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Abstract: The introduction of targeted therapies and immunotherapies has significantly improved
the outcome of metastatic melanoma (MM) patients. These approaches rely on immune functions
for their anti-melanoma response. Plasmacytoid dendritic cells (pDCs) exhibit anti-tumor function
by production of effector molecules, type I interferons (I-IFNs), and cytokines. Tissue and blood
pDCs result compromised in MM, although these findings are still partially conflicting. This study
reports that blood pDCs were dramatically depleted in MM, particularly in patients with high
lactate dehydrogenase (LDH) and high tumor burden; the reduced pDC frequency was associated
with poor overall survival. Circulating pDCs resulted also in significant impairment in interferon
alpha (IFN-a) and C-X-C motif chemokine 10 (CXCL10) production in response to toll-like receptor
(TLR)-7/8 agonists; on the contrary, the response to TLR-9 agonist remained intact. In the BRAFVeo+
subgroup, no recovery of pDC frequency could be obtained by BRAF and MEK inhibitors (BRAFj;
MEKi), whereas their function was partially rescued. Mechanistically, in vitro exposure to lactic
acidosis impaired both pDC viability and function. In conclusion, pDCs from MM patients were
found to be severely impaired, with a potential role for lactic acidosis. Short-term responses to
treatments were not associated with pDC recovery, suggesting long-lasting effects on their
compartment.

Keywords: plasmacytoid dendritic cells; melanoma; lactate dehydrogenase; TLR; interferon;
CXCL10

1. Introduction

The prognosis of metastatic melanoma (MM) patients has been dramatically improved by novel
therapeutic strategies including targeted therapies and immune checkpoint blockades (ICB) [1,2]. In
fact, more than half of melanoma patients (about 50-60%) harbor BRAF mutation, together with the
corresponding downstream signal transduction in the MAPK (mitogen-activated protein kinase)
pathway [3]. Historically, the development of high selective targeted agents such as vemurafenib or
dabrafenib has dramatically improved overall survival (OS), progression-free survival (PFS), and
response rate in BRAFV6* advanced melanoma patients, in comparison to standard chemotherapy
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[4,5]. Unfortunately, the great majority of patients treated with BRAF inhibitor (BRAFi) monotherapy
developed secondary resistance to treatment within 6-8 months [4,5]. Blockade of CTLA-4 and PD-1
receptors expressed by lymphocytes leads to their activation against tumor cells. The anti-CTLA-4
antibody ipilimumab was the first discovered ICB, showing a plateau in the survival curve in 21% of
patients [6,7]. Anti-PD-1 agents such as nivolumab and pembrolizumab improve PES and OS in
comparison to ipilimumab, with an objective response rate of about 40% [6,8]. Anti-PD-1 treatments
are considered an effective option in advanced melanoma patients, regardless of BRAF mutation [9].

The MAPK pathway hyper-activation is associated with increased metastatic behavior, reduced
apoptosis, and modulation of interaction between melanoma cells and the immune system [10,11].
Moreover, BRAFV60* melanoma cell lines secrete immunosuppressive cytokines such as interleukin
10 (IL-10), vascular endothelial growth factor (VEGF), and interleukin 6 (IL-6), which promote the
recruitment of regulatory T cells and myeloid-derived suppressor cells [12]. Mutant BRAF also
downregulates the expression of melanoma differentiation antigens (MDA) and class I major
histocompatibility complex (MHC-I) molecules on tumor cells, preventing their recognition by CD8*
T cells [13,14]. Consequently, MAPK-targeted therapy affects melanoma cell immunogenicity and
immune contexture involving different effector and regulatory mechanisms [10,15]. The MAPK
pathway inhibition suppresses the secretion of immunosuppressive cytokines and leads to
upregulation of MDA in melanoma cell lines [12,14], improving T cell recognition and increasing
intra-tumoral CD4* and CD8* T lymphocytes [11]. The inhibition of MAPK pathway in melanoma
cells also restores cytokine secretion and co-stimulatory molecule expression by dendritic cells (DCs),
rescuing their compromised function [12]. On the contrary, MEK inhibition negatively affects in vitro
DC and T cell viability and function [11,16]. However, the systemic administration of BRAFi does not
alter leukocyte subset frequencies [17], and the combination of BRAFi and MEKi enhances
immunological activation [10]. A pre-existing immunological signature predicts the response to
BRAFi/MEKi [18]. Furthermore, the MAPK activation downregulates interferon alpha receptor 1
(IFNAR1) signaling; accordingly, BRAFi reverses IFNARI inhibition in melanoma biopsies,
providing a rationale for the combination of interferon alpha (IFN-a) with BRAFi [19].

All these findings suggest a significant role for immune cell components in mediating responses,
not only to ICB, but also to targeted therapy. Among cells involved in melanoma immunity,
plasmacytoid dendritic cells (pDCs) exert an important role in shaping the anti-tumor immune
response. A distinctive feature of pDCs is the production of a large amount of type I interferon (I-
IFN) after nucleic acid sensing through toll-like receptor (TLR) 7- and 9-dependent signaling
pathways [20,21]. IFN-a production not only affects tumor cell proliferation, angiogenesis, and
metastasis [22,23], but also acts on different immune cell populations involved in anticancer
immunity such as NK, T, and B lymphocytes [24-26]. Autocrine IFN-a/p signaling also regulates the
induction of interferon signature genes, among which pro-inflammatory chemokines (i.e., CXCL9,
CXCL10, and CXCL11) [27], with potential antitumor activity driving TH1 polarization of immune
cells [28].

By analyzing a large cohort of primary and metastatic cutaneous melanomas, we recently
monitored pDC dynamic during melanoma evolution. In MM patients, pDCs become almost absent
in the tumor tissues and severely reduced in their circulation, particularly in the advanced M1c group
[29]. The subversion of the mechanisms leading to the systemic pDC collapse might potentiate
spontaneous and drug-induced anti-melanoma immunity, providing additional benefit to the current
systemic therapies. Mechanistically, exposure to melanoma cell supernatants resulted in significant
death of terminally differentiated pDCs and in defective generation of pDCs from CD34* progenitors
[29]. This effect is dependent on soluble components released by melanoma cells, and a role by lactic
acidosis microenvironment has been proposed [30,31]. The neoplastic cell metabolism shifts toward
high glucose uptake and enhanced lactate production, regardless of oxygen availability, known as
the Warburg effect [32]. Lactate dehydrogenase (LDH-A) is a key enzyme that converts pyruvate to
lactate in the final step of the glycolytic pathway. High levels of lactate within tumor cells are
exported by monocarboxylate transporters (MCT) coupled with protons exported across the plasma
membrane, leading to lactic acidosis in the tumor microenvironment [33]. This leads to enhancement
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of tumor-associated immune-suppressive functions and inhibition of effector cells in the tumor
milieu [30,31,34]. This study analyzes circulating pDCs in a prospective cohort of chemo-naive MM
patients. pDCs from MM patients are severely impaired in their frequency and function, with a
potential role for lactic acidosis. Moreover, short-term responses to BRAFi and MEKIi treatments are
not associated with a full pDC recovery, suggesting long lasting effects on their compartment.

2. Results

2.1. Clinical Features and Outcome of the MM Cohort

Patients’ clinical characteristics at baseline (T0) are reported in Table 1 and S1. Patients had a
median age of 60 years (range: 23-79 years) at the time of clinical diagnosis, while healthy donors
(HD; N = 25) had a median age of 44 years (range: 25-56 years). Sixteen patients had BRAF-mutated
melanomas, including BRAF p.V600E (n = 12) or p.V600K (1 = 4). Seven MM were NRAS-mutated,
and included p.Q61K (1 = 2) or p.Q61IR (1 = 5). The remaining six patients were BRAF/NRAS wild-
type. The median LDH level at baseline was 220 IU/L (range: 134-236 IU/L). Patients were sub-
grouped into Mla (n = 5) + M1b (n = 7) and M1c (n = 17) categories, accordingly to the “American
Joint Committee on Cancer (AJCC) Melanoma Staging and Classification 7th edition”. Sixteen
patients (55.17%) were treated with targeted therapies (vemurafenib; dabrafenib; vemurafenib +
cobimetinib; dabrafenib + trametinib), and 13 patients received ICB (ipilimumab or pembrolizumab)
(44.83%). Complete response (CR), partial response (PR), and stable disease (SD) were achieved in
6.89%, 31.03%, and 6.89% of patients, respectively. Progression disease (PD) was observed in 55.17%
of patients (43.75% in the targeted therapy group and 56.25% in the ICB group).

Table 1. Clinical and molecular features of the study cohort at baseline (T0; N = 29).

Clinical/ BRAFV60o- MM (N = 16) NRASQ* MM (N =7) BRAF*/NRAS"t (N = 6)
molecular N n % N n % N n % p
features
Gender (males) 16 12 75 7 5 714 6 5 83.3
Stage 16 7 6 0.5
Mla 3 18.7 1 14.3 1 16.7
Milb 5 31.3 0 0 2 33.3
Mic 8 50 6 85.7 3 50
Brain metastases 16 3 18.7 7 2 28.6 6 2 333 0.6
Tumor sites (>3) 16 6 37.5 7 3 429 6 4 66.7 05
LDH (high *) 16 4 25 6 3 50 5 2 40 0.5
Therapy 16 7 6
BRAFi 4 25
BRAFi + MEKi 12 75
Anti-CTLA-4 7 100 5 83.3
Anti-PD-1 1 16.7
N Median SD N N.Iedian SD N Median SD p
(min-max) (min-max) (min-max)
58.5 58.0 62.0
Age 16 (23-76) 14.0 7 (48-76) 10.0 6 (53-79) 8.8 0.2
Tumor burden 116.5 77.9 136.4
(mm) 15 (0-408.2) 127.6 7 (8-260.3) 89.0 6 (52.2-309.5) 980 08

* above the normal range; p: p-value; SD: standard deviation.

2.2. Peripheral Blood Immune Populations and pDC Function Were Impaired in Chemo-Naive MM Patients

As previously reported, circulating pDCs are reduced in various human cancer patients
compared to healthy subjects, particularly in the advanced stage of disease [35]. By flow cytometry
on fresh whole blood, we previously documented the collapse of pDC and myeloid DC (mDC)
subsets in advanced MM [29]. We extended this finding, showing that CD3* and CD4* T lymphocytes
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remained unchanged in MM (Table 2). We could not detect significant differences on the basis of the
molecular profile of the tumor both for absolute number of total leukocytes and for the frequencies
of all analyzed immune cell populations (Table S2). Altogether, these data suggest that MM patients
are characterized by an impairment of blood DCs, but not T lymphocytes.

