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Abstract The treatment of human melanoma has pro-
gressed markedly in recent years. Building on the observa-
tion that immune recognition is a frequent event in
melanoma, a series of immunotherapeutic approaches have
been evaluated in clinical trials, culminating in the Wrst
phase III study improving overall survival of melanoma
patients since 20 years. However, the response rates seen
upon immunotherapeutic interventions such as anti-CTLA4
treatment are often low. Furthermore, clinical responses
can take several weeks to develop, during which time stage
IV melanoma patients often deteriorate. Recent advances in
our understanding of the genetic lesions in human mela-
noma now also allow the speciWc targeting of the signaling
pathway alterations in this disease. Such targeted therapies
can lead to high response rates, although the duration of
these responses is thus far relatively short. We suggest that
the combination of immuno and targeted therapy oVers
potential for synergy for both conceptual and practical rea-
sons. In this review, we will discuss the potential and possi-
ble limitations for such combination therapy, and we

describe the most promising combinations of targeted ther-
apy and immunotherapy that can be tested in the clinic in
the coming years. The concept of induction therapy by
small molecule administration and consolidation by immu-
notherapeutics also has potential for the treatment of other
human cancers.
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Introduction

The incidence of metastatic melanoma has been increasing
in the United States as well as in Europe over the past two
decades. Death rates have been rising faster than those of
other cancers, making melanoma one of the human malig-
nancies with the worst prognosis [1, 2]. Despite consider-
able eVorts, the mean overall survival of melanoma patients
with unresectable distant metastases remains less than
1 year [3–5].

The clinical treatment of melanoma patients faces two
major problems. First, none of the “standard” treatments
such as DTIC (Europe) or DTIC and IL-2 (US) has shown a
signiWcant survival beneWt in randomized trials, both
because of low response rates and short response duration.
Furthermore, no biomarkers have been identiWed that can
be utilized to select patients who could beneWt from these
treatments. Second, patients that progress after Wrst line
therapy often deteriorate rapidly. However, experimental
(immunotherapeutic) approaches, such as vaccination or
adoptive T cell therapies, require a certain time to be pre-
pared or to exert their eVect in vivo. As an example,
responses upon anti-CTLA4 treatment (ipilimumab) are
generally not observed before the third infusion (6 weeks
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after start of the therapy). Thus, many patients drop out
from promising therapies only on the basis of fast progres-
sion before clinical response can be expected.

For a signiWcant improvement of the overall survival rate
of the whole melanoma patient population, an initial fast
response at high response rates will be crucial (induction
phase). Long-term survival could then be achieved by an
increased rate of complete responses or long-term stabiliza-
tion of partial responses (consolidation phase).

Achieving fast responses at high response 
rates—small molecule inhibitors

Genetic alterations in melanoma

The analysis of the genetic alterations in human melanoma
over the past years has revealed that the mitogen-activated
protein kinase (MAPK) pathway is activated in more than
80% of melanomas. This dysregulation of the MAPK path-
way is often caused by an activating mutation in the gene
encoding the serine–threonine protein kinase B-RAF
(BRAF) or, more upstream, by expression of the neuroblas-
toma RAS viral oncogene homolog (NRas). In addition,
mutations in the oncogenes C-KIT, GNAQ, and GNA11, as
well as mutations in the tumor suppressor genes PTEN or
p53, and loss of the CDKN2A gene products p16 and p15,
have been described [6–9]. The most common mutation,
the BRAFV600E mutation, is found in 40–60% of all mela-
nomas. Alterations of PTEN are found in up to 55% of mel-
anoma metastases, and combined MAPK pathway/PTEN
alterations have been found in 25–50% of melanoma cell
lines [10–12] (D. Peeper, NKI-AVL Amsterdam, personal
communication).

Blocking the MAPK pathway

Based on the Wnding that MAPK pathway hyperactivation
is a common denominator for the majority of melanomas, a
large eVort has been made over the past few years to assess
the potential of inhibitors of this pathway in clinical trials.
First-generation inhibitors targeting the MAPK pathway
(Raf/MEK/ERK), such as the Raf inhibitor sorafenib or
MEK inhibitor AZD6244, failed to display measurable
responses in clinical trials, likely due to the fact that the
level of MAPK pathway inhibition that was achieved at
maximum-tolerated doses was insuYcient [13–15]. These
results led to the development of next-generation, more
speciWc small molecules that preferentially inhibit signaling
by mutant BRAF (e.g., BRAFV600E) over wild-type
BRAF. For the most prominent of these compounds,
PLX4032 (RG7204/Vemurafenib) [16], the Wrst phase III
trial has just been completed. Data from the prior phase II

study that enrolled 132 patients showed an impressive
response rate of more than 50% (68% yet unconWrmed), con-
sistent with the response rates seen at MTD in the
BRAFV600E subgroup in the phase I trial of this drug [17]
(J. Sosman, oral presentation, 7th International Melanoma
Research Meeting, Sydney 2010). In patients in whom tumor
control occurs, this can be clinically observed already after
1–2 weeks ([17] and authors’ own observations). However,
complete responses are rare upon PLX4032 (about 2% of the
patients in the phase II trial), and response duration is often
short, with a mean progression-free survival of 6.2 months.
Other BRAF inhibitors currently tested in clinical trials are
RAF265, XL281, and GSK2118436, of which the latter also
appears highly speciWc for V600E mutant BRAF.

