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Abstract: Dendritic cells (DCs) are immune specialized cells playing a critical role in promoting
immune response against antigens, and may represent important targets for therapeutic interventions
in cancer. DCs can be stimulated ex vivo with pro-inflammatory molecules and loaded with tumor-
specific antigen(s). Protocols describing the specific details of DCs vaccination manufacturing vary
widely, but regardless of the employed protocol, the DCs vaccination safety and its ability to induce
antitumor responses is clearly established. Many years of studies have focused on the ability of
DCs to provide overall survival benefits at least for a selection of cancer patients. Lessons learned
from early trials lead to the hypothesis that, to improve the efficacy of DCs-based immunotherapy,
this should be combined with other treatments. Thus, the vaccine’s ultimate role may lie in the
combinatorial approaches of DCs-based immunotherapy with chemotherapy and radiotherapy, more
than in monotherapy. In this review, we address some key questions regarding the integration of
DCs vaccination with multimodality therapy approaches for cancer treatment paradigms.

Keywords: dendritic cells; immunotherapy; cancer; adjuvant therapy

1. Introduction

Malignant growth depends on the failure of the immune system to recognize cancer
cells, due to the ability of tumor cells to effectively silence the “danger signal” required
for immunological activation. When the immune surveillance process fails, one of the
protective mechanisms against tumor growth is lost. Strategies are being developed to
correct this vaccination failure [1].

Since their discovery in 1973, Dendritic Cells (DCs) were considered the crucial
Antigen-Presenting Cells (APCs) for the activation of the adaptive immune system and
may represent important targets for therapeutic cancer interventions [2].

In mouse models, it was extensively demonstrated that DCs prepared for immunother-
apeutic use can capture tumor antigens, which are released from tumor cells, and present
them to T cells in tumor-draining lymph nodes. This DCs capability results in the gen-
eration of tumor-specific Cytotoxic T Lymphocytes (CTLs) that contribute to tumor re-
jection [3,4]. To achieve this, DCs need to be stimulated ex vivo with pro-inflammatory
molecules and loaded with tumor-specific antigen(s). The goal of cancer vaccines is to
elicit tumor-specific cell-mediated immune responses that will be sufficiently robust and
long-lasting to generate durable tumor regression and/or eradication.

Since the 1990s, DCs were used in clinical trials for therapeutic vaccination of cancer
patients. As natural DCs constitute only about 1% of peripheral blood mononuclear cells
(PBMCs), several ways to generate DCs from precursors have been investigated for DCs’
vaccination purposes.

Natural circulating DCs or monocytes are isolated from autologous PBMCs obtained
by apheresis. In case of monocytes, ex vivo differentiation into DCs are required. Both
natural circulating DCs and monocyte-derived DCs are matured cells, as this is essential
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for effective T-cell activation [5]. DCs maturation is a complex process: maturation signals
come from contact with pathogens or tissue injury in vivo or from a variety of stimuli
in vitro; the outcome depends on the type of signals that the DCs receive.

During the vaccine manufacturing process, DCs are loaded with relevant tumor
antigen(s) to induce a tumor-specific immune response in patients. Several methods to
load DCs with antigen have been reported [6].

Protocols describing the specific details of DCs vaccination manufacturing vary widely.
Differences cover all aspects of DCs vaccination, including culture methods, usage of DCs
subsets, maturation strategies, antigen types and loading techniques. In addition, to obtain
a highly effective product, the route of administration must also be considered.

Regardless of the employed protocol, side effects analyzed in the majority of DCs
vaccination protocols resulted minimal, consisting mainly in flu-like symptoms, fever and
local reactions in accordance with the injection site. Toxicity is extremely uncommon when
DCs vaccination is given as monotherapy [7]. These data are confirmed by phase III trials
where DCs vaccination is compared with placebo [8–11]. Therefore, DCs vaccination is
considered safe for cancer patients.

A functional immune response is a complex and multi-step process. At least four
components of the immune response are necessary for a positive result: the presence of
appropriate APCs, the quality of induced CD4+ T helper cells, the control of regulatory T
cells (Tregs) and the breakdown of the immunosuppressive tumor microenvironment. Thus,
the ultimate role for vaccines may lie in the combination with other treatments. Clinical
studies combining DCs vaccination with chemotherapy, radiotherapy (RT) and/or other
targeted therapy have been performed, confirming, in Phase I, the safety of DCs [12–15].

Immunotherapy is a fast-moving field, and it is a major pathway of developmental
therapeutics for metastatic patients. Lessons learned from early trials move to the hy-
pothesis that combinatorial approaches of immunotherapy with DCs, chemotherapy, and
RT rather than monotherapies can improve the efficacy of the cancer treatment option
(Figure 1). The aim of this paper is to report an update review in the understanding of this
synergy and in the potential advantages of a multimodal therapy.
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Figure 1. Combined therapy. Tumor escape mechanisms often inhibit the effect of dendritic cell vaccination. Conventional
therapies such as chemo/radiotherapy can collaborate with DCs vaccination, promoting the activation of immune cells
effectors and hampering the functions of immunosuppressive cells. Other innovative strategies are under investigation
as a support to contrast tumor immune escape, such as inhibitors of Tregs and MDSCs; ICI, adoptive cells therapies and
preconditioning of the pre-vaccine injection site.

2. Ex Vivo-Generated DC Vaccines

Natural DCs present in the human blood represents only about 1% of PBMCs. Despite
the limited number, some authors have described the possibility of using natural DCs
in clinical trials without an extensive culture period. Recently, it has been demonstrated
that is possible to obtain more than 10 million plasmacitoid DCs, and an even higher
number of BDCA-1 myeloid DCs, after a single leukapheresis, despite their low frequency
among PBMCs [16]. Some clinical trials have proven the safety and feasibility of this “first
generation” vaccine [17,18].

A major advantage of natural circulating DCs is their rapid isolation procedure with
antibody-coated magnetic beads. Natural DCs subsets are postulated to be more powerful
compared with monocyte derived DCs due to their unique functional properties and
crosstalk capacity [19].

To overcome the limit of natural DCs low number in the peripheral blood, starting
from 1994 investigators have sought a way to generate, ex vivo, large amounts of DCs,
starting from the CD14+ cell subset from apheresis, with the aim of using them as “sec-
ond generation” vaccines for patient treatment [20,21]. Monocytes require an ex vivo
differentiation and maturation process to originate DCs.
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2.1. Maturation Protocols

As mentioned above, ex vivo generation of a large amount of DCs can occur using dif-
ferent culture protocols. After isolation, CD14+ cells are cultured with cytokines, typically
granulocyte-macrophage-colony stimulating factor (GM-CSF) and interleukin (IL)-4 for
four to five days, after which DCs display an immature phenotype.

Historically, in the first clinical studies involving the use of DCs for patient treatment,
the authors planned to use immature or semi-immature DCs-derived monocytes. Later
trials have demonstrated that mature DCs use is better in terms of enhanced migratory
capacity, immunogenicity, expression of HLA-DR and costimulatory molecules. These
findings are strongly related to an improved clinical outcome [21,22]. Taken together,
these conclusions show the superiority of mature DCs in antigen presence and therefore in
inducing T-cell responses [22–24].

The choice to use mature DCs in clinical trials is closely related to the optimization of
the ex vivo DCs culture protocol, mainly in terms of the maturation cocktail. In vivo, the
contact with the pathogens or tissue injury starts the DCs maturation process; the outcome
depends on the type of signals that the DCs receive. Ex vivo DCs maturation depends on a
variety of stimuli to which DCs are submitted during the culture process. The best DCs
preparation protocol should give origin to DCs with a high migration capacity towards
lymph nodes, DCs able to present antigens and co-stimulation to T cells, and finally DCs
able of surviving to T-cell activation.

The most widely used DCs maturation cocktail includes cytokines GM-CSF and IL-
4 and tumor necrosis factor-α (TNFα) in combination with IL-1β, IL-6, prostaglandin
E2 (PGE2) or monocyte-conditioned medium [21,25]. This mix produces mature DCs
with a superior ability to stimulate T cells than immature DCs [26] and an improved
migratory capacity to mobilize DCs towards lymph nodes where they can prime T cells [27].
However, there are data supporting the fact that mature DCs preferentially recruit Tregs,
thus potentially dampening any immune response initiated.

Some authors also theorized the addition of Interferon γ (INFγ), Poli-IC and Toll
Like Receptors (TLR) ligands or costimulatory pathways (CD40-CD40L) to the maturation
cocktail, thus resulting in the production of high levels of IL-12, which directs a Th1-type
T cell response [28–31]. In clinical trials, Poly-IC matured DCs vaccines are reported as
well-tolerated, producing immunological and clinical responses. However, there are no
clinical trials that directly compare Poly-IC matured DCs with cytokine cocktail matured
DCs. CD40L induced CD86 and CD83 expression on DCs, but it seems that it did not
improve anti-tumor specific T cell proliferation. The use of CD40L was compared to a
cytokine cocktail and no difference was found in the immunological response [32].

Some authors showed that DCs may also be activated by electroporation with mRNA
encoding constitutively active TLR4 and CD40 ligand, obtaining DCs able to suppress
Tregs functions and to reprogram Tregs to Th1 cells under certain circumstances [33,34].

2.2. Extensive-vs. Short-Culture Period

An important aspect in terms of DCs preparation for clinical use is the time requested
for cell manufacturing. Traditional protocols have a duration of seven to eight days
and foresee medium and repeated cytokines addition. In a good manufacturing practice
(GMP)-compliant context, this promotes increased costs in terms of consumables, as well
as operator activity in a clean room. Some groups have demonstrated that it is possible
to obtain DCs with the safety and efficacy requested by regulatory agencies using short
culture protocols in three to five days [35,36].

Together to the shortening of the culture, in the last years manufacturing challenges
also concerned the transfer from culture flasks to bags and, finally, bioreactors. This
constitutes a great advantage in terms of GMP requirements and allows an easier and
safer passage from research DCs preparation protocols to automatic DCs preparation
of commercial drugs. Manufacturing cells to be used as drugs for patient treatment
were traditionally prepared in “open” polystyrene-based vessels both for adherent and
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suspension cell cultures. Open cell culture systems require the opening of flasks or plates
for media changes and other cell culture manipulations [36,37]. To decrease the risk of
product contamination by individual operators and to facilitate the scale-up or scale-out
and automation of cell production, “closed” culture systems are thus generally preferred
by regulatory authorities to comply with current good manufacturing standards.

2.3. Tumor Antigens and DCs Loading

Antigen processing and presentation is a biological mechanism used by APCs to
capture, process and expose the antigen on the cell surface in association with the histocom-
patibility complex. DCs are specialized APCs effective for carrying out this role, since they
are able, once the antigen has been captured, to move into the lymph nodes and to present
it to T lymphocytes activating them. For this capability, the practical use of DCs as delivery
vehicles for antigen presenting finds extensive application in the immunotherapeutic field
for a wide range of tumor types.

To date, several methods have been evaluated for loading DCs with tumor antigen in
antitumor immunity induction. However, the best approach for loading DCs to induce the
strongest CTLs responses has not yet been identified [38].

Tumor cell lysates are the most used source to load DCs. The lysis procedure mostly
assures that tumor cells die before antigen loading, thus guaranteeing the safety of these
cells. Freeze-thaw processing, UVB irradiation to induce cellular necrosis and apoptosis,
manual and/or mechanical breakdown of the tumor, and whole tumor Hypoclorous acid
Oxidation (HOCl) are the most common procedures to prepare tumor lysates [39–43].
Loading DCs with tumor lysates has the advantage off reducing the possibility of escape
tumors from immunological control, bypassing the need to identify specific antigens, which
in many cases have not yet been identified, allowing this methodology to be applied to
a wider range of tumor types. Furthermore, targeting a full range of antigens has the
advantage of preventing antigen-loss tumor variants [44]. The main disadvantage in the
use of whole tumor cell lysates is the possible presence of normal tissue antigens that can
induce autoimmune processes [45].

Fusion of DCs with tumor cells is another strategy to deliver all tumor cell antigens
onto DCs to generate a specific CTL immune response [46].

DCs loading with peptide(s) is an alternative modality to induce antitumor responses.
Peptides with defined epitopes have the advantage of inducing epitope-specific immune
response limiting possible autoimmune reaction. However, this approach can limit the
studies only to those tumors for which specific antigens have been identified. Furthermore,
the same epitope can induce different individual reactivity and limit the application to
MHC-matched patients only. In addition, the possibility of tumor escape from immune
recognition is higher than using a tumor antigens broad spectrum. To overcome this
limitation, loading DCs with whole protein may be preferred.

Liposome-mediated fusion, electroporation, and osmotic loading are the most popular
methods for loading DCs with protein [42]. The use of DNA and RNA constructs is a
new innovative method for DCs antigen loading. Transfection with DNA and RNA has
been tested and has a lot of advantages: (a) generation of large amount of immunogenic
DNA/RNA to be used in clinical application, even when tumor tissue is limited and/or
difficult to be obtained; (b) increased efficiency of the immune response induction; (c) nu-
cleic acid-based constructs involve synthesis of antigens that can be expressed, processed
and presented in a complex with MHC molecules for a long time and efficiently, inducing T
cells immune response [38,42,45]. In addition, RNA sequencing technologies to determine
somatic mutations inside the tumor is an evolving technique that allows for the release of
the neo-antigens, and possibly enables patient and tumor specific antigens for vaccines.
However, limits are due to the frequency of neo-antigens strongly dependent on the tumor
type [1].

The described methods for loading tumor antigens are generally valid; but due to
the different nature of tumor cells and their variety, a method may be more suitable for
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some types of tumors but not for others, in this way provoking tumor immune responses
of different efficiency [38,45]. Identifying the optimal DCs loading strategy for each tumor
type therefore represents a challenge for cancer immunotherapy.

