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Chapter 1

General introduction and
outline of the thesis

GENERAL INTRODUCTION AND OUTLINE OF THE THESIS

Melanoma treatment: from chemotherapy to
immunotherapy

1

Melanoma is the most aggressive form of skin cancer and arises from genetic mutations
in melanocytes, which are the pigment producing cells in the skin. Although melanoma
accounts for only 1% of all malignant skin tumors, it is the deadliest form of skin
cancer.1 Annually, around 230,000 people worldwide are diagnosed with melanoma
and approximately 55,000 die from the disease every year.2 Unlike other solid tumors,
melanoma mostly affects young and middle-aged individuals, with a median age at
diagnosis of 57 years.3 Additionally, it is the second most commonly diagnosed cancer
among adolescents and young adults between 15 and 39 years old. 4 Especially after
metastasis occur, patients have a very poor prognosis. At diagnosis, the stage of the
disease is determined based on the American Joint Committee on Cancer staging
system. Stage I and stage II define localized primary melanomas, which can be removed
by surgery.5 In stage III patients, the disease has locally metastasized to the lymph
nodes and stage IV is defined by the presence of distant metastasis. In these advanced
stages, removal of the tumor lesions is often not possible or not sufficient because of the
high risk of recurrence and adjuvant therapy is therefore necessary.6,7 The treatment of
metastatic melanoma has rapidly evolved during the last decade and several treatment
options are now available. An overview of these therapies with associated response rate,
defined as the percentage of complete and partial responses according to The Response
Evaluation Criteria in Solid Tumors (RECIST), and median overall survival after treatment
is shown in table 1.8

Chemotherapy
Initially, the only therapeutic option available for metastatic melanoma patients was
chemotherapy. Dacarbazine was the first registered treatment for metastatic melanoma
in 1975.9 However, multiple studies showed that in only 10% of patients the tumor is
reduced, indicated by the response rate.10,11 Furthermore, duration of the response is
often not longer than 5 to 6 months.11 Clinical studies showed that median overall survival
after dacarbazine therapy is limited to 6.4 months. As an alternative to dacarbazine,
temozolomide was developed, which has the advantage of crossing the blood-brain
barrier and could thereby be more effective in the presence of brain metastasis. However,
median overall survival after temozolomide treatment only increased to 7.7 months.12
Platinum-based chemotherapeutics were also tested for the treatment of melanoma.
This group of chemotherapeutics, including cisplatin, oxaliplatin and carboplatin, can
covalently bind to DNA, thereby forming DNA adducts that cause DNA damage, leading
to cell apoptosis.13 Carboplatin did however not show improved efficacy compared to
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dacarbazine and temozolomide, as the median overall survival was 4.7 months.14 The
combination of carboplatin with paclitaxel increased the median overall survival slightly
to 7.5 months.15 Overall, the use of chemotherapeutics in metastatic melanoma patients
has very limited effects on survival. Therefore, alternative treatment options were
necessary, leading to the development of targeted therapy and immunotherapy.
Table 1 | Treatment options for advanced melanoma, response rates and median overall survival.

Mechanism

Response Overall
rate*
survival

Ref.

Chemotherapy
Dacarbazine
Temozolomide
Carboplatin

Inhibition of cell proliferation

Carboplatin + paclitaxel

12.1%

6.4 months

12

13.5%

7.7 months

12

11%

4.7 months

14

4.9%

7.5 months

15

Targeted therapy
Vemurafenib

BRAF inhibition

48%

13.3 months

22, 23

Dabrafenib

BRAF inhibition

50%

18.7 months

24, 25

Trametinib

MEK1/2 inhibition

22%

15.6 months

26, 27

Dabrafenib + trametinib

BRAF + MEK1/2 inhibition

76%

25.1 months

25, 31

Vemurafenib + cobimetinib BRAF + MEK1/2 inhibition

70%

22.3 months

34

Immunotherapy
IL-2

Injection of IL-2 cytokine

19.7%

10.2 months

44, 45

T-VEC

Modified oncolytic herpes virus

26.4%

23.3 months

50

Adoptive cell therapy

Infusion of patient-derived TILs

24%

38.2 months

54

DC vaccination

Injection of patient-derived tumor
peptide-loaded moDCs

3.8%

9.3 months

65

Ipilimumab

Anti-CTLA-4 antibody

15%

15.7 months

71

Pembrolizumab

Anti-PD-1 antibody

32.9%

>21 months

75, 76

Nivolumab

Anti-PD-1 antibody

40%

37.5 months

78, 79

Ipilimumab + nivolumab

Anti-CTLA-4 + anti-PD-1 antibody

57.6%

>48 months

80, 81

* C omplete and partial responses according to The Response Evaluation Criteria in Solid Tumors (RECIST)8
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Targeted therapy

1

Melanomas are associated with a high burden of genetic alterations, many of which drive
tumor growth.16 Genetic profiling revealed multiple genes that were investigated for their
potential as therapeutic targets, thereby specifically inhibiting tumor cell proliferation.17
Subsequently, different therapies were developed to inhibit those targets, including
BRAF and MEK inhibitors that are currently approved for clinical use.

BRAF inhibitors – vemurafenib and dabrafenib
An important mutation identified in melanoma is the BRAF gene mutation, which is
present in approximately 50% of cutaneous melanomas.18,19 Mutations in the BRAF gene
lead to elevated kinase activity, by inducing downstream signaling through the MAPK
pathway, also known as the Ras-Raf-MEK-ERK-kinase pathway. This pathway regulates
cell growth, proliferation and differentiation in response to growth factors, cytokines
and hormones, and many of its members and downstream transcription factor targets
were identified as proto-oncogenes.20,21 These findings made the mutated BRAF protein
an interesting target for melanoma therapy.
In 2011, the first phase III clinical trial showed a significant increase in overall survival
of melanoma patients treated with vemurafenib, a selective inhibitor of mutated BRAF,
compared to chemotherapy with dacarbazine. Overall survival at 6 months was 84%
after vemurafenib treatment and 64% after treatment with dacarbazine. Furthermore,
response rates were also significantly higher, as 48% of patients responded to
vemurafenib and only 5% to chemotherapy.22 Follow-up studies showed that median
overall survival in patients with the BRAF mutation was 13.3 months after vemurafenib
versus 10 months after chemotherapy.23 Dabrafenib, which also inhibits mutated BRAF,
was developed soon after and showed similar clinical benefit to vemurafenib with a
median overall survival of 18.7 months.24,25

MEK inhibitors – trametinib
Although good clinical responses were obtained with BRAF inhibitors, the durability of
the responses was low, indicating the development of resistance by the tumor. Therefore,
downstream targets of the Ras-Raf-MEK-ERK-kinase pathway also became of interest as
targets for therapy, especially MEK1/2. Trametinib was the first MEK inhibitor to be tested
in the clinic. Median overall survival was 15.6 months in the trametinib group versus 11.3
months in the chemotherapy group, showing that clinical responses were comparable to
treatment with BRAF inhibitors.26,27

Combining targeted therapies
Research into the mechanisms of resistance to BRAF inhibitors revealed several ways
in which the tumor is able to bypass kinase inhibition. It has been shown that additional
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genetic mutations in upstream proteins, like NRAS, can lead to signaling through
other pathways.25 Furthermore, additional genetic mutations in downstream proteins,
like MEK, lead to reactivation of the MAPK pathway.28,29 As reactivation of the MAPK
pathway eventually results in MEK and ERK phosphorylation, combination therapy
of a BRAF inhibitor and a MEK inhibitor could improve efficacy and delay resistance.30
This hypothesis was confirmed in the first phase I/II study comparing the combination
of dabrafenib and trametinib to dabrafenib alone. Patients receiving the combination
had an overall response rate of 76% compared to 54% in the monotherapy group.
Furthermore, cutaneous adverse events of BRAF monotherapy were attenuated.31 A
phase III clinical study further investigated the combination of dabrafenib and trametinib
and showed comparable results to the phase I/II trial, with a one-year survival rate of
74% versus 68% in the monotherapy group and a median overall survival of 25.1 months
after combination therapy.25 Another phase III study compared the combination of
dabrafenib and trametinib to monotherapy with vemurafenib and found similar oneyear survival rates after combination therapy and monotherapy compared to the other
phase III trial.32 The combination of vemurafenib and MEK1/2 inhibitor cobimetinib also
significantly increased overall survival compared to vemurafenib alone.33,34

Immunotherapy
Targeted therapies are mainly based on inhibiting the Ras-Raf-MEK-ERK-kinase pathway
in the case of an activating mutation. However, these mutations are only present in
about 50% of the melanoma patients, indicating that many patients will not benefit from
these treatments. Furthermore, resistance to targeted therapy is very common, as most
patients, even after initial tumor regression, progress within 6 to 8 months.35 Therefore,
additional strategies that can target a larger population of patients are necessary.36,37
Melanoma is considered an immunogenic cancer that can be well recognized by
the immune system.38 Probably because of the high frequency of point mutations in
melanoma, many unique neo-antigens are formed, which can be presented by dendritic
cells (DCs) and initiate an immune response against the tumor.39-41 This indicates that
tumor cells should be visible to the immune system. However, the tumor uses several
mechanisms to suppress the immune responses or hide from the immune system.
This hallmark of cancer, called immuno-evasion, importantly contributes to tumor
progression. 42 In order to stimulate the immune system to eradicate the tumor, several
immunotherapies with different targets have been developed of which some are
currently approved for clinical use (figure 1).
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Figure 1 | Overview of clinically available immunotherapies.

Interleukin-2
Interleukin (IL)-2 is a cytokine that can activate and induce proliferation of a wide array
of immune cells, including T cells, B cells and natural killer (NK) cells. It was one of the
first immunotherapies to be approved by the FDA after it was shown that high-dose
of IL-2 has anti-tumoral activity.1,43 However, a phase III study showed that the median
overall survival after IL-2 monotherapy is only 10.2 months and a recent meta-analysis
reported that the overall response rate is limited to 19.7% of patients. 44,45 Alternatively,
strategies were designed for using IL-2 to specifically target regulatory T cells (Tregs),
which are an important suppressive cell type induced by the tumor. As Tregs express
high levels of the IL-2 receptor CD25, IL-2 is internalized by these immunosuppressive
cells. By fusion of IL-2 to diphtheria toxin (Denileukin Diftitox), this toxin would also be
internalized by the Tregs and selectively induce apoptosis by inhibiting protein synthesis.
However, in patients treated with Denileukin Diftitox after removal of the primary tumor,
no effects were observed on the frequency of Tregs or their suppressive capacity. 46 Also
in melanoma patients treated with dendritic cell (DC) vaccination in combination with
Denileukin Diftitox, the frequency of Tregs was not reduced. 47 However, a study in stage
IV melanoma patients showed partial responses in 16.7% of all treated patients and
in 45.5% of the chemo- and immunotherapy-naïve patients, indicating a small clinical
benefit. 48
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Oncolytic viruses – T-VEC
Talimogene laherparepvec (T-VEC), a genetically modified herpes simplex virus 1, was the
first oncolytic virus to be approved by the FDA for the treatment of melanoma in 2015.
This virus is injected directly into a melanoma lesion and can only establish a productive
infection in malignant cells, thus specifically killing the melanoma cells. Additionally, the
virus induces expression of human granulocyte macrophage colony-stimulating factor
(GM-CSF) in infected malignant cells, which stimulates recruitment and activation of
antigen-presenting cells. 49 A clinical trial comparing the efficacy of T-VEC to GM-CSF
alone showed that the response rate was 26.4% in the T-VEC group compared to 5.7%
in the GM-CSF group. Overall survival induced by T-VEC was 23.3 months versus 18.9
months after GM-CSF treatment.50 Other oncolytic viruses including Coxsackievirus
(CAVATAK) and HF10 are currently being tested in clinical trials in combination with
different immunotherapies.1

Adoptive cell therapy – TILs
Adoptive cell therapy is a personalized cancer treatment containing the patients’
own lymphocytes. In vitro studies showed that tumor-infiltrating lymphocytes
(TILs) obtained from resected melanomas could specifically recognize tumor cells.51
Furthermore, TIL therapy efficacy could be enhanced by expansion of TILs with IL-2 and
by lymphodepletion with cyclophosphamide to prepare the patients’ immune system
before influx of the effector cells.52 A pilot trial performed by Dudley et al. indicated that
TIL infusion in combination with IL-2 therapy after lymphodepletion by chemotherapy
with cyclophosphamide and fludarabine could induce objective clinical responses in
6 of 13 treated patients.53 In a subsequent randomized clinical trial investigating the
efficacy of TILs administered after lymphodepletion clinical response rates of 24% were
observed with a median overall survival of 38.2 months.54 Another clinical study resulted
in objective responses up to 72%, depending on the method of lymphodepletion.
Furthermore, 22% of patients achieved complete tumor regression.55 Currently, the
efficacy of TIL therapy is investigated in a randomized phase III trial at the National
Cancer Institute in Amsterdam (NCT02278887).
A strategy to further enhance the anti-tumor efficacy of TILs is to genetically engineer
the T cell receptor (TCR) to enable the generation of antigen-specific lymphocytes.
Clinical trials with genetically modified T cells expressing MART-I, gp100, MAGE-A3
and NY-ESO specific TCRs have been performed. 30% of patients with MART-I-positive
tumors responded to therapy with MART-I TCR T cell and 19% of gp100-positive patients
responded to treatment with gp100 TCR T cells. However, because these antigens are
also expressed on healthy cells, severe side effects were observed that were more
frequent compared to treatment with regular TILs.56 Treatment with MAGE-A3 and NYESO TCR T cells induced response rates of around 55% in small groups of patients, again
showing substantial toxicity.57,58
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Further activation of genetically engineered T cells can be induced by using chimeric
antigen receptor (CAR) T cells. These T cells express CARs consisting of an extracellular
antigen-recognition domain, which is usually the variable fragment of an antibody,
linked to an intracellular signaling domain, usually being the CD3 zeta chain of the TCR
or the combination of CD3 zeta and CD28. After recognition of a specific antigen by the T
cell, the internal signaling domain stimulates T cell proliferation and cytokine secretion,
inducing an anti-tumor immune response.59 Impressive results have been obtained
by treatment of CD19-positive hematological diseases, like B cell acute lymphoblastic
leukemia, sometimes even reaching complete remission in 90% of treated patients.60
In melanoma, the challenge of finding appropriate tumor-specific antigens remains
an important hampering factor.59 A preclinical study was executed using CAR T cells
against ganglioside GD2, incorporating the CD28 and OX40 intracellular domains, which
showed anti-melanoma activity in vitro as well as in a xenograft model.61 A phase I study
with anti-GD2 CAR T cells was performed in young children and adults with melanoma
(NCT02107963), but no results have been published yet.1

1

Dendritic cell vaccination
DCs are the most potent antigen-presenting cells of the immune system. They
continuously search for pathogens in peripheral tissues and upon encounter with a
foreign antigen, they differentiate into mature DCs and migrate to the lymph node
where they induce an antigen-specific adaptive immune response. This property can
be exploited by specifically loading the DCs with tumor-antigens outside of the patient,
which can induce expansion of tumor-specific T cells after reinjection.62 In recent years,
multiple studies have been done, mostly small exploratory studies, aiming at optimizing
of the vaccines by investigating different sources of DCs, maturation factors and ways
of tumor-antigen loading.63 Most clinical studies in metastatic melanoma patients were
performed with DCs that were differentiated from monocytes in vitro, called monocytederived DCs (moDCs). A meta-analysis showed that even though in the majority of
patients innate and adaptive immune responses were induced, only 8.5% of melanoma
patients achieved an objective clinical response, which is similar to the response rate of
dacarbazine.64 In a randomized phase III trial, the efficacy of moDCs loaded with tumorpeptides compared to dacarbazine in stage IV melanoma patients was investigated.
Results showed that objective responses were limited to 3.8% in the DC vaccinated
group and 5.5% in the chemotherapy group (which was not significantly different).
Median overall survival was 9.3 months in the DC vaccination group and 11.6 months in
the dacarbazine group.65
Recently, our research group has used naturally circulating DCs for DC vaccination
in order to improve the treatment efficacy. Two subsets of naturally circulating DCs can
be distinguished: plasmacytoid DCs (pDCs) and myeloid DCs (mDCs). mDCs can further
be separated into BDCA1+ or CD1c+ DCs and BDCA3+ or CD141+ DCs.62 Two small proof
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of principle studies indicated that naturally circulating DCs might be more effective
in inducing immune responses in metastatic melanoma patients than moDCs. DC
vaccination with pDCs induced proliferation of antigen-specific T cells in several treated
patients, leading to a median overall survival of 22 months. Furthermore, 7 out of 15
patients were still alive 2 years after the start of pDC vaccination, indicating that the
response can be long-lasting.66 Treatment of melanoma patients with BDCA1+ mDCs
induced a median overall survival of 29 months in patients having tumor-specific T cells.
However, in patients without a tumor-specific immune response overall survival was only
10.9 months.67 A randomized, placebo-controlled phase III clinical trial that is currently
ongoing will have to prove the efficacy of DC vaccination with naturally circulating DCs
(NCT02993315).

Immune checkpoint inhibitors
An important development in the field of immunotherapy for the treatment of
metastatic melanoma is the use of monoclonal antibodies to target specific immuneregulatory molecules, called immune checkpoints. The first target investigated in
the context of immune checkpoint blockade was cytotoxic T-lymphocyte associated
protein (CTLA)-4, of which the inhibitory effect on T cell activation was already studied
in the 90’s. CTLA-4 is homologous with CD28 that provides the co-stimulatory signal
for T cell activation by binding to CD80 and CD86 on antigen-presenting cells. CTLA4 is upregulated on T cells 2-3 days after stimulation and binds with higher affinity to
CD80 and CD86, thereby inhibiting CD28 co-stimulation. Furthermore, it was shown that
CTLA-4 can inhibit CD28-dependent IL-2 upregulation, indicating that CTLA-4 controls
CD28-mediated activation in multiple ways.68,69 Ipilimumab and tremelimumab were the
first two anti-CTLA-4 antibodies developed, of which ipilimumab was the first immune
checkpoint inhibitor tested in clinical trials. The first phase III clinical trial investigating
the efficacy of ipilimumab in metastatic melanoma patients reported a median overall
survival of 10.1 months compared to 6.4 months in patients receiving a gp100 peptide
vaccine and a response rate of 10.9%. Furthermore, 60% of the responders maintained
an objective response for at least 2 years.70 These clinical effects were further improved
by increasing the dosage, leading to a response rate of 15% and overall survival of 15.7
months, although also increasing the frequency of immune-mediated adverse reactions,
including dermatitis and colitis.71
After the promising results obtained by immune checkpoint blockade with
ipilimumab, investigation into inhibition of the immune checkpoint programmed cell
death protein (PD)-1 rapidly progressed. Like CTLA-4, PD-1 is expressed on T cells after
activation. Its major role is to limit the activity of T cells in peripheral tissues to prevent
over-activation of the immune system in case of infection, which could possibly lead to
auto-immunity. This inhibitory mechanism is exploited by tumor cells via expression
of PD-ligand 1 (PD-L1), thereby directly inhibiting the anti-tumor T cell response.72
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Multiple clinical trials have proven the benefit of anti-PD-1 antibodies pembrolizumab
and nivolumab compared to chemotherapy as well as to ipilimumab. A clinical trial
comparing pembrolizumab treatment to chemotherapy in patients that progressed
after ipilimumab or targeted therapy treatment showed that 38% of patients responded
after the low dose and 46% after the high dose of pembrolizumab, compared to 8%
in the chemotherapy group.73 However, overall survival was not significantly improved
compared to chemotherapy.74 Another large clinical trial comparing pembrolizumab
to ipilimumab in patients with no previous treatment showed that 32.9% of patients
responded to pembrolizumab treatment, compared to 11.9% in the ipilimumab group.75
Follow up is still ongoing and median overall survival in the pembrolizumab group has
not been reached yet after 21 months, whereas median overall survival after ipilimumab
was 16 months.76 Similar response rates were obtained with nivolumab, as 31.7% of
treated patients who progressed after ipilimumab treatment responded to nivolumab
whereas only 10.6% responded to chemotherapy.77 An additional clinical trial in
previously untreated melanoma patients showed an objective response rate of 40% in
the nivolumab-treated group compared to 13.9% in the dacarbazine-treated group.78
Median overall survival was 37.5 months in the nivolumab group versus 11.2 months in
the chemotherapy group.79
Because CTLA-4 mainly mediates the priming phase of T cell activation and PD-1
is important in the effector phase, it was suggested that the combination could have
added benefit over monotherapy. A large clinical trial showed a response rate of 57.6%
after combination treatment with nivolumab and ipilimumab, compared to 43.7% and
19% with nivolumab and ipilimumab monotherapy, respectively.80 Long-time follow
up showed that median overall survival was not reached after 48 months from start of
combination treatment.1

1

In summary, significant progress has been made in the clinical efficacy of immunotherapy,
especially with the discovery of immune checkpoint inhibitors. It was thought that
immunotherapy would be effective in a larger proportion of patients compared to
targeted therapies, as the possibility of treatment is not dependent on the presence of
a mutation. However, response rates of monotherapy with checkpoint inhibitors are still
limited to 30-40%, as shown in table 1. The response rate, as well as overall survival, can
be increased by combination therapy, but even patients treated with the combination
of ipilimumab and nivolumab often progress rapidly.81 We believe that the presence of a
suppressive tumor microenvironment (TME) created by the tumor itself is a major limiting
factor in inducing and sustaining anti-tumor immune responses by immunotherapy. Reengineering of the TME into a more immunostimulatory environment could therefore
potentially enhance immunotherapy efficacy.
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Enhancing immunotherapy efficacy by
re-engineering the immune system
Although melanoma is an immunogenic tumor that can be well recognized by the
immune system, stimulation of the anti-tumor immune response with immunotherapy
is only effective in part of the patients. This indicates that the process of immunoevasion by the tumor cannot always be overcome by immunotherapy and is thereby
hampering immunotherapy efficacy. Immuno-evasion includes several mechanisms
by which the tumor can inhibit the anti-tumor immune response. One of these
mechanisms is the downregulation of proteins necessary for antigen presentation,
including major histocompatibility complex (MHC) I, thereby preventing cytotoxic T
cells from recognizing target antigens on the tumor cells.82 Secondly, tumor cells can
express inhibitory molecules like PD-L1, leading to anergy of tumor-reactive T cells.83,84
In addition to directly inhibiting T cell function, tumor cells can also affect other immune
cells, leading to the formation of an immune-suppressive environment.

Immune cells in the tumor microenvironment
Tumor cells can induce and recruit suppressive immune cells to the TME by secreting
a wide array of cytokines that affect the function of several immune cells, including
DCs, myeloid-derived suppressor cells (MDSCs), macrophages and Tregs, as is shown
in figure 2.85 DCs are crucial for the induction of anti-tumor immune responses, but
can be inhibited by tumor cells in both their differentiation as well as function. By
secretion of factors like vascular endothelial growth factor (VEGF), IL-10, IL-6, GM-CSF
and M-CSF, differentiation of progenitor cells into mature and functionally competent
DCs is inhibited. Immature DCs that cannot upregulate MHC class II and co-stimulatory
molecules or produce appropriate cytokines will accumulate.86,87 It was shown that
constitutive activation of the signal transducers and activators of transcription (STAT)
pathway in tumor cells, especially STAT3, is an important inducer of the inhibitory effect
on DC maturation.88
Similar to DCs, macrophages can also be inhibited by tumor-derived factors, like VEGF,
CSF1, IL-4 and IL-13, inducing their development into tumor-associated macrophages
(TAMs).89 TAMs promote tumor angiogenesis by release of VEGF and secrete inhibitory
cytokines, like IL-10 and transforming growth factor (TGF)-β, thereby contributing to
the T cell inhibitory microenvironment. Furthermore, TAMs can inhibit T cell function by
expressing PD-L1 and PD-L2 and stimulate tumor cell proliferation.90
Tumor-secreted factors, like GM-CSF and IL-6, also alter the generation of myeloid
cells from the bone marrow, preventing them from developing into mature cells. When
recruited into the TME, these abnormal immature cells become further altered by the
chronic low-grade inflammation, free-radical flux and constant metabolic stress. Specific
tumor-derived factors and the presence of Tregs additionally induce the expansion
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of MDSCs, which is a heterogeneous population of immature myeloid cells with high
suppressive capacity.91 The suppressive mechanisms of MDSCs and potential tools for
inhibition are further elaborated on in chapter 2.
Tregs are an important suppressive cell population in the TME, as inhibition of
Tregs can significantly enhance anti-tumor immune responses.92 Similar to TAMs, Tregs
produce IL-10 and TGF-β, thereby inhibiting activation of effector T cells.88 Furthermore,
they have an inhibitory effect on tumor-associated antigen-presenting cells, as DCs lost
expression of co-stimulatory molecules in the presence of Tregs.91,93

1



 
   
  

    
   
    
      
   
 
    

    
    
 
    
   


Figure 2 | Suppressive immune cell types in the tumor microenvironment.

Immunological effects of chemotherapy
Chemotherapy has been used in the treatment of cancer for decades, because of
its ability to kill proliferating tumor cells. During development of these drugs, tumorkilling capacity was the main focus and monitoring of the immunological effects was
largely discarded. Furthermore, it was argued if conventional chemotherapeutics could
have positive effects on anti-cancer immune responses as high dose chemotherapeutic
treatment can cause severe immunosuppressive side effects, including myelo- and
lymphopenia. However, recent studies have shown that chemotherapeutics can
stimulate the immune system, especially when they are administered at significantly
lower dosages than the maximum-tolerated dose, which is often the case in the clinic.94
Therefore, chemotherapeutics could potentially be applied to enhance the efficacy
of immunotherapy. The immunogenic effects of chemotherapeutics differ between
drugs. Several chemotherapeutics, including cyclophosphamide, docetaxel and
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gemcitabine, stimulate the immune system by depletion of Tregs.95-97 Furthermore, other
chemotherapeutics, including bleomycin, bortezomib and doxorubicin, are inducers
of a specific form of apoptosis in tumor cells, called immunogenic cell death (ICD).98-100
This type of cell death is characterized by the expression of specific cell surface markers
and release of soluble mediators by the tumor cells.101 ICD-inducing drugs cause severe
cellular stress leading firstly to translocation of calreticulin from the endoplasmatic
reticulum to the cell surface. This serves as an “eat-me” signal for phagocytic cells.
Secondly, ATP is secreted, leading to attraction of immune cells and differentiation of
myeloid precursors into inflammatory cells. Additionally, release of high mobility group
box 1 (HMGB1) enhances T-cell mediated anti-tumor immune responses.102
Platinum-based chemotherapeutics are also potent ICD inducers, as oxaliplatin and
cisplatin triggered translocation of calreticulin, as well as release of ATP and HMGB1.
This was emphasized by the observation that CD1c+ DCs could efficiently stimulate T
cell proliferation upon interaction with platinum-treated tumor cells.102 Cisplatin also
induced upregulation of MHC class I on tumor cells, thereby improving recognition of the
tumor by cytotoxic T cells.103 Additionally, oxaliplatin promoted the activity of neutrophils
and macrophages by stimulating the production of reactive oxygen species.104 In
combination with IL-12, oxaliplatin induced the cytotoxic T cell/Treg ratio and eradicated
MDSCs, indicating that platinum-based chemotherapeutics could potentially be used to
re-engineer the suppressive TME.105
Overall, there is a great diversity in immunosuppressive processes induced by the
tumor, of which the activation can differ between patients. What immunosuppressive
mechanisms are activated and their capacity to inhibit anti-tumor immune responses
are factors that determine the response to immunotherapy. The presence of an
immunosuppressive TME is one of these factors that importantly contributes to a
hampered anti-tumor immune response. One of the goals of this thesis is therefore
to investigate the possibility of modulating DCs and MDSCs with platinum-based
chemotherapeutics in order to re-engineer the suppressive TME and shift the balance
from immunosuppressive to immunostimulatory, with the ultimate aim to enhance the
efficacy of immunotherapy. We also performed an exploratory study on the feasibility of
the combination of DC vaccination with BRAF inhibition, which could potentially enhance
the efficacy of DC vaccination in BRAF-mutated patients.

Patient selection with predictive biomarkers
Biomarkers are factors that can be detected in tissue or blood and that can predict a
patient’s prognosis or therapeutic outcome. Prognostic biomarkers predict disease
progression and survival regardless of the treatment. These biomarkers are mostly
indicators of aggressiveness of the disease. An example of this includes Ki-67, which is a
marker for proliferation. Predictive biomarkers can be used to determine the response
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to therapy.106 As immunotherapy is only effective in part of the melanoma patients,
the use of predictive biomarkers might help to select the patients that will benefit
from treatment. The use of such biomarkers also prevents patients from experiencing
potentially severe toxicity from an ineffective treatment. In addition, it might reduce
the costs of melanoma treatment, which drastically increased with the introduction of
immunotherapy. In 2004, before the use of immunotherapy in the clinic, the yearly costs
per patient were estimated to be around 1600 euros, whereas this now increased to
270,000 euros, of which 80% accounts for the therapies.107
Currently, melanoma patients are tested for the presence of the BRAF mutation to
determine if they are eligible for treatment with BRAF inhibitors like vemurafenib. The
identification of predictive biomarkers for the outcome of immunotherapy is currently an
active field of research.106 Several studies showed that high PD-L1 expression is associated
with increased clinical activity of treatment with PD-1 immune checkpoint inhibitors.
However, PD-L1 expression is not specific enough as many patients with PD-L1-negative
tumors do respond to PD-1 inhibitors.108,109 Additionally, pre-existing CD8+ T cells in the
TME might also predict the response to PD-1 checkpoint inhibitors.110 In addition to the
presence of cytotoxic T cells, several other biomarkers that could potentially predict the
outcome of immunotherapy have been identified, but more research is needed to bring
them to the clinic. Furthermore, the main focus has been on checkpoint inhibitors, whereas
it could also be useful to select patients before treatment with other immunotherapies.
To be able to find additional biomarkers for treatment efficacy, the effect of individual
immunotherapies on the immune system has to be investigated in detail. Therefore,
another goal of this thesis is to discover differences in the immunological effects of
treatment with immune checkpoint inhibitors and DC vaccination in order to possibly
identify factors that can be explored as potential biomarkers.

1

Scope of this thesis
In this thesis we aim to investigate different strategies to improve the efficacy of
immunotherapy in cancer, including re-engineering of the immune system to enhance
immune cell function and combination treatment of DC vaccination with BRAF inhibition.
In addition, we investigate the effects of immunotherapy with immune checkpoint
inhibitors ipilimumab and pembrolizumab and DC vaccination on the immune system
of cancer patients in an attempt to discover factors that could be explored as potential
biomarkers to predict therapy efficacy.
Chapter 1 contains an introduction to melanoma and the clinically available treatment
options, including targeted therapy and immunotherapy. Furthermore, the importance
of the suppressive TME is addressed and specific cell types in the microenvironment,
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including DCs and MDSCs are discussed. In chapter 2, an overview of clinically available
drugs that inhibit MDSCs by interfering with the STAT signaling pathway is provided,
thereby further elaborating on the role of MDSCs in the suppressive TME and potential
tools for MDSC eradication.
In the first chapters of this thesis, we investigate two specific immune cell types as
potential targets for enhancing the efficacy of immunotherapy: DCs and MDSCs. In
chapter 3, we focus on enhancing the functionality of DCs to boost the efficacy of DCbased vaccines. Previous results showing that platinum-based chemotherapeutics could
inhibit STAT6 phosphorylation and thereby enhance DC function, raised the question
what effects they had on other STAT proteins. In this chapter, we provide a comprehensive
overview of the expression and phosphorylation of STAT proteins during DC development
and maturation in moDCs. Additionally, we investigate the effects of platinum drugs
cisplatin and oxaliplatin on the expression and phosphorylation of STAT1, STAT3, STAT5
and STAT6. In chapter 4, we explore the feasibility of combining DC vaccination with
naturally circulating DCs with BRAF inhibition in melanoma patients to enhance therapy
efficacy, by investigating the effect of BRAF inhibitor vemurafenib on DC maturation and
function. Chapter 5 focuses on inhibition of MDSCs to enhance immunotherapy efficacy.
As MDSC suppressive mechanisms are dependent on STAT signaling, we investigate
the use of platinum-based chemotherapeutics as a tool to inhibit MDSCs in vitro and
in vivo. Chapter 6 describes a prospective, randomized phase II trial in stage III and IV
melanoma patients, where autologous moDC vaccination is combined with cisplatin in
order to determine the effect of combination therapy on clinical outcome.
In chapter 7, we investigate the effects of immunotherapy with immune checkpoint
inhibitors and DC vaccination on the immune system of treated cancer patients. We
perform a flow cytometry-based analysis of immune cells obtained from melanoma
patients treated with ipilimumab (anti-CTLA-4) or pembrolizumab (anti-PD-1) and
from both melanoma and castration-resistant prostate cancer patients treated with
DC vaccination. The outcome of this chapter might possibly lead to the identification of
potential targets that can be explored as predictive biomarkers for therapy efficacy.
Finally, the results of this thesis are summarized, discussed and future perspectives are
outlined in chapter 8.
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CHAPTER 2

Abstract
Cancer immunotherapy is a promising therapeutic avenue; however, in practice its
efficacy is hampered by an immunosuppressive tumor microenvironment that consists
of suppressive cell types like myeloid-derived suppressor cells (MDSCs). Eradication or
reprogramming of MDSCs could therefore enhance clinical responses to immunotherapy.
Here, we review clinically available drugs that target MDSCs, often through inhibition
of STAT signaling, which is essential for MDSC accumulation and suppressive
functions. Interestingly, several drugs used for non-cancerous indications and natural
compounds similarly inhibit MDSCs by STAT inhibition, but have fewer side effects than
anticancer drugs. Therefore, they show great potential for combination strategies with
immunotherapy.
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IMPROVING CANCER IMMUNOTHERAPY BY TARGETING THE STATE OF MDSCS

The immunosuppressive tumor microenvironment
In the past decade, cancer research has focused on the development of novel strategies,
such as targeted therapies and immunotherapy, many of which have been approved for
clinical use. These novel modalities are based on targeting specific pathways exploited
by cancers using small molecule inhibitors or on empowering the immune system to
eradicate cancer cells. Targeting immune checkpoints like cytotoxic T lymphocyteassociated protein 4 and programmed cell death protein 1 shows impressive results.1
Other promising immunotherapies include adoptive cell transfer with tumor-infiltrating
lymphocytes, vaccination with tumor-associated antigens and dendritic cell (DC)-based
vaccines. Although these therapies show survival benefits and have lower incidences
of lethal drug resistance than traditional chemotherapy, still not every cancer patient
benefits from them.2 One of the challenges that remains is generated by the tumors
themselves, as they can evade immune responses by modulating the immune system
in their local microenvironment.3 This tumor-engineered local environment has been
termed the immunosuppressive tumor microenvironment (TME), as it very effectively
suppresses antitumor immune responses. Myeloid-derived suppressor cells (MDSCs) are
key players in the TME and studies showing the importance of MDSCs in pathological
conditions have accumulated in the past years. Many of these studies report an increased
frequency of MDSCs in the blood of patients suffering from different types of cancer. 4,5
In addition, the presence of MDSCs in the TME is correlated with decreased efficacy
of immunotherapies, including adoptive cell therapy, DC vaccination and ipilimumab
treatment, making MDSCs an important target for enhancing the efficacy of these
therapies.6-8 This is substantiated by experiments in mice where eradication of MDSCs
increased the efficacy of anticancer vaccines, adoptive cell therapy and anti-vascular
endothelial growth factor (VEGF) antibody therapy.9-11

