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Zusammenfassung 
Maligne Melanome sind für einen Großteil der krebsbedingten Todesfälle 

verantwortlich. Neue Therapien für Melanome sind dringend erforderlich, insbesondere 

für Patienten im Spätstadium, die nicht auf Immuntherapien und Kinasehemmer 

ansprechen. Im ersten Abschnitt der Dissertation haben wir ein pharmakologisches 

Screening durchgeführt, um neuartige Wirkstoffe gegen Melanome zu identifizieren. 

Das Screening bestand aus der NIH Clinical Collection (NCC) von 770 small molecules, 

die entweder von der FDA zugelassen waren oder zuvor in klinischen Studien am 

Menschen erprobt wurden. Jedes der Moleküle wurde in der murinen B16.F10-Zelllinie 

gescreent und die halbmaximale Hemmkonzentration (IC 50) bestimmt. Von den 

Substanzen, deren IC 50 -Werte im niedrigen mikromolaren Bereich lagen, wurde 

Tegaserod (TM), ein Serotoninrezeptor 4 (HTR4) -Agonist, erfolgreich in sekundären 

Screening-Experimenten mit menschlichen Melanomzelllinien BRAF WT und 

BRAFV600E validiert. Die Wirksamkeit von TM gegen Krebs wurde in in-vitro- und in-

vivo-Studien näher untersucht. TM hat in der murinen Melanomzelllinie B16.F10, 

sowie in mehreren menschlichen Melanomzelllinien dosis- und zeitabhängig Apoptose 

induziert. In vivo zeigte TM eine gute Verträglichkeit. Die antitumorale Wirkung wurde 

in einem syngenen Melanom-Modell validiert, in dem das Wachstum und die 

Metastasierung des Primärtumors untersucht wurden. Darüber hinaus gleicht die 

Wirksamkeit von TM der Wirksamkeit von Vemurafenib, welches BRAFV600E in 

menschlichen Melanomzellinien mit derselben Mutation hemmt. TM hemmt in vitro 

und in vivo die PI3K / Akt /mTOR Signaltransduktion, indem es das ribosmale Protein 

S6 (Rps6) inhibiert. Die Hemmung des PI3K / Akt / mTOR-Signalwegs ist 

wahrscheinlich für die proapoptotische und antimetastatische Wirkung von TM in 

Melanomzelllinien verantwortlich. Die pharmakologische Hemmung des Signalwegs 

mittels spezifischer Inhibitoren erzielte den gleichen apoptotischen Phänotyp und 

bestätigte die Sensitivität von Melanomzellen gegenüber der Inhibition des PI3K / Akt 

/ mTOR-Signalwegs. Zusammengefasst haben wir ein gegen Melanome wirksames 

Medikament identifiziert, das potenziell sowohl bei BRAFV600E- als auch bei BRAF 



WT-Melanomen mit Standardmedikamenten wie Vemurafenib und Cobimetinib 

kombiniert werden kann.  

     Andererseits beruhen viele neue Therapien wie Zytokin-, Impfstoff- und 

Antikörper-basierte Therapien darauf, das Immunsystem zur Bekämpfung von 

Tumoren auszunutzen. Das Tumormikromilieu (Tumormicroenvironment oder auch 

TME) solider Tumoren ist ein komplexes Milieu, das aus infiltrierenden Immunzellen, 

Stromazellen, Gefäßen und Tumorzellen besteht. Dessen Zusammensetzung wird durch 

verschiedene Faktoren wie Zytokine, Chemokine, Wachstumsfaktoren und Metaboliten 

innerhalb des Milieus geprägt. Aufgrund der inhärenten Komplexität des TME sind 

weitere Untersuchungen erforderlich, um den Beitrag der verschiedenen Komponenten 

einschließlich der darin enthaltenen Zytokine besser zu verstehen. Der zweite Teil 

dieser Dissertation befasst sich mit der Untersuchung der Auswirkungen des Cytokin-

B-Zell-Aktivierungsaktors (BAFF) auf die antitumorale Immunität bei Melanomen.  

      Obwohl die Rolle von BAFF für das Überleben von B-Zellen und als 

Prognosefaktor bei Autoimmunerkrankungen und bösartigen hämatologischen 

Tumoren bekannt ist, ist unklar, wie sich BAFF auf das Wachtum solider Tumorarten 

auswirkt. Wir haben BAFF-überexprimierende B16.F10.gp33 (BAFF) Melanomzellen 

generiert. C57BL/6 Mäuse, die mit BAFF Zellen behandelt wurden, hatten im Vergleich 

zu mit WT Zellen behandelten Mäusen eine signifikant kleineres Tumorvolumen. Die 

Charakterisierung von BAFF- und Kontrolltumoren zeigte bei BAFF-Tumoren einen 

erhöhten Grad an Apoptose und eine Abnahme der Expression von immunsuppressiven 

Faktoren, einschließlich des programmierten Zelltod-1-Liganden 1 (PD-L1). BAFF-

Tumoren wiesen nicht nur eine geringere Anzahl infiltrierender myeloischer Zellen auf, 

auch die PD-L1-Expression infiltrierender Monozyten in BAFF-Tumoren war 

verringert. Die funktionelle Abhängigkeit des unterschiedlichen Tumorwachstums 

zwischen BAFF- und Kontrolltumoren von Monozyten und der PDL1-Expression 

konnte durch die Depletion von Monozyten, sowie die Behandlung mit einem anti-PD-

L1 Antikörper bestätigt werden. Die RNA-Seq-Analyse von Monozyten, welche aus 

BAFF- und Kontrolltumoren isoliert wurden, bestätigte des Weiteren, dass aus BAFF-

Tumoren isolierte Monozyten durch einen verminderten Exhaustion-Phänotyp  



gekennzeichnet waren und die Expression von Genen , die adaptive Immunantworten 

und NF-κB-Signale aktivieren, erhöht war. Mittels der Verwendung einer Kombination 

von Knockout-Mäusen und Depletionsantikörpern wurde festgestellt, dass der 

Phänotyp durch NK-Zellen beeinflusst wird. Zusammenfassend haben wir gezeigt, dass 

BAFF das Tumorwachstum durch eine verringerte Tumorinfiltration von Monozyten 

und aktivierten NK-Zellen beeinflusst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



II Summary  
Melanoma accounts for a large proportion of cancer-related deaths. New therapies 

are urgently needed in melanoma, particularly in late-stage patients not responsive to 

immunotherapies and kinase inhibitors. In the first section of the dissertation, we 

conducted a pharmacologic screen composed of the NIH Clinical Collection (NCC) of 

770 small molecules, FDA-approved or which have been previously used in human 

clinical trials to identify novel anti-melanoma agents. Each molecule was screened in 

the murine B16.F10 cell line and its half maximal inhibitory concentrations (IC50) was 

determined. Amongst the compounds whose IC50 values were in the low micromolar 

range, Tegaserod (TM), a serotonin receptor 4 (HTR4) agonist, validated successfully 

in secondary screening approaches with BRAF WT and BRAFV600E human melanoma 

cell lines. The anti-cancer efficacy of TM was further evaluated in in vitro and in vivo 

studies. TM induced apoptosis in a dose and time dependent manner in the B16.F10 

murine melanoma cell line as well as several human melanoma cell lines. In vivo, TM 

was well-tolerated and anti-tumoral effects were validated in a syngeneic melanoma 

model testing primary tumor growth and metastasis. Furthermore, TM strongly 

synergized with the standard of care BRAFV600E targeting Vemurafenib in human 

melanoma cell lines with this mutation. Mechanistically, TM inhibited 

PI3K/Akt/mTOR signaling converging on ribosomal protein S6 (S6) in vitro and in vivo. 

Inhibition of the PI3K/Akt/mTOR pathway was likely responsible for TM’s pro-

apoptotic effects and anti-metastatic effects in melanoma cell lines. Pharmacological 

inhibition of the pathway using specific inhibitors recapitulated the apoptotic phenotype 

confirming the sensitivity of melanoma cells to PI3K/Akt/mTOR pathway perturbation. 

Taken together, we have identified a drug with anti-melanoma activity that has the 

potential to be combined with the standard of care agent Vemurafenib and Cobimetinib 

in both BRAFV600E and BRAF WT melanoma. 

On the other hand, many new therapies, such as cytokine, vaccine, and antibody-

based therapies, rely on exploiting the immune system to fight tumors. In solid tumors, 

the tumor microenvironment (TME) is a complex milieu composed of infiltrating 



immune cells, stromal cells, vasculature, and tumor cells whose composition is shaped 

by the different factors including cytokines, chemokines, growth factors and 

metabolites within it. Due to the TME’s inherent complexity, further research is needed 

to understand the contribution of the different components including cytokines within 

it. The second portion of the dissertation focuses on dissecting the effects of the 

cytokine B cell activating factor (BAFF) on anti-tumoral immunity in melanoma.  

While the role of BAFF in the survival of B cells and as a prognostic factor in 

autoimmune diseases and hematological malignancies is well known, it is unclear how 

BAFF impacts solid tumor growth. We generated a BAFF-overexpressing 

B16.F10.gp33 (BAFF) system in melanoma cells. The expression of BAFF inhibits 

tumor growth. Characterization of BAFF and control tumors indicated increased tumor 

apoptosis and a decrease in the expression of immunosuppressive factors including 

Programmed Cell Death 1 Ligand 1 (PD-L1) in BAFF tumors. Not only did BAFF 

tumors have lower numbers of myeloid infiltrates, but the PD-L1 expression on 

infiltrating monocytes in BAFF tumors was also decreased. Depletion of monocytes as 

well as treatment with an anti-PD-L1 antibody confirmed the functional dependence of 

the difference in tumor growth between BAFF and control tumors on monocytes and 

PD-L1 expression. RNA-Seq analysis of monocytes isolated from BAFF and control 

tumors further confirmed that monocytes isolated from BAFF tumors where 

characterized by a decreased exhaustive phenotype and enriched for in genes activating 

adaptive immune responses and NF-κB signaling. Using knockout mice and depletion 

antibodies, the phenotype was found to be influenced by NK cells. In summary, we 

have shown that BAFF impacts tumor growth through decreased tumor infiltrating 

monocytes and activated NK cells.  
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1 Introduction  
Cancer is composed of a large group of heterogenous diseases and is the second 

leading cause of death world-wide. The annual number of cancer cases is on the rise. 

According to a report from the World Health Organization (WHO), the number of new 

cases in 2020 was over 19 million, up to one million from 2018. The total population 

of cancer cases tallied up to 2020 is around 779 million [1, 2]. The cancer burden 

continues to grow globally and is exerting tremendous social and economic burdens on 

society. In solid tumors, the tumor microenvironment (TME) is complex and therapy 

intrinsic and acquired resistance and metastasis are major obstacles in cancer patient 

care. Melanoma is one of the most lethal cancers and caused around fifty-seven 

thousand cancer-related deaths in 2020 [3]. Although the novel immunotherapeutic 

drugs have altered the treatment landscape in melanoma and dramatically increased the 

survival of some patients, response rates are still low and challenges remain. Many gaps 

in successfully treating melanoma exist and there is an urgent need for not only novel 

therapeutic options but also a deeper understanding of the immune mechanisms within 

the TME including how cytokines influence other immune populations and 

immunotherapeutic options. The first portion of the thesis focuses on uncovering novel 

anti-melanoma therapies using screening approaches and the second half on the role of 

the cytokine B cell activating factor (BAFF) in regulating anti-tumor immune responses. 

1.1 Melanoma- etiology and treatment 

1.1.1 Melanoma 

Cancer is a disease driven by genetic changes in normal cells. One of the most 

crucial difference between cancer cells and normal cells is that cancer cells do not 

mature into distinct cell types with specific functions. Cancers which have different 

metabolic functions than normal cells are able to sustain proliferative signaling, evade 

growth suppressors and apoptosis-inducing signals. Compared to normal cells, cancer 

cells are also able to induce angiogenesis, invasion and metastasis and evade the 

immune system [4]. There are more than 100 types of cancers that usually named after 

originating organs or tissues. The most significant cancer population in 2020 was 



composed of breast cancer patients (11.7%), followed by lung cancer (11.4%) and then 

colorectal cancer (10%). Melanoma is among the top 20 new tumor cases in 2020 [2].  

Melanoma is a malignant tumor that arises from the uncontrolled proliferation of 

melanocyte pigment-containing cells [5-8] and mainly occurs in the skin (also called 

cutaneous melanoma, CM) and rarely in the eye (uvea, conjunctiva, and ciliary body), 

meninges, mouth, intestines, and on the various mucosal surface. Cutaneous melanoma 

is the most common malignant melanoma and the most aggressive and lethal form of 

skin cancer [9, 10]. The most common type of skin cancer is keratinocyte carcinoma 

(KC), but the actual number is difficult to estimate because cases are not required to be 

reported to cancer registries in the US. Approximately 5% of skin cancers are classified 

as CM, but it is amongst the deadliest as CM accounts for approximately three-quarters 

of all skin cancer related deaths [11].  

1.1.2 Etiology and risk factors  

Melanoma arises from multiple factors, including environmental exposure, 

physical factors, and genetic susceptibility [12]. The most important environmental risk 

factor is ultraviolet radiation (UVR) via sun exposure. UVR induces unrepairable DNA 

damage in skin cells and triggers mutations that lead to uncontrolled proliferation, 

eventually forming malignant tumors [13, 14]. A study estimated that 62.3% of 

melanoma in Canada could be attributed to UVR exposure, and a 50% reduction in sun 

exposure or other UVR behavior could decrease up to 11,980 melanoma cases by 2042 

[15]. Another meta-analysis summarized 57 studies carried out in multiple countries on 

sun exposure and melanoma and found that intermittent sun exposure increased 

melanoma risk by 60% (summary relative risk (SRR):1.61; 95% CI: 1.31-1.99) [16]. 

Additionally, physical factors can influence the association of sun exposure with 

melanoma risks such as skin, hair, and eye color as well as freckles [13]. Similar to 

other cancers, melanoma risk is also influenced by the body mass index (BMI). A meta-

analysis demonstrated that a high BMI or obesity inversely correlated with telomere 

length [17]. Melanoma patients have different responses to immunotherapy depending 

on their fat distribution. Patients with higher subcutaneous fat and strong muscle mass 



experienced better responses than those with low muscle mass and high-fat mass [18]. 

In addition, previous retrospective studies showed vitamin D to play a significant role 

in melanoma outcomes. Specifically, low serum vitamin D levels were indicative of a 

negative prognosis in melanoma [19, 20]. 

Melanoma susceptibility genes have been classified by their frequency and the 

degree of risk. Some rare mutation variants have been shown to have a high risk of 

melanoma development. Cyclin-dependent kinase inhibitor 2A (CDKN2A) which 

inhibits cyclin-dependent kinase (CDK), regulates cell cycle checkpoints. In multiple 

case-family studies, germline mutations in CDKN2A confer age and geography-

associated risk, and the penetrance (a mean age-specific cumulative risk) at age 80 years 

is 76% in the USA and 91% in Australia[21, 22]. In general population-based studies 

as opposed to case-family studies, the lifetime risk was 28% [23]. Mutations in cyclin-

dependent kinase 4 (CDK4) are rare and present in less than 1% of familial cases of 

melanoma, but the penetrance at the age of 50 years is 74% [24]. In addition to these 

two high-risk susceptibility genes, high-throughput sequencing studies found more 

high-risk genes, including TERT, POT1, ACD, and TERF2IP, which encode proteins 

that control telomere length, and BAP1, RAD51B, and POLE, which encode proteins 

related to DNA repair [25-30]. Some frequent variants including genes associated with 

pigmentation (OCA2, ASIP, TYR [OCA1], TYRP1 [OCA3], MATP, SCLC45A2 [OCA4], 

KIT, and PARP1) showed a low individual effect on the risk of developing melanoma. 

However, when combined, these low-risk variants may account for up to 78% of non-

familial melanomas [22, 31-33].  

Melanocytes naevi commonly known as moles, are generally benign but can also 

lead to melanoma [34]. The gene mutations predominantly in the RAS/RAF/MEK/ERK 

pathway cause proliferation of melanocytes naevi. The most common mutations are 

BRAFV600E and NRAS. A study reported that 78% of common acquired naevi, 60% of 

dysplastic naevi, 7% of blue and 6% of Spitz naevi are driven by BRAF mutations. 95% 

of giant pigmented congenital naevi, 70% small/naevi, and 2% blue and Spitz naevi are 

driven by NRAS mutations [35]. Data collected from an online data source showed the 

frequency of mutations in melanoma to be mainly in BRAF (37%-50%) followed by 



NRAS (13–25%), NF1 (12%), MEK1 (6–7%), KIT (2–8%), CTNNB1 (2-4%), GNA11 

(1%), and GNAQ (1% ) [34]. In some cases, copy number changes also influence 

melanoma development and are more common in acral lentiginous melanomas[36]. 

Specifically, amplification of AURKA [37], GAB2/PAK1 [38, 39], CCND1 [39, 40], 

CDK4 [39, 41] or deletion of NF1 [39, 42], CDKN2A [42] have been found in acral 

lentiginous melanomas.  

Some mutations affect several signaling pathways and induce aberrant signaling 

and malignant transformation. For example, mutations in the RAS/RAF/MEK/ERK 

pathway account are frequently mutated in melanoma. The BRAFV600E mutation 

destabilizes the inactive conformation of BRAF kinase. This leads to continuous 

downstream signaling of the MAPK pathway, including ERK activation and results in 

increased cell proliferation and survival [43]. RAS is an upstream regulator of RAF. 