2.4. Clinical Trials

The therapeutic use of cancer vaccines has recently been reviewed as a consequence
of clinical trials series that have yielded encouraging clinical outcomes. First, treatment of
metastatic prostate cancer with sipuleucel-T (also known as APC 8015), a cell product based
on enriched blood APCs that are briefly cultured with a fusion protein of prostatic acid
phosphatase (PAP) and GM-CSF with the result of an approximately a four month longer
median survival in Phase III trials [47,48]. Sipuleucel-T has been approved by the US Food
and Drug Administration (FDA) for metastatic prostate treatment and cancer resolution,
thereby paving clinical development and regulatory paths for the next generation of cellular
immunotherapy products. Second, a Phase III trial in metastatic melanoma that tested the
peptide vaccine in combination with high-dose IL-2 versus IL-2 alone, showed significant
improvement in overall response rates and progression-free survival in patients who
received the vaccine [49]. Third, a Phase III trial in patients with follicular lymphoma
showed that idiotype vaccine therapy significantly prolongs duration of chemotherapy-
induced remission [50]. Furthermore, a randomized Phase II trial of a poxvirus-based
vaccine (PROSTVAC) targeting men with Prostate Specific Antigen (PSA) in metastatic
castration-resistant prostate cancer showed an improved overall survival in patients when
compared with the ones receiving control vectors (an observed difference of 8.5 months
in median survival) [51]. DCs generated ex vivo by culturing haematopoietic progenitor
cells or monocytes with cytokine combinations have been tested as therapeutic vaccines
in cancer patients for more than a decade [52]. These clinical studies concluded that
DCs-based vaccines are safe and can induce the expansion of circulating CD4+ T and
CD8+ T cells which are specific for tumor antigens. Objective clinical responses have been
observed in some patients. Clinical response takes time to develop, but remissions can
be very long-lasting [7,53]. Tumor antigens selection for loading DCs is an important
parameter. Candidate tumor antigens include unique (mutated) antigens and shared
non mutated self-antigens [54–57]. To generate broadly applicable vaccines, non-mutated
self-antigens have often been selected. These, however, have potential shortcomings: the
range of high-avidity clones might be depleted through negative selection [58,59], and
the existing memory T cells often include Treg cells. Using mutated antigens might avoid
these drawbacks. Cancer vaccines designed to elicit strong immune responses against
these mutated antigens will require a fully personalized approach. A few years ago this
represented a considerable challenge; fortunately, the development and application of
RNA sequencing (RNA–Seq) technologies led to the determining of the complete range of
mutated antigens from patients’ primary tumor and metastases, thereby allowing patient
customized therapeutic vaccines.

3. Immunotherapy in Combination with the Standards of Care: May It Help?

Multiple clinical trials have investigated the role of immunotherapy combined with
radio/chemotherapy in cancers (Table 1). Mixed approaches can promote and enhance the
immunogenic environment through increased antigen presence, phagocytosis, cell death,
and immune-mediated tumor surveillance [60]. Early trials have shown promising efficacy
and tolerable adverse effects with multimodality therapy; the combination of conventional
therapy with immunotherapy seems to result in the enhancement of T cell activation and
function, depletion of Tregs, and reversion of T cell exhaustion and anergy.
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Table 1. Adjuvant Dendritic Cell Immunotherapy trials for cancer treatment.

Description N. of Trials Disease(s) Status Phase

DCs based adjuvant
therapy versus

standard of care
(radio/chemotherapy)

79

24 Brain tumors;
13 Melanoma; 12 Breast

Cancer; 6 Liver/colo-rectal
cancer; 4 pancreatic cancer;

20 other.

15 Recruiting; 19 Not
(yet) recruiting; 38 com-

pleted/terminated;
7 Unknown/withdrawn

3 in phase 3; other
phase 1, 2

DCs based adjuvant
therapy plus ICI 42

11 Melanoma; 3 brain
tumor; 4 Gastric cancer;

4 lung cancer; 3 pancreatic
cancers;

5 Myeloma/Lymphoma;
12 other

15 Recruiting; 9 Not (yet)
recruiting; 12 com-
pleted/terminated;

6 Unknown/withdrawn

5 in phase 3/4; other
phase 1, 2

DCs based adjuvant
therapy plus other

adoptive cells therapy
29

6 Brain tumors;
3 Melanoma; 1 lung;
7 epato/gastrict tract

cancer;
4 Myeloma/Lymphoma;

8 other

8 Recruiting; 4 Not (yet)
recruiting;

5 completed/terminated;
12 Unknown/withdrawn

2 in phase 3; other
phase 1, 2

Searching on clinicaltrial.gov (accessed on 5 November 2021) using the keywords “dendritic cells”, “adjuvant therapy” and “cancer” led to
150 results. The majority of trials (79) involve the use of DCs as an adjuvant therapy in combination with the standard of care; 42 trials out
of 150 used DCs in addiction to ICI; 29 trials used DCs with other adoptive cells therapies. Most of the trials focus on diseases such as brain
tumors (33) and melanoma (27), followed by myeloma/lymphoma (16) breast cancer (12), liver/colon-rectal cancer (six), gastric cancer (11),
pancreatic (seven) and lung cancer (five). The majority of trials are in early phase (1, 2) only 10 out of 150 are in phase 3 or 4. The complete
list of trials is reported in Supplementary Materials Table S1.

3.1. DCs Immunotherapy Combined with Chemotherapy

The combination of DCs with chemotherapy seems unusual, as chemotherapy is
known to have an immunosuppressive effect: cytotoxic chemotherapy induced depletion
of leukocytes due to non-specific cell death of proliferating cells [61–63] is presumed
to occur through a non-inflammatory apoptotic process or by induction of immune
tolerance [61–63]. Chemotherapy could therefore theoretically reduce the efficacy of im-
munotherapy due to the depletion of the peripheral pool of available immune cells and
induced tolerance. However, new evidence has led to a reevaluation of these conclusions.

Recent studies have indeed shown that chemotherapy also has out of target immuno-
logical effects, like immunogenic cell death (ICD) of tumor cells, which cause enhancement
of anti-tumor immunity [64,65], and increasing tumor cell permeability to CD8+ T-cell–
derived cytolytic factors. Moreover, this strategy has several others immune-potentiating
effects: for example, depletion of myeloid-derived suppressor cells (MDSCs) and Tregs.

Chemotherapy creates a cytokine milieu for optimal expansion of antitumor effector
cells; for this reason, chemotherapy has been applied in combination with adoptive T-cell
transfer [66,67], with the result of a synergistic activity of the two treatments [68–70].

Many chemotherapeutic drugs, such as cyclophosphamide, temozolomide (TMZ),
and gemcitabine seem to be the cause of tumor cell death by anti-tumor immunity [71].

Administration of cyclophosphamide prior to DCs therapy was found to prolong
survival in mouse models of mesothelioma, melanoma and colon carcinoma compared to
monotherapy. This appears associated with a decrease in Tregs and a subsequent increase
in T cells.

TMZ is an alkylating agent mainly used to treat glioblastoma (GBM) and melanoma
due to its ability to cross the blood brain barrier. TMZ at high doses induces lympho-
ablation while at low doses it mainly targets Tregs. Administration of TMZ prior to
DCs therapy in patients with melanoma reduced circulating Tregs: studies indicate that
administration of TMZ before or during DCs therapy could strengthen the efficacy of DCs
therapy, while DCs therapy followed by TMZ may adversely affect DCs-induced antitumor
immunity [71]. Some data in GBM suggest that TMZ-induced lymphopenia combined
with anti-EGFRvIII peptide vaccination may reduce helper of T cells fraction and enhance

clinicaltrial.gov
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humoral responses [72]; other preclinical data indicate that TMZ may impair the antitumor
activity of CD8+ T cells [73–76]. Eoli et al. suggest that systemic administration of TMZ
in standard treatment can limit the antitumor immune response of CD8+ T cells induced
by DCs vaccine and their long-lasting response [77]. Interestingly, preclinical data have
recently indicated that standard, but not metronomic, doses of TMZ increased exhaustion
markers in tumor infiltrating lymphocytes [78].

In 2008, Heimberger et al. suggested that chemotherapy is not necessarily counterpro-
ductive to immunotherapy as long as it is administered outside the therapeutic window,
during which vaccine induced CTLs are more reactive and active against tumors [79].
Outside this effector phase, TMZ lympho-depleting effects may indeed be desirable, as
they can reduce immunosuppressive lymphocytes such as Tregs and thus improve the
local immune profile [79,80].

Administration of gemcitabine improves antitumor immunity by depleting MDSCs
and Tregs. In mouse models of colon and pancreatic cancer, gemcitabine treatment before
and after DCs therapy prolonged survival compared to untreated mice at greater extent
than monotherapies. In a mouse pancreatic model, simultaneous treatment of DCs therapy
and gemcitabine delayed tumor growth and prolonged survival in comparison with both
monotherapies [64]. DCs-based chemo-immunotherapy is about to become an important
treatment model in cancer immunotherapy [81].

So far, no clinical studies have been reported that exclusively tested the combination
of chemotherapy and DCs vaccination. In melanoma, a phase III study shows encouraging
data following combined treatment with chemotherapy and DCs vaccination with the
addition of a Cyclooxygenase-2 (COX-2) inhibitor, and in lung cancer with the addition of
autologous T cells. The two randomized trials show a longer overall survival than the one
deriving from chemotherapy alone [82–84].

3.2. DCs Therapy Combined with Radiotherapy

RT is commonly considered an immunosuppressive agent that non-selectively affects
rapidly dividing cells [85,86]. In particular, T lymphocytes prove to be extremely sensitive
to ionizing radiation [87]; therefore, it is natural to assume that RT is counterproductive to
immunotherapy, as it systematically eliminates antitumor response key mediators.

However, several studies have suggested that the immune system has an important
role with regard to radiation’s therapeutic effects, promoting tumor cell death in the
radiation area; for all these reasons, combining radiotherapy with DCs therapy may give
origin to synergistic effects and extend clinical reactions. Stone and colleagues were
among the first to demonstrate the involvement of the immune system in radiation’s
therapeutic effects [88]. In a chemically induced fibrosarcoma model, it was calculated
that the radiation dose needed to control 50% of tumor cells. After the immune system
stimulation through a crude bacterial preparation, the dose of radiation required to control
tumors was significantly reduced [88]. Subsequent studies have shown that the immune
cells most involved in this mechanism are CD8+ [89–92]. Considering these interactions,
the combination of radiation with immunotherapy could increase radiosensitization and
improve local tumor control.

One of the best-studied mechanisms through which radiation can enhance immune
responses or immunotherapy efficacy is the upregulation of class I MHC [89,93–97]. Since
many cancers downregulate MHC expression as a mechanism to escape immune system
detection, this upregulation is an important component of immune response. In GBM, for
example, MHC downregulation is a well-described phenomenon [98,99]. In the treatment
of this tumor, RT increases the expression of MHC molecules, thereby counteracting a major
strategy for immune evasion from GBM. In the murine model of glioma GL261, Newcomb
et al. observed that whole-body radiotherapy (WBRT) was able to induce upregulation
of β2-microglobulin light chain subunits of the MHCI complex on glioma cells, with a
concomitant increase of CTLs and infiltration of helper T cells. Furthermore, administration
of both WBRT and allogeneic GL261 vaccination resulted in a survival advantage over
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WBRT alone, with superior long-term survival [100]. The increase in antigen presentation
following MHC overexpression after RT has the advantage of providing a natural target
for vaccine-induced antitumor immunity.

Radiation also appears to activate DCs and enhance tumor cross-presentation by
causing the release of tumor antigens via inflammatory cell death, DCs activation, migration
and cross-presentation of tumor antigens resulting in tumor-specific T cells activation
and proliferation [101]. It has been shown that exposure to necrotic cells induces DCs
maturation and a better antitumor response of the host secondary to cross-priming with
effector lymphocytes [102,103]. These findings are the key steps through which radiation
can induce antigen-specific systemic anticancer immune responses.

As radiation therapy induces the death of immunogenic cells, it causes the release of
damage-associated molecular patterns and tumor-derived antigens, leading to initiation
and migration of DCs towards lymph nodes and induction of systemic antitumor immune
responses [104–106]. The survival benefits of combined RT and DCs vaccination have been
described in several tumor models, including melanoma [107], prostate cancer [108], liver
metastases [109] and breast cancers [110], and also in multiple preclinical models [111–114]
in which decreased tumor mass and prolonged survival compared to monotherapy were
observed. For example, intra-tumor injection of DCs following 15Gyofexternal beam RT
(EBRT) in a mouse model enhanced tumor specific CTLs activity and effective antitumor
immunity not observed with either method alone. Induction of systemic immunity was
observed in a squamous cell carcinoma mouse model, where the combination of radio-
therapy with intratumoral administration of DCs increased the number of CTLs in the
tumor-draining lymph node rather than DCs monotherapy [111].

Many other immunostimulatory mechanisms have emerged from studies on the effect
of RT. Among these, the upregulation of FAS represents an interaction mechanism between
radiation and the immune system [93,115,116] expressing FAS-L, which may or may not be
specific for tumor-associated antigens.

Other mechanisms concern changes in the vascular endothelium that enhance ex-
travasation of immune cells [117] and increased expression of chemokine attractants that
enhance immune cell migration and invasion [118,119]. Many groups have confirmed an
increase in tumor infiltrating lymphocytes (TILs) in experimental models after irradia-
tion [89,93,115,120–123].

3.3. Cryoablation

Among therapies, cryoablation should also be mentioned.
Cryoablative therapy is a process that uses extreme cold to destroy tissue. Ablation

occurs in tissue that has been frozen by at least three mechanisms: (a) the formation of ice
crystals which disrupt cell membranes; (b) the coagulation of blood, thereby interrupting
blood flow; and (c) the induction of apoptosis. Cryoablation is mostly indicated for tumors
at an early stage or those not eligible for surgery. The synergies of local ablative techniques
together with systemic treatments are currently under investigation in interventional
oncology. Given that cryoablation provides a pool of antigens visible for the immune
system to induce an immune-specific activation directed against the tumor cells, it could
be a very useful adjuvant anticancer therapy [124].