Resistance against MAPK pathway blockade

A signiWcant clinical challenge in the use of these BRAF-
targeting therapeutics is the drug resistance that can already
be observed after only few weeks of treatment (authors’
own observations), and a considerable research eVort is cur-
rently ongoing to understand the underlying mechanisms.
In vitro experiments indicate that PLX4032/PLX4720-
resistant melanoma cell lines exhibit cross-resistance to
other speciWc BRAF inhibitors [18]. Several groups have
found that BRAF inhibitor-resistant melanoma lines can
recover phospho-ERK expression independent of the pres-
ence of the BRAF inhibitor [18–22]. DiVerent mechanisms
have been postulated that can explain this escape from
BRAF inhibition and thereby causing melanoma cell sur-
vival: a) reactivation of the MAPK pathway and thus the
RAF/MEK/ERK signaling cascade via bypass signaling
from ARAF and CRAF [18, 23, 24], b) MAPK-kinase path-
way activation via the agonist COT [20], and/or c) via
upstream signal cascade activation of oncogenic RAS [21,
23]. Small molecules that inhibit downstream of MEK
could counteract such “upstream resistance mechanisms”.
Indeed, dual BRAF/MEK inhibition prevented onset of
resistance observed upon single BRAF inhibition [19]. Fur-
thermore, after onset of resistance, MEK inhibitors could
mediate cell cycle arrest [18]. Thus, the combination of a
BRAF inhibitor and a MEK inhibitor (such as AZD6244,
GSK1120212, or MEK 162) might overcome this mode of
BRAF inhibitor resistance. However, inhibition of ERK
phosphorylation and reduction of cell viability was only
achieved at very high concentrations of MEK inhibitors
[18]. Considering the fact that clinical responses are
observed only under conditions in which signiWcant pERK
inhibition is achieved [25], it may be challenging to achieve
the required high serum levels of MEK inhibitors without
intolerable toxicities. A new pathway leading to BRAF
inhibitor resistance has been identiWed by Levi Garraway
and his colleagues. By means of massive parallel sequencing
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of 138 cancer genes, these authors identiWed an activating
mutation of MEK in melanoma patients that became resis-
tant after an initial near-complete response upon PLX4032
[26]. Cells expressing this mutation were also resistant to
the MEK inhibitor AZD6244, implying that the above com-
binations of BRAF and MEK inhibitor might not overcome
resistance in such patients. Overcoming mutations of MEK
would require inhibition downstream of MEK (e.g. ERK
inhibition) or alternative mechanisms of inhibiting mutated
MEK.

The role of the PI3K/AKT pathway in MAPK-pathway 
blockade resistance

The observation that inhibition of MEK only reduced the
viability of BRAF inhibitor–resistant cells, to some extent,
is consistent with the possibility that additional pathways
promote cell survival in such cells [18]. Indeed, BRAF
inhibitor–resistant melanoma cell lines have been shown to
display increased IGF-1R and PDGFR-beta expression, and
IGF-1R blockade was shown to improve cell growth inhibi-
tion by PLX4032 [18, 21]. Whereas the downstream mech-
anism that leads to PDGFR-mediated cell survival is yet to
be determined, IGF-1R can activate both the MAPK and
the PI3K/AKT pathway [27]. MEK-independent survival of
BRAF inhibitor–resistant cells has also been shown to be
mediated via the PI3K pathway in a second study [22]. In
line with this model is the observation that PTEN-deWcient
BRAFV600E mutation–positive melanoma lines are often
substantially less sensitive to BRAF inhibitors than PTEN-
expressing cells (unpublished data, mentioned in [18] and
[28]). Furthermore, the targeting of the PI3K/AKT pathway
by the pan-PI3K inhibitor GSK2126458 led to the synergis-
tic induction of apoptosis in BRAF inhibitor–resistant cells,
when administered concomitant with MEK inhibitor [18].
Thus, the combination of BRAF inhibitors with inhibitors
of the PI3K pathway (e.g., GSK2126458 or BEZ235) that
are in early clinical testing may also be of value in selected
melanoma patients.

