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Although melanoma remains the deadliest skin cancer, the current treatment has

not resulted in the desired outcomes. Unlike chemotherapy, immunotherapy has

provided more tolerable approaches and revolutionized cancer therapy. Although

dendritic cell-based vaccines have minor side effects, the undesirable response rates

of traditional approaches have posed questions about their clinical translation. The

immunosuppressive tumor microenvironment can be the underlying reason for their

low response rates. Immune checkpoints and indoleamine 2,3-dioxygenase have

been implicated in the induction of immunosuppressive tumor microenvironment.

Growing evidence indicates that the mitogen-activated protein kinase (MAPK) and

phosphatidylinositol 3-kinase/Protein kinase B (PKB) (PI3K/AKT) pathways, as the main

oncogenic pathways of melanoma, can upregulate the tumoral immune checkpoints,

like programmed death-ligand 1. This study briefly represents the main oncogenic

pathways of melanoma and highlights the cross-talk between these oncogenic pathways

with indoleamine 2,3-dioxygenase, tumoral immune checkpoints, and myeloid-derived

suppressor cells. Moreover, this study sheds light on a novel tumor antigen onmelanoma,

which has substantial roles in tumoral immune checkpoints expression, indoleamine

2,3-dioxygenase secretion, and stimulating the oncogenic pathways. Finally, this review

collects the lessons from the previous unsuccessful trials and integrates their lessons with

new approaches in RNA-modified dendritic cell vaccines. Unlike traditional approaches,

the advances in single-cell RNA-sequencing techniques and RNA-modified dendritic cell

vaccines along with combined therapy of the immune checkpoint inhibitors, indoleamine

2,3-dioxygenase inhibitor, and RNA-modified dendritic cell-based vaccine can overcome

these auto-inductive loops and pave the way for developing robust dendritic cell-based

vaccines with the most favorable response rate and the least side effects.
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INTRODUCTION

Melanoma is the malignant proliferation of neural-crest-derived
pigment-producing cells located in the skin, inner ear, eye,
and leptomeninges (1). Among the skin cancers, cutaneous
melanoma is responsible for approximately 75% of skin cancer-
related death (2). The annual incidence of melanoma has risen as
rapidly as 4–6%, especially among the fair-skinned populations
(3). The five-year-survival rate for malignant melanoma is
estimated to be 5–19% (4).

Since dendritic cells (DCs) can bridge innate and adaptive
immunity, they have focal roles in developing anti-tumoral
immune responses (5). Because DCs can cross-present tumor-
associated antigens to CD8+ T cells, they are considered
professional antigen-presenting cells (APCs) (6, 7). Cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), programmed
cell death protein 1 (PD-1) on the T-cells, and the related
ligands on the DCs, i.e., CD80/86 and PD-L1/PD-L2, are
the pivotal inhibitory signals that attenuate anti-tumoral
immune responses (8). Targeting these inhibitory signals
can pave the way for developing potent vaccines for
melanoma patients (9).

The transmembrane glycoprotein mucin 1 (MUC1) is a
novel tumoral antigen on melanoma cells (10). MUC1 has
been implicated in the induction of immunosuppressive
tumor microenvironment (11). This antigen can recruit
myeloid-derived suppressor cells (MDSCs) and drive
the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase/Protein kinase B (PKB)
(PI3K/AKT) pathways (11–13). Furthermore, MUC1 can
augment immune checkpoint axes, which can induce
tolerance against tumoral cells. Moreover, MUC1 has
substantially induced metastasis and tumor growth in
B16 cells (10).

Recent studies have demonstratedmultiple interplays between
melanoma oncogenic pathways, MUC1, the abovementioned
tumoral immune checkpoints, MDSCs, and indoleamine 2,3-
dioxygenase (IDO). These auto-inductive loops can inhibit
the development of anti-tumoral immune responses in the
melanoma microenvironment. Therefore, targeting these
loops can bring ample opportunity to improve the response
rates of DC-based vaccines in affected patients. Furthermore,
recent advances in single-cell RNA-sequencing techniques and
engineered DC-based vaccines have furthered our knowledge
of tumor biology and provided ample opportunity to develop
potent DC-based vaccines. Identifying new biomarkers along
with the previously established tumor-related antigens and
genetic modification of DC vaccines might be a promising
approach for the treatment of melanoma patients. This
study aims to highlight the cross-talk between the main
oncogenic pathways of melanoma and immunosuppressive
inducer factors, i.e., tumoral immune checkpoints, MDSCs,
and IDO. This study also intends to collect lessons from the
RNA-modified DC vaccine studies and previous preclinical
studies to improve the response rate of DC-based vaccines in
melanoma patients.

HOW DO MELANOCYTES TRANSFORM
INTO MELANOMA?

A better understanding of melanoma transformation from
extracellular and intracellular view is essential for developing
a potent DC-based vaccine for melanoma patients. In the
following sections, we discuss the main oncogenic signaling
pathways of melanoma and their associations with the
tumor microenvironment.

Melanoma Development From Intracellular
View
Melanoma and the MAPK Signaling Pathway
Extracellular signals can initiate the MAPK pathway via binding
to receptor tyrosine kinases (RTKs). The stimulation of RTKs
leads to rat sarcoma (RAS) activation, the membrane-bound
GTPase (14). Following the stimulation of RTKs and relocation
of GDP with GTP, activated RAS propels the RAS/rapidly
accelerated fibrosarcoma (RAF)/mitogen-activated protein
kinase kinase (MEK)/extracellular signal-regulated kinase
(ERK) cascade. Subsequently, the activated ERK stimulates the
intracellular pro-growth signals (15). The BRaf, a member of the
RAF family, is prone to mutation. Indeed, the BRaf accounts
for 50% of melanoma. The V600E domain of mutant BRaf,
which is mutant in 95% of mutant BRaf, possesses 10-fold
more phosphorylation activity than the wild one (16). This
high phosphorylation capability of mutant BRaf, when couples
with the mutant P16/INK4a as the result of cyclin-dependent
kinase inhibitor 2A (CDKN2A) mutation or phosphatase and
tensin homolog (PTEN) mutation, can lead to melanoma
development (17, 18).