4. Combating Tumor Immune Evasion

DCs vaccination may be more efficient in combination with therapies that break
the suppressive tumor microenvironment. Tumor escape mechanisms are different and
include: the secretion of immunosuppressive cytokines and activation of negative regu-
latory pathways, the loss of tumor antigen expression or downregulation of class I MHC
expression with impaired immune recognition, and the expansion and recruitment of
Treg and MDSCs [125]. Furthermore, the tumor vascularity itself can form an important
barrier for T cells to reach the tumor [126]. Some mechanisms highlighted by combinatorial
therapies appear to be able to counteract tumor escape mechanisms and make DCs-based
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immunotherapy more effective: but so far only a few have been studied in clinical trials and
may not be sufficient or not always an effective treatment. Many mechanisms to counter
immune escape have been studied. The use of anti-CD25 antibodies is able to deplete
Tregs, demonstrating better immune-mediated tumor rejection in mouse models [127].
Unfortunately, the same approach is not valid in humans despite the efficient depletion
of Tregs from the peripheral circulation and the increased frequencies of tumor-specific
T cells [128,129]. Conversely, Treg-lowering drugs appear to have paradoxical immuno-
logical effects that could compromise DCs vaccination activity as natural killer (NK) cell
depletion and induction of tolerogenic DCs [130]. Together with Tregs, MDSCs directly
suppress CD8+ T cell responses at the tumor site, hindering the immune response and
supporting tumor growth. To target MDSCs, several interventions are being studied,
including COX-2 inhibitors and arginase inhibitors [131]. Furthermore, inhibitors of the
Indoleamine 2,3-Dioxygenase (IDO) pathway form a new class of immunomodulators
that inactivate Tregs and MDSCs with unknown substantial immunological effects that
compromise any effective antitumor response [132]. The combination of an IDO inhibitor
and DCs vaccination is currently being tested during phase II studies in prostate and breast
cancer (NCT01560923; NCT01042535-phase II), and is so far proving to be tolerated.

4.1. Dendritic Cells Combined with Immune Checkpoint Inhibition

It is well known that tumor cells are able to upregulate the expression of checkpoint
molecules (such as CTLA-4, PD-L1, and PD-1), leading to anergy of cytotoxic T cells in
the tumor microenvironment [133]. Immune checkpoint inhibitors (ICI) antagonize these
molecules and thus aim to increase the antitumor immune response. In 2010, ipilimumab
(a monoclonal antibody targeted to CTLA-4) was shown to provide clinical benefit in
cancer patients (melanoma and other tumors), extending median overall survival (OS) to
10 months [134]. In 2014, two other monoclonal antibodies (pembrolizumab and nivolumab)
were approved for targeting the PD-1 pathway in the treatment of metastatic melanoma,
and these were followed by the anti PD-L1 antibodies avelumab, atezolimumab and
durvalumab [135–137]. Other checkpoint molecules such as TIM-3 and LAG-3, currently
in various stages of clinical investigation, have been shown to inhibit antitumor immune
response [138].

Despite promising results, ICI also showed limitations: PD-1 inhibitors have an objective
response rate ranging from 50% to 80% in melanoma, Merkel cell carcinoma and carcinoma
squamous cells; an average of 15–30% in most other cancers; while virtually no improvements
have been seen in cancers such as pancreatic cancer [139]. Combining PD-1 blockers with
other ICI may improve the response rate, but with unacceptable increased toxicity related to
immune adverse events. Since ICI requires pre-existing anticancer T cells at the tumor site and
their clinical efficacy depends on the extent of T cell infiltration [140], their combination with
anticancer vaccines is an obvious strategy to be pursued in order to raise awareness. Both ICI
and DCs vaccination exert their effects primarily through modulation of the immune system
acting in this way at different stages of the cancer immune cycle. For the ICI response, tumor-
specific T cells must be present in the tumor microenvironment, the generation of which
can be aided by DCs vaccination [141]; a higher number of tumor-infiltrating lymphocytes
is associated with a better response to ICI. In contrast, DCs vaccination-induced T cells are
often hampered by the immunosuppressive tumor environment. ICI could help the effector
functions of these T cells by reducing inhibition through PD-1 signaling or by enhancing T
cell activation through CTLA-4 modulation.

However, contrary to preclinical data, clinical data on combined treatment with ICI
and DCs vaccination in humans are still limited. In 2009, Ribas et al. reported the safety of
the combination of tremelimumab (CTLA-4 mAb) and DCs vaccination in patients with
melanoma [142] in which four of 16 patients (25%) achieved an objective clinical response.
Moreover, Wilgenhof et al. showed an overall survival of 38% in 39 patients with metastatic
melanoma treated with a combination of ipilimumab and DCs vaccination [143]. Clinical
trials suggest little further toxicity from adding DCs vaccines to ICI. An important aspect
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of the combined strategies is the timing of administration [144]. It would seem logical to
first administer DCs vaccines to generate tumor-specific T cells and subsequently release
immunosuppression with anti-PD-1 mAb. In contrast, the timing of administration of
DCs and ipilimumab vaccines may be more complex, since both ipilimumab and these
vaccines exert their functions in the priming phase of T cells. Indeed, in a preclinical model
of prostate cancer, an optimal response to ipilimumab was shown when given on the same
vaccination day [145].

4.2. Dendritic Cells Vaccination Combined with Adoptive Cell Therapies

In recent years, the rapid development of cancer immunotherapy, such as TILs, NK,
CTLs, cytokines, induced killer cells (CIKs) and other immune cells, has provided a novel
approach to a cancer treatment considered as a fourth-line cancer therapy [146]. Among
these, CIKs alone or in combination with DCs have attracted increasing attention as
an effective cellular immunotherapy [147,148]. CIKs, which are cytotoxic lymphocytes
generated by the incubation of peripheral lymphocytes with anti-CD3 monoclonal antibody,
interferon (IFN)-γ and interleukin (IL)-2, consist mainly of the CD3+ CD56+ subset. CIKs
induce apoptosis of tumor cells and kill them through direct contact and cytokines secretion
such as IL-2 and IFN-γ. The combination of DCs and CIK leads to a notable increase in
cytotoxic activity [147]. Several studies have indicated that both CIKs and DC-CIKs were
effective in treating multiple solid cancers, including non-small cell cancers of the lung,
breast, colon and other types, without serious adverse reactions [147,149].

Studies have shown that CIKs/DC-CIKs combined with different chemotherapy
regimens for the treatment of gastric cancer shows better efficacy than that shown by
treatment with chemotherapy alone. However, clinical trials of CIKs/DC-CIKs cellular
immunotherapy are still in the initial phase of study.

With the help of DCs, CIK cells could eradicate the malignant cells in three ways:
direct disintegration of malignant cells; induction of malignant cells apoptosis by secreting
several cytokines; direct regulation of immune response by killing malignant cells. Interest-
ingly, DC-CIKs immunization also generates long-lived CD8+ T cells, suggesting DC-CIKs
immunotherapy may be effective to prevent cancer relapse [150].

Also NKT cells exhibit several desirable anticancer properties due to their ability to
directly lysate cancer cells. These cells secrete both TH1 and TH2 cytokines which can
modulate T cell activity and promote DCs maturation through CD40L/CD40 mediated
interactions [151]. The synergistic interaction between NKT and DCs cells leads to in-
creased activation of CD4+ and CD8+ T cells and has been effective in inducing strong
and long-lasting immune responses. In one study, the authors pulsed DCs with alpha-
galactosylceramide, an activator of NKT cells, and DCs were then co-cultured with NKT
cells isolated from glioma patients. NKT cells showed robust expansion and functionality
with a significant increase in IFN-γ secretion. Furthermore, expanded NKT cells demon-
strated significant ex vivo cytotoxic activity against U251 glioma cells [152]. Liu et al. also
highlighted the efficacy of NKT cells as a DCs adjuvant against gliomas using pulsed DCs
with glioma-derived exosomes and galactosylceramide in orthotopically implanted GBM
cells. The authors showed an increased survival response compared to pulsed DCs with tu-
mor lysate or galactosylceramide alone [153]. Therefore, by optimizing the pulsed antigen
for DCs using glioma-derived exosomes, instead of the entire tumor lysate, through the
addition of an adjuvant in the form of NKT cells, Liu et al. have shown that combinatorial
therapy can lead to synergistic cytotoxic antitumor activity against gliomas.

5. How to Further Improve the DCs Vaccine Efficacy: Lessons Learned from Site
Preconditioning in Glioblastoma

DCs vaccines have so far shown limited efficacy in tumor immunotherapy. Factors
that could contribute to their ineffectiveness are not well understood even if numerous
attempts have been made to improve their efficiency. Previous studies involving DCs
vaccine injections have shown that only a small fraction of DCs actually reach lymph nodes,
possibly explaining why many patients do not respond well to therapy.



Int. J. Mol. Sci. 2021, 22, 12339 12 of 21

Among studies, Mitchell et al. found that priming the vaccine site with a booster
antigen improves DCs vaccines efficacy in patients with GBM [154].

The authors conducted a randomized, blinded study in which 12 patients received
vaccine site preconditioning through Tetanus/diphtheria (Td) Toxoid, a potent booster
antigen. Patients who received TdT had significantly more antigen specific DCs in the
drainage lymph nodes of the vaccine site than patients who received DCs alone. Patients
who received TdT also had a significant increase in progression-free and overall survival,
suggesting that DCs increased migration to vaccine site-draining lymph nodes is correlated
to improved progression-free and overall survival.

To investigate the mechanism of this behavior, the authors observed that serum levels
of chemokine (motif C-C) ligand 3 (CCL3) were increased in the patients. Since virtually all
people have been vaccinated against tetanus, the booster antigen can locally attract CD4 +
T cells that release the CCL3 chemokine, upregulating CCL21 expression.

These assumptions have recently been confirmed by Eoli and colleagues [77]. In
a phase I-II clinical study (DENDR2), 12 patients were treated with DCs vaccinations
combined with dose-dense TMZ. Subsequently, in eight patients defined as Variant (V)-
DENDR2, the vaccine site was preconditioned through Tetanus Toxoid (TT) 24 h before DCs
vaccination and TMZ was avoided. Four of 12 DENDR2 patients reached OS9, five of eight
V-DENDR2 patients (62%) reached OS9, and one patient OS >30 months. A robust CD8+
T-cell activation and memory T-cell formation were observed in V-DENDR2 OS > 9. The
authors concluded that TT vaccine site preconditioning and lack of TMZ could contribute
to the efficacy of DCs immunotherapy by inducing an effector response, memory, and
helper T-cell generation.

Taken together, these data suggest that DCs vaccine responses in GBM patients could
be improved through TdT preconditioning, and further proposing that DCs migration to
VDLN could serve as a biomarker to predict patient response. Mitchell and colleagues
speculated that TdT injection would work by inducing local inflammation at the vaccine
site, and were surprised to see a systemic effect [154]. Increased DCs migration to lymph
nodes occurred on both sides of the body, even if patients received the injection only on
one side. Preconditioning with a toxoid to enhance tumor-specific immune responses has
potential implications for of many types of cancer treatment.

6. Rationale for DC Vaccination in the Adjuvant Treatment of Cancer

Surgical resection with curative intent aims at removing, in the oncological patient, all
the tumor burden, although often residual occult disease remains and can eventually lead
to relapses [155].

The application of adjuvant treatment such as DCs-based immunotherapy with the
aim of killing cancer cells might reduce relapse chances.

It is becoming increasingly clear that higher tumor burden is associated to higher
tumor-induced immune suppression: several soluble elements secreted by tumor cells are
known to suppress infiltrated effector T cells [156–158]. Tumors are able to upregulate
IDO by inhibiting effector T cells [159] and Tregs and MDSCs are capable of inducing
anergy in T cells [160]. Immune suppression associated with tumor burden is generally
considered to be the underlying cause of low clinical response to DCs vaccination, as
monotherapy, in metastatic disease [161]. The integration of immunotherapy within the
standard postoperative therapy for patients is based on the presumed mutually beneficial
effect of conventional treatment strategies and immunotherapy.

Adjuvant DCs vaccination has been extensively studied in GBM, melanoma and other
tumors. GBM is commonly treated with maximally safe surgery and adjuvant temozolo-
mide (TMZ) combined with radiotherapy, which is the so-called Stupp protocol [162]. In
contrast to most malignancies, distant cerebral metastases seldom occur in GBM. How-
ever, even with extensive treatment, residual disease invariably remains, and recurrence
is certain, with patients having a median survival of ~15months [163]. A similar effect
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as reported for GBM trials has also been retrospectively observed in melanoma patients
receiving chemotherapy after DCs vaccination [69].

In addition to a direct clinical benefit for patients, adjuvant DCs vaccination could also
prove useful in improving subsequent treatment response in the event of relapse. These
effects were retrospectively observed with administration of ipilimumab in patients with
relapse after adjuvant DCs vaccination for stage III melanoma [164].

The full nature of the estimated beneficial effects of DCs vaccination is much more
complex than any immune monitoring or molecular biology tool at this stage [165]. Earlier
DCs vaccination in the course of the disease is more beneficial due to less tumor-induced
immunosuppression, since it more frequently induces tumor-specific immune responses.
Therefore, DCs-based immunotherapy might be most suitable in the adjuvant setting, and
their additive effects should be considered inside the cancer therapeutic landscape.

7. Conclusions and Future Prospects

The hypothesis of cancer immunotherapy was first demonstrated by Coley and col-
leagues. The key concept of cancer immunotherapy is that the immune system can be
manipulated to achieve cancer control and, ideally, therapy. Coley demonstrates this state-
ment by using a blend of bacterial toxins to treat patients with inoperable sarcomas [166].
The antitumor activity of this approach is attributable to the activation of the immune
system, largely DCs, which in turn acquires the ability to kill tumor cells. DCs, as key
activators of the adaptive immune response, are expected to play a central role in inducing
antitumor immune responses. Faced with these data, it became intuitive to make use of
DCs potential to induce anticancer responses in cancer patients.

The over 200 clinical trials testing DCs vaccines have shown that DCs are highly
immunogenic and safe, often able to activate an antitumor immune response. Some trials
have shown that DCs can induce a durable tumor regression and clinical response in
treated patients. However, despite several positive data, Sipuleucel-T immunotherapy
remains the only therapy to obtain FDA approval to date [11].

DCs research remains critical and DCs will continue to be tested as cancer vaccines in
new stages of cancer (earlier stages), new tumors and new combinations.

The synergy between cancer vaccines and conventional therapy (chemotherapy and
radiation) has demonstrated a potential role for immunotherapy in multi-modal treatment
paradigms. With an improved understanding of tumor biology, checkpoint biology, and
immune evasion, we will be able to time and deliver therapy to maximize tumor reactions,
promote in situ antitumor immune responses, and enhance patient outcomes.