2

Here, we discuss the role of MDSCs in the immunosuppressive TME and detail the role of
Signal Transducers and Activators of Transcription (STAT) proteins in MDSC accumulation
and suppressive mechanisms. We elaborate on the potential of several clinically available
drugs and natural compounds to inhibit MDSCs as an unintended effect, often mediated
by STAT inhibition. Ultimately, we present some interesting strategies for combination
regimens of these drugs and natural compounds with immunotherapy. The insights we
discuss in this review relieve immunosuppression by targeting MDSCs and likely result in
enhancement of antitumor immune responses by immunotherapy.
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Myeloid-derived suppressor cells
In healthy individuals, myeloid progenitor cells and immature myeloid cells arise in the
bone marrow and mature into granulocytes, macrophages or DCs. However, during
cancer progression, tumor-derived factors, like granulocyte-macrophage colonystimulating factor (GM-CSF) stimulate myelopoiesis, but disturb maturation.12 This leads
to the appearance of a heterogeneous population of immature myeloid cells in the blood
that have the morphology of granulocytes or monocytes, but lack some of the markers
expressed by these cells.13 Based on their ability to efficiently inhibit T cell function, these
cells are referred to as MDSCs. In mice, MDSCs can be identified by the expression of Gr-1
and CD11b and can be subdivided into granulocytic or monocytic MDSCs (G-MDSCs or
M-MDSCs) based on the expression of Ly6G or Ly6C, respectively.14 In humans, adequate
characterization is challenging due to the lack of specific markers. As a consequence,
MDSCs have been defined by different marker combinations in different studies.15
Generally, MDSCs can be defined as CD33+CD11b+HLA-DR−/low cells that can be further
subdivided into G-MDSCs or M-MDSCs by the co-expression of either CD15 or CD14,
respectively.16 The importance for clinical outcome of the frequency of either MDSC
subtype differs across cancer types. For example, high numbers of M-MDSCs, but not
G-MDSCs, are associated with negative response of non-small-cell lung cancer patients
to platinum-based chemotherapy and the combination treatment of platinum with
bevacizumab.17 Furthermore, elevated frequencies of M-MDSCs are also associated with
decreased survival of melanoma patients, regardless of previous therapy.18

MDSC suppressive mechanisms inhibit T cell development and function
After activation, MDSCs can inhibit both innate and adaptive arms of the immune system.
They affect the innate immune system mostly indirect by secretion of immune inhibitory
cytokines like IL-10 and transforming growth factor (TGF)-β, driving macrophages
to a suppressive M2 phenotype and negatively affecting natural killer cell maturation,
respectively (figure 1A).19,20 The effect of MDSCs on adaptive immunity is more direct,
involving the suppression of T cells, using several mechanisms. First, MDSCs inhibit T
cell function and proliferation by depleting the essential amino acids l-arginine and
l-cysteine from the TME (figure 1B). l-arginine is a substrate for arginase-I and inducible
nitric oxide synthase (iNOS), which are both highly expressed by MDSCs.13 Depletion of
l-arginine leads to loss of the T cell receptor (TCR)ζ chain, resulting in decreased growth
and differentiation.21 Similarly, MDSCs can deplete l-cysteine from the TME, resulting
in decreased proliferation and activation of T cells.22 Second, MDSCs produce reactive
oxygen (ROS) and nitrogen species, like hydrogen peroxide (H2O2) and peroxynitrite
(ONOO −) (figure 1C). iNOS produces NO after T-cell-derived interferon (IFN)γ
stimulation, which subsequently forms peroxynitrite after reacting with a superoxide
anion (O2•−).23 Superoxide anions are produced by NADPH oxidase (NOX) and can react
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with water to form H2O2. ONOO − causes nitration and nitrosylation of components of
the TCR signaling complex and H2O2 causes loss of the TCRζ-chain, both thus decreasing
T cell activation.24,25 ONOO − release also leads to nitrosylation of chemokines like CCL2,
resulting in decreased recruitment of tumor-infiltrating T cells and high infiltration of
immunosuppressive myeloid cells, including tumor-associated macrophages and
MDSCs.26 Lastly, MDSCs can induce the development of regulatory T cells (Tregs), and
expand the existing Treg population, both of these mechanisms requiring direct cell–cell
contact (figure 1D).27,28 The secretion of several factors by MDSCs, including, TGF-β and
IL-10 might be involved in this process, although the mechanism is still unclear.29 Finally,
l-arginine depletion by MDSCs also contributes to Treg expansion.28

2

STAT protein signaling is important in regulation of MDSCs
MDSC expansion and suppressive mechanisms are mainly regulated by the STAT signaling
pathway. This protein family consists of seven proteins that regulate many vital cellular
functions, such as proliferation and cell survival. They are activated through binding of
cytokines or growth factors to their receptors, leading to activation of Janus kinase (JAK)
tyrosine kinases, which phosphorylate STAT proteins. The phosphorylated STATs then
translocate to the nucleus and regulate the expression of STAT target genes.30
Many tumors exploit STAT signaling through the secretion of tumor-derived factors
(figure 2). This hijacking of STAT signaling plays an important role during cancer initiation
and progression and in maintaining an immunosuppressive TME, for instance by inducing
accumulation of MDSCs or stimulation of their suppressive capacity.12 Tumor-derived
factors, like G-CSF, GM-CSF and VEGF, induce STAT3 signaling, resulting in increased
expression of proliferation-inducing and anti-apoptotic proteins, including c-Myc, BclXL, cyclin D1 and survivin. These proteins promote proliferation of immature myeloid
cells, while preventing apoptosis and differentiation into mature cells, resulting in
increased MDSC frequencies.31 Additionally, STAT3 directly regulates MDSC suppressive
mechanisms by inducing NOX2 expression and arginase production.32,33 STAT3 also
induces the gene expression and protein level of the pro-inflammatory protein S100A9
in myeloid progenitors. Overexpression of S100A9 prevents differentiation into mature
myeloid cell types by directly facilitating ROS production, resulting in expansion of
MDSCs.34 Furthermore, S100A9 binds to CD33 on MDSCs and induces production of IL10, TGF-β, arginase and ROS.34,35 The presence of constitutively active STAT1 correlates
with increased frequency of MDSCs in tumors of breast cancer patients and induces
proliferation and suppressive capacity by regulating iNOS and arginase-I activity.31,36,37
A third STAT protein, STAT5 induces MDSC expansion by reducing differentiation into
mature myeloid cells through inhibition of interferon regulatory factor (IRF)-8.38 STAT6
induces MDSC proliferation and survival and enhances arginase-I activity in MDSCs.39-41
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Figure 1 | MDSC suppressive mechanisms target innate and adaptive arms of the immune
system. A: Myeloid-derived suppressor cells (MDSCs) can inhibit the innate immune system by
TGF-β induced inhibition of NK cell function and induction of an M2 macrophage phenotype
by secretion of IL-10. B: MDSCs deprive T cells of amino acids L-cysteine and L-arginine, which
are essential for proliferation and differentiation. C: MDSCs release reactive oxygen species,
such as hydrogen peroxide (H2O2) and peroxynitrite (ONOO –). H2O2 causes loss of the T cell
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with CD40L. Furthermore, secretion of factor like IL-10 and TGF-β, and deprivation of L-arginine
by MDSCs induce Treg polarization. ARG1, arginase 1; CCL2, chemokine (C-C motif) ligand 2; iNOS,
inducible nitric oxide synthase; NOX2, NADPH oxidase 2; NO, nitric oxide; NK, natural killer;
TGF-β, transforming growth factor-β; IL, interleukin.
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which stimulated MDSC expansion and suppressive functions. IL-4 and IL-13 induce STAT6 that
regulates ARG1, leading to enhanced MDSC proliferation and survival. IL-6, GM-CSF, G-CSF
and VEGF induce STAT3 signaling, which regulates ARG1, NOX2 and the expression of factors
like MYC, Bcl-XL, cyclin D1, survivin and S100A9. This leads to enhanced MDSC proliferation and
suppressive capacity, reduced apoptosis and inhibition of differentiation into mature cells. IFN-γ
and IL-1β regulate STAT1 activation, which induces iNOS and ARG1 expression by MDSCs, leading
to induced proliferation and suppressive capacity. STAT5 signaling is induced by GM-CSF and
inhibits the differentiation of MDSCs into mature cells through inhibition of IRF-8. IL, interleukin;
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The immunosuppressive capacity of MDSCs and their negative correlation with
disease stage, treatment response and survival clearly suggest their importance in
cancer progression and suboptimal outcomes of cancer immunotherapy. Eradication
or reprogramming of MDSCs is a logical strategy to re-engineer the TME and improve
immunotherapy efficacy. The important role of STATs in accumulation and function of
MDSCs, make the STAT proteins interesting targets to achieve this goal.
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MDSCs as a target for enhancing immunotherapy
efficacy
Drugs are known to have off-target effects, which are the main source of unwanted
drug-related side effects. However, increasing evidence shows that chemotherapeutics
and other drugs also have unintended effects that are beneficial, such as stimulation of
immune responses by reduction of inhibitory molecules on DCs and inhibitory effects
on MDSCs. 42 Several chemotherapeutics, drugs that are currently not used in cancer
treatment and natural compounds have unintended effects on MDSCs (table 1). Generally,
these effects can result in inhibition of expansion and recruitment of MDSCs, inhibition
of suppressive functions, or induction of MDSC differentiation into mature myeloid cells
(figure 3). Several of these drugs modulate STAT signaling pathways, further emphasizing
the potential of this pathway as a MDSC-inhibitory target.
Table 1 | Overview of drugs that target MDSCs.
Drug name

Cancer type

Effect on MDSCs

Ref.

Drugs for cancer therapy
Chemotherapeutic drugs
Decitabine

Colon carcinomaa

Stimulation of differentiation into
mature APCs

68

All-trans-retinoic
acid (ATRA)

Colon carcinomaa,
metastatic renal cell
carcinomab, small cell lung
carcinomab

Stimulation of differentiation into
mature APCs, reduction of ROS
production

69-72

Paclitaxel

Mammary tumora,
melanomaa

Stimulation of differentiation into
DCs, reduction of MDSC levels and
inhibition of suppressive capacity

73-75

Docetaxel

Mammary tumora,

Promotion of MDSC differentiation
into M1-macrophages

76

Vemurafenib

Melanomab

Reduction of MDSC levels and inhibition of M-MDSC development

43, 44

Axitinib

Metastatic renal cell carcinomaa, melanomaa

Reduction of MDSC levels through
STAT3 inhibition

46, 47

Sorafenib

Hepatocellular carcinomaa

Reduction of MDSC levels

48

Sunitinib

Metastatic renal cell carcinomaa,b

Reduction of MDSC levels

49

Kinase inhibitors

>>
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Monoclonal antibodies
Bevacizumab

Colorectal cancerb

Reduction of immature myeloid cell
levels

53

Ipilimumab

Melanomab

Inhibition of ARG-1 expression and
reduction of M-MDSC and G-MDSC
numbers

56, 57

2

Drugs for other indication
PPAR-γ activators
Rosiglitazone

Pancreatic carcinomaa

Reduction of early MDSC accumulation

54

Lung carcinomaa

Reduction of MDSC expansion by
induction of apoptosis and inhibition
of NOS and ARG-I expression

55

Histamine blockers
Cimetidine

Phosphodiesterase-5 inhibitors
Sildenafil

Colon carcinomaa,
melanomaa,
head and neck squamous
cell carcinomab,
multiple myelomab

Inhibition of iNOS and ARG-I activity
by down regulation of IL-4Rα

59, 60

Tadalafil

Head and neck squamous
cell carcinomab,
multiple myelomab

Reduction of MDSC levels, reduction
of arginase and iNOS production

61-63

Colorectal carcinomab

Inhibition MDSC suppressive capacity via reduced exosome secretion

66

Icariin

Mammary carcinomaa

Inhibition of NO and ROS production
via STAT3 inhibition and induction
of differentiation into macrophages
and DCs

67

Cucurbitacin I,
cucurbitacin B

MethA sarcomaa,
lung cancerb

Stimulation of differentiation into
DCs through inhibition of JAK2/
STAT3

77, 78

Curcumin

Gastric cancera,
colon carcinomaa

Stimulation of differentiation into M1
macrophages through inhibition of
JAK2/STAT3

80

1α,25-hydroxyvitamin D3

Lung carcinomaa,
head and neck squamous
cell carcinomab

Stimulation of immature myeloid
cells differentiation into DCs

81, 82

Diuretics
Amiloride
Natural compounds

a

murine cancer model, b human cancer
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Inhibition of MDSC expansion and recruitment
Targeted cancer therapies, like vemurafenib, affect MDSC expansion. Vemurafenib is
a small molecule serine-threonine kinase inhibitor that is specific for V600 mutated,
constitutively active, B-RAF and is used to treat melanoma patients. In a recent clinical
trial, decreased M-MDSCs and G-MDSCs frequencies were observed in patients that
achieved a clinical response. In addition, vemurafenib inhibited the production of
cytokines, like IL-6, by melanoma cells, thereby inhibiting M-MDSC development. 43,44
Other kinase inhibitors also showed the potential to inhibit MSDC expansion, although
this was mainly shown in preclinical models. Tyrosine kinase inhibitors axitinib, sorafenib
and sunitinib inhibited tumor growth by inhibiting several growth factor receptors,
including VEGF and platelet-derived growth factor receptor. 45 Axitinib treatment of mice
significantly decreased the number of MDSCs in the spleen and tumor, by downregulating
STAT3 expression. 46 Furthermore, the combination of axitinib with DC vaccination
enhanced elimination of MDSCs compared to axitinib or vaccination alone. 47 Sorafenib
similarly decreased MDSC frequency and their analogous mechanisms of action suggest
that, like axitinib, sorafenib targets STAT3. 48 Sunitinib is used to treat metastatic renal
cell carcinoma (RCC) patients, in whom it decreased the frequency of both G-MDSCs
and M-MDSCs in peripheral blood, and partially restored IFNγ production by T cells. 49,50
However, intratumoral MDSCs are often less affected and can develop resistance to
sunitinib. This was observed in RCC patients, where the majority of patients treated with
sunitinib prior to primary tumor resection showed high intratumoral MDSC frequencies
compared to non-treated primary tumors.50 GM-CSF-induced STAT5 signaling is crucial in
the development of sunitinib resistance, as MDSCs cultured in the presence of GM-CSF,
developed sunitinib resistance via increased STAT5 signaling.51 Additionally, sunitinib
enhanced stromal cell-derived factor-1-dependent induction of MDSC frequency in mice
bearing human RCC xenografts. Taken together, the overall effect of sunitinib on MDSCs
remains unclear.52
Other drugs that, similar to axitinib, sorafenib and sunitinib, inhibit VEGF can also
induce MDSC eradication. The anti-VEGF antibody bevacizumab reduced the frequency
of immature myeloid cells in colorectal cancer patients.53
Besides targeted cancer therapies, MDSC expansion can also be inhibited by
drugs that are currently not used in cancer therapy. In a preclinical model, a significant
reduction in early MDSC accumulation in the blood was obtained with the peroxisome
proliferator-activated receptor (PPAR)-γ activator rosiglitazone, which is used in diabetes
treatment.54 Similarly, the histamine blocker cimetidine blocked the expansion of MDSCs
in tumor-bearing mice by induction of apoptosis and by inhibition of NO and arginase
production.55
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Figure 3 | Mechanisms by which drugs and natural compounds inhibit MDSCs. Several drugs
and natural compounds used in cancer treatment or for other indications have off-target
effects that result in inhibition of myeloid-derived suppressive cells (MDSCs) through four
distinct mechanisms. The off-target effects can inhibit expansion of MDSCs, inhibit their T cells
suppressive capacity or induce the differentiation of MDSCs into mature APCs. Cimetidine
induces the apoptosis of MDSCs. ARG1, arginase 1; iNOS, inducible nitric oxide synthase; APC,
antigen-presenting cell; TCR, T cell receptor; ATRA, all-trans retinoid acid.

Inhibition of MDSC suppressive activity
Investigating changes in MDSC-suppressive capacity in clinical settings is challenging and
studies addressing this issue are limited. The most notable study reports that ipilimumab
decreased the expression of arginase in melanoma patients, indicative for loss of MDSC
suppressive capacity. Furthermore, treatment with ipilimumab for more than 3 weeks
decreased the frequencies of G-MDSCs and M-MDSCs.56,57 Phosphodiesterase-5 (PDE5) inhibitors, like sildenafil, are generally used in erectile dysfunction and pulmonary
hypertension and inhibit IL-4Rα signaling, which regulates suppressive pathways in
MDSCs via STAT6.58 Indeed, administration of sildenafil downregulated the activity
of iNOS and arginase-I in MDSCs through a STAT6-mediated pathway, resulting in
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prolonged survival of melanoma-bearing mice.59,60 Not much is known about the effects
of sildenafil on human MDSCs, but intriguingly, sildenafil increased T cell proliferation
of in-vitro-treated PBMCs obtained from patients with multiple myeloma and head and
neck squamous cell carcinoma (HNSCC).59 Recent clinical trials showed that tadalafil,
another PDE-5 inhibitor, reduced the number of MDSCs as well as their production of
arginase and iNOS in HNSCC and multiple myeloma patients, resulting in increased
numbers of tumor-specific T cells.61-63 Additionally, it was shown that NO release can
activate cyclooxygenase enzymes.64 Cyclooxygenase 2 is a key regulator of prostaglandin
(PG)E2 synthesis, which can induce the expression of immunosuppressive factors, like
IL-10 and IL-4Rα and inhibitory molecules, like programmed death-ligand (PD-L)1, by
MDSCs.65 Indirect inhibition of PGE2 release through inhibition of NO release by PDE-5
inhibitors could also contribute to the inhibitory effects of these drugs on MDSCs. These
findings clearly illustrate the potential of PDE-5 inhibition as a way to inhibit MDSCs via
STAT signaling regulation. Another interesting drug is amiloride, which is a diuretic drug
used to treat high blood pressure. Amiloride inhibited MDSCs suppressive capacity by
inhibiting the secretion of CSF-containing exosomes by the tumor and consequently
inhibiting IL-6/STAT3 signaling. Patients with colorectal cancer receiving amiloride
treatment indeed had decreased STAT3 activation and reduced MDSC suppressive
capacity.66
In addition to drugs, natural compounds can also have unintended effects on MDSC
suppressive capacity. The natural compound icariin, the active ingredient of a herb used
in Chinese medicine, inhibited ROS and NO production by MDSCs, through inhibition
of STAT3 and AKT phosphorylation. Furthermore, it reduced MDSC frequency and
promoted differentiation into macrophages and DCs.67
In summary, the checkpoint inhibitor ipilimumab and several drugs that are currently
not used as direct anticancer agents, like PDE-5 inhibitors, can inhibit MDSC suppressive
mechanisms. Similar to the PDE-5 inhibitors, amiloride and icariin induce their effect by
regulating STAT signaling pathways. The known mechanism of action and the fact that
these drugs induce mild side effects compared to anticancer drugs make them the most
promising candidates to use in combination strategies with immunotherapy.

Induction of MDSC differentiation into mature cells
Chemotherapeutic drugs, like the DNA methyltransferase inhibitor decitabine, can
inhibit MDSCs by inducing their differentiation into mature antigen-presenting cells
(APCs).68 Furthermore, the metabolite of vitamin A, all-trans retinoic acid (ATRA),
which is also used in the treatment of cancer, promoted the differentiation of MDSCs
into mature myeloid cells in both tumor-bearing mice and metastatic RCC patients.69,70
A clinical trial in patients with small cell lung cancer showed that combining ATRA with
DC vaccination significantly reduced MDSC frequencies and enhanced IFNγ production
by CD8+ cells compared to vaccination alone.71 Additionally, by acting through ERK-
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dependent induction of glutathione, ATRA also reduced ROS production by MDSCs.72
Paclitaxel, a chemotherapeutic of the taxane group, induced differentiation of MDSCs
into DCs, via a Toll-like receptor 4-dependent mechanism.73,74 Treatment of tumor-bearing
mice with paclitaxel inhibited the number of tumor-infiltrating MDSCs and abrogated
their T cell suppressive capacity.75 Another taxane family member, docetaxel, decreased
the frequency of MDSCs by promoting differentiation into M1-like macrophages.76
Several natural compounds induce MDSC differentiation by direct inhibition of
STAT signaling. In vitro, cucurbitacin I and B enhanced differentiation of spleen-derived
immature myeloid cells into mature DCs by inhibition of the JAK2/STAT3 pathway. This
coincided with a decrease of immature myeloid cells in spleens of treated tumor-bearing
mice and in patients with advanced lung cancer.77,78 However, tumor MDSCs were not
sensitive to cucurbitacin I. Tumors have the ability to inhibit STAT3 activity in MDSCs
by creating a state of hypoxia. These MDSCs then become functionally independent
of STAT3, which diminishes the inhibitory effect of cucurbitacin. Interestingly, STAT3
expression in these tumor MDSCs could be restored by treatment with the CD45PTPinhibitor sialidase, which blocked hypoxia-induced STAT3 downregulation. Combination
treatment consisting of cucurbitacin I together with sialidase significantly decreased
the frequencies of tumor MDSCs compared to cucurbitacin I alone.79 Similarly, curcumin
induced differentiation of MDSCs into M1-type macrophages through interaction with
JAK2/STAT3.80 Although an involvement of STAT signaling has not been reported, 1α,25hydroxyvitamin D3 induced differentiation of CD34+ immature cells into mature DCs in
both tumor-bearing mice and HNSCC patients.81,82 Treatment of HNSCC patients with
vitamin D3 before tumor resection resulted in higher levels of intratumoral CD8+ T cells
and prolonged recurrence-free survival, which could be due to its effect on MDSCs.83
Taken together, both chemotherapeutics and natural compounds are capable of inducing
MDSC differentiation into mature cells, thereby preventing immune suppressive activity.
However, due to possible severe side effects of chemotherapeutics like ATRA, and the
known involvement of STAT3 in the mechanisms of action of cucurbitacin or curcumin,
these compounds would be most promising to synergize with immunotherapy.

2

Discussion and future perspectives
Inhibition of the immunosuppressive TME and the presence of MDSCs in the TME
is correlated with increased efficacy of immunotherapy. Targeting MDSCs by using
clinically available drugs and natural compounds could improve antitumor immune
responses induced by immunotherapy. The importance of STAT signaling pathways in
the expansion and suppressive capacity provides a promising target to inhibit MDSCs.
We discussed several drugs that can, as an unintended effect, inhibit the expansion
of MDSCs, inhibit their suppressive functions, or promote their differentiation into
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mature APCs, often mediated by inhibition of STAT signaling pathways. Targeted cancer
therapies, like tyrosine kinase inhibitors, and several chemotherapeutics reduce MDSC
expansion or induce their differentiation into non-suppressive mature myeloid cells, but
also have the potential for severe side effects.84,85 Patients treated with immunotherapy
can already experience severe side effects, which might be exacerbated when combined
with these drugs.86 We therefore propose to combine immunotherapy with drugs that
have similar effects on MDSC expansion and function, but induce less severe side effects
compared to conventional chemotherapy and some targeted therapies used in cancer
treatment. We have highlighted several drugs and natural compounds used for diverse
indications, which modulate MDSC function and differentiation. On a molecular level,
most of these drugs exert their effect on MDSCs by interfering with the STAT signaling
pathway. For instance, sildenafil and amiloride inhibit the suppressive mechanisms of
MDSCs by interfering with STAT6 and STAT3 signaling, respectively. Natural compounds,
like icariin, cucurbitacin and curcumin, inhibit the suppressive capacity of MDSCs or
induce their maturation, by inhibiting STAT3. There is still a group of MDSC-inhibiting
drugs, including rosiglitazone and cimetidine, for which the mechanism of action is
unknown. However, the importance of STAT signaling in MDSC inhibition indicates that
this pathway could be a potential mechanism for their effect. Furthermore, two specific
JAK-inhibitors, tofacitinib and ruxolitinib, were FDA approved for the treatment of several
auto-inflammatory diseases, including rheumatoid arthritis. Their specific targeting of
JAK/STAT signaling makes them interesting candidates to target STAT signaling in MDSCs
and to be used in combination with immunotherapy in anticancer regimes. However, the
only study available on these drugs is in the context of rheumatoid arthritis and in that
setting tofacitinib surprisingly resulted in the expansion of MDSCs.87 On the other hand,
in a melanoma mouse model, specific JAK inhibition with the experimental compound
AZD1480 reduced MDSC frequencies, but it also enhanced their suppressive capacity.88
These results could indicate that blocking of JAK signaling might not result in inhibition
of STAT signaling and show that the effect of JAK signaling on MDSC expansion and
suppressive capacity is still unclear and requires more research.
We propose that the drugs sildenafil and amiloride together with the natural compounds
icariin, cucurbitacin I, cucurbitacin B and curcumin would be the prime candidates
to test in combination with immunotherapy, as they were shown in experimental
settings to inhibit the suppressive mechanisms of MDSCs or induce their maturation by
targeting STAT6 or STAT3, with only mild side effects compared to chemotherapy and
targeted cancer therapies. Clinical trials combining these possible candidate drugs with
immunotherapy will have to prove their potential in the clinic.

46

IMPROVING CANCER IMMUNOTHERAPY BY TARGETING THE STATE OF MDSCS

Acknowledgments
We would like to thank all researchers whose work contributed to advancing our
understanding of MDSCs but could not be cited due to space constraints. S.V. Hato and
N. de Haas are supported by a grant from the Dutch Cancer Society and Alpe deHuZes
foundation (KUN2013-5958). This work is also supported by KWO grant KUN20094402 from the Dutch Cancer Society. I.J.M. de Vries is recipient of NWO Vici grant no.
918.14.655. All authors declare no financial disclosures.

2

47

CHAPTER 2

References
1
2
3
4

5

6

7

8

9
10

11
12
13
14
15
16

17

18

48

Robert C, Schachter J, Long GV, et al. Pembrolizumab versus ipilimumab in advanced
melanoma. N Engl J Med 2015; 372: 2521-32.
Rotte A, Bhandaru M, Zhou Y, et al. Immunotherapy of melanoma: present options and
future promises. Cancer Metastasis Rev 2015; 34: 115-28.
Becker JC, Andersen MH, Schrama D, et al. Immune-suppressive properties of the tumor
microenvironment. Cancer Immunol Immunother 2013; 62: 1137-48.
Walter S, Weinschenk T, Stenzl A, et al. Multipeptide immune response to cancer vaccine
IMA901 after single-dose cyclophosphamide associates with longer patient survival. Nat
Med 2012; 18: 1254-61.
Arihara F, Mizukoshi E, Kitahara M, et al. Increase in CD14+HLA-DR −/low myeloid-derived
suppressor cells in hepatocellular carcinoma patients and its impact on prognosis. Cancer
Immunol Immunother 2013; 62: 1421-30.
Laborde RR, Lin Y, Gustafson MP, et al. Cancer vaccines in the world of immune suppressive
monocytes (CD14(+)HLA-DR(lo/neg) Cells): the gateway to improved responses. Front
Immunol 2014; 5: 14.
Kodumudi KN, Weber A, Sarnaik AA, et al. Blockade of myeloid-derived suppressor cells
after induction of lymphopenia improves adoptive T cell therapy in a murine model of
melanoma. J Immunol 2012; 189: 5147-54.
Meyer C, Cagnon L, Costa-Nunes CM, et al. Frequencies of circulating MDSC correlate
with clinical outcome of melanoma patients treated with ipilimumab. Cancer Immunol
Immunother 2014; 63: 247-57.
Srivastava MK, Zhu L, Harris-White M, et al. Myeloid suppressor cell depletion augments
antitumor activity in lung cancer. PLoS One 2012; 7: e40677.
Morales JK, Kmieciak M, Graham L, et al. Adoptive transfer of HER2/neu-specific T cells
expanded with alternating gamma chain cytokines mediate tumor regression when
combined with the depletion of myeloid-derived suppressor cells. Cancer Immunol
Immunother 2009; 58: 941-53.
Shojaei F, Wu X, Malik AK, et al. Tumor refractoriness to anti-VEGF treatment is mediated by
CD11b+Gr1+ myeloid cells. Nat Biotechnol 2007; 25: 911-20.
Gabrilovich DI, Ostrand-Rosenberg S and Bronte V. Coordinated regulation of myeloid cells
by tumours. Nat Rev Immunol 2012; 12: 253-68.
Gabrilovich DI and Nagaraj S. Myeloid-derived suppressor cells as regulators of the
immune system. Nat Rev Immunol 2009; 9: 162-74.
Youn JI, Nagaraj S, Collazo M, Gabrilovich DI. Subsets of myeloid-derived suppressor cells in
tumor-bearing mice. J Immunol 2008; 181: 5791-802.
Solito S, Marigo I, Pinton L, et al. Myeloid-derived suppressor cell heterogeneity in human
cancers. Ann N Y Acad Sci 2014; 1319: 47-65.
Dumitru CA, Moses K, Trellakis S, et al. Neutrophils and granulocytic myeloid-derived
suppressor cells: immunophenotyping, cell biology and clinical relevance in human
oncology. Cancer Immunol Immunother 2012; 61: 1155-67.
Vetsika EK, Koinis F, Gioulbasani M, et al. A circulating subpopulation of monocytic
myeloid-derived suppressor cells as an independent prognostic/predictive factor in
untreated non-small lung cancer patients. J Immunol Res 2014; 2014: 659294.
Martens A, Zelba H, Garbe C, et al. Monocytic myeloid-derived suppressor cells in
advanced melanoma patients: Indirect impact on prognosis through inhibition of tumorspecific T-cell responses? Oncoimmunology 2014; 3: e27845.

IMPROVING CANCER IMMUNOTHERAPY BY TARGETING THE STATE OF MDSCS

19

Sinha P, Clements VK, Bunt SK, et al. Cross-talk between myeloid-derived suppressor cells
and macrophages subverts tumor immunity toward a type 2 response. J Immunol 2007;
179: 977-83.
20 Marcoe JP, Lim JR, Schaubert KL, et al. TGF-β is responsible for NK cell immaturity during
ontogeny and increased susceptibility to infection during mouse infancy. Nat Immunol
2012; 13: 843-50.
21 Zea AH, Rodriguez PC, Atkins MB, et al. Arginase-producing myeloid suppressor cells in
renal cell carcinoma patients: a mechanism of tumor evasion. Cancer Res 2005; 65: 3044-8.
22 Srivastava MK, Sinha P, Clements VK, et al. Myeloid-derived suppressor cells inhibit T-cell
activation by depleting cystine and cysteine. Cancer Res 2010; 70: 68-77.
23 Mazzoni A, Bronte V, Visintin A, et al. Myeloid suppressor lines inhibit T cell responses by
an NO-dependent mechanism. J Immunol 2002; 168: 689-95.
24 Schmielau J and Finn OJ. Activated granulocytes and granulocyte-derived hydrogen
peroxide are the underlying mechanism of suppression of t-cell function in advanced
cancer patients. Cancer Res 2001; 61: 4756-60.
25 Nagaraj S, Gupta K, Pisarev V, et al. Altered recognition of antigen is a mechanism of CD8+ T
cell tolerance in cancer. Nat Med 2007; 13: 828-35.
26 Molon B, Ugel S, Del Pozzo F, et al. Chemokine nitration prevents intratumoral infiltration
of antigen-specific T cells. J Exp Med 2011; 208: 1949-62.
27 Hoechst B, Ormandy LA, Ballmaier M, et al. A new population of myeloid-derived
suppressor cells in hepatocellular carcinoma patients induces CD4(+)CD25(+)Foxp3(+) T
cells. Gastroenterology 2008; 135: 234-43.
28 Serafini P, Mgebroff S, Noonan K, et al. Myeloid-derived suppressor cells promote crosstolerance in B-cell lymphoma by expanding regulatory T cells. Cancer Res 2008; 68: 5439-49.
29 Huang B, Pan PY, Li Q, et al. Gr-1+CD115+ immature myeloid suppressor cells mediate the
development of tumor-induced T regulatory cells and T-cell anergy in tumor-bearing host.
Cancer Res 2006; 66: 1123-31.
30 O'Shea JJ, Schwartz DM, Villarino AV, et al. The JAK-STAT pathway: impact on human
disease and therapeutic intervention. Annu Rev Med 2015; 66: 311-28.
31 Condamine T and Gabrilovich DI. Molecular mechanisms regulating myeloid-derived
suppressor cell differentiation and function. Trends Immunol 2011; 32: 19-25.
32 Corzo CA, Cotter MJ, Cheng P, et al. Mechanism regulating reactive oxygen species in
tumor-induced myeloid-derived suppressor cells. J Immunol 2009; 182: 5693-701.
33 Vasquez-Dunddel D, Pan F, Zeng Q, et al. STAT3 regulates arginase-I in myeloid-derived
suppressor cells from cancer patients. J Clin Invest 2013; 123: 1580-9.
34 Cheng P, Corzo CA, Luetteke N, et al. Inhibition of dendritic cell differentiation and
accumulation of myeloid-derived suppressor cells in cancer is regulated by S100A9 protein.
J Exp Med 2008; 205: 2235-49.
35 Chen X, Eksioglu EA, Zhou J, et al. Induction of myelodysplasia by myeloid-derived
suppressor cells. J Clin Invest 2013; 123: 4595-611.
36 Hix LM, Karavitis J, Khan MW, et al. Tumor STAT1 transcription factor activity enhances
breast tumor growth and immune suppression mediated by myeloid-derived suppressor
cells. J Biol Chem 2013; 288: 11676-88.
37 Movahedi K, Guilliams M, Van den Bossche J, et al. Identification of discrete tumor-induced
myeloid-derived suppressor cell subpopulations with distinct T cell-suppressive activity.
Blood 2008; 111: 4233-44.
38 Waight JD, Netherby C, Hensen ML, et al. Myeloid-derived suppressor cell development is
regulated by a STAT/IRF-8 axis. J Clin Invest 2013; 123: 4464-78.

2

49

CHAPTER 2

39

40

41
42
43
44

45
46

47
48
49
50
51

52

53
54

55
56

57

58

50

Munera V, Popovic PJ, Bryk J, et al. Stat 6-dependent induction of myeloid derived
suppressor cells after physical injury regulates nitric oxide response to endotoxin. Ann Surg
2010; 251: 120-6.
Sinha P, Clements VK and Ostrand-Rosenberg S. Reduction of myeloid-derived suppressor
cells and induction of M1 macrophages facilitate the rejection of established metastatic
disease. J Immunol 2005; 174: 636-45.
Roth F, De La Fuente AC, Vella JL, et al. Aptamer-mediated blockade of IL4Ralpha triggers
apoptosis of MDSCs and limits tumor progression. Cancer Res 2012; 72: 1373-83.
Hato SV, Khong A, de Vries IJ, et al. Molecular pathways: the immunogenic effects of
platinum-based chemotherapeutics. Clin Cancer Res 2014; 20: 2831-7.
Schilling B, Sucker A, Griewank K, et al. Vemurafenib reverses immunosuppression by
myeloid derived suppressor cells. Int J Cancer 2013; 133: 1653-63.
Schilling B and Paschen A. Immunological consequences of selective BRAF inhibitors
in malignant melanoma: neutralization of myeloid-derived suppressor cells.
Oncoimmunology 2013; 2: e25218.
Bhargava P and Robinson MO. Development of second-generation VEGFR tyrosine kinase
inhibitors: current status. Curr Oncol Rep 2011; 13: 103-11.
Yuan H, Cai P, Li Q, et al. Axitinib augments antitumor activity in renal cell carcinoma
via STAT3-dependent reversal of myeloid-derived suppressor cell accumulation. Biomed
Pharmacother 2014; 68: 751-6.
Bose A, Lowe DB, Rao A, et al. Combined vaccine+axitinib therapy yields superior
antitumor efficacy in a murine melanoma model. Melanoma Res 2012; 22: 236-43.
Cao M, Xu Y, Youn JI, et al. Kinase inhibitor Sorafenib modulates immunosuppressive cell
populations in a murine liver cancer model. Lab Invest 2011; 91: 598-608.
Ko JS, Zea AH, Rini BI, et al. Sunitinib mediates reversal of myeloid-derived suppressor cell
accumulation in renal cell carcinoma patients. Clin Cancer Res 2009; 15: 2148-57.
Finke J, Ko J, Rini B, et al. MDSC as a mechanism of tumor escape from sunitinib mediated
anti-angiogenic therapy. Int Immunopharmacol 2011; 11: 856-61.
Ko JS, Rayman P, Ireland J, et al. Direct and differential suppression of myeloid-derived
suppressor cell subsets by sunitinib is compartmentally constrained. Cancer Res 2010; 70:
3526-36.
Panka DJ, Liu Q, Geissler AK, et al. Effects of HDM2 antagonism on sunitinib resistance,
p53 activation, SDF-1 induction, and tumor infiltration by CD11b+/Gr-1+ myeloid derived
suppressor cells. Mol Cancer 2013; 12: 17.
Osada T, Chong G, Tansik R, et al. The effect of anti-VEGF therapy on immature myeloid cell
and dendritic cells in cancer patients. Cancer Immunol Immunother 2008; 57: 1115-24.
Bunt SK, Mohr AM, Bailey JM, et al. Rosiglitazone and Gemcitabine in combination reduces
immune suppression and modulates T cell populations in pancreatic cancer. Cancer
Immunol Immunother 2013; 62: 225-36.
Zheng Y, Xu M, Li X, et al. Cimetidine suppresses lung tumor growth in mice through
proapoptosis of myeloid-derived suppressor cells. Mol Immunol 2013; 54: 74-83.
Pico de Coana Y, Poschke I, Gentilcore G, et al. Ipilimumab treatment results in an early
decrease in the frequency of circulating granulocytic myeloid-derived suppressor cells as
well as their Arginase1 production. Cancer Immunol Res 2013; 1: 158-62.
Tarhini AA, Edington H, Butterfield LH, Lin et al. Immune monitoring of the circulation and
the tumor microenvironment in patients with regionally advanced melanoma receiving
neoadjuvant ipilimumab. PLoS One 2014; 9: e87705.
Ugel S, Delpozzo F, Desantis G, et al. Therapeutic targeting of myeloid-derived suppressor
cells. Curr Opin Pharmacol 2009; 9: 470-81.

