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Adoptive cell therapy (ACT), based on treatment with autologous tumor infiltrating

lymphocyte (TIL)-derived or genetically modified chimeric antigen receptor (CAR) T cells,

has become a potentially curative therapy for subgroups of patients with melanoma

and hematological malignancies. To further improve response rates, and to broaden

the applicability of ACT to more types of solid malignancies, it is necessary to explore

and define strategies that can be used as adjuvant treatments to ACT. Stimulation

of endogenous dendritic cells (DCs) alongside ACT can be used to promote epitope

spreading and thereby decrease the risk of tumor escape due to target antigen

downregulation, which is a common cause of disease relapse in initially responsive ACT

treated patients. Addition of checkpoint blockade to ACT and DC stimulation might

further enhance response rates by counteracting an eventual inactivation of infused

and endogenously primed tumor-reactive T cells. This review will outline and discuss

therapeutic strategies that can be utilized to engage endogenous DCs alongside ACT

and checkpoint blockade, to strengthen the anti-tumor immune response.

Keywords: cancer immunotherapy, immune checkpoint blockade, combination therapies, T-cell therapy, dendritic

cells

INTRODUCTION

The ability of the immune system to recognize and eliminate cancer cells has paved the way for
the development of cancer immunotherapies that target components of the immune system to
mobilize a tumor-reactive immune response (1). Adoptive cell therapy (ACT) using T cells is an
example of a cancer immunotherapy that has become a potentially curative option for subgroups of
patients with melanoma and hematological malignancies (2). ACT is based on a systemic treatment
with tumor-reactive autologous T cells that are obtained from tumor biopsies or blood samples,
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expanded in vitro and infused back to the patient (3, 4). This
process can involve selection of tumor-reactive clones or genetic
modification to generate chimeric antigen receptor (CAR) T cells
or T cell receptor (TCR) modified T cells that recognize cancer-
specific antigens (5). ACT using tumor infiltrating lymphocytes
(TILs) is being used to treat patients with advanced stage
melanoma and have mounted durable complete responses in up
to 20% of treated patients (6, 7). CAR-T cells targeting the shared
tumor antigen CD19 have been used to treat adult and pediatric
patients suffering from B-cell acute lymphocytic leukemia (8),
reaching up to 90% response rate in some clinical trials (9).

Clinical success of ACT has been correlated with the ability
of the transferred T cells to undergo post-infusion priming and
expansion, which is dependent on the phenotype of infused T
cells (10–12) as well as antigen presentation and activation of
dendritic cells (DCs) in the tumor-draining lymph node (tdLN)
(13–15). Following priming and expansion, the therapeutic
efficacy of the transferred T cells is dependent on their ability
to engraft the tumor and maintain their effector functions.
Thus, even sufficiently primed T cells can lose their tumor-
reactivity due to escape mechanisms adapted by the tumor
(16, 17), such as downregulation of the cognate antigen (18).
Accordingly, it has been found that many patients treated with
CAR-T cells targeting CD19 eventually suffer from relapse with
CD19-negative leukemias (19, 20). Tumor escape has also been
described in melanoma patients treated with TILs, where ACT
was found to alter the antigenic landscape by causing target
antigen downregulation (21). Relapse caused by loss of antigen
can be ameliorated by the engagement of endogenous T cells to
facilitate recognition of a broader tumor antigen repertoire (22–
24). This phenomenon, denoted epitope spreading, is facilitated
by peripheral, migratory DCs that transport antigen from the
tumor to the tdLN, where naïve, endogenous tumor-reactive T
cells can be primed (25) (Figure 1). Thereby the engagement of
DCs alongside ACT can help to facilitate a broader and durable
therapeutic response.

Another major obstacle to clinically efficient ACT is an
eventual inactivation of infused and endogenously primed T cells
via engagement of immune checkpoints, such as programmed
cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), expressed by activated T cells
(26). Checkpoint blockade has been a major milestone in the field
of cancer immunotherapy and has shown remarkable clinical
success (27). Accordingly, in 2018, the discovery that inhibition
of negative immune regulation through checkpoint inhibition
could be utilized for cancer therapy was awarded with the
Nobel Prize jointly to James P. Allison and Tasuku Honjo (28).
Immune checkpoint engagement results in an inactivation of T
cells through binding of PD-1, expressed by activated T cells,
to programmed death-ligand 1 (PD-L1), expressed by cells of
the tumor stroma, e.g., cancer cells and other immune cells.
Priming and activation of T cells can also be inhibited by
interaction between CD28 on T cells and CTLA-4 expressed by
regulatory T cells (Tregs) (26). In order to become activated, T
cells must receive co-stimulatory signals from antigen presenting
cells, such as DCs, through interaction between CD28 and B7
(CD80 or CD86) and Tregs can prevent this interaction by

hijacking B7 through binding to CTLA-4, thereby blocking the
binding between CD28 and B7. Antibody-based blocking of
PD-1 or PD-L1 can therefore prevent inhibition of activated
T cells whereas CTLA-4 blockade can enhance the priming of
T cells.

Besides PD-1 and CTLA-4, other co-inhibitory receptors that
influence anti-tumor immune responses have been discovered.
In particular Lag-3 and T cell immunoreceptor with Ig and ITIM
domains (TIGIT) are of interest in this respect and blockade of
these receptors are being explored in clinical trials.

Lag-3 is upregulated by activated CD4+ and CD8+ T cells,
it structurally resembles the CD4 co-receptor and binds MHC
class II molecules with high affinity (29). Lag-3 is also expressed
by Tregs and Lag-3 blockade has been shown to abrogate the
suppressive functions of Tregs. Lag-3+ Tregs produces high
amounts of IL-10 and transforming growth factor beta (TGF-β)
and expand in tumor tissue of patients with melanoma and
colorectal cancer (30). In pre-clinical cancer models, Lag-3
expression has been found to be co-expressed with PD-1 on
tumor-infiltrating CD4+ and CD8+ T cells and co-blockade
of Lag-3 and PD-1 can improve the proliferation and cytokine
production of tumor-antigen specific CD8+ T cells (31). Also,
Lag-3 blockade has been shown to have a synergistic therapeutic
effect in combination with tumor antigen vaccination (32).

TIGIT is expressed by activated T cells, NK cells memory
T cells and a subset of Tregs. TIGIT binds to CD155 and
CD112 that are expressed by antigen-presenting cells (APCs),
T cells and other non-hematopoietic cells, including tumor
cells. Engagement of TIGIT to CD155 on DCs has been
shown to inhibit IL-12p40 production and instead induce IL-
10 production, thereby rendering DCs tolerogenic rather than
inflammatory (33). In this way, TIGIT can indirectly inhibit
the priming of tumor-reactive T cells but TIGIT engagement
can also directly induce T cell inhibition by blocking T cell
activation, proliferation, and acquisition of effector functions
(34). In Tregs, TIGIT expression marks a phenotype that
suppresses pro-inflammatory type I and type 17 responses and
TIGIT engagement on Tregs has been shown to induce IL-10
secretion (35). TIGIT has been shown to be highly expressed by
TILs in melanoma patients (36) and in murine tumors, the most
dysfunctional TIL phenotype is CD8+ T cells that co-express
TIGIT, PD-1, Tim-3, and Lag-3 (37). Consequently, in melanoma
patients, co-blockade of PD-1 and TIGIT has been shown to
improve proliferation, cytokine production and degranulation of
CD8+ TILs (36).

The use of PD-1 and CTLA-4 blockers has been shown
to increase the durable response rates and overall survival
of responding patients when administered as monotherapies.
However, the clinical benefits of the checkpoint blockers as
monotherapies are limited by relatively low objective response
rates, e.g., 10–16% for ipilimimab and 30–40% for nivolumab
and pembrolizumab in metastatic melanoma patients (38–40).
The combined treatment of ACT and checkpoint blockade
has however been explored with encouraging results. ACT in
combination with blockade of both PD-1 and CTLA-4 has shown
particularly good effects (41), most likely because the anti-PD-
1 treatment counteracts PD-L1-mediated inactivation of T cells
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FIGURE 1 | Therapeutic strategies to engage endogenous DCs alongside ACT to promote T cell priming and enhance effector functions. The therapeutic efficacy of

ACT can be enhanced by induction of epitope spreading which requires tumor antigen presentation by activated DCs. The T cell priming abilities of endogenous DCs

can be enhanced by promoting activation and antigen presentation e.g., through stimulation of TLRs, STING, or CD40, induction of immunogenic cell death or

vaccination with tumor- or viral antigens. Eventual inactivation of infused or endogenously primed T cells by engagement of checkpoint expressed by cells of the tumor

stroma can be inhibited by checkpoint blockade using antibodies targeting e.g., PD-1/PD-L1, CTLA-4, Lag-3, and TIGIT.

whereas anti-CTLA-4 enhances priming of endogenous tumor-
reactive T cells (42, 43). The combination of ACT and anti-
PDL1/PD-1 or CTLA-4might be of particular relevance as release
of IFN-γ by T cells in the TME has been shown to induce
checkpoint expression in both stromal cells and myeloid cell
subsets, thereby constituting a negative feedback loop which
hinders the continuous function of infused T cells (44, 45).

Clinical studies evaluating the efficacy of Lag-3 and TIGIT
inhibition are still in early phases and despite encouraging
results, the majority of patients still fail to respond to PD-1 or
CTLA-4 blockade as mono- or combination therapy. This lack

of sustained therapeutic responses can partly be attributed to
the actions of other immune suppressive mechanisms in the
tumor, e.g., secretion of amino acid depleting enzymes [such
as Arginase-1 and Indolamin-2,3-dioxygenase (IDO)], TGF-β
or IL-10 (46). For this reason, it can be necessary to include
additional treatments that counteract these immunosuppressive
mechanisms. There are several therapeutic strategies that can
be utilized for this purpose, but particularly stimulation of
endogenous DCs represents an interesting approach.

In this review, we will discuss strategies, that have been
described pre-clinically and clinically, to improve the efficacy of
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ACT and immune checkpoint blockade by engaging endogenous
DCs to support the effector functions of infused and endogenous
tumor-reactive T cells. Our primary focus will be on CD8+
T cells and the subsets of DCs that that are essential for
stimulating a tumor-reactive T cell response, i.e. cross-presenting
conventional type 1 dendritic cells (cDC1s) and type I interferon
(IFN) producing plasmacytoid DCs (pDCs).

DENDRITIC CELL SUBTYPES AND THEIR
ROLE IN T CELL PRIMING

In order to become activated and gain an effector phenotype,
naïve T cells must to be introduced to their cognate antigen
presented by activated APCs in the context of MHC molecules.
DCs are the most effective type of APCs and they are
indispensable for initiating an anti-tumor response (47). The
outcome of an interaction between a DC and a T cell is
however critically dependent on the activation status of the DC.
Consequently, antigen presentation by DCs in the absence of co-
stimulatory molecules or in the presence of co-inhibitory signals
can result in induction of antigen-specific CD8+ T cell tolerance
(48) or expansion of antigen-specific regulatory T cells (Tregs)
(49, 50). The tolerogenic DCs can be induced by IL-10 that causes
downregulation of co-stimulatory molecules and decreases the
secretion of inflammatory chemokines (51). Priming of tumor-
reactive T cells can therefore only be achieved if there is
availability of tumor antigens in an inflammatory environment
that also facilitates DC activation. DCs can become activated by
pathogen-associated molecular patterns (PAMPs), inflammatory
cytokines, and damage-associated molecular patterns (DAMPs)
(52). Activation of DCs stimulates intrinsic processes necessary
for T cell priming, including accumulation of MHC class
I molecules in MHC loading intracellular compartments
for enhanced cross-presentation (53), upregulation of co-
stimulatory molecules (54) and secretion of T cell promoting
cytokines (55).