Combination agents, useful for improving DCs activity, should ideally (1) reduce
tumor mass, as high disease burdens harness the clinical efficacy of DCs-schedules; (2) not
impair the immune system of the host; (3) release the brakes of ongoing immune response;
and (4) synergize directly or indirectly with DCs functions.

The timing of these combinatorial approaches should be carefully considered, as it
could affect the efficacy of combination therapies. In addition, determining the optimal
combination of therapies likely depends on multiple factors including the patient’s con-
dition, tumor type, stage and composition of the tumor microenvironment. Therefore, a
punctual characterization of individual patients will help to select immunotherapies that
most likely will work synergistically with DCs therapy.

Further research on interactions between immunotherapy and other therapies is
needed to incorporate cancer vaccines into current standard of care to maximize the
antitumor potential of each treatment modality.

In the near future, surgery, cytotoxic therapies and immunotherapy will form a
“triple alliance”, which already demonstrates great potential in the treatment of cancer
patients. While the potential impact of such regimens is recognized, an optimal combination
treatment still has to be established in order to improve clinical outcomes and provide a
“true personalized therapy”.
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MHC Major Histocompatibility Complex
TAA tumor associated antigens
DAMPS damage-associated molecular patterns
MDSCs myeloid-derived suppressor cells
COX2 cyclooxygenase-2
IDO indoleamine 2,3-dioxygenase
CCL3 C-C motif chemokine ligand 3
CCL21 C-C motif chemokine ligand 21
TILs tumor infiltrating lymphocytes
CTL cytotoxic T lymphocytes
NK natural killer cells
ICI immune checkpoint inhibitors
CIK cytokines induced killer cells

References
1. Bol, K.F.; Chreibelt, G.; Gerritsen, W.R.; de Vries, J.M.; Figdor, C.G. Dendritic Cell–Based Immunotherapy: State of the Art and

Beyond. Clin. Cancer Res. 2016, 22, 1897–1906. [CrossRef] [PubMed]
2. Steinman, R.M.; Cohn, Z.A. Identification of a novel cell type in peripheral lymphoid organs of mice. I. Morphology, quantitation,

tissue distribution. J. Exp. Med. 1973, 137, 1142–1162. [CrossRef]
3. Palucka, K.; Banchereau, J. Cancer immunotherapy via dendritic cells. Nat. Rev. Cancer 2012, 12, 265–277. [CrossRef] [PubMed]
4. Fuertes, M.B.; Kacha, A.K.; Kline, J.; Woo, S.R.; Kranz, D.M.; Murphy, K.M.; Gajewski, T.F. Host type I IFN signals are required for

antitumor CD8+ T cell responses through CD8α+ dendritic cells. J. Exp. Med. 2011, 208, 2005–2016. [CrossRef] [PubMed]
5. Kuhn, S.; Yang, J.; Ronchese, F. Monocyte-Derived Dendritic Cells Are Essential for CD8(+) T Cell Activation and Antitumor

Responses After Local Immunotherapy. Front. Immunol. 2015, 6, 584. [CrossRef]
6. Sabado, R.L.; Balan, S.; Bhardwaj, N. Dendritic cell-based immunotherapy. Cell Res. 2017, 27, 74–95. [CrossRef]
7. Draube, A.; Klein-Gonzalez, N.; Mattheus, S.; Brillant, C.; Hellmich, M.; Engert, A.; von Bergwelt-Baildon, M. Dendritic cell based

tumor vaccination in prostate and renal cell cancer: A systematic review and meta-analysis. PLoS ONE 2011, 6, e18801. [CrossRef]
8. Schadendorf, D.; Ugurel, S.; Schuler-Thurner, B.; Nestle, F.O.; Enk, A.; Brocker, E.B.; Grabbe, S.; Rittgen, W.; Edler, L.;

Sucker, A.; et al. Dacarbazine (DTIC) versus vaccination with autologous peptidepulsed dendritic cells (DC) in first-line treatment
of patients with metastatic melanoma: A randomized phase III trial of the DC study group of the DeCOG. Ann. Oncol. 2006, 17,
563–570. [CrossRef] [PubMed]

9. Beer, T.M.; Bernstein, G.T.; Corman, J.M.; Glode, L.M.; Hall, S.J.; Poll, W.L.; Schellhammer, P.F.; Jones, L.A.; Xu, Y.; Kylstra, J.W.;
et al. Randomized trial of autologous cellular immunotherapy with sipuleucel-T in androgen-dependent prostate cancer. Clin.
Cancer Res. 2011, 17, 4558–4567. [CrossRef]

10. Small, E.J.; Schellhammer, P.F.; Higano, C.S.; Redfern, C.H.; Nemunaitis, J.J.; Valone, F.H.; Verjee, S.S.; Jones, L.A.; Hershberg, R.M.
Placebo-controlled phase III trial of immunologic therapy with sipuleucel-T (APC8015) in patients with metastatic, asymptomatic
hormone refractory prostate cancer. J. Clin. Oncol. 2006, 24, 3089–3094. [CrossRef] [PubMed]

11. Kantoff, P.W.; Higano, C.S.; Shore, N.D.; Berger, E.R.; Small, E.J.; Penson, D.F.; Redfern, C.H.; Ferrari, A.C.; Dreicer, R.; Sims, R.B.;
et al. for the IMPACT Study Investigators. Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N. Engl. J. Med.
2010, 363, 411–422. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms222212339/s1
https://www.mdpi.com/article/10.3390/ijms222212339/s1
http://doi.org/10.1158/1078-0432.CCR-15-1399
http://www.ncbi.nlm.nih.gov/pubmed/27084743
http://doi.org/10.1084/jem.137.5.1142
http://doi.org/10.1038/nrc3258
http://www.ncbi.nlm.nih.gov/pubmed/22437871
http://doi.org/10.1084/jem.20101159
http://www.ncbi.nlm.nih.gov/pubmed/21930765
http://doi.org/10.3389/fimmu.2015.00584
http://doi.org/10.1038/cr.2016.157
http://doi.org/10.1371/journal.pone.0018801
http://doi.org/10.1093/annonc/mdj138
http://www.ncbi.nlm.nih.gov/pubmed/16418308
http://doi.org/10.1158/1078-0432.CCR-10-3223
http://doi.org/10.1200/JCO.2005.04.5252
http://www.ncbi.nlm.nih.gov/pubmed/16809734
http://doi.org/10.1056/NEJMoa1001294


Int. J. Mol. Sci. 2021, 22, 12339 15 of 21

12. Matsushita, H.; Enomoto, Y.; Kume, H.; Nakagawa, T.; Fukuhara, H.; Suzuki, M.; Fujimura, T.; Homma, Y.; Kakimi, K. A pilot
study of autologous tumor lysate-loaded dendritic cell vaccination combined with sunitinib for metastatic renal cell carcinoma.
J. Immunother. Cancer 2014, 2, 30. [CrossRef] [PubMed]

13. Zhang, L.; Xu, Y.; Shen, J.; He, F.; Zhang, D.; Chen, Z.; Duan, Y.; Sun, J. Feasibility study of DCs/CIKs combined with thoracic
radiotherapy for patients with locally advanced or metastatic non-small-cell lung cancer. Radiat. Oncol. 2016, 11, 60. [CrossRef]
[PubMed]

14. Yanagisawa, R.; Koizumi, T.; Koya, T.; Sano, K.; Koido, S.; Nagai, K.; Kobayashi, M.; Okamoto, M.; Sugiyama, H.; Shimodaira, S.
WT1-pulsed Dendritic Cell Vaccine Combined with Chemotherapy for Resected Pancreatic Cancer in a Phase I Study. Anticancer
Res. 2018, 38, 2217–2225.

15. Laurell, A.; Lönnemark, M.; Brekkan, E.; Magnusson, A.; Tolf, A.; Wallgren, A.C.; Andersson, B.; Adamson, L.; Kiessling, R.;
Karlsson-Parra, A. Intratumorally injected pro-inflammatory allogeneic dendritic cells as immune enhancers: A first-in-human
study in unfavourable risk patients with metastatic renal cell carcinoma. J. Immunother. Cancer 2017, 5, 52. [CrossRef] [PubMed]

16. Prue, R.L.; Vari, F.; Radford, K.J.; Tong, H.; Hardy, M.Y.; D’Rozario, R.; Waterhouse, N.J.; Rossetti, T.; Coleman, R.; Tracey, C.; et al.
A phase I clinical trial of CD1c (BDCA-1)+ dendritic cells pulsed with HLA-A*0201 peptides for immunotherapy of metastatic
hormone refractory prostate cancer. J. Immunother. 2015, 38, 71–76. [CrossRef]

17. Tel, J.; Aarntzen, E.H.; Baba, T.; Schreibelt, G.; Schulte, B.M.; Benitez-Ribas, D.; Boerman, O.C.; Croockewit, S.; Oyen, W.J.;
van Rossum, M.; et al. Natural human plasmacytoid dendritic cells induce antigen-specific T-cell responses in melanoma patients.
Cancer Res. 2013, 73, 1063–1075. [CrossRef] [PubMed]

18. Schreibelt, G.; Bol, K.F.; Westdorp, H.; Wimmers, F.; Aarntzen, E.H.; Duiveman-de Boer, T.; van de Rakt, M.W.; Scharenborg, N.M.;
de Boer, A.J.; Pots, J.M.; et al. Effective Clinical Responses in Metastatic Melanoma Patients after Vaccination with Primary
Myeloid Dendritic Cells. Clin. Cancer Res. 2016, 22, 2155–2166. [CrossRef]

19. Van Eck van der Sluijs, J.; van Ens, D.; Thordardottir, S.; Vodegel, D.; Hermens, I.; van der Waart, A.B.; Falkenburg, J.H.F.;
Kester, M.G.D.; de Rink, I.; Heemskerk, M.H.M.; et al. Clinically applicable CD34+-derived blood dendritic cell subsets exhibit
key subset-specific features and potently boost anti-tumor T and NK cell responses. Cancer Immunol. Immunother. 2021, 70,
3167–3181. [CrossRef] [PubMed]

20. Sallusto, F.; Lanzavecchia, A. Efficient presentation of soluble antigen by cultured human dendritic cells is maintained by
granulocyte/macrophage colony-stimulating factor plus interleukin 4 and downregulated by tumor necrosis factor alpha. J. Exp.
Med. 1994, 179, 1109–1118. [CrossRef] [PubMed]

21. De Vries, I.J.; Eggert, A.A.; Scharenborg, N.M.; Vissers, J.L.; Lesterhuis, W.J.; Boerman, O.C.; Punt, C.J.; Adema, G.J.; Figdor, C.G.
Phenotypical and functional characterization of clinical grade dendritic cells. J. Immunother. 2002, 25, 429–438. [CrossRef]

22. McIlroy, D.; Gregoire, M. Optimizing dendritic cell-based anticancer immunotherapy: Maturation state does have clinical impact.
Cancer Immunol. Immunother. 2003, 52, 583–591. [CrossRef] [PubMed]

23. De Vries, I.J.; Krooshoop, D.J.; Scharenborg, N.M.; Lesterhuis, W.J.; Diepstra, J.H.; Van Muijen, G.N.; Strijk, S.P.; Ruers, T.J.;
Boerman, O.C.; Oyen, W.J.; et al. Effective migration of antigen-pulsed dendritic cells to lymph nodes in melanoma patients is
determined by their maturation state. Cancer Res. 2003, 63, 12–17. [PubMed]

24. Dhodapkar, M.V.; Steinman, R.M.; Sapp, M.; Desai, H.; Fossella, C.; Krasovsky, J.; Donahoe, S.M.; Dunbar, P.R.; Cerundolo, V.;
Nixon, D.F.; et al. Rapid generation of broad T-cell immunity in humans after a single injection of mature dendritic cells. J. Clin.
Investig. 1999, 104, 173–180. [CrossRef] [PubMed]

25. Jonuleit, H.; Kühn, U.; Müller, G.; Steinbrink, K.; Paragnik, L.; Schmitt, E.; Knop, J.; Enk, A.H. Pro-inflammatory cytokines and
prostaglandins induce maturation of potent immunostimulatory dendritic cells under fetal calf serum-free conditions. Eur J.
Immunol. 1997, 27, 3135–3142. [CrossRef]

26. Bol, K.F.; Aarntzen, E.H.; Hout, F.E.; Schreibelt, G.; Creemers, J.H.; Lesterhuis, W.J.; Gerritsen, W.R.; Grunhagen, D.J.; Verhoef, C.;
Punt, C.J.; et al. Favorable overall survival in stage III melanoma patients after adjuvant dendritic cell vaccination. Oncoimmunology
2015, 5, e1057673. [CrossRef]

27. Shimizu, K.; Fields, R.C.; Giedlin, M.; Mulé, J.J. Systemic administration of interleukin 2 enhances the therapeutic efficacy of
dendritic cell-based tumor vaccines. Proc. Natl. Acad. Sci. USA 1999, 96, 2268–2273. [CrossRef] [PubMed]

28. Bol, K.F.; Aarntzen, E.H.; Pots, J.M.; Olde Nordkamp, M.A.; van de Rakt, M.W.; Scharenborg, N.M.; de Boer, A.J.;
van Oorschot, T.G.; Croockewit, S.A.; Blokx, W.A.; et al. Prophylactic vaccines are potent activators of monocyte-derived
dendritic cells and drive effective anti-tumor responses in melanoma patients at the cost of toxicity. Cancer Immunol. Immunother.
2016, 65, 327–339. [CrossRef]

29. Lövgren, T.; Sarhan, D.; Truxová, I.; Choudhary, B.; Maas, R.; Melief, J.; Nyström, M.; Edbäck, U.; Vermeij, R.; Scurti, G.; et al.
Enhanced stimulation of human tumor-specific T cells by dendritic cells matured in the presence of interferon-γ and multiple
toll-like receptor agonists. Cancer Immunol. Immunother. 2017, 66, 1333–1344. [CrossRef]

