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Abstract: The advent of mitogen-activated protein kinase (MAPK) inhibitors that directly inhibit
tumor growth and of immune checkpoint inhibitors (ICI) that boost effector T cell responses have
strongly improved the treatment of metastatic melanoma. In about half of all melanoma patients,
tumor growth is driven by gain-of-function mutations of BRAF (v-rat fibrosarcoma (Raf) murine
sarcoma viral oncogene homolog B), which results in constitutive ERK activation. Patients with a
BRAF mutation are regularly treated with a combination of BRAF and MEK (MAPK/ERK kinase)
inhibitors. Next to the antiproliferative effects of BRAF/MEKi, accumulating preclinical evidence
suggests that BRAF/MEKi exert immunomodulatory functions such as paradoxical ERK activation
as well as additional effects in non-tumor cells. In this review, we present the current knowledge
on the immunomodulatory functions of BRAF/MEKi as well as the non-intended effects of ICI and
discuss the potential synergistic effects of ICI and MAPK inhibitors in melanoma treatment.

Keywords: BRAF; MEK; targeted therapy; immunological effects; immune checkpoint inhibitors;
metastatic melanoma; CTLA-4; PD-1; PD-L1; paradoxical ERK activation; inflammasome; tumor mi-
croenvironment

1. Introduction

Malignant melanoma is one of the most aggressive solid tumors of the skin and occurs
at increasing incidence in the western world [1]. Despite major efforts in the prevention
of melanoma, including skin cancer screening, up to a few years ago melanoma patients
with distant metastases had poor prognoses with median survival rates of only six to ten
months [2]. Over the past decade, significant progress has been made in the treatment
of advanced malignant melanoma [3]. In particular, the approval of immune checkpoint
inhibitors (ICI) that activate the patient’s immune system by promoting T effector cell
generation and activation has significantly improved the prognosis of affected patients and
demonstrated long-term efficacy in up to 50% of ICI treated patients [4,5].

The advent of mitogen-activated protein kinase (MAPK)-targeted therapy was another
pivotal area in the improvement in melanoma treatment. In about 40–50% of patients,
melanoma cells are characterized by a mutation of BRAF (v-rat fibrosarcoma (Raf) murine
sarcoma viral oncogene homolog B) at position 600 (BRAFV600), which results in consti-
tutive activation of the extracellular signal-regulated kinase (ERK) pathway [6]. In turn,
hyperactive ERK promotes the proliferation and migration of tumor cells [7]. Therefore,
BRAF inhibitors (BRAFi), which specifically inhibit mutated BRAFV600E, have been devel-
oped [8]. BRAFi inhibit ERK signal transduction and, thus, induce apoptosis of tumor
cells [9]. Thus far, the BRAFi vemurafenib, dabrafenib, and encorafenib have been ap-
proved for treatment [10]. Due to the development of tumor resistance to the action of
BRAFi monotherapy by various mechanisms and the risk of developing secondary can-

Int. J. Mol. Sci. 2021, 22, 9890. https://doi.org/10.3390/ijms22189890 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-6720-7570
https://orcid.org/0000-0002-2598-9885
https://orcid.org/0000-0002-6863-8719
https://doi.org/10.3390/ijms22189890
https://doi.org/10.3390/ijms22189890
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22189890
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22189890?type=check_update&version=2


Int. J. Mol. Sci. 2021, 22, 9890 2 of 16

cers [11,12], combination therapies with MEK (MAPK/ERK kinase) inhibitors (MEKi) have
been introduced to delay or prevent the onset of resistance [13].

A deeper understanding of the effects of inhibitors of the ERK pathway on the biology
of malignant melanoma as well as the host immune system may provide new opportunities
to improve the treatment of the tumor. For example, histopathologic examination of tissue
biopsies from melanoma patients treated with BRAFi demonstrated increased densities of
tumor-infiltrating leukocytes (TIL) [14]. In addition, T cell-stimulating effects by BRAFi
were observed in vitro and in vivo, which might be attributed to paradoxical activation
of the ERK pathway as described in more detail in Section 4.3. Above, we showed that
murine bone marrow-derived dendritic cells (DC) responded to BRAFi application with
an increased expression of T cell costimulatory receptors and elevated production of the
pro-inflammatory cytokine IL-1β [15], which is suspected to promote tumor growth [16,17].
Similar findings were obtained for human monocyte-derived DC. Taken together, these
results indicate that BRAFi exhibit relevant off-target effects in immune cells, which may
play a considerable role in the context of therapy efficacy. This review aims to give insights
into the immunological (off-target) effects of MAPK-targeted therapy, which in turn may
impact the efficacy of treatment.

2. Constitutive MAPK Signaling Is a Major Cause of Melanoma
Induction/Progression
2.1. BRAF Mutations Are a Dominant Driver of Melanoma

In about half of all melanoma patients gain-of-function mutations of the BRAF proto-
oncogene [12] are apparent, followed by loss-of-function mutations of the neurofibroma 1
(NF1) [18], and by gain-of-function mutations of the neuroblastoma rat sarcoma (RAS) viral
oncogene homolog (NRAS) and the c-KIT proto-oncogene [19].