The RAS proteins are GTPase’s including different homologous proteins KRAS, HRAS, 

and NRAS. RAS can stimulate PI3K and RAF to regulate cell proliferation, survival 

and differentiation [44, 45]. RAS mutations occur in approximately 30% of all human 

cancers, and NRAS mutations are the most common RAS mutations in melanoma. 

NRAS mutation or loss of PTEN can activate the PI3K/AKT/mTOR pathway leading 

to increased cell proliferation and survival [44-46]. Considering that RAS can affect 

both RAF and PI3K, NRAS-mutant positive melanoma relies on aberrantly activated 

RAS/RAF/MEK/ERK and PI3K/Akt pathways to induce malignant transformation [47]. 

Taken together, melanoma development is influenced by a complex interplay of 

environmental, physical, and genetic factors.   

1.1.3 Melanoma therapy 

1.1.3.1 Surgical management  

For localized, invasive melanoma, surgery remains the best option. Appropriate 

surgical management is essential for the diagnosing, staging, and optimal treatment of 

invasive primary cutaneous melanoma [48]. For the primary localized cutaneous 

melanoma, wide local excision is the current standard therapy. Mohs micrographic 

surgery (MMS) is used in the clinic to gradually remove individual layers of cancer 



which are then examined under the microscope until all cancer tissue is removed. The 

advantages of MMS are that this type of surgery removes as little normal tissue as 

possible and enables tissue preservation [49]. In ill-defined lentigo maligna lesions with 

5-year follow-up studies, MMS was found to be superior to traditional surgical 

excisions [50]. However, MMS is not generally supported for invasive melanoma.  

Sentinel lymph node biopsy (SLNB) and lymphatic mapping are the standard 

approaches for diagnosing whether patients with melanoma have a substantial risk of 

regional node metastasis. Previous research reported the overall sensitivity rate of 

SLNB to be 95.3%, 84.5% for the neck basins, 95.3% for the axilla and 99.3% for the 

groin [51]. A study demonstrated that positive SLNB is the best predictor of recurrence 

and survival in clinically node-negative cutaneous melanoma [52]. The overall 

complication rate of sentinel node biopsy is 5%, including sensory nerve injury (0.2%), 

lymphedema (0.7%), infection (1%) and hematoma/seroma (2%) [53]. Moreover, a 

meta-analysis study showed the rate of false-negative SLNB in thin melanomas is 12.5%  

[54]. Another study reported a high false-positive rate of 18-29% in head and neck 

melanoma [55]. Overall, sentinel node biopsy has a substantial risk of a false-

negative/positive sentinel node diagnosis.  

Although surgery is not appropriate for metastatic melanoma, for transit or satellite 

metastases confined to the skin and subcutaneous tissue, the most appropriate 

management is still complete excision with a small margin [56]. Although in most 

widespread metastatic disease, complete resection is associated with prolonged survival 

in up to 40% of cases [57].  

1.1.3.2 Radiation therapy for melanoma  

Melanoma is considered a relative radioresistant tumor due to its intrinsic capacity 

to repair sublethal DNA damage [58]. However, several studies suggest that given 

melanoma’s heterogeneity it should not be considered radioresistant [59-62]. Therefore, 

radiation therapy remains a valid treatment option for melanoma patients.  

For patients with lentigo malignant melanoma (LMM), mucosal melanoma, and 

ocular melanoma, definitive radiation therapy (RT) has been a good primary treatment 

modality with acceptable cosmetic and functional outcomes [63-68]. The side effects 



of radiation treatment are commonly mild and include erythema, telangiectasia, and 

pigment change [69]. Definitive radiation therapy is considered safe and is generally 

well-tolerated. For patients with cutaneous melanoma primary lesions, RT is typically 

offered after surgical excision to reduce the local recurrence rate. For patients with 

regional nodal metastases, adjuvant RT following lymphadenectomy effectively 

decreases local and regional recurrence risk. In a retrospective analysis, patients at high 

risk of regional failure who received adjuvant RT, had a lower 5-year local recurrence 

rate (10%) compared with patients who did not receive RT (41%) [70]. For patients 

with advanced-stage and metastatic disease, RT is highly effective for symptom 

palliation. New RT techniques, such as stereotactic radiosurgery (SRS) and stereotactic 

body radiation therapy (SBRT) are effective in the treatment of patients with limited 

metastases [71]. However, the prognosis of patients with more severe disease, including 

brain metastasis, remains poor after systemic, surgical or radiation therapy.  

1.1.3.3 Cytotoxic chemotherapy  

In advanced melanoma, chemotherapy is no longer used as a frontline therapy. 

However, in the progressing melanoma without BRAF, NRAS, or KIT mutations, 

chemotherapy is the first option after immunotherapy and is used as a common salvage 

regimen in the clinic.  

Commonly used chemotherapeutics include dacarbazine, temozolomide, 

nitrosoureas, carboplatin and taxanes [72]. Dacarbazine is an alkylating agent used as 

a standard chemotherapy treatment option for metastatic melanoma patients since its 

FDA approval in 1975 [72]. Dacarbazine induces DNA adducts and is cytotoxic to cells 

[73, 74] and has side effects common to many chemotherapeutic agents such as nausea, 

vomiting, and myelosuppression. Another alkylating agent, temozolomide, was 

approved by the FDA for the treatment of glioblastoma [75, 76]. Several studies have 

evaluated the use of temozolomide versus dacarbazine in metastatic melanoma. Side 

effects of temozolomide include headache, nausea, vomiting, and myelosuppression 

[77]. As temozolomide can cross the blood-brain barrier [75], it is often considered the 

better option in treating metastatic brain melanoma [78]. However, in clinical practice 

there is generally no significant difference between dacarbazine and temozolomide, and 



these two agents are similar and interchangeable. The nitrosoureas, such as carmustine 

(BCNU) and lomustine (CCNU), are also alkylating agents that have been used in the 

treatment of advanced-stage melanoma. BCNU or CCNU have been shown to provide 

benefit in treating patients with brain metastases but their use is associated with 

significant side effects [79]. Carboplatin is cytotoxic to cancer cells by inducing DNA 

crosslink formation and inhibiting cell replication and transcription. A study 

investigating the use of carboplatin in a phase II trial of advanced-stage melanoma 

demonstrated there was 19% response rate (95% CI, 8-38%) [80]. The taxane 

microtubule inhibitors, paclitaxel and docetaxel, induce dysfunctional mitotic spindle 

complexes and cell death. Paclitaxel treatment showed partial responses (PR) 12% (95% 

CI, 3-13%) in chemotherapy-naïve melanoma patients and considerable side effects 

including neutropenia, alopecia, lower extremity bone pain, and peripheral neuropathy 

[81]. Docetaxel demonstrated similar activity and side effects in advanced-stage 

melanoma [82].  

Due to the low response rates of single chemotherapy agents, combinations (CVD 

(cisplatin, vinblastine or vindesine with dacarbazine) or the Dartmouth regimen 

(carmustine, dacarbazine, cisplation, and tamoxifen)) have been used in the treatment 

of advanced melanoma. But a number of studies demonstrated similar response rates in 

CVD and Dartmouth regimens compared with single-agent dacarbazine treatment [83-

85]. Moreover, there were no long-term or survival benefits with Dartmouth regimen 

treatment, but the toxicities were significantly increased [85-88]. These 

chemotherapeutic combination therapies do not increase response rates significantly 

but instead increased side effects and toxicities. Overall, dacarbazine is still used as a 

standard chemotherapy regimen, and the combination therapies would need more 

evaluation in future trials.    

1.1.3.4 Targeted therapy  

In cutaneous melanoma, around 70% of patients harbor mutations in genes 

involved in crucial mitogenic signaling pathways associated with tumor cell 

proliferation [89]. Therefore, inhibitors specifically targeting members of these 

pathways are used in the clinical treatment of melanoma. The selective oral BRAF-



mutant inhibitor, vemurafenib, was approved by the FDA in 2011 to treat unresectable 

or metastatic melanomas with activating BRAFV600E mutations [86, 90]. In BRAFV600E 

mutated melanoma patients, vemurafenib slowed 90% tumor regression and improved 

clinical response rates, PFS and OS, compared with chemotherapy [86]. Another 

selective BRAF-mutant inhibitor, dabrafenib, was approved by the FDA in 2013 [90, 

91]. Several clinical trials with single dabrafenib treatment or dabrafenib combined 

with other targeted inhibitors or dabrafenib combined with radiotherapy are ongoing 

[92]. Some other inhibitors such MEK (trametinib), CKIT (imatinib), VEGF 

(bevacizumab), PI3K-AKT-mTOR pathway inhibitors (PI-103, a PI3K inhibitor; 

rapamycin, mTOR inhibitor), and Cyclin-dependent kinase (CDK) inhibitors 

(ribociclib) are being explored in melanoma treatment [92].  

Although these different types of treatment represent an advancement for 

melanoma patients, they still face several obstacles. Overcoming the intrinsic and 

acquired resistance mechanisms, minimizing side effects, increasing response rates, 

prolonging survival and reducing recurrence pose continuous challenges in the 

successful treatment of melanoma.    

1.1.3.5 Immunotherapy  

Within the tumor microenvironment (TME), the interaction between the tumor and 

the hosts’ immune system is complicated. Tumor-infiltrating lymphocytes (TILs) 

recognize tumor-specific antigens and differentiate to cytotoxic effector CD8+ T cells 

to clear the tumor cells and improve survival [93, 94]. On the other hand, regulatory T-

cells (Treg cells), tumor-associated macrophages (TAMs), and the expression of 

programmed death-ligand 1 (PD-L1) on tumor and immune cells suppress T cell anti-

tumor activity and promote a pro-tumorigenic environment. Cytokines such as 

interleukin IL-2 and interferons (IFNs) also play an essential role in the TME. IL-2 is a 

cytokine primarily produced by activated CD4+ T cells and activated CD8+ T cells. FDA 

approved IL-2 as a treatment in metastatic melanoma in 1998 [95]. Previous studies 

showed that the partial response of IL-2 was 12.5%, complete response rate 4% and 

overall response 19.7% [96]. However, IL-2 treatment is associated with many side 

effects including hypotension, tachycardia, peripheral edema, and cardiac arrhythmias 



[97]. IL-2 is still being used in clinical trials in combination with chemotherapy, 

radiotherapy, targeted therapies, and other immunotherapies [92]. IFNs are cytokines 

that have antitumor, antiangiogenic, antiproliferative, and anti-viral properties [98-101]. 

For the resected stage IIB/III melanoma treatment, the FDA approved IFN-α-2b as 

adjuvant therapy in 1995 [101, 102]. In melanoma, IFN-α stimulates histocompatibility 

complex class I (MHCI) expression on melanoma and immune cells and inhibits tumor 

cell proliferation [103]. Adjuvant IFN-α treatment demonstrated significant benefit in 

reducing the risk of recurrence and improving the survival of melanoma patients [104], 

but only a small proportion of patients respond to interferon therapy [105]. IFN-α is 

used as adjuvant therapy with other immunotherapies and targeted therapies [92]. 

T cell exhaustion in TME is one of the critical features of tumor immune evasion. 

Programmed cell death protein 1 (PD1) expression on T cells is a marker for T cell 

exhaustion. Tumor cells and antigen-presenting cells express the PD1 ligand (PD-L1 

and PDL-2) which binds to PD1 and suppresses T cells activation and induces T cell 

exhaustion. Therefore, an anti-PD1 monoclonal antibody, nivolumab, was approved by 

the FDA to treat metastatic melanoma patients in 2014 [106]. The PD1-PDL1 blockade 

induces T cell antitumor activity that reduces tumor progression [107]. Another anti-

PD1 antibody, pembrolizumab, was approved by the FDA to treat advanced melanoma 

patients in 2015 as a new treatment for ipilimumab refractory melanoma [108-110]. 

Several studies have reported nivolumab to be more effective (PFS (progression-free 

survival), 6.9 months) than chemotherapy (PFS, 2.2 months) or ipilimumab (PFS, 2.9 

months) [107]. Pembrolizumab induced less high-grade toxicity than ipilimumab and 

led to prolonged PFS and OS (overall survival) [108]. Ipilimumab is an anti-CTLA-4 

(cytotoxic T-lymphocyte-associated protein 4) monoclonal antibody approved by the 

FDA for the treatment of advanced melanoma in 2011. CTLA-4 is expressed on T cells 

and it is an inhibitory receptor when it binds to CD80 or CD86 on the surface of antigen-

presenting cells (APCs). Binding of CTLA-4 to CD80 or CD86 suppresses T cell 

activation and induces immune tolerance [111, 112]. Ipilimumab blocks these inhibitory 

effects, enhances pro-inflammatory T-cell cytokine production and increases T cell 



infiltration in tumors [113, 114]. However, the response rates are still not that high with 

these immunotherapies.  

New immune therapies for refractory melanoma, such as gp100 peptide vaccine 

therapy, TLR agonist therapy, oncolytic virus therapy, and adoptive T cell therapy (ACT) 

are currently being explored in clinical trials. Gp100 is a glycoprotein expressed on 

melanoma cells but not in healthy tissues, which can be recognized by cytotoxic T 

lymphocytes (CTLs) and then enhance CTLs reactivity [115, 116]. Although gp100 is 

not effective in a monotherapeutic setting, it is being tested as an adjuvant therapy in 

clinical trials [115]. Activation of innate immune receptors, the Toll-like receptors 

(TLRs), induces the IFN-α and IL-12 production to improve local immune responses 

[117] and enhance antitumor immunity [118]. Previous research showed that a TLR 7/8 

agonist, resiquimod, can active myeloid dendritic cells (mDC) (TLR8) and 

plasmacytoid dendritic cells (pDC) (TLR7) in patients with advanced melanomas [119]. 

In another experimental study, resiquimod was used as an adjuvant therapy combined 

with gp100 vaccination in metastases melanoma, induced upregulation of type I IFN 

and IFNγ, and improved antitumor response [119]. Oncolytic virus (OV) therapy is an 

engineered nonpathogenic viral strain directly injected specifically into a metastatic 

melanoma nodule. OVs only replicate in melanoma cells leading to tumor lysis and 

tumor-specific antigens release. These tumor-specific antigens are recognized by APCs 

which subsequently activate CTL antitumor responses. The first oncolytic virus for 

melanoma treatment was approved in 2015 by the FDA as talimogene laherparepvec 

(T-VEC). T-VEC is a genetically modified herpes simplex virus type 1 used in 

refractory stage IV or unresectable stage III melanomas. T-VEC is safe and the adverse 

events are not severe [120]. More clinical trials with T-VEC and other oncolytic viruses 

are still ongoing. The approach of transferring ex vivo expanded and genetically 

manipulated melanoma-specific T-cells into patients to enhance the antitumor activity 

is called adoptive cell transfer (ACT) therapy. However, this approach is difficult and 

time-consuming [121].  

Taken together, although there are a number of different therapies available, 

treating melanoma patients is challenging due to resistance, low response rates and 



toxicity especially in combinatorial approaches. For example, due to the poor prognosis 

of patients with metastatic melanoma, radiation therapy is usually combined with other 

therapies, such as BRAF inhibitors and immunotherapies. However, BRAF inhibitors 

have the undesirable side effect of increasing radiation-induced skin toxicities [122-

125]. Several studies reported that the combination of SRS and BRAF inhibitors 

increases survival [126-128]. Hypo-fractionated radiation can induce PD-L1, PD-L2, 

and CTLA-4 expression [129-131], which can enhance the effect of immunotherapy. 

However, despite the advantages of combination of RT therapy, the adverse side effects 

are also increased. The treatment of melanoma is multidisciplinary, and optimal 

combination strategies and novel therapies need to be further explored. 

1.2 Brief introduction of BAFF 
The tumor microenvironment (TME) consists of cancer cells, stromal tissue 

(including vascular tissue, myofibroblasts, fibroblasts, immune cells, and cytokines), 

and extracellular matrix [132]. The immune cells and cytokines produced within the 

TME milieu can have important anti-tumoral or pro-tumoral function within TME. The 

cytotoxic CD8+ T cells can suppress tumors by direct cytotoxic effector functions or by 

producing IFNγ and IL-2 [133]. CD8+ T cells are influenced by CD4+ T helper 1 (Th1) 

cells. Th2 cells can support B cell responses by producing IL-4, IL-5, and IL-13. TH17 

cells produce IL-17A, IL-17F, IL-21 and IL-22 and promote the anti-microbial tissue 

inflammation in tumors [133]. Natural killer (NK) cells and natural killer T (NKT) cells 

are associated with good prognosis, but NK cells’ tumor-killing function can be 

inhibited by TGFß within the TME [133]. B cells can play a dual role in the TME. In 

some breast and ovarian cancers, B cell infiltration was associated with good prognosis 

[134, 135]. However B cells demonstrated tumor-promoting functions in the genetic 

mouse model of skin cancer [136, 137]. Other immune cells, such as tumor-associated 

macrophages (TAMs), tumor-associated neutrophils (TANs), and dendritic cells (DCs) 

also have dual role in the TME [138]. While monocytes usually tend to have 

immunosuppressive functions within the TME [139]. Cytokines also play a very 

important role in the TME by regulating cancer cells and immune cells and are often 



the bridging link between the different populations. In this section, the function of a B 

cell activating factor (BAFF) will be discussed.  

