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ABSTRACT
Background Targeted therapies and immunotherapies 
are first- line treatments for patients with advanced 
melanoma. Serine–threonine protein kinase B- RAF (BRAF) 
and mitogen- activated protein kinase (MEK) inhibition 
leads to a 70% response rate in patients with advanced 
melanoma with a BRAFV600E/K mutation. However, acquired 
resistance occurs in the majority of patients, leading to 
relapse. Immunotherapies that activate immune cytotoxic 
effectors induce long- lasting responses in 30% of 
patients. In that context, combination of targeted therapies 
with immunotherapy (IT) is a promising approach. 
We considered boosting natural killer (NK) cell tumor 
immunosurveillance, as melanoma cells express stress- 
induced molecules and activate NK cell lysis.
Methods Here we have generated vemurafenib (a BRAF 
inihibitor)- resistant (R) cells from BRAFV600E SK28 and 
M14- sensitive (S) melanoma cell lines and investigated 
how resistance interferes with immunogenicity to NK cells. 
We determined the levels of several soluble molecules 
including NK ligands in 61 melanoma patients at baseline 
and 6 months M post- treatment with targeted therapies or 
immunotherapies.
Results Vemurafenib resistance involved activation of 
p- AKT in SK28R and of p- MEK/p- ERK in M14R cells and 
was accompanied by modulation of NK ligands. Compared 
with S cells, SK28R displayed an increased expression of 
natural killer group 2 D (NKG2D) receptor ligands (major 
histocompatibility complex class (MHC) I chain- related 
protein A (MICA) and UL16- binding protein 2 (ULBP2)) 
whereas M14R exhibited decreased ULBP2 . SK28R and 
M14R cells induced higher NK degranulation and interferon 
gamma secretion and were more efficiently lysed by donor 
and patient NK cells. SK28R showed increased tumor 
necrosis factor- related apoptosis- inducing ligand receptor 
II (TRAIL- RII) expression and TRAIL- induced apoptosis, 
and TRAIL- induced apoptosis of M14R was decreased. 
Combined BRAF/MEK inhibitors abrogated the growth of 
SK28S, M14S, and M14R cells, while growth of SK28R was 
maintained. BRAF/MEK inhibition attenuated NK activity 
but R cell lines activated polyfunctional NK cells and were 
lysed with high efficiency. We investigated the relationship 
of soluble NK ligands and response to treatment in a series 
of melanoma patients. Soluble NKG2D ligands known to 
regulate the receptor function have been associated to 
cancer progression. Serum analysis of patients treated 
with target therapies or IT indicates that soluble forms of 

NK ligands (MICA, B7H6, programmed cell death ligand 1, 
and carcinoembryonic antigen cell adhesion molecule 1) 
may correlate with clinical response.
Conclusion These results support strategies combining 
targeted therapies and NK- based immunotherapies.

INTRODUCTION
Over the past 7 years, immunotherapy (IT) 
has become a reference treatment for a 
growing number of solid tumors. Most immu-
nomodulatory strategies focus on enhancing 
T cell responses, but there has been a recent 
surge of interest in harnessing the underex-
plored natural killer (NK) cell compartment 
for therapeutic interventions. NK cells show 
cytotoxic activity against diverse tumor cell 
types, and some of the clinical approaches 
originally developed to increase T cell cyto-
toxicity may also activate NK cells.

NK cells are potent cytolytic effectors involved 
in tumor immunosurveillance. NK cells repre-
sent a major source of interferon gamma 
(IFNγ) in vivo and NK- derived IFNγ is crucial 
in priming T helper 1 responses.1 Human 
CD3−CD56+ NK cells represent 5%–20% of 
peripheral blood mononuclear cells (PBMCs) 
and comprise CD56dim and CD56bright subsets. 
The cytotoxic CD56dim NK cell subset predom-
inates in blood (90% of NK cells) while 
CD56bright NK cells, considered as precursors 
of CD56dim NK cells and producing cytokines, 
represent 5%–10% of blood NK cells.2 NK 
activation depends on an intricate balance 
between activating and inhibitory signals that 
determine whether the target will be suscep-
tible to NK- mediated lysis.3 Three natural cyto-
toxicity receptors (NCRs) involved in NK cell 
activation were identified: NKp46 and NKp30 
that bind to B7H6, expressed by resting NK 
cells, and NKp44, induced after stimulation by 
cytokines. Activation of NK cells is triggered by 
additional receptors. Natural killer group 2 D 
(NKG2D), expressed by most NK cells, binds 
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major histocompatibility complex (MHC)- related anti-
gens (MIC)- A/B molecules, and UL16- binding proteins 
(ULBP1–4), induced on stressed cells. NK cell activation is 
regulated by inhibitory receptors that recognize different 
human leukocyte antigen class I (HLA- I) molecules, 
including the killer immunoglobulin receptors, CD94/
NKG2A, CD85j, and leukocyte- associated imunoglobulin- 
like receptors.4–6 Activated NK cells express tumor necrosis 
factor (TNF)- related apoptosis- inducing ligand (TRAIL) 
and Fas- L and induce target cell apoptosis through engage-
ment of death domain receptor Fas and TRAIL receptor II 
(TRAIL- RII).7 8

Tumor cells expressing stress- induced molecules and 
displaying frequent alterations of HLA- I expression 
trigger NK cell activation. However, cancer cells have 
the ability to escape from NK cell recognition through 
the modulation of NK activating receptors, the secre-
tion of immunosuppressive factors, the expression of 
inhibitory checkpoint, or the altered migration/recruit-
ment of NK cells to the tumor.9 NK cells infiltrate various 
tumors including melanoma10 and their frequencies have 
been related to favorable clinical outcome.11 Numbers 
of tumor infiltrating NK were positively correlated with 
regression of melanocytic lesions.12 Thus, NK cells enter 
the arsenal of immunotherapies and new approaches 
NK- based immunotherapies are evaluated.13 14