Due to the pivotal role of the DC activation status on
T cell priming, tumor infiltration of immature or otherwise
functionally deficient DCs presents an obstacle for efficient
ACT. Non-activated tumor-associated DCs can contribute to the
induction of a tolerable environment that both limits the effector
functions of infused T cells and affects priming of endogenous T
cells (56). It is therefore relevant to discuss therapeutic strategies
that can increase the availability of tumor antigens and enhance
DC activation as adjuvant therapies to ACT. Enhancing the
tumor antigen presentation and DC activation will not only
remove a potential barrier to T cell functions, but also enhance
post-infusion priming of T cells and support the mobilization of
an endogenous T cell response.

Conventional Dendritic Cells
cDCs are the most effective types of APCs and they are dedicated
to the continuous sampling of antigen. Precursors to cDCs are
released from the bone marrow where after they enter lymphoid
organs or other peripheral sites and develop into migratory
or resident DC subsets (57). The migratory DCs travel to the

TABLE 1 | Main markers of dendritic cell subtypes.

Human Murine

cDC1 Surface markers

MHC II, CD11c, XCR1, CD141,

CLEC9A

Transcription factors

BATF3, IRF8

Surface markers

MHC II, CD11c, XCR1,

CD8a/CD103

Transcription factors

BATF3, IRF8

cDC2 Surface markers

MHC II, CD11c, CD1c, CD172a

Transcription factors

IRF4

Surface markers

MHC II, CD11c, CD11b, CD172a

Transcription factors

IRF4

pDC Surface markers

MHC II, CD11c, CD123, CD303,

CD304

Transcription factors

TCF4 (E2-2), BCL11A

Surface markers

MHC II, CD11c, Siglec-H, Ly-6C

Transcription factors

TCF4 (E2-2)

local lymph nodes (LNs) via the afferent lymph, where they are
able to mature and function (58, 59). Both human and murine
cDCs can be divided into cDC1s and cDC2s and these subtypes
can be further discriminated on the basis of surface marker
and transcription factor expression (Table 1). An important
difference between cDC1s and cDC2s is their ability to perform
cross-presentation (60), which is a process where exogenous
derived antigens are internalized, processed and presented on
MHC I molecules. Cross-presentation is a pre-requisite for
induction of a tumor reactive cytotoxic T cell response because it
enables the presentation of exogenous tumor antigens on MHC
class I molecules, which are normally presented on MHC class
II molecules. cDC1s are known to excel at cross-presentation of
antigen to CD8+ T cells and they are the main producers of
IL-12 (61, 62). In contrast, cDC2s orchestrate CD4+ T helper
responses (60).

In a cancer immunotherapy context, the important function
of intra-tumoural CD103+ cDC1s has been well-described pre-
clinically and via their function as the primary producers of
the T cell recruiting chemokine CXCL10, they are known to be
essential for tumor-homing of effector T cells (63). Furthermore,
migratory cDC1s are critical for the continuous trafficking of
tumor antigens to the draining LN in a CCR7-dependent process
(64, 65).

Plasmacytoid Dendritic Cells
pDCs are unique in their ability to rapidly produce vast amounts
of type I IFNs (IFN-α/β) in response to TLR stimulation (66). In
contrast to cDCs, pDCs develop fully in the bone marrow where
after they traffic to secondary lymphoid organs (67). Activated
pDCs are known to augment CD8+ T cell responses, even in
the absence of specific antigen stimulation (68). In addition,
studies indicate that TLR-activated pDCs can function as cross-
presenting cells (69–71) and even have direct cytotoxic effects
(72, 73).

The ability of pDCs to produce vast amounts of type I
IFNs upon activation is important for induction of cancer
immunity (74, 75). A pre-clinical study reported that tumor
rejection was dependent on secretion of type I IFNs (76) and
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this observation has later been seconded by a study reporting
that production of type I IFNs by DCs were required for priming
of tumor-reactive T cells and tumor elimination (77). Type I
IFNs have been found to promote cross-priming of CD8+ T cells
(78), enhance the division of activated CD8+ T cells (79) and
stimulate intratumoural accumulation of cross-presenting DCs
(80). Stimulating production of type I IFNs by pDCs therefore a
feasible strategy to augment tumor-reactivity.

STRATEGIES TO ENGAGE ENDOGENOUS
DCS FOR IMPROVED ACT EFFICACY

Because engagement of DCs alongside ACT is pivotal for
broadening the tumor-reactive response, it is relevant to explore
treatment strategies that can be used to stimulate DC activation
and/or antigen presentation. In this review, the focus will be
on pre-conditioning with chemotherapeutics or radiotherapy,
peptide or DC-based vaccination, stimulation with toll-like
receptor (TLR) agonists or stimulator of interferon genes
(STING) agonists, and CD40 ligation as adjuvant treatments to
ACT and checkpoint inhibition.

Pre-conditioning With Chemotherapeutics
or Radiotherapy
It is well-established that ACT following lymphodepletion can
enhance anti-tumor reactivity in murine and human hosts
(81–83), and lymphodepleting pre-conditioning is a standard
treatment before T cell infusion in human patients (84).
Lymphodepletion refers to an elimination of endogenous
lymphocytes, which can be achieved by treatment with a low
dose of radiotherapy (RT) or a chemotherapeutic agent, typically
cyclophosphamide (CPX) and Fludarabine. Lymphodepletion
results in a more pronounced tumor regression than observed
with ACT alone and there are several proposed mechanisms
behind the improved immunity. Depletion of immune cell
subsets that can suppress tumor-reactive T cells, in particular
Tregs, has been suggested as an important feature of pre-
conditioning before ACT. Pre-clinically, a single treatment with
a low dose of doxorubicin or paclitaxel was found to reduce
the amount of Tregs and increase the amount of adoptively
transferred CD8+ T cells in EG.7-OVA tumors, compared to
tumors of mice treated only with chemotherapy or ACT. In this
study, it was also found that the frequency of myeloid derived
suppressor cells (MDSCs), that can inhibit tumor-reactive T cells
through secretion of anti-inflammatory cytokines and amino
acid depletion, decreased in the combination treatment groups
(85). In a clinical study with metastatic melanoma patients,
pre-conditioning with non-myeloablative chemotherapy before
adoptive transfer of TILs was likewise shown to decrease
the frequency of peripheral CD4+ FoxP3+ Tregs, which in
turn correlated with an improved response to the ACT (86).
Another proposed mechanism for enhanced ACT efficacy after
pre-conditioning is an increased availability of homeostatic
cytokines for the infused T cells (87). Under normal physiological
circumstances, IL-7, IL-15, and IL-21 exert a supportive role
for endogenous T cells because they stimulate homeostatic

proliferation. Lymphodepletion, as a result of pre-conditioning,
results in a decrease in the endogenous T cell population, which
in turn increases the availability of IL-7, IL-15, and IL-21 to
support proliferation of adoptively transferred T cells (81).

Enhanced functionality of APCs, in particular DCs, is also
believed to play an important role in mediating the enhanced
anti-tumor reactivity of adoptively transferred T cells following
pre-conditioning (88–90). A pre-clinical study demonstrated that
pre-conditioning with CPX enhanced the proliferative capacity
of bone marrow-derived DC precursors (91). Compared to
untreated control mice, bone marrow harvested from CPX-
treated mice generated higher numbers of DCs with the ability
to become activated in response to TLR stimulation and prime
T cells in vitro. These results were in line with previous findings
demonstrating that lymphodepletion with a single dose of CPX
induced expansion of immature DCs that could be detected
in the peripheral blood 8–16 days post treatment (92). Pre-
conditioning with CPX followed by a DC based vaccine has
also been found to enhance the anti-tumor response in murine
hosts, even in the absence of ACT (93), suggesting that CPX
stimulates priming of endogenous T cells. Another proposed
mechanism, behind the enhanced DC function following pre-
conditioning, is induction of immunogenic cancer cell death,
which is a result of the anti-proliferative and cytotoxic effects of
chemotherapy or ionizing radiation (94–96). Immunogenic cell
death involves exposure of several plasma membrane markers
that enhances DC functions, e.g., HSP70 and calreticulin that
stimulates cross-presentation of tumor derived antigens and
phagocytosis, repectively (97). In response to plasma membrane
markers associated with immunogenic cell death, DCs become
activated and release cytokines, which supports the process of
creating a pro-inflammatory environment for T cell priming and
activation (98). Immunogenic cell death is also a determining
factor for antigen trafficking and presentation by DCs in the
tdLN (99). In particular RT is known to induce immunogenic
cell death and is therefore a potent DC stimulator. RT also
influences APCs directly by inducing cell-intrinsic changes that
affect the activation status. This was demonstrated in a study
where a single high dose of local RT promoted the activation
and functional maturation of a human antigen-presenting cell
line through intrinsic DNA damage and p53 activation (100).
Also a RT-dependent release of Type I IFNs has been found to
be an important contributor to activation of tumor infiltrating
innate immune cells, including DCs (101). On the contrary, RT
might increase the secretion of TGF-β, which in turn can inhibit
the activation and maturation of DCs, and pre-clinical studies
have shown that TGF-β blockade enhances the efficacy of RT
(102, 103). Negative effects on APCs and consequently the anti-
tumor immunity have however also been reported as an effect
of RT. In a pre-clinical study, a single dose of RT was found
to cause a significant decrease in the amount of CD8+ DCs in
murine spleens, which correlated with a switch from a Th1 to a
Th2T cell response (104). In the same study, an analysis of blood
samples from RT-treated patients revealed a significant decrease
in the frequency of circulating BDCA3+ DCs. Evidently, RT can
affect APC function and consequently the anti-tumor immunity
in different ways. The main outcome does however seem to be
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mostly favorable for supporting anti-tumor T cell priming and
pre-conditioning using RT or chemotherapy remains to be a
well-established therapeutic strategy that enhances the efficacy
of ACT.

Vaccination
Pre-clinical and clinical studies have demonstrated that the
in vivo expansion, persistence and poly-functionality of infused
T cells can be enhanced by providing post-transfer vaccination.
Vaccination can facilitate post-infusion priming of adoptively
transferred T cells, which stimulates the expansion and
functionality and enhances the tumor-reactivity. Clinical trials
combining ACT and post-infusion vaccination with viral or
tumor antigens are in early stages and with a primary focus on
evaluating safety and applicability but encouraging findings have
been reported.

Several strategies for enhancing the post-infusion effect of
adoptively transferred T cells by vaccination have been explored.
One of these is to exploit the ability of viral antigens to stimulate
potent T cell activation and expansion, as well as promoting
central memory formation. A recent study demonstrated that
vaccination with Epstein Barr Virus (EBV) antigen improved the
persistence of CD19 CAR T cells modified to recognize EBV in
relapsed pediatric acute lymphoblastic leukemia patients (105).
In this study, donor Epstein–Barr virus (EBV)-specific cytotoxic
T-cells were genetically modified to express a CD19CAR to
enhance the long-term persistence of the transferred T cells
but also to facilitate a more physiologically relevant expansion
of the CARs and avoid cytokine mediated toxicities. An
initial patient cohort treated only with the EBV CD19CARs
showed poor post-infusion persistence and expansion, but
EVB CD19CARs combined with post-infusion EBV vaccination
showed enhanced persistence without induction of cytokine
release syndrome, neurotoxicity or graft vs. host disease. Another
study evaluated the effects of combining a DC-based vaccine
with cytomegalovirus (CMV) antigens and CMV-specific T
cell transfer in glioblastoma patients (106). CMV-antigens have
previously been found to be expressed by GBM which in this
study was leveraged to enhance the expansion and persistence of
adoptively transferred CMV pp65-specific T cells. For this study,
autologous DCs were transfected with CMV pp65 mRNA and
infused following adoptive T cell transfer. The results showed
that DC vaccination with the CMV pp65 mRNA gave an increase
in the frequency of polyfunctional CMV pp65-specific CD8+ T
cells with simultaneous expression of IFN-y and TNF-α. This
increase in polyfunctional antigen-specific T cells correlated with
an improved overall survival.

