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Abstract: BRAF and MEK inhibitor (BRAFi/MEKi) combinations are currently the standard treatment
for patients with BRAFV®% mutant metastatic melanoma. Since the RAS/RAF/MEK/ERK-pathway
is crucial for the function of different immune cells, we postulated an effect on their function and
thus interference with anti-tumor immunity. Therefore, we examined the influence of BRAFi/MEKi,
either as single agent or in combination, on the maturation of monocyte-derived dendritic cells
(moDCs) and their interaction with T cells. DCs matured in the presence of vemurafenib or vemu-
rafenib/cobimetinib altered their cytokine secretion and surface marker expression profile. Upon the
antigen-specific stimulation of CD8* and CD4™" T cells with these DCs or with T2.A1 cells in the pres-
ence of BRAFi/MEKi, we detected a lower expression of activation markers on and a lower cytokine
secretion by these T cells. However, treatment with any of the inhibitors alone or in combination
did not change the avidity of CD8* T cells in peptide titration assays with T2.A1 cells. T-helper
cell/DC interaction is a bi-directional process that normally results in DC activation. Vemurafenib
and vemurafenib/cobimetinib completely abolished the helper T-cell-mediated upregulation of CD70,
CD80, and CD86 but not CD25 on the DCs. The combination of dabrafenib /trametinib affected DC
maturation and activation as well as T-cell activation less than combined vemurafenib /cobimetinib
did. Hence, for a potential combination with immunotherapy, our data indicate the superiority of
dabrafenib/trametinib treatment.

Keywords: vemurafenib; dabrafenib; cobimetinib; trametinib; BRAF inhibitor; MEK inhibitor; DCs;
T cells; immunotherapy; melanoma

1. Introduction

During the last decade, next generation sequencing allowed to uncover the muta-
tional landscape of tumors. Melanoma was upon the first, for which this knowledge was
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translated into clinical applications. Virtually all cutaneous melanomas harbor driver
mutations that activate the RAS/RAF/MEK/ERK MAPK pathway [1], which facilitates
the proliferation and survival of the tumor cells [2-5]. More than half of all cutaneous
melanomas express a mutated form of the BRAF oncogene, in which valine 600 is exchanged
with glutamic acid (BRAFY®E; most commonly), lysine (BRAFY®K), or aspartic acid
(BRAFV600D) 1], resulting in the constitutive activation of the pathway [6-8]. The second
most frequent group of mutations activates NRAS, an upstream signaling protein [1,8,9].

BRAFV90 can be targeted with specific kinase inhibitors (BRAFi), i.e., vemurafenib
(vemu; the first inhibitor approved by the FDA in 2011 as single treatment [10]), dabrafenib
(dabra), or encorafenib, which have become a standard therapy in patients with this
mutation [7,10-12]. Although the BRAFi are designed to target the mutated form, they
show some paradox effects on wild type BRAF, resulting in an amplification of the sig-
nal [13]. To preempt the common relapses caused by resistant tumor variants [14], the
BRAFV® jnhibitors were then combined with MEK inhibitors (MEKi), i.e., cobimetinib
(cobi), trametinib (tram) [7], or binimetinib, which has been shown to increase progression-
free survival significantly [13,15,16]. MEKi inhibit the non-mutated MEK, blocking the
pathway in tumor and healthy cells alike. Three combinations of BRAFi/MEKi have
been approved by the FDA and EMA for clinical use in the treatment of melanoma:
(1) vemu + cobi (approved in November 2015 (FDA)/(EMA)), (2) dabra + tram (approved
January 2014 (FDA)/July 2015 (EMA)), and (3) encorafenib + binimetinib (approved in
June 2018 (FDA)/September 2018 (EMA)) [17]. Nevertheless, not all patients benefit
from this treatment, and the majority suffers from disease recurrence after a median of
12-14 months [15,16]. Additional combination therapies are investigated, including combi-
nation with immunotherapy (reviewed in [18,19]), notably immune checkpoint inhibitors
with moderate additional benefit [20-22]. Since different combination therapies are tested,
it is important to understand how BRAFi/MEKIi interact with immunotherapy to yield the
best synergistic effects.

Therapeutic cancer vaccination is defined as the attempt to actively immunize a
tumor-bearing individual against the tumor, thus inducing a host versus tumor reaction,
which can support cancer therapy. Dendritic cells (DCs) are most commonly utilized as
antigen-presenting cells, either by in vivo targeting [23,24] or by loading them with antigen
ex vivo [25]. Since the RAS/RAF/MEK/ERK MAPK pathway is a key regulator pathway
in different immune cells, the kinase inhibitors may also affect immune cells [26]. Other
experimental approaches include bi-specific antibodies or the adoptive transfer of receptor-
transfected T cells. For a combination of antigen-specific immunotherapy with targeted
therapy, it is crucial to identify the most promising candidate that does not interfere with
the immune function of DCs or T cells.

Therefore, we here intend to evaluate the effects of BRAFi/MEKi on the immuno-
genic key functions of DCs in an in vitro model studying DC/T-cell interactions. For
that, we focused on the inhibitors dabra, tram, vemu, and cobi, and their combinations
dabra/tram (D + T) and vemu/cobi (V + C). These agents have also recently been tested
in clinical trials in combination with PD-1 checkpoint inhibition [20,22,27] as well as combi-
nations with other immunotherapeutic agents (e.g., with a vaccine composed of six class II
MHC-restricted helper peptides (NCT02382549), or with the oncolytic virus Talimogene
Laherparepvec (NCT03088176)).

This study identified the critical effects of BRAFi/MEKi on DC function and T-cell
stimulation, which should be considered in possible future combination therapies using
BRAFi/MEKi and DC vaccination.

2. Results

2.1. Vemurafenib Treatment Affects Cytokine Secretion and Expression of Maturation Markers
on MoDCs

To assess the effects of BRAF and MEK inhibitor (BRAFi/MEKi) treatment on moDC
maturation, we applied vemurafenib (vemu, V), dabrafenib (dabra, D), trametinib (tram,
T), and cobimetinib (cobi, C) either alone or in combination during the moDC maturation
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process (Table 1). The concentrations used in our experiments were chosen according to
the plasma levels detected in patients treated with these BRAFi/MEKi (according to the
instruction leaflets, prescription information, and publications) [28-30].

Table 1. Final concentrations and respective targets of BRAFi/MEK:i utilized in the experiments.

Inhibitor/

Inhibitor Combinations Final Concentration Target
vemurafenib (vemu, V) 60 uM BRAFV60E
dabrafenib (dabra, D) 1uM BRAFV600E
trametinib (tram, T) 30 nM MEK 1/2
cobimetinib (cobi, C) 0.5 uM MEK 1/2

First, we analyzed whether BRAFi/MEKIi application affects the cytokine secretion
profile of the DCs (Figure 1). Therefore, moDCs were generated from the blood of healthy
donors and were matured on day 6 with a cocktail consisting of IL-6, TNF, PGE,, and
IL-1$3 [31]. Concomitantly, BRAFi (vemu or dabra) and MEKi (tram or cobi) were applied
either alone or in combination. Untreated DCs and DCs treated with only the solvent
control DMSO served as negative controls. After 24 h, supernatants were sampled, and
cytokine secretion was analyzed by a Cytometric Bead Array (Figure 1).
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Figure 1. moDCs secrete IL-8, IL-10, and IL-12p70 upon treatment with vemurafenib during cytokine-induced maturation:
moDCs were generated by plastic adherence, applying IL-4 and GM-CSF on days 1, 3, and 5. On day 6, cells were matured
with IL-6, IL-13, TNF, and PGE,. Cells were additionally treated without inhibitor (no inhib), with solvent control (DMSO),
vemurafenib (V), dabrafenib (D), trametinib (T), cobimetinib (C), or the clinically used combinations V+ C (VC) or D + T
(DT). Supernatants were sampled after 24 h. Cytokine concentrations, analyzed by Cytometric Bead Array, of eight DC
batches (represented by different symbols) of six donors (DC batches of the same donor, but generated in independent
experiments, have the same symbol but a different color) assessed in independent experiments, are depicted. Bars indicate
mean values. p-values were determined by one-way ANOVA. In the Dunnett’s multiple comparisons test, all conditions
were tested against the solvent control DMSO. *** p < 0.001, **** p < 0.0001, ns: p > 0.05.

Upon vemu treatment, IL-8, IL-12p70, and low quantities of IL-10 were secreted. The
differences to the solvent control DMSO were highly significant. In combination with cobi,
vemu also increased the secretion of IL-8 and IL-10. Neither dabra nor tram affected the
cytokine secretion patterns of the DCs (Figure 1). Hence, vemu and V + C clearly change
the cytokine secretion pattern of moDCs.

To address whether BRAFi and MEKIi also affect DC maturation in terms of inducing
changes in the maturation marker profile, we again generated moDCs and added BRAFi
and MEKIi alone or in combination during the maturation process. Cells were harvested
after 24 h and were stained for the indicated maturation markers (Figure 2).
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Figure 2. BRAF and MEK inhibitors partially inhibit DC maturation: moDCs were generated and
treated as described in Figure 1. After 24 h, cells were harvested, stained for the indicated markers,
and analyzed by flow cytometry. For the analyses of surface molecule expression of the indicated
markers, cells were gated by forward (FSC) and side scatter (SSC). (a) The percentage of DCs in the life
gate after treatment with different BRAF and/or MEK inhibitors or controls was determined. (b) The
expression of surface markers is depicted as specific MFI (i.e., MFI after subtraction of background
MFI of the respective isotype control antibodies). Data of six donors (represented by different
symbols) assessed in independent experiments are shown. Bars indicate mean values. p-values were
determined by one-way ANOVA. In Dunnett’s multiple comparisons test, all conditions were tested
against the solvent control DMSO. * p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001, ns: p > 0.05.
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A life gate was defined by FSC/SSC to determine the fraction of living cells (Figure 2a).
Vemu treatment significantly reduced the number of cells in the life gate. The combination
of vemu and cobi also reduced the viability of the cells in a highly significant manner
(Figure 2a). As described for effects on cytokine secretion, neither dabra nor tram affected
the percentage of cells in the life gate. Thus, vemu and V + C not only influence cytokine
secretion, but also affect moDC viability.

