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ABSTRACT
Myeloid-derived suppressor cells (MDSCs) are known to play a critical role in the suppression of T cell
antitumor responses. Our preclinical data showed that the phosphodiesterase (PDE)-5 inhibitor sildenafil
impaired MDSC functions, enhanced intratumoral T cell activity and prolonged survival of melanoma-
bearing mice. In this study, we evaluated biologic effects, safety and efficacy of palliative treatment with
the PDE-5 inhibitor tadalafil in metastatic melanoma patients. We conducted an open-label, dose de-
escalation trial with tadalafil in pretreated metastatic melanoma patients. Tumor and peripheral blood
samples were taken before and 4 weeks after the start of treatment. Samples were investigated by
immunohistochemistry and FACS analysis, for different immune subsets with numbers of CD8C tumor-
infiltrating lymphocytes (TIL) as primary end point. Stable disease was achieved in 3/12 patients (25%).
Median progression-free survival was 4.6 mo (range 0.7–7.1), median overall survival (OS) 8.5 mo (range
2.7–23.7). The treatment was well tolerated. Stable patients displayed significantly higher numbers of
CD8C TIL in the center of metastases before treatment as compared with progressive patients. Upon the
therapy, they showed increased expression of z-chain (used as a marker of T cell activation) in CD8C and
CD4CTILs and CD8CT cells in the peripheral blood as compared with baseline. Our study suggests that the
PDE-5 inhibitor tadalafil can improve clinical outcome of advanced melanoma patients by enhancing
antitumor immunity and highlights its potential application in combined melanoma immunotherapy.
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Introduction

Cutaneous melanoma is an aggressive and often lethal skin can-
cer.1-3 Even though various immuno- and targeted-therapies
are approved, the overall success for advanced melanoma is still
limiting.4,5 Insufficient antitumor reactivity could be related to
an impaired host T cell immunity leading to tumor-induced
tolerance mediated by regulatory T cells, tumor-associated
macrophages and myeloid-derived suppressor cells (MDSCs).6-8

In the last decade, MDSCs have been reported to be enriched
during the tumor progression and to display a strong inhibition
of antitumor T cells immune responses by multiple mecha-
nisms.9-13 MDSCs represent a heterogeneous population of
immature myeloid cells that fail to finish terminal differentia-
tion.9,14 In human, they can be characterized as HLA-DR¡/low-

CD11b
C
CD14¡CD15C polymorphonuclear MDSCs (PMN-

MDSCs) and HLA-DR¡/lowCD11bCCD14CCD15¡ monocytic
MDSCs (Mo-MDSCs).9-14 It has been reported that different
MDSC subpopulations may function in different types of
tumors.8,12,13 We have recently demonstrated an accumulation
of Mo-MDSCs in advanced melanoma patients that was nega-
tively correlated with the progression-free survival of these
patients.15 Immunosuppressive function of MDSCs has been
shown to involve the activation of inducible nitric oxide (NO)
synthase and arginase-1.9-14 These two pathways induced an
impairment of T cell functions associated with a pronounced
downregulation of the TCRz-chain expression, which plays a
key role in coupling the TCR-mediated antigen recognition to
diverse signal transduction pathways.16,17 Therefore, a depletion
of MDSCs or abrogation of their immunosuppressive functions
may be a promising tool for melanoma therapy.
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Recently, phosphodiesterase (PDE)-5 inhibitors like sildena-
fil or tadalafil have been shown to exert antitumor effects in
various tumors. It has been found that tadalafil was capable to
inhibit MDSCs and restore T cell function in head and neck
squamous cell carcinoma patients.18,19 Using a ret transgenic
murine melanoma model, we demonstrated that chronic
administration of sildenafil led to a significant increase in the
overall survival (OS) of tumor bearing mice.6 Moreover, we
found no toxic side effects of the drug at least 6 weeks after start
of therapy. Importantly, we demonstrated that all above-men-
tioned effects of sildenafil were strongly associated with an
increase in TIL numbers and an enhancement of TCR z-chain
expression in T cells from primary tumors and metastatic
lymph nodes.20 Since z-chain levels in TILs have been reported
as a prognostic and survival biomarker in cancer patients,21,22

it can be used to measure the biologic effect of a PDE-5
inhibitor therapy.

We conducted this pilot study to characterize immunologi-
cal responses associated with the PDE-5 inhibitor therapy in
metastatic melanoma patients and to explore its therapeutic
potential in a palliative setting. We used tadalafil because of its
longer half-live compared with sildenafil with a daily dose in
the treatment of pulmonary hypertension. Based on our pre-
clinical data, the main aim of this trial was to test the hypothe-
sis that tadalafil could strengthen a T cell-mediated antitumor
immune reactivity, improving thereby the clinical outcome of
the patients.