We subsequently tested the response of pDCs to TLR-7/9 agonist stimulation. I-IFN exerts cancer
cell intrinsic effects and modulates the immunoediting process [36-38], while CXCL10, also known
as interferon gamma inducible protein 10 (IP-10), is a pro-inflammatory chemokine that is relevant
for the recruitment of antigen-specific T cells into the tumor tissues [39]. Through using intracellular
flow cytometry, we analyzed the pDC proficiency to produce IFN-a and CXCL10, after in vitro
stimulation of peripheral blood mononuclear cells (PBMCs) with TLR-7/9 agonists (Figure 1A). On a
background of patients” heterogeneity, stimulation with two different TLR-7 agonists resulted in a
significant reduction of the frequency of IFN-a-producing pDCs in MM (R848 p = 0.004; imiquimod
(IMQ) p = 0.02) (Table 2 and Figure 1B). Moreover, the percentage of CXCL10 producing pDCs was
also significantly reduced after IMQ exposure (p = 0.03) (Table 2 and Figure 1C). On the contrary,
under CpG-A oligodeoxynucleotides (ODN) stimulation, IFN-a and CXCL10 production were not
significantly different between MM and HD (Table 2 and Figure 1B,C). The defect in TLR-7 signaling
response was not correlated with the melanoma molecular profile in the cohort analyzed herein
(Table S2).

According to the melanoma staging system (seventh edition, AJCC), our cohort of MM patients
was classified into M1a+b and M1c categories (Table S1) [40]. Compared to HD and M1la+b, the M1c
subgroup showed a significant decrease in IFN-a-producing pDCs after TLR-7 stimulation (R848:
HD vs. M1c, p <0.0001; IMQ: HD vs. M1c, p =0.0014; M1a+b vs. M1c, p =0.0190) (Figure 1D). Similarly,
the percentage of CXCL10-producing pDCs resulted in a significant decrease in advanced disease
stages (R848: HD vs. M1c, p=0.0133; IMQ: HD vs. Mlc, p = 0.0485) after TLR-7 agonist administration
(Figure 1E). Altogether, these data highlight an impairment of the TLR-7 signaling pathway in fully
differentiated pDCs that are associated with disease progression.

Table 2. Peripheral blood immune populations in healthy donors (HD; N = 25) and metastatic
melanoma (MM) at baseline (T0; N = 29).

Immune Cell Population MM (N'= 29) HD (N'=25)
N Median IQR N Median IQR p*
% pDCs on PBMCs 29 0.3 0.2-0.3 24 0.4 0.4-0.6 0.0006
% mDCs on PBMCs 29 0.3 0.2-05 15 0.5 0.4-0.7 0.03
% CD3* on PBMCs 29 58.9 52.6-62.3 15 58 50.1-66.8 0.9
% CD4* on PBMCs 29 28.7 20.1-39.0 15 34.6 27.4-40.8 0.1
% IFN-a* R848 27 48.5 30.2-65.0 25 71.5 64.3-74.7 0.004
pDCs IMQ 27 21.1 8.7-41.7 24 38.3 29.4-45.1 0.02
CpG 26 9.3 4.3-13.9 22 11.6 5-15.2 04
o R848 24 784 64.8-85.3 19 80.9 79.1-86.8 0.08
Yo CXCL10*
pDCs IMQ 24 47.9 22.4-61.5 19 61.6 48.9-71.4 0.03
CpG 25 7.1 3.7-17.1 20 10.2 2.9-14.8 0.7

IOR (interquartile range): Q1-Q3; * p: p-value. The significant p-values are highlighted in bold.

2.3. LDH Level and Tumor Burden Were Associated with Decreased Frequency of Peripheral Blood Immune
Cells in Chemo-Naive MM Patients

Elevated level of serum LDH is a relevant independent negative prognostic biomarker in
melanoma that indicates an active metastatic disease [41]. The analysis of immune cells in the
peripheral blood of chemo-naive patients revealed that levels of LDH above the normal range (details
are found in the Materials and Methods section) are associated with a significant decreased frequency
of circulating lymphocytes (p = 0.02), particularly of CD4* T cells (p = 0.03) (Table 3 and Figure 2A,B).
Similarly, a decline in the frequencies of pDCs and mDCs resulted in association with elevated serum
levels of the enzyme (p = 0.003 and p = 0.02, respectively) (Table 3, Figure 2C,D). These data suggest
that the systemic release of LDH in advanced melanoma might affect the generation or viability of



Cancers 2020, 12, 2085

5 of 23

blood T lymphocytes, pDCs, and mDCs. On the contrary, serum LDH levels are not associated with
a reduced frequency of IFN-a* and CXCL10* pDCs in response to TLR-7/9 agonists in chemo-naive

MM patients (Table 3).

Table 3. Peripheral blood immune populations and lactate dehydrogenase (LDH) level in MM
patients cohort at baseline (T0; N = 29).

Immune Cell Population

Normal LDH (N =18)

High LDH * (N=9)

N Median IQR N Median IQR p
n° leukocytes/pl 14 6805 58309270 9 9110 6860-12,050 0.08
% neutrophils on LK 14 54.7 47.2-68.5 8 66.2 54.9-74.3 0.1
% lymphocytes on LK 14 32.3 20.8-39 8 19.9 12.1-26.1 0.02
% monocytes on LK 14 8.3 7.5-11 8 7.5 6.1-10.3 0.2
% eosinophils on LK 14 2.1 1.6-2.5 8 0.8 0.1-3 0.1
% basophils on LK 14 0.6 0.4-0.8 8 0.5 0.2-0.6 0.3
% pDCs on PBMCs 18 0.3 0.2-0.4 9 0.1 0.1-0.2 0.003
% mDCs on PBMCs 18 0.4 0.3-0.5 9 0.2 0.1-0.2 0.02
% CD3* on PBMCs 18 60.2 54.6-68.9 9 46.7 40.7-59.8 0.06
% CD4* on PBMCs 18 30.9 25.5-42.6 9 23.8 17.8-27 0.03
R848 17 56.7 35.1-82 9 43.0 25.9-58 0.2
% IFN-a pDCs IMQ 17 27.7 14-56.4 9 13.6 5.4-27 0.08
CpG 16 7.8 4.2-14.2 9 9.9 8.3-10.9 1
o R848 14 78.4 71.9-85.5 9 75.2 51.6-84.1 0.7
Yo CXCL10*
pDCs IMQ 14 47.3 23.9-57.9 9 47.5 19-69 0.4
CpG 15 5.2 2.9-11.7 9 17.1 5.7-36.8 0.1

IOR (interquartile range): Q1-Q3; p: p-value; LK: leukocytes; * referred to values above the normal

range. The significant p-values are highlighted in bold.

Tumor burden at baseline has been identified as a relevant predictor for MM outcome [42].

Soluble products or metabolic competition by massive amounts of melanoma cells could explain the

defective immune cell frequencies and function. Accordingly, tumor burden resulted in inverse
correlated with the frequencies of circulating lymphocytes (p = 0.03), including CD3* and CD4* T cells
(p = 0.04 and p = 0.02, respectively), as well as pDC and mDC frequencies (p = 0.006 and p = 0.001,
respectively) (Table 4). On the contrary, no correlation was detected between the tumor burden and

the pDC function (Table

1),

In conclusion, systemic LDH and bulky disease are associated with impaired immune cell
generation and viability, particularly in DCs.

Table 4. Correlation between tumor burden (mm) and peripheral blood immune cells of the MM
patient cohort at baseline (T0; N = 29).

Immune Cell Population N Rho p
n° leukocytes/ul 22 041 0.06
% neutrophils on LK 21 0.24 0.30
% lymphocytes on LK 21 -0.48 0.03
% monocytes on LK 21 -0.08 0.72
% eosinophils on LK 21 -0.22 0.34
% basophils on LK 21 -0.44 0.05
% pDCs on PBMCs 28 -0.51 0.006
% mDCs on PBMCs 28 -0.59 0.001
% CD3* on PBMCs 28 -0.39 0.04
% CD4* on PBMCs 28 -0.45 0.02
R848 26 -0.36 0.07
% IFN-at pDCs IMQ 26 -0.34 0.09
CpG 25 -0.10 0.62
R848 23 -0.28 0.20
% CXCL10* pDCs IMQ 23 -0.11 0.63
CpG 24 0.11 0.61
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Rho: Pearson correlation coefficient; LK: leukocytes; The significant p-values are highlighted in bold.
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Figure 1. Frequency of interferon alpha (IFN-a) and CXCL10-producing plasmacytoid dendritic cells
(pDCs) in chemo-naive MM patients and HD. Representative dot plots of R848-stimulated IFN-a* and
CXCL10* pDC subsets obtained from HD and MM patients are shown (A). PBMCs were isolated from
peripheral blood of HD (n = 25) and MM patients (1 = 29). Total PBMCs were cultured in RPMI 1640
medium supplemented with 10% FBS and IL-3 and stimulated with R848 or IMQ for 2 h (B,D) and 6
h (CE), and with CpG-ODN 2216 for 6 h (B-E). IFN-a (B,D) and CXCL10 (C,E) were analyzed by
intracellular flow cytometry staining. Scatter dot plot graphs illustrate the percentages of positive
pDCs evaluated on BDCA-2*/CD123* cells. Subgroup analysis of the MM cohort illustrating the
frequency of IFN-a* and CXCL10* pDCs in Mla-c categories (D,E). Median and IQR are shown in
(B,C). Mean and SD are shown in (D,E). The statistical significance was calculated by Wilcoxon—
Mann-Whitney test (B,C) and by a Student’s ¢-test (D,E). * p < 0.05; ** p <0.01; *** p < 0.0001.
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Figure 2. High LDH serum level associated with decreased frequencies of peripheral blood immune
cells in MM patients. Immune cell populations were identified on whole blood samples of chemo-
naive MM patients by cell counts or flow cytometry. Scatter dot plot graphs represent the percentages
of lymphocytes on total leukocytes (LK) (A), CD4* T lymphocytes (B), pDCs (C), and mDCs (D) on
total PBMCs. LDH levels are indicated as LDHNe™ (for values within the normal range) and LDH!ish
(for values greater than the normal range). Error bars represent the median with IQR (1 = 27). The
statistical significance was calculated by Wilcoxon-Mann-Whitney test. * p < 0.05; ** p < 0.01.