Stimulating TAA-specific adoptively transferred T cells with
post-infusion TAA vaccination has also shown promising results
in pre-clinical and clinical trials. Recently, a pre-clinical study
found that the persistence and activity of infused CAR-T cells
could be enhanced by a tumor antigen vaccination (107). Results
from this study showed that the CAR-T cells could undergo post-
infusion priming in lymphoid organs which triggered extensive
expansion and enhanced anti-tumor efficacy. These results were
in line with findings from a previous study demonstrating that
a DC-based tumor antigen vaccination significantly enhanced

the proliferation, cytokine production and tumor infiltration of
infused T cells (108).

Other clinical trials have reported encouraging results related
to the objective clinical response of cancer patients treated with
the ACT and post-infusion TAA vaccination. In line with these
findings, a clinical phase II trial reported an improved 5 year
recurrence-free and prolonged overall survival of patients with
invasive hepatocellular carcinoma who received a post-operative
DC based vaccine combined with ACT (109). This treatment was
based on autologous tumor lysate pulsed DCs and transfer of
activated T cells.

Recent research has provided evidence of the existence
of so-called “anti-regulatory T cells” that recognize
immunosuppressive molecules (110, 111). Studies have shown
that both human cancer patients and healthy individuals have
CD8+ and CD4+ T cells that can respond to factors associated
with immune suppression, such as PD-L1 (112), arginase-1
(113), arginase-2 (114), and IDO (115, 116). The existence of
anti-regulatory T cells represents an interesting potential of
vaccinating against immune suppressive subsets that express
these immunomodulatory molecules, e.g., M2 macrophages,
MDSCs, and Tregs. Accordingly, an interesting study showed
that the immunogenicity of a DC-based vaccine against p53
could be enhanced by co-stimulation with a PD-L1 derived
epitope (117). This could potentially be one mechanism to
counter-act the inflammation-induced suppressive mechanisms
that can counter-act the anti-tumor effects of T cells.

The ability to combine ACT with vaccination, either with viral
antigens or TAAs, represents an interesting approach to enhance
the efficacy of ACT. The persistence of infused T cells have
been linked to therapeutic efficacy (118, 119) and because post-
transfer vaccination has been shown to enhance the persistence of
infused T cells, future studies should further explore the concept
of enhancing ACT with post-infusion vaccination.

TLR Stimulation
A well-established way to activate DCs is by stimulation
with TLR agonists. TLRs are a type of pattern recognition
receptors (PRRs) that comprise a group of endosomal and
plasma-membrane associated proteins expressed on DCs and
other innate immune cells, such as macrophages (120). TLRs
are conventionally used as vaccine adjuvants (121) and when
DCs or macrophages are stimulated through TLRs, a process
of activation and maturation is initiated which results in
secretion of T cell activating cytokines such as TNF-α, IL-
6, IL-12, and type I IFNs (122). To this date, three TLR
agonists have been approved by US regulatory agencies to
treat cancer patients; (1) Imiquimod, a TLR7 agonist used to
treat superficial basal cell carcinoma, (2) Bacillus Calmette-
Guérin (BCG), supposedly stimulating TL2, TLR3, and TLR9,
used to treat non-invasive transitional cell carcinoma of the
bladder, and (3) monophosphoryl lipid A (MPL) stimulating
TLR4 and used in a prophylactic vaccine against HPV-
virus (123).

TLR stimulation can be used in combination with tumor
antigen delivery to ensure activation of antigen presenting DCs.
TLR stimulation can however also be used as an adjuvant
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treatment to other cancer therapies that induce tumor antigen
release, such as RT. The combination of TLR stimulation and
RT has been explored in pre-clinical studies with encouraging
results. A study reported that intravenous administration of
the TLR7 agonist resiquimod (R848) in combination with RT
lead to clearance of established tumors in murine lymphoma
models (124). The treatment effect was associated with expansion
of tumor-antigen specific CD8+ cells and improved survival
of the treated mice. These results were in line with findings
from other pre-clinical studies demonstrating that TLR7/8
agonists can be potent adjuvants to RT by boosting antigen-
presentation by DCs in subcutaneous and orthotopic mouse
models of colorectal and pancreatic cancer (125). Similarly,
systemic administration of a TLR7 agonist in combination with
RT has been shown to prime a tumor-reactive CD8+ T cell
response and result in improved survival in syngeneic models of
colorectal carcinoma and fibrosarcoma (126). The combination
of RT and TLR stimulation is interesting because the RT-
induced availability of tumor antigens at the tumor site can be
exploited to stimulate an endogenous tumor response. RT acts
directly on cancer cells and introduce DNA damage that, if left
unrepaired, results in cell death (95, 96). This can stimulate
an anti-tumor T cell response, when APCs engulf (parts of)
dying cancer cells for subsequent T cell priming. In this setting,
TLR stimulation can feed into the circle of events and boost
activation and antigen-presentation of DCs that enhances the T
cell priming.

To the best of our knowledge, no clinical trials evaluating the
effect of enhancing ACT efficacy by TLR stimulation have so
far been completed. Pre-clinical studies have however described
the use of TLR stimulation to augment ACT with encouraging
results. A recent study reported that the administration of
the TLR4 agonist Lipopolysaccharid (LPS) could augment the
tumor-reactivity of adoptively transferred pmel-1 CD8+ T cells
in mice with established B16.F10 tumors (127). Administration
of MPL and the TLR9 agonist CpG ODN likewise potentiated
the anti-tumor activity of infused CD8+ T cells. These results
were in line with findings from a previous study demonstrating
that TLR3 stimulation and a tumor antigen vaccination increased
the expansion and anti-tumor efficacy of adoptively transferred
antigen-specific pmel-1 CD8+ T cells in pre-conditioned
B16.F10 tumor-bearing mice (92).

Although TLR agonists are effective vaccine adjuvants,
the overall beneficial effect of TLR stimulation as cancer
immunotherapy is debated. The concept is complicated
by the fact that TLRs are not only expressed by immune
cells but also by cancer cells (128) and TLR expression by
cancer cells has been linked to metastasis in breast cancer
(129) and esophageal squamous cell carcinoma (130).
Accordingly, the reported effects of TLR treatment as a
cancer immunotherapy have been mixed (123, 131), reflecting
issues with toxicity and supposedly the complexity of TLR
expression in the tumor microenvironment. Therefore,
additional research is needed to further elucidate the effect
of TLR stimulation as a cancer immunotherapy and current
issues related to safety and administration of TLR agonists have
to be resolved.

STING Agonists
Given the importance of type I IFNs in cancer immunity, efforts
have been put into identifying pathways that are responsible for
or linked to secretion of type I IFNs. Recent findings have pointed
toward a crucial role for the STING pathway in this process
(132). STING is an adapter molecule that becomes activated
by cyclic dinucleotides generated by cyclic GMP-AMP synthase,
which in turn is activated by cytosolic DNA. Activated STING
phosphorylates interferon regulatory factor 3 (IRF3) that directly
contributes to type I IFN gene transcription (133). One study
found that spontaneous tumor-reactive CD8+T cell priming was
defective in STING−/− mice and that STING pathway activation
and IFN-β production correlated with DNA detection in tumor
infiltrating DCs (134). The STING pathway therefore appears
to be involved in detecting the presence of a tumor to drive
DC activation and subsequent T cell priming against tumor
associated antigens.

STING agonists have been shown to have therapeutic
implications for stimulating anti-tumor T cell reactivity. Pre-
clinical studies have described that treatment with STING
agonists can induce an increase in the abundance and
functionality of tumor-infiltrating cytotoxic T cells associated
with tumor regression (135–137) and STING stimulation has
also been shown to antagonize expansion of immune suppressive
myeloid derived suppressor cells (138). Interestingly, a pre-
clinical study recently demonstrated that co-delivery of a STING
agonist and CAR-T cells resulted in elimination of tumor cells
that were not recognized by adoptively transferred CAR-T cells as
monotherapy (139). The combined delivery of a STING agonist
and CAR-T cells resulted in a synergistic activation of APCs and
was associated with prolonged survival and protection against
tumor escape. These results indicate that STING activationmight
enhance the effect of CAR-T cell therapy by broadening the
tumor-reactive T cell response.

Given the ability of STING to stimulate priming of tumor-
reactive T cells through DC activation, it is likely that STING
activation can enhance epitope spreading when combined with
ACT. The combination of STING and checkpoint inhibitors
is being tested in clinical settings and has been shown to
enhance the therapeutic response to chemotherapy in patients
with ovarian cancer (140). A study done in a pre-clinical
model of head and neck cancer also demonstrated that the
combined treatment of STING and PD-1 blockade could enhance
local and systemic immunity and reverse adaptive resistance to
chemotherapy (141). The ability to (re)establish tumor immunity
using STING and checkpoint inhibition indicates that STING
activation can expand pre-existing tumor reactivity, perhaps by
broadening the tumor response. STING activation could thereby
support the therapeutic efficacy of adoptively transferred T cells
by activating APCs that in turn can cross-prime endogenous
tumor-reactive T cells.

CD40 Stimulation
Another well-established mechanism, which is implicated in
priming of tumor-reactive T cells, is engagement of the
CD40/CD40L axis. CD40 is a member of the Tumor necrosis
factor (TNF) receptor family and is expressed by a range of
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different cell types including DCs, B cells, platelets and non-
hematopoietic cells such as endothelial cells, fibroblasts and
some types of cancer cells (142). Ligation of CD40 on DCs
has been found to upregulate the expression of co-stimulatory
molecules (e.g., CD80 and CD86) and MHC molecules, induce
secretion of pro-inflammatory cytokines and enhancing the
antigen processing machinery (143). Stimulation with CD40
agonists has been shown to stimulate the T cell priming abilities
of DCs and lead to potent anti-tumor T cell immunity in pre-
clinical models. Early mechanistic studies also demonstrated that
CD40 stimulation can enhance the efficacy of tumor antigen
vaccination (144, 145), induce activation of endogenous CD4+
T cells (144) and reverse cytotoxic T cell tolerance (145).
Interestingly, pre-clinical studies indicate that activated CD8+
T cells are able to boost IL-12 production by DCs through
expression of CD40L. Consequently, this could provide a positive
feedback loop for adoptively transferred T cells through the
engagement of DCs (146).

The ability of CD40 stimulation to enhance the efficacy
of ACT has been evaluated in different pre-clinical models.
Recently, a study showed that lymphodepleting WBI in
combination with CD40 stimulation enhanced the accumulation
of infused T cells in amurine pancreatic tumormodel (147). Here
it was demonstrated that the combination of CD40 stimulation,
WBI and ACT enhanced the proliferation of infused T cells,
promoted high levels of tumor inflammation and was associated
with tumor regression and prolonged survival of treated mice.
These findings were in line with observations from a previous
study, where CD40 stimulation was shown to boost the anti-
tumor activity of ACT in murine B16.F10 tumors (148). Here, a
monoclonal antibody targeting CD40 was combined with ACT
and administration of IL-2. This combination improved the
expansion of the infused T cells and was associated with tumor
regression. The results also showed that the T cell expansion
was dependent on IL-12 and expression of CD80 and CD86 by
endogenous DCs.

The use of CD40 agonists has also been tested as cancer
immunotherapy in clinical settings. A paper recently summarized
the long-term outcomes of a phase I study of agonistic CD40
antibody and CTLA-4 treatment ofmetastaticmelanoma patients
(149). Here it was found that the therapy was associated
with increased tumor T cell infiltration, T cell reinvigoration
and T cell clonal expansion. The positive effects of CD40
stimulation on T cell priming can however not necessarily be
attributed to DC stimulation alone. Co-stimulatory signaling
through CD40/CD40L interaction influences not only DCs but
also macrophages and in particular B cells. CD40 stimulation
promotes the survival and expansion of B cells and supports
their development into antibody-secreting plasma cells and
memory B cells. CD40 stimulated B cells also undergo somatic
hyper-mutation of the Ig, which gives and enhanced antigen-
affinity (150). Importantly, since B cells can also function as
APCs, it is possible that the enhanced T cell functions as a
result of CD40 stimulation can be attributed to the effects
of both activated B cells and DCs. Collectively, findings from
pre-clinical and clinical studies indicate that CD40 agonists,
via the ability of CD40 stimulation to enhance APC functions

and T cell priming, could be a feasible adjuvant therapy
to ACT.