In recent years, it has further been found that the development of melanoma from
preneoplastic lesions is not based on a specific mutation pattern. Rather, different gene mu-
tations can transform different precursor lesions into each melanoma subtype [20]. There-
fore, a BRAF mutation alone, as frequently found in melanocytic nevi, is not sufficient for
melanoma development but might rather be complemented by additional mutations [21].
Here, UV radiation and other factors, such as oxidative stress, can cause additional mu-
tations of, for example, the promoter of telomerase reverse transcriptase (TERT), [22] which
may result in an elevated TERT expression, or of the cyclin-dependent kinase inhibitor 2A
(CDKN2A) gene [23], thus initiating a malignant transformation.

2.2. Dysregulated Signaling Pathways

In most cases of melanoma, the ERK pathway is constitutively activated and promotes
melanoma development due to dysregulation of the cell cycle and apoptosis [24]. In
about 60% of cutaneous melanomas caused by intermittent sun exposure, a genetic gain-
of-function mutation of the BRAF gene causes hyperactivity of the downstream ERK
kinase [25]. More than 97% of BRAF mutations are located in codon 600 of the BRAF
gene. In up to 90%, a transversion of thymine to adenine occurs, which leads to the
substitution of valine (V) by glutamic acid (E), yielding BRAFV600E. Substitutions of valine
by lysine (V600K) occur in approximately 8–20% of cases [26]. The hydrophilic amino
acid, glutamic acid, present in BRAFV600E instead of the hydrophobic amino acid, valine,
causes constitutive activation of the catalytic domain of BRAF serine/threonine protein
kinase, resulting in a 500-fold increase in kinase activity compared with wild-type BRAF
kinase [27]. Hyperactive MAPK signaling is also caused by mutations of NRAS (about
20% of malignant melanoma) [28]. In over 80% of cases, NRAS displays a point mutation
at position 61, leading to decreased guanosine 5’-triphosphate (GTPase) activity and,
thus, maintenance of the GTP-bound conformation of the RAS protein. As a result, both
MAPK and PI3K (phosphoinositide 3-kinases) signaling maintains active [19]. Typically,
either BRAF or NRAS mutations are found in malignant melanomas. These mutations are
mutually exclusive at the level of individual cells but not at the tumor level [29].
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The third most common mutated gene in malignant melanomas is the tumor sup-
pressor gene NF1 [18]. Mutations of NF1 are clustered in patients exposed to chronic solar
radiation and in elderly patients [30]. NF1 inhibits RAS signaling by regulating the conver-
sion of active RAS-GTP to inactive RAS-GDP [31]. Accordingly, loss-of-function mutations
of the NF1 protein result in hyper-activation of RAS and, in combination with mutant
BRAF protein, prevent oncogene-induced senescence during melanoma development by
deregulating the PI3K and MAPK pathways [32].

2.3. Additional Melanoma-Promoting Mutations

In addition to the aforementioned driver mutations, further mutations are found
primarily at later stages of melanoma. These often affect TERT, CDKN2A, PTEN, and
other proteins [33]. PTEN constitutes a tumor suppressor which plays a role in cell cycle
regulation and inhibits cell invasion by antagonizing PI3K signaling [34]. In melanoma cell
lines, a PTEN mutation rate of 30–40% has been observed, whereas in primary melanomas
the frequency was about 10% [35]. In a considerable fraction of human melanomas, a
combination of BRAF and PTEN mutations has been detected [36] resulting in parallel
hyper-activation of the MAPK and PI3K pathways [37].

3. Melanoma-Induced Immune Modulation

The development of melanomas is a multistep process that involves the interaction of
environmental, genetic, and host factors. As such, melanoma-induced modulations of the
tumor microenvironment (TME) contribute to immune evasion and melanoma progression.
Intriguingly, BRAF-mutated melanomas may induce distinct alterations of the TME, which
may serve as an additional mechanism of immune resistance (Figure 1).

Bradley and co-workers have demonstrated that BRAF-mutated tumors downregu-
lated HLA (major histocompatibility complex) class I molecules through its internalization
and intracellular sequestration [38]. Furthermore, BRAF-mutated melanomas may create
a TME that inhibits T cell effector functions even more effectively. In particular, it has
been shown that developing tumors induced the accumulation of regulatory T cells (Treg)
both in murine models of BRAFV600-mutant melanoma [39,40] and in human samples
of BRAFV600-mutated melanoma [41], which may limit effector T cell activity via cell
contact-dependent mechanisms or cytokine generation [42]. Moreover, Ho and co-workers
reported that developing tumors in a BRAFV600E/PTEN−/− murine melanoma model
induced the recruitment and infiltration of myeloid-derived suppressor cells (MDSC),
which are defined by their ability to suppress effector T cell functions [40]. This finding is
consistent with previous observations of BRAFV600-mutant melanoma cells, which revealed
a strong expression of IL-6 and IL-10, immunomodulatory cytokines that may promote the
recruitment of MDSC and Treg to the TME [43].