30. Boullart, A.C.; Aarntzen, E.H.; Verdijk, P.; Jacobs, J.F.; Schuurhuis, D.H.; Benitez-Ribas, D.; Schreibelt, G.; van de Rakt, M.W.;
Scharenborg, N.M.; de Boer, A.; et al. Maturation of monocyte-derived dendritic cells with Toll-like receptor 3 and 7/8 ligands
combined with prostaglandin E2 results in high interleukin-12 production and cell migration. Cancer Immunol. Immunother. 2008,
57, 1589–1597. [CrossRef] [PubMed]

http://doi.org/10.1186/s40425-014-0030-4
http://www.ncbi.nlm.nih.gov/pubmed/25694811
http://doi.org/10.1186/s13014-016-0635-5
http://www.ncbi.nlm.nih.gov/pubmed/27097970
http://doi.org/10.1186/s40425-017-0255-0
http://www.ncbi.nlm.nih.gov/pubmed/28642820
http://doi.org/10.1097/CJI.0000000000000063
http://doi.org/10.1158/0008-5472.CAN-12-2583
http://www.ncbi.nlm.nih.gov/pubmed/23345163
http://doi.org/10.1158/1078-0432.CCR-15-2205
http://doi.org/10.1007/s00262-021-02899-3
http://www.ncbi.nlm.nih.gov/pubmed/33796917
http://doi.org/10.1084/jem.179.4.1109
http://www.ncbi.nlm.nih.gov/pubmed/8145033
http://doi.org/10.1097/00002371-200209000-00007
http://doi.org/10.1007/s00262-003-0414-7
http://www.ncbi.nlm.nih.gov/pubmed/12827310
http://www.ncbi.nlm.nih.gov/pubmed/12517769
http://doi.org/10.1172/JCI6909
http://www.ncbi.nlm.nih.gov/pubmed/10411546
http://doi.org/10.1002/eji.1830271209
http://doi.org/10.1080/2162402X.2015.1057673
http://doi.org/10.1073/pnas.96.5.2268
http://www.ncbi.nlm.nih.gov/pubmed/10051630
http://doi.org/10.1007/s00262-016-1796-7
http://doi.org/10.1007/s00262-017-2029-4
http://doi.org/10.1007/s00262-008-0489-2
http://www.ncbi.nlm.nih.gov/pubmed/18322684


Int. J. Mol. Sci. 2021, 22, 12339 16 of 21

31. Kim, S.; Kim, H.O.; Kim, H.J.; Lee, K.; Kim, H.S. Generation of functionally mature dendritic cells from elutriated monocytes
using polyinosinic: Polycytidylic acid and soluble CD40 ligand for clinical application. Clin. Exp. Immunol. 2008, 154, 365–374.
[CrossRef] [PubMed]

32. Sutherland, S.I.M.; Ju, X.; Horvath, L.G.; Clark, G.J. Moving on From Sipuleucel-T: New Dendritic Cell Vaccine Strategies for
Prostate Cancer. Front. Immunol. 2021, 12, 641307. [CrossRef]

33. Bonehill, A.; Van Nuffel, A.M.; Corthals, J.; Tuyaerts, S.; Heirman, C.; François, V.; Colau, D.; van der Bruggen, P.; Neyns, B.;
Thielemans, K. Single-step antigen loading and activation of dendritic cells by mRNA electroporation for the purpose of
therapeutic vaccination in melanoma patients. Clin. Cancer Res. 2009, 15, 3366–3375. [CrossRef]

34. Pen, J.J.; De Keersmaecker, B.; Maenhout, S.K.; Van Nuffel, A.M.; Heirman, C.; Corthals, J.; Escors, D.; Bonehill, A.; Thielemans, K.;
Breckpot, K.; et al. Modulation of regulatory T cell function by monocyte-derived dendritic cells matured through electroporation
with mRNA encoding CD40 ligand, constitutively active TLR4, and CD70. J. Immunol. 2013, 191, 1976–1983. [CrossRef]

35. Nava, S.; Lisini, D.; Frigerio, S.; Pogliani, S.; Pellegatta, S.; Gatti, L.; Finocchiaro, G.; Bersano, A.; Parati, E.A. PGE2 Is Crucial for the
Generation of FAST Whole-Tumor-Antigens Loaded Dendritic Cells Suitable for Immunotherapy in Glioblastoma. Pharmaceutics
2020, 12, 215. [CrossRef]

36. Bürdek, M.; Spranger, S.; Wilde, S.; Frankenberger, B.; Schendel, D.J.; Geiger, C. Three-day dendritic cells for vaccine development:
Antigen uptake, processing and presentation. J. Transl. Med. 2010, 8, 90. [CrossRef] [PubMed]

37. Fekete, N.; Rojewski, M.T.; Fürst, D.; Kreja, L.; Ignatius, A.; Dausend, J.; Schrezenmeier, H. GMP-compliant isolation and
large-scale expansion of bone marrow-derived MSC. PLoS ONE 2012, 7, e43255. [CrossRef] [PubMed]

38. Santos, P.M.; Butterfield, L.H. Dendritic Cell-Based Cancer Vaccines. J. Immunol. 2018, 200, 443–449. [CrossRef]
39. Strome, S.E.; Voss, S.; Wilcox, R.; Wakefield, T.L.; Tamada, K.; Flies, D.; Chapoval, A.; Lu, J.; Kasperbauer, J.L.; Padley, D.; et al.

Strategies for antigen loading of dendritic cells to enhance the antitumor immune response. Cancer Res. 2002, 62, 1884–1889.
40. Nava, S.; Dossena, M.; Pogliani, S.; Pellegatta, S.; Antozzi, C.; Baggi, F.; Gellera, C.; Pollo, B.; Parati, E.A.; Finocchiaro, G.; et al. An

optimized method for manufacturing a clinical scale dendritic cell-based vaccine for the treatment of glioblastoma. PLoS ONE
2012, 7, e52301. [CrossRef]

41. Boudousquié, C.; Boand, V.; Lingre, E.; Dutoit, L.; Balint, K.; Danilo, M.; Harari, A.; Gannon, P.O.; Kandalaft, L.E. Development
and Optimization of a GMP-Compliant Manufacturing Process for a Personalized Tumor Lysate Dendritic Cell Vaccine. Vaccines
2020, 8, 25. [CrossRef]

42. Zhou, Y.; Bosch, M.L.; Salgaller, M.L. Current methods for loading dendritic cells with tumor antigen for the induction of
antitumor immunity. J. Immunother. 2002, 25, 289–303. [CrossRef]

43. Chiang, C.L.; Kandalaft, L.E.; Tanyi, J.; Hagemann, A.R.; Motz, G.T.; Svoronos, N.; Montone, K.; Mantia-Smaldone, G.M.;
Smith, L.; Nisenbaum, H.L.; et al. A dendritic cell vaccine pulsed with autologous hypochlorous acid-oxidized ovarian cancer
lysate primes effective broad antitumor immunity: From bench to bedside. Clin. Cancer Res. 2013, 19, 4801–4815. [CrossRef]

44. Martin-Lluesma, S.; Graciotti, M.; Grimm, A.J.; Boudousquié, C.; Chiang, C.L.; Kandalaft, L.E. Are dendritic cells the most
appropriate therapeutic vaccine for patients with ovarian cancer? Curr. Opin. Biotechnol. 2020, 65, 190–196. [CrossRef]

45. Matera, L. The choice of the antigen in the dendritic cell-based vaccine therapy for prostate cancer. Cancer Treat. Rev. 2010, 36,
131–141. [CrossRef] [PubMed]

46. Celluzzi, C.M.; Falo, L.D., Jr. Physical interaction between dendritic cells and tumor cells results in an immunogen that induces
protective and therapeutic tumor rejection. J. Immunol. 1998, 160, 3081–3085. [PubMed]

47. Higano, C.S.; Schellhammer, P.F.; Small, E.J.; Burch, P.A.; Nemunaitis, J.; Yuh, L.; Provost, N.; Frohlich, M.W. Integrated data from
2 randomized, double-blind, placebo-controlled, phase 3 trials of active cellular immunotherapy with sipuleucel-T in advanced
prostate cancer. Cancer 2009, 115, 3670–3679. [CrossRef] [PubMed]

48. Schellhammer, P.F.; Chodak, G.; Whitmore, J.B.; Sims, R.; Frohlich, M.W.; Kantoff, P.W. Lower baseline prostate-specific antigen
is associated with a greater overall survival benefit from sipuleucel-T in the Immunotherapy for Prostate Adenocarcinoma
Treatment (IMPACT) trial. Urology 2013, 81, 1297–1302. [CrossRef]

49. Schwartzentruber, D.J.; Lawson, D.; Richards, J.; Conry, R.M.; Miller, D.; Triesman, J.; Gailani, F.; Riley, L.B.; Vena, D.; Hwu, P. A
phase III multi-institutional randomized study of immunization with the gp100:209–217 (210M) peptide followed by high-dose
IL-2 compared with high-dose IL-2 alone in patients with metastatic melanoma. J. Clin. Oncol. Abstr. 2009, 27, CRA9011.
[CrossRef]

50. Schuster, S.J.; Neelapu, S.S.; Gause, B.L.; Muggia, F.M.; Gockerman, J.P.; Sotomayor, J.E.M.; Winter, N.; Flowers, C.R.;
Stergiou, A.M.; Kwak, L.W. Idiotype vaccine therapy (BiovaxID) in follicular lymphoma in first complete remission: Phase
III clinical trial results. J. Clin. Oncol. Abstr. 2009, 27, 2. [CrossRef]

51. Kantoff, P.W.; Schuetz, T.J.; Blumenstein, B.A.; Glode, L.M.; Bilhartz, D.L.; Wyand, M.; Manson, K.; Panicali, D.L.; Laus, R.;
Schlom, J.; et al. Overall survival analysis of a phase II randomized controlled trial of a Poxviral-based PSA-targeted immunother-
apy in metastatic castration-resistant prostate cancer. J. Clin. Oncol. 2010, 28, 1099–1105. [CrossRef] [PubMed]

52. Ueno, H.; Schmitt, N.; Klechevsky, E.; Pedroza-Gonzalez, A.; Matsui, T.; Zurawski, G.; Oh, S.; Fay, J.; Pascual, V.; Banchereau, J.;
et al. Harnessing human dendritic cell subsets for medicine. Immunol. Rev. 2010, 234, 199–212. [CrossRef] [PubMed]

53. Palucka, K.; Ueno, H.; Roberts, L.; Fay, J.; Banchereau, J. Dendritic cells: Are they clinically relevant? Cancer J. 2010, 16, 318–324.
[CrossRef]

54. Gilboa, E. The makings of a tumor rejection antigen. Immunity 1999, 11, 263–270. [CrossRef]

http://doi.org/10.1111/j.1365-2249.2008.03757.x
http://www.ncbi.nlm.nih.gov/pubmed/18782327
http://doi.org/10.3389/fimmu.2021.641307
http://doi.org/10.1158/1078-0432.CCR-08-2982
http://doi.org/10.4049/jimmunol.1201008
http://doi.org/10.3390/pharmaceutics12030215
http://doi.org/10.1186/1479-5876-8-90
http://www.ncbi.nlm.nih.gov/pubmed/20920165
http://doi.org/10.1371/journal.pone.0043255
http://www.ncbi.nlm.nih.gov/pubmed/22905242
http://doi.org/10.4049/jimmunol.1701024
http://doi.org/10.1371/journal.pone.0052301
http://doi.org/10.3390/vaccines8010025
http://doi.org/10.1097/00002371-200207000-00001
http://doi.org/10.1158/1078-0432.CCR-13-1185
http://doi.org/10.1016/j.copbio.2020.03.003
http://doi.org/10.1016/j.ctrv.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19954892
http://www.ncbi.nlm.nih.gov/pubmed/9531260
http://doi.org/10.1002/cncr.24429
http://www.ncbi.nlm.nih.gov/pubmed/19536890
http://doi.org/10.1016/j.urology.2013.01.061
http://doi.org/10.1200/jco.2009.27.15_suppl.cra9011
http://doi.org/10.1200/jco.2009.27.15_suppl.2
http://doi.org/10.1200/JCO.2009.25.0597
http://www.ncbi.nlm.nih.gov/pubmed/20100959
http://doi.org/10.1111/j.0105-2896.2009.00884.x
http://www.ncbi.nlm.nih.gov/pubmed/20193020
http://doi.org/10.1097/PPO.0b013e3181eaca83
http://doi.org/10.1016/S1074-7613(00)80101-6


Int. J. Mol. Sci. 2021, 22, 12339 17 of 21

55. Parmiani, G.; De Filippo, A.; Novellino, L.; Castelli, C. Unique human tumor antigens: Immunobiology and use in clinical trials.
J. Immunol. 2007, 178, 1975–1979. [CrossRef] [PubMed]

56. Boon, T.; Coulie, P.G.; Van den Eynde, B.J.; van der Bruggen, P. Human T cell responses against melanoma. Annu. Rev. Immunol.
2006, 24, 175–208. [CrossRef]

57. Finn, O.J. Cancer immunology. N. Engl. J. Med. 2008, 358, 2704–2715. [CrossRef] [PubMed]
58. Appay, V.; Douek, D.C.; Price, D.A. CD8+ T cell efficacy in vaccination and disease. Nat. Med. 2008, 14, 623–628. [CrossRef]
59. Finn, O.J. Cancer vaccines: Between the idea and the reality. Nat. Rev. Immunol. 2003, 3, 630–641. [CrossRef]
60. Harari, A.; Graciotti, M.; Bassani-Sternberg, M.; Kandalaft, L.E. Antitumour dendritic cell vaccination in a priming and boosting

approach. Nat. Rev. Drug Discov. 2020, 19, 635–652. [CrossRef]
61. Prins, R.M.; Odesa, S.K.; Liau, L.M. Immunotherapeutic targeting of shared melanoma-associated antigens in a murine glioma

model. Cancer Res. 2003, 63, 8487–8491.
62. Harada, M.; Li, Y.F.; El-Gamil, M.; Ohnmacht, G.A.; Rosenberg, S.A.; Robbins, P.F. Melanoma-Reactive CD8+ T cells recognize a

novel tumor antigen expressed in a wide variety of tumor types. J. Immunother. 2001, 24, 323–333. [CrossRef] [PubMed]
63. Kerr, J.F.; Wyllie, A.H.; Currie, A.R. Apoptosis: A basic biological phenomenon with wide-ranging implications in tissue kinetics.

