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ABSTRACT 

Title of Dissertation: Identification and Characterization of Regorafenib and NU7441 as 

Targeted Immunotherapies for Melanoma 

Alexander K. Tsai, Doctorate of Philosophy, 2017 

Dissertation Directed By:  Eduardo Davila, Ph.D.,  

Associate Professor 

Department of Microbiology and Immunology 

 

The emergence of new therapeutics, including targeted therapies and immunotherapies, 

has improved prognoses for melanoma patients. Yet, each class of therapy suffers from 

unique shortcomings. Targeted therapies are only approved for approximately half of 

melanoma patients that carry a certain mutation in the BRAF gene. Additionally, 

responses to targeted therapies are almost always transient, as resistance arises rapidly. 

Immunotherapies offer, for the first time, the potential for long-term responses and 

complete regressions. However, these remarkable responses only occur in a small 

fraction of patients. The use of combination therapies is therefore emerging as a popular 

strategy to further improve outcomes in melanoma patients. The challenge is to identify 

appropriate agents that can be rationally combined to improve patient responses. We 

hypothesized that a targeted therapeutic that also altered the immunoregulatory milieu in 

a tumor might best synergize with an immunotherapy. Toward this end, high-throughput 

flow cytometry-based screening was performed with two large and diverse drug libraries 

to identify candidate therapies that augment T cell immunotherapy efficacy. Two lead 

therapies, regorafenib and NU7441, were selected based on their ability to alter a variety 



 

 

of immunomodulatory proteins, including CD55, CD73, CD155, programmed death 

ligand 1 (PD-L1), nerve growth factor receptor (NGFR), and human leukocyte antigen 

(HLA) class I in a heterogeneous panel of melanomas. The therapies were also found to 

upregulate several melanoma antigens, inhibit proliferation, and perturb commonly 

activated oncogenic signaling pathways in melanomas. T cells treated with the therapies 

proliferated normally and expressed increased CD25, CD28, inducible T cell costimulator 

(ICOS), and reduced co-inhibitory receptors. These phenotypic changes were associated 

with improved T cell function. In murine models, the compounds suppressed melanoma 

progression and altered various T cell subsets in the tumor microenvironment when used 

with and without various immunotherapies. Finally, regorafenib skewed intratumoral 

macrophages away from a phenotype associated with pro-tumor function. Collectively, 

these studies demonstrate for the first time that regorafenib and NU7441 influence the 

expression of immunomodulatory proteins on both tumor cells and T cells, and enhance 

the efficacy of various immunotherapies. 
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Chapter 1 : Introduction 

 

Melanoma 

 

Epidemiology 

In the United States, melanoma is the fifth most common cancer in men and sixth most 

common in women (1). Over 80,000 new cases of cutaneous melanoma are diagnosed 

each year (2). Unlike most cancers, the incidence of melanoma has continually increased 

for the past three decades (1). Of the three major primary skin malignancies, which also 

include squamous cell carcinoma and basal cell carcinoma, melanoma is by far the least 

common and accounts for only 1% (1). Yet, it also has the highest mortality rate (1). 

Approximately 10,000 individuals die from melanoma per year in the U.S (2).  

Of the various risk factors for melanoma, perhaps the most definitive factor is based on 

race and ethnicity. African American and Hispanic individuals have significantly lower 

risk for melanoma development compared to Caucasians (1). Incidence rates in 

Caucasians, Hispanics, Asians, and African Americans are 18.4, 2.3, 1.0, and 0.8 

individuals per 100,000, respectively (3). Chronic UV exposure, particularly exposures 

that lead to repeated sunburns, significantly increases melanoma risk (4). Consequently, 

individuals that reside near the equator are at higher risk (5). Beyond UV exposure, 

additional environmental risk factors have not been defined. However, chronically 

immunosuppressed individuals, such as solid organ transplant recipients, tend to have 

higher rates of melanoma (6). In addition, high numbers of moles (also called nevi) are 

linked to higher melanoma rates (7). Similarly, atypical or large nevi are also risk factors 
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(8). As with many malignancies, age is an independent risk factor, but the distribution of 

melanoma is somewhat unique (1). Melanoma rates increase with age, but melanoma is 

also relatively common in young adults compared to other malignancies. Sex is also an 

independent risk factor. Males have a higher lifetime risk of melanoma than females (1). 

A family or personal history of melanoma also increases risk for melanoma (1). Though 

inherited familial melanomas are rare, at least two syndromes – familial atypical multiple 

mole and melanoma (FAMMM) and atypical mole syndrome (AMS) – have been defined 

and many genes have been implicated (9,10). 

Biology of Melanoma: Melanocytes 

Melanoma is a type of cancer that originates from the malignant transformation of 

melanocytes. During embryonic development, a subset of neural crest cells differentiates 

into melanocytes, which primarily migrate to the skin, hair, and eyes. Melanocytes exist 

throughout the body in a variety of tissues, but are most prominently found in the skin. 

Melanocytes of the skin are isolated in the stratum basale of the epidermis. In hair 

follicles, melanocytes are concentrated near the base of hair shafts. Uveal melanocytes 

reside primarily in the uveal tract of the eye.  

Melanocytes produce melanin – the pigment that colors skin, hair, and some other tissues 

– via a process called melanogenesis. In the skin, melanin produced by melanocytes is 

secreted and transported between neighboring keratinocytes. Alpha-melanocyte 

stimulating hormone (α-MSH) is produced by keratinocytes, induced by ultraviolet (UV) 

exposure, and the primary regulatory factor governing melanin production (11,12). α-

MSH binds to melanocortin-1 receptors (MC1R) on melanocytes which results in 
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activation of molecular pathways involved in melanin production (11). Melanocytes are 

relatively quiescent and divide only one to two times per year (12).  

Molecular Biology 

Significant strides have been made toward understanding the molecular progression of 

melanoma. Most spontaneous melanomas contain molecular changes that result in some 

degree of constitutive activation of two key signal transduction pathways: the mitogen 

activated protein kinase (MAPK) pathway and the phosphoinositide 3-kinase (PI3K) 

pathway (Figure 1.1) (13-15). Generally speaking, the MAPK pathway is associated with 

proliferation, whereas the PI3K pathway and two of its primary downstream effectors, 

Akt and mTOR, are linked to survival and protein synthesis (13-15). Of course, the 

consequences of MAPK and PI3K pathway activation are complex, and extend to a 

variety of oncogenic processes. Indeed, both pathways have also been linked to changes 

in a variety of other cancer hallmarks such as migration, angiogenesis, and metabolism 

(14,15).  

The mechanisms that lead to the constitutive activation of MAPK and PI3K pathways are 

diverse, but several commonly mutated genes have been identified, some of which have 

become clinically actionable. Mutations in the Rapidly Accelerated Fibrosarcoma (RAF) 

kinases are remarkably common in melanomas. Approximately half of all melanomas 

harbor mutations in the BRAF protein, with most mutations occurring at the 600th codon 

(13). The valine in this position (indicated by BRAFV600) is commonly mutated to either 

glutamate (70-95%) or lysine (5-30%) (16). 
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Figure 1.1: MAPK and PI3K Signaling Pathways. Schematic showing relevant molecules and 

interactions in the MAPK and PI3K pathways, which are commonly activated in melanoma. The 

PI3K pathway is shown on the left and primarily leads to pro-survival signaling, protein 

synthesis, and metabolic changes.  The MAPK pathway is shown on the right and primarily leads 

to proliferative signaling. Both pathways can ultimately activate transcription of a variety of 

genes. Abbreviations: PI3K = phosphoinositide 3-kinase, MAPK = mitogen-activated protein 

kinase, RTK = receptor tyrosine kinase, PIP2 = phosphatidylinositol (3,4)-bis-phosphate, PIP3 = 

phosphatidylinositol (3,4,5)-tris-phosphate, AKT = protein kinase B (PKB), PDK1 = pyruvate 

dehydrogenase kinase 1, PTEN = phosphatase and tensin homolog, mTOR = mechanistic target 

of rapamycin, 4EBP1 = eIF4E-binding protein 1, p70S6K = ribosomal protein S6 kinase beta-1, 

GEF = guanine nucleotide exchange factor. 
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These BRAFV600 mutations result in constitutively active BRAF kinase activity, which 

phosphorylates and activates downstream molecules of the MAPK pathway (14). 

Mutations are also common in the NRAS gene, and frequently occur in the 61st codon. 

10-20% of melanomas harbor NRAS gene mutations (17). Nras can activate both the 

MAPK and PI3K pathways. Mutations in both BRAF and NRAS are thought to be early 

and potentially initiating events in melanomas (12). Interestingly, mutations in these two 

genes are almost mutually exclusive, with the co-occurrence of mutations in both genes 

in the same tumor being very rare (16,18). 

Several other mutations have been associated with melanomas at lower frequencies. 

Phosphatase and tensin homologue deleted in chromosome ten (PTEN), a negative 

regulator PI3K signaling, is mutated or lost in greater than 10% of primary melanomas 

(16-18). Rare mutations, copy number variations, and deletions can also be found in a 

variety of genes coding for cell cycle regulators (CDKN2A, CDK4, MAP2K1, TP53, and 

RB1), melanogenesis (MC1R and MITF), kinases (KIT, EGFR, MET, ERK, EPHA2, 

ERBB4, and PDGFRA), and proteins with other functions (GNAQ and GNA11) (19). 

The molecular patterns of different subtypes of melanoma (discussed below) often differ 

dramatically. For example, mutations commonly identified in chronically sun damaged 

(CSD) melanomas vary from non-CSD melanomas (12).  

Clinical Aspects of Melanoma 

 

Distinct types of melanoma are typically classified by site of origin. The most common 

types are cutaneous, ocular, and mucosal. Cutaneous melanomas often arise from nevi 
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(moles), and can be further divided into four subtypes: superficial spreading, nodular 

melanoma, lentigo maligna, and acral lentigious based on pathological analysis. Overall, 

superficial spreading cutaneous melanomas are the most common, and compose roughly 

65% of cutaneous melanomas (20). Cutaneous melanomas are further subtyped as CSD 

or non-CSD.  

Melanomas often arise from nevi which progress to dysplastic nevi, a precursor lesion. 

These nevus-based melanomas are most commonly non-CSD (12). Melanomas in the 

CSD setting are not typically associated with nevi (12). Dysplastic nevi may eventually 

progress to melanoma in situ – a diagnosis defined by histology in which lesions have not 

invaded through the basement membrane. Cutaneous melanomas begin progressing by 

growing superficially and horizontally in the upper layers of the epidermis during a 

period called the radial growth phase (RGP) (Figure 1.2). Eventually, melanomas 

progress deeper into the epidermis and subsequently, into the dermis and hypodermis 

during the vertical growth phase (VGP). Once melanomas breach the basement 

membrane they are termed invasive melanomas and can progress to malignant melanoma 

capable of spreading to distant organs (Figure 1.2). Melanomas can metastasize to any 

organ in the body, but most commonly spread to the liver, lungs, bone, and brain (21,22). 

Clinically, initial diagnosis of melanoma is often based on the appearance of a skin lesion 

evaluated by the ‘ABCDE rule’: asymmetry, border irregularity, color variegation, 

diameter, and evolution (23). Since its development in 1985, additional diagnostic 

checklists such as the Glasgow seven-point checklist, have supplemented the ABCDE 

mnemonic (24). 
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Figure 1.2: Stages of Melanoma Progression. Chronic UV exposure as well as other genetic 

and environmental factors can lead to melanocyte transformation. BRAF and NRAS mutations 

are likely early events that lead to unchecked proliferation and the radial growth phase (RGP). 

Subsequent mutations (e.g. CDNK2A, PTEN) accumulate due to genomic instability and lead to 

further progression, including the vertical growth phase (VGP). Prior to basement membrane 

invasion, melanomas may be termed melanoma in situ. After invasion, melanomas can 

metastasize to distant sites and organs. 
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Biopsy is recommended whenever melanoma is suspected, and subsequent 

histopathological analysis is the gold standard for melanoma diagnosis (25). Pathological 

reports typically include important prognostic factors such as histological subtype, 

greatest thickness (Breslow’s depth), and evidence of VGP lesions (25). Staging of 

melanoma is determined using a classic tumor, node, metastasis (TNM) system 

developed by the American Joint Commission on Cancer (AJCC) (26). Stage I patients 

have small primary tumors with no evidence of local or distant metastatic disease, and are 

further subtyped based on lesion thickness. Stage II melanomas feature larger primary 

tumors, but still lack evidence of metastasis. Stage III disease is characterized by local 

lymph node involvement or satellite metastases. Finally, patients with distant metastases 

have Stage IV melanoma. All stages except Stage IV are further divided into subtypes 

based on additional pathological characteristics. 

Like most malignancies, prognoses are significantly better for early-stage disease (Stages 

I-II) compared to late-stage disease (Stages III-IV). Survival estimates by the AJCC 

suggest that the five-year survival rate for Stage IA disease is 97% while the 10-year 

survival rate is 95%. Five-year survival rates are still high for Stage IIA melanoma, but 

drop to 53% for Stage IIC disease. The prognosis for patients with Stage IV metastatic 

disease are significantly lower, with five-year and 10-year survival rates around 15-20% 

and 10-15%, respectively. In a meta-analysis of patients with newly diagnosed Stage IV 

melanoma, median survival was 6.2 months and 1-year survival rates were around 25% 

(27). The number of treatments available to metastatic melanoma patients has increased 

dramatically over the last six years. Thus, survival rates may improve in the near future. 
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Prior to 2011, treatment of melanoma was limited to the chemotherapeutic dacarbazine, 

and less frequently, an immunotherapy, high-dose IL-2 (Aldesleukin, Proleukin ®). 

Despite dacarbazine’s Food and Drug Administration (FDA) approval for use in 

melanoma, the guanine methylating agent has never been shown to prolong overall 

survival in patients with metastatic melanoma. High-dose IL-2 administration typically 

involves 600,000 or 720,000 IU/kg intravenous infusions every eight hours for five-day 

courses, and is thought to function by promoting expansion of anti-tumor T cells. The use 

of IL-2, while occasionally inducing remarkable tumor regressions, suffers from poor 

response rates and tolerance.  

In 2011, two new therapies were FDA-approved for melanoma patients. First, in March, 

the second immunotherapy for melanoma, ipilimumab (Yervoy ®), was approved. Soon 

after, the first targeted therapy for melanoma, vemurafenib (Zelboraf ®), was approved in 

August of 2011. Other targeted therapies, including dabrafenib (Tafinlar ®), trametinib 

(Mekinist ®), and cobimetinib (Cotellic ®) along with additional immunotherapies 

including nivolumab (Opdivo ®) and pembrolizumab (Keytruda ®) have followed 

(discussed in detail below). These targeted therapies and immunotherapies have become 

the backbone of clinical management of advanced metastatic melanoma. However, 

selection of which agents to use in certain patients, the ideal sequencing of therapies, and 

particularly, the use of combination therapies remains unclear. Nevertheless, these 

therapies have demonstrated prolonged progression-free survival and overall survival in 

phase III clinical trials versus previous standards of care (28-33). 
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Therapies for Melanoma 

Currently, there are a total of nine targeted therapies or immunotherapies approved for 

melanoma (Table 1.1). Four of these are targeted therapies: the BRAF inhibitors, 

vemurafenib and dabrafenib, and the MEK inhibitors, trametinib and cobimetinib. Thus, 

all current melanoma targeted therapies target the MAPK signaling pathway. 

Vemurafenib and dabrafenib are selective BRAFV600 inhibitors, meaning they bind to 

and inhibit BrafV600 mutated proteins with slightly higher affinity compared to wild-

type Braf (3-fold and 6-fold higher, respectively) (34,35). The therapies are both 

approved as first-line options for patients with BRAFV600-mutated melanomas. In 

clinical trials, vemurafenib and dabrafenib extended overall survival versus 

chemotherapy-treated patients by a median of 3.9 months for both drugs (36,37). 

Trametinib and cobimetinib target Mek1 and Mek2 which act immediately downstream 

of Braf in the MAPK pathway. Trametinib is approved as a second-line option for 

patients with BRAFV600 mutations. Cobimetinib is approved for combination therapy 

along with vemurafenib in BRAFV600 positive patients. Both BRAF and MEK inhibitors 

are typically well tolerated (29,30,38). The most common adverse effects associated with 

BRAF inhibitors are cutaneous events, fatigue, and arthralgia (29,30). 

Approximately 50-60% of patients respond to selective BRAF inhibitors (29,30,36,37). 

Response rates of approximately 25% are observed in BRAF-mutant melanoma patients 

treated with MEK inhibitors (38). Yet, several shortcomings limit the overall efficacy of 

targeted therapies.  
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Table 1.1: Approved Therapies for Melanoma. Abbreviations: IL-2 = interleukin-2; CTLA-4 = 

cytotoxic T lymphocyte-associated protein-4; PD-1 = programmed-death 1; N/A = not applicable. 
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First, while MEK inhibitors are in clinical trials for use in patients without BRAF 

mutations, targeted therapies are currently approved for use only in patients with 

BRAFV600 mutations. Thus, targeted therapies are unavailable for approximately half of 

the melanoma patient population. Patients with NRAS mutations or wild-type BRAF and 

NRAS are only offered immunotherapies, and if these fail there are no additional FDA-

approved therapies available currently. Even for patients who can be offered targeted 

therapies, a serious and perhaps even more important limitation of targeted therapies is 

based on drug resistance (14,39-41). Approximately 50% of patients respond to BRAF 

inhibitors, while less than 25% respond to MEK inhibitors (29,30,38). These responses 

are typically transient. Similarly to all targeted therapies, resistance to both BRAF and 

MEK inhibitors arises rapidly. For BRAF inhibitors, the median time to resistance is six 

to eight months (41,42). Complete responses are also very rare, and have ranged from 1-

3% in clinical trials (29,30). Thus, limited applicability and poor durability in response to 

treatment remain important barriers in improving the overall efficacy of targeted 

therapies for melanoma.  

One potential way to overcome these issues is to combine multiple targeted therapies. 

Several clinical trials have examined the efficacy of various BRAF and MEK inhibitor 

combinations (31,43-46). BRAF and MEK inhibitor combinations can prolong 

progression-free survival length by approximately 3-4 months (effectively, the time 

before resistance arises) (31,43). In addition, targeted therapy combinations can reduce 

the rate of a unique adverse effect observed with BRAF inhibitors – secondary skin 

neoplasms. While BRAF inhibitors selectively limit mutant BRAF activity, they can 

paradoxically activate MAPK signaling in BRAF wild-type cells (47-49). Thus, selective 
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BRAF inhibitors can, in fact, promote MAPK signaling in non-malignant cells of 

melanoma patients. While several mechanisms have been proposed, how exactly this 

paradoxical activation occurs is still unclear (48,49). Regardless, paradoxical MAPK 

activation from BRAF inhibitor use is associated with a high-rate of squamous cell 

carcinoma and/or keratoacanthoma (47). These two skin cancers have low malignant risk 

and can be treated easily. Combined BRAF and MEK inhibitor treatments significantly 

reduced rates of these cutaneous events when compared to BRAF inhibitor treatment 

alone (31,43). Despite overall improvements, targeted therapy combinations have only 

yielded modest increases in progression-free survival, and most melanomas still 

eventually gain resistance to combination therapy (46). 

In contrast with targeted therapies, immunotherapies offer very different benefits and 

drawbacks. The first immunotherapy for melanoma, high-dose IL-2 (Aldesleukin ®) was 

approved in 1998, but was used sparingly due to low response rates and poor tolerability. 

However, the field of immunotherapy has grown dramatically in the last six years, during 

which time a total of four immunotherapies received FDA approval for use in melanoma. 

Most current therapies focus on blocking inhibitory receptors (also named more recently 

as “checkpoint molecules”) that are expressed on T cells, typically after T cell activation. 

Checkpoint receptors transmit inhibitory signals to T cells in order to regulate the 

strength and duration of T cell responses – normally in the setting of infection. As 

discussed in detail below, these checkpoint receptors and their ligands are often 

expressed at elevated levels in the setting of cancer. There are three checkpoint blockade 

antibodies that are now used routinely in melanoma. The first checkpoint blockade 

antibody approved, ipilimumab, blocks the ability of cytotoxic T lymphocyte associated 
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protein 4 (CTLA-4) on T cells to bind to its ligands, CD80 and CD86 (28,50,51). 

Similarly to other checkpoint receptors, upon binding to a ligand, CTLA-4 transduces an 

inhibitory signal to T cells, which reduces T cell activation, proliferation, cytokine 

secretion, and other effector functions (50,51). Several monoclonal antibodies have also 

been approved that target the programmed death-1 (PD-1) and programmed death ligand 

1 (PD-L1) axis (52). The PD-1 checkpoint receptor is expressed on activated T cells, and 

binding to one of its ligands, PD-L1 or PD-L2, like CTLA-4, transduces a regulatory 

signal (52). Monoclonal antibodies to PD-1 (nivolumab and pembrolizumab) have been 

approved for melanoma patients, and PD-L1-targeted antibodies are currently in clinical 

trials (32,33,53). A final and unique immunotherapy, talimogene laherparepvec (T-VEC, 

Imlygic ®), was approved for melanoma in 2015 (54). T-VEC is an oncolytic virus 

composed of a modified herpes simplex virus type 1 (HSV-1) engineered to secrete the 

cytokine granulocyte macrophage colony-stimulating factor (GM-CSF). T-VEC is 

thought to selectively infect and lyse melanoma cells, and may also induce an associated 

anti-tumor immune response (55).  

Immunotherapies have truly revolutionized the treatment of melanoma and greatly 

improved patient outcomes. For the first time, complete and durable remissions are 

possible. Some metastatic melanoma patients from the initial ipilimumab clinical trial 

which began recruitment in 2004 are still alive and melanoma-free today – in some cases, 

over 10 years after receiving immunotherapy treatment (56). Yet, response rates to 

ipilimumab are very low: less than 10% (28). Objective responses occur more frequently 

with PD-1-targeted antibodies, but still are only approximately 30% (32,33,57). Further, 

only a fraction of patients that initially respond to immunotherapies will ultimately 



15 

  

experience complete and durable remissions. Thus, while dramatic responses are 

occasionally observed, the majority of patients fail to respond or experience transient 

partial responses to checkpoint blockade. Early clinical trials for T-VEC have 

demonstrated “durable” response rates (objective responses lasting greater than six 

months) of around 16%, but overall survival was only extended 4.4 months compared to 

GM-CSF alone, and the true durability of responses remains to be seen (54). In addition, 

T-VEC is currently administered intratumorally, which can be laborious, technically 

challenging, and sometimes impractical for patients with inaccessible metastatic lesions. 

Thus, for immunotherapies to have a larger impact on melanoma, response rates and 

magnitudes of responses must be improved. 

The reasons for relatively low response rates to immunotherapies remain unclear and are 

the subject of extensive investigation. For PD-1-targeted therapies, a significant 

investment has been made in evaluating PD-L1 as a potential biomarker of therapeutic 

response. Yet, the usefulness of PD-L1 expression remains controversial (58,59). 

Differences in sample preparation, the use of automated systems, immunohistochemical 

(IHC) cutoffs, biopsy site, antibody clones used, prior treatments, distinguishing between 

tumor and immune cells, and time of biopsy have led to significant variability in 

measured value of PD-L1 as a biomarker (58,59). Nevertheless, several PD-L1-based 

predictive companion tests are now FDA-approved (60). Several groups have also 

revealed that patients with Th1 or inflammatory signatures based on microarray analyses 

exhibit improved responses to checkpoint blockade (60-62). Yet, these microarray-based 

assays may not be practical for clinical application. While identification of new and 

improved biomarkers will aid in therapy selection for melanoma patients, development of 
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new strategies to improve response rates to immunotherapies would undoubtedly have a 

greater impact on patient outcomes. 

Immunotherapy combinations have also been evaluated in early clinical trials. Results 

from a Phase I clinical trial comparing combination nivolumab and ipilimumab and a 

sequential regimen, showed improved response rates (53% in the combination versus 

20% in the sequential regimen) (63). Further clinical trials have confirmed that 

nivolumab and ipilimumab combination treatment results in higher response rates than 

either monotherapy (64-66). Similar response rates have been observed in an early 

clinical trial using pembrolizumab with ipilimumab (67). While combining PD-1 and 

CTLA-4 therapies may be a suitable approach to improve response rates, a profound 

increase in the rate and severity of adverse effects (AEs) is associated with combination 

therapy. In a Phase III trial, nivolumab combined with ipilimumab resulted in grade 3 or 

4 AEs in 55% of patients versus 16% and 27% of patients taking either nivolumab alone 

or ipilimumab alone, respectively (66). Over one third of patients (36.4%) discontinued 

combination therapy based on AEs versus 7.7% and 14.8% of patients taking nivolumab 

or ipilimumab, respectively (66). Many of the dose-limiting AEs reported in clinical trials 

are those with potential immunologic causes, including colitis and hepatotoxicity (66). 

Combining other immunotherapies in future investigations could, therefore, result in poor 

tolerability due to high rates of immune-related AEs. 

Targeted Therapy & Immunotherapy Combinations 

Despite their successes, as discussed above, neither targeted therapies nor 

immunotherapies have thus far been able to deliver sustained curative potential for most 
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melanoma patients. Therefore, some efforts have been made to combine various targeted 

therapies with immunotherapies. Most preclinical and clinical studies in this category 

have focused on combining therapies that have already been approved for melanoma 

patients. Currently, there are at least 10 clinical trials evaluating the efficacy of 

concurrent or sequential combination therapies using BRAF and/or MEK inhibitors with 

CTLA-4, PD-1, or PD-L1 targeted immunotherapies (68). These studies have been 

supported by extensive preclinical investigations that have focused on the potential 

immunogenic effects of MEK and BRAF inhibitors and combination therapies using 

these targeted inhibitors with a variety of immunotherapies (69-80).  

The rationale for targeted therapy and immunotherapy combinations originate in large 

part from findings suggesting that BRAF and MEK inhibitors can favorably 

immunomodulate melanomas. The earliest studies evaluated the immunomodulatory 

effects of MEK inhibitors on melanoma. In 2006, two groups independently showed that 

MEK inhibitors were capable of increasing antigen expression in melanoma cell lines 

while reducing the secretion of potentially immunosuppressive cytokines (69,70). These 

studies were conducted before the development of selective BRAF inhibitors, and 

subsequent findings suggested BRAF inhibitors had similar effects (71). Several ensuing 

studies showed that BRAF inhibitors can alter melanoma immunogenicity, in part by 

upregulating melanoma antigens and by altering the cellular composition of the tumor 

microenvironment (71-73). Some initial efforts to delineate the molecular mechanisms by 

which BRAF and/or MEK inhibitors enhance anti-tumor immunity have also been 

conducted and implicated CD40 ligand (CD40L), interferon gamma (IFN-γ), and the 

chemokine, Ccl2 (74,75). These basic findings have led to multiple clinical studies which 
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confirmed upregulation of melanoma antigens and increases in tumor-infiltrating 

lymphocytes (TILs) in patients treated with BRAF and/or MEK inhibitors (81-83). 

Several investigations have also examined the preclinical efficacy of targeted therapy and 

immunotherapy combinations. The vast majority of findings have focused on the use of 

either BRAF or MEK inhibitors used alongside a variety of immunotherapies. BRAF or 

MEK inhibitors improve outcomes in animal models when used with adoptive cell 

therapy (ACT), anti-PD-1 or PD-L1 antibodies, CTLA-4 antibodies, and agonistic 

antibodies to co-stimulatory molecules such as CD137 (4-1BB) (72,76-80). Thus, there is 

a significant body of literature supporting the clinical development of targeted therapy 

and immunotherapy combinations. 

Based on promising preclinical data, several early clinical trials examining combination 

therapy have been completed or are underway. Two completed trials focused on 

combining BRAF inhibitors with ipilimumab. Unfortunately, both trials were terminated 

due to severe adverse events (57,84,85). One trial was halted based on asymptomatic 

elevations in liver function enzymes suggesting potential hepatotoxicity, while the 

remaining trial cited gastrointestinal pathology with potential for intestinal rupture. Other 

trials examining PD-1- or PD-L1-directed therapies with BRAF and/or MEK inhibitors 

are ongoing (86). While the overall efficacy of this combination is still unclear, early 

results suggest the tolerability of this combination is improved over ipilimumab-

containing combination therapy (86). Notably, the aforementioned trial, which is 

examining anti-PD-L1 antibody therapy along with BRAF and/or MEK inhibitors, is the 

only trial to examine combination efficacy in BRAF wild-type patients. Due to the 
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unforeseen toxicities with combination therapy, many additional trials are examining the 

efficacy of sequentially administered targeted and immunotherapy regimens. It is not yet 

clear if this staggered approach would result in reduced efficacy compared to 

simultaneously-delivered combination therapies. In 2016, at least 10 clinical trials were 

planned, ongoing, or completed using either concurrent or sequential targeted plus 

immunotherapy combinations (68).  

Tumor Immunology and Cancer Immunotherapy 

 

Immunosurveillance 

While the field of tumor immunology has only recently resulted in medically impactful 

findings, it is quite old. Originating in the 1890s through work by Dr. William Coley, 

support for the field has oscillated over the past century (87). However, it is now clear 

that the immune system can, in fact, influence tumor progression in a wide variety of 

malignancies. In addition, there is growing evidence that the immune system plays an 

essential role in a process termed ‘immunosurveillance’ (88). At this stage, the immune 

system is thought to be involved in detecting and eliminate transformed tissues before 

they become clinically consequential. Consistent with this hypothesis, immunodeficient 

animals and immunosuppressed people show greater incidence of a variety of tumors 

(89). A broader theory of tumor immunology focuses on three stages: elimination, 

equilibrium, and escape (Figure 1.3) (88,90-93). In the first stage, which is the case in 

most healthy individuals, occult transformed tissues are thought to be eliminated rapidly 

after forming. Both innate and adaptive immune cells are believed to be crucial in 

detecting abnormalities in these cells and signaling for their destruction.  
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Figure 1.3: Immunosurveillance – Elimination, Equilibrium, and Escape. Most occult 

transformed cell populations are rapidly eliminated by the immune system. In some cases, a 

portion of transformed cells persist and reach a state of equilibrium. At this point, immune 

selection occurs and malignant cells acquire changes that eventually allow for immune escape. 