Metastatic melanoma is an aggressive disease with a 
high metastatic potential. For more than 20 years, ther-
apies approved by the Food and Drug Administration 
for metastatic melanoma patients were high- dose inter-
leukin-2 (IL-2) and dacarbazine (DTIC). These treat-
ments were associated with response rates of 10%–20%, 
rare complete responses, and no improved overall 
survival. Better understanding of the genetic changes 
associated with melanoma development identified acti-
vating mutations in the genes encoding serine/threonine 
kinases BRAF and NRAS,15 establishing mitogen- activated 
phosphokinase (MAPK) signaling pathways as drug targ-
etable in melanoma. Up to 50% of melanomas carry an 
activating BRAF mutation and 90% of reported BRAF 
mutations result in a substitution of glutamic acid for 
valine at amino acid 600 (the V600E mutation). This BRAF 
mutation constitutively activates BRAF and downstream 
signal transduction in the MAPK pathway. In melanoma 
patients bearing a V600E/K mutation, BRAF inhibitors 
induce rapid responses, improved overall survival, and 
progression- free survival but responses lack durability.16 17 
The efficiency of BRAF inhibitors is limited by resistance 
mechanisms leading to disease relapse or progression in 
a majority of treated patients after an initial documented 
clinical response. Several mechanisms of resistance to 
BRAF inhibitors have been identified as leading to the 
reactivation of the downstream kinases in the MAPK 
pathway and the phosphoinositide 3- kinase/protein 
kinase B (PI3K/PKB) pathway.18 Actual treatment relies 
on the combination of specific BRAFV600E inhibitors 
with mitogen- activated protein kinase (MEK) inhibitors 
(either vemurafenib plus cobimetinib or dabrafenib plus 

trametinib or encorafenib plus binimetinib) resulting in 
higher responses rates and improved survival than BRAF 
inhibitor alone.19 20

There is growing evidence that targeted therapies likely 
modulate the immunogenicity of cancer cells, indicating 
the interest of their combinations with immunotherapies. 
In a previous report, we showed that treatment with vemu-
rafenib of sensible BRAF- mutated melanoma cell lines was 
associated with change in the expression of NK ligands 
and decreased susceptibility to NK- mediated lysis.21 In 
the present study, we have evaluated the susceptibility to 
NK- mediated lysis of BRAF- mutated melanoma cell lines 
resistant to vemurafenib (BRAF inhibitor) and/or cobime-
tinib (MEK inhibitor). We have determined how this resis-
tance modulates the immunogenicity of melanoma cells 
and discuss the consequence for combined therapies.

MATERIALS AND METHODS
Cell culture and generation of vemurafenib resistant cell lines
Vemurafenib (PLX4032/RO5185426; Genentech, South 
San Francisco, CA, USA), obtained from Institut Roche 
(Roche Scientific Partnership), was dissolved in dimethyl 
sulfoxide (DMSO; Sigma Aldrich, Saint- Louis, Missouri, 
USA). DMSO was used as vehicle control. M14 and SK28 
cell lines were provided by other laboratories (SK28 by F. 
Faure; M14 by H. Benlalam). Melanoma cells were main-
tained in Dulbecco's Modified Eagle's Medium (DMEM) 
or Roswell Park Memorial Institute (RPMI) media (Life 
Technologies, Bleiswijk, the Netherlands) supplemented 
with 10% Fetal calf serum (FCS) (Eurobio, Les Ulis, 
France) and 1% penicillin–streptomycin (Life Technol-
ogies). To generate vemurafenib- resistant variants (R), 
exponentially growing sensible (S) SK28 and M14 cells 
were initially treated with 0.1 µM of vemurafenib. At 
confluence, cells were subcultured and treated with an 
increased concentration of vemurafenib, until reaching 
a concentration of 10 µM. Batches of S and R cells 
were frozen. Tumor cells were thawed every 2 months 
and cultured 1 week before use in experiments. The 
vemurafenib- resistant cell lines, SK28R and M14R, were 
maintained in culture medium without vemurafenib.

Melanoma patients and serums
Sixty- one consecutive patients with advanced mela-
noma, receiving a first- line systemic treatment (table 1) 
between June 2013 and November 2017 in the Depart-
ment of Dermatology of the Dijon University Hospital, 
and agreeing to be included in MelBase, a French multi-
centric cohort dedicated to the prospective follow- up 
of patients with advanced melanoma, were included. 
Serum samples were collected at baseline (T0) and 6 
months after the onset of treatment and were stored at 
the Centre de Ressources Biologiques in Dijon. Patients 
were treated by either first- line targeted therapy (BRAF/
MEK inhibitors) or IT (ipilimumab or anti- programmed 
cell death 1 (PD-1)), according to investigator’s choice. 
Soluble (s) intercellular adhesion molecule 1 (ICAM1), 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2019-000275 on 9 S

eptem
ber 2020. D

ow
nloaded from

 

http://jitc.bmj.com/


3Frazao A, et al. J Immunother Cancer 2020;8:e000275. doi:10.1136/jitc-2019-000275

Open access

carcinoembryonic antigen cell adhesion molecule 1 
(CEACAM1), and PD ligand 1 (PD- L1) were measured 
in addition to sMICA/B, sULBP1–6 (NKG2D ligands), 
and sB7H6 (NCR3 ligand). PBMCs from six metastatic 
melanoma patients (stage IV M1c, three women and 
three men) before treatment with immunotherapies were 
obtained to assess NK cell degranulation.

Sequencing
DNA purification was performed with the DNA easy blood 
and tissue Kit (Qiagen, Hilden, Germany). DNA concen-
tration was measured with a NanoDrop device (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA). The 
Department of Genetics and Molecular Biology at Cochin 
Hospital (Paris, France) performed sequencing of BRAF 
and 22 known genes in the cell lines, using Ion Torrent 
Next- Generation Sequencing (Life Technologies) and Ion 
AmpliSeq Colon and Lung Cancer Research Panel (v2).

