensors

The uncovered role of the host STING pathway in the 
innate immune sensing of cancer provides one explana-
tion for how anti-tumor T cells can become primed in the 
absence of pathogen-derived innate stimuli. In addition, 
several other molecules and pathways have been suggest-
ed to be operational in some model systems.

High mobility group box 1 (HMGB1) is a nuclear 
non-histone chromatin-binding protein that is released 
following cellular necrosis but not apoptosis [67]. It is 
also released following treatment with certain chemo-
therapies [68]. HMGB1-induced inflammation follow-
ing cell death has been reported to be TLR4-dependent, 
suggesting that TLR4 is a receptor for HMGB1. Other 
studies have found that T-cell immunoglobulin and 
mucin-domain containing-3 (TIM-3) on the surface of 
tumor-associated DCs also interacts with HMGB1 and 
suppresses APC activation [69]. Oxidized HMGB1 pu-
rified from cell lysates seems to be suppressive, whereas 
the reduced form can activate immune cells [70, 71]. 
Recombinant HMGB1 is not sufficient to initiate in-
flammation, suggesting that an unidentified interacting 
factor may be required [72]. Therefore, additional work 
is needed to understand the precise role for HMGB1 in 
anti-tumor immunity.

ATP is also reported to induce inflammation under 
specific conditions. ATP-induced inflammation depends 
on innate immune P2X7 receptors, which require high 
concentrations of ATP for activation. However, immune 
activation has been reported to be suppressed by adenos-
ine generated from the breakdown of ATP by CD73, im-
plying a kinetic window for ATP-induced inflammation 
[73]. CD73 is present on the surface of tumor cells and 
regulatory immune cells, suggesting that tumors might 
be capable of converting this inflammatory stimulus into 
an immunosuppressive signal.

Tumor-derived RNA can also activate innate immuni-
ty and tumor cells appear to actively exploit this pathway 
for their own benefit. Tumor cells aberrantly express a 
number of miRNAs that are actively secreted in extracel-
lular vesicles called exosomes. Some of these miRNAs 
bind to murine TLR7 and human TLR8 with sequence 
specificity [74]. TLR activation by these miRNAs leads 
to TNF-α and IL-6 production in vitro. In an in vivo 



Leticia Corrales et al.
101

www.cell-research.com | Cell Research | SPRINGER NATURE

model of lung metastasis formation, cells expressing 
these miRNAs generated more lung metastases than cells 
transfected with control vectors [74]. Thus miRNAs in 
this context seem to produce pro-metastatic inflamma-
tion.

Uncontrolled activation of innate immune pathways 
and generation of innate cytokines can lead to autoim-
munity. Thus, cells are equipped with regulatory mech-
anisms that counterbalance inflammatory responses. In 
particular, inappropriate activation of the STING path-
way and generation of type I IFNs could promote the 
Aicardi-Goutières syndrome [75] or systemic lupus ery-
thematosus [76]. Several mechanisms for negative regu-
lation of the STING pathway have been described, such 
as elimination of accumulated DNA by DNases [77] and 
post-translational modification of proteins in the path-
way after stimulation [78]. Recent work has indicated 
another level of regulation, which is dual stimulation of 
two innate immune pathways by the same ligand having 
opposing functional consequences. In particular, cytoso-
lic DNA can activate both the STING pathway and the 
absent in melanoma 2 (AIM2) inflammasome in APCs. 
AIM2 senses DNA and forms a heterocomplex with the 
adaptor protein apoptosis-associated speck-like protein 
(ASC). Formation of the functional inflammasome com-
plex activates caspase-1 that in turn acts to generate ma-
tured forms of IL-1β and IL-18 [79], and causes a type of 
cell death called pyroptosis [80]. APCs that are deficient 
in the AIM2 inflammasome show marked overactivation 
of the STING pathway [81], indicating that induction of 
pyroptosis by the AIM2 inflammsome normally acts to 
dampen STING pathway activation. This result indicates 
that cross-talk between different innate immune path-
ways can potentially lead to unexpected outcomes and 
offers new opportunities to target and modulate immune 
responses.