Many mechanisms have been identified that lead to immune escape and result in unchecked 

proliferation of tumors.  

  



21 

  

During an individual’s lifetime, it is posited that the vast majority of premalignant tissues 

are eliminated in this manner. However, in some cases, a small percentage of transformed 

cells may persist to enter a stage of equilibrium. In this setting, the immune system 

prevents tumor cell expansion, but is unable to completely eradicate the transformed 

cells. Over time, a process known as “immune selection” occurs. During immune 

selection, the genomic instability of transformed cells allows for evolution to occur – 

changes in the transformed cells create subclones that render them more or less 

immunogenic. Eventually, a particular subclone gains sufficient genetic changes to 

subvert the immune system sufficiently so that it proliferates unchecked. At this point, 

immune escape has occurred and the malignancy eventually becomes clinically apparent. 

The nature of the elimination and equilibrium phases makes them challenging to study, 

particularly in human subjects. Thus, experimental evidence supporting these theories is 

limited (89,91,92). However, the mechanisms allowing immune escape have been 

extensively described and inform current efforts to develop therapies (94,95).  

Anti-Tumor Effector Cells of the Immune System 

As previously mentioned, a wide variety of cells can detect transformed cells. Several 

types of innate cells,  myeloid cell subsets, natural killer (NK) cells, different subtypes of 

T cells, and antibodies from B cells have been linked to anti-tumor immunity (96).  

In the setting of infection, cells of the immune system respond in a stepwise fashion to 

mount a concerted defense of the host. Myeloid cells of the innate immune system, 

including macrophages, dendritic cells (DCs), and neutrophils are the first responders to 

infection. Innate cells identify pathogens by binding pathogen-associated molecular 
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patterns (PAMPs) using pathogen recognition receptors (PRRs). Toll-like receptors 

(TLRs) are an example of PRRs which bind to various PAMPs expressed by pathogens. 

In DCs and macrophages, this signal promotes phagocytosis and subsequent lysis of 

pathogens along with secretion of proinflammatory cytokines, which amplify immune 

responses. Natural killer (NK) cells are also prominent innate immune responders to 

infection, particularly viral infections. These cells recognize infected cells by sensing 

“danger” molecules, which are often upregulated on virus-infected cells. After 

internalizing pathogens, DCs migrate to regional lymph nodes, where they serve as a 

crucial bridge between the innate and adaptive immune systems. In the lymph nodes, 

DCs present antigens – self or foreign proteins that have been processed into small 

peptides by the proteasome – to naïve T cells. These antigens are presented in the context 

of either major histocompatibility complex class I (MHC-I) or class II (MHC-II). In 

humans, MHC-I and MHC-II are synonymous with human leukocyte antigen class I 

(HLA-I) and class II (HLA-II). Typically, intracellular antigens are presented in the 

context of MHC-I and stimulate CD8-expressing (CD8+) cytotoxic T lymphocytes 

(CTLs), whereas extracellular antigens are loaded on MHC-II and stimulate CD4-

expressing (CD4+) T helper cells. Costimulatory signals, which along with antigens are 

essential for T cell activation, are also provided by activated antigen-presenting cells 

(APCs). CD80 and CD86, for example, serve as major costimulatory signals for CD28-

expressing naïve T cells. Antigen presentation without costimulation may result in T cell 

anergy, which serves to maintain tolerance and prevent autoimmune diseases. Some T 

helper cells, type 2 T helper cells (Th2), serve in part to promote B cells of humoral 

immunity. Th2 cells that bind to antigens presented on B cells provide a critical second 
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signal by expressing CD40 ligand, which binds to CD40 on B cells. In addition, Th2 cells 

provide cytokines that promote B cell maturation and antibody secretion. A similar 

mechanism, termed “DC licensing” involves CD4+ T helper cell-mediated maturation or 

“licensing” of DCs, and also occurs through CD40 ligand and CD40 interactions. The 

mature DCs can subsequently efficiently activate CD8+ CTLs. Upon activation, cells of 

the adaptive arm of the immune system travel to sites of infection where they use a 

variety of methods to control and eliminate pathogens. 

Cells of the innate immune system can influence tumor progression. Myeloid cells, 

including DCs and macrophages have established roles in contributing to anti-tumor 

immunity, primarily by ultimately promoting the function of CTLs and providing 

cytokines that generate a pro-inflammatory tumor microenvironment (96,97). However, 

in the setting of late stage malignancies, these cells are typically non-functional or have, 

in fact, adopted pro-tumoral functions. Natural killer (NK) cells provide an additional 

defense against malignant cells (96). These innate lymphocytes discriminate between 

normal and transformed cells by recognizing a variety of activating and inhibitory signals 

expressed on potential target cells. NK cells can kill target cells directly using perforins 

and granzymes. Finally, several less abundant cell types, including NKT cells, innate 

lymphoid cells (ILCs), and others have been implicated in anti-tumor immunity, though 

the impacts of these cells are less well-established (96,98). 

CTLs are the primary anti-viral immune cells of the human body. In addition, they are 

often thought to be the primary anti-tumor cell type of the immune system (93). Unlike 

many other cells, CTLs are capable of directly inducing apoptosis in tumor cells. To 
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achieve this, CTLs first must recognize and discriminate between malignant and non-

malignant tissues. Each CTL expresses thousands of identical T cell receptors (TCRs) 

that are capable of binding to a cognate antigen-HLA-I complex (99). In tumor 

immunology, CTLs can detect a variety of self-peptides. Most often, these peptides 

harbor tumor-specific mutations, are derived from aberrantly expressed proteins, or are 

simply overexpressed compared to normal tissues (100). Particularly important in tumor 

immunology, a process termed cross-presentation allows for extracellular tumor antigens 

to be presented in the context of HLA-I. Upon binding to an antigen-HLA-I complex, 

CTLs are activated and secrete perforins and granzymes toward target cells. Perforins and 

granzymes are ultimately internalized by target cells and induce an apoptotic cascade 

which leads to cell death through proteolytic cleavage of various proteins (101).  

While CTLs are often believed to be the primary anti-tumor cell type of the immune 

system, CD4+ T helper cells can also play a role. CD4+ T helper cells recognize tumor 

cells through a similar process as CTLs, but their TCRs bind to a different set of peptides 

presented on MHC class II (MHC-II) or HLA class II (HLA-II) (93). Various T helper 

subsets, such as Th1, Th2, Th9, Th17, and other CD4+ T cells have been defined, and 

appear to have different roles during infection and disease (102). In cancer, T helper cells 

primarily contribute to anti-tumor immunity by secreting pro-inflammatory cytokines and 

by providing CTLs with stimulatory signals (“CD4 T cell help”) (103). In addition, T 

helper cells are critical for DC licensing (as discussed above) and in generating CD8+ 

memory T cells (103). To a lesser degree, some T helper cells can kill directly, using 

mechanisms similar to CTLs (104).  
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Mechanisms of Immune Escape 

During the past several decades, research has uncovered a vast number of mechanisms 

which tumors use to prevent detection by the immune system (91-96). These mechanisms 

range from avoiding immune detection of tumor cells, to actively suppressing anti-tumor 

immunity, to co-opting non-malignant cells to promote tumor growth. New processes are 

continually being described which provide novel therapeutic targets, but also highlights 

the complexity of tumor immunology and provides a possible explanation for why 

immunotherapies have only been effective in a subset of cancer patients. 

Perhaps the most basic mechanism by which tumors evade the immune system is by 

altering their ability to be detected by tumor-specific T cells. There are several methods 

by which this can occur. First, tumor cells can decrease or lose expression of antigens 

themselves (95). Oftentimes, the strongest antigenic epitopes found in tumors arise from 

passenger mutations. However, loss of expression of these proteins – and subsequently, 

reduced antigenicity – may have little to no impact on tumor cell growth or survival. 

During immune selection, subclones that express strong antigens are likely eliminated 

quickly, leaving tumor populations that express fewer or poor antigens. Further, it is 

likely that some cancer types simply do not carry sufficient genomic mutations to 

generate strong anti-tumor immunity. Indeed, mutational burden in different types of 

malignancies is associated with responses to immunotherapy (95,105). The importance of 

antigen expression in tumor immunotherapies has long been established, but recently 

developed strategies to identify neoantigens – antigens that arise due to cancer-specific 

mutations – in a personalized manner further illustrate their indispensability (106). These 
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studies have revealed that antigens predicted to bind to MHC-I are less frequently found 

than expected due to chance (106). The immune editing hypothesis is supported by these 

findings and they highlight that loss of antigens is likely a prominent mechanism by 

which tumors evade immune detection. Neoantigen discovery studies have also proven 

that immunotherapies using T cells enriched for specificity to a certain neoantigen can be 

effective in cancer patients (106,107). 

Along the same lines, tumor cells often decrease or lose expression of HLA molecules or 

antigen processing machinery (95,108). This prevents CTL and T helper cells from 

recognizing them. While complete loss of HLA can make tumor cells more susceptible to 

NK cells, this susceptibility can be mitigated by also reducing the expression of 

activating (“danger”) signals and increasing expression of inhibitory signals. In addition, 

intermediate or low expression of HLA may result in tumor cells that can evade both NK 

cells and CTLs simultaneously, as has been reported in colorectal cancer (109). Defects 

in any step of the antigen presentation process – antigen degradation, transport, 

processing, antigen loading on HLA, and HLA expression – have been identified in a 

variety of cancers (108). In addition, loss of β2-microglobulin, a molecule that associates 

with HLA-I, results in complete loss of HLA-I surface expression. These changes have 

been described in a variety of tumor types (108). Defects in HLA or antigen processing 

machinery are arguably more impactful than loss of individual antigens because they 

result in the absence of all antigens. 

In addition to altering antigen levels or antigen presentation, tumors also develop a wide 

array of mechanisms that actively suppress anti-tumor immunity. Currently, the most 
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clinically relevant process involves increases in suppressive co-inhibitory signals 

delivered to T cells. Numerous T cell checkpoint receptors and associated ligands have 

been described, are upregulated in cancers, and lead to poor anti-tumor T cell function 

(110). While the PD-1-PD-L1 checkpoint axis has perhaps become the model T cell 

checkpoint, many other checkpoint receptors (e.g. Lag3, Tim3, VISTA, etc.) appear to be 

expressed on intratumoral T cells (111). Together, signaling by these checkpoint 

receptors is thought to lead to blunted T cell function and survival. Beyond checkpoint 

receptors, a number of other factors, particularly suppressive cytokines, can limit anti-

tumor T cell function. Interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor growth 

factor-beta (TGF-β), for example, all have well-established suppressive effects on T cells 

(94). These suppressive factors are often secreted directly by tumor cells, or induced in 

non-malignant immune populations or stromal cells by tumor-dependent mechanisms. 

Similarly, tumor-dependent mechanisms often result in reduced secretion of pro-

inflammatory cytokines such as IFN-γ and tumor necrosis factor alpha (TNF-α), which 

are central to promoting T cell responses (96). 

Several other mechanisms that ultimately result in poor T cell function or T cell death 

have been described. Tumors may express a variety of molecules, such as Fas ligand 

(Fas-L), which can signal for T cell death (112). In addition, tumors generate 

dysregulated vasculature and chemokine networks that often result in poor T cell homing 

and recruitment to tumors (113). Finally, tumors create a unique metabolic environment, 

which is often not conducive to T cell function. The hypoxic tumor microenvironment 

can be toxic to anti-tumor effector cells, and numerous metabolites, such as indoleamine 

2,3-dioxgenase (IDO), have been shown to hamper T cell proliferation and function (97). 
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Further, T cells must compete with tumor cells for finite amounts of nutrients, and 

glucose and amino acid deprivation have been associated with T cell impairment (97).  

Finally, the tumor microenvironment often contains a variety of non-malignant cells that 

ultimately promote tumor progression – at least in part by suppressing anti-tumor 

immunity (96,97). CD4+ regulatory T cells (Tregs), which can directly inhibit CD4+ and 

CD8+ effector T cell function through a variety of mechanisms, are often found at high 

levels in tumors and are associated with poor prognosis in multiple tumor types (96). 

Macrophages are often polarized in a manner that promotes tumor growth, metastasis, 

and immune evasion (114). Myeloid-derived suppressor cells (MDSCs), an immature 

myeloid cell population, are found at high rates in cancers (115). MDSCs generate 

compounds that are toxic to T cells and alter the metabolic environment to limit T cell 

health and function (115). Even the stromal tissue surrounding tumors, including 

fibroblasts, can limit anti-tumor immunity by secreting pro-tumorigenic cytokines which 

often simultaneously limit anti-tumor effector cells (96). 

Knowledge of the processes involved in immune escape has expanded rapidly. To date, 

an impressive array of mechanisms has been identified in tumors that ultimately lead to 

poor anti-tumor immunity. The expectation is that selectively ablating some of these 

immunosuppressive mechanisms may lead to robust and long-lived anti-tumor immune 

responses. Yet, perhaps due to the number of additive and/or redundant 

immunosuppressive mechanisms outlined above, immunotherapies that are currently 

available have only been effective in a limited patient population. 
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Scope of Dissertation 

 

Given the shortcomings of targeted therapies and immunotherapies when used as 

monotherapies, combination therapies may offer significant benefits. As discussed above, 

combinations with BRAF inhibitors, MEK inhibitors, and checkpoint blockade are 

supported by preclinical and clinical studies. However, there are several reasons why 

current approaches using these targeted inhibitors may not be effective. Unfortunately, 

the unexpected adverse effects of these combinations in early clinical trials also highlight 

the difficulty in extrapolating drug combination toxicities and tolerance from animal 

models to humans.  

Studies examining human responses to BRAF and MEK inhibitors have demonstrated 

that these targeted therapies can induce antigen expression and promote TIL 

accumulation. However, BRAF and MEK inhibitors also appear to induce higher PD-L1 

and PD-1 expression in patient tumors (81,83). In addition, TIL accumulation is lost 

when patient samples are examined at progression (81). Some preclinical animal models 

have also reported conflicting data on the usefulness of altering the melanoma 

microenvironment with BRAF inhibitors in mouse models (116). Since BRAF mutations 

do not spontaneously occur in murine melanomas, the majority of investigations have 

used a single genetically engineered mouse model to conduct syngeneic animal 

experiments. This model uses a murine-human fusion BrafV600E protein, and may not 

accurately represent human melanoma immunobiology (117). While other murine 

melanoma models are available, BRAF inhibitors cannot be used with them. Thus, 

studying BRAF inhibitors in preclinical animal models presents some challenges. 
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Moreover, durable and complete regressions are not frequently observed in patients 

treated with BRAF and/or MEK inhibitors, suggesting that these targeted therapies alone 

are not capable of generating the robust anti-tumor immune responses that are observed 

when using immunotherapies and which appear necessary for long-term responses. In 

fact, complete regressions have only been reported in 1-3% of patients who receive 

BRAF inhibitors (29,30). Finally, BRAF and MEK inhibitors were never intended to act 

as immunotherapies. Therefore, targeted therapies that are selected based primarily on 

their ability to immunomodulate melanomas might be more effective than BRAF or MEK 

inhibitors, particularly when used in combination with immunotherapies. 

High-throughput screening (HTS) is a well-established technique to identify compounds 

with therapeutic potential for the treatment of cancers (118-120). Historically, HTS 

designed to identify cytostatic and cytotoxic cancer therapies has been performed while 

examining how drugs alter cell viability and/or proliferation. HTS has also been 

performed to identify compounds that impact various aspects of oncogenesis, such as 

metabolism, motility, cell signaling, and many others. Using HTS drug discovery for 

identifying immunotherapies is a less common approach. Previously, HTS has been used 

to identify inhibitors of IDO, natural compounds that enhance NK cell function, and 

drugs that promote T cell cytotoxicity (121-123). New tools, such as platforms to study 

nanotopography and mechanobiology in a high-throughput manner, alongside cell 

monitoring systems from various biotechnology companies (e.g. xCelligence ® systems 

from ACEA Biosciences and Incucyte ® systems from Essen Biosciences), will make 

future immunotherapy HTS studies more feasible (60). Even without these tools, HTS 

can be used to examine how drugs alter a variety of immunological readouts. With this in 
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mind, a HTS strategy was designed to identify compounds that reduce 

immunosuppressive PD-L1 expression on melanomas, while maintaining or increasing 

immunogenic HLA-I expression. PD-L1 was selected because thus far, targeting of it or 

its cognate receptor, PD-1, have yielded the most clinically beneficial therapies in the 

field of cancer immunotherapies. Therefore, we hypothesized that small molecule 

inhibitors which target specific oncogenic signaling pathways that regulate the expression 

of immunosuppressive molecules such as PD-L1 would sensitize melanomas to anti-

tumor immunity. 

An ideal targeted immunotherapy would alter a wide variety of potentially 

immunosuppressive molecules, processes, and cell types (Figure 1.4). Specifically, a 

model compound would decrease checkpoint ligand expression and expression of other 

immunosuppressive molecules on melanomas, while also being capable of directly or 

indirectly reducing immunosuppressive cell populations found in the tumor 

microenvironment (Figure 1.4). Importantly, potential targeted immunotherapies would 

also enhance or maintain anti-tumor effector cell function (Figure 1.4). Thus, a major 

goal of this study was to identify candidate therapies through HTS and subsequently 

examine how the candidates affected a wide variety of immunosuppressive processes and 

cell types.  

In summary, the goals of the following study were five. First, use HTS methods to 

identify candidate therapies capable of immunomodulating melanomas. Second, examine 

how the identified candidate therapies affected the expression of known 

immunosuppressive molecules. Third, evaluate their effects on anti-tumor effector cell 
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function. Fourth, identify compounds that might be equally effective in BRAF-mutant, 

NRAS-mutant, and other genetically diverse melanomas. Fifth, characterize the effects of 

candidates on the tumor microenvironment and tumor growth.  

These approaches to improve therapies for melanoma are needed because currently 

available immunotherapies are not effective in a majority of patients, therapeutic options 

for BRAF wild-type patients are limited, and combinatorial approaches thus far are not 

tolerable or have only marginally improved patient outcomes. 
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Figure 1.4: Objectives of Dissertation. Schematic representing three ideal characteristics for 

targeted immunotherapies. 1) Targeted immunotherapies should impact several mechanisms of 

immune escape. They should reduce immunosuppressive checkpoint receptor signaling, decrease 

or alter immunosuppressive cell types of the tumor microenvironment, and diminish 

immunosuppressive cytokine secretion. In the studies herein, HTS was performed while 

examining molecules of immune escape that are expressed on melanomas (dashed bracket). 2) 

Targeted immunotherapies should also reduce classic cancer hallmarks, such as proliferation, 

survival, and angiogenesis. 3) Finally, targeted immunotherapies should maintain or promote 

anti-tumor effector cell (e.g. tumor-specific CD8+ T cell) function. 
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Chapter 2 : Materials and Methods 

 

Drugs 

 

Two drug libraries were used for high-throughput screening. The SC200 library contains 

1,084 compounds with a wide range of targets. The SC200 library was generously 

provided by Dr. Paul Wilder (University of Maryland, Baltimore). The L1100 library 

contains 484 compounds, most of which are small molecule inhibitors or chemotherapies. 

The L1100 library was obtained from SelleckChem. All drug library compounds were 

dissolved in dimethyl sulfoxide (DMSO). For in vitro drug experiments, four compounds 

were purchased from SelleckChem: NU7441, regorafenib (BAY 73-4506), trametinib 

(GSK1120212), and vemurafenib (PLX4032). All compounds were dissolved in DMSO 

(Quality Biological). For animal models, regorafenib was dissolved in 5% Kolliphor EL 

(Sigma Aldrich) and NU7026 (SelleckChem) was dissolved in 10% DMSO. 

Cell Culture 

 

A375*, C32*, G-361*, MNT-1‡, SK-MEL-5*, SK-MEL-24*, SK-MEL-28*, and B16-

F1* were maintained in DMEM supplemented with 10% FBS (Sigma Aldrich) and 1% 

antibiotics (Gibco). Malme-3M* cells were maintained in IMDM (Gibco) supplemented 

with 20% FBS and 1% antibiotics. All remaining cell lines (624-Mel‡, COLO-829†, 

LOX-IMVI†, RPMI-7951*, UACC-62†, UACC-257†, WM-115†, WM-266-4†, C8161‡, 

Mel-Juso†, MM415†, MM485†, SK-MEL-2*, SK-MEL-30†, SK-MEL-103†, SK-MEL-

119†, SK-MEL-147†, SK-MEL-173†, and UCD-Mel-N†) were maintained in RPMI-

1940 (Gibco) supplemented with 10% FBS and 1% antibiotics. Cell lines were obtained 

from ATCC (*) or generously provided by either Dr. Thomas Hornyak (†; University of 
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Maryland, Baltimore) or Dr. Suzanne Ostrand-Rosenberg (‡; University of Maryland, 

Baltimore County) between 2009-2014. After thawing, cells were cultured for no longer 

than 6 weeks, passaged at approximately 80% confluency, and routinely tested for 

mycoplasma (Venor GeM Mycoplasma Detection Kit, Sigma Aldrich). Cell lines were 

authenticated using quantitative PCR (qPCR) for melanoma transcripts (gp100, MART-1, 

TYRP1). Human PBMCs were enriched by Ficoll gradient (GE Healthcare) from buffy 

coats purchased from New York Blood Center and cryopreserved, thawed, and cultured 

in AIM-V media (Gibco) supplemented with 5% human serum (Sigma Aldrich), 1% non-

essential amino acids (Gibco), and 1% antibiotics. Bone-marrow derived murine 

macrophages were cultured in DMEM supplemented with 10% FBS and 1% antibiotics. 

Flow Cytometry Antibodies 

 

Anti-human antibodies from BioLegend for the following molecules were used for flow 

cytometry (catalog number in parentheses): PD-L1 (329718), CD155 (337508), CD266 

(314004), HLA-A/B/C (311404), CD73 (344012), CD271 (345112), CD55 (311312), 

CD4 (317408), CD8 (300914), IFN-γ (502509), TNF-α (502912), and IL-2 (500324). 

Anti-mouse antibodies from BioLegend for the following molecules were used for flow 

cytometry for in vivo and macrophage experiments: CD45.2 (109828), CD8 (100725), 

CD4 (100406), Lag3 (125128), Tim3 (119718), PD-1 (135216), CD25 (102012), Foxp3 

(126404), CD11b (101206), CD11c (117308), F4/80 (123124), Gr-1 (108412), NK1.1 

(108728), PD-L1 (124314), CD73 (127212), CD155 (131508), CD11b (101206), F4/80 

(123124), CD86 (105028), CD206 (141720), MHC-II (107614). Anti-H2-Db was from 

Abcam. Anti-mouse IFN-γ (eBioscience), IL-2 (BD Biosciences), and TNF-α (BD 

Biosciences) were used for T cell cytokine experiments. LEGENDScreen cell screening 
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kits for human (700001) and mouse (700005) from BioLegend were used for flow 

cytometry protein arrays. 

High-Throughput Screening and Drug Modulation of Surface Molecules on 

Melanomas 

 

For high-throughput screening, C8161 cells were dispensed in 96-well V-bottom plates 

and allowed to adhere overnight. The cells were treated with at least three concentrations 

of the indicated compounds for 48 hours using a constant vehicle (DMSO) concentration. 

Treated cells were trypsinized and stained with various conjugated antibodies for one 

hour. Stained cells were fixed with 4% paraformaldehyde solution (Affymetrix). Stained 

and fixed cells were analyzed by flow cytometry using a high-throughput loader on an 

LSR-II flow cytometer (BD Biosciences). Cell lines used for confirmatory, drug 

combination, and immunophenotyping studies were treated identically to C8161 at a 

wide-range of drug concentrations. Additionally, a fixable amine-binding cell viability 

dye (Zombie Violet or Zombie Aqua, BioLegend) was used prior to antibody staining 

along with light scatter to distinguish between live and dead populations. For IFN-γ 

experiments, cells were pretreated with 20 U/ml of human recombinant IFN-γ 

(eBioscience) and IFN-γ was maintained in the media throughout the experiment. 

Proliferation Assays 

 

Melanoma cell lines were dispensed in 96-well plates, cultured overnight, and 

subsequently treated with varying concentrations of regorafenib, NU7441, or 

vemurafenib for 48 hours. For T cell proliferation, cryopreserved and thawed PBMCs 

were dispensed in 96-well plates and cultured with 50 ng/ml anti-CD3 (Clone OKT3, 

eBioscience) and 100 U/ml human recombinant interleukin-2 (IL-2, BioLegend) for five 
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days. All cells were cultured with 0.1 μCi/ml of 3H-thymidine (NET027E005MC, Perkin 

Elmer) for the final 16 hours of drug treatment. Thymidine incorporation was assessed 

using a FilterMate Harvester (Perkin Elmer), glass filtermats (Perkin Elmer), and 

Betaplate scintillation fluid (Perkin Elmer) on a Microbeta TriLux 1450 liquid 

scintillation and luminescence counter (Perkin Elmer). 

qPCR 

 

mRNA was collected from cells treated with regorafenib (2 μM) and/or NU7441 (1 μM) 

for 48 hours using Qiagen RNeasy Mini kits following the manufacturer’s protocols. 

cDNA was prepared using a high-capacity reverse transcription kit (Applied Biosystems). 

Quantitative PCR (qPCR) was performed with iTaq Universal SYBR Green Supermix 

(Bio-Rad) and primers for gp100, MART-1, TYRP1, and beta-actin (below). Relative 

changes were calculated using the ΔΔCt method normalizing to beta-actin. 

gp100 forward: CTGCCTCAATGTGTCTCTGGCT 

gp100 reverse: CAAGGACCACAGCCATCAACAC 

MART-1 forward: GGACAGCAAAGTGTCTCTTCAAG 

MART-1 reverse: TCAGGTGTCTCGCTGGCTCTTA 

TYRP1 forward: TCTCAATGGCGAGTGGTCTGTG 

TYRP1 reverse: CCTGTGGTTCAGGAAGACGTTG 

Beta-actin forward: CACCATTGGCAATGAGCGGTTC 

Beta-actin reverse: AGGTCTTTGCGGATGTCCACGT  
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Immunoblot 

 

For signaling and antigen expression, melanoma cells were treated with varying 

concentrations of regorafenib and NU7441 for 24 and 48 hours, respectively. 

Macrophages were treated as described below. Whole cell lysates were prepared using 

RIPA buffer (Sigma Aldrich) with protease and phosphatase inhibitors (Thermo 

Scientific). For signaling, phospho-MEK1/2 (Clone 41G9), MEK1/2 (Clone 47E6), 

phospho-Akt (Clone D9E), Akt (Clone 11E7), and GAPDH (Clone D16H11) antibodies 

from Cell Signaling were used. For antigen expression, gp100 was from Abcam and 

polyclonal Tyrp1 antibody was generously provided by Dr. Thomas Hornyak. For 

macrophage experiments, phospho-STAT6 (Clone C11A12, Cell Signaling), STAT6 

(Clone M-20, Santa Cruz), Arginase-1 (Clone 19, BD Biosciences), Ym-1 (polyclonal, 

Stemcell Technologies), β-actin (Clone D6A8, Cell Signaling), and GAPDH (Clone 

D16H11, Cell Signaling) antibodies were used.   

T Cell Phenotyping and Cytokine Production 

 

For assessing drug effects on T cell phenotype, PBMCs were expanded with 20 ng/ml 

anti-CD3 (OKT3) in the presence of 50 U/ml human recombinant IL-2 and drug for five 

days. Cells were analyzed via flow cytometry using CD4 and CD8 antibodies to 

distinguish between T cell subsets. For T cell cytokines, PBMCs were stimulated with 

anti-CD3 (OKT3, 100 ng/ml) for 72 hours. Some T cells were restimulated with phorbol 

myristate acetate (PMA, 10 ng/ml) and ionomycin (500 ng/ml) for 6 hours. During the 

final 6 hours, cells were treated with Brefeldin A (GolgiPlug, BD Biosciences) and 

intracellular antibody staining was performed with Fixation and Permeabilization 

Solution Kits (Cat. No. 555028, BD Biosciences). 
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Melanoma-T Cell Cytotoxicity Assay 

 

DMF5 T cells were generated as has been previously described (124). HLA-A*0201 

melanomas (624-Mel, Malme-3M, SK-MEL-5, and UACC-257) were treated for 8 hours 

with varying concentrations of regorafenib and/or NU7441. The cells were then 

trypsinized, washed, counted, and re-plated in ACEA VIEW 96 E-plates (ACEA 

Biosciences). The cells were allowed to adhere for 4-24 hours while monitoring 

impedance using an ACEA xCELLigence RTCA MP. After 4-24 hours, DMF5 T cells 

were added at varying effector:target (E:T) ratios. Cytotoxicity was monitored, using 

impedance as a surrogate for target cell adherence and viability. Cytotoxicity was 

calculated using the following formula: (100 - experimental impedance) / maximum 

impedance) × 100. 

Mice, Tumor Model, and Ex Vivo Analysis 

 

Studies were approved by the UMB Institutional Animal Care and Use Committee. 