Expression of p-MEK, p-ERK, and p-AKT by western blot
Cells treated 30 min with medium containing DMSO 
or vemurafenib (10 µM) were lysed and proteins were 
extracted using NP-40 Buffer (Invitrogen, Carlsbad, 

California, USA) supplemented with sodium orthova-
nadate and proteases and harvested by scraping. The 
amount of proteins was measured by Pierce Micro BCA 
Protein Assay Kit (Life Technologies). Ten micrograms of 
proteins of each sample were electrophoretically segre-
gated and transferred onto a nitrocellulose membrane. 
The primary antibodies to detect total and phosphor-
ylated forms of ERK, MEK, and AKT (online supple-
mentary table S1) (Cell Signaling Technology, Leiden, 
the Netherlands), diluted following the manufacturer’s 
instructions, were incubated overnight at 4°C. Then the 
membrane was incubated with anti- rabbit IgG secondary 
antibody for 1 hour at room temperature. Pierce ECL 
Plus (Life Technologies) was used for visualization of the 
protein bands.

Cell proliferation using the xCELLigence system and MTS 
assay
Cell proliferation was evaluated with the xCELLigence 
System (ACEA Biosciences, San Diego, California, USA). 
After background measurement, cells were seeded for a 
6- hour adhesion in E- plates in a volume of 100 µL/well 

Table 1 Characteristics of the patients included and treatment (clinical stage evaluated to American Joint Committee on 
Cancer (AJCC) 7th edition)

Patients

  Men 27 10 1

  Women 13 8 2

  Median age (years) 69 61 74

Clinical stage

  IIIB 1 2 0

  IIIC 13 4 0

  IV M1a 4 0 2

  IV M1b 11 3 0

  IV M1c 11 9 1

Therapeutic treatment Immunotherapy Targeted therapy Chemotherapy

  Vemurafenib 0 2 0

  Dabrafenib 0 3 0

  Vemurafenib+cobimetinib 0 5 0

  Dabrafenib+trametinib 0 8 0

  Ipilimumab 4 0 0

  Nivolumab 15 0 0

  Pembrolizumab 15 0 0

  Ipilimumab+nivolumab 6 0 0

  Deticene 0 0 2

  Fotemustine 0 0 1

Clinical responses at the time of sampling (6M)

  Complete response 7 0 0

  Partial response 13 6 0

  Stabilization 7 6 1

  Progression 13 6 2
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at 1.3×104 cells/well (M14) or 1×104 cells/well (SK28). 
Then, increasing concentrations of vemurafenib and cobi-
metinib in medium with DMSO (0.0001%) were added. 
Cell proliferation was monitored every 15 min for up to 
3 days by measuring impedance values, expressed as cell 
index (CI), normalized to the addition of the drug. CI are 
self- calibrated values generated by the system, calculated 
as CI = (Zi − Z0)/15 ohm, where Zi is the impedance at 
an individual time point during the experiment and Z0 is 
the impedance at the beginning of the experiment. Alter-
natively, cell proliferation was monitored by MTS assay. 
Briefly, 8×103 cells/well for SK28 and 104 cells/well for 
M14 were seeded in a 96- well plate for 6 hours and treated 
as above for 24–72 hours. Then, 20 µL/well of combined 
MTS/PMS solutions (Promega, Madison, Wisconsin, 
USA) were added and the plate was incubated for 4 hours 
at 37°C. Absorbance was recorded at 490 nm.

Transcriptomic analysis
Melanoma cells were stored as dry pellets at −80°C prior 
to transcription analysis by GeneChip Human Transcrip-
tome Array (Affimetrix, Santa Clara, California, USA). 
Transcriptomic data were analyzed with the Gene Set 
Enrichment Analysis (GSEA) software.

PBMC isolation and NK cell immunoselection
Blood samples from healthy donors were obtained from 
EFS (Etablissement Français du Sang, Hôpital St Louis). 
PBMCs were isolated by Ficoll- Paque PLUS (GE Health-
care Bio- Sciences AB, Uppsala, Sweden) density gradient 
centrifugation. NK cells were purified by negative immu-
noselection using the NK Cell Isolation Kit (Miltenyi 
Biotec, Bergisch Gladbach, Germany), leading to >95% 
of CD3−CD56+ cells. Purified NK cells (1×106/mL) were 
cultured in RPMI 1640 medium (Life Technologies), 
supplemented with 10% human serum AB (Biowest, 
France) and activated with IL-2 (100 IU/mL, Miltenyi 
Biotec) for 6 days with medium renewal every other day.

Flow cytometry analyses
Multicolor flow cytometry assays were performed on 
a FACSCanto II cytometer (BD Biosciences, San Jose, 
California, USA) and analyzed with FlowJo software 
(V.10.6.2). Melanoma cells treated or not with vemu-
rafenib and cobimetinib in medium containing DMSO 
(0.0001%) were labeled with antibodies listed in online 
supplementary table S1.

CD107a degranulation and IFNγ secretion by NK cells
Donor NK (1×105) cells were stimulated with 1×105 mela-
noma cells in the presence of the CD107a- FITC antibody 
in 200 µL of medium containing monensin (BD Biosci-
ences). Patient PBMCs (106) activated overnight with IL-2 
(100 IU/mL) were stimulated with 105 melanoma cells 
in the presence of CD107a- FITC antibody. After 5 hours 
of coculture, cells were labeled for 30 min at 4°C with 
CD45, CD16, CD3, and CD56 antibodies (online supple-
mentary table S1) and washed. Cells were analyzed on a 
FACSCantoII flow cytometer and CD107a degranulation 

was evaluated on gated CD45+CD3−CD56+ NK cells. Base-
line NK cell CD107a degranulation was determined in 
the absence of target cells. Additional cocultures of 5×104 
donor NK cells and 5×104 K562 or melanoma cells were 
conducted for 24 hours to measure IFNγ secreted by 
NK cells. Cell- free supernatants were harvested and an 
ELISA assay was carried out following the manufacturer’s 
instructions (OptiEIA Set Human IFNγ; BD Biosciences). 
In some experiments, melanoma cells were treated for 
20 hours with medium DMSO (0.0001%) alone or with 
vemurafenib (5 µM) and cobimetinib (10 nM) before 
the coculture for 5 hours with donor IL-2 +IL-12 (50 IU/
mL)- activated NK cells. Then, CD107a degranulation and 
IFNγ production were measured by intracellular staining 
in the presence of brefeldin A (Sigma Aldrich), using the 
Foxp3 staining buffer set (Invitrogen) and IFNγ-APC anti-
body (Miltenyi Biotec).