Results

Demographics

Of 15 patients screened, 12 patients from the Department of
Dermato-Oncology of the National Center for Tumor Diseases
(NCT) were included from March 2012 to January 2015 and
treated within the trial with tadalafil. Three patients had to be
excluded (screen failures) because of fast deterioration of gen-
eral health status based on progressive disease (two patients) or
withdrawal of consent (one patient). Clinical characteristics of
patients are given in Table 1. There were six female and six

male patients with a median age of 72 y (range 33–75 y) at trial
inclusion. Metastatic site stage was predominantly M1c
(66.7%). Elevated lactate dehydrogenase (LDH) levels (>248
U/L) were seen in half of the patients (6 of 12; 50%). ECOG
performance status was 0 in 10 patients (83.3%) and 1 in 2
patients (16.7%). 11 patients had a primary cutaneous mela-
noma and 1 patient a mucosal melanoma arising from the nasal
sinus. 5/12 patients (41.7%) carried a BRAF mutation-positive
tumor including one patient with an inactivating BRAF D594N
mutation. In two patients a Q61 NRAS mutation was observed.

11 patients had progressed on at least one prior standard
treatment, most frequently ipilimumab and/or chemotherapy
with 50% of patients having received at least two pretreatments
(Table 1). One patient was allowed to receive tadalafil as a first-
line treatment inside the trial since she had multiple sclerosis,
which is a contraindication for ipilimumab as the only
approved treatment with efficacy at that time. Notably, the
multiple sclerosis was asymptomatic and did not require
chronic immunosuppressive therapy.

Tadalafil has clinical activity in patients with metastatic
melanoma

Of 12 included patients, 3 (25%) achieved a stable disease as
best response to treatment (Fig. 1A). All of them had a pro-
gressing melanoma under the pretreatment with new lesions
developing under either dacarbazine (one patient) or ipilimu-
mab (two patients). The latter patients received 4 cycles of ipili-
mumab without relevant toxicity. One of them revealed a stable
disease for 11 mo and then progressed. Tadalafil was started
14 months (mo) after the last dose of ipilimumab. The second
patient progressed on ipilimumab and received tadalafil after
confirmation of progressive disease 3 mo after the last ipilimu-
mab dose (Fig. 1A).

Two out of the three stable patients carried a BRAF mutation-
positive tumor. Remarkably, at trial inclusion, all of them had a
low tumor load with serum LDH levels within normal limits.
Statistically, a trend was detectable for LDH at treatment start as
a marker for achieving a stable disease under tadalafil treatment

Table 1. Patient characteristics and treatment outcome.

ID Stage
Mutation
status

Age
(years) Gender

Tadalafil
dosage

Elevated serum
LDH (yes/no)1

Best response
(irRC)

Previous
therapies

PFS
(months)

OS
(months)

01 M1c wt 75 Male 40 mg yes PD DTIC, Ipi, P/C 2.2 2.8
02 M1b wt 64 Male 40 mg no SD DTIC 4.3 13.2
03 M1c wt 55 Male 40 mg yes PD DTIC, Ipi 1.8 4.6
04 M1c V600E 48 Female 20 mg no PD Ipi 1.8 15.9
05 M1c wt 70 Male 20 mg yes PD DTIC, Ipi 1.8 8.8
06 M1c V600 33 Male 20 mg yes PD DTIC, Ipi, BRAF-I 0.7 5.0
07 M1c wt 61 Male 10 mg yes PD DTIC, Ipi, P/C, T/G,

trofosfamide
1.8 2.7

08 M1c V600E 60 Female 10 mg no SD Ipi 3.0 6.3
10 M1a NRas 70 Female 10 mg no PD Ipi/Nivo 1.8 23.7C
11 M1c D594N 58 Female 5 mg yes PD none (CI Ipi) 1.9 22.2C
14 M0 V600E 68 Female 5 mg no SD ECT, Ipi 7.1 20.8C
15 M1a NRas 75 Female 5 mg no PD DTIC 2.1 8.2

Median: 4.6 Median: 8.5

Abbreviations (alphabetical order): BRAF-ID BRAF inhibitor, CI D contraindication, DTIC D dacarbazine, ECT D Electrochemotherapy, Ipi D Ipilimumab, irRC: immune-
related response criteria, LDH: lactate dehydrogenase, Nivo D Nivolumab, OS D overall survival, P/C D Paclitaxel/Carboplatin, PFS D progression free survival,
PDD progressive disease, SD D stable disease, T/C D Treosulfan/Gemcitabin, wt D wildtype;

1at the start of treatment.
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(X2: p D 0.091). In addition, Kaplan–Meier analysis showed
prognostic relevance for LDH regarding OS of patients (log-
rank: p D 0.026; Fig. 1B) but not yet for progression-free survival
(PFS; p D 0.086; data not shown). The effect of tadalafil was not
related to dose because stable patients were found across different
dose cohorts (5 mg, 10 mg and 40 mg).