C57BL/6J and pmel (B6.Cg-Thy1/Cy Tg(TcraTcrb)8Rest/J) mice were purchased from 

Jackson Laboratory. Six- to eight-week-old C57BL/6J mice were injected with 2×105 

B16-F1 melanoma cells subcutaneously on the right flank. Tumors were allowed to 

establish for at least eight days before any treatment and reached approximately 50-100 

mm2 at this point. Animal weights and tumor sizes were measured every 2-3 days. Tumor 

volumes were calculated using the following formula: volume = (height × width2) / 2. For 

initial studies without immunotherapies, mice were treated with 8 mg/kg of regorafenib 

and/or 6 mg/kg of NU7026 on the following days post-tumor inoculation: 9-10, 12-15, 

17-20, 22-25, 27-30, and 32-35 (Figure 2.1A). Drugs were delivered intraperitoneally 

(i.p) once per day. For studies using anti-CD40 antibody and c-di-GMP, mice were 
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treated with 4-5 mg/kg of regorafenib on days 8-9, 11-14, 16-19, 21-24, 26-29, 31-34, 

and 36-39 post-tumor inoculation (Figure 2.1B). Some mice received 100 μg of anti-

CD40 antibody (Clone FGK4.5, BioXCell) delivered i.p and 50 μg c-di-GMP 

(InvivoGen) delivered peritumorally on days 10, 15, 20, and 25 post tumor inoculation. 

For CD8 T cell depletion studies, mice were treated with 400 μg anti-CD8 antibody 

(Clone 5306.7, BioXCell) one day prior to tumor inoculation. Subsequently, mice were 

treated two times per week with 100 μg anti-CD8. For adoptive transfer experiments, 

mice were treated with regorafenib (5 mg/kg) on days 8-12 post tumor inoculation 

(Figure 2.1C). Animals were irradiated with 6.5 Gy of γ-irradiation on day 9 (for Figure 

4.26) or 12 (for Figure 4.27) post tumor inoculation and received intravenous delivery of 

3×106 pmel T cells (from pmel splenocytes and activated six days prior with hgp10025-33) 

on day 10 (for Figure 4.26) or 13 (for Figure 4.27) post tumor inoculation. Adoptive 

transfer included i.p injections of 200 μg anti-4-1BB antibody (Clone 3H3, BioXCell) on 

days 11 and 14 (for Figure 4.26) or 14 and 19 (for Figure 4.27) post tumor inoculation. 

For all ex vivo experiments, tumors were harvested and processed through 100 micron 

filters to generate single cell suspensions. The tumors were then stained for flow 

cytometry, fixed in 4% paraformaldehyde (Affymetrix), and assessed by flow cytometry 

using a high-throughput loader. Regulatory T cells were assessed using a Foxp3 / 

transcription factor staining buffer set (eBioscience) following the manufacturer’s 

protocols. For ex vivo cytokines, intratumoral leukocytes were isolated by Ficoll gradient 

and activated with PMA (20 ng/ml) and ionomycin (1 μg/ml) for six hours. 
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Figure 2.1: Animal model treatment schedules. A) Regorafenib and NU7026 treatment 

schedule. B) Regorafenib, anti-CD40 antibody, c-di-GMP, and anti-CD8 antibody treatment 

schedule. C) Regorafenib and adoptive transfer treatment schedule. 
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Bone-Marrow Macrophage Differentiation 

 

Bone marrow was harvested from the femurs of C57BL/6 mice and plated along with 1 

ng/ml of recombinant mouse macrophage colony stimulating factor (m-CSF, R&D 

Systems). Cells were allowed to adhere overnight. Subsequently, suspended cells were 

removed. The remaining adherent cells were differentiated for an additional three days 

with m-CSF. At this point, cells were greater than 95% macrophages based on the 

following phenotype: CD45+CD11b+CD11c-F4/80+.  

Macrophage Polarization 

 

Macrophages were polarized using recombinant mouse interleukin-4 (IL-4, eBioscience) 

at concentrations from 5-20 ng/ml. For all experiments, media was supplemented with 1-

2 ng/ml of m-CSF. For polarization experiments, macrophages were treated 

simultaneously with IL-4 and drugs for 48 hours. For repolarization experiments, 

macrophages were pretreated for 24 hours with IL-4, and subsequently treated with drugs 

for 24-48 hours. For repolarization, IL-4 was maintained in the media throughout the 

experiment. 

Macrophage-T Cell Co-Culture 

 

Pmel T cells were harvested from the spleens and lymph nodes of C57BL/6, pmel TCR 

transgenic mice. The organs were homogenized, passed through 100 micron filters, and 

red blood cells (RBCs) were removed using RBC lysis buffer (BioLegend). In some 

cases, the cells were labeled with eFluor450 proliferation dye (eBioscience). Polarized 

macrophages were pulsed with 50 ng/ml of hgp10025-33 for 2 hours prior to co-culture. 

The T cells were added to the gp100-pulsed macrophages and co-culture was conducted 
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for 48 hours with 50 U/ml IL-2 (BioLegend). Pmel T cell proliferation was analyzed by 

flow cytometry using eFluor450 proliferation dye or 3H-thymidine (Perkin Elmer). 

Synergy Analysis 

 

Molecule expression was measured in cells treated with six concentrations of regorafenib, 

NU7441, or the combination and MFIs were compared to vehicle-treated cells to 

calculate fold change. Using the Chou-Talalay method, combination index (CI) values 

were calculated with CompuSyn software (ComboSyn, Inc) (125). Synergy was defined 

as at least four of six concentrations yielding CI values below one. Additive relationships 

were defined as at least four CI values within 0.5-1.5. Antagonism was defined as at least 

four of six CI values above two. Relationships that met none of these classifications were 

defined as not determined. The fractionated product analysis method was used to 

calculate in vivo synergy. Briefly, fractional tumor volumes (FTV) were calculated by 

comparing mean tumor volumes of mice treated with monotherapies to mean tumor 

volumes from vehicle-treated mice. Expected FTVs for combination treatments were 

calculated by multiplying monotherapy FTVs and compared to observed FTVs in mice 

treated with combination therapy. Fractional product analysis ratios were calculated by 

dividing observed FTV by expected FTV for combination therapies. A ratio greater than 

one was considered synergistic, equal to one as additive, and less than one as 

antagonistic. 

Data Analysis and Statistical Analysis 

 

Immunoblot densitometry was performed using ImageJ. All flow cytometry-based 

experiments were analyzed using FlowJo software (FlowJo, LLC). In HTS experiments, 
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live cells were gated using light scatter as a surrogate for viability. For subsequent drug 

experiments, live cells were gated using a combination of light scatter and fixable 

viability dye. Doublets were removed using FSC-A and FSC-H parameters. Fold changes 

were determined using median fluorescent intensities (MFIs) of isotype controls 

subtracted from experimental MFIs (MFI-Iso) and compared to the MFI-Iso values from 

vehicle-treated cells. Specifically, fold change = (experimental MFI – isotype MFI) / 

(vehicle MFI – isotype MFI). In all experiments, MFI-Iso values below 200 in vehicle-

treated cells were considered not expressed. For ex vivo analyses normalized to tumor cell 

number, tumor cells were defined as CD45- cells. Mann-Whitney U tests were used to 

assess differences in responses between cells with different mutations. Kruskal-Wallis 

tests were used to evaluate overall differences in cell lines treated with different drugs. If 

p-values for Kruskal-Wallis tests were less than 0.05, Mann-Whitney U tests were used 

to compare two drugs at a time. Paired t tests were used to examine differences in T cell 

markers and cytokines between vehicle-treated and drug-treated T cells. One-way 

ANOVA with Tukey post-tests were used to determine differences in tumor growth, 

intratumoral cell populations, and changes in macrophage phenotype. Unpaired t tests 

were used to determine differences between T cell levels and markers in ACT versus 

ACT+Reg groups. Significant differences in survival were assessed using the log-rank 

test. All tests used α=0.05. 

Support 

 

The work herein was supported by the University of Maryland Marlene and Stewart 

Greenebaum Comprehensive Cancer Center, Melanoma Research Foundation, VA Merit 
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Award BX002142, and National Cancer Institute (NCI) R01CA140917. AK Tsai was a 

trainee under T32CA154274 from the NCI. 
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Chapter 3 : High-Throughput Screening and Drug Characterization 

 

Introduction 

 

Previous efforts to generate efficacious targeted and immunotherapy combinations using 

FDA-approved monotherapies for melanoma have not been successful. Yet, few studies 

have sought to identify alternative compounds that might have potent immunomodulatory 

effects, and therefore, could enhance the efficacy of immunotherapies.  

To identify potential immunomodulatory therapies, two large drug libraries were used 

with a high-throughput screening (HTS) approach. The SC200 drug library contains 

1,084 compounds. The drugs fall into a wide variety of classes, including FDA-approved 

compounds and related derivatives for a wide variety of diseases, natural compounds and 

vitamins, chemotherapies, and many compounds with unknown targets, among others. 

The L1100 drug library contains 484 compounds consisting primarily of small molecule 

targeted therapies and chemotherapies. A sizeable proportion of the compounds are FDA-

approved for malignancies or other diseases.  

The SC200 and L1100 libraries were selected for studies based on several characteristics. 

First, both libraries, and in particular, the SC200 library, contain compounds that target a 

wide variety of molecules. SC200 library compounds, for example, target molecules of 

the immune, nervous, cardiovascular, endocrine, ocular, digestive, and numerous other 

physiological systems. Both libraries also contain different classes of molecules, such as 

small molecule targeted therapies, chemicals, and natural compounds. Thus, the two 

libraries were selected, in part, to disrupt a broad array of physiological systems which 

might impact the immunobiology of melanomas. In addition, the two libraries were used 
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because the majority of compounds included are FDA-approved, and natural compounds 

do not require regulatory approval for use. Findings could, therefore, theoretically be 

rapidly translated. Finally, the libraries were selected based on availability – both were 

successfully used for previous studies. 

As a readout for HTS, changes in cell surface levels of several proteins that are involved 

in immune responses and often expressed on melanomas were measured. The molecules 

examined included PD-L1 (CD274), PD-L2 (CD273), CD155 (Poliovirus Receptor, 

PVR), Fn14 (Fibroblast growth factor-inducible 14), and HLA-I (human leukocyte 

antigen class I). PD-L1 and PD-L2 are ligands for the T cell checkpoint receptor, PD-1. 

PD-L1, in particular, is often overexpressed on melanoma cells, and negatively regulates 

T cell function upon binding to PD-1 (52). PD-L2 serves a similar function and while 

typically expressed on non-malignant immune cells, can also be expressed on melanoma 

cells (52,126,127). A significant focus was placed on PD-L1, as blocking its effects have 

resulted in significant improvement in melanoma patient outcomes (32,33). CD155 is 

similar to PD-L1, in that it binds to a T cell checkpoint receptor, T-Cell Immunoreceptor 

with Ig and ITIM domains (TIGIT) (128). As such, it also can serve as a negative 

regulator of T cell function (128). Fn14 is often overexpressed on a variety of cancer 

types, and has been associated with various oncogenic processes and pro-inflammatory 

functions (129). Once loaded with antigen, HLA-I is a critical requirement for T cell 

recognition of targets. Expression levels of these four molecules were simultaneously 

monitored to identify compounds that might have strong immunomodulatory effects on 

melanomas.  
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Three molecules, PD-L1, HLA-I, and CD155, were extensively examined in the included 

studies. While the mechanisms regulating PD-L1 and HLA-I expression are relatively 

well-established, the regulatory pathways of CD155 expression remain unclear, 

particularly in cancer cells. Current knowledge of regulatory mechanisms governing PD-

L1, HLA-I, and CD155 expression are described below. 

It is well-established that in both normal and cancer cells, PD-L1 can be induced by IFN-

γ through activation of signal transducer and activator of transcription-1 (STAT1) and 

IFN regulatory factor-1 (IRF1) (130). In cancer cells, hypoxia-inducible factor alpha 

(HIF-1), STAT3, and nuclear factor-κB (NF-κB) have also been reported to influence 

PD-L1 expression (130). In addition, several microRNAs (miRs), including miR34a, 

miR200, miR-513, and miR-570 have been shown to directly suppress PD-L1 translation 

in certain malignancies (130). While the MAPK and PI3K signaling pathways have been 

shown to influence both HIF-1 and STAT3, inhibitors of these pathways only weakly 

alter PD-L1 in melanoma (131). 

Like PD-L1, HLA-I and other HLA-related proteins can be induced by IFN-γ and IRFs 

(132). Specifically, three promoter elements – enhancer A, interferon-stimulated response 

element, and SXY-module sites – are involved in transcriptional regulation of HLA-I 

(132). These sites are bound by NF-κB, IRF1, and the MHC enhanceosome (a protein 

complex consisting of six subunits), respectively (132). In addition, epigenetic 

modifications, including DNA methylation and histone modifications, can influence HLA 

expression, particularly in tumor cells (132,133). Finally, in cancer, the MAPK pathway 

has also been linked to HLA expression in various malignancies (134-137). 
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Unlike PD-L1 and HLA-I, CD155 regulation is less well-characterized. However, some 

regulatory elements in both normal and cancer cells have been reported (138-141). 

During embryogenesis, CD155 is expressed in mesenchymal and nervous tissues, and 

appears to be at least partially regulated by sonic hedgehog (Shh) and downstream 

activator protein-2 (AP-2) and nuclear respiratory factor-1 (NRF-1) transcription factors 

(138). However, these regulatory mechanisms are likely unique to development, and may 

not regulate CD155 in mature or cancerous cells. In multiple myeloma, nitric oxide, a 

reactive radical capable of acting as a signaling molecule, has been shown to upregulate 

CD155 expression (139). CD155 has also been shown to be upregulated by the MAPK 

signaling pathway in Ras-transformed cells (and can also induce downstream MAPK 

signaling in tumor cells) (140,141). However, these findings have not been extended to 

other systems or cancers. 

To identify compounds that might immunomodulate melanomas, PD-L1, CD155, and 

HLA-I were monitored while performing flow-cytometry-based HTS. While the SC200 

library did not yield any candidates, the L1100 library generated several promising 

candidate drugs. Virtually all the candidate compounds that substantially altered the 

examined proteins were small molecule targeted therapies. To examine if the candidates 

could alter a variety of melanomas, their effects were studied in ten human melanoma 

cell lines. In addition, T cell proliferation was measured after drug exposure to ensure 

that drug candidates would not negatively impact crucial anti-tumor effector cells. 

Finally, a variety of targeted therapy combinations were tested to identify potentially 

synergistic drug combinations.  
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Results 

 

High-throughput screening generates candidate therapies 

HTS of the SC200 and L1100 were performed on a human melanoma cell line, C8161. 

C8161 is amelanotic, harbors wild-type BRAF and NRAS, and expresses high basal 

levels of PD-L1 without IFN-γ stimulation (142,143). Therefore, the cell line was 

selected to allow for detection of changes in PD-L1 expression, and to avoid biasing for 

compounds that would only be effective in BRAF- or NRAS-mutant melanomas. HTS 

was conducted using flow cytometry, a highly sensitive method amenable to high-

throughput approaches. For HTS of the SC200 library, four molecules were measured 

after a two-day course of drug exposure at three doses: PD-L1, PD-L2, CD155, and 

HLA-I (Table 3.1). Very few compounds reduced PD-L1, PD-L2, or CD155 by more 

than 30% for at least one of the three drug doses tested versus vehicle-treated cells. Only 

one, four, and seven compounds reduced PD-L1, PD-L2, and CD155, respectively by 

more than 30%. A larger proportion of compounds (75; 6.9%) increased HLA-I 

expression by at least 30%. Additionally, none of the compounds consistently reduced 

any of the suppressive markers across all three concentrations, and only seven 

compounds increased HLA-I by at least 30% at all three concentrations. Thus, SC200 

library compounds generally had limited and inconsistent effects on the cell surface 

molecules examined. To include more candidate therapies for further analysis, less 

stringent cutoffs were defined and any compound that decreased PD-L1, PD-L2, or 

CD155 by at least 20% (at one or more of the three drug concentrations tested), and/or 

increased HLA-I by at least 30% were collected. A heat map of the selected drug 

candidates revealed that glucocorticoids and anti-inflammatory compounds consistently 
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but modestly reduced PD-L1, PD-L2, and to a lesser degree CD155 (Figure 3.1). 

However, they also typically decreased HLA-I expression. The majority of the remaining 

compounds met selection criteria based on their ability to increase HLA-I expression. 

Yet, none of these compounds reduced PD-L1, PD-L2, or CD155 to a considerable 

degree. Overall, the candidate therapies fell into a wide variety of classes, including 

glucocorticoids such as dexamethasone, antimicrobials such as geneticin, antineoplastics 

and cell toxins such as rotenone, and other routinely used drugs for cardiovascular and 

respiratory ailments. A considerable proportion of the remaining drugs had unknown or 

unclear targets, and met selection requirements based on an ability to increase HLA-I. In 

summary, HTS of the SC200 library did not yield candidate therapies that consistently 

reduced PD-L1, PD-L2, and CD155 while maintaining or increasing HLA-I, despite 

containing a broad range of therapies with diverse targets and mechanisms of action. 

Due to the limited yield generated from SC200 HTS, a similar HTS was conducted with 

an additional library, L1100. The library contains a panel of therapies focused on anti-

cancer drugs, including primarily small molecule targeted therapies. Many of these 

therapies are FDA-approved for various malignancies or other diseases. Four cell surface 

markers were analyzed in C8161 cells treated at four different drug concentrations for 48 

hours: PD-L1, PD-L2, Fn14, and HLA-I. Fn14 was selected for L1100 screening based 

on its oncogenic functions, role in immunity, and responsiveness to therapies in pilot 

tests. Compounds from the L1100 HTS were separated into groups based on drug target, 

which allowed for rapid analysis of various drug classes.   
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Table 3.1 SC200 HTS results on the expression levels of PD-L1, PD-L2, CD155, and HLA-I. 

Changes in PD-L1, PD-L2, CD155, and HLA-I induced by three concentrations (10,000, 1,000, 

and 100 nM) of compounds in the SC200 drug library measured by HTS were sorted by either 

minimum or maximum values and then by fold change in expression compared to vehicle-treated 

cells. Sorting was performed for all four molecules individually. Compounds were then stratified 

into groups based on fold change. The total number of drugs falling into different categories is 

shown in bold, and shown as a percentage below in parentheses. 
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Figure 3.1: Changes in PD-L1, PD-L2, CD155, and HLA-I induced by compounds of the 

SC200 drug library. C8161 cells were treated with compounds of the SC200 drug library at the 

three indicated concentrations for 48 hours. Fold changes in expression were calculated by 

comparing MFIs of drug-treated cells to vehicle-treated cells and shown as a heat map. Only 

compounds that decreased PD-L1, PD-L2, or CD155 by 20%, or increased HLA-I by 30% were 

included. Compound classes are indicated. 
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Results from 11 different drug classes are shown in Figure 3.2. EGFR inhibitors 

consistently, but modestly reduced PD-L1, PD-L2, and Fn14, without changing HLA-I. 

In addition, a variety of multikinase inhibitors and inhibitors with multiple targets, were 

compiled together. Predictably, the multikinase inhibitors had a wide range of effects on 

the four examined molecules. Several of the multikinase inhibitors reduced PD-L1, PD- 

L2, and Fn14, while maintaining or increasing HLA-I, as desired. VEGFR inhibitors had 

modest effects on all the markers. 

Three of six Src inhibitors decreased PD-L1, PD-L2, and Fn14. Dasatinib showed a dose-

dependent and potent ability to reduce all the molecules while increasing HLA-I. c-Met, 

ALK, and Syk inhibitors typically had modest effects on CD155, but weak effects on 

other molecules, while CDK inhibitors had mixed effects. MEK inhibitors generated 

potent and consistent reductions of PD-L1, PD-L2, and Fn14, with equally potent 

increases in HLA- I. p38 inhibitors modestly decreased PD-L1 and Fn14, and increased 

both PD-L2 and HLA-I.  

An additional set of 11 drug classes are shown in Figure 3.3. PI3K, dual PI3K and 

mTOR, Akt, and mTOR inhibitors were grouped together. All except one (XL147) of the 

inhibitors reduced PD-L1 and increased HLA-I, suggesting an important role for the 

PI3K signaling pathway in maintenance of PD-L1 expression and HLA suppression. 

Changes in expression of PD-L2 and Fn14 were mixed, without clear associations for the 

different PI3K inhibitor subclasses. GSK-3 inhibitors primarily increased all four markers 

modestly. While ATM inhibitors had modest effects, a DNA-PK specific inhibitor, 

NU7441, decreased PD-L1 and PD-L2 in a dose-dependent manner and modestly 

increased HLA-I. 
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Figure 3.2: Effects of EGFR, multikinase, VEGFR, Src, c-Met, ALK, Syk, CDK, MEK, Raf, 

and p38 inhibitors on PD-L1, PD-L2, Fn14, and HLA-I. C8161 cells were treated for 48 hours 

with compounds with the indicated targets and fold changes in PD-L1, PD-L2, Fn14, and HLA-I 

were assessed compared to vehicle-treated cells and shown as a heat map. Blank spaces indicate 

values that were excluded due to toxicity. 
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Figure 3.3: Effects of PI3K, Akt, mTOR, GSK-3, DNA-PK, ATM, JAK, metabolite, HDAC, 

PARP, aromatase, viral, γ-secretase, and COX inhibitors on PD-L1, PD-L2, Fn14, and 

HLA-I. C8161 cells were treated for 48 hours with compounds with the indicated targets and fold 

changes in PD-L1, PD-L2, Fn14, and HLA-I were assessed compared to vehicle-treated cells and 

shown as a heat map. Blank spaces indicate values that were excluded due to toxicity. 
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Anti-metabolite therapies, which included some common chemotherapies such as 

fludarabine, typically upregulated all four markers. The most potent changes of all the 

drugs were induced by HDAC inhibitors, which strongly upregulated PD-L1, decreased 

PD-L2 and Fn14, and moderately increased HLA-I. Some of the HDAC inhibitors 

increased PD-L1 by more than four-fold in the C8161 cells, which already express 

elevated levels of PD-L1 basally. In many cases, HDAC inhibitors also reduced PD-L2 

expression to undetectable levels. PARP inhibitors, a promising class of cancer therapies, 

had virtually no effects on any of the cell surface molecules.  

Predictably, aromatase inhibitors also had no effects. Antiviral drugs had minimal impact, 

but four protease or proteasome inhibitors (atazanavir, ritonavir, BMS-790052, and 

danoprevir) increased Fn14 up to two-fold. Gamma-secretase inhibitors did not alter PD-

L1, PD-L2, or HLA-I, but dramatically upregulated Fn14, even at low 10 nM 

concentrations. These data suggest that Fn14 may be cleaved and shed from the tumor 

cell surface by γ-secretases or that Fn14 is altered by γ-secretase-regulated molecules. 

Anti-inflammatory COX inhibitors did not substantially alter any of the molecules.  

An additional nine drug classes, including renin-angiotensin-aldosterone system (RAAS) 

drugs, adrenergic, muscarinic, and dopamine receptor agonists or antagonists, calcium 

channel blockers, serotonin receptor inhibitors, and various neurological drugs also did 

not considerably alter any of the four molecules (Figure 3.4). 

The remaining drugs included in the L1100 HTS are shown in Figure 3.5. 

Anticoagulants, HIV therapies, phosphodiesterase inhibitors, antihistamines, and 

antimicrobials all had limited effects on PD-L1, PD-L2, Fn14, and HLA-I.  
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Figure 3.4: Effects of RAAS, adrenergic, muscarinic, dopamine, calcium channel, serotonin, 

sodium channel, neurotransmitter reuptake, and neurotransmitter inhibitors on PD-L1, 

PD-L2, Fn14, and HLA-I. C8161 cells were treated for 48 hours with compounds with the 

indicated targets and fold changes in PD-L1, PD-L2, Fn14, and HLA-I were assessed compared 

to vehicle-treated cells and shown as a heat map. Blank spaces indicate values that were excluded 

due to toxicity. 
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Figure 3.5: Effects of miscellaneous L1100 library compounds on PD-L1, PD-L2, Fn14, 

HLA-I. C8161 cells were treated for 48 hours with compounds with the indicated targets and fold 

changes in PD-L1, PD-L2, Fn14, and HLA-I were assessed compared to vehicle-treated cells and 

shown as a heat map. Blank spaces indicate values that were excluded due to toxicity. 
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However, two drugs demonstrated interesting characteristics in HTS. CX-4945, a casein 

kinase 2 (CK2) inhibitor, potently downregulated all four molecules. CHR-2897, an 

aminopeptidase targeting compound, acted similarly to γ-secretase inhibitors, and 

increased Fn14 expression substantially. Notably, one compound targeting PDGFR, 

which is frequently mutated or constitutively active in melanoma, was ineffective. Other 

emerging cancer targeting drugs, such as Bcl-2, TGF-β, STAT3, JAK, aurora kinase, and 

insulin growth factor 1 receptor (IGF-1R) inhibitors, failed to induce considerable effects.  

Evaluation of candidate therapies in a melanoma cell line panel 

Using HTS findings, most promising drug classes or individual compounds were 

compiled in a small drug candidate library. The candidate library consisted of 48 drugs, 

many of which had redundant targets to ensure specificity. HTS results for changes in 

PD-L1 and HLA-I for the candidate library are shown in Figure 3.6. Multiple drugs from 

nine different drug classes (EGFR, VEGFR, MEK, p38, RAF, PI3K, mTOR, Src, and 

multikinase inhibitors) were selected. Three additional drugs with promising 

characteristics from HTS were included. All of the drugs decreased PD-L1 except RAF 

inhibitors. However, RAF inhibitors were included to examine how clinically relevant 

BRAF inhibitors might alter molecules associated with immunomodulation. Most of the 

selected drugs increased or maintained HLA-I expression. Some drugs were included that 

reduced HLA-I, provided they showed potent reductions in PD-L1 levels. As expected, 

drugs from the same class typically had similar effects on PD-L1 and HLA-I expression.  

Next, we examined if the candidate therapies were effective in diverse melanomas using 

a 10-cell line panel.  
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Figure 3.6: Lead candidates from L1100 HTS reduce PD-L1 and increase HLA-I. 44 

compounds from the L1100 HTS were selected and compiled results for PD-L1 and HLA-I are 

shown. C8161 cells were treated for 48 hours with compounds with the indicated targets and fold 

changes in PD-L1 and HLA-I were assessed compared to vehicle-treated cells and shown as a 

heat map. Regorafenib (Reg) and NU7441 (NU) are indicated. Gray spaces indicate values that 

were excluded due to toxicity. 
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The focus of these studies was measuring the effect of the drugs on PD-L1, CD155, and 

HLA-I. PD-L2 was not examined because it is rarely expressed on melanomas. CD155 

was prioritized over Fn14 based on its potential ability to directly impact T cells by 

providing co-inhibitory signals through TIGIT. The 10-cell line panel included one 

BRAF- and NRAS-wild type line (C8161), four BRAFV600 positive lines (A375, 

COLO-829, SK-MEL-24, and SK-MEL-28), and five NRAS mutant lines (Mel-Juso, 

MM485, RPMI-7951, SK-MEL-2, and UCD-Mel-N). All 10 cell lines were treated with 

the 48 candidate therapies for two days. Subsequently, PD-L1, CD155, and HLA-I 

expression were measured by flow cytometry. In addition, the studies were supplemented 

by examining how the candidate therapies affected T cell proliferation from healthy 

peripheral blood mononuclear cell (PBMC) donors. Many of the 48 candidate therapies 

target pathways involved in T cell function or proliferation. T cell proliferation studies 

were therefore conducted to ensure that any candidates selected for future testing would 

not significantly impact T cell expansion. Human PBMCs were stimulated with anti-CD3 

antibody (OKT3) and IL-2 and cultured in the presence of drug for five days, to 

selectively promote T cell proliferation. Under these conditions, T cells do not require 

costimulatory signals, which are provided by myeloid cells of PBMCs, to proliferate and 

IL-2 further promotes expansion.  

To evaluate drug-induced effects in the cell line panel, several arbitrary guidelines were 

established. Because some responses only occurred at a narrow range of doses, maximum 

fold changes compared to vehicle-treated cells were used to describe responses. These 

changes were then arbitrarily separated into no response (fold change > 0.9), minor or 

weak response (0.9 ≥ fold change > 0.75), moderate response (0.75 ≥ fold change > 0.5), 
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or strong response (fold change ≤ 0.5) categories. Initially, five different EGFR inhibitors 

were examined (Figure 3.7). Generally, the EGFR inhibitors had weak or no effects on 

expression of all three molecules. Two cell lines, COLO-829 and SK-MEL-24, often 

exhibited moderate responses to EGFR inhibitors, suggesting that EGFR signaling might 

be associated with PD-L1 and HLA-I expression in these cell lines. However, none of the 

NRAS cell lines responded to the therapies. Notably and surprisingly, EGFR inhibitors 

tended to decrease T cell proliferation at concentrations above 100 nM. Thus, EGFR may 

be involved in aspects of T cell proliferation. A role for EGFR in T cell biology has not 

been established, but the effects observed may be due to non-specific effects of EGFR 

inhibitors at high concentrations. 