NK cell-mediated lysis assay using the xCELLigence system
NK cell- mediated lysis of adherent targets was assessed 
using the xCELLigence system.21 SK28S and SK28R cells 
(1×104), and 1.3×104 M14S and M14R cells were seeded in 
the E- plate and their adhesion was monitored for 6 hours, 
before addition of cytokine- activated NK cells (at 1:1 
ratio). In some experiments, NK cells were incubated for 
20 min with mAbs to block NKG2D, NKp30, NKG2A recep-
tors (10 µg/mL) or control isotypes before being added 
to targets. To assess the impact of inhibitors, adherent 
targets were treated for 20 hours with medium containing 
DMSO (0.0001%) alone or with vemurafenib (5 µM)+co-
bimetinib (10 nM) before the addition of NK cells (at 1:1 
ratio). CI was measured every 15 min for 6 hours. Results 
are expressed as percentage of lysis determined from 
normalized CI (nCI, to the addition of NK cells) with the 
RTCA software, with the following equation: % of lysis = 
[nCI(no effector) – nCI(effector)]/nCI(no effector) × 
100. Percentages of lysis were calculated taking as refer-
ence the CI from targets without NK cells.

Apoptosis assay
Apoptosis was measured by Annexin- V staining. SK28 and 
M14 cell lines (4×104 and 5×105 cells, respectively) were 
plated in 24- well plates, treated with TRAIL recombinant 
protein (200 µg/mL, R&D System, Minneapolis, Minne-
sota, USA) or Staurosporin (1 µM, Sigma) for 12 hours 
and 24 hours. Cells were washed with cold Phosphate 
Buffered Saline (PBS) and resuspended in staining buffer 
containing Annexin- V- PE (BD Biosciences), according 
to the manufacturer’s instructions. Cells were analyzed 
using a FACSCantoII flow cytometer.

Soluble ligands in supernatants and serum
Cells were seeded in 12- well plates and treated for 24 or 
48 hours with medium DMSO (0.0001%) alone or with 
vemurafenib (5 µM) and cobimetinib (10 nM). Soluble 
(s) MICA, sULBP2, and sB7H6 were quantified in cell- 
free supernatants by ELISA following the manufacturer’s 
instructions (Human MICA, ULBP2 or B7H6 DuoSet 
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ELISA; R&D Systems). For patient serum analysis, a 
magnetic Luminex assay (immunoassay kit, R&D systems) 
was devised to measure the concentrations of sICAM1, 
sCEACAM1, sMICA and sMICB, sULBPs (1, 2/5/6, 3, 4), 
and sPD- L1. The operations were performed according 
to the instructions of the manufacturer. The detection 
was done on a Luminex xMAP system (Luminex Corpora-
tion, Austin, Texas, USA) and analyzed using the Procar-
taPlex software (Thermo Fisher Scientific). sB7H6 were 
quantified by ELISA.

Statistical analyses
Analyses of significance were performed with the 
Wilcoxon rank test, a non- parametric paired t test, and 
Mann- Whitney non- parametric unpaired t test for clinical 
data, using the GraphPad Prism V.7.0 software (*p<0.05, 
**p<0.01, and ***p<0.001).

RESULTS
Characterization of the paired vemurafenib S and R melanoma 
cells
BRAF inhibitor- resistant variants were obtained after 
several months of continuous culture of the cells with 
increasing doses of vemurafenib up to 10 µM. The geno-
typing of the cell lines was performed by next- generation 
sequencing, analyzing 22 gene transcripts. M14 bore 
homozygous BRAFV600E, TP53, and PIK3CA mutations, 
and SK28 bore homozygous BRAFV600E, TP53, EGFR, and 
PTEN mutations. SK28R and M14R cells displayed the 
same mutational status than the corresponding SK28S 
and M14S cell lines (online supplementary table S2).

The acquisition of resistance to vemurafenib induced 
distinct modulation of ERK/MEK/AKT signaling pathway. 
Phosphorylated levels (p-) of MEK, ERK, and AKT mole-
cules were analyzed by western blotting (figure 1A) in 
cells incubated for 30 min with medium containing 10 µM 
of vemurafenib or DMSO. The activation of each protein 
(phospho/total form) ratio was calculated and the results 
were expressed taking as reference S cells in DMSO. The 
modulation of the signal in R cells and in response to 
vemurafenib was determined (figure 1A, right panel). 
Levels of p- MEK and p- ERK were not affected in SK28R 
cells, but SK28R cells displayed high amounts of p- AKT 
compared with SK28S. In M14R, amounts of p- MEK and 
p- ERK were increased, and similar p- AKT levels were 
found M14S and M14R cells (figure 1A, right panel). 
Treatment with vemurafenib inhibited p- MEK and p- ERK 
in all cells.

Cell growth of S and R cells was monitored in the 
presence of different concentrations of vemurafenib 
(0.4–50 µM). In a dose- dependent manner, vemurafenib 
abrogated the growth of M14S and strongly inhibited 
that of SK28S (figure 1B) while growth of R cells was less 
affected. SK28R and M14R cells exhibited increased IC50 
of at least 25 µM as determined with the MTS assay, and 
resistance was maintained in the absence of the inhibitor 
in the culture for 8 weeks (figure 1C).

The comparison of the transcription profiles in S and R 
cells suggested an increased immunogenicity to NK cells 
in R cells. The gene expression study included 30 905 
genes. GSEA was performed to determine concordant 
differences between differentially expressed genes and 
selected gene sets from the MSigDB database. Based on 
comparison with curated genomic databases (Kyoto Ency-
clopedia of Genes and Genomes, Biocarta, Reactome, 
and Gene Ontology sets), a relative enrichment of path-
ways related to TNFα signaling, inflammatory responses, 
IFNγ response was significantly increased in R cells. R 
cell profiles were associated with higher expression of 
adhesion molecules like ICAM1 or VCAM1 and proin-
flammatory molecules (TNFAIP6, IL-1, and IL-6). Genes 
involved in migration and epithelial–mesenchymal transi-
tion, such as MCL1, SERPINE1, and TIMP1, were upreg-
ulated in R cells. Interestingly, genes related to apoptosis 
pathway were increased in SK28R but not in M14R cells 
(figure 1D, online supplementary figure S1).