Next, it has also been found that BRAFV600-mutant melanoma may prevent tumor
antigen presentation by antigen-presenting cells (APC), such as macrophages and DC.
Ott and co-workers demonstrated that cytokine generation and expression of activation
markers in DC cocultured with BRAF-mutated melanoma cells were strongly impaired,
while MAPK inhibition reversed this effect [44]. In agreement, Ho and co-workers showed
that DC isolated from advanced BRAF-mutated melanomas were unable to stimulate the
proliferation of CD8+ T cells [40]. Furthermore, during melanoma progression, the expres-
sion of CD40L on tumor-infiltrating CD4+ T cells, as well as the expression of interferon
(IFN-)γ, tumor necrosis factor (TNF-)α, and IL-2 by these cells, was inhibited, accompanied
by increased numbers of Treg and MDSC in the tumor. Notably, BRAF-mutated tumors did
not only show an enhanced infiltration by immunosuppressive immune cell populations
but Kim et al. have further observed the overexpression of genes associated with immuno-
suppression, such as cytotoxic T-lymphocyte associated protein (CTLA)-4, programmed
cell death ligand (PD-L)1, or HLA-G [45].
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Figure 1. Immunological modulations of the tumor microenvironment in BRAFV600-mutated
melanoma. BRAFV600-mutated melanoma is characterized by constitutive ERK activation, which
results in an elevated release of immunomodulatory mediators that in turn affect both constituents
of the microenvironment (TAM, CAF) and infiltrating immune cells (DC, T effector cells) to convey
tumor immune evasion. BRAF-mutant melanoma is characterized by a modulation of cytokine
profiles, which includes the accumulation of immunosuppressive cytokines such as IL-10 and VEGF,
IL-1β, and lower levels of cytotoxic cytokines such as TNF-α and IFN-γ. Further, BRAFV600-mutated
melanoma promote the recruitment of immunosuppressive cell populations such as regulatory T cells
and myeloid-derived suppressor cells, favors macrophage polarization towards an M2-phenotype,
which may inhibit anti-tumor immunity, and impedes the function of antigen-presenting cells. Ac-
cordingly, BRAF-mutant melanoma shows a strong impairment of effector T cell functions, which is
conveyed by cell-cell contact-dependent mechanisms of immunosuppressive cell populations, the
upregulation of PD-L1 on melanoma cells and cancer-associated fibroblasts, and a cytokine profile
favoring the exhaustion and inhibition of effector T cells within the TME.

In addition, it has been demonstrated that BRAFV600E melanoma cells show an en-
hanced expression of IL-1α and IL-1β, which promoted the immunosuppressive proper-
ties of cancer-associated fibroblasts (CAF) [46]. Specifically, treatment of CAF isolated
from melanoma patients with IL-1α/β strongly inhibited the proliferation and func-
tion of melanoma-specific cytotoxic T cells, which was attributed to an upregulation
of cyclooxygenase-2 and increased surface expression of PD-L1 and PD-L2. Moreover,
it has been found that BRAFV600E-mutant human melanoma cell lines increased the ex-
pression of vascular endothelial growth factor (VEGF), which may favor a tolerogenic DC
phenotype and tumor progression by neoangiogenesis [43,47]. Inhibition of BRAF/MEK
signaling by silencer (si)RNA and pharmacological inhibition decreased the production
of pro-tumorigenic factors such as IL-1α/β [46], IL-6 [43], IL-8 [48], IL-10 [43,49], and
VEGF [43,50] by melanoma cells. The transduction of melanoma cells with plasmids encod-
ing BRAFV600E-specific short hairpin RNA significantly reduced the inhibitory properties
of melanoma cell culture supernatants on the production of pro-inflammatory cytokines
such as IL-12 and TNF-α by lipopolysaccharide (LPS)-stimulated DC [43]. Overall, these
studies show that the constitutive ERK activation, as found in BRAF-mutated melanomas,
may favor an ineffective anti-tumor immune response, indicating that a targeted inhibition
of MAPK signaling may reverse these immunosuppressive effects [42] as outline below.
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4. MAPK-Targeted Treatment of Metastatic Melanoma

The majority of patients with newly diagnosed malignant melanoma are in the early
stages of disease and are treated by excision of the lesion with an appropriate safety margin,
based on the tumor thickness and the potential involvement of a sentinel lymph node [51].
After primary treatment, approximately 20% of patients relapse associated with metastases,
for which the median survival without treatment would be less than 12 months. Until 2011,
no systemic therapy was available that could convincingly improve survival in patients
with metastatic melanoma [52]. With the approval of MAPK-targeted therapies, as well as
the introduction of ICI, the median overall survival of these patients has been increased to
more than 3 years [53].