Five VEGFR and multikinase inhibitors were included in the candidate drug panel 

(Figure 3.8). Cediranib, a VEGFR inhibitor that also targets c-Kit and PDGFR, weakly 

or moderately reduced PD-L1 and increased HLA-I in approximately half of the cell 

lines, but had no effect on CD155 in all but one cell line (SK-MEL-24). T cell 

proliferation was moderately reduced by Cediranib at high concentrations. NVP-

BHG712, the only inhibitor in the group that did not target VEGFR, demonstrated mixed 

results. Predictably, because NVP-BHG712 targets BRAF, moderate changes in PD-L1, 

CD155, and HLA-I were more frequently observed in BRAF mutant cell lines. However, 

the compound reduced T cell proliferation by approximately 20% and 90% at 

concentrations of 1 μM and 10 μM, respectively. Ponatinib, which targets a wide variety 

of kinases, induced moderate or strong reductions in PD-L1 and CD155 in the majority of 

cell lines, but severely reduced T cell proliferation by at least 80% even at low 10 nM 

doses.  
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Figure 3.7: EGFR inhibitors rarely influence PD-L1, CD155, and HLA-I and reduce T cell 

proliferation. Ten melanoma cell lines were treated with varying concentrations of five EGFR 

inhibitors for 48 hours and changes in PD-L1, CD155, and HLA-I expression were assessed. 

PBMCs from three donors were also treated with the inhibitors for five days along with anti-CD3 

antibody (OKT3) and IL-2 stimulation (right panels). Drug names along with primary targets are 

indicated. 
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Figure 3.8: VEGFR and multikinase inhibitors have varying effects on PD-L1, CD155, 

HLA-I, and T cell proliferation. Ten melanoma cell lines were treated with varying 

concentrations of five VEGFR or multikinase inhibitors for 48 hours and changes in PD-L1, 

CD155, and HLA-I expression were assessed. PBMCs from three donors were also treated with 

the inhibitors for five days along with anti-CD3 and IL-2 stimulation (right panels). Drug names 

along with primary targets are indicated. 
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Regorafenib is a promiscuous multikinase inhibitor with an array of targets, including 

RET, Raf isoforms, VEGFR, c-KIT, Tie-2 and others. Regorafenib weakly reduced PD-

L1 in five cell lines and moderately or strongly reduced PD-L1 in three lines. It also 

reduced CD155 at concentrations above 1 μM in eight of ten lines, and increased HLA-I 

by at least 20% in four cell lines. Wild-type, BRAFV600, and NRAS-mutant cell lines all 

responded. Importantly, regorafenib did not alter T cell proliferation even at 10 μM 

concentrations. Uniquely, of the 48 compounds, regorafenib was one of seven that did not 

reduce T cell proliferation by at least 20%. Vandetanib, which primarily targets VEGFR 

and EGFR, reduced PD-L1 in four of ten lines, had no effect on CD155 and HLA-I 

(except in SK-MEL-24), and strongly reduced T cell proliferation at 10 μM. 

Src inhibitors, particularly dasatinib, yielded encouraging findings in HTS. Two Src 

inhibitors were selected for further studies with the cell line panel: bosutinib and 

dasatanib (Figure 3.9). Bosutinib only weakly reduced PD-L1 in three of the cell lines, 

and had limited effects on CD155 and HLA-I. Additionally, T cell proliferation was 

undetectable at high drug concentrations. In contrast, dasatinib moderately reduced PD-

L1 and CD155 in five cell lines, while inducing HLA-I expression by at least 20% in 

three cell lines. However, dasatinib substantially reduced T cell proliferation by at least 

75% at all tested concentrations (10 nM – 10 μM). Reduced T cell proliferation after Src 

inhibitor treatment was likely observed due to inhibition of Lck, and Src family member, 

and crucial kinase downstream of TCR ligation. This phenomenon has been observed 

previously (144). 

Seven highly selective MEK1/2 inhibitors were included in the drug candidate library. In 

general, cell lines responded similarly to all MEK inhibitors (Figure 3.10).  
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Figure 3.9: Src inhibitors decrease PD-L1 and CD155 and increase HLA-I, but reduce T 

cell proliferation. Ten melanoma cell lines were treated with varying concentrations of two Src

inhibitors for 48 hours and changes in PD-L1, CD155, and HLA-I expression were assessed. 

PBMCs from three donors were also treated with the inhibitors for five days along with anti-CD3

and IL-2 stimulation (right panels). Drug names along with primary targets are indicated. 
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Figure 3.10: MEK inhibitors potently reduce PD-L1 and CD155, increase HLA-I, and 

moderately reduce T cell proliferation. Ten melanoma cell lines were treated with varying 

concentrations of seven MEK1/2 inhibitors for 48 hours and changes in PD-L1, CD155, and 

HLA-I expression were assessed. PBMCs from three donors were also treated with the inhibitors 

for five days along with anti-CD3 and IL-2 stimulation (right panels). Drug names along with 

primary targets are indicated.  



69 

  

Notably, evidence of melanoma toxicity was routinely observed even at very low MEK 

inhibitor concentrations – particularly with more potent newer compounds. MEK 

inhibitors consistently weakly or moderately reduced PD-L1 and CD155 in 30-70% of 

the cell lines. In addition, HLA-I was typically increased in a subset of the lines. In 

general, BRAF- and NRAS-mutant cell lines were equally sensitive to the MEK 

inhibitors. However, the compounds also consistently reduced T cell proliferation by 20-

50% at a broad range of concentrations.  

While the classical MAPK pathway is primarily involved in controlling cell proliferation, 

the related p38 MAPK pathway has been linked primarily to survival, cellular responses 

to stress, immune responses, and cell differentiation (145). Five p38 inhibitors, were 

included in the drug candidate pool. These inhibitors induced only slightly reduced PD-

L1 in initial screening, and similar results were found when the cell line panel was treated 

with the five selected p38 inhibitors (Figure 3.11). Indeed, only weak changes were 

observed, and no responses in the examined molecules were observed in most cell lines. 

Generally, the inhibitors also did not affect T cell proliferation. 

Despite unremarkable results in HTS, three RAF family targeting compounds were 

included in candidate pool for further testing. These inhibitors were examined because 

BRAF inhibition has been reported to alter a variety of immunologically relevant aspects 

of melanomas, including antigen expression (71). The group included pan-RAF inhibitors 

(GDC-0879 and RAF265), along with a BRAFV600 selective inhibitor, PLX-4720, 

which is related to the clinically approved compound, vemurafenib. Interestingly, despite 

strong data from MEK inhibitors, RAF inhibitors did not typically alter PD-L1 

appreciably (Figure 3.12).  
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Figure 3.11: p38 inhibitors do not affect PD-L1, CD155, HLA-I, or T cell proliferation. Ten 

melanoma cell lines were treated with varying concentrations of five p38 inhibitors for 48 hours 

and changes in PD-L1, CD155, and HLA-I expression were assessed. PBMCs from three donors 

were also treated with the inhibitors for five days along with anti-CD3 and IL-2 stimulation (right 

panels). Drug names along with primary targets are indicated. 
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Figure 3.12: RAF inhibitors do not consistently alter PD-L1, CD155, HLA-I, and can reduce 

T cell proliferation. Ten melanoma cell lines were treated with varying concentrations of three 

RAF inhibitors for 48 hours and changes in PD-L1, CD155, and HLA-I expression were assessed. 

PBMCs from three donors were also treated with the inhibitors for five days along with anti-CD3 

and IL-2 stimulation (right panels). Drug names along with primary targets are indicated. 

  



72 

  

However, the compounds weakly or moderately reduced CD155 in approximately half of 

the cell lines. The inhibitors also often increased PD-L1 and CD155 expression in NRAS 

cell lines, potentially due to paradoxical BRAF activation (48). While RAF265 limited T 

cell proliferation at doses from 1-10 μM, as has been shown previously, the remaining 

BRAF inhibitors did not alter T cell proliferation (71).  

Development of compounds targeting various nodes of the PI3K-Akt-mTOR signaling 

pathway has led to the availability of a wide range of drugs. Small molecules that target 

only single isoforms of PI3K and those that target both PI3K and the downstream mTOR 

complexes simultaneously have been developed. Initially, PI3K inhibitors (with minimal 

or reduced specificity to mTOR) were examined (Figure 3.13). Four of the five inhibitors 

(AS-252424, AS-605240, AZD6482, and LY294002) did not consistently alter PD-L1 

and HLA-I, and only weakly reduced CD155 at high concentrations. Apart from 

AZD6482, the compounds did not typically alter T cell proliferation. PIK-90, which is 

specific for most PI3K isoforms except PI3Kβ, weakly reduced PD-L1 and moderately 

reduced CD155 while increasing HLA-I in eight of the ten cell lines. However, PIK-90 

also reduced T cell proliferation by at least 60% at concentrations 1 µM and above. 

Several other PI3K-targeting compounds, including four dual PI3K-mTOR inhibitors and 

one Akt inhibitor, were included in the candidate drug panel (Figure 3.14). Dual PI3K-

mTOR inhibitors induced weak and moderate reductions in PD-L1, but were more potent 

inhibitors of CD155 expression. In some cases, the dual inhibitors moderately increased 

HLA-I, but they generally had minimal effects.  

  



73 

  

  Figure 3.13: PI3K inhibitors have mixed effects on PD-L1 and HLA-I, typically reduce 

CD155, and are often toxic to T cells. Ten melanoma cell lines were treated with varying 

concentrations of five PI3K inhibitors for 48 hours and changes in PD-L1, CD155, and HLA-I 

expression were assessed. PBMCs from three donors were also treated with the inhibitors for five 

days along with anti-CD3 and IL-2 stimulation (right panels). Drug names along with primary 

targets are indicated. 
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Figure 3.14: Dual-PI3K-mTOR and Akt inhibitors often reduce PD-L1 and CD155, have 

mixed effect son HLA-I, and reduce T cell proliferation. Ten melanoma cell lines were treated 

with varying concentrations of four dual-PI3K-mTOR inhibitors and one Akt inhibitor for 48 

hours and changes in PD-L1, CD155, and HLA-I expression were assessed. PBMCs from three 

donors were also treated with the inhibitors for five days along with anti-CD3 and IL-2 

stimulation (right panels). Drug names along with primary targets are indicated. 
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Apart from omipalisib, which substantially reduced T cell proliferation without 

appreciably affecting any of the melanoma markers, the magnitude of marker reduction 

tended to correlate with their toxicity to T cells. For example, PI-103, which had perhaps 

the strongest and most consistent effects on PD-L1, CD155, and HLA-I in melanomas, 

considerably reduced T cell expansion at concentrations above 100 nM. The Akt inhibitor 

included in the candidate pool, MK-2206, weakly or moderately reduced PD-L1 in six 

cell lines, had limited effects on CD155, and often weakly induced HLA-I. Further, it 

caused only minor reductions in T cell proliferation. 

Four mTOR-specific compounds were included in the candidate drug panel. The mTOR 

complex I (mTORC1) and downstream molecules have been associated with regulation 

of protein translation (146). Particularly in cancer, mTORC1 is a critical regulator of 

mRNA transcripts that form complex secondary structures (146). Thus, if translation of 

PD-L1, CD155, or HLA-I transcripts were controlled in part by mTORC1, mTOR 

inhibitors could impact their expression. In general, mixed results were observed (Figure 

3.15). Surprisingly, mTOR inhibitors increased PD-L1 in several of the cell lines. 

However, the inhibitors tended to weakly or moderately reduce CD155, and often had 

mixed effects on HLA-I – increasing or decreasing HLA-I depending on cell lines. As 

expected, given the role of mTOR in T cell activation and signaling, the compounds 

typically reduced T cell expansion (147). 

HDAC inhibitors generated striking results in initial HTS by dramatically increasing PD-

L1 and HLA-I expression. These findings were confirmed in the cell line panel. Aside 

from MS-275, all the HDAC inhibitors increased PD-L1 expression in a dose-dependent 

fashion (Figure 3.16).  
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Figure 3.15: mTOR inhibitors often increase PD-L1, reduce CD155, exhibit mixed effects on 

HLA-I, and reduce T cell proliferation. Ten melanoma cell lines were treated with varying 

concentrations of four mTOR inhibitors for 48 hours and changes in PD-L1, CD155, and HLA-I 

expression were assessed. PBMCs from three donors were also treated with the inhibitors for five 

days along with anti-CD3 and IL-2 stimulation (right panels). Drug names along with primary 

targets are indicated. 
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Figure 3.16: HDAC inhibitors dramatically increase PD-L1 and HLA-I, have no effect on 

CD155, and reduce T cell proliferation. Ten melanoma cell lines were treated with varying 

concentrations of four HDAC inhibitors for 48 hours and changes in PD-L1, CD155, and HLA-I 

expression were assessed. PBMCs from three donors were also treated with the inhibitors for five 

days along with anti-CD3 and IL-2 stimulation (right panels). Drug names along with primary 

targets are indicated. 
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The inhibitors also induced HLA-I expression in most of the cell lines. However, 

epigenetic modulation by HDAC inhibitors did not typically alter CD155. Interestingly, 

in general, the inhibitors potently reduced T cell proliferation at a broad range of 

concentrations. These results suggest that in at least some melanomas, PD-L1 and HLA-I 

expression may be suppressed by epigenetic histone acetylation, and reveals a unique 

regulatory mechanism for the two molecules. 

Finally, three additional inhibitors with miscellaneous targets were included in the 

candidate drug library (Figure 3.17). Fostamatinib, a syk molecule inhibitor, had limited 

or no appreciable effects on PD-L1 and HLA-I, but moderately decreased CD155 in most 

cell lines. Silmitasertib (CX-4945), a casein kinase 2 inhibitor, generated promising 

results in HTS (Figure 3.5), but failed to reproduce these effects in the majority of cell 

lines examined. 

NU7441 is a highly specific DNA-PK inhibitor. At the time of its discovery in 2004, the 

small molecule was the most potent and specific DNA-PK inhibitor identified (148). 

NU7441 weakly, moderately, and strongly reduced PD-L1 in four, three, and one cell 

line, respectively. The DNA-PK inhibitor also moderately or strongly reduced CD155 in 

the all but one cell line (RPMI-7951), while maintaining or modestly increasing HLA-I in 

all 10 cell lines. While the drug inhibited T cell proliferation by over 90% at 10 μM, it 

had no effect at 1 μM – a concentration at which it effectively reduced PD-L1 and CD155 

in melanomas.  
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Figure 3.17: Syk and CK2 inhibition exhibit limited effects, whereas a DNA-PK inhibitor 

results in PD-L1 and CD155 reductions. Ten melanoma cell lines were treated with varying 

concentrations of a Syk inhibitor, DNA-PK inhibitor, and casein kinase 2 inhibitor for 48 hours 

and changes in PD-L1, CD155, and HLA-I expression were assessed. PBMCs from three donors 

were also treated with the inhibitors for five days along with anti-CD3 and IL-2 stimulation (right 

panels). Drug names along with primary targets are indicated. 
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Combination therapies can enhance PD-L1 and CD155 reduction 

Upon examining the results from the expanded cell line panel – based on an ability to 

consistently reduce PD-L1 and CD155, while maintain or increasing HLA-I – two 

inhibitors were selected for further investigation: regorafenib, a multikinase inhibitor 

(Figure 3.8), and NU7441, a DNA-PK inhibitor (Figure 3.17). Initially, the two 

compounds were combined with two clinically approved therapies (vemurafenib, a 

BRAFV600 inhibitor, and trametinib, a MEK inhibitor), in an attempt to establish more 

effective combination therapies. Six drug combinations were evaluated. First, T cell 

proliferation in the presence of drug concentrations was evaluated (Figure 3.18). As 

expected, drugs that were toxic as monotherapies were more toxic as combination 

therapies. Indeed, the least toxic combination was regorafenib and vemurafenib – two 

compounds that do not substantially alter T cell proliferation alone. In contrast, the most 

toxic monotherapies, trametinib and NU7441, generated the most toxic combination 

therapy. 

The abilities for drug combinations to alter PD-L1, CD155, and HLA-I were tested in six 

melanoma cell lines (A375, C8161, SK-MEL-2, 624-Mel, Malme-3M, and SK-MEL-5) 

(Figure 3.19-3.21). Four different drug combinations were tested for all six lines, while 

two additional drug combinations were tested for three of the six lines. As expected, 

responses to the drug combinations varied extensively depending on cell line, drug 

combination, and marker. For PD-L1, the most promising combination appeared to be 

regorafenib plus NU7441 (Figure 3.19). Using this combination, PD-L1 was reduced in 

all the cell lines except SK-MEL-5, though responses in Malme-3M were weak.  
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Figure 3.18: Drug combinations influence T cell proliferation. Human PBMCs were treated 

with varying concentrations of drugs along with anti-CD3 antibody (OKT-3) and IL-2. 

Proliferation was measured after five days using 3H-thymidine uptake and shown as a heat map. 

R = regorafenib, T = trametinib, N = NU7441, V = vemurafenib. 
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Figure 3.19: Drug combinations can additively reduce PD-L1. Three to six melanoma cell 

lines were treated with 4-6 different drug combinations, and changes in PD-L1 expression were 

assessed after 48 hours and shown as fold change in heat maps. R = regorafenib, T = trametinib, 

N = NU7441, V = vemurafenib. 
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Figure 3.20: Drug combinations can additively reduce CD155. Three to six melanoma cell 

lines were treated with 4-6 different drug combinations, and changes in CD155 expression were 

assessed after 48 hours and shown as fold change in heat maps. R = regorafenib, T = trametinib, 

N = NU7441, V = vemurafenib. 
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Figure 3.21: Drug combinations can induce HLA-I. Three to six melanoma cell lines were 

treated with 4-6 different drug combinations, and changes in HLA-I expression were assessed 

after 48 hours and shown as fold change in heat maps. R = regorafenib, T = trametinib, N = 

NU7441, V = vemurafenib. 
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In general, the remaining combinations resulted in fewer responding cell lines or weaker 

responses. Further, regorafenib and NU7441 combination treatment yielded some 

evidence of potentially synergistic or additive effects. CD155 was reduced in all cell lines 

except C8161 by all of the tested drug combinations (Figure 3.20). HLA-I was induced 

by all of the combination therapies in A375 and C8161 (Figure 3.21). In the remaining 

cell lines, the combinations induced minor reductions or mixed effects in HLA-I 

expression. Limited evidence of synergistic or additive effects were observed for both 

CD155 and HLA-I. 

Discussion 

 

High-throughput approaches for repurposing drugs are a promising strategy to identify 

new and improved treatments for cancer. Immunotherapy is an emerging method to treat 

various malignancies and checkpoint blockade has become a first-line option for multiple 

cancers. Here, an attempt to identify “targeted immunotherapies” using high-throughput 

screening was used.  

Two large drug libraries were used for HTS, which measured the expression of 

immunosuppressive and immunostimulatory molecules, and were used to identify initial 

drug candidates. The candidates were then examined in a panel of 10 melanoma cell lines 

to confirm and expand on HTS results. T cell proliferation was also measured after 

candidate drug treatment to eliminate compounds that might reduce anti-tumor T cell 

expansion. These data were compiled to select two lead candidates for further studies: 

regorafenib and NU7441. The lead candidates were then studied in drug combination 
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studies along with other FDA-approved small molecule therapies for melanoma in order 

to identify combinations with improved potency. 

A major concern with any study using drugs is specificity. Small molecule therapeutics, 

to varying degrees, are notorious for non-specific, off-target effects. Kinase inhibitors, for 

example, are typically designed to bind to the adenosine triphosphate (ATP)-binding 

pocket of kinases. Two different kinases can contain ATP-binding sites with significant 

structural similarities allowing for off-target effects. More thorough studies with kinase 

inhibitors have also revealed that they are often capable of inhibiting non-kinase proteins, 

further expanding the possibility for off-target, and often undesirable effects (149). These 

non-specific effects normally rise with increasing drug concentrations, and can also make 

drawing conclusions for HTS and drug studies challenging. Therefore, while many of the 

hypotheses made herein assume that drugs are highly specific, the possibility of off-

target, non-specific effects should also be kept in mind. 

Although the SC200 library did not offer significant hits, 48 compounds were identified 

from the L1100 library based on their ability to downregulate PD-L1, CD155, and/or 

increase HLA-I, while not significantly affecting T cell proliferation. These compounds 

fell into a wide variety of classes, indicating that PD-L1, CD155, and HLA-I expression 

can be influenced by a wide variety of signaling molecules. Several pathways are 

commonly constitutively active in cancers, including melanoma in the in vitro setting 

without support from non-malignant cells. The roles of these pathways, which include the 

MAPK pathway, PI3K pathway, and others, in oncogenic hallmarks (e.g. proliferation, 

survival, angiogenesis, and metastasis) have been well described (89). Yet, while evading 

the immune system is now a recognized cancer hallmark, the roles of constitutively active 
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signaling pathways in this process are still largely unknown. Many of the 48 inhibitors 

selected from the L1100 library block the function of kinases and other proteins that have 

been reported to be constitutively active in various cancers. Thus, it is possible that 

constitutively active oncogenic signaling pathways contribute to classic oncogenic 

hallmarks while also influencing the basal regulation of immunologically relevant 

molecules such as PD-L1, CD155, and HLA-I in melanoma.  

More specifically, several interesting conclusions could be made from the L1100 HTS 

and subsequent studies. First, EGFR, p38, mTOR, and BRAF inhibitors were generally 

ineffective at altering PD-L1, CD155, and HLA-I. The findings from EGFR and p38 

inhibitors were not surprising, as these molecules have not been commonly reported to be 

constitutively active in melanoma (but are commonly active in other cancers). In certain 

cancers where EGFR activation is common, EGFR inhibitors have been proposed for use 

in combination with immunotherapies (150,151). Unexpectedly, EGFR inhibitors 

consistently reduced T cell proliferation at concentrations above 100 nM. It is possible 

that these reductions are due to non-specific effects that are often observed with small 

molecule inhibitors (discussed above). Regardless, these findings lend caution to 

approaches that use EGFR inhibitors with immunotherapies. mTOR and its downstream 

effectors tightly control translation of a limited number of proteins, many of which have 

been implicated in cancer (147). Thus, the observations with mTOR inhibitors indicate 

that translation of PD-L1, CD155, and HLA-I may not be controlled by mTOR. 

However, mTOR also has established roles in cancer metabolism, ribosome biology, cell 

death processes such as autophagy, and other processes, all of which could also influence 

expression of various molecules including PD-L1, CD155, and HLA-I (152). 
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Examination of L1100 HTS and confirmatory studies revealed that altering the MAPK 

pathway using MEK inhibitors resulted in decreased PD-L1 and CD155, while increasing 

HLA-I in various melanoma cell lines. MEK inhibitors consistently altered these three 

molecules. Src inhibitors also effectively reduced PD-L1 and CD155. While the most 

well-established downstream effects of Src activation center on motility and focal 

adhesion biogenesis, Src family kinases also induce MAPK signaling through growth 

factor receptor-bound protein 2 (Grb2), son of sevenless (Sos), and subsequently, Ras 

activation (153). Thus, the MAPK pathway, which is thought to usually be constitutively 

active in melanoma, appears to have regulatory roles in PD-L1, CD155, and HLA-I 

expression. Known regulatory mechanisms governing the expression of these three 

molecules were previously discussed, and the results on CD155 and HLA-I herein align 

with studies that have shown that these two molecules are regulated, in part, by MAPK 

components (134-137,140,141). However, the role of the MAPK pathway in PD-L1 

expression is unclear. A number of studies have examined how inhibiting BRAF alters 

melanomas and have shown a reduction in immunosuppressive cytokine secretion and an 

increase in melanoma antigen expression. Yet, reports to date on PD-L1 have suggested 

that BRAF inhibitors do not significantly influence PD-L1 expression and that BRAF 

mutations are not correlated with PD-L1 expression (131,154). In support of these 

findings, the results herein suggest that BRAF inhibition does not consistently lead to 

changes in PD-L1 or CD155 in BRAFV600-mutant melanoma cell lines. In addition, 

selective BRAF inhibitors may increase PD-L1 and CD155 in NRAS-mutant lines, likely 

through paradoxical MAPK activation.  
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In contrast to BRAF inhibitors, MEK1/2 inhibitors often induced impressive reductions 

in PD-L1 and CD155, while increasing HLA-I. These observations made findings with 

BRAF inhibitors particularly surprising. In the MAPK pathway, Braf (and other Raf 

proteins) act immediately upstream of Mek1/2 and directly phosphorylate Mek1 and 

Mek2. Further, mutations in BRAF are common whereas activating mutations in MEK 

genes are rare and typically a result of selective pressure from BRAF inhibitor treatment 

(41). Thus, a reasonable hypothesis would be that inhibiting Braf or Mek would have 

similar effects on proteins controlled by the MAPK pathway. The findings above suggest 

this is not the case. One possible explanation is that upon Braf inhibition, other Raf 

isoforms (Araf or Craf) compensate to maintain downstream Mek phosphorylation. 

However, the pan-Raf inhibitor, RAF265, was also ineffective. Another possible 

explanation is that signaling molecules other than Braf directly induce Mek activation. 

Given the paradoxical findings above, it remains unclear why BRAF and MEK inhibitors 

affect PD-L1, CD155, and HLA-I so differently, and further studies are needed to 

elucidate the different functions of Braf and Mek in PD-L1 and HLA-I regulation. Yet, it 

appears clear that components of the MAPK signaling pathway can influence PD-L1, 

CD155, and HLA-I.  

In general, evaluating MEK inhibitors was challenging. Current MEK inhibitors are 

highly potent and inhibit melanoma proliferation at low nanomolar concentrations. 

Consequently, generating sufficient live melanoma cells to evaluate protein expression 

was often difficult. In addition, MEK inhibitors consistently reduced T cell proliferation. 

However, reductions were relatively mild, and it was impossible to infer whether this 

effect would have a negative impact in vivo. Preclinical evaluations of MEK inhibitors as 
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potential immunotherapies have led to conflicting findings and opinions (79,80). MEK 

inhibitors reduce T cell proliferation as well as cytokine secretion, and the MAPK 

pathway is a critical component of T cell activation (79,155-157). However, animal trials 

with MEK inhibitors have shown that they may enhance anti-tumor T cell infiltration and 

function in vivo in spite of anti-proliferative in vitro effects (80). 

Perhaps the most striking results in the L1100 screen and subsequent studies were 

observed with HDAC inhibitors. Application of HDAC inhibitors in diverse melanomas 

almost universally led to an increase in PD-L1 and typically also increased HLA-I 

expression. HDAC inhibitors, however, did not change CD155 expression. These data 

indicate that PD-L1 and HLA-I may be epigenetically suppressed in melanoma. The lack 

of changes in CD155 further suggest that PD-L1 and HLA-I are uniquely controlled by 

epigenetic histone acetylation mechanisms, and confirm that HDAC inhibitors did not 

simply upregulate the expression of all proteins. With regard to HLA-I, epigenetic 

regulation of HLA in the setting of cancer is well-established (133). Similar changes in 

PD-L1 have also been noted in multiple malignancies, including recently in melanoma 

(158-160). In non-small cell lung carcinoma, azacytadine, a DNA methyltransferase 

inhibiting agent, has been shown to increase PD-L1 expression, along with several other 

immune-related pathways such as HLA-I and related proteins, antigen presentation 

machinery, interferon signaling components, and cancer-testis antigen expression (158). 

These findings suggest that both histone acetylation and DNA methylation may 

epigenetically regulate PD-L1. Similar findings of increased PD-L1 and PD-L2 have 

been reported in patients with myelodysplastic syndromes treated with DNMT inhibitors 

(159). DNMT regulation of PD-L1 has not been reported in melanoma, but a recent 
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report has shown that a variety of HDAC inhibitors can durably increase PD-L1 

expression in both melanoma cell lines and primary melanoma samples (160). 

Collectively, these studies demonstrate that both DNA methylation and histone 

acetylation can serve as mechanisms to limit PD-L1 expression and the results herein 

verify and strengthen these findings. Clinically, HDAC inhibitors and other epigenetic 

targeting therapies have been proposed for use in combination with immunotherapy, and 

these data lend caution to such approaches (161). Yet, it remains unclear whether 

potentially beneficial changes, such as increased interferon signaling and antigen 

expression, might offset increased immunosuppressive pathways, such as PD-L1. 

Several L1100 candidate compounds generated promising results in 10 melanoma cell 

lines, but substantially reduced T cell proliferation. In fact, 41 of the 48 candidate 

therapies showed some evidence of reducing T cell proliferation. For example, ponatinib, 

a multikinase inhibitor, consistently reduced PD-L1 and CD155 while increasing HLA-I 

in the majority of cell lines. However, it reduced T cell proliferation by approximately 

80% at 10 nM – a concentration where changes in PD-L1, CD155, and HLA-I were weak 

or absent. Similar observations were made with several Src, MEK, and PI3K inhibitors. 

This observation is not surprising. Many signaling pathways and molecules that play 

important roles in tumor oncogenesis are also important in various aspects of T cell 

biology. For example, the PI3K pathway is one of the most commonly constitutively 

activated and upregulated pathways in cancer – virtually all cancers show evidence of 

PI3K pathway activation (15,162). However, PI3K and its downstream effectors, Akt and 

mTOR, are also critical signaling molecules in T cell proliferation and function after TCR 

stimulation (147,163,164). Unfortunately, these types of overlaps between cancer and 
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immune signaling pathways make identifying potential targeted immunotherapies 

particularly challenging.  

Yet, unique differences between signaling pathways in immune cells and tumor cells 

often exist, and other strategies could be used to overcome these issues. PI3Kδ, for 

example, is enriched in immune cell subsets and rarely active in tumor cells, where 

PI3Kα and PI3Kβ aberrations are far more common (165,166). Isoform-specific PI3K 

inhibitors are now available, and have been proposed to selectively target tumor cells 

while sparing anti-tumor effector immune cells in the setting of cancer immunotherapy 

(167). Other strategies are also available to selectively deliver drugs to tumor cells 

without disrupting signaling in immune cells. In breast cancer, for example, the cytotoxic 

drug, emtansine, has been linked to trastuzumab, a HER2-specific monoclonal antibody, 

to facilitate specific delivery of toxic payloads to tumors in HER2+ patients (168). Other 

delivery systems such as nanoparticles and other bioengineering techniques, local 

delivery methods, and viral vehicles, could also serve to improve tumor specificity. In 

addition, some the findings herein could potentially be enhanced using drug 

modifications and by exploring drug derivatives. If, for example, Src or MEK inhibitors 

could be developed which avoid lymphocyte Lck or Mek, initial studies suggest that 

these compounds could be effective as cancer immunomodulatory agents. Thus, while 

many of the compounds from the L1100 candidate library were not pursued further based 

on reductions in T cell proliferation, future studies could focus on using tumor-specific 

delivery mechanisms or identifying drug modifications to overcome targeting concerns. 