IMPROVING CANCER IMMUNOTHERAPY BY TARGETING THE STATE OF MDSCS

59

60

61

62
63
64

65

66

67

68

69

70
71

72
73

74
75

76

Serafini P, Meckel K, Kelso M, et al. Phosphodiesterase-5 inhibition augments endogenous
antitumor immunity by reducing myeloid-derived suppressor cell function. J Exp Med
2006; 203: 2691-702.
Meyer C, Sevko A, Ramacher M, et al. Chronic inflammation promotes myeloid-derived
suppressor cell activation blocking antitumor immunity in transgenic mouse melanoma
model. Proc Natl Acad Sci U S A 2011; 108: 17111-6.
Weed DT, Vella JL, Reis IM, et al. Tadalafil reduces myeloid-derived suppressor cells and
regulatory T cells and promotes tumor immunity in patients with head and neck squamous
cell carcinoma. Clin Cancer Res 2015; 21: 39-48.
Califano JA, Khan Z, Noonan KA, et al. Tadalafil augments tumor specific immunity in
patients with head and neck squamous cell carcinoma. Clin Cancer Res 2015; 21: 30-8.
Noonan KA, Ghosh N, Rudraraju L, et al. Targeting immune suppression with PDE5
inhibition in end-stage multiple myeloma. Cancer Immunol Res 2014; 2: 725-31.
Salvemini D, Kim SF and Mollace V. Reciprocal regulation of the nitric oxide and
cyclooxygenase pathway in pathophysiology: relevance and clinical implications. Am J
Physiol Regul Integr Comp Physiol 2013; 304: R473-87.
Obermajer N, Muthuswamy R, Lesnock J, et al. Positive feedback between PGE2 and
COX2 redirects the differentiation of human dendritic cells toward stable myeloid-derived
suppressor cells. Blood 2011; 118: 5498-505.
Chalmin F, Ladoire S, Mignot G, et al. Membrane-associated Hsp72 from tumor-derived
exosomes mediates STAT3-dependent immunosuppressive function of mouse and human
myeloid-derived suppressor cells. J Clin Invest 2010; 120: 457-71.
Zhou J, Wu J, Chen X, et al. Icariin and its derivative, ICT, exert anti-inflammatory, antitumor effects, and modulate myeloid derived suppressive cells (MDSCs) functions. Int
Immunopharmacol 2011; 11: 890-8.
Daurkin I, Eruslanov E, Vieweg J, et al. Generation of antigen-presenting cells from tumorinfiltrated CD11b myeloid cells with DNA demethylating agent 5-aza-2'-deoxycytidine.
Cancer Immunol Immunother 2010; 59: 697-706.
Lee JM, Seo JH, Kim YJ, et al. The restoration of myeloid-derived suppressor cells as
functional antigen-presenting cells by NKT cell help and all-trans-retinoic acid treatment.
Int J Cancer 2012; 131: 741-51.
Kusmartsev S, Su Z, Heiser A, et al. Reversal of myeloid cell-mediated immunosuppression
in patients with metastatic renal cell carcinoma. Clin Cancer Res 2008; 14: 8270-8.
Iclozan C, Antonia S, Chiappori A, et al. Therapeutic regulation of myeloid-derived
suppressor cells and immune response to cancer vaccine in patients with extensive stage
small cell lung cancer. Cancer Immunol Immunother 2013; 62: 909-18.
Nefedova Y, Fishman M, Sherman S, et al. Mechanism of all-trans retinoic acid effect on
tumor-associated myeloid-derived suppressor cells. Cancer Res 2007; 67: 11021-8.
Michels T, Shurin GV, Naiditch H, et al. Paclitaxel promotes differentiation of myeloidderived suppressor cells into dendritic cells in vitro in a TLR4-independent manner. J
Immunotoxicol 2012; 9: 292-300.
Pfannenstiel LW, Lam SS, Emens LA, et al. Paclitaxel enhances early dendritic cell
maturation and function through TLR4 signaling in mice. Cell Immunol 2010; 263: 79-87.
Sevko A, Michels T, Vrohlings M, et al. Antitumor effect of paclitaxel is mediated
by inhibition of myeloid-derived suppressor cells and chronic inflammation in the
spontaneous melanoma model. J Immunol 2013; 190: 2464-71.
Kodumudi KN, Woan K, Gilvary DL, et al. A novel chemoimmunomodulating property of
docetaxel: suppression of myeloid-derived suppressor cells in tumor bearers. Clin Cancer
Res 2010; 16: 4583-94.

2

51

CHAPTER 2

77

Nefedova Y, Nagaraj S, Rosenbauer A, et al. Regulation of dendritic cell differentiation and
antitumor immune response in cancer by pharmacologic-selective inhibition of the janusactivated kinase 2/signal transducers and activators of transcription 3 pathway. Cancer Res
2005; 65: 9525-35.
78 Lu P, Yu B and Xu J. Cucurbitacin B regulates immature myeloid cell differentiation and
enhances antitumor immunity in patients with lung cancer. Cancer Biother Radiopharm
2012; 27: 495-503.
79 Kumar V, Cheng P, Condamine T, et al. CD45 Phosphatase inhibits STAT3 transcription
factor activity in myeloid cells and promotes tumor-associated macrophage differentiation.
Immunity 2016; 44: 303-15.
80 Tu SP, Jin H, Shi JD, et al. Curcumin induces the differentiation of myeloid-derived
suppressor cells and inhibits their interaction with cancer cells and related tumor growth.
Cancer Prev Res (Phila) 2012; 5: 205-15.
81 Young MR, Wright MA, Vellody K, et al. Skewed differentiation of bone marrow CD34+
cells of tumor bearers from dendritic toward monocytic cells, and the redirection
of differentiation toward dendritic cells by 1alpha,25-dihydroxyvitamin D3. Int J
Immunopharmacol 1999; 21: 675-88.
82 Kulbersh JS, Day TA, Gillespie MB, et al. 1alpha,25-Dihydroxyvitamin D(3) to skew
intratumoral levels of immune inhibitory CD34(+) progenitor cells into dendritic cells.
Otolaryngol Head Neck Surg 2009; 140: 235-40.
83 Walsh JE, Clark AM, Day TA, et al. Use of α,25-dihydroxyvitamin D3 treatment to stimulate
immune infiltration into head and neck squamous cell carcinoma. Hum Immunol 2010; 71:
659-65.
84 Di Maio M, Gallo C, Leighl NB, et al. Symptomatic toxicities experienced during anticancer
treatment: agreement between patient and physician reporting in three randomized trials.
J Clin Oncol 2015; 33: 910-5.
85 Miltenburg NC and Boogerd W. Chemotherapy-induced neuropathy: A comprehensive
survey. Cancer Treat Rev 2014; 40: 872-82.
86 Gelao L, Criscitiello C, Esposito A, et al. Immune checkpoint blockade in cancer treatment:
a double-edged sword cross-targeting the host as an “innocent bystander”. Toxins (Basel)
2014; 6: 914-33.
87 Nishimura K, Saegusa J, Matsuki F, et al. Tofacitinib facilitates the expansion of myeloidderived suppressor cells and ameliorates arthritis in SKG mice. Arthritis Rheumatol 2015;
67: 893-902.
88 Maenhout SK, Du Four S, Corthals J, et al. AZD1480 delays tumor growth in a melanoma
model while enhancing the suppressive activity of myeloid-derived suppressor cells.
Oncotarget 2014; 5: 6801-15.

52

Chapter 3

STAT family protein and
phosphorylation state during moDC
development is altered by platinumbased chemotherapeutics
Nienke de Haas
Coco de Koning
Stefania di Blasio
Georgina Flórez-Grau
I. Jolanda M. de Vries
Stanleyson V. Hato

Journal of Immunology Research 2019; 2019: 12.

CHAPTER 3

Abstract
The STAT signaling pathway is important in dendritic cell (DC) development and
function. Tumor cells can induce STAT signaling, thereby inhibiting DC maturation
and immunostimulatory functions, leading to hampered efficacy of DC-based
immunotherapies. Platinum-based chemotherapeutics can inhibit STAT signaling,
thereby making them an interesting tool to improve DC development and function. In this
study, we provide a comprehensive overview of STAT expression and phosphorylation
during DC differentiation and maturation and investigate the effects of platinum drugs
on STAT signaling during these processes.
Monocytes were differentiated into monocyte-derived DCs (moDCs) with IL-4 and
GM-CSF and matured with cytokines or TLR ligands. STAT expression and phosphorylation
were analyzed by western blotting and moDC viability and phenotype were analyzed by
flow cytometry. Platinum drugs were added at day 3 of differentiation or at the start of
maturation to investigate regulation of the STAT signaling pathway.
All STAT proteins were expressed during moDC differentiation and STAT1, STAT5
and STAT6 were phosphorylated. No significant changes occurred in the expression
and phosphorylation state of the STAT proteins during differentiation. After maturation
with TLR ligands, expression of STAT1 increased, but other STAT proteins were not
affected. Phosphorylation of STAT1 and STAT3 increased during maturation, where TLR
ligands induced significantly higher levels of phosphorylation than cytokines. Platinum
drugs cisplatin and oxaliplatin significantly inhibited phosphorylation of STAT6 during
differentiation and maturation. Treatment did not affect the phenotype or viability of the
cells. As STAT6 is an important regulator of DC function, these findings suggest a role
for platinum-based chemotherapeutics to enhance DC function via inhibition of STAT
signaling, thereby potentially enhancing efficacy of DC-based immunotherapies.
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Introduction
The signal transducer and activator of transcription (STAT) signaling pathway is regulated
by a family of 7 STAT proteins that can be induced by over 50 cytokines, growth factors
and hormones. Binding of these factors to their receptors initiate the phosphorylation
of receptor-associated Janus kinases (JAKs). Phosphorylated JAKs subsequently form
a docking site for STAT proteins where they are phosphorylated. Phosphorylated STAT
proteins can then directly bind to DNA and regulate gene transcription.1 Additionally,
non-receptor tyrosine kinases, like the Src kinase family, can induce STAT signaling
directly in the cytoplasm.2
Mutations in proteins of the STAT signaling pathway have been linked to many human
disorders and often result in some form of immunodeficiency, indicating their important
role in modulating immune cell function.3,4 For example, STAT3 was shown to be important
in development of T cell memory5, but also induces differentiation and functional regulation
of immune inhibitory myeloid-derived suppressor cells (MDSCs).6 Furthermore, activation
of STAT proteins is critical for differentiation, phenotype and function of dendritic cells
(DCs), regulating both immunostimulatory and inhibitory mechanisms.7-9

3

Dendritic cells are the antigen presenting cells of the immune system that are present in
all tissues, where they scan their environment for signs of danger in the form of protein
antigens. After encounter with an antigen, they mature, migrate to lymph nodes and
present antigens to lymphoid cells, thereby efficiently inducing naïve T cells into antigenspecific effector T cells. This property makes them an attractive tool for stimulating antitumor immunity using immunotherapeutic approaches, such as DC vaccination.10 The
two main blood-circulating DC subsets in humans are conventional DCs and plasmacytoid
DCs (pDCs). These two subsets exert different functions in immune responses, as
conventional DCs have high cross-presentation capacity and pDCs are important in
anti-viral immunity by producing interferon-α.11 Conventional DCs mainly develop from
myeloid precursor cells originating from the bone marrow, which differentiate into
immature myeloid DCs in the spleen. pDCs, on the other hand, originate from a lymphoid
progenitor cell and differentiate in the bone marrow.12 Due to the low frequency of bloodcirculating DCs in human peripheral blood, monocyte-derived DCs (moDCs) are routinely
used as an in vitro model to study the development and function of DCs. MoDCs are
generated from peripheral blood monocytes, by addition of granulocyte-macrophage
colony stimulating factor (GM-CSF) and interleukin (IL)-4. They resemble naturally
occurring DCs in their ability to upregulate co-stimulatory molecules in response to
maturation stimuli and present captured antigens to T cells.13
Different STAT proteins are involved in the regulation of DC development and functional
maturation. STAT1 regulates pDC generation from murine progenitor cells.14 Moreover,
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STAT1 is required for the induction of antigen-specific cytotoxic T cell activity by DCs.7,15
STAT5 regulates the differentiation of DCs by inducing expansion of conventional DCs
and inhibiting development of pDCs.16,17 STAT5 is also required for DC activation through
upregulation of co-stimulatory molecules and enhanced chemokine production.18
Interestingly, STAT3 and STAT6 have both stimulatory and inhibitory effects on DCs.
Several studies have shown that STAT3 and STAT6 induce the differentiation of progenitor
cells into immature DCs.17,19-21 However, STAT3 induction by tumor-derived factors, such
as IL-6, inhibits DC maturation.22,23 Moreover, STAT3 and STAT6 negatively regulate
the immunostimulatory function of DCs by inducing the expression of the inhibitory
molecules programmed death-ligand (PD-L) 1 and 2.8,9 Additionally, STAT3 has been
described to modulate the development of tolerogenic DCs, inhibit the expression of
HLA-DR and costimulatory molecules CD80 and CD86, and reduce the ability of DCs to
prime interferon-γ production by T cells.24-27 These observations propose STAT signaling
as a possible target to modulate DC development and function.
Several studies have shown that anti-cancer platinum drugs, including oxaliplatin and
cisplatin, are regulators of the STAT signaling pathway. Platinum-based drugs can inhibit
phosphorylation of STAT1, 2, 3, 5 and 6 in cancer cells, by specifically blocking the SH2
domain of the STAT proteins, which functions as a docking site of the STAT protein to
its receptor, thereby inhibiting de novo STAT phosphorylation.28-30 Additionally, platinum
drugs affect STAT6 phosphorylation in moDCs.9 Treatment of colon cancer patients with
DC vaccination in combination with oxaliplatin resulted in functional tumor antigenspecific T cell responses, as well as improved non-specific T cell proliferation.31 This effect
is possibly caused by the inhibitory effect of oxaliplatin on STAT signaling, as exposure
of mature moDCs to platinum drugs in vitro downregulated STAT6-dependent PD-L2
expression, thereby enhancing their ability to induce T cell proliferation.9 Altogether,
these observations emphasize the potential role of platinum drugs in modulating STAT
signaling, to enhance the function and possibly the development of DCs.
Despite the wealth of evidence showing the importance of STAT signaling in DC
development and function, a comprehensive expression profile of STATs during
differentiation and maturation of (mo)DCs is still lacking. Given the reported inhibitory
effect of platinum drugs on STAT6 phosphorylation in moDCs, we aim at investigating the
role of oxaliplatin and cisplatin on the expression and phosphorylation of different STAT
proteins during moDC development. We provide an overview of the regulation of the STAT
signaling pathway during moDC differentiation and maturation using either cytokines
or TLR ligands as maturation stimuli. Furthermore, our results show that platinum
drugs significantly inhibit phosphorylation of STAT6 during both moDC differentiation
and maturation and we observed a trend in inhibition of STAT3 phosphorylation during
maturation, which was however not statistically significant. These findings suggest that
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platinum drugs could be a potential tool to enhance the function of DCs by inhibition of
STAT signaling and thereby possibly induce the efficacy of DC-based vaccines.

Material and methods
MoDC generation and culture
Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donor blood
(Sanquin, Nijmegen, the Netherlands) by density gradient centrifugation using lymphoprep
(Axis-Shield). Adherent cells were obtained as previously described.32 Immature DCs were
generated by culturing the adherent cells in X-VIVO medium (Lonza) containing 2% human
serum (Sanquin), with IL-4 (300 U/ml) and GM-CSF (450 U/ml; both CellGenix) for 6 days.
On day 6, DCs were maturated with either a cytokine cocktail containing prostaglandin E2
(PGE2; 10 µg/ml; Pfizer), tumor necrosis factor (TNF)-α (10 ng/ml), IL-1β (5 ng/ml), and IL-6
(15 ng/ml; all CellGenix), or with toll-like receptor (TLR)3 and TLR7/8 ligands, poly[I:C] (20
µg/ml; Enzo) and R848 (4 µg/ml; InvivoGen) respectively, for 24 hours.

3

Platinum treatment
MoDCs were treated with clinically relevant concentrations of platinum drugs during
differentiation or maturation.9 Oxaliplatin (5 mg/ml, TEVA), at a concentration of 4 µg/ml
or 7 µg/ml, or cisplatin (1 mg/ml, Accord), at a concentration of 2.5 µg/ml or 5 µg/ml, were
added to the culture medium, either at day 3 to day 4 or at day 6 to day 7, to investigate
the effect on differentiation and maturation, respectively. Cells were harvested by adding
4˚C PBS and were washed with PBS. Around 1 million cells were stored at 4˚C for further
flow cytometry analysis the same day and all other cells were snapfrozen and stored at
-80˚C until lysis. Purity of the harvested moDCs was on average 88%.

Flow cytometry analysis
Expression levels of maturation markers and costimulatory molecules were evaluated
using flow cytometry. Between 50,000 and 80,000 cells per well were first stained for
cell viability using Fixable Viability Dye eFluor450 (1:2000 dilution; eBioscience) in PBS
for 20 minutes. Thereafter, single stainings were performed with the antibodies shown
in table 1 (all Miltenyi) for 30 minutes in autoMACS Running Buffer (Miltenyi). Antibodies
were properly titrated to obtain an optimal signal to noise ratio. Cells were analyzed using
a FACSVerse flow cytometer (BD). Quality control of the flow cytometer's performance
and coefficient of variation (CV) values were monitored on a day-to-day basis using CS&T
beads (BD). Data was analyzed using FlowJo V10 software (Treestar) by first gating the
moDC population based on forward and sideward scatter and selecting live cells that
were negative for Fixable Viability Dye eFluor450, where after data was visualized using
Graphpad Prism software.
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Table 1 | Antibodies used for flow cytometry.
Target

Fluorophore

Clonality

Dilution

Order no.

REA isotype

APC

REA293

1:80

130-104-615

HLA-ABC

APC

REA230

1:80

130-101-466

HLA-DR/DP/DQ

APC

REA332

1:160

130-104-870

mIgG1 isotype

APC

IS5-21F5

1:80

130-113-758

CD80

APC

2D10

1:80

130-099-710

CD86

APC

FM95

1:160

130-114-095

Western blot analysis
STAT protein expression and phosphorylation status were assessed by western blotting.
Cell pellets were lysed in lysis buffer (pH 7.8) containing 50 mM Tris base, 1 mM EDTA,
150 mM NaCl (all Merck), 1% NP40 (Roche Diagnostics), 1:100 phosphatase inhibitor
cocktail 2 and 3 (Merck), 1X protease inhibitor cocktail and 1X PhosSTOP (both Roche
Diagnostics). Before polyacrylamide gel electrophoresis, Laemmli sample buffer (BioRad) was added 1:5 to cell lysates containing 25 µg of protein for STAT1, 3, 5, and 6, 100
µg for pSTAT1, 3 and 6, or 200 µg for pSTAT5. Samples were fractioned by electrophoresis
in 8% SDS-PAGE gels, using 30% 37.5:1 Acrylamide/Bis solution (Bio-Rad) and further
processed for western blot analysis.33 After blocking, the primary antibodies in table 2
were used for overnight staining at 4°C.
After washing, membranes were incubated with 1:5000 goat-anti-rabbitIRDye800
(LI-COR Biosciences, cat no 926-32211), 1:5000 goat-anti-mouseIRDye680 (LI-COR
Biosciences, cat no 926-32220) and 1:5000 goat-anti-ratIRDye680 (Invitrogen, cat no
A21096) as secondary antibodies and analyzed with the Odyssey Imaging system (LICOR Biosciences).
Table 2 | Primary antibodies used for western blotting.
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Target

Origin and clonality

Dilution

Company

Order no.

STAT1

Rabbit-polyclonal

1:1000

Cell Signaling

9172

pSTAT1

Rabbit-monoclonal

1:1000

Cell Signaling

9167

STAT3

Rabbit-monoclonal

1:1000

Cell Signaling

4904

pSTAT3

Rabbit-monoclonal

1:1000

Cell Signaling

9145

STAT5

Rabbit-monoclonal

1:1000

Cell Signaling

94205S

pSTAT5

Rabbit-monoclonal

1:250

Cell Signaling

4322T

STAT6

Rabbit-polyclonal

1:1000

SantaCruz

sc-621

pSTAT6

Mouse-monoclonal

1:1000

BD Biosciences

611567

Tubulin

Rat-monoclonal

1:1000

Novus

NB100-1639

STAT INHIBITION IN moDCs BY PLATINUM DRUGS

Statistical analysis
Western blot quantification and phenotype data are normalized to the loading control
and are depicted as relative expression to day 2 or day 6 + SEM (figure 1 and 2) or as
relative expression to control + SEM (figure 3 and 4). Statistical testing was performed
using one-way ANOVA followed by Bonferronni’s Multiple Comparison Test comparing
STAT expression and phosphorylation at all analyzed days to each other in figure 1 and 2
and the platinum conditions to their control in figure 3 and 4.

Results

3

STAT expression and phosphorylation during moDC differentiation
The expression and tyrosine phosphorylation state of STAT proteins during differentiation
of monocytes into moDCs was assessed by western blotting. Monocytes were cultured in
medium containing IL-4 and GM-CSF for 6 days. Medium was refreshed on day 3 (figure
1A). The expression and phosphorylation of STAT1, STAT3, STAT5 and STAT6 was analyzed
on moDCs at day 2 to 6 of the differentiation process. At day 2, expression of all total STAT
proteins was observed and remained at a similar level until day 6 (figure 1B,C). Additionally,
the upper band of STAT5, which is the α-isoform, increased during differentiation. Stable
levels of phosphorylated STAT1 were observed from day 2 to day 6 and phosphorylation
of STAT3 was weak or not detectable. Phosphorylation of STAT5 slightly decreased on day
4, 5 and 6 when compared to day 3 and STAT6 phosphorylation moderately increased at
day 6, but these changes were not statistically significant. Furthermore, phosphorylation
of STAT2 and STAT4 was not observed during differentiation as well as maturation and
are therefore not shown (supplementary figure 1).

STAT expression and phosphorylation during moDC maturation
On day 6, moDCs were stimulated with either a cytokine cocktail or TLR ligands and
mature moDCs were harvested at day 7 (figure 1A). Several maturation markers, such
as HLA-ABC, HLA-DR/DP/DQ and costimulatory markers CD80 and CD86, were shown
to be upregulated on moDCs compared to day 2, indicating the moDCs had a matured
phenotype (supplementary figure 2A,B). The gating strategy for viable moDCs is shown
in supplementary figure 2C. Viability of the cells did not change upon culturing from
day 2 until day 7 (supplementary figure 2D). STAT expression and phosphorylation in
moDCs harvested on day 6, before addition of the maturation stimuli, were compared
to day 7 after TLR-induced or cytokine-induced maturation (figure 2A,B). Expression of
STAT3, STAT5 and STAT6 did not change after maturation, compared to day 6, whereas
STAT1 expression significantly increased after TLR-induced maturation and remained
unchanged after cytokine-induced maturation. Furthermore, phosphorylation of STAT1
and STAT3 significantly increased after TLR-induced maturation while only a moderate
and not significant increase was observed after cytokine-induced maturation. Both
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maturation stimuli did not significantly alter STAT5 and STAT6 phosphorylation, although
cytokine maturation seemed to induce phosphorylation of STAT5 and STAT6 more than
maturation with TLR ligands.
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Figure 1 | MoDC development protocol and expression and phosphorylation of STAT proteins
during monocyte differentiation into moDCs. A: Experimental design for differentiation and
maturation of monocytes into mature moDCs. B: Expression and phosphorylation of STAT1,
STAT3, STAT5 and STAT6 on day 2 to 6, with tubulin used as loading control. One representative
band of 3 donors is shown. C: Quantification of STAT expression and phosphorylation, normalized
to tubulin, shown as relative expression to day 2 moDCs (n=3). Data are depicted as mean + SEM.
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Figure 2 | Expression and phosphorylation of STAT proteins during moDC maturation. A:
Expression and phosphorylation of STAT1, STAT3, STAT5 and STAT6 on day 6, before addition of
maturation stimuli, and day 7 after maturation with TLR ligands or cytokines, with tubulin used
as loading control. One representative band of 4 donors is shown. B: Quantification of STAT
expression and phosphorylation, normalized to tubulin, shown as relative expression to day 6
moDCs (n=4). Data are depicted as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

Platinum drugs alter expression and phosphorylation of STAT6 during
moDC differentiation
To determine the effect of platinum drugs on STAT expression and phosphorylation
during monocyte differentiation into moDCs, cells were treated with clinically relevant
doses of oxaliplatin (4 µg/ml or 7 µg/ml) or cisplatin (2.5 µg/ml or 5 µg/ml) at day 3
of differentiation. Figure 3A shows the expression and phosphorylation levels of STAT1,
STAT3, STAT5 and STAT6 on day 4 of differentiation after 24 hours of platinum treatment.
Quantification revealed that expression levels of STAT1 and STAT5 were not significantly
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altered by addition of platinum drugs (figure 3B). STAT3 expression was significantly
decreased, but only by the highest concentration of oxaliplatin and STAT6 expression
was increased, but only by the lowest concentration of oxaliplatin. Phosphorylation
of STAT1 and STAT5 were also not altered by treatment with oxaliplatin of cisplatin,
whereas phosphorylated STAT3 was not detectable at day 4. Phosphorylation of STAT6
was significantly downregulated by cisplatin at a concentration of 5 µg/ml compared to
control, and a similar trend was observed for the lowest concentration of cisplatin. The
increase observed in the expression of total STAT6 emphasizes the potency of especially
cisplatin to specifically inhibit phosphorylation of STAT6. In addition, to investigate the
effect of platinum drug treatment on the phenotype of the immature moDCs expression
of HLA-ABC, HLA-DR/DP/DQ and costimulatory molecules CD80 and CD86 was analyzed
(figure 3C). These markers were not affected by the platinum drugs, indicating that the
treatment does not alter the phenotype of the moDCs. Viability of the moDCs was also
not affected by the platinum drugs (supplementary figure 3A).

Platinum drugs alter phosphorylation of STAT3 and STAT6 during moDC
maturation
To determine the effect of platinum drugs on STAT protein expression and phosphorylation
during moDC maturation, oxaliplatin (4 µg/ml or 7 µg/ml) or cisplatin (2.5 µg/ml or 5 µg/
ml) were added at day 6, together with the maturation stimuli. Figure 4A shows STAT
protein expression levels and phosphorylation state on day 7 of maturation with TLR
ligands or cytokines in the presence or absence of platinum drugs. Oxaliplatin and cisplatin
did not significantly affect the expression of STAT1, STAT3, STAT5 and STAT6 on day 7 after
maturation with either TLR ligands or cytokines (figure 4A,B). Changes in phosphorylation
of STAT1 and STAT5 were observed, although not significant due to high donor variance and
no trend could be observed towards upregulation or downregulation of phosphorylation
by the platinum drugs. Although it was not a significant trend, a slight decrease in the
phosphorylation of STAT3 was observed by the highest concentration of cisplatin in
TLR-matured moDCs, as well as by both platinum drugs in cytokine-matured moDCs.
Furthermore, treatment of moDCs with oxaliplatin (7 µg/ml) or cisplatin significantly
inhibited the phosphorylation of STAT6 at day 7 compared to untreated, matured
moDCs. The lowest concentration of oxaliplatin significantly decreased phosphorylation
of STAT6 in cytokine-matured moDCs, but not in TLR-matured moDCs. The expression
levels of HLA-ABC, HLA-DR/DP/DQ and costimulatory marker CD86 were not affected by
treatment of the mature moDCs (figure 4C). Only the highest concentration of cisplatin
significantly inhibited the expression of CD80 on TLR-matured moDCs. Viability of the
moDCs was not affected by the treatment (supplementary figure 3B).
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Figure 3 | Expression and phosphorylation of STAT proteins and phenotype of moDCs during
differentiation in the presence or absence of platinum drugs. A: Expression and phosphorylation
of STAT1, STAT3, STAT5 and STAT6 on day 4 of differentiation in the presence or absence of
oxaliplatin (4 µg/ml or 7 µg/ml) or cisplatin (2.5 µg/ml or 5 µg/ml), with tubulin used as loading
control. One representative band of 3 donors is shown. B: Quantification of STAT expression
and phosphorylation, normalized to tubulin, shown as relative expression to untreated control
cells (n=3). Data are depicted as mean + SEM. C: Expression of HLA-ABC, HLA-DR/DQ/DQ and
costimulatory molecules CD80 and CD86 by moDCs treated with oxaliplatin (4 µg/ml or 7 µg/ml)
or cisplatin (2.5 µg/ml or 5 µg/ml) during differentiation as compared to untreated moDCs. The
mean fluorescence intensities (MFIs) of live cells are shown as mean fold of untreated control
cells + SEM (n=4). *P < 0.05.
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Figure 4 | Expression and phosphorylation of STAT proteins and phenotype of moDCs during
maturation in the presence or absence of platinum drugs. A: Expression and phosphorylation
of STAT1, STAT3, STAT5 and STAT6 on day 7 after maturation in the presence or absence of
oxaliplatin (4 µg/ml or 7 µg/ml) or cisplatin (2.5 µg/ml or 5 µg/ml), with tubulin used as loading
control. One representative band of 3 donors is shown. B: Quantification of STAT expression
and phosphorylation, normalized to tubulin, shown as relative expression to untreated control
cells (n=3). Data are depicted as mean + SEM. C: Expression of HLA-ABC, HLA-DR/DQ/DQ and
costimulatory molecules CD80 and CD86 by moDCs treated with oxaliplatin (4 µg/ml or 7 µg/ml)
or cisplatin (2.5 µg/ml or 5 µg/ml) during maturation as compared to untreated moDCs. The MFIs
of live cells are shown as mean fold of untreated control cells + SEM (n=4 (TLR maturation) or n=3
(cytokine maturation)). MoDCs matured with TLR ligands and moDCs matured with cytokines are
obtained from different donors. *P < 0.05; **P < 0.01; ***P < 0.001.
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Discussion
In this study, we provided a comprehensive profile of the expression levels and
phosphorylation state of STAT proteins during differentiation of human monocytes
into moDCs and during moDC maturation. In addition, we reported that the platinum
drugs oxaliplatin and cisplatin inhibit STAT phosphorylation during moDC development.
These results provide new insights into STAT protein expression and phosphorylation
during moDC development in vitro and have implications for the use of platinum-based
chemotherapeutics to modulate STAT expression in moDCs, thereby possibly improving
their immune stimulatory function.