4.1. Limitations of BRAFi Monotherapy

Prior to the approval of BRAFi for treatment, patients with BRAFV600-mutated melanoma
had a worse prognosis than melanoma patients with wild-type BRAF [54]. The approval of
MAPK-targeting inhibitors for the treatment of metastatic BRAFV600E-mutated melanoma
changed this situation [55]. However, when BRAFi were administered alone, serious
adverse events (AE) such as squamous cell carcinoma or keratoacanthoma occurred due
to paradoxical activation of the ERK pathway [56]. In this regard, it is important to note
that the currently clinically applied BRAFi may also cause homodimerization of wild-type
BRAF or heterodimerization of BRAF with RAF1, resulting in unwanted BRAF activation
in these cells, termed paradoxical ERK activation (see Section 4.3).

Moreover, BRAFi monotherapy almost invariably resulted in tumor resistance by
various mechanisms [57]. For example, melanomas with a BRAFV600E mutation may
escape BRAF inhibition through RAS-mediated reactivation of the MAPK pathway, such
as mutational inactivation of the tumor suppressor NF1 [58]. Another explanation for the
development of BRAFi resistance is that due to the disrupted negative feedback mechanism
associated with BRAF blockade, receptor tyrosine kinase (RTK) and RAS are activated,
which in turn trigger the MAPK pathway [59]. In addition, RAF inhibitor-resistant RAF
dimers form in this process, leading to the restoration of ERK activity. Moreover, the
increased formation of BRAF dimers by RAS-independent alternative splicing [60] and
mutations of MEK [61] have been demonstrated as additional mechanisms of resistance.
Finally, tumors were reported to circumvent BRAF inhibition by allowing MEK signaling
to restore activation of ERK in a BRAF-independent manner [62].

Besides the resistance to BRAFi autonomously acquired by tumor cells, the existing
TME may also contribute to the development of BRAFi resistance [63]. For example, stromal
cell secretion of hepatocyte growth factor (HGF) and subsequent activation of the HGF
tyrosine kinase receptor can reactivate the MAPK and PI3K pathways [64]. Furthermore,
BRAFi-induced paradoxical ERK activation in CAF was shown to result in elevated matrix
protein production and remodeling [65]. The increased stiffness of the extracellular matrix
(ECM) enhanced integrin-β1/focal adhesion kinase/Sarcoma signaling in melanoma cells,
which in turn yielded ERK reactivation in a BRAF-independent manner. Additionally, the
interplay of TAM, CAF, and tumor cells, based on the secretion of IL-1β by TAM, may
mediate tolerance to BRAFi as well as to combination therapy with BRAFi and MEKi [66].
Paradoxical activation of the ERK pathway by BRAFi (as described in more detail in
Section 4.3) in TAM was also shown to contribute to increased production of VEGF, which
in turn reactivated the ERK pathway in melanoma cells, supporting tumor cell growth [67].

As a consequence of the several limitations of BRAFi, but especially the frequently ap-
parent emergence of tumor resistance and associated tumor progression in patients, MEKi
were developed and are co-applied in clinical practice to circumvent these problems [68].

4.2. BRAFi/MEKi Combination Therapy

In several clinical trials, combined treatment of patients with BRAFi and a MEKi (ve-
murafenib + cobimetinib [69]; dabrafenib + trametinib [70]; encorafenib + binimetinib [71])
increased progression-free survival (PFS) as compared with the according BRAFi monother-
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apy. However, despite the introduction of BRAFi/MEKi combination therapy, tumor
resistance due to enhanced or combined evasion mechanisms continues to be observed.
For example, Braf gene ultra-amplification leads to dimerization of BRAF with RAF1
and interaction of mutant MEK proteins with overexpressed BRAF, which consequently
initiates reactivation of the MAPK pathway [72]. Additionally, for melanoma cells with
double BRAFi/MEKi resistance, p21-activated kinases (PAK) were reported to become
activated and to stimulate mechanistic targets of rapamycin signaling via c-Jun N-terminal
protein kinase and β-catenin, inhibiting apoptosis in an ERK-independent manner [73].
Nevertheless, BRAFi/MEKi combination therapies are superior to BRAFi monotherapy
and are, therefore, used as standard therapy in the treatment of BRAFV600E metastatic
malignant melanoma [74].

Currently, the evaluation of new inhibitors of the RAF/MEK/ERK signaling axis is
the subject of preclinical research and is being investigated in clinical trials [75]. While
dabrafenib, vemurafenib, and encorafenib belong to the second-generation of BRAFi and
are all αC-OUT-RAF inhibitors (leading to a decrease in inhibitor binding to the other
protomer of the dimer), the group of third generation BRAFi consists of both αC-OUT-RAF
inhibitors [76] and αC-IN-RAF inhibitors (not strongly affecting inhibitor binding to the
other monomeric subunit of the dimer) [77]. In addition to the biochemical differences
present, third generation αC-OUT-RAF inhibitors are expected to retain the therapeutic
breadth of second-generation αC-OUT-RAF inhibitors without promoting the appearance
of secondary tumors through paradoxical ERK activation in healthy cells. However, the
efficacy of αC-IN-RAF inhibitors is expected to be limited by a narrow therapeutic window
because they inhibit ERK signaling in healthy cells as well. To overcome this phenomenon
and ERK reactivation by feedback mechanisms, the combination of αC-IN-RAF inhibitors
with αC-OUT-RAF inhibitors is expected to provide a remedy and ensure sustained inhibi-
tion of ERK [78].