2.4. In Vitro Exposure to Lactic Acidosis Impaired the Viability and Function of Fully Differentiated pDCs

The oncometabolite lactate and acidosis have immunosuppressive effects on various immune
cells, including pDCs [43-45]. Lactate, glucose concentrations, and the pH level were measured in the
supernatants of human melanoma cell lines (SN-mel; collected as previously described by Vescovi et
al. [29]). Compared to RPMI control, SN-mel contained higher levels of lactate, inversely associated
with glucose levels (Figure S1A), and slight acidosis (pH range: 6.7-7.2 versus 8.0) (Figure S1B),
indicating metabolic lactic acidosis. We tested the viability of pDCs and T lymphocytes in three
different culture conditions: (i) lactic acidosis, (ii) lactosis, and (iii) acidosis. To this end, we exposed
pDCs and T lymphocytes purified from HD to increasing concentrations of lactic acid (LA), sodium
lactate (NaL), and hydrochloric acid (HCI). The pH values of the medium containing LA 10 mM, 15
mM, and 20 mM corresponded to 6.5, 6.0, and 5.5, respectively. pDC death, in the form of late
apoptosis or necrosis, was significantly increased by high concentrations of LA (20 mM; p = 0.01)
(Figure 3A-C). Similarly, the viability of T cells was significantly reduced by the highest lactic
acidosis condition (p = 0.03), in terms of both apoptotic (p = 0.03) and necrotic cell death (p = 0.03)
(Figure 3D-F). The highest concentration of HCl (pH = 5.5) was also associated with a significant
increase of the pDC late apoptosis or necrosis (p = 0.03), while affecting both late (p = 0.01) and early
apoptosis (p =0.01) of T cells (Figure 3G-L). On the contrary, the lactosis condition did not affect pDC
and T cell viability (Figure S2). Together these results indicate that acidosis, but not lactosis, induces
pDC and T cell death.
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Figure 3. Lactic acidosis affects the viability of pDCs and T cells. pDCs and T cells purified from buffy
coats of HD were cultured in RPMI 1640 medium supplemented with 10% FBS plus lactic Acid (10
mM; 15 mM; 20 mM) (n =7 (A-C); n = 6, (D-F)) or hydrochloric acid (pH=7.4;7.0; 6.5, 6.0;5.5 (n=6
(G-I); n=7, (J-L)) for 24 h. IL-3 was added to pDCs’ culture. The cellular viability was analyzed by
annexin V/SYTOX AADvanced staining in flow cytometry. Aligned dot plot graphs show the
percentages of dead (A,D,G,]), early apoptotic (B,E,H,K), and late apoptotic or necrotic cells (C,F,LL).
Bars represent the mean of biological replicates. The statistical significance was calculated by two-

sample paired sign test. * p <0.05.

Lactate has been recently proposed as an inhibitor of the pDC function in the tumor
microenvironment [45,46]. Hence, we assessed the IFN-a production on pDCs isolated from HD and
exposed to increasing concentrations of LA. The percentage of IFN-a-producing pDCs under R848
stimulation was progressively reduced by increasing concentrations of LA (10 mM, p = 0.01; 15 mM,
p =0.01; 20 mM, p = 0.01) and was completely abolished at a concentration of 20 mM (Figure 4A).
pDCs were subsequently exposed to increasing concentration of HCI and stimulated with R848. The
percentage of IFN-a* pDCs was progressively reduced by decreasing pH levels as well (pH 6.0, p =
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0.01; pH 5.5, p = 0.01) (Figure 4B). In conclusion, in vitro acidosis dramatically impaired the pDC
viability and their proficiency to produce IFN-a.
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Figure 4. In vitro lactic acidosis affects IFN-a production by pDCs. pDCs purified from buffy coats of
HD were cultured in RPMI 1640 medium supplemented with 10% FBS and IL-3 plus lactic acid (10
mM; 15 mM; 20 mM) (n =7; (A)) or hydrochloric acid (pH =7.4; 7.0; 6.5; 6.0; 5.5) (n = 7; (B)) for 24 h.
pDCs were stimulated with R848 for 2 h. Intracellular IFN-a was analyzed by flow cytometry.
Aligned dot plot graphs show the percentages of IFN-a* pDCs evaluated on BDCA-2+/CD123* cells.
Bars represent the mean of biological replicates. The statistical significance was calculated by two-

sample paired sign test. * p <0.05.

2.5. Baseline Lymphocyte and pDC Frequencies Predicted MM Outcome

On the basis of the clinical relevance of recent treatment options for advanced stage of disease,
additional prognosticators might help in patient’s selection. The analysis of survival revealed that
among 29 MM patients, the median OS time was 14 months (range: 1-35 months), with a total of 62%
of patients dying, while the median PFS time was 4 months (range: 1-35 months) (Table S3). Among
the significant prognosticators, NRAS mutations (p = 0.03), M1c stage (p = 0.0016), presence of brain
metastases (p = 0.0001), high LDH levels (p = 0.0002), and elevated tumor burden (p = 0.01) resulted
in a significant correlation with poor outcome in univariate analysis (Figure 5A-E). In terms of
immune profile, a reduced frequency of lymphocytes (p = 0.01), pDCs (p = 0.01), CD3* (p = 0.03), and
CD4* T cells (p = 0.01) predict poor OS in an univariate Cox regression model (Table 5). By
subgrouping the MM cohort on the basis of the frequencies of immune cell subsets, only the low
frequency of pDCs resulted in an association with worse prognosis (p = 0.03; Figure 6). Finally, a
decrease of IFN-a and CXCL10-positive pDCs after stimulation with R848 (p = 0.04 and p = 0.03,
respectively) also predicted a worse outcome. In our cohort, the PFS probability calculated in an
univariate Cox regression model was significantly correlated with patient’s molecular profile (p =
0.0006), stage (p = 0.004), brain metastasis (p = 0.001), and LDH serum level (p = 0.003) (Figure 5F-]);
on the contrary, the immune profile failed to predict PFS (Table 54).

These data suggest that profiling circulating immune cells, particularly pDCs, might offer
additional biomarkers of outcome.
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Figure 5. Survival analysis of MM patients. Overall survival (OS) (A-E) and progression-free survival
(PES) (F-J) according to molecular profile (N = 29; (A,F)), stage of melanoma (N = 29; (B,G)), presence
of brain metastases (N = 29; (C,H)), LDH serum level (N =27; (D,I)), and tumor burden (N = 28; (E,J))
are reported. Survival analysis was performed using the Kaplan-Meier method and the statistical
significance was calculated by the log-rank test. * p <0.05; ** p <0.01; *** p <0.001; ns = not statistically
significant p-value.
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Figure 6. Survival analysis of MM patients according to immune cell subsets. Overall survival analysis
(OS) according to the frequency of pDCs (A), mDCs (B), CD3* (C), and CD4* T lymphocytes (D) (N =
29) are reported. Survival analysis was performed using the Kaplan—-Meier method and the statistical
significance was calculated by the log-rank test. ** p < 0.01; ns = not statistically significant p-value.

Table 5. Univariate and multivariate Cox regression models for OS in MM patients at baseline (T0; N

=29).
. Univariate Multivariate®
Immune Cell Population HR P 95% CI HR P 95% CI
n° leukocytes/pl 1.06 ** 0.27 0.96-1.18
% neutrophils on LK 1.01 0.61 0.96-1.07
% lymphocytes on LK 0.92 0.01 0.87-0.98 0.95 0.06 0.90-1.00
% monocytes on LK 1.04 0.73 0.82-1.33
% eosinophils on LK 0.79 0.33 0.49-1.27
% basophils on LK 0.85* 0.14 0.02-1.75
% pDCs on PBMCs 0.61 * 0.01 0.68-1.06 0.72 0.06 0.52-1.01
% mDCs on PBMCs 0.84* 0.24 0.63-1.12
% CD3* on PBMCs 0.95 0.03 0.91-1.00 0.98 0.54 0.94-1.04
% CD4* on PBMCs 0.93 0.01 0.88-0.98 0.97 0.30 0.90-1.03
R848 0.98 0.04 0.96-1.00 0.98 0.19 0.96-1.01
% IFN-a* pDCs MQ 0.98 0.07 0.95-1.00
CpG 0.98 0.44 0.93-1.03
R848 0.98 0.03 0.96-1.00 0.99 0.25 0.97-1.01
% C)];(éL10+ MQ 1.00 0.72 0.97-1.02
pe-s CpG 1.04 0.01 101-107 105 0.008 1.01-1.08

LK: leukocytes; * HR associated with a 0.1 unit increase; ** HR associated with a 1000 unit increase; °
adjusted for molecular profile (NRAS®!* vs. BRAFV®* or BRAF*/NRAS") and stage of the disease
(Mlc vs. M1a or M1b). p: p-value. The significant p-values and relative hazard ratio are highlighted in

bold.
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2.6. Partial pDC Recovery after BRAFi and MEKi Administration

A combination of BRAFi and MEKIi represents the standard of care for BRAFVé+ MM patients.
These agents inhibit the constitutively activated RAF-RAS-MEK-ERK pathway in melanoma cells
[47] and are associated with potent clinical responses [48,49], partially mediated by the immune
system [10,15], including DCs [16]. We monitored peripheral blood leukocyte frequencies and pDC
function in BRAFV60%+ MM patients treated with a combination of MEKi and BRAFi or BRAFi alone.
For this purpose, blood samples were obtained at different time points over treatment, on the basis
of the expected time to the clinical response (details in the Materials and Methods section 4.1).
Compared to the values found in HD, no recovery in the frequencies of peripheral blood immune
populations was observed. However, within the MM cohort, some differences emerged by
comparing various time points. A significant increase of circulating lymphocytes was observed over
120 days of treatment (p = 0.05) (Table 6 and Figure 7A). Instead, pDC frequency was significantly
reduced after 30 days of therapy (p = 0.01) but returned to the baseline level (T0) after 120 days of
treatment (Table 6 and Figure 7B). No significant variation in cell frequency was detected for the
other immune populations (Table 6 and Figure 7C).

Table 6. Variation of the peripheral blood immune populations at 1 month (T1; N =12) and 4 months
(T2; N =9) from therapy’s initiation compared to the baseline (T0; N = 16) in the group of BRAFV600+

MM patients.
Immune Cell Population Variation T1-T0 Variation T2-T0
N Mean SD p N Mean SD p
n° leukocytes/pl 13 -810 1891 0.2 6 -1161 1260 0.1
% neutrophils on LK 13 -3.2 10.8 0.3 6 -10.3 12.7 0.1
% lymphocytes on LK 13 3.6 8.9 0.1 6 11.0 12.2 0.05
% monocytes on LK 13 1.0 3.6 0.2 6 0.1 1.9 0.8
% eosinophils on LK 13 0.7 1.8 0.2 6 -0.7 1.6 0.4
% basophils on LK 13 0.4 0.5 0.07 6 0.0 0.2 0.6
% pDCs on PBMCs 16 -0.1 0.1 0.01 9 -0.1 0.1 0.3
% mDCs on PBMCs 16 0.0 0.2 1.0 9 0.0 0.2 1.0
% CD3* on PBMCs 16 -14 10.2 0.6 9 -4.5 9.7 0.5
% CD4* on PBMCs 16 -0.1 6.6 1.0 9 -0.5 20.6 0.4
R848 14 0.3 37.1 1.0 7 19.1 17.7 0.03
% IFN-a* pDCs IMQ 14 -2.0 34.0 1.0 7 8.6 14.6 0.1
CpG 12 3.6 7.6 0.2 5 -0.1 9.1 0.9
R848 12 -9.2 319 0.2 5 -4.1 9.1 04
% f))];(éI;IO" MQ 12 -4.9 324 0.5 5 8.9 19.5 0.2
CpG 12 -1.6 15.3 0.8 5 1.9 1.5 0.08

LK: leukocytes; p: p-value. The significant p-values are highlighted in bold.