Small molecule inhibitor treatment challenges

These recent and certainly still incomplete data on resis-
tance mechanisms upon BRAF inhibition oVer clear sug-
gestions for combination therapy. As a Wrst possibility, the
targeting of two checkpoints within one pathway (“in-path-
way combination therapy”), for instance, by combined
BRAF inhibition and MEK or ERK inhibition, might delay
tumor escape from single-agent therapy and thereby improve
clinical outcome. Alternatively, as discussed above, the com-
bined targeting of two signaling pathways (“cross-pathway
combination therapy”), for instance, by the joint targeting
of the MAPK and the PI3K/AKT pathway, could be

attempted (see also Fig. 1). However, two important issues
remain. First, as is also noted above, treatment-related tox-
icity may limit the feasibility of some of such combination
therapies. Second, and as a more fundamental problem, the
pathway alterations that have thus far been proposed to
mediate resistance are observed in only a minority of
patients with tumor recurrence upon treatment with
PLX4032. For example, PDGFR-beta upregulation was
observed only in 4 out of 11 PLX4032-resistant patients,
and the combined increase of IGF-1R and pAKT expres-
sion was observed in only 1 out of 5 [18, 21]. Thus, it
seems that melanoma cells can be extremely versatile in the
way they use diVerent signaling pathways to become resis-
tant to BRAF-targeted therapy. This Xexibility in the way
drug resistance is achieved could limit our ability to obtain
long-term melanoma growth inhibition by targeted thera-
pies only.

Achieving long-term responses—immunotherapeutic 
approaches

Melanoma is an immunogenic malignancy, as demon-
strated by its ability to undergo spontaneous regression and
by the presence of melanoma-antigen speciWc T cells in the
peripheral blood of many patients [29, 30]. Furthermore,
melanoma displays a number of cellular properties that can
be explained by immunoselection, such as downregulation
of MHC class I expression or release of immunosuppres-
sive cytokines like TGF-�. Most likely, immunosuppres-
sive entities produced by melanoma are also responsible for
the lymphopenia that is observed in treatment-naïve, pro-
gressive stage melanoma patients [31].

A large eVort has been made to stimulate the tumor-spe-
ciWc immune response in melanoma patients, and three con-
ceptually diVerent approaches can be distinguished. First, it
has been attempted to activate the endogenously present T
cell repertoire against shared melanoma antigens by vacci-
nation. Thus far, the clinical data obtained with this
approach have been disappointing [4]. Second, supply of
exogenously expanded or genetically engineered T cells
has been used with the aim to create a large tumor-reactive
T cell compartment by adoptive therapy. While data
obtained over the past few years indicate that adoptive T
cell therapy can lead to clinically meaningful eVects [32], it
is still in a relatively early phase of clinical development.
Thus, even though the combination of adoptive cell therapy
with targeted therapy appears attractive, it will likely take
some time before this concept will be tested in the clinic.
Third, the supply of “pro-inXammatory molecules”—
mostly in the form of recombinant antibodies—has been used
to enhance the T cell response against non-deWned mela-
noma antigens. This class of immunotherapeutic interventions
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includes blockade of T cell checkpoint molecules such as
cytotoxic T lymphocyte–associated antigen 4 (CTLA-4)
and programmed death receptor 1 (PD-1), but also activa-
tion of T cell or DC stimulatory molecules such as CD137
and CD40. Clinical development of these immune-modu-
lating molecules has progressed to a stage where combina-
tion with targeted therapies forms a logical next step, and in
this review, we will therefore focus speciWcally on this
class of immunotherapeutics.

Anti-CTLA-4 antibodies

CTLA-4 is an inhibitory receptor that is expressed on the sur-
face of activated T cells. There it competes with the stimula-
tory receptor CD28 for binding to CD80/86 on the surface of
antigen-presenting cells (APCs). Signaling through CTLA-4
leads to diminished T cell function by shutdown of T cell
receptor (TCR) signaling pathways, alterations in cytokine
and chemokine production and induction of indolamine 2,3
deoxygenase (IDO) production by the APC [33–35]. Block-
ade of CTLA-4 signaling in preclinical studies was shown to
lead to the regression of established tumors in prostate and
melanoma tumor models [36, 37]. These Wndings led to the
development of two fully human monoclonal anti-CTLA4
antibodies for clinical testing, ipilimumab and treme-
limumab. Although both antibodies have been extensively
studied in humans, only ipilimumab has been shown to
induce a statistically signiWcant improvement in overall sur-
vival in a randomized phase III trial [38–40].

In this recently published phase III study, 676 patients
with unresectable stage III or IV melanoma were either

treated with ipilimumab, with a glycoprotein 100 (gp100)
peptide vaccine, or with the combination of the two [38].
Importantly, median overall survival was signiWcantly
improved by ipilimumab treatment relative to gp100 vacci-
nation (10.1 months vs. 6.4 months). Within the ipi-
limumab-alone treatment group, 28.5% of the patients
showed a clinical beneWt (complete response, partial
response, or stable disease), compared to 11% in the gp100
vaccine group. While the number of patients that respond to
ipilimumab treatment is limited, in patients that do show a
clinical response, these responses are often long lasting.
Indeed, in 60% of the patients that experienced a clinical
response in the ipilimumab-alone treatment group, this
response was still ongoing after more than 2 years.

Treatment with ipilimumab is associated with the occur-
rence of immune-related adverse events (irAE), most com-
monly involving the skin and gastrointestinal tract.
Although serious adverse events have been registered, most
irAE are mild and (medically) manageable, while not
aVecting the anti-tumor eVect of the treatment. Interest-
ingly, the occurrence of auto-immunity during anti-CTLA-
4 treatment appears predictive of an objective response,
although this eVect is not absolute [41, 42]. In addition, an
increase in the number of lymphocytes during treatment has
been shown to correlate with response to treatment [42, 43].
Furthermore, it has been reported that patients who have
high levels of FoxP3+ cells and IDO present in the tumor
microenviroment at baseline are more likely to respond to
ipilimumab treatment [44].