1.2.1 B cell activating factor (BAFF) 

B cell activating factor (BAFF, Tnfsf13b), a member of the tumor necrosis factor 

(TNF) family, is a cytokine critical for B cell development and survival [140]. BAFF is 

produced by myeloid cells [141], malignant B cells [142], activated T cells and bone 

marrow stromal cells [143]. Transcriptionally, BAFF is positively controlled by IFN 

regulatory factors (IRFs), such as IRF1 and IRF2. IRF4 and IRF8 negatively regulate 

BAFF expression [144]. BAFF exerts its biological function through binding with a 

high affinity to the BAFF receptor (BAFF-R) and the transmembrane activator and 

CAML interactor (TACI) receptors and with lower affinity to the B cell maturation 

antigen (BCMA) receptor [145, 146]. Although there is some overlap in signaling 

between the three receptors, BAFF binding to the different receptors, controls subset 

specific aspects of B cell development, maintenance, and survival. In addition to B cells, 

BAFF has also been shown to affect T cells and other innate immune cells. 

1.2.2 BAFF effects on B cells  

1.2.2.1 Function of BAFF in B cell development  

In 1990, Pascal Schneider et al. showed that BAFF stimulated B cell growth and 

played an essential role as a co-stimulator of B cell proliferation and function [147]. 

Batten et al. treated splenocytes with BAFF in vitro and found BAFF to specifically 

induce survival of transitional type 2 (T2) B cells and to promote differentiation of T2 

B cells into mature B cells. Further experiments in BAFF transgenic (BAFF-Tg) mice, 

demonstrated that the number of T2 and marginal zone(MZ) B cells were elevated in 

the spleen [148]. Other research performed in BAFF-deficient mice confirmed that 

BAFF does indeed play an important role during the T1-T2 transition, and the BAFF 

deficient mice have decreased numbers of T2, follicular, and MZ B cells [149, 150]. 

However, the high level of BAFF did not affect the number of B1 cells in lymphoid 

organs and the peritoneal cavity in BAFF-Tg mice [151, 152]. In BAFF, TACI, BAFF-

R and BCMA deficient mice, the number of B1 cells was also found to be normal [149, 



150, 153-155]. Overall, these studies showed that systemic BAFF improved survival 

and differentiation of T2 B cells but not B1 cells.    

1.2.2.2 BAFF effects on B cell survival and metabolic fitness 

Previous research about BAFF activity on B cell survival was performed by 

Schneider P et al. in 1999 [147]. Human peripheral blood B cells were cultured with or 

without soluble BAFF in vitro. Results showed that BAFF treated B cells were more 

viable and BAFF increased immunoglobulin (Ig) secretion along with anti-IgM 

stimulation. Further evidence demonstrating that BAFF promoted B cell survival in 

vivo in the BAFF-Tg mice model, and all BAFF-Tg mice had B-cell hyperplasia, 

autoantibody production, and systemic lupus erythematosus (SLE)-like autoimmune 

phenotype with nephritis symptoms [146, 151, 152]. In BAFF-deficient mice, T2, MZ, 

and mature B cells were almost completely absent and the amount of circulating Ig was 

significantly reduced. Furthermore, the T-dependent and independent immune 

responses were impaired [149, 150]. All these studies indicated that BAFF is 

significantly important for B cell survival.  

Both B-cell receptor (BCR) and BAFF-R signals are important for B cell survival. 

Lack of BCR on mature B cells leads to B cell death [156, 157]. Similarly, inactivating 

BAFF or BAFF-R mutations reduce B cell life span and lead to immunodeficiency [145, 

146, 149, 150, 158, 159]. BAFF binding to the BAFF-R initiates signaling through the 

non-canonical NF-κB pathway. Specifically, BAFF binding to the BAFF-R is followed 

by recruitment of the intracellular adaptor TNF receptor associated factors (TRAF) to 

the BAFF-R followed by release of the NF-κB-inducing kinase (NIK). NIK 

phosphorylates IκB kinase alpha which in turn causes the phosphorylation of NF-κB2 

precursor protein p100. Once phosphorylated, NF-κB2 p100 is processed to the active 

p52 form. The active p52 form then initiates transcription of antiapoptotic genes 

including members of the Bcl-2 family [160, 161]. Signaling through the BAFF-R also 

activates Akt [162]. Moreover, BAFF-TACI/BAFF-BCMA signaling improve B cell 

survival and proliferation through canonical NF-κB pathway [162].    

Treating mature B cells with BAFF in vitro drastically changes the state of B cell 

metabolism. BAFF increased B cell size, cellular protein content, and mitochondrial 



membrane potential. Preincubation of B cells with BAFF accelerated proliferation in 

response to BCR stimulation compared with BCR only triggered cells. BAFF also 

upregulated cell cycle progression proteins such as cyclin D and cyclin E, cyclin-

dependent kinase 4 (Cdk4), mini-chromosome maintenance protein 2 and 3 (Mcm2 and 

3), the proliferation marker Ki-67, and induced phosphorylation of the critical cell cycle 

controlling retinoblastoma (Rb) protein [163]. Moreover, T. Matsushita, et al. showed 

BAFF could increase IL-6+ effector B (Beff) cells but attenuates IL-10+ regulatory B 

(Breg) cells in mice while BAFF inhibition attenuates IL-6+ Beff cells [164]. Taken 

together, BAFF upregulates several proteins and cytokines on B cells.   

1.2.3 BAFF-mediated effects on T cells 

1.2.3.1 BAFF production by T cells 

Although evidence showing that murine T cells express BAFF is lacking, Huard et 

al. detected low levels of BAFF transcription in human T cells [165]. Other studies 

detected intracellular BAFF in blood by flow cytometry and salivary gland samples 

from active SLE and Sjogren’s syndrome patients and found that CD4+ and CD8+ T 

cells expressed intracellular BAFF which was not detectable in normal control subjects 

[166, 167]. Yoshimoto et al. induced a robust expression of BAFF on T cells of SLE 

patients following TCR stimulation with anti-CD3 antibody but not on T cells from 

healthy controls. This experiment indicated that BAFF expression could be induced in 

T cells under pathological conditions [168]. 

1.2.3.2 Effects of BAFF on T cells 

Previous research showed that BAFF co-stimulation with anti-CD3 upregulates 

Bcl-2 expression and drives T cell proliferation in active T cells, indicating that BAFF 

might function as a survival factor in a similar manner as in B cells [169, 170]. 

Treatment of mice with recombinant BAFF (rBAFF) increased CD4+ T lymphocytes 

including memory T cells and effector T cells, but not CD8+ T cells [171]. Interestingly, 

in an in vitro assay, recombinant human BAFF (rhBAFF) decreased human CD8+ T cell 

apoptosis and promoted survival of CD8+ T cells but did not affect CD4+ T cells [172]. 

The study by Shanshan et al. cultured splenic T cells with rhBAFF in vitro and found 



that the T lymphocyte viability was significantly increased as was the production of IL-

2, IL-4, IFNγ and TGFß [173]. Collectively, these studies demonstrated BAFF to have 

a significant positive function on T cell activation and this was T cell subset dependent. 

For example, in BAFF-Tg mice, elevated BAFF levels exacerbated the severity of Th1-

mediated delayed-type hypersensitivity(DTH) responses [169, 174]. However, in a 

Th2-mediated allergic airway disease model, overexpression of BAFF suppressed Th2-

mediated responses and reduced antigen (Ag)-specific T cell proliferation [174]. A 

possible explanation for this differential effect between Th1 and Th2 responses might 

be that BAFF-enhanced Th1 responses are B cell dependent, whereas the suppressed 

Th2 responses are B cell independent [174]. Several studies showed BAFF to promote 

Th17 cell production, expanded CD4+CD62LlowCD44high activated memory T cells, and 

increased the number of functional CD4+Foxp3+ regulatory T cells [151, 174-177]. In 

BAFF-Tg mice, the constitutive overexpression of BAFF promoted Th17 cell 

generation in vitro and in vivo and exacerbated Th17 cell-driven disease [176]. 

Silencing BAFF gene expression by shRNA suppressed generation of plasma cells and 

Th17 cells [177].  

Mouse T cells express the BAFF receptors, BAFF-R and TACI, but not BCMA 

[169, 178, 179]. T cells from BAFF-R-/- mice failed to respond to BAFF, indicating that 

BAFF provides co-stimulatory signals to T cells via BAFF-R other than TACI [169, 

179]. Scapini et al. found that BAFF-R-/- T cells failed to be activated when transferred 

to lyn-/- mice, whose myeloid cells overproduce BAFF, indicating that BAFF stimulated 

T cell activation can occur in a BAFF-R dependent manner [178]. Another study found 

that rhBAFF promoted the expression of BCMA, TACI, and BAFF-R in mouse T cells 

in vitro and that treatment with TACI-Fc reduced BAFF-induced T cell viability and 

cytokine production. RhBAFF increased the viability and activation of T cells through 

the BAFF-BAFFR-PI3K-Akt pathway. Overall, these studies collectively show that 

BAFF can upregulate BAFF receptor expression on T cells and regulates T cells mainly 

through the BAFF-R pathway and not the TACI pathway [173]. Taken together, in some 

contexts, BAFF has been shown to have an immunoregulatory function on T cell 

responses through the BAFF-BAFFR-PI3K-Akt signaling pathway.  



1.2.4 BAFF and other innate immune cells 

BAFF is partially produced by myeloid lineage cells such as monocytes, 

macrophages and DCs [141, 180] but it can also have effects on these cells. BAFF 

induced DCs activation and maturation through the BAFF-BAFF receptors (mainly 

TACI) signaling pathways [181, 182]. Further, it was shown the BAFF upregulated 

costimulatory molecules on DCs, production of inflammatory cytokines and 

chemokines including IL-1, IL-6, monocyte chemoattractant protein (CCL2), and 

CCL5 [183]. Moreover, BAFF treated DCs promoted allogeneic CD4+ T cell 

proliferation. When knockdown BAFF on DCs, cells remain in an immature state and 

fail to produce the IL6 required to differentiate T helper type17 (Th17) cells [177]. 

These studies indicate that BAFF can help DCs to recruit immune cells to inflammatory 

sites and enhance the proinflammatory activity of T cells.  

Human monocytic cell lines THP1 and U937 express high level of BAFF and its 

receptors after PMA stimulation [184] . When THP1 cells were treated with rhBAFF or 

receptor antibodies, IL-8 expression was increased in a dose-dependent manner. 

However, when the expression of all three BAFF receptors was blocked by siRNAs, 

IL-8 expression was suppressed. That study indicated that BAFF can activate THP1 

cells through the forward BAFF-BAFF receptor signaling pathway. On the other hand, 

upon blocking receptor expression, THP1 cells treated with an anti-BAFF antibody still 

induced the expression of IL-8, inflammatory mediators MMP9, and ICAM-1. These 

data indicate that both a forward signal through BAFF receptor and a reverse signal 

through BAFF can induce THP1 cell activation, and then regulate B cells [185] . 

Production of BAFF in different immune cells and signaling through the different 

receptors BAFF binds to is illustrated in Graphical Fig. 1.   

  



 

 
 

Graphical Fig. 1. Schematic summary of BAFF-mediated receptor signaling 

pathways. BAFF plays crucial role in the survival, proliferation ad activation of B cells, 

T cells and other immune cells through BAFF-BAFFR/BAFF-TACI/BAFF-BCMA 

signaling pathways.  
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1.2.5 BAFF’s role in with autoimmune diseases 

BAFF depletion in mice results significant defects in peripheral B cell numbers, 

antibody responses and maturation of B cells [151, 186, 187]. Conversely, BAFF 

overexpressing mice have increased peripheral B cell numbers, elevated serum Ig levels 

and develop autoimmune disease [150, 188]. Increased BAFF levels have been 

observed in patients suffering from autoimmune diseases particularly lupus 

erythematosus [189], Sjögren's syndrome [186] and rheumatoid arthritis [190]. 

Recently, elevated levels of soluble BAFF in multiple sclerosis and systemic lupus 

erythematosus (SLE) were associated with an insertion-deletion TNFSF13B variant 

[191]. Higher BAFF levels in patients suffering from autoimmunity have been shown 

to functionally contribute to the development and maintenance of autoimmune diseases. 

This has led to the development of anti-BAFF monoclonal antibodies such as 

Belimumab, already approved for the treatment of SLE [192]. 

1.2.6 BAFF and cancer  

In addition to the recognized role of BAFF in autoimmune diseases, there are 

reports indicating BAFF to be associated with cancer, particularly in haematological 

malignancies such as multiple myeloma (MM) and non-Hodgkin’s lymphomas where 

patients have been shown to have elevated serum BAFF levels that negatively 

correlated with clinical outcome [193, 194]. The above findings are not surprising given 

that BAFF is a survival factor for normal plasma and B cells and would therefore also 

sustain the proliferation of malignant B cells. In solid tumors, however, the 

pathophysiological link between BAFF and cancer is tenuous. While elevated serum 

BAFF levels were observed in patients with neuroendocrine tumors [195], BAFF 

expression did not differ between normal and cancerous tissue in breast cancer patients 

[196]. BAFF serum levels were shown to be higher in patients with pancreatic ductal 

adenocarcinoma and accompanying in vitro studies demonstrated that BAFF promoted 

tumor invasion and metastasis [197]. When more specifically considering individual 

contributions of BAFF–affected immune cells to anti-tumor immunity, BAFF derived 

from dendritic cells improved antitumor efficacy [198] and loss of BAFF production in 



the epithelium led to immune-surveillance tumor escape in the depletion of prostate-

associated lymphocytes [199]. Importantly, Yarchoan et al. have shown that in vitro 

BAFF treatment upregulated multiple B cell co-stimulatory molecules, and when 

administered systemically at high doses in tumor-bearing mice, had multiple 

immunoregulatory functions [200]. Specifically, in the spleen, B cells and FOXP3+ T 

regulatory cells (Tregs) accumulated. Within the tumor microenvironment (TME), Th1-

associated T-Bet+CD8+ T cells and FOXP3+ Tregs were increased [200]. Taken together, 

BAFF is an important emerging cytokine involved in anti-tumor immunity. While the 

role of BAFF in hematological malignancies may be better established, less can be 

conclusively ascertained about its prognostic or functional role in solid tumors although 

it is clear that BAFF is an important emerging cytokine involved in anti-tumor 

immunity.  

1.3 Aim of this thesis research 
Novel anti-melanoma therapeutic options are urgently needed. The application of 

drugs used for alternate diseases as novel anti-cancer therapeutics, known as drug 

repositioning, has been successfully implemented before in the clinical setting. These 

compounds can be a rich potential source of novel, readily available anti-cancer 

therapeutics. Therefore, in the first section of this thesis, we conducted a pharmacologic 

screen composed of the NIH Clinical Collection (NCC) of 770 small molecules, FDA-

approved, or previously used in human clinical trials to identify novel anti-melanoma 

agents. Each molecule was screened in the murine B16F10 cell line and its half maximal 

inhibitory concentrations (IC50) would be determined. The anti-tumoral mechanism of 

candidate molecules were characterized in vitro and in vivo.  

In addition to the screening of new molecules for melanoma treatment, more 

detailed studies of cytokines on the tumor microenvironment are also imminent. BAFF 

is well known in autoimmune diseases, but its function in TME is unclear. In the second 

section of this thesis, we generated BAFF-overexpressing (BAFF) murine cell lines to 

specifically examine the effects of local BAFF within the TME. We investigated 

BAFF’s ability to impact primary tumor growth using murine knockout models and 



depletion antibodies and found that intra-tumoral BAFF critically affects the number of 

tumor infiltrating monocytes and their immunosuppressive phenotype. The thesis 

overview is illustrated in Graphical Fig. 2.  

 

 

 

Graphical Fig. 2. Structural overview of the thesis. PART 1 explores the first aim of 

identifying novel anti-melanoma molecules; PART2 describes the second aim of 

characterizing the function of BAFF in the tumor microenvironment. TME: tumor 

microenvironment; TAMs: tumor-associated macrophages.  

 

 

 

 

 

 

 

  



2 Materials and methods 
2.1 Anti-tumor effect of small molecules in melanoma [201] 

2.1.1 Cell culture and compounds 

B16.F10, A375, SH4, RPMI-7951 and SK-MEL-24 melanoma cell lines were 

purchased from ATCC. MeWo and MEL-JUSO cell lines were kindly provided by Dr. 

A. Roesh (Universitätsklinikum Essen, Essen, Germany). The MEL-JUSO and MeWo 

cell lines were both originally purchased from ATCC. B16.F10 murine cells, A375 and 

SH4 human malignant melanoma cell lines were maintained Dulbecco Modified 

Eagle's Medium (DMEM). Human RPMI-7951 malignant melanoma cells were 

maintained in Eagle’s MEM. SK-MEL-24 were maintained in Eagle in Earle's BSS with 

non-essential amino acids. MeWo and MEL-JUSO cell lines were maintained in 

Roswell Park Memorial Institute (RPMI) medium. All media were supplemented with 

10% FCS (15% for SK-MEL-24) and penicillin streptomycin. Cells were incubated at 

37°C in 5% CO2, and all cell lines were routinely confirmed to be mycoplasma-free 

(MycoAlert Mycoplasma Detection Kit, Lonza). The NIH Clinical Collection (NCC) 

composed of 770 small molecules mainly dissolved in DMSO at a concentration of 10 

μM was obtained from the NIH, Tegaserod (Sigma) was dissolved in DMSO, serotonin 

(Sigma) was dissolved in water. MK-2206, ZSTK474, KU-0063794, Vemurafenib, 

Cobimetinib (Selleckchem) were dissolved in DMSO.  