Analyzing the expression pattern of surface molecules after co-incubation with
BRAFi/MEKi, we detected a significant reduction of CD25, CD80, CD83, CD86, CD70, and
CCR?7 expression by vemu treatment (Figure 2b). Dabra alone did not impair the expression
of these maturation markers, except for CD80, which was significantly reduced, while
CD25 and CD70 were slightly (although not significantly) increased (Figure 2b). The MEKi
tram and cobi alone suppressed the upregulation of CD80, CD86, and especially of CD70
during moDC maturation, whereas CD25 and CD83 expression was unaffected (Figure 2b).
Notably, CCR7 expression was significantly increased by tram or cobi treatment. The
combination V + C also decreased the expression of the indicated markers similar to vemu
alone, except for CD25 and CCR7, which were not affected. The observed weak effects of
dabra on the expression profile of the indicated markers obviously had no influence on the
inhibitory effects of tram on CD80, CD86, and CD70 expression (Figure 2b).

Even though tram and cobi alone had an impact on the expression of CD80, CD86, and
CD70, they did not affect the expression of CD25 and CD83. In contrast, vemu and V + C
not only changed the cytokine secretion pattern of the DCs, but also influenced viability and
inhibited the upregulation of maturation markers during the moDC maturation process.
Thus, the combination of V + C had a more negative impact on moDCs during their
maturation process.

2.2. BRAF and MEK Inhibitors Do Not Affect T-Cell Avidity

To check whether BRAFi and MEKi also influence T-cell stimulation, we performed
initial experiments, in which we used some of the BRAFi/MEKIi single or combination
conditions, to investigate whether T-cell avidity is affected when the T cells were stim-
ulated in the presence of the inhibitors (Figure 3). This was tested in assays detecting
activation-marker expression and cytokine secretion profiles. Hence, we co-cultured UV-
irradiated peptide-loaded T2.A1 cells with CD8" T cells, which had been equipped with a
gp100-specific TCR. We used varying concentrations of the gp100-peptide, ranging from
10° pg/mL to 1 pg/mL, to pulse the T2.A1 cells. Non-peptide-loaded T2.A1 cells (0 pg/mL)
and T2.A1 cells loaded with a control peptide (ctrl pep) served as negative controls. Addi-
tionally, T2.A1 cells and CD8* T cells were incubated alone. Afterwards, the expression of
CD25 and CD69 on T cells (Figure 3a), cytokine secretion by T cells (Figure 3b), as well as
the EDsq of IFNY secretion as indicator for the T-cell avidity (Figure 3c) were determined.

CD25 expression was not affected by BRAFi or MEKi, but the application of tram
and D + T significantly compromised CD69 upregulation (Figure 3a). In contrast to the
negative impact of vemu on DC maturation, vemu alone as well as dabra alone only slightly
influenced the expression of CD69 on CD8* T cells.

Assessing the effects of BRAFi/MEKIi on cytokine secretion capabilities, tram and
D + T significantly reduced TNF secretion (Figure 3b). The quantities of IL-2 and IFNy
were also reduced by tram and D + T, but the changes were not statistically significant.
Again, vemu and dabra alone did not significantly change cytokine secretion.

To detect whether changes in the T-cell avidity occurred, we calculated the relative
IFNYy concentration and determined the EDs for each inhibitor (Figure 3c). No changes in
the T-cell avidity were observed.
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Figure 3. BRAF and MEK inhibitors do not affect T-cell avidity: CD8* T cells were electroporated with RNA coding for a gp100-
specific T-cell receptor (TCR). UV-irradiated T2.A1 cells were either left untreated (peptide concentration 0 pg/mL), loaded
with control peptide MelanA analogue (ctrl pep), or loaded with the respective gp100 peptide at the indicated concentrations
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(10°—~10° pg/mL). T cells and T2.A1 cells were cultured at a 1:1 ratio in the presence of solvent control (DMSO),
vemurafenib (V), dabrafenib (D), trametinib (T), or the clinically used combination D + T (DT) or without inhibitor treat-
ment (no inhib). gp100-TCR-transfected CD8* T cells (T cells) and irradiated T2.A1 cells (T2.A1) cultured alone or in the
presence or absence of BRAF- or MEK-inhibitors, respectively, served as negative controls. After 17—20 h, cells (a) and
supernatants were sampled (b,c). (a) Cells were stained for CD25 and CD69 expression and were subsequently analyzed
by flow cytometry. The expression of both markers is depicted as specific MFI (i.e., MFI after subtraction of background
MFI of the respective isotype control antibodies). (b) IL-2, TNF, and IFNy concentrations in the supernatants were assessed
by Cytometric Bead Array (CBA). (a,b) Mean values £+ SEM of four donors are depicted. p-values were determined by
two-way ANOVA. All the conditions were tested against the solvent control DMSO and are displayed in the respective
graph. *p <0.05, * p < 0.01. (c) Relative IFNYy concentrations were calculated (normalized on the 106 pg/mL data set)
and are depicted for each inhibitor. Mean values + SEM of six (DMSO), seven (vemu), and four donors (dabra, tram, and
dabra + tram) are depicted. To quantify changes in the functional avidity, we determined the peptide concentrations, which
corresponded with the half-maximal relative IFNy concentrations (i.e., EDsy; lines).

In conclusion, CD8" T cells, which were stimulated by T2.A1 cells, were affected
in their cytokine secretion capacity and their upregulation of CD69 expression by tram
and D + T-treatment, but there was no influence on their functional avidity. These data
encouraged us to investigate the influence of BRAFi/MEKi on antigen-specific stimulated
T cells in more depth.

2.3. BRAFi and MEKi Prevent the Antigen-Specific Upregulation of Activation Markers on T Cells

To assess whether the observed changes in the expression pattern of CD69 (Figure 3a)
can also be detected in CD4* T cells, we performed the experiments as described before but
used either CD8* or CD4" T cells for the co-cultivation with either non-peptide-pulsed or
peptide-pulsed T2.A1 cells. Furthermore, we used the highest concentration of the gp100
peptide to pulse the T2.A1 cells.

As already shown in Figure 3a, BRAFi and MEKi did not influence CD25 expression
on CD8" T cells nor on CD4* T cells (Figure 4a), but in contrast to CD8" T cells, the
expression of CD69 was significantly reduced by vemu on CD4* T cells (Figure 4a). The
antigen-specific upregulation of CD69 was inhibited both on CD8" and CD4" T cells by
tram, cobi, D + T, and V + C treatment.

To determine the effects of BRAFi/MEKi during the interaction of CD4* T cells and
moDCs in an established in vitro licensing model [32], we performed co-cultures of moDCs
with either CD8* or CD4* T cells (Figure 4b). For this purpose, moDCs were generated and
co-incubated with BRAFi/MEK:i either alone or in combinations during the maturation
process. We intentionally used BRAFi/MEKi-pre-treated DCs for the stimulation of the
T cells to mimic the natural situation in cancer patients under treatment conditions since
both the DC maturation and the subsequent interaction of T cells would occur in the
presence of the applied inhibitor. Thus, we co-cultured either gp100-TCR-specific CD8* or
CD4" T cells with non-peptide-pulsed or peptide-loaded DCs that had been pre-treated
with BRAFi/MEKi during maturation (accordingly to Figures 1 and 2). It is of note that
the gp100-specific TCR is of such high affinity that it is able to bind its complementary
MHC-peptide complex when it is transferred to both CD8* and CD4* T cells.

Contrary to the effects seen on T cells after stimulation with T2.A1 cells (Figure 4a),
vemu treatment clearly inhibited the upregulation of CD25 expression on both CD8" and
CD4" T cells after antigen-specific stimulation with DCs (Figure 4b). Cobi alone also
compromised CD25 expression on CD8" T cells. This inhibition, induced by vemu, was
more pronounced when vemu was combined with cobi treatment (Figure 4b). Neither
dabra nor tram affected CD25 expression during the stimulation of CD8* and CD4* T cells
with DCs (Figure 4b).
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Figure 4. Cobi and V + C treatment almost completely inhibited the antigen-specific upregulation of the activation marker
CD69 on both CD4* and CD8" T cells: CD8* and CD4" T cells were electroporated with RNA encoding a gp100-specific
TCR. (a) UV-irradiated T2.A1 cells were left untreated or were loaded with the gp100 peptide. Afterwards, T2.A1 cells were
co-incubated with CD8" or CD4* T cells at a 1:1 ratio in the presence of solvent control (DMSO), vemurafenib (V), dabrafenib (D),



Int. J. Mol. Sci. 2021, 22, 11951 9 of 23

trametinib (T), cobimetinib (C), or the clinically used combinations V + C (VC) or D + T (DT) or without inhibitor treatment
(no inhib). (b) moDCs were generated by plastic adherence, applying IL-4 and GM-CSF on days 1, 3, and 5. On day 6, cells
were matured with IL-6, IL-13, TNF, and PGE,. Cells were additionally treated without inhibitor (no inhib), with solvent
control (DMSO), vemurafenib (V), dabrafenib (D), trametinib (T), cobimetinib (C), or the clinically used combinations
V+C(VC)or D + T (DT). After 24 h hours, DCs were harvested and either left untreated (no peptide) or were loaded with
the respective gp100 peptide (+peptide). Subsequently, CD8* or CD4" T cells were co-cultured with either unloaded or
gp-100-loaded DCs at a 1:1 ratio in the presence of solvent control (DMSO), vemurafenib (V), dabrafenib (D), trametinib (T),
cobimetinib (C), or the clinically used combinations V + C (VC) or D + T (DT) or without inhibitor treatment (no inhib).
(a,b) After 17—20 h, cells were harvested, stained for CD25 and CD69 expression and were subsequently analyzed by flow
cytometry. The expression of both markers on CD8" and CD4* T cells is depicted as specific MFI (i.e., MFI after subtraction
of background MFI of the respective isotype control antibodies). Data of four (a) or six (b) donors (represented by different
symbols) assessed in independent experiments are shown. Bars indicate mean values. p-values were determined by one-way
ANOVA. In Dunnett’s multiple comparisons test, all conditions were tested against the solvent control DMSO. * p < 0.05,
**p <0.01, ** p <0.001, *** p <0.0001, ns: p > 0.05.