DISCUSSION

The post-infusion performance of adoptively transferred T
cells is critically dependent on several factors, in particular
the composition of the TME that can favor or suppress the
tumor-reactivity of the T cells. Studies have also linked the
post-infusion performance to the differentiation status of the
adoptively transferred T cells, with less differentiated T cells, such
as naïve or stem cell memory T cells, having greater capacity for
expansion and persistence after transfer. The T cells used for ACT
typically have a more differentiated effector T cell phenotype at
the time of infusion, because the in vitro expansion step of the
process involves activating and stimulating T cell proliferation to
reach a large number of cells. This activation and stimulation of
T cells induce a stepwise differentiation process, which ultimately
leads to generation of T cells with a terminally differentiated
and short-lived effector phenotype that is suboptimal for ACT
(151). Because T cells with a less differentiated phenotype have
greater post-infusion expansion and persistence potential (10,
12), efforts are being put into designing strategies to maintain
the less differentiated phenotype of T cells used for ACT. These
strategies include optimizing the T cell culture conditions to
preserve a less differentiated phenotype during expansion. This
can be done e.g., by adding specific (combinations of) cytokines
(152, 153), small molecule inhibitors (154, 155) or co-stimulatory
molecules (156, 157) to the culture medium. Another strategy
is to generate antigen-specific T cells that are induced from
pluripotent stem cells (158, 159). The less differentiated T cells
are however critically dependent on post-infusion priming with
their cognate antigen to have any tumor-reactivity, which can
be provided through endogenous DC stimulation. Therefore, if
T cells with e.g., a stem cell memory phenotype are being used
for ACT, it could be favorable to combine the T cell infusion
with post-infusion vaccination with the cognate antigen of the
T cells. If T cells with a more differentiated phenotype, such
as effector memory, are being infused, the secretion of pro-
inflammatory cytokines might be sufficient for enhancing the
post-infusion expansion and persistence. When choosing the
optimal add-on therapy to ACT, it is therefore important to
take into consideration the differentiation status of the infused
T cells.

In addition to the examples given above, another emerging
strategy is to modify the T cell product prior to infusion, thereby
“arming” the T cells with the ability to engage endogenous
DCs. Recent pre-clinical studies have investigated ACT with
genetically modified T cells expressing membrane-anchored IL-
12 (160), which is known to increase co-stimulation by dendritic
cells. In addition, T cells engineered to express the DC-recruiting
cytokine FLT3L, was recently shown to enhance efficacy and
support epitope spreading after ACT therapy (161). With the
advancements made within engineering of T cells for ACT, it is
feasible to include the DC-priming strategy—not only as an add-
on treatment, but also as an intrinsic property of the transferred
T cells.
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CONCLUDING REMARKS

The concept of ACT has been manifested as a promising
therapeutic option for a subgroup of patients with melanoma and
hematological malignancies. To further improve the therapeutic
efficacy of ACT, and to broaden the application to other types of
solid cancers, it is necessary to expand our knowledge on factors
that can enhance the post-infusion persistence and functionality
of transferred T cells. Engagement of DCs, as an adjuvant therapy
to ACT, can stimulate a broader tumor-reactive response by
priming endogenous T cells and facilitate post-infusion priming
of adoptively transferred T cells. Accordingly, the combination
of ACT and DC-activating treatments such as TLR or STING
agonists, as well as CD40 stimulation and vaccination with viral
or tumor antigens, has been found to have implications for the
in vivo expansion, persistence and polyfunctionality of infused T
cells. Engagement of activated DCs alongside ACT has also been
associated with improved tumor control and prolonged survival
in pre-clinical models. The addition of checkpoint blockade
alongside ACT and DC stimulation can be utilized to counteract

an eventual inactivation of tumor-reactive T cells and might
provide an additional synergistic effect. The combination of ACT,
treatments that activates and/or induces antigen presentation of
DCs and checkpoint blockade therefore represents an interesting
therapeutic strategy that potentially can enhance the efficacy and
broaden the applicability of ACT in the future.

AUTHOR CONTRIBUTIONS

MH and DJ did the literature search and wrote the review.
TA and MA revised and approved the final version of the
review. All authors contributed to the article and approved the
submitted version.

FUNDING

During the writing of this review, DJ and MH have been
employed with funding received from the Independent Research
Fund Denmark and Herlev Hospital. The funders were not
involved in the compilation of the review.

REFERENCES

1. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity
cycle. Immunity. (2013) 39:1–10. doi: 10.1016/j.immuni.2013.07.012

2. Met Ö, Jensen KM, Chamberlain CA, Donia M, Svane IM. Principles of
adoptive T cell therapy in cancer. Semin Immunopathol. (2019) 41:49–
58. doi: 10.1007/s00281-018-0703-z

3. Rosenberg SA, Spiess P, Lafreniere R. A new approach to the adoptive
immunotherapy of cancer with tumor-infiltrating lymphocytes. Science.

(1986) 233:1318–21. doi: 10.1126/science.3489291
4. Boon T, van der Bruggen P. Human tumor antigens recognized by T

lymphocytes. J Exp Med. (1996) 183:725–9. doi: 10.1084/jem.183.3.725
5. Kershaw MH, Westwood JA, Darcy PK. Gene-engineered T cells for cancer

therapy. Nat Rev Cancer. (2013) 13:525–41. doi: 10.1038/nrc3565
6. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan

GQ, et al. Durable complete responses in heavily pretreated patients with
metastatic melanoma using T-cell transfer immunotherapy. Clin Cancer Res.
(2011) 17:4550–7. doi: 10.1158/1078-0432.CCR-11-0116

7. Besser MJ, Shapira-Frommer R, Treves AJ, Zippel D, Itzhaki O,
Hershkovitz L, et al. Clinical responses in a phase II study using
adoptive transfer of short-term cultured tumor infiltration lymphocytes
in metastatic melanoma patients. Clin Cancer Res. (2010) 16:2646–
55. doi: 10.1158/1078-0432.CCR-10-0041

8. Park JH, Geyer MB, Brentjens RJ. CD19-targeted CAR T-cell therapeutics
for hematologic malignancies: interpreting clinical outcomes to date. Blood.
(2016) 127:3312–20. doi: 10.1182/blood-2016-02-629063

9. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in children and young adults with B-Cell lymphoblastic
leukemia. N Engl J Med. (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

10. Zhou J, Shen X, Huang J, Hodes RJ, Rosenberg SA, Robbins PF. Telomere
length of transferred lymphocytes correlates with in vivo persistence and
tumor regression in melanoma patients receiving cell transfer therapy. J
Immunol. (2005) 175:7046–52. doi: 10.4049/jimmunol.175.10.7046

11. Hinrichs CS, Borman ZA, Cassard L, Gattinoni L, Spolski R, Yu Z, et al.
Adoptively transferred effector cells derived from naive rather than central
memory CD8+ T cells mediate superior antitumor immunity. Proc Natl

Acad Sci USA. (2009) 106:17469–74. doi: 10.1073/pnas.0907448106
12. Klebanoff CA, Gattinoni L, Torabi-Parizi P, Kerstann K, Cardones AR,

Finkelstein SE, et al. Central memory self/tumor-reactive CD8+ T cells
confer superior antitumor immunity compared with effectormemory T cells.
Proc Natl Acad Sci USA. (2005) 102:9571–6. doi: 10.1073/pnas.0503726102

13. McDonnell AM, Currie AJ, Brown M, Kania K, Wylie B, Cleaver
A, et al. Tumor cells, rather than dendritic cells, deliver antigen to
the lymph node for cross-presentation. Oncoimmunology. (2012) 1:840–
6. doi: 10.4161/onci.20493

14. Marzo AL, Lake RA, Lo D, Sherman L, McWilliam A, Nelson D, et al.
Tumor antigens are constitutively presented in the draining lymph nodes.
J Immunol. (1999) 162:5838–45.

15. Munn DH, Mellor AL. The tumor-draining lymph node as
an immune-privileged site. Immunol Rev. (2006) 213:146–
58. doi: 10.1111/j.1600-065X.2006.00444.x

16. Khong HT, Nicholas Restifo P. Natural selection of tumor variants in the
generation of “tumor escape” phenotypes. Nat Immunol. (2006) 3:999–
1005. doi: 10.1038/ni1102-999

17. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive,
and acquired resistance to cancer immunotherapy. Cell. (2017) 168:707–
23. doi: 10.1016/j.cell.2017.01.017

18. Olson BM, McNeel DG. Antigen loss and tumor-mediated
immunosuppression facilitate tumor recurrence. Expert Rev Vaccines.
(2012) 11:1315–7. doi: 10.1586/erv.12.107

19. Brown CE, Mackall CL. CAR T cell therapy: inroads to
response and resistance. Nat Rev Immunol. (2019) 19:73–
4. doi: 10.1038/s41577-018-0119-y

20. Gardner R,WuD, Cherian S, FangM,Hanafi LA, Finney O, et al. Acquisition
of a CD19-negative myeloid phenotype allows immune escape of MLL-
rearranged B-ALL from CD19 CAR-T-cell therapy. Blood. (2016) 127:2406–
10. doi: 10.1182/blood-2015-08-665547

21. Verdegaal EME, de Miranda NFCC, Visser M, Harryvan T, van
Buuren MM, Andersen RS, et al. Neoantigen landscape dynamics
during human melanoma–T cell interactions. Nature. (2016) 536:91–
5. doi: 10.1038/nature18945

22. Pilon SA, Kelly C, Wei W-Z. Broadening of epitope recognition
during immune rejection of ErbB-2-positive tumor prevents
growth of ErbB-2-negative tumor. J Immunol. (2003) 170:1202–
8. doi: 10.4049/jimmunol.170.3.1202

23. Heckler M, Dougan SK. Unmasking pancreatic cancer: epitope
spreading after single antigen chimeric antigen receptor T-
cell therapy in a human phase I trial. Gastroenterology. (2018)
155:11–4. doi: 10.1053/j.gastro.2018.06.023

24. Walsh SR, Lichty BD, Wan Y. Endogenous T cells prevent tumor immune
escape following adoptive T cell therapy. J Clin Invest. (2019) 129:5400–
10. doi: 10.1172/JCI126199

Frontiers in Immunology | www.frontiersin.org 9 September 2020 | Volume 11 | Article 578349

https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1007/s00281-018-0703-z
https://doi.org/10.1126/science.3489291
https://doi.org/10.1084/jem.183.3.725
https://doi.org/10.1038/nrc3565
https://doi.org/10.1158/1078-0432.CCR-11-0116
https://doi.org/10.1158/1078-0432.CCR-10-0041
https://doi.org/10.1182/blood-2016-02-629063
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.4049/jimmunol.175.10.7046
https://doi.org/10.1073/pnas.0907448106
https://doi.org/10.1073/pnas.0503726102
https://doi.org/10.4161/onci.20493
https://doi.org/10.1111/j.1600-065X.2006.00444.x
https://doi.org/10.1038/ni1102-999
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1586/erv.12.107
https://doi.org/10.1038/s41577-018-0119-y
https://doi.org/10.1182/blood-2015-08-665547
https://doi.org/10.1038/nature18945
https://doi.org/10.4049/jimmunol.170.3.1202
https://doi.org/10.1053/j.gastro.2018.06.023
https://doi.org/10.1172/JCI126199
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

25. Johnson LA, Sanchez-Perez L, Suryadevara CM, Sampson JH. Chimeric
antigen receptor engineered T cells can eliminate brain tumors and
initiate long-term protection against recurrence. Oncoimmunology. (2014)
3:e944059. doi: 10.4161/21624011.2014.944059

26. Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer. (2012) 12:252–64. doi: 10.1038/nrc3239

27. Costa R, Carneiro BA, Agulnik M, Rademaker AW, Pai SG, Villaflor VM,
et al. Toxicity profile of approved anti-PD-1 monoclonal antibodies in solid
tumors: a systematic review and meta-analysis of randomized clinical trials.
Oncotarget. (2017) 8:8910–20. doi: 10.18632/oncotarget.13315

28. Guo ZS. The 2018 Nobel Prize in medicine goes to cancer
immunotherapy (editorial for BMC cancer). BMC Cancer. (2018)
18:1086. doi: 10.1186/s12885-018-5020-3

29. Huard B, Prigent P, Tournier M, Bruniquel D, Triebel F. CD4/major
histocompatibility complex class II interaction analyzed with CD4- and
lymphocyte activation gene-3 (LAG-3)-Ig fusion proteins. Eur J Immunol.