2.1.2 MTT assays 

For the MTT colorimetric assay, cells were seeded in 96 well plates and viability 

was assessed following addition of the MTT (Sigma) reagent. Half-maximal inhibitory 

concentrations (IC50) values were computed from dose–response curves using Prism 

(v5.0, GraphPad Software).  

2.1.3 Flow cytometry 

For Annexin V/7AAD apoptosis assays, trypsinized cells were washed and stained 

in Annexin V binding buffer (BD Biosciences). Melanoma cells were treated at doses 

of 2 × – 4 × IC50 values for TM and 2 × IC50 for PI3K/Akt/mTOR inhibitors. Tumors 



were excised, weighed, crushed, strained through a 40 μm filter and re-suspended in 

FACS buffer (PBS, 1% FCS, 5 mM EDTA) and surface stained with anti-Ly-6G, Ly6C, 

CD8, CD3, NK1.1, CD11b, CD45.2, CD4, CD25, KLRG1, PD1 and CD95 

(eBioscience). Staining of CD4+ cells for FOXP3, RORγt and GATA3 and of CD8+ 

cells for Granzyme B, perforin and IFNγ were performed using the Foxp3 mouse Treg 

cell staining buffer kit (eBioscience). Cells were analyzed using FACS (FACS Fortessa, 

BD Biosciences).  

2.1.4 Immunofluorescence 

For TUNEL staining, cells were seeded on cover slips, treated and 48 hours later 

fixed by 4% formaldehyde in PBS for 30 min, permeabilized with 0.1% Triton X-100, 

0.1% sodium citrate in PBS for 2 min and stained using the TUNEL staining kit as per 

manufacturer’s protocol (Roche). For p-S6 staining, cells seeded on cover slips were 

stained with primary anti-p-S6 antibody (Ser 235/6, Cell Signaling) overnight, followed 

by incubation with secondary anti-Rabbit IgG Cy3 conjugate antibody. Cover slips 

were incubated with DAPI in PBS for 30 min. Images were taken with an Axiocam 503 

color microscope (ZEISS).  

2.1.5 Immunoblotting 

Cells were lysed using boiling hot SDS lysis buffer (1.1% SDS, 11% glycerol, 0.1 

mol/L Tris, pH 6.8) with 10% β-mercaptoethanol. Tumor tissue was crushed using a 

tissue lyser (TissueLyser II, QIAGEN) and cells were gently lysed using Triton X-100. 

Blots were probed with anti-α-tubulin (Merck), anti-HTR4 (ThermoFischer), anti-

cleaved Caspase 8, anti-Akt, anti-p-Akt (Ser 473), anti-S6, anti-p-S6 (Ser235/6, 

Ser240/4), anti-p70 S6, anti-p-p70 S6 (Thr421/Ser424), anti-p-ERK1/2, anti-ERK1/2, 

anti-p-CREB (Ser133) and anti-CREB (all from Cell Signaling) and detected using the 

Odyssey infrared imaging system (Odyssey Fc, LI-COR Biosciences). Immunoblots 

were quantified using ImageJ.  

2.1.6 Combination index (CI) determination 

Synergy between TM and Vemurafenib, and Cobimetinib was evaluated by 

calculating the CI [202]. Dose–response curves were generated for TM, Vemurafenib 



and Cobimetinib alone and each drug in combination with TM at a constant ratio 

following compound exposure for 72 hours. Viability was assessed by the MTT assay. 

CompuSyn software was used to evaluate synergy using the median-effect model. 

2.1.7 Histology 

Histological analysis was performed on snap-frozen tissue. Briefly, snap-frozen 

tissue sections fixed in acetone, blocked with 10% FCS and stained with anti-active 

Caspase 3 (BD Biosciences), cleaved Caspase 8 (Cell Signaling). For p-S6 (Cell 

Signaling) staining, snap-frozen tissue sections were fixed in 10% neutral buffered 

formalin and blocked with 5% FCS/ 0.3% Triton X-100 in PBS. Images were taken 

with an Axiocam 503 color microscope (ZEISS) and quantified using Image J. For 

conventional immunohistochemistry tumor slides, IHC profiler Image J plugin was 

used and used as previously described in detail[203].    

2.1.8 Serum biochemistry 

Aspartate aminotransferase (AST), alanine aminotransferase (ALT) and L-

Lactatdehydrogenase (LDH) were measured using the automated biochemical analyser 

Spotchem EZ SP-4430 (Arkray, Amstelveen, Netherlands) and the Spotchem EZ 

Reagent Strips Liver-1.  

2.1.9 Quantitative RT-PCR 

RNA was isolated using Trizol (Invitrogen) and RT-PCR analyses were performed 

using the iTaq™ Universal SYBR® GreenOne-Step RT-qPCR Kit (Biorad) according 

to the manufacturer’s instructions. For analysis, expression levels were normalized 

to GADPH. 

2.1.10 Intracellular CAMP assay 

Intracellular CAMP levels were determined as per manfacturer’s instructions 

(Enzo Life Biosciences). 

2.1.11 Mice and in vivo treatments 

C57BL/6J mice were maintained under specific pathogen-free conditions. 7-9 

weeks old C57BL/6J mice were subcutaneously injected with 5 × 105 B16.F10 cells. 7 



days post injection, when tumor volume reached approximately 50 mm3, mice were 

randomized and treated daily for 5 consecutive days with Tegaserod or vehicle control 

(2.5% DMSO in PBS). Tegaserod and vehicle were administered intraperitoneally (i.p.). 

Tumors were measured using calipers and tumor volume was calculated using the 

following formula: (tumor length × width2)/2. Experiments were performed under the 

authorization of LANUV (No.: 84-02.04.2016.A424; No.: 81-02.04.2018.A253; No.: 

81-02.04.2019.A416; No.: 81-02.04.2020.A305) in accordance with German law for 

animal protection. Organ removal from mice is allowed under the O42/11 project which 

issued by ZETT (Zentrale Einrichtung für Tierforschung und wissenschaftliche 

Tierschutzaufgaben) in Heinrich Heine University Düsseldorf.  

2.1.12 Data mining using the CCLE 

RNA-Seq expression data (Affymetrix U133+2 arrays) from the Cancer Cell Line 

Encyclopedia (CCLE) [204] (Broad Institute and Genomics Institute of the Novartis 

Research Foundation) for the selected human melanoma cell lines was analyzed using 

Xena Functional Genomics Explorer [205] and visualized using the MORPHEUS 

matrix visualization software (https://software.broadinstitute.org/morpheus).  

2.1.13 Statistical analyses 

Data are expressed as mean ± S.E.M. Statistically significant differences between 

two groups were determined using the student’s t-test and between three or more groups, 

the two-way ANOVA was used with a post-hoc test. Values of P < 0.05 were considered 

statistically significant. Statistical tests were carried out using Graph Pad Prism (version 

6.0g)  



2.2 Function of BAFF in melanoma 

2.2.1 Cell culture  

HEK293TV and B16.F10.gp33 (B16.gp33) (provided by Dr. H.P. Pircher, 

Freiburg) murine cell lines were maintained Dulbecco Modified Eagle's Medium 

(DMEM) supplemented with 10% FCS (GIBCO), 2 mM L-glutamin, and 100 U/ml 

penicillin-streptomycin and in the case of B16.gp33 with 200 μg/ml of Geneticin 

(Sigma). RMA/S, RMA cells were maintained in RPMI1640 supplemented with 10% 

FCS, 2 mM L-glutamine, 100 U/ml penicillin-streptomycin and 0.05 mM β-

mercaptoethanol (Sigma).  

2.2.2 Mice 

Jht-/-, Cd8-/-, Ifng-/- and Baffr-/- mice were bred in a C57BL/6 background and 

maintained under specific pathogen-free conditions. Mice were maintained under 

specific pathogen-free conditions and experiments were performed under the 

authorization of LANUV, the same protocol as Part 2.1.11. 7–9-week-old C57BL/6J 

mice were subcutaneously injected with 5 × 105 B16.BAFF or B16.Control cells. 

Tumors were measured using calipers and tumor volume was calculated using the 

following formula: (tumor length × width2)/2.  

2.2.3 Cell depletions and blocking antibodies 

NK cells were depleted with intravenous (i.v.) injections of anti-NK1.1 antibody 

(clone PK136) as previously described [206]. Monocytes were depleted using the anti-

CCR2 antibody (clone MC-21) [207] and used with a Rat IgG2b isotype control 

(BioXCell, clone BE0090). 200 μg of murine anti-PD-L1 (Bioxcell, clone 10F.9G2) 

antibody or Rat IgG2b isotype control was injected every three days starting at day 0 

post tumor injection for 5 times. 

2.2.4 Histology 

Histological analysis was performed on snap frozen tissue. Snap-frozen tissue 

sections fixed in acetone, blocked with 10% FCS and stained with anti-active Caspase 

3 (BD Biosciences), anti-cleaved Caspase 8 (Cell Signaling), anti-PD-L1, anti-F4/80, 



anti-Ly6C, anti-Ly6G (all from eBioscience) and anti-BAFF (R&D) antibodies. The 

same protocol as Part 2.1.7.  

2.2.5 Flow cytometry  

Tumors lysis and stained with anti-Ly-6G, Ly6C, CD8, CD3, NK1.1, CD11b, 

CD45.2, CD4, F4/80, KLRG1, ILR7, PD1, PD-L1, BAFFr and CD19 (eBioscience) are 

the same as Part 2.1.3. For tetramer staining, single suspended tumor cells were 

incubated with tetramer-gp33 (CD8) for 15 min, at 37°C. After incubation, surface 

antibodies anti-CD8 (eBioscience) were added for 30min at 4°C. For intracellular 

cytokine staining and re-stimulation, single suspended cells were stimulated with 

LCMV specific peptide gp33 for 1 hour after which Bredeldin A (eBiocience) was 

added for another 5 hours incubation at 37°C followed by anti-CD8 surface marker 

staining, fixation, permeabilization the Foxp3 mouse Treg cell staining buffer kit 

(eBiosciences) followed by staining with anti-IFNγ and anti-Granzyme B antibodies 

(eBiosciences). Annexin V/7AAD apoptosis assays are the same as Part 2.1.3. 

Experiments were performed using a FACS Fortessa and analyzed with FlowJo 

software. 

2.2.6 NK cytotoxicity assays 

NK cell cytotoxicity assays were carried out as previously described [208]. In 

addition to NK cells, 104 tumor-sorted monocytes were also co-cultured with RMA/S 

cells. For the BAFF treated NK cell killing assay, 250 ng/ml of recombinant mouse 

BAFF protein were used (BioLegend).  

2.2.7 Immunoblotting 

Cells were lysed as same as Part 2.1.5. Blots were probed with anti-actin (Merck), 

anti-Myc (Cell Signaling) and detected using the Odyssey infrared imaging system 

(Odyssey Fc, LI-COR Biosciences). 

2.2.8 ELISA 



IFN-γ and the TGFβ1 ELISA kits were purchased from eBioscience. The murine 

and human BAFF ELISA kit was purchased from R&D. All experiments were 

performed according to the manufacturers’ instructions. 

2.2.9 Quantitative RT-PCR 

RNA isolation and RT-PCR analyses were performed using the same protocol as 

Part 2.1.9. For analysis, expression levels were normalized to GADPH. 

2.2.10 Lentiviral transduction and cell line generation 

Lentiviral particles were generated by calcium phosphate transfection of sub-

confluent (50–60%) HEK293TV cells with 10 μg of BAFF or GFP expression plasmid 

constructs (BAFF pLenti-C-Myc-DDK and the pLenti-C-Myc-DDK-P2A-Puro tagged 

open reading frame (ORF) clones (Origene)), and 5 μg each of pMDG1.vsvg, pRSV-

Rev and pMDLg/pRRE packaging plasmid constructs. Lentiviral particles were 

collected 24 and 48 hours later, filtered through a 0.45 μm filter and stored at −80°C. 

Control cell lines were infected with lentiviral particles. Monoclonal cell population 

were generated through clonal dilution. Poly-clonal populations were puromycin 

selected (1.5 μg/ml of puromycin) and maintained in puromycin throughout passaging.    

2.2.11 RNA sequencing and gene set analysis 

RNA was isolated using Trizol (Thermo Scientific, Germany) and 500 ng total 

RNA was processed using the TruSeq RNA Sample Preparation v2 Kit (low-throughput 

protocol; Illumina, San Diego, USA) to prepare the barcoded libraries. Libraries were 

validated and quantified using DNA 1000 and high-sensitivity chips on a Bioanalyzer 

(Agilent, Boeblingen, Germany); 7.5 pM denatured libraries were used as input into 

cBot (Illumina), followed by deep sequencing using HiSeq 2500 (Illumina) for 101 

cycles, with an additional seven cycles for index reading. Fastq files were imported into 

Partek Flow (Partek Incorporated, Missouri, USA). Quality analysis and quality control 

were performed on all reads to assess read quality and to determine the amount of 

trimming required (both ends: 13 bases 5´and 1 base 3´). Trimmed reads were aligned 

against the mm10 genome using the STAR v2.4.1d aligner. Unaligned reads were 

further processed using Bowtie 2 v2.2.5 aligner. Aligned reads were combined before 



quantifying the expression against the ENSEMBL (release 95) database by the Partek 

Expectation-Maximization algorithm using the counts per million normalization. Genes 

with missing values and with a mean expression less than one were filtered out. Finally, 

statistical gene set analysis was performed using a t-test to determine differential 

expression at the gene level (p<0.05, fold change ±2). Partek flow default settings were 

used in all analyses. Principal Component Analysis was performed using all genes using 

Covariance scaling and first three components. 

2.2.12 Pathway analysis 

GeneSet Enrichment Analysis (GSEA) was performed using the t-value from the 

t-test comparing BAFF vs Control tumors. Mouse gene sets were comprised of curated 

pathways from several databases including GO, Reactome, KEGG (August 01, 2018 

version; http://download.baderlab.org/EM_Genesets/current_release/). Data was 

processed and visualized by using Cytoscape (www.cytoscape.org; p≤0.002, q≤0.07, 

similarity cutoff 0.5). Data was auto-annotated and visualized as clusters which were 

manually annotated. Heatmap visualization and unsupervised hierarchical clustering 

was performed using all significant, differentially regulated genes from a cluster of 

interested after normalizing mean expression to 0 with a standard deviation of 1 and 

using Pearson’s dissimilarity algorithm and average linkage in Partek Genomics Suite 

(Partek Incorporated). Ingenuity pathway analysis (IPA, Qiagen) was conducted using 

genes with significant differential expression (p≤0.05 and fold change ±2). The 

significance cut-off for IPA was set to p≤0.05 and z score of ±1.5 for upstream 

regulators. Additionally, for upstream regulators we filtered out biological drugs, all 

chemical and miRNA entries.  

2.2.13 Statistical analyses 

The same as Part 2.1.13.  



3 Results  
3.1 Anti-tumor effect of small molecules in melanoma [201] 
3.1.1 A screen of pharmacologically active drugs identifies Tegaserod (TM) as 

having anti-melanoma activity.  

To identify drugs with novel anti-melanoma activities using an unbiased approach, 

we tested the NIH Clinical Collection (NCC) composed of 770 small molecules against 

the murine B16.F10 melanoma cell line. A murine cell line was chosen with the intent 

of testing sensitivity in an in vivo immune-competent syngeneic model where immune 

cell-host interactions could also be evaluated. B16.F10 cells were exposed to a 

concentration range (10 μM-78 nM) for 72 hours and the IC50 values for each 

compound were determined by assessing cell viability at each dose using the MTT 

assay (Fig. 1). From the compounds with determinable IC50 values, many had IC50 

values in the low micromolar range (< 2 μM) that could be subdivided into broad 

pharmacological and/or functional classes (Fig. 2A). Positive hits included members of 

the statin, antifungal and anthelmintics categories, most of which are already being pre-

clinically evaluated as therapeutics in melanoma or other cancers [209-211]. Others, 

belonging to the microtubule disruptors, antimetabolite and topoisomerase inhibitors 

are already in use as anti-cancer agents [212]. Secondary screening validation focused 

on compounds in the serotonin signaling categories. Tegaserod (TM), a serotonin 

agonist had IC50 values in the low micromolar ranges in B16.F10 cells as well as 

several human malignant melanoma cell lines (Fig. 2B). The chosen melanoma cell 

lines have both wildtype (WT) and mutated BRAF. Specifically, the A375, SH4 and 

RPMI-7951 (RPMI) and SK-MEL-24 harbor the BRAFV600E mutation while the 

B16.F10 murine cells and the human MeWo and MEL-JUSO cell lines are BRAF WT. 

As the MTT assay is only an indirect indicator of cell viability, we next assessed 

whether TM is capable of inducing apoptosis. There was a significant time and dose-

dependent increase in apoptosis in all cell lines tested as determined by measuring 

Annexin V and 7AAD staining following treatment with TM (Fig. 2C).  



To further verify and characterize cell death observed following treatment of 

melanoma cells with TM, we assessed apoptosis using TUNEL staining in two 

representative BRAFV600E and BRAF WT melanoma cell lines, RPMI and B16.F10 cell 

lines, respectively. Treatment with TM induced an increase in TUNEL staining relative 

to untreated controls (Fig. 2D). Taken together, we have identified a compound with 

previously unknown anti-melanoma activity that induces apoptosis in melanoma cell 

lines. 