Br. J. Cancer 1972, 26, 239–257. [CrossRef] [PubMed]
64. Van Gulijk, M.; Dammeijer, F.; Aerts, J.G.J.V.; Vroman, H. Combination Strategies to Optimize Efficacy of Dendritic Cell-Based

Immunotherapy. Front. Immunol. 2018, 9, 2759. [CrossRef]
65. Galluzzi, L.; Buqué, A.; Kepp, O.; Zitvogel, L.; Kroemer, G. Immunological Effects of Conventional Chemotherapy and Targeted

Anticancer Agents. Cancer Cell 2015, 28, 690–714. [CrossRef]
66. Rosenberg, S.A.; Restifo, N.P. Adoptive cell transfer as personalized immunotherapy for human cancer. Science 2015, 348, 62–68.

[CrossRef] [PubMed]
67. Maus, M.V.; June, C.H. Making better chimeric antigen receptors for adoptive T-cell therapy. Clin. Cancer Res. 2016, 22, 1875–1884.

[CrossRef] [PubMed]
68. Schlom, J. Therapeutic cancer vaccines: Current status moving forward. J. Natl. Cancer Inst. 2012, 104, 599–613. [CrossRef]
69. Wheeler, C.J.; Das, A.; Liu, G.; Yu, J.S.; Black, K.L. Clinical responsiveness of glioblastoma multiforme to chemotherapy after

vaccination. Clin. Cancer Res. 2004, 10, 5316–5326. [CrossRef]
70. Zitvogel, L.; Apetoh, L.; Ghiringhelli, F.; André, F.; Tesniere, A.; Kroemer, G. The anticancer immune response: Indispensable for

therapeutic success? J. Clin. Investig. 2008, 118, 1991–2001. [CrossRef]
71. Sadeghzadeh, M.; Bornehdeli, S.; Mohahammadrezakhani, H.; Abolghasemi, M.; Poursaei, E.; Asadi, M.; Zafari, V.;

Aghebati-Maleki, L.; Shanehbandi, D. Dendritic cell therapy in cancer treatment; the state-of-the-art. Life Sci. 2020, 254, 117580.
[CrossRef]

72. Heimberger, A.B.; Sun, W.; Hussain, S.F.; Dey, M.; Crutcher, L.; Aldape, K.; Gilbert, M.; Hassenbusch, S.J.; Sawaya, R.;
Schmittling, B.; et al. Immunological responses in a patient with glioblastoma multiforme treated with sequential courses of
temozolomide and immunotherapy: Case study. Neuro Oncol. 2008, 10, 98–103. [CrossRef]

73. Fritzell, S.; Sandén, E.; Eberstål, S.; Visse, E.; Darabi, A.; Siesjö, P. Intratumoral temozolomide synergizes with immunotherapy in
a T cell-dependent fashion. Cancer Immunol. Immunother. 2013, 62, 1463–1474. [CrossRef]

74. Litterman, A.J.; Zellmer, D.M.; Grinnen, K.L.; Hunt, M.A.; Dudek, A.Z.; Salazar, A.M.; Ohlfest, J.R. Profound impairment of
adaptive immune responses by alkylating chemotherapy. J. Immunol. 2013, 190, 6259–6268. [CrossRef] [PubMed]

75. Litterman, A.J.; Dudek, A.Z.; Largaespada, D.A. Alkylating chemotherapy may exert a uniquely deleterious effect upon neo-
antigen-targeting anticancer vaccination. Oncoimmunology 2013, 2, e26294. [CrossRef] [PubMed]

76. Pellegatta, S.; Eoli, M.; Cuccarini, V.; Anghileri, E.; Pollo, B.; Pessina, S.; Frigerio, S.; Servida, M.; Cuppini, L.; Antozzi, C.; et al.
Survival gain in glioblastoma patients treated with dendritic cell immunotherapy is associated with increased NK but not CD8+
T cell activation in the presence of adjuvant temozolomide. Oncoimmunology 2018, 7, e1412901. [CrossRef] [PubMed]

77. Eoli, M.; Corbetta, C.; Anghileri, E.; Di Ianni, N.; Milani, M.; Cuccarini, V.; Musio, S.; Paterra, R.; Frigerio, S.; Nava, S.; et al.
Expansion of effector and memory T cells is associated with increased survival in recurrent glioblastomas treated with dendritic
cell immunotherapy. Neuro Oncol. Adv. 2019, 1, vdz022. [CrossRef]

78. Karachi, A.; Yang, C.; Dastmalchi, F.; Sayour, E.J.; Huang, J.; Azari, H.; Long, Y.; Flores, C.; Mitchell, D.A.; Rahman, M. Modulation
of temozolomide dose differentially affects T-cell response to immune checkpoint inhibition. Neuro Oncol. 2019, 21, 730–741.
[CrossRef]

79. Sampson, J.H.; Aldape, K.D.; Archer, G.E.; Coan, A.; Desjardins, A.; Friedman, A.H.; Friedman, H.S.; Gilbert, M.R.; Herndon, J.E.;
McLendon, R.E.; et al. Greater chemotherapy-induced lymphopenia enhances tumor-specific immune responses that eliminate
EGFRvIII-expressing tumor cells in patients with glioblastoma. Neuro Oncol. 2011, 3, 324–333. [CrossRef]

80. Lamph, W.W. Cross-coupling of AP-1 and intracellular hormone receptors. Cancer Cells 1991, 3, 183–185.
81. Anguille, S.; Smits, E.L.; Lion, E.; van Tendeloo, V.F.; Berneman, Z.N. Clinical use of dendritic cells for cancer therapy. Lancet

Oncol. 2014, 15, e257–e267. [CrossRef]
82. Kimura, H.; Matsui, Y.; Ishikawa, A.; Nakajima, T.; Yoshino, M.; Sakairi, Y. Randomized controlled phase III trial of adjuvant

chemo-immunotherapy with activated killer T cells and dendritic cells in patients with resected primary lung cancer. Cancer
Immunol. Immunother. 2015, 64, 51–59. [CrossRef] [PubMed]

http://doi.org/10.4049/jimmunol.178.4.1975
http://www.ncbi.nlm.nih.gov/pubmed/17277099
http://doi.org/10.1146/annurev.immunol.24.021605.090733
http://doi.org/10.1056/NEJMra072739
http://www.ncbi.nlm.nih.gov/pubmed/18565863
http://doi.org/10.1038/nm.f.1774
http://doi.org/10.1038/nri1150
http://doi.org/10.1038/s41573-020-0074-8
http://doi.org/10.1097/00002371-200107000-00008
http://www.ncbi.nlm.nih.gov/pubmed/11565834
http://doi.org/10.1038/bjc.1972.33
http://www.ncbi.nlm.nih.gov/pubmed/4561027
http://doi.org/10.3389/fimmu.2018.02759
http://doi.org/10.1016/j.ccell.2015.10.012
http://doi.org/10.1126/science.aaa4967
http://www.ncbi.nlm.nih.gov/pubmed/25838374
http://doi.org/10.1158/1078-0432.CCR-15-1433
http://www.ncbi.nlm.nih.gov/pubmed/27084741
http://doi.org/10.1093/jnci/djs033
http://doi.org/10.1158/1078-0432.CCR-04-0497
http://doi.org/10.1172/JCI35180
http://doi.org/10.1016/j.lfs.2020.117580
http://doi.org/10.1215/15228517-2007-046
http://doi.org/10.1007/s00262-013-1449-z
http://doi.org/10.4049/jimmunol.1203539
http://www.ncbi.nlm.nih.gov/pubmed/23686484
http://doi.org/10.4161/onci.26294
http://www.ncbi.nlm.nih.gov/pubmed/24251080
http://doi.org/10.1080/2162402X.2017.1412901
http://www.ncbi.nlm.nih.gov/pubmed/29632727
http://doi.org/10.1093/noajnl/vdz022
http://doi.org/10.1093/neuonc/noz015
http://doi.org/10.1093/neuonc/noq157
http://doi.org/10.1016/S1470-2045(13)70585-0
http://doi.org/10.1007/s00262-014-1613-0
http://www.ncbi.nlm.nih.gov/pubmed/25262164


Int. J. Mol. Sci. 2021, 22, 12339 18 of 21

83. Ellebaek, E.; Engell-Noerregaard, L.; Iversen, T.Z.; Froesig, T.M.; Munir, S.; Hadrup, S.R.; Andersen, M.H.; Svane, I.M. Metastatic
melanoma patients treated with dendritic cell vaccination, Interleukin-2 and metronomic cyclophosphamide: Results from a
phase II trial. Cancer Immunol. Immunother. 2012, 61, 1791–1804. [CrossRef] [PubMed]

84. Zhao, M.; Li, H.; Li, L.; Zhang, Y. Effects of a gemcitabine plus platinum regimen combined with a dendritic cell-cytokine induced
killer immunotherapy on recurrence and survival rate of non-small cell lung cancer patients. Exp. Ther. Med. 2014, 7, 1403–1407.
[CrossRef]

85. Patel, M.A.; Kim, J.E.; Ruzevick, J.; Li, G.; Lim, M. The future of glioblastoma therapy: Synergism of standard of care and
immunotherapy. Cancers 2014, 6, 1953–1985. [CrossRef]

86. Gough, M.J.; Crittenden, M.R. Combination approaches to immunotherapy: The radiotherapy example. Immunotherapy 2009, 1,
1025–1037. [CrossRef] [PubMed]

87. Rosen, E.M.; Fan, S.; Rockwell, S.; Goldberg, I.D. The molecular and cellular basis of radiosensitivity: Implications for under-
standing how normal tissues and tumors respond to therapeutic radiation. Cancer Investig. 1999, 17, 56–72. [CrossRef]

88. Stone, H.B.; Peters, L.J.; Milas, L. Effect of host immune capability on radiocurability and subsequent transplantability of a murine
fibrosarcoma. J. Natl. Cancer Inst. 1979, 63, 1229–1235.

89. Lugade, A.A.; Moran, J.P.; Gerber, S.A.; Rose, R.C.; Frelinger, J.G.; Lord, E.M. Local radiation therapy of B16 melanoma tumors
increases the generation of tumor antigen-specific effector cells that traffic to the tumor. J. Immunol. 2005, 174, 7516–7523.
[CrossRef]

90. Lee, Y.; Auh, S.L.; Wang, Y.; Burnette, B.; Wang, Y.; Meng, Y.; Beckett, M.; Sharma, R.; Chin, R.; Tu, T.; et al. Therapeutic effects
of ablative radiation on local tumor require CD8+ T cells: Changing strategies for cancer treatment. Blood 2009, 114, 589–595.
[CrossRef]

91. Gerber, S.A.; Sedlacek, A.L.; Cron, K.R.; Murphy, S.P.; Frelinger, J.G.; Lord, E.M. IFN-γ mediates the antitumor effects of radiation
therapy in a murine colon tumor. Am. J. Pathol. 2013, 182, 2345–2354. [CrossRef]

92. Demaria, S.; Kawashima, N.; Yang, A.M.; Devitt, M.L.; Babb, J.S.; Allison, J.P.; Formenti, S.C. Immune-mediated inhibition of
metastases after treatment with local radiation and CTLA-4 blockade in a mouse model of breast cancer. Clin. Cancer Res. 2005,
11, 728–734. [PubMed]

93. Sharabi, A.B.; Nirschl, C.J.; Kochel, C.M.; Nirschl, T.R.; Francica, B.J.; Velarde, E.; Deweese, T.L.; Drake, C.G. Stereotactic Radiation
Therapy Augments Antigen-Specific PD-1-Mediated Antitumor Immune Responses via Cross-Presentation of Tumor Antigen.
Cancer Immunol. Res. 2015, 3, 345–355. [CrossRef]

94. Reits, E.A.; Hodge, J.W.; Herberts, C.A.; Groothuis, T.A.; Chakraborty, M.; Wansley, E.K.; Camphausen, K.; Luiten, R.M.;
de Ru, A.H.; Neijssen, J.; et al. Radiation modulates the peptide repertoire, enhances MHC class I expression, and induces
successful antitumor immunotherapy. J. Exp. Med. 2006, 203, 1259–1271. [CrossRef]

95. Garnett, C.T.; Palena, C.; Chakraborty, M.; Tsang, K.Y.; Schlom, J.; Hodge, J.W. Sublethal irradiation of human tumor cells
modulates phenotype resulting in enhanced killing by cytotoxic T lymphocytes. Cancer Res. 2004, 64, 7985–7994. [CrossRef]
[PubMed]

96. Chakraborty, M.; Abrams, S.I.; Coleman, C.N.; Camphausen, K.; Schlom, J.; Hodge, J.W. External beam radiation of tumors alters
phenotype of tumor cells to render them susceptible to vaccine-mediated T-cell killing. Cancer Res. 2004, 64, 4328–4337. [CrossRef]

97. Wan, S.; Pestka, S.; Jubin, R.G.; Lyu, Y.L.; Tsai, Y.C.; Liu, L.F. Chemotherapeutics and radiation stimulate MHC class I expression
through elevated interferon-beta signaling in breast cancer cells. PLoS ONE 2012, 7, e32542. [CrossRef] [PubMed]

98. Wiendl, H.; Mitsdoerffer, M.; Hofmeister, V.; Wischhusen, J.; Bornemann, A.; Meyermann, R.; Weiss, E.H.; Melms, A.; Weller, M.
A functional role of HLA-G expression in human gliomas: An alternative strategy of immune escape. J. Immunol. 2002, 168,
4772–4780. [CrossRef] [PubMed]

99. Zagzag, D.; Salnikow, K.; Chiriboga, L.; Yee, H.; Lan, L.; Ali, M.A.; Garcia, R.; Demaria, S.; Newcomb, E.W. Downregulation of
major histocompatibility complex antigens in invading glioma cells: Stealth invasion of the brain. Lab. Investig. 2005, 85, 328–341.
[CrossRef]

100. Newcomb, E.W.; Demaria, S.; Lukyanov, Y.; Shao, Y.; Schnee, T.; Kawashima, N.; Lan, L.; Dewyngaert, J.K.; Zagzag, D.;
McBride, W.H.; et al. The combination of ionizing radiation and peripheral vaccination produces long-term survival of mice
bearing established invasive GL261 gliomas. Clin. Cancer Res. 2006, 12, 4730–4737. [CrossRef] [PubMed]

101. Sharabi, A.B.; Lim, M.; DeWeese, T.L.; Drake, C.G. Radiation and checkpoint blockade immunotherapy: Radiosensitisation and
potential mechanisms of synergy. Lancet Oncol. 2015, 16, e498–e509. [CrossRef]

102. Hoffmann, T.K.; Meidenbauer, N.; Dworacki, G.; Kanaya, H.; Whiteside, T.L. Generation of tumor-specific T-lymphocytes by
cross-priming with human dendritic cells ingesting apoptotic tumor cells. Cancer Res. 2000, 60, 3542–3549. [PubMed]

103. Sauter, B.; Albert, M.L.; Francisco, L.; Larsson, M.; Somersan, S.; Bhardwaj, N. Consequences of cell death: Exposure to necrotic
tumor cells, but not primary tissue cells or apoptotic cells, induces the maturation of immunostimulatory dendritic cells. J. Exp.
Med. 2000, 191, 423–434. [CrossRef]

104. Bhattacharyya, T.; Purushothaman, K.; Puthiyottil, S.S.; Bhattacharjee, A.; Muttah, G. Immunological interactions in radiotherapy-
opening a new window of opportunity. Ann. Transl. Med. 2016, 4, 51.