Recent studies suggest that the MAPK pathway inhibition by targeted therapies in BRAFVe0o+
melanoma patients can improve the melanoma-specific immune responses [15]. In monocyte-derived
DCs (moDC), interleukin 12 (IL-12) and tumor necrosis factor alpha (TNF-a) production and co-
stimulatory molecule expression is impaired after co-culture with melanoma cells, but it can be easily
restored by pre-treatment with BRAFi [16]. Moreover, inhibitors of MEK1/2 (i.e., PD0325901 and
U0126) significantly increase the TLR-9-mediated production of I-IFN in pDCs, restoring the I-IFN
production previously blocked via B cell receptor (BCR)-like signaling [50]. We examined the
function of pDCs from MM patients treated with BRAFi alone or in combination with MEKi. A
significant increase in the percentage of IFN-a* pDCs was registered, comparing T2 versus TO patients
(p = 0.03) after R848 stimulation (Table 6 and Figure 7D). In contrast, no differences were detected in
the pool of IFN-a-producing pDCs after IMQ or CpG stimulation. No recovery of the percentage of
CXCL10-producing pDCs following TLR-7 and TLR-9 stimulation was obtained after 1 month and 4
months of therapy administration (Table 6). Taken together, these data suggest a partial rescue of the
pDC function, in terms of the percentage of IFN-a producing pDCs after R848 stimulation. The
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inhibitory effects of MEKi on T cells and moDC cytokine production, co-stimulatory molecule
expression, and viability have been previously demonstrated [10,51]; on the contrary, no effects have
been reported by direct exposure of immune cells to BRAFi. No data are available on the pDC
compartment. In light of these reports, we exposed fully differentiated pDCs from HD to the BRAFi
PLX4032 (vemurafenib) treatment alone or in combination with the MEKi U0126. The percentage of
dead pDCs, as measured by annexin V/SYTOX AADvanced staining, did not significantly increase
after 24 h of treatment with PLX4032 with or without U0126 compared to the vehicle control (Figure
S3A-C). Furthermore, after 24 h of BRAFi and MEKi treatment, purified pDCs were stimulated with
R848, IMQ, and CpG and the IFN-a and CXCL10 intracellular production was evaluated by flow
cytometry analysis. Although variable under R848 and IMQ stimuli, the percentage of IFN-a* pDCs
was not significantly affected by direct exposure to PLX4032 and U0126 compared to vehicle control
(Figure S3D). Similarly, the percentage of CXCL10* pDCs was unchanged after PLX4032 in vitro
administration both alone or combined with U0126 (Figure S3E).

Altogether, these results rule out inhibitory effects of direct exposure of BRAFi and MEKi on the
pDC recovery in patients undergoing systemic cancer treatment.
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Figure 7. Frequency of peripheral blood immune cells and IFN-o* pDCs in BRAFV®* MM patients
over therapy administration. Cell counts (A) and flow cytometry (B,C) analysis were performed on
whole blood from BRAFV¢0** MM patients before therapy initiation (TO; n = 16), after 30 days (T1; n =
12), and after 120 days (T2; n = 9) from therapy administration (A-C). Total PBMCs isolated from
peripheral blood of MM patients were cultured in RPMI 1640 medium and stimulated with R848 for
2 h (D). IFN-a was analyzed by intracellular flow cytometry staining (D). Before-after graphs
illustrate the frequency of lymphocytes (A), pDCs (B), and mDCs (C) on total PBMCs, and the
frequency of IFN-a* pDCs on BDCA-2+/CD123* cells (D) for each subject. Bold black lines represent
the median values. The statistical significance was calculated by Wilcoxon signed-rank test. * p <0.05.

3. Discussion

The frequency of circulating pDCs is dramatically reduced in melanoma patients with systemic
spread [29,52,53], but their clinical significance as well as their functional state have been poorly
characterized [35]. Findings from retrospective analysis are conflicting [35]. This study reports the
analysis of the circulating pDCs in a prospective chemo-naive MM patient cohort. Results indicate
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that pDCs are dramatically depleted in MM patients with elevated serum LDH and high tumor
burden. By comparison with HD, we found that the residual pDCs result in severe impairment in
IFN-a and CXCL10 production in response to TLR-7/8 agonists, particularly in more advanced
disease stage. On the contrary, the ability to respond to TLR-9 agonists remained intact. By multiple
time point monitoring, we also found that in the BRAFV6%+ subgroup, the pDC frequency was not
recovered by BRAFi/MEKIi treatment, whereas pDC function was partially restored. Finally, in vitro
exposure to lactic acidosis negatively affected both the viability and function of terminally
differentiated pDCs. One limitation of this study was the small sample size of the study cohort;
however, the obtained findings provide the rationale for a prospective large-scale study.

The role of pDCs in cancer immunity is relevant due to their capability to produce large amounts
of I- and III-IFNs, when properly activated through TLR-7 and -9 agonists, linking the innate and
adaptive immune responses [54]. However, tumor-conditioned pDCs contribute to the establishment
of an immunosuppressive milieu in several types of cancer and are associated with poor outcome
[65-57]. IFNs participate in the host anti-tumor immune responses by exerting various regulatory
functions on tumor cells as well as on cells of the microenvironment, especially on immune cells
[36,58]. Here, we found that circulating pDCs are severely impaired in IFN-ac and CXCL10 production
in MM patients, suggesting that tumor-mediated I-IFN inhibitory mechanisms might take place in
the blood. Even though the pDC response is largely heterogeneous in human subjects, we found a
reduced fraction of IFN-a-producing pDCs after stimulation with TLR-7 agonists (i.e., resiquimod
and imiquimod), in chemo-naive MM patients. On the contrary, pDCs remained proficient after
stimulation with a TLR-9 agonist (i.e., CpG-A ODN 2216). From a mechanistic point of view and as
extension to the current study, we envisage the analysis of TLR-7 and TLR-9 protein expression on
peripheral blood pDCs from MM patients. Despite the structural and functional similarities between
TLR-7 and TLR-9, recent findings suggest that they are distinctly regulated in intracellular
localization and trafficking by the molecular chaperone UNC93B1 [59,60]. Moreover, a contaminating
pre-DC subpopulation, unable to produce high amounts of I-IFN in response to TLR7/8 and TLR9
stimulation, has been recently documented within the pDC fraction [61]. Although CpG-ODN is
considered the most efficient stimulus for the TLR-9 signaling pathway activation [62], only a limited
fraction of CpG-activated pDCs in HD showed an intracellular positivity for IFN-a. Human blood
pDCs diversify into functionally distinct subsets after activation by CpG-ODN; the production of
IFN-a by individually stimulated pDCs is controlled by stochastic gene regulation and paracrine I-
IFN signaling in the microenvironment and might play a protective role reducing I-IFN levels and
tissue damage [63,64].

It is worth noting that the M1c subgroup of MM was characterized by a more severe impairment
of TLR-7-activated pDCs in the IFN-at and CXCL10 production, indicating a progressive reduction of
the pDC function associated with advanced disease stages. Moreover, the functional impairment of
the R848-activated pDCs predicted a worse prognosis in term of OS. On the other hand, neither the
high LDH serum level nor the elevated tumor burden directly affected the pDC capability to produce
IFN-a and CXCL10, recognizing their poor values as reliable biomarkers for pDC dysfunction in
melanoma patients. On the basis of these results, assays measuring pDC function should be
incorporated in future analysis to confirm their clinical relevance and utility.

Lactate and acidosis, generated by high glycolytic tumor metabolism, lead to a local suppressive
effect on various immune cells, including macrophages, myeloid derived suppressor cells, and DCs
[30,34,65]. The oncometabolite lactate has been recently proposed as a suppressor of IFN-a
production, capable of reprogramming intra-tumoral pDCs to tolerogenic function [45,46]. High
serum LDH predicts poor survival [66] and poor clinical response to anti-PD-1 treatment in
melanoma patients [67], suggesting effects on cancer cell elimination by adaptive immunity [31]. A
collapse of the circulating DC compartments has been previously demonstrated in advanced
melanomas, more dramatically in the systemic disease (M1c) [29,52,53]. In the MM cohort analyzed
in this study, the low frequencies of pDC, mDC, and T lymphocyte subsets were also associated with
high serum LDH and elevated tumor burden as predictors of shorter OS. Accordingly, in vitro studies
presented here hint that the exposure of pDCs and of T cells to severe acidosis promote their cell
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death. At the same time, increasing concentration of lactic acid as well as HCl have progressively
reduced IFN-a production by fully differentiated pDCs. We found that increased lactate production
was associated with a reduction of the glucose concentration in the melanoma supernatants,
suggesting an active glycolytic activity by melanoma cells and nutrient deprivation in cell culture
medium. On the contrary, only a slight acidosis was measured on SN-mel. Altogether, these findings
support the hypothesis that an increased lactic acidosis induced by high glycolytic tumor metabolism
is involved in the melanoma-mediated pDC collapse. On the other hand, as previously reported,
glucose deprivation does not interfere with viability of human pDCs, whereas glycolysis is an
essential metabolic pathway for pDCs to execute innate immune functions (e.g., IFN-a secretion)
[68,69], suggesting that nutrient deprivation or glycolysis inhibition could impair pDC function in
MM. Like many other cancer types, rapidly proliferating melanoma cells utilize aerobic glycolysis at
high rates. Aerobic glycolysis, the resulting lactate and proton secretion in the tumor
microenvironment as well as the levels of MCT1 transporter in melanoma cells cooperate to promote
metastatization in several ways [70,71], as well as to suppress the immune surveillance. The I-IFN
deficiency of pDCs might likely result from defective TLR-7/9 signaling pathways induced by soluble
factors released in high amounts in melanoma patients, such as cytokines [72,73]. In addition, the I-
IFN response is fine-tuned by a set of surface interferon inhibitory receptors, such as the
immunoglobulin-like transcript 7 (ILT-7) and the type II C-type lectin BDCA-2 [74,75], and their
physiological ligands have been identified on tumor cells [76,77]. Tumor-associated pDCs can be
reprogrammed to their anti-tumor function upon appropriate re-activation with TLR-7 and TLR-9
agonists [78-81], and numerous clinical trials (phase I-III) are ongoing (Clinicaltrials.gov study
identifiers: NCT02644967, NCT03445533, NCT03052205, NCT03084640, NCTO03618641,
NCT02680184, NCT03831295, and NCT02521870). Our study could help to identify a proper window
for clinical intervention of these compounds in combination with the current therapies in MM
patients. In particular, our data suggest a defective signaling through TLR-7, but not TLR-9. On the
basis of these findings, administration of synthetic ODNs might represent a valid alternative to
topical administration of IMQ.