Strikingly, the kinetics of the response to ipilimumab
diVers from those seen with most anti-cancer drugs.

Fig. 1 Schematic overview 
of single agent, in pathway or 
cross pathway combinations of 
targeted and/or immunotherapy
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Patients can initially experience a period of stable disease
or even disease progression before showing an objective
response to the treatment. Indeed, for some patients, it took
5–6 months after start of treatment before tumor regression
could be observed [45, 46]. This slow onset of clinical
responses may have added to the fact that only a little over
60% of the patients treated within the phase III study all
received planned ipilimumab doses, with the most frequent
reason for discontinuation of therapy being disease progres-
sion.

Although the combination of ipilimumab with targeted
therapy has not yet been tested, combinations of ipi-
limumab plus IL-2 and ipilimumab plus DTIC have already
been analyzed in clinical trials. Whereas no synergy
between IL-2 and ipilimumab was observed [47], the com-
bination of ipilimumab with the standard chemotherapeutic
dacarbazine (DTIC) led to a three-fold increase in response
rate relative to ipilimumab-alone in a phase II clinical trial
by Weber et al. [46]. While unconWrmed, this study sug-
gests that agents that directly aVect the viability of tumor
cells can act synergistically with immunotherapy, possibly
through the release of antigen from dying tumor cells,
thereby providing the T cell receptor trigger that is the con-
dition sine qua non in T cell activation.

Anti-PD-1 antibodies

A second inhibitory receptor that has been demonstrated to
play a role in tumor immune evasion in preclinical studies
is PD-1. This inhibitory molecule is expressed by activated
and by exhausted T and B cells and is involved in periphe-
ral tolerance. PD-1 signaling leads to a negative regulation
of T cell activity, as demonstrated by a decreased TCR trig-
gering–induced proliferation, cytokine production, and
cytolytic activity [48]. One of the PD-1 ligands, PD-L1, is
frequently expressed on tumor cells, and preclinical studies
have shown that the disruption of PD-1/PD-L1 interactions
can result in enhanced tumor control [49–52]. These Wnd-
ings have led to the development of two fully human mono-
clonal anti-PD-1 antibodies, MDX-1106 and CT-011, that
have been evaluated in phase I trials [53, 54]. In these trials,
patients with diVerent types of malignancies were included,
but only the MDX-1106 phase I trial included metastatic
melanoma patients. In this trial, 39 patients with various
types of solid tumors were treated with diVerent doses of
MDX-1106. The study showed that anti-PD-1 antibody
administration was well tolerated (unfortunately the maxi-
mum-tolerated dose was not reached), and only few
(immune-related) adverse events occurred. The anti-tumor
activity of MDX-1106 treatment was demonstrated by one
complete response, two partial responses, and two signiW-
cant lesional regressions. Clinical responses seemed to be
associated with the extent of PD-L1 expression by the

tumor cells. Further testing of this antibody in the phase II
study part has conWrmed its clinical eYcacy in renal cell
carcinoma and melanoma [55].

When comparing anti-CTLA-4 treatment to anti-PD-1
treatment, it becomes apparent that immune-related adverse
events occur with both treatments, albeit that those occur-
ring in anti-PD-1 treated patients are far less severe and less
frequent. Compared with anti-CTLA-4, the clinical experi-
ence with anti-PD-1 treatment is still rather limited, and the
MTD has not yet been reached, so this issue of irAEs may
need to be revisited in the coming years. Although both
CTLA-4 and PD-1 are inhibitors of T cell activity, their
function is not completely redundant. Because of this, it is
very well possible that the combination of anti-CTLA-4
treatment and anti-PD-1 may result in synergy.

Blockade of BTLA

The inhibitory receptor B and T lymphocyte attenuator
(BTLA, CD272), another member of the CD28:B7 immu-
noglobulin superfamily, is structurally and most likely
functionally related to CTLA-4 and PD-1. BTLA is tran-
siently expressed during T cell activation and seems to be
constitutively expressed on tumor-speciWc T cells, inhibit-
ing T cells functions [56]. Many aspects of the exact func-
tion of BTLA in humans are still unknown. Interestingly,
restoration of the function of tumor-speciWc T cells by CpG
vaccination was shown to be associated with a reduction in
BTLA expression [57]. Even though the preclinical data on
BTLA are still scant, the fact that positive clinical results
have been obtained by the targeting of its family members
CTLA-4 and PD-1 makes it very likely that the eVects of
BTLA blockade will also be analyzed in clinical trials soon.