3

We observed stable expression of STAT1, STAT3, STAT5 and STAT6 during differentiation.
Interestingly, the expression of the α-isoform of STAT5 increased during this process,
alluding to possible functional differences between STAT5 isoforms in DC differentiation.
Expression of phosphorylated STAT1 did not change during differentiation and
phosphorylation of STAT3 was not detected. STAT5 phosphorylation slightly decreased
on day 4 to 6 compared to day 3 of the differentiation process, which could possibly
be related to the change in STAT5 isoform expression we observed. However, this
decrease was not significant. STAT6 phosphorylation was detectable from the start of
differentiation and did also not relevantly change upon differentiation. Expression and
phosphorylation of STAT proteins can be explained by the presence of IL-4 and GM-CSF
in the culture medium during differentiation. In mouse DCs, GM-CSF has been shown to
induce expression of STAT1, STAT3, STAT5 and STAT6.34 Additionally, the GM-CSF receptor
is readily expressed in monocytes, explaining why this effect of GM-CSF is already
observed from day 2 onwards.35 GM-CSF also induced STAT5 phosphorylation in human
monocytes, which could explain the observed expression of phosphorylated STAT5
during moDC differentiation.35 In CD34+ human progenitor cells that were differentiated
using GM-CSF, high expression of STAT5 and low levels of phosphorylated STAT5 were
detected at day 3. STAT5 expression decreased until day 7, whereas phosphorylated STAT5
expression increased over the same period.36 This is different from our observations
that expression and phosphorylation of STAT5 are not significantly altered during
differentiation. This interesting difference might be caused by the different origins of the
DC subsets and could also be dependent on the difference in cytokine cocktail such as
the addition of IL-4 to the cocktail we used. IL-4 directly induces STAT6 phosphorylation
in human and mice and IL-4 and GM-CSF have a synergistic stimulatory effect on STAT1
phosphorylation in mouse studies, which correlates with our observations on STAT1
and STAT6 phosphorylation.37 Phosphorylation of STAT3 was weak or not detectable
during differentiation of monocytes, although it has been described that IL-4 can induce
phosphorylation of STAT3 in monocytes.38 This is an interesting observation as it has been
reported that induction of STAT3 phosphorylation in progenitor cells leads to inhibited
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differentiation into mature DCs and induced development of immune inhibitory MDSCs,
which could negatively affect their functionality in DC-based vaccines.39
Phosphorylation of STAT2 and STAT4 was not observed during either differentiation
or maturation, although effects of these STAT proteins on DC development and function
have been described. For example, a partial loss-of-function mutation within STAT2
reduces the amounts of both pDCs and conventional DCs in mice and impairs their ability
to mature in response to TLR stimulation. 40 Moreover, STAT2 is required for DC-mediated
cross-presentation. 41 Similarly, STAT4 induces DC maturation and enhances the capacity
of DCs to prime cytotoxic T lymphocytes. 42,43 The difference in the expression pattern of
phosphorylated STAT2 and STAT4 compared to our study are probably due to the use of
different cell types and different stimulatory cytokines.
Cisplatin significantly reduced STAT6 phosphorylation at day 4 of differentiation
when added at day 3. It has however been described that cisplatin treatment inhibits
differentiation of moDCs. After treatment of monocytes during differentiation, the
percentage of CD14+ undifferentiated monocytes increased and the percentage of CD1a
expressing mature cells decreased. 44 This indicates that adding platinum compounds
during monocyte differentiation could hamper differentiation of precursor cells into
moDCs, possibly through inhibition of STAT6 phosphorylation. However, treatment
of moDCs with platinum chemotherapeutics did not affect the expression levels
of HLA-ABC, HLA-DR/DP/DQ, CD80 and CD86 nor the percentage of cells positive
for these markers (data not shown), indicating that the possible hampering of moDC
differentiation by platinum drugs is not caused by phenotypical changes. Furthermore,
it shows that the effect of platinum drugs on STAT6 phosphorylation is not related to
changes in the phenotype. Nonetheless, given the knowledge that platinum treatment
inhibits moDC development, inhibition of STAT6 phosphorylation with platinum drugs
during differentiation might ultimately not be beneficial for DCs used in DC-based
immunotherapies.
Maturation of moDCs with TLR ligands poly[I:C] and R848 or with a cytokine
cocktail consisting of PGE2, TNF-α, IL-1β, and IL-6 had no effect on the expression or
phosphorylation of STAT5 and STAT6. The cytokine cocktail slightly induced the
phosphorylation of STAT1 and STAT3 compared to day 6. This is probably caused by the
presence of IL-6 in the cytokine cocktail, which is a known inducer of phosphorylation
of STAT1 and STAT3.23,45 However, the increase in STAT1 and STAT3 phosphorylation was
not strong, indicating that other cytokines in the cocktail might influence the effect
of IL-6 on phosphorylation or phosphorylation itself. STAT3 expression was unaltered
after maturation, whereas STAT1 expression was significantly increased by TLR ligands.
Although STAT3 is described to inhibit maturation of moDCs, phosphorylation was
strongly increased by maturation with TLR ligands.26 Phosphorylation of STAT1 was also
significantly higher after maturation with TLR3 and TLR7/8 ligands, compared to the
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cytokine cocktail. The differences in effects of the maturation stimuli on STAT1 expression
and phosphorylation can be explained by observations that TLR signaling in DCs induced
STAT1 expression and phosphorylation, whereas cytokine maturation with PGE2 and
TNF-α did not induce phosphorylation of STAT1. Additionally, PGE2 and TNF-α also did
not induce phosphorylation of STAT3 and STAT6. 46 Furthermore, moDCs themselves are
also capable of secreting cytokines that could exert autocrine and paracrine effects on
STAT expression and phosphorylation. For example, the addition of TLR ligand R848
during differentiation of moDCs increased the phosphorylation of p38 and p42, which
drives the production of IL-6 and IL-10 that can in turn induce phosphorylation of STAT3.8
This process possibly contributes to the higher level of phosphorylated STAT3 after
maturation with TLR ligands, compared to cytokines.
Phosphorylation of STAT1 has a stimulatory effect on DCs and is required for the
generation of antigen-specific cytotoxic T cells.15 As our observations indicate that TLR
ligands induce higher STAT1 phosphorylation than cytokines, TLR-induced maturation
would be favorable over cytokine-induced maturation to stimulate DC function.
This is emphasized by the observation that TLR-matured moDCs have higher T cell
stimulatory capacity than moDCs matured with cytokines. 47 However, TLR maturation
also induced higher levels of phosphorylated STAT3. STAT3 phosphorylation is related
to inhibition of DC function in several studies, as it downregulates expression of HLADR and costimulatory molecules CD80 and CD86.25,27 Furthermore, STAT3 induces PDL1 expression on DCs, which is required for the development of tolerogenic DCs and
reduces the ability of DCs to prime interferon-γ production by T cells.8,24,26 STAT6 was
also phosphorylated after maturation with TLR-ligands and induces PD-L2 expression
on moDCs, which is an important T cell inhibitory molecule.9 Therefore, inhibiting the
phosphorylation of these STATs during maturation with TLR ligands could enhance the
immunostimulatory function of moDCs. We observed a trend towards inhibition of
STAT3 phosphorylation by cisplatin when added at the start of maturation with either
cytokines or TLR ligands, although this was not significant. Cisplatin and oxaliplatin
significantly inhibited STAT6 phosphorylation during TLR-induced and cytokine-induced
maturation, confirming earlier observations that cisplatin and oxaliplatin inhibit STAT6
phosphorylation in moDCs.9 Inhibition of especially STAT6 phosphorylation by platinum
compounds could possibly explain the beneficial effect of oxaliplatin in colon cancer
patients that were treated with moDC vaccination. Combination treatment enhanced
tumor-antigen T cell responses and improved non-specific T cell proliferation, which
could be due to enhanced DC function by oxaliplatin.31

3

Our findings in moDCs indicate that combination therapy with platinum compounds
possibly also enhances the efficacy of naturally occurring blood-DC vaccines, which
are a promising alternative to moDC vaccines. 48 However, there are indications that
platinum drugs have dissimilar effects on different DC subsets. Treatment with platinum
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drugs induced the T cell proliferative capacity of both TLR-matured moDCs and CD14+
monocytes activated with the superantigen staphylococcal enterotoxin B.9,44 However,
cisplatin stimulated the development of IL-10 producing tolerogenic DCs after TLR
stimulation of bone marrow-derived mouse DCs, but there are no indications for a
similar effect in human DCs. 49 Furthermore, oxaliplatin impaired the function of TLR9
activated pDCs, possibly by upregulation of PD-L1. The differential effect could be the
result of different STAT expression profiles, as STAT3 and STAT6 phosphorylation was
not observed during pDC maturation, in contrast to what we observed during moDC
maturation. pDCs do however respond differently to oxaliplatin treatment when
activated with TLR7 ligands, which partially restored their T cell proliferative capacity.
CD1c+ myeloid DCs also induced lower T cell proliferation when treated with oxaliplatin
during TLR-induced activation.50 However, oxaliplatin enhanced the T cell stimulatory
capacity of CD1c+ myeloid DCs when treated in the presence of IL-4 and GM-CSF (data
not shown). Therefore, future research is needed to assess if platinum drugs stimulate
blood-DC subsets similar to moDCs and what adjuvants are needed to create the optimal
environment for platinum drugs to potentiate DC function. Ultimately, platinum drugs
could be an interesting potential tool to regulate the STAT signaling pathway in order to
improve DC function and enhance the efficacy of DC-based immunotherapies.
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4 to 6 of differentiation, with actin used as loading control. One representative band of at least 2
donors is shown. B: Expression and phosphorylation of STAT2 and STAT4 on day 6, before addition
of maturation stimuli and day 8 after maturation with TLR ligands or cytokines, with actin used as
loading control. One representative band of at least 3 donors is shown.
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Supplementary figure 2 | Phenotype and viability of moDCs during differentiation and maturation.
A: Representative FACS histogram plots of HLA-ABC, HLA-DR/DP/DQ, CD80 and CD86 expression
by moDCs during day 2 and 6 of differentiation and on day 7 after maturation with TLR ligands or
cytokines. B: MFI of HLA-ABC, HLA-DR/DP/DQ, CD80 and CD86 expression on moDCs during day
2 and 6 of differentiation and on day 7 after maturation with TLR ligands or cytokines. The MFIs
of live cells are shown as mean + SEM (n=4). C: Representative dotplot and FACS histogram of
the gating strategy of moDC based on FSC and SSC scatter and subsequent viable cells based on
negative staining of fixable viability dye 450 (DCM-450). D: Viability of moDCs on day 2 and 6 of
differentiation and on day 7 after maturation with TLR ligands or cytokines. Data are depicted as
mean + SEM (n=4). Day 2 and day 6-7 moDCs were obtained from different donors.
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CHAPTER 4

Abstract
Background: Melanoma is the most lethal type of skin cancer and its incidence is
progressively increasing. The introductions of immunotherapy and targeted therapies
have tremendously improved the treatment of melanoma. Selective inhibition of
BRAF by vemurafenib results in objective clinical responses in around 50% of patients
suffering from BRAFV600 mutated melanoma. However, drug resistance often results in
hampering long-term tumor control. Alternatively, immunotherapy by vaccination with
natural dendritic cells (nDCs) demonstrated long-term tumor control in a proportion of
patients. We postulate that the rapid tumor debulking by vemurafenib can synergize the
long-term tumor control of nDC vaccination to result in an effective treatment modality
in a large proportion of patients. Here, we investigated the feasibility of this combination
by analyzing the effect of vemurafenib on the functionality of nDCs.
Methods: Plasmacytoid DCs (pDCs) and myeloid DCs (mDCs) were isolated from PBMCs
obtained from buffy coats from healthy volunteers or vemurafenib-treated melanoma
patients. Maturation of pDCs, mDCs and immature monocyte-derived DCs was induced
by R848 in the presence or absence of vemurafenib and analyzed by FACS. Cytokine
production and T cell proliferation induced by mature DCs were analyzed.
Results: Vemurafenib inhibited maturation and cytokine production of highly purified
nDCs of healthy volunteers resulting in diminished allogeneic T cell proliferation. This
deleterious effect of vemurafenib on nDC functionality was absent when total PBMCs
were exposed to vemurafenib. In patients receiving vemurafenib, nDC functionality and
T cell allostimulatory capacity were unaffected.
Conclusion: Although vemurafenib inhibited the functionality of purified nDC of healthy
volunteers, this effect was not observed when nDCs were matured in the complete PBMC
fraction. This might have been caused by increased vemurafenib uptake in absence
of other cell types. In accordance, nDCs isolated from patients on active vemurafenib
treatment showed no negative effects. In conclusion, our results pave the way for a
combinatorial treatment strategy and, we propose that combining vemurafenib with
nDC vaccination represent a powerful opportunity that deserves more investigation in
the clinic.
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Background
Melanoma is a highly malignant melanocyte-derived tumor with a rising incidence. It is
the most lethal of all skin cancers, accounting for 80% of all skin cancer related deaths
while representing only 4% of all cases.1 Recently, advances in both targeted therapies,
as well as immunotherapy have finally begun to show effectiveness against metastatic
melanoma.2-7 Mutations in the BRAF signaling pathway have been identified as one of
the drivers of melanoma. Mutations in the BRAF gene can be detected in 50–60% of
cutaneous melanomas and mutations in the NRAS gene in 10–20%.8,9 These mutations lead
to constitutive activation of the mitogen activated protein kinase (MAPK) pathway, which
in turn, results in increased cell proliferation and survival.10,11 Targeted agents directed
against the MAPK pathway, mostly small molecule inhibitors, such as vemurafenib,
have recently demonstrated clinical efficacy in metastatic disease.2,3,12 Vemurafenib is a
selective inhibitor of mutated BRAF and shows great efficacy in metastatic melanoma
patients harboring the BRAFV600 mutation.2,3,12 Objective clinical responses are seen
in around 50% of all patients and the drug is generally well tolerated.2,3,12 Despite the
rapid responses and high response rates, drug resistance develops in the vast majority of
patients, which clearly is an obstacle for achieving long-term tumor control. Even more, it
has been reported that tumors might become dependent on vemurafenib, which has led
to the postulation of intermitted treatment schedule in order to prevent resistance.13
The other novel treatment modality for melanoma, which even was designated as
breakthrough of the year 2013, is the use of immunotherapy.14 Broadly immunotherapy
can be divided in cellular immunotherapy, such as dendritic cell (DC) vaccination, and
antibody-based immunotherapy, such as immune check point blockade.15 DCs are
professional antigen presenting cells that can be loaded with melanoma-associated
antigens and used to mount an immune response against tumor cells by activating
cytotoxic T cells. DC vaccination for melanoma has been explored in many phase I and
II studies. Thus far, virtually all of these clinical studies have been performed with ex
vivo differentiated monocyte-derived DCs (moDCs) or from CD34+ progenitors. Although
numerous vaccination studies demonstrated the immunogenicity of tumor antigenloaded DCs, the number of objective clinical responses has been limited, hampering its
implementation as a novel form of standard treatment. However, DC vaccination still has
untapped potential, as some stage IV melanoma patients did experience long lasting
clinical responses. Additionally, in stage III melanoma there was a favorable overall
survival benefit after adjuvant DC vaccination.16 Additionally, recent trials exploiting
naturally occurring DC subsets (nDCs), which circulate in the blood, as a vaccine vehicle
showed promising increases in overall survival.17,18
Another immunotherapeutic strategy, the blocking of CTLA-4 with ipilimumab, led to
enhanced T cell activation and increased tumor rejection and resulted in long-term tumor
control in about 20% of patients. 4,19 As number of studies showed that BRAF inhibition
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increased the number of intratumoral cytotoxic T cells and increased expression of
tumor-associated antigens on tumor cells, it was hypothesized that BRAF inhibition could
synergize with CTLA-4 blockade.20-23 Unfortunately, the first trial to study combination of
ipilimumab and vemurafenib was terminated prematurely due to severe hepatotoxicity. 24
This study showed that the combination of vemurafenib with checkpoint inhibition is
not feasible, at least not when given simultaneously. Recently, other studies investigated
the potential of combinations of more BRAF inhibitors, like dabrafenib, and checkpoint
inhibition (ipilimumab) with or without additional treatment with the MEK inhibitor
trametinib (NCT01940809 and NCT02130466). Preliminary results indicate that these
combinations are tolerated, and do not result in severe hepatotoxicity. Nevertheless,
the combination of three agents was discontinued based on the development of colitis
followed by intestinal perforation.25-27 We have recently shown that using natural bloodborne DC subsets as vehicles for DC vaccination, markedly improved responses in terms
of overall survival could be observed, with minimal toxicity.17,28 With that in mind, we
postulate that DC vaccination might be a candidate to be combined with vemurafenib.
In this preclinical study, we investigated the feasibility of combining DC vaccination
with vemurafenib by studying whether modulation of MAPK signaling pathway affected
function and maturation of nDCs in healthy volunteers or melanoma patients receiving
vemurafenib.

Methods
Cells Isolation of nDCs was described previously.29 Briefly, buffy coats were obtained
from healthy volunteers with informed consent according to institutional and
international guidelines. Blood from end-stage metastatic melanoma patients was
collected prior to start of vemurafenib treatment and after 1 month vemurafenib
therapy. This study was approved by the local Institutional Review Board (Committee
on Research involving Human Subjects Arnhem-Nijmegen) and in accordance with the
declaration of Helsinki. Written informed consent was obtained from all patients. After
peripheral blood mononuclear cells (PBMC) isolation, plasmacytoid DCs (pDCs) were
purified by positive isolation using anti-BDCA-4-conjugated magnetic microbeads, and
BDCA-1+ myeloid DCs (mDCs) were purified using anti-CD1c-conjugated microbeads
(both Miltenyi Biotec, Bergisch-Gladbach, Germany) after B cell depletion. Plasmacytoid
DC and mDC purity was routinely up to 95%, as assessed by double staining with BDCA2/CD123 or CD11c/CD1c (all Miltenyi Biotec). DCs were cultured in X-VIVO-15 (Lonza,
Verviers, Belgium) supplemented with 10% human serum (Sanquin, Nijmegen, the
Netherlands). DC maturation was induced through addition of 4 μg/ml R848 (Axxora,
San Diego, CA). Monocyte-derived DCs (moDCs) were generated from adherent PBMCs,
by culturing in the presence of IL-4 (500 U/ml) and GM-CSF (800 U/ ml) (both Cellgenix,
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Freiburg, Germany). Cells were cultured in X-VIVO 15 medium supplemented with 2%
human serum and harvested on day 6 as immature DC. Immature DC or mDCs were
activated through the addition of 4 μg/ml R848 and/or 20 μg/ml Poly I:C (SigmaAldrich).

Flow cytometry
Purity of pDCs and mDCs after isolation and the phenotype of the DC populations were
determined by flow cytometry. The following primary monoclonal antibodies (mAbs)
and the appropriate isotype controls were used: anti-BDCA1-FITC, anti-BDCA2-PE, antiBDCA4-PE and anti-CD123-APC (all Miltenyi Biotec); mIgG1-PE, mIgG1-APC, anti-CD11cFITC or -APC, anti-HLA-ABC-PE (W6/32), anti-CD80-PE, or -APC, or -PeCy7, anti-CD86-PE,
or -APC (all BD Bioscience Pharmingen, San Diego, CA, USA) anti-PD-L1-APC, anti-PDL2-PE; anti-CD40-PE, anti-CD83-PE (Beckman Coulter, Mijdrecht, the Netherlands); antiMHC-II-APC (eBioscience). The phenotype of the DC populations after treatment with
vemurafenib, dabrafenib, trametinib or a combination was determined by staining with
the following antibodies and appropriate isotype controls: anti-CD80-PE-Cy7, anti-CD86APC, anti-PD-L1-PE, anti-HLA-ABC-V450, anti-HLA-DR-BV510, mIgG1-PECy7, mIgG1-PE
(all BD biosciences) and mIgG1-APC (eBioscience).

4

Reagents
Vemurafenib (PLX4032 or RG7204) was kindly donated by Roche for study purpose.
Vemurafenib was dissolved in DMSO to a stock concentration of 1 mg/ml. The
vemurafenib stock was freshly diluted before each experiment to 60 μg/ml unless
stated otherwise. Dabrafenib and trametinib were obtained from Alsachim (IllkirchGraffenstaden, France). Both drugs were diluted freshly to 90 and 12 ng/ml, respectively.

Antigen specific T cell activation
pDCs and mDCs from a HLA-A2.1+ donor were loaded with different concentrations of
a melanoma-specific peptide (gp100280:288) or irrelevant peptide (tyrosinase369:376) in
96-well round bottom plates (10 × 103 cells per well). After approximately 2h, R848,
two concentrations of vemurafenib and gp100280:288-specific T cells (50 × 103 cells per
well) were added. After overnight incubation, CD69 and CD25 expression on the CD3+
gp100280:288-specific T cells was measured by flow cytometry using PE-Cy5 conjugated
mouse anti-human CD69, APC-conjugated CD25 and BV421-conjugated CD3 (all BD
biosciences).

Mixed lymphocyte reaction
Allogeneic peripheral blood lymphocytes (PBLs) were co-cultured with differently
matured pDCs, mDCs and moDCs in a 96-well round-bottom plate (DC/PBL ratio
1:20 with 105 PBLs). After 3 days of culture at 37°C, 1 μCi/well ([0.037 MBq]/well; MP
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Biomedicals, Amsterdam, the Netherlands) of [ 3H]-thymidine was added for 12h and
incorporation was measured in a beta-counter.

Cytokine detection
pDCs and mDCs were cultured overnight at a concentration of 105 DCs/100 μl/well in a 96well round-bottom (pDCs) or flat-bottom (mDC) plate. Supernatants were collected from
DC cultures after 16h of activation; IL-6, TNFα, RANTES, IL-10 and MIP-1α production
was measured using a human Multiplex kit (BMS817FF from eBioscience) according
to manufacturer’s instructions. IFNα production was measured by ELISA according to
manufacturer’s instructions.

Statistics
All experiments were performed at least three times and results are shown as the mean
± SEM. Data sets were either tested by a Student’s t test or by one-way ANOVA followed
by Newman–Keuls or Dunnett’s multiple comparison test.

Results
At steady-state blood concentration vemurafenib inhibits nDC maturation
and cytokine secretion in vitro
We explored whether vemurafenib had any effect on the viability, phenotype or
maturation of the nDC subsets, pDCs and mDCs. Both DC subsets were exposed to
60 μg/ml of vemurafenib, which is higher than in most other studies and higher than
the IC50 for most tumor cells in vitro.30 However, 60 μg/ml is the average steady-state
concentration (Ctrough; 34–93 μg/ml) of vemurafenib in the blood of patients treated with
vemurafenib determined in pharmacokinetic studies.3,31 As such, this is the concentration
of vemurafenib that circulating nDCs will be exposed to. This concentration of
vemurafenib had deleterious effects on nDC viability cultured in medium containing
2% human serum (figure 1, supplementary figure 1). Taking into account that >99% of
vemurafenib in the blood is protein bound and the low amount of serum (and protein)
used here, we investigated the effect of increasing the amount of serum to 5–10%. DC
viability was improved with both concentrations and 10% serum restored pDC and mDC
viability to the level of untreated cells (figure 1). In accordance with previous findings,
vemurafenib had no negative effects on T cell and B cell viability (supplementary figure
2).20 Additionally, there was no effect on the viability of pDCs and mDCs matured in
the presence of vemurafenib at a concentration of 10% human serum (figure 1). The
next step was to investigate whether exposure to vemurafenib during maturation at a
concentration of 10% human serum had any effect on the resulting phenotype. The single
stranded RNA analog R848 (agonist for TLR-7/8) was used to trigger DC maturation as it
stimulates both mDCs and pDCs. R848 induces CD40, CD80 and CD86 indicative for
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maturation of both pDCs and mDCs (figure 2A,B). However, exposure to vemurafenib
clearly hampered the maturation of these blood DC subsets as all markers failed to reach
similar expression levels as cells cultured without vemurafenib.

Figure 1 | Vemurafenib bioavailability determines survival of pDCs and mDCs. Freshly isolated
plasmacytoid DCs and myeloid DCs were cultured in increasing concentrations of vemurafenib
and human serum and cell viability was determined after 24h by FACS analysis.

4

Next, we determined whether vemurafenib could also modulate TLR-induced
proinflammatory cytokine and chemokine secretion by pDCs and mDCs. We observed
a marked decrease in the secretion of IL-6, TNFa, and IL-10 by R848 stimulated pDCs
and mDCs (figure 2C,D). Additionally, vemurafenib exposure also inhibited interferon-α
(IFNα) production by pDCs.
In order to investigate whether these observed effects were exclusively vemurafenibrelated or class-specific for BRAF inhibition, we performed similar experiments with
the BRAF inhibitor dabrafenib. Furthermore, we extended our analysis by studying the
effects of the MEK inhibitor trametinib and the different combinations of these inhibitors.
Importantly, the IC50 values for both dabrafenib and trametinib are approximately
40 times lower compared to vemurafenib under cell-free assay conditions. In vivo,
this translates into much lower levels compared to vemurafenib, the Cthrough values
for dabrafenib and trametinib are 90 and 12 ng/ml, respectively, compared to 60 µg/
ml for vemurafenib.32,33 We cultured mDCs and pDCs with the drugs either alone or in
various combinations in the presence of R848. After overnight activation we observed
that while vemurafenib inhibited the R848 induced-maturation of both pDCs and mDCs,
neither dabrafenib nor trametinib had a significant impact on the upregulation of CD80,
CD86, PD-L1, MHC-I or MHC-II (figure 3A,B). Similarly, the combination of vemurafenib
and trametinib inhibited maturation just like vemurafenib while the combination of
dabrafenib and trametinib did not (figure 3A,B). Taken together, vemurafenib exerts
negative off-target effects on both mDCs and pDCs obtained from healthy donors, while
other small molecule inhibitors with higher specificity and selectivity do not hinder mDC
or pDC maturation in vitro.
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Figure 2 | Vemurafenib impairs maturation of ex vivo cultured pDCs and mDCs. Freshly isolated
pDCs (A) and mDCs (B) were cultured ex vivo and activated with R848 in presence or absence of
60 μg/ml vemurafenib. Graphs show the cell surface expression levels of CD80, CD86, CD40, and
PD-L1 after 18h. Freshly isolated pDCs (C) and mDCs (D) were cultured ex vivo and activated with
R848 in presence or absence of 60 μg/ml vemurafenib. Graphs show the levels of the cytokines
IL-10, IL-6, TNFα and IFNα (only pDCs) measured in the supernatant after 18h. Shown is the mean
(+SEM) of six independent experiments *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3 | Dabrafenib and trametinib do not impair maturation of ex vivo cultured pDCs and
mDCs. Freshly isolated pDCs (A) and mDCs (B) were cultured ex vivo and activated with R848 in
presence or absence of 60 μg/ml vemurafenib, 90 ng/ml dabrafenib and 12 ng/ml trametinib.
Graphs show the cell surface expression levels of CD80, CD86, PD-L1, MHC-I and MHC-II after
18h. Shown is the mean (+SEM) of three independent experiments *P < 0.05; **P < 0.01; ***P <
0.001.

4

Exposure to vemurafenib leads to downregulation of MHC molecules,
decreased allostimulatory capacity, and minimally decreased antigenspecific T cell activation
The expression levels of MHC class I, and MHC class II, which are necessary to activate
CD8+ cytotoxic T cells, and CD4+ helper T cells, respectively was also measured.
Although cytotoxic T cells are the most important mediators of anti-tumor immune
responses, induction of CD4 T cells improves clinical outcome, probably by stimulating
B cell function.34,35 In addition to decreased maturation of pDCs and mDCs, maturationinduced upregulation of MHC class I and MHC class II was also diminished after exposure
to vemurafenib, indicating a possible decreased capacity of antigen presentation to T
cells (figure 4A,B). Concomitantly, there was a significant decrease in allogeneic T cell
proliferation induced by pDCs and mDCs matured in the presence of vemurafenib (figure
4C,D). The observed decrease in proliferation could not be due to increased expression
of co-inhibitory molecules after DC stimulation in the presence of vemurafenib because
PD-L2 was not expressed by either subset (data not shown) and PD-L1 upregulation was
completely absent (figure 2A,B). Thus although vemurafenib inhibits the upregulation of
PD-L1 the proliferation of allogeneic T cells is not enhanced but decreased, most likely
due to the reduced expression of MHC molecules after stimulation of DC in the presence
of vemurafenib. Furthermore, we examined whether vemurafenib affects the ability
of pDCs and mDCs to prime antigen-specific T cells. For this we made use of Jurkat T
cells that are transfected with the T cell receptor for gp100280:288. We observed that both
pDCs and mDCs activated with R848 in the presence or absence of vemurafenib and
loaded with various concentrations of the gp100280:288 peptide were able to significantly
induce the activation of Jurkat T cells as evidenced by the specific upregulation of the
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IL-2 receptor CD25 (supplementary figure 3) and the early activation marker CD69 (figure
4E,F). Although all conditions led to a significant activation compared to cells loaded with
the irrelevant tyrosinase peptide, we observed that vemurafenib negatively affected the
antigen-specific T cell receptor signaling as the level of CD69 induction was lower under
this condition. Though a clear inhibitory effect on non-antigen specific T cell proliferation
was observed, only a minute effect of vemurafenib on antigen-specific T cell activation
could be detected. This discrepancy might be caused by prolonged (3 days) culture of T
cells in the presence of vemurafenib, whereas in the antigen-specific T cell priming the
readout was after 18h. These findings reflect the potential in vitro toxicity of vemurafenib
on immune cells. Taken together, these data imply that vemurafenib minimally decreased
the antigen-specific immunostimulatory ability of blood DC subsets.

Figure 4 | Vemurafenib impairs antigen presentation and allostimulatory capacity of ex vivo
cultured pDCs and mDCs. Freshly isolated pDCs (A) and mDCs (B) were cultured ex vivo and
activated with R848 in presence or absence of 60 μg/ml vemurafenib. Graphs show the cell
surface expression levels of MHC class I and MHC class II after 18h. Mixed lymphocyte reaction
using freshly isolated, pDCs (C) and mDCs (D) stimulated with R848 in presence or absence of
60 μg/ml vemurafenib. After maturation DCs were incubated with allogeneic PBLs and T cell
proliferation was measured after 4 days with [ 3H] thymidine incorporation. pDCs (E) and mDCs
(F) from a HLA-A2.1+ donor were loaded with different concentrations of a melanoma-specific
peptide (gp100280:288) or irrelevant peptide (tyrosinase369:376) in the presence of R848 with/
without vemurafenib and gp100280:288 specific T cells. Graphs show the cell surface expression
levels of the early activation marker CD69 after overnight co-culture. Shown is the mean (+SEM)
of at least three independent experiments *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5 | The presence of immune cells mitigates the inhibitory effects of vemurafenib on DC
maturation and cytokine secretion. Freshly isolated PBMCs were cultured ex vivo and activated
with R848 in presence or absence of 60 μg/ml vemurafenib. Graphs show the cell surface
expression levels of CD80, CD86, CD40, and PD-L1 on pDCs (A) and mDCs (B) after 18h. C: Graphs
show the levels of the cytokines IL-10, IL-6, TNFα, IL-1β, and IL-5 measured in the supernatant
after 18h. Shown is the mean (+SEM) of four independent experiments *P < 0.05; **P < 0.01; ***P
< 0.001.

The presence of immune cells mitigates the inhibitory effects of
vemurafenib on DC maturation and cytokine secretion
Previous experiments studied the effects of vemurafenib on isolated, purified nDC
cultures. We wondered whether the presence of other immune cells during the exposure
to vemurafenib, as would be the case in the blood stream, would have an effect on
the outcome. To test this, we stimulated whole PBMC fractions of healthy volunteers
with R848 in the presence or absence of vemurafenib. After 24h the PBMCs were
harvested and stained for DC-specific markers and maturation markers. These strategies
allowed us to gate the DCs and quantify the expression of maturation markers (figure
5). In contrast to the purified nDC cultures the inhibitory effect of vemurafenib on pDC
maturation is less pronounced. There was a significant decrease in CD80 expression but
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there was no effect on CD86 expression (figure 5A). The maturation of mDCs on the
other hand was hardly hampered by vemurafenib (figure 5B). PD-L1 upregulation is still
inhibited by vemurafenib, showing that the compound is still active and reaching the
cells. Furthermore, analysis of secreted cytokines in response to R848 with or without
vemurafenib demonstrated no significant effects (figure 5C). Thus, vemurafenib has little
to no deleterious effects in total PBMC cultures.

Figure 6 | Vemurafenib does not inhibit ex vivo maturation of pDCs and mDCs isolated from
melanoma patients on active treatment. PBMCs were isolated from patients before and after
1 month on vemurafenib treatment. A: The frequency of pDCs and mDCs in the PBMCs was
measured by FACS analysis. B: Freshly isolated PBMCs from melanoma patients after 1 month
on vemurafenib treatment were cultured ex vivo and activated with R848. Graphs show the cell
surface expression levels of CD80, CD86, PD-L1, MHC-I, and MHC-II on pDCs and mDCs after
18h. C: Freshly isolated PBMCs from melanoma patients after 1 month on vemurafenib treatment
were stimulated with PHA and T cell proliferation was measured after 4 days with [3H] thymidine
incorporation. Shown is the mean (+SEM) of seven independent experiments *P < 0.05; **P <
0.01; ***P < 0.001.
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Vemurafenib does not inhibit ex vivo maturation of pDCs and mDCs
isolated from melanoma patients on active treatment
We isolated PBMCs from three melanoma patients before and after 1 month receiving
vemurafenib 960 mg BID. We did not observe any significant change in the frequency
of either pDCs or mDC after one month of vemurafenib treatment (figure 6A). We
investigated the effect of vemurafenib on pDC and mDC maturation by stimulating freshly
isolated PBMCs from patients on vemurafenib treatment in vitro with R848. These pDCs
and mDCs matured normally, indicated by the significant increase in CD80, CD86, PD-L1
and MHC-I (only for pDCs) (figure 6B). Additionally, the levels of DC maturation before
start of vemurafenib and after one month on vemurafenib were similar (supplementary
figure 4). Next, we investigated the effect of vemurafenib treatment on T cell activation.
We isolated PBMCs from seven patients receiving vemurafenib and induced non-specific
T cell proliferation by addition of PHA, which led to significant T cell proliferation in all
cases (figure 6C). From a subset of these patients we also compared T cell proliferation
before and 1 month after start of vemurafenib and saw no differences (supplementary
figure 4). From these data, we can conclude that vemurafenib does not negatively affect
the frequency of nDC subsets in the blood, nor affects their maturation and also has no
negative effects on T cell function.

4

Discussion
Approximately 50% of melanoma tumors have an activating mutation in BRAF V600.8,9
This has led to the development of specific BRAF inhibitors such as vemurafenib
and dabrafenib. Despite the rapid and impressive response rates, treatment with
vemurafenib is limited due to the short duration of the response caused by rapid onset
of resistance.2,12,36 Other therapeutic opportunities in order to improve the efficacy of
vemurafenib might be found in the combination with DC vaccination. Currently, DC
vaccination faces the opposite set of challenges compared to vemurafenib. Many patients
do not respond to initial treatment, possibly due to the enormous challenge of fighting a
high tumor load in late stage patients. However, the patients that do respond have longlasting tumor control with life expectancy measured in years instead of months.17,34,37,38
This provides the tantalizing possibility of combining vemurafenib with DC vaccination.
Vemurafenib treatment could lead to a rapid decrease in tumor load, giving the immune
system enough time to mount an effective anti-tumor response that can eliminate
residual tumor cells and vemurafenib resistant tumor cells.
Here, we performed an exploratory preclinical, ex vivo, study on the feasibility of
combining vemurafenib treatment with DC vaccination; specifically, we studied the
potential off-target effects of vemurafenib on human natural blood DC subsets, which
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appear to be the superior vehicles for DC vaccination.17,28,39 We found that the availability
of vemurafenib is a crucial component in testing its toxicity. In this study, we used the
concentration of vemurafenib, which is found at steady state pharmacokinetics in patients
undergoing treatment.31,40 This is in contrast to other studies that have looked at the
toxicity of vemurafenib on immune cells, including lymphocytes and monocyte-derived
DCs using very low concentrations of vemurafenib (0.5–5 µg/ml).20,41 We reasoned that
our chosen concentration was the amount of vemurafenib that these blood-borne DCs
would be exposed to. Initial experiments showed that this concentration of 60 µg/ml
was toxic for pDCs and mDCs. Increased levels of human serum relieved this toxicity,
which could be attributed to the fact that the majority of vemurafenib in the blood
stream (>99%) is protein bound, thus reducing the concentration of free vemurafenib. 42
These results already illustrate that it is very difficult to recreate the correct physiological
contexture when doing in vitro experiments and that one should always exercise caution
when drawing conclusions. So at this concentration vemurafenib had no effect on nDC
viability, but we did observe a clear and significant inhibition of DC maturation and
cytokine secretion. However, when replicating this experiment using the whole PBMC
fraction instead of the purified nDC subsets, we observed that vemurafenib had no effect
on DC maturation, or cytokine secretion by the PBMCs. This could again be attributed
to vemurafenib availability and thus the limited uptake of vemurafenib by the pDCs and
mDCs. Finally, we studied pDCs and mDCs in PBMC fraction obtained from patients
before and after 1 month of vemurafenib treatment. Likewise, DCs were not hampered in
their ability to mature. Taken together our results clearly show no sign of negative effects
of vemurafenib on DC subsets of patients undergoing treatment. DC frequencies remain
the same during treatment and also their function and maturation is unaffected. In all,
the combination of vemurafenib with DC vaccination seems feasible.
One major concern with combination regimens is the increased risk of toxicity. Indeed
the combination of vemurafenib with ipilimumab was unsuccessful because of increased
hepatotoxicity. Currently, a phase II study evaluating the safety and benefit of sequential
treatment with vemurafenib and ipilimumab is ongoing (NCT01673854) which is an
approach to potentially decrease toxicity while gaining activity. The PD-1 receptor
is another inhibitory receptor on T-cells that functions as an immune checkpoint. 43,44
Monoclonal antibodies that block PD-1, or its ligand PD-L1 (which is expressed on tumor
cells) have demonstrated excellent clinical activity in patients with metastatic melanoma,
while generally being less toxic than ipilimumab.5-7,45 One multi-modality approach
would be the combination of vemurafenib with PD-1 or PD-L1 blockade. The combination
vemurafenib and PD-L1 blockade is currently under investigation (NCT01656642). In light
of our results, we would propose the combination of vemurafenib with DC vaccination.
An increase in toxicity due to this combination treatment is not foreseen, as the toxicity
level of DC vaccination on its own, is low consisting mostly of flu-like symptoms (grade
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1–2 toxicity).16,17,46,47 Other interesting targeted therapies are dabrafenib, trametinib, or
the combination of dabrafenib and trametinib and combining those with DC vaccination.
Indeed the combination of dabrafenib and trametinib seems to be more effective while
not having a higher toxicity profile than vemurafenib monotherapy, though for the
moment vemurafenib is still first line therapeutic option.27
Lastly, in biopsies of melanoma metastases, an increased T cell infiltration after
vemurafenib treatment was seen. Furthermore, a correlation between CD8 infiltration
and clinical response was observed.22 This again indicates no negative effects of
vemurafenib on tumor-specific immune responses. Indeed the increased expression
of tumor associated antigens by tumor cells after exposure to vemurafenib might even
synergize with the activation of tumor-specific T cells by the DC vaccine, making this
combination all the more attractive.23

Conclusion

4

Our data shows that vemurafenib does not inhibit the functionality of naturally circulating
DC subsets in the context of a complete immune system. Additionally, we show that
pDCs and mDCs isolated from metastatic melanoma patients treated with vemurafenib
display normal functionality. Given the extremely mild toxicity profile of DC vaccination,
our results pave the way for a combinatorial treatment strategy consisting of combining
vemurafenib with pDC and/or mDC vaccination. This protocol would combine the best of
both worlds, rapid and efficient tumor debulking by vemurafenib with long lasting antitumor immune responses induced by DC vaccination.
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Supplementary materials

Supplementary figure 1 | Freshly isolated pDCs were cultured ex vivo and activated with R848
in presence or absence of increasing concentration of vemurafenib. Graphs show the levels
IFNα measured in the supernatant after 18h. Shown is the mean (+SEM) of three independent
experiments.