The molecular profile of cancer cells can modify cancer cell immunogenicity [82] and the
surrounding immune contexture [11,83]. The occurrence of BRAFVer mutation is associated with an
increased pDC density in melanoma metastasis compared with BRAF wild-type tumors [84], whereas
in locally advanced PCM, a collapse of the pDC compartment particularly occurs in NRAS-mutated
tumors [29]. In this study, the frequencies of peripheral blood DCs or T lymphocytes were not
associated with the tumor molecular profile, as was the impaired production of IFN-a by pDCs. The
analysis was extended to BRAFVer MM patients treated with dabrafenib plus trametinib,
vemurafenib plus cobimetinib, or vemurafenib/dabrafenib alone, which act on the constitutively
activated RAF-RAS-MEK-ERK pathway [47]. Targeted therapies represent the treatment of choice
in patients with bulky and symptomatic disease who deserve a rapid clinical response [9]. The
therapeutic activity of BRAFi and MEKi partially depends on host immune cell activation. Indeed,
BRAFi post-treatment biopsies are characterized by an increased T cell infiltration [15], and immune
checkpoint molecules are increasingly expressed by tumor cells and T cells within 2 weeks of therapy
[10]. Moreover, in vitro study has demonstrated that combination of vemurafenib and MEKi U0126
promotes the recovery of DC functions impaired by melanoma cells [16]. Although an objective
clinical response by RECIST was observed in many BRAFV60+ MM patients undergoing targeted
therapy, no circulating pDC and mDC recovery was noticed after 120 days of treatment by time point
analysis, while a slight lymphocyte restoration was achieved. It would be relevant to test long-term
responder for a better understanding of the mechanisms sustaining DC recovery. On the contrary, a
moderate increase of the frequency of IFN-a-producing pDCs was obtained in patients after 4 months
from therapy initiation, although the pDC function was not fully recovered. The lack of DC recovery
in BRAFV600+ patients might be explained by some direct effects of MEKi on DC compartment, as
previously demonstrated [16]. However, in vitro experiments from this study showed that pDC
viability and function were not significantly affected by direct exposure to BRAFi and MEKi.
Microscopic residual disease might interfere with a full pDC recovery; this suggests that combined
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circulating tumor DNA (ctDNA) and DC monitoring in the setting of a prospective analysis might
provide support to this notion.

4. Materials and Methods

4.1. Experimental Design

This study included a prospective cohort (BRAF-mutated (n = 16) and BRAF/NRAS wild-type
patients (n = 13)) for a total of 29 histologically confirmed metastatic melanoma (MM) patients (AJCC,
Stage 1V, Chicago, IL, USA) and 25 healthy donors (HD), enrolled between December 2014 and
November 2017. The local ethics committee provided formal approval to this project (WV-
Immunocancer 2014 to W.V., institutional review board code NP906). Exclusion criteria included
immune deficiency (steroid administration); bone marrow transplant; and known history of human
immunodeficiency virus 1 and 2 (HIV1; HIV2), hepatitis B virus (HBV), and hepatitis C virus (HCV)
infection.

Patients with BRAF p.V600E/K mutant MM were monitored at different time points (T0 =0 day,
n=16; T1 =30 days, n =12; T2 = 120 days, n = 9). HD were enrolled at the same time as chemo-naive
MM patients. A primary stratification according to the “AJCC Melanoma Staging and Classification
7th edition” was applied to our MM cohort (Table S1). Furthermore, patients were stratified on the
basis of baseline LDH: values below or equal to 1 x the upper limit of normal (ULN) were identified
as “normal” (n = 18), and values above 1 x ULN were identified as “high” (n = 9) (Table S1). The
“tumor burden” of 28 patients who had at least 10 measurable lesions was analyzed on computed
tomography scans of the chest and abdomen (Table S1). Lung nodules <5 mm in axial diameter were
excluded. Baseline disease burden was determined by the sum of the product of axial diameter for
the biggest metastatic lesions. The objective response was defined as complete response (CR), partial
response (PR), stable disease (SD), or progressive disease (PD), according to RECIST 1.1 criteria (Table
S1).

4.2. Human Subjects and Blood Specimen Processing

A total of 10 mL of whole blood was collected from 29 MM patients and 25 HDs. Blood was
drawn directly into S-Monovette 2.7 mL K3E (1.6 mg EDTA/mL; Sarstedt, Niimbrecht, Germany),
gently rocked at room temperature until processing. Additionally, the blood counts were performed
on MM samples as part of their clinical routine hematology. Clinical features of the MM patients
previously reported by Vescovi R. et al. [29] are included as Table S1.

4.3. Peripheral Blood Mononuclear Cell Stimulation

Peripheral blood mononuclear cells (PBMCs) were obtained from HD and MM patients by Ficoll
gradient. PBMCs (1 x 106 cells/mL) were cultured in RPMI 1640 medium (Biochrom GmbH, Berlin,
Germany) with 10% fetal bovine serum (FBS) (Biochrom GmbH, Holliston, MA, USA) and 20 ng/mL
human IL-3 (Miltenyi Biotec, Bergisch Gladbach, Germany). Total PBMCs (1 x 10¢ cells/mL) were
stimulated with resiquimod (R848) or imiquimod (IMQ) 5 pg/mL (Invivogen, San Diego, CA, USA)
and CpG-ODN 2216 6 ug/mL (Miltenyi Biotec, Bergisch Gladbach, Germany) for 2 h and 6 h,
respectively. Brefeldin A (1 ug/mL; Sigma-Aldrich, St. Louis, MO, USA) was added after 1 h or 4 h
(in samples stimulated for 2 h or 6 h, respectively).

4.4. Purification, Culture, and Stimulation of Peripheral Blood pDCs and T Lymphocytes

PBMCs were obtained from buffy coats of healthy volunteer blood donors (courtesy of the
Centro Trasfusionale, ASST Spedali Civili, Brescia, Italy) by Ficoll gradient. Peripheral blood pDCs
and T cells were magnetically sorted with the Plasmacytoid Dendritic Cell Isolation Kit II and the
human Pan T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), respectively. Isolated
pDCs and T lymphocytes (5 x 105 cells/mL) were cultured in RPMI 1640 medium (Biochrom GmbH,
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Holliston, MA, USA) with 10% FBS (Biochrom GmbH, Holliston, MA, USA), and 20 ng/mL human
IL-3 (Miltenyi Biotec, Bergisch Gladbach, Germany) was added to pDCs’ culture medium.

pDCs and T lymphocytes were cultured for 24 h in RPMI 1640 medium supplemented with 10%
FBS (Biochrom GmbH, Holliston, MA, USA), containing lactic acid (LA) (Sigma-Aldrich, St. Louis,
MO, USA) or sodium lactate (NaL) (Alfa Aesar, Haverhill, MA, USA) at the concentrations of 10 mM,
15 mM, and 20 mM. The pH levels of the media were measured. In addition, pDCs and T lymphocytes
were cultured in RPMI 1640 medium supplemented with 10% FBS (Biochrom GmbH, Holliston, MA,
USA), titrated to pH = 7.4, 7.0, 6.5, 6.0, and 5.5 using HCL. A total of 20 ng/mL human IL-3 (Miltenyi
Biotec, Bergisch Gladbach, Germany) was added to the pDC culture medium.

pDCs were treated with 1 uM of the BRAF Inhibitor PLX4032 (Selleck Biochem, Houston, TX),
with or without 12.5 uM of the MEK inhibitor U0126 (Merck Millipore, Darmstadt, Germany), and
the 0.2% of DMSO in RPMI 1640 medium was used as vehicle control.

pDCs were stimulated with 5 pg/mL of R848 or IMQ (Invivogen) and 6 pg/mL of CpG-ODN
2216 (Miltenyi-Biotec) for 2 h and 6 h. Brefeldin A (1 ug/mL, Sigma-Aldrich, St. Louis, MO, USA) was
added after 1 h and 4 h, respectively.

4.5. Flow-Cytometric Analysis

Fluorescence minus one (FMO) was used to set the marker for positive cells. A baseline
fluorescence control was used as a reference to set the fluorescence thresholds for positivity. The
results were expressed as the percentage of positive cells. For measurement of the spectral overlaps,
the fluorescence detected on all measurement channels was evaluated for single-labelled
“compensation control” samples prior to the performed flow cytometryanalysis.

For whole blood staining, 200 puL of whole blood was incubated with a panel of fluorochrome-
conjugated antibodies (panel #1 reported in Table S5) for 15 min in the dark at 4 °C. Red blood cells
were lysed and leukocytes were fixed by adding FACS Lysing Solution (BD Bioscience, San Jose, CA,
USA) following the manufacturer’s instructions. A minimum of 2 x 10> PBMCs were acquired
according to the forward light scatter versus side light scatter profile, and doublet discrimination was
performed. The gating strategy is reported in Figure 54. Samples were processed on FACS Canto II
system (Becton Dickinson, San Jose, CA, USA).

The purified cell viability assay was performed using Pacific Blue or APC Annexin V/SYTOX
AADvanced Apoptosis Kit, for flow cytometry (Thermo Fisher Scientific, Waltham, MA, USA),
following the manufacturer’s instructions. Briefly, this assay identifies the early apoptotic cells as
annexin V*/SYTOX AADvanced- and late apoptotic/necrotic cells as annexin V+/SYTOX AADvanced*.
Samples were processed on MACS Quant Citofluorimeter (Miltenyi-Biotec). Results were analyzed
by FlowJo X software (Tree Star Inc, Ashland, Wilmington, NC, USA).

For the evaluation of IFN-a and CXCL10 intracellular production, PBMCs and purified pDCs,
stimulated as described above, were surface labelled with anti-BDCA-2 and anti-CD123
fluorochrome-conjugated antibodies. Subsequently, cells were fixed and permeabilized using the
Inside Stain Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and the intracellular cytokine
labelling was performed using anti IFN-a and anti-CXCL10/IP-10 fluorochrome-conjugated
antibodies (panel #2 reported in Table S5). Samples were processed on MACS Quant Citofluorimeter
(Miltenyi Biotec, Bergisch Gladbach, Germany). Results were analysed by Flow]Jo X software (Tree
Star Inc, Wilmington, NC, USA).

4.6. Statistical Analysis

Patient characteristics were described at therapy initiation (T0). Categorical variables were
reported as absolute frequencies and percentages and were compared across groups using the
Fisher’s exact test. Continuous variables were expressed as median and interquartile range (IQR).
The Wilcoxon-Mann—-Whitney test and the Kruskal-Wallis test were used to compare variable
distributions across two and more than two subgroups of patients, respectively. The association
between the peripheral blood immune cell frequencies and tumor burden at TO among MM patients
was evaluated using the Spearman’s rank correlation coefficient. Peripheral blood leukocyte
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populations were measured at 1 month (T1) and at 4 months (T2) after therapy initiation (T0) in the
group of MM patients that were BRAF-mutated. Changes in the peripheral blood leukocyte
frequencies at 1 month (T1-T0) and at 4 months (T2-T0) were tested using the Wilcoxon signed-rank
test. All patients were followed up after TO. Two endpoints (disease progression and death) were
used to calculate the PFS and OS probability, respectively. PFS was defined as the time interval
between T0 and the date of identification of progressive disease; OS was defined as the time interval
between TO and the date of death. Survival curves were calculated using Kaplan-Meier method, and
differences in survival between subgroups of patients were tested using the log-rank test. For
continuous variables, subgroups were defined using the median value as cut-off. Univariate Cox
proportional hazard model were fitted to evaluate the role of the peripheral blood leukocyte
populations and other established prognostic factors on the considered outcomes. Multivariable
regression models were used to adjust the estimates for molecular profile and stage of the disease.
The hazard ratios (HR), 95% confidence intervals (CI), and p-values from a Wald test were reported.
The two-sample paired sign test and two-sample paired or unpaired Student’s t-test were used to
compare groups from in vitro experiments. A two-tailed p-value < 0.05 was considered statistically
significant.

The statistical analysis was performed using STATA 15 (StataCorp. 2017. Stata Statistical
Software: Release 15. College Station, TX: StataCorp LLC.) or GraphPad Prism Software version 5
(GraphPad Software, San Diego, CA, USA).