The NRAS, the isoform of the RAS superfamily, is another
oncogenic mutant in 30% of melanoma (19). Consistent with
this, the RAS inhibition can repress melanoma development
in zebrafish (20). The ERK signaling pathway can modulate
the c-Fos, c-Myc, c-Jun, ErbB, transforming growth factor-β
(TGF-β), and forkhead box O (FoxO). The cMyc regulates
approximately 10∼20% of cellular genes (21). The c-Myc via
epithelial-mesenchymal transition induction promotes vascular
mimicry, which is a crucial process for tumor development (22).
In line with this, the c-Myc is associated with a poor prognosis
in cancer patients (23). Furthermore, the overexpression of
c-Myc represses the senescence via suppressing the P53, P-
16, and retinoblastoma protein (Rb) in melanoma cells (24).
The mutation of P53 and CDKN2A are commonly observed
in melanoma cells (25). Upon the oncogenic stress, P53, as
the guardian of the genome, inhibits the cyclin-dependent
kinase/cyclin D complex via P21 expression. This inhibition halts
cellular proliferation (26). The Rb is another tumor suppressor,
which can bind to E2F and abort cellular replication. However,
when the cyclin-dependent kinases 4, 6/cyclin D complexes
phosphorylate the Rb, Rb releases the E2F, which drives the
cellular replication (27). The P-16, via repression of cyclin-
dependent kinases/cyclin D complexes, mediates the cross-talk
between the P53 and Rb (28).

Frontiers in Immunology | www.frontiersin.org 2 February 2021 | Volume 12 | Article 623639

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Shadbad et al. Dendritic Cell-Based Vaccination in Melanoma

The ERK stabilizes dual-specificity phosphatases 5, which
represses the ERK signaling pathway (29). Since the activation
of the ERK signaling pathway is needed for the entry of
cells to the S-phase, its inactivation has been associated with
decreased cell replication (30). The ERK signaling pathway
via the establishment of ERK/c-Fos/Fra-1/cyclin D and ERK/c-
Myc/cyclin D upregulates the cyclin D level at the G1/S
checkpoint (31, 32). At the growth 2/mitosis (G2/M) checkpoint,
the ERK signaling pathway can increase the cyclin B expression
(33). The up-regulation of cyclin D and cyclin B drives the
cellular replication robustly. The ERK signaling pathway also
downregulates the expression of anti-apoptotic agents from the
apoptosis perspective, e.g., myeloid cell leukemia-1 (MCL-1),
B-cell lymphoma 2 (BCL-2), and B-cell lymphoma-extra-large
(BCL-XL), and inhibits the caspase 9 (34, 35). However, the ERK
signaling pathway increases the P53 level via inhibition of murine
double minute 2 (MDM2) with P14 (36). As mentioned earlier,
the P53 mutation is predominant in various cancers; thus, this
mechanism fails to induce senescence and cellular death. This
intertwined ne, leading to cellular senescence, is demonstrated
in Figure 1.

Melanoma and the PI3K/AKT Signaling Pathway
The PI3K/AKT/mechanistic target of rapamycin (mTOR)
pathway is another crucial pathway in melanoma development.
RTKs and activated Ras can lead to the PI3K activation.
Afterward, the activated PI3K stimulates the AKT (37). Since
the PTEN can regulate the AKT activation, the PTEN mutation,
observed in 10–30% of melanoma cell lines, can lead to
stimulation of the PI3K/AKT/mTOR pathway (17). Based on a
report, the AKT/mTOR activation is noticeable in approximately
70% of melanoma patients (38). Dysregulated AKT can also
activate the MDM2, which ultimately leads to the degradation
of P53 (39). Indeed, dysregulated AKT suppresses the P53
expression and denatures the P21 (40). The P21 denaturation,
via the cyclin-dependent kinase (CDK)/cyclin de-repression, can
increase cell replication rate. This pathway can also upregulate
the hypoxia-inducible factor 1 alpha and enhance the glucose
uptake (41). Due to fluctuating tumoral microenvironment
and hypoxia, metabolic reprogramming to anaerobic glycolysis
is essential to tumoral survival. The mTORC1 activation can
increase the lactate dehydrogenase expression in hypoxia-
inducible factor 1 alpha-dependent-manner (42).

Since the mTOR can repress the unc-51 like autophagy
activating kinase 1 (UKL1) and UKL2, it can inhibit autophagy
(43). Autophagy is the last resort for the cells that blocks
the transformation of cells into tumor cells (44). Due to the
anti-apoptotic effect of the mTORC1, it can facilitate tumoral
development. In terms of protein synthesis reprogramming,
the mTOR is well-established in ribosomal RNA (rRNA)
upregulation (45). The mTOR promotes eukaryotic translation
initiation factor 4F complex’s conformation, facilitating the
messenger RNA (mRNA) translation (46).

Overall, these preliminary findings have raised the
notion that suppressing these pathways can eliminate
melanoma development; however, the subsequent adverse

side effects have posed daunting challenges for this
approach (see below).

Melanoma Development and the Tumor
Microenvironment
PD-L1 and Its Association With the MAPK and PI3K

Signaling Pathways in Melanoma
The tumor microenvironment has substantial roles in
determining the fate of cancer cells. Indeed, the balance
between the stimulatory and inhibitory signals can determine
the direction of anti-tumoral immune responses against tumor
antigens. Immune checkpoints are the well-established inhibitory
axes that can repress the T-cell mediated anti-tumoral immune
responses and promote tumor growth (47).

The PD-L1/PD-1 axis is one of the well-known immune
checkpoint axes. The PD-1, as a transmembrane protein, can be
expressed on the T-cells and natural killer cells (48). Moreover,
the PD-L1 can be expressed both on the infiltrating DCs
and on the tumoral cells, e.g., melanoma cells. Of interest,
the cardinal portion of melanoma tissues is highly PD-L1
expressed tissues (49). In line with this, Kleffel et al. have
also demonstrated that melanoma cells can express tumoral
PD-1 on their own cell surface to shield tumor cells from
anti-tumoral immune responses (50). Mayoux et al. have
demonstrated that PD-L1 can be more expressed on the
peripheral and tumoral-associated DCs than CD80. Indeed
PD-L1 antibody administration, via interfering with the cis
interaction between PD-L1 and CD80, reestablishes anti-tumoral
immune responses (51).