4

Supplementary figure 2 | Indicated immune cell subsets were cultured in increasing
concentrations of vemurafenib and cell viability was determined after 24h by FACS analysis. Shown
is the mean (+SEM) of three independent experiments.
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Supplementary figure 3 | Vemurafenib has minimal negative effect on gp100-specific T cell
priming. pDCs and mDCs from a HLA-A2.1+ donor were loaded with different concentrations of
a melanoma-specific peptide (gp100280:288) or irrelevant peptide (tyrosinase369:376) in the presence
of R848 with/without vemurafenib and gp100280:288 specific T cells. Graphs show the cell surface
expression levels of CD25 after overnight co-culture. Shown is the mean (+SEM) of three
independent experiments.
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4

Supplementary figure 4 | A: PHA induced T cell proliferation before and after 1 month on
vemurafenib treatment. B: Freshly isolated PBMCs from melanoma patients before and after one
month on vemurafenib treatment were cultured ex vivo and activated with R848. Graphs show the
cell surface expression levels of CD80, CD86, PD-L1, MHC-I, and MHC-II on pDCs and mDCs after
18h.
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CHAPTER 5

Abstract
Cancer immunotherapy has improved patient survival, however still the majority of
patients does not respond. Efficacy is limited by tumor-induced immune-suppressive
mechanisms, including recruitment of monocytic myeloid-derived suppressor cells
(moMDSCs). Suppressive mechanisms of moMDSCs are dependent on STAT3 signaling,
which can be inhibited by platinum-based chemotherapeutics. Here, we investigated
the effects of platinum-based drugs on the development and suppressive capacity of
moMDSCs in vitro and in patient material. Furthermore, we assessed the importance of
MDSCs in the survival of DC-vaccinated melanoma patients.
The effect of platinum drugs in vitro was investigated by generating MDSC-like cells
by co-culturing monocytes with tumor cells. Platinum drugs inhibited development and
suppressive capacity of MDSC-like cells through a COX-2/STAT3-dependent mechanism.
MoMDSCs isolated from cisplatin-treated cancer patients were decreased in number and
lost their suppressive capacity after treatment, indicating similar effects in vivo. A trend
was observed towards decreased moMDSC frequencies in long surviving metastatic
melanoma patients compared to short survivors after DC vaccination.
These results indicate that platinum-based chemotherapeutics inhibit MDSC
development and suppressive capacity in vitro and in vivo. Furthermore, eradication of
moMDSCs by treatment with platinum-based drugs potentially enhances the efficacy of
DC vaccination and could synergize with other immunotherapies as well.
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Introduction
Immunotherapy is a promising treatment for multiple types of cancer, including
melanoma, non-small cell lung cancer, renal cell cancer and head and neck cancer
(HNSCC). Especially with the development of checkpoint inhibitors against Programmed
cell death protein (PD)-1 and Cytotoxic T-Lymphocyte Associated protein (CTLA)-4 the
survival of melanoma patients has increased drastically compared to conventional
chemotherapies. However, the majority of the patients unfortunately does not respond
to currently available immunotherapies.1 An important limiting factor in immunotherapy
efficacy is the tumor itself, as it inhibits anti-tumor immunity by several mechanisms,
including downregulation of major histocompatibility complex (MHC) class I to prevent
recognition by T cells and upregulation of T cell inhibitory molecules like programmed
death ligand 1 (PD-L1).2,3 Furthermore, the tumor attracts suppressive immune cells to
the tumor microenvironment, including myeloid-derived suppressor cells (MDSCs). 4
MDSCs are a phenotypically heterogeneous group of immature myeloid cells that can be
divided into two major populations: the polymorphonuclear MDSCs and the monocytic
MDSCs (moMDSCs) based on expression of CD15 or CD14, respectively. MoMDSCs,
which are investigated in this study, are expanded during cancer progression by tumorderived factors, like granulocyte-macrophage colony-stimulating factor (GM-CSF) and
very efficiently inhibit the immune system.5 Many studies illustrate that moMDSCs are
important in cancer progression, as their frequency is increased in the blood of cancer
patients.6-10 Furthermore, high frequencies of moMDSCs are correlated with disease
progression and poor survival of advanced-stage melanoma patients.11 The frequency
of moMDSCs is also correlated with decreased efficacy of immunotherapies, including
adoptive cell therapy, DC vaccination and anti-CTLA-4 treatment.12-14 This makes
moMDSCs an important target for enhancement of immunotherapy efficacy. A potential
method for inhibition of moMDSCs is targeting of signal transducer and activator of
transcription (STAT) signaling. STAT3 is an important regulator of moMDSC expansion
and suppressive activity, as it directly induces production of the enzymes NADPH oxidase
2 (NOX2) and arginase-I, which are responsible for inhibition of T cell differentiation,
proliferation and activation.15-20

5

Platinum compounds are used to treat several types of cancer, because of their ability
to bind and damage DNA, leading to cell death. Many studies have shown that platinum
drugs are also potent inhibitors of STAT signaling.21 Treatment of cancer cells with platinum
compounds inhibited phosphorylation of STAT6 and STAT3, which contributes to tumor
regression by inhibition of cell proliferation and survival.22-24 This effect of platinum drugs
is caused by direct blockade of the SH2 domain of the STAT proteins, which prevents
phosphorylation and thereby inhibits activation of STAT signaling.25 The STAT regulating
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effect of platinum drugs contributes to clinical responses of patients to cisplatin treatment,
as HNSCC patients with STAT3 or STAT6 positive tumors had increased survival after
cisplatin-based concomitant chemoradiotherapy compared to patients with negative
tumors.22,25 In addition to tumor cells, platinum drugs also exhibit immunomodulatory
properties, as they can inhibit STAT signaling in myeloid cells. Treatment of dendritic
cells (DCs) with cisplatin, carboplatin and oxaliplatin enhanced their ability to stimulate
T cells by inhibition of STAT6 phosphorylation and subsequent down-regulation of PDL2 expression.22 Additionally, oxaliplatin inhibited phosphorylation of STAT3 and STAT6
in IL-4 stimulated pDCs.26 Multiple cellular pathways are regulated by STAT signaling and
can therefore also be affected by platinum drugs, including prostaglandin E2 (PGE2),
which is a direct product of the cyclooxygenase 2 (COX-2) enzyme.27,28 Inhibition of COX-2
with celecoxib reduced the suppressive capacity of MDSCs, possibly via reduced STAT3
signaling.28,29 COX-2 has also been described as a transcriptional target of STAT3 signaling,
indicating the presence of a positive feedback loop.30
The expansion and function of moMDSCs are thus highly dependent on STAT signaling
and especially STAT3. This is emphasized by the finding that blocking of STAT3 with the
specific inhibitor AG490 inhibited their suppressive function, indicating the potential of
STAT inhibition for MDSC eradication.28 In this study, we investigated the effects of STAT
inhibiting platinum drugs on the suppressive capacity and expansion of moMDSCs in vitro
and in patient material. We also investigated the importance of moMDSCs in the clinical
response of DC-vaccinated melanoma patients. The results obtained in this study indicate
a possible role for the use of platinum-based chemotherapeutics in enhancing the efficacy
of DC vaccination and possibly other immunotherapies by inhibiting moMDSCs.

Materials and methods
Healthy donor blood and patient material
MDSC-like cells were differentiated from CD14+ cells isolated from healthy donor buffy
coats obtained from the Karolinska University Hospital blood center (ethical permit:
#20010305,01-50). Additionally, moMDSCs were isolated from healthy donor buffy coats
(Sanquin, Nijmegen, the Netherlands) and blood obtained from HNSCC patients treated
in the Radboud university medical center. Blood collection of patients was approved
by the local Institutional Review Board (Regional Ethical Review Board in Stockholm
and Committee on Research involving Human Subjects Arnhem-Nijmegen) and in
accordance with the declaration of Helsinki. Written informed consent was obtained
from all patients. Peripheral Blood Mononuclear Cells (PBMC) were isolated from the
blood by density gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare Life
Sciences) or lymphoprep (Axis-Shield).
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Tumor-educated MDSC-like cells
The melanoma cell line THFR was established from a patient at the oncology clinic of
the Karolinska University Hospital. To exclude the influence of long-term in vitro culture
induced alterations, fourth passage cells were used. Cells were thawed, grown confluent
in T75 flasks (Corning Life Sciences) in IMDM medium (Gibco) + 10% heat-inactivated
fetal bovine serum (FBS), trypsinized and fifth passage THFR cells were used for cocultures with monocytes to educate them into MDSC-like cells. Monocytes were purified
from healthy donor PBMCs using CD14 microbeads and LS columns (Miltenyi Biotec). In
brief, 400,000 THFR melanoma tumor cells were seeded in a 6-well plate and 1 million
CD14+ monocytes were added in a total volume of 3 ml IMDM medium + 10% human
serum (HS). Monocytes cultured without tumor cells were used as controls. CD14- PBMCs
were cultured in the same medium in another 6 well plate in a density of 5 million cells
per ml. After 3 days, co-cultured monocytes (MDSC-like cells) and control monocytes
were harvested and purified from the tumor cells using HLA-DR microbeads (Miltenyi
Biotec) according to manufacturer’s instructions. Autologous T cells were purified
from the CD14- PBMCs using the Pan T cell Isolation Kit (Miltenyi Biotec, cat no: 130096-535) according to manufacturer’s instructions. To evaluate the effects of platinumbased drugs on MDSC induction, subclinical dosages of 2.0 µg/ml oxaliplatin (Fresenius
Kabi) or 2.0 µg/ml cisplatin (Teva Pharmaceuticals) were added to the tumor co-culture
wells.31,32 Suppression assays with MDSC-like cells were performed as described below.

5

Isolation of patient moMDSCs
PMBCs were isolated from advanced stage HNSCC patients without distant metastases
that received concomitant chemoradiotherapy with weekly cisplatin for 6 weeks. Isolated
cells were stored overnight at 4˚C. Subsequently, T cells were isolated using the Pan T cell
Isolation Kit and a LS column (Miltenyi Biotec) according to manufacturer’s instructions.
The T cell negative fraction was stained with CD14-PerCP (2 µl/mln cells, cat no: 345786)
and HLA-DR PE-Cy7 antibodies (1 µl/mln cells, cat no: 335830, both BD Biosciences) in
PBS with 0.1% bovine serum albumin (BSA) and 0.4% ethylenediaminetetraacetic acid
(EDTA) for 30 minutes. CD14+ HLA-DR- cells were sorted with a FACSAria (BD Biosciences)
using BD FACSDiva software.

T cell suppression assay
To demonstrate the suppressive capacity of tumor-educated monocytes, 100,000 T
cells, labeled with 1.4 µM carboxyfluorescein succinimidyl ester (CFSE; Biolegend), were
co-cultured with MDSCs in ratios 1:2 and 1:4 (MDSCs:T cells) in a U-bottom 96-wells plate
in IMDM medium supplemented with 10% HS. T cells were activated with 1 µl (40,000
beads) CD3/CD28 Dynabeads® (Gibco) per 100,000 T cells in a total volume of 200 µl.
After 4 days of incubation, cells were harvested and analyzed by flow cytometry as
described below. Platinum drugs in a concentration of 1 µg/ml of oxaliplatin (Fresenius
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Kabi) or 0.5 µg/ml of cisplatin (Teva Pharmaceuticals) were added to the co-cultures to
assess the ability of these drugs to rescue the T cells from being suppressed by MDSCs.
To demonstrate the suppressive capacity of moMDSCs obtained from HNSCC patients
and to assess the effect of cisplatin treatment of these patients, moMDSCs were isolated
before the first dosage, before the 3rd weekly dosage of cisplatin-based concomitant
chemoradiotherapy to analyze the effect during treatment and two weeks after the
6th weekly dosage to analyze the effect after therapy. 25,000 T cells were co-cultured
with moMDSCs in ratios of 1:2 or 1:4 in a U-bottom 96-wells plate in X-vivo medium
(Lonza) + 2% HS with at least 3 technical replicates. T cells were activated with 0.125 µl
(5,000 beads) CD3/CD28 Dynabeads® per 25,000 T cells. After 3 days, proliferation was
assessed by tritium incorporation. 50 µl of supernatant was stored at -20˚C for analysis of
IFN-γ secretion by the T cells.

Flow cytometry
To determine the mechanisms involved in moMDSC induction, intracellular staining was
performed for the expression of COX-2 in MDSC-like cells and control monocytes right
after harvesting from the tumor co-culture. Cells were first stained for viability with
fixable viability dye eFLuor® 780 (eBioscience), then fixed with BD Cytofix fixation buffer
and subsequently permeabilized using BD Phosflow Perm Buffer III (BD Biosciences)
according to manufacturer’s instructions, before staining with COX2 PE antibody (Santa
Cruz Biotechnology). Intracellular expression of phosphorylated STAT3 at Ser727 and
Tyr705 was analyzed by fixation and permeabilization as mentioned above and staining
for intracellular proteins using pSTAT3-Ser72 AF488 and pSTAT3-Tyr705 PE antibodies
(both BD Biosciences). Additionally, T cell proliferation after co-culture with MDSC-like
cells was measured by flow cytometry using the dilution of CFSE. 7-AAD was used as a
dead cell marker and CD3 Pacific BlueTM (Biolegend) was used to gate on T cells. Data was
acquired on a LSR II flow cytometer (BD Biosciences) using BD FACSDiva software and
analyzed with FlowJo software (Treestar).
PBMC fractions of untreated metastatic melanoma patients, healthy donors and
HNSCC patients before the first dosage and two weeks after the 6th dosage were
stained with an antibody panel containing CD33 PE, CD15 PerCP-Cy5.5, PD-L1 PE-Cy7,
HLA-DR,DP,DQ AF647, HLA-ABC V450, HLA-DR BV510 (all BD Biosciences), CD14 FITC
(Miltenyi) and CD11b APC-Cy7 (Biolegend). Cells were first blocked with PBA + 2% HS
for 10 minutes and subsequently stained with the antibody panel for 40 minutes. Data
was acquired on a FACSVerse (BD Biosciences) using BD FACSuite software and analyzed
with FLowJo Software.
Frozen PBMC fractions of metastatic melanoma patients were collected during
treatment with DC vaccination. Patients were categorized as short or long survivors
based on overall survival of <12 months or >24 months after start of DC vaccination,
respectively. PBMCs of patients and healthy donors were thawed and stained with an
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antibody panel containing CD11b PE, HLA-DR PerCP, CD15 PE-Cy7 (all Biolegend), CD14
FITC (Miltenyi) and CD33 APC (BD Biosciences). Viability was first measured by staining
with fixable viability dye eFLuor® 780 for 20 minutes. Thereafter, cells were blocked with
PBA + 2% HS for 10 minutes and stained with the antibody panel for 20 minutes. Data
was acquired on the CyAn ADP analyzer using Summit Software (both Beckman Coulter)
and analyzed with Flowjo software.

Enzyme-linked Immunosorbent Assay for IFN-γ secretion
50 µl supernatant of the patients’ moMDSC-T cell co-culture was taken after 3 days of
incubation and stored at -20˚C until further analysis. The concentration of secreted
IFN-γ was determined by a sandwich ELISA using the IFN-γ human uncoated ELISA
kit (Invitrogen, cat no: 88-7316-88) according to manufacturer’s instructions. Briefly,
96-wells plates (Greiner Bio-One) were coated with anti-human IFN-γ capture antibody.
After incubation at 4˚C overnight, plates were washed with PBS/Tween (0.05%) and
blocked with ELISA/ELISPOT diluent (Invitrogen). IFN-γ standards (Invitrogen) and
supernatants were added into the respective wells and incubated for 2 hours at room
temperature. After washing 5x with PBS/Tween, the concentration of IFN-γ was
detected using a biotinylated anti-human IFN-γ detection antibody (Invitrogen) and a
Streptavidin–horseradish peroxidase (HRP) conjugate (Invitrogen). HRP activity was
detected using tetramethyl benzidine (TMB; Invitrogen). Absorption at 450 nm was
measured using an iMark Microplate Reader (Bio-Rad) and absorption values at 560 nm
were subtracted for more accurate results.

5

Statistical analysis
Data was analyzed using Prism software version 5.0 (GraphPad Software). Statistical
significance was analyzed using one-way ANOVA when 3 or more groups were compared
or two-tailed student’s t-test when 2 groups were compared, where P-values <0.05 were
considered significant. All data are depicted as mean + SEM.

Results
Platinum drugs inhibit development and suppressive capacity of tumorinduced MDSC-like cells
To study the effect of platinum-based drugs on development and suppressive capacity of
moMDSCs in vitro MDSC-like cells were induced by co-culturing monocytes from healthy
individuals with primary melanoma tumor cells for 3 days (figure 1A). To investigate the
effect of platinum drugs on the induction of MDSC-like cells, cisplatin (2.0 µg/ml) and
oxaliplatin (2.0 µg/ml) were added during the co-culture of monocytes with tumor cells.
Subsequently, harvested MDSC-like cells were co-cultured with stimulated autologous T
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cells for 4 days to investigate the suppressive capacity of the MDSC-like cells. Untreated
MDSC-like cells did significantly suppress T cell proliferation, shown as the percentage of
proliferated T cells, but only in a ratio of 1:2 to T cells (figure 1B). Treatment of the MDSClike cells during development with cisplatin or oxaliplatin diminished the suppressive
capacity to the level of control monocytes. Additionally, to investigate the effect of
platinum drugs on the suppressive capacity of induced MDSC-like cells, cisplatin (0.5
µg/ml) or oxaliplatin (1.0 µg/ml) were added to the co-culture of MDSC-like cells with
stimulated T cells. Treatment with oxaliplatin partially inhibited the suppressive capacity
of the MDSC-like cells, although not significant (figure 1C).
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Figure 1 | Platinum drugs inhibit development and suppressive capacity of MDSC-like cells. A:
Experimental design for induction of MDSC-like cells and the suppression assay with MDSC-like
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Platinum drugs inhibit MDSC-like cells through a COX-2/STAT3
dependent mechanism
To explore if COX-2 and STAT3 inhibition by platinum-based chemotherapeutics
could explain the inhibitory effect of these drugs on the MDSC-like cells, intracellular
expression levels were measured in MDSC-like cells developed in the presence or
absence of platinum drugs. COX-2 expression was significantly higher in tumor-induced
MDSC-like cells, compared to control monocytes (figure 2A). Furthermore, treatment
of MDSC-like cells with oxaliplatin during development significantly reduced COX-2
expression. Intracellular levels of STAT3 phosphorylation levels at serine 727 (S727) and
tyrosine 705 (Y705) were also analyzed in MDSC-like cells developed in the presence
or absence of platinum drugs. Tumor education clearly upregulated the expression
of pSTAT3-S727 in MDSC-like cells, whereas pSTAT3-Y705 did not increase during
this process (figure 2B). Treatment with cisplatin and oxaliplatin reduced the level
of phosphorylation at both sites to that observed in monocytes. These observations
indicate that platinum chemotherapeutics are able to inhibit phosphorylation of STAT3 in
MDSC-like cells, possibly via COX-2 inhibition, which contributes to their inhibitory effect
on the development and suppressive capacity of MDSCs in vitro.

Platinum drugs inhibit the frequency and suppressive capacity of
patient-derived moMDSCs
To explore the effects of platinum drugs on moMDSCs derived from cancer patients,
CD14+HLA-DR- moMDSCs were isolated from the blood of HNSCC patients. Figure 3A
shows that the experimental setup that was used resulted in the isolation of suppressive
moMDSCs when cultured in a ratio of 1:2 with autologous T cells stimulated with CD3/
CD28 beads, as measured by tritium incorporation by the T cells. In addition, isolated
moMDSCs also significantly inhibited IFN-γ production by T cells in these patients
(supplementary figure 1). To assess the effect of platinum chemotherapeutics on the
frequency and suppressive capacity of moMDSCs in vivo, moMDSCs of HNSCC patients
treated with cisplatin were isolated from peripheral blood by FACS sorting. The frequency
of moMDSCs was significantly higher in HNSCC patients before cisplatin treatment
compared to healthy donors (figure 3B; supplementary figure 2A). Interestingly, the
frequency of moMDSCs in peripheral blood was significantly decreased two weeks
after the 6th dosage of cisplatin compared to before start of therapy. MoMDSCs isolated
from 3 individual HNSCC patients before cisplatin treatment significantly suppressed
T cell proliferation of autologous T cells (figure 3C). Two weeks after the 6th dosage of
cisplatin chemotherapy, moMDSCs isolated from these patients lost their suppressive
capacity, indicating that platinum drugs also affect moMDSC suppressive capacity in vivo.
MoMDSCs isolated during cisplatin treatment, before the 3rd dosage, were suppressive
in 2 out of 3 patients, suggesting that multiple dosages of cisplatin are needed to
diminish the suppressive capacity of moMDSCs (supplementary figure 3A). Additionally,
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T cell IFN-γ production was measured after co-culture with patient-derived moMDSCs.
MoMDSCs isolated from 2 out 3 patients did not suppress IFN-γ production before start
of cisplatin treatment (supplementary figure 3B). In the patient with IFN-γ suppressing
moMDSCs, treatment with cisplatin did partially restore IFN-γ production.
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Melanoma patients have increased frequencies of moMDSCs that
correlate to survival after DC vaccination
As moMDSCs are important negative regulators of anti-tumor immune responses,
inhibition of these suppressive cells could enhance the efficacy of immunotherapies
like DC vaccination, which is tested in clinical trials for the treatment of metastasized
melanoma. Analysis of the blood of untreated metastatic melanoma patients showed
that, similar to HNSCC patients, melanoma patients have increased frequencies of
moMDSCs (figure 4A; supplementary figure 2A). Additionally, moMDSC frequencies in
frozen PBMCs obtained from metastatic melanoma patients with a short overall survival
of less than 12 months after DC vaccination treatment was compared to the frequency in
frozen PBMCs of patients that had an overall survival of more than 24 months after DC
vaccination. Short survivors had a significantly higher frequency of moMDSCs compared
to the healthy donors (figure 4B; supplementary figure 2B). This was also the case when
melanoma patients were categorized based on progression-free survival of less than
12 months or more than 24 months (data not shown). Interestingly, a clear trend was
observed towards a lower frequency of moMDSCs in long survivors compared to short
survivors, where the level observed in long survivors was comparable to that in healthy
donors. This indicates that targeting moMDSCs might be beneficial for the efficacy of DCbased immunotherapies.
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Discussion
In this study, we investigated the effects of platinum-based chemotherapeutics on the
development and suppressive capacity of moMDSCs in vitro and in patient material. With
an in vitro model for the development of moMDSCs by co-culturing monocytes with
tumor cells, MDSC-like cells can be obtained that closely resemble moMDSCs isolated
from melanoma patients in both phenotype as well as suppressive capacity.28,33 We
showed that treatment of these MDSC-like cells with clinical dosages of the platinum
drugs cisplatin and oxaliplatin during development reduced their suppressive capacity.
Furthermore, the suppressive capacity of tumor-induced MDSC-like cells could partially
be inhibited by oxaliplatin, when added during the co-culture with T cells.
To unravel the mechanisms by which platinum drugs inhibit the development and
suppressive capacity of moMDSCs, we analyzed the COX-2/PGE2/STAT3 signaling
axis. STAT3 is an important regulator of the suppressive capacity of MDSCs, as it
induces NOX2, which facilitates the production of reactive oxygen species by MDSCs,
leading to oxidative stress.15 This results in loss of the T cell receptor (TCR)ζ-chain and
nitrosylation of CCL2, leading to decreased T cell activation and recruitment and induced
immunosuppressive myeloid cell infiltration.16,17 Furthermore, STAT3 signaling induces
arginase-I production by MDSCs, which depletes arginase from the environment and
also results in loss of the TCRζ-chain.18-20,34 In cancer cells, the COX-2 enzyme and its
product PGE2 have been described as inducers of STAT3 signaling, which contribute to
cancer progression.35,36 Furthermore, high expression of COX-2 and subsequent PGE2
production are also mechanisms by which tumor cells induce MDSC formation.37,38
COX-2 is an important regulator of suppressive functions of MDSCs, which is in
agreement with our finding that tumor-induced MDSC-like cells express high levels of
COX-2 compared to non-suppressive monocytes.28 Similar observations were done in
antigen-presenting cells, which upregulate COX-2 after treatment with tumor-derived
factors that inhibit their differentiation, which resembles our in vitro MDSC generation
protocol.39 Treatment with oxaliplatin during MDSC-like cell generation inhibited the
upregulation of COX-2 and thereby prevented the development of suppressive MDSCs.
As COX-2 activity is linked to STAT signaling via a positive feedback loop, the effect of
platinum drugs on the phosphorylation of STAT3 on both phosphorylation sites, serine
727 (S727) and tyrosine 705 (Y705), was assessed in the MDSC-like cells. Co-culture of
monocytes with tumor cells induced the expression of pSTAT3-S727, which is similar to
moMDSCs derived from patients that express high levels of STAT3 and increased STAT3
phosphorylation.6 Both cisplatin and oxaliplatin reduced STAT3 phosphorylation at S727
to the level observed in monocytes. Basal levels of pSTAT3-Y705 were already high in
monocytes and did not increase upon MDSC-like cell development. Both platinum drugs
inhibited STAT3 phosphorylation at Y705, which we have also observed in monocytederived DCs. 40 Conclusively, platinum drugs inhibit the expression of COX-2 as well as the

5
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phosphorylation of STAT3. It is most likely that this is caused by inhibition of STAT signaling
by the platinum drugs, leading to inhibition of the expression of its transcriptional target
COX-2, as a direct effect of platinum drugs on COX-2 has not been described.30
To validate the effects of the platinum chemotherapeutics on moMDSCs in vivo
we isolated moMDSCs from patient blood by cell sorting based on CD14 and HLADR expression. When cultured in a 1:2 ratio with autologous T cells, these isolated
moMDSCs significantly inhibited T cell proliferation. By isolating moMDSCs from the
blood of HNSCC patients that were treated with cisplatin, we were able to determine
the moMDSC frequency and analyze the suppressive capacity after in vivo cisplatin
treatment. Patients received concomitant chemoradiotherapy with 6 weekly dosages
of cisplatin and moMDSCs were isolated before, during (before 3rd dosage) and after
(2 week after the 6th dosage) treatment. The percentage of moMDSCs was significantly
lower after cisplatin treatment compared to before treatment. This effect of cisplatin
was also shown in murine cancer models and can possibly be explained by the results
obtained in MDSC-like cells showing that platinum drugs inhibit the development of
moMDSCs. 41,42 Furthermore, moMDSCs isolated from patients before cisplatin treatment
significantly inhibited autologous T cell proliferation, whereas moMDSCs isolated after
cisplatin treatment did not. MoMDSCs isolated after 2 dosages of cisplatin were only
suppressive in 2 out of 3 patients, suggesting that cisplatin treatment for a longer period
might be necessary to inhibit moMDSC suppressive capacity in vivo. This might explain
why a single dosage of oxaliplatin before each cycle of DC vaccination did not enhance
the clinical outcome of colon cancer patients. 43 We observed that untreated moMDSCs
inhibited T cell proliferation, but did not inhibit IFN-γ production in 2 out of 5 patients.
Furthermore, moMDSCs isolated after cisplatin treatment lost their ability to inhibit T cell
proliferation, but could still significantly inhibit IFN-γ production in 2 out of 3 patients.
This indicates that moMDSCs can inhibit T cell proliferation without significantly affecting
IFN-γ production and vice versa, which is a phenomenon that has been described
before. 44 Additionally, cisplatin treatment of moMDSCs did not consistently restore IFN-γ
production by T cells as was the case for T cell proliferation.
To evaluate the relevance of moMDSCs in the context of melanoma, blood samples of
untreated metastatic melanoma patients were collected and analyzed for the frequency
of moMDSCs. Similar to the results in HNSCC patients, melanoma patients have higher
amounts of moMDSCs compared to healthy individuals. Furthermore, the relevance
of moMDSCs in relation to the clinical outcome of melanoma patients treated with
DC-based immunotherapy was assessed by comparing the frequency of moMDSCs in
the blood of short survivors versus long survivors after DC vaccination. A clear trend
was observed towards a decrease in moMDSC frequency in long survivors compared
to short survivors. This indicates that the presence of moMDSCs is a prognostically
unfavorable factor and might be an interesting therapeutic target for enhancing efficacy
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of DC vaccination. It has been shown that the efficacy of immunotherapies, including
adoptive cell therapy and anti-CTLA-4 checkpoint blockade, is limited by the presence
of moMDSCs. This emphasizes that eradication of moMDSCs by platinum-based drugs
might also enhance the efficacy of other immunotherapies and provides implications for
using combination therapies in melanoma as well as other cancer types.13,14
Collectively, our findings show that platinum drugs inhibit the development and
suppressive capacity of moMDSCs in vitro and in vivo through a COX-2/STAT3-dependent
mechanism. Furthermore, the presence of moMDSCs is correlated to worse clinical
outcome of DC-vaccinated patients, indicating that eradication of moMDSCs by treatment
with platinum chemotherapeutics, could enhance the efficacy of DC vaccination and
could synergize with other immunotherapies as well.
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CHAPTER 6

Abstract
Background: Autologous dendritic cell (DC) vaccines can induce tumor-specific T cells,
but this effect can be counteracted by tumor-mediated immunosuppressive mechanisms.
Cisplatin has shown to have immunostimulatory effects in vivo which could enhance the
clinical efficacy of DC vaccination.
Methods: In this prospective, randomized, open label phase 2 study (NCT0228541),
stage III and IV melanoma patients were included that received 3 biweekly vaccinations
of gp100 and tyrosinase mRNA-loaded monocyte-derived DCs with or without cisplatin.
Primary objectives were immunogenicity and feasibility, and secondary objectives were
toxicity and survival.
Results: Twenty-two stage III and 32 stage IV melanoma patients were analyzed. Antigenspecific CD8+ T cells were found in 44% versus 67% and functional T cell responses in
28% versus 19% of skin-test infiltrating lymphocytes in patients receiving DC vaccination
with and without cisplatin, respectively. Four patients stopped cisplatin because of
toxicity and continued DC monotherapy. No therapy-related grade 3 or 4 adverse events
occurred due to DC monotherapy. During combination therapy one therapy-related
grade 3 adverse event (decompensated heart failure due to fluid overload) occurred.
In stage III melanoma patients, median recurrence-free survival was 45.9 months after
combination treatment compared to 9.6 months after DC monotherapy (P = 0.245). In
stage IV patients, median progression-free survival was 4.7 months after combination
treatment versus 3.0 months after DC monotherapy (P = 0.101).
Conclusions: Combination of DC vaccination and cisplatin in melanoma patients is
feasible and safe, but does not seem to result in more tumor-specific T cell responses or
improved clinical outcome, when compared to DC vaccination monotherapy.
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Introduction
Based on their capacity to activate and prime naïve T cells, dendritic cells (DCs) are
the most efficient antigen-presenting cells of the immune system. This makes them
ideal candidates to be exploited for vaccination therapies.1 Studies with autologous
DC vaccines have shown to induce tumor-specific immune responses in both lymph
node involved (stage III) and metastatic (stage IV) melanoma patients.2 Despite
immunological responses, objective clinical responses are rare in stage IV melanoma
patients.3-5 In stage III patients, a higher percentage of immunological responses to DC
vaccination are observed. This can be explained by the ability of the tumor to induce
an immune suppressive environment by downregulation of Major Histocompatibility
Complex (MHC) I, which is needed for recognition of the tumor cells by cytotoxic T cells,
and upregulation of suppressive molecules, like Programmed Death Ligand (PD-L)1.6,7
Furthermore, the tumor is able to recruit and induce suppressive immune cells in the
tumor microenvironment (TME), thereby hampering the anti-tumor immune responses
induced by immunotherapy.8 Stage III melanoma patients have a lower tumor burden
and concomitant less immune suppression, which possibly explains the favorable overall
survival (OS) in stage III melanoma patients who received adjuvant DC vaccination
compared to matched controls.9 These observations will now be evaluated in our
randomized phase 3 trial (NCT02993315).
Combination strategies with therapies modulating the immunosuppressive TME may
strengthen the effect of DC vaccination. Platinum-based chemotherapeutics are widely
used for several types of cancer.10,11 Cisplatin was also tested in metastatic melanoma
patients, as monotherapy and in combination with other types of chemotherapy,
interferon (IFN) or interleukin (IL)-2. However, no significant clinical benefit was
observed and the induced toxicity was higher than with the chemotherapeutic
dacarbazine, which was the preferred systemic therapy at time of trial.12-15 The rationale
to combine DC vaccination with cisplatin is based on the ability of cisplatin to not only
cross-link DNA and inhibit mitosis, but to also have immunomodulatory effects.16 In vitro
platinum drugs cause inhibition of signal transducer and activator of transcription (STAT)
signaling via decreasing phosphorylation of different STAT proteins.17 STAT proteins each
have a different effects on the anti-tumor response.18,19 For example, diminished STAT6
phosphorylation results in downregulation of T cell-inhibitory molecule PD-L2 on both
DCs and tumor cells, which enhances tumor cell recognition by T cells.11,19 More recently,
preclinical studies showed that cisplatin may upregulate MHC class I expression on
tumor cells and upregulate the lytic activity of cytotoxic effector T cells.16 Furthermore,
it has been shown that cisplatin can improve recruitment of immune effector cells to the
TME and enhances their proliferation and at the same time causes downregulation of
immunosuppressive cells in the TME by reducing levels of myeloid-derived suppressor
cells (MDSCs) and regulatory T cells (Tregs).16,20 In addition to this effect on the TME, a
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reduction in circulating Tregs was found in patients with non-small cell lung cancer after
treatment with cisplatin and vinorelbine.21 Finally, it was recently observed that cisplatin
can induce immunogenic cell death.22
In a preclinical tumor model, synergy between vaccination with synthetic long
peptides of human papillomavirus type (HPV) 16 and cisplatin was shown. Combined
treatment led to highly infiltrated tumors with HPV-specific tumor necrosis factor
(TNF)-α and IFN-γ producing T cells, and significantly decreased tumor cell proliferation
compared to single treatment.23 Combining DC vaccination with cisplatin may have a
similar synergistic effect, as the immunostimulatory effects of cisplatin could potentially
improve the efficacy of the antigen-specific T cells induced by DC vaccination.
The aim of this study was to explore whether the combination of autologous DC
vaccination and cisplatin in stage III and IV melanoma patients is feasible and safe,
and whether it leads to better immunological and clinical responses compared to DC
vaccination monotherapy.

Materials and methods
Patient characteristics
Patients between 18 and 70 years of age with histologically confirmed stage III or IV
melanoma, both with a cutaneous (American Joint Cancer Committee (AJCC) 7th edition)24,
uveal (AJCC 7 th edition)25 or unknown melanoma were eligible. Additional key eligibility
criteria included: WHO performance status of 0 or 1; melanoma expressing gp100
(compulsory) and tyrosinase (non-compulsory); normal serum lactate dehydrogenase
(LDH); life expectancy of at least 3 months; serum creatinine level < 150 μmol/L; start
of adjuvant DC vaccination within 2 months of radical lymph node dissection (RLND)
in stage III patients and at least one measurable target lesion according to Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1 in stage IV patients. Key exclusion
criteria were: any prior chemotherapy, immunotherapy or radiotherapy within 4 weeks
of the first vaccination; symptomatic brain metastases; rapidly progressive symptomatic
disease; a history of any second malignancy in the previous 5 years; autoimmune disease
or serious active infections; concomitant use of immunosuppressive drugs and a known
allergy to shell fish due to the use of Keyhole Limpet Hemocyanin (KLH) protein. The
trial (NCT0228541) was approved by the Central Committee on Research Involving Human
subjects and in concordance with the Declaration of Helsinki. Written informed consent
was obtained from all patients.
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Study design and treatment
In this open-label phase 2 study, patients were randomly assigned in a 1:1 ratio to
receive autologous DC vaccination with or without cisplatin, stratified for disease stage
(III versus IV). Irresectable stage III was considered stage IV disease. All patients were
vaccinated with autologous cytokine-matured monocyte-derived DCs electroporated
with mRNA encoding gp100 and tyrosinase and pulsed with KLH. Patients received 3
biweekly vaccinations, followed by a delayed-type hypersensitivity (DTH) skin test
(supplementary figure 1). Two additional cycles of vaccinations were administered at
6-month intervals in absence of disease progression. Cisplatin (50mg/m2, maximum of
100mg/dose) was given intravenously 1-2 hours before DC injection. The dose was based
on in vitro experiments, evaluating the effect on cytokine production of DCs.19 As cisplatin
is highly emetogenic, the standard antiemetic regime consisted of dexamethasone
(10 mg intravenously on day 1 or 12 mg orally on day 1-4), aprepitant, ondansetron and
metoclopramide. Since February 2014, this regime changed to 12 mg orally on day 1-4.
Primary objectives of the study were immunological response and feasibility of the
addition of cisplatin to DC vaccination. Therefore, patients were replaced when no DTH
skin test was performed. Secondary objectives were toxicity, recurrence-free survival
(RFS), progression-free survival (PFS) and overall survival (OS). Toxicity was assessed
according to the National Cancer Institute Common Terminology Criteria for Adverse
Events (CTCAE) version 3.0. Tumor evaluation was performed at baseline and every 3
months thereafter by physical examination in stage III patients and by a CT scan of chest
and abdomen evaluated according to RECIST version 1.1 in stage IV patients, until disease
recurrence or progression.