5. Conclusions

In conclusion, pDCs from MM patients are severely impaired in their frequency and function.
Findings emerged here suggest a relevant role for melanoma metabolism promoting lactic acidosis.
In BRAFVe+ MM, short-term treatment is not associated to a full pDC recovery; however, TLR-9
agonists as adjuvant remain a valid therapeutic strategy for a proficient pDC activation. Monitoring
the pDC compartment and functions might represent a clinically relevant tool for the selection of MM
cases, which likely benefit from TLR-9 agonists as a completion of their treatment plan.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6694/12/8/2085/s1, Figure
S1: Lactate, glucose concentrations, and pH levels measured on melanoma cell line supernatants (SN-mel),
Figure S2: Lactosis did not affect the viability of pDCs and T cells, Figure S3: BRAF and MEK inhibitors (BRAFj;
MEKi) did not affect pDC viability and function, Figure S4: Gating strategy for the identification of peripheral
blood immune populations, Table S1: Clinical data of the metastatic melanoma (MM) cohort. Table S2: Peripheral
blood immune populations in the MM molecular groups at baseline (T0; N =29), Table S3: Analysis of the overall
survival (OS) and the progression-free survival (PFS) among MM patients (N = 29) during the follow-up, Table
54: Univariate and multivariate Cox regression models for PFS in MM patients at baseline (T0; N =29), Table S5:
Antibodies used for flow cytometry.

Author Contributions: Conceptualization, W.V., M.M., and R.V.; methodology, M.M., R.V., and D.M.; formal
analysis, M.M., R.V,, F.C,, D.F,, D.M,, and C.S; investigation, M.M. and R.V; resources, F.C., A.B., and D.F.; data
curation, F.C. and C.S.; writing —original draft preparation, M.M., R.V., and W.V_; writing—review and editing,
F.C,D.F., D.M, and C.S;; supervision, W.V.; funding acquisition, W.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by “Associazione Italiana per la Ricerca sul Cancro” (AIRC), Italy, to W.
Vermi, grant number IG-15378 and IG-23179.

Acknowledgments: We are grateful to Silvia Lonardi for reading the manuscript. We would like to thank
personnel of the Servizio Immuno-Trasfusionale ASST Spedali Civili di Brescia for their help in providing buffy
coats. We thank Nurses of the Oncology Unit ASST Spedali Civili di Brescia that provided support for patient
care, especially Eleonora Lombardi.

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2020, 12, 2085 19 of 23

References

1.

10.

11.

12.

13.

14.

15.

16.

Corrie, P.; Hategan, M.; Fife, K.; Parkinson, C. Management of melanoma. Br. Med. Bull. 2014, 111, 149-162,
d0i:10.1093/bmb/1du019.

Ugurel, S.; Rohmel, J.; Ascierto, P.A.; Flaherty, K.T.; Grob, J.J.; Hauschild, A.; Larkin, J.; Long, G.V.; Lorigan,
P.; McArthur, G.A,; et al. Survival of patients with advanced metastatic melanoma: The impact of novel
therapies-update 2017. Eur. ]. Cancer 2017, 83, 247-257, doi:10.1016/j.ejca.2017.06.028.

Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.].;
Bottomley, W.; et al. Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949-954,
do0i:10.1038/nature00766.

Chapman, P.B.; Hauschild, A.; Robert, C.; Haanen, ].B.; Ascierto, P.; Larkin, J.; Dummer, R.; Garbe, C.;
Testori, A.; Maio, M.; et al. Improved survival with vemurafenib in melanoma with BRAF V600E mutation.
N. Engl. ]. Med. 2011, 364, 2507-2516, doi:10.1056/NEJMoal103782.

Hauschild, A.; Grob, ].J.; Demidov, L.V; Jouary, T.; Gutzmer, R.; Millward, M.; Rutkowski, P.; Blank, C.U.;
Miller, W.H., Jr.; Kaempgen, E.; et al. Dabrafenib in BRAF-mutated metastatic melanoma: A multicentre,
open-label, phase 3 randomised controlled trial. Lancet 2012, 380, 358-365, doi:10.1016/s0140-6736(12)60868-
X.

Wolchok, J.D.; Weber, ].S.; Maio, M.; Neyns, B.; Harmankaya, K.; Chin, K.; Cykowski, L.; de Pril, V.;
Humphrey, R.; Lebbe, C. Four-year survival rates for patients with metastatic melanoma who received
ipilimumab in phase II clinical trials. Ann. Oncol. 2013, 24, 2174-2180, d0i:10.1093/annonc/mdt161.
Schadendorf, D.; Hodji, E.S.; Robert, C.; Weber, ].S.; Margolin, K.; Hamid, O.; Patt, D.; Chen, T.T.; Berman,
D.M.; Wolchok, J.D. Pooled Analysis of Long-Term Survival Data From Phase II and Phase III Trials of
Ipilimumab in Unresectable or Metastatic Melanoma. ]. Clin. Oncol. 2015, 33, 1889-1894,
do0i:10.1200/jc0.2014.56.2736.

Topalian, S.L.; Sznol, M.; McDermott, D.F.; Kluger, H.M.; Carvajal, R.D.; Sharfman, W.H.; Brahmer, J.R,;
Lawrence, D.P.; Atkins, M.B.; Powderly, ].D.; et al. Survival, durable tumor remission, and long-term safety
in patients with advanced melanoma receiving nivolumab. J. Clin. Oncol. 2014, 32, 1020-1030,
do0i:10.1200/jc0.2013.53.0105.

Garbe, C.; Amaral, T.; Peris, K.; Hauschild, A.; Arenberger, P.; Bastholt, L.; Bataille, V.; Del Marmol, V.;
Dreno, B.; Fargnoli, M.C.; et al. European consensus-based interdisciplinary guideline for melanoma. Part
2: Treatment— Update 2019. Eur. |. Cancer 2019, 10.1016/.ejca.2019.11.015, doi:10.1016/j.ejca.2019.11.015.
Frederick, D.T.; Piris, A.; Cogdill, A.P.; Cooper, Z.A.; Lezcano, C.; Ferrone, C.R,; Mitra, D.; Boni, A.;
Newton, L.P.; Liu, C.; et al. BRAF inhibition is associated with enhanced melanoma antigen expression and
a more favorable tumor microenvironment in patients with metastatic melanoma. Clin. Cancer Res. 2013,
19, 1225-1231, d0i:10.1158/1078-0432.CCR-12-1630.

Boni, A.; Cogdill, A.P.; Dang, P.; Udayakumar, D.; Njauw, C.N.; Sloss, C.M.; Ferrone, C.R.; Flaherty, K.T.;
Lawrence, D.P.; Fisher, D.E.; et al. Selective BRAFV600E inhibition enhances T-cell recognition of
melanoma without affecting lymphocyte function. Cancer Res. 2010, 70, 5213-5219, doi:10.1158/0008-
5472.can-10-0118.

Sumimoto, H.; Imabayashi, F.; Iwata, T.; Kawakami, Y. The BRAF-MAPK signaling pathway is essential
for cancer-immune evasion in human melanoma cells. J. Exp. Med. 2006, 203, 1651-1656,
doi:10.1084/jem.20051848.

Bradley, S.D.; Chen, Z.; Melendez, B.; Talukder, A.; Khalili, J.S.; Rodriguez-Cruz, T.; Liu, S.; Whittington,
M.; Deng, W.; Li, F.; et al. BRAFV600E Co-opts a Conserved MHC Class I Internalization Pathway to
Diminish Antigen Presentation and CD8 + T-cell Recognition of Melanoma. Cancer Immunol. Res. 2015, 3,
602-609, doi:10.1158/2326-6066.cir-15-0030.

Kono, M.; Dunn, 1.S.; Durda, P.J.; Butera, D.; Rose, L.B.; Haggerty, T.J.; Benson, E.M.; Kurnick, J.T. Role of
the mitogen-activated protein kinase signaling pathway in the regulation of human melanocytic antigen
expression. Mol. Cancer Res. 2006, 4, 779-792, doi:10.1158/1541-7786.mcr-06-0077.

Wilmott, ].S.; Long, G.V.; Howle, ].R,; Haydu, L.E.; Sharma, R.N.; Thompson, ].F.; Kefford, R.F.; Hersey, P.;
Scolyer, R.A. Selective BRAF inhibitors induce marked T-cell infiltration into human metastatic melanoma.
Clin. Cancer Res. 2012, 18, 1386-1394, d0i:10.1158/1078-0432.ccr-11-2479.

Ott, P.A,; Henry, T.; Baranda, S.J.; Frleta, D.; Manches, O.; Bogunovic, D.; Bhardwaj, N. Inhibition of both
BRAF and MEK in BRAF(V600E) mutant melanoma restores compromised dendritic cell (DC) function



Cancers 2020, 12, 2085 20 of 23

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

while having differential direct effects on DC properties. Cancer Immunol. Immunother. 2013, 62, 811-822,
doi:10.1007/s00262-012-1389-z.

Hong, D.S.; Vence, L.; Falchook, G.; Radvanyi, L.G.; Liu, C.; Goodman, V.; Legos, ]J.J.; Blackman, S.;
Scarmadio, A.; Kurzrock, R.; et al. BRAF(V600) inhibitor GSK2118436 targeted inhibition of mutant BRAF
in cancer patients does not impair overall immune competency. Clin. Cancer Res. 2012, 18, 2326-2335,
doi:10.1158/1078-0432.CCR-11-2515.

Hauschild, A.; Larkin, J.; Ribas, A.; Dreno, B.; Flaherty, K.T.; Ascierto, P.A.; Lewis, K.D.; McKenna, E.; Zhu,
Q.; Mun, Y.; et al. Modeled Prognostic Subgroups for Survival and Treatment Outcomes in BRAF V600-
Mutated Metastatic Melanoma: Pooled Analysis of 4 Randomized Clinical Trials. JAMA Oncol. 2018, 4,
1382-1388, doi:10.1001/jamaoncol.2018.2668.

Sabbatino, F.; Wang, Y.; Scognamiglio, G.; Favoino, E.; Feldman, S.A.; Villani, V.; Flaherty, K.T.; Nota, S.;
Giannarelli, D.; Simeone, E.; et al. Antitumor Activity of BRAF Inhibitor and IFNalpha Combination in
BRAF-Mutant Melanoma. |. Natl. Cancer Inst. 2016, 108, doi:10.1093/jnci/djv435.

Iwasaki, A.; Medzhitov, R. Toll-like receptor control of the adaptive immune responses. Nat. [mmunol. 2004,
5, 987-995, d0i:10.1038/nil1112.

Takeda, K. Kaisho, T.; Akira, S. Toll-like receptors. Annu. Rev. Immunol. 2003, 21, 335-376,
doi:10.1146/annurev.immunol.21.120601.141126.

von Marschall, Z; Scholz, A.; Cramer, T.; Schifer, G.; Schirner, M.; Oberg, K.; Wiedenmann, B.; Hocker, M.;
Rosewicz, S. Effects of interferon alpha on vascular endothelial growth factor gene transcription and tumor
angiogenesis. J. Natl. Cancer Inst. 2003, 95, 437-448.