PFS for all treated patients was 4.6 mo (range 0.7–7.1 mo).
As of November 2016 median OS was 8.5 mo with 3/12
patients who were still alive (Table 1).

Tadalafil was safe in patients with metastatic melanoma

Overall, every patient in the study experienced one or more
adverse events (AEs) with a median number of 7.5 (1–12) AEs
per patient (Table S1). A total of 84 AEs were recorded during
the study, 11 of 84 AEs (13.1%) of Grade 3–4. 6 of 84 (7.1%)
severe AEs (SAEs) were registered in three patients. The most fre-
quently reported AEs included vomiting/nausea (8.3%) and head-
ache, fatigue and weight loss (3.6%) (Fig. 2). 15 of 84 (17.9%) AEs
were thought to be treatment-related. One patient in the 10 mg
dose-cohort experienced headaches that were resistant to pain
medication and developed into a Grade 3 AE. The symptoms
were thought to be related to the study drug and treatment was
interrupted and dose held until toxicity returned to Grade 0–1.

The administration of the study medication was then reduced by
50% to 5 mg tadalafil daily.

All six recorded SAEs were related to the underlying disease
and disease progression, e.g., anasarca and ascites. There were
no treatment-related deaths.

Treatment with tadalafil was well tolerated in patients
with metastatic melanoma

Quality of life (QoL) was assessed using the SF-12TM Health
Survey (SF-12) questionnaire at baseline, 4 and 8 weeks of
treatment (Table S2). Data are complete except one missing
score (last time point of patient 6), which could not be
assessed due to rapid disease progression and death of the
patient. SF-12 physical (PCS) and mental component scores
(MCS) varied greatly among patients over the course of the
trial. Comparing PCS and MCS at screening to the 4 week
time point, we noted a minor decrease by a mean of 2.1
(range ¡11.0 to 19.1) points and 0.8 points (range ¡2.1 to
27.9), respectively (Fig. S1). There was no statistically signifi-
cant difference in QoL between stable and progressive patients
(Pearson correlation: p D 0.231 for PCS; p D 0.672 dor MCS)
nor depending on the number of AE (Pearson correlation: p
D 0.594 for PCS, p D 0.630 for MCS).

Figure 1. (A) PET-CT scans prior (1), after 4 cycles of ipilimumab (2), and 6 weeks later to exclude pseudo-progression (3); here progressive disease was confirmed and the
patient included into the TaMe trial; after 8 weeks of treatment with tadalafil 5 mg daily p.o. (4) and after 5 mo (5). The scans show progressive disease under ipilimumab
(1–3) and stable disease under tadalafil (3–5) – with a good regression of cutaneous metastases in the leg and a progressing left inguinal lymph node. (B) High LDH at
treatment start was associated with poor prognosis under treatment with tadalafil.

Figure 2. Adverse events: frequency of adverse events according to toxicity grades CTCAE4.0 criteria (A) and affected organ systems (B).
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Modulation of MDSCs in melanoma patients by tadalafil

In this study, we investigated MDSCs in the peripheral blood
and fresh tumor samples from melanoma patients before and
after the treatment with tadalafil. Using flow cytometry, we
analyzed the frequency of Mo- and PMN-MDSC subsets (that
are defined as HLA¡DR¡/lowCD11bCCD14CCD15¡ and
HLA¡DR¡/lowCD11bCCD14¡CD15C cells respectively)
(11–14) (Fig. 3A). We found that frequencies of Mo-MDSCs
from the peripheral blood of stable patients displayed a ten-
dency to decrease after the treatment as compared with baseline
(p D 0.071, Fig. 3B), whereas in progressive patients, the
changes in Mo-MDSC frequencies after the treatment were not
observed (Fig. 3C). Next, we tested the immunosuppressive
pattern of MDSCs in treated patients. To address this question,
we analyzed the production of NO known to be a molecule
involved in MDSC functions by diaminofluorescein-2 diacetate
using flow cytometry.8-14 In two of three stable patients, tadala-
fil induced a reduction of NO production by Mo-MDSCs infil-
trating metastatic lesions as compared with the level before the
therapy (Fig. 3D). In three of five progressive patients, the NO
production was increased as compared with the level before the
therapy (Fig. 3E). However, we failed to observe statistically
significant differences in NO production by both MDSC sub-
sets between stable and progressive patients (data not shown).