In contrast to the stimulation with T2.A1 cells, CD69 upregulation by CD8* T cells
after stimulation with DCs was clearly inhibited by vemu (Figure 4b). The inhibition
induced by cobi, tram, V + C, and D + T was even stronger upon stimulation with DCs
compared to stimulation with T2.A1 cells (Figure 4b). The CD4* T cells behaved similarly
after stimulation with DCs, i.e., CD69 expression was diminished after vemu, tram, cobi,
V + C, and D + T-treatment. The vemu effect was more emphasized when they were
stimulated with DCs than when they were stimulated with T2.A1 cells (Figure 4b). As
already observed before, dabra did not impair CD25 and CD69 expression and did not
change the inhibitory effects of tram.

In conclusion, the interaction of T cells and pre-treated moDCs represented a very
sensible system, which was clearly affected by the administration of BRAFi and MEKi
(with the exception of dabra treatment alone).

2.4. BRAFi and MEKi Suppress the Antigen-Specific Cytokine Secretion in T-Cell/DC Co-Cultures

Since the expression of activation markers was severely inhibited upon BRAFi/MEKi
treatment, we also investigated the impact on the cytokine secretion capability in T-cell/DC
co-cultures (Figure 5 and Figure S1). We focused on the interaction with DCs as immuno-
logically relevant cells. For this purpose, we co-incubated either CD8* or CD4* T cells
equipped with a gp100-specific TCR and non-peptide-loaded (see Figure S1) or peptide-
loaded moDCs (see Figure 5) in the presence or absence of BRAFi and MEKi and their
combinations. Again, the DCs had been pre-treated with the BRAFi or MEKi either alone
or in combination to mimic the situation in patients taking medication.

Vemu treatment induced a significantly increased IL-8 production (compared to the
DMSO control co-culture) in co-cultures with both CD8" and CD4* T cells (Figure 5). This
effect, however, was not caused by antigen-specific interaction, because co-cultures with
non-peptide-loaded DCs showed very similar patterns (Figure S1). The secretion of all
other cytokines required antigen-specific interaction because virtually no secretion was
observed in the co-cultures with non-peptide-loaded DCs (Figure S1). Vemu also reduced
IL- 2 release, but this primarily occurred for CD8" T cells. For some donors, IL-2 secretion
was completely abolished, whereas for other donors, IL-2 was barely affected (Figure 5). In
contrast, IL-12p70 secretion was only increased in co-cultures with CD4* T cells upon vemu
treatment (Figure 5). Also here, a high variability was observed: vemu only raised IL-12p70
levels slightly for some donors, whereas large IL-12p70 quantities were detected for one
donor. In contrast, dabra did not affect cytokine secretion capacities in the T-cell/DC
co-cultures (Figure 5).
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Figure 5. MEKi and specifically the combination of V + C severely compromise antigen-specific cytokine secretion by both
CD8* and CD4* T cells upon stimulation: moDCs were generated and matured on day 6 with IL-6, IL-13, TNF, and PGE,.
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During maturation, cells were additionally treated without inhibitor (no inhib), with solvent control (DMSO), vemurafenib
(V), dabrafenib (D), trametinib (T), cobimetinib (C), or the clinically used combinations V + C (VC) or D + T (DT). After
24 h hours, DCs were harvested and were either left untreated (see Figure S1) or loaded with the respective gp100 peptide.

gp100-TCR-transfected CD8* and CD4* T cells were subsequently co-cultured at a 1:1 ratio with either non-peptide-loaded

or peptide-loaded DCs, again in the presence of solvent control (DMSO), vemurafenib (V), dabrafenib (D), trametinib (T),
cobimetinib (C), the clinically used combinations V + C (VC) or D + T (DT), or without inhibitor treatment (no inhib),
respectively. After 17-20 h, supernatants were collected, and cytokine secretion was assessed by CBA. Data from six donors

(represented by different symbols) assessed in independent experiments are shown. Bars indicate mean values. p-values

were determined by one-way ANOVA. In Dunnett’s multiple comparisons test all conditions were tested against the solvent
control DMSO. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001, ns: p > 0.05.

The MEKIi tram and cobi significantly reduced the secretion of IL-2, TNF, and IFNy in
CD8* and CD4* T-cell/DC co-cultures (Figure 5), except for tram, which only affected IL-2
levels in co-cultures with CD8* T cells. The cytokine reduction was more pronounced for
the conditions in which cobi had been applied. The secretion of IL-2, TNF, and IFNy was
almost completely abolished when MEKi cobi was combined with BRAFi vemu (V + C).
For TNEF, reduction was significantly higher in co-cultures with CD4* T cells (Figure 5). The
reduction of TNF secretion was less severe in the D + T condition compared to the V + C
condition, especially for CD8* T cells (Figure 5).

In summary, BRAFi and MEKIi clearly affected the cytokine secretion profile of
T-cell/DC co-cultures, with the sole exception of dabra, which induced no significant
changes. The combination of V + C almost completely abolished cytokine secretion.

2.5. V + C Treatment Affects Unspecific and Antigen-Specific CD8* and CD4* T-Cell Proliferation

The application of BRAFi and MEKi influenced both the expression of surface molecules
on T cells and the cytokine secretion profile upon stimulation. Thus, we also investigated
whether the proliferation of T cells was affected (unspecifically and after antigen-specfic
stimulation by moDCs). Accordingly, we prepared co-cultures of either non-peptide-loaded
(to detect the spontaneous proliferation) or peptide-loaded moDCs (to assess antigen-
specific proliferation) and CD8" (Figure S2, upper panel) or CD4* T cells (Figure S2, lower
panel). The T cells were labelled with CFSE dye to detect dilution upon cell division via
flow cytometry. As described above, the moDCs were pre-treated with BRAFi and MEKi
alone or in clinically used combinations. During co-cultivation, BRAFi and MEKi were
applied as described above.

On day 3, co-cultures were harvested and examined by flow cytometry. The percent-
ages of proliferated cells were analyzed in all conditions. We determined the spontaneous
and the antigen-specific proliferation for each inhibitor treatment (Figure S2). The spon-
taneous proliferation of CD8* T cells was only reduced by combined V + C treatment
(Figure S2; upper panel), whereas the spontaneous proliferation of CD4* T cells was di-
minished by vemu, tram, cobi, and V + C treatment (Figure S2; lower panel) (always
compared to the DMSO control). Both, cobi and V + C application revealed a signifi-
cantly decreased antigen-specific CD8* T-cell proliferation (Figure S2; upper panel), while
antigen-specific CD4" T-cell proliferation was only attenuated by V + C supplementation
(Figure S2; lower panel).

To sum up, even though vemu, tram, cobi, and V + C affected the spontaneous
proliferation of CD4" T cells and V + C that of CD8" T cells upon interaction with moDCs,
only the combination of V + C impaired the antigen-specific proliferation of CD4" and
CD8* T cells.

2.6. BRAFi and MEKi Change the Surface Marker Expression Profile of MoDCs during Interaction
with CD4" and CD8* T Cells

The antigen-specific interaction between DCs and CD4* T cells is a bi-directional
process and both cell types induce phenotypic changes in their respective counterpart [32].
Since we observed a change in the surface marker expression profile of T cells and in the
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cytokine secretion profile in co-cultures, we postulated that this would affect the changes in
the moDCs phenotype, especially those induced with T-cell help. Therefore, we examined
the surface marker expression of moDCs after antigen-specific interaction with the CD4*
T-helper in the presence of the inhibitors.

Thus, we again utilized our established licensing model [32] with the CD4* T cells
(Figure 6) as described above in the presence or absence of BRAFi and/or MEKi. Co-
cultures without the addition of any substance and DMSO served as controls. Similar
co-cultures were prepared with CD8* T cells (Figure S3).

An influence of BRAFi and/or MEKi on the expression of distinct maturation and
activation markers during the maturation process were detected on DCs (see Figure 2).
These differences in phenotype carried through, thus influencing the values observed with
non-peptide-loaded DC (Figure 6). Nevertheless, the antigen-specific interaction with the
helper T cells further increased the expression levels of most maturation markers, and this
process was differentially influenced by the different BRAFi/MEKi combinations.

PD-L1 expression increased significantly upon antigen-specific interaction. This was
abolished by vemu, V + C, and to a lesser extent, by D + T, whereas V + C already reduced
the expression in the condition without peptide (Figure 6). A significant antigen-specific in-
crease in CD25 expression was observed in all conditions, which was significantly reduced,
but not abolished by cobi treatment (Figure 6). The B7 proteins CD80 and CD86 behaved
similarly. Their expression on moDCs was already reduced upon unspecific stimulation
in the presence of vemu and V + C. The antigen-specific increase in CD80 and CD86 ex-
pression was completely inhibited by vemu and V + C. Additionally, CD80 expression was
partially inhibited by cobi and D + T (Figure 6). CD83 displayed a slight but significant
antigen-specific increase in expression in the absence of the inhibitors. Vemu and V + C
resulted in decreased CD83 expression on the moDCs in stimulations without peptide
and also completely abolished the antigen-specific increase upon stimulation (Figure 6).
CD70 expression had already appeared to be very sensitive for MEKi and BRAFi treat-
ment during maturation (Figure 2). Hence, we observed the reduced expression of CD70
on moDCs in unspecific conditions under the influence of all inhibitors except of dabra
(Figure 6). Treatment with the inhibitors also compromised the antigen-specific upregula-
tion of CD70, either completely (vemu, V + C) or partially (tram, cobi, D + T) (Figure 6).
Treatment with dabra alone did not affect the antigen-specific increase in CD70 expression
(Figure 6). CCR7 was not induced antigen-specifically in the absence of inhibitors, but in
the presence of vemu and V + C, its expression dropped significantly upon antigen-specific
stimulation (Figure 6).

Thus, BRAFi and MEKIi clearly affect the upregulation of surface markers and hence
also the activation of moDCs by T-helper cells and thereby the immune response. The
addition of antigen-specific T-helper cells could not overcome the negative impact of the
inhibitors and their combinations. As described above, the addition of D + T resulted in
much weaker effects than V + C.