 

 
 

Fig. 1. A pharmacological screen of active compounds was carried out in the 

B16.F10 murine melanoma cell line. B16.F10 cells were exposed to a concentration 

range (10 μM- 78 nM) of the pharmacologically active compounds for 72 hours and the 

IC values were determined using the MTT assay. Compounds for which IC50 values 

were not determinable because the concentration used were too low to induce anti-

proliferative effects or were above 10 μM were placed on the 10 μM line.  
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Fig. 2. A pharmacological screen identifies Tegaserod (TM) as having anti-

melanoma activity. (A) B16.F10 murine melanoma cells were treated with 770 

pharmacologically active compounds at a concentration range of 10 μM-78 nM. Several 

classes of compounds had anti-cancer activity with IC50 values in the low micromolar 

range as assessed by MTT assay following 72 hours of exposure. (B) Tageserod (TM), 

a serotonin agonist, was further validated and found to have anti-cancer effects in the 

B16.F10 cell line and a panel of human malignant melanoma cell lines, A375, RPMI-

7951 (RPMI), SH4, SK-MEL-24, MeWo and MEL-JUSO (n = 3-6). (C) Treatment with 

low micromolar doses of TM induced apoptosis in a time and dose-dependent manner 

as assessed by Annexin V/7AAD staining (n = 3-6). Percent apoptosis was ascertained 

by summing up the Annexin V+/7AAD- and Annexin V+/7AAD+ populations. *P < 0.05 

as determined by a two-way ANOVA with a Dunnett’s post-hoc test.  (D, left panel) 

Immunofluorescent TUNEL staining of RPMI cells 48 hours post TM (5 μM) treatment 

is shown (A representative image of n = 3-5 is shown). *P < 0.05 as determined by a 

one-way ANOVA with a Dunnett’s post-hoc test. Scale bar indicates 100 μm. (D, right 

panel) Quantification of the TUNEL apoptosis staining is shown (n = 3-5). Error bars 

in all experiments indicate SEM.  

 

 

 

 

 

 

 

 

 

 

 

 



3.1.2 Tegaserod (TM) exerts its anti-cancer effects independently of serotonin 

signaling.  

We wondered whether melanoma cancer cell lines express serotonin receptors 5-

HTRs. We mined expression data from the Cancer Cell Line Encyclopedia (CCLE) 

[204] and found that some receptors particularly HTR7 have a high expression relative 

to the others in the human melanoma cell lines used in our system (Fig. 3A). TM was 

synthesized with the primary intent of functioning as a 5-HTR4 agonist [213]. HTR4 

mRNA was weakly detected (not detectable in the MeWo cell line) but HTR4 protein 

expression was undetectable in all melanoma cell lines tested (Fig. 3B).   

The main transduction mechanisms of the G-coupled 5-HTR1 and 5-HTR4-7’s 

occur through modulation of cAMP levels [214]. We therefore wondered whether TM 

alters cAMP levels in melanoma cell lines. Treatment of melanoma cell lines with TM 

did not alter cAMP levels (Fig. 4A). The expression of genes that have been previously 

shown to be upregulated upon serotonin (5-HT) treatment through PKA signaling, 

PDE2A, MET, TREM1, THBS1, SERPINB2, and S1PR1 [215] was not changed 

following TM treatment (Fig. 4B). As expected, with the lack of change in cAMP levels, 

there was no significant increase in the phosphorylation of cAMP response element 

binding protein (CREB) in RPMI, B16.F10, A375, SK-MEL-24, MeWo cells, although 

p-CREB was increased in SH4 and MEL-JUSO cells (Fig. 5A). To further address the 

question of whether serotonin agonist signaling is responsible for the apoptotic 

phenotype, we treated melanoma cancer cells with a wide range (100 μM-0.4 μM) of 

5-HT. Treatment with 5-HT had little effect on the melanoma cells (Fig. 5B) and co-

treatment of 5-HT with TM had no effect on apoptosis induced by TM (Fig. 5C). Taken 

together, the anti-melanoma effects caused by TM are likely not being mediated through 

5-HTR4 signaling. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Low expression of serotonin receptors in melanoma cell lines. (A) Expression 

of the different serotonin receptors (5-HTRs) in our panel of human melanoma cell lines. 

Data was mined from the Cancer Cell Line Encyclopedia. (B, upper panel) mRNA 

expression of 5-HTR4 which is targeted by TM is shown. Expression values are 

represented as Log10 (CTHTR4- CTGAPDH) and visualized through Morpheus 

software (Broad Institute) (n = 3-5). (B, lower panel) Protein expression of HTR4 in 

melanoma cell lines is shown using mouse brain as a positive control (A representative 

immunoblot of n = 3 is shown). 
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Fig. 4. TM did not alter the expression of genes known to be upregulated in 

response to serotonin treatment. (A) Treatment at the indicated time points with TM 

(3 μM for B16F10 and A375 and 5 μM for RPMI and SH4) did not induce changes in 

cAMP levels in melanoma cell lines (n = 3). *P < 0.05 as determined by a Student´s t-

test (unpaired, 2 tailed). (B) Treatment with TM for 18 hours did not induce changes in 

MET, S1PR1, TREM1, TREM1, THBS1, SERP1B2 and PDE2A. Expression was 

normalized to GAPDH (n = 3-4). *P < 0.05 as determined by a one-way ANOVA with 

a Dunnett’s post-hoc test. Error bars in all experiments indicate SEM. 
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Fig. 5. TM induces apoptosis independently of serotonin signaling. (A) (A, upper 

panel) Changes in phosphorylation of the transcription factor CREB 8 and 18 hours 

post TM treatment are shown (A representative immunoblot of n = 3-4 is shown). 

Quantification of immunoblots is shown in A (lower panel). (B) Treatment with 

serotonin (5-HT) for 72 hours did not have anti-proliferative effects in melanoma cells 

(n = 3-4). (C) Co-treatment of TM (3 μM for B16.F10 and A375 and 5 μM for RPMI, 

SH4, MeWo and MelJuso melanoma cells) with serotonin (5-HT, 100 μM) did not 

impact the anti-melanoma effects of TM and did not alter TM induced apoptosis as 

assessed 72 hours post treatment using the Annexin V/7AAD assay (n = 3-6). Error bars 

in the all experiments indicate SEM; *P < 0.05 as determined by a Student´s t-test 

(unpaired, 2 tailed), or a one-way ANOVA with a Dunnett’s post-hoc test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.1.3 Tegaserod (TM) blunts of ribosomal protein S6 (S6) phosphorylation through 

the PI3K/Akt/mTOR pathway.  

We wondered what signaling pathways perturbed by treatment with TM are 

responsible for the apoptotic phenotype in melanoma cells. Common driver oncogenic 

pathways critical to melanoma pathogenesis are the MAPK and PI3K/Akt and mTOR 

pathways [216]. ERK phosphorylation was not significantly affected following 

treatment of melanoma cells with TM at early time-points, 8 and 18 hours, prior to 

apoptosis induction (Fig. 6). Phosphorylation of ribosomal protein S6 (S6) on the 

Ser235/236 phosphorylation sites was inhibited in all human melanoma cell lines tested 

(Fig. 7A+B). Phosphorylation of S6 on the Ser240/244 phosphorylation sites was also 

inhibited in the RPMI and SH4 cells lines (Fig. 8). As there was no difference in S6 

phosphorylation between control and TM treated B16.F10 cells at 8 and 18 hours we 

also assessed earlier time-points. At 2 and 4 hours post TM treatment, p-S6 was also 

blunted as assessed by immunofluorescence staining (Fig. 7C).   

S6 is phosphorylated by the p70 S6 kinase directly downstream of the mammalian 

target of rapamycin (mTOR) complex 1 (TORC1) [217]. TORC1 converges on multiple 

upstream signaling pathways including the MAPK [218] and PI3K/Akt/mTOR 

pathways [219-221]. The MAPK pathway activity, as assessed by ERK 

phosphorylation was unperturbed in response to TM treatment (Fig. 6). Through the 

PI3K/Akt pathways, activated Akt can activate TORC1 through tuberous sclerosis 

complex 2 (TSC2) or PRAS40 phosphorylation [221, 222]. Akt phosphorylation on 

Ser473 was suppressed at 8 or 18 hours post treatment with TM in RPMI, SH4 and 

B16.F10 cells (Fig. 7A). Not surprisingly, phosphorylation of the kinase directly 

upstream of S6, p70 S6 at Thr 421/Ser 424, was also decreased in RPMI, B16.F10 and 

SH4 cells post TM treatment (Fig. 7A). Maximal Akt activation occurs through 

phosphorylation of two key residues, Ser 473 by mTORC2 [223] or DNA-dependent 

protein kinase (DNA-PK) [224] and by phosphoinositide-dependent kinase 1 (PDK1) 

at Thr 308 [225]. However, as PDK1 phosphorylation at Ser 241 was not blunted 

following treatment with TM (Fig. 8) and phospho-Akt at residue Thr 308 was not 

detectable in our system under normal cell growth conditions (data not shown). Akt 



activity by TM might be rather suppressed through mTORC2 or DNA-PK. However, 

there is the possibility that suppression of phosphorylation at alternative Akt sites 

occurs through other regulators such CK2 [226] or GSK-3α [227] and this would have 

to be further explored.  

To confirm that melanoma cells used in our system are sensitive to 

PI3K/Akt/mTOR inhibition, we treated melanoma cells with specific inhibitors of AKT 

(MK-2206, a highly selective Akt1/2/3 inhibitor), PI3K (ZSTK474, a class I PI3K 

isoforms inhibitor) and mTOR (KU-0063794, a specific dual-mTOR inhibitor of 

mTORC1 and mTORC2). All our tested melanoma cell lines both BRAFV600E and 

BRAF WT were sensitive to Akt, PI3K and pan-mTOR inhibition with IC50 values in 

a similar range as that of TM (Fig. 9A and Table 1). TSTK474 and/or MK-2206 and/or 

KU-0063794 also induced apoptosis in both BRAFV600E and BRAF WT melanoma cell 

lines (Fig. 9B).  

Taken together, TM suppresses p-S6 through blunting PI3K/Akt/mTOR signaling 

in melanoma cells, an effect that is likely responsible for the pro-apoptotic effects 

observed as treatment with various inhibitors of the pathway was able to recapitulate 

the phenotype.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. TM did not affect the MAPK pathway. (A) Melanoma cells were treated as 

indicated time points with increasing concentrations of TM and probed for 

phosphorylated ERK1/2, total ERK1/2 and tubulin (representative immunoblots of n = 

3 are shown). Blots are quantified in (B). Error bars in the all experiments indicate SEM. 

*P < 0.05 as determined by a one-way ANOVA with a Dunnett’s post-hoc test. 
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Fig. 7. TM inhibits phosphorylation of ribosomal protein S6 (S6) on the Ser235/236 

phosphorylation sites in melanoma cell lines. (A-B) Treatment with increasing doses 

of TM at the indicated time-points prior to apoptosis induction decreased 

phosphorylation of Akt (p-Akt) at Ser 473, phospho-S6 (p-S6) at Ser235/6 and 

phospho-p70 S6 (p-p70 S6) in RPMI, B16F10, A375, RPMI, MeWo and MEL-JUSO 

melanoma cells (representative immunoblots of n = 3-6 are shown) and quantified 

below. (C) Immunofluorescent p-S6 staining of B16.F10 cells treated with TM for 2 

hours is shown (A representative image of n = 3 is shown) and quantified in B, lower 

panel). Scale bar indicates 50 μm. Error bars in the all experiments indicate SEM. *P < 

0.05 as determined by a Student´s t-test (unpaired, 2 tailed) or a one-way ANOVA with 

a Dunnett’s post-hoc test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. TM blunts ribosomal protein S6 (S6) phosphorylation on the Ser240/244 

phosphorylation sites in melanoma cell lines. Changes in p-S6 (Ser240/244) (n = 3) 

and p-PDK1 (Ser241) (n =3-4) following treatment with TM are shown quantified 

below. Error bars in all experiments indicate SEM. *P < 0.05 as determined by a one-

way ANOVA with a Dunnett’s post-hoc test. 
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Table 1: Melanoma cell line sensitivity to PI3K/Akt and mTOR pathway inhibition 

Compound Target
B16.F10 A375 RPMI SH4 MeWo MEL-JUSO

MK-2206 Pan-AKT 0.29±0.05 4.76±0.58 1.92±0.36 3.11±0.91 1.26±0.01 3.03±0.35
ZSTK474 PI3K 0.95±0.33 2.69±1.14 0.51±0.05 2.80±0.81 1.06±0.07 3.47±0.28
KU-0063794 Pan-mTOR 0.68±0.26 1.90±1.45 1.63±0.28 1.71±0.86 0.97±0.05 1.84±0.12

IC50±SEM
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Fig. 9. Melanoma cells lines are sensitive to the anti-cancer effects of 

PI3K/Akt/mTOR inhibitors. (A) Melanoma cells are similarly sensitive to PI3K/Akt 

and mTOR pathway inhibition as they are to TM treatment. Dose response curves 

following treatment with the PI3K inhibitor ZSTK474, pan-Akt inhibitor MK-2206 and 

mTORC1/mTORC2 inhibitor KU-0063794 are shown (n = 3-4). (B) Treatment with 

the PI3K inhibitor ZSTK474 (2 μM for MeWo, 6 μM for MEL-JUSO and A375 and 1 

μM for RPMI), pan-Akt inhibitor MK-2206 (2 μM for MeWo, 6 μM for MEL-JUSO, 

10 μM for A375 and 4 μM for RPMI) and mTORC1/mTORC2 inhibitor KU-0063794 

(2 μM for MeWo and 4 μM for all other cell lines) induced apoptosis in melanoma cells 

as assessed by Annexin V/7AAD staining (n = 3-6). Percent apoptosis was ascertained 

by summing up the Annexin V+/7AAD- and Annexin V+/7AAD+. Error bars in the all 

experiments indicate SEM. *P < 0.05 as determined by a one-way ANOVA with a 

Dunnett’s post-hoc test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.1.4 Tegaserod (TM) delays tumor growth, reduces metastases, and suppresses p-

S6 in vivo.  

To evaluate the efficacy of TM against melanoma tumor growth we used a 

syngeneic immune-competent model. Mice were subcutaneously inoculated with 

B16.F10 cells, and 7 days later, randomized and treated with daily injections of TM or 

vehicle for 5 days. Treatment significantly decreased tumor growth (Fig.10A) and 

resulted in only slight decreases in weight following treatment (Fig. 10B). There were 

no changes in liver damage markers AST, LDH and ALT (Fig. 10C). The in vitro TM-

mediated PI3K/Akt/mTOR signaling inhibition was re-capitulated in vivo. When 

immunohistochemical staining of tumor tissue harvested at day13 post inoculation was 

performed for phosphorylation of S6 (Ser235/236), one third of control tumor slides 

were classified as having a high positive score. This is sharp contrast to tumors from 

TM treated mice where only one slide scored as having a high positive score (Fig. 11A). 

Images were scored for positive staining using the IHC profiler which employs an 

automated, unbiased approach to evaluate antibody staining in tissue sections [203]. 

Furthermore, tumor lysates from TM treated mice had significantly lower Akt and S6 

phosphorylation levels (Fig. 11B).  

To assess tumor apoptosis, immunohistochemical staining of tumor tissue 

harvested 13 days post inoculation was performed for cleaved Caspase-3 and cleaved 

Caspase-8 (Fig. 12A-D). 50 % of tumor slides from TM-treated mice stained for 

cleaved Caspase-3 had a positive score and the other 50% were scored as low positive 

(Fig. 12A). In contrast, tumor slides from vehicle-treated mice were 5% negative for 

cleaved Caspase-3, and only 27% scored positive and 68 % scored low positive (Fig. 

12B). There was a significantly higher contribution from the high positive stained areas 

for cleaved Caspase-3 in the tumors of TM-treated mice (Fig. 12B), indicating that TM 

treatment caused tumor cell apoptosis in vivo. When tumor lysates were probed for 

cleaved Caspase-8, tumors from TM treated mice demonstrated a trend towards 

increased cleaved Caspase-8, but differences were not significant (Fig. 12E).    

To evaluate the ability of TM to decrease metastasis in vivo, we intravenously 

injected B16.F10 melanoma cells into C57BL/6J mice and monitored lung metastases 



in control and TM treated mice. Mice treated with TM had significantly less lung 

metastases (Fig. 13). Taken together, we have shown that in vivo TM is well tolerated, 

can retard tumor growth, induces tumor apoptosis and blunts p-S6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. TM blunts tumor growth without toxicity in mice. C57BL/6J mice were 

subcutaneously injected with 5 × 105 B16.F10 cells. 7 days post-tumor injection, mice 

were randomized and into two groups and treated daily with Tegaserod or vehicle for 

five consecutive days. (A) Tumor volume was measured for 18 days after which mice 

were sacrificed (n = 6-8). (B) The group receiving the TM treatment experienced only 

a small decrease in body weight (≈ 12%). Data is pooled from two independent in vivo 

experiments (n = 6-8). (C) Treatment with TM did not significantly alter liver damage 

parameters AST, LDH and ALT relative to vehicle treated group (n = 3). Error bars in 

the all experiments indicate SEM. *P < 0.05 as determined by a Student´s t-test 

(unpaired, 2 tailed).  
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Fig. 11. Tegaserod (TM) inhibits Akt and p-S6 phosphorylation in vivo. C57BL/6J 

mice were subcutaneously injected with 5 × 105 B16.F10 cells. 7 days post-tumor 

injection, mice were randomized and into two groups and treated daily with Tegaserod 

or vehicle for five consecutive days. (A) Mice were sacrificed on Day 13 post tumor-

inoculation and immunohistochemical staining of tumor tissue for p-S6 is shown (a 

representative image of n = 6 is shown). A third of pictures from tumors of mice treated 

with vehicle were classified as ‘high positive’ for p-S6 compared to only 1 slide from 

TM treated mice (3-5 pictures from different fields of view were obtained of tumors 

from each independent mouse, for a total of 26 and 18 tumor pictures for vehicle and 

TM treated mice respectively). (B, left panel) Immunoblots of tumor lysates from TM 

or control treated mice confirmed decreased Akt (Ser473) and S6 (Ser235/6) 

phosphorylation (n = 6-9 mice, with 3 mice are shown on one immunoblot) quantified 

in (B, right panel). Scale bars indicate 50 μm. Error bars in the all experiments indicate 

SEM. *P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed). 
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Fig. 12. Tegaserod (TM) induces tumor cell apoptosis in vivo. C57BL/6J mice were 

subcutaneously injected with 5 × 105 B16.F10 cells. 7 days post-tumor injection, mice 

were randomized and into two groups and treated daily with Tegaserod or vehicle for 

five consecutive days. (A) Mice were sacrificed on Day 13 post tumor-inoculation and 

(A, left panel) immunohistochemical staining of tumor tissue revealed that tumors of 

mice treated with TM had increased active Caspase-3 expression (a representative 

image of n = 6 is shown). (A, right panel) The relative score distribution of tumor slides 

is shown (3 pictures from different fields of view were obtained of tumors from each 

independent mouse (n = 6), for a total of 18 tumor pictures for each stain and treatment 

group. (B) Quantification and profile of the active Caspase-3 staining using IHC profiler. 