Restoration of T cell activity upon treatment is associated
with improved clinical outcome

Next, we examined whether tadalafil could modulate T cell fre-
quency and activity. To this end, we first evaluated the

distribution of CD4C and CD8CT cells in the peripheral blood
and freshly isolated tumor samples from melanoma patients
treated with tadalafil. The number of CD8C cells in progressive
patients was significantly reduced upon treatment as compared
with baseline (p D 0.039, Fig. 4A). We could not detect any
changes in the number of CD8C cells in patients with stable
disease (Fig. 4B). To determine the impact of tadalafil on T cell
activity, we tested the TCR z-chain expression. Upon therapy,
stable patients displayed a significant elevation of z-chain
expression in CD8C TILs as compared with progressive
patients (Fig. 4C). Moreover, we observed in stable patients an
increase in the z-chain expression in tumor infiltrating and cir-
culating CD8C T cells during therapy as compared with the ini-
tial level (p D 0.0043 and 0.0283, respectively, Fig. 4D and E).
In addition, we detected a strong elevation of the z-chain
expression in CD4C T cells in tumor samples taken from stable
patients as compared with the baseline (p D 0.0261, Fig. 4F).
However, circulating CD4C T cells in these patients showed no
statistically significant differences in the expression of z-chain
(data not shown).

Clinically stable patients display accumulation
of CD8C T cells and reduction of regulatory
T cells in melanoma metastases

Tumor tissue specimens were analyzed for their infiltration
with T cells (CD3, CD8, FOXP3), B cells (CD20) and macro-
phages (CD163) by immunohistology. Computer-assisted anal-
ysis revealed a higher pretreatment level of infiltrating CD8C T
cells (p D 0.036; Fig. 5A) and a higher level of regulatory T cells
(p D 0.057; Fig. 5B) in the center of the metastases from stable

Figure 3. Evaluation of MDSCs in melanoma patients before and during tadalafil therapy. PBMCs and cells from melanoma metastases before and during tadalafil admin-
istration therapy were assessed by flow cytometry. (A) Representative dot plots with the gating strategy identifying Mo-MDSCs (HLA-DRlownegCD11bCCD15-CD14C
cells) and PMN-MDSCs (SSClowHLA-DRlownegCD11bCCD14-CD15C cells). (B,C) The frequency of Mo-MDSCs in the peripheral blood of stable disease (B) or progressive
disease patients (C) is presented as the percentage of viable PBMCs. (D,E) The intracellular concentration of NO in tumor-infiltrating Mo-MDSCs in stable disease (D) or
progressive disease patients (E) before and during tadalafil treatment is expressed as mean fluorescence intensity (MFI).
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patients. Moreover, metastases of stable patients were charac-
terized by a significant reduction of FOXP3C regulatory T cells
upon the treatment as compared with baseline (p D 0.044;
Fig. 5B). No significant differences in numbers of B cells and
macrophages were found between stable and progressive
patients (data not shown). In addition, tumor samples were
stained for PD-L1. Most tumors displayed PD-L1 expression.
However, the treatment did not change it significantly
(X2: p D 0.339). In addition, PD-L1 expression was not
predictive for stabilization of the disease (X2: p D 0.513).

Tadalafil concentration in melanoma metastases
correlates with daily dose of tadalafil but not
with clinical response

Even though patients with a stable disease were seen across the
different dose cohorts, we quantified tadalafil to assess whether
clinical benefit was concentration-dependent. Using a previ-
ously reported, validated tandem mass spectrometry method
(UPLC-MS/MS),23 we quantified tadalafil in the 6 out of the 12
patients who had sufficient residual material for this analysis
(Table S3). MS analysis revealed that tissue concentration in
metastases taken under tadalafil treatment correlated well with
the daily dosage of tadalafil (Table S3) also confirming good
taking compliance. In contrast, plasma concentrations varied
considerably, likely because they were taken on different time
points of the dosing interval (between 8 and 10 a.m.), i.e., some-
times probably at the time of peak concentrations. Neither
plasma nor tissue concentrations appeared to correlate with the
clinical response. Interestingly, in the 5 mg dosage cohort tada-
lafil could not be detected in the melanoma tissue despite

relevant plasma concentrations and even in patients with SD
(i.e., patient 14).