105. Brix, N.; Tiefenthaller, A.; Anders, H.; Belka, C.; Lauber, K. Abscopal, immunological effects of radiotherapy: Narrowing the gap
between clinical and preclinical experiences. Immunol. Rev. 2017, 280, 249–279. [CrossRef]

http://doi.org/10.1007/s00262-012-1242-4
http://www.ncbi.nlm.nih.gov/pubmed/22426890
http://doi.org/10.3892/etm.2014.1574
http://doi.org/10.3390/cancers6041953
http://doi.org/10.2217/imt.09.64
http://www.ncbi.nlm.nih.gov/pubmed/20635917
http://doi.org/10.1080/07357909909011718
http://doi.org/10.4049/jimmunol.174.12.7516
http://doi.org/10.1182/blood-2009-02-206870
http://doi.org/10.1016/j.ajpath.2013.02.041
http://www.ncbi.nlm.nih.gov/pubmed/15701862
http://doi.org/10.1158/2326-6066.CIR-14-0196
http://doi.org/10.1084/jem.20052494
http://doi.org/10.1158/0008-5472.CAN-04-1525
http://www.ncbi.nlm.nih.gov/pubmed/15520206
http://doi.org/10.1158/0008-5472.CAN-04-0073
http://doi.org/10.1371/journal.pone.0032542
http://www.ncbi.nlm.nih.gov/pubmed/22396773
http://doi.org/10.4049/jimmunol.168.9.4772
http://www.ncbi.nlm.nih.gov/pubmed/11971028
http://doi.org/10.1038/labinvest.3700233
http://doi.org/10.1158/1078-0432.CCR-06-0593
http://www.ncbi.nlm.nih.gov/pubmed/16899624
http://doi.org/10.1016/S1470-2045(15)00007-8
http://www.ncbi.nlm.nih.gov/pubmed/10910067
http://doi.org/10.1084/jem.191.3.423
http://doi.org/10.1111/imr.12573


Int. J. Mol. Sci. 2021, 22, 12339 19 of 21

106. De la Cruz-Merino, L.; Illescas-Vacas, A.; Grueso-López, A.; Barco-Sánchez, A.; Míguez-Sánchez, C. Cancer Immunotherapies
Spanish Group (GETICA). Radiation for Awakening the Dormant Immune System, a Promising Challenge to be Explored. Front.
Immunol. 2014, 5, 102. [CrossRef]

107. Teitz-Tennenbaum, S.; Li, Q.; Okuyama, R.; Davis, M.A.; Sun, R.; Whitfield, J.; Knibbs, R.N.; Stoolman, L.M.; Chang, A.E.
Mechanisms involved in radiation enhancement of intratumoral dendritic cell therapy. J. Immunother. 2008, 31, 345–358.
[CrossRef]

108. Guo, C.; Yi, H.; Yu, X.; Zuo, D.; Qian, J.; Yang, G.; Foster, B.A.; Subjeck, J.R.; Sun, X.; Mikkelsen, R.B.; et al. In situ vaccination with
CD204 gene-silenced dendritic cell, not unmodified dendritic cell, enhances radiation therapy of prostate cancer. Mol. Cancer Ther.
2012, 11, 2331–2341. [CrossRef] [PubMed]

109. Chen, J.; Li, Y.; Yu, T.S.; McKay, R.M.; Burns, D.K.; Kernie, S.G.; Parada, L.F. A restricted cell population propagates glioblastoma
growth after chemotherapy. Nature 2012, 488, 522–526. [CrossRef]

110. Weng, D.; Song, B.; Koido, S.; Calderwood, S.K.; Gong, J. Immunotherapy of radioresistant mammary tumors with early
metastasis using molecular chaperone vaccines combined with ionizing radiation. J. Immunol. 2013, 191, 755–763. [CrossRef]
[PubMed]

111. Akutsu, Y.; Matsubara, H.; Urashima, T.; Komatsu, A.; Sakata, H.; Nishimori, T.; Yoneyama, Y.; Hoshino, I.; Murakami, K.;
Usui, A.; et al. Combination of direct intratumoral administration of dendritic cells and irradiation induces strong systemic
antitumor effect mediated by GRP94/gp96 against squamous cell carcinoma in mice. Int. J. Oncol. 2007, 31, 509–515. [CrossRef]

112. Tatsuta, K.; Tanaka, S.; Tajiri, T.; Shibata, S.; Komaru, A.; Ueda, Y.; Inoue, M.; Hasegawa, M.; Suita, S.; Sueishi, K.; et al. Complete
elimination of established neuroblastoma by synergistic action of gamma-irradiation and DCs treated with rSeV expressing
interferon-beta gene. Gene Ther. 2009, 16, 240–251. [CrossRef] [PubMed]

113. Teitz-Tennenbaum, S.; Li, Q.; Davis, M.A.; Wilder-Romans, K.; Hoff, J.; Li, M.; Chang, A.E. Radiotherapy combined with
intratumoral dendritic cell vaccination enhances the therapeutic efficacy of adoptive T-cell transfer. J. Immunother. 2009, 32,
602–612. [CrossRef]

114. Teitz-Tennenbaum, S.; Li, Q.; Rynkiewicz, S.; Ito, F.; Davis, M.A.; McGinn, C.J.; Chang, A.E. Radiotherapy potentiates the
therapeutic efficacy of intratumoral dendritic cell administration. Cancer Res. 2003, 63, 8466–8475.

115. Chakraborty, M.; Abrams, S.I.; Camphausen, K.; Liu, K.; Scott, T.; Coleman, C.N.; Hodge, J.W. Irradiation of tumor cells up-
regulates Fas and enhances CTL lytic activity and CTL adoptive immunotherapy. J. Immunol. 2003, 170, 6338–6347. [CrossRef]
[PubMed]

116. Kuwabara, M.; Takahashi, K.; Inanami, O. Induction of apoptosis through the activation of SAPK/JNK followed by the expression
of death receptor Fas in X-irradiated cells. J. Radiat. Res. 2003, 44, 203–209. [CrossRef]

117. Hallahan, D.; Kuchibhotla, J.; Wyble, C. Cell adhesion molecules mediate radiation-induced leukocyte adhesion to the vascular
endothelium. Cancer Res. 1996, 56, 5150–5155. [PubMed]

118. Matsumura, S.; Wang, B.; Kawashima, N.; Braunstein, S.; Badura, M.; Cameron, T.O.; Babb, J.S.; Schneider, R.J.; Formenti, S.C.;
Dustin, M.L.; et al. Radiation-induced CXCL16 release by breast cancer cells attracts effector T cells. J. Immunol. 2008, 181,
3099–3107. [CrossRef]

119. Ariyoshi, K.; Takabatake, T.; Shinagawa, M.; Kadono, K.; Daino, K.; Imaoka, T.; Kakinuma, S.; Nishimura, M.; Shimada, Y. Age
dependence of hematopoietic progenitor survival and chemokine family gene induction after gamma irradiation in bone marrow
tissue in C3H/He mice. Radiat. Res. 2014, 181, 302–313. [CrossRef]

120. Dewan, M.Z.; Galloway, A.E.; Kawashima, N.; Dewyngaert, J.K.; Babb, J.S.; Formenti, S.C.; Demaria, S. Fractionated but not
single-dose radiotherapy induces an immune-mediated abscopal effect when combined with anti-CTLA-4 antibody. Clin. Cancer
Res. 2009, 15, 5379–5388. [CrossRef] [PubMed]

121. Demaria, S.; Ng, B.; Devitt, M.L.; Babb, J.S.; Kawashima, N.; Liebes, L.; Formenti, S.C. Ionizing radiation inhibition of distant
untreated tumors (abscopal effect) is immune mediated. Int. J. Radiat. Oncol. Biol. Phys. 2004, 58, 862–870. [CrossRef] [PubMed]

122. Camphausen, K.; Moses, M.A.; Ménard, C.; Sproull, M.; Beecken, W.D.; Folkman, J.; O’Reilly, M.S. Radiation abscopal antitumor
effect is mediated through p53. Cancer Res. 2003, 63, 1990–1993.

123. Cao, Z.A.; Daniel, D.; Hanahan, D. Sub-lethal radiation enhances anti-tumor immunotherapy in a transgenic mouse model of
pancreatic cancer. BMC Cancer 2002, 2, 11. [CrossRef]

124. Aarts, B.M.; Klompenhouwer, E.G.; Rice, S.L.; Imani, F.; Baetens, T.; Bex, A.; Horenblas, S.; Kok, M.; Haanen, J.B.A.G.;
Beets-Tan, R.G.H.; et al. Cryoablation and immunotherapy: An overview of evidence on its synergy. Insights Imaging. 2019, 10, 53.
[CrossRef]

125. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
126. Lanitis, E.; Irving, M.; Coukos, G. Targeting the tumor vasculature to enhance T cell activity. Curr. Opin. Immunol. 2015, 33, 55–63.

[CrossRef]
127. Grauer, O.M.; Sutmuller, R.P.; van Maren, W.; Jacobs, J.F.; Bennink, E.; Toonen, L.W.; Nierkens, S.; Adema, G.J. Elimination of

regulatory T cells is essential for an effective vaccination with tumor lysate-pulsed dendritic cells in a murine glioma model. Int.
J. Cancer 2008, 122, 1794–1802. [CrossRef]

128. Jacobs, J.F.; Punt, C.J.; Lesterhuis, W.J.; Sutmuller, R.P.; Brouwer, H.M.; Scharenborg, N.M.; Klasen, I.S.; Hilbrands, L.B.;
Figdor, C.G.; de Vries, I.J.; et al. Dendritic cell vaccination in combination with anti-CD25 monoclonal antibody treatment: A
phase I/II study in metastatic melanoma patients. Clin. Cancer Res. 2010, 16, 5067–5078. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2014.00102
http://doi.org/10.1097/CJI.0b013e318163628c
http://doi.org/10.1158/1535-7163.MCT-12-0164
http://www.ncbi.nlm.nih.gov/pubmed/22896667
http://doi.org/10.1038/nature11287
http://doi.org/10.4049/jimmunol.1203286
http://www.ncbi.nlm.nih.gov/pubmed/23772032
http://doi.org/10.3892/ijo.31.3.509
http://doi.org/10.1038/gt.2008.161
http://www.ncbi.nlm.nih.gov/pubmed/18987675
http://doi.org/10.1097/CJI.0b013e3181a95165
http://doi.org/10.4049/jimmunol.170.12.6338
http://www.ncbi.nlm.nih.gov/pubmed/12794167
http://doi.org/10.1269/jrr.44.203
http://www.ncbi.nlm.nih.gov/pubmed/8912850
http://doi.org/10.4049/jimmunol.181.5.3099
http://doi.org/10.1667/RR13466
http://doi.org/10.1158/1078-0432.CCR-09-0265
http://www.ncbi.nlm.nih.gov/pubmed/19706802
http://doi.org/10.1016/j.ijrobp.2003.09.012
http://www.ncbi.nlm.nih.gov/pubmed/14967443
http://doi.org/10.1186/1471-2407-2-11
http://doi.org/10.1186/s13244-019-0727-5
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1016/j.coi.2015.01.011
http://doi.org/10.1002/ijc.23284
http://doi.org/10.1158/1078-0432.CCR-10-1757
http://www.ncbi.nlm.nih.gov/pubmed/20736326


Int. J. Mol. Sci. 2021, 22, 12339 20 of 21

129. Morse, M.A.; Hobeika, A.C.; Osada, T.; Serra, D.; Niedzwiecki, D.; Lyerly, H.K.; Clay, T.M. Depletion of human regulatory T cells
specifically enhances antigen-specific immune responses to cancer vaccines. Blood 2008, 112, 610–618. [CrossRef]

130. Baur, A.S.; Lutz, M.B.; Schierer, S.; Beltrame, L.; Theiner, G.; Zinser, E.; Ostalecki, C.; Heidkamp, G.; Haendle, I.; Erdmann, M.;
et al. Denileukin diftitox (ONTAK) induces a tolerogenic phenotype in dendritic cells and stimulates survival of resting Treg.
Blood 2013, 122, 2185–2194. [CrossRef] [PubMed]

131. Wesolowski, R.; Markowitz, J.; Carson, W.E., 3rd. Myeloid derived suppressor cells—A new therapeutic target in the treatment of
cancer. J. Immunother. Cancer 2013, 1, 10. [CrossRef]

132. Prendergast, G.C.; Smith, C.; Thomas, S.; Mandik-Nayak, L.; Laury-Kleintop, L.; Metz, R.; Muller, A.J. Indoleamine 2,3-
dioxygenase pathways of pathogenic inflammation and immune escape in cancer. Cancer Immunol. Immunother. 2014, 63, 721–735.
[CrossRef] [PubMed]

133. Cox, M.C.; Lapenta, C.; Santini, S.M. Advances and perspectives of dendritic cell-based active immunotherapies in follicular
lymphoma. Cancer Immunol. Immunother. 2020, 69, 913–925. [CrossRef]