Examination of results from HTS and subsequent testing of multiple cell lines led to 

selection of several drugs for further studies. Regorafenib was selected based on its 
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abilities to reduce PD-L1 across a broad concentration range, reduce CD155 at high 

concentrations, and increase HLA-I in select cell lines. In addition, it did not affect T cell 

proliferation. Several of the MEK inhibitors exhibited similar profiles, with moderate but 

potentially acceptable reductions in T cell proliferation. Therefore, trametinib, an FDA-

approved MEK inhibitor was obtained and used for further studies. In addition, despite a 

lack of promising screening data, the FDA-approved BRAF inhibitor, vemurafenib, was 

included for subsequent studies. The drug was selected with the goal of examining 

whether combination therapies might enhance PD-L1 or CD155 reduction. The final 

compound selected for further studies was NU7441. The DNA-PK inhibitor generated 

promising initial results and consistently reduced PD-L1 and CD155 in melanomas at 

concentrations that did not impact T cell proliferation. 

As monotherapies, the selected drugs typically reduced PD-L1 by a maximum of 

approximately 50%. Therefore, to further reduce PD-L1 and CD155, a number of drug 

combinations were tested. Trametinib and vemurafenib were included in these studies to 

examine whether clinically applicable therapies would further enhance changes induced 

by regorafenib or NU7441. Predictably, the results from combination studies were 

variable. Tumor heterogeneity, both in individuals and between individuals, has long 

been recognized as a major challenge for cancer therapy development (169,170). Given 

the hypothesis that constitutively active signaling pathways influence immune molecule 

regulation and that these pathways differ significantly between tumors, differences in 

responses between cell lines were expected. Heterogeneity in BRAF and NRAS 

mutations might influence drug responses, and therefore, a focus was placed on 

classifying mutations in the different cell lines. Four BRAF-mutant cell lines were 
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examined along with one NRAS-mutant line (SK-MEL-2) and one wild-type line 

(C8161). SK-MEL-2 responded to the drug combinations similarly to other cell lines. 

However, CD155 was typically increased in C8161 and changes in HLA-I tended to be 

more dramatic. These results indicate that CD155 and HLA-I regulation may differ 

between cell lines with different mutations. 

Formal synergy testing was not performed in the drug combination studies. However, 

qualitative analysis suggested potential synergistic or additive relationships for certain 

drug combinations and in certain cell lines. Trametinib, particularly in combination with 

other drugs, significantly reduced T cell proliferation. While vemurafenib often enhanced 

the immunomodulatory effects of certain drugs and did not impact T cell proliferation, 

drug combinations including vemurafenib would only be applicable to approximately half 

of melanoma patients. Given these considerations, and the effectiveness of regorafenib 

and NU7441 in altering melanoma PD-L1, CD155, and HLA-I expression without 

reducing T cell proliferation, these two compounds were selected for future studies. 

Using a novel flow cytometry-based high-throughput screening method, several 

promising targeted therapies with the potential to immunomodulate diverse melanomas 

were identified. These proof-of-concept studies show that HTS can be used for 

immunotherapy drug discovery, and that small molecule targeted therapies can influence 

multiple immunosuppressive molecules on melanomas. Further, the studies also helped to 

reveal signaling molecules that may play important roles in the regulation of PD-L1, 

CD155, and HLA-I. It is clear that the regulatory mechanisms governing expression of 

PD-L1, CD155, and HLA-I are complex, but that certain signaling pathways may 

influence a wide variety of immunologically active molecules in the setting of cancer. In 
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summary, HTS can be used to identify targeted immunotherapy candidates for further 

examination, while also revealing new regulatory mechanisms that influence the 

immunobiology of melanoma. 
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Chapter 4 : Characterization of the Effects of Regorafenib and NU7441 on 

Melanoma 

 

Introduction 

 

Preclinical studies and clinical trials have shown that while BRAF and MEK inhibitors 

may be effective when used in combination with checkpoint blockade, these 

combinations may not be tolerable in humans (68-80,84,85,171). However, targeted 

therapies other than BRAF and MEK inhibitors have not been extensively explored, 

especially in the context of identifying immunomodulatory drugs that would potentially 

enhance the response rates and overall efficacy of immunotherapies. Therefore, we 

focused on examining the combinatorial effects of two targeted therapies identified in 

HTS, regorafenib and NU7441, and their impact on the immunobiology of melanoma. 

Regorafenib (Stivarga ®) is a multikinase inhibitor that targets a wide variety of kinases, 

including Vegfr, Tie-2, Pdgfr, BrafV600, Braf, RET, c-Kit, and others. In cell-free kinase 

assays, regorafenib inhibits target kinases at low nanomolar concentrations (172). It is 

currently used as a third-line treatment for metastatic colorectal cancer and second-line 

treatment for gastrointestinal stromal tumors (GISTs) and hepatocellular carcinoma after 

patients fail other treatments. Due to its ability to inhibit all three isoforms of Vegfr along 

with Tie-2, regorafenib is often viewed as an anti-angiogenic therapy. However, 

regorafenib also targets other kinases that are predominantly associated with proliferative 

and pro-survival processes with similar potency as Vegfr and Tie-2. Regorafenib is 

generally well tolerated (173). Regorafenib is a promising potential anti-melanoma 
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therapy, as many of the kinases it targets are often constitutively active in melanomas 

(19). 

NU7441 is a specific DNA-PK inhibitor with a cell-free 50% inhibitory concentration 

(IC50) of 14 nM (148). At more than 300-fold higher concentrations (≥5 μM), NU7441 

can inhibit most PI3K isoforms (148). As a DNA-PK inhibitor, NU7441 has most 

frequently been used as a radiosensitizing agent (174). Blocking DNA double-strand 

break repair (DSBR) during and after radiation exposure can sensitize tumors to cell 

death. DNA-PK is most commonly associated with DSBR, but as a kinase, has also 

recently been linked to many signaling pathways and cellular processes beyond DSBR 

(175-181). In fact, in the setting of cancer, DNA-PK has been linked to oncogenic 

mechanisms as diverse as motility, metabolism, and cell cycle progression (181). Thus, 

DNA-PK is an emerging target in cancer. In immunity, DNA-PK is critical for V(D)J 

recombination in T and B cells (182). Further, it appears to be important to select innate 

cell populations, but its exact functions are diverse, cell specific, and remain unclear 

(183-185). While NU7441 is not clinically approved for any disease or malignancy, 

improved DNA-PK inhibitors are currently in development and in clinical trials 

(181,186,187). 

To further characterize the effects of regorafenib and NU7441, a screening approach was 

used to evaluate the impact of these drugs on molecules commonly expressed on 

melanoma, beyond the four that were examined as part of HTS. Several molecules, 

including CD55, CD73, CD155, nerve growth factor receptor (NGFR), PD-L1, and HLA-

I were ultimately examined. The effects of regorafenib and NU7441 on these molecules 

were studied using an expansive and heterogeneous 27-melanoma cell line panel 
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containing 16 BRAF-mutant lines, 10 NRAS-mutant lines, and one BRAF and NRAS 

wild-type line. The abilities of regorafenib and NU7441 to alter melanoma antigen 

expression, proliferation, signaling pathways, and sensitivity to T cell cytotoxicity were 

also studied. Simultaneously, T cell phenotype and function after drug treatment were 

assessed. Finally, the drugs were used alone and in combination with immunotherapies in 

melanoma models to assess their efficacy in vivo. Collectively, these studies characterize 

immunologically relevant effects of regorafenib and NU7441 in melanoma and T cells, 

while establishing their anti-tumor efficacy in models of melanoma. 

Results 

 

Regorafenib and NU7441 alter immune molecules in a select cell line panel 

To examine the effects of regorafenib and NU7441 on PD-L1, CD155, and HLA-I 

expression, HTS results were confirmed using C8161 cells. Representative histograms 

showing changes in PD-L1 induced by NU7441 treatment (Figure 4.1A) and in HLA-I 

induced by regorafenib treatment (Figure 4.1B) are shown. Changes in PD-L1 and HLA-

I were investigated at a range of doses, and indicated that regorafenib and NU7441 both 

decrease PD-L1 while increasing HLA-I in dose-dependent manners (Figure 4.1C-D). 

To determine whether combination regorafenib plus NU7441 therapy might further 

increase changes observed with monotherapies, C8161 were treated with the drug 

combination (Figure 4.1E-F). At certain doses, the drug combination reduced PD-L1 and 

increased HLA-I more than either monotherapy alone. Further analysis using the Chou-

Talalay method for synergy showed that the two drugs synergistically reduced PD-L1 at 

most concentrations (Figure 4.1G).  
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Figure 4.1: Regorafenib and NU7441 influence PD-L1 and HLA-I in C8161 melanoma. A-

B) C8161 cells were treated with 1 μM NU7441 (A) or 1 μM regorafenib (B) and PD-L1 (A) or 

HLA-I (B) were assessed by flow cytometry. Representative histograms are shown from 

experimental triplicates. C-D) Fold change in PD-L1 and HLA-I in C8161 treated with 

regorafenib (C) or NU7441 (D) compared to vehicle-treated cells. E-F) Fold change in PD-L1 

(E) or HLA-I (F) in C8161 treated with regorafenib, NU7441, or the combination. G) Synergy 

analysis examining changes in PD-L1 induced by combination regorafenib plus NU7441 in 

C8161 cells. Combination index (CI) values are plotted where CI < 1.0 was considered 

synergistic, CI = 1.0 additive, and CI > 1.0 antagonistic. All data are representative of three 

independent measurements. 
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To further confirm that regorafenib and NU7441 were capable of immunomodulating 

melanomas, six melanoma cell lines (624-Mel, A375, C8161, Malme-3M, SK-MEL-2 

and SK-MEL-5) were treated with monotherapies and combination therapy for 48 hours 

(Figure 4.2). The monotherapies consistently reduced PD-L1 and CD155. HLA-I was 

increased by at least one of the therapies in two of the six lines (A375 and C8161), while 

it remained mostly unchanged in the remaining four lines. Formal synergy analysis was 

not conducted, but evidence of improved responses with combination therapy was 

observed in 8 of 18 cases (44.4%). 

Immunophenotyping reveals novel immunomodulatory markers expressed on melanomas 

To determine whether additional immunomodulatory molecules, beyond PD-L1, CD155, 

and HLA-I were expressed on melanomas and altered by drug treatment, four cell lines 

(624-Mel, A375, SK-MEL-2, and SK-MEL-5) were treated with combination regorafenib 

plus NU7441 and changes in expression of 332 cell surface molecules were examined by 

flow cytometry and compared to vehicle-treated cells (Figure 4.3). Sixty-five cell surface 

markers were expressed by at least three out of four melanoma lines, 28 of which were 

associated with immune regulation. Of these, several molecules involved in complement 

regulation including CD46 (membrane cofactor protein, MCP), CD55 (decay accelerating 

factor, DAF), and CD97 (adhesion G protein-coupled receptor E5, ADGRE5) were 

consistently downregulated by Regorafenib and NU7441 (Figure 4.3B). Several other 

molecules involved in immunosuppressive processes, including CD73 (ecto-5’-

nucleotidase, ecto-5’-NT), CD155 (poliovirus receptor, PVR), and CD271 (Nerve 

Growth Factor Receptor, NGFR) were also downregulated by drug treatment and further 

examined (Figure 4.3C).  



101 

  

 

Figure 4.2: Regorafenib and NU7441 alter PD-L1, CD155, and HLA-I in variety of 

melanomas. Changes in PD-L1, CD155, and HLA-I expression were evaluated in six melanoma 

cell lines after 48 hours of drug treatment. Changes were calculated by comparing to vehicle-

treated cells. 
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Figure 4.3: Molecules up- and down-regulated by combination regorafenib and NU7441 

treatment. A) Four melanoma cell lines were treated with combination regorafenib (2 μM) and 

NU7441 (1 μM) for 48 hours and expression of 332 surface markers was assessed. Only 

molecules with MFI > 200 in at least three of four cell lines are shown. Mean ± SEM are shown. 

B) MFIs of complement inhibitors CD46, CD55, and CD97 from cells treated with either vehicle 

or combination regorafenib (2 μM) and NU7441 (1 μM). Complement inhibitors are also boxed 

in gray in A. C) MFIs of CD73, CD155, and NGFR in cells treated with either vehicle or 

combination regorafenib (2 μM) and NU7441 (1 μM). These molecules and others examined in 

the study are boxed in red in A. 
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CD55, also known as decay accelerating factor, is expressed on most cells to prevent 

activation of the complement system on normal cells. It is often overexpressed on cancer 

cells (188). While the role of the humoral immune system, cancer-specific antibodies, 

and the complement system remain unclear in cancer, evidence for their role in tumor 

immunology continues to increase (188-190). CD73 is a membrane-associated enzyme 

which catalyzes the conversion of extracellular adenosine-monophosphate (AMP) to 

adenosine (191). Adenosine has well-characterized suppressive effects on immune cells, 

including various effector T cells, and can enhance regulatory T cell (Treg) function 

(191). CD73 is often overexpressed on tumors, including melanoma (191). NGFR is a 

receptor expressed on various cells of the central nervous system which binds to nerve 

growth factors. However, NGFR expression can be detected on a variety of other cells, 

and is often upregulated in cancer (192). In melanoma, NGFR expression has been 

associated with cancer stem characteristics and also immunosuppressive qualities (193-

196). 

Expression levels of immune molecules in a panel of melanomas 

To determine whether the compounds consistently altered the PD-L1, CD55, CD73, 

CD155, NGFR, and HLA-I, a large heterogeneous cell line panel containing 27 

melanomas was assembled. The panel consisted of one BRAF and NRAS wild-type line, 

16 BRAF-mutant lines, and 10 NRAS-mutant lines (Table 4.1). The cell lines were 

treated with regorafenib, NU7441, regorafenib plus NU7441, or vemurafenib. 

Vemurafenib, a BRAFV600 inhibitor was included because BRAF inhibitors have been 

shown to increase antigen expression and alter cytokine secretion, but have not yet been 

evaluated in the context of immunophenotyping.  
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Table 4.1: Human melanoma cell line panel. Abbreviations: WT = wild-type. 
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Cell lines were treated with the drugs at various doses and molecule expression was 

evaluated by flow cytometry. The gating scheme and example histograms for one cell 

line are shown in Figure 4.4.  

This broad and comprehensive approach allowed for examination a wide variety of data, 

including basal expression of the six molecules (Figure 4.5). To allow for more rapid 

analysis and visualization, expression levels of the six molecules were stratified into four 

groups: no expression, low expression, medium expression, and high expression. In 

addition, cell lines were stimulated with interferon-γ (IFN-γ) to determine responsive 

molecules. Finally, in all cases, cell lines were separated into BRAF- and NRAS-mutant 

cell lines to determine whether differences in expression levels or responses to IFN-γ 

between these two melanoma subsets existed.  

Clinically, relatively few melanomas express consistently high levels of PD-L1 

(197,198). PD-L1 was expressed at detectable levels in all 27 cell lines with 

approximately half expressing low levels (Figure 4.5A). Notably, while few cell lines 

expressed high levels of PD-L1, MFIs in these lines were approximately 10-fold higher 

than the average. The distributions for BRAF- and NRAS-mutant cell lines were similar. 

As expected, PD-L1 levels were consistently increased in response to IFN-γ treatment. 

While PD-L1 was induced by IFN-γ by roughly two- to five-fold in the vast majority of 

cell lines, several cell lines displayed greater than 10-fold increases in PD-L1. Thus, PD-

L1 is typically expressed in both BRAF- and NRAS-mutant melanomas at relatively low 

levels, and is and can often be strongly induced by IFN-γ. 
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Figure 4.4: Gating scheme and examples for changes in immunosuppressive molecules 

induced by regorafenib and NU7441. A) The gating scheme used to examine 

immunosuppressive molecule expression is shown. The MM415 melanoma cell line is shown as 

an example. Live cells were gated using light scatter and a viability dye, and doublets were 

removed. B) Histograms depicting changes in PD-L1, CD55, CD73, CD155, NGFR, and HLA-I 

induced by regorafenib, NU7441, and vemurafenib in MM415 cells.  
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Figure 4.5: Expression levels of examined markers and IFN-γ induction. A) MFIs of PD-L1 

from  vehicle-treated melanoma cell lines (left), fold induction of PD-L1 expression assessed by 

comparing vehicle-treated cells with cells stimulated with 20 U/ml of IFN-γ (middle), and 

stratified PD-L1 expression levels (right). B) MFIs, IFN-γ induction, and expression levels of 

CD155. C) MFIs, IFN-γ induction, and expression levels of HLA-I. D) MFIs, IFN-γ induction, 

and expression levels of CD73. E) MFIs, IFN-γ induction, and expression levels of NGFR. F) 

MFIs, IFN-γ induction, and expression levels of CD55. In all left panels, markers represent the 

average of a technical triplicate and median and interquartile range for all cell lines are shown. 

For expression levels, cells were stratified into groups designated as none, low, medium (MED), 

and high. No expression (none) was defined as an MFI below 200. Low expression was defined 

as MFIs between 200-500. Medium expression was defined as MFIs between 500-2000. High 

expression was defined as an MFI above 2000. Low expression is also indicated in the left panels 

in shaded areas. Stratifications were shown for all cell lines, or separated in BRAF- or NRAS-

mutant cell line groups.  
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Like PD-L1, CD155 was expressed at detectable levels in all 27 cell lines (Figure 4.5B). 

Interestingly, CD155 was highly expressed in all of the melanomas. While all the 

melanomas expressed CD155 with MFIs above 2,000, the highest expressing lines were 

all BRAF-mutant or BRAF and NRAS wild-type. CD155 expression was not altered by 

IFN-γ stimulation (Figure 4.5B).  

HLA-I was also typically expressed at high levels, regardless of mutation type, and 

expression was undetectable in only one cell line (Figure 4.5C). Like PD-L1, HLA-I 

expression was increased in all the lines after IFN-γ stimulation.  

CD73 was expressed at relatively low levels in a subset of melanoma cell lines, including 

62.5% (10/16) of BRAF-mutant and all NRAS mutant cell lines (Figure 4.5D). This 

suggests a possible association between CD73 expression and NRAS mutations. 

Expression levels were similar between BRAF- and NRAS-mutant lines, and did not 

change upon IFN-γ treatment (Figure 4.5B). 

NGFR expression was detected in 59.3% (16/27) of melanomas (Figure 4.5E). Similar to 

CD73, a higher proportion of NRAS-mutant cell lines expressed NGFR compared to 

BRAF-mutant lines (80% in NRAS-mutant lines versus 50% of BRAF-mutant lines). 

NGFR expression levels varied widely in melanomas, and higher levels were observed in 

NRAS-mutant cell lines. Interestingly, NGFR levels were typically moderately increased 

by IFN-γ stimulation, but three cell lines (18.8%, SK-MEL-103, SK-MEL-147, and 

UCD-Mel-N) were non-responsive (fold induction < 1.1) and one cell line (6.3%, 624-

Mel) even exhibited reduced NGFR expression (fold induction = 0.6). NGFR has 

previously been reported to be IFN-γ-responsive (196). 
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Detectable, but typically low CD55 expression was observed in nearly all the cell lines 

assessed (92.6%, 25/27) (Figure 4.5F). Only one of the cell lines (MNT-1) expressed 

high CD55. Levels of the molecule were not changed by IFN-γ treatment (Figure 4.5F). 

Regorafenib and NU7441 decrease PD-L1, CD155, CD73, NGFR, and CD55 and 

increase HLA-I in a heterogeneous panel of melanomas 

Changes in PD-L1, CD155, HLA-I, CD73, NGFR, and CD55 in response to regorafenib 

(4 μM), NU7441 (2 μM), combination regorafenib and NU7441, and vemurafenib (1 μM) 

treatment were examined in the 27 melanoma lines (Figure 4.6). Radar plots were used 

as an alternative representation in the Appendix. Responses in the various cell lines were 

also stratified into groups, where changes in expression of the molecules were divided 

into six different response categories (Figure 4.7). Finally, synergism for combination 

regorafenib plus NU7441 was evaluated for most molecules (Figure 4.8). Examples of 

synergistic, additive, and synergistic drug interactions are shown in Figure 4.8A-F. A 

reduction was defined as a decrease in expression of at least 30% unless otherwise 

specified. Statistical analyses of the data are summarized in Table 4.2-4.8. 

The regulation of PD-L1 in melanoma is not well characterized, and previous studies 

have shown that the MAPK pathway is unlikely to be tightly linked to PD-L1 expression 

(131). Regorafenib treatment alone reduced PD-L1 in 37% (10/27) of cell lines (Figure 

4.6A). NU7441 reduced PD-L1 in 74.1% (20/27) of cell lines (Figure 4.6A). 

Combination therapy with regorafenib and NU7441 reduced PD-L1 in all but one (MNT-

1) of the melanomas (96.3%, 26/27) (Figure 4.6A). Additionally, the magnitudes of PD-

L1 reductions were augmented with combination treatment (Figure 4.7A).  
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Figure 4.6: Regorafenib and NU7441 alter immunomodulatory molecules PD-L1, CD155, 

HLA-I, CD73, NGFR, and CD55. Twenty-seven human melanoma cell lines were treated with 

regorafenib (Reg, 4 μM), NU7441 (NU, 2 μM), vemurafenib (Vem, 1 μM), or a combination of 

Reg and NU for 48 hours and changes in the expression of PD-L1 (A), CD155 (B), HLA-I (C), 

CD73 (D), NGFR (E), and CD55 (F) were determined and shown as fold change compared to 

vehicle-treated cells. Each symbol represents the mean of a technical triplicate. Median and 

interquartile range are shown. BRAF-mutant cell lines are represented by circles, NRAS-mutant 

cell lines by diamonds, and BRAF/NRAS wild-type (WT) lines by ‘x’, and were separated into 

groups as indicated. All results are representative of at least two independent measurements. 

Accompanying statistical analyses are shown in Tables 4.2-4.8. 
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Figure 4.7: Stratification of magnitudes of change in immune molecules. Twenty-seven 

human melanoma cell lines were treated with regorafenib (4 μM), NU7441 (2 μM), vemurafenib 

(1 μM) or a combination of regorafenib and NU7441 for 48 hours and changes in the expression 

of PD-L1 (A), CD155 (B), HLA-I (C), CD73 (D), NGFR (E), and CD55 (F) were determined. 

All cell lines (left) were stratified by fold change into six groups as indicated by the legend or 

separated into lines harboring BRAF mutations (middle) or NRAS mutations (right).  
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Figure 4.8: Regorafenib and NU7441 synergize to reduce immunosuppressive molecules on 

melanomas. Examples of synergistic (A-B), additive (C-D), and antagonistic (E-F) effects are 

shown. A, C, and E depict changes in CD155 expression in various melanoma cell lines with 

corresponding CI values from regorafenib plus NU7441 combination treatment shown in B, D, 

and F. X-axes represent concentrations of regorafenib. NU7441 concentrations are half of those 

shown. G-J) Synergistic (Syn), additive (Add), and antagonistic (Ant) effects of combination 

regorafenib and NU7441 treatment were determined in up to 27 cell lines for PD-L1 (G), CD155 

(H), CD73 (I), NGFR (J), and CD55 (K) treated with six concentrations of regorafenib, NU7441, 

and the combination. Cell lines were separated into BRAF- and NRAS-mutant groups as 

indicated. Synergy was determined using the Chou-Talalay method as described in the materials 

and methods. Combinatorial effects in some cell lines were unclear and were therefore not 

determined (N/D). All results are representative of at least two independent measurements. 
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Table 4.2: Differences in PD-L1 and CD155 drug responses between BRAF- and NRAS-

mutant cell lines. *, p < 0.05.  1 Mann-Whitney U test. Reg = regorafenib; NU = NU7441; Vem 

= vemurafenib. 
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Table 4.3: Differences in HLA-I and CD73 drug responses between BRAF- and NRAS-

mutant cell lines. *, p < 0.05.  1 Mann-Whitney U test. Reg = regorafenib; NU = NU7441; Vem 

= vemurafenib. 
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Table 4.4: Differences in NGFR and CD55 drug responses between BRAF- and NRAS-

mutant cell lines. *, p < 0.05.  1 Mann-Whitney U test. Reg = regorafenib; NU = NU7441; Vem 

= vemurafenib. 
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Table 4.5: Differences in PD-L1, CD155, and HLA-I drug responses in BRAF-mutant cell 

lines. *, p < 0.05.  1 Kruskal-Wallis test or Mann-Whitney U test. “●” indicates one of the two 

groups being compared. Reg = regorafenib; NU = NU7441; Vem = vemurafenib. 
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Table 4.6: Differences in CD73, NGFR, and CD55 drug responses in BRAF-mutant cell 

lines. *, p < 0.05.  1 Kruskal-Wallis test or Mann-Whitney U Test.  2 Kruskal-Wallis test. “●” 

indicates one of the two groups being compared. Reg = regorafenib; NU = NU7441; Vem = 

vemurafenib. 
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Table 4.7: Differences in PD-L1, CD155, and HLA-I drug responses in NRAS-mutant cell 

lines. *, p < 0.05.  1 Kruskal-Wallis test or Mann-Whitney U test. “●” indicates one of the two 

groups being compared. Reg = regorafenib; NU = NU7441; Vem = vemurafenib. 

  



119 

  

 

Table 4.8: Differences in CD73, NGFR, and CD55 drug responses in NRAS-mutant cell 

lines. *, p < 0.05.  1 Kruskal-Wallis test or Mann-Whitney U test. “●” indicates one of the two 

groups being compared. Reg = regorafenib; NU = NU7441; Vem = vemurafenib. 
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While PD-L1 was reduced by at least 50% in just 3.7% (1/27) and 29.6% (8/27) of lines 

by regorafenib and NU7441, respectively, combination treatment reduced PD-L1 by over 

50% in two-thirds (18/27) of the lines. Notably, responses to regorafenib and NU7441 

treatment were similar between BRAF- and NRAS-mutant cell lines, and mean changes 

trended toward a further decrease in NRAS-mutant lines compared to BRAF-mutant 

lines, although this was not statistically significant (Table 4.2). Previous studies have 

shown that BRAF inhibitors do not appear to consistently affect PD-L1 expression in 

melanoma (131). Indeed, vemurafenib reduced PD-L1 in just 12.5% (2/16) of BRAF-

mutant melanomas. BRAF inhibitors can paradoxically activate MAPK signaling in 

BRAF wild-type cells (48). Accordingly, upregulation of PD-L1 was often observed in 

vemurafenib-treated NRAS-mutant cell lines (Figure 4.6A). Finally, regorafenib and 

NU7441 synergistically or additively (as determined using the Chou-Talalay method) 

reduced PD-L1 in 59.3% (16/27) of cell lines, suggesting synergistic modulation of PD-

L1 by these two therapies is common in melanomas (Figure 4.8G). 

Regorafenib reduced CD155 in roughly half of the melanomas (48.1%, 13/27), while 

NU7441 or combination treatment reduced expression in most melanomas (81.5%, 22/27 

and 85.2%, 23/27, respectively) (Figure 4.6B). Vemurafenib reduced CD155 in only 

31.3% (5/16) of BRAF-mutant melanomas, but reductions of 10% occurred in 87.5% 

(14/16) of lines. This is in line with previous reports that MAPK signaling may contribute 

to CD155 regulation (140,141). While evidence of paradoxical MAPK activation was 

observed in vemurafenib-treated NRAS-mutant lines, increases in CD155 were moderate. 

Like PD-L1, regorafenib and NU7441 additively or synergistically reduced CD155 in a 

majority of melanomas (59.3%, 16/27), including roughly equal proportions of BRAF- 
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and NRAS-mutant lines (Figure 4.8H). Furthermore, combination treatment led to 

greater than 70% reductions in 14.8% (4/27) of the lines, showing that despite high 

constitutive expression, CD155 expression can be almost abolished in some cases.  

HLA-I is critical for presenting the antigenic peptides that lead to target recognition by 

CD8+ T cells. HLA-I loss has been observed in a variety of malignancies, though 

complete loss appears rare in melanoma (133). The combination of regorafenib and 

NU7441 did not reduce the expression of HLA-I (Figure 4.6C and 4.7C). Regorafenib 

by itself induced HLA-I expression by at least 50% in 18.5% (5/27) of melanomas, while 

NU7441 alone did not. MAPK inhibition has been previously reported to induce HLA-I 

expression (134-137). Increases in HLA-I were also observed following vemurafenib 

treatment, but substantial upregulation of at least 50% was relatively rare, occurring in 4 

of 16 BRAF-mutant lines (Figure 4.6C and 4.7C). As expected, vemurafenib treatment 

of NRAS-mutant lines often reduced HLA-I expression. Formal synergy analysis was not 

performed on HLA-I, but combination therapy occasionally enhanced HLA-I induction 

by at least 20% more than either monotherapy in 34.6% (9/26) cell lines. Together, these 

data suggest that regorafenib and NU7441 can consistently reduce ligands of 

immunosuppressive checkpoint receptors while maintaining or increasing HLA-I, and 

collectively may enhance anti-tumor T cell immunity. 