Discussion

Within the past decade, a significant progress has been
achieved in the treatment of metastatic melanoma especially by
the application of immune checkpoint blockers.3,4 Nevertheless,
about half of the patients do not respond to treatment probably
due to the formation of a complex immunosuppressive net-
work.5-8 One of the most important mechanisms of tumor pro-
gression mediated by immunosuppressive conditions is
considered to be an inhibition of host antitumor T cell activ-
ity.6-8 Based on earlier results on the utilization of the PDE-5
inhibitor sildenafil in a ret transgenic mouse model,20 we inves-
tigated the immunomodulatory effect of tadalafil in patients
with metastatic melanoma. Tadalafil led to a stabilization of the
disease in 3 of 12 pretreated patients in the palliative setting. As
expected, different daily doses of tadalafil lead to different tada-
lafil concentrations at the tumor site but patients with a clinical
benefit were found across different dose cohorts including the
5 mg tadalafil low-dose group. Interestingly, tadalafil could not
be detected intratumorally in the 5 mg dose cohort; hence,
tadalafil seems to act especially on MDSC in the peripheral
blood. Clinical analysis revealed that patients with a stable dis-
ease were characterized by a low tumor load (LDH values were
within normal limits). LDH levels of the patients correlated not
only with clinical responses but also patients’ OS. This is in line
with results on the treatment the immune checkpoint inhibitors
such as ipilimumab and pembrolizumab, which demonstrated
that patients with a high tumor load do not benefit from the

Figure 4. Analysis of T cells in melanoma patients treated with tadalafil. T cell frequency and activation status was assessed in the peripheral blood (PBMCs) and meta-
static samples by flow cytometry. (A,B) The frequency of circulating CD8C T cells of progressive disease (A) or stable disease patients (B) is shown as a percentage of viable
PBMCs. (C) TCRz-chain level is measured in CD8C TILs in stable and progressive patients during tadalafil treatment and is expressed as MFI. (D,E,F) z-chain expression in
CD8C TILs (D) or circulating CD8C T cells (E) or in CD4C TILs (F) of stable patients before and during tadalafil therapy is presented as MFI (� p < 0.05, �� p < 0.01).
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treatment.24-26 A possible explanation for this is that tumor-
reactive T cells are less efficient in accessing rapidly growing
tumors. Of note, as seen in patient 14 (Fig. 1), tadalafil treat-
ment led to a decrease in tumor burden in the patient’s leg, an
effect previously not achieved with ipilimumab. Hence, stable
disease patients of our cohort did not just have a slowly grow-
ing melanoma.

In parallel to our trial, tadalafil had been used to treat head
and neck cancer (HNSCC) patients.18,19 Tadalafil was given in
an adjuvant or neoadjuvant setting to investigate its effects on
immune subsets in the patients’ peripheral blood. In contrast to
our study, clinical efficacy could not be evaluated since patients
had no measurable disease and treatment duration was short.
However, the therapy with tadalafil was well tolerated in
HNSCC patients.19 As in our study, the few severe AE were
found to be unrelated to tadalafil. Three patients withdrew
from the study because of severe pain (back, myalgias), which
resolved after treatment cessation. We observed severe head-
ache in one patient, which was reversible as well. In contrast to
our patients, the patients with HNSCC did not experience

nausea or vomiting.18,19 In our study, this was the most fre-
quent AE considered to be drug-related. Nevertheless, the treat-
ment was well tolerated having no impact on QoL of the
patients as measured by the general health questionnaire SF-12.

Antitumor activity of PDE-5 inhibitors is considered to be
induced by inhibition of MDSCs which play a major role in
immunosuppression.8-14 In melanoma patients, numerous publi-
cations have been demonstrated that an increase in the frequency
of MDSCs in the peripheral blood correlates with tumor progres-
sion and poor response to immunotherapy and targeted ther-
apy.11-13,15,24,27-30 Therefore, several therapies aimed at reducing
their number and abrogating their function.9-11,30-32 Another
strategy for melanoma treatment involved the stimulation of
MDSC differentiation to macrophages or dendritic cells, thereby
reducing MDSCs expansion.33 Application of the PDE-5 inhibi-
tor tadalafil represents a new approach to treat melanoma, lead-
ing to the impairment of MDSC functions and supporting
thereby an antitumor T cell reactivity.18-20

We have previously shown that long-term administration of
the PDE-5 inhibitor sildenafil resulted in a reduction of MDSC