Singh, R.K.; Gutman, M.; Bucana, C.D.; Sanchez, R.; Llansa, N.; Fidler, L]. Interferons alpha and beta down-
regulate the expression of basic fibroblast growth factor in human carcinomas. Proc. Natl. Acad. Sci. USA
1995, 92, 4562—-4566.

Liang, S.; Wei, H.; Sun, R,; Tian, Z. [FNalpha regulates NK cell cytotoxicity through STAT1 pathway.
Cytokine 2003, 23, 190-199.

Marrack, P.; Kappler, J.; Mitchell, T. Type I interferons keep activated T cells alive. . Exp. Med. 1999, 189,
521-530.

Curtsinger, ].M.; Valenzuela, ].O.; Agarwal, P; Lins, D.; Mescher, M.F. Type I IFNs provide a third signal
to CD8 T cells to stimulate clonal expansion and differentiation. J. Immunol. 2005, 174, 4465-4469.
Blackwell, S.E.; Krieg, A.M. CpG-A-induced monocyte IFN-gamma-inducible protein-10 production is
regulated by plasmacytoid dendritic cell-derived IFN-alpha. J. Immunol. 2003, 170, 4061-4068.

Wildbaum, G.; Netzer, N.; Karin, N. Plasmid DNA encoding IFN-gamma-inducible protein 10 redirects
antigen-specific T cell polarization and suppresses experimental autoimmune encephalomyelitis. .
Immunol. 2002, 168, 5885-5892.

Vescovi, R.; Monti, M.; Moratto, D.; Paolini, L.; Consoli, F.; Benerini, L.; Melocchi, L.; Calza, S.; Chiudinelli,
M.; Rossi, G.; et al. Collapse of the Plasmacytoid Dendritic Cell Compartment in Advanced Cutaneous
Melanomas by Components of the Tumor Cell Secretome. Cancer Immunol. Res. 2019, 7, 12-28,
doi:10.1158/2326-6066.cir-18-0141.

Gottfried, E.; Kunz-Schughart, L.A.; Ebner, S.; Mueller-Klieser, W.; Hoves, S.; Andreesen, R.; Mackensen,
A.; Kreutz, M. Tumor-derived lactic acid modulates dendritic cell activation and antigen expression. Blood
2006, 107, 2013-2021, doi:10.1182/blood-2005-05-1795.

Ding, J.; Karp, J.E,; Emadi, A. Elevated lactate dehydrogenase (LDH) can be a marker of immune
suppression in cancer: Interplay between hematologic and solid neoplastic clones and their
microenvironments. Cancer Biomark. 2017, 19, 353-363, d0i:10.3233/cbm-160336.

Warburg, O.; Wind, F.; Negelein, E. THE METABOLISM OF TUMORS IN THE BODY. |. Gen. Physiol. 1927,
8, doi:10.1085/jgp.8.6.519.

Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016, 23,
doi:10.1016/j.cmet.2015.12.006.

Bronte, V. Tumor cells hijack macrophages via lactic acid. Immunol. Cell Biol. 2014, 92, 647-649,
doi:10.1038/icb.2014.67.

Monti, M.; Consoli, F.; Vescovi, R.; Bugatti, M.; Vermi, W. Human Plasmacytoid Dendritic Cells and
Cutaneous Melanoma. Cells 2020, 9, d0i:10.3390/cells9020417.



Cancers 2020, 12, 2085 21 of 23

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Dunn, G.P; Bruce, A.T.; Sheehan, K.C.; Shankaran, V.; Uppaluri, R.; Bui, ].D.; Diamond, M.S.; Koebel, C.M.;
Arthur, C; White, ].M.; et al. A critical function for type I interferons in cancer immunoediting. Nat.
Immunol. 2005, 6, 722-729, d0i:10.1038/ni1213.

Borden, E.C. Interferons alpha and beta in cancer: Therapeutic opportunities from new insights. Nat. Rev.
Drug Discov. 2019, 18, 219-234, doi:10.1038/s41573-018-0011-2.

Le Mercier, L; Poujol, D.; Sanlaville, A.; Sisirak, V.; Gobert, M.; Durand, I.; Dubois, B.; Treilleux, I.; Marvel,
J.; Vlach, J.; et al. Tumor promotion by intratumoral plasmacytoid dendritic cells is reversed by TLR7 ligand
treatment. Cancer Res. 2013, 73, 4629-4640, d0i:10.1158/0008-5472.can-12-3058.

Megjugorac, N.J.; Young, H.A.; Amrute, S.B.; Olshalsky, S.L.; Fitzgerald-Bocarsly, P. Virally stimulated
plasmacytoid dendritic cells produce chemokines and induce migration of T and NK cells. J. Leukoc. Biol.
2004, 75, 504-514, doi:10.1189/jlb.0603291.

Zbytek, B.; Carlson, J.A.; Granese, J.; Ross, J.; Mihm, M.C,, Jr.; Slominski, A. Current concepts of metastasis
in melanoma. Expert Rev. Dermatol. 2008, 3, 569-585, doi:10.1586/17469872.3.5.569.

Karagiannis, P.; Fittall, M.; Karagiannis, S.N. Evaluating biomarkers in melanoma. Front. Oncol. 2014, 4,
383, d0i:10.3389/fonc.2014.00383.

Long, G.V.; Grob, ].J.; Nathan, P.; Ribas, A.; Robert, C.; Schadendorf, D.; Lane, S.R.; Mak, C.; Legenne, P.;
Flaherty, K.T.; et al. Factors predictive of response, disease progression, and overall survival after
dabrafenib and trametinib combination treatment: A pooled analysis of individual patient data from
randomised trials. Lancet Oncol. 2016, 17, 1743-1754, d0i:10.1016/s1470-2045(16)30578-2.

Caronni, N.; Simoncello, F.; Stafetta, F.; Guarnaccia, C.; Ruiz-Moreno, ].S.; Opitz, B.; Galli, T.; Proux-
Gillardeaux, V.; Benvenuti, F. Downregulation of Membrane Trafficking Proteins and Lactate Conditioning
Determine Loss of Dendritic Cell Function in Lung Cancer. Cancer Res. 2018, 78, 1685-1699,
do0i:10.1158/0008-5472.can-17-1307.

Comito, G.; Iscaro, A.; Bacci, M.; Morandi, A.; Ippolito, L.; Parri, M.; Montagnani, I.; Raspollini, M.R.; Serni,
S.; Simeoni, L.; et al. Lactate modulates CD4(+) T-cell polarization and induces an immunosuppressive
environment, which sustains prostate carcinoma progression via TLR8/miR21 axis. Oncogene 2019, 38,
3681-3695, d0i:10.1038/s41388-019-0688-7.

Raychaudhuri, D.; Bhattacharya, R.; Sinha, B.P.; Liu, C.S.C.; Ghosh, A.R.; Rahaman, O.; Bandopadhyay, P.;
Sarif, J.; D’Rozario, R.; Paul, S.; et al. Lactate Induces Pro-tumor Reprogramming in Intratumoral
Plasmacytoid Dendritic Cells. Front. Immunol. 2019, 10, 1878, d0i:10.3389/fimmu.2019.01878.

Zhang, W.; Wang, G.; Xu, Z.G,; Tu, H,; Hu, F.; Dai, J.; Chang, Y.; Chen, Y.; Lu, Y.; Zeng, H.; et al. Lactate Is
a Natural Suppressor of RLR Signaling by Targeting MAVS. Cell 2019, 178, 176-189,
do0i:10.1016/j.cell.2019.05.003.

Wan, P.T.; Garnett, M.].; Roe, S.M.; Lee, S.; Niculescu-Duvaz, D.; Good, V.M.; Jones, C.M.; Marshall, C.J.;
Springer, C.J.; Barford, D.; et al. Mechanism of activation of the RAF-ERK signaling pathway by oncogenic
mutations of B-RAF. Cell 2004, 116, 855-867.

Johannessen, C.M.; Boehm, J.S.; Kim, S.Y.; Thomas, S.R.; Wardwell, L.; Johnson, L.A.; Emery, C.M,;
Stransky, N.; Cogdill, A.P.; Barretina, ].; et al. COT drives resistance to RAF inhibition through MAP kinase
pathway reactivation. Nature 2010, 468, 968-972, d0i:10.1038/nature09627.

Wagle, N.; Emery, C.; Berger, M.F.; Davis, M.].; Sawyer, A.; Pochanard, P.; Kehoe, S.M.; Johannessen, C.M.;
Macconaill, L.E.; Hahn, W.C,; et al. Dissecting therapeutic resistance to RAF inhibition in melanoma by
tumor genomic profiling. J. Clin. Oncol. 2011, 29, 3085-3096, d0i:10.1200/JC0O.2010.33.2312.

Janovec, V.; Aouar, B.; Font-Haro, A.; Hofman, T.; Trejbalova, K.; Weber, J.; Chaperot, L.; Plumas, J.; Olive,
D.; Dubreuil, P.; et al. The MEK1/2-ERK Pathway Inhibits Type I IFN Production in Plasmacytoid Dendritic
Cells. Front. Immunol. 2018, 9, 364, d0i:10.3389/fimmu.2018.00364.

Ott, P.A; Bhardwaj, N. Impact of MAPK Pathway Activation in BRAF(V600) Melanoma on T Cell and
Dendritic Cell Function. Front. Immunol. 2013, 4, 346, d0i:10.3389/fimmu.2013.00346.

Chevolet, I; Speeckaert, R.; Schreuer, M.; Neyns, B.; Krysko, O.; Bachert, C.; Van Gele, M.; van Geel, N,;
Brochez, L. Clinical significance of plasmacytoid dendritic cells and myeloid-derived suppressor cells in
melanoma. J. Transl. Med. 2015, 13, 9, doi:10.1186/s12967-014-0376-x.

Failli, A.; Legitimo, A.; Orsini, G.; Romanini, A.; Consolini, R. Numerical defect of circulating dendritic cell
subsets and defective dendritic cell generation from monocytes of patients with advanced melanoma.
Cancer Lett. 2013, 337, 184-192, doi:10.1016/j.canlet.2013.05.013.



Cancers 2020, 12, 2085 22 of 23

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Kadowaki, N.; Antonenko, S.; Lau, J.Y.; Liu, Y.J. Natural interferon alpha/beta-producing cells link innate
and adaptive immunity. J. Exp. Med. 2000, 192, 219-226.

Aspord, C.; Leccia, M.T.; Charles, J.; Plumas, ]. Plasmacytoid dendritic cells support melanoma progression
by promoting Th2 and regulatory immunity through OX40L and ICOSL. Cancer Immunol. Res. 2013, 1, 402—
415, doi:10.1158/2326-6066.cir-13-0114-t.

Faget, J.; Bendriss-Vermare, N.; Gobert, M.; Durand, I; Olive, D.; Biota, C.; Bachelot, T.; Treilleux, I;
Goddard-Leon, S.; Lavergne, E.; et al. ICOS-ligand expression on plasmacytoid dendritic cells supports
breast cancer progression by promoting the accumulation of immunosuppressive CD4+ T cells. Cancer Res.
2012, 72, 6130-6141, doi:10.1158/0008-5472.can-12-2409.