The complexity of intercellular interactions in the 
tumor microenvironment could impact the regulation of 
innate immune sensing pathways during the evolution 
of the tumor-host interaction. Many pathways appear to 
be capable of sensing tumor-derived factors in specific 
settings, but likely have varying downstream effects 
depending on the cellular context and the nature of the 
stimulus received. For example, both Tregs and suppres-
sive myeloid cells termed “myeloid-derived suppressor 
cells” express CD73 that can degrade the inflammatory 
molecule ATP, converting it into an immunosuppressive 
signal adenosine. Similarly, different subsets of DCs 
present in the tumor (and specifically their expression 
of TIM-3 compared to TLR4) may regulate responses to 
HMGB1. Therefore, whether tumors support productive 
inflammation likely depends not only on tumor-intrinsic 

release of PRR ligands, but also the state of stromal cells 
that sense them.

Additional innate cell subsets also may impact the 
early phases of anti-tumor immunity and/or the clinical 
efficacy of immunotherapies in the setting of established 
tumors. NK cells have been reported to contribute to tu-
mor control in some settings [82], but in established B16 
tumors NK cells also have been shown to have regulatory 
function resulting in immune suppression, in part through 
PD-L1 expression [83]. Similarly, γδT cells are capable 
of direct tumor recognition and in some circumstances 
can be activated to kill tumor cells, but at the same time 
γδT cells with regulatory function have been identified 
from human breast cancer tissues [84]. It also has been 
described that NKT cells can be either anti-tumor or tu-
mor-promoting [85]. Until recently, little information has 
been available regarding innate lymphoid cell popula-
tions and anti-tumor immunity. However, a recent report 
in which a polyoma middle-T antigen transgenic mouse 
model was used to study early breast cancer development 
revealed that the earliest host cells accumulating in the 
tumor microenvironment are innate lymphoid-like cells 
that contribute to tumor control [86]. Overall, additional 
work will be needed to interrogate the functional contri-
butions of these additional innate immune cell subsets in 
human cancers and also in the context of immunotherapy 
response versus resistance.

Functional interaction with the commensal microbiota

Another host factor that appears to impact innate im-
mune cell activation is the composition of the commen-
sal microbiota. The most diverse and dense microbiota 
resides in the gastrointestinal tract, mainly in the colon, 
contributing qualitatively and quantitatively to intestinal 
homeostasis [87]. Intestinal commensals provide struc-
tural and biological functions including nutrient diges-
tion and drug metabolism. Importantly, commensals have 
evolved closely with their hosts in a symbiotic relation-
ship, and this interaction also shapes the immune system. 
At the same time, the immune system exerts “inside-out” 
control over microbiota localization and composition 
[88]. Interestingly, recent studies demonstrate that gut 
commensals have an important impact on systemic an-
ti-tumor immune responses. Genetically similar C57BL/6 
mice from two different vendors, Jackson (JAX) and 
Taconic (TAC), which are known to have different gut 
microbiota [89], showed high versus low spontaneous T 
cell responses against tumors. This difference correlated 
with the rate of tumor growth in the two cohorts of mice 
[90]. Interestingly, cohousing of mice was sufficient to 
eliminate the difference in phenotype. Moreover, transfer 
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of fecal material from JAX mice (which had superior 
anti-tumor immunity) to TAC mice had a therapeutic ef-
fect, increasing tumor antigen-specific T cell frequencies 
and slowing tumor growth in TAC mice. Sequencing of 
the gut microbiome of TAC, JAX, and TAC mice that 
received JAX fecal material showed that the presence 
of certain Bifidobacterium species was linked to the im-
proved anti-tumor immune response. Administration of a 
cocktail of Bifidobacterium strains to tumor-bearing TAC 
mice replicated the benefit of the fecal transplant from 
JAX mice, and synergized with anti-PD-L1 mAb for 
maximal therapeutic benefit. Mechanistic studies demon-
strated that DCs isolated from either JAX mice or Bifido-
bacterium-treated TAC mice were able to better stimulate 
tumor antigen-specific T cells in vitro. Gene expression 
profiling of these DCs revealed evidence for a modest 
pre-activation of DCs when Bifidobacterium was present, 
arguing for an innate immune mechanism for this im-
proved immune activation effect [90]. This observation 
is similar to what has been reported in a viral infection 
model, in which gut bacteria induced APC “poising” [91]. 
In agreement, germ-free or antibiotic-treated mice, which 
completely lack or have a compromised commensal mi-
crobiota, showed defective innate immunity during viral 
infection [92, 93]. Furthermore, in the tumor context, 
germ-free mice and antibiotic-treated mice were resistant 
to anti-CTLA-4 therapy [94]. Oral transfer of B. fragi-
lis or B. thetaiotaomicron recovered the anti-CTLA-4 
therapeutic effect, demonstrating that these bacteria are 
sufficient to promote anti-CTLA-4 efficacy. Mechanisti-
cally, in this model anti-CTLA-4 mAb induced subclin-
ical colitis that could favor bacterial colonization of the 
mucosal layer and could explain the observed increased 
frequencies of Bacteroides-reactive CD4+ T cells in 
melanoma patients following ipilimumab therapy. Apart 
from checkpoint blockade therapy, the therapeutic effects 
of chemotherapy with oxaliplatin or of anti-IL-10R plus 