Blockade of CD200

Recently, it was discovered that cell surface expression
of CD200 can adversely aVect melanoma-speciWc T cell
responses. CD200 expression by melanoma cells appears to
be driven by MAPK-pathway activity and can result in
immuno-suppressive eVects [58, 59]. The exact mechanism
of CD200-mediated immune modulation is not yet fully
understood, but may be related to diminished dendritic cell
function [60]. Preclinical studies have shown that anti-
CD200 administration can restore anti-tumor responses both
in vitro and in vivo [58, 59]. A human monoclonal antibody
targeting CD200 has been generated and is in early clinical
development for the treatment of human cancer.

Agonistic antibodies directed against stimulatory receptors

While the alleviation of inhibitory signals that are received
by T cells forms one way to improve melanoma-speciWc
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T cell responses, the activity of tumor-speciWc T cells can
also be enhanced by artiWcial triggering of stimulatory
receptors on their surface or on the surface of APCs. Fol-
lowing this rationale, an agonistic antibody against CD137
(4-1BB) has been tested in a phase I dose-escalating trial
[61]. The binding of this antibody to CD137 on the surface
of activated lymphocytes leads to CD28-independent co-
stimulation of T cells, enhanced T cell proliferation, and
protection against activation-induced T cell death [62–64].
In the phase I clinical trial that has been carried out with
this antibody, 9 out of 47 melanoma patients showed stable
disease or a partial regression, demonstrating the potential
of CD137 stimulation, and phase II clinical trials are cur-
rently ongoing.

A second stimulatory receptor on T cells, for which an
agonistic murine antibody has been developed, is OX40.
Upon their activation, T cells transiently express this mole-
cule on their surface, and signaling through OX40 promotes
both T cell function and survival [65]. Furthermore, OX40
stimulation on T-regulatory cells leads to an inhibition of
their suppressive function. A phase I clinical trial has
shown some clinical eVects, but further studies are required
to evaluate the value of agonistic OX40 antibody treat-
ments [66].

As a third possibility, the tumor-speciWc T cell response
may be stimulated through the use of agonistic anti-CD40
antibodies. CD40 is expressed by many immune cells and
binding of its ligand, CD40L, promotes B cell, APC, and T
cell activation. Administration of agonistic anti-CD40 has
been shown to lead to clinical beneWt in various phase I tri-
als in melanoma patients [67, 68]. Of particular interest in
the context of this review is the observation that the combi-
nation of anti-CD40 treatment with carboplatinum and pac-
litaxel chemotherapy resulted in a marked improvement in
eYcacy, with 6/36 patients showing a partial response and
14/36 experiencing stable disease.

Achieving long-term responses at high response 
rates by the combination of targeted therapy 
and immunotherapy?

Potential for synergy in combination treatments

The above-described trials, in which ipilimumab and anti-
CD40 treatment, were combined with cytotoxic agents
(DTIC and carboplantinum/paclitaxel, resp.) [46, 68] form
a clear example of the increased interest in (and potential
value of) the combination of classical genotoxic drugs and
immuno-active compounds. The idea of enhancing tumor
immunogenicity by chemotherapy induced antigen expres-
sion has been established in the eighties by Bonmassar

and others and underwent a renaissance with the work
of Zitvogel and Kroemer that suggested that metronomic
chemotherapy induced cell death could result in a calreticulin-
mediated DC activation and polarization of T cells [69–71].
In addition to the proposed immunogenic eVects of chemo-
therapeutics, preclinical experiments suggest that other
strategies that induce tumor cell death, such as cryotherapy,
radiofrequency ablation (RFA), or radiotherapy (RT), can
also synergize with CTLA-4 blockade [72, 73].

Strong support for the notion that immune components
may also potentially form an important element in the
eVect of targeted therapies comes from recent work by
Rakhra and colleagues. SpeciWcally, in in vivo murine
tumor models, an intact immune system was shown to be
required to obtain sustained tumor regression upon driver
oncogene inactivation [74]. In this study, oncogene inacti-
vation was shown to result in the recruitment of immune
cells, in particular, CD4+ T cells, to the tumor site. This
recruitment resulted in an altered cytokine production in
the tumor microenvironment, and subsequent induction of
cellular senescence and shutdown of angiogenesis. In
another work, Lisa Coussens and colleagues showed in a
murine breast tumor model that tumor control by paclitaxel
(PTX) was abrogated when CD8+ T cells were depleted
[75]. Vice versa, depletion of tissue-associated macro-
phages (TAM) or interference with their recruitment by
�CSF-1 mAb or CSF1/cKIT inhibitor PLX3397 improved
PTX-induced tumor control, arguing that the modulation of
the tumor microenvironment towards a favorable immune
signature (low TAM, high CD8+ T cells) might improve che-
motherapy eVects. Indeed, they further showed that the com-
bination of high CD8+ T cell inWltration and low CD68+
macrophage inWltration was associated with increased overall
survival of breast cancer patients treated with adjuvant che-
motherapy. Building on these observations, it may be postu-
lated that the combination of a targeted therapy with immune
modulating compounds can work synergistically, by stimu-
lating the activity of newly recruited immune cells.