Although tumoral PD-L1 expression has been shown to
promote cancer development, higher PD-L1 expression has not
been correlated with inferior overall survival and progression-
free survival in melanoma patients (52, 53). This controversy
might stem from the considerable heterogenicity between those
included studies; the previous history of patients’ treatment and
not unified cut-off value are only two examples of the existent
heterogenicity among the included studies of that meta-analysis
(53). In line with preclinical findings, another meta-analysis
has indicated that the tumoral PD-L1 expression can promote
metastasis in melanoma patients (54, 55).

The cross-talk between tumoral PD-L1 and the MAPK and
PI3K/AKT might be one reason for impeding anti-tumoral
immune responses despite the continuous tumor growth and
progression. Atefi et al. have reported that the activation of
the PI3K/AKT signaling pathway can increase the expression
of tumoral PD-L1, resulting in tumor development (56).
Furthermore, the stimulation of the MAPK signaling pathway
can lead to tumoral PD-L1 expression in melanoma patients
with BRaf-resistant therapy (57). In melanoma patients with
positive baseline PD-L1, unlike melanoma patients with negative
baseline PD-L1, BRaf inhibitors substantially downregulate the
PD-L1 expression (58). Consistent with that, Sumimoto et al.
have elucidated that BRaf mutation causes the immune evasion
of melanoma cells. Besides, the BRaf inhibition downregulates
interleukin (IL)-10, IL-6, and vascular endothelial growth factor
(VEGF) (59). In melanoma cells without baseline expression
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FIGURE 1 | Two main intracellular carcinogenic pathways of melanoma and their inhibitors.

of PD-L1, the tumoral PD-L1 expression does not correlate
with the MAPK pathway’s status (60). However, it has been
reported that the inhibition of theMAPK pathway can upregulate

the PD-L1 expression, decrease IL-6 and IL-8 secretion,
and increase the tumor-infiltrating lymphocytes in melanoma
patients (61).

Frontiers in Immunology | www.frontiersin.org 4 February 2021 | Volume 12 | Article 623639

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Shadbad et al. Dendritic Cell-Based Vaccination in Melanoma

Besides melanoma, abundant studies reveal the correlation
between the MAPK-PI3K/AKT oncogenic pathways and PD-
L1 expression. In lung adenocarcinoma cells, the activation of
the MAPK pathway upregulates the tumoral PD-L1 expression.
Moreover, the inhibition of the MAPK pathway downregulates
PD-L1 without affecting the major histocompatibility complex
(MHC) class I level (62). In non-small-cell lung carcinoma,
the stimulation of the MAPK signaling pathway can increase
tumoral PD-L1 expression (63). In triple-negative breast cancer,
the activation of the MAPK pathway has been associated with
the upregulated tumoral PD-L1 expression (64). In glioma,
the inhibition of the PTEN post-transcriptionally upregulates
the tumoral PD-L1 expression (65). In estrogen receptor α-
positive endometrial and breast cancer cells, 17β-estradiol, via the
PI3K/AKT signaling pathway, increases the PD-L1 expression
(66). In melanoma, the PTEN loss has been associated with
upregulated expression of tumoral PD-L1 and secretion of VEGF,
IL-6, and IL-10 (67). Furthermore, the interaction between PD-
1/PD-L1 can stimulate the MAPK and PI3K/AKT signaling
pathways, which results in an establishment of auto-inductive
loops (68). Overall, there is a positive loop between the MAPK
and PI3K/AKT pathways and tumoral PD-L1 expression, leading
to tumor growth (56, 57, 68) (Figure 2).

CTLA-4 and Its Association With the MAPK and PI3K

Signaling Pathways in Melanoma
TLA-4 was initially shown on the surface of T-cells. However,
recent findings have identified them on the tumoral cells,
e.g., melanoma and luminal B breast cancer cells (69, 70).
Several mechanisms have been linked to the CTLA-4 inhibitory
function. The CTLA-4 via competition with CD28 to binding
with CD80/CD86 inhibits the secondary signal. The inhibition
of the second signal represses anti-tumoral immune responses of
T-cells (71). CTLA-4 can also inhibit the IL-2 gene expression
and prevent the cell cycle via downregulation of cyclin D3 and
cdk4/6 (72). Since CTLA-4 can regulate the activity of T-cells and
APCs, e.g., DCs, this immune checkpoint can induce immune
tolerance, facilitating tumor evasion (73). The regulatory effect of
CTLA-4 is subjected to a negative feedback loop. The stimulatory
signals via TCR complexes and CD80/CD86: CD28 upregulates
the CTLA-4 density on the T-cells receptor (74). Consistent with
this, CTLA-4 overexpression on tumor-infiltrating lymphocytes
has been considered as a red flag for melanoma patients [hazard
ratio (HR): 7.962, 95% CI: 1.832–34.598, P-value= 0.006] (75).

Besides the expression of CTLA-4 on immune cells, the CTLA-
4 can also be highly expressed on the cell surface of human
melanoma cells (70). The increased density of CTLA-4 on the
melanoma cells is due to the activation of the JAK1/2 pathway,
mediated by interferon-gamma (IFN-γ). Besides the positive
association between the MAPK signaling pathway with tumoral
PD-L1, the MAPK signaling pathway can also stimulate the
expression of CTLA-4 on the melanocytes (70). In melanoma
cells, the tumoral expression of CTLA-4 can maintain the stem
cell feature of melanoma and confer anti-apoptotic features to
the tumor (76). With the recent findings of tumor CTLA-4

FIGURE 2 | Represents the multiple positive-loops between programmed

death-ligand 1 (PD-L1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),

mucin 1 (MUC1), myeloid-derived suppressor cell (MDSC), dendritic cell (DC),

T-cell, the MAPK signaling pathway, and the PI3K/AKT pathway. The

immunosuppressive microenvironment is partially due to these unfavorable

auto-inductive loops. The PD-L1/PD-1 axis is a well-established culprit of

impeding anti-tumoral immune response development. The CTLA-4/CD80,

CD86, another immune checkpoint axis, is responsible for suppressing the

anti-tumoral immune response. The PD-L1 on the tumoral cell surface can

impede the development of the anti-tumoral immune response and stimulated

the PI3K/Akt and MAPK signaling pathways. MUC1 has the focal role in the

recruitment of MDSC and the propelling of the MAPK pathway. The MAPK

signaling pathway is also responsible for the overexpression of MUC1. Thus,

these positive loops can substantially induce an immunosuppressive

micro-environment. Therefore, these two major recognized signaling pathways

can induce tumorigenesis and shield the tumoral cells from anti-tumoral

immune responses.
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and PD-1 expression on melanoma, the cross-talk between
the CTLA-4/PD-1 and MAPK-PI3K/AKT signaling pathways
deserves further investigation.