To test whether the interaction of DCs and CD8" T cells was also affected by BRAFi and
MEKIi, we also performed co-cultures of pre-treated moDCs and CD8" T cells (Figure S3).
Since moDCs were not activated by CD8* T cells [32], the analysis yielded results that were
very similar to those of CD4* T cells (Figure 6); however, the activating effects of the CD8*
T cells on the DCs were weaker (Figure S3).

In conclusion, BRAFi and MEKi do affect DC maturation, T-cell stimulation, and
T-cell proliferation, and also change the expression profile on moDCs in T-cell co-cultures.
Furthermore, they clearly change cytokine secretion patterns. Thus, BRAFi and MEKi
clearly and severely affect the immune cells and their function and hence the immune
response. Even though dabra and tram also had a negative impact on the described
immunological processes, their effects were much less severe than those observed with the
administration of vemu and cobi, and especially the combination of V + C.
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Figure 6. BRAFi and MEKIi affect the upregulation of activation and maturation markers on moDCs upon stimulation with
CD4" T cells: CD4* T cells were transfected with a gp100-specific TCR. moDCs were generated as described before and were
substituted during the maturation process with solvent control (DMSO), vemurafenib (V), dabrafenib (D), trametinib (T),
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cobimetinib (C), the clinically used combinations V + C (VC) or D + T (DT), or without inhibitor (no inhib). After 24 h, DCs
were either pulsed with the gp100 peptide (+ peptide, black bars) or were left untreated (w/o peptide, white bars). DCs and

CD4" T cells were co-cultured at a 1:1 ratio in the presence of solvent control (DMSO), vemurafenib (V), dabrafenib (D),
trametinib (T), cobimetinib (C), the clinically used combinations V + C (VC) or D + T (DT), or without inhibitor treatment
(no inhib). After 24 h, cells were harvested, stained for the indicated markers, and analyzed by flow cytometry. The

expression of surface markers on the DCs is depicted as specific MFI (i.e., MFI after subtraction of background MFI of

the respective isotype control antibodies). Data from six donors assessed in independent experiments are shown as mean

values & SEM. p-values were determined by one-way ANOVA or student’s t-test. In Dunnett’s multiple comparisons

test, all conditions were tested against the solvent control DMSO for peptide and non-peptide conditions, respectively. To

compare unspecific with antigen-specific surface marker expression, p-values were assessed by paired-student’s t-test for
each inhibitor. * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001, ns: p > 0.05.

Thinking of a possible combination of cellular therapy and BRAFi/MEKIi treatment,
our results suggest the use of the combination of D + T since this combination showed less
inhibitory effects on the DCs and T cells.

3. Discussion

A better understanding of the effects of kinase inhibitors on normal immune cell func-
tion is required for a reasonable concurrent application of a combination of BRAFi/MEKi
with immunotherapy in the treatment of cancer patients. In this study, we investigated the
influence of the commonly used BRAFi/MEKi on moDCs by determining the effects on cy-
tokine secretion by DCs and the phenotype of DCs, when the inhibitors were added directly
during the maturation process. Furthermore, we examined the influence of BRAFi/MEKi
on DC/T-cell interactions by determining the cytokine secretion pattern and the T-cell
and DC phenotype after antigen-specific bi-directional interaction. We clearly observed
the negative effects of these inhibitors, which were the most pronounced for vemu, cobi,
and the combination of both, and were much less observed for dabra, tram, and the
combination D + T.

Both vemu and dabra are selective type 1 BRAF, adenosine triphosphate-competitive
inhibitors, which are chemically similar but not identical (i.e., vemu: Cp3H;3CIF;N303S,
dabra: Cy3HygF3N50,S,; chemical structure is depicted in Heinzerling et al. [33]). As
described, both have a proven efficacy in BRAFY®E metastatic melanoma and have a
similar clinical activity and class-defined toxicity. However, there are some differences
in RAF kinase inhibition. The drug concentration required for 50% inhibition of the
kinase activity (ICsp) of vemu for BRAFVO0E jg 31 nM. Additionally, vemu has a similar
ICs¢ (i.e., 48 nM) for CRAF inhibition. This is not the case for dabra (IC5p: 0.6 nM and
5 nM, respectively) [11,34]. Furthermore, dabra is a more selective inhibitor for BRAFV600E
than vemu, as indicated by the ratio of ICsy for BRAFV®YE vs. BRAF"!, which is 0.3 for
vemu [11] and 0.05 for dabra [34]. Moreover, dabra has a similar potency for the inhibition
of BRAFV0E and BRAFVO0OK [35].

Likewise, both cobi and tram are reversible inhibitors of MEK1 and MEK?2, block-
ing both their activation and kinase activity, which are chemically similar but not iden-
tical (i.e., cobi: Cp1Hy1F3IN30O,, tram: CygHpsFIN5O4 [33]). The chemical differences
between the BRAFi/MEKIi probably are also the cause for the different elimination half-
lives (i.e., 56 h vs. 8.4 h for vemu and dabra, respectively, and 44 h vs. 90 h for cobi and
tram, respectively [33]).

Especially the differences in RAF kinase inhibition between vemu and dabra and
the stronger impact of the former on the wild-type BRAF, which may result in a stronger
impact on the immune cells, can explain the differential observations we made in our
in vitro study.

3.1. BRAFi and MEKi Effects on T Cells

We have assessed the effects of BRAFi and MEKi in single treatment or in combination
on T-cell stimulation in our already validated in vitro model system, which consists of
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moDCs and TCR-transfected T cells to observe antigen-specific interaction [32]. Other
groups have analyzed the effects on T-cell function for some of the inhibitors, e.g., Boni et al.
utilized BRAFi (PLX4720) and MEKi (U0126 and PD0325901) [30]. In line with our data,
the MEKi impaired T-cell function in terms of IFNy production, but in contrast to our
data, they observed reduced T-cell viability [30]. Similar to what we observed for dabra,
the specific BRAFY®Y inhibitor PLX4720 did not affect T-cell function [30], although it
is chemically more closely related to vemu. However, they used IL-2/OKT-3-expanded
lymphocytes from patients and analyzed proliferation as well as the recognition of tumor
cell lines by virally TCR-transduced T cells.

Others detected an inhibition of stimulated CAR-transduced T cells only when vemu,
dabra, or tram were applied at high concentrations in vitro [28]. CD25 expression was
reduced upon treatment with high inhibitor concentrations when the cells were stimulated
by CD3/CD28 but was also diminished due to intermediate concentrations of vemu, tram,
and D + T [28]. The combination of D + T inhibited T-cell proliferation and effector
functions at low inhibitor concentrations. Dabra alone had little adverse effects on CAR
T-cell function [28]. The authors, therefore, suggest using dabra alone as an alternative for
combinatory CAR-T-cell therapy [28]. We also detected effects on CD4* and CD8* T-cell
proliferation and were able to assess a negative impact of vemu, tram, cobi, and V + C but
not of D + T on the spontaneous proliferation of CD4" T cells. CD4" T-cell proliferation
upon antigen-specific stimulation was exclusively inhibited by V + C. Spontaneous CD8* T-
cell proliferation was only affected by V + C treatment, while antigen-specific proliferation
was also affected by cobi. In contrast to Gargett et al., we did not detect a negative impact
of D + T on T-cell proliferation. Nevertheless, in line with their data, we also detected a
reduction in CD25 expression. However, this was limited to vemu, cobi, and V + C for
CD8* T cells and vemu and V + C for CD4" T cells. We did not see an effects by tram or
D + T. We only detected changes in CD69 expression after the treatment of the CD4* and
CD8™" T-cell stimulations with vemu, tram, cobi, V + C, and D + T. These differences could
have been caused by the fact that we used moDCs to stimulate the TCR-transfected T cells,
whereas Gargett et al. used CAR-T-cells or CTLs expanded from PBMCs.

Liu et al. reported a reduced CD4* T-cell proliferation upon CD3/CD28 stimulation by
the exposure to tram and D + T at concentrations above 0.1 uM [36]. We did not detect such
effects, probably because we used lower concentrations of tram, which were corresponding
to the concentrations found in patient plasma. Liu et al. observed a partial inhibition of
IL-2, TNF, and IL-8 by tram and an induction of IL-4 secretion [36]. After D + T treatment,
the tram-induced effects seemed to dominate and were minimized when the CD4* T cells
were first activated [36]. We also detected an inhibitory effect of tram and D + T on IL-2
secretion in CD8* T-cell co-cultures, on TNF secretion in CD8% and CD4" co-cultures, and
of tram on IFNy production in CD8" and CD4" co-cultures. In contrast to us, Liu et al. did
not find an effect of tram or D + T on CD69 expression but detected the inhibition of CD25
expression by tram before activation, findings that were also subsequently determined
by D + T [36].

Vella et al. investigated the effects on T lymphocyte function and on moDC surface
marker expression [26]. Dabra had no impact on T lymphocytes or moDCs. Tram alone or
in combination with dabra suppressed T-lymphocyte proliferation, cytokine production,
and antigen-specific expansion [26], which corroborates some of our data. We also detected
a negative influence of D + T on TNF and IENYy secretion in T-cell/moDC stimulations
and a lower CD69 expression on T cells after moDC stimulation, even though the negative
impact was more intensified upon V + C treatment, which was also included in our study.

3.2. BRAFi and MEK:i Effects on DCs

Regarding the effects on moDCs, Vella et al. detected an induction of DC maturation,
which could be measured by CD83 and CD86 expression, when using LPS-matured moDCs
generated from CD14" monocytes upon treatment with tram and D + T [26]. Probably
because we matured our moDCs in the presence of the common cytokine maturation
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cocktail, consisting of IL-6, TNF, PGE,, and IL-13, we did not observe an induction of
DC maturation but an inhibition of distinct maturation markers upon D + T treatment
(i.e., CD80, CD86, CD70) and an induction of CCR7 expression. Again, the observed
inhibitory effects were more enhanced by V + C treatment.