Hartmann, E.; Wollenberg, B.; Rothenfusser, S.; Wagner, M.; Wellisch, D.; Mack, B.; Giese, T.; Gires, O.;
Endres, S.; Hartmann, G. Identification and functional analysis of tumor-infiltrating plasmacytoid dendritic
cells in head and neck cancer. Cancer Res. 2003, 63, 6478-6487.

Dunn, G.P.; Koebel, C.M.; Schreiber, R.D. Interferons, immunity and cancer immunoediting. Nat. Rev.
Immunol. 2006, 6, 836-848, d0i:10.1038/nri1961.

Majer, O.; Liu, B.; Woo, B.].; Kreuk, L.S.M.; Van Dis, E.; Barton, G.M. Release from UNC93B1 reinforces the
compartmentalized activation of select TLRs. Nature 2019, 575, 371-374, d0i:10.1038/s41586-019-1611-7.
Majer, O.; Liu, B.; Kreuk, L.S.M.; Krogan, N.; Barton, G.M. UNC93B1 recruits syntenin-1 to dampen TLR7
signalling and prevent autoimmunity. Nature 2019, 575, 366-370, doi:10.1038/s41586-019-1612-6.

See, P.; Dutertre, C.A.; Chen, J.; Glinther, P.; McGovern, N.; Irac, S.E.; Gunawan, M.; Beyer, M.; Handler,
K.; Duan, K; et al. Mapping the Human DC Lineage Through the Integration of High-Dimensional
Techniques. Science 2017, 356, doi:10.1126/science.aag3009.

Siegal, F.P.; Kadowaki, N.; Shodell, M.; Fitzgerald-Bocarsly, P.A.; Shah, K.; Ho, S.; Antonenko, S.; Liu, Y.J.
The nature of the principal type 1 interferon-producing cells in human blood. Science 1999, 284, 1835-1837,
doi:10.1126/science.284.5421.1835.

Alculumbre, S.G.; Saint-Andre, V.; Di Domizio, J.; Vargas, P.; Sirven, P.; Bost, P.; Maurin, M.; Maiuri, P.;
Wery, M.; Roman, M.S.; et al. Diversification of human plasmacytoid predendritic cells in response to a
single stimulus. Nat. Immunol. 2018, 19, 63-75, doi:10.1038/s41590-017-0012-z.

Wimmers, F.; Subedi, N.; van Buuringen, N.; Heister, D.; Vivie, ].; Beeren-Reinieren, I.; Woestenenk, R.;
Dolstra, H.; Piruska, A.; Jacobs, ].FE.M.; et al. Single-cell analysis reveals that stochasticity and paracrine
signaling control interferon-alpha production by plasmacytoid dendritic cells. Nat. Commun. 2018, 9, 3317,
doi:10.1038/s41467-018-05784-3.

Corzo, C.A.; Condamine, T.; Lu, L.; Cotter, M.].; Youn, ]J.I.; Cheng, P.; Cho, H.I;; Celis, E.; Quiceno, D.G,;
Padhya, T.; et al. HIF-1a regulates function and differentiation of myeloid-derived suppressor cells in the
tumor microenvironment. J. Exp. Med. 2010, 207, 2439-2453, doi:10.1084/jem.20100587.

Balch, C.M.; Soong, S.J.; Atkins, M.B.; Buzaid, A.C.; Cascinelli, N.; Coit, D.G.; Fleming, 1.D.; Gershenwald,
J.E.; Houghton, A, Jr.; Kirkwood, J.M.; et al. An evidence-based staging system for cutaneous melanoma.
CA Cancer ]. Clin. 2004, 54, 131-149; quiz 134-182, doi:10.3322/canjclin.54.3.131.

Diem, S.; Kasenda, B.; Spain, L.; Martin-Liberal, J.; Marconcini, R.; Gore, M.; Larkin, J. Serum lactate
dehydrogenase as an early marker for outcome in patients treated with anti-PD-1 therapy in metastatic
melanoma. Br. ]. Cancer 2016, 114, 256-261, d0i:10.1038/bjc.2015.467.

Bajwa, G.; DeBerardinis, R.J.; Shao, B.; Hall, B.; Farrar, ].D.; Gill, M.A. Cutting Edge: Critical Role of
Glycolysis in Human Plasmacytoid Dendritic Cell Antiviral Responses. J. Immunol. 2016, 196, 2004—2009,
doi:10.4049/jimmunol.1501557.

Saas, P.; Varin, A.; Perruche, S.; Ceroi, A. Recent insights into the implications of metabolism in
plasmacytoid dendritic cell innate functions: Potential ways to control these functions. F1000Research 2017,
6, 456, d0i:10.12688/f1000research.11332.2.

Fischer, G.M.; Vashisht Gopal, Y.N.; McQuade, J.L.; Peng, W.; DeBerardinis, R.J.; Davies, M.A. Metabolic
strategies of melanoma cells: Mechanisms, interactions with the tumor microenvironment, and therapeutic
implications. Pigment Cell Melanoma Res. 2018, 31, 11-30, doi:10.1111/pcmr.12661.

Tasdogan, A.; Faubert, B.; Ramesh, V.; Ubellacker, ].M.; Shen, B.; Solmonson, A.; Murphy, M.M.; Gu, Z,;
Gu, W.; Martin, M.; et al. Metabolic heterogeneity confers differences in melanoma metastatic potential.
Nature 2020, 577, 115-120, doi:10.1038/s41586-019-1847-2.



Cancers 2020, 12, 2085 23 of 23

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Han, N.; Zhang, Z.; Jv, H.; Hu, J.; Ruan, M.; Zhang, C. Culture supernatants of oral cancer cells induce
impaired IFN-alpha production of pDCs partly through the down-regulation of TLR-9 expression. Arch.
Oral Biol. 2018, 93, 141-148, doi:10.1016/j.archoralbio.2018.06.006.

Sisirak, V.; Vey, N.; Goutagny, N.; Renaudineau, S.; Malfroy, M.; Thys, S.; Treilleux, I.; Labidi-Galy, S.I.;
Bachelot, T.; Dezutter-Dambuyant, C.; et al. Breast cancer-derived transforming growth factor-beta and
tumor necrosis factor-alpha compromise interferon-alpha production by tumor-associated plasmacytoid
dendritic cells. Int. J. Cancer 2013, 133, 771-778, d0i:10.1002/ijc.28072.

Dzionek, A.; Sohma, Y.; Nagafune, J.; Cella, M.; Colonna, M.; Facchetti, F.; Gunther, G.; Johnston, L;
Lanzavecchia, A.; Nagasaka, T.; et al. BDCA-2, a novel plasmacytoid dendritic cell-specific type II C-type
lectin, mediates antigen capture and is a potent inhibitor of interferon alpha/beta induction. J. Exp. Med.
2001, 194, 1823-1834, doi:10.1084/jem.194.12.1823.

Cao, W.; Rosen, D.B,; Ito, T.; Bover, L.; Bao, M.; Watanabe, G.; Yao, Z.; Zhang, L.; Lanier, L.L.; Liu, Y.J.
Plasmacytoid dendritic cell-specific receptor ILT7-Fc epsilonRI gamma inhibits Toll-like receptor-induced
interferon production. J. Exp. Med. 2006, 203, 1399-1405, doi:10.1084/jem.20052454.

Cao, W.; Bover, L.; Cho, M.; Wen, X.; Hanabuchi, S.; Bao, M.; Rosen, D.B.; Wang, Y.H.; Shaw, J.L.; Du, Q.;
et al. Regulation of TLR7/9 responses in plasmacytoid dendritic cells by BST2 and ILT7 receptor interaction.
J. Exp. Med. 2009, 206, 1603-1614, doi:10.1084/jem.20090547.

Riboldi, E.; Daniele, R.; Parola, C.; Inforzato, A.; Arnold, P.L.; Bosisio, D.; Fremont, D.H.; Bastone, A.;
Colonna, M.; Sozzani, S. Human C-type lectin domain family 4, member C (CLEC4C/BDCA-2/CD303) is a
receptor for  asialo-galactosyl-oligosaccharides. | Biol. ~Chem. 2011, 286, 35329-35333,
doi:10.1074/jbc.C111.290494.

Krieg, A.M. Therapeutic potential of Toll-like receptor 9 activation. Nat. Rev. Drug Discov. 2006, 5, 471-484,
d0i:10.1038/nrd2059.

Pashenkov, M.; Goess, G.; Wagner, C.; Hormann, M.; Jandl, T.; Moser, A.; Britten, C.M.; Smolle, J.; Koller,
S.; Mauch, C.; et al. Phase II trial of a toll-like receptor 9-activating oligonucleotide in patients with
metastatic melanoma. J. Clin. Oncol. 2006, 24, 5716-5724, doi:10.1200/jc0.2006.07.9129.

Aspord, C.; Tramcourt, L.; Leloup, C.; Molens, J.P.; Leccia, M.T.; Charles, J.; Plumas, J. Imiquimod inhibits
melanoma development by promoting pDC cytotoxic functions and impeding tumor vascularization. J.
Investig. Dermatol. 2014, 134, 2551-2561, doi:10.1038/jid.2014.194.

Teulings, H.E.; Tjin, E.P.M.; Willemsen, K.J.; van der Kleij, S.; Ter Meulen, S.; Kemp, E.H.; Krebbers, G.; van
Noesel, C.J.M.; Franken, C.; Drijthout, ].W.; et al. Anti-Melanoma immunity and local regression of
cutaneous metastases in melanoma patients treated with monobenzone and imiquimod; a phase 2 a trial.
Oncoimmunology 2018, 7, €1419113, doi:10.1080/2162402x.2017.1419113.

van den Hout, M.; Koster, B.D.; Sluijter, B.J.R.; Molenkamp, B.G.; van de Ven, R.; van den Eertwegh, A.].M.;
Scheper, R.J.; van Leeuwen, P.A.M.; van den Tol, M.P.; de Gruijl, T.D. Melanoma Sequentially Suppresses
Different DC Subsets in the Sentinel Lymph Node, Affecting Disease Spread and Recurrence. Cancer
Immunol. Res. 2017, 5, 969-977, d0i:10.1158/2326-6066.cir-17-0110.

Sunaga, N.; Imai, H.; Shimizu, K.; Shames, D.S.; Kakegawa, S.; Girard, L.; Sato, M.; Kaira, K.; Ishizuka, T;
Gazdar, AF.; et al. Oncogenic KRAS-induced interleukin-8 overexpression promotes cell growth and
migration and contributes to aggressive phenotypes of non-small cell lung cancer. Int ]. Cancer 2012, 130,
1733-1744, doi:10.1002/ijc.26164.

Dabrosin, N.; Sloth Juul, K.; Baehr Georgsen, J.; Andrup, S.; Schmidt, H.; Steiniche, T.; Heide Ollegaard, T.;
Bonnelykke Behrndtz, L. Innate immune cell infiltration in melanoma metastases affects survival and is
associated with BRAFV600E mutation status. Melanoma Res. 2019, 29, 30-37,
d0i:10.1097/cmr.0000000000000515.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