(C, left panel) Immunohistochemical staining of cleaved caspase-8 is shown (a 

representative image of n = 6 mice is shown). (C, right panel) The relative score 

distribution and profile of tumor slides for cleaved caspase-8 is shown (3 pictures from 

different fields of view were obtained of tumors from each independent mouse (n = 6), 

for a total of 17 tumor pictures for control and 18 for TM treatment group. (D) 

Quantification and profile of the active Caspase-8 staining using IHC profiler. (E) 

Immunoblots of tumor lysates from TM or control treated mice probed for cleaved 

caspase 8 are shown and quantified (n = 6-9 mice, with 3 mice shown on one 

immunoblot). All Scale bars indicate 50 μm. Error bars in the all experiments indicate 

SEM. *P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed).  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Fig. 13 Tegaserod (TM) decreases melanoma metastasis in vivo. C57BL/6J mice 

were intravenously injected with 2 × 105 B16.F10 cells. Starting at day 1 post 

inoculation, mice were treated with Tegaserod or vehicle three times a week. Mice were 

sacrificed at Day 14 post tumor inoculation and lung metastases counted with 

representative lung images shown in the right panel (n = 10). Error bars in the 

experiments indicate SEM. *P < 0.05 as determined by a determined by a Student´s t-

test (unpaired, 2 tailed). 
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3.1.5 Tegaserod (TM) decreases the infiltration and FOXP3 expression of 

regulatory T cells and synergizes with BRAF and MEK inhibitors.  

Next, we wondered whether TM treatment impacted immune infiltrates. We 

harvested tumors from mice at day 13 post inoculation when there were no significant 

differences in tumor size and found that the numbers of NK1.1+CD3- natural killer (NK) 

cells, Ly6ChighLy6G- monocytes, Ly6ClowLy6Ghigh granulocytes and CD8+ T cells were 

not different between tumors harvested from control and TM treated mice (Fig. 14A). 

However, tumors harvested from TM treated mice were characterized by lower amounts 

of infiltrating CD4+ T cells (Fig. 14A). As regulatory CD4+CD25+ T cells play a crucial 

role in suppressing anti-tumoral immunity [228] and have been shown to be susceptible 

to PI3K/PTEN/mTOR axis inhibition [229], we next checked whether there were any 

differences in the percentage of infiltrating regulatory CD4+CD25+ T cells between TM 

treated and control tumors. Not only was the percentage of CD4+CD25+ T cells lower 

in tumors harvested from TM-treated mice (Fig. 14B), but the FOXP3 expression on 

these cells was decreased (Fig. 14C). By contrast, surface markers of exhaustion (PD-

1), activation (KLRG1, Granzyme B, perforin, Interferon gamma (IFNγ)) and death 

(CD95) were no different on tumor infiltrating CD8+ T cells between TM and vehicle 

treated mice (Fig. 14C).     

Any potential novel therapy will not be used as in a mono-therapeutic setting but 

will be combined with the current standard of care. We therefore ascertained whether 

TM could be combined with Vemurafenib, a B-Raf inhibitor approved for the treatment 

of late-stage melanoma [230]. We tested the combination in human cell lines harboring 

the BRAFV600E mutation targeted by Vemurafenib, namely RPMI, A375 and the SK-

MEL-24 cells. TM synergized with Vemurafenib in all cell lines tested (Fig. 14D). 

Other kinase inhibitors currently in use for the treatment of late-stage melanoma include 

the MEK inhibitor Cobimetinib. TM also synergized with Cobimetinib in A375 cells at 

higher effective doses (ED75 and ED90) and was additive in RPMI, B16F10, MeWo 

and MEL-JUSO melanoma cell lines (Fig. 14D). Taken together, we have shown that 

TM inhibited tumor growth in vivo and can be successfully combined with the current 

standard of care.  
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Fig. 14. Tegaserod (TM) decreases tumor infiltration of CD25+CD4+ T cells and 

synergizes with Vemurafenib and Cobimetinib. (A-C) C57BL/6J mice were 

subcutaneously injected with 5 × 105 B16.F10 cells. 7 days post-tumor injection, mice 

were randomized and into two groups and treated daily with Tegaserod or vehicle for 

five consecutive days. Mice were sacrificed on Day 13 post tumor-inoculation and 

tumor infiltrating lymphocytes were assessed using FACS analysis (n = 3-6). (D) 

Melanoma cell lines harboring the BRAFV600E mutation, A375, RPMI-7951 (RPMI) 

and SK-MEL-24 were exposed to a dose range of TM and Vemurafenib in a fixed 1:1 

ratio. BRAFV600E and BRAF WT melanoma cell lines were exposed to a dose range of 

TM and Cobimetinib in a fixed ratio (RPMI, 1:2, A375 64:1, MeWo 4:1, MEL-JUSO 

4:1, B16.F10 1:1). Synergy was evaluated using the combination index (CI) from the 

dose-response curves. CI < 1 indicates synergy, CI = 1 indicates additivity, and CI > 1 

indicates antagonism. The EC50 (50% effective concentration) and EC75 (75% 

effective concentration) or EC90 (90% effective concentration) are shown (n = 3-6). *P 

< 0.05 as determined by a Student´s t-test(unpaired, 2 tailed). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



3.2 Function of BAFF in melanoma 
3.2.1 Expression of BAFF in the tumor inhibits tumor growth. 

To explore the effects of BAFF in the solid tumor microenvironment, we generated 

a BAFF overexpressing B16.F10.gp33 (BAFF, Tnfsf13b) cell line (Fig. 15A+B). In 

vitro, there was no difference in growth between the BAFF and control cells (Fig. 15C). 

When treated with apoptosis-inducing agents cycloheximide and actinomycin D, both 

cell lines underwent similar levels of apoptosis (Fig. 15D).  

Next, we injected BAFF and control cells into C57BL/6 (B6) mice subcutaneously 

and followed the tumor growth. BAFF tumors grew slower and tumor volume was 

smaller than their controls (Fig. 16A + B). While systemic serum BAFF levels were not 

different between BAFF and control tumor bearing mice (Fig. 16C), BAFF mRNA and 

protein expression in BAFF tumors was maintained throughout the course of tumor 

growth and confirmed at an early time point of tumor growth (Day 13) when there were 

no significant differences between tumor weight and volume, and later time point (Day 

18) at sacrifice (Fig. 16D + E).  

Taken together, BAFF expression within the TME delays tumor growth, a 

phenomenon that is independent of intrinsic differences between BAFF and control 

cells as they behaved similarly in vitro in terms of growth and response to apoptotic 

stimuli.  

 

  

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Expression of BAFF in B16.F10.gp33 melanoma cells. BAFF over-

expressing B16.F10.gp33 (BAFF) monoclonal cell population was generated using 

lentiviral transduction followed by clonal dilution. (A) Tnfsf13B expression levels were 

confirmed in the BAFF cells. Expression was normalized to GAPDH (n = 3). (B) BAFF 

protein over-expression was confirmed by immunoblotting for the Myc tag (a 

representative immunoblot of n = 4 is shown). (C) The growth of BAFF and control 

cells was compared in vitro (n = 3). (D) Apoptosis following treatment of BAFF and 

control cells with several apoptosis-inducing agents was assessed by Annexin V/7AAD 

staining. Percent apoptosis was ascertained by summing up the Annexin V+/7AAD- and 

Annexin V+/7AAD+ populations (n = 3). Error bars in all experiments indicate SEM; 

*P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed)   

 

 

 

BA
FF

 

C
on

tro
l 

IB: Myc 40 

A B 

C D 

0 5 10 20 40
0

50

100

Cyclohexamide
Concentration (M)

An
ne

xi
n+

- 7
AD

D
+ 

(%
)

IB: Actin 
1

0.1

10

1000

100000

Tn
fs

f1
3b

 (F
ol

d 
ex

pr
es

si
on

/C
on

tro
l)

Control
BAFF 

0

Control
BAFF 

0 1 2 3 4
105

106

107

Time (Days)

N
um

be
r o

f c
el

ls
Lo

g1
0

0

Control
BAFF 

0

Control
BAFF 

40 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

0 10 20
0

500

1000

Time (Days)

Tu
m

ou
r v

ol
um

e 
(m

m
3 )

Control Tumor
BAFF Tumor

*

Day 13 Day18
0.0

1.3

2.6

Tu
m

or
 W

ei
gh

t (
g)

Control Tumor
BAFF Tumor 

*

C D 

Day 13 Day 18
0.01

0.1

1

10

100

1000
Tn

fs
f1

3B
 (F

ol
d 

ex
pr

es
si

on
/

C
on

tro
l T

um
or

)

Control Tumor
BAFF Tumor 

* *

0

40000

80000

BA
FF

 (p
g/

m
l)

C57BL/6J (Control) 
C57BL/6J (BAFF) 

C
on

tro
l 

BA
FF

 

Day 13 Day 18 

E 



Fig. 16. Elevated BAFF in the tumor slows tumor growth. (A) Tumor growth of 5 × 

105 subcutaneously injected BAFF and control cells in C57BL/6 mice are shown (n = 

5-6) as are tumor weights (B, n = 5-7, pooled from two independent in vivo 

experiments). (C) The level of BAFF in the serum of mice intravenously inoculated 

with BAFF or control cells was determined using ELISA. BAFF serum levels were 

determined 18 days post inoculation (n = 3). (D) Gene expression level of BAFF 

(Tnfsf13B) was determined in whole tumors harvested at the indicated time points. 

Expression was normalized to GAPDH (n = 5-12, pooled from two independent in vivo 

experiments). (E) BAFF protein expression was confirmed using immunohistochemical 

staining of tumor tissue at the indicated time points post subcutaneous tumor 

inoculation (representative images of n = 5-12 separate mice pooled from three 

independent in vivo experiments are shown. Pictures from 3 different fields of view 

were obtained of tumors from each independent mouse). Scale bar indicates 50 μm. 

Error bars in the all experiments indicate SEM; *P < 0.05 as determined by a Student´s 

t-test (unpaired, 2 tailed).          

 

 

 

 

 

 

 

 

 

 

 

  



3.2.2 BAFF tumors are characterized by increased apoptosis and lower 

immunosuppressive factors including PD-L1.  

Next, we attempted to uncover the differences between the BAFF and control 

tumors that could account for the observed phenotype. When we stained tumor sections 

harvested at early and late time points during tumor growth, we observed increases in 

cleaved Caspase-8 and cleaved Caspase-3 (Fig. 17A) in BAFF tumors. Cleaved 

Caspase-8 activates the downstream effector Caspase-3, which like Caspase-8 is also 

active when cleaved; both Caspases, when cleaved, are indicative of cells undergoing 

apoptosis.  

To further characterize the differences between BAFF and control tumors on a 

molecular whole-tumor level, we assayed the mRNA expression of a variety of growth 

factors, ligands, cytokines and interferon responsive genes known to impact tumor 

growth. The expression of immunosuppressive factors such as Tgfb1, Il-10, Pdgfb and 

Fgfr1 were significantly lower in the BAFF tumors at Day 13 post tumor injection (Fig. 

17B). The effects of secreted TGFβ1 and IL-10 on tumor growth and surrounding 

immune cells are complex, often paradoxical, and can be pro or anti-tumorigenic 

depending on the context and stage of tumor progression [231, 232]. We verified 

whether the mRNA results reflected differences in secreted TGFβ1 and IL-10. We were 

unable to detect secreted IL-10 (data not shown) within the tumor and there was no 

difference in secreted TGFβ1 at the early time point between BAFF and control tumors 

(Fig. 17C), leading us to conclude that IL-10 or TGFβ1 were not responsible for the 

observed phenotype. The expression of the programmed death-ligand 1 (PD-L1) was 

also lower in the BAFF tumors when compared to controls at both early and late time 

points (Fig. 17B). PD-L1 is a crucial inhibitory ligand expressed on immune cells of 

the myeloid lineage, activated cells of lymphoid and epithelial origin including cancer 

cells [233]. PD-L1 binding to PD1 expressed on T cells decreases T cell activation and 

function, therefore consequentially blunting anti-tumor immunity [234, 235]. We 

decided to uncover the source of the differences in PD-L1 expression. As primary 

human and murine tumors have been shown to express PD-L1, including those 

generated from B16 cells [236], we assessed PD-L1 expression in the tumor cells and 



stroma (CD45.2-) cells. Indeed, the percentage of PD-L1 expressing CD45.2- cells in 

the BAFF tumor was significantly lower than in control tumors (Fig. 18A). Next, we 

assessed tumor infiltrating immune cells using FACS analysis and focused on myeloid 

populations as they have been shown to have tumor immunosuppressive functions. PD-

L1 expression was significantly lower on infiltrating CD11b+Ly6GhighLy6Clow 

granulocytes and CD11b+Ly6ChighLy6G- monocytes but not 

CD11b+F4/80highLy6ClowLy6G- tumor-associated macrophages (TAMs) (Fig. 18B + C). 

Taken together, BAFF tumors were characterized by increased apoptosis and decreased 

expression of immunosuppressive factors including PD-L1 whose expression was 

decreased on tumor cells, infiltrating monocytes and granulocytes.  
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Fig. 17. BAFF tumors are characterized by increased apoptosis and decreased 

expression of PD-L1. C57BL/6 mice were inoculated subcutaneously with 5 × 105 of 

BAFF or control cells and tumors were analyzed as indicated. Tumor apoptosis was 

assessed using conventional immunohistochemical staining for (A) Cleaved Caspase-3 

and Cleaved Caspase-8 (representative images of n = 3-4 mice are shown). Pictures of 

3 different fields of view were obtained of tumors from each mouse. Scale bar indicates 

50 μm. (B) Gene expression level of various cytokines, growth factors and 

immunosuppressive and inflammatory regulators were determined in whole tumors 

harvested at day 13 and day 18 post tumor inoculation. Expression was normalized to 

GAPDH and then to control tumors within each independent experiment (n = 5-12, 

pooled from two independent in vivo experiments). (C) The levels of soluble TGFβ1 

protein in BAFF and control tumors were determined using ELISA at the indicated time 

points (n = 6-7, pooled from two independent in vivo experiment). Error bars in the all 

experiments indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2 

tailed).    

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. The expression of PD-L1 is decreased on tumor cells, infiltrating 

monocytes and granulocytes. C57BL/6 mice were inoculated subcutaneously with 5 

× 105 of BAFF or control cells and tumors were analyzed as indicated. (A) Percent of 

PD-L1 positive CD45.2- cells in BAFF and control tumors was assessed using FACS 

analysis (n = 9-13, pooled from three independent in vivo experiments). (B + C) PD-L1 

expression was measured on monocytes, granulocytes and tumor associated 

macrophages (TAMs) using FACS analysis (n = 9-13, pooled from at least two 

independent in vivo experiments). Error bars in all experiments indicate SEM; *P < 

0.05 as determined by a Student´s t-test (unpaired, 2 tailed).  
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3.2.3 B cells do not functionally contribute to BAFF mediated anti-tumor 

immunity.  

Next, we wanted to test the potential involvement of tumor infiltrating B cells in 

our system. Yarchoan et al. have shown that injection of systemic BAFF upregulated 

the B cell compartment and markers of regulatory B cells including PD-L1 as well as 

CD5, increased Th1 responses and also had very specific immunoregulatory functions 

including the increase of Treg’s in the TME [200]. In our system, there was no 

significant difference in B cell infiltration, and the expression of PD-L1 on CD19+ B 

cells was not significantly different between BAFF and control tumors (Fig. 19A). The 

infiltration and expression of MHCII and CD5 on CD19+ B220+IgM+ mature B cells 

was also not different in the TME between BAFF and control tumors (Fig. 19B and C). 

Furthermore, there was no significant difference in IgG and IgM levels in serum and 

tumor between BAFF and control tumor bearing mice (Fig. 19D).  