Phenotypic modulation of NK ligands in vemurafenib R cells 
activates NK-mediated lysis
SK28R and M14R cells displayed a modified pheno-
type compared with their sensitive counterparts. As for 
signaling, the phenotype was distinctly modulated in 
SK28 and M14 cells. Compared with parental, SK28R 
exhibited strongly increased expression of MICA and 
ULBP2. M14R exhibited reduced ULBP2 and MICA was 
slightly increased but remained low. B7H6 expression 
maintained in SK28 S and R cells was slightly decreased 
in M14R cells (figure 2A). HLA- I expression was main-
tained and HLA- E molecules were increased in SK28R. 
In contrast, HLA- E was reduced in M14R, and class- II 
HLA- DR molecules expressed by M14S cells increased in 
M14R cells. SK28S and R cells exhibited high expression 
of PD- L1 and PD- L2. PD- L1 was induced in SK28R cells. 
Acquired resistance was associated with reduced expres-
sion of adhesion molecules ICAM1 and CEACAM1 by R 
cells (figure 2A). As shedding of MICA and ULBP mole-
cules regulates NKG2D function, we quantified the levels 
of sMICA and sULBP in cell supernatants (figure 2B). 
Higher ULBP2 membrane expression by SK28R cells was 
not associated with significant increase in sULBP2 levels. 
In M14R cells, decreased ULBP2 and B7H6 membrane 
expression was associated with increased sULBP2 and 
sB7H6, indicating a shedding- dependent regulation of 
the molecule in M14R cells. Very low amounts of sMICA 
were detected. Strongly reduced sCEACAM1 levels 
accompanied the decreased membrane expression of 
the molecule in R cells (figure 2B, online supplementary 
figure S2).

To determine the effect of drug resistance on NK cell 
activation, we measured degranulation (evaluated by 
CD107a membrane expression) and IFNγ production in 
response to stimulation with S and R cell lines. In eight 
independent experiments, percentages of NK cell degran-
ulation were increased in response to SK28R and M14R 
compared with SK28S and M14S, respectively (figure 2C). 
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Figure 1 Characterization of vemurafenib- sensitive (S) and vemurafenib- resistant (R) cells. Activation of MAPK (ERK, MEK) 
and AKT pathways was determined by western blotting. Cells were incubated in medium with DMSO alone or with vemurafenib 
(10 µM) for 30 min to assess basal and drug- induced kinase activation (A). Signals were quantified and ratio to basal condition (S 
cells in medium DMSO) was calculated to express variations in R cells and/or following treatment (A, right panel). Proliferation 
and survival of S and R cell lines treated by increased concentrations of vemurafenib (0.4 µM–50 µM) for 72 hours. Cell growth 
was evaluated by dynamic measure of cell index by the xCELLigence technique: one representative experiment of three (B). R 
cells were cultured 2 months with or without drug and cell survival and IC50 values were measured by MTS assay (C). GSEA in 
transcription analysis of R versus S cells. GSEA enrichment plots in R cells for selected pathways related to NK immunogenicity. 
Each plot shows the ES of upregulated leading edge genes of each pathway. Each black bar depicts one individual gene and 
green line the ES of this gene (D). AKT, protein kinase B; DMSO, dimethyl sulfoxide; ERK, extracellular signal- regulated kinases; 
ES, enrichment score; GSEA, Gene Set Enrichment Analysis; IFNγ, interferon gamma; MEK, mitogen- activated protein kinase; 
NK, natural killer.
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Figure 2 Phenotype of S and R melanoma cell lines is associated with increased NK cell activation. Percentages of expression 
of NKG2D, NKp30, and PD-1 ligands, HLA and adhesion molecules (mean values of 7–12 experiments) by S and R cells (A). 
Levels of sNK ligands (sMICA, sULBP2, and sB7H6) in supernatants were quantified by ELISA and sCEACAM levels by Luminex 
assay: levels are normalized for 105 cells (B). Functional capacities (degranulation, IFNγ production) of activated NK cells. IL-2- 
activated NK cells were labeled with CD107a and cocultured for 6 hours with melanoma cell lines (left panels). IFNγ production 
in supernatants of NK/target cocultures (24 hours) was quantified by ELISA (right panels) (C). NK- mediated lysis was assessed 
by dynamic measure of cell index by the xCELLigence system. Targets were seeded and let to adhere 6 hours before the 
addition of NK cells (ratio 1/1). Results are mean values of seven independent experiments (D). In some experiments, NK cells 
were incubated with anti- NKR mAbs (NKG2D, NKp30, NKG2A: 10 µg/mL) for 20 min before addition to the targets: results are 
expressed as percentage of lysis inhibition calculated at T=300 min in the presence NKR mAbs (E). Statistical analyses were 
performed with the Wilcoxon rank test (*p<0.05, **p<0.01, and ***p<0.001). CEACAM, carcinoembryonic antigen cell adhesion 
molecule; HLA, human leukocyte antigen; IFNγ, interferon gamma; NK, natural killer.
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The production of IFNγ by IL-2- activated NK cells was 
higher in response to stimulation by SK28R (mean value 
350 pg/mL) than SK28S (mean value 150 pg/mL), and 
in M14R (mean value 600 pg/mL) compared with M14S 
(mean value 200 pg/mL) (figure 2C). Moreover, blood 
NK cells from six metastatic melanoma patients showed 
a higher activation toward SK28 R cells (figure 2C, right 
panels).