(1995) 25:2718–21. doi: 10.1002/eji.1830250949
30. Camisaschi C, Casati C, Rini F, Perego M, De Filippo A, Triebel F, et al.

LAG-3 expression defines a subset of CD4+ CD25 high Foxp3+ regulatory
T cells that are expanded at tumor sites. J Immunol. (2010) 184:6545–
51. doi: 10.4049/jimmunol.0903879

31. Matsuzaki J, Gnjatic S, Mhawech-Fauceglia P, Beck A, Miller A, Tsuji T, et al.
Tumor-infiltrating NY-ESO-1-specific CD8+ T cells are negatively regulated
by LAG-3 and PD-1 in human ovarian cancer. Proc Natl Acad Sci USA.

(2010) 107:7875–80. doi: 10.1073/pnas.1003345107
32. Grosso JF, Kelleher CC, Harris TJ, Maris CH, Hipkiss EL, De Marzo A,

et al. LAG-3 regulates CD8+ T cell accumulation and effector function in
murine self- and tumor-tolerance systems. J Clin Invest. (2007) 117:3383–
92. doi: 10.1172/JCI31184

33. Yu X, Harden K, Gonzalez LC, Francesco M, Chiang E, Irving B, et al.
The surface protein TIGIT suppresses T cell activation by promoting the
generation of mature immunoregulatory dendritic cells. Nat Immunol.

(2009) 10:48–57. doi: 10.1038/ni.1674
34. Joller N, Hafler JP, Brynedal B, Kassam N, Spoerl S, Levin SD, et al. Cutting

edge: TIGIT has T cell-intrinsic inhibitory functions. J Immunol. (2011)
186:1338–42. doi: 10.4049/jimmunol.1003081

35. Joller N, Lozano E, Burkett PR, Patel B, Xiao S, Zhu C, et al.
Treg cells expressing the coinhibitory molecule TIGIT selectively inhibit
proinflammatory Th1 and Th17 cell responses. Immunity. (2014) 40:569–
81. doi: 10.1016/j.immuni.2014.02.012

36. Chauvin JM, Pagliano O, Fourcade J, Sun Z, Wang H, Sander C, et al. TIGIT
and PD-1 impair tumor antigen-specific CD8+T cells inmelanoma patients.
J Clin Invest. (2015) 125:2046–58. doi: 10.1172/JCI80445

37. Kurtulus S, Sakuishi K, Ngiow SF, Joller N, Tan DJ, Teng MWL, et al. TIGIT
predominantly regulates the immune response via regulatory T cells. J Clin
Invest. (2015) 125:4053–62. doi: 10.1172/JCI81187

38. Stephen Hodi F, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen
JB, et al. Improved survival with ipilimumab in patients with metastatic
melanoma. N Engl J Med. (2010) 8:711–34. doi: 10.1056/NEJMoa1003466

39. Robert C, Thomas L, Bondarenko I, O’Day S, Weber J, Garbe C, et al.
Ipilimumab plus dacarbazine for previously untreated metastatic melanoma.
N Engl J Med. (2011) 364:2517–26. doi: 10.1056/NEJMoa1104621

40. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, et al.
Nivolumab in previously untreated melanoma without BRAF mutation. N
Engl J Med. (2015) 372:320–30. doi: 10.1056/NEJMoa1412082

41. Shi LZ, Goswami S, Fu T, Guan B, Chen J, Xiong L, et al.
Blockade of CTLA-4 and PD-1 enhances adoptive t-cell therapy
efficacy in an ICOS-mediated manner. Cancer Immunol Res. (2019)
7:1803–12. doi: 10.1158/2326-6066.CIR-18-0873

42. Fiegle E, Doleschel D, Koletnik S, Rix A, Weiskirchen R, Borkham-
Kamphorst E, et al. Dual CTLA-4 and PD-L1 blockade inhibits tumor growth
and liver metastasis in a highly aggressive orthotopic mouse model of colon
cancer. Neoplasia. (2019) 21:932–44. doi: 10.1016/j.neo.2019.07.006

43. Seidel JA, Otsuka A, Kabashima K. Anti-PD-1 and anti-CTLA-4 therapies in
cancer: mechanisms of action, efficacy, and limitations. Front Oncol. (2018)
8:86. doi: 10.3389/fonc.2018.00086

44. Thibaut R, Bost P, Milo I, Cazaux M, Lemaître F, Garcia Z, et al.
Bystander IFN-γ activity promotes widespread and sustained cytokine

signaling altering the tumor microenvironment. Nat Cancer. (2020) 1:302–
14. doi: 10.1038/s43018-020-0038-2

45. Benci JL, Xu B, Qiu Y, Wu TJ, Dada H, Twyman-Saint Victor
C, et al. Tumor interferon signaling regulates a multigenic
resistance program to immune checkpoint blockade. Cell. (2016)
167:1540–54. doi: 10.1016/j.cell.2016.11.022

46. Shimizu K, Iyoda T, OkadaM, Yamasaki S, Fujii SI. Immune suppression and
reversal of the suppressive tumor microenvironment. Int Immunol. (2018)
30:445–55. doi: 10.1093/intimm/dxy042

47. Pfirschke C, Siwicki M, Liao HW, Pittet MJ. Tumor microenvironment:
no effector t cells without dendritic cells. Cancer Cell. (2017) 31:614–
5. doi: 10.1016/j.ccell.2017.04.007

48. Probst HC, McCoy K, Okazaki T, Honjo T, Van Den Broek M. Resting
dendritic cells induce peripheral CD8+ T cell tolerance through PD-1 and
CTLA-4. Nat Immunol. (2005) 6:280–6. doi: 10.1038/ni1165

49. Darrasse-Jèze G, Deroubaix S, Mouquet H, Victora GD, Eisenreich T, Yao
K, et al. Feedback control of regulatory T cell homeostasis by dendritic cells
in vivo. J Exp Med. (2009) 206:1853–62. doi: 10.1084/jem.20090746

50. Jonuleit H, Schmitt E, Schuler G, Knop J, Enk AH. Induction of interleukin
10–producing, nonproliferating CD4+ T cells with regulatory properties by
repetitive stimulation with allogeneic immature human dendritic cells. J Exp
Med. (2000) 192:1213–22. doi: 10.1084/jem.192.9.1213

51. Clausen BE, Girard-MadouxMJH. IL-10 control of dendritic cells in the skin.
Oncoimmunology. (2013) 2:8–10. doi: 10.4161/onci.23186

52. Reis E Sousa C. Activation of dendritic cells: translating
innate into adaptive immunity. Curr Opin Immunol. (2004)
16:21–5. doi: 10.1016/j.coi.2003.11.007

53. Nair-Gupta P, Baccarini A, Tung N, Seyffer F, Florey O, Huang Y, et al.
TLR signals induce phagosomal MHC-I delivery from the endosomal
recycling compartment to allow cross-presentation. Cell. (2014) 158:506–
21. doi: 10.1016/j.cell.2014.04.054

54. McLellan AD, Starling GC, Williams LA, Hock BD, Hart DNJ. Activation
of human peripheral blood dendritic cells induces the CD86 co-stimulatory
molecule. Eur J Immunol. (1995) 25:2064–8. doi: 10.1002/eji.1830250739

55. Wenzel J, Uerlich M, Haller O, Bieber T, Tueting T. Enhanced
type I interferon signaling and recruitment of chemokine receptor
CXCR3-expressing lymphocytes into the skin following treatment
with the TLR7-agonist imiquimod. J Cutan Pathol. (2005)
32:257–62. doi: 10.1111/j.0303-6987.2005.00297.x

56. Waisman A, Lukas D, Clausen BE, Yogev N. Dendritic cells
as gatekeepers of tolerance. Semin Immunopathol. (2017)
39:153–63. doi: 10.1007/s00281-016-0583-z

57. Shortman K, Naik SH. Steady-state and inflammatory dendritic-cell
development. Nat Rev Immunol. (2007) 7:19–30. doi: 10.1038/nri1996

58. Villadangos JA, Schnorrer P. Intrinsic and cooperative antigen-presenting
functions of dendritic-cell subsets in vivo. Nat Rev Immunol. (2007) 7:543–
55. doi: 10.1038/nri2103

59. Huang SW, Chang SH,Mu SW, JiangHY,Wang ST, Kao JK, et al. Imiquimod
activates p53-dependent apoptosis in a human basal cell carcinoma cell line.
J Dermatol Sci. (2016) 81:182–91. doi: 10.1016/j.jdermsci.2015.12.011

60. Eisenbarth SC. Dendritic cell subsets in T cell programming:
location dictates function. Nat Rev Immunol. (2019) 19:89–
103. doi: 10.1038/s41577-018-0088-1

61. Böttcher JP, Reis e Sousa C. The role of type 1 conventional
dendritic cells in cancer immunity. Trends Cancer. (2018)
4:784–92. doi: 10.1016/j.trecan.2018.09.001

62. Cance JC, Crozat K, Dalod M, Mattiuz R. Are conventional type 1 dendritic
cells critical for protective antitomor immunity and how? Front Immunol.

(2019) 10:9. doi: 10.3389/fimmu.2019.00009
63. Spranger S, Dai D, Horton B, Gajewski TF. Tumor-residing Batf3 dendritic

cells are required for effector T cell trafficking and adoptive T cell therapy.
Cancer Cell. (2017) 31:711–23. doi: 10.1016/j.ccell.2017.04.003

64. Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM,
et al. Critical role for CD103+/CD141+ dendritic cells bearing CCR7 for
tumor antigen trafficking and priming of T cell immunity in melanoma.
Cancer Cell. (2016) 30:324–36. doi: 10.1016/j.ccell.2016.06.003

65. Clatworthy MR, Aronin CEP, Mathews RJ, Morgan NY, Smith
KGC, Germain RN. Immune complexes stimulate CCR7-dependent

Frontiers in Immunology | www.frontiersin.org 10 September 2020 | Volume 11 | Article 578349

https://doi.org/10.4161/21624011.2014.944059
https://doi.org/10.1038/nrc3239
https://doi.org/10.18632/oncotarget.13315
https://doi.org/10.1186/s12885-018-5020-3
https://doi.org/10.1002/eji.1830250949
https://doi.org/10.4049/jimmunol.0903879
https://doi.org/10.1073/pnas.1003345107
https://doi.org/10.1172/JCI31184
https://doi.org/10.1038/ni.1674
https://doi.org/10.4049/jimmunol.1003081
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.1172/JCI80445
https://doi.org/10.1172/JCI81187
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1104621
https://doi.org/10.1056/NEJMoa1412082
https://doi.org/10.1158/2326-6066.CIR-18-0873
https://doi.org/10.1016/j.neo.2019.07.006
https://doi.org/10.3389/fonc.2018.00086
https://doi.org/10.1038/s43018-020-0038-2
https://doi.org/10.1016/j.cell.2016.11.022
https://doi.org/10.1093/intimm/dxy042
https://doi.org/10.1016/j.ccell.2017.04.007
https://doi.org/10.1038/ni1165
https://doi.org/10.1084/jem.20090746
https://doi.org/10.1084/jem.192.9.1213
https://doi.org/10.4161/onci.23186
https://doi.org/10.1016/j.coi.2003.11.007
https://doi.org/10.1016/j.cell.2014.04.054
https://doi.org/10.1002/eji.1830250739
https://doi.org/10.1111/j.0303-6987.2005.00297.x
https://doi.org/10.1007/s00281-016-0583-z
https://doi.org/10.1038/nri1996
https://doi.org/10.1038/nri2103
https://doi.org/10.1016/j.jdermsci.2015.12.011
https://doi.org/10.1038/s41577-018-0088-1
https://doi.org/10.1016/j.trecan.2018.09.001
https://doi.org/10.3389/fimmu.2019.00009
https://doi.org/10.1016/j.ccell.2017.04.003
https://doi.org/10.1016/j.ccell.2016.06.003
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

dendritic cell migration to lymph nodes. Nat Med. (2014)
20:1458–63. doi: 10.1038/nm.3709