A potential synergy between immuno-active compounds
and targeted therapies (either single agent or “in-pathway”-
or “cross-pathway”-combined; Fig. 1) in the treatment of
melanoma may also occur for two other reasons. First,
administration of small molecule inhibitors will induce
tumor cell death, thereby leading to the release of tumor
antigens that can be cross-presented by antigen-presenting
cells. A possibility that needs to be considered is that cer-
tain types of cell death may be more immunogenic than
others [76, 77]. However, at present, there is only limited
data available with regard to potential diVerences in this
respect between the diVerent cytotoxic agents (let alone tar-
geted therapies) that are used in the clinic, an area of
research that deserves further attention.
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Second, a striking feature of immunotherapeutic agents
such as ipilimumab is the slow kinetics with which clinical
responses develop. As discussed above, clinical responses
are often delayed or even preceded by progressive disease
[45, 46], and modiWed response evaluation criteria have in
fact been developed (on the basis of the clinical data with
ipilimumab) to allow a better assessment of the clinical
beneWt of immuno-active compounds. Targeted therapies
that extend the time in which a metastatic melanoma patient
remains free of disease progression, will give more patients
the opportunity to receive all doses of immunotherapy,
thereby possibly increasing immunotherapy response rates
considerably just for that reason (see also Fig. 1).

Potential issues in combination therapy

Although synergy between immunotherapy and targeted
therapy can be expected for the above-described reasons,
the extent of this synergy is diYcult to estimate. SpeciW-
cally, it is presently unclear which biological factors deter-
mine whether a clinical response after immunotherapy does
or does not take place in individual patients, and it is possi-
ble that the issues that are “Wxed” by targeted therapy are
not the relevant ones. As an example, the addition of a tar-
geted therapy to an immunotherapy regimen will likely lead
to an antigen boost that can stimulate the immune response.
However, it is possible that the lack of clinical response
that is still seen in most patients after immunotherapy is not
caused (or even partly caused) by a suboptimal level of
tumor antigen presentation. For instance, tumor antigens
may be omnipresent, but loss of MHC expression could
have made the tumor cells insensitive to T cell attack.
Alternatively, a given tumor may simply lack antigenic
determinants that can be recognized by the endogenous
T cell repertoire, thereby making an increase in cell death
without value. However, the prior studies in which CTLA-4
blockade or CD40 activation was combined with classical
chemotherapy have already provided some evidence for
synergy, forming some cause for optimism.

Would a potential synergy with immuno-active com-
pounds be higher or lower for targeted therapies as com-
pared to other treatment modalities such as RT, RFA, or
classical chemotherapeutics? On the one hand, it is possible
that the amount of inXammation could be lower in the case
of targeted therapies, as cell death should largely be
restricted to tumor cells. At the same time, this more selec-
tive cell death can also be expected to lead to a higher rep-
resentation of tumor antigens in the set of antigens
presented by antigen-presenting cells, and this could form
an advantage. As far as potential toxicity is concerned, the
cell death that is induced by targeted therapies will not only
lead to the release of tumor antigens but also to (other) self-
antigens that are expressed within the tumor cells. As a

consequence, an auto-reactive T cell response could ensue
which is then further boosted by immunotherapy. Most of
the self-antigens expressed in melanoma and to which a
self-reactive T cell repertoire is known to exist consist of
the melanocyte diVerentiation antigens. Activation of mela-
nocyte lineage-speciWc T cells may result in autoimmune
vitiligo or uveitis, but these form conditions that are either
considered acceptable or medically manageable.

Practical aspects and (pre) clinical development 
of combination therapy

While clinical trials that test the value of combination ther-
apy will undoubtedly be initiated in the coming years, it is
plausible that the preclinical testing of combination therapy
in murine tumor models can help to optimize their design.
Important aspects that could be addressed in such preclini-
cal studies are the combinations that demonstrate the high-
est synergy, but also the timing of the diVerent treatments.
In addition, more experimental aspects, such as the eVect of
pulsed instead of continuous dosing of the small molecule
inhibitor, may also be addressed in such preclinical models.

In the clinical trials that will evaluate the eVects of com-
bination therapy, it will be important to determine to what
extent combination therapy inXuences tumor-speciWc T cell
responses in melanoma patients relative to single-agent
immunotherapy. Technology for the parallel analysis of
peripheral blood T cell responses against very large collec-
tions of melanoma antigens should be very informative in
this respect [30, 78]. In addition, it will be useful to not
restrict biomarker analysis in these trials to the peripheral
blood compartment, but to also include an analysis of
tumor biopsies obtained prior to and during treatment.
Immunohistochemical analyses of immune cell inWltration,
senescence markers, such as �-gal, and apoptosis markers,
such as caspase-3, should give insights into the eVects of
combination treatment at the tumor site itself.