NK- mediated lysis was monitored by the dynamic 
decrease CI of adherent targets incubated with NK 
cells.21 22 The results from seven independent experi-
ments showed that NK cells induced the lysis of 80% 
of SK28R cells 120 min post- addition of NK cells, 
compared with 40% of lysis of SK28S (figure 2D). There 
was a mean increase of 15% of M14R lysis compared 
with M14S at 180 min (figure 2D). Blocking of NKG2D 
induced a 20% reduction of lysis of SK28S, SK28R, and 
M14S while the inhibition of M14R NK lysis by NKG2D 
reached 10%. Blocking NKp30 also reduced NK- me-
diated lysis of targets by 15%–20%. Blocking NKG2A 
increased the lysis of M14S by 10%–15% and by 5%–10% 
for M14R but did not affect the lysis of SK28 cell lines. 
Resistance was accompanied by increased NK cell acti-
vation and higher NK- mediated lysis of BRAF- resistant 
melanoma cells involving NKG2D, NKp30, and NKG2A 
receptors (figure 2E).

Drug and TRAIL-induced apoptosis in S and R cell lines
NK activation through death domain receptor engage-
ment also contributes to tumor cell lysis. Investigating this 
pathway, we first showed that vemurafenib resistance was 
associated with increased TRAIL- RII expression by SK28R 
cells. Fas was not expressed. The low expression of Fas by 
M14S cells was increased in M14R cells and TRAIL- RII was 
strongly expressed by M14S and M14R cells (figure 3A).

To assess the death domain receptor functionality, 
receptors were engaged by agonist TRAIL and Fas- L mole-
cules and apoptosis measured by Annexin- V staining. 
Low TRAIL- induced apoptosis of SK28S was increased in 
SK28R cells (mean 15%–35%, n=6). Staurosporin, acti-
vating caspase- independent apoptosis, induced higher 
apoptosis in SK28R than in SK28S cells. In contrast, the 
high TRAIL- induced apoptosis of M14S (mean 65%) 
dropped significantly to a mean value of 25% in M14R 
cells (n=6) (figure 3B). Moreover, Fas did not trigger apop-
tosis in M14R cells (data not shown) despite increased Fas 
expression and staurosporin apoptosis were maintained 
(figure 3C). SK28R cells exhibited higher susceptibility 
to apoptosis than SK28S cells while M14R acquired resis-
tance to death domain receptors apoptosis.

Phenotype of S and R cell lines treated with combined 
vemurafenib and cobimetinib
As the treatment of melanoma patients with a BRAFV600E 
tumor now involves combined BRAF and MEK inhibitors, 
we treated S and R cell lines with 5 µM of vemurafenib 
in the presence of increasing doses of cobimetinib 

(5 nM–2.5 µM) for 72 hours. Combined inhibitors abro-
gated the growth of SK28S and M14S cells. The growth 
of M14R cells exhibiting high levels of p- ERK and p- MEK 
(see figure 1A) was abrogated with high doses of cobime-
tinib (0.1 and 2.5 µM) (figure 4A). SK28R cells in which 
p- ERK and p- MEK were not induced were resistant to the 
combination (figure 4A).

We determined the impact of combined inhibitors on 
phenotype of S and R cells. In SK28S cells, there was a 
decreased expression of MICA and ULBP2, whereas 
ULBP2 was induced and MICA was maintained in treated 
SK28R cells (figure 4B, online supplementary figure S3). 
Treatment abrogated TRAIL- RII in SK28S cells but not in 
SK28R cells. HLA- I maintained in SK28S was increased in 
SK28R, and HLA- E was augmented in SK28S and SK28R 
cells. PD- L1/PD- L2 expression was decreased in SK28S 
and augmented in SK28R cells. High CEACAM1 expres-
sion was maintained in SK28S and remained abrogated in 
treated SK28R.

BRAF+MEK inhibition decreased ULBP2 expression 
in M14S cells whereas it was slightly increased in M14R- 
treated cells (figure 4B, online supplementary figure 
S3). Combined inhibitors reduced TRAIL- RII expression 
in M14S and M14R cells. The expression of HLA- I and 
HLA- E was increased prominently in treated M14R cells 
(figure 4B). PD-1 ligands expression was not affected by 
the treatment (figure 4B, lower panels).

Resistant cells treated with both BRAF and MEK inhibitors 
maintained high NK cells immunogenicity
When the targets were treated with vemurafenib and 
cobimetinib (5 µM+10 nM) for 20 hours before their 
coculture with NK cells, the percentages of degranulating 
NK cells were reduced but still higher toward R than S cell 
lines (figure 5A). Furthermore, SK28R and M14R cells 
treated or not with inhibitors induced higher percentages 
of CD107+/IFNγ+ polyfunctional NK cells than SK28S 
and M14S cells, when cultured with IL-2 +IL-12- activated 
NK cells (figure 5B). Finally, the lysis of cells treated for 
20 hours with BRAF+MEK inhibitors was assessed. Inhib-
itors reduced the NK- mediated lysis of M14S cells, while 
lysis of SK28S, SK28R, and M14R cells was not affected by 
the treatment further supporting NK immunotherapies 
for resistance to targeted therapies (figure 5C).

Soluble NKG2D and NKp30 ligands in melanoma patients 
treated by BRAF inhibitors or immune checkpoint blockers
Resistance to BRAF/MEK inhibition is accompanied by NK 
ligand modulations impacting NK cell functions. We inves-
tigated whether soluble NK ligands represent surrogate 
markers for clinical evolution and/or response to treat-
ment. Sixty- one patients bearing advanced melanoma (IIIC 
to IVM1) were included: 18 BRAF- mutated (mut) patients 
received tyrosine kinase therapies (TKI), 40 BRAF wild- type 
(wt) patients received IT, and 3 received chemotherapy 
(table 1). Serum was harvested at baseline (T0) and 6 
months (M6) after the beginning of the treatment. sMICA 
sMICB, sULBPs and sPD- L1, sICAM1 and sCEACAM1 were 
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quantified in serum by Luminex and sB7H6 (NKp30 ligand) 
measured by ELISA. sMICA was detected in all but one 
patient, sMICB in 11 patients while sULBPs were present in 
few patients (<20). Levels of sB7H6 were detected at base-
line in all but four patients showed high levels compared 
with donors (600 pg/mL vs 86 pg/mL). Serum sPD- L1 was 
detected in 52 patients, and sICAM1 and sCEACAM1 were 
present in all patients. At baseline, levels of sICAM1 (590 ng 
vs 727 ng), sCEACAM1 (54 ng vs 45 ng) were comparable in 
BRAFmut and BRAFwt patients (data not shown). A trend 
for higher sMICA was found in BRAFwt patients (192 pg 
vs 78 pg), while sPD- L1 and sB7H6 levels were comparable 
(figure 6A). We found increased levels of sCEACAM1 and 
sMICA levels at 6M in non- responder (stabilization and 
progression) patients but not in responder (complete or 

partial) patients (figure 6B). In BRAFmut- TKI- treated 
patients, lower sPD- L1 were found at 6M in non- responders 
(figure 6B, left panel). In IT- treated patients, higher base-
line and M6 levels of sMICA and sB7H6 were found in non- 
responders (figure 6B, right panel) indicating that these 
sNK ligands may be prognostic in response to IT.