66. Fitzgerald-Bocarsly P, Dai J, Singh S. Plasmacytoid dendritic cells and type
I IFN: 50 years of convergent history. Cytokine Growth Factor Rev. (2008)
19:3–19. doi: 10.1016/j.cytogfr.2007.10.006

67. Villadangos JA, Young L. Antigen-presentation properties
of plasmacytoid dendritic cells. Immunity. (2008) 29:352–
61. doi: 10.1016/j.immuni.2008.09.002

68. Masuta Y, Yamamoto T, Natsume-Kitatani Y, Kanuma T, Moriishi E,
Kobiyama K, et al. An antigen-free, plasmacytoid dendritic cell–targeting
immunotherapy to bolster memory CD8 + T cells in nonhuman primates.
J Immunol. (2018) 200:2067–75. doi: 10.4049/jimmunol.1701183

69. Mouriès J, Moron G, Schlecht G, Escriou N, Dadaglio G,
Lederc C. Plasmacytoid dendritic cells efficiently cross-prime
naive T cells in vivo after TLR activation. Blood. (2008)
112:3713–22. doi: 10.1182/blood-2008-03-146290

70. Tel J, Schreibelt G, Sittig SP, Mathan TSM, Buschow SI, Cruz LJ, et al.
Human plasmacytoid dendritic cells efficiently cross-present exogenous Ags
to CD8+ T cells despite lowerAg uptake than myeloid dendritic cell subsets.
Blood. (2013) 121:459–67. doi: 10.1182/blood-2012-06-435644

71. Tel J, Sittig SP, Blom RAM, Cruz LJ, Schreibelt G, Figdor CG, et al. Targeting
uptake receptors on human plasmacytoid dendritic cells triggers antigen
cross-presentation and robust type I IFN secretion. J Immunol. (2013)
191:5005–12. doi: 10.4049/jimmunol.1300787

72. Stary G, Bangert C, Tauber M, Strohal R, Kopp T, Stingl G. Tumoricidal
activity of TLR7/8-activated inflammatory dendritic cells. J Exp Med. (2007)
204:1441–51. doi: 10.1084/jem.20070021

73. Drobits B, Holcmann M, Amberg N, Swiecki M, Grundtner R, Hammer M,
et al. Imiquimod clears tumors in mice independent of adaptive immunity
by converting pDCs into tumor-killing effector cells. J Clin Invest. (2012)
122:575–85. doi: 10.1172/JCI61034

74. Cella M, Jarrossay D, Faccheth F, Alebardi O, Nakajima H, Lanzavecchia
A, et al. Plasmacytoid monocytes migrate to inflamed lymph nodes and
produce large amounts of type I interferon. Nat Med. (1999) 5:919–
23. doi: 10.1038/11360

75. Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic
cells. Nat Rev Immunol. (2015) 15:471–85. doi: 10.1038/nri3865

76. Dunn GP, Bruce AT, Sheehan KCF, Shankaran V, Uppaluri R, Bui JD, et
al. A critical function for type I interferons in cancer immunoediting. Nat
Immunol. (2005) 6:722–29. doi: 10.1038/ni1213

77. Diamond MS, Kinder M, Matsushita H, Mashayekhi M, Dunn GP,
Archambault JM, et al. Type I interferon is selectively required by dendritic
cells for immune rejection of tumors. J Exp Med. (2011) 208:1989–
2003. doi: 10.1084/jem.20101158

78. Lorenzi S, Mattei F, Sistigu A, Bracci L, Spadaro F, Sanchez M, et al. Type I
IFNs control antigen retention and survival of CD8 + dendritic cells after
uptake of tumor apoptotic cells leading to cross-priming. J Immunol. (2011)
186:5142–50. doi: 10.4049/jimmunol.1004163

79. Starbeck-Miller GR, Xue H-H, Harty JT. IL-12 and type I interferon prolong
the division of activated CD8T cells by maintaining high-affinity IL-2
signaling in vivo. J Exp Med. (2013) 211:105–20. doi: 10.1084/jem.20130901

80. Fuertes MB, Kacha AK, Kline J, Woo SR, Kranz DM, Murphy KM,
et al. Host type I IFN signals are required for antitumor CD8+ T cell
responses through CD8α+ dendritic cells. J Exp Med. (2011) 208:2005–
16. doi: 10.1084/jem.20101159

81. Klebanoff CA, Khong HT, Antony PA, Palmer DC, Restifo NP. Sinks,
suppressors and antigen presenters: how lymphodepletion enhances T
cell-mediated tumor immunotherapy. Trends Immunol. (2005) 26:111–
7. doi: 10.1016/j.it.2004.12.003

82. Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, Kammula U, et al.
Adoptive cell therapy for patients with metastatic melanoma: evaluation of
intensive myeloablative chemoradiation preparative regimens. J Clin Oncol.

(2008) 26:5233–9. doi: 10.1200/JCO.2008.16.5449
83. Dudley ME, Wunderlich JR, Yang JC, Sherry RM, Topalian SL,

Restifo NP, et al. Adoptive cell transfer therapy following non-
myeloablative but lymphodepleting chemotherapy for the treatment
of patients with refractory metastatic melanoma. J Clin Oncol. (2005)
23:2346–57. doi: 10.1200/JCO.2005.00.240

84. Gattinoni L, Powell DJ, Rosenberg SA, Restifo NP. Adoptive immunotherapy
for cancer: building on success. Nat Rev Immunol. (2006) 6:383–
93. doi: 10.1038/nri1842

85. Hsu FT, Chen TC, Chuang HY, Chang YF, Hwang JJ. Enhancement
of adoptive T cell transfer with single low dose pretreatment
of doxorubicin or paclitaxel in mice. Oncotarget. (2015)
6:44134–50. doi: 10.18632/oncotarget.6628

86. Yao X, Ahmadzadeh M, Lu YC, Liewehr DJ, Dudley ME, Liu F, et al. Levels of
peripheral CD4 +FoxP3 + regulatory T cells are negatively associated with
clinical response to adoptive immunotherapy of human cancer. Blood. (2012)
119:5688–96. doi: 10.1182/blood-2011-10-386482

87. Gattinoni L, Finkelstein SE, Klebanoff CA, Antony PA, Palmer DC, Spiess PJ,
et al. Removal of homeostatic cytokine sinks by lymphodepletion enhances
the efficacy of adoptively transferred tumor-specific CD8 + T cells. J Exp
Med. (2005) 202:907–12. doi: 10.1084/jem.20050732

88. Salem ML, Cole DJ. Dendritic cell recovery post-lymphodepletion:
a potential mechanism for anti-cancer adoptive T cell therapy
and vaccination. Cancer Immunol Immunother. (2010) 59:341–
53. doi: 10.1007/s00262-009-0792-6

89. Schiavoni G, Sistigu A, Valentini M, Mattei F, Sestili P, Spadaro F, et al.
Cyclophosphamide synergizes with type I interferons through systemic
dendritic cell reactivation and induction of immunogenic tumor apoptosis.
Cancer Res. (2011) 71:768–78. doi: 10.1158/0008-5472.CAN-10-2788

90. Torihata H, Ishikawa F, Okada Y, Tanaka Y, Uchida T, Suguro T, et al.
Irradiation up-regulates CD80 expression through two different mechanisms
in spleen B cells, B lymphoma cells, and dendritic cells. Immunology. (2004)
112:219–27. doi: 10.1111/j.1365-2567.2004.01872.x

91. SalemML, El-Naggar SA, Cole DJ. Cyclophosphamide induces bone marrow
to yield higher numbers of precursor dendritic cells in vitro capable of
functional antigen presentation to T cells in vivo. Cell Immunol. (2010)
261:134–43. doi: 10.1016/j.cellimm.2009.11.011

92. Salem ML, Diaz-Montero CM, Al-Khami AA, El-Naggar SA, Naga O,
Montero AJ, et al. Recovery from cyclophosphamide-induced lymphopenia
results in expansion of immature dendritic cells which can mediate
enhanced prime-boost vaccination antitumor responses in vivo when
stimulated with the TLR3 agonist Poly(I:C). J Immunol. (2009) 182:2030–
40. doi: 10.4049/jimmunol.0801829

93. Liu JY, Wu Y, Zhang XS, Yang JL, Li HL, Mao YQ, et al. Single
administration of low dose cyclophosphamide augments the antitumor effect
of dendritic cell vaccine. Cancer Immunol. Immunother. (2007) 56:1597–
604. doi: 10.1007/s00262-007-0305-4

94. Bloy N, Pol J, Manic G, Vitale I, Eggermont A, Galon J, et al. Trial watch:
radioimmunotherapy for oncological indications. Oncoimmunology. (2014)
3:e1214790. doi: 10.4161/21624011.2014.954929

95. Casares N, Pequignot MO, Tesniere A, Ghiringhelli F, Roux S, Chaput N,
et al. Caspase-dependent immunogenicity of doxorubicin-induced tumor
cell death. J Exp Med. (2005) 202:1691–701. doi: 10.1084/jem.20050915

96. Prise KM, O’Sullivan JM. Radiation-induced bystander signalling in cancer
therapy. Nat Rev Cancer. (2009) 9:351–60. doi: 10.1038/nrc2603

97. Tesniere A, Panaretakis T, Kepp O, Apetoh L, Ghiringhelli F, Zitvogel L,
et al. Molecular characteristics of immunogenic cancer cell death. Cell Death
Differ. (2008) 15:3–12. doi: 10.1038/sj.cdd.4402269

98. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunogenic
cell death in cancer and infectious disease. Nature. (2016) 17:97–
111. doi: 10.1038/nri.2016.107

99. Bonnotte B, Favre N, Moutet M, Fromentin A, Solary E, Martin M, et al. Role
of tumor cell apoptosis in tumor antigen migration to the draining lymph
nodes. J Immunol. (2000) 164:1995–2000. doi: 10.4049/jimmunol.164.4.1995

100. Parker JJ, Jones JC, Strober S, Knox SJ. Characterization of direct
radiation-induced immune function and molecular signaling changes
in an antigen presenting cell line. Clin Immunol. (2013) 148:44–
55. doi: 10.1016/j.clim.2013.03.008

101. Burnette BC, Liang H, Lee Y, Chlewicki L, Khodarev NN, Weichselbaum
RR, et al. The efficacy of radiotherapy relies upon induction of type I
interferon-dependent innate and adaptive immunity. Cancer Res. (2011)
71:2488–96. doi: 10.1158/0008-5472.CAN-10-2820

102. Bouquet F, Pal A, Pilones KA, Demaria S, Hann B, Akhurst RJ, et al.
TGFβ1 inhibition increases the radiosensitivity of breast cancer cells in vitro