CpG were facilitated by gut microbes [95, 96]. In these 
contexts, the therapeutic effect mediated by the microbiota 
relied on the production of cytokines by myeloid cells [95], 
or translocation of bacteria to peripheral organs, which 
increased Th17 cells involved in the anti-tumor response 
[96]. Overall, these seminal studies demonstrate how dif-
ferent commensals affect the basal state of endogenous 
innate immune cells and could favor anti-tumor responses, 
as well as affect the therapeutic effect of immunotherapies 
and conventional anti-cancer treatment.

Mechanisms of T cell exclusion from tumors linked 
to defective innate immune interactions

Clinical responses observed to immunotherapeutic 

interventions have been strongly associated with the 
baseline presence of a CD8+ T cell infiltrate [9, 97]. Gene 
expression profiling of the tumor microenvironment has 
revealed the presence of T cell transcripts, chemokines, 
and a type I IFN gene signature in a major subset of hu-
man cancers [9, 23, 98, 99]. This T cell-inflamed tumor 
microenvironment gene signature has been associated 
with clinical response to therapeutic vaccines, the an-
ti-CTLA-4 mAb, and more recently anti-PD-1 mAb [100, 
101]. Using immunohistochemical approaches, the pres-
ence of CD8+ T cells in the tumor itself or at the tumor 
margin has been correlated with anti-PD-1 efficacy [15]. 
Interestingly, on-treatment biopsies revealed the accu-
mulation of Ki67+ T cells in responding patients, arguing 
that in situ proliferation of anti-tumor T cells is a major 
component of clinical efficacy.

The above observations have suggested that the ab-
sence of tumor-infiltrating CD8+ T cells approximates a 
state of resistance to checkpoint blockade immunother-
apy. As such, deeper mechanistic insight is being sought 
to understand why a subset of tumors in some patients 
fails to support the priming and/or recruitment of tumor 
antigen-specific T cells. Based on the hypothesis that one 
source of inter-patient heterogeneity lies in the constella-
tion of somatic changes in the tumor cells themselves, the 
T cell-inflamed tumor microenvironment gene signature 
has been analyzed in parallel with exome sequencing of 
the same tumors in a subset of 266 metastatic melanomas 
represented in the cancer genome atlas (TCGA). This 
analysis revealed evidence for preferential Wnt/β-catenin 
activation in 48% of non-T cell-inflamed tumors [102]. 
Using genetically engineered mouse models for mela-
noma driven by active B-Raf and PTEN deletion with or 
without constitutive activation of β-catenin, it was found 
that tumors expressing β-catenin completely lost the 
spontaneous T cell infiltrate normally observed. This was 
attributed to a complete failure of initial priming of CD8+ 
T cells against tumor-associated antigens. Because of the 
central function of Batf3 DCs in the initiation of anti-tu-
mor immune responses in transplantable tumor models, a 
mechanism was pursued around this DC subset. Indeed, 
lack of T cell priming was found to be caused by reduced 
recruitment of CD103+/Batf3-driven DCs. Lack of this 
DC recruitment was attributed to failed production of the 
chemokine CCL4 by the tumor cells, which was tran-
scriptionally repressed via β-catenin activation of ATF3 
[102]. In the β-catenin-negative tumors, infiltrating DCs 
were found to produce IFN-β, just like in the transplant-
able tumor models. However, the few DCs that were 
detected in the β-catenin-expressing tumors failed to 
make IFN-β. Recently, we have confirmed that this spon-
taneous IFN-β production in the genetically engineered 