Other groups have also tested the effect of BRAFi and MEKi on DCs (reviewed in [13]).
Hajek et al. showed that murine bone marrow-derived (BM)-DCs increased the expression
of CD80 and CD86 after treatment with dabra, D + T, and V + C, and of MHC cl. II after
treatment with dabra, tram, cobi, and D + T [37]. In addition, IL-1f3 secretion by LPS-
stimulated BM-DCs was induced upon treatment with dabra, D + T, and vemu. The
combination of V + C completely abrogated IL-1f3 secretion. Production of other cytokines
(e.g., TNEF, IL-12) was reduced after treatment with dabra and D + T but was not influenced
by cobi or V + C [37]. Treatment with vemu alone elevated IL-12 secretion. Furthermore,
the viability of BM-DCs was clearly reduced after treatment with dabra, D + T, vemu, cobi,
and V + C [37]. The same group showed that dabra and vemu upregulated the CD80
expression on human day 6, unstimulated, moDCs [37]. In contrast to the IL-1f3 secretion
by BM-DCs observed by Hajek et al., we never found an increase in IL-1§3 secretion by
our human monocyte-derived, cocktail-matured DCs (data not shown). This may be due
to technical reasons since IL-1{ is part of our maturation cocktail, and additional IL-13
secreted by the moDCs is difficult to detect. In line with Hajek et al., we also observed an
increase in IL-12 secretion with the addition of vemu alone and no difference when V + C
or tram alone were added. However, we did not observe a reduction in IL-12 production
by dabra or D + T, even when using similar inhibitor concentrations. We also never saw
differences in TNF secretion (data not shown), but similar to IL-13, TNF was part of the
maturation cocktail, so changes in TNF levels might not have been detected. Considering
CD80 and CD86 expression, we saw a reduced upregulation during maturation with vemu,
dabra (only CD80), tram, cobi, V + C, and D + T. The difference in the data with BM-DCs
and human moDCs of Hajek et al. may have been caused by the absence of LPS stimulation
and maturation, respectively. We did not determine MHC cl. II expression. Partially in line
with this, we also saw a reduced viability after treatment with vemuand V + C.

Ott et al. investigated the effects of vemu and a MEKi called U0126 on human
monocyte-derived, polyl:C-matured DCs [38]. They observed the reduced production
of IL-12 and TNF after treatment with a wide range of U0126 concentrations and after
treatment with their highest concentration (i.e., 50 uM) of vemu [38]. Furthermore, they
observed the downregulation of CD83 and CD80 after treatment with the MEKi but not
with (low concentration; 1 uM) vemu [38]. The cytokine secretion data of Ott et al. is
contradictory to our cytokine data (i.e., upregulation of IL-12 production and no change
in TNF production after treatment with vemu) and might be explained by the different
maturation stimuli that were used (polyl:C versus cytokine cocktail) and the slightly
different inhibitor application timing (i.e., 24 h pre-treatment with inhibitor and subsequent
24 h maturation by Ott et al., versus 24 h simultaneous inhibitor treatment and maturation
in our study to mimick the physiological situation). We did not observe a reduction in
the upregulation of CD83 after treatment with tram and cobi, which was observed with
U0126. However, since these are different molecules, they are hard to compare. For CD80
we also saw a lower expression after treatment with MEKi. The absence of the negative
effect of vemu treatment on CD80 and CD83 expression in the study of Ott et al. may be
caused by the very low concentration that they used (i.e., 1 uM versus 60 uM to simulate
the physiological plasma levels in our study).

Tel et al. showed that ex vivo-isolated plasmacytoid DCs (pDCs) and myeloid DCs
(mDCs) of healthy donors, which were matured with R848, had a reduced expression of
CD80 (pDCs and mDCs) and CD86 (pDCs) after treatment with vemu [39]. This is perfectly
in line with our data. Furthermore, they measured a lower TNF production by pDCs after
vemu treatment [39], which was not the case in our study (which is probably due to the
inability to measure small changes in TNF concentration, as explained above). Dabra, tram,
and D + T did not influence the expression of CD80 and CD86 on pDCs and mDCs [39], for
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which we saw a downregulation in our study with moDCs. Interestingly, Tel et al. also
observed a negative effect of vemu on CD69 expression on T cells after antigen-specific
stimulation with peptide-loaded pDCs and mDCs [39].

Finally, Riegel et al. studied the effects of a panRAF inhibitor (i.e., inhibiting BRAFV6%
mut, BRAF“t, and CRAF"!) and tram on human LPS-matured moDCs [40]. Because the
mode of action of the panRAF inhibitor is largely different from that of vemu and dabra,
these cannot be compared. Nevertheless, these authors detected an upregulation of CD83
and no effect on CD80 expression after treatment with tram [40]. Notably, they observed
an upregulation of CCR7 after treatment with tram, as did we [40]. Considering cytokine
production, they measured no differences in IL-12p70 secretion and lower secretion of
TNF and IL-8 after treatment with tram [40]. We did not observe any differences in the
secretion of these three cytokines. Both the differences in surface marker expression and
cytokine secretion might be caused by the different maturation stimuli used or the different
concentration of tram utilized (1 M in Riegel et al. versus the concentration found in
plasma of 30 nM). Proliferation of CD4* T cells induced by antigen-unspecific stimulation
with anti-CD3 and anti-CD28 mAbs was clearly inhibited by tram [40]. This is in contrast
with the proliferation assay we performed in an antigen-specific setting, in which we did
not see an effect of tram.

Even though we detected more pronounced negative effects using BRAFi/MEKi
combinations than single substances, the combinations constitute the standard treatment
for patients with BRAFY®® mutant melanoma because of superior objective response
rates and progression-free survival rates in D + T-treated patients compared to dabra-only
treated patients observed in clinical trials [10,15,41]. As reviewed in [10], the D + T and
V + C treatment combinations were almost equal concerning clinical effectivity data. Since
we detected weaker negative effects on both DC maturation and T-cell activation induced
by D + T, we suggest prioritizing D + T when a combination with other immunotherapies
is considered.

3.3. BRAFi and MEKi: Implications for Combination Therapies

In our opinion, the findings presented in this study are of eminent importance for
potential combination therapies with BRAFi/MEKIi and checkpoint inhibitor therapy.
Any combination attempt using cell-based therapies plus targeted therapy, including DC
vaccination in the treatment of melanoma, needs to carefully address the potential im-
munosuppressive effects of these drugs. However, these findings can have an even wider
impact. With respect to clinical trials for melanoma patients, as listed in clinicaltrials.gov
(accessed on 7 October 2021), many studies combine BRAFi/MEKIi with checkpoint in-
hibitors (CPI), such as pembrolizumab, nivolumab (both targeting PD-1), ipilimumab
(targeting CTLA-4), or avelumab and atezolizumab (both targeting PD-L1) (NCT02818023,
NCT03625141, NCT04722575, NCT02908672 NCT03554083, NCT02902029, NCT03149029,
NCT02910700, NCT02858921, NCT01940809). The application of these CPI results in “re-
leasing the brakes” on T cells for their effective priming against certain tumor antigens [42].
In this priming process, DCs play a pivotal role. The co-application of BRAFi/MEKi that
has a deleterious effect on DCs might negatively affect the priming process. Furthermore,
the effects of BRAFi/MEKi on the reciprocal interaction of DCs and T-helper cells (shown in
this study) might subsequently abolish DC activation and impede optimal CTL stimulation
since mutual interplay was shown to be efficient for full CTL induction [32]. It was already
published by Liu et al. that tram in concurrent application with anti-PD-1 downregulated
immunosuppressive factors or upregulated HLA molecules. The combination of tram
and anti-PD-1 led to an increased infiltration of lymphocytes and resulted in a decreased
tumor volume and increased survival of the mice [36]. All three combinatory settings (PD-1
1st/MEKi 2nd, MEKi 1st/PD-1 1st, MEKi 1st/PD-1 2nd) showed tumor growth inhibition
that was more effective than single-agent treatments, but concerning the survival of the
mice, the last two combinations were much better (MEKi 1st/PD-1 1st, MEKi 1st/PD-1
2nd). Hence, MEKi should be given first, whereas anti-PD1 might be applied concomi-
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tantly or later on [36]. Additionally, the combination of tram and anti-PD1 led to increased
lymphocyte infiltration [36].

Another example is the combined use of BRAFi/MEKIi and oncolytic viruses such
as Talimogene laherparepvec (T-Vec; NCT03088176). These oncolytic viruses are injected
directly into the tumor, causing the local destruction of virus-infected tumor cells, subse-
quently resulting in a systemic immune response against other metastases induced by DCs
and other immune cells [43]. The choice of BRAFi/MEKIi in combination with T-Vec may
be essential here.

The SARS-CoV-2 pandemic impressively showed the effectiveness of mRNA-vaccine
strategies. In fact, mRNA-vaccine development was initiated to treat cancer. After the
success with different mRNA-based COVID-19 vaccines, many companies now have
mRNA-based therapeutic cancer vaccines in their development pipelines once again,
which probably will enter late phase clinical trials soon. With respect to these novel ap-
proved therapies, the observations presented in this study are of importance. Combination
therapies of BRAFi/MEKi with mRNA-vaccines are an obvious way to go. However, the
effectiveness of mRNA-based vaccines largely depends again on DCs, and therefore, the
effectiveness of a combination therapy may be subject to the correct choice of BRAFi/MEKi.

In summary, the choice of BRAFi/MEKi agents should be carefully made when
combined with other immunotherapies since it can have a detrimental consequence on the
effectiveness of the anti-cancer immune response.

4. Materials and Methods
4.1. BRAF and MEK Inhibitors

Vemurafenib was acquired from Adooq Bioscience (Irvine, CA, USA), dabrafenib from
AbMole BioScience (Housten, TX, USA), trametinib from Selleckchem (Housten, TX, USA), and
cobimetinib from Roche (Basel, Switzerland). BRAF and MEK inhibitors were diluted according
to the manufacturers’ instructions with DMSO (Life Technologies, Darmstadt, Germany). Final
concentrations of the inhibitors are shown in Table 1.