Other side effects, such as rash and increased photosensitivity with vemurafenib, and
pyrexia, hyperkeratosis, and headache with dabrafenib, are likely due to drug-specific
off-target effects [79] as outlined in the following.

4.3. Off-Target Effects of BRAFi/MEKi on Immune Cells

As illustrated in Figure 2a, BRAFi exert off-target effects on immune cells in large
part via paradoxical ERK activation [80]. The underlying mechanism of paradoxical ERK
activation in somatic cells, which express wild-type BRAF, is presented in more detail
below. Co-treatment of melanoma with MEKi was established to overcome resistance
mechanisms that reestablished ERK activity [68], and may also counteract paradoxical ERK
activation in immune cells. However, due to the general importance of ERK signaling for
immune cell functions [81], the application of MEKi may cause (unintended) functional
alterations in immune cells as well (Figure 2b).

4.3.1. Paradoxical ERK Activation

Paradoxical ERK activation in response to treatment with second-generation αC-OUT-
RAF inhibitors is caused by differences in the modes of action of mutated and wild-type
BRAF proteins. BRAFV600E signals downstream as a monomer [82]. Binding of the inhibitor
impairs BRAFV600E activity and, thereby, downregulates ERK signaling. In cell types
carrying wild-type BRAF, signaling is achieved by homo- and/or heterodimers of BRAF
and RAF1 [83]. Binding of BRAFi to a BRAF protein of these dimers locks the enzyme in
its active configuration since the inhibitor binds to the ATP-binding site. This change in
conformation stimulates activity to the partnering enzyme in the dimer, which initiates
downstream signaling, resulting in upregulation of the ERK pathway [82]. The latter causes
cell-type-specific side effects such as squamous cell carcinoma in skin cells [84] or changes
in the activity of different immune cell types [80], which will be elaborated on below.
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Figure 2. Immunomodulatory effects of BRAF (left) and MEK (right) inhibition on the tumor
microenvironment. (A) BRAFi exert antiproliferative functions via blockade of ERK signaling in
melanoma tumor cells. Moreover, BRAFi exert pivotal immunomodulatory functions within the
TME. Here, it has been shown that BRAFi reduce the infiltration of Treg and MDSC within the TME
via inhibition of IL-6, IL-10, and VEGF secretion by melanoma cells. Moreover, BRAFi enhance
CD8+ T cell infiltration and activation via paradoxical ERK activation and augment cytotoxicity in
T cells via the secretion of granzyme B, perforin, IFN-γ, and IL-2. Owing to increased immunogenic
cell death, the expression of melanoma antigens and MHC-I molecules is significantly enhanced
by BRAFi. However, BRAFi monotherapy also results in the development of mechanisms of tumor
resistance. Among these, the functional crosstalk between TAM, cancer-associated fibroblasts (CAF),
and melanoma cells contribute to rapid resistance to BRAFi [66]. Additionally, CAF contribute to
tumor resistance via extracellular matrix (ECM) remodeling, resulting in the reactivation of ERK
in melanoma cells [65]. Lastly, it has been found that BRAFi may increase both PD-L1 levels on
melanoma cells, which may favor an exhausted T cell phenotype. (B) Coadministration of MEKi
results in a decreased density of TAM, thus preventing the rapid development of treatment resistance.
Further, MEKi prevent the polarization of monocytes into MDSC and the infiltration of regulatory
T cells and MDSC into the TME. However, MEKi also reduce the proliferation and activation of
T cells via blockade of ERK signaling, thus limiting the T cell stimulatory capacities of BRAFi.
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4.3.2. TME

Liu et al. investigated the immunological effects of the BRAFi dabrafenib and the MEKi
trametinib in a CT26 mouse model [85]. Both drugs induced the expression of apoptosis
markers as well as HLA molecules in BRAFV600-mutated melanoma cells and decreased
the production of anti-inflammatory factors such as PD-L1, IL-1, IL-8, and VEGFA.