Frontiers in Immunology | www.frontiersin.org 11 September 2020 | Volume 11 | Article 578349

https://doi.org/10.1038/nm.3709
https://doi.org/10.1016/j.cytogfr.2007.10.006
https://doi.org/10.1016/j.immuni.2008.09.002
https://doi.org/10.4049/jimmunol.1701183
https://doi.org/10.1182/blood-2008-03-146290
https://doi.org/10.1182/blood-2012-06-435644
https://doi.org/10.4049/jimmunol.1300787
https://doi.org/10.1084/jem.20070021
https://doi.org/10.1172/JCI61034
https://doi.org/10.1038/11360
https://doi.org/10.1038/nri3865
https://doi.org/10.1038/ni1213
https://doi.org/10.1084/jem.20101158
https://doi.org/10.4049/jimmunol.1004163
https://doi.org/10.1084/jem.20130901
https://doi.org/10.1084/jem.20101159
https://doi.org/10.1016/j.it.2004.12.003
https://doi.org/10.1200/JCO.2008.16.5449
https://doi.org/10.1200/JCO.2005.00.240
https://doi.org/10.1038/nri1842
https://doi.org/10.18632/oncotarget.6628
https://doi.org/10.1182/blood-2011-10-386482
https://doi.org/10.1084/jem.20050732
https://doi.org/10.1007/s00262-009-0792-6
https://doi.org/10.1158/0008-5472.CAN-10-2788
https://doi.org/10.1111/j.1365-2567.2004.01872.x
https://doi.org/10.1016/j.cellimm.2009.11.011
https://doi.org/10.4049/jimmunol.0801829
https://doi.org/10.1007/s00262-007-0305-4
https://doi.org/10.4161/21624011.2014.954929
https://doi.org/10.1084/jem.20050915
https://doi.org/10.1038/nrc2603
https://doi.org/10.1038/sj.cdd.4402269
https://doi.org/10.1038/nri.2016.107
https://doi.org/10.4049/jimmunol.164.4.1995
https://doi.org/10.1016/j.clim.2013.03.008
https://doi.org/10.1158/0008-5472.CAN-10-2820
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

and promotes tumor control by radiation in vivo. Clin Cancer Res. (2011)
17:6754–65. doi: 10.1158/1078-0432.CCR-11-0544

103. Young KH, Newell P, Cottam B, Friedman D, Savage T, Baird JR,
et al. TGFβ inhibition prior to hypofractionated radiation enhances
efficacy in preclinical models. Cancer Immunol Res. (2014) 2:1011–
22. doi: 10.1158/2326-6066.CIR-13-0207

104. Liu H, Li B, Jia X, Ma Y, Gu Y, Zhang P, et al. Radiation-induced decrease of
CD8 + dendritic cells contributes to Th1/Th2 shift. Int Immunopharmacol.

(2017) 46:178–85. doi: 10.1016/j.intimp.2017.03.013
105. Rossig C, Pule M, Altvater B, Saiagh S, Wright G, Ghorashian S, et al.

Vaccination to improve the persistence of CD19CAR gene-modified T
cells in relapsed pediatric acute lymphoblastic leukemia. Leukemia. (2017)
31:1087–95. doi: 10.1038/leu.2017.39

106. Reap EA, Suryadevara CM, Batich KA, Sanchez-Perez L, Archer GE,
Schmittling RJ, et al. Dendritic cells enhance polyfunctionality of adoptively
transferred T cells that target cytomegalovirus in glioblastoma. Cancer Res.
(2018) 78:256–64. doi: 10.1158/0008-5472.CAN-17-0469

107. Ma L, Dichwalkar T, Chang JYH, Cossette B, Garafola D, Zhang
AQ, et al. Enhanced CAR-T cell activity against solid tumors by
vaccine boosting through the chimeric receptor. Science. (2019) 365:162–
8. doi: 10.1126/science.aav8692

108. Lou Y,Wang G, Lizée G, Kim GJ, Finkelstein SE, Feng C, et al. Dendritic cells
strongly boost the antitumor activity of adoptively transferred T cells in vivo.
Cancer Res. (2004) 64:6783–90. doi: 10.1158/0008-5472.CAN-04-1621

109. Shimizu K, Kotera Y, Aruga A, Takeshita N, Katagiri S, Ariizumi SI,
et al. Postoperative dendritic cell vaccine plus activated T-cell transfer
improves the survival of patients with invasive hepatocellular carcinoma.
Hum Vaccines Immunother. (2014) 10:970–6. doi: 10.4161/hv.27678

110. Andersen MH. The T-win R© technology: immune-modulating vaccines.
Semin Immunopathol. (2019) 41:87–95. doi: 10.1007/s00281-018-0695-8

111. Klausen U, Holmberg S, Holmström MO, Jørgensen NGD,
Grauslund JH, Svane IM, et al. Novel strategies for peptide-based
vaccines in hematological malignancies. Front Immunol. (2018)
9:2264. doi: 10.3389/fimmu.2018.02264

112. Munir S, Lundsager MT, Jørgensen MA, Hansen M, Petersen TH, Bonefeld
CM, et al. Inflammation induced PD-L1-specific T cells. Cell Stress. (2019)
3:319–27. doi: 10.15698/cst2019.10.201

113. Jørgensen MA, Holmström MO, Martinenaite E, Riley CH, Hasselbalch
HC, Andersen MH. Spontaneous T-cell responses against Arginase-
1 in the chronic myeloproliferative neoplasms relative to disease
stage and type of driver mutation. Oncoimmunology. (2018)
7:1–8. doi: 10.1080/2162402X.2018.1468957

114. Emilie Weis-Banke S, Linder Hübbe M, Orebo Holmström M, Aaboe
Jørgensen M, Kloch Bendtsen S, Martinenaite E, et al. The metabolic enzyme
arginase-2 is a potential target for novel immune modulatory vaccines.
Oncoimmunology. (2020) 9:1–16. doi: 10.1080/2162402X.2020.1771142

115. Sørensen RB, Hadrup SR, Svane IM, Hjortsø MC, Straten PT, Andersen
MH. Indoleamine 2,3-dioxygenase specific, cytotoxic T cells as immune
regulators. Blood. (2011) 117:2200–10. doi: 10.1182/blood-2010-06-288498

116. Bjoern J, Iversen TZ, Nitschke NJ, Andersen MH, Svane IM. Safety, immune
and clinical responses in metastatic melanoma patients vaccinated with a
long peptide derived from indoleamine 2,3-dioxygenase in combination with
ipilimumab. Cytotherapy. (2016) 18:1043–55. doi: 10.1016/j.jcyt.2016.05.010

117. Munir Ahmad S, Martinenaite E, Hansen M, Junker N, Borch TH,
Met Ö, et al. PD-L1 peptide co-stimulation increases immunogenicity
of a dendritic cell-based cancer vaccine. Oncoimmunology. (2016)
5:e1202391. doi: 10.1080/2162402X.2016.1202391

118. Powell J, Rosenberg El-Gamil SA, Li YF, Zhou J, Huang J, Paul Robbins
DF, et al. Cutting edge: persistence of transferred lymphocyte clonotypes
correlates with cancer regression in patients receiving cell transfer therapy. J
Immunol. (2004) 173:7125–30. doi: 10.4049/jimmunol.173.12.7125

119. Zhou J, Dudley ME, Rosenberg SA, Robbins PF. Persistence of multiple
tumor-specific T-cell clones is associated with complete tumor regression in
a melanoma patient receiving adoptive cell transfer therapy. J Immunother.

(2005) 28:53–62. doi: 10.1097/00002371-200501000-00007
120. Schreibelt G, Tel J, Sliepen KHEWJ, Benitez-Ribas D, Figdor CG,

Adema GJ, et al. Toll-like receptor expression and function in
human dendritic cell subsets: implications for dendritic cell-based

anti-cancer immunotherapy. Cancer Immunol Immunother. (2010)
59:1573–82. doi: 10.1007/s00262-010-0833-1

121. Duthie MS, Windish HP, Fox CB, Reed SG. Use of defined TLR ligands
as adjuvants within human vaccines. Immunol Rev. (2011) 239:178–
96. doi: 10.1111/j.1600-065X.2010.00978.x

122. Cen X, Liu S, Cheng K. The role of toll-like receptor in
inflammation and tumor immunity. Front Pharmacol. (2018)
9:878. doi: 10.3389/fphar.2018.00878

123. Smith M, García-Martínez E, Pitter MR, Fucikova J, Spisek R, Zitvogel
L, et al. Trial watch: toll-like receptor agonists in cancer immunotherapy.
Oncoimmunology. (2018) 7:e1526250. doi: 10.1080/2162402X.2018.1526250

124. Dovedi SJ, Melis MHM, Wilkinson RW, Adlard AL, Stratford IJ,
Honeychurch J, et al. Plenary paper systemic delivery of a TLR7
agonist in combination with radiation primes durable antitumor immune
responses in mouse models of lymphoma. Blood. (2013) 121:251–
9. doi: 10.1182/blood-2012-05-432393

125. Schölch S, Rauber C, Tietz A, Rahbari NN, Bork U, Schmidt T, et al.
Radiotherapy combined with TLR7/8 activation induces strong immune
responses against gastrointestinal tumors. Oncotarget. (2015) 6:4663-
76. doi: 10.18632/oncotarget.3081

126. Adlard AL, Dovedi SJ, Telfer BA, Koga-Yamakawa E, Pollard C,
Honeychurch J, et al. A novel systemically administered toll-like receptor
7 agonist potentiates the effect of ionizing radiation in murine solid tumor
models. Int J Cancer. (2014) 135:820–9. doi: 10.1002/ijc.28711

127. Nelson MH, Bowers JS, Bailey SR, Diven MA, Fugle CW, Kaiser
ADM, et al. Toll-like receptor agonist therapy can profoundly
augment the antitumor activity of adoptively transferred CD8+ T
cells without host preconditioning. J Immunother Cancer. (2016)
4:6. doi: 10.1186/s40425-016-0110-8

128. Sato Y, Goto Y, Narita N, Hoon DSB. Cancer cells expressing toll-like
receptors and the tumor microenvironment. Cancer Microenviron. (2009)
2:205–14. doi: 10.1007/s12307-009-0022-y

129. González-Reyes S, Marín L, González L, González LO, Del Casar
JM, Lamelas ML, et al. Study of TLR3, TLR4 and TLR9 in breast
carcinomas and their association with metastasis. BMC Cancer. (2010)
10:665. doi: 10.1186/1471-2407-10-665

130. Sheyhidin I, Nabi G, Hasim A, Zhang RP, Ainiwaer J, Ma
H, et al. Overexpression of TLR3, TLR4, TLR7 and TLR9 in
esophageal squamous cell carcinoma. World J Gastroenterol. (2011)
17:3745. doi: 10.3748/wjg.v17.i32.3745

131. Griffiths EA, Srivastava P, Matsuzaki J, Brumberger Z, Wang ES, Kocent J,
et al. NY-ESO-1 vaccination in combination with decitabine induces antigen-
specific T-lymphocyte responses in patients with myelodysplastic syndrome.
Clin Cancer Res. (2018) 24:1019–29. doi: 10.1158/1078-0432.CCR-17-1792

132. Ishikawa H, Barber GN. STING is an endoplasmic reticulum
adaptor that facilitates innate immune signalling. Nature. (2008)
455:674–8. doi: 10.1038/nature07317

133. Sun L,Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic
DNA sensor that activates the type I interferon pathway. Science. (2013)
339:786–91. doi: 10.1126/science.1232458

134. Woo SR, Fuertes MB, Corrales L, Spranger S, Furdyna MJ,
Leung MYK, et al. STING-dependent cytosolic DNA sensing
mediates innate immune recognition of immunogenic tumors.
Immunity. (2014) 41:830–42. doi: 10.1016/j.immuni.2014.1
0.017

135. Jing W, McAllister D, Vonderhaar EP, Palen K, Riese MJ, Gershan
J, et al. STING agonist inflames the pancreatic cancer immune
microenvironment and reduces tumor burden in mouse models.
J Immunother Cancer. (2019) 7:115. doi: 10.1186/s40425-019-0
573-5

136. Corrales L, Glickman LH, McWhirter SM, Kanne DB, Sivick KE, Katibah
GE, et al. Direct activation of STING in the tumor microenvironment leads
to potent and systemic tumor regression and immunity. Cell Rep. (2015)
11:1018–30. doi: 10.1016/j.celrep.2015.04.031

137. Demaria O, De Gassart A, Coso S, Gestermann N, Di Domizio J, Flatz L,
et al. STING activation of tumor endothelial cells initiates spontaneous and
therapeutic antitumor immunity. Proc Natl Acad Sci USA. (2015) 112:15408–
13. doi: 10.1073/pnas.1512832112