PD-L1, CD155, and HLA-I alter TCR signaling or co-stimulation in T cells. Beyond 

these molecules, a focus was also placed on others that have reported roles in modulating 

anti-melanoma immunity. CD73 was strongly downregulated in the majority of cell lines 

treated with either regorafenib or NU7441 (Figure 4.6D and 4.7D). Combination 

treatment was particularly effective where CD73 was reduced by at least half in 81% 
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(17/21) of lines. Interestingly, NRAS-mutant cell lines generally were more responsive to 

regorafenib and NU7441 compared to BRAF-mutant cell lines, though not significantly 

(Table 4.3). Notably, vemurafenib downregulated CD73 in 40% (4/10) of the CD73-

expressing BRAF-mutant lines. Finally, synergistic or additive combinatorial effects 

were observed in the majority of lines (71.4%, 15/21) without evidence of antagonism 

(Figure 4.8I). 

While regorafenib or NU7441 typically reduced NGFR, unlike other molecules 

examined, drug treatment also occasionally induced NGFR (Figure 4.6E and 4.7E). 

Specifically, regorafenib treatment increased NGFR in 25% (4/16) of the cell lines, and 

increases were also observed in two lines (12.5%) treated with combination therapy 

(Figure 4.6E and 4.7E). As has been shown, NGFR expression was frequently altered by 

IFN-γ (Figure 4.5E) (196). Evidence of paradoxical MAPK activation affecting NGFR in 

NRAS-mutant cell lines was minimal. Finally, NGFR was reduced in a synergistic 

manner by regorafenib and NU7441 in only 31.3% (5/16) of cell lines (Figure 4.8J). 

Antagonism was relatively prominent (18.8%, 3/16), and no additive effects were 

observed. Thus, NGFR expression and regulation in melanoma is heterogeneous and 

complex, but NGFR can occasionally be downregulated by regorafenib and/or NU7441 

treatment. 

Regorafenib and/or NU7441 treatment consistently decreased CD55 expression, and the 

monotherapies exhibited similar effectiveness (Figure 4.6F). Vemurafenib also reduced 

CD55 expression in one-third (5/15) of the BRAF-mutant melanomas suggesting a role 

for the MAPK pathway in CD55 maintenance. Additionally, combination therapy 

resulted in synergistic or additive reduction of CD55 in over half of the melanomas 
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examined (56%, 14/25) (Figure 4.8K). Thus, regorafenib and NU7441 can regulate a 

wide variety of molecules with varying immunomodulatory functions. 

PD-L1 and HLA-I, and to a lesser degree, NGFR, are regulated in part by IFN-γ 

(130,132,199). In tumors, PD-L1 expression is often observed at the interface of IFN-γ-

secreting T cells (110). To verify that the effects of regorafenib and NU7441 would 

effectively reduce PD-L1, NGFR, and increase HLA-I in this setting, melanoma cell lines 

were pretreated with IFN-γ followed by drug treatment (Figure 4.9). During drug 

treatment, IFN-γ was maintained in the culture media throughout the experiment. 

Changes in PD-L1, NGFR, and HLA-I induced by regorafenib and NU7441 were similar 

in IFN-γ-treated and untreated cells. In fact, the magnitudes of PD-L1 reduction and 

HLA-I induction were often augmented in IFN-γ-treated cells (e.g. SK-MEL-119 for PD-

L1 and A375 for HLA-I). Specifically, eight cell lines (30.8%) exhibited increased 

responses after regorafenib and IFN-γ treatment, 18 (69.2%) after NU7441, and 13 (50%) 

after combination treatment. Changes in NGFR were similar in IFN-γ-treated and 

untreated melanomas. Responses were similar between both BRAF- and NRAS-mutant 

lines. Thus, regorafenib and NU7441 decrease PD-L1 and increase HLA-I in melanomas 

treated with IFN-γ – a scenario that may be more representative of in vivo and clinical 

settings.  

Melanoma antigens are increased by regorafenib and combination treatment 

Melanoma antigens have been reported to increase after BRAF or MEK inhibitor 

treatment in both in vitro studies and clinical data.  
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Figure 4.9: Regorafenib and NU7441 decrease PD-L1, NGFR, and increase HLA-I in both 

untreated and IFN-γγγγ-treated cells. A-C) Three BRAF-mutant and three NRAS-mutant 

melanoma cell lines were pretreated with or without 20 U/ml of IFN-γ for 24 hours and 

subsequently treated with 4 μM regorafenib and/or 2 μM NU7441 for 48 hours. The treated cells 

were assessed for PD-L1 (A), HLA-I (B), and NGFR (C) expression and shown as MFI. All data 

shows the mean ± SD from one of two independent measurements. 
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To examine whether regorafenib and NU7441 could also increase antigen expression, 

three BRAF-mutant and two NRAS-mutant human melanoma cell lines were treated with 

monotherapies or combination therapy for 48 hours. mRNA transcripts of three 

melanoma antigens (gp100, MART-1, and TYRP1) were evaluated by qRT-PCR (Figure 

4.10A-C). Increases in antigen expression were observed in most of the cell lines, 

particularly after regorafenib treatment. BRAF- and NRAS-mutant cell lines responded 

similarly. The greatest increases were observed in TYRP1 in lines treated with 

regorafenib. While NU7441 did not significantly increase any of the three antigens as a 

monotherapy, it often augmented responses to regorafenib when used in combination 

therapy. Increases in antigens were confirmed at the protein level in select cell lines for 

gp100 and Tyrp1 (Figure 4.10D-E) 

Regorafenib and NU7441 reduce melanoma proliferation 

An ideal “targeted immunotherapy” would combine attributes from targeted therapies and 

immunotherapies. Specifically, a small molecule initially designed to reduce prominent 

oncogenic traits such as proliferation would ideally retain this ability when repurposed as 

a potential immunotherapy. Thus, proliferation of a variety of melanomas was examined 

after treatment with regorafenib, NU7441, combination therapy, or vemurafenib (Figure 

4.11). Vemurafenib was included because despite potential immunomodulatory effects, 

BRAF inhibitors are regarded to act primarily by reducing melanoma proliferation. In 

BRAF-mutant cells, regorafenib and NU7441 both inhibited proliferation at IC50 

concentrations approximately 10-fold higher than vemurafenib (~3 μM). Similar IC50 

concentrations were determined in NRAS-mutant lines.  



126 

  

 
Figure 4.10: Regorafenib and NU7441 increase melanoma antigen expression. A-C) 

Melanoma antigen transcript levels were assessed in five melanoma cell lines by qPCR. gp100 

(A), MART-1 (B), and TYRP1 (C) transcripts were measured in cells treated for 48 hours with 

regorafenib (2 μM), NU7441 (1 μM) or the combination. Line 1 = 624-Mel, 2 = A375, 3 = 

Malme-3M, 4 = SK-MEL-2, 5 = SK-MEL-173. BRAF and NRAS mutations are indicated. 

MART-1 is not expressed in line 2 (A375). A-C shows the mean ± SD. D-E) 624-Mel (D, BRAF-

mutant) and SK-MEL-173 (E, NRAS-mutant) melanoma cell lines were treated for 48 hours with 

varying concentrations of regorafenib and/or NU7441. The expression of two melanoma antigens, 

gp100 and Tyrp1, were evaluated. All panels are representative of two independent 

measurements. 
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Figure 4.11: Regorafenib and NU7441 suppress melanoma proliferation. Melanoma cell lines 

were treated with varying concentrations of regorafenib, NU7441, and/or vemurafenib for 48 

hours. Proliferation was assessed by 3H-thymidine incorporation and shown as fold change 

compared to vehicle-treated cells. Four representative BRAF-mutant cell lines (A) and four 

NRAS-mutant cell lines (B) are shown. The concentrations for NU are half the values shown on 

the x-axes. All data shows the mean ± SD from one of two independent measurements. 
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As expected, vemurafenib reduced proliferation at much lower concentrations in BRAF-

mutant lines without considerably affecting NRAS-mutant lines. Thus, while regorafenib 

and NU7441 can inhibit melanoma proliferation, significant growth inhibition is typically 

induced at relatively high concentrations. 

MAPK and PI3K signaling nodes are reduced by regorafenib and NU7441 

Given that regorafenib inhibits a wide array of targets and potential targets of DNA-PK 

remain unclear, the activities of two commonly active signaling pathways were 

examined. Both the MAPK and PI3K signaling pathways are thought to almost always be 

constitutively active in melanoma (13,15). To examine these pathways, MEK1/2 

phosphorylation and Akt phosphorylation were measured in a variety of cell lines 

(Figure 4.12). MEK1/2 phosphorylation (a readout for MAPK signaling) was 

consistently decreased by at least 30% by combination therapy while Akt 

phosphorylation (a surrogate for PI3K activity) was reduced by at least 20% in 7/11 

(63.3%) of melanomas assessed. Phosphorylation was decreased regardless of BRAF or 

NRAS mutation status. Notably, in many cases, substantial reductions in phosphorylation 

were only observed at high micromolar concentrations. Thus, signaling of the MAPK and 

PI3K/Akt/mTOR are reduced in melanomas by the action of combination regorafenib and 

NU7441 treatment. 
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Figure 4.12: Regorafenib and NU7441 inhibit MEK and Akt phosphorylation. Eleven 

melanomas including five BRAF-mutant, five NRAS-mutant, and one wild-type cell line were 

treated for 24 hours with varying concentrations of combination regorafenib plus NU7441. 

Treated cells were tested for MEK1/2 phosphorylation (A) and Akt phosphorylation (B). Values 

represent densitometry-calculated fold change normalized to vehicle-treated cells. Data is 

representative of two independent measurements. 
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Regorafenib and NU7441 do not sensitize melanomas to T cell-mediated cytotoxicity 

Based on findings demonstrating that regorafenib and NU7441 reduced several 

potentially immunosuppressive molecules on melanomas, increased antigen expression, 

and reduced proliferation, it was hypothesized that drug-treated melanomas would be 

sensitized to T cell-mediated cytotoxicity. Four HLA-A*0201 (HLA-A2) melanoma cell 

lines were pretreated with varying concentrations of the drugs for two days. The cells 

were harvested, washed, and re-plated in electrode-lined 96-well plates designed for the 

xCelligence RTCA DP. The instrument measures electrical resistance generated when 

cells attach to electrode-lined plates. Thus, cytotoxicity was measured using changes in 

cell adherence as a surrogate. Human DMF5 T cells, which express a T cell receptor 

(TCR) specific for MART-1 presented in the context of HLA-A2, were generated by 

retroviral transduction. After transduction, approximately 60% of CD8+ T cells expressed 

the DMF5 TCR (Figure 4.13A). Pretreated melanomas were allowed to adhere and 

DMF5 T cells were added at various ratios. The drug-treated melanomas were not killed 

at significantly higher rates than vehicle-treated cells (Figure 4.13B-E). In fact, in three 

of four cell lines, minor reductions in cytotoxicity were observed in a dose-dependent 

manner.  

T cells treated with regorafenib and NU7441 proliferate normally, exhibit favorably 

altered phenotype, and produce increased effector cytokines 

The studies above examined how regorafenib and NU7441 altered various characteristics 

of melanomas. Yet, as a potential immunotherapy, it was important to ensure that the 

drugs did not negatively impact T cells directly.  
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Figure 4.13: Regorafenib and NU7441 do not influence antigen-specific T cell cytotoxicity in 

pretreated melanomas. A) Transduction efficiency of DMF5 T cells. DMF5 T cells were 

generated by retroviral transduction of human PBMCs and evaluated for DMF5 tetramer staining 

10 days after transduction. B-E) Cytotoxicity assay with DMF5 T cells and HLA-A02+ 

melanomas, 624-Mel (B), Malme-3M (C), SK-MEL-5 (D), and UACC-257 (E). Melanomas were 

pretreated with regorafenib and NU7441 for 8 hours and then co-cultured with DMF5 T cells. 

Cytotoxicity was measured using adherence as a surrogate. Results are representative of at least 

two independent experiments and show mean ± SD. 
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In order to evaluate this, the effects the drugs had were measured in a variety of T cell 

activation assays. First, T cell proliferation in vitro was measured in the presence of the 

drugs (Figure 4.14). At high concentrations, NU7441 slightly reduced proliferation, 

whereas regorafenib did not affect proliferation. Consistent trends were observed in T 

cells from three different healthy PBMC donors. Notably, these findings contrast sharply 

with the impaired proliferation observed when T cells are treated with a variety of other 

commonly employed targeted therapies, such as MEK, Src, and PI3K inhibitors (Figures 

3.6-3.17). 

To examine at a higher resolution how the drugs altered T cell phenotype, a 332 antibody 

flow cytometry-based immunophenotyping screen was used. PBMCs from three healthy 

donors were stimulated with anti-CD3 and IL-2 together with the drugs (or not) for five 

days. Antibodies for CD4 and CD8 were used to distinguish between T cell subsets. In 

CD8+ T cells, 99 molecules were expressed in all three donors (Figure 4.15). 

Combination regorafenib and NU7441 induced a positive fold change in approximately 

half of the molecules. The vast majority of the molecules were not substantially altered 

by either monotherapies or combination therapy. However, while CD44 was decreased, 

several other T cell activation or co-stimulation markers including CD25, CD28, and 

ICOS were upregulated in CD4+ and CD8+ T cells (Figure 4.16A-B). Additionally, 

inhibitory checkpoint receptors including CD244 (2B4), PD-1, and Tim3 were reduced 

on certain T cell subsets (Figure 4.16C). Collectively, these studies suggest that 

regorafenib and NU7441 may be suitable for enhancing T cell cancer immunotherapies. 
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Figure 4.14: Regorafenib and NU7441 have negligible impacts on T cell proliferation. A)

PBMCs from three healthy human donors were treated with varying concentrations of regorafenib 

and/or NU7441 for five days along with anti-CD3 antibody (OKT3, 20 ng/ml) and IL-2 (100 

U/ml). Proliferation was assessed by 3H-thymidine uptake. Results show mean ± SD. 
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Figure 4.15: Immunophenotyping of CD8+ T cells treated with regorafenib and/or NU7441. 

Human PBMCs (n = 3 donors) were cultured with regorafenib (2 μM), NU7441 (1 μM), or the 

combination for five days along with anti-CD3 antibody (OKT3, 20 ng/ml) and IL-2 (50 U/ml). 

Changes in the expression of the indicated markers are shown for CD8+ gated populations. 

Molecules were sorted by fold change and separated into two groups (A-B). Symbols represent 

the mean fold change of the three PBMC donors and error bars represent SEM. Data is 

representative of two independent experiments. 
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Figure 4.16: T cells treated with regorafenib and NU7441 express increased markers of 

activation and co-stimulation, and decreased co-inhibitory receptors. Flow cytometry was 

used to assess expression levels of activation markers (CD25, CD44; A), co-stimulatory markers 

(CD28, ICOS; B), and co-inhibitory receptors (2B4, PD-1, Tim3; C) in anti-CD3 antibody-

stimulated PBMCs treated with regorafenib (Reg, 2 μM) and/or NU7441 (NU, 1 μM) and gated 

on either CD4+ or CD8+ populations. Three PBMC donors were tested and represented by 

different symbols. ‘R+N’ = regorafenib plus NU7441. Data shows mean ± SEM for one of two 

independent measurements. Differences were assessed by paired, two-tailed t tests comparing 

drug-treated T cells to vehicle-treated T cells. *, p < 0.05, **, p < 0.01, ***, p < 0.001. 
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To examine T cell function, cytokine production was evaluated in drug-treated T cells 

(Figure 4.17 and 4.18). Initially, PBMCs were cultured for 72 hours with anti-CD3, IL-2, 

and varying concentrations of combination regorafenib and NU7441 (Figure 4.17). IFN-

γ, TNF-α, and IL-2 cytokine production was measured. While cytokine-producing T cells 

were relatively rare when using anti-CD3 stimulation alone, combination regorafenib and 

NU7441 substantially increased these populations. To enhance cytokine-producing T 

cells, PBMCs were initially stimulated with anti-CD3 along with drug treatment, and 

subsequently reactivated using phorbol myristate acetate (PMA) and ionomycin (Figure 

4.18). Under these conditions, IFN-γ-, TNF-α-, and IL-2-positive cells all increased. 

Again, regorafenib and NU7441 combination treatment resulted in increased cytokine-

producing populations for all three cytokines assessed. Notably, double IFN-γ and TNF-α 

positive cells were increased, and all cytokine increases occurred in a dose-dependent 

manner. Thus, regorafenib and NU7441 minimally impact T cell proliferation while 

altering T cell phenotype in a manner that is associated with enhanced T cell cytokine 

production. 

Regorafenib slows tumor progression, extends animal survival, and alters the tumor 

microenvironment 

Based on promising in vitro data, an in vivo model of melanoma was employed to 

evaluate the anti-tumor efficacy of regorafenib and NU7441. Pilot studies revealed that 

NU7441 exhibited poor solubility in a variety of vehicles. Thus, a related DNA-PK 

inhibitor, NU7026, was used for animal experiments. The well-established B16 murine 

melanoma model was selected for in vivo experiments based on its poor immunogenicity, 

widespread use, and responsiveness to various immunotherapies.  
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Figure 4.17: Cytokine production is increased in anti-CD3 antibody-stimulated CD8+ T cells 

treated with combination regorafenib and NU7441. Human PBMCs were cultured with anti-

CD3 antibody (OKT3, 100 ng/ml), IL-2 (100 U/ml), and varying concentrations of regorafenib 

(Reg) and NU7441 (NU) for 72 hours. A) Representative examples of IFN-γ and TNF-α positive 

CD8+ cells. B) Percent IFN-γ positive CD8+ cells. C) Percent TNF-α positive CD8+ cells. Mean ± 

SD is shown in B-C and drug concentrations are in μM. Results are from one PBMC donor and 

are representative of three independent measurements with different PBMC donors. 
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Figure 4.18: Restimulated T cells produce increased cytokines when treated with 

regorafenib and NU7441. A-D) Human PBMCs were cultured with anti-CD3 antibody (OKT3, 

100 ng/ml), IL-2 (100 U/ml), and varying concentrations of regorafenib (Reg) and NU7441 (NU) 

for 72 hours. Subsequently, T cells were reactivated with PMA (10 ng/ml) and ionomycin (500 

ng/ml) for 6 hours with brefeldin A. Representative examples of IFN-γ and TNF-α double-

producing CD8+ T cells (A), IFN-γ (B), TNF-α (C), and IL-2 (D) positive CD8+ cells from a 

single PBMC donor are shown. Results are representative of independent measurements 

performed with three PBMC donors. In B-D, values below gates show MFIs for the gated 

population. E) Pooled results from three PBMC donors for IFN-γ, TNF-α, and IL-2 in CD8+ T 

cells treated as above. Mean ± SEM are shown. Differences were assessed by paired, two-tailed t 

tests comparing drug-treated T cells to vehicle-treated T cells. *, p < 0.05.  
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In vitro, regorafenib and NU7441 treatment of IFN-γ-pretreated B16 cells resulted in 

modest, dose-dependent decreases in PD-L1 expression, without changes to CD155 or 

MHC-I (Figure 4.19).  

For in vivo studies, immunocompetent C57BL/6 mice were challenged with B16-F1 

melanomas, and when established (~50-100 mm2), mice were treated with a regimen of 

regorafenib, NU7026, or combination treatment. Drugs were delivered intraperitoneally, 

typically for four consecutive days with a subsequent off-therapy day. Regorafenib 

treatment significantly reduced tumor growth and prolonged animal survival (Figure 

4.20A-B). However, NU7026 monotherapy did not impact tumor progression. In 

addition, NU7026 did not improve tumor control when used in combination with 

regorafenib. Nevertheless, various components of the tumor microenvironment were 

evaluated in mice on days 15 and 16 (7-8 days after treatment initiation). Interestingly, 

trends toward increased intratumoral CD45+ leukocytes were observed in animals treated 

with regorafenib or combination therapy (Figure 4.20C). While intratumoral CD4+ T 

cells were unchanged (Figure 4.20D-E), regorafenib treatment tended to increase CD8+ 

T cells, both when normalized as a density within tumors and as a percentage of the 

CD45+ population (Figure 4.20F-G). The density of macrophages was not altered by any 

treatment, but macrophage phenotypes were significantly altered (Figure 4.20H-J). 

CD206, a marker associated with macrophages with pro-tumor functions, was 

significantly decreased on macrophages from mice treated with regorafenib. Other 

myeloid and lymphoid populations, including dendritic cells (DCs), myeloid-derived 

suppressor cells (MDSCs), and natural killer (NK) cells were not altered by regorafenib 

and/or NU7026 treatment (Figure 4.20K-M).  
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Figure 4.19: Regorafenib and NU7441 modestly reduce PD-L1 on B16. B16-F1 cells were 

pretreated with IFN-γ for six hours to induce PD-L1 and MHC-I expression and subsequently 

treated with varying concentrations of regorafenib (Reg) and NU7441 (NU) for 24 hours. 

Expression of PD-L1 (A), CD155 (B), and MHC-I (C) were measured using flow cytometry. X-

axes concentrations correspond to regorafenib. NU7441 concentrations are half of those shown. 

All results show mean ± SD and are representative of two independent measurements. 
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Figure 4.20: Regorafenib suppresses melanoma tumor progression while promoting 

intratumoral CD45+ leukocyte and CD8+ T cell accumulation, and influencing macrophage 

polarization. A-B) B16-F1 tumor-bearing mice were treated with regorafenib (Reg; 8 mg/kg) 

and/or NU7026 (NU; 6 mg/kg) while monitoring tumor volume (A) and survival (B) (n=5-

6/group). Differences were assessed on days 15-33 using one-way ANOVA with Tukey post-test 

for tumor volumes and log-rank test for survival comparing vehicle to either Reg or Reg+NU 

groups. On days 15 and 16, intratumoral CD45+ leukocytes (C), CD4+ T cells (D-E) CD8+ T cells 

(F-G), macrophages (CD45+CD11b+F4/80+; H-J), DC (CD45+CD11b-CD11c+; K), MDSC 

(CD45+CD11b+Gr-1+; L), and NK cells (CD45+NK1.1+; M) were measured. Differences in C-M 

were assessed using one-way ANOVA with Tukey post-test. ‘NU’ = NU7026. All results are 

representative of two independent experiments and show mean ± SEM. *, p < 0.05; **, p < 0.01; 

***, p < 0.001. 
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Thus, regorafenib delays tumor progression while increasing CD8+ tumor-infiltrating 

lymphocytes (TILs) and skewing macrophage polarization away from those associated 

with tumor progression.  

Expression of PD-L1, CD155, CD73, and MHC-I were also examined on both B16 

(identified as CD45- cells of the tumor) and intratumoral CD45+ leukocytes (Figure 

4.21). Interestingly, PD-L1 was significantly increased on B16 tumor cells of mice 

treated with regorafenib compared to vehicle-treated mice (Figure 4.21A). However, 

trends toward decreased CD155 and increased MHC-I were observed in regorafenib-

treated and/or mice treated with combination therapy (Figure 4.21A). PD-L1 was 

significantly decreased on intratumoral leukocytes, and trends toward decreased CD155 

and CD73 were also observed (Figure 4.21B). 

Immunotherapies enhance regorafenib efficacy 

While regorafenib reduced tumor growth and increased animal survival, tumors 

continually progressed and animals ultimately succumbed to tumor burden. Thus, various 

immunotherapies were used in combination with low-dose regorafenib (4-5 mg/kg) to 

further improve responses. Initially, agonistic anti-CD40 antibody and an agonist to 

stimulator of interferon genes (STING) were used in combination with regorafenib. 

CD40 is expressed on a wide variety of cells, including APCs, B cells, and monocytes 

(200). Binding of agonistic anti-CD40 antibody on APCs promotes maturation and the 

expression of various costimulatory molecules that enhance the ability for APCs to 

activate T cells (200).  
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Figure 4.21: PD-L1, CD155, and MHC-I are altered by regorafenib and NU7026 in vivo on 

B16 and leukocytes. B16-F1 tumor-bearing mice were treated with daily regorafenib (Reg; 5 

mg/kg) and/or NU7026 (NU; 5 mg/kg) on days 8-12 post tumor inoculation and evaluated on day 

13. PD-L1, CD155, and CD73 expression on CD45- B16 tumor cells (A) and CD45+ leukocytes 

(B) were measured. Differences were assessed by one-way ANOVA with Tukey post-test. All 

results show mean ± SEM. *, p < 0.05; **, p < 0.01. 
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Similarly, STING is also expressed on various APCs, and agonist binding results in 

improved APC function (201). Thus, anti-CD40 antibody and STING agonist were used 

to promote APC function and enhance anti-tumor immunity. As with previous 

experiments, regorafenib was delivered for four consecutive days with one day off 

treatment, while anti-CD40 antibody and STING agonist were given every five days (on 

days mice were not treated with regorafenib). The anti-CD40 antibody and STING 

agonist combination significantly reduced tumor growth similarly to low-dose 

regorafenib (Figure 4.22A). In addition, triple combination treatment significantly 

decreased tumor growth beyond either anti-CD40 antibody and STING agonist or 

regorafenib alone. Synergy was evaluated using the fractional product analysis method 

and suggested a potential additive interaction when triple combination therapy was 

compared to either regorafenib alone or anti-CD40 antibody and STING agonist 

treatment without regorafenib (Table 4.9). Animal survival was significantly prolonged 

in all treatment groups (Figure 4.22B). Cells of the tumor microenvironment were 

evaluated on day 21 (Figure 4.22C-K). Triple combination therapy dramatically 

increased the infiltration of CD45+ leukocytes into tumors – approximately five-fold and 

four-fold higher leukocytes than the vehicle-treated and monotherapy-treated mice, 

respectively (Figure 4.22C). Accordingly, higher CD4+ and CD8+ T cell densities were 

observed in the triple therapy group (Figure 4.22D and 4.22F). However, within the 

leukocyte population, only CD8+ T cells were significantly increased (Figure 4.22E and 

4.22G). 

 

 



145 

  

 
Figure 4.22: Regorafenib cooperates with anti-CD40 and STING agonist immunotherapies. 

A-B) B16-F1 tumor-bearing mice were treated with regorafenib (Reg; 4 mg/kg) with or without a 

combination of anti-CD40 antibody (40) and c-di-GMP (STING agonist, S) while monitoring 

tumor volume (A) and survival (B) (n=5-6/group). Differences were assessed for tumor volumes 

on days 16-28 by one-way ANOVA with Tukey post-test comparing vehicle with all other groups 

and comparing 40/S or Reg to 40/S+Reg. All survival comparisons except Reg vs. 40/S were 

significantly different according to log-rank tests. On day 21, intratumoral CD45+ leukocytes (C), 

CD4+ T cells (D-E), CD8+ T cells (F-G), DC (H-I), and macrophages (J-K) were measured. All 

results are representative of two independent experiments and show mean ± SEM. *, p < 0.05; **, 

p < 0.01; ***, p < 0.001. 
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Table 4.9: Fractional product analysis of regorafenib, anti-CD40, and STING agonist in 

vivo results. Synergy is defined as ratios > 1.0, additive effects as ratios = 1.0, and antagonistic 

effects as ratios < 1.0. Abbreviations: FTV = fractional tumor volume; Reg = regorafenib; 40 = 

anti-CD40 antibody; S = c-di-GMP (STING agonist). 
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Macrophage numbers were unchanged, but CD206+ macrophages were reduced in the 

triple combination group (Figure 4.22J-K). Thus, anti-CD40 antibody and STING 

agonist enhance the efficacy of regorafenib, and similarly to regorafenib alone, increase 

CD8+ tumor infiltration while favorably influencing macrophage polarization. 

Thus far, increased CD8+ T cell densities had been observed in B16 tumors of mice 

treated with regorafenib or regorafenib plus immunotherapy. Yet, it remained unclear 

whether decreased tumor dynamics induced by regorafenib were dependent on CD8+ T 

cells. Thus, CD8+ T cell depletion experiments were performed and efficient depletion 

was confirmed (Figure 4.23A-B). CD8+ T cell depletion in mice treated with regorafenib 

monotherapy or regorafenib plus anti-CD40 antibody and STING agonist resulted in 

significant and near complete loss of tumor control (Figure 4.23C). In addition, survival 

benefits from monotherapy or combination therapy were partially lost (Figure 4.23D). 

Tumor volume curves were also plotted for individual mice to more clearly depict 

changes in tumor growth (Figure 4.23E-G). Anti-CD8 antibody had no effect on tumor 

growth (Figure 4.23E). Though a somewhat bimodal distribution was detected in mice 

treated with regorafenib with or without anti-CD8, tumors in virtually all CD8+ T cell-

depleted mice grew more rapidly than regorafenib-treated mice (Figure 4.23F). Tumors 

in mice treated with anti-CD40 and STING agonist clearly grew more rapidly when mice 

were depleted of CD8+ T cells (Figure 4.23G). 