4.2. Cells and Reagents

Monocyte-derived DCs were generated from the fresh blood of healthy volunteers
following informed consent and approval by the institutional review board (Ethikkom-
mission of the Friedrich-Alexander University Erlangen-Niirnberg, Ref. no. 43_15 B)
as described previously [44]. PBMCs were purified by density centrifugation (Lympho-
prep, Axis-Shield PoC AS, Oslo, Norway). Monocytes were separated from the non-
adherent fraction (NAF) by plastic adherence. Monocytes were applied with 275 U/mL
IL-4 (Miltenyi Biotec, Bergisch Gladbach, Germany), 800 U/mL GM-CSF (Miltenyi
Biotec, Bergisch Gladbach, Germany), and DC medium (consisting of RPMI 1640 (Lonza,
Verviers, Belgium) containing 1% heat-inactivated human AB serum (Sigma-Aldrich,
St. Louis, MO, USA), 2 mM L-glutamine (Lonza, Verviers, Belgium), and 20 mg/L gentam-
icin (Lonza, Verviers, Belgium)) on days one, three, and five. DCs were matured for 24 h on
day 6 with 200 IU/mL IL-1$ (CellGenix, Freiburg, Germany), 1000 U/mL IL-6 (Miltenyi
Biotec, Bergisch Gladbach, Germany), 10 ng/mL TNF (Beromun, Boehringer Ingelheim
Pharma, Ingelheim am Rhein, Germany), and 1 ug/mL PGE, (Pfizer, Zurich, Switzerland).

T cells (CD4* and CD8") were isolated from the non-adherent fraction (NAF) using
MACS beads (Miltenyi Biotec, Bergisch Gladbach, Germany), according to the manu-
facturer’s instructions. Subsequently, T cells were cultured in MLPC medium consist-
ing of RPMI 1640 (Lonza, Verviers, Belgium), 10% human AB serum (Sigma-Aldrich,
St. Louis, MO, USA), 2 mM L-glutamine (Lonza, Verviers, Belgium), 20 mg/L gentamycin
(Lonza, Verviers, Belgium), 10 mM HEPES (PAA Laboratories, GE Healthcare Life Sciences,
Pasching/Linz, Austria), 1 mM sodium pyruvate (Lonza, Verviers, Belgium), and 1% MEM
nonessential aa (100x, Lonza, Verviers, Belgium), supplemented with 10 ng/mL IL-7 (Pe-
protech, Hamburg, Germany) and 5 ng/mL IL-15 (R & D Systems, Minneapolis, MN, USA)
(CD4" T cells) or 10 ng/mL IL-7 (CD8" T cells).
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T2.A1 cells (TAP-deficient TxB cell hybrid) were cultured in R10 medium consisting
of RPMI 1640 (Lonza, Verviers, Belgium) supplemented with 2 mM L-glutamine (Lonza,
Verviers, Belgium), penicillin-streptomycin (Lonza, Verviers, Belgium), 10% fetal calf
serum (PAA Laboratories, GE Healthcare Life Sciences, Pasching/Linz, Austria), 2 mM
HEPES (PAA Laboratories, GE Healthcare Life Sciences, Pasching/Linz, Austria), and
2 mM 2-mercaptoethanol (Gibco, Life Technology, Carlsbad, CA, USA).

4.3. MoDC Pre-Treatment

moDCs were generated and matured as described above. Concomitantly with the
maturation cocktail, cells were either treated with vemurafenib (vemu), dabrafenib (dabra),
trametinib (tram), cobimetinib (cobi), the combination of vemu and cobi (V + C), the
combination of dabra and tram (D + T), DMSO solvent control, or were left untreated.
Inhibitor concentrations are described in Table 1. After 24 h, cells were harvested and either
directly analyzed or utilized in further experimental setups.

4.4. In Vitro Transcription and Electroporation of CD4* and CD8* T Cells

RNA encoding the gp100/HLA-A2-specific TCR was generated using the in vitro
transcription kit with T7 RNA polymerase (nMESSAGE mMACHINE kit; Ambion, Ther-
moFisher Scientific, Darmstadt, Germany), according to the manufacturer’s instructions
as described before [44]. RNA coding for the gp100-specific TCR was electroporated into
CD4" or CD8" T cells as previously described [45,46].

4.5. Co-Cultivation of CD4* or CD8* T Cells with T2.A1 Cells or MoDCs

moDCs were generated, matured, and pre-treated as described above. T2.A1 cells
were UV-irradiated (0.005 J/cm?). moDCs and T2.A1 cells were loaded for 1 h at 37 °C
with the indicated peptides (10 pg/mL) or were left untreated. CD4* and CD8* T cells
were electroporated with a gp100-specific TCR as described above. Four hours after
electroporation, T cells were either co-cultured with moDCs or T2.A1 cells at a 1:1 ratio.
Concomitantly, BRAFi and /or MEKi were applied at the indicated concentration (Table 1).
DMSO served as solvent control. A second control condition was conducted completely
without the application of any further substance.

4.6. Peptide Titration Assay

UV-irradiated and peptide-loaded T2.A1 cells were co-cultured with CD8* T cells,
which had been equipped with a gp100-specific TCR. To determine the changes in the avid-
ity, varying concentrations of the gp100-peptide, ranging from 10° pg/mL to 10° pg/mL,
were utilized to pulse the T2.A1 cells. BRAFi and/or MEKi were applied at the indicated
concentration (Table 1).

4.7. CFSE Proliferation Assay

CD4* and CD8* T cells were electroporated with RNA coding for the gp100-specific
TCR and were subsequently labelled with CFSE according to the Cell Trace proliferation kit
(Invitrogen, ThermoFisher Scientific, Darmstadt, Germany) using anhydrous DMSO. Co-
cultures between T cells and peptide-loaded or non-peptide-loaded moDCs was performed
as described above at a 1:1 ratio. BRAF and /or MEK inhibitors were applied at the indicated
concentration (Table 1). After three days, the cells were harvested and were analyzed using
flow cytometry. To assess antigen-specific vs. the spontaneous proliferation, we calculated
the percentage of proliferated CD8* or CD4* T cells either after antigen-specific (gp100
peptide) or unspecific (no peptide) stimulation, respectively.

4.8. Cytokine Analysis

Cytokine concentrations in the co-culture supernatants were analyzed after 17—20 h
with the Inflammatory Cytometric Bead Array (BD Biosciences, Heidelberg, Germany) and
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a Th1/Th2 Cytometric Bead Array (BD Biosciences, Heidelberg, Germany) following the
manufacturer’s instructions.

4.9. Surface Marker Expression Analysis

Extracellular surface marker staining was performed with IgG1-FITC, IgG2a-FITC,
IgG1-PE, xCD25-FITC, xCD40-PE, xCD69-PE, «CD70-PE, «CD80-FITC, «CD83-PE, xCD86-
FITC, and PD-L1-PE (all from BD Biosciences, Heidelberg, Germany); IgG3-PE (eBioscience,
Frankfurt, Germany); and «CCR7-FITC (R&D Systems, Minneapolis, MN, USA) for 30 min
at 4 °C in PBS supplemented with 1% FCS and 0.02% sodium azide (Merck, Darmstadt,
Germany). The cells were analyzed using a FACScan cytofluorometer equipped with
CellQuest software (BD, Heidelberg, Germany). Analysis was performed with the FCS
Express software (De Novo Software, Glendale, CA, USA). Specific MFIs were calculated
by subtracting the background MFI obtained with the isotype controls.

4.10. Statistical Analysis

Statistical analysis was performed using Graph Pad Prism software (LLC: San Diego,
CA, USA). p-values were determined by 1-way ANOVA without greenhouse correction.
In Dunnett’s multiple comparisons test, all conditions were tested against the solvent
control DMSO. To compare unspecific with antigen-specific surface marker expression
(Figures 6 and S3) or the proliferation of the T cells (Figure S2), p-values were assessed by a
paired-student’s t-test for each inhibitor. * p < 0.05, **p < 0.01, ** p < 0.001, *** p < 0.0001,
ns: p > 0.05.

To compare surface expression or cytokine secretion kinetics between non-peptide-
loaded and peptide-loaded conditions (Figure 3), a two-factor analysis of variance (two-
way ANOVA) was used to determine the interaction p-value between the whole curves
*p <0.05 ** p <0.01, ** p <0.001, **** p <0.0001, ns: p > 0.05.

5. Conclusions

Taken together, we present here a broad analysis of effects of BRAFi/MEKi on
monocyte-derived DCs, their stimulatory capacity, and their bi-directional interaction
with T-helper cells using clinically relevant concentrations (physiological concentrations
found in plasma after treatment) and combinations of these inhibitors. This study shows
that BRAFi/MEKIi influence immune function. Since these influences are highly dependent
on the type of inhibitor, one must carefully consider the differential effects in the choice of
combination trials. Considering the data presented above, we suggest that DC vaccination
therapy, and other therapies involving DCs, for that matter, should be combined with
D + T rather than with V + C.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222111951/s1.

Author Contributions: ].D., S.H., and N.S. conceived and designed the experiments; S.H. and V.E.
performed the experiments; S.H. and V.E. analyzed the data; S.H. performed statistical analysis; L.H.
and G.S. acquired funding; S.H. wrote the original draft of the paper; and J.D.,N.S., VE,, LH., C.B.,
and G.S. reviewed and edited the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was partly funded by Verein zur Forderung des Tumorzentrums der Univer-
sitat Erlangen-Niirnberg e.V.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the Institutional Review Board of the Friedrich-
Alexander University Erlangen-Niirnberg (Ethikkommission; Ref. no. 43_15 B, March 2015).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All original data are available from the corresponding author upon request.


https://www.mdpi.com/article/10.3390/ijms222111951/s1
https://www.mdpi.com/article/10.3390/ijms222111951/s1

Int. J. Mol. Sci. 2021, 22, 11951 21 0f23

Acknowledgments: We thank Kris Thielemans (VUB, Brussels) for providing the pGEM4Z RNA
production vector. The gp100-specific TCR was kindly provided by Reno Debets (ErasmusMC,
Rotterdam). Furthermore, we would like to thank Waltraud Frohlich for technical assistance and
Kerstin F. Gerer for helping each other in the lab on weekends. We are very grateful for our voluntary
blood donors and the medical staff for blood acquisition.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Hodis, E.; Watson, LR.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, ].P.; Nickerson, E.; Auclair, D.; Li, L.; Place, C.; et al.
A landscape of driver mutations in melanoma. Cell 2012, 150, 251-263. [CrossRef] [PubMed]