Although systemic BAFF upregulated various co-stimulatory molecules on B cells 

[200], the actual functional importance of B cells to tumor regression is unclear. To test 

this, we utilized the JHt-/- knockout mouse model. The mice lack the gene for the heavy 

chain joining region and therefore have no functional B cells [237]. With no B cells to 

take up circulating BAFF, the JHt-/- mice are characterized by eight-fold higher 

circulating BAFF levels compared to control C57BL/6J mice (Fig. 20A). This provides 

the opportunity to study the effects of higher systemic BAFF without any confounding 

potential effects of B cells. When we inoculated B6 and JHt-/- mice with parental 

B16gp33 cells, the tumor growth of both cell lines was significantly delayed in the JHt-

/- mice (Fig. 20B). While this result confirms the importance of systemic BAFF to a 

delay in tumor growth as previous study showed [200], it undermines the importance 

of B cells to this phenotype. Furthermore, systemic BAFF also downregulated PD-L1 

on monocytes in the TME and tumor draining lymph node (Fig. 20C) and tumoral 

CD45.2- cells (Fig. 20D). Interestingly, from other antigen presenting cells, PD-L1 was 

also downregulated on dendritic cells (DC) in the TME (Fig. 20E). Taken together, 

higher levels of systemic BAFF maintain the difference in tumor growth and 

suppressive monocyte de-repression independently of B cells. 
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Fig. 19. B cells do not functionally contribute to BAFF mediated anti-tumor 

immunity. C57BL/6 mice were inoculated subcutaneously with 5 × 105 of BAFF or 

control cells and tumors were analyzed as indicated on day 13 post tumor inoculation. 

(A) Numbers (left panel) and PD-L1 expression (right panel) of CD19+ B cells were 

assessed using FACS analysis (n = 9-10, pooled from three independent in vivo 

experiments). (B) Numbers of CD19+ B220+IgM+ mature B cells infiltrates in BAFF 

and control tumors are shown (n = 6). (C) MHCII and CD5 expression was measured 

by FACS on D19+ B220+IgM+ mature B cells (n = 6). (D) Concentration of IgG and 

IgM were measured in BAFF and control tumors and serum harvested 13 days post-

tumor inoculation by ELISA (n = 5-6). Error bars in the all experiments indicate SEM; 

*P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20. Higher levels of systemic BAFF in JHt-/- mice maintain the difference. (A) 

Serum BAFF levels in naïve C57BL/6J and JHt-/- mice were measured by ELISA (n = 

4-5). (B) JHt-/- and C57BL/6 mice were inoculated subcutaneously with 5 × 105 of 

BAFF or control cells and tumor growth was followed (n = 4-10, pooled from two 

independent in vivo experiments). (C) PD-L1 expression on monocytes in tumors and 

tumor-draining lymph nodes harvested from C57BL/6 and JHt-/- mice as assessed by 

FACS is shown (n = 3-8) as is the (D) percentage of PD-L1 expressing tumoral CD45.2- 

cells (n = 7). (E) PD-L1 expression on TAMs, granulocytes (Gran.) and dendritic cells 

(DC) harvested from tumors and tumor-draining lymph-nodes was assessed by FACS 

is shown (n = 3-8). Error bars in the all experiments indicate SEM; *P < 0.05 as 

determined by a Student´s t-test (unpaired, 2 tailed) or a two-way ANOVA with a post-

hoc test.  
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3.2.4 PD-L1 and monocytes are functionally important for BAFF-mediated 

reduction in tumor growth which is mediated by BAFF-R signaling.  

When we stained tumor section harvested from mice bearing BAFF or control 

tumors, we observed a decrease in Ly6C positive cell infiltrates (Fig. 21A) which was 

corroborated using FACS analysis (Fig. 21B). Importantly, depletion of monocytes 

using an anti-CCR2 antibody (Fig. 21C) was critical for the observed phenotype. To 

confirm the functional importance of PD-L1 to BAFF-mediated repression of PD-L1 

expression, we treated mice inoculated with BAFF and control cells with an anti-PD-

L1 antibody and found that while the phenotype was maintained with control treatment, 

it was absent with anti-PD-L1 treatment (Fig. 21D). Next, we wondered whether the 

observed phenotype is mediated through receptor specific signaling. We therefore 

injected BAFF and control cells into BAFF-R deficient (Baffr-/-) mice. The growth 

differences between BAFF and control tumors was abolished in Baffr-/- mice indicating 

that the phenotype is dependent on BAFF-R signaling (Fig. 21E). Next, we assessed 

the expression of BAFF-R in the tumor infiltrating immune cells. Using Baffr-/- 

infiltrating lymphocytes as controls, we found that BAFF-R was detected in monocytes 

present in the inguinal lymph node as well as tumor (Fig. 21F). Furthermore, exogenous 

addition of BAFF to inflammatory monocytes derived from the bone marrow led to the 

upregulation of the BAFFr as well as engagers of adaptive immunity MHCII and CD86 

(Fig. 21G). Collectively, we have demonstrated that, while myeloid immune infiltrates 

and tumor cells express PD-L1, the difference in PD-L1 expression between BAFF and 

control tumors occurs in the infiltrating monocytic populations which are functionally 

critical for the maintenance of BAFF-mediated differences in tumor growth.  
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Fig. 21. Down regulation of PD-L1 on monocytes is functionally important for the 

BAFF-mediated reduction in tumor growth. C57BL/6 mice were inoculated 

subcutaneously with 5 × 105 of BAFF or control cells and tumors were analyzed as 

indicated. (A) Ly6C and Ly6G protein expression in BAFF and control tumors was 

assessed using fluorescent immunohistochemistry at day 13 (representative images of 

n = 5-7 mice are shown). Pictures of 3 different fields of view were obtained of tumors 

from each independent mouse. Scale bar indicates 50 μm. (B) Numbers of monocyte, 

granulocyte in BAFF and control tumors were analyzed at the indicating time points 

post tumor inoculation using FACS analysis (n = 6-13, pooled from at least two 

independent in vivo experiments). (C) C57BL/6 mice treated with monocyte depleting 

antibody (anti-CCR2) were inoculated subcutaneously with 5 × 105 of BAFF or control 

cells and tumor growth was followed (n = 6-8, pooled from two independent in vivo 

experiments). (D) C57BL/6 mice treated with anti-PD-L1 antibody were inoculated 

subcutaneously with 5 × 105 of BAFF or control cells and tumor growth was followed 

(n = 4-5). (E) Baffr-/- mice were inoculated subcutaneously with 5 × 105 of BAFF or 

control cells and tumor growth was followed (n = 6-9). (F) BAFF-R expression was 

detected on monocytes in the inguinal lymph node 13 days post-inoculation with 

control cells and tumor 18 days post-inoculation with control cells as assessed by FACS 

(n = 4-6). Tumor infiltrates from Baffr-/- mice were used as a negative control. (G) Bone 

marrow derived inflammatory monocytes were treated with 1 ug/ml of BAFF protein 

for 24 hours 4 days post-isolation from the bone marrow. Expression of MHC-II, CD86 

and BAFFR were analyzed using FACS (n = 4). Error bars in the all experiments 

indicate SEM; *P < 0.05 as determined by a Student´s t-test (unpaired, 2 tailed) or a 

two-way ANOVA with a post-hoc test.  

 

 

 

 

 

 



3.2.5 BAFF induces differential gene expression in tumor infiltrating monocytes.  

To determine what signaling pathways are affected by BAFF in tumoral monocytes, 

we sorted tumor-infiltrating monocytes from early tumors (Day 13) and performed 

RNA-Seq analysis (Fig. 22A). As expected, monocytes sorted from BAFF tumors were 

characterized by lower PD-L1 mRNA levels (Fig. 22B). Gene set enrichment analysis 

(GSEA) was implemented to determine prominent pathways altered between 

monocytes harvested from control and BAFF tumors visualized using Cytoscape (Fig. 

23A). Immune response pathways featured prominently and were enriched in 

monocytes harvested from BAFF expressing tumors. Specifically, regulation of 

adaptive immune responses, interleukin, NF-κB and Apoptosis signaling pathways 

were enriched in monocytes harvested from BAFF expressing tumors. By contrast, cell 

cycle regulation and ECM/Collagen formation pathways were enriched in monocytes 

harvested from control tumors. Significant, individual genes differentially regulated in 

regulation of adaptive immune responses, apoptosis and NF-κB signaling pathways are 

represented in heatmaps (Fig. 23B). Genes involved in the activation of NF-κB 

signaling (Tnfrs8, Adgrg3, Id1, Malt1) were upregulated in monocytes harvested from 

BAFF tumors while negative regulators (Traip, Gas6) were downregulated. Pathways 

responsible for proliferation were enriched in monocytes harvested from control tumors. 

Fittingly, pro-apoptotic genes (Fas, Tnfsf14, Tnfrsf12A) were down-regulated and pro-

survival (Mybl2, Hells, Trim2, Pik3r3) genes were up-regulated in monocytes harvested 

from control tumors. This is in accordance with the decreased numbers of infiltrating 

monocytes observed in BAFF tumors pointing to an expansion of PD-L1 positive 

immunosuppressive monocytes in control tumors. Additionally, factors such as Pglyrp1 

which is also cytotoxic to cancer cells, were also upregulated in BAFF-tumoral 

monocytes[238]. Several factors that positively engage the adaptive arm of the immune 

system were increased in monocytes harvested from BAFF tumors indicating a shift in 

pro-inflammatory, anti-tumorigenic responses and the activation of CD8+ T and NK 

cells. Specifically, expression of receptors and factors that activate CD8+ T cells and/or 

NK cells Tarm1, Cd80, Cd86, Tnfs14 [239] were up-regulated on monocytes harvested 

from BAFF tumors. This is further supported by Ingenuity Pathway Analysis (IPA) 



which showed that the top upstream regulator in monocytes were IFNγ, TNF-α and IL-

1  (Fig. 24A) pointing to an anti-tumorigenic phenotype[240]. In contrast, cell cycle 

related genes were inactivated in BAFF tumor harvested monocytes (Fig. 24B). Taken 

together, tumoral BAFF shifts the monocytic phenotype to an anti-tumorigenic state 

and curbs expansion of PD-L1 positive immune-suppressive monocytes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22. RNA-Seq analysis in tumor infiltrating monocytes. C57BL/6 mice were 

inoculated subcutaneously with 5 × 105 of BAFF or control cells. 13 days post-

inoculation, monocytes were sorted from BAFF and control tumors. Isolated monocytes 

were analyzed using RNA-Seq analysis. (A) A PCA plot showing the distribution of the 

individual samples is shown. (B) Gene expression level of PDL1 was determined in 

sorted monocytes. Expression was normalized to GAPDH and then to control tumors 

within each independent experiment (n = 7-12, pooled from two independent in vivo 

experiments). Error bars in all experiments indicate SEM; *P < 0.05 as determined by 

a Student´s t-test (unpaired, 2 tailed).  
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Fig. 23. BAFF induces differential gene expression in tumor infiltrating monocytes. 

(A) Gene set enrichment analysis (GSEA) was implemented to determine prominent 

pathways altered between monocytes harvested from control and BAFF tumors. (B) 

Significant, individual genes differentially regulated in Regulation of Adaptive Immune 

Responses, Apoptosis and NF-κB signaling pathways are shown as heatmaps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24. BAFF induces differential upstream regulator in tumor infiltrating 

monocytes. (A-B) Top upstream regulator as assessed by Ingenuity Pathway Analysis 

(IPA) in monocytes harvested form BAFF tumors are shown. (n = 3).   
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3.2.6 BAFF-triggered differences in tumor growth are mediated by NK cells.  

As shown by the RNA-Seq data, monocytes from BAFF tumors were enriched for 

factors activating cytotoxic lymphocyte CD8+ T and NK cells, which are directly 

responsible mediating tumor cell death [241]. We therefore wondered about the effects 

of BAFF on cytotoxic lymphocytes. First, we evaluated tumor infiltrating CD8+ T cells 

using FACS analysis and found that there were no differences in infiltrating CD8+ T 

cell numbers between BAFF and control tumors (Fig. 25A). Expression of surface 

molecule exhaustion markers Programmed Cell Death 1 (PD-1) and interleukin 7 

receptor (IL-7R) were not different between CD8+ T cells isolated from BAFF and 

control tumors (Fig. 25B). Similarly, there was no difference in markers indicating 

improved T cell immunity such as Granzyme B or Eomes between CD8+ T cells 

harvested from BAFF and control tumors (Fig. 25B). When Cd8-/- mice were inoculated 

with BAFF and control cells, there were significant differences in tumor growth 

between BAFF and control tumors (Fig. 25C) indicating that the phenotype is largely 

not dependent on CD8+ T cells. This finding is not unexpected given that activation of 

cytotoxic T cells is an MHC class I bound antigen specific process. Although our B16 

cells also express the H-2Db-restricted GP33 peptide CTL epitope (residues 33 to 41 of 

the glycoprotein from the lymphocytic choriomeningitis virus (LCMV)) CTL epitope 

[242], numbers of tetramer specific CD8+ T cells, while present, were low in the tumor 

and inguinal lymph node (Fig. 25D).  

In addition to CD8+ T cells, cytotoxic lymphocytic elimination of cancer cells can 

also be mediated by natural killer (NK) cells whose cytotoxic tumor-killing functions 

are independent of MHC-mediated antigen presentation [241, 243]. BAFF and control 

tumors were characterized by similar levels of NK infiltrates (Fig. 26A). Upon 

depletion of NK cells, there was no difference in growth between the BAFF and control 

tumors (Fig. 26B) indicating that NK cells contribute to the observed phenotype. Indeed, 

NK cells in BAFF tumors were characterized by increased expression of Granzyme B 

and IFNγ as compared to NK cells in control tumors (Fig. 26C). The pleiotropic 

cytokine interferon gamma (IFNγ) which is produced by activated lymphocytes 

including NK cells, has a complex, often beneficial role in anti-tumor immunity and 



has been shown to be an effector of cytotoxic NK cells [243]. When we inoculated IFNγ 

knockout mice (Ifng-/-) with BAFF and control tumor cell lines, there was no difference 

between BAFF tumor and control tumor growth (Fig. 26D). The growth of both BAFF 

and control tumors in the Ifng-/- mice was comparable to the control tumors in B6 mice. 

There were no differences in tumoral IFNγ levels at the early time points although at 

day 18 post tumor inoculation IFNγ levels were higher in BAFF tumors but 

comparisons are difficult due to the size differential between BAFF and control tumors 

at the later time points (Fig. 26E). Addition of BAFF to ex vivo cultures of NK cells did 

not alter their ability to kill target cells (Fig. 26F) indicating that the engagement of the 

other immune infiltrates is needed to alter their phenotype in the context of BAFF and 

control tumors. However, when we isolated monocytes from BAFF and control tumors 

and added them to ex vivo cultures of NK cells and RMA/S cells, there was no 

difference in NK cell killing ability (Fig. 26G). Taken together, while NK cells rather 

than CD8+ T cells were the main contributors to the observed growth differences 

between BAFF and control tumors, the effects are likely not mediated between a direct 

monocyte-NK cell interaction.  

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25. BAFF-triggered difference in tumor growth is not dependent on T cells. 

(A-C) C57BL/6 mice were inoculated subcutaneously with 5 × 105 of BAFF or control 

cells and tumors were analyzed as indicated. (A) Numbers of CD8+ T cell infiltrates in 

BAFF and control tumors were analyzed at the indicating time points post tumor 

inoculation using FACS analysis (n = 6-7, pooled from two independent in vivo 

experiments). (B)Tumor infiltrating CD8+ T cells were stained for markers of activation 

and exhaustion using FACS analysis (n = 3-9). (C) Cd8-/- mice were inoculated 

subcutaneously with 5 × 105 of BAFF or control cells and tumor growth was followed 

(n = 3-6). (D) Numbers of gp-33 specific tetramer CD8+ T in BAFF and control tumors 

as well as inguinal lymph nodes were analyzed at day 13 post tumor inoculation using 

FACS analysis (n = 3-4). Error bars in the all experiments indicate SEM; *P < 0.05 as 

determined by a Student´s t-test (unpaired, 2 tailed).  
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Fig. 26. NK cells mediate BAFF-triggered differences in tumor growth. (A) 

C57BL/6 mice were inoculated subcutaneously with 5 × 105 of BAFF or control cells. 

Numbers of NK1.1+ cell infiltrates in BAFF and control tumors were analyzed at day 

13 post tumor inoculation using FACS analysis (n = 8-10, pooled from two independent 

in vivo experiments). (B) C57BL/6 mice treated with NK cell depleting antibody (anti-

Nk1.1) were inoculated subcutaneously with 5 × 105 of BAFF or control cells and tumor 

growth was followed (n = 5, pooled from two independent in vivo experiments). (C) 

Granzyme B (GZMB) and IFNγ intracellular expression was measured in tumor 

infiltrating NK1.1 cells using FACS analysis at day 13 post tumor inoculation (n = 4-

5). (D) Ifng-/- and C57BL/6 mice were inoculated subcutaneously with 5 × 105 of BAFF 

or control cells and tumor growth was followed (n = 5-8, pooled from two independent 

in vivo experiments). (E) The levels of IFNγ in BAFF and control tumors were 

determined using ELISA at the indicated time points (n = 6-10), pooled from two 

independent in vivo experiments). (F) The cytotoxic activity of BAFF (250 ng/ml) 

treated NK cells to RMA/S cell was measured at the indicated effector/target ratios (n 

= 3). (G) The NK cells combined with monocytes harvest from BAFF or control tumors 

to kill RMA/S cell was measured at the indicated effector/target ratios (n = 3). Error 

bars in the all experiments indicate SEM; *P < 0.05 as determined by a Student´s t-test 

(unpaired, 2 tailed) or a two-way ANOVA with a post-hoc test. 