To understand whether regorafenib, anti-CD40 antibody, and STING agonist influenced 

T cell function in vivo, intratumoral leukocytes were isolated and stimulated with PMA 

and ionomycin. Subsequently, intracellular levels of IFN-γ, TNF-α, and IL-2 were 

evaluated in the stimulated CD4+ and CD8+ T cells and quantified by flow cytometry.  
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Figure 4.23: CD8+ T Cells are necessary for regorafenib, anti-CD40 antibody, and STING 

agonist efficacy. A-B) CD8+ T cells were depleted in mice using anti-CD8 antibody (Clone 53-

6.7) and depletion was confirmed by evaluating circulating leukocytes and measuring CD8+ T 

cells (A) and CD4+ T cells (B) 10 days after initiating depletion. C) B16-F1 tumor-bearing mice 

were treated with anti-CD8 antibody to deplete CD8+ T cells, regorafenib (Reg; 5 mg/kg), anti-

CD40 antibody (40), and c-di-GMP (S) while monitoring tumor volume (C) and survival (D) 

(n=5-7/group). Differences between Reg and 40/S+Reg groups versus associated anti-CD8-

treated mice on days 19-29 were assessed by one-way ANOVA with Tukey post-test and log-rank 

tests for survival. E-G) Tumor volumes are shown for individual mice. Mice treated with either 

vehicle or anti-CD8 antibody are shown in E. Mice treated with Reg or anti-CD8 + Reg are 

shown in F along with mean tumor volumes from vehicle- and anti-CD8-treated mice. Mice 

treated with combination 40/S+Reg with or without anti-CD8 are shown in G along with mean 

tumor volumes from vehicle- or anti-CD8-treated mice. A-C show mean ± SEM. *, p < 0.05, ***, 

p < 0.001. 
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In line with previous findings, CD4+ and CD8+ T cell densities were increased in mice 

treated with regorafenib, anti-CD40 antibody plus STING agonist, and triple combination 

therapy (Figure 4.24A-B). IFN-γ-, TNF-α-, and IL-2-producing CD4+ T cells were 

increased in all treatment groups (Figure 4.24C-F). Increases in IFN-γ and TNF-α 

double-producing CD4+ T cells were also observed (Figure 4.24C). Interestingly, 

increases in cytokine production were modest in regorafenib-treated mice, and trends 

toward reductions were observed when comparing anti-CD40 antibody and STING 

agonist treated mice to triple combination treated mice. Similar observations were made 

in CD8+ T cells (Figure 4.24G-J). Collectively, these findings demonstrate that 

regorafenib, anti-CD40 antibody, and STING agonist reduce tumor progression in a 

manner at least partially dependent on CD8+ T cells and that T cell function is enhanced 

to varying degrees by each of the therapies and combination therapy. 

B16 treatment with regorafenib resulted in minor reductions in PD-L1 in vitro and 

regorafenib increased PD-L1 in vivo. Yet, T cell function was increased. Therefore, to 

determine other molecules that might be altered by regorafenib and immunotherapies, a 

flow cytometry-based array was used to examine expression of various molecules on B16 

tumor cells in a range of settings. Expression of 225 surface markers was evaluated in 

B16 cells treated with regorafenib and NU7441 combination in vitro, B16 tumors treated 

with regorafenib, and B16 tumors treated with regorafenib, anti-CD40 antibody, and 

STING agonist combination therapy (Figure 4.25). In total, 64 molecules were detected 

in at least one of the three experimental settings. Of these, several, including semaphorin 

4D, CEACAM1, and galectin-9 have emerging immunosuppressive functions in cancer 

and were reduced by regorafenib or combination therapy (110,202,203).   
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Figure 4.24: Cytokine production in T cells from B16 tumors is increased with regorafenib, 

anti-CD40, STING agonist, and combination therapies. B16-F1 tumor-bearing mice were 

treated with regorafenib (Reg, 5 mg/kg) with or without a combination of anti-CD40 antibody 

(40) and c-di-GMP (S). On day 17, intratumoral leukocytes were isolated and stimulated with 

PMA and ionomycin for six hours. CD4+ (A) and CD8+ (E) T cell densities were assessed and 

shown as a percentage of all cells. In addition, CD4+ T cells producing both IFN-γ and TNF-α

(C), IFN-γ (D) TNF-α (E), and IL-2 (F) were measured. Identical cytokines were measured in 

CD8+ T cells (G-J). Differences were assessed by one-way ANOVA with Tukey post-test. All 

results show mean ± SEM. *, p < 0.05; **, p < 0.01. 
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Figure 4.25: Immunosuppressive molecules are altered in vitro and in vivo by regorafenib in 

B16. For symbols shown in black, B16-F1 cells were treated with combination regorafenib (Reg; 

4 μM) and NU7441 (NU; 2 μM) for 48 hours and compared to vehicle-treated cells to assess fold 

change. For gray symbols, B16-F1 tumor-bearing mice were treated with regorafenib (5 mg/kg) 

on days 8-9, 11-14, and 16 post-tumor inoculation and compared to vehicle-treated mice on day 

17 to assess fold change. Two mice per group were pooled. For red symbols, B16-F1 tumor-

bearing mice were treated with combination anti-CD40 antibody (40) and c-di-GMP (S) on days 

10 and 15 post-tumor inoculation, with or without regorafenib as above. Mice treated with the 

triple combination were compared to mice treated with anti-CD40 and c-di-GMP to assess fold 

change. Average expression was used from three mice per group. Sixty-four molecules that were 

expressed in at least one experimental setting are shown. Missing symbols indicate that molecule 

expression below detection. Potentially immunosuppressive or immunostimulatory molecules are 

boxed in red. 
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Interestingly, both MHC-I (H-2) and MHC-II (I-A) were increased by regorafenib 

treatment in vivo. Other molecules that have potential immune functions (IL-23 receptor, 

CD155, CD47, 4-1BB ligand, PD-L1, and HVEM) were moderately altered or 

unchanged. Thus, regorafenib with or without immunotherapies can influence several 

potentially immunosuppressive molecules. 

An additional immunotherapy, adoptive cell therapy (ACT), was used in combination 

with regorafenib. ACT is an emerging immunotherapeutic treatment of various 

hematological and solid malignancies. In ACT, tumor-specific T cells are obtained from 

patients, expanded, and ultimately re-infused into patients. In clinical trials for 

melanoma, ACT has achieved objective response rates greater than 50% (204). Thus, 

murine pmel T cells, which recognize the gp10025-33 peptide presented on H2-Db were 

used for ACT experiments. gp100 is expressed by H2-Db-positive B16-F1 cells, and are 

therefore, recognized by pmel T cells.  

Mice challenged with B16-F1 were treated for five consecutive days with low-dose (5 

mg/kg) regorafenib and subsequently infused with three million pmel T cells. Prior to T 

cell infusion, mice were sub-lethally irradiated to promote T cell engraftment. One and 

six days after T cell infusion, mice were also given agonistic anti-4-1BB antibody to 

promote T cell function and survival. Without these additional therapies, ACT exhibits 

poor efficacy (Figure 4.26) (205-207). ACT alone moderately slowed tumor progression 

and prolonged animal survival similarly to low-dose regorafenib (Figure 4.27A-B). 

Combination ACT plus regorafenib significantly improved responses and survival over 

monotherapies (Figure 4.27A-B). Evidence of synergy was observed using fractional 

product analysis (Table 4.10).  
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Figure 4.26: ACT with tumor-specific T cells exhibits poor efficacy without additional 

therapies. A-B) B16-F1 tumor-bearing mice were treated with preconditioning lymphodepleting 

γ-irradiation (6.5 Gy) 9 days post-tumor inoculation. Mice were then untreated or treated with 

adoptive transfer of 3×106 pmel T cells (pmel) 10 days post-tumor inoculation with or without 

anti-4-1BB antibody (Clone 3H3) on days 11 and 14 post-tumor inoculation. Tumor volume (A) 

and survival (B) were monitored (n=4-8/group). Differences were assessed on days 19-31 by one-

way ANOVA with Tukey post-test for tumor volumes or log-rank tests for survival comparing 

untreated or pmel groups to pmel+4-1BB.  
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Figure 4.27: Regorafenib synergizes with adoptive T cell transfer. A-B) B16-F1 tumor-

bearing mice were treated with regorafenib (Reg; 5 mg/kg) and adoptive transfer of pmel T cells 

(ACT) while monitoring tumor volume (A) and survival (B) (n=6-7/group). Differences in tumor 

volume were assessed by one-way ANOVA with Tukey post-test for vehicle vs. all groups 

(asterisk, day 20) and comparisons between ACT or Reg vs. ACT+Reg (black bar, days 20-28). 

All survival comparisons were significantly different by log-rank tests. On day 17, tumors from 

mice treated with ACT or ACT+Reg were evaluated for CD45+ leukocytes (C), CD4+ T cells (D-

E), Treg (CD45+CD4+CD25HIFoxp3+; F), and CD8+ T cells (G-H). Phenotypes associated with T 

cell exhaustion, as defined by co-expression of Lag-3, Tim3, and PD-1 were also assessed in 

CD4+ (I) and CD8+ T cells (J). Statistical differences in C-J were assessed using unpaired, two-

tailed t tests. All results are representative of two independent experiments and show mean ± 

SEM. *, p < 0.05; **, p < 0.01, ***, p < 0.001. 
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Table 4.10: Fractional product analysis of regorafenib and adoptive cell therapy in vivo 

results. Synergy is defined as ratios > 1.0, additive effects as ratios = 1.0, and antagonistic effects 

as ratios < 1.0. Abbreviations: FTV = fractional tumor volume; Reg = regorafenib; ACT = 

adoptive cell therapy. 
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Some mice from the ACT and ACT plus regorafenib groups were sacrificed for analysis 

on day 17 (Figure 4.27C-J). As observed before, combination treatment significantly 

increased the intratumoral CD45+ leukocyte population (Figure 4.27C). Increased CD4+ 

T cell densities and trends toward increased CD4+ T cell percentages within the CD45+ 

population were also observed (Figure 4.27D-E). Regulatory T cell (Treg) populations 

were also measured within the CD4+ T cell population and were significantly reduced in 

mice treated with combination therapy (Figure 4.27F). Like CD4+ T cells, CD8+ T cells 

were increased within tumors (Figure 4.27G-H). Further, markers of T cell exhaustion 

were reduced in both T cell subpopulations (Figure 4.27I-J). T cell exhaustion is a 

phenomenon whereby T cells gradually lose function and ultimately undergo cell death 

(208). The phenomenon is typically associated with and measured by co-expression of 

various checkpoint receptors on T cells. In this case, co-expression of three checkpoint 

receptors, Lag-3, Tim3, and PD-1 were defined as indicating exhausted T cells. These 

data suggest that regorafenib can enhance the efficacy of ACT, potentially by increasing 

T cell infiltration, survival, and/or function, and perhaps by reducing immunosuppressive 

T cell subsets. 

Similar to the data shown in Figure 4.21, immunomodulatory molecules were examined 

in mice treated with vehicle, ACT alone, and ACT plus regorafenib (Figure 4.28). On 

B16 tumor cells,no changes in PD-L1 were detected, but CD155 was significantly 

reduced and trends toward increased MHC-I were observed in mice treated with ACT 

plus regorafenib (Figure 4.28A). In line with previous findings, PD-L1, CD155, and 

CD73 were significantly reduced on CD45+ leukocytes in mice treated with ACT plus 

regorafenib (Figure 4.28B).  
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Figure 4.28: Regorafenib and ACT influence PD-L1, CD155, and CD73 in vivo on B16 

and/or leukocytes. B16-F1 tumor-bearing mice were treated with daily regorafenib (Reg; 5 

mg/kg) on days 8-12 and 14-17 post tumor inoculation. Mice were also treated with ACT on 

day 13. On day 17, PD-L1, CD155, and CD73 expression on CD45- B16 tumor cells (A) and 

CD45+ leukocytes (B) were measured. Differences were assessed by one-way ANOVA with 

Tukey post-test. All results show mean ± SEM. *, p < 0.05; **, p < 0.01. 
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To examine how human melanomas would react to regorafenib and NU7026 in vivo, a 

xenogeneic animal model using the 624-Mel human melanoma cell line and NOD scid 

gamma (NSG) mice was performed. NSG mice are highly immunodeficient, and lack 

mature T, B and NK cells (209). While present, DCs and macrophages exhibit poor 

function in NSG mice (209). These immunodeficiencies allow for engraftment and 

growth of human tumors. 624-Mel cells were implanted in the flanks of NSG mice and 

allowed to establish for one month before initiating regorafenib and/or NU7026 

treatment. In addition, some mice received a single dose of DMF5 T cells, which are 

capable of recognizing MART-1-expressing 624-Mel melanoma cells (Figure 4.14B). 

Regorafenib with or without NU7026 significantly decreased 624-Mel tumor growth 

compared to vehicle-treated animals (Figure 4.29A). In a second experimental arm with 

DMF5 T cells, only tumors in mice that received triple combination regorafenib plus 

NU7026 plus DMF5 T cells grew significantly slower than vehicle-treated mice (Figure 

4.29B). To examine the effects of regorafenib and NU7026 on oncogenic signaling 

pathways and immunosuppressive molecule expression, tumors were harvested for 

analysis after eight consecutive days of combination regorafenib plus NU7026 treatment. 

Surprisingly, at this time point, phosphorylated MEK1/2 levels were significantly 

increased in mice treated with combination therapy (Figure 4.29C-D). However, 

phosphorylated Akt exhibited a trend toward decreasing and total Akt was significantly 

reduced when normalized to β-actin (Figure 4.29C-D). To examine expression of 

immunosuppressive molecules, tumors were mechanically digested and analyzed by flow 

cytometry. 
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Figure 4.29: Regorafenib and NU7026 suppress 624-Mel growth and cooperate with ACT, 

but do not influence immunosuppressive markers. A) 624-Mel xenograft-bearing NSG mice 

were treated with daily regorafenib (Reg; 6 mg/kg) and/or NU7026 (NU; 3 mg/kg) while 

monitoring tumor growth. B) NSG mice were treated as in A, but with transfer of 5×106 DMF5 T 

cells on day 39 while monitoring tumor growth. C-D) MEK and Akt phosphorylation were 

measured in tumors from 624-Mel-bearing NSG mice treated as in A by immunoblot (C). 

Proteins were quantified using densitometry (D). E) 624-Mel tumors from mice treated as in A 

were evaluated for live populations, and expression of PD-L1, CD55, CD73, CD155, NGFR, and 

HLA-I. *, p < 0.05; **, p < 0.01. 
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Notably, while only a small proportion of cells recovered were live, this population was 

significantly reduced in treated mice, suggesting that the drugs may have directly or 

indirectly induced some level of cell death (Figure 4.29E). For analysis of 

immunosuppressive molecules, only live populations were examined. MFIs for many of 

the molecules, including PD-L1, CD55, CD73, and NGFR that were expressed at 

relatively low levels in vitro, were very low in vivo. Thus, for these molecules, analyses 

were performed by gating on the positive population. None of the molecules were 

significantly altered, except for CD55, which was reduced (Figure 4.29E). Several 

molecules trended toward decreases, but changes in average MFIs were very small. 

Discussion 

 

Herein, regorafenib and NU7441 were shown to be potent immunomodulatory 

compounds, which alter the expression of potentially immunosuppressive molecules, 

including CD55, CD73, CD155, NGFR, and PD-L1. Importantly, these changes were 

consistently observed in a variety of melanoma cell lines harboring various genetic 

mutations. The two drugs also increased melanoma antigen expression, reduced 

melanoma proliferation, and decreased oncogenic signaling pathways. Regarding T cells, 

the compounds increased activation and costimulatory molecule expression, reduced 

immunosuppressive checkpoint receptors, and promoted T cell cytokine production. In 

vivo studies revealed that regorafenib potently reduced tumor progression, and enhanced 

the efficacy of various immunotherapies in a T cell-dependent manner. Thus, regorafenib 

is a strong candidate for further studies. 



161 

  

Using an immunophenotyping strategy, molecules commonly expressed on melanomas 

were identified. Sixty-five of the 332 analyzed markers were expressed on a majority of 

cell lines. However, classifying them as related to immune function proved challenging. 

Indeed, many of the molecules had loose or poorly established relations to various 

aspects of immune function (e.g. CD71, CD146). Still others had well-established roles in 

immunity when expressed on immune cells, but unclear functions when expressed on 

tumor cells (e.g. CD54, CD164, CD170). Finally, some molecules had established 

immune functions, but were inconsistently altered by combination regorafenib plus 

NU7441 treatment in the four cell lines tested (e.g. CD95, CD112, CD119). With these 

factors in mind, ultimately, only molecules with well-established roles in immunity, 

especially when expressed on tumor cells, were selected for further investigation.   

The approach used for phenotypic analysis of a panel of diverse melanoma cell lines 

allowed for generation of an abundance of data that could be used in several different 

fashions. First, basal expression levels of CD55, CD73, CD155, PD-L1, and NGFR in 

melanoma are not entirely clear, and few have taken approaches that utilize large 

numbers of samples. The approach also showed that with some exceptions, melanoma 

cell lines generally react similarly to regorafenib and NU7441 treatment, regardless of 

BRAF and NRAS status. While NRAS-mutant cell lines tended to exhibit stronger 

responses to the drugs, statistical differences were not found, likely due to limited sample 

size. Yet, both BRAF- and NRAS-mutant cells generally responded to both drugs. This 

suggests that regorafenib and NU7441 are strong candidates for all melanoma patients, 

and their efficacy may not be linked to whether tumors carry certain mutations. Certainly, 

however, a substantial amount of heterogeneity with respect to how cell lines responded 
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to the various drugs was observed – an issue that was discussed previously. Thus, 

additional biomarkers are needed to identify melanomas that respond most favorably and 

potently to regorafenib and NU7441. 

Regarding regorafenib, it remains possible that the observed results are a consequence of 

inhibiting BRAFV600. While conceivable, this scenario remains unlikely for several 

reasons. First, vemurafenib, a potent BRAFV600 inhibitor, was used alongside 

regorafenib in in vitro experiments, and showed marked differences. Second, as 

previously discussed, PD-L1 expression has not been linked to BRAF, MEK, or MAPK 

signaling. Third, regorafenib was equally effective in both BRAF-mutant and NRAS-

mutant cell lines. Notably, the latter point could be discounted based on regorafenib’s 

reported ability to target wild-type BRAF. Yet, the drug did not alter T cell proliferation, 

whereas other non-selective BRAF inhibitors were shown to potently reduce T cell 

proliferation. Thus, while BRAF inhibition may be partially responsible for the effects 

observed with regorafenib treatment, it is likely that other targets also contribute.  

Notably, regorafenib and NU7441 were both capable of inhibiting melanoma 

proliferation at relatively high concentrations. At levels below approximately 1 μM, most 

of the cell lines proliferated normally. This raises the question of whether in vivo 

reductions in melanoma progression were simply due to the anti-proliferative effects of 

regorafenib. Without further studies specifically examining in vivo proliferation, 

definitively answering this question is impossible. Yet, while most groups have used oral 

delivery of regorafenib, they also typically use much higher doses than those used herein 

– often 30 mg/kg or higher (172,210-212). Moreover, regorafenib efficacy was almost 

completely lost after CD8+ T cell depletion, suggesting that efficacy is largely dependent 
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on the immune system and the impact of regorafenib on melanoma proliferation may be 

minimal at the doses administered. 

Unfortunately, despite altering various immunosuppressive molecules on melanomas, 

regorafenib and NU7441 treatment failed to sensitize melanomas to T cell-mediated 

cytotoxicity. In pilot studies, several different techniques were used to measure 

cytotoxicity, including established 51Chromium release and lactate dehydrogenase (LDH) 

release assays. Both assays proved to be inconsistent. Thus, a far more sensitive and 

consistent assay using an xCELLigence RTCA MP was developed. One of the major 

benefits of using this device is that cytotoxicity can be measured in real-time. Despite the 

sensitivity and consistency of the assay, pretreating melanomas with regorafenib and 

NU7441 did not significantly increase cytotoxicity. Various approaches, including 

shorter pretreatment periods and treatment during co-culture, were used without 

observing changes in cytotoxicity. Thus, it appears clear that the two compounds do not 

alter the sensitivity of melanomas to DMF5 T cells. However, there are still several 

limitations to this approach. First, DMF5 T cells can only recognize melanomas from 

HLA-A*02+ cell lines that express MART-1. Consequently, only four cell lines could be 

examined. The DMF5 system is also dependent on MART-1 expression, and while 

MART-1 mRNA was upregulated by drug treatment, it is unclear whether the drugs alter 

MART-1 protein expression or HLA-I presentation. Further, DMF5 T cells were 

activated using constant and strong antigen plus anti-CD28 stimulation, and tend to be 

highly active and resistant to immunosuppressive signals. Notably, in several cell lines, 

substantial tumor cell lysis was observed after as little as 20 minutes. In addition, while 

efforts were made to plate equal numbers of pretreated tumor cells, drug-treated cells 
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adhered differently compared to vehicle-treated cells and displayed altered impedance 

measurements. The co-cultures also contain only melanoma cell lines and a nearly pure 

population of CD8+ T cells, whereas the tumor microenvironment consists of a wide 

variety of cell types, all of which can ultimately influence melanoma immunogenicity. 

Therefore, the co-culture assay cannot replicate the complexity and number of cell types 

that are found in the in vivo environment and presents several technical challenges. It 

remains possible that the changes induced by regorafenib and NU7441 would ultimately 

lead to increased sensitivity to various immune components in animal models. 

Initially, a basic approach was used to examine this possibility in which B16 tumor-

bearing mice were treated with regorafenib, NU7026, or combination therapy. 

Immunocompetent animals are typically needed in the immunotherapy field to examine 

how a therapy alters the complex mixture of immune cells that can impact tumor growth. 

Thus, the murine B16-F1 cell line was chosen. However, murine melanomas have 

notable differences compared to human melanomas. First, B16-F1 cells do not express 

many of the molecules that are commonly expressed on human melanomas. Indeed, B16-

F1 cells do not express CD55, CD73, or NGFR. Further, PD-L1 and MHC-I (analogous 

to HLA-I) are expressed at very low levels without stimulation with IFN-γ. In vitro, 

regorafenib and NU7441 only modestly reduced PD-L1 expression, without affecting 

CD155 or MHC-I. Consequently, to identify other molecules that might impact the 

immunogenicity of B16, a protein array was performed and revealed several molecules 

(e.g. semaphorin 4D, CEACAM1, and galectin-9) that could potentially modulate B16 

immunogenicity. Thus, while the immunobiology of the B16 murine melanoma differs 
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from human melanomas, regorafenib and NU7441 reduce expression of potentially 

immunosuppressive molecules in both murine and human melanomas.  

In animal models, 8 mg/kg regorafenib daily treatment effectively reduced B16 tumor 

progression and prolonged animal survival. Interestingly, regorafenib had significant 

impacts on two cell populations: CD8+ T cells and macrophages. Increases in CD8+ TIL 

are often considered a key to immunotherapy efficacy (96). In addition, evidence that 

macrophages are key players in tumor progression has grown rapidly (114). Thus, 

regorafenib monotherapy potentially impacts tumor progression by altering two 

influential tumor microenvironment residents. 

Unfortunately, DNA-PK inhibition (with NU7026) failed to elicit changes in animal 

studies despite promising in vitro findings. A major reason for these findings may be 

related to limited solubility and poor pharmacokinetic properties of DNA-PK inhibitors. 

Studies with NU7026 and NU7441 have demonstrated limited absorption and rapid 

metabolism of the drug when administered in mice, and these restrictions have hampered 

the clinical application of DNA-PK inhibitors (174,213,214). Previous studies have 

shown that intraperitoneal doses of 20 mg/kg of NU7026 and 10 mg/kg of NU7441 are 

cleared with a half-life of less than one hour (213,214). While NU7441 has been reported 

to have improved solubility over its parental compound, NU7026, it could not be 

solubilized in a variety of vehicles (174). Thus, NU7026 was used. This compound has 

been shown to be slightly less potent than NU7441, and may have further hampered in 

vivo efficacy (174). One solution that could be pursued in the future would be to 

administer NU7441 through mouse chow – an approach that has been used previously 

(184). Targeting DNA-PK remains a promising approach to modulating the 
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immunogenicity of melanomas, and orally available DNA-PK inhibitors with improved 

pharmacokinetics are currently in development (186). 

Surprisingly, PD-L1 expression was upregulated on B16 tumor cells after treatment with 

regorafenib. A likely explanation for this observation centers on IFN-γ. PD-L1 and 

MHC-I are poorly expressed on B16 cells, but expression can be dramatically induced by 

low levels of IFN-γ. Animal studies showed that CD8+ T cells, a primary source for IFN-

γ, were significantly increased. In addition, in vitro studies showed that regorafenib had 

only modestly reduced PD-L1. Therefore, it is possible that in vivo regorafenib treatment 

led to significant increases in T cells levels and T cell-derived IFN-γ – resulting in PD-L1 

induction. Despite these increases in PD-L1, T cell function was not reduced, as 

intratumoral T cells from mice treated with regorafenib exhibited increased cytokine 

production. Thus, while PD-L1 was increased after regorafenib treatment, it is likely that 

other changes to the tumor microenvironment ultimately promoted T cell function and T 

cell-dependent tumor control. 

Further animal studies with regorafenib showed that it enhanced the efficacy of various 

emerging immunotherapies. Agonistic anti-CD40 antibodies have reached phase II 

clinical trials and have shown promise in earlier trials examining safety (200,215). 

STING agonists have only recently reached clinical trials, but have demonstrated 

potential as anti-cancer immunotherapies in preclinical studies (201). Triple combination 

therapy with anti-CD40 antibody, STING agonist, and regorafenib induced a dramatic 

influx of leukocytes into tumors. Of the leukocytes examined, only CD8+ T cells were 

significantly increased compared to vehicle-control mice when measured as a proportion 

of the CD45+ leukocyte population. This suggests that while the triple combination 
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therapy induces a generalized increase in intratumoral leukocytes, CD8+ T cells are 

recruited at a higher rate or persist more efficiently than other cell types. Curiously, none 

of the therapies significantly altered DC activation, even though CD40-targeted and 

STING agonist therapies are thought to act in large part on APCs. This may have been 

due to timing or could have occurred primarily in peripheral organs, which were not 

examined. 

Importantly, increases in intratumoral CD8+ T cells were necessary for regorafenib 

efficacy. The reduced tumor dynamics observed in mice treated with either regorafenib 

alone or in combination with anti-CD40 antibody and STING agonist were significantly 

and almost completely lost when CD8+ T cells were also depleted. These results suggest 

that these therapies are at least partially dependent on CD8+ T cells, and might be 

explained by increased functional capacity of intratumoral T cells in treated mice, as 

evaluated by cytokine production. It remains unclear how regorafenib, anti-CD40 

antibody, and STING agonist induce these changes. The effects could be due to the drugs 

directly altering the immunophenotype of melanomas, influencing T cell function 

directly, changing other immune cells and indirectly promoting T cell function, or a 

combination of all three. Future studies are needed to define these mechanisms in animal 

models. However, collectively, these studies indicate that regorafenib treatment results in 

improved T cell function and that treatment efficacy is at least partially dependent on 

these important anti-tumor effectors. 

Regorafenib also enhanced the efficacy of ACT. Success in ACT clinical trials has made 

ACT a popular and well-studied approach to treat melanoma and other malignancies. 

However, even in melanoma patients, where ACT is highly effective, only approximately 
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50% of patients respond. Therefore, further modifications to ACT are needed to enhance 

response rates and improve the number of patients that undergo complete and durable 

responses. A well-studied approach is the use of artificial receptors, such as synthetic 

TCRs and chimeric antigen receptors (CARs). However, an additional, perhaps simpler 

method would be to combine ACT with drugs that enhance T cell function and sensitize 

melanomas to T cell-mediated death. Regorafenib has potential in this regard as it may 

not only enhance T cell infiltration, but also likely augments T cell function (as measured 

by markers of T cell exhaustion) and reduces suppressive cells (e.g. Tregs).  

Drug treatment and adoptive transfer in a xenogeneic animal model of melanoma were 

not as effective as syngeneic models. Generally, changes in tumor growth were modest, 

even with adoptive transfer of DMF5 T cells. This is not surprising. It is possible that 

regorafenib affects a wide variety of non-malignant cells present within the tumor 

microenvironment in syngeneic models to ultimately impact tumor progression. Most of 

these cell types are absent in the xenogeneic model. DMF5 T cells may have been 

modestly effective because human T cells typically exhibit poor persistence in mice, and 

often must be administered several times to be efficacious. It remains unclear why the 

changes in signaling molecules observed in vitro were not observed in vivo, and could be 

due to a variety of variables, including various technical challenges. Indeed, various 

attempts in pilot experiments to increase viable tumor cell yield failed. Further, 

enzymatic digestion of tumors reduced the expression of cell surface markers globally 

and were therefore not used. Considering that only approximately 5% of the total cell 

population analyzed was viable, and the fact that many of the assessed molecules were 

poorly expressed, it is possible that changes induced by regorafenib and/or NU7026 were 
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undetectable due to processing of tumors. Clearly, more studies are needed to improve 

the validity of the reported findings. Nevertheless, in most cases, significant differences 

between the tumors of vehicle- and drug-treated mice were not observed. 

An important question that remains is how, mechanistically, regorafenib and NU7441 

control immunosuppressive molecules on melanomas and impact T cell phenotype and 

function. The targets of regorafenib and NU7441 are an appropriate starting point to 

generate mechanistic models that might explain these phenomena. In melanomas, several 

of the targets of regorafenib, including Braf, BrafV600, c-Kit, Vegfr, RET, and Pdgfr 

have been reported to be both active in melanoma and associated with MAPK and/or 

PI3K signaling pathways (13,216-220).  Therefore, the MAPK and PI3K pathways may 

potentially regulate immune molecules in melanoma. While conflicting findings exist in 

PD-L1, the MAPK pathway at least has been associated with CD155 and HLA-I 

regulation as previously described. In cancers, apart from its role in DSBR, DNA-PK 

signaling has been associated with downstream HIF-1 and NF-κB activation (181). 

Notably, DNA-PK also directly promotes PI3K signaling by phosphorylating and 

activating Akt, but can suppress Erk activation and MAPK signal transduction (181,221). 