2. Ekedahl, H.; Cirenajwis, H.; Harbst, K.; Carneiro, A.; Nielsen, K.; Olsson, H.; Lundgren, L.; Ingvar, C.; Jonsson, G. The clinical
significance of BRAF and NRAS mutations in a clinic-based metastatic melanoma cohort. Br. J. Dermatol. 2013, 169, 1049-1055.
[CrossRef]

3. Singh, M.; Lin, J.; Hocker, T.L.; Tsao, H. Genetics of melanoma tumorigenesis. Br. |. Dermatol. 2008, 158, 15-21. [CrossRef]
[PubMed]

4. Zheng, B,; Jeong, ].H.; Asara, ].M.; Yuan, Y.Y.; Granter, S.R.; Chin, L.; Cantley, L.C. Oncogenic B-RAF negatively regulates the
tumor suppressor LKB1 to promote melanoma cell proliferation. Mol. Cell. 2009, 33, 237-247. [CrossRef] [PubMed]

5. Hong, D.S.; Vence, L.; Falchook, G.; Radvanyi, L.G.; Liu, C.; Goodman, V.; Legos, ]J.J.; Blackman, S.; Scarmadio, A;
Kurzrock, R.; et al. BRAF(V600) inhibitor GSK2118436 targeted inhibition of mutant BRAF in cancer patients does not impair
overall immune competency. Clin. Cancer Res. 2012, 18, 2326-2335. [CrossRef]

6. Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P,; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.].; Bottomley, W.; et al.
Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949-954. [CrossRef]

7. Mandal, R.; Becker, S.; Strebhardt, K. Stamping out RAF and MEK1/2 to inhibit the ERK1/2 pathway: An emerging threat to
anticancer therapy. Oncogene 2016, 35, 2547-2561. [CrossRef]

8. Dean, L. Vemurafenib Therapy and BRAF and NRAS Genotype. In Medical Genetics Summaries; Pratt, V.M., Scott, S.A.,
Pirmohamed, M., Esquivel, B., Kane, M.S., Kattman, B.L., Malheiro, A.J., Eds.; National Center for Biotechnology Informa-
tion: Bethesda, MD, USA, 2012.

9.  Heppt, M.V,; Siepmann, T.; Engel, J.; Schubert-Fritschle, G.; Eckel, R.; Mirlach, L.; Kirchner, T.; Jung, A.; Gesierich, A.;
Ruzicka, T.; et al. Prognostic significance of BRAF and NRAS mutations in melanoma: A German study from routine care.
BMC Cancer 2017, 17, 536. [CrossRef] [PubMed]

10. Haugh, A.M,; Johnson, D.B. Management of V600E and V600K BRAF-Mutant Melanoma. Curr. Treat. Options. Oncol. 2019, 20, 81.
[CrossRef]

11. Bollag, G.; Hirth, P; Tsai, J.; Zhang, J.; Ibrahim, PN.; Cho, H.; Spevak, W.; Zhang, C.; Zhang, Y.; Habets, G.; et al. Clinical efficacy
of a RAF inhibitor needs broad target blockade in BRAF-mutant melanoma. Nature 2010, 467, 596-599. [CrossRef]

12.  Jarkowski, A., III; Khushalani, N.I. BRAF and beyond: Tailoring strategies for the individual melanoma patient. J. Carcinog. 2014,
13, 1. [CrossRef]

13. Jung, T.; Haist, M.; Kuske, M.; Grabbe, S.; Bros, M. Inmunomodulatory Properties of BRAF and MEK Inhibitors Used for
Melanoma Therapy-Paradoxical ERK Activation and Beyond. Int. ]. Mol. Sci. 2021, 22, 9890. [CrossRef] [PubMed]

14. Wagle, N.; Emery, C.; Berger, M.E; Davis, M.].; Sawyer, A.; Pochanard, P.; Kehoe, S.M.; Johannessen, C.M.; Macconaill, L.E.;
Hahn, W.C,; et al. Dissecting therapeutic resistance to RAF inhibition in melanoma by tumor genomic profiling. J. Clin. Oncol.
2011, 29, 3085-3096. [CrossRef]

15. Flaherty, K.T,; Infante, ].R.; Daud, A.; Gonzalez, R.; Kefford, R.F.; Sosman, J.; Hamid, O.; Schuchter, L.; Cebon, J.; Ibrahim, N.; et al.
Combined BRAF and MEK inhibition in melanoma with BRAF V600 mutations. N. Engl. J. Med. 2012, 367, 1694-1703. [CrossRef]
[PubMed]

16. Boespflug, A.; Thomas, L. Cobimetinib and vemurafenib for the treatment of melanoma. Expert. Opin. Pharmacother. 2016, 17, 1005-1011.
[CrossRef]

17.  Subbiah, V;; Baik, C.; Kirkwood, J.M. Clinical Development of BRAF plus MEK Inhibitor Combinations. Trends Cancer 2020, 6, 797-810.
[CrossRef]

18. Ziogas, D.C.; Konstantinou, F; Bouros, S.; Theochari, M.; Gogas, H. Combining BRAF/MEK Inhibitors with Immunotherapy in
the Treatment of Metastatic Melanoma. Am. |. Clin. Dermatol. 2021, 22, 301-314. [CrossRef]

19. Cosgarea, I.; Ritter, C.; Becker, J.C.; Schadendorf, D.; Ugurel, S. Update on the clinical use of kinase inhibitors in melanoma.
J. Dtsch. Dermatol. Ges. 2017, 15, 887-893. [CrossRef]

20. Gutzmer, R.; Stroyakovskiy, D.; Gogas, H.; Robert, C.; Lewis, K.; Protsenko, S.; Pereira, R.P; Eigentler, T.; Rutkowski, P;

Demidov, L.; et al. Atezolizumab, vemurafenib, and cobimetinib as first-line treatment for unresectable advanced BRAF(V600)
mutation-positive melanoma (IMspire150): Primary analysis of the randomised, double-blind, placebo-controlled, phase 3 trial.
Lancet 2020, 395, 1835-1844. [CrossRef]


http://doi.org/10.1016/j.cell.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/22817889
http://doi.org/10.1111/bjd.12504
http://doi.org/10.1111/j.1365-2133.2007.08316.x
http://www.ncbi.nlm.nih.gov/pubmed/18047516
http://doi.org/10.1016/j.molcel.2008.12.026
http://www.ncbi.nlm.nih.gov/pubmed/19187764
http://doi.org/10.1158/1078-0432.CCR-11-2515
http://doi.org/10.1038/nature00766
http://doi.org/10.1038/onc.2015.329
http://doi.org/10.1186/s12885-017-3529-5
http://www.ncbi.nlm.nih.gov/pubmed/28797232
http://doi.org/10.1007/s11864-019-0680-z
http://doi.org/10.1038/nature09454
http://doi.org/10.4103/1477-3163.126759
http://doi.org/10.3390/ijms22189890
http://www.ncbi.nlm.nih.gov/pubmed/34576054
http://doi.org/10.1200/JCO.2010.33.2312
http://doi.org/10.1056/NEJMoa1210093
http://www.ncbi.nlm.nih.gov/pubmed/23020132
http://doi.org/10.1517/14656566.2016.1168806
http://doi.org/10.1016/j.trecan.2020.05.009
http://doi.org/10.1007/s40257-021-00593-9
http://doi.org/10.1111/ddg.13321
http://doi.org/10.1016/S0140-6736(20)30934-X

Int. J. Mol. Sci. 2021, 22, 11951 22 0f 23

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Huynh, S.; Mortier, L.; Dutriaux, C.; Maubec, E.; Boileau, M.; Dereure, O.; Leccia, M.T.; Arnault, J.P; Brunet-Possenti, F.;
Aubin, F; et al. Combined Therapy with Anti-PD1 and BRAF and/or MEK Inhibitor for Advanced Melanoma: A Multicenter
Cohort Study. Cancers 2020, 12, 1666. [CrossRef]

Sullivan, R.J.; Hamid, O.; Gonzalez, R.; Infante, J.R.; Patel, M.R.; Hodi, ES.; Lewis, K.D.; Tawbi, H.A.; Hernandez, G.;
Wongchenko, M.J.; et al. Atezolizumab plus cobimetinib and vemurafenib in BRAF-mutated melanoma patients. Nat. Med. 2019,
25,929-935. [CrossRef]

Salah, A.; Wang, H.; Li, Y.; Ji, M.; Ou, W.B.; Qi, N.; Wu, Y. Insights Into Dendritic Cells in Cancer Immunotherapy: From Bench to
Clinical Applications. Front. Cell. Dev. Biol. 2021, 9, 686544. [CrossRef] [PubMed]

Amon, L.; Hatscher, L.; Heger, L.; Dudziak, D.; Lehmann, C.H.K. Harnessing the Complete Repertoire of Conventional Dendritic
Cell Functions for Cancer Immunotherapy. Pharmaceutics 2020, 12, 663. [CrossRef]

Dorrie, J.; Schaft, N.; Schuler, G.; Schuler-Thurner, B. Therapeutic Cancer Vaccination with Ex Vivo RNA-Transfected Dendritic
Cells-An Update. Pharmaceutics 2020, 12, 92. [CrossRef]

Vella, L].; Pasam, A.; Dimopoulos, N.; Andrews, M.; Knights, A.; Puaux, A.L.; Louahed, J.; Chen, W.; Woods, K.; Cebon, J.S. MEK
inhibition, alone or in combination with BRAF inhibition, affects multiple functions of isolated normal human lymphocytes and
dendritic cells. Cancer Immunol. Res. 2014, 2, 351-360. [CrossRef] [PubMed]

Dummer, R.; Lebbé, C.; Atkinson, V.; Mandala, M.; Nathan, P.D.; Arance, A.; Richtig, E.; Yamazaki, N.; Robert, C,;
Schadendorf, D.; et al. Combined PD-1, BRAF and MEK inhibition in advanced BRAF-mutant melanoma: Safety run-in and
biomarker cohorts of COMBI-i. Nat. Med. 2020, 26, 1557-1563. [CrossRef]

Gargett, T.; Fraser, C.K,; Dotti, G.; Yvon, E.S.; Brown, M.P. BRAF and MEK inhibition variably affect GD2-specific chimeric antigen
receptor (CAR) T-cell function in vitro. J. Immunother. 2015, 38, 12-23. [CrossRef] [PubMed]