Wilmott et al. studied the effects of the BRAFi dabrafenib and vemurafenib on the im-
mune response in tumor biopsies from patients with metastatic malignant melanoma [14].
Tissue samples were collected before and after treatment with BRAFi. Here, a correlation
was observed between the extent of tumor infiltration by CD8+ T cells and granzyme
B-expressing lymphocytes in tumor biopsies taken after BRAFi treatment. In addition,
the higher number of CD8+ T cells was associated with a smaller tumor size as well as
an increase in tumor necrosis [80]. In a similar study, biopsies were taken from patients
with metastatic malignant melanoma before and 10–14 days after treatment initiation
and were analyzed for melanoma antigens, T cell markers, and immunomodulatory
cytokines [86]. Treatment consisted of either vemurafenib monotherapy or combined
dabrafenib/trametinib administration. Both treatment strategies correlated with increased
expression of melanoma antigens, increased CD8+ T cells, and T cell cytotoxicity markers,
and decreased levels of the immunosuppressive cytokines IL-6 and IL-8. In addition, in-
hibitory receptors such as PD-1 and T cell immunoglobulin and mucin-domain containing-3
were increased in expression during treatment. When treated with BRAFi alone, a decrease
in melanoma antigen expression and infiltration with CD8+ lymphocytes was observed
during tumor progression, but this was reversed when combined with a MEKi. The authors
conclude from these results that treatment with BRAFi contributes to a TME more favorable
for treatment [87].

4.3.3. Regulatory Immune Cells

In a mouse BRAFV600E melanoma model, the administration of dabrafenib increased
the number of TAMs and Treg [88]. However, this increase was prevented in the case of
combined treatment with dabrafenib and trametinib. Anti-tumor effects were enhanced in
response to additional treatment with a PD-1 blocking antibody. In two more studies, BRAFi
and MEKi were demonstrated to enhance TAM numbers both in mouse tumor models as
well as in human biopsy samples [66,89]. Smith and co-workers demonstrated that TAM
generated TNF-α during treatment with BRAF/MEKi, which in turn induced expression
of the microphthalmia-associated transcription factor in melanoma cells, preventing cell
death [89]. Young and colleagues showed that the elevated number of TAM resulted in
exaggerated IL-1α production that, in turn, induced the generation of immunomodulatory
soluble mediators in CAF, which evoked expression of anti-apoptotic proteins in tumors
cells [66].

Although TAM may consist of both tumor-promoting type-2 macrophages as well as
tumor-inhibiting type-1 macrophages, somewhat in contrast to these findings, Schilling et al.
found that the number of MDSC in the blood of melanoma patients treated with ve-
murafenib decreased. The authors hypothesized that vemurafenib inhibited BRAFV600-
mutated melanoma cells to secrete MDSC-inducing factors, such as IL-6, through im-
munomodulatory effects [87].

4.3.4. DC

Concerning the effects of MAPK-targeting drugs on DC, Ott et al. showed that hu-
man monocyte-derived (MO-)DC, when stimulated and subsequently co-incubated with
BRAFV600E-mutated melanoma cell lines, displayed impaired expression of costimulatory
receptors and cytokine production [44]. These effects were reversed in the presence of
vemurafenib and/or a MEKi. Direct administration of the MEKi to DC resulted in pro-
nounced inhibition of viability and T cell priming capacity. Vemurafenib, on the other
hand, showed no effect on DC functions over a wide range of concentrations. The authors
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concluded that BRAFV600E-mutated melanoma cells suppress DC function, but that this
can be restored by blocking the ERK pathway.

Tel et al. also investigated the effect of vemurafenib on the functional capacity of DC.
For this purpose, plasmacytoid (p)DC and conventional (c)DC were isolated from PBMC
provided by healthy donors or from melanoma patients treated with vemurafenib [90].
Maturation of either DC population by the TLR-7/8 ligand R848 was inhibited in case
of concomitant treatment with vemurafenib, both in terms of surface maturation marker
expression and cytokine production, leading to decreased allogeneic T cell proliferation.
Interestingly, the inhibitory effect of vemurafenib on DC activation was not observed when
total PBMC were treated. The authors suggested that the presence of other cell types
resulted in decreased uptake of vemurafenib by DC, thereby preventing inhibitory effects.

In another study that issued potential effects of the BRAFi dabrafenib, no modula-
tory effects on the immunophenotype of human MO-DC and stimulated T cells were
observed [91]. In contrast, the MEKi trametinib, when applied in combination with
dabrafenib, suppressed the antigen cross-presenting activity of MO-DC. Furthermore,
the application of trametinib alone or in combination with dabrafenib attenuated T cell
proliferation.

Our lab investigated off-target effects of vemurafenib and dabrafenib, and of the
according MEKi cobimetinib and trametinib on the immunophenotype of murine DC [15].
We observed that the administration of dabrafenib to murine bone marrow-derived or
splenic DC increased the expression of MHC-II, of the costimulatory receptors (CD80, CD86)
and increased IL-1β production. Besides enhancing IL-1β mRNA expression, dabrafenib
also activated Caspase-1, which confers cleavage of pro-IL-1β to yield bioactive IL-1β [17].
Moreover, dabrafenib applied at high concentrations also activated Caspase-8, which
cleaves pro-IL-1β as well. In contrast, vemurafenib was less potent with regard to DC
activation and conferred IL-1β production only when co-applied with LPS. Trametinib and
cobimetinib did not counteract the effects of either BRAFi, which suggested that the DC
stimulatory properties were not due to paradoxical ERK activation. Similar effects were
also noted for human MO-DC, with vemurafenib being more potent than dabrafenib.