MUC1: A Novel Antigen in Melanoma?
Since tumor-related antigens are not present overtly on the
non-tumoral cells, immunotherapy can efficiently target these
aberrant antigens (77). Among the well-established tumor-
related antigens, MUC1 might be a promising candidate
in vaccine development (78–82). Scheikl-Gatard et al. have
confirmed nine human leukocyte antigen (HLA)-restricted
peptides of MUC1, which is indicative of its acceptable
level of immunogenicity (83). Consistent with this, MUC1
has shown promising results in cancer vaccines. In non-
small cell lung cancer patients resistant to standard anticancer
therapies, a DC-based vaccine for MUC1 has improved
the patients’ survival (84). In patients with non-small cell
lung cancer, MUC1 mRNA vaccines have been well-tolerable
and induced specific-immune responses in 84% of affected
patients (81).

Although normal epidermal cells do not express MUC1,
normal MUC1 can defend against infective pathogens in the
digestive tract (85, 86). The aberrant MUC1 is present in
melanoma and has been implicated in its metastasis (10).
Compared to normal human epidermal melanocytes, MUC1
has been substantially expressed in the A375, B16, CHL-
1, SK-MEL-2, SK-MEL-5, B16BL6, and B16 cells. Silencing
MUC1 expression has decreased tumor migration via activation
of the PI3K/AKT signaling. Moreover, targeting MUC1 has
substantially reduced the metastasis of melanoma (10). In
contrast, the MUC1 can inhibit the cyclin D and c-Myc
levels, resulting in the cellular cycle arrest in MUC1-transfected
tumoral cells. Similar results have been reported following the
inoculation of tumoral cells in the animal model. However,
that study did not determine the precise interaction between
MUC1 and specific immune cells, i.e., MDSCs, and DCs.
Moreover, MUC1 transfection to the tumoral cells might not
serve as tumoral MUC1 (87). Since aberrant MUC1 can facilitate
the expression of ATP-binding cassette transporter B1, it can
develop chemoresistant and drives the carcinogenic pathway.
Furthermore, it is crucial to develop an immunosuppressive
microenvironment (11, 88, 89). In terms of intracellular
interactions, the cytoplasmic tail of MUC1 increases the
activation of the MAPK signaling pathway (90). Moreover,
MUC1 establishes various auto-inductive loops with MDSCs
in the tumor microenvironment, which recruit the MDSCs
in the MAPK and PI3K/AKT pathways manner. MUC1, via
stimulation of oncogenic pathways like the MAPK pathway, can
increase the c-Myc level in nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) p65 manner, which results
in immune evasion (91). In line with this, MUC1 suppression
has been associated with the downregulation of PD-L1 on
non-small-cell-lung cancer and has augmented the anti-tumoral
immune response (92). As discussed earlier, PD-L1 expansion
induces an immunosuppressive tumoral microenvironment and
drives the MAPK and PI3K/AKT pathways (59), which leads

to the expression of MUC1 and the establishment of an auto-
inductive loop (93, 94). These positive feedback loops facilitate
tumoral development, metastasis, and impairment of anti-
tumoral immune responses. Although MUC1 upregulates the
PD-L1 expression (92), there is no detailed investigation about
the direct effect of PD-L1 on MUC1 expression. However,
based on separate studies, PD-L1 can upregulate MUC1 via the
oncogenic pathways (10, 56, 61).

IDO and Its Roles in Inducing Immunosuppressive

Microenvironment
IDO can transform the pro-inflammatory tumor
microenvironment into an immunosuppressive tumor micro-
environment. Tumoral cells increase IDO level, leading
to the inhibition of effector T-cells (95). Furthermore,
some types of DCs can promote the level of IDO in the
tumoral microenvironment and tumor-draining-lymph-
nodes (96). This enzyme can induce tolerance to tumoral
antigens and pave the way for tumor development (97).
In the tumoral context, the cardinal functions of IDO are
tryptophan depletion and kynurenine upregulation, which
tilt the balance to immunosuppression (98). Recently, Shang
et al. have demonstrated that the tumoral IDO knockdown
can substantially decrease the PD-1 expression on T-cells
and increase the IL-2 plasmatic level in lung cancer-bearing
mice (99). In line with that, it has been estimated that 37%
of melanoma specimens express IDO, which its expression
is substantially associated with tumoral PD-L1 expression
and nodal metastasis (100). A recent study on melanoma has
highlighted a remarkable association between the plasmatic
kynurenine/tryptophan ratio with poor overall survival and
resistance to nivolumab, PD-1 targeting antibody (101). In
melanoma patients, the expression of IDO has been associated
with inferior overall survival and progression-free survival.
Moreover, the IDO expression in sentinel lymph nodes
has been associated with CTLA-4 expression on regulatory
T cells (T-reg) cells (102). Consistent with this, the IDO
expression in sentinel lymph nodes and primary melanoma
has been associated with poor overall survival. Moreover,
there has been a strong association between IDO expression
in sentinel lymph nodes with the IDO expression in the
peritumoral stroma (103). Of interest, the high expression of
IDO has been significantly associated with tumoral PD-L1
expression (104).

MDSCs can also contribute to the IDO upregulation, and in
return, IDO facilitates the recruitment of MDSCs. Moreover, the
PI3K/AKT signaling pathway can pave the way for recruiting
MDSCs in the tumor microenvironment (105). Indeed, there
are multiple auto-inductive loops between theMAPK-PI3K/AKT
signaling pathways and MDSCs. These positive loops repress
the anti-tumoral immune response (11). Furthermore, MDSC
expansion can fail immune checkpoint blockade approaches
(106). Therefore, positive immunosuppressive loops can be
established between MDSCs, IDO, oncogenic pathways, and
immune checkpoints (Figure 2).
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DCs IN THE TUMOR
MICROENVIRONMENT AND DC-BASED
VACCINE DEVELOPMENT

DCs in the Tumor Microenvironment of
Melanoma
Although recent findings have indicated that there is a
synapse between various DCs to share tumor antigens (107),
human DCs can be divided into plasmacytoid DC (pDC),
conventional DC (cDC), and monocyte-derived DCs (MoDC)
subsets. The cDCs can also be subdivided into cDC1 and cDC2
subgroups (108–110).