Figure 5. Tissue specimens before and after 4 weeks of treatment were immunohistochemically analyzed for their infiltration with T cells (CD3, CD8, FOXP3, PD-1),
B cells (CD20) and macrophages (CD163). Computer-assisted analysis revealed a significantly higher number of infiltrating T cells, especially of the CD8C phenotype, in
stable patients pretreatment in the center of the metastases (p D 0.036) (A). After 4 weeks of treatment with tadalafil, no significant changes could be seen between
stable and progressive patients with the exception of a drop in the infiltration with regulatory T cells (p D 0.044; Fig. 5B) (PD D progressive disease; SD D stable disease;
y axis in box plots D mean cells/mm2).
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immunosuppressive functions and in an increase in CD8C TIL
numbers and activity (reflected by an elevation of TCR z-chain
expression)in a spontaneous melanoma mouse model.20

Consistent with these findings, we found an upregulation of the
TCR z-chain expression in CD4C and CD8C TILs in stable dis-
ease patients as compared with baseline. In addition, these
patients showed an accumulation of CD8C TILs in the center of
metastases that could predict a beneficial response. Interestingly,
also the number of regulatory T cells was higher in patients who
then achieved a stable disease. After 4 weeks of tadalafil treat-
ment they revealed a significant decrease of regulatory T cells
compared with baseline as another possible indirect sign for
MDSC impairment. MDSC have been demonstrated to promote
regulatory T cell development in patients with hepatitis C or
HIV-1 virus infection.34-36 Moreover, MDSC were shown to
maintain feto-maternal tolerance by inducing Foxp3 expression
in CD4CCD25¡ T cells and hence a regulatory T cell pheno-
type.37 It might be that tadalafil exhibited clinical efficacy espe-
cially in patients with a high number of intratumoral regulatory
T cells. On the other side, compared with baseline, progressive
patients displayed a decrease in the frequency of CD8C T cells in
the peripheral blood samples under tadalafil treatment. In the
peripheral blood, we observed a trend to reduced Mo-MDSC
numbers. A decrease in MDSC and an increase in tumor-reac-
tive CD8C T cell numbers was also observed in the patients with
HNSCC.18,19 Hence, in both cancer types, tadalafil revealed bio-
logic activity in the patients.

Notably, it has been recently reported that PDE-5 inhibitors
may promote melanomas since in a large prospective study in
the US sildenafil use was associated with an increased melanoma
risk.38 A later large Swedish case-control study found that mela-
noma patients had significantly more single prescriptions of
PDE-5 inhibitors.39 This effect was small and not seen with mul-
tiple prescriptions. Hence, the causality here is doubtful and
might be biased by life-style of the people, e.g., an increased sun
exposure. This is underlined by the fact a higher annual income
was associated with melanoma risk as well. In addition, we found
that at a daily dose of 5 mg tadalafil, which is the approved dose
to treat erectile dysfunction, tadalafil could not be detected in the
tumor tissue. However, in vitro studies found that PDE-5 inhibi-
tors promoted the growth of human melanoma cell lines via a
cGMP-dependent pathway especially but not exclusively in
BRAF wildtype cell lines.40 PDE-5 was identified as one to be
downregulated in response to BRAF activation, leading to
increased cellular invasiveness.40 Furthermore, in a xenograft
mouse model, an expression of PDE-5 in a human melanoma
cell line led to reduced metastases in the lung.41 However, in
mice sildenafil did not promote metastases. Hence, clinically the
direct effect on melanoma cells seems to be negligible. In general,
PDE-5 expression in melanoma metastases is low and further
reduction might not be meaningful.41 This is underlined by the
fact that melanoma stage was not associated with sildenafil treat-
ment in the Swedish patient cohort.39

In conclusion, PDE-5 inhibition represents a potential new
treatment option for patients with metastatic melanoma.
Although tadalafil seems to have a limited efficacy as a monother-
apy, tadalafil could be combined with immune checkpoint inhibi-
tors and targeted treatments to potentially increase efficacy.

Patients and methods

Patients

Eligible patients (between 18–75 y of age) with evaluable unre-
sectable stage III or IV melanoma (according to AJCC 2010)42

who had progressed on at least one prior therapy were treated
with tadalafil. For inclusion in the trial an accessible metastasis
on skin or lymph nodes for biopsy was mandatory. Major
exclusion criteria were evidence of brain metastases, severe
heart disease (e.g., NYHA functional class II–IV, myocardial
infarction within 6 mo, ventricular tachyarrhythmia requiring
ongoing treatment, unstable angina pectoris, sinusbradycardia)
and other contraindications for tadalafil therapy. Prohibited
concomitant medication were nitrates, a-blockers, e.g.,
doxazosin, and other interacting medications (CYP3A4 inhibi-
tors and CYP3A4 inductors).