These results are of considerable interest in light of the results of a very extensive study
from Young and co-workers, which demonstrated an increase in IL-1β expression in tumor
biopsies of patients under treatment with vemurafenib or a combination of dabrafenib and
trametinib [66]. The elevated IL-1β levels were attributed to TAM, which was apparent at a
higher frequency in the tumors of patients treated with BRAFi/MEKi. TAM-derived IL-1β
was demonstrated to upregulate expression of IL-8 and the chemokine C–X–C motif ligand 1
in CAF, which in turn increased tumor survival by mediating upregulation of anti-apoptotic
proteins in tumor cells. The pro-tumorigenic properties of IL-1β were confirmed in vivo
using IL-1 receptor-deficient mice, which, when inoculated with BRAFV600E melanoma
cells, showed attenuated tumor growth as compared to wild-type mice. Likewise, clinical
administration of the anti-IL-1 antibody canakinumab significantly reduced the occurrence
of lung cancers in a clinical trial with more than 15,000 patients (Cantos), suggesting that
IL-1 may have tumor-promoting properties. However, a follow-up trial that combined
canakinumab with docetaxel (Canopy-2) failed to enhance response rates compared to
chemotherapy alone. A trial with anti-IL-1 plus anti-PD1 (Chorus) in non-small cell lung
cancer is still ongoing.

More recently, Riegel and colleagues reported that the pan-RAF inhibitor LY3009120,
which in contrast to second-generation αC-OUT-RAF inhibitors does not cause paradoxical
ERK activation [92], interfered with the activation of murine bone marrow-derived DC
and human MO-DC, in contrast to the MEKi trametinib [93]. The authors proposed a
‘non linear MAPK pathway’ [94] in DC, meaning that RAF and MEK kinases may exert
distinct roles in DC biology. This is in contrast to the situation in T cells where the pan-RAF
inhibitor and MEK inhibitors have similar effects [93].
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4.3.5. T Cells

It has been reported that in melanoma patients, monotherapy with vemurafenib, but
not dabrafenib, decreased peripheral lymphocyte numbers [95]. Within the CD4+ T cell
compartment, a decrease in central memory cells, but an increase in naïve T cells, was
observed. In addition, secretion of IFN-γ and IL-9 by CD4+ T cells was significantly lower
in vemurafenib-treated samples than measured in pre-treatment samples. Callahan and
co-workers investigated the effects of the pan-RAF inhibitor BMS908662 on T cell activa-
tion [80]. They found that T cell activation increased in a RAFi concentration-dependent
manner and that this effect correlated with enhanced ERK signaling based on paradoxical
activation of ERK by the RAFi. Furthermore, proliferation of polyclonally activated CD4+

(up to 25%) and CD8+ (up to 53%) T cells was increased by the RAFi [15].
Liu and co-workers assessed the immunological effects of dabrafenib and trametinib

in vitro in human CD4+ and CD8+ T cells obtained from healthy donors [85]. They demon-
strated that dabrafenib increased phospho-ERK expression in human T cells and left CD4+

and CD8+ T cell function unchanged, whereas trametinib decreased pERK levels and led to
partial or transient inhibition of T cell proliferation and alteration of cytokine production.
The effects of trametinib were partially attenuated by the addition of dabrafenib.

The result of MEK inhibition may depend on the activation state of the T cell when it
encounters an according inhibitor. As shown by Ebert and co-workers in a mouse colon
carcinoma model, the MEKi G-38963 (similar to cobimetinib) increased the number of
tumor-infiltrating CD8+ T cells, associated with decreased tumor growth, and these effects
were enhanced when the MEKi and a PD-L1 blocking antibody were co-administered [96].
The authors attributed the outcome to a protective effect of MEK inhibition for the tumor-
infiltrating T cells against exhaustive T cell death (as they are already active before MEKi
treatment). In contrast, MEKi were found to inhibit the priming of naïve T cells. Further-
more, it was shown that MEK activity is not essential for CTL effector functions in vitro.
Beneficial effects on T cell function were also discovered in a pulsatile form of MEK inhi-
bition treatment [97]. This was seen especially in CD8+ T cells. These showed increased
infiltration in a non-small-cell lung carcinoma tumor model and a higher expression of
Ki-67, as compared to continuous treatment. The pulsatile treatment showed the longest
PFS in mice and the combination of pulsatile treatment and anti-CTLA-4 antibody resulted
in the longest OS. These findings suggest that it may be interesting to reevaluate the dosing
schedule of MEKi treatments to maximize their therapeutic benefits.