PDCs can impede the anti-tumoral immune responses of
killer (NK) cells and T-cells via PD-L1 overexpression (111).
Moreover, IL-10 has been considered one of the main culprits
of inducing the immunosuppressive tumor microenvironment
via pDCs. The probable reason for this effect might be stemmed
from the impaired function of INF-α, which IL-10 can cause
in the tumor microenvironment (112). Moreover, pDC can
induce the tumoral-secreted IL-10 in hepatocellular carcinoma,
which might establish an immunosuppressive auto-inductive
loop (113). Consistent with this, it has been shown that a higher
circulating pDC and MDSCs have been associated with a poor
prognosis in melanoma patients (HR= 4.42, 95%CI: 1.27–15.33,
and HR= 4.98, 95%CI: 1.50–16.67, respectively).

CDC1 is assigned to deliver antigens to the lymph node,
recruit the effector T-cells via expression of chemokine (C-X-
C motif) ligand 9 (CXCL9) and C-X-C motif chemokine ligand
10 (CXCL10), and stimulate T-cells and NK cells via secretion
of IL-12 (114, 115). In animal models, NK cells can induce
chemokine (C-C motif) ligand 5 (CCL5) and lymphotactin
(XCL1) and recruit cDC1 to the tumor microenvironment;
however, tumoral prostaglandin E2 (PGE2) can inhibit this
anti-tumoral positive loop (116). Consistent with this, targeting
PEG2 has been associated with increased responsiveness to
immunotherapy in BRaf and NRas melanoma cells (117).
In line with that, the levels of cDC1 and NK cells have
been associated with a better prognosis in melanoma patients.
Moreover, these cells can increase the responsiveness of PD-
1 immunotherapy (118). CDC1 has been associated with the
cross-presentation of antigens to develop anti-tumoral immune
responses of CD8+ T cells (119). However, recent data have
indicated that cDC1 can stimulate both CD4+ and CD8+ T
cells (120). Furthermore, TGF-β, which MUC1 can facilitate
its expression, can impair this cross-presentation (11, 121).
In line with this, a recent study has shown that TGF-β
can promote melanoma metastasis in advanced stages (122).
Indeed, the immunosuppressive microenvironment can inhibit
the migration and stimulation of cDC1 and promote MDSC
recruitment. Recent studies have shown that IL-10 is an essential
factor in limiting the cross-presentation of cDC1 following
cancer vaccination (123). Moreover, recent data have indicated
that PD-L1 can be overexpressed on cDC1 and considerably
attenuate the anti-tumoral immune responses (124).

Although cDC2 is mainly responsible for the activation of
CD4+ T cells, recent data have shown that cDC2 is also involved

in priming CD8+ T-cells (125, 126). CDC2 can secrete IL-23, IL-
1β, and IL-6, resulting in the differentiation of Th-17 cells. The
Th-17 differentiation has been accompanied by IL-17 secretion
and RORγt upregulation. Moreover, this subtype, like cDC1, has
demonstrated substantial migratory ability to lymph nodes (125).
Although cDC2 can reduce the recruitment of MDSCs to the
tumor microenvironment, the cDC1 vaccines have more potent
than the cDC2 vaccine in B16 melanoma tumor-bearing animal
models (125). However, other findings have indicated both anti-
tumoral and pro-tumoral proprieties of cDC2 (127). Overall, our
knowledge about this subtype is still growing, and its functional
role needs further research.

MoDCs are commonly developed following inflammation
and can promote Th-1 and Th-17 development (128). Although
MoDCs can be straightforwardly obtained from the blood of
affected patients, their limited migratory ability has not led
to the desired results. Indeed, the MoDCs of cancer patients
cannot substantially produce IFN-γ. The underlying reason for
this might be attributable to the remarkable expression of IL-6
(129). Oosterhoff et al. have implicated the STAT3 and the p38
MAPK signaling as the main culprits of IL-10, IL-6, PGE2, TGFβ
expression in MoDCs. Indeed, signal transducer and activator
of transcription 3 (STAT3) inhibition has been associated with
a decreased level of IL-6 in melanoma and glioma cell lines (130).
MoDCs have shown promising results in infectious diseases. In
infection with Toxoplasma gondii cysts, NK cells can produce
IFN-γ can pave the way for the MoDC development, which is
an abundant source of IL-12 secretion (131). In lymphocytic
choriomeningitis virus infection, MoDCs are the cornerstone of
developing CD8+ memory cells (132).

Novel Direction for DC-Based Vaccine:
RNA-Modified Dc Vaccines
The anti-tumoral vaccines aim to expand the specific effector
lymphocytes in the tumoral microenvironment. These clonal T-
cells efficiently detect the specific targeted tumor-related antigen
and develop an anti-tumoral immune response. DCs, as the
professional APC, are the pivotal cells in the activation of
specific T-cells (6, 7). Indeed, they uptake the antigens via
danger-associated molecular patterns and pathogen-associated
molecular patterns, process them in small peptides, and
present MHC-peptides to CD8+ and CD4+ cells. The detailed
mechanism of each stage is reviewed elsewhere (133). However,
“training” of DCs against a wide variety of tumoral antigens,
as DC-based vaccines, does not require the identification and
uptake of tumoral antigens by trained DCs (134). Indeed, one
of the advantages of DC-based vaccines over other approaches
is their ability to recognize a wide range of antigens, limiting the
chances of tumor evasion from immunological escape (135).

The fundamental concept in developing DC-based vaccines
was the training of DCs with tumoral antigen in ex vivo. Then,
the trained DCs were administered to the affected patients
with cancer (136). Genetic reprogramming has opened a new
era in the field of cancer vaccines. This approach includes the
genetic modulation of DCs via mRNA and small inhibitory
RNA (siRNA), which can improve the ability of DCs to present
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tumor-related antigens and attenuate the immunosuppressive
tumor microenvironment.

mRNA
The application of the single-cell RNA-sequencing techniques
might be a promising approach to classify the tumoral antigens
and the tumormicroenvironment (137). The first step in applying
single-cell RNA-sequencing is distinguishing the tumoral cells
from non-tumoral cells, which might seem to be challenging.
However, copy-number variations may help distinguish the
neoplastic cells from non-neoplastic cells based on their genome
lesions (138). After identifying the neoplastic cells, the search
for the tumor-related antigens might be valuable for targeting
tumoral cells. For instance, Tirosh et al. (137) have furthered
our knowledge about the oligodendroglioma and identified a
rare population of undifferentiated cells that propagate the
tumor growth (137). Since the tumoral cells are continuously
progressing, the single-cell RNA-sequencing can pave the way
for identifying new tumor-related antigens. Ramsköld et al.
(139) have identified a different set of gene expression among
melanoma cell lines based on the data of the mRNA-sequencing
protocol (Smart-Seq), which can be used as target biomarkers
in cancer therapy. As aforementioned, DC-based vaccines can
be sensitive to a mixture of antigens, thus applying the data
from the single-cell RNA-sequencing technique, besides the well-
known immunosuppressive-inducer antigens such as MUC1,
can improve the efficacy of DC-based vaccines in the pro-
inflammatory tumor microenvironment.