134. Bachy, E.; Seymour, J.F.; Feugier, P.; Offner, F.; López-Guillermo, A.; Belada, D.; Xerri, L.; Catalano, J.V.; Brice, P.; Lemonnier, F.;
et al. Sustained Progression-Free Survival Benefit of Rituximab Maintenance in Patients with Follicular Lymphoma: Long-Term
Results of the PRIMA Study. J. Clin. Oncol. 2019, 37, 2815–2824. [CrossRef] [PubMed]

135. Wculek, S.K.; Cueto, F.J.; Mujal, A.M.; Melero, I.; Krummel, M.F.; Sancho, D. Dendritic cells in cancer immunology and
immunotherapy. Nat. Rev. Immunol. 2020, 20, 7–24. [CrossRef] [PubMed]

136. Wimmers, F.; Schreibelt, G.; Sköld, A.E.; Figdor, C.G.; De Vries, I.J. Paradigm Shift in Dendritic Cell-Based Immunotherapy:
From in vitro Generated Monocyte-Derived DCs to Naturally Circulating DC Subsets. Front. Immunol. 2014, 5, 165. [CrossRef]
[PubMed]

137. Santini, S.M.; Lapenta, C.; Logozzi, M.; Parlato, S.; Spada, M.; Di Pucchio, T.; Belardelli, F. Type I interferon as a powerful
adjuvant for monocyte-derived dendritic cell development and activity in vitro and in Hu-PBL-SCID mice. J. Exp. Med. 2000, 191,
1777–1788. [CrossRef]

138. Parlato, S.; Santini, S.M.; Lapenta, C.; Di Pucchio, T.; Logozzi, M.; Spada, M.; Giammarioli, A.M.; Malorni, W.; Fais, S.; Belardelli, F.
Expression of CCR-7, MIP-3beta, and Th-1 chemokines in type I IFN-induced monocyte-derived dendritic cells: Importance for
the rapid acquisition of potent migratory and functional activities. Blood 2001, 98, 3022–3029. [CrossRef]

139. Esfahani, K.; Roudaia, L.; Buhlaiga, N.; Del Rincon, S.V.; Papneja, N.; Miller, W.H., Jr. A review of cancer immunotherapy: From
the past, to the present, to the future. Curr. Oncol. 2020, 27, S87–S97. [CrossRef] [PubMed]

140. Ock, C.Y.; Keam, B.; Kim, S.; Lee, J.S.; Kim, M.; Kim, T.M.; Jeon, Y.K.; Kim, D.W.; Chung, D.H.; Heo, D.S. Pan-Cancer
Immunogenomic Perspective on the Tumor Microenvironment Based on PD-L1 and CD8 T-Cell Infiltration. Clin. Cancer Res.
2016, 22, 2261–2270. [CrossRef]

141. Fong, L.; Carroll, P.; Weinberg, V.; Chan, S.; Lewis, J.; Corman, J.; Amling, C.L.; Stephenson, R.A.; Simko, J.; Sheikh, N.A.; et al.
Activated lymphocyte recruitment into the tumor microenvironment following preoperative sipuleucel-T for localized prostate
cancer. J. Natl. Cancer Inst. 2014, 106, dju268. [CrossRef]

142. Ribas, A.; Comin-Anduix, B.; Chmielowski, B.; Jalil, J.; de la Rocha, P.; McCannel, T.A.; Ochoa, M.T.; Seja, E.; Villanueva, A.;
Oseguera, D.K.; et al. Dendritic cell vaccination combined with CTLA4 blockade in patients with metastatic melanoma. Clin.
Cancer Res. 2009, 15, 6267–6276. [CrossRef] [PubMed]

143. Wilgenhof, S.; Corthals, J.; Van Nuffel, A.M.; Benteyn, D.; Heirman, C.; Bonehill, A.; Thielemans, K.; Neyns, B. Long-term clinical
outcome of melanoma patients treated with messenger RNA-electroporated dendritic cell therapy following complete resection
of metastases. Cancer Immunol. Immunother. 2015, 64, 381–388. [CrossRef]

144. Van Willigen, W.W.; Bloemendal, M.; Gerritsen, W.R.; Schreibelt, G.; de Vries, I.J.M.; Bol, K.F. Dendritic Cell Cancer Therapy:
Vaccinating the Right Patient at the Right Time. Front. Immunol. 2018, 9, 2265. [CrossRef]

145. Wada, S.; Jackson, C.M.; Yoshimura, K.; Yen, H.R.; Getnet, D.; Harris, T.J.; Goldberg, M.V.; Bruno, T.C.; Grosso, J.F.; Durham, N.;
et al. Sequencing CTLA-4 blockade with cell-based immunotherapy for prostate cancer. J. Transl. Med. 2013, 11, 89. [CrossRef]

146. Wang, S.; Wang, Z. Efficacy and safety of dendritic cells co-cultured with cytokine-induced killer cells immunotherapy for
non-small-cell lung cancer. Int. Immunopharmacol. 2015, 28, 22–28. [CrossRef] [PubMed]

147. Chen, R.; Deng, X.; Wu, H.; Peng, P.; Wen, B.; Li, F. Combined immunotherapy with dendritic cells and cytokine-induced killer
cells for malignant tumors: A systematic review and meta-analysis. Int. Immunopharmacol. 2014, 22, 451–464. [CrossRef]

148. Olioso, P.; Giancola, R.; Di Riti, M.; Contento, A.; Accorsi, P.; Iacone, A. Immunotherapy with cytokine induced killer cells in solid
and hematopoietic tumours: A pilot clinical trial. Hematol. Oncol. 2009, 27, 130–139. [CrossRef]

149. Liu, L.; Zhang, W.; Qi, X.; Li, H.; Yu, J.; Wei, S.; Hao, X.; Ren, X. Randomized study of autologous cytokine-induced killer cell
immunotherapy in metastatic renal carcinoma. Clin. Cancer Res. 2012, 18, 1751–1759. [CrossRef]

150. Leemhuis, T.; Wells, S.; Scheffold, C.; Edinger, M.; Negrin, R.S. A phase I trial of autologous cytokine-induced killer cells for the
treatment of relapsed Hodgkin disease and non-Hodgkin lymphoma. Biol. Blood Marrow Transplant. 2005, 11, 181–187. [CrossRef]
[PubMed]

151. Srivastava, S.; Jackson, C.; Kim, T.; Choi, J.; Lim, M. A Characterization of Dendritic Cells and Their Role in Immunotherapy in
Glioblastoma: From Preclinical Studies to Clinical Trials. Cancers 2019, 11, 537. [CrossRef]

http://doi.org/10.1182/blood-2008-01-135319
http://doi.org/10.1182/blood-2012-09-456988
http://www.ncbi.nlm.nih.gov/pubmed/23958949
http://doi.org/10.1186/2051-1426-1-10
http://doi.org/10.1007/s00262-014-1549-4
http://www.ncbi.nlm.nih.gov/pubmed/24711084
http://doi.org/10.1007/s00262-020-02577-w
http://doi.org/10.1200/JCO.19.01073
http://www.ncbi.nlm.nih.gov/pubmed/31339826
http://doi.org/10.1038/s41577-019-0210-z
http://www.ncbi.nlm.nih.gov/pubmed/31467405
http://doi.org/10.3389/fimmu.2014.00165
http://www.ncbi.nlm.nih.gov/pubmed/24782868
http://doi.org/10.1084/jem.191.10.1777
http://doi.org/10.1182/blood.V98.10.3022
http://doi.org/10.3747/co.27.5223
http://www.ncbi.nlm.nih.gov/pubmed/32368178
http://doi.org/10.1158/1078-0432.CCR-15-2834
http://doi.org/10.1093/jnci/dju268
http://doi.org/10.1158/1078-0432.CCR-09-1254
http://www.ncbi.nlm.nih.gov/pubmed/19789309
http://doi.org/10.1007/s00262-014-1642-8
http://doi.org/10.3389/fimmu.2018.02265
http://doi.org/10.1186/1479-5876-11-89
http://doi.org/10.1016/j.intimp.2015.05.021
http://www.ncbi.nlm.nih.gov/pubmed/26013109
http://doi.org/10.1016/j.intimp.2014.07.019
http://doi.org/10.1002/hon.886
http://doi.org/10.1158/1078-0432.CCR-11-2442
http://doi.org/10.1016/j.bbmt.2004.11.019
http://www.ncbi.nlm.nih.gov/pubmed/15744236
http://doi.org/10.3390/cancers11040537


Int. J. Mol. Sci. 2021, 22, 12339 21 of 21

152. Dhodapkar, K.M.; Cirignano, B.; Chamian, F.; Zagzag, D.; Miller, D.C.; Finlay, J.L.; Steinman, R.M. Invariant natural killer T cells
are preserved in patients with glioma and exhibit antitumor lytic activity following dendritic cell-mediated expansion. Int. J.
Cancer 2004, 109, 893–899. [CrossRef]

153. Liu, H.; Chen, L.; Liu, J.; Meng, H.; Zhang, R.; Ma, L.; Wu, L.; Yu, S.; Shi, F.; Li, Y.; et al. Co-delivery of tumor-derived
exosomes with alpha-galactosylceramide on dendritic cell-based immunotherapy for glioblastoma. Cancer Lett. 2017, 411, 182–190.
[CrossRef]

154. Mitchell, D.A.; Batich, K.A.; Gunn, M.D.; Huang, M.N.; Sanchez-Perez, L.; Nair, S.K.; Congdon, K.L.; Reap, E.A.; Archer, G.E.;
Desjardins, A.; et al. Tetanus toxoid and CCL3 improve dendritic cell vaccines in mice and glioblastoma patients. Nature 2015,
519, 366–369. [CrossRef]

155. Pantel, K.; Riethmüller, G. Micrometastasis detection and treatment with monoclonal antibodies. Curr. Top. MicroBiol. Immunol.
1996, 213, 1–18. [PubMed]

156. Sabat, R.; Grütz, G.; Warszawska, K.; Kirsch, S.; Witte, E.; Wolk, K.; Geginat, J. Biology of interleukin-10. Cytokine Growth Factor
Rev. 2010, 21, 331–344. [CrossRef] [PubMed]

157. Yang, L. TGFbeta, a potent regulator of tumor microenvironment and host immune response, implication for therapy. Curr. Mol.
Med. 2010, 10, 374–380. [CrossRef]

158. Johnson, B.F.; Clay, T.M.; Hobeika, A.C.; Lyerly, H.K.; Morse, M.A. Vascular endothelial growth factor and immunosuppression in
cancer: Current knowledge and potential for new therapy. Expert Opin. Biol. Ther. 2007, 7, 449–460. [CrossRef] [PubMed]

159. Hornyák, L.; Dobos, N.; Koncz, G.; Karányi, Z.; Páll, D.; Szabó, Z.; Halmos, G.; Székvölgyi, L. The Role of Indoleamine-2,3-
Dioxygenase in Cancer Development, Diagnostics, and Therapy. Front. Immunol. 2018, 9, 151. [CrossRef]

160. Lindau, D.; Gielen, P.; Kroesen, M.; Wesseling, P.; Adema, G.J. The immunosuppressive tumour network: Myeloid-derived
suppressor cells, regulatory T cells and natural killer T cells. Immunology 2013, 138, 105–115. [CrossRef]

161. Gulley, J.L.; Madan, R.A.; Schlom, J. Impact of tumour volume on the potential efficacy of therapeutic vaccines. Curr. Oncol. 2011,
18, e150–e157. [CrossRef]

162. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352,
987–996. [CrossRef] [PubMed]

163. Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;
Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival
in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466.
[CrossRef]

164. Boudewijns, S.; Koornstra, R.H.; Westdorp, H.; Schreibelt, G.; van den Eertwegh, A.J.; Geukes Foppen, M.H.; Haanen, J.B.;
de Vries, I.J.; Figdor, C.G.; Bol, K.F.; et al. Ipilimumab administered to metastatic melanoma patients who progressed after
dendritic cell vaccination. Oncoimmunology 2016, 5, e1201625. [CrossRef]

165. Ardon, H.; Van Gool, S.W.; Verschuere, T.; Maes, W.; Fieuws, S.; Sciot, R.; Wilms, G.; Demaerel, P.; Goffin, J.; Van Calenbergh, F.;
et al. Integration of autologous dendritic cell-based immunotherapy in the standard of care treatment for patients with newly
diagnosed glioblastoma: Results of the HGG-2006 phase I/II trial. Cancer Immunol. Immunother. 2012, 61, 2033–2044. [CrossRef]
[PubMed]

166. Coley, W.B. The treatment of malignant tumors by repeated inoculations of erysipelas: With a report of ten original cases. Am. J.
Med. Sci. 1893, 105, 487–511. [CrossRef]

http://doi.org/10.1002/ijc.20050
http://doi.org/10.1016/j.canlet.2017.09.022
http://doi.org/10.1038/nature14320
http://www.ncbi.nlm.nih.gov/pubmed/8814999
http://doi.org/10.1016/j.cytogfr.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21115385
http://doi.org/10.2174/156652410791317039
http://doi.org/10.1517/14712598.7.4.449
http://www.ncbi.nlm.nih.gov/pubmed/17373897
http://doi.org/10.3389/fimmu.2018.00151
http://doi.org/10.1111/imm.12036
http://doi.org/10.3747/co.v18i3.783
http://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://doi.org/10.1016/S1470-2045(09)70025-7
http://doi.org/10.1080/2162402X.2016.1201625
http://doi.org/10.1007/s00262-012-1261-1
http://www.ncbi.nlm.nih.gov/pubmed/22527250
http://doi.org/10.1097/00000441-189305000-00001

	Introduction 
	Ex Vivo-Generated DC Vaccines 
	Maturation Protocols 
	Extensive-vs. Short-Culture Period 
	Tumor Antigens and DCs Loading 
	Clinical Trials 

	Immunotherapy in Combination with the Standards of Care: May It Help? 
	DCs Immunotherapy Combined with Chemotherapy 
	DCs Therapy Combined with Radiotherapy 
	Cryoablation 

	Combating Tumor Immune Evasion 
	Dendritic Cells Combined with Immune Checkpoint Inhibition 
	Dendritic Cells Vaccination Combined with Adoptive Cell Therapies 

	How to Further Improve the DCs Vaccine Efficacy: Lessons Learned from Site Preconditioning in Glioblastoma 
	Rationale for DC Vaccination in the Adjuvant Treatment of Cancer 
	Conclusions and Future Prospects 
	References