Dorrie, J.; Babalija, L.; Hoyer, S.; Gerer, K.F,; Schuler, G.; Heinzerling, L.; Schaft, N. BRAF and MEK Inhibitors Influence the
Function of Reprogrammed T Cells: Consequences for Adoptive T-Cell Therapy. Int. . Mol. Sci. 2018, 19, 289. [CrossRef]
[PubMed]

Boni, A.; Cogdill, A.P.; Dang, P; Udayakumar, D.; Njauw, C.N.; Sloss, C.M.; Ferrone, C.R.; Flaherty, K.T.; Lawrence, D.P.;
Fisher, D.E.; et al. Selective BRAFV600E inhibition enhances T-cell recognition of melanoma without affecting lymphocyte
function. Cancer Res. 2010, 70, 5213-5219. [CrossRef] [PubMed]

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

Hoyer, S.; Prommersberger, S.; Pfeiffer, I.A.; Schuler-Thurner, B.; Schuler, G.; Dorrie, J.; Schaft, N. Concurrent interaction of DCs
with CD4( + ) and CD8( + ) T cells improves secondary CTL expansion: It takes three to tango. Eur. |. Immunol. 2014, 44, 3543-3559.
[CrossRef]

Heinzerling, L.; Eigentler, TK.; Fluck, M.; Hassel, ].C.; Heller-Schenck, D.; Leipe, ].; Pauschinger, M.; Vogel, A.; Zimmer, L.; Gutzmer, R.
Tolerability of BRAF/MEK inhibitor combinations: Adverse event evaluation and management. ESMO Open 2019, 4, e000491.
[CrossRef]

Kefford, R.; Arkenau, H.; Brown, M.P; Millward, M.; Infante, J.R.; Long, G.V.,; Ouellet, D.; Curtis, M.; Lebowitz, P.F.; Falchook, G.S.
Phase I/1I study of GSK2118436, a selective inhibitor of oncogenic mutant BRAF kinase, in patients with metastatic melanoma
and other solid tumors. J. Clin. Oncol. 2010, 28, 8503. [CrossRef]

Falchook, G.S.; Long, G.V.,; Kurzrock, R.; Kim, K.B.; Arkenau, T.H.; Brown, M.P.; Hamid, O.; Infante, J.R.; Millward, M.;
Pavlick, A.C,; et al. Dabrafenib in patients with melanoma, untreated brain metastases, and other solid tumours: A phase 1
dose-escalation trial. Lancet 2012, 379, 1893-1901. [CrossRef]

Liu, L.; Mayes, P.A.; Eastman, S.; Shi, H.; Yadavilli, S.; Zhang, T.; Yang, J.; Seestaller-Wehr, L.; Zhang, S.Y.; Hopson, C.; et al. The
BRAF and MEK Inhibitors Dabrafenib and Trametinib: Effects on Immune Function and in Combination with Immunomodulatory
Antibodies Targeting PD-1, PD-L1, and CTLA-4. Clin. Cancer Res. 2015, 21, 1639-1651. [CrossRef]

Hajek, E.; Krebs, F,; Bent, R.; Haas, K.; Bast, A.; Steinmetz, I.; Tuettenberg, A.; Grabbe, S.; Bros, M. BRAF inhibitors stimulate
inflammasome activation and interleukin 1 beta production in dendritic cells. Oncotarget 2018, 9, 28294-28308. [CrossRef]
[PubMed]

Ott, PA; Henry, T.; Baranda, S.J.; Frleta, D.; Manches, O.; Bogunovic, D.; Bhardwaj, N. Inhibition of both BRAF and MEK in
BRAF(V600E) mutant melanoma restores compromised dendritic cell (DC) function while having differential direct effects on DC
properties. Cancer Immunol. Immunother. 2013, 62, 811-822. [CrossRef]

Tel, J.; Koornstra, R.; de Haas, N.; van Deutekom, V.; Westdorp, H.; Boudewijns, S.; van Erp, N.; Di Blasio, S.; Gerritsen, W.;
Figdor, C.G.; et al. Preclinical exploration of combining plasmacytoid and myeloid dendritic cell vaccination with BRAF inhibition.
J. Transl. Med. 2016, 14, 88. [CrossRef]

Riegel, K.; Schloder, ].; Sobczak, M.; Jonuleit, H.; Thiede, B.; Schild, H.; Rajalingam, K. RAF kinases are stabilized and required for
dendritic cell differentiation and function. Cell. Death. Differ. 2020, 27, 1300-1315. [CrossRef] [PubMed]

Long, G.V.; Flaherty, K.T.; Stroyakovskiy, D.; Gogas, H.; Levchenko, E.; de Braud, F; Larkin, J.; Garbe, C.; Jouary, T.;
Hauschild, A.; et al. Dabrafenib plus trametinib versus dabrafenib monotherapy in patients with metastatic BRAF V600E /K-
mutant melanoma: Long-term survival and safety analysis of a phase 3 study. Ann. Oncol. 2017, 28, 1631-1639. [CrossRef]
Carlino, M.S,; Larkin, J.; Long, G.V. Immune checkpoint inhibitors in melanoma. Lancet 2021, 398, 1002-1014. [CrossRef]


http://doi.org/10.3390/cancers12061666
http://doi.org/10.1038/s41591-019-0474-7
http://doi.org/10.3389/fcell.2021.686544
http://www.ncbi.nlm.nih.gov/pubmed/34262904
http://doi.org/10.3390/pharmaceutics12070663
http://doi.org/10.3390/pharmaceutics12020092
http://doi.org/10.1158/2326-6066.CIR-13-0181
http://www.ncbi.nlm.nih.gov/pubmed/24764582
http://doi.org/10.1038/s41591-020-1082-2
http://doi.org/10.1097/CJI.0000000000000061
http://www.ncbi.nlm.nih.gov/pubmed/25415284
http://doi.org/10.3390/ijms19010289
http://www.ncbi.nlm.nih.gov/pubmed/29346301
http://doi.org/10.1158/0008-5472.CAN-10-0118
http://www.ncbi.nlm.nih.gov/pubmed/20551059
http://doi.org/10.1002/eji.1830271209
http://doi.org/10.1002/eji.201444477
http://doi.org/10.1136/esmoopen-2019-000491
http://doi.org/10.1200/jco.2010.28.15_suppl.8503
http://doi.org/10.1016/S0140-6736(12)60398-5
http://doi.org/10.1158/1078-0432.CCR-14-2339
http://doi.org/10.18632/oncotarget.25511
http://www.ncbi.nlm.nih.gov/pubmed/29983861
http://doi.org/10.1007/s00262-012-1389-z
http://doi.org/10.1186/s12967-016-0844-6
http://doi.org/10.1038/s41418-019-0416-4
http://www.ncbi.nlm.nih.gov/pubmed/31541179
http://doi.org/10.1093/annonc/mdx176
http://doi.org/10.1016/S0140-6736(21)01206-X

Int. J. Mol. Sci. 2021, 22, 11951 23 0f 23

43.

44.

45.

46.

Steininger, J.; Gellrich, FF; Schulz, A.; Westphal, D.; Beissert, S.; Meier, F. Systemic Therapy of Metastatic Melanoma: On the
Road to Cure. Cancers 2021, 13, 1430. [CrossRef] [PubMed]

Schaft, N.; Dorrie, J.; Thumann, P.; Beck, V.E.; Muller, I.; Schultz, E.S.; Kampgen, E.; Dieckmann, D.; Schuler, G. Generation of an
optimized polyvalent monocyte-derived dendritic cell vaccine by transfecting defined RNAs after rather than before maturation.
J. Immunol. 2005, 174, 3087-3097. [CrossRef] [PubMed]

Schaft, N.; Dorrie, J.; Muller, I; Beck, V.; Baumann, S.; Schunder, T.; Kampgen, E.; Schuler, G. A new way to generate cytolytic
tumor-specific T cells: Electroporation of RNA coding for a T cell receptor into T lymphocytes. Cancer Immunol. Immunother. 2006,
55, 1132-1141. [CrossRef] [PubMed]

Gerer, K.F,; Hoyer, S.; Dorrie, J.; Schaft, N. Electroporation of mRNA as Universal Technology Platform to Transfect a Variety of
Primary Cells with Antigens and Functional Proteins. Methods Mol. Biol. 2017, 1499, 165-178. [CrossRef]


http://doi.org/10.3390/cancers13061430
http://www.ncbi.nlm.nih.gov/pubmed/33804800
http://doi.org/10.4049/jimmunol.174.5.3087
http://www.ncbi.nlm.nih.gov/pubmed/15728524
http://doi.org/10.1007/s00262-005-0098-2
http://www.ncbi.nlm.nih.gov/pubmed/16344988
http://doi.org/10.1007/978-1-4939-6481-9_10

	Introduction 
	Results 
	Vemurafenib Treatment Affects Cytokine Secretion and Expression of Maturation Markers on MoDCs 
	BRAF and MEK Inhibitors Do Not Affect T-Cell Avidity 
	BRAFi and MEKi Prevent the Antigen-Specific Upregulation of Activation Markers on T Cells 
	BRAFi and MEKi Suppress the Antigen-Specific Cytokine Secretion in T-Cell/DC Co-Cultures 
	V + C Treatment Affects Unspecific and Antigen-Specific CD8+ and CD4+ T-Cell Proliferation 
	BRAFi and MEKi Change the Surface Marker Expression Profile of MoDCs during Interaction with CD4+ and CD8+ T Cells 

	Discussion 
	BRAFi and MEKi Effects on T Cells 
	BRAFi and MEKi Effects on DCs 
	BRAFi and MEKi: Implications for Combination Therapies 

	Materials and Methods 
	BRAF and MEK Inhibitors 
	Cells and Reagents 
	MoDC Pre-Treatment 
	In Vitro Transcription and Electroporation of CD4+ and CD8+ T Cells 
	Co-Cultivation of CD4+ or CD8+ T Cells with T2.A1 Cells or MoDCs 
	Peptide Titration Assay 
	CFSE Proliferation Assay 
	Cytokine Analysis 
	Surface Marker Expression Analysis 
	Statistical Analysis 

	Conclusions 
	References