In general, there seems to be little scientific evidence on BRAF/MEK inhibition re-
garding differentiated T cell populations in tumor-bearing mice or humans. It warrants
further study to examine if the effects of targeted therapy on T cells differ dependent on
the activation state of either T cell subpopulation when encountered by the inhibitor.

5. Conclusions/Perspectives

The introduction of MAPK-targeted therapeutics has considerably improved the treat-
ment options for patients bearing BRAF-mutated melanoma [4,12]. Preclinical data and
clinical analysis of human tumor material have demonstrated that MAPK-targeted therapy
may alter TME conditions early after treatment induction by decreasing the levels of im-
munosuppressive cytokines and PD-1/PD-L1 expression levels, thereby increasing effector
T cell infiltration [14,88,98–101]. These immunological changes may help to overcome
treatment resistance to ICI and augment anti-tumor responses driven by checkpoint block-
ade. In agreement, several clinical trials on BRAF-mutated melanoma have confirmed the
efficacy and tolerability of co-administered BRAFi/MEKi and ICI (e.g., NCT02130466 [102];
NCT02967692 [103]). Further, in a phase I clinical trial co-administration of the BRAFi
dabrafenib, the according MEKi cobimetinib, and a PD-L1 specific antibody (durvalumab)
yielded a higher ORR in patients suffering from BRAF-mutated metastatic melanoma
as compared to the application of the MEKi and the ICI alone [104]. Interestingly, in a
clinical phase III study, co-treatment of patients with BRAF wild-type melanoma with a
MEKi (cobimetinib) and the PD-L1 inhibitor atezolizumab also resulted in a longer PFS as
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compared to monotherapy with the PD-1 specific antibody Pembrolizumab, and resulted
in a higher rate of AE (NCT03273153) [105].

Furthermore, it has been shown that the favorable immune effects mediated by
BRAF/MEKi are paralleled by the induction of T cell exhaustion markers and, thus,
treatment response appears to subside in the long-term [100]. Therefore, it has been pro-
posed by a number of preclinical studies and clinical trials that the efficacy of ICI [106] and
BRAFi/MEKi [19,107] may be considerably enhanced by co-administration of additional
anti-tumor drugs (such as conventional chemo or radiotherapy), as well as agents which act
on regulatory immune cells (i.e., antiangiogenic drugs, tyrosine kinase receptor antagonists).

However, as discussed in this review, unexpected effects of therapeutic MAPK in-
hibition on (immune) cells within the TME and the periphery [81,108] may considerably
affect the overall efficacy of treatment, which warrants further studies. More specifically,
research should continue to monitor the impact of applied inhibitors at different stages
of illness and treatment on different immune cell populations very closely. Insight into
the response of these cells to treatment might be of utmost importance to understand the
therapeutic results and the observed side effects of the respective treatment. This may
benefit the rational development of inhibitors and combination therapies, and might also
enable the induction of profound and sustained anti-tumor responses in non-responders.
The aspect of unintended modulation of immune cell functions should also become an
issue when assessing the suitability of currently developed RAF inhibitors [75] in order to
maximize therapeutic efficacies.
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Abbreviations

AE Adverse event
APC Antigen-presenting cell
BCL B-Cell chronic lymphocytic leukemia/lymphoma
BRAF v-Raf murine sarcoma viral oncogene homolog B
BRAFi BRAF inhibitors (BRAFi)
CAF Cancer-associated fibroblast
cDC Conventional DC
CDK Cyclin-dependent kinase
CDKN Cyclin-dependent kinase inhibitor
CTLA-4 Cytotoxic T-lymphocyte associated protein
DC Dendritic cell
ERK Extracellular signal-regulated kinase
GTP Guanosine 5’-triphosphate
HGF Hepatocyte growth factor
ICI Immune checkpoint inhibitor
IFN Interferon
IL Interleukin
LPS Lipopolysaccharide
MAPK Mitogen-activated protein kinase
MDSC Myeloid-derived suppressor cell
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MEK MAPK/ERK kinase
MEKi MEK inhibitor
MHC Major histocompatibility complex
MMP Matrix metalloprotease
MO-DC Monocyte-derived DC
NF1 Neurofibroma 1
NRAS Neuroblastoma RAS viral oncogene homolog
PBMC Peripheral blood mononuclear cells
PD-1 Programmed cell death
PD-L1 PD-1 ligand 1
pDC Plasmacytoid DC
PI3K Phosphoinositide 3-kinases
PLCγ Phospholipase Cγ

PFS Progression-free survival
PTEN Phosphatase and tensin homolog
RAF Rat fibrosarcoma
RAS Rat sarcoma
RTK Receptor tyrosine kinase
siRNA Silencer RNA
STAT Signal transducer and activator of transcription
TAM Tumor-associated macrophage
TERT Telomerase reverse transcriptase
TIL Tumor-infiltrating leukocyte
TNF Tumor necrosis factor
TLRT Toll-like receptor
TME Tumor microenvironment
Treg Regulatory T cell
VEGF Vascular endothelial growth factor
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