Leticia Corrales et al.
103

www.cell-research.com | Cell Research | SPRINGER NATURE

tumor model is also lost in STING−/− hosts (Spranger and 
Gajewski, unpublished data). Together, these data sug-
gest that the absence of CD8+ T cell infiltration in a ma-
jor subset of solid tumors is likely due to lack of recruit-
ment and activation of Batf3 DCs. Indeed, we have ob-
served a positive correlation of markers of the Batf3 DC 
lineage (Batf3, IRF8, CD141) with CCL4 and also CD8α 
within the TCGA data set across solid tumors (Spranger 
and Gajewski, unpublished data). Batf3 is also associated 
with a type I IFN gene signature [102]. Because activa-
tion of the Wnt/β-catenin pathway is only observed in a 
subset of non-T cell-inflamed cancers, these observations 
suggest that other molecular mechanisms responsible for 
the failed recruitment and activation of Batf3 DCs likely 
exist in other tumor subsets.

Therapeutic opportunities

Based on the notion that recruitment and activation of 
Batf3 DCs is likely a cornerstone to initiate a de novo im-
mune response against tumors, several novel therapeutic 
interventions can be envisioned. The most obvious strat-
egy to consider is direct injection of activated Batf3 DCs 
into the tumor microenvironment. In the B-Raf/PTEN−/−/
β-catenin genetically engineered mouse model, this has 
been pursued by generating bone marrow-derived DCs 
using Flt3L followed by activation with the TLR3 ago-
nist poly I:C. Injection of these DCs directly into the tu-
mor microenvironment restored T cell priming, effector 
T cell recruitment, and caused partial tumor shrinkage, 
which was amplified with co-administration of anti-CT-
LA-4 and anti-PD-L1 mAbs [102]. In a related strategy, 
systemic administration of Flt3L to increase Batf3 DCs 
in the tumor microenvironment, combined with intra-
tumoral injection of poly I:C had a similar effect [46]. 
These are approaches that are immediately testable in the 
clinic with available reagents.

A second set of strategies is focused on STING path-
way activation. Preclinical exploration began with the 
agent 5,6-dimethylxanthenone-4-acetic acid (DMXAA), 
which was recently demonstrated to directly interact with 
murine STING [103-106]. A single intratumoral dose of 
DMXAA in B16 melanoma-bearing mice was sufficient 
to promote rejection of most tumors, which was asso-
ciated with a marked augmentation in the frequency of 
tumor antigen-specific CD8+ T cells. DMXAA showed a 
similarly potent therapeutic effect in other transplantable 
mouse models of prostate cancer, breast cancer, and sar-
coma. In addition, mice that completely rejected tumors 
were protected against a rechallenge with the same tumor 
cell line, implying the generation of an immunological 
memory [107]. Although DMXAA failed in a phase III 

clinical trial of non-small cell lung carcinoma [108], now 
it is well known that this was due to its inability to bind 
human STING. New agents are being developed that 
engage human STING. One major approach involves 
rational modifications of cyclic dinucleotides (CDNs) to 
improve efficiency, which led to the development of syn-
thetic dithio-mixed linkage CDNs [107]. One compound 
(ML RR-S2 CDA or ADU-S100) binds both human and 
mouse STING, and showed a potent anti-tumor effect in 
multiple animal models [107]. A phase 1 clinical trial of 
ADU-S100 in patients with cutaneously accessible solid 
tumors and lymphomas has been initiated [109].