DISCUSSION
Specific inhibitors of oncogene- driven mutations in 
cancer cells induce unprecedented high tumor response 
rates. BRAF and MEK inhibitors are widely used since 
BRAF mutation is present in almost 50% of cutaneous 
melanoma, and they induce clinical response in most of 
the patients. Unfortunately, resistance consequent from 

Figure 3 Apoptosis in S and R melanoma cell lines. Percentages of expression (mean values of eight experiments) and FACS 
plots (one representative experiment) of death domain receptors by S and R cell lines (A). TRAIL- triggered apoptosis in S and R 
cell lines incubated with TRAIL agonist (200 µg/mL) for 12 hours (B) and staurosporin (1 µM)- induced apoptosis (pool of 12 hours 
and 24 hours) (C). Apoptosis was assessed by Annexin- V staining. Statistical analyses were performed with the Wilcoxon rank 
test (*p<0.05 and **p<0.01). FACS, fluorescence- activated cell sorting; TRAIL, tumor necrosis factor- related apoptosis- inducing 
ligand; TRAIL- RI, TRAIL receptor I; TRAIL- RII, TRAIL receptor II.  on M
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Figure 4 Growth and phenotype of S and R cells treated by combined BRAF and MEK inhibitors. Cells were cultured in 
medium containing DMSO (5 µM) or vemurafenib (5 µM) combined with growing concentrations of cobimetinib (5 nM–2.5 µM) for 
72 hours. Cell growth was assessed by the dynamic measure of cell index (A). Expression of ligands involved in NK cell/target 
interactions was determined in cells treated for 48 hours in medium containing DMSO (5 µM) or vemurafenib (5 µM)+cobimetinib 
(0.5 µM): box plots summarized four experiments (B). CEACAM, carcinoembryonic antigen cell adhesion molecule; DMSO, 
dimethyl sulfoxide; HLA, human leukocyte antigen; MEK, mitogen- activated protein kinase; MICA, major histocompatibility 
complex (MHC) class I chain- related protein A; PD- L, programmed cell death ligand; TRAIL- RII, tumor necrosis factor- related 
apoptosis- inducing ligand receptor II; ULBP, UL16- binding protein.
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additional mutations or non- genomic changes provides 
alternate growth of tumor cells leading to patient 
relapse. A major goal, therefore, is to develop rational 
combinatorial approaches that exploit the specific 
benefits of oncogenic pathway disruption using targeted 
agents with the unique ability of IT to mediate long- 
term responses in metastatic cancers.23–25 Despite the 
fact that oncogene- driven therapeutic approaches does 
not take into account tumor immunology, emerging 

experiences suggest that targeted therapies can turn 
immune- resistant tumors into immune- sensitive ones.26 
The impact of targeted therapies on the expression of 
immune regulators may directly influence antitumor 
immune responses. We here demonstrate that resis-
tance of melanoma cells to BRAF (and MEK) inhibitors 
was accompanied by an increased immunogenicity to 
donor and metastatic patient NK cells. Modulation of 
NK ligands and sensitivity to death domain receptors 

Figure 5 Impact of vemurafenib and cobimetinib treatment of S and R targets on NK cell activation and NK- mediated lysis. 
Targets were incubated for 20 hours with medium containing DMSO (5 µM) or vemurafenib (5 µM) and cobimetinib (10 nM), 
washed, detached, and cocultured for 6 hours with IL-2- activated NK cells. Percentages of degranulating CD107a NK cells 
toward S and R targets treated or not with inhibitors (n=7) (A). Detection of polyfunctional (CD107a and IFNγ) NK cells in 
response to targets treated with DMSO or inhibitors: IL-2 +IL-12- activated NK cells were cultured for 6 hours with targets 
treated or not with inhibitors (B). NK cell- mediated lysis of targets treated or not with inhibitors measured by xCELLigence 
assay. Targets were cultured 20 hours in medium containing DMSO (0.0001%) alone or with vemurafenib (5 µM) and cobimetinib 
(10 nM). One representative experiment of three (C). Statistical analyses were performed with the Wilcoxon rank test (*p<0.05). 
DMSO, dimethyl sulfoxide; IFNγ, interferon gamma; IL, interleukin; NK, natural killer.
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favor activation of NK cells and tumor cell lysis. However, 
frequent relapses in patients indicate that tumor may 
escape NK cells in vivo and that boosting NK cells may 
be require in combination with targeted therapies to 
potentiate the antitumor response.

First, we show that vemurafenib- resistant variants 
from BRAFV600E SK28 and M14 cell lines, characterized 

by different additional mutations, exhibited distinct 
signaling. There was an increased MEK/ERK activation 
in M14R, and cobimetinib inhibited their growth. In 
contrast, the EGFR- mutated/BRAFV600E SK28R cells that 
displayed high activation of PI3K- AKT signaling (but no 
ERK/MEK activation) were resistant to combined BRAF/
MEK inhibitor, confirming the role of EGFR mutation 