Frontiers in Immunology | www.frontiersin.org 12 September 2020 | Volume 11 | Article 578349

https://doi.org/10.1158/1078-0432.CCR-11-0544
https://doi.org/10.1158/2326-6066.CIR-13-0207
https://doi.org/10.1016/j.intimp.2017.03.013
https://doi.org/10.1038/leu.2017.39
https://doi.org/10.1158/0008-5472.CAN-17-0469
https://doi.org/10.1126/science.aav8692
https://doi.org/10.1158/0008-5472.CAN-04-1621
https://doi.org/10.4161/hv.27678
https://doi.org/10.1007/s00281-018-0695-8
https://doi.org/10.3389/fimmu.2018.02264
https://doi.org/10.15698/cst2019.10.201
https://doi.org/10.1080/2162402X.2018.1468957
https://doi.org/10.1080/2162402X.2020.1771142
https://doi.org/10.1182/blood-2010-06-288498
https://doi.org/10.1016/j.jcyt.2016.05.010
https://doi.org/10.1080/2162402X.2016.1202391
https://doi.org/10.4049/jimmunol.173.12.7125
https://doi.org/10.1097/00002371-200501000-00007
https://doi.org/10.1007/s00262-010-0833-1
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.3389/fphar.2018.00878
https://doi.org/10.1080/2162402X.2018.1526250
https://doi.org/10.1182/blood-2012-05-432393
https://doi.org/10.18632/oncotarget.3081
https://doi.org/10.1002/ijc.28711
https://doi.org/10.1186/s40425-016-0110-8
https://doi.org/10.1007/s12307-009-0022-y
https://doi.org/10.1186/1471-2407-10-665
https://doi.org/10.3748/wjg.v17.i32.3745
https://doi.org/10.1158/1078-0432.CCR-17-1792
https://doi.org/10.1038/nature07317
https://doi.org/10.1126/science.1232458
https://doi.org/10.1016/j.immuni.2014.10.017
https://doi.org/10.1186/s40425-019-0573-5
https://doi.org/10.1016/j.celrep.2015.04.031
https://doi.org/10.1073/pnas.1512832112
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

138. Zhang C-X, Ye S-B, Ni J-J, Cai T-T, Liu Y-N, Huang D-J, et al. STING
signaling remodels the tumor microenvironment by antagonizing myeloid-
derived suppressor cell expansion. Cell Death Differ. (2019) 26:2314–
28. doi: 10.1038/s41418-019-0302-0

139. Smith TT, Moffett HF, Stephan SB, Opel CF, Dumigan AG, Jiang X,
et al. Biopolymers codelivering engineered T cells and STING agonists
can eliminate heterogeneous tumors. J Clin Invest. (2017) 127:2176–
91. doi: 10.1172/JCI87624

140. Ghaffari A, Peterson N, Khalaj K, Vitkin N, Robinson A, Francis
JA, et al. Sting agonist therapy in combination with pd-1 immune
checkpoint blockade enhances response to carboplatin chemotherapy
in high-grade serous ovarian cancer. Br J Cancer. (2018) 119:440–
9. doi: 10.1038/s41416-018-0188-5

141. Moore E, Clavijo PE, Davis R, Cash H, VanWaes C, Kim Y, et al. Established
T cell-inflamed tumors rejected after adaptive resistance was reversed
by combination STING activation and PD-1 pathway blockade. Cancer
Immunol Res. (2016) 4:1061–71. doi: 10.1158/2326-6066.CIR-16-0104

142. Richards DM, Sefrin JP, Gieffers C, Hill O, Merz C. Concepts for agonistic
targeting of CD40 in immuno-oncology. Hum Vaccin Immunother. (2020)
16:377–87. doi: 10.1080/21645515.2019.1653744

143. O’Sullivan BJ, Thomas R. CD40 ligation conditions dendritic cell antigen-
presenting function through sustained activation of NF-κB. J Immunol.

(2002) 168:5491–8. doi: 10.4049/jimmunol.168.11.5491
144. Sotomayor EM, Borrello I, Tubb E, Rattis FM, BienH, Lu Z, et al. Conversion

of tumor-specific CD4+ T-cell tolerance to T-cell priming through in vivo

ligation of cd40. Nat Med. (1999) 5:780–7. doi: 10.1038/10503
145. Diehl L, Den Boer AT, Schoenberger SP, Van Der Voort EIH, Schumacher

TNM, Melief CJM, et al. CD40 activation in vivo overcomes peptide-
induced peripheral cytotoxic T-lymphocyte tolerance and augments anti-
tumor vaccine efficacy. Nat Med. (1999) 5:774–9. doi: 10.1038/10495

146. Tay NQ, Lee CPD, Chua YL, Prabhu N, Gascoigne NRJ, Kemeny
DM. CD40L expression allows CD8+ T cells to promote their own
expansion and differentiation through dendritic cells. Front Immunol. (2017)
8:1484. doi: 10.3389/fimmu.2017.01484

147. Ward-Kavanagh LK, Kokolus KM, Cooper TK, Lukacher AE,
Schell TD. Combined sublethal irradiation and agonist anti-CD40
enhance donor T cell accumulation and control of autochthonous
murine pancreatic tumors. Cancer Immunol Immunother. (2018)
67:639–52. doi: 10.1007/s00262-018-2115-2

148. Liu C, Lewis CM, Lou Y, Xu C, Peng W, Yang Y, et al. Agonistic antibody to
CD40 boosts the antitumor activity of adoptively transferred T cells in vivo.
J Immunother. (2012) 35:276–82. doi: 10.1097/CJI.0b013e31824e7f43

149. Bajor DL, Mick R, Riese MJ, Huang AC, Sullivan B, Richman LP, et al. Long-
term outcomes of a phase I study of agonist CD40 antibody and CTLA-4
blockade in patients with metastatic melanoma. Oncoimmunology. (2018)
7:e1468956. doi: 10.1080/2162402X.2018.1468956

150. Chand Dakal T, Dhabhai B, Agarwal D, Gupta R, Nagda G, Meena AR,
et al. Mechanistic basis of co-stimulatory CD40-CD40L ligation mediated
regulation of immune responses in cancer and autoimmune disorders.
Immunobiology. (2020) 225:151899. doi: 10.1016/j.imbio.2019.151899

151. Gattinoni L, Klebanoff CA, Palmer DC, Wrzesinski C, Kerstann K, Yu Z, et
al. Acquisition of full effector function in vitro paradoxically impairs the in
vivo antitumor efficacy of adoptively transferred CD8+ T cells. J Clin Invest.

(2005) 115:1616–26. doi: 10.1172/JCI24480

152. Li Y, Bleakley M, Yee C. IL-21 influences the frequency, phenotype, and
affinity of the antigen-specific CD8T cell response. J Immunol. (2005)
175:2261–9. doi: 10.4049/jimmunol.175.4.2261

153. Zeng R, Spolski R, Finkelstein SE, Oh SK, Kovanen PE, Hinrichs CS, et
al. Synergy of IL-21 and IL-15 in regulating CD8+ T cell expansion and
function. J Exp Med. (2005) 201:139–48. doi: 10.1084/jem.20041057

154. Mousset CM, HoboW, Ji Y, Fredrix H, De Giorgi V, Allison RD, et al. Ex vivo
AKT-inhibition facilitates generation of polyfunctional stem cell memory-
like CD8+ T cells for adoptive immunotherapy. Oncoimmunology. (2018)
7:e1488565. doi: 10.1080/2162402X.2018.1488565

155. Sabatino M, Hu J, Sommariva M, Gautam S, Fellowes V, Hocker JD, et al.
Generation of clinical-grade CD19-specific CAR-modified CD81 memory
stem cells for the treatment of human B-cell malignancies Marianna. Blood.
(2016) 127:1117–27. doi: 10.1182/blood-2015-11-683847

156. Kondo T, Morita R, Okuzono Y, Nakatsukasa H, Sekiya T, Chikuma
S, et al. Notch-mediated conversion of activated T cells into stem cell
memory-like T cells for adoptive immunotherapy. Nat Commun. (2017)
8:1–14. doi: 10.1038/ncomms15338

157. Chacon JA, Wu RC, Sukhumalchandra P, Molldrem JJ, Sarnaik
A, Pilon-Thomas S, et al. Co-stimulation through 4-1BB/CD137
improves the expansion and function of CD8+ melanoma
tumor-infiltrating lymphocytes for adoptive T-cell therapy.
PLoS ONE. (2013) 8:e0060031. doi: 10.1371/journal.pone.006
0031

158. Minagawa A, Yoshikawa T, Yasukawa M, Hotta A, Kunitomo M, Iriguchi
S, et al. Enhancing T cell receptor stability in rejuvenated iPSC-derived T
cells improves their use in cancer immunotherapy. Cell Stem Cell. (2018)
23:850–8. doi: 10.1016/j.stem.2018.10.005

159. Vizcardo R, Masuda K, Yamada D, Ikawa T, Shimizu K,
Fujii SI, et al. Regeneration of human tumor antigen-specific
T cells from iPSCs derived from mature CD8+ T cells.
Cell Stem Cell. (2013) 12:31–6. doi: 10.1016/j.stem.2012.1
2.006

160. Zhang L, Davies JS, Serna C, Yu Z, Restifo NP, Rosenberg SA, et al. Enhanced
efficacy and limited systemic cytokine exposure with membrane-anchored
interleukin-12 T-cell therapy inmurine tumormodels. J Immunother Cancer.
(2020) 8:210. doi: 10.1136/jitc-2019-000210

161. Lai J, Mardiana S, House IG, Sek K, Henderson MA, Giuffrida L,
et al. Adoptive cellular therapy with T cells expressing the dendritic
cell growth factor Flt3L drives epitope spreading and antitumor
immunity. Nat Immunol. (2020) 21:914–26. doi: 10.1038/s41590-020-0
676-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Hübbe, Jæhger, Andresen and Andersen. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 13 September 2020 | Volume 11 | Article 578349

https://doi.org/10.1038/s41418-019-0302-0
https://doi.org/10.1172/JCI87624
https://doi.org/10.1038/s41416-018-0188-5
https://doi.org/10.1158/2326-6066.CIR-16-0104
https://doi.org/10.1080/21645515.2019.1653744
https://doi.org/10.4049/jimmunol.168.11.5491
https://doi.org/10.1038/10503
https://doi.org/10.1038/10495
https://doi.org/10.3389/fimmu.2017.01484
https://doi.org/10.1007/s00262-018-2115-2
https://doi.org/10.1097/CJI.0b013e31824e7f43
https://doi.org/10.1080/2162402X.2018.1468956
https://doi.org/10.1016/j.imbio.2019.151899
https://doi.org/10.1172/JCI24480
https://doi.org/10.4049/jimmunol.175.4.2261
https://doi.org/10.1084/jem.20041057
https://doi.org/10.1080/2162402X.2018.1488565
https://doi.org/10.1182/blood-2015-11-683847
https://doi.org/10.1038/ncomms15338
https://doi.org/10.1371/journal.pone.0060031
https://doi.org/10.1016/j.stem.2018.10.005
https://doi.org/10.1016/j.stem.2012.12.006
https://doi.org/10.1136/jitc-2019-000210
https://doi.org/10.1038/s41590-020-0676-7~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Leveraging Endogenous Dendritic Cells to Enhance the Therapeutic Efficacy of Adoptive T-Cell Therapy and Checkpoint Blockade
	Introduction
	Dendritic CELL Subtypes and Their Role in T Cell Priming
	Conventional Dendritic Cells
	Plasmacytoid Dendritic Cells

	Strategies to Engage Endogenous DCs For Improved Act Efficacy
	Pre-conditioning With Chemotherapeutics or Radiotherapy
	Vaccination
	TLR Stimulation
	STING Agonists
	CD40 Stimulation

	Discussion
	Concluding Remarks
	Author Contributions
	Funding
	References