Other innate immune pathway activators are being 
tested in the clinic as single agents or in combination 
with other therapies, with the aim to boost anti-tumor 
T cell responses [110-112]. Similar to STING agonists, 
intratumoral injection of TLR agonists such as CpG-rich 
oligodeoxynucleotides (CpG ODN, PF-3512676) along 
with low-dose radiotherapy has shown clinical responses 
in patients with advanced non-Hodgkin’s lymphoma in 
a phase I/II clinical study [113]. The TLR4 agonist glu-
copyranosyl lipid adjuvant (GLA) is being tested alone 
or in combination with anti-PD-1 mAb [114]. The TLR3 
agonist Poly-ICLC (Hiltonol), and the TLR7/8 agonist 
MEDI9197, are also being tested in patients with ad-
vanced accessible solid tumors [115, 116].

Preclinical data have indicated that the efficacy of 
stereotactic radiation of tumors, which as part of its 
mechanism of action boosts anti-tumor immune respons-
es, largely depends on the host STING pathway [117]. 
Radiation therapy, therefore, is in part an indirect STING 
agonist. Clinical trials have been initiated combining 
stereotactic radiation with anti-PD-1 mAb [118] in an 
attempt to convert non-T cell-inflamed tumors into T 
cell-inflamed tumors, which may synergize with check-
point blockade immunotherapy.

Finally, as the molecular mechanisms in the tumor 
cells continue to be identified that are ultimately caus-
al for T cell exclusion, new targeted therapies can be 
envisioned to block those pathways and enable endog-
enous immune responses to proceed. The first pathway 
identified is the Wnt/β-catenin pathway in melanoma 
[102], and new efforts are being invested into targeting 
this pathway pharmacologically. Our current estimate is 
that this pathway is associated with T cell exclusion in 
at least 20 additional cancer types [119]. Recent work 
has pointed toward several additional tumor-intrinsic 
oncogene pathways that are associated with immune 
exclusion and are also ripe for targeting. These include 
the PTEN/PI3K pathway [120] in melanoma, the FGFR3 
pathway in bladder cancer [121], and c-myc in hemato-
logic malignancies [122]. As an exhaustive analysis of 
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additional molecular pathways is collated through anal-
ysis of TCGA and other ongoing prospective genomic 
studies of samples in the context of immunotherapy clin-
ical trials, it is expected that a prioritized list of candidate 
drug targets will emerge.

Concluding remarks

Innate immune activation plays a critical role in the 
spontaneous adaptive immune response against cancer. 
Recent work has implicated the STING pathway of cy-
tosolic DNA sensing as a major pathway involved in this 
process, which is associated with T cell infiltration and 
the ability to respond to checkpoint blockade immuno-
therapy. Central in this cascade of events are Batf3-lin-
eage DCs, which respond to IFN-β produced downstream 
of STING activation that facilitates cross-presentation of 
antigens to CD8+ T cells. Knowledge of this cascade has 
led to novel clinical/translational approaches to trigger 
the STING pathway and/or promote Batf3-lineage DC 
recruitment and activation. Ultimately, innate immune 
pathway agonists might promote de novo activation 
and recruitment of anti-tumor T cells, which still may 
become held in check by negative regulatory pathways 
such as PD-1/PD-L1 interactions. Thus, one might envi-
sion combination therapies in the future, establishing a T 
cell-inflamed tumor microenvironment phenotype with 
innate immune activators and then blocking negative 
regulation with agents such as anti-PD-1 mAb. Future 
work should integrate a more detailed evaluation of addi-
tional innate-like cells in the tumor microenvironment, in 
the context of immunotherapy response and therapeutic 
efficacy.
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