 

 

 

 

 

 

 

 

 

 

 



4 Discussion 
4.1 Anti-tumor effect of small molecules in melanoma [201] 

Our screen identified several potential hits with anti-melanoma activity including 

serotonin agonists and other compounds, such as statins, anthelmintics and antifungals 

which are already being re-purposed as anti-cancer agents pre-clinically or in the 

clinical setting. The serotonin signaling class of compounds that were positive hits in 

the original screen included serotonin agonists as well as the anti-depressants 

indatraline and maprotiline. The latter two are multi-functional and not only prevent the 

re-uptake of serotonin but also dopamine and norepinephrine and did not have 

appreciable anti-melanoma activity when compared to the other compounds in the 

serotonin signaling class including TM. Serotonin signaling occurs when serotonin, a 

neurotransmitter present in the gut, blood platelets and the central nervous system 

(CNS), binds to serotonin receptors (5-HTRs) resulting in complex physiological and 

behavioral changes affecting mood, cognition, digestion, pain perception [214, 244]. 

The pharmacological opportunities to modulate these physiological processes and 

impact human disease are vast and have resulted in a plethora of 5-HTR agonist and 

antagonist ligands. There are seven families of human serotonin receptors mostly part 

of the G-protein coupled receptor family differentially expressed throughout the CNS, 

liver, kidney, heart, gut [214]. We were intrigued by the possibility of investigating TM 

because the role of serotonin signaling in cancer remains controversial. Serotonin and 

5-HTR2A agonists were found to induce melanogenesis in melanoma cell lines [245].  

Jiang et al. reported increased levels of serotonin and 5-HTR2B in human pancreatic 

ductal adenocarcinomas which promoted pancreatic tumor growth in mice [246]. Many 

other studies have similarly reported growth stimulatory effects of serotonin signaling 

through various 5-HTRs and inhibitory effects of 5-HTR antagonists in many tumor 

types [247, 248]. However, there have also been reports, albeit much fewer, suggesting 

that treatment with serotonin agonists might also have anti-cancer effects in glioma 

[249] and breast cancer cells [250]. Involvement within the autocrine loops and 



activation of the MAPK, JNK, PI3K/Akt/mTOR [246, 247] pathways has been 

implicated in serotonin’s mitogenic role.  

We did not observe any pro or anti-mitogenic effects following treatment with 

serotonin (5-HT) in melanoma cells. Co-treatment of TM with 5-HT did not affect the 

compound’s ability to induce apoptosis in the melanoma cells. This suggests that the 

affinity of the synthetic ligand TM is stronger for the 5-HTR’s than for the natural ligand 

5-HT, and/or that the pro-apoptotic effects of TM can be uncoupled from serotonin 

signaling. Treatment with 5-HTR ligands, agonists or antagonist presents a complex 

scenario. As previously reported [247] treatment with one ligand can yield opposing 

concentration dependent results. Serotonin signaling following TM treatment might 

occur through other 5-HTRs. TM has been reported to be an agonist for the 5-HTR1A-

D and an antagonist for 5-HTR2A-B [251]. In our case, we used doses in the low 

micromolar range, high enough to elicit tumor apoptosis inducing pleiotropic effects 

[251, 252]. Although we did not observe significant changes in cAMP levels and 5-HT 

responsive genes following TM treatment in most of the cell lines, increased p-CREB 

levels were observed in the SH4 and MEL-JUSO cells suggesting a possible 

involvement of other serotonin receptors including ones previously unidentified as 

being targets for TM. However, other antagonists and agonists present in the screen 

including the 5-HTR4 agonists (Cisparide) that did not have any anti-cancer effects 

further suggesting that TM is uniquely acting to distinctly target other molecules, likely 

upstream receptors or kinases upstream of the PI3K/Akt/mTOR pathways.  

The current repertoire of clinically approved treatment options in melanoma 

encompasses agents that inhibit proliferation and induce cell death [253]. This includes 

targeted inhibitors of the BRAF pathway and checkpoint inhibitors. The former class 

of agents such as Vemurafenib cause cell arrest and trigger apoptosis [230, 254] while 

the checkpoint inhibitors cause immunogenic cell death through lytic and apoptotic cell 

death mediated by activated CD8+ T and NK cells respectively [253, 255]. Resistance 

to the targeted inhibitors and variable checkpoint inhibitor response rates has shifted 

the focus in recent years interest to finding novel combination treatments to overcome 

resistance and increase response rates [256]. Strategies include targeting other forms of 



cell death such as necroptosis [257], inhibiting MAPK reactivation that occurs 

following targeted therapy treatment, and concomitantly inhibiting other pathways 

including the PI3K/Akt/mTOR [258, 259].     

Recently, a report has shown phosphorylation of S6 to be a marker of sensitivity to 

BRAF mutated melanoma and that suppression of S6 after MAPK treatment was a 

predictor of progression-free survival [219]. In our investigation, TM’s suppression of 

p-S6 and its strong synergy with vemurafenib in BRAF mutated human melanoma cell 

lines is in accordance with the above report. Importantly, TM also suppressed S6 

phosphorylation in non-BRAF mutated melanoma cell lines indicating a broader 

therapeutic potential of TM in patients without the BRAF mutation but where the 

PI3K/Akt/mTOR pathway is activated such as in patients harboring NRAS mutations 

[259]. The suppression of S6 phosphorylation is likely mediated by decreased mTORC1 

activity as phosphorylation of the direct upstream regulator of S6, p70 S6 kinase was 

also blunted. mTORC1 integrates several upstream pathways related to cellular growth 

and metabolism including MAPK through RSK [218], PI3K/Akt [221] as well as the 

liver kinase B1 (LKB1)-adenosine monophosphate-activated protein kinase (AMPK) 

[260]. As TM did not perturb the MAPK pathway but decreased Akt phosphorylation 

at a residue known to be phosphorylated by mTORC2 [223], it’s likely that S6 is 

affected through the PI3K/Akt pathway although the potential contribution of AMPK 

would also have to be explored. Interestingly, Yoon et al. found that dual mTORC1/2 

inhibition following treatment with Torin1 in A375 melanoma cells induced focal 

adhesion re-organization increased the size of focal adhesions and increased migration 

and invasion in vitro [225]. TM did not phenocopy Torin 1 using B16F10 cells, as 

treatment with TM decreased the number of metastases in vivo in an immuno-

competent murine model where the presence of tumor infiltrating lymphocytes was 

considered. The immunosuppressive and pro-tumorigenic contribution of regulatory 

CD4+ T cells in the tumor microenvironment is well established [261]. As the 

infiltration and FOXP3 expression on regulatory CD4+ T cells in TM treated tumors 

was decreased, this likely contributes to TM’s anti-cancer effects in vivo.         



Tegaserod (Zelnorm, Zelmac) which is used for the treatment of irritable bowel 

syndrome (IBS) [262, 263] was also shown to be effective against chronic constipation 

[264]. Although Tegaserod was well-tolerated and effective, it was removed off the 

market in the Unites States in 2007 at the FDA’s request [265] chiefly due 

cardiovascular (CV) safety concerns raised through retrospective clinical trial analysis. 

However, all adverse cardiovascular events occurred in patients with CV disease and/or 

CV risk factors. Furthermore, the link between Tegaserod and adverse CV outcomes 

was not recapitulated in subsequent epidemiological studies [266, 267] which found no 

association between Tegaserod use and adverse CV’s. The tolerability and availability 

of the drug would likely outweigh the relatively low cardiovascular risk (0.1%) 

associated with Tegaserod usage especially in melanoma patients with few treatment 

options. In vivo, TM retarded decreased metastatic and primary tumor growth, induced 

apoptosis and suppressed p-Akt and p-S6 in tumor cells. TM is available in generic 

form and has the potential to be re-purposed as an anti-melanoma agent. The dose we 

used in mice is roughly equivalent to a Human Equivalent Dose (HED) [268]. Given 

that TM is available as a 6 mg pill administered twice daily, the doses we used in our 

in vivo studies are within the physiological range. Furthermore, as the compound 

synergized with Vemurafenib and other kinase inhibitors currently used in melanoma 

patients with late-stage disease, this is likely a favorable point of clinical entry 

especially since most patients eventually develop resistance to Vemurafenib and other 

kinase inhibitors [256, 258]. Furthermore, as the BRAF WT cohort of patients are a 

diverse group, treatment options are much less clear cut [253, 269] although 

immunotherapies, as with BRAFV600E melanoma are a promising albeit costly treatment 

approach [108]. Currently there are a lot of different combinations in clinical trials using 

MEK in combination with inhibitors of the PI3K/AKT/mTOR axis (NCT01941927, 

NCT01363232, NCT01337765) [269]. 

 

 

 



4.2 Function of BAFF in melanoma 
BAFF plays a crucial role in anti-tumor immunity through its effects on immune 

cells within the TME, lymph nodes and systemic circulation. While the recent study by 

Yarchoan et al. has focused on the application of systemic BAFF and effects on B cells 

[200], through tumor-specific expression of BAFF, we found that monocytes were 

critical to maintaining the delay in tumor growth in BAFF expressing tumors. Within 

the TME, monocytes are crucial in maintaining an immunosuppressive, pro-

tumorigenic phenotype that can hinder immunotherapy and this has been demonstrated 

in several tumor types including melanoma [236, 270-274]. Monocytes, particularly 

PD-L1 positive monocytes also termed myeloid-derived suppressor cells (MDSC), can 

exert their immunosuppressive effects through inhibition of anti-tumor functions of T 

and NK cells, secretion of immunoregulatory cytokines and presentation of surface 

inhibitory molecules [236, 271, 275].   

In our model system, monocyte numbers were decreased in BAFF tumors 

indicating that BAFF inhibited their infiltration and/or expansion within the TME. 

Given that pro-apoptotic genes were upregulated and proliferation genes 

downregulated in monocytes harvested from BAFF tumors, the latter explanation is 

plausible. Positive regulators of NF-κB signaling were upregulated in monocytes 

harvested from BAFF tumors while negative regulators were downregulated. Signaling 

cascades caused by binding of BAFF to the BAFF-R are mediated NF-κB signaling. As 

BAFF-R was detected on monocytes in the tumor draining lymph node and TME and 

the phenotype was abrogated in Baffr-/- mice, we postulate that forward signalling 

directly through the BAFF receptor on monocytes is occurring in our system. This is 

supported by studies that have demonstrated the direct effects of BAFF on monocytes 

and cell lines. Chang et al. found that ex vivo treatment with BAFF promoted activation 

and differentiation of primary monocytes that expressed TACI following stimulation 

with BAFF or IL-10 [276]. Others have shown that BAFF-mediated reverse or forward 

signalling in the monocytic THP-1 cell line inhibited trans-migrational and phagocytic 

activities and increased inflammatory activation [184, 185]. BAFF mediated forward 



signalling can occur when BAFF is solubilized or tethered [147]. Although soluble 

BAFF was detected in in vitro cultured BAFF cells, within the context of the tumor 

micro-environment, increased BAFF expression was detected via immunofluorescent 

surface staining. Although the BAFF antibody was raised against soluble portion of 

BAFF and the antibody would recognize both tethered and soluble BAFF, the lack of 

difference in soluble BAFF as measured by ELISA suggests that the BAFF in our 

system was not cleaved.  

The resulting lower expression of PD-L1 on tumor infiltrating monocytes in BAFF 

tumors is likely a result of a general shift in balance in monocytic immunosuppressive 

functions rather than a direct consequence of BAFF-induced signaling. Furthermore, it 

remains to be elucidated how PD-L1 was downregulated on CD45.2- cells. However, 

clearly the differences in PD-L1 monocytic and/or tumoral expression have functional 

consequences as blocking PD-L1 using a monoclonal antibody abrogated the phenotype 

in vivo. Although many studies investigating the PD-1/PD-L1 axis have focused on the 

suppressive effects of exhausted T cells [277, 278], PD-L1 signaling can also affect 

other immune populations. Hartley et al. demonstrated that PD-L1 signaling in TAMs 

impacted tumor growth and that treatment with an anti-PD-L1 antibody decreased PD-

L1 mediated constitutive negative signals to macrophages. TAM activation through 

stimulation with an anti-PD-L1 antibody increased anti-tumor effects through mTOR 

pathway activity and increased inflammatory activity [279]. Tumor-bearing Rag-/- mice, 

which lack T and B cells, were responsive to combined anti-PD-L1 and anti-PD1 

therapy suggesting that the expression of PD-L1 on immune cells influences their 

immunosuppressive phenotype and can subsequently shape the tumor micro-

environment independently of T cells.  

Upregulation of PD-L1 in the tumor microenvironment has been shown to be 

mediated by IFNγ [280] and interferon receptor signaling pathways [281] as well as by 

monocyte-derived IL-10 [270] and TNF-α [282]. Although IFNγ was shown to be 

crucial for the growth difference maintenance between BAFF and control tumors, it is 

likely not a causative factor for the differences in PD-L1 expression as there was no 

difference in IFNγ levels within the tumor at the early time point and higher secreted 



IFNγ in BAFF tumors at later time points. Secreted IL-10 within the tumor was not 

detectable and, as determined by tumor expression data, there were also no difference 

in interferon signalling and TNF-α making it unlikely that decreased PD-L1 expression 

on monocytes within BAFF tumors was caused by these factors. mRNA expression of 

platelet-derived growth factor subunit B (PDGF2) and fibroblast growth factor receptor 

1 (FGFR1) was downregulated in BAFF tumors and it’s possible that this difference 

contributed to the observed differences in PD-L1 expression. In a syngeneic breast 

tumor model, inhibition of FGFR1 was recently shown to enhance the immunogenicity 

of the pulmonary tumor microenvironment and reduce the numbers of myeloid 

suppressor cells [283, 284]. Thus, the possible contribution of these factors in shaping 

the TME remains to be further explored. Taken together host and tumor derived PD-L1 

expression particularly in the myeloid compartment is crucial regulating anti-tumor 

immunity and is involved in tumor evasion in cell lines of varying immunogenicity 

[285].  

In the B16.F10 melanoma system, NK cell depletion abolished the difference in 

growth between BAFF and control tumors, and we can conclude that NK-mediated 

cytotoxicity plays a crucial role in maintaining the phenotype. NK cytotoxic effector 

function is governed by a balance between expression of inhibitory and activating 

receptors on NK cells and their subsequent interactions with corresponding 

ligands[243]. Others have shown that monocytes can directly inhibit NK cytotoxicity 

including through the PD-1/PD-L1 axis [286, 287] and that PD-1 plays a role in NK 

cell cytotoxic functions [288]. In our experimental system, decreased PD-L1 expression 

on monocytes might increase NK cell activation. However, as ex vivo incubation of NK 

cells, monocytes and BAFF did not lead to increased NK cytotoxicity we cannot state 

that this is the case in our system. However, the limitation of an ex vivo assay in 

recapitulating the TME, does not entirely rule out this possibility. Furthermore, the role 

of tumoral BAFF on CD8+ T cells in a more immunogenic system should be further 

explored especially as Yarchoan et al. demonstrated that systemic BAFF increased TH1 

polarization [200]. Although CXCL9 mRNA was increased in control tumors, we 

observed no differences in CD8+ T cell infiltrates, function and exhaustion/activation 



markers. The chemokine Cxcl9 is produced by myeloid cells and can have both context 

specific anti and pro-tumoral roles within the TME [289] and its function in our system 

is subject to further investigation.  

Increasing BAFF levels within the tumor could be an attractive therapeutic option. 

As already shown by Yarchoan et al., this could be accomplished by use of BAFF as a 

vaccine adjuvant [200] and/or incorporation of BAFF into virus-based therapeutic 

vaccines or oncolytic viruses. To increase antigen processing through the endoplasmic 

reticulum (ER), Wu et al. fused BAFF with an E7 antigen in a tumor-specific DNA 

vaccine and found that the presence of BAFF enhanced E7-specific CD8+ T cell 

responses [290]. Another strategy would be to trigger tumor-infiltrating cells to produce 

BAFF within the tumor micro-environment. It is expected that therapies which 

currently attempt to increase T cell stimulation and IFNγ production might also result 

in increased BAFF production from infiltrating innate immune cells. However, the 

unintended consequences of raising tumoral BAFF levels in the context of applied 

immunotherapies and decreased PD-L1 expression require further exploration.  

 

 

 

 

 

 

 

 

 

 

 

 

  



5 Conclusion  
To screening out new effective molecules for melanoma treatment, we identified a 

compound, Tegaserod, that was effective in inducing apoptosis in both BRAFV600E and 

BRAF WT melanoma. Tegaserod blunted phosphorylation of S6 through inhibition of 

the PI3K/Akt/mTOR pathway in vitro and in vivo. Tegaserod synergized with 

Vemurafenib in BRAFV600E human cell lines and could also be combined with 

Cobimetinib in BRAF WT cell lines. Tegaserod has the potential to be readily translated 

to the clinic especially in the case of BRAF WT melanoma where fewer approved 

treatment options exist. 

To better understand the contribution of the BAFF cytokine in the solid tumor 

microenvironment, we generated BAFF overexpressing melanoma cell lines and 

examined the ability to influence primary tumor growth. We identified a novel role for 

the BAFF cytokine in the context of melanoma tumor growth. We have shown BAFF 

to decrease the numbers and suppressive phenotype of infiltrating monocytes and as a 

consequence, alleviate the immunosuppressive tumor environment. Taken together, the 

second section in this thesis highlights the important role of BAFF in anti-tumor 

immunity.             
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