Vaccine production
Monocytes were enriched from leukapheresis products as described before. 26
Monocytes were cultured in X-VIVO 15 medium (Lonza) supplemented with 2% human
serum (HS; Sanquin), IL-4 (500 U/ml), GM-CSF (800 U/ml) (both Cellgenix) and KLH (10
μg/ml, Calbiochem). DCs were matured with a cocktail of 10 ng/ml TNF-α, 5 ng/ml IL1β, 15 ng/ml IL-6 (all Cellgenix) and prostaglandin E2 (10 μg/ml, Pharmacia & Upjohn).27
Cells used for the DTH skin test were cultured without KLH. DCs were electroporated
with mRNA encoding gp100 or tyrosinase, as previously described.28 Patients could only
participate if the predefined phenotypic minimal release criteria for the DC product that
were applied in this clinical trial were met.29 DCs were administered both intradermally
(maximum of 10 x 106 cells in 200 μl NaCl 0.9% + 5% HS) and intravenously (maximum of
20 x 106 cells in 1 ml NaCl 0.9% + 5% HS).

6

Flow cytometry
Phenotype of the ex vivo generated DCs was characterized by flow cytometry with the
following monoclonal antibodies (mAbs): anti-HLA-ABC-PE, anti-HLA-DR-PE, anti-
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CD80-PE, anti-CD83-PE, anti-CD86-PE, anti-CD3-PE, anti-CD25-PE, anti-CD95-PE (all
BD Biosciences), anti-CD14-PE (Sanquin Reagents), anti-HLA-DQ-PE, anti-CD20-PE
(both Biolegend) and anti-CCR7-PE (Miltenyi Biotec). For intracellular staining, NKI/
beteb (IgG2b) against gp100 and T311 (IgG2a; Cell Marque) against tyrosinase were used.
Flow cytometry was done using a FACSCalibur flow cytometer equipped with CellQuest
software (BD Biosciences).
The presence of Tregs and monocytic (M)-MDSCs was analyzed in PBMCs isolated
from heparinized blood collected prior to the apheresis and prior to the first DTH skin
test by Ficoll-Paque density centrifugation. The antibody panel used for the identification
of Tregs consisted of fixable viability dye 780, FoxP3-Alexa488 (both Ebioscience), antiCD3-BV605 (Biolegend), anti-CD4-BV510 and anti-CD25-BV421 (both BD Biosciences).
M-MDSCs were analyzed with anti-CD33-APC (Biolegend), anti-CD14-BV421, antiHLA-DR-BV510 and anti-CD11b-BV605 (all BD Biosciences) antibodies. Flow cytometry
was done using a FACSLyric equipped with FACSuite software (BD Biosciences). Tregs
were identified as CD3+CD4+CD25+FoxP3+ cells. M-MDSC were analyzed as HLA-DRCD14+CD11b+CD33+ cells. Analyses were done using FlowJo software version 10.0.7
(Treestar).

KLH-specific proliferation
PBMCs were stimulated with KLH (4 µg/2 x 105 PBMCs; Immucothel, Biosyn) in X-VIVO
15 with 2% HS. After 3 days, cells were incubated with 3H-thymidine for 8 hours and
incorporation was measured with a β-counter. Experiments were performed in
sextuplicate and stimulation with ovalbumin was used as negative control. Proliferative
response to KLH is given as the proliferation index (proliferation with KLH/proliferation
without KLH).

Skin-test infiltrating lymphocyte culture analysis
Skin tests were performed 1-2 weeks after each vaccination cycle as described previously.30
Briefly, DCs electroporated with gp100 and/or tyrosinase (1 x 106 DCs maximum in total)
were thawed and injected intradermally at the back of patients at 4 different sites. After
2 days, punch biopsies (6 mm) were taken. Half of each biopsy was manually cut and
cultured for 2-4 weeks in RPMI-1640 containing 7% HS and IL-2 (100 U/ml, Novartis).
Skin-test infiltrating lymphocyte (SKIL) cultures and PBMCs from HLA-A2.1-positive
patients were stained with HLA-A2.1 tetrameric-MHC complexes containing the
epitopes gp100:154-162, gp100:280-288 or tyrosinase:369-377 (Sanquin), as described
before.31 Human Immunodeficiency Virus (HIV) was used as negative control. Tetramer
positivity (TM+) was defined as at least a two-fold increase in the double positive
population of CD8+TM+ cells compared to the negative control. In HLA-A2.1-positive
patients, the production of IFN-γ was measured in supernatants after 16 hours of coculture with different target cells: T2 cells pulsed with gp100:154-162, gp100:280-288
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or tyrosinase:369-377; BLM cells (a HLA-A2.1-positive melanoma cell line with no
endogenous expression of gp100 and tyrosinase) transfected with gp100, tyrosinase
or control antigen G250; and Mel624 cells (a HLA-A2.1-positive, gp100-positive and
tyrosinase-positive tumor cell line). Cytokine analysis was performed by cytometric bead
array (CBA; human Th1/Th2 FlowCytomix multiplex kit, eBioscience).
In HLA-A2.1-negative patients, cytokine production by SKILs was determined by using
autologous Epstein-Barr Virus-transformed B (EBV-B) cells as described by van Nuffel et
al.32 Autologous EBV-B cells were generated from PBMCs and electroporated with mRNA
encoding full-length gp100 or tyrosinase (Curevac GmbH). Carcinoembryonic Antigen
(CEA) was used as a negative control. MRNA-loaded EBV-B cells were co-cultured 1:1 with
SKILs for 24 hours. Afterwards, expression of the early activation markers CD69, CD107a
and CD137 on CD8+ T cells was analyzed. Phorbol myristate acetate (PMA)-stimulated (5
µg/mL; Sigma-Aldrich) SKILs were used as positive control. After 24 hours of co-culture,
cytokine production was measured with CBA.

Multiplex immunofluorescence staining
Tumor tissue resected prior to the start and after experimental therapy was collected
from a comparable organ of origin of the same patient. Formalin-fixed paraffin embedded
(FFPE) tumor material of 5 patients (2 stage III and 3 stage IV) in the combination arm
and 7 patients (4 stage III and 3 stage IV) in the monotherapy arm was available. From
one patient with a partial response to combination therapy, cryopreserved tissue of
an excised in-transit metastasis prior to start of therapy was compared to an excised
clinically responding in-transit metastasis during therapy.
Three-color multiplex immunohistochemistry (mIHC) using Opal 7-Color IHC Kit
(NEL801001KT, Perkin Elmer) was performed manually on 4 µm FFPE or frozen tissue
sections for the detection of STAT3 and phosphorylated STAT3 (pSTAT3). Sections from
FFPE tissue were first deparaffinized and sections from frozen tissue were first dried,
fixed in 4% formaldehyde for 10 minutes and washed with phosphate buffered saline
(PBS). Heat-induced epitope retrieval and antibody-TSA complex removals were
performed in 10 mM citrate buffer (pH 6, CBB999, ScyTek Laboratories) by microwaving
for 15 minutes after boiling. Tissue sections were subjected to anti-STAT3 1:100 (4904P,
clone 79D7, Cell Signaling) with Opal 650 and anti-pSTAT3 1:100 (9145L, clone D3A7, Cell
Signaling) with Opal 520.
A seven-color mIHC for the detection of different lymphocyte populations was
applied using the BOND RX IHC & ISH Research Platform (Leica Biosystems) on tissue
sections stained with anti-CD45RO 1:1000 (MS-112, clone UCHL-1, Thermo Scientific) with
Opal 620, anti-CD8 1:200 (M7103, clone C8/144B, Dako) with Opal 690, anti-CD20 1:600
(MS-340-S, clone L26, Thermo Scientific) with Opal 570, anti-CD3 1:200 (RM-9107, clone
Sp7, Thermo Fisher) with Opal 520, anti-Foxp3 1:100 (14-4777, clone 236A/E7, eBioscience
Affymetrix) with Opal 540, and a melanoma mix consisting of HMB-45 (M063401, clone
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HMB45, Dako), Mart-1 1:300 (MS-799, clone A103, Thermo Immunologic), Tyrosinase
1:200 (MONX10591, clone T311, Monosan) and SOX-10 1:500 (383R, clone EP268, Cell
Marque) with Opal 650. All BOND RX epitope retrievals and antibody-TSA complex
removals were performed using BOND Epitope Retrieval 2 (AR9640, Leica Biosystems).
Blocking steps were performed with Antibody Diluent for 10 minutes, primary antibody
incubations for 1 hour, secondary antibody Opal Polymer HRP Ms + Rb incubations for
30 minutes and Opal reagent incubations for 10 minutes, all at room temperature, either
manual or automated. Tissue was counterstained with 4′,6-diamidino-2-phenylindole
(DAPI) and mounted with Fluoromount-G (0100-01; Southern Biotech). A similar sevencolor mIHC was performed manually on cryopreserved tissue with anti-granzyme B
1:300 (ab134933, clone EPR8260, Abcam) with Opal 690 and anti-CD8 1:1600 with Opal
570, replacing anti-CD20. Heat-induced epitope retrieval and antibody-TSA complex
removals were performed in citrate buffer for 5 minutes after boiling. For analysis,
CD3+CD8- cells were considered CD4+ T cells.
The slides were scanned using the Automated Quantitative Pathology Imaging
System Vectra 3.0.4. (PerkinElmer Inc.). Regions of interest were selected using
Phenochart version 1.0.9 (PerkinElmer Inc.) for multispectral imaging at 20 times
magnification. InForm version 2.2.1. (PerkinElmer Inc.) was used for spectral unmixing of
Opal fluorophores, DAPI and autofluorescence and downstream imaging analysis.
For pSTAT3 analysis, the percentage nuclei containing pSTAT3 was counted separately
by two investigators. Divergent results were discussed to reach consensus. For
lymphocyte analysis, a selection of 30-35 representative original multispectral images
were used to train inForm to distinguish tumoral from stromal tissue and background
based on DAPI and autofluorescence. Settings for adaptive cell segmentation were based
on DAPI and membrane signals. All settings applied to the training images were saved
in an algorithm to allow batch analysis. Segmented cell data was converted into Flow
Cytometry Standard (FCS) files and analyzed using FlowJo software. Immune cells were
phenotyped by manual gating and divided by the surface area of the tissue region (mm2).

Statistical analysis
Sample size was based on an anticipated 30% immunological response rate for the arm
without and 70% in the arm with cisplatin. RFS (stage III patients), PFS (stage IV patients)
and OS (all patients) was calculated from the date of apheresis to the date of recurrence,
progression or death, using the Kaplan-Meier method. Difference between treatment
groups was evaluated using a log-rank test. Recurrence and progression were censured
in case of non-melanoma related death. Follow-up duration was determined from date of
apheresis to date of last follow-up and censored for death. Paired t-tests were performed
to evaluate KLH responses before and after vaccination and independent-samples
t-tests were used to evaluate differences in increase in KLH proliferation between
groups. For TM+CD8+ T cells and functional T cells, differences between groups were
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evaluated using a Chi-Square test or 2-sided Fisher’s Exact test in case of expected count
<5. P-values <0.05 were considered significant. IBM SPSS Statistics version 25.0 (IBM
Corp.) and Graphpad Prism 5.03 (GraphPad Software inc.) were used for statistical
analysis and data visualization.

Results
Patient and vaccine characteristics
Sixty patients were screened and included in the trial (supplementary figure 2) of
whom 6 were replaced. Two stage IV patients were excluded because no acceptable DC
product could be produced from the apheresis material and 4 stage IV patients were
excluded since they had progressive disease prior to the first immunological assessment.
Therefore, 54 patients were included in the final analysis: 22 stage III and 32 stage IV
melanoma patients. They were randomly assigned to receive either DC vaccination alone
or combined with cisplatin. In all patients included, except for one, a DC product meeting
the predefined minimal release criteria could be produced from the first apheresis
(supplementary figure 3A). In the remaining patient this was achieved after a repeated
apheresis. Flow cytometry confirmed intracellular protein expression of both gp100 and
tyrosinase in DCs (supplementary figure 3B). In two patients, the yield was insufficient
for 3 vaccinations, therefore apheresis was repeated during the first cycle.
Baseline characteristics of immunologically evaluable patients are summarized in table
1. Overall, in the stage III group, 5 patients (23%) had stage IIIA, 6 (27%) had stage IIIB, and
10 (45%) had stage IIIC disease. Most patients (73%) with IIIC melanoma were randomized
to receive monotherapy. Ten patients (45%) completed all 3 cycles of 3 vaccinations; 6
patients receiving combination therapy and 4 patients with DC monotherapy.
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Table 1 | Baseline characteristics.
Stage III melanoma patients

Stage IV melanoma patients

DC vaccination DC vaccination DC vaccination DC vaccination
+ cisplatin
+ cisplatin
(n = 11)
(n = 11)
(n = 16)
(n = 16)
Sex, n (%)
Male
Female

9 (82)
2 (18)

9 (82)
2 (18)

8 (50)
8 (50)

10 (63)
6 (38)

Age (years)
Median (range)

53 (25-69)

48 (25-67)

61 (34-69)

54 (30-69)

HLA-A2.1, n (%)
Positive
Negative

7 (64)
4 (36)

9 (82)
2 (18)

5 (31)
11 (69)

9 (56)
7 (44)

Site of primary melanoma, n (%)
Skin
Eye
Unknown primary
Primary not assessed

10 (91)
0 (0)
1 (9)
0 (0)

10 (91)
0 (0)
0 (0)
1 (9)

12 (75)
3 (19)
1 (6)
0 (0)

12 (75)
1 (6)
3 (19)
0 (0)

AJCC stage (7th edition)a, n (%)
IIIA
IIIB
IIIC
IIIX

2 (18)
1 (9)
8 (73)
0 (0)

3 (27)
4 (36)
3 (27)
1 (9)

n.a.

n.a.

Adjuvant radiotherapy, n (%)
No
Yes

7 (64)
4 (36)

8 (73)
3 (27)

n.a.

n.a.

n.a.

n.a.

1 (6)
3 (19)
5 (31)
7 (44)

1 (6)
4 (25)
4 (25)
7 (44)

n.a.

7 (44)
8 (50)
1 (6)
1 (6)
1 (6)
0 (0)

12 (75)
3 (19)
0 (0)
0 (0)
0 (0)
2 (13)

M stage at inclusion, n (%)
M0
M1a
M1b
M1c

Prior treatment for stage IV disease, n (%)
n.a.
No
Surgery
Radiotherapy
Targeted therapy
Chemotherapy
Regional perfusion
a
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T he appropriate American Joint Committee on Cancer (AJCC) TNM system was used for both cutaneous
(7 th edition)24 and uveal (7 th edition)25 melanomas.
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The stage IV group included 26 patients (81%) with metastatic cutaneous melanoma, 2
(6%) with irresectable stage III disease, and 4 (13%) with metastatic uveal melanoma.
Only 5 patients (19%) completed 2 cycles and thereof 2 (9%) completed the total of 3
cycles of vaccinations. One patient in the combination group with stable disease at the
first evaluation scan at 3 months, was referred for palliative surgical resection of a stable
ileal metastasis to lower the risk of a gastrointestinal bleeding. At clinical data cutoff
April 23th 2019, median follow-up was 62.3 months in stage III and 64.9 months in stage
IV patients.

Adverse events
All evaluable patients (n = 54) were included in the safety analysis (table 2). The remaining
4 patients who did not complete at least one cycle, showed no striking features in their
toxicity profile. In the combination group, frequent adverse events included nausea
and fatigue. One treatment-related grade 3 adverse event occurred, consisting of
decompensated heart failure due to fluid overload. Cisplatin was stopped because of
adverse events in 4 patients (15%) based on decompensated heart failure, a deep venous
thrombosis, persistent grade 2 tinnitus and grade 2 nausea and fatigue. DC vaccination
was continued as monotherapy in all 4 patients. The dose of cisplatin was reduced in 1
patient after vaccination 5 because of grade 2 nausea. Treatment-related adverse events
leading to dose interruptions occurred in 2 patients treated with cisplatin; due to grade
2 tinnitus or grade 2 thrombocytopenia. In the group treated with DC monotherapy, the
most frequent adverse events were flu-like symptoms usually lasting less than 48 hours
and injection site reactions. No grade 3-4 events were observed.
Table 2 | Treatment-related adverse events.
DC vaccination
(n = 27)

DC vaccination + cisplatin P-value
(n = 27)

Grade 1 Grade 2

Grade 1 Grade 2 Grade 3

6

Number of events (%)
Any event

2 (7)

18 (67)

7 (26)

1 (4)

0.159

Injection site reaction

22 (81)

20 (74) 1 (4)

10 (37)

0

0

0.008

Flu-like symptoms

19 (70)

3 (11)

17 (63)

0

0

0.092

Nausea

4 (15)

0

15 (56)

3 (11)

0

<0.001

Vomiting

4 (15)

0

1 (4)

3 (11)

0

0.091

Creatinine increased

2 (7)

0

3 (11)

0

0

0.639

Constipation

0

0

7 (26)

0

0

0.005

Fatigue

0

0

4 (15)

3 (11)

0

0.018

Tinnitus

0

0

3 (11)

2 (7)

0

0.064

Adverse events that occurred in at least 10% of patients and were classified as possibly, probably or
definitely related to the treatment by the investigator are depicted.
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Induction of de novo immune responses
DCs were loaded with the control antigen KLH to test their capability to induce de novo
immune responses. PBMCs obtained after consecutive vaccinations showed an increase
in KLH-specific T cell proliferation in all patients compared to baseline with no significant
difference in mean increase between both treatment groups (P = 0.453; figure 1A). In
addition, no significant difference in mean increase was observed between stage III and
IV patients (data not shown).
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Figure 1 | Immunological responses. A: KLH-specific T cell proliferation was measured before
the start of therapy and after each vaccination of the first cycle in PBMCs of melanoma patients.
The proliferative response to KLH is depicted as a proliferation index (proliferation with KLH/
proliferation without KLH). The highest proliferation index of the three consecutive vaccinations
of the first cycle is shown. B: PBMCs were tested for TM+CD8+ T cells recognizing gp100 or
tyrosinase in HLA-A2.1-positive patients. SKILs were tested for TM+CD8+ T cells recognizing
gp100 or tyrosinase in HLA-A2.1-positive patients (C) and a functional T cell response in all
patients (D). * P < 0.001, DC dendritic cell, KLH Keyhole Limpet Hemocyanin, ns not significant,
PBMC peripheral blood mononuclear cell, SKIL skin-test infiltrating lymphocytes, TM tetramer.

Induction of tumor antigen-specific T cells
The presence of gp100- and tyrosinase-specific CD8+ T cells was tested with HLA-A2.1
tetrameric MHC-peptide complexes in both PBMCs and T cells cultured from biopsies
of DTH injection sites (SKILs) of HLA-A2.1-positive patients. Eighteen patients received
combination therapy and 12 patients DC monotherapy. TM+CD8+ T cells were found in
PBMCs of 2 patients, 1 in each treatment group (figure 1B). TM+CD8+ T cells were found
more frequently in SKILs, in 16 out of 30 patients (53%) (figure 1C). There was no
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difference between treatment groups, as TM+CD8+ SKILs were present in 67% of patients
in the monotherapy group and 44% in the combination group. In stage III patients, 33%
treated with combination therapy compared to 86% treated with DC monotherapy had
TM+CD8+ SKILs. In stage IV patients slightly more patients had TM+CD8+ SKILs in the
combination group (56%) compared to the monotherapy group (40%). No difference
was observed between all stage III (56%) and stage IV patients (50%), regardless of the
treatment arm.
SKILs were analyzed for the occurrence of a functional T cell response, by measuring
production of IFNγ in response to cells loaded with gp100 or tyrosinase. This was found
in 18 out of 51 patients (35%) tested (figure 1D), with no difference between patients
treated with combination therapy (28%) or DC monotherapy (19%).

STAT expression and T cell infiltrate in tumor tissue
Tumor samples prior to and after DC vaccination were compared. Samples were not
derived from the same tumor site, but only tissue of the same organ of origin was used
to obtain the best possible comparability. There were no clear changes in expression
of nuclear pSTAT3 prior to and after DC vaccination between patients treated with
monotherapy compared to combination therapy (supplementary figure 4A-B). Therefore,
other possible effects of cisplatin on the TME, including the presence of T cells and Tregs,
were investigated. With mIHC, the presence of CD8+ T cells, CD4+ T cells and FoxP3+ cells
was investigated. In these samples, no differences were observed between patients
treated with or without cisplatin (supplementary figure 4C-E).
From one patient with a partial response to combined treatment of DC vaccination
with cisplatin, sequential in-transit metastases were investigated (figure 2). This patient
did not show a functional T cell response in SKILs, but showed clear development of
tumor necrosis and expanding T cell infiltration in a clinically responding metastasis
during treatment.

6

Presence of suppressive immune cells in peripheral blood
Due to the retrospective nature of the immunohistochemistry analysis, tissue was only
available of patients with recurrent or progressive disease. To circumvent this drawback,
we analyzed PBMCs for the presence of M-MDSCs and Tregs at baseline and after 3
vaccinations, as this was also available for patients without recurrent disease. However,
no differences in the presence of M-MDSCs or Tregs between stage III melanoma patients
treated with or without cisplatin were found (supplementary figure 5).
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Figure 2 | T cell infiltration in melanoma metastases. Multispectral images of cutaneous
metastases from biopsies at the start and during treatment in a patient with a partial response to
dendritic cell vaccination in combination with cisplatin. A: Biopsy at the start of treatment shows
extensive melanoma cells with groups of CD3+ cells. When zoomed in (middle image), it reveals
that CD8+ T cells and granzyme B were present at the start of treatment. B: Image of a clinically
responding cutaneous metastasis after the second cycle of vaccinations combined with cisplatin,
showing that only few melanoma cells were detected while an extensive T cell infiltrate was found,
including CD8+ T cells and CD45RO+ cells.

Clinical response
Median RFS of stage III patients in the combination treatment group was 45.9 months
versus 9.6 months in the monotherapy group (P = 0.245; figure 3A). The median OS of
stage III patients treated with cisplatin was not reached, as compared to 32.0 months
without cisplatin (P = 0.012; figure 3B). One patient in the monotherapy group died
because of a non-melanoma related cause without evidence of recurrent disease.
Median PFS of stage IV patients in the combination group was 4.7 months, as
compared to 3.0 months in the monotherapy group (P = 0.101; figure 3C). When excluding
metastatic uveal melanoma patients (1 receiving cisplatin and 3 monotherapy), median
PFS was 5.4 months in the combination group versus 3.5 months in the monotherapy
group (P = 0.121). Stage IV patients treated with monotherapy had a trend towards a
longer survival with a median OS of 19.0 versus 12.2 months in the combination group (P
= 0.063; figure 3D). However, when excluding patients with uveal melanoma this trend
diminished (P = 0.108). Subsequent treatment may have caused differences in OS as
more patients with progressive disease in the monotherapy group received treatment
with ipilimumab (69% versus 31%) or anti-PD-1 antibodies (38% versus 0%) compared
to the combination therapy group.
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Figure 3 | Clinical response in stage III and IV melanoma patients. Kaplan-Meier curves for
(A) recurrence-free survival and (B) overall survival in stage III melanoma patients. For stage
IV melanoma patients, Kaplan-Meier curves for (C) progression-free survival and (D) overall
survival are shown.

Discussion

6

In this randomized phase 2 trial, we showed that combining autologous DC vaccination
with cisplatin is feasible and safe. Viable DCs, meeting the minimal release criteria, could
be produced in 97% of patients.29 The toxicity profile of the combination treatment
showed no unexpected safety concerns. Adverse events leading to discontinuation,
interruption or dose reduction of cisplatin took place in a minority of patients. As
expected, grade 1-2 injection site reactions and flu-like symptoms were common adverse
events in both treatment groups, but occurred less in the combination group. These side
effects might have been suppressed by dexamethasone, which was given as an antiemetic drug with cisplatin. The hypothesis that addition of cisplatin would improve the
immunological response to DC vaccination could however not be confirmed. In both
treatment groups, DC vaccines induced de novo immune responses. Furthermore,
TM+CD8+ SKILs were induced in about half of the patients without difference between
the treatment groups, although in stage III melanoma patients, there was a trend towards
lower amounts of TM+CD8+ T cells in the combination therapy group.
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The lack of enhanced immunological responses of DC vaccination after combination
therapy with cisplatin might be explained by several factors. It is possible that the
immunomodulatory effects of cisplatin in the used dosage and treatment regime are not
strong enough to significantly induce anti-tumor T cell responses in vivo. Although we
saw a clear increase in T cell infiltration in the metastasis of one responding patient to the
combination treatment, we found little other evidence on the in vivo immunostimulatory
effect of cisplatin. The timing of tumor sampling relative to the dosing of cisplatin might
also be suboptimal, as the interval between the last dose of cisplatin and retrieval of
tumor tissue was at least a few weeks. This is in contrast to studies where the in vitro
effects on STAT expression were observed immediately after exposure to platinum
drugs.17,19 In addition, we investigated possible effects of cisplatin on the composition of
the immune infiltrate in tumor tissue, showing no clear differences between treatment
groups. This could possibly be explained by the retrospective nature of the collection
of tumor material, where only tissue of patients with progressive or recurrent disease
was collected. As pSTAT3 upregulation is associated with tumor proliferation, this could
be a likely explanation for the observed increase in pSTAT3 expression after vaccination
in all but two patients. Prospectively collected tumor biopsies would allow for better
comparability between responders and non-responders. Dexamethasone could
also have had a negative effect on DC vaccination efficacy in the combination group.
Glucocorticosteroids can decrease the number of circulating T cells and increase the
proliferation of Tregs.33,34 Therefore, dexamethasone might have hampered the antitumor immune response induced by the DC vaccines, as well as the positive additive
effects of cisplatin on this anti-tumor immune response. Also, the timing of the DC
vaccination in relation to cisplatin could have been suboptimal. In contrast to our study,
Welters et al. found that carboplatin-paclitaxel every 3 weeks resulted in vigorous
vaccine-induced T cell responses in advanced cervical cancer patients when a single dose
of HPV16-synthetic long peptide vaccine was given 2 weeks after the second cycle of
chemotherapy.35 Their study showed that the decrease in circulating myeloid cells was
most pronounced starting 2 weeks after the second cycle of chemotherapy, resulting in
an optimal immunological window for vaccination. Although this study was performed
in a different tumor type and with other chemotherapies and vaccines, it could indicate
that the time period between chemotherapy and DC vaccination was too short to result
in enhanced clinical responses.
In addition to the immunological effect of combination therapy, also no positive effect
of the combination treatment on survival was observed. OS was significantly higher in
stage III patients treated with combination therapy compared to patients treated with
DC monotherapy. However, groups were too small and heterogenous to draw firm
conclusions and this observation was not supported by a significantly improved RFS. In
addition, the difference in OS might be caused by ongoing responses to salvage therapy
with immune checkpoint inhibitors (ICI) in 2 patients in the combination group while in
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the monotherapy group none responded to ICI. Finally, in stage IV patients, no significant
difference in survival was found. Taken together, from this clinical study it cannot be
concluded that cisplatin has additional effects on the efficacy of DC vaccination in
melanoma patients.
More research is needed to optimize the dosage and timing of cisplatin administration
in relation to the DC vaccines in order to assess its potential to enhance DC vaccination
efficacy in vivo. Furthermore, other therapies, including ICI therapy, could also be
investigated for their potential to enhance DC vaccination efficacy in combination
treatment strategies.36 The combination of ICI and DC vaccination might intensify
proliferation and effector functions of tumor-specific T cells induced by DC vaccination
by blocking inhibitory immune checkpoints with anti-CTLA-4 or anti-PD-1 mAbs.37,38
A recent phase 2 trial with DCs combined with anti-CTLA-4 mAbs showed tolerability
and an encouraging objective response rate (38%) in pre-treated advanced melanoma
patients.39 Further clinical trials, mainly with the less toxic and more effective anti-PD-1
mAbs, are under investigation and results are awaited. 40
In conclusion, combination of autologous monocyte-derived DC vaccination and
cisplatin in stage III and IV melanoma patients is feasible and safe, but does not seem to
result in more tumor-specific T cell responses or clinical benefit when compared to DC
monotherapy. Therefore, more research is needed to optimize the dosage and treatment
regime of cisplatin in vivo in order to assess the potential of combination therapy with
DC vaccination. Furthermore, immunotherapies like ICI, should also be investigated in
combination with DC vaccination, as these therapies have shown to induce significant
clinical benefit in melanoma patients.
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Supplementary figure 1 | Study schedule during the treatment phase. Patients were randomized
between DC vaccination with cisplatin and DC vaccination monotherapy. D day, DC dendritic cell,
DTH delayed type hypersensitivity, ID intradermally, IV intravenously, m month.
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Supplementary figure 2 | Flow chart of all randomized stage III and stage IV melanoma patients.
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Supplementary figure 3 | Vaccine characteristics. Expression patterns of the ex vivo generated
dendritic cells used in the first cycle. Shown are the percentages of dendritic cells expressing
the (A) different phenotype markers and (B) tumor-associated antigens. The lines represent the
median.
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Supplementary figure 4 | pSTAT3 expression and infiltrate in melanoma tissue analyzed prior
to and after experimental therapy. A: Representative images of pSTAT3 staining by immune
histochemistry of low pSTAT3 expressing (left) and high pSTAT3 expressing (right) tumors. B:
Expression of nuclear pSTAT3. Analysis of lymphocyte infiltrate with absolute numbers of (C)
CD8+, (D) CD4+ cells and (E) FoxP3+ cells per mm2.
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Supplementary figure 5 | Monocytic myeloid-derived suppressor cells (M-MDSCs) and
regulatory T cells (Tregs) in peripheral blood. Peripheral blood mononuclear cells (PBMCs) were
collected prior to the apheresis (start of study) and one week after the third vaccination. The
percentage of M-MDSCs (HLA-DR-CD14+CD11b+CD33+) of live PBMCs (A) and the percentage of
Tregs of CD4+ T cells (B) was determined for stage III patients treated with DC vaccination with or
without concomitant cisplatin.
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Abstract
During the last decade, the approval of immune checkpoint inhibitors (ICI) that
target CTLA-4 (ipilimumab) or PD-1 (pembrolizumab and nivolumab) has significantly
improved the prospects for cancer patients. Furthermore, other immunotherapies are
investigated, including dendritic cell (DC) vaccination. DC vaccination induces a more
tumor-specific immune response that can be long-lasting without severe toxicity, which
is in contrast to ICI therapy. Unfortunately, the majority of patients does not respond
to immunotherapy, but is still exposed to potentially severe side effects inherent to
these treatments. Biomarkers that predict therapy efficacy could prevent patients from
undergoing ineffective and expensive treatment. Here, we compared the effect of
ipilimumab, pembrolizumab and DC vaccination on the frequency and functionality of
relevant immune cell subsets in blood of cancer patients in order to identify potential
targets that can be explored as biomarkers for therapy efficacy.
PBMCs of melanoma patients treated with ipilimumab, pembrolizumab or DCvaccinated melanoma or prostate cancer patients were isolated from the blood and
analyzed by flow cytometry for the expression of a wide array of markers. A systematic
approach was used to investigate the therapeutic effects on each individual marker,
where after potentially altered immune cell subsets were manually gated for further
analysis.
Our results show that treatment with ipilimumab significantly increased the frequency
of CD4+ effector memory T cells. Furthermore, the expression of the costimulatory
molecule ICOS on T cells was increased. Pembrolizumab decreased CD45RO, but did not
affect the memory T cell subsets. Additionally, the expression of BDCA4, BDCA3 and
iNKT was downregulated, but the frequency of pDCs, BDCA3+ DCs and iNKT cells was not
affected. DC vaccination significantly increased HLA-ABC expression in both melanoma
and prostate cancer patients and increased CD28 in the melanoma patients. However,
no effect was observed on the frequency of HLA-ABC expressing monocytes and CD28+
T cells.
In summary, our systematic approach could identify changes in immune cell
populations after treatment with immunotherapy that could be further explored as a
potential biomarker.
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Introduction
The treatment of metastatic (stage IV) melanoma has been rapidly evolving since the
last decade. Especially, with the introduction of immune checkpoint inhibitors (ICI)
into the clinic, the availability of effective treatment options for these patients has
been increased. Treatment with ICI specifically blocks immune-regulatory molecules
expressed on T cells, like Cytotoxic T-Lymphocyte–Associated antigen (CTLA)-4 and
Programmed cell Death protein (PD)-1, thereby stimulating their anti-tumor activity.
Anti-CTLA-4 antibody ipilimumab and anti-PD-1 antibody pembrolizumab have been
investigated extensively in several phase III clinical trials, showing significantly improved
survival of advanced stage melanoma patients compared to traditional chemotherapy
and alternative immunotherapies.1,2 Based on these findings, both ipilimumab and
pembrolizumab were approved by the FDA for treatment of metastatic melanoma
in 2011 and 2014, respectively.3 However, ICI also has severe off-target toxicity as a
general immune response is induced. 4 This could potentially be prevented by the use of
immunotherapies that induce a more tumor-specific immune response, like dendritic cell
(DC) vaccination.5,6 DC vaccination is a promising strategy using the patients’ own DCs,
activated and loaded with tumor-antigens, to induce an anti-tumor immune response.7
Currently, clinical trials are exploring the use of naturally circulating DCs to enhance the
efficacy of DC vaccination, which can induce long-lasting immune responses.8,9 These
effects are specifically observed in stage III melanoma patients, which seemed to
respond better to DC vaccination than stage IV patients.10 Furthermore, DC vaccination is
explored for other cancer types, including prostate cancer.
Although immunotherapy with ICI or DC vaccination can be effective when patients
respond, this is unfortunately not the case in the majority of patients. Immunosuppressive
mechanisms induced by the tumor that hamper the anti-tumor immune response
induced by immunotherapy are a major limiting factor.11 Therefore, it is of major interest
to find biomarkers that can predict therapy efficacy in individual patients, either prior to
or during treatment. This will allow for selection of patients that will respond, thereby
preventing exposure to ineffective treatment and potentially severe toxicity. To achieve
this, detailed immunogenic effects of both DC vaccination as well as ICI have to be
elucidated. As T cells are the main target of ICI therapy, many studies have described
effects on T cells, including an upregulation of Inducible T-cell Costimulator (ICOS) during
ipilimumab treatment, indicating a more activated T cell compartment.12-14 Furthermore,
ipilimumab increases the frequency of central memory and effector memory T cells.14 The
frequency of CD4+ and CD8+ T cells during ipilimumab treatment also seems to correlate
with a positive clinical outcome.15 Effects on the frequency of regulatory T cells (Tregs)
are described, however both increases as well as decreases during ipilimumab treatment
were observed.16,17 In addition to T cells, there are indications that treatment with ICI
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affects other immune cell types. Ipilimumab reduces the frequency of both granulocytic
and monocytic myeloid-derived suppressor cells (moMDSCs).16-18 Interestingly, the
frequencies of circulating MDSCs and monocytes correlate with clinical outcome of
ipilimumab therapy.19,20 Another study reported an increase in Natural Killer (NK) cells
in patients treated with ipilimumab or pembrolizumab that had low numbers of NK cells
at baseline.21 Although cellular responses are often observed during DC vaccination, the
effects of this therapy on specific immune cells subsets is largely unknown. There are
however indications that DC vaccination could enhance NK cell functionality.22
As most of these studies have focused on only one treatment or the effect on one
particular cell type, here we aim to compare the effects of ICI therapy with ipilimumab
and pembrolizumab, and DC vaccination on the frequency and functionality of relevant
immune cell subsets, including T cells, B cells, NK cells and MDSCs, in blood. By applying
a systematic approach, we were able to identify differences in marker expression before
and during therapy and could thereby compare the immunological effects of the different
immunotherapies. Therefore, this study contributes to the challenge of unraveling
the differential mechanisms of action of ICI and DC vaccination in cancer patients and
provides potential targets to explore as biomarkers for therapy efficacy.