Study design and treatment schedule

This open label, monocenter phase I clinical pilot trial
(EudraCT-No: 2011-003273-28) was designed to establish
the biologic effect, optimal biologic dose, efficacy and toler-
ability of tadalafil as a palliative treatment of metastatic
melanoma. The trial has been approved by the responsible
ethics committee of the Medical Faculty of Heidelberg Uni-
versity and investigations on human samples have been
done according to the Declaration of Helsinki. After obtain-
ing written informed consent, patients were treated subse-
quently in cohorts of three in a dose deescalating design
(40 mg–20 mg–10 mg–5 mg) starting with the highest
approved dose (40 mg for pulmonary hypertension) and
ending with the lowest approved dose (5 mg for erectile
dysfunction). After the treatment of each cohort, the num-
ber of CD8C TILs was evaluated by flow cytometry to
decide if the dose could be lowered. Further cohorts were
only included in the trial if the difference in the number of
TILs between the higher and the lower dose did not exceed
20%. In addition, in case of no TIL increase of at least 10%
after 4 weeks of tadalafil treatment in at least one patient in
a cohort, the effect would have been considered as clinically
not significant and no further patients would have been
enrolled into the trial.

Study endpoints

The primary outcome parameter was the immune response as
assessed by numbers of CD8C and CD4C T cells in the tumor
tissue and the peripheral blood before and under treatment.

Secondary outcome parameters were (i) other immune
response values such as number of MDSCs in tumor tissue and
peripheral blood before and under treatment, (ii) number and
distribution of T cell subtypes and macrophages in tumor
tissue, (iii) response rate (CR C PR) and disease control rate
(CR C PR C SD) according to immune-related response crite-
ria (irRC)43 and the standard RECIST criteria 1.1, (iv) tolerabil-
ity, (v) optimal dose for tadalafil, (vi) progression-free survival
at 8 weeks of treatment, and (vii) QoL measured by the SF-12
questionnaire.
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Assessment of clinical effect

Clinical efficacy

Whole body tumor assessments were performed as done in
clinical routine before the start of treatment (baseline) and after
8 weeks. Response evaluation was performed according to irRC
and the standard RECIST criteria 1.1. Responses were classified
as immune-related complete response, immune-related partial
response, immune-related stable disease or immune-related
progressive disease.

Safety

All patients were monitored throughout the study for AEs,
including immune-related AEs (irAEs). AEs were managed
using protocol-specific guidelines and graded according to NCI
CTCAE v4.0.

Modification of tadalafil doses

Patients had to be excluded from the study for any Grade 4 tox-
icity (according to NCI CTCAE v4.0).41 In case of Grade 3 tox-
icity, tadalafil was interrupted and doses held until toxicity
returned to Grade 0–1. Subsequent were then reduced by 50%.
If Grade 3 toxicity recurred at the reduced dose level, another
50% reduction was performed. Recurrent Grade 3 at this dose
level required exclusion of the patient. No subsequent dose
escalations were permitted after dose reduction for toxicity.
Depending on the study cohort, the lowest possible dose was
2.5 mg per day. In addition, we defined further dose modifica-
tions and stopping rules for the management of specific AEs,
e.g., hypotension.

Quality of life

The SF-12TM Health Survey (SF-12) questionnaire was used for
evaluation of QoL. It has previously been developed and tested
on the German general population.44,45 Time points for evalua-
tion were at baseline, 4 and 8 weeks after the start of treatment.

Assessments of biologic effect

Patient samples
Prior and after 4 weeks of treatment with tadalafil, a biopsy
from a cutaneous or lymph node metastasis was taken to
evaluate tumor-infiltrating lymphocytes (TIL) by flow cytome-
try and histology using a high-resolution automated
microscopy on complete tissue sections. At the same time
point, 30 mL of blood was drawn for collection of peripheral
blood mononuclear cells (PBMCs).