Proposed combinations of small molecule inhibitors 
and immunotherapy

Although a large number of small molecule inhibitors and
immuno-active compounds are currently undergoing (pre)
clinical evaluation, only a few of these have completed phase
II or III studies. This puts an upper limit to the number of
combination therapies that can be tested in the near future,
but this situation will change in the years to come, when
monotherapies are approved. As a more fundamental issue
with regard to the possibility of designing combination
therapy trials, the recent data about possible mechanisms of
resistance or impairment of immune cell functions should
certainly be considered when designing such studies.
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BRAFV600E inhibition and CTLA-4 blockade

PLX4720, a BRAF V600E inhibitor that is structuraly
related to PLX4032/RG7204 (Vemurafenib) has been
shown not to aVect T cell functions in in vitro assays [79,
80], and this makes the combination of PLX4032 with ipi-
limumab highly attractive. Joint administration of these two
drugs is very likely to increase the percentage of patients
that can receive all four ipilimumab courses and by this sole
fact may already improve overall response rates induced by
ipilimumab. The clinical eYcacy of the combination of
PLX4032/Vemurafenib and ipilimumab will likely be
tested soon, and as a subsequent step, it may also be attrac-
tive to explore the value of alternating the two drugs: all
current vaccination approaches supply antigen in discrete
waves (i.e., in the form of prime-boost combinations). By
analogy, the repetitive release of antigen—perhaps best in
the days just prior to ipilimumab administration—may
potentially be superior to a continuous antigen exposure. In
addition, pulsed application of the BRAF inhibitor will pos-
sibly delay the time to treatment resistance, thereby ensur-
ing that antigen liberation also occurs during the later
cycles of ipilimumab treatment. While the immunological
rationale for pulsed BRAF inhibition is clearly there, it may
be diYcult to initiate a clinical trial that tests this concept in
the absence of supporting preclinical data. For this reason,
and also to evaluate the timing between PLX4032/RG7204
and ipilimumab administration, it will be worthwhile to test
this concept in animal model systems.

BRAFV600E and MEK inhibition, possible inclusion 
of immune-activating compounds

The targeting of V600E-mutant BRAF, either with
PLX4032/RG7204 or with GSK2118436, has been shown
to lead to high response rates. These drugs have just com-
pleted or are currently tested in phase III studies. However,
clinical responses are often only short-lived, and tumors
evade the upstream MAPK pathway inhibition by reactiva-
tion of pERK. The combination of BRAF inhibition plus
MEK inhibition has been shown to prevent drug resistance
in in vitro assays [19], and a phase I study that will evalu-
ate the combination of PLX4032 with the MEK inhibitor
GDC-0973 is currently in preparation. The combination of
BRAF inhibition and ERK inhibition is likely to improve
response rates and in particular response duration. How-
ever, inclusion of an immune-activating compound in such
a combination therapy appears less attractive because of
the strong T cell inhibition induced by MEK inhibitors
[79]. Potentially, the pulsed administration of the MEK
inhibitor could be used to bypass this issue, a possibility
that should be explored by preclinical testing in animal
models.

BRAFV600E inhibition, PI3K pathway targeting, 
and CTLA-4 blockade

The targeting of the PI3K/AKT pathway in melanoma can
be considered highly attractive not only because of the fact
that many melanoma metastases carry genetic alterations in
this pathway [10, 11] but also because recent work on resis-
tance mechanisms upon MAPK-pathway inhibition sug-
gests an involvement of the PI3K pathway [18, 81].
Consequently, the combination of MAPK pathway inhibi-
tion (either by BRAF inhibitors or by the combination of
BRAF and MEK inhibitors) and PI3K pathway inhibition
may result in enhanced tumor regression. However, the
combination of PI3K inhibitors with immuno-active com-
pounds such as anti-CTLA4 might be less attractive, as
downstream TCR signaling has been shown to utilize the
p85 subunit of phosphoinositide 3-kinase (PI3K) (reviewed
in [82]). In addition, the fact that both pan-PI3K inhibitors
that are currently tested in the clinic (BEZ235 and
GSK2126458) do display mTOR inhibitory capacity also
makes the combination of these drugs with immune modu-
lating compounds less attractive.

Blockade of CTLA-4 and PD-1/PD-L1

In addition to the well-documented clinical eVect of block-
ade of CTLA-4 in melanoma, there is evidence for clinical
activity of PD-1 blocking antibodies from phase I/II studies
[54, 55]. The eVect of blockade of one of the PD-1 ligands,
PD-L1, is currently evaluated in a phase I trial. Preclinical
experiments using a transplantable melanoma model have
revealed that the triple blockade of CTLA-4, PD-1, and PD-
L1 results in superior tumor control [83]. Thus, in addition
to the potential value of the combination of immune-acti-
vating antibodies with targeted therapies, the eVect of the
combination of diVerent immuno-modulating antibodies in
melanoma could also be explored. Other molecules, such as
BTLA, CD200, CD40, OX40, CD27, and CD137, form fur-
ther targets for combination therapies in melanoma. How-
ever, the combined blockade of CTLA-4 and PD-1 would
be a logical Wrst step, due to the more advanced clinical
development of antibodies that target these receptors.