Materials and methods
Patients
Twenty-six patients with irresectable stage IV melanoma received ipilimumab treatment
at 3 mg/kg doses (n=15) or pembrolizumab treatment at 2 mg/kg doses (n=11) and
were included between April 2015 and July 2016. Patients treated with ipilimumab had
a therapeutic history that consisted of radiotherapy (n=13), surgery (n=1) or targeted
therapy with BRAF inhibitors (n=1). Most patients treated with pembrolizumab were
first treated with ipilimumab or had targeted therapy or surgery before start of ICI
therapy. Additionally, 13 patients with completely resected lymph-node involved (stage
III) melanoma and 18 castration-resistant prostate cancer (CRPC) patients that received
DC vaccination were included between November 2015 and March 2018. DC vaccination
consisted of naturally circulating DCs, either myeloid DCs (mDCs), plasmacytoid DCs
(pDCs) or a combination of both. Blood collection of included patients was approved by
the relevant medical ethical committees (local Institutional Review Board (Committee
on Research involving Human Subjects Arnhem-Nijmegen) or the Central Committee
on Research involving Human Subjects) and is in accordance with the declaration of
Helsinki. Written informed consent was obtained from all patients.
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Blood collection and sample processing
Blood samples from stage IV melanoma patients treated with ipilimumab and
pembrolizumab were collected before treatment (baseline) and before administration of
the second, third and fourth dosage of ipilimumab or pembrolizumab (3, 6 and 9 weeks
after the first dose). Of 8 ipilimumab-treated patients and 8 pembrolizumab-treated
patients, all timepoints were obtained. Of the other patients 1 or 2 timepoints during
therapy were missed. Blood samples of the DC-vaccinated stage III melanoma patients
were collected during the second round of vaccination, which starts 26 weeks after
initiation of the vaccination, at baseline and before vaccination 2, vaccination 3 and the
delayed-type hypersensitivity (DTH) skin test (supplementary figure 1). Blood samples of
DC-vaccinated CRPC patients were collected at the same timepoints, but during the first
round of vaccination. Of 3 DC-vaccinated melanoma patients and 1 DC-vaccinated CRPC
patient 1 timepoint during treatment was missed. Blood was collected in heparinized
vacutainer tubes (BD Biosciences), after which peripheral blood mononuclear cells
(PBMCs) were isolated by density gradient centrifugation (Lymphoprep, Axis-Shield),
stored at 4˚C and analyzed by flow cytometry within 24 hours after sample collection.

Antibodies and flow cytometry
Per panel, 500,000 PBMCs were stained according to the manufacturer's
recommendations after blocking in PBA with 2% human serum (HS; Sanquin) for 10
minutes. An overview of the applied antibody panels is provided in table 1 and 2, including
the categorization of the marker panels into myeloid cell, NK cell, T cell and B cell panels.
Antibodies were titrated to obtain an optimal signal to noise ratio and details are shown
in supplementary table 1. Cells were analyzed using a FACSVerse flow cytometer (BD
Biosciences). Quality control of the flow cytometer's performance and coefficient of
variation (CV) values were monitored on a day-to-day basis using Cytometer Setup and
Tracking beads (CS&T beads; BD Biosciences).

Analysis
The major immune cell population of B cells (CD3- CD20+), NK cells (CD3- CD56+), CD4+ T
cells (CD3+ CD4+), CD8+ T cells (CD3+ CD8+) and moMDSCs (CD14+ HLA-DR- CD33+ CD11b+)
were gated in FLowJo V10 (Treestar). After removal of the doublets, the percentage of the
single cell PBMC population was visualized using Prism software version 5.0 (GraphPad
Software). Statistical significance was analyzed by one-way ANOVA comparing all
timepoints to each other. Data are depicted as mean + SEM.
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Table 1 | Antibody panels ICI patients.
Myeloid cells

NK cells

DCs

MDSCs

NK cells 1

NK cells 2

CD19/CD20/CD3/CD56 FITC CD14 FITC

CD158a FITC

CD158b FITC

BTLA PE

CD33 PE

NKp44 PE

DNAM-1 PE

BDCA3 PerCP-Cy5.5

CD15 PerCP-Cy5.5

CD69 PerCP

NKG2A PerCP

BDCA1 PE-Cy7

PD-L1 PE-Cy7

NKp30 PE-Cy7

NKG2D PE-Cy7

HLA-DR AF647

HLA-DR,DP,DQ AF647

NKp46 APC

KIR3DL1 APC

CD14 APC-Cy7

CD11b APC-Cy7

CD16 APC-Cy7

CD16 APC-Cy7

CD16 BV421

HLA-ABC V450

DCM450/CD3-BV421/CD14 BV421 DCM450/CD3-BV421/CD14 BV421

BDCA4 BV510

HLA-DR BV510

CD56 BV510

CD56 BV510

T cells

B cells

T cells 1

T cells 2

T cells 3

NKT/TCRγδ cells

CD28 Alexa 488

OX-40 FITC

CD45RA FITC

TCRγδ FITC

IgM FITC

BTLA PE

TIM-3 PE

CD25 PE

DNAM-1 PE

CD3 PE

PD-1 PerCP-Cy5.5

ICOS PerCP-Cy5.5

CD127 PerCP-Cy5.5

PD-1 PerCP-Cy5.5

CD38 PerCP-Cy5.5

CD27 PE-Cy7

TIM-1 AF647

CD45RO PE-Cy7

NKG2D PE-Cy7

CD27 PE-Cy7

CTLA-4 APC

CD8 APC-Cy7

CCR7 APC

CTLA-4 APC

CD24 APC

CD8 APC-Cy7

CD3 BV421

CD8 APC-Cy7

CD16 APC-Cy7

CD5 APC-Cy7

CD3 BV421

CD4 BV510

CD3 BV421

CD3 BV421

CD20 BV421

CD4 BV510

Vα24JαQ TCR (iNKT) BV510

IgD BV510

CD4 BV510

Table 2 | Antibody panels DC vaccination patients.
MDSCs (myeloid cells)

NK cells

T cells

B cells

CD14 FITC

CD158a FITC

CD28 Alexa 488

IgM FITC

CD33 PE

NKp44 PE

CCR7 PE

CD3 PE

CD15 PerCP-Cy5.5

CD69 PerCP

PD-1 PerCP-Cy5.5

CD38 PerCP-Cy5.5

PD-L1 PE-Cy7

NKp30 PE-Cy7

CD27 PE-Cy7

CD27 PE-Cy7

HLA-DR,DP,DQ AF647

NKp46 APC

CTLA-4 APC

CD24 APC

CD11b APC-Cy7

CD16 APC-Cy7

CD8 APC-Cy7

CD5 APC-Cy7

HLA-ABC V450

DCM450/CD3-BV421/CD14 BV421

CD3 BV421

CD20 BV421

HLA-DR BV510

CD56 BV510

CD4 BV510

IgD BV510
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GeoMFI values of all analyzed markers on the single cell PBMC population were
extracted from FlowJo and transferred to Excel (Microsoft). To create an overview of the
data, markers were divided into categories of myeloid cells, NK cell, T cells and B cells
(table 1 and 2). Clustering of all patients and treatment timepoints based on the markers
corresponding to the 4 categories was visualized in heatmaps created with R and R studio
software using the ComplexHeatmap and Circlize packages, with the k-means clustering
method. Additionally, the fold-change of marker expression was determined between
baseline and week 3, week 6 and week 9 of ICI therapy or baseline and vaccination 2,
vaccination 3 and DTH during DC vaccination. Vulcano plots computed in R studio were
used to visualize the fold-change of the expression on the x-axis and the corresponding
significance determined by an unpaired Student’s t-test and depicted as the -log10 of the
P-value on the y-axis. The horizontal line at 1.3 represents a P-value of 0.05 and the line
at 2.0 corresponds to a P-value of 0.01. Data were not corrected for multiple testing and
markers with a -log10 P-value higher than 0.5 were labeled with the marker name.
The expression of markers with a -log10 P-value higher than 0.5 when comparing
week 9 or DTH to baseline, which also appeared in at least one of the comparisons
between before and week 3, week 6, vaccination 2 or vaccination 3 were visualized in line
graphs using Prism software. Additionally, markers that were significantly different when
comparing week 3, week 6, vaccination 2 or vaccination 3 to baseline, were also included.
Statistical significance was determined using one-way ANOVA comparing all timepoints
to each other. Data are depicted as mean ± SEM.
Specific cell populations that could be causing the observed increasing or decreasing
trends in the analyzed markers, were further investigated. Markers that were only
associated with B cells, NK cells, T cells or MDSCs, which were already analyzed as
mentioned above, were left out of this analysis. Cell subsets were gated using FlowJo
and visualized using Prism software as percentages of the single cell PBMC population.
Statistical significance was analyzed using one-way ANOVA comparing all timepoints to
baseline. Data are depicted as mean + SEM.

PD-1 validation
The decreasing trend in PD-1 expression during pembrolizumab treatment was
investigated by incubating 100,000 unstimulated PBMCs for 40 minutes with
pembrolizumab (Keytruda®, MSD) after blocking for 10 minutes in PBA with 2% HS.
Stock concentration of pembrolizumab was 25 mg/ml, which was diluted to 23.3 µg/
ml, corresponding to the lowest concentration in the blood of patients at steady state. 23
Subsequently, cells were stained with anti-CD3 BV421 and anti-PD-1 PerCP-Cy5.5 for 40
minutes and analyzed using a FACSVerse flow cytometer.
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Results
Immunotherapy treatment does not affect the major immune cell
populations
First, to investigate the effects of treatment with ipilimumab, pembrolizumab and DC
vaccination on the major immune cell populations present in the PBMCs, the percentages
of B cells, NK cells, CD4+ T cells, CD8+ T cells and moMDSCs were analyzed. Although some
slight changes were detected, no significant effects were observed on the frequency
of these cell populations during treatment with the investigated immunotherapies
(figure 1). This indicates that a different strategy is needed to be able to identify effects
of the immunotherapies. For this reason, we have applied a more global approach that
simultaneously analyses all investigated markers in order to identify differential changes
and link this to cell types that might have caused these changes.
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Figure 1 | Percentages of B cells, NK cells, CD4+ T cells, CD8+ T cells and moMDSCs of the single
cell PBMC population of melanoma patients before and during treatment with ipilimumab
(A), pembrolizumab (B) or DC vaccination (C) and in DC-vaccinated CRPC patients (D). Data
are depicted as mean + SEM. Significance was determined by one-way ANOVA comparing all
timepoints to each other.
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Heatmap clustering indicates large variation between patients and
timepoints
Heatmaps can be a helpful tool to analyze clustering patterns within and between patient
groups, as changes in individual markers are represented as colors and patients are
clustered based on similarity of the effects. Figure 2A shows the clustering analysis of all
stage IV melanoma patients treated with ipilimumab and pembrolizumab on all obtained
timepoints. The markers are first divided into the 4 categories of myeloid cells, NK cells,
T cells and B cells (table 1), before applying the clustering analysis. In each category,
the baseline timepoints of the ipilimumab- and pembrolizumab-treated patients were
evenly divided among the clusters of the heatmap, indicating that the two patient groups
have a similar baseline expression pattern. Furthermore, no separation of patient groups
was observed during therapy, indicating that if there is any effect of the treatment, this
is probably smaller than the variation between patients. In line with the data observed
for the patients treated with ICI, the DC-vaccinated patients were also evenly distributed
between the clusters when dividing the markers into the 4 cell categories, at baseline
(figure 2B, table 2). Furthermore, treatment did not induce separation of the patient
groups. Using heatmaps for identification of differential expressed markers between
the patient groups was not sufficient, as large variation in the investigated cohorts
overrules the possible treatment effects. This problem might be overcome by analyzing
the expression of individual markers, thereby selecting the markers that are most
differentially expressed to investigate in more detail.
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Figure 2 | Heatmaps with clustering analysis of all timepoints before and during ipilimumab and
pembrolizumab treatment (A) and before and during DC vaccination of melanoma and CRPC
patients (B) based on expression of markers associated with myeloid cells, NK cells, T cells and B
cells.
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Analysis of expression levels reveals significantly altered markers
during therapy
Using volcano plots, a type of scatter plot that shows the fold-change on the x-axis and
the significance on the y-axis, differences in marker expression can be visualized. This
univariate analysis provides a clear indication of the markers that are most pronouncedly
changed during therapy and whether this change is significant. Figure 3A shows the
fold-change in expression of markers categorized as B cell, myeloid cell, NK cell or T cell
markers at week 9 of ipilimumab compared to baseline, with the corresponding -log10
P-value determined by a t-test. In this volcano plot it can be observed that the T cell
compartment was affected by ipilimumab treatment as many markers had a -log10 P-value
higher than 0.5, indicated by the presence of marker labels. Furthermore, CD45RO and
ICOS were increased and appeared above the lines that indicate significance, meaning
that the P-value was <0.05 and <0.01, respectively. Pembrolizumab also affected the T
cell compartment. However, in comparison to ipilimumab, a downregulation of CD45RO
was observed as well as a significant downregulation of PD-1 and iNKT, indicating
possible different systemic effects of the two ICI therapies. Moreover, many markers in
the myeloid compartment changed upon pembrolizumab treatment, with a significant
decrease in CD33, CD14, CD15, CD11b, BDCA3 and BDCA4 expression (figure 3B), which
was not the case for ipilimumab. The fold-change in expression of week 3 versus baseline
and week 6 versus baseline is shown in supplementary figure 2 and 3, respectively.
Although less markers were measured in the DC-vaccinated patients, significant
changes could be observed at DTH compared to baseline. DC vaccination significantly
induced the expression of CD5 in the B cell compartment and CD3 and CD28 in the T
cell compartment of melanoma patients (figure 3C). HLA-ABC was also significantly
increased. DC vaccination in CRPC patients resulted in a similar significant effect on the
expression of HLA-ABC. An increase in CD5, CD3 and CD28 was also observed, although
not significant (figure 3D). The differential expression of markers comparing vaccination
2 and vaccination 3 to baseline is shown in supplementary figure 2 and 3, respectively.

Detailed analysis of the expression of selected markers over time
Analysis of the fold-change in expression using volcano plots revealed some interesting
differences. To improve determination of the changes in expression levels over time,
specific markers were selected to analyze in more detail. Markers with a -log10 P-value
above 0.5 when comparing week 9 or DTH to baseline and at least one other timepoint
comparison or markers that were significant at any timepoint, were plotted in line graphs.
Treatment with ipilimumab induced the expression of ICOS significantly at week 6 and
week 9 compared to baseline (figure 4A). Furthermore, there was a clear increasing
trend observed in the expression of CD45RO. The expression of T cell markers CD4 and
CD3 seemed to increase slightly during therapy, whereas B cell marker CD20 decreased,
but no effects were observed on these major immune cell populations as shown in
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figure 1. Treatment with pembrolizumab decreased the expression of CD45RO and also
significant decreased the expression of BDCA4 and PD-1 (figure 4B). It was shown that
the downregulation of PD-1 expression was caused by interference of the therapeutic
antibody with the antibody used for flow cytometry, indicating that the analysis method
is able to reveal such changes (figure 4E). The expression of iNKT and BDCA3 seemed
to be decreased during pembrolizumab treatment, especially at the latest timepoint.
Interestingly, DC vaccination significantly induced the expression of HLA-ABC in both
patient groups (figure 4C,D). Additionally, the expression of CD28 was significantly
increased at DTH in the melanoma patients, but no differences were observed in the
CRPC patients. The expression of CD27 also slightly increased after start of treatment in
the DC-vaccinated melanoma patients.
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Figure 3 | Volcano plots of the fold-change in expression and associated P-value. Week 9 during
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Significantly altered immune cell subsets identified based on trends in
marker expression
Based on the trends observed in expression of the markers over time, specific immune
cell subsets were analyzed in the treated patient groups. In this way, the observed
trends might be linked to a change in a specific immune cell subset that could be
further explored as a potential biomarker. As the expression of CD45RO was increased
during ipilimumab treatment, the frequencies of CD4+ and CD8+ effector memory
(CD45RO+CCR7-) and central memory (CD45RO+CCR7+) T cells were determined. The
frequency of CD4+ effector memory T cells significantly increased at week 6 and week
9 during ipilimumab treatment, compared to baseline, whereas there was no difference
in the frequency of CD4+ central memory T cells (figure 5A). Also, the frequency of CD8+
effector memory and central memory was not altered (data not shown). This indicates
that the trend observed in CD45RO during ipilimumab treatment was probably due to the
increasing CD4+ effector memory population. Furthermore, a significant increase in the
expression of ICOS on both CD4+ and CD8+ T cells was observed. As a decreasing trend
in CD45RO expression during pembrolizumab treatment was identified, the frequencies
of CD4+ effector memory and CD4+ central memory T cells were also determined in this
patient group, but no differences were observed (figure 5B). Similarly, the CD8+ memory
subsets were not altered (data not shown). BDCA4 was significantly decreased at week
9, but pembrolizumab did not affect the pDC population of Lin-HLA-DR+BDCA4+ cells.
Furthermore, the decrease in iNKT and BDCA3 expression at week 9 was not caused by a
reduction in the frequency of iNKT cells or BDCA3+ DCs, respectively.
DC vaccination increased the expression of HLA-ABC in both melanoma and CRPC
patients, but no effects were observed on the frequency of HLA-ABC+ monocytes
(figure 5C,D). Furthermore, the significant increase in CD28 at the DTH timepoint of
DC-vaccinated melanoma patients was not the result of increased frequencies of CD28+
CD4+ and CD8+ T cells. The increasing trend in CD27 expression could also not be related
to increased frequencies of CD27+ CD4+ and CD8+ T cells.
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Figure 5 | Frequencies of specific immune cell subsets and expression of phenotypical markers
during treatment with ipilimumab (A) or pembrolizumab (B) and in DC-vaccinated melanoma (C)
and CRPC patients (D). Immune cell subsets were selected based on trends observed in the line
graphs of expression levels and corresponding statistical significance. Data are depicted as mean
+ SEM. Statistical significance was analyzed using one-way ANOVA comparing all timepoints to
baseline.

Discussion
In this study, we investigated the effects of different immunotherapeutic approaches,
including DC vaccination and ICI therapy with anti-CTLA-4 antibody ipilimumab and antiPD-1 antibody pembrolizumab, on the immune cell composition in freshly isolated blood
of melanoma and CRPC patients. By using a systematic approach, we explored the PBMC
landscape of these cancer patients to identify phenotypical markers and immune cell
subsets that are altered by the treatment. This could ultimately lead to the discovery of
targets that can be explored as potential biomarkers for treatment efficacy.

7

To investigate whether treatment with immunotherapy affected the major immune cell
populations of T cells, B cells, NK cells and moMDSCs, the frequency of these subsets
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was determined. However, no differences were observed during treatment. Therefore,
a more systematic approach was chosen by visualizing the expression of measured
markers on all timepoints of all patients in heatmaps. A clustering analysis did not
show clear separation of patients based on treatment or timepoint. This indicated that
baseline statistics of the patient groups were similar and that the treatment was not
inducing differences substantial enough to separate the patient groups. Additionally,
the measured markers were analyzed in a univariate way by creating volcano plots that
showed the fold-change in expression comparing baseline to timepoints during therapy
with the associated P-value. Using this approach, several markers were identified
that were affected by the treatment, especially at the latest timepoint measured.
Ipilimumab significantly increased the expression of CD45RO, which is in agreement
with other studies showing an upregulation of CD45RO, specifically on CD4+ T cells.24,25
To determine which cell populations are causing the difference in expression of this
marker, specific immune cell subsets were analyzed. This revealed that the CD45RO+
effector memory CD4+ T cell population was significantly increased at week 6 and week
9 during ipilimumab treatment compared to baseline. The increase in effector memory
cells during ipilimumab treatment has also been observed in another study, although
there identified as CD45RA-CCR7- cells. Similar to our observations, no effects on the
CD8+ effector memory subsets were described.17 Furthermore, it was shown that the
frequency of central memory CD4+ and CD8+ T cells increased by ipilimumab, which
we did not observe in our patient cohort.14,17,26 Several studies already showed that the
expression of ICOS is induced during anti-CTLA-4 treatment and that this increase is
a prognostic factor for therapy outcome.12-14,27-29 Similar effects were observed in our
cohort of ipilimumab-treated patients, which had significantly increased expression of
ICOS on both CD4+ and CD8+ T cells during therapy, indicating a more activated T cell
compartment. However, due to small patient groups no conclusions could be drawn on
the correlation to clinical outcome of the treatment.
The results obtained in patients treated with pembrolizumab showed a significant
decrease of the myeloid markers BDCA4 and BDCA3, whereas no changes were
observed in the myeloid compartment during ipilimumab treatment. This could
indicate that ipilimumab and pembrolizumab have differential effects on myeloid cells.
Furthermore, iNKT expression on the PBMC population was significantly decreased.
However, no changes in the frequency of pDCs, BDCA3+ DCs and iNKT cells were
observed, which could indicate that other cell types expressing these markers might
cause the observed changes in expression, like BDCA4-expressing Tregs or BDCA3expressing neutrophils.30,31 As the effects of pembrolizumab on these cell types has not
been described in literature yet, more research is needed to validate our observations
and identify the cell types that cause these changes in expression. The detected
decrease in PD-1 expression was most likely caused by a technical issue. In the presence
of pembrolizumab, the intensity of the FACS antibody decreased, probably because of
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steric hindrance by targeting the same epitope. This indicates that our analysis method is
able to detect changes induced by treatment if the effect size is large enough. In contrast
to ipilimumab, the expression of CD45RO decreased during pembrolizumab treatment,
but no effects were observed on the frequency of effector memory or central memory
T cells. It has however been described that especially long-term survivors after antiPD-1 therapy with pembrolizumab or nivolumab have increased frequencies of central
memory CD4+ T cells.32 As only 3 of the 11 pembrolizumab-treated patients (27%) had
complete or partial responses, it is possible that the cohort did not contain enough
responders to detect this effect. Interestingly, no increase in T cell stimulatory markers,
like ICOS, was observed in comparison to ipilimumab, indicating a difference in effects
on the T cell compartment.
Regarding the cohort of melanoma patients receiving DC vaccination, a significant
induction of the expression of HLA-ABC and CD28 was observed, although there were
no differences in HLA-ABC expressing monocytes or CD28 expressing T cells. Both
the melanoma as well as the CRPC patients showed significantly increased HLA-ABC
expression in the PBMC population, indicating a robust therapeutic effect. The increase
in CD28 was however not significant in the CRPC patients, indicating that DC vaccination
possibly induces stronger T cell activation in melanoma patients. As the DCs used for
vaccination are loaded with different tumor-antigens, a difference in potency of these
tumor-antigens to induce an anti-tumor immune response might contribute to this
observation. Furthermore, the difference in cancer type could also have contributed,
as CRPC is generally less sensitive to immunotherapy compared to melanoma.33
Additionally, the DC-vaccinated melanoma patients were treated in an adjuvant setting,
indicating that there is less immunosuppression by the tumor, which leads to better antitumor immune responses. The effect of DC vaccination on CD28 and HLA-ABC has not
been described in literature. Therefore, validation in larger patient cohorts would be
needed to confirm our observations. Using larger patient cohorts would also make it
possible to relate the changes in the immune system to patient survival and response to
therapy, which is necessary to validate their value as a predictive biomarker for therapy
efficacy.

7

The patient group size is one of the limitations that hamper a robust analysis of patient
survival in relation to the observed therapeutic effects. As we observed that variation
between patients at baseline is already high, larger patient groups are needed to detect
small therapeutic effects. Furthermore, therapeutic effects in responders versus nonresponders to each treatment cannot be compared, due to the limited number of
patients per cohort. This would ultimately be needed to determine if a biomarker is
predictive of response to therapy. Additionally, as the majority of ICI-treated patients
in the cohorts are non-responders, it is possible that the effects on responders were
overruled and could not be detected. Therefore, larger patient groups with equal

163

CHAPTER 7

amounts of responders and non-responders would be necessary to validate our
observations and determine the predictive value for response. Several other factors
also contribute to the challenge of detecting immunological changes during treatment.
One of these factors is the technical variation introduced by the flow cytometer. As a
consequence of measuring fresh samples over time, variability in the flow cytometer
day-to-day settings is introduced, which cannot be completely prevented by calibration
with CS&T beads. Analyzing frozen cells obtained from all treatment timepoints at once
could prevent this issue. However, freezing isolated PBMCs can alter the frequency of
immune cells, including T cell memory subsets and MDSCs, making it more difficult to
interpret the findings in relation to the situation in vivo.34,35 Another limitation is that only
up to 8 markers can be measured in the same antibody panel. This limits the number of
functional markers that can be analyzed, as specific phenotypical markers are needed
to identify the immune cell populations. Therefore, markers like V-domain Ig suppressor
of T cell activation (VISTA), which is an inhibitory immune checkpoint that is increased
during ipilimumab therapy, was not investigated in this study.36 By using mass cytometry,
25 to 30 markers can be measured on one cells, increasing the possibilities for analyzing
multiple immune cells and functional markers. This would also allow for optimization
of the analysis pipeline by a more automated analysis, preventing subjective manual
gating of immune cell subsets. Clustering algorithms based on t-Distributed Stochastic
Neighbor Embedding (tSNE) or Principle Component Analysis (PCA) could help identify
immune cell subsets without the need for manual gating.37 Lastly, analysis of the same
antibodies on patients treated with ICI as well as DC vaccinated-patients, would improve
the comparison between the two groups, as in the current study T cell memory subsets
were not determined in the DC-vaccinated cohorts. Especially in larger patient groups,
when survival data could also be correlated to marker expression, this would improve the
comparison between potential biomarkers in treatment groups.
In summary, in this study we have reported that applying a systematic approach is feasible
to identify changes in immune cell populations during treatment with immunotherapy of
which some have confirmed observations described in literature. However, validation in
larger patient cohorts is needed to substantiate the results and associate the changes
with clinical outcome in order to assess their potential as a predictive biomarker.
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Marker

Conjugate

Company

Order number

Dilution

CD19

FITC

Dako

F0768

20x

CD3

FITC

BD Biosciences

555339

20x

CD20

FITC

BD Biosciences

345792

20x

CD56

FITC

BD Biosciences

345811

20x

BTLA

PE

BD Biosciences

558485

20x

CD16

BV421

BD Biosciences

562874

20x

BDCA1

PE-Cy7

Biolegend

331516

20x

CD14

APC-Cy7

Biolegend

325620

20x

BDCA4

BV510

Biolegend

354515

10x

HLA-DR

AF647

Biolegend

307622

50x

BDCA3

PerCP-Cy5.5

Biolegend

344112

10x

CD14

FITC

Miltenyi

130-080-701

10x

CD33

PE

BD Biosciences

555450

5x

CD15

PerCP-Cy5.5

BD Biosciences

560828

10x

PD-L1

PE-Cy7

BD Biosciences

558017

5x

HLA-DR,DP,DQ

AF647

BD Biosciences

563591

10x

CD11b

APC-Cy7

Biolegend

301342

10x

HLA-ABC

V450

BD Biosciences

561346

25x

HLA-DR

BV510

BD Biosciences

563083

25x

CD158a

FITC

BD Biosciences

556062

5.6x

NKp44

PE

BD Biosciences

558563

5x

CD69

PerCP

BD Biosciences

340548

10x

NKp30

PE-Cy7

eBioscience

25-3379-42

25x

NKp46

APC

BD Biosciences

558051

10x

CD16

APC-Cy7

Biolegend

302018

10x

Dead cell marker

V450

eBioscience

65-0863-18

25x

CD3

BV421

BD Biosciences

563798

25x

CD14

BV421

BD Biosciences

563743

10x

CD56

BV510

BD Biosciences

563041

10x

CD158b

FITC

BD Biosciences

559784

10x

DNAM-1

PE

BD Biosciences

559789

10x

NKG2

PerCP

R&D Systems

FAB1059C-100

5x

NKG2D

PE-Cy7

BD Biosciences

562365

10x

KIR3DL1

APC

Miltenyi

130-092-474

10x

CD28

AF488

Biolegend

302916

10x

BTLA

PE

BD Biosciences

558485

10x

PD-1

PerCP-Cy5.5

BD Biosciences

561273

10x
>>

Marker

Conjugate

Company

Order number

Dilution

CD27

PE-Cy7

BD Biosciences

560609

25x

CTLA-4

APC

BD Biosciences

555855

2.5x

CD8

APC-Cy7

BD Biosciences

557834

25x

CD4

BV510

BD Biosciences

562970

25x

OX-40

FITC

BD Biosciences

555837

5x

TIM-3

PE

Biolegend

345006

10x

ICOS

PerCP-Cy5.5

BD Biosciences

562833

10x

TIM-1

AF647

BD Biosciences

563957

25x

CD45RA

FITC

BD Biosciences

555488

10x

CD25

PE

BD Biosciences

555432

10x

CD127

PerCP-Cy5.5

Biolegend

351322

25x

CD45RO

PE-Cy7

BD Biosciences

560608

25x

CCR7

AF647

BD Biosciences

560816

5x

IgM

FITC

BD Biosciences

555782

12.5x

CD3

PE

BD Biosciences

555340

16.7x

CD38

PerCP-Cy5.5

BD Biosciences

551400

10x

CD24

APC

Biolegend

311118

10x

CD5

APC-Cy7

BD Biosciences

563516

25x

CD20

BV421

BD Biosciences

562873

12.5x

IgD

BV510

BD Biosciences

563034

25x

TCRγδ

FITC

BD Biosciences

559878

10x

Vα24JαQ TCR (iNKT) BV510

BD Biosciences

563267

5x

CCR7

Miltenyi

130-093-621

10x

PE
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Supplementary figure 1 | Treatment schedule of DC-vaccinated patients.
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Supplementary figure 2 | Volcano plots of the relative fold-change in expression and associated
P-value. Week 3 during ipilimumab treatment (A) and pembrolizumab treatment (B) was
compared to baseline. The difference in expression of DC-vaccinated melanoma patients (C) and
CRPC patients (D) was analyzed by comparing vaccination 2 to baseline. The lower horizontal line
indicates a P-value of 0.05; the upper horizontal line indicates a P-value of 0.01.
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Supplementary figure 3 | Volcano plots of the relative fold-change in expression and associated
P-value. Week 6 during ipilimumab treatment (A) and pembrolizumab treatment (B) was
compared to baseline. The difference in expression of DC-vaccinated melanoma patients (C) and
CRPC patients (D) was analyzed by comparing vaccination 3 to baseline. The lower horizontal line
indicates a P-value of 0.05; the upper horizontal line indicates a P-value of 0.01.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

The development of new treatments, such as targeted therapy and immunotherapy has
significantly improved the survival of metastatic melanoma patients. The response rate
and overall survival after targeted therapy with BRAF or MEK inhibitors have improved
compared to traditional chemotherapy. However, these therapies are only effective in
patients with a mutation in the BRAF gene, which is limited to about 50% of melanomas.1,2
Furthermore, the effects are very short-term, as most patients progress within 6 to 8
months.3 As melanoma is a highly immunogenic cancer that can well be recognized by
the immune system, several effective immunotherapies have been developed of which
some have reached the clinic. 4 Especially with the discovery of the immune checkpoint
inhibitors against PD-1 and CTLA-4, the clinical efficacy of immunotherapy has been
improved significantly. Part of the patients even have complete clinical responses.
However, overall response rates of monotherapy with CTLA-4 inhibitor ipilimumab and
PD-1 inhibitor nivolumab is limited to 15% and 40%, respectively.5-7 Combination therapy
of ipilimumab and nivolumab increased the response rate to 57.6%.8,9 Although this
is a substantial improvement, it also indicates that almost half of the treated patients
still do not respond. The tumor itself is an important limiting factor in the efficacy of
immunotherapy, as it exploits several mechanisms to limit anti-tumor immune responses.
This includes downregulation of MHC class I and expression of PD-L1, leading to inhibited
tumor cell recognition and T cell anergy.10-12 Additionally, tumor cells can induce and recruit
suppressive immune cells to the TME by secretion of cytokines, like IL-10 and TGF-β, which
affect immune cell development and function.13 Re-engineering this suppressive TME into
an immune stimulatory environment could be a potential tool to enhance the anti-tumor
immune response induced by immunotherapy and thereby improve its efficacy. One of
the aims of this thesis was to explore the use of platinum-based chemotherapeutics to
specifically re-engineer suppressive MDSCs and to enhance DC function via inhibition of
the STAT signaling pathway. Additionally, we investigated the effects of BRAF inhibitor
vemurafenib on the function of DCs to assess the feasibility of combining DC-based
immunotherapy with targeted therapy in BRAF-mutated patients. Furthermore, we aimed
to search for potential biomarker candidates by analyzing peripheral blood samples of
patients treated with ipilimumab, pembrolizumab or DC vaccination.

Re-engineering the tumor microenvironment by targeting STAT signaling
The STAT signaling pathway is a general membrane-to-nucleus signaling pathway that
regulates several essential cellular functions, such as proliferation and survival. The STAT
protein family consists of 7 proteins that are activated through binding of cytokines,
growth factors and hormones to their receptors, leading to activation of Janus kinase
(JAK) tyrosine kinases. JAKs phosphorylate the intracellular tail of their receptors,
creating a docking site for STAT proteins. JAK-mediated phosphorylation induces STAT
activation, after which they translocate to the nucleus and can directly bind DNA, thereby
regulating the expression of STAT target genes.14
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JAK-STAT signaling plays an important role in the regulation of the immune system, as
dysregulation of this pathway is associated with several immune diseases. Mutations
that cause JAK3 deficiency, which is involved in STAT3, STAT5 and STAT6 signaling, have
been observed in patients with a severe combined immunodeficiency who almost lack
T cells and have functionally defective B cells.14,15 Furthermore, patients with a STAT1
deficiency suffered from mycobacterial infections and had severe viral infections often
leading to death.16 As germline deletions in the gene encoding for STAT3 is lethal to
mouse embryos, conditional knockout mice have been used to study the effects of these
deficiencies. In this model, it was shown that the myeloid cell compartment is mostly
inhibited by STAT3, as it induces DC-mediated immunotolerance and myeloid cellmediated immunosuppression through expansion of MDSCs, which is explained in detail
in chapter 2.17,18 STAT6 is critical for lymphoid and myeloid cell responses. It induces the
development of T-helper type 2 cells and is involved in IL-4-induced proliferation of T and
B cells.19 Furthermore, STAT6 induces the expression of PD-L1 on DCs, thereby inhibiting
their immune-stimulatory function.20

Targeting STAT signaling in DCs and MDSCs with platinum drugs
The inhibitory role of STAT signaling in myeloid cells has extensively been described. One
of the goals of this thesis was to use this knowledge for re-engineering of the suppressive
TME. Platinum-based chemotherapeutics, including cisplatin, can inhibit the activation
of multiple STATs in cancer cells by blocking the domain that regulates binding to the
receptor.21 Furthermore, previous studies showed that platinum drugs cisplatin and
oxaliplatin can stimulate the function of DCs through inhibition of STAT6 and subsequent
downregulation of PD-L1 expression.20 Based on these observations, we investigated the
effects of platinum drugs cisplatin and oxaliplatin on expression and phosphorylation of
all STAT proteins in in vitro generated moDCs in chapter 3. We confirmed the significant
inhibitory effect of both platinum drugs on the phosphorylation of STAT6, which occurred
during both DC differentiation as well as maturation. 20 Furthermore, cisplatin reduced
STAT3 phosphorylation only during moDC maturation, whereas STAT3 phosphorylation
was not observed during moDC differentiation. These findings emphasize the inhibitory
effect of platinum drugs on STAT signaling in DCs. Additionally, it indicates that the
inhibition of STAT3 and STAT6 signaling most likely contributes to the stimulatory effect
of these drugs on DCs.20 As STAT3 is also one of the main regulators of MDSC suppressive
capacity, we investigated in chapter 5 if the STAT inhibitory effect of platinum-based
chemotherapeutics are also a potential tool for MDSC eradication. MDSC-like cells that
resemble the phenotype and suppressive properties of MDSCs were generated by coculture of monocytes with tumor cells. Treatment of these cells with platinum drugs
during development from monocytes into MDSC-like cells significantly inhibited their
suppressive capacity. Additionally, treatment of generated MDSC-like cells also slightly
reduced their capacity to inhibit T cell proliferation. By analysis of intracellular COX-2 and
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pSTAT3 levels, we observed that the effect of platinum drugs was caused by inhibition
of pSTAT3 and probably subsequent inhibition of COX-2 expression. To investigate if
this effect of platinum drugs also occurs in vivo, MDSCs isolated from cisplatin-treated
head-and-neck squamous cell carcinoma patients were analyzed for their frequency
and suppressive capacity. Cisplatin treatment both reduced the frequency as well as
suppressive capacity of MDSCs after 6 dosages. The results described in chapter 3 and
chapter 5 indicate that platinum drugs can be used to both induce the function of DCs by
inhibition of STAT3 and STAT6, as well as the eradication of MDSCs by inhibition of STAT3
signaling.