Figure 6 Quantification of soluble markers in the serum of 61 melanoma patients received target therapies or IT. Serum 
samples at baseline (T0) and 6 months (M6) after the onset of treatment were obtained. Soluble molecules MICA and PD- 
L1 were measured by a magnetic Luminex immunoassay (R&D) and sB7H6 was measured by ELISA in BRAF- mutated (mut) 
patients receiving TKI and BRAF wild- type (wt) patients receiving IT. Baseline (T0) levels of sMICA, sPD- L1, and sB7H6 in 
BRAFmut and BRAFwt patients (A). Comparison of sCEACAM1, and sMICA measured in responders and non- responders at 
T0 and M6 in all patients (B). Comparison of sMICA, sPD- L1, sB7H6, and sCEACAM1 at T0 and M6 in TKI (left) and IT (right)- 
treated patients (C). Clinical response at 6M was evaluated according to RECIST V.1.1 criteria. Analyses of significance were 
performed with the Mann- Whitney rank test (*p<0.05). CEACAM, carcinoembryonic antigen cell adhesion molecule; IFNγ, 
interferon gamma; IT, immunotherapy; MICA, major histocompatibility complex (MHC) class I chain- related protein A; PD- L, 
programmed cell death ligand; TKI, tyrosine kinase inihibitors.
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in MEK co- resistance.27–29 Moreover, EGFR mutation was 
associated with higher PD- L1 expression.30

Vemurafenib resistance is accompanied by a modula-
tion of the NKG2D/NKG2DL interactions. This pathway, 
sensing oncogenic stress and cell transformation, is crit-
ical for tumor immunosurveillance.31 32 It is regulated by 
several mechanisms. ERK and AKT influence NKG2DLs 
expression on stressed cells.33 34 Furthermore, negative 
regulation of NKG2D function involves shedding of 
soluble NKG2DLs by tumor- derived matrix metalloprote-
ases (MMP), leading to downregulation of NKG2D and 
hampering its signaling.35 In SK28R cells, resistance was 
associated with increased MICA and ULBP2 membrane 
expression that favored their NKG2D- mediated lysis by 
NK cells. Additionally, high expression of PD-1 ligands 
in SK28 cells suggests that immunotherapies targeting 
NKG2D and PD-1 for patients with BRAF/EGFR- mutant 
tumors represent an interesting option. In contrast, shed-
ding of ULBP2 leading to increased sULBP2 may hamper 
NKG2D function in M14R cells, indicating that MMP may 
control proteolytic shedding of ligands involved in nega-
tive feedback signaling and affect NK receptors activity.36

Immunogenicity of M14R cells relied on additional 
pathways, with augmented HLA- DR and PD- L1 expres-
sion. While HLA- DR may be considered as a progression 
marker,37 38 it was reported that HLA- class II- positive 
melanoma cells presented antigenic peptides, stimulated 
CD4+ T cells, and associated with response to immune 
checkpoint blockade, increased progression- free and 
overall survival, as well as CD4+ and CD8+ T cells tumor 
infiltrates.39 Furthermore, PD-1/PD- L1 interaction score 
and IDO-1/HLA- DR co- expression were strongly asso-
ciated with anti- PD-1 response.40 The increased PD- L1 
in M14R is in agreement with previous reports41 and it 
suggests that immune checkpoint blockers may be rele-
vant for such genetic profiles.

The data from the cellular models showed that changes 
in membrane and soluble forms of NKL accompanied 
resistance to treatment and may constitute useful prog-
nostic biomarkers. Consequently, we have conducted anal-
yses of soluble ligands in a series of melanoma patients. 
We observed that sMICA/B and sB7H6 and sCEACAM1 
were negatively correlated with response in melanoma 
patients who received target therapies or immune check-
point inhibitors. A meta- analysis of the literature42 indi-
cated that serum sMICA/B represents a prognostic 
marker in various cancers. In melanoma patients, sULBP2 
was associated with disease progression, and sMICA was 
correlated with reduced survival.43 Absence of sMICB and 
sULBP1 in baseline serum was correlated with improved 
survival in patients treated with IT.44 Targeting shedding 
of NKG2D and NKp30 ligands improved cell- based IT.45 
Our results further indicate that baseline sMICA/B and 
sB7H6 values may predict response to IT.

NK cell antitumor function also involved caspase- 
dependent death domain receptor- induced apoptosis. 
Interestingly, we showed that resistance to vemurafenib 
promoted apoptosis in SK28R cells but not in M14R cells. 

Increased TRAIL- RII expression in SK28R cells correlated 
with higher TRAIL- induced apoptosis. Staurosporin- 
induced apoptosis was also augmented in SK28R, 
indicating that granzyme- mediated lysis and caspase- 
dependent apoptosis might be involved in their increased 
NK immunogenicity. In contrast, death domain receptor- 
induced apoptosis was reduced in M14R cells. High p- ERK 
and MCL-1 transcripts in M14R cells (online supplemen-
tary figure S4) may protect them from TRAIL- induced 
apoptosis by inhibition of SMAC/DIABLO release from 
mitochondria.46 The increase in anti- apoptotic molecules, 
XIAP and MCL-1, may be involved in their resistance to 
Fas- mediated apoptosis.47 Mutation of p53 in M14R cells 
may concur to their death domain receptor resistance.48 
The comparative analysis of the apoptic pathway in SK28 
and M14 cell models (online supplementary figure S4) 
outlines their distinct regulation of TNF receptor (TNFR) 
pathway: increased proapoptosis TRAF3 and NFKBIA in 
SK28R and TNFR/TRAF1 prosurvival signaling in M14R.

We described an additional impact on immunosurveil-
lance induced by BRAF/MEK inhibitors, showing that 
resistance to inhibitors favored recognition and lysis 
by NK cells. The above observations confirm that the 
immune system exert a critical contribution to antitumor 
responses even in the context of non- immunotherapeutic 
treatments.49

CONCLUSIONS
We evidenced that beside the mainstream BRAFV600E- 
altered pathway, the different additional mutations 
present in melanoma cells interfere with immunogenicity 
to NK cells, acquisition of resistance to targeted therapies. 
Thus, it may be useful to take into account accompanying 
mutations in addition to oncogene- driven mutations to 
design appropriate combinations between target thera-
pies and immunotherapies.

Combining BRAF/MEK inhibition with immuno-
therapies to increase response rates is actively investi-
gated in preclinical models and clinical trials.50 51 The 
present results also favor the interest of NK- based immu-
notherapies that may offer a way to balance toward 
immunostimulation.
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