BRAFV600E inhibition and CTLA-4 + PD-1 blockade

Finally, in case the combination of PLX4032 and ipi-
limumab, and the combination of ipilimumab and MDX-
1106 yield encouraging response data without a strong
increase in (immune related) adverse events, the triple com-
bination of BRAF V600E inhibition plus dual immune acti-
vation by anti-CTLA-4/anti-PD-1 would be a logical next
step. We consider this combination particularly promising
as any impairment of T cell functions would not be
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expected. Furthermore, based on the fact that PD-1 block-
ade was extremely well tolerated in the phase II extension
part [55], the toxicity of the combination of PD-1 blockade
and CTLA-4 blockade may also be acceptable.

Thus far, none of these proposed combinations have been
tested in preclinical melanoma mouse models, perhaps due to
the fact that an immune-proWcient murine melanoma model
that carries the relevant genetic alterations has been lacking.
With the recent development of the BRAF V600E—PTEN-
deWcient murine melanoma model [84], the preclinical
evaluation of the above-described targeted therapy/immuno-
therapy combinations should now be within reach.

Future perspectives

Clinical trials

Until very recently, the treatment options for patients with
metastatic melanoma were highly limited, and mean overall
survival of this patient population has been short. However,
a number of recent clinical trials have shown that both tar-
geted therapy and immunotherapy can induce clinical bene-
Wts, improving progression-free and overall survival of
these patients. These encouraging results are expected to
lead to the registration of these drugs in the near future, and
more compounds belonging to these drug classes will be
developed and tested in the coming years. In addition, we
foresee the initiation of clinical trials in the near future that
will explore the potential of the combination of targeted
therapy plus immunotherapy.

Clinical trials in which the BRAFV600E inhibitor
(PLX4032/RG7204) will be combined with MEK inhibition
(GDC-0973) or with ipilimumab treatment are subject of dis-
cussion among melanoma medical oncologists and industry,
and the results of these trials may well change the standard
treatment of melanoma patients in the coming years. In addi-
tion, the number of immunotherapeutic strategies that can be
combined with each other or with targeted therapies will
increase signiWcantly, as phase III clinical trials for a number
of these compounds will be concluded soon. Finally, the clin-
ical development of adoptive T cell therapy will possibly
progress to a stage in which it can be combined with targeted
therapy and/or other immunotherapies. For those—still
few—driver mutations that do result in the generation of a
MHC-presented neo-epitope (e.g., the CDKR24C mutation),
such adoptive immunotherapy could conceivably target the
very same mutations that are targeted by small molecules.

Preclinical research

Preclinical research in this area can be expected to yield
new data on the following important issues in the coming

years. First, the further analysis of the prospects of target-
ing other receptor molecules (either inhibitory or stimula-
tory) will yield new candidates for clinical testing. Second,
an improved understanding of the pathways that limit a
clinical response to immunotherapy will be extremely use-
ful for the design of clinical protocols that aim to speciW-
cally address these issues. Third (and likewise), the analysis
of escape mechanisms in response to targeted treatment
will be crucial to improve response durations.

Finally, the development of additional small molecule
inhibitors that (like PLX4032/Vemurafenib) speciWcally
target mutated signaling proteins in melanoma can be
expected. Most of the targeted therapies developed to date
lead to dose-limiting toxicity due to their eVect on cells
from healthy tissues that also express the targeted proteins.
In contrast, the use of small molecule inhibitors that are (at
least to some extent) speciWc for mutant proteins will gen-
erally be associated with lower toxicity. A further advan-
tage of these mutant protein-speciWc small molecule
inhibitors will be that their activity will not aVect immune
cells, and they thereby form promising candidates for com-
bination therapy.

Application in other malignancies

It is expected that the value of the combination of targeted
therapy and immunotherapy will also be tested in other
human malignancies. Renal cell carcinoma (RCC) forms a
second human malignancy that is considered sensitive to
immune attack. Many targeted therapies for the treatment
of RCC have already been developed (e.g., bevacizumab,
sunitinib, pazopanib, temsirolimus, everolimus), and also
immunotherapeutic strategies such as the blockade of
inhibitory receptors and adoptive T cell transfer are being
evaluated in patients with RCC [61, 85]. Furthermore, the
combination of anti-CTLA-4 treatment and irradiation
(which, like targeted therapy, will induce antigen release as
a consequence of tumor cell death) is currently tested in a
phase III study in RCC.

It is likely that within a few years, malignancies will no
longer (or at the least not solely) be classiWed on the basis
of the originating tissue, but on the pathway alterations that
are driving the development and progression of that tumor.
Potential synergy between targeted therapies and immuno-
active compounds seen in melanoma may therefore form
the basis for the testing of the same treatment modalities in
other patient groups. As an example, BRAF mutations are
also present in 40–70% of papillary thyroid cancer, 5–20%
of colorectal cancer, 10–20% of cholangiosarcomas, and
1–5% of lung cancers [86], and if a PLX4032—ipilimumab
combination trial would be positive in melanoma, it would
certainly also be attractive to test this combination for
patients with these tumors.
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Irrespective of the exact direction that preclinical and
clinical research will take us in the coming years, it has
become clear that the treatment of metastatic melanoma,
after many years of stasis, will change dramatically in the
years ahead of us.
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