Opportunities for enhancing immunotherapy efficacy by STAT inhibition
The observations that platinum-based chemotherapeutics can re-engineer the
suppressive TME into a more stimulatory environment indicate that combination therapy
could possibly enhance the efficacy of immunotherapy. Especially inhibition of MDSCs
might be important, as we showed that long survivors after DC vaccination have less
MDSCs present in their blood compared to short survivors (chapter 5), which was also
observed by others.22,23
In addition, the effects of platinum drugs on the tumor itself might also contribute
to the efficacy of immunotherapy in a combination treatment setting, as STAT signaling
plays an important role in de regulation of cancer cells. Especially STAT3 is an important
mediator of cancer progression and immune escape by transducing signals from
numerous oncogenic pathways.24 Interestingly, STAT3 expression in tumors directly
correlates with response to cisplatin-based chemo-radiotherapy in head-and-neck
squamous cell carcinoma patients, indicating that tumor-specific STAT3 inhibition does
contribute to the anti-tumor effect of platinum drugs.21
Other immune cell types, besides DCs and MDSCs, are also regulated by STAT
signaling, in which it induces the immunosuppressive characteristics of these cells.
Already two decades ago, increased amounts of pro-inflammatory mediators were
observed in macrophages and neutrophils after LPS stimulation of mice with a specific
STAT3 deficiency in these cell types.25 Furthermore, targeted disruption of STAT3 in
macrophages resulted in priming of antigen-specific CD4+ T cells in response to an
otherwise tolerogenic stimulus in vivo and activated anti-tumor immune responses in a
rat model of breast cancer.26,27 STAT6 possibly also plays a role in the anti-tumor immune
response of macrophages, as in response to IL-4 and IL-13-mediated activation of STAT6,
alternatively activated macrophages (AAM) obtained inhibitory activity during Th2associated immune responses induced during helminth infections or allergic reactions.28
Additionally, NK cells and neutrophils are regulated by STAT3, as a markedly enhanced
function of these cells was observed in mice with STAT3-deficient hematopoietic
cells.24,29 In addition to myeloid cells, STAT signaling also regulates the function of cells
of the lymphoid compartment. STAT3 is required for both TGF-β and IL-10 production

8

177

CHAPTER 8

by CD4+ T cells, indicating a role in the development of Tregs.30 Furthermore, a similar
observation was done in CD8+ T cells from mice with STAT3-deficient hematopoietic cells
that produced more antigen-specific IFN-γ after exposure to a tumor.29 Conclusively,
STAT signaling inhibits the anti-tumor activity of many different types of immune cells,
both myeloid as well as lymphoid cells, and promotes proliferation of tumor cells. Using
platinum-based chemotherapeutics to re-engineer the suppressive TME might therefore
not only affect the DC and MDSC population as we show in chapter 3 and chapter 5, but
might also stimulate other immune cell types and inhibit the tumor cells directly, leading
to enhanced anti-tumor immune responses.
As an alternative to using platinum-based chemotherapeutics for STAT inhibition,
several specific STAT3 and JAK inhibitors have been developed. It could be speculated
that specific JAK/STAT inhibitors could have similar effects to platinum drugs, with
potentially fewer side effects due to their specificity. Several direct STAT3-targeting
agents have been evaluated in the clinic as anti-cancer therapy. However, the results
were disappointing so far, mainly due to suboptimal potency.31 JAK inhibitors have mainly
been investigated in the context of autoimmune diseases, including rheumatoid arthritis
and psoriasis, with promising clinical results.32 But similar to STAT3 inhibitors, no response
was observed in a phase I trial where patients with solid tumors were treated with a
JAK1/2 inhibitor.33 Although there is no evidence for direct anti-tumor effects of STAT3
and JAK inhibitors, they could possibly still affect the suppressive TME. More research is
needed to determine their effects on the function of immune cells in the TME in order
to assess if combination treatment with JAK/STAT inhibitors can enhance the efficacy of
immunotherapy. However, in contrast to specific JAK/STAT inhibitors, platinum-based
chemotherapeutics do have direct tumor killing capacity and can induce immunogenic
cell death of tumor cells, thereby leading to enhanced recognition of tumor antigens by
antigen-presenting cells. This might be a reason why platinum-based chemotherapeutics
could potentially be favorable over specific JAK/STAT inhibitors for re-engineering the
TME to induce anti-tumor immune responses by immunotherapy.

Combination strategies for optimizing immunotherapy efficacy
Many studies already illustrated that combination therapy is often more effective than
monotherapy. As was shown in chapter 1, the response rate of ipilimumab and nivolumab
is increased to 57.6% of patients compared to 15% and 40% with monotherapy,
respectively. Also the combination of targeted therapies dabrafenib and trametinib
resulted in response rates of 76% compared to 50% and 22% when administrated as
monotherapy, respectively. As we and others have shown that platinum drugs have many
immunogenic and anti-tumor effects, combining immunotherapy and platinum-based
chemotherapy might be a promising strategy for inducing immunotherapy efficacy.34
Furthermore, combining immunotherapy with targeted therapy in BRAF-mutated
patients could also potentially enhance immunotherapy efficacy in these patients.
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Chemotherapy and immunotherapy
To investigate the combination of platinum drugs with immunotherapy, a pilot trial was
initiated combining DC vaccination with oxaliplatin in adjuvant-treated colon cancer
patients. Oxaliplatin was administered before and after each cycle of 3 DC vaccinations.
DTH biopsies were taken to analyze the tumor-specific immune response. Interestingly,
non-specific T cell proliferation induced by PHA was increased in T cells isolated directly
after oxaliplatin administration, compared to T cells isolated after DC vaccination.35
However, no additive effects were observed on antigen-specific immune responses and
due to limited patient numbers no conclusions could be drawn on the clinical efficacy of
the combination treatment. As described in chapter 6, a randomized phase 2 trial was
performed, combining monocyte-derived DC vaccination with cisplatin in stage III and IV
melanoma patients. Patients received 3 biweekly vaccinations with or without cisplatin.
Similar to observations in the pilot study in colon cancer patients, no differences
in antigen-specific immune responses were observed between the DC vaccination
monotherapy group and the combination therapy group. Furthermore, no differences
in the amounts of M-MDSCs and Tregs between the treatment groups with and without
cisplatin was observed. Additionally, pSTAT3 expression in the tumor was also not altered
in both treatment groups. Combination therapy with cisplatin significantly enhanced
the overall survival of stage III melanoma patients compared to DC vaccination alone,
although there was no difference in recurrence free survival between the two groups.
As 2 stage III patients eventually progressed and are currently having ongoing responses
on checkpoint inhibitor treatment, the significant difference is probably the results of
subsequent treatment initiated after the trial. Also in stage IV patients, no improvement
of progression-free or overall survival was observed with combination therapy.
Several factors could contribute to the lack of clinical evidence for a synergistic
effect of platinum drugs and immunotherapy. One possible explanation might be the
timing of platinum drug administration. In the mentioned clinical studies, platinum
drugs were administered one week before or together with the DC vaccines, whereas it
has been shown that administration of paclitaxel-carboplatin chemotherapy after antiPD-1 treatment demonstrated clinical success, when neither anti-PD-1 monotherapy
nor chemotherapy alone caused tumor regression.36 On the contrary, it was observed
that chemotherapy administered 2 weeks before a single dose of HPV16-SLP vaccine
enhanced vaccine-induced T cell responses in cervical cancer patients, indicating that
the optimal timing of chemotherapy administration can differ between therapies.37
Furthermore, we observed that 6 weekly dosages of cisplatin were needed to inhibit
MDSC frequency and suppressive capacity in vivo (chapter 5). Possibly in vivo induction
of DC function by STAT inhibition also requires longer or more frequent treatment than
3 biweekly dosages per cycle given in this trial. Non-optimal timing could possibly also
explain that pSTAT3 expression was not inhibited in tumor samples of patients treated
with DC vaccination and cisplatin and that M-MDSC and Treg levels in the blood were
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unaffected. As it is know that cisplatin can inhibit pSTAT3 in tumor cell lines, the timing
of sampling of the tumor tissue as well as administration frequency might have led to
this observation.21 Furthermore, analyzed tumors were all obtained from progressive
patients, which might be introducing a bias in our observations. As pSTAT3 expression is
associated with tumor cell proliferation, this might have overruled the effect of cisplatin
on STAT3 phosphorylation.38 In addition to the administration frequency, more research
is needed to determine the optimal dosage as platinum drugs can induce substantial
toxicity. Nephrotoxicity and neurotoxicity are often dose-limiting side effects that occur
in cisplatin- and oxaliplatin-treated patients, respectively.39 To reduce these side effects
as much as possible, patients should be treated with the minimally-required dosage and
administration frequency for induction of immunogenic effects. Results obtained in
mouse models indicate that the use of a dose-dense treatment regime, using low dosages
of chemotherapy but shorter treatment intervals, might be more efficient in enhancing
anti-tumor immune responses than high dosages with longer intervals between
administrations. 40 More research is needed to identify the dosage that is minimally
required to affect the suppressive TME in humans and investigate if shorter treatment
intervals might enhance the immunogenic effects of platinum-based chemotherapeutics.
Currently, platinum drugs are also tested in combination with immune checkpoint
inhibitors. The phase I/II KEYNOTE-21 clinical trial investigates the combination of
pembrolizumab with either carboplatin-paclitaxel, carboplatin-paclitaxel-bevacizumab
or pemetrexed-carboplatin in lung cancer patients. However, clinical outcomes that
were investigated in a subsequent placebo-controlled phase 3 trial were not compared
to pembrolizumab alone, but to chemotherapy alone. 41-43 A similar trial was performed
investigating the combination of nivolumab with platinum-based doublet chemotherapy
of gemcitabine-cisplatin, pemetrexed-cisplatin or paclitaxel-carboplatin in lung cancer
patients, which also did not include a nivolumab monotherapy group. However, when
overall response rates were compared to a similar clinical trial investigating nivolumab
monotherapy, response rates seemed to be increased after combination therapy with
gemcitabine-cisplatin (33%), pemetrexed-cisplatin (47%) and paclitaxel-carboplatin
(47%) compared to nivolumab monotherapy (23%). 44,45 These results indicate that
platinum-based chemotherapy might indeed enhance the efficacy of immunotherapy,
although this needs to be confirmed in clinical trials that directly compare the
combination to immunotherapy alone.

Targeted therapy and immunotherapy
Combining targeted therapy and immunotherapy might be a potential strategy to
enhance the treatment efficacy in BRAF-mutated patients for several reasons. Targeted
therapy has a relatively high response rate, but the duration of this response is often
short, whereas immunotherapy induces anti-tumor immune responses in a small
group of patients, but these effects can be long-lasting. The combination of both of
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these properties potentially enhances the anti-tumor effects of the treatment. This was
emphasized by results of a phase Ib study combining a BRAF inhibitor, a MEK inhibitor and
a PD-L1 inhibitor, which resulted in complete or partial responses in 29 out of 34 patients
(85.3%). In 20 of these patients, the responses lasted for at least several months. 46
Additionally, another study showed that BRAF inhibition induces tumor-antigen
expression, thereby increasing anti-tumor T cell responses. 47 This could potentially have
an additive effect on the immune response induced by immunotherapy. Using targeted
therapy to induce initial tumor reduction in patients with a high tumor burden might
also increase the response to immunotherapy, which is now investigated in the COWBOY
study (NCT02968303). Because of these potential additive effects, several clinical trials
have investigated the combination of targeted therapy with immunotherapy. However,
combination of vemurafenib with ipilimumab resulted in severe liver, gastro-intestinal
and skin toxicities. 48,49 This is probably the result of toxicity induced by ipilimumab, as
combination of an anti-PD-L1 antibody with BRAF inhibitor dabrafenib and MEK inhibitor
trametinib resulted in a more manageable safety profile.50 Also the combination of
pembrolizumab with dabrafenib and trametinib did not induce severe side effects.51 A
phase II study showed that the amount of patients having responses lasting for more
than 18 months was significantly higher in the combination therapy group than the group
receiving dabrafenib and trametinib alone, indicating that combining targeted therapy
with immunotherapy might indeed be a possibility for enhancing treatment efficacy in
BRAF-mutated patients.52
In chapter 4, we investigated the feasibility of combining DC vaccination
immunotherapy with the BRAF inhibitor vemurafenib. We observed that vemurafenib
inhibited maturation and cytokine production of highly purified naturally circulating DCs
of healthy donors, resulting in inhibited allogeneic T cell proliferation. However, when
total PBMCs were exposed to vemurafenib, the inhibitory effect on naturally circulating
DCs was absent. This was probably due to reduced availability of vemurafenib when
treating the whole PBMC fraction, leading to less uptake by the DCs and limited effects
on their functionality. Additionally, the functionality of naturally circulating DCs and their
T cell stimulatory capacity were unaffected in vemurafenib-treated melanoma patients.
These results indicate that it is feasible to combine targeted therapy with DC vaccination,
which paves the way for future clinical trials to determine the efficacy of this combination
treatment.

Identification of biomarkers to predict immunotherapy efficacy
Monitoring the immune system of patients treated with immunotherapy provides
important information about how the immune system is affected by the treatment. By
investigating a wide array of immune cells isolated from the blood of treated patients, the
mechanisms of action of these therapies can be revealed in more detail. This information is
needed to identify biomarkers that are indicators of treatment outcome and can be used as
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a guideline for continuation or termination of treatment, or can predict treatment outcome
before start of therapy. This will eventually lead to selection of patients that are most
likely to respond, thereby preventing patients from potentially experiencing toxicity by an
ineffective treatment. In chapter 7, we analyzed blood obtained from patients treated with
immune checkpoint inhibitors ipilimumab and pembrolizumab and from DC-vaccinated
cancer patients (melanoma and castration-resistant prostate cancer) that received DC
vaccination with naturally circulating DCs. No effects were observed on the major immune
cell populations of T cells, B cells, NK cells and moMDSCs, prompting us to apply a more
systematic analysis. By directly comparing the expression of each marker before therapy
to each timepoint after therapy, several significantly altered markers were identified.
Ipilimumab mainly affected markers categorized as T cell markers, of which CD45RO and
ICOS were significantly increased. Manual gating of CD45RO+CCR7- effector memory
CD4+ T cells revealed an increase in the percentage of these cells at week 6 and week 9 of
ipilimumab treatment. Furthermore, the expression of ICOS on both CD4+ and CD8+ T cells
was increased after ipilimumab treatment, which has already been shown to be predictive
for therapy efficacy.53 Treatment with pembrolizumab decreased the expression of BDCA4,
BDCA3 and iNKT, but no differences were observed in the frequency of BDCA4+ pDCs,
BDCA3+ DCs and iNKT cells. PD-1 expression was also significantly decreased, which could
be related to the steric hindrance of the antibody for flow cytometry by pembrolizumab,
indicating that our analysis method is able to identify effects of the treatment on the
immune system if they are substantial enough. DC vaccination significantly induced the
expression of HLA-ABC and CD28, although no differences were observed in HLA-ABC
expressing CD14+ monocytes or CD28 expressing T cells. The increase in HLA-ABC was
observed in both melanoma patients and prostate cancer patients after DC vaccination,
indicating the robustness of this finding. As we are the first to describe the effect of DC
vaccination on HLA-ABC and CD28 expression, validation in larger patient cohorts is
needed to confirm the effect and determine the value of these markers as a predictive
biomarker by correlating the observed changes to treatment outcome.

Future perspectives
Although the introduction of immunotherapy has significantly improved the treatment
options for metastatic melanoma patients, the efficacy of monotherapy is still limited.
Therefore, combination of different treatment strategies will be increasingly important
in the future of melanoma therapy. Many studies have already proven that combination
therapy can improve the response to treatment, as combining targeted therapies
dabrafenib and trametinib significantly enhanced the response rate compared to
monotherapy, which was also the case for the combination of immune checkpoint
inhibitors ipilimumab and nivolumab, as discussed in chapter 1.
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The response rate in BRAF-mutated patients can also be enhanced by combination
treatment of targeted therapy and immunotherapy. Metastatic melanoma patients that
do not have this mutation will not benefit from targeted therapy, but could potentially
be treated with a combination of different immunotherapies. The combination of
immune checkpoint inhibitors has been tested extensively, but it has been proposed
that the combination of immune checkpoint inhibitors with DC vaccination might
also be an effective therapeutic option. Treatment of patients with a moDC vaccine in
combination with ipilimumab resulted in a response rate of 38% and about half the
patients had ongoing responses at 36 months of follow up.54 As DC vaccination with
naturally circulating DCs was shown to be more effective than moDC vaccination,
combining immune checkpoint inhibitors with natural DC vaccines could be a potentially
effective combination treatment. As we and others have shown that chemotherapeutics
and in particular platinum drugs have immunogenic effects, combining chemotherapy
with immunotherapy should also be further explored. The positive effect of
chemotherapeutics on immunotherapy efficacy has already been observed in the clinic,
as a phase II trial combining ipilimumab with dacarbazine showed that the objective
response rate and overall survival were significantly increased compared to ipilimumab
monotherapy.55 Clinical trials will have to prove if platinum drugs have a similar enhancing
effect on immunotherapy efficacy and what would be the optimal dosage and treatment
interval to enhance the clinical benefit of the treatment.
As application of combination therapies will be the main focus in the future of melanoma
treatment, the amount of patients experiencing adverse events by these often toxic
combinations will increase.56 This also substantiates the need for predictive biomarkers
that can select patients that will benefit from treatment and thereby prevent patients
from experiencing unnecessary toxicity. Extensive research into the use of PD-L1 as a
biomarker for the response to anti-PD-1 therapy indicated that the use of one biomarker
is probably not specific enough. Therefore, the focus is shifted towards multifactorial
biomarkers, combining factors like tumor mutational load, the amount of CD8+ T cell
infiltrate in the tumor and tumoral PD-L1 expression.57 Furthermore, new potential
biomarkers are being explored, like the presence of Bifidobacter and Bacteroides species
in the microbiome, which have been associated with enhanced responses to anti-PD-L1
therapy in mice and anti-CTLA-4 therapy in humans, respectively.58,59
The use of predictive biomarkers will also identify patients that are unlikely to
respond to immunotherapy treatment. In this case, treatment with platinum drugs to reengineer the suppressive TME into an immune stimulatory environment might improve
their chances of responding to immunotherapy. Hopefully, this will make immunotherapy
available to the majority of metastatic melanoma patients and increase the survival
chances of this relatively young patient group.
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APPENDIX

Summary
Annually, around 230,000 people are diagnosed with melanoma worldwide, leading
to approximately 55,000 deaths every year. Especially after metastasis occur, patients
have a very poor prognosis. In the past, metastatic melanoma could only be treated with
chemotherapy, like dacarbazine, which only reduced tumor growth in around 12% of
patients and half of the patients died within 6 months. Therefore, alternative treatments
were developed, including targeted therapy and immunotherapy.
About 50% of melanoma patients have a mutation in the BRAF gene that leads to
stimulation of the MAPK pathway and ultimately induces tumor cell growth, proliferation
and differentiation. Targeted therapy with vemurafenib specifically targets mutated BRAF,
leading to inhibition of tumor progression. Additionally, MEK inhibitors target downstream
protein kinases of the same pathway, thereby having comparable effects on tumor growth.
Especially the combination of BRAF and MEK inhibitors is very effective in patients with
mutated BRAF as up to 76% of patients respond, resulting in half of the patients still being
alive after 2 years. Although this is a significant improvement compared to chemotherapy,
the mutation in BRAF is only in present in about half of the melanoma patients and resistance
to targeted therapy is very common, indicating that a large group of patients will not benefit
from this treatment. Therefore, more general applicable therapies that can induce longterm effects were needed. As melanoma is considered an immunogenic cancer that can be
recognized by the immune system, several immunotherapies with different targets have
been developed to stimulate the anti-tumor immune response. Especially the discovery of
the immune checkpoint inhibitors has led to significant progress in the treatment efficacy of
metastatic melanoma. Monotherapy with CTLA-4-inhibitor ipilimumab and PD-1-inhibitor
nivolumab resulted in response rates of about 15% and 40%, respectively. Combination of
these therapies even induced tumor progression in about 58% of patients and more than
half of the treated patients was still alive after 4 years.
Although a response rate of 58% is a substantial improvement compared to
chemotherapy, it indicates that still a large part of the patients does not respond.
This is possibly due to the suppressive tumor microenvironment that is induced by
the tumor itself. Via several mechanisms, including downregulation of MHC-I and
expression of inhibitory molecules like PD-L1, the tumor is able to evade the anti-tumor
immune response. Furthermore, tumor cells can inhibit immunostimulatory cells and
recruit suppressive cells, leading to the formation of an immunosuppressive tumor
microenvironment (TME). This thesis investigates several ways to enhance the efficacy of
immunotherapy, including re-engineering of the suppressive tumor microenvironment
with platinum-based chemotherapy. Additionally, the feasibility of combining DC
vaccination with targeted therapy is explored and the mechanisms of action of several
immunotherapies is investigated to identify potential biomarkers that could be used to
select patients that are more likely to respond to immunotherapy treatment.
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Re-engineering of the suppressive TME
Myeloid-derived suppressor cells (MDSCs) are important inhibitory cells in the tumor
microenvironment, as their presence has already been linked to reduced efficacy of
immunotherapy. The suppressive mechanisms of MDSCs are discussed in chapter 2.
Furthermore, we proposed several strategies to inhibit MDSCs with clinically
available drugs, like sildenafil and amiloride, or natural compounds, including
icariin and cucurbitacin. Combination therapy with these drugs could potentially
enhance immunotherapy efficacy. In addition, we investigated if platinum-based
chemotherapeutics, like cisplatin and oxaliplatin, could also be applied to eradicate
MDSCs. Cisplatin and oxaliplatin are potent inhibitors of the STAT signaling pathway,
which is an important regulator of the suppressive function of MDSCs. In chapter 5,
we described that the development as well as the function of in vitro generated MDSCs
is inhibited by platinum-based chemotherapeutics, probably via inhibition of STAT3
signaling. Furthermore, by isolating MDSCs from the blood of cisplatin-treated head
and neck cancer patients the effect of cisplatin was investigated in vivo. It was observed
that both the frequency and suppressive capacity of isolated MDSCs was inhibited after
6 weekly dosages of cisplatin. This indicates that platinum drugs could potentially be
applied to inhibit MDSC frequency and function in order to re-engineer the suppressive
TME and enhance immunotherapy efficacy.
In addition to recruitment of suppressive cells, the tumor can also inhibit
immunostimulatory cells, like dendritic cells (DCs). As STAT signaling also regulates
the function of DCs, the effect of platinum-based chemotherapeutics on the STAT
signaling pathway in DCs was investigated in chapter 3. We showed that both cisplatin
and oxaliplatin specifically inhibit STAT6 during differentiation and maturation of
monocyte-derived DCs and observed a trend in STAT3 inhibition during maturation. This
effect probably contributes to the stimulatory effects of platinum drugs on DC function
observed by others. These results provide additional evidence for using platinum
drugs to re-engineer the suppressive tumor microenvironment in order to enhance
immunotherapy efficacy.
To test this hypothesis, a clinical trial was initiated in which metastatic melanoma
patients were treated with DC vaccination immunotherapy in combination with cisplatin,
which is described in chapter 6. The results of this trial did however indicate that cisplatin
had no additive effect on the efficacy of DC vaccination. Furthermore, there were no
effects on the presence of Tregs and MDSCs in treated patients. This could be due to
suboptimal timing of cisplatin administration in relation to the DC vaccines as we and
others have described that longer periods of cisplatin treatment are necessary to inhibit
MDSCs. Therefore, more research is needed to determine the optimal timing of cisplatin
treatment as well as the dosage that is needed to induce the efficacy of DC vaccination.
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Combination with targeted therapy
In metastatic melanoma patients with the BRAF gene mutation combining
immunotherapy and targeted therapy could also enhance immunotherapy efficacy. In
chapter 4, the feasibility of combining BRAF inhibitor vemurafenib with DC vaccination
immunotherapy was explored by investigating the effects of vemurafenib on the
functionality of naturally circulating DCs (nDCs). We demonstrated that vemurafenib
inhibited maturation and cytokine production of purified nDCs of healthy donors, but
that this was not the case when total PMBCs were exposed to the drug. This is probably
the result of increased cellular uptake when treating the whole PBMC fraction, thereby
limiting the inhibitory effects on DC functionality. Additionally, the T cell stimulatory
capacity of nDCs isolated from vemurafenib-treated patients was unaffected, indicating
that combination treatment of vemurafenib with nDC vaccination is feasible.

Biomarkers
Selection of patients that are more likely to respond to therapy by using predictive
biomarkers is also a strategy to improve a patient’s chance to respond to immunotherapy
and to prevent them from experiencing unnecessary adverse events. To be able to
identify novel biomarkers, the mechanisms of action of immunotherapies have to be
elucidated in detail. In chapter 7, we compared the effects of immunotherapy with
immune checkpoint inhibitors ipilimumab and pembrolizumab and DC vaccination
by investigating a wide array of immune cells and phenotypical markers in the blood
of treated patients. We observed that ipilimumab induced the frequency of effector
memory cells and the expression of ICOS on T cells. Pembrolizumab upregulated the
expression of BDCA4, BDCA3 and iNKT on the PBMC fraction, but no specific cell types
underlying this effect could be identified. DC vaccination enhanced the expression of
CD28 and HLA-ABC in both melanoma patients and castration-resistant prostate cancer
patients. As only small groups of patients were investigated in this analysis, validation
in larger cohorts is needed to confirm the observed effects and to determine if these
markers are predictive of treatment outcome.
Chapter 8 summarizes the findings in this thesis and places them into context of current
knowledge and developments in the field of metastatic melanoma treatment.
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Samenvatting
Elk jaar krijgen wereldwijd 230,000 mensen de diagnose huidkanker, ook wel melanoom
genoemd, en overlijden er 55,000 mensen aan deze ziekte. Vooral wanneer het melanoom
is uitgezaaid, is de prognose erg slecht. Uitgezaaid melanoom kon tot ongeveer 10 jaar
geleden alleen worden behandeld met chemotherapie. Dit was niet heel effectief, omdat
maar ongeveer 12% van de patiënten hierop reageerde en de helft van de patiënten binnen
6 maanden na behandeling overleed. De noodzaak voor alternatieve behandelingen, die
beter aansloegen dan chemotherapie was dus groot. Dit leidde tot de ontwikkeling van
doelgerichte therapie (in het Engels: targeted therapy) en immunotherapie.
Doelgerichte therapie, zoals het geneesmiddel vemurafenib, remt een specifiek eiwit
in de tumorcellen: het BRAF eiwit. Deze therapie werkt alleen als dit eiwit een mutatie
heeft ondergaan, wat vaak voorkomt in tumorcellen. Doordat vemurafenib zich alleen
richt tegen deze gemuteerde eiwitten, wordt specifiek de tumor aangevallen, maar
worden gezonde cellen niet aangetast. Het remmen van het BRAF eiwit zorgt ervoor dat
de tumorgroei afneemt, omdat dit eiwit onderdeel is van een signaalroute die er voor
zorgt dat de tumor groeit. Door deze signaalroute te remmen met vemurafenib remt
dus ook de groei van de tumor af. Klinische studies laten zien dat ongeveer 48% van
de patiënten met de mutatie in het BRAF eiwit reageert op deze therapie. Wanneer het
wordt gecombineerd met andere geneesmiddelen die dezelfde signaalroute remmen is
dit zelfs 76%. De behandeling met doelgerichte therapie is dus een grote verbetering ten
opzichte van chemotherapie.
Het nadeel is dat bij maar 50% van de melanoom patiënten deze mutatie aanwezig
is en dat er ook vaak resistentie optreedt tegen deze therapie. Daarom zijn ook breder
toepasbare behandelingen ontwikkeld, zoals immunotherapie. Melanoom wordt
gezien als een type kanker dat goed herkend kan worden door het immuunsysteem.
Immunotherapie stimuleert op verschillende manieren het immuunsysteem om de
tumorcellen te vinden en op te ruimen. De beste resultaten zijn daarbij behaald met
de immuun checkpoint blokkers. Deze geneesmiddelen blokkeren specifieke eiwitten
(CTLA-4 en PD-1) op de aanvallers van het immuunsysteem: de T-cellen. Deze eiwitten
zorgen er onder andere voor dat de T-cellen de opdracht om de tumorcellen te doden
niet meer goed doorkrijgen. Daarnaast kunnen de tumorcellen deze eiwitten gebruiken
om de T-cellen te remmen wanneer deze hen willen aanvallen. Door deze eiwitten
te blokkeren zijn de T-cellen beter in staat om de tumor aan te vallen en neemt de
tumorgroei af. Voornamelijk het remmen van meerdere van zulke eiwitten tegelijk is zeer
effectief, aangezien in studies wordt gezien dat ongeveer 58% van de patiënten hierop
reageert. De helft van de behandelde patiënten is zelfs na 4 jaar nog in leven.
Het feit dat 58% van de patiënten op de behandeling reageert, is een grote verbetering
ten opzichte van de traditionele chemotherapie. Maar dit betekent ook dat de
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behandeling bij een groot deel van de patiënten geen effect heeft. Een belangrijke
reden hiervoor is dat de tumor zelf in staat is om het immuunsysteem te remmen. Dit
gebeurt op verschillende manieren, bijvoorbeeld door te voorkomen dat hij herkend
wordt door het immuunsysteem en door eiwitten die de immuunreactie remmen,
zoals PD-L1, tot expressie te brengen. Daarnaast kunnen tumorcellen andere cellen
die een negatief effect hebben op de immuunreactie aantrekken en stimulerende
immuuncellen juist afremmen. Hierdoor ontstaat een suppressieve omgeving rondom
de tumor (in het Engels: de suppressive tumor microenvironment). Eén van de dingen
die in dit proefschrift is onderzocht, is hoe we immuuncellen kunnen stimuleren zodat
immunotherapie mogelijk effectiever wordt.

Het stimuleren van immuuncellen
Eén van de celtypes die door de tumor wordt aangetrokken en die de immuunreactie
negatief beïnvloedt, zijn de myeloid-derived suppressor cellen (MDSCs). In hoofdstuk 2
wordt samengevat op welke manieren deze MDSCs de immuunreactie precies remmen.
In verschillende studies is aangetoond dat immunotherapie beter werkt wanneer
patiënten weinig MDSCs hebben. Dit hoofdstuk bevat een overzicht van veelgebruikte
geneesmiddelen en natuurlijke supplementen die MDSCs kunnen remmen. Als
immunotherapie hiermee gecombineerd zou worden, zou dit dus mogelijk de
effectiviteit van de immunotherapie kunnen verbeteren. Daarnaast hebben we ook een
andere methode onderzocht om MDSCs te remmen, namelijk met platinum-bevattende
chemotherapie. Deze chemotherapie, waartoe cisplatine en oxaliplatine behoren, wordt
nog steeds veel toegepast bij de behandeling van verschillende soorten kanker. Deze
geneesmiddelen kunnen ook een specifieke signaalroute remmen die belangrijk is voor
de functie van MDSCs: de STAT signaalroute. We hebben in hoofdstuk 5 onderzocht
of cisplatine en oxaliplatine het remmende effect van MDSCs op het immuunsysteem
kunnen tegengaan door het blokkeren van deze STAT signaalroute. Door cellen die lijken
op MDSCs in het lab te genereren, hebben we aangetoond dat cisplatine en oxaliplatine
de vorming en de functie van deze cellen kunnen remmen. Door de MDSCs in het bloed
van patiënten met hoofd-hals kanker die behandeld werden met cisplatine te isoleren,
konden we ook het effect van cisplatine in de patiënten zelf onderzoeken. Hieruit
bleek dat de aantallen MDSCs gedaald waren na 6 wekelijkse kuren cisplatine, waarbij
ook de remmende effecten van deze cellen waren afgenomen. Platinum-bevattende
chemotherapie kan dus MDSCs remmen, wat er op wijst dat combinatie van deze
chemotherapie met immunotherapie mogelijk de effectiviteit kan verbeteren.
Naast het aantrekken van MDSCs kan de tumor ook cellen die belangrijk zijn voor de
immuunreactie remmen, waaronder de dendritische cellen (DCs). Deze cellen kunnen
stukjes van de tumor opnemen en dit presenteren aan de T-cellen, die vervolgens de tumor
opsporen en opruimen. Ook in deze cellen speelt de STAT signaalroute een belangrijk rol.
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Eerder onderzoek heeft uitgewezen dat activering van de STAT signaalroute de functie
van DCs remt, waardoor ze minder goed in staat zijn om het immuunsysteem te activeren.
Door het remmen van de STAT signaalroute met platinum-bevattende chemotherapie zou
de functie van DCs dus verbeterd kunnen worden. In hoofdstuk 3 hebben we aangetoond
dat cisplatine en oxaliplatine inderdaad de STAT signaalroute in DCs remmen en hebben
we ook laten zien welke onderdelen van de signaalroute hier precies bij betrokken zijn.
Deze resultaten zijn een extra aanwijzing dat platinum-bevattende chemotherapie
mogelijk de effectiviteit van immunotherapie kan verbeteren.
Om te onderzoeken of dit daadwerkelijk het geval is hebben we in hoofdstuk 6 een
klinische studie gedaan. Hierin werden patiënten met uitgezaaide melanoom behandeld
met een combinatie van DC vaccinatie immunotherapie en cisplatine. De resultaten van
dit onderzoek bevestigden echter niet dat deze combinatie effectiever is, aangezien de
overleving van patiënten na DC vaccinatie niet verbeterde bij combinatie met cisplatine.
Dit komt waarschijnlijk omdat de timing van het behandelen met cisplatine in relatie tot
de immunotherapie zeer kritisch is. De effecten van cisplatine op het immuunsysteem
moeten namelijk optimaal zijn wanneer de immunotherapie wordt gegeven. Hieruit
hebben we kunnen concluderen dat er meer onderzoek nodig is om de optimale timing
en ook de dosering van cisplatine te bepalen.

Combinatie van immunotherapie en doelgerichte therapie
Een tweede manier om de effectiviteit van immunotherapie te verbeteren, die is
onderzocht in dit proefschrift, is het combineren met doelgerichte therapie. In
hoofdstuk 4 is specifiek gekeken naar de combinatie van doelgerichte therapie met
vemurafenib en immunotherapie met DC vaccinatie. Bij DC vaccinatie worden de
stimulerende eigenschappen van DCs gebruikt om de immuunreactie tegen de tumor
te versterken. DCs worden dan geïsoleerd uit de patiënt en buiten het lichaam geladen
met stukjes tumor. Vervolgens worden deze DCs geactiveerd en geïnjecteerd in de
patiënt om een immuunreactie tegen de tumor te stimuleren. Wij hebben onderzocht of
DC vaccinatie gecombineerd zou kunnen worden met vemurafenib door te bekijken of
vemurafenib negatieve effecten heeft op de functie van DCs. Het bleek dat vemurafenib
alleen een negatief effect had wanneer geïsoleerde DCs werden behandeld. Wanneer
alle immuuncellen in het bloed tegelijk werden behandeld, was dit negatieve effect
afwezig. Ook in melanoom patiënten die met vemurafenib werden behandeld, zagen
we geen negatief effect op de functie van de DCs. Dit wijst erop dat deze vorm van
immunotherapie dus gecombineerd zou kunnen worden met vemurafenib.

Voorspellende biomarkers
Een derde strategie om de kansen van een patiënt op een effectieve behandeling met
immunotherapie te vergroten, is door het gebruik van biomarkers. Biomarkers zijn
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eiwitten die gemeten kunnen worden in bloed of tumorweefsel van een patiënt en die
voorspellen of de patiënt wel of niet goed zal reageren op een bepaalde immunotherapie.
Hierdoor kunnen patiënten met een goede kans op een effectieve behandeling worden
geselecteerd en kan worden voorkomen dat patiënten onnodige bijwerkingen ervaren
wanneer de immunotherapie hoogstwaarschijnlijk niet aan zal slaan. Om nieuwe
biomarkers te kunnen vinden is het belangrijk om goed te weten wat voor effecten
immunotherapieën precies hebben op het immuunsysteem van de patiënten. Daarom zijn
in hoofdstuk 7 de effecten van verschillende immunotherapieën op het immuunsysteem
van behandelde patiënten vergeleken. De onderzochte immunotherapieën bleken
inderdaad verschillende effecten te hebben op het immuunsysteem en sommige van
deze effecten waren nog niet eerder beschreven. Om vast te stellen hoe sterk deze
effecten zijn, zal eerst in andere patiënten gekeken moeten worden of daar dezelfde
veranderingen zichtbaar zijn. Daarnaast moeten de bevindingen worden gerelateerd aan
de effectiviteit van immunotherapie om hun voorspellende waarde te kunnen bepalen.
Om dit te kunnen doen zullen echter eerst grotere groepen patiënten moeten worden
onderzocht.
In hoofdstuk 8 zijn de resultaten van de onderzoeken in dit proefschrift samengevat en
wordt de relevantie voor de toekomst van de behandeling van uitgezaaide melanoom
bediscussieerd.
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