Flow cytometry analysis

PBMCs were obtained from heparinized venous blood by den-
sity gradient centrifugation centrifuged using Biocoll (Bio-
chrom, #L6115), fresh tumor samples were harvested and
mashed through cell strainer with a 5 mL syringe plunger. After
depletion of red blood cells, the cell pellet was resuspended in
FACS buffer at 107 cells/mL, analysis was done on the same

day. The following fluorescent-labeled monoclonal antibodies
(mAbs) were used: anti-CD11b-APC, anti-CD14-PerCP-Cy5.5,
anti-CD15-PE, anti-HLA-DR-APC-Cy7, anti-CD3-APC-Cy7,
anti-CD4-PE-Cy7, anti-CD8-APC, anti-CD45-PE-Cy7, anti-
CD274-PE-Cy7 (BD Biosciences, # 550019, #550787, #555402,
#561358, #557832, #557852, #555369, #557748, #558017,
respectively), anti-FOXP3-PE (eBioscience, #12–4777), anti-
CD45-PerCP-Cy5.5 and anti-CD247-FITC (Biolegend,
#368504, #644104). PBMCs were treated with human FcR
Blocking Reagent (Miltenyi Biotec, #130-059-901) for 15 min
at 4 �C followed by the incubation with mAbs for 30 min at
4 �C. For intracellular staining of FoxP3, samples were pre-
incubated with the FOXP3 fixation/permeabilization kit (eBio-
science, #00-5521-00) according to the manufacturer’s instruc-
tion. Acquisition was performed by six-color flow cytometry
using FACSCanto II with FACSDiva software (both from BD
Biosciences) with dead cell exclusion based on scatter profile or
7-AAD (Biolegend, #420204). The compensation control was
performed with BD CompBeads set (BD Biosciences, #552843)
using the manufacturer’s instruction. FlowJo software (Tree
Star, 7/9 Dongle) was used to analyze at least 100,000 events.
Data were expressed as dot plots.

Immunohistochemical analysis

Tissue specimens were formalin fixed, paraffin embedded and
cut to 4 mm slices. After deparaffinization and rehydration, the
slides were boiled in 10 mmol/L citrate buffer (pH D 6) for
15 min to retrieve the antigens. The endogenous peroxidase
activity was blocked by incubation with 0.6% H2O2 in methanol
for 20 min. The sections were blocked with 10% normal horse
serum (VECTASTAIN Elite ABC kit; Vector Laboratories).
Mouse monoclonal antibodies recognizing human CD3e (1:50
dilution; clone PS1; Acris, #DM112-05), CD8 (1:40 dilution;
clone 4B11; Novocastra, #NCL-L-CD8-4B11), CD4 (1:100 dilu-
tion; clone NCL-L-368; Novocastra, #NCL-L-CD4-368),
CD163 (1:500 dilution; clone EDHu-1; AbDSerotec,
#MCA1853), PDL1 (1:100 dilution, clone 29E.2A3; BioLegend,
#329710)and FOXP3 (1:100 dilution; clone 236A/E7; Abcam,
#20034) were applied as primary antibodies at room
temperature for 2 h. Slides were then incubated with the sec-
ondary antibodies and subsequent visualization was performed
according to the manufacturer’s instructions (Bond Polymer
Refine Detection Kit, Leica #DS9800). Antigen detection was
performed by a color reaction with 3,3-di-amino-benzidine.
The sections were counterstained with hematoxylin and
mounted with Aquatex (Merck, #1.08562.0050). Controls with-
out primary antibody and isotype controls were used for all
antibodies. Positive controls for the presence of T cells and
macrophages consisted of adjacent normal tissue. Digital whole
slide images of tissues with stained cells were quantified as
described previously,46,47 using the Visiopharm software
package for analysis and cell counting.

Tandem mass spectrometry (LC-MS/MS)

Tadalafil plasma concentrations were measured using a
LC-MS/MS technique validated according to the Guidelines of
the FDA and EMA on Bioanalytical Method Validation.23,48,49
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The method fulfilled all validation criteria. For tadalafil quanti-
fication in metastases, this methodology was adapted to solid
tissue analysis. The LLOQ of tadalafil in tissue was 1.26 ng/g
and the calibrated concentration range was linear (1.26–1125
ng/g) with correlation coefficients >0.995. Within-batch accu-
racy and precision in the calibrated range was 91.5% and 1.8%,
respectively.

Statistical analysis

Because this is a hypothesis-generating pilot trial, a patient
sample size could not be estimated and has been selected for
pragmatic reasons. Explorative analyses were performed for
stable (SD) and progressive disease (PD) patients and statistical
analysis was done with descriptive measures (X2, student t-test)
using SPSS version 21. Kaplan–Meier analysis for survival was
calculated from the start of treatment with tadalafil to progres-
sion (PFS) or death (OS) or patients were censored at last con-
tact. Groups were compared by log rank testing. Results for
MDSC and T cells were assessed with unpaired two-tailed Stu-
dent’s t test using GraphPad Prism software.
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