Several techniques have been developed to express the desired
peptide-MHC complex in DCs via mRNAs, i.e., electroporation,
lipid-mediated transfection, andmRNA co-incubation, which are
reviewed elsewhere (140). In DC-based vaccines, the mRNA-
based technique is grouped into single-antigen mRNA and total-
antigens mRNA. Based on the heterogenicity of tumoral cells,
the total-antigens mRNA might be a better option. Van Nuffel
et al. have loaded the mRNAs of gp100, MAGE-A3, and MAGE-
C2 into the DCs via the pST1-SIINFEKL vector. These modified
DCs could induce substantial levels of functional CD4+ and
CD8+ cells in melanoma patients (141). Since the peptides from
loaded mRNAs must be coupled with the MHC compound
to mount the anti-tumoral immune responses, the chimeric
lysosome-associated membrane protein-1 (LAMP-1) with the
tumoral antigen can facilitate this process (142). Consistent with
this, Su et al. (143) have shown that the mRNA of tumoral
antigen/LAMP-1 can enhance the peptide/MHC-I presentation
and the anti-tumoral immune responses in affected patients.

siRNA
The first DC-based vaccine for cancer was approved in 2010
for prostate cancer patients (144). Based on a report, DC-
based vaccines can only induce an 8.5% response rate (145).
The reason for this low response rate can be attributable to
the immunosuppressive tumor microenvironment (146). In the
siRNA technique, the inhibitory axes can be targeted, which
can pave the way for a better presentation of decoded tumoral
antigens in DCs. Asmentioned above, cDC1 can overexpress PD-
L1 and suppress anti-tumoral immune responses (147). It has

been reported that silencing PD-L1 in DC-based vaccines can
remarkably increase the priming of CD8+ (148). Nanoparticles
are another appealing vehicle to translocate siRNA to DCs.
Hobo et al. have demonstrated that loading antigen mRNA with
silencing PD-L1/PD-L2 via DLin-KC2-DMA-containing lipid
nanoparticles can enhance the CD8+ stimulation. This approach
has not affected the phenotype andmigratory effect of DCs (149).

Another plausible target might be silencing IDO in DCs.
Flatekval et al. have shown that loading IDO-siRNA can
substantially improve the stimulation of T-cells (150). Moreover,
the DC-loaded with IDO-siRNA can stimulate the CD8+

and decrease the Foxp3+ T-reg development in mice bearing
breast cancer (151). In patients with gynecological cancers,
the silencing IDO in DC vaccines has resulted in the up-
regulation of C-C chemokine receptor type 7 (CR7), CD40,
CD80, and CD86, which can mediate the DC migration to
lymph nodes and provide the co-stimulatory axes to activate
anti-tumoral immune responses (152). In melanoma-bearing
mice, treatment with IDO-siRNA using mannosed liposomes has
decreased apoptosis in CD8 and CD4 T-cells (153). Delivering
IDO1-siRNA via multifunctional envelope-type nano device
(MEND) containing a YSK12-C4 (YSK12-MEND) to DCs can
reduce the Treg cells without affecting MHC-II. Therefore,
nanotechnology might bring new opportunities to DC-based
cancer immunotherapy (154).

THE LESSONS WE HAVE LEARNED AND
THE LESSONS WE SHOULD LEARN

The following sections aim to collect the learned lessons from
successful and unsuccessful clinical trials. Based on these lessons
and the results of preclinical studies, we will present our proposed
strategy for treating melanoma patients.

Suppressing the MAPK and PI3K/AKT
Signaling Pathway: Time to Rethink About
It?
The two main oncogenic pathways of melanoma, i.e., the
MAPK and PI3K/AKT pathways, were the center of efforts
to overcome melanoma. However, chemotherapy against these
pathways has not provided well-tolerable treatment for affected
patients. Due to the proliferative and anti-apoptotic ability of
the MAPK signaling pathway, inhibitors targeting this signaling
pathway were developed; however, these inhibitors failed to fulfill
the desired outcomes because of the complexity of melanoma
pathways. Vemurafenib is the first generation of BRaf inhibitor,
which has passed the phase I trial with an 81% response (155).
In its phase II trial, the total response rate was 53%. However,
the development of cutaneous squamous cell carcinoma along
with other side effects in melanoma patients put the safety of this
agent at risk (156). In phase III randomized trial of vemurafenib,
vemurafenib administration reduced 63% the risk of death and
decreased 74% the risk of death/disease advancement. This
agent caused cutaneous squamous-cell carcinoma and alopecia
in 12 and 8% of the patients, respectively (157). One of the
concerning issues with BRaf inhibitors is the ever-increasing
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risk of developing resistance (158). Next, the administration
BRaf inhibitors have been correlated with the development of
cancers, e.g., cutaneous squamous cell carcinomas, leukemias,
and colon cancer (158). Another proposed inhibitor of the
MAPK pathway is Binimetinib, which can suppress MEK1/2 in
patients with mutant NRas melanoma (159). In the phase II
trial of binimetinib, binimetinib has failed to elicit the complete
response in melanoma patients. This agent could exert partial
response in 20% of the patients with NRas-mutated melanoma.
The side effects of the agent were not negligible, e.g., irregular
heart rate and developing acneiform dermatitis were seen in 60%
of patients with mutant NRas (160).

The PI3K/AKT signaling pathway is another main pathway
of melanoma development. Therefore, developing the PI3K/AKT
pathway inhibitors was another appealing approach for treating
melanoma patients. However, there have been serious issues
with the efficacy of the PI3K/AKT pathway inhibitors. Although
preclinical studies have demonstrated the desired outcomes in
treating melanoma cells with CCI-779 mTOR kinase inhibitor, its
phase II trial has revealed poor outcomes about the application
of this agent (161). Perifosine, the AKT inhibitor, has failed to
respond to any beneficial responses in melanoma patients (162).
A possible explanation can be the overstimulation of the MAPK
pathway in the NRas and negative feedback manner. Collectively,
the MAPK pathway and PI3K/AKT are two main carcinogenic
pathways in melanoma patients. Thus, inhibition of one of them
can augment the other pathway, which leads to chemoresistance.

RNA-Modified DC-Vaccines for MUC1
Might Be a Key Step in Cancer Therapy
Aberrant MUC1, which is substantially expressed in melanoma
cells, has been implicated in the induction of immunosuppressive
tumor microenvironment (10, 11). As discussed above, this
tumor antigen is closely associated with the MAPK signaling
pathway (Figure 2). This immunogenic antigen has a remarkable
role in the recruitment of MDSCs and the release of IDO,
which can lead to the inactivation of DCs (163). Moreover,
MUC1 has been implicated in the up-regulation of PD-L1,
which suppresses anti-tumoral immune responses. Therefore,
this antigen has a focal role in melanoma development
and suppressing anti-tumoral immune responses. There have
been substantial advances in MUC1-targeting cancer vaccines,
i.e., subunit vaccines, DNA-based vaccines, viral vector-based
vaccines, glycopeptide vaccines, and DC-based vaccines. The
detailed description of other types of vaccines, i.e., subunit
vaccines, DNA-based vaccines, viral vector-based vaccines,
glycopeptide vaccines, is reviewed elsewhere (82). Although DC-
based vaccines are well-tolerable, their low response rate cannot
lead to their clinical translation (145). Various studies have shown
the undesirable response rate of traditional peptide-loaded DC
vaccines, like MUC1 loaded-DC vaccines, compared to RNA-
modified DC vaccines, especially in melanoma (see below).

Although MUC1 loaded-DC vaccines have shown beneficial
outcomes for patients with non-small cell lung cancer (84),
peptide-loaded DC-vaccines have failed to show any superiority
over the administration of ipilimumab, CTLA-4 targeting

antibody, in melanoma patients (164). In phase I clinical trial
of MUC1 loaded DC-based vaccine, the vaccines have induced
low-titer antibody in adenocarcinoma patients; however, no
toxicity has been observed (165). In phase I/II clinical trial
of MUC1-loaded DC-vaccines, DCs loaded with the MUC1
peptide have not induced toxicity in patients with pancreatic
and biliary cancers. Following each administration of these DC-
vaccines, there has been a transient increase in the level of CD8+

and CD4+ T-cells (166). In melanoma patients, the traditional
loading of DCs with the peptide of tumor-associated antigen,
Mage-3A1, has not induced sustained anti-tumoral immune
responses (167). In patients with metastatic melanoma, the
overall response of DC-vaccines, developed fromMoDCs loaded
with peptides of tumor antigens, has been disappointing (168).
In phase Ib trial of tumor lysate DC vaccines, DC-vaccines,
manufactured via co-culturing peripheral blood mononuclear
cells with granulocyte macrophage-colony stimulating factor and
IL-4 and loaded with tumor lysate/keyhole limpet hemocyanin,
have not resulted in clinical response in patients with metastatic
melanoma (169). In melanoma patients, the DC-based vaccines,
loaded with wild-type/modified gp100 and tyrosinase peptides,
have only had limited clinical benefits (170). However, the RNA-
modifiedDC vaccine is a relatively novel and promising approach
to stimulate anti-tumoral immune responses and develop
memory cells. The combination of nanoparticle-deliveredMUC1
mRNA DC-vaccine with anti-CTLA-4 monoclonal antibody has
induced robust anti-tumoral immune responses in mice models
bearing triple-negative breast cancer (80).

Established Immune Checkpoint
Inhibitors/Novel Immune Checkpoints
Inhibitors for Targeting PD-L1/PD-1 Axis
and CTLA-4 and Their Values in
Combination Therapy
The immunosuppressive tumor microenvironment of melanoma
inhibits the development of anti-tumoral immune responses.
The overexpression of PD-L1 and CTL-A4 on the tumoral cells
shields the tumoral cells from immune responses. Based on
recent meta-analyses, there has been a remarkable association
between tumor-infiltrating lymphocytes and tumoral PD-L1
expression in triple-negative breast cancer and melanoma
(55, 171). Despite an increased level of tumor-infiltrating
lymphocyte, the PD-L1 up-regulation in tumors represses
anti-tumoral immune responses (172, 173). Upon the DC-
based vaccine administration, notable upregulation of PD-L1
on the melanoma cells attenuates the CD8+ cell stimulation
(174). Therefore, targeting these inhibitory axes can stimulate
anti-tumoral immune responses. Following the recognition of
the inhibitory role of PD-1, pembrolizumab and nivolumab
developed. These monoclonal antibodies have shown better
results than ipilimumab, a monoclonal antibody against CTLA-
4, in terms of overall survival rate (175, 176). A meta-
analysis by Jing L et al. has shown that the PD-1 inhibitors
can considerably improve the progression-free survival and
overall survival in melanoma patients (HR = 0.53 95%CI:
0.48–0.59 and HR = 0.60 95% CI: 0.53–0.69, respectively)
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(177). In another meta-analysis, the nivolumab/pembrolizumab
vs. chemotherapy treatment has improved the progression-free
survival in melanoma patients (HR = 0.42 95% CI: 0.36–
0.49). The nivolumab with ipilimumab vs. ipilimumab, and
nivolumab vs. ipilimumab treatment have substantially improved
the progression-free survival in melanoma patients (HR = 0.41
95% CI: 0.30–0.52, and HR = 0.58 95% CI: 0.50–0.66). The
reported toxicity was higher in the nivolumab with ipilimumab
treatment; however, the symptoms were manageable (178).

Although most studies investigate the inhibition of PD-1
in cancer contexts, durvalumab and avelumab are novel
agents, which can block tumoral PD-L1. The combination of
tremelimumab, as an inhibitor of CTLA-4, and durvalumab have
demonstrated promising results for patients with overexpressed
PD-L1 solid tumors. However, the combination of durvalumab
with tremelimumab needs a close follow-up because of the
increased incidence of adverse events in treated patients (179).
Although tumors with low expression of PD-L1 may not benefit
from durvalumab the same as the tumors with overexpressed
PD-L1, the combination of durvalumab and tremelimumab has
shown desirable outcomes in patients with low PD-L1 expressed
non-small cell lung cancer (180). In phase 1b clinical trial of
avelumab, avelumab has resulted in a 19.9% objective response
rate without causing death in patients with non-small cell lung
cancer (181). In phase 1b clinical trial of avelumab, the avelumab
administration has been associated with a 42.1% overall response
rate without grade 4 treatment-related adverse events in patients
with PD-L1+ melanoma (182). Thus, the safety and efficacy of
these novel agents allow for further investigations.

Following the CTLA-4 and its inhibitory effect on the
immune response, the first monoclonal antibody targeting
CTLA-4 was introduced. However, ipilimumab was only
beneficial on a small portion of patients with melanoma
(175). In patients with advanced melanoma, pembrolizumab
administration has resulted in better outcomes in terms
of progression-free survival and subsequent toxicity than
ipilimumab administration (183). In patients with metastatic

cutaneous melanoma, pembrolizumab with ipilimumab resulted
in a response rate of 38% with minor toxicity (184).

Suppressing IDO and Its Value in
Combination Therapy
Since IDO can also be expressed from tumoral cells (99, 100), the
silencing of DC-derived IDO might not suffice to downregulate
the produced IDO in the tumor microenvironment. Epacadostat
is an oral inhibitor of the IDO1 enzyme. Preclinical findings
have indicated that the treatment of DCs with epacadostat can
increase the lysis activity of T-cells and decrease immature Tim3+

NK cells (185). Its combination with nivolumab has been well-
tolerable and shown favorable clinical responses in patients with
advanced melanoma (186). The combination of pembrolizumab
with indoximod, an IDO inhibitor, has resulted in a 55.7%
overall response rate in patients with advanced melanoma (187).
In patients with metastatic melanoma, the combination of
epacadostat with ipilimumab has been well-tolerable, and the
clinical response has been considerable, especially in patients
without prior immunotherapy (188). However, the combination
of epacadostat and pembrolizumab has not shown superiority
over the monotherapy with pembrolizumab in melanoma
patients (189). A meta-analysis might be needed to answer these
conflicting data regarding the epacadostat in melanoma patients.
Furthermore, there is no clinical trial evaluating the efficacy of
epacadostat with engineered DC-based vaccines and immune
checkpoint inhibitors in melanoma patients.

Clinical Trials for Treating Melanoma
Patients
Table 1 aims to summarize the clinical trials regardingmelanoma
treatment. Although some preclinical investigations have
demonstrated relatively promising outcomes, most of these
listed clinical trials are in phase II. In this phase, the efficacy
and safety of medication are determined. Most of the studies
exclusively focus on one or two aspects of the biology of
melanoma and the immune system. However, as discussed

TABLE 1 | Some of the clinical trials were designed for patients with melanoma.

Medication Mechanism of action Clinical trial phase Study start date The status ClinicalTrials.gov identifier

DC-vaccine Biological anti-tumoral immunity Phase II 2002 Terminated NCT01042366

DC-vaccine Biological anti-tumoral immunity Phase I 2005 Completed NCT00125749

Binimetinib and Encorafenib Inhibition of the MAPK pathway and

BRaf gene, respectively

Phase II 2020 Not yet recruiting NCT04221438

Pembrolizumab and Ipilimumab Inhibition of PD-1 axis and CTLA-4

axis

Phase II 2019 Active, not recruiting NCT03873818

Nivolumab and Ipilimumab Inhibition of PD-1 axis and CTLA-4

axis

Phase II 2016 Active, not recruiting NCT02970981

Pembrolizumab, Cyclophosphamide,

and DC-based vaccine

Inhibiting PD-1/PD-L1 axis, inhibiting

protein synthesis, and Biological

anti-tumoral immunity

Phase I 2017 Recruiting NCT03092453

Standard of care immune checkpoint

inhibitors and DC-based vaccine

Inhibiting immune checkpoints and

inducing biological anti-tumoral

immunity

Phase I/II 2016 Active, not recruiting NCT02678741

DC-vaccine, dendritic cell vaccine; PD-1: programmed cell death protein 1.
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above, this kind of approach might not be promising for treating
melanoma patients. The futility of traditional DC-based vaccine
administration may stem from the inhibitory roles of IDO
and immune checkpoints, e.g., PD-L1/PD-1 and CTLA-4 axes
(Figure 2). the NCT02678741 clinical trial utilizes the tumor
lysates for manufacturing DC-based vaccines, which might
be challenging to induce remarkable anti-tumoral immune
responses. No detailed information about the process of DC-
based manufacturing in the NCT03092453 clinical trial has been
provided. There is also no information about the completed
NCT00125749 clinical trial.

CONCLUDING REMARKS

Developing agents to suppress the oncogenic pathways had been
the cornerstone of efforts to treat cancer patients. However,
their side-effects and the heterogeneous nature of tumor cells
have posed daunting challenges for chemotherapy. On the
other hand, immunotherapy has been revolutionizing cancer
therapy. Despite the low response rate of traditional peptide-
based DC vaccines, the novel RNA-modified DC vaccines have
shown low toxicity and promising results in preclinical studies.
Loading coded mRNA for desired antigens and siRNA for
targeting inhibitory axes might be a promising approach in
developing DC vaccines. The data from the single-cell RNA-
sequencing, along with the well-established tumoral antigens like

MUC1, can help us design the desired mRNA in heterogeneous
and ever-progressing cancers. The immunosuppressive tumor
microenvironment of melanoma might owe to the fact that there
are multiple auto-inductive loops between tumoral expressed
immune checkpoints, oncogenic signaling pathways, IDO,
and immunosuppressive cells. Indeed, combination therapy of
immune checkpoint inhibitors and IDO might transform the
immunosuppressive tumor microenvironment into the pro-
inflammatory tumor microenvironment. The target antigens for
gene-modified DC vaccines can be provided from the data
of single-cell RNA-sequencing and previous well-known pro-
tumoral tumor antigens, e.g., MUC1. Thus, this combination
therapy and the administration of RNA-modified DC vaccines
can suppress tumor development and provide long-lasting
immunity against tumor antigens.
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