HIF-1 can directly regulate PD-L1 and CD73, and could also potentially influence other 

immunosuppressive molecules (222,223).  NF-κB has been shown to regulate inducible 

PD-L1 expression in melanoma in HLA in various cell types (132,224). In addition, 

DNA-PK inhibition could influence immunosuppressive molecule expression by 

regulating PI3K activity as described above. Taken together, regorafenib and NU7441 

target several molecules and signaling pathways that regulate expression of select 

immunomodulatory molecules in cancers. 
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Unlike melanomas, the signaling events that are altered by regorafenib and NU7441 in T 

cells are more difficult to predict. At least two transcription factors appear to have 

overlapping roles in regulating several of the phenotypic markers used in T cell studies: 

AP-1 and nuclear factor of activated T cells (NFAT). These transcription factors have 

been associated with regulation of ICOS, PD-1, and Tim3 (225-227). In T cells, AP-1 is 

generally activated by MAPK components, such as ERK1/2, p38, and JNK, whereas 

NFAT is activated by calcium release induced by phospholipase C gamma (PLC-γ) 

activation (228,229). While regorafenib only induced small changes in T cell phenotype, 

DNA-PK inhibition with NU7441 often resulted in significant increases in costimulatory 

molecules and decreases in co-inhibitory receptors. It is thus reasonable to assume that 

DNA-PK inhibition is largely responsible for the phenotypic (and possibly also 

functional) changes observed in drug-treated T cells. However, DNA-PK has not been 

associated with AP-1 or NFAT activity in T cells. AP-1- and NFAT-driven 

transcriptional changes are often modulated by other transcription factors or DNA-

binding proteins, and these types of interactions could explain the observed phenotypic 

and functional changes in drug-treated T cells. The MAPK and PI3K pathways, for 

example, are important regulators of T cell activation and function and have been shown 

to enhance NFAT-associated transcription (229). Another possible explanation is 

epigenetic regulation. Given the simultaneous increases in costimulatory molecules and 

decreases in checkpoint receptors, that the drugs alter a global transcriptional regulatory 

mechanism seems plausible. PD-1 has been shown to be epigenetically regulated, and 

these mechanisms may also dictate expression of other molecules in T cells (226). One 

possible mechanism involves the histone methyltransferase, enhancer of zeste homolog 2 
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(EZH2), the catalytic subunit of the polycomb-repressive complex 2 (PRC2) that has 

been implicated in T cell maturation and function (230). DNA-PK has been shown to 

potentially directly associate with and phosphorylate EZH2 in T cells (231). Moreover, 

EZH2 activity is regulated in part by Akt and AP-1 (231). Akt is an additional direct 

target of DNA-PK, and AP-1, as discussed above, is linked to the regulation of various T 

cell markers. How regorafenib and DNA-PK influence T cell phenotype and function are 

still uncertain, and future studies could focus on molecules that influence AP-1 and 

NFAT, along with epigenetic mechanisms centering on EZH2. 

Herein, the studies show that drugs can be repurposed for use both alone, and in 

combination with immunotherapies for melanoma. Importantly, both regorafenib and 

NU7441 can immunomodulate a wide variety of melanomas, meaning they have potential 

for application in a large melanoma patient pool harboring various mutations. 

Regorafenib effectively slows melanoma progression and reshapes the tumor 

microenvironment to one associated with improved outcomes. As new DNA-PK 

inhibitors emerge, targeting this molecule along with regorafenib and immunotherapies is 

an approach that warrants additional studies. 
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Chapter 5 : Regorafenib and NU7741 Reduce Anti-Tumor Macrophage Polarization 

and Rescue Anti-Tumor Polarized Macrophages 

 

Introduction 

 

Macrophages are multifunctional cells of the innate immune system that have roles in 

antigen presentation, antibody complex and pathogen clearance, and tissue repair. In the 

setting of cancer, the roles of macrophages are complex and varied, and macrophages 

appear capable of both pro- and anti-tumor functions. Macrophages can be found in most 

tumor types, and are often linked to negative prognosis, particularly when high levels of 

macrophages with markers of pro-tumor function are enumerated (114,232,233). 

Conversely, high anti-tumor to pro-tumor macrophage ratios are associated with positive 

prognosis in certain cancers (234-236).  

Macrophages are a highly plastic cell population. Signals within the microenvironment 

that they reside, particularly the cytokine milieu, dictate their polarization and functions. 

In cancer, the classical and simplified view suggests that macrophages can be polarized to 

acquire either pro- or anti-tumor functions. Pro-tumor macrophages support tumor 

proliferation, invasion, motility, metastasis, and angiogenesis. In addition, pro-tumor 

macrophages are one of many cell types that generate and reinforce chronic inflammation 

– a key step in cancer initiation (89). Further, pro-tumor macrophages can function as 

immunosuppressive cells which limit T cell persistence and function (114). In the in vitro 

setting, macrophages with these pro-tumor functions can be induced with stimulation by 

Th2-associated cytokines such as IL-4, IL-5, and IL-13, and have historically been 

referred to as M2 macrophages.  
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Macrophages can also acquire pro-inflammatory anti-tumor functions under certain 

conditions. These macrophages have historically been referred to as classically activated 

M1 macrophages, and can been polarized in vitro using lipopolysaccharide (LPS) and/or 

IFN-γ. In vivo, M1 or anti-tumor macrophages are thought to be capable of directly 

killing malignant cells (114). In addition, they promote anti-tumor immunity by 

providing cytokine support to other immune cells, including T cells, while also acting as 

efficient APCs (114). However, most tumor-associated macrophages (TAMs) are M2-

like and without therapeutic intervention, support tumor growth. In fact, the very term 

“tumor-associated macrophage” is increasingly used in the literature to refer to pro-tumor 

macrophages. 

As such, macrophages have become a prominent target for therapeutic intervention in 

various malignancies. Such an approach is supported by preclinical therapeutic studies 

that show that TAM depletion or “repolarization” can lead to reductions in tumor 

progression (114,232).  

Previous studies demonstrated that regorafenib treatment resulted in reductions in 

intratumoral macrophages that express CD206, a marker associated with pro-tumor 

macrophage polarization (232,237). Yet, it remains unclear whether regorafenib directly 

skews macrophage polarization, or whether the changes in macrophages are due to 

indirect effects. Thus, in vitro studies with regorafenib (and NU7441), were conducted to 

determine whether drug-treatment directly influences macrophage polarization and 

function. Regorafenib and NU7441 were found to influence the expression of various 

markers and proteins associated with M2 macrophages. In addition, NU7441 dramatically 

increases the antigen-presenting properties of macrophages. 
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Results 

 

Previous studies had revealed that treatment of B16 tumor-bearing mice with regorafenib 

led to a significant reduction in macrophages expressing the CD206 marker, which has 

been associated with pro-tumor functioning macrophages (232,237). Further examination 

was performed by analyzing CD206 expression on macrophages of individual mice 

treated with regorafenib, NU7026, or combination treatment. These analyses showed a 

clear CD206low population that could be delineated from a CD206hi population expressing 

variable amounts of CD206 (Figure 5.1A). CD206 MFIs on the total macrophage 

populations were significantly lower in mice treated with combination regorafenib plus 

NU7026 versus mice treated with NU7026 (Figure 5.1B). Mice treated with regorafenib 

or combination treatment clearly trended toward having lower CD206 MFI when 

compared to vehicle- or NU7026-treated mice. The expression of CD206 on the positive 

population was highly variable. Indeed, CD206 MFI on CD206hi macrophages was 

significantly lower in regorafenib- and combination-treated mice when compared to 

NU7026-treated mice (Figure 5.1C). 

Similar trends were observed in mice treated with regorafenib along with anti-CD40 and 

STING ligand. CD206 was generally expressed at a lower distribution compared to mice 

from Figure 5.1 (Figure 5.2A). However, expression levels of CD206 on total 

macrophages were significantly lower than vehicle-treated mice and those treated with 

combination anti-CD40 plus STING ligand (Figure 5.2B). Within the CD206hi 

population, CD206 MFIs were significantly lower on triple combination-treated mice 

versus vehicle-treated mice. Thus, regorafenib appears to limit pro-tumor macrophage 

polarization both alone and in combination with anti-CD40 and STING ligand. 
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Figure 5.1 Regorafenib reduces CD206 expression and CD206-positive macrophages in 

the tumor microenvironment. B16 tumor-bearing mice were sacrificed on day 15-16 after 

receiving regorafenib (Reg) and/or NU7026 (NU) treatment and macrophages were measured. 

A) Plots showing CD206 expression on macrophages from individual mice treated with vehicle, 

regorafenib, and/or NU7026. B) CD206 MFI on the total macrophage population. C) CD206 

MFI on CD206+ macrophages. Differences were assessed by one-way ANOVA with Tukey 

post-test. *, p < 0.05; **, p < 0.01. 
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Figure 5.2: Regorafenib, anti-CD40 antibody, and STING agonist reduce CD206 expression 

and CD206-positive macrophages in the tumor microenvironment. B16 tumor-bearing mice 

were sacrificed on day 21 after receiving regorafenib (Reg), anti-CD40 (40), and STING agonist 

(STN) and macrophages were measured. A) Plots showing CD206 expression on macrophages 

from individual mice. B) CD206 MFI on the total macrophage population. C) CD206 MFI on 

CD206+ macrophages. Differences were assessed by one-way ANOVA with Tukey post-test. *, p 

< 0.05. 
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While in vivo administration of regorafenib decreased CD206hi macrophage populations, 

it remained unclear whether the drug acted directly or indirectly. Previous studies with 

regorafenib and NU7441 demonstrated that T cell phenotypes were altered and may have 

subsequently dictated macrophage polarization. Thus, bone marrow-derived macrophages 

(BMMs) were generated to allow for direct treatment of macrophages with regorafenib 

and NU7441. In vitro, macrophages can be polarized to express CD206 and acquire pro- 

tumor functions by stimulation with various Th2-associated cytokines. Accordingly, IL-4 

was used to polarize macrophages. 

IL-4 treatment of unpolarized macrophages led to increases in CD206 and decreases in 

CD86 expression (Figure 5.3A). Curiously, IL-4 also routinely led to increases in MHC-

II (Figure 5.3A). Mature, pro-tumor macrophages are associated with high CD206, low 

CD86, and low MHC-II expression. Initially, to determine the impact of regorafenib and 

NU7441 on macrophage polarization, macrophages were treated simultaneously with IL-

4 and drugs (Figure 5.3A). Regorafenib reduced CD206, increased CD86, and had 

limited effects on MHC-II (Figure 5.3A). NU7441 had minimal impact on CD206 and 

MHC-II expression, but tended to increase CD86 (Figure 5.3A). Combination 

regorafenib plus NU7441 led to significantly reduced CD206, greater increases in CD86 

compared to monotherapies, and no changes in MHC-II expression (Figure 5.3A).  

Clearly, regorafenib and NU7441 changed the expression levels of important surface 

molecules that are typically altered during IL-4-mediated polarization of macrophages. 

However, clinically, it might be more beneficial to repolarize macrophages that had 

already acquired pro-tumor functions.  
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Figure 5.3: Regorafenib and NU7441 influence markers of polarization in IL-4-treated 

macrophages. A) Macrophages were polarized with IL-4 (5 ng/ml) and simultaneously treated 

with varying concentrations of regorafenib (R) and/or NU7441 (N) for 48 hours. Macrophage 

populations expressing CD206 (left), CD86 (middle), and MHC-II (right) were measured. B) 

Macrophages were polarized with IL-4 (5 ng/ml) for 24 hours and subsequently treated with 

varying concentrations of regorafenib and/or NU7441 for 48 hours. Macrophage populations 

expressing CD206 (left), CD86 (middle), and MHC-II (right) were measured. Numbers following 

‘R’ or ‘N’ indicate drug concentrations (μM). All results show mean ± SEM from three 

independent experiments. Differences were assessed by one-way ANOVA with Tukey post-test. 

*, p < 0.05. 

 



179 

  

Thus, BMMs were pretreated with IL-4 for 24 hours and subsequently treated with 

varying concentrations of regorafenib, NU7441, or the combination. Under these 

conditions, CD206 and MHC-II were dramatically increased, while CD86 expression was 

more variable (Figure 5.3B). Regorafenib and NU7441 did not significantly alter any of 

the three molecules as monotherapies, though NU7441 appeared more effective at 

reducing CD206 and both drugs appeared to decrease MHC-II (Figure 5.3B). 

Combination therapy significantly reduced MHC-II (Figure 5.3B). 

Using surface markers to define pro-tumor and anti-tumor macrophages is controversial. 

Thus, the levels of several well-established intracellular proteins were measured in 

macrophages subjected to both polarizing and repolarizing conditions. STAT6 signaling 

is critical for pro-tumor macrophage polarization and function (238). Phosphorylation of 

STAT6 was dramatically increased in macrophages treated with IL-4 (Figure 5.4A-B). 

Regorafenib decreased STAT6 phosphorylation in a dose-dependent manner (Figure 

5.4A-B). However, NU7441 and combination therapy did not appear to alter STAT6 

phosphorylation. Ym-1 expression is associated with pro-tumor macrophages (239). Ym-

1 was virtually undetectable in unpolarized macrophages, but dramatically increased in 

IL-4-polarized macrophages (Figure 5.4A-B). Ym-1 levels were decreased by both drugs 

in dose-dependent manners, and most potently by combination treatment. 

Two molecules, Arginase-I and Ym-1, were studied under repolarizing conditions. 

Arginase-I, like Ym-1, has been linked to pro-tumor macrophages and is one of many 

molecules that leads to their immunosuppressive capacity (239).  
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Figure 5.4: Regorafenib reduces STAT6 phosphorylation while Ym-1 is reduced by both 

regorafenib and NU7441 in polarized macrophages. A) Macrophages were treated 

simultaneously with IL-4, regorafenib (Reg), and/or NU7441 (NU) for 48 hours and analyzed for 

phospho-STAT6, STAT6, and Ym-1 levels. B) Densitometric analysis of phospho-STAT6 to 

total STAT6 ratios. C) Densitometric analysis of Ym-1 levels normalized to beta actin. 
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While arginase-I was strongly induced by IL-4 pretreatment, none of the drugs appeared 

to alter its expression (Figure 5.5A-B). Conversely, while NU7441 monotherapy 

appeared to induce Ym-1 expression, regorafenib and combination therapy reduced Ym-1 

(Figure 5.5A and 5.5C). 

One of the many roles of macrophages is to function as antigen-presenting cells. Pro-

tumor macrophages are thought to be poor APCs which have limited capacity to augment 

anti-tumor immunity by interacting with T cells or other anti-tumor effector cell types. 

Thus, unpolarized, polarized, and repolarized macrophages were treated with drugs and 

co-cultured with T cells to examine their antigen-presenting capacities.  

Pmel T cells were used and macrophages were pulsed with hgp10025-33 to allow for 

antigen-specific stimulation. T cell proliferation, using either T cells marked with 

proliferation dyes or 3H-thymidine uptake, was used as a final readout. Initially, T cells 

labeled with proliferation dye were co-cultured with polarized and drug-treated 

macrophages (Figure 5.6A). Interestingly, IL-4 appeared to increase the antigen-

presenting capacity of macrophages and ultimately T cell proliferation compared to 

macrophages that had not been exposed to IL-4 (Figure 5.6A). Surprisingly, Regorafenib 

and combination therapy decreased T cell proliferation. However, NU7441 dramatically 

increased T cell proliferation in a dose-dependent manner, nearly doubling T cell 

proliferation at the highest dose (Figure 5.6A). These results were confirmed using 3H-

thymidine uptake assays (Figure 5.6B-D). Using this method, IL-4-treated macrophages 

appeared to have similar antigen-presenting capabilities to unpolarized macrophages. 

Initially, pmel T cells were cultured with macrophages that had been treated under 

polarizing conditions (Figure 5.6B).  
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Figure 5.5: Repolarized macrophages treated with regorafenib express reduced Ym-1. A-C) 

Macrophages were polarized for 24 hours with IL-4 and subsequently treated with regorafenib 

(Reg) and/or NU7441 (NU) for 48 hours. Levels of arginase-I and Ym-1 were assessed (A) and 

normalized to GAPDH using densitometry (B-C). 
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Figure 5.6: NU7441 promotes antigen-presentation function in macrophages under a 

variety of polarizing conditions. Macrophages were treated under a variety of conditions, pulsed 

with hgp10025-33, and then co-cultured with naïve pmel splenocytes. Polarizing conditions 

(simultaneous IL-4 and drug treatment) were used in A-B. Macrophages were not polarized with 

IL-4 in C. Macrophages were repolarized (treated with IL-4 for 24 hours and then drug for an 

additional 48 hours) in D. In A, proliferation of T cells was measured by proliferation dye using 

flow cytometry to gate on the population that divided (indicated by decreased dye fluorescent 

intensity). In B-D, proliferation was measured by 3H-thymidine uptake. Concentrations of drugs 

are in micromolar units. Mac = macrophage. 
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Regorafenib appeared to modestly reduce T cell proliferation at high doses, while 

NU7441 dramatically increased proliferation (Figure 5.6B). Combination therapy had no 

effect (Figure 5.6B). Similar results were obtained when macrophages were left 

unpolarized or when they were treated under repolarizing conditions (Figure 5.6C-D). 

Therefore, NU7441 can enhance antigen-presentation capabilities in macrophages under 

a variety of conditions. 

Discussion 

 

Macrophages are influential cellular components of the tumor microenvironment that are 

capable of suppressing or promoting tumor growth and facilitating metastasis (232). 

Several promising therapies targeting macrophages have been explored, but to-date, no 

specific therapies have reached clinical use (114,232). Herein, regorafenib and NU7441 

were shown to influence two aspects of macrophage polarization, including polarization 

marker expression both in vitro and in vivo, and antigen-presentation and T cell 

stimulation. In terms of markers of polarization, while both regorafenib and NU7441 

reduced the pro-tumor macrophage surface marker, CD206, only regorafenib consistently 

reduced more well-accepted intracellular markers such as phosphorylated STAT6 and 

Ym-1. Conversely, only NU7441 promoted antigen presentation in macrophages.  

Analysis of macrophages obtained from murine melanoma tumors showed that 

regorafenib significantly decreased intratumoral macrophages expressing CD206 without 

affecting total macrophage intratumoral density. Based on previous findings suggesting 

that regorafenib also influenced T cell tumor infiltration and phenotype, it was unclear 

whether regorafenib directly or indirectly influenced macrophage polarization. Increases 
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in intratumoral T cells which secreted increased IFN-γ were also observed and could 

have served as a stimulus for anti-tumor macrophage polarization. Indeed, IFN-γ, and 

other M1-inducing stimuli such as lipopolysaccharide (LPS), have well-established roles 

in driving M1-associated proteins such as STAT1, nitric oxide synthase 2 (NOS2), MHC-

II, interleukin-12 (IL-12), and others (240). Therefore, in vitro studies were needed to 

study the direct effects of regorafenib on macrophage polarization and function. 

To initially examine how regorafenib and NU7441 alter macrophage polarization, several 

cell surface markers associated with pro-tumor macrophages were examined. While 

CD206 is perhaps the most well-established membrane marker for pro-tumor 

macrophages, CD86 and MHC-II have also occasionally been used as markers of 

macrophage polarization, but are more controversial. Macrophages capable of antigen 

presentation and costimulation express high levels of MHC-II (for TCR engagement) and 

CD86 (for costimulation) and have been associated with anti-tumor function (232). IL-4 

has been shown to polarize macrophages in a manner that decreases antigen presentation 

(241). Changes in expression of CD206, CD86, and MHC-II induced by IL-4 were 

routinely partially reversed by regorafenib and/or NU7441. Interestingly, IL-4 typically 

increased MHC-II. Yet, using MHC-II as a marker of macrophage polarization is 

disputed. Therefore, more focus was placed on CD86 and CD206, which are arguably 

more entrenched as macrophage polarization markers. 

Several intracellular markers were also examined in order to supplement studies using 

CD206, CD86, and MHC-II. These markers, which included arginase-I, phosphorylated 

STAT6, and Ym-1 are well-established as pro-tumor macrophage polarization markers 

(237). All three are also central to pro-tumor macrophage function, and were increased 
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upon IL-4 stimulation. Yet, regorafenib and NU7441 had varying effects on the three 

molecules. Whereas arginase-I was not changed by either drug, STAT6 phosphorylation 

was only affected by regorafenib and both drugs appeared to impact Ym-1. Why the 

drugs would influence only some markers remains unclear, but could be related to the 

pathways they target. 

Macrophages were examined under two basic conditions: 1) polarizing (simultaneous IL-

4 and drug administration) and 2) repolarizing (IL-4 pretreatment followed by drug 

treatment). In vivo, theoretically, both of these conditions are relevant. Macrophages are 

continuously recruited to tumors, where they encounter polarizing conditions. Thus, 

simultaneous drug treatment could influence how they react to these conditions. In 

addition, once cancers are detected, many TAMs are presumably already polarized. Thus, 

administering drugs that might repolarize or “rescue” these macrophages could be 

beneficial with respect to tumor progression. Interestingly, regorafenib and NU7441 

appeared to have slightly different effects when comparing polarizing and repolarizing 

conditions. CD86 was less malleable whereas MHC-II expression was altered more 

significantly under repolarizing conditions. Further, while NU7441 appeared to reduce 

Ym-1 in the polarizing setting, it increased Ym-1 under repolarizing conditions. In 

addition, under repolarizing conditions, neither drug substantially altered arginase-I. The 

causes for such discrepancies remain unclear and require further examination. 

Functional studies were also employed to examine how regorafenib and NU7441 

impacted the ability for macrophages to prime and costimulate T cells. Naïve pmel T 

cells proliferated at substantially higher rates when they were co-cultured with polarized 

or repolarized macrophages that had been treated with NU7441. These findings suggest 
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that NU7441 could promote antigen processing, antigen presentation on MHC-I, 

costimulatory molecule expression, and/or cytokine secretion. Overall, NU7441 had 

fewer effects on macrophage phenotype compared to regorafenib, and did not 

significantly upregulate MHC or CD86. Thus, future studies could focus on whether 

NU7441 changes antigen processing, antigen presentation, costimulatory molecules other 

than CD86, and cytokine production in macrophages.  

From a broad and simplified perspective, signaling in pro-tumor macrophages is thought 

to center on stimuli that drive STAT6 activation and the PI3K pathway (240). The 

STAT6 pathway can be activated by IL-4 and enforcing PI3K signaling results in 

increased M2 macrophages in mice (240). Some of the final transcription factors that are 

activated by these pathways, such as peroxisome proliferator-activated receptor gamma 

(PPARγ), krueppel-like factor 4 (KLF4), CCAAT/enhancer binding protein β (C/EBPβ), 

and interferon regulatory factor 4 (IRF4), have been identified and directly linked to the 

expression of M2-associated genes investigated above (e.g. ARG1, coding for arginase-I; 

CHIL1, coding for Ym-1; and MRC1, coding for CD206). In terms of antigen 

presentation, STAT1, NF-κB, and factors that promote class II major histocompatibility 

complex transactivator (CIITA) activity have been suggested as major regulators of 

MHC-I, MHC-II, and antigen presentation machinery (132). A potential model that 

explains the findings above focuses on VEGFR, PI3K, NF-κB, and C/EBPβ. VEGFR has 

been shown to modulate macrophage biology previously (242-244). VEGFR signaling 

has also been linked to the PI3K signaling pathway in cancer cells, macrophages, and 

other cell subsets (245,246). Finally, PI3K has been shown to promote C/EBPβ activity 

(247). Given that PI3K (through unknown transcription factors) and C/EBPβ promote M2 
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macrophage polarization, regorafenib could inhibit this process by blocking VEGFR 

signaling. DNA-PK can directly phosphorylate and activate Akt in macrophages, and 

NU7441 could therefore also alter macrophage polarization by decreasing signaling in 

the PI3K pathway (181,248). With regard to antigen presentation and T cell stimulation, 

NU7441-induced changes could be due to changes in NF-κB subunits (p50 and p65) 

through DNA-PK blockade. DNA-PK has been shown to promote p50 and p65 

heterodimerization and may directly phosphorylate p50, though these activities have not 

been shown in macrophages (249). However, emerging evidence suggests that DNA-PK 

is important for macrophage and DC responses to toll-like receptor (TLR) ligands, 

suggesting that DNA-PK signaling influences macrophage function (183,248,250). 

Therapeutic targeting of TAMs is a promising approach to improving outcomes in 

melanoma and other cancers. However, effective therapies have yet to be identified. 

Regorafenib and NU7441 are promising candidates in this respect. However, several 

additional studies are needed to further characterize their effects on macrophages. 

Specifically, key areas to explore might include how the drugs alter the ability for 

macrophages to suppress T cell proliferation or function and changes in 

immunosuppressive molecule (e.g. nitric oxide) generation. In addition, more information 

is needed on how regorafenib and NU7441 influence macrophages in vivo. Indeed, the 

roles of macrophages in the B16 model melanoma are unclear, and alternative cancer 

models might provide more translatable findings. These and other studies will be 

important for gauging the potential of regorafenib and DNA-PK inhibitors as future 

macrophage-targeted therapies for cancer. Nevertheless, the studies herein show that 
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regorafenib and NU7441 can impact macrophage polarization and T cell stimulation – 

two important aspects of macrophage biology in the context of tumor immunology. 
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Chapter 6 : Summary of Findings and Future Directions 

 

Summary of Findings 

 

Targeted therapies have been a mainstay for cancer treatment for nearly two decades. The 

first small targeted therapy, imatinib (Gleevec ®), was FDA-approved in 2001. Since, 

over 50 small molecules have been approved for treatment of various cancers. During the 

past two decades, these therapies have provided more effective and oftentimes, safer 

ways to treat several common malignancies. Yet, with rare exceptions, cancers typically 

become resistant to small molecule targeted therapies, and responses to these drugs are 

transient. 

In contrast, immunotherapies have only become prominent during the past half-decade, 

but they have quickly become an important pillar of treatment in several malignancies. 

Checkpoint blockade with antibodies targeting CTLA-4 and PD-1 have been approved 

for melanoma, non-small cell lung carcinoma, bladder cancer, head and neck cancer, 

Hodgkin lymphoma, and are on the verge of approval for several other malignancies. 

Beyond checkpoint blockade, great strides have been made on several other cancer 

immunotherapies, including oncolytic virotherapy, cancer vaccines, adoptive cell therapy, 

and others. 

Despite the clinically promising results of cancer immunotherapies, the majority of 

patients do not respond to currently approved immunotherapies. Further, while complete 

and durable regressions are possible with immunotherapies, only a small percentage of 

people benefit to that extreme degree. Thus, significant efforts have been made to 
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identify biomarkers in patients that respond well to certain immunotherapies, and to 

enhance immunotherapy response rates. 

A potential approach to improve immunotherapy responses is to condition and transform 

tumors to increase their immunogenicity. Throughout the last several decades, countless 

small molecule targeted therapies have been developed and characterized. Use of many 

of these drugs has been abandoned based on an inability to limit cancer cell proliferation 

or for a variety of other reasons. Yet, few of these drugs have been evaluated for cancers 

in the setting of immunotherapy. Thus, revisiting these compounds has the potential to 

reveal drugs that may yet prove useful for cancer treatment when used in combination 

with immunotherapies. 

Herein, a broad screening approach was used to identify novel small molecule targeted 

compounds that might enhance immunotherapy efficacy. To identify molecules that 

immunomodulate melanomas, effects on PD-L1 and HLA-I expression were assessed. 

The PD-1-PD-L1 axis is perhaps the most well-established immunotherapy target to date. 

Therapies targeting PD-1 or PD-L1 have shown the most potent and consistent clinical 

success in melanoma and other cancers. Thus, as a baseline, drugs that modulate PD-L1 

were selected for further investigation. HLA-I is a critical component for T cell 

recognition of cancer cells. Further, T cells are typically regarded as the most important 

cell subset for generating anti-tumor immunity. Thus, only drugs that did not alter or 

increased HLA-I expression were selected for further studies. 

In total, 44 drugs were identified from initial screening for additional investigation. To 

identify lead compounds, candidate compounds were screened for their ability to alter the 
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immunosuppressive ligand, CD155, and their effects on T cell proliferation. From a 

theoretical standpoint, each of these characteristics is important for identification of ideal 

small molecule immunotherapies. While blocking PD-L1 or PD-1 can lead to dramatic 

tumor regressions, it is ineffective in approximately two-thirds of melanoma patients. 

Thus, ideal immunotherapies would alter the expression of a wide variety of potentially 

immunosuppressive molecules. In addition, ideal compounds would not negatively 

impact important anti-tumor effector cells, such as T cells. These characteristics were 

examined together to select lead compounds. 

Ultimately, two lead compounds, regorafenib and NU7441, were selected based on 

compiled findings examining PD-L1, CD155, and HLA-I on a variety of melanomas and 

effects on T cell proliferation. To identify other potentially immunosuppressive 

molecules that might be altered by regorafenib and NU7441, cell surface protein 

immunophenotyping was conducted on four melanoma cell lines. These studies revealed 

that immunosuppressive molecules CD73, NGFR, and CD55 (among other complement 

inhibitors) were consistently downregulated by combination regorafenib and NU7441 

treatment. Thus, various immunosuppressive molecules are decreased by two lead 

compounds, and could enhance anti-tumor immune activation against melanomas. 

To examine whether the compounds were effective against a wide variety of diverse 

melanomas, a large panel of melanomas were compiled. Importantly, the panel consisted 

of both BRAF- and NRAS-mutant melanomas. Currently, no targeted therapies are 

available for patients without BRAF mutant melanomas. Thus, this patient population is 

in need of further therapeutic options. Expression levels of PD-L1, CD155, CD73, 

NGFR, and CD55 were examined in the melanoma cell line panel and showed that these 
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molecules are consistently downregulated by regorafenib and NU7441, while maintaining 

or increasing HLA-I expression. Both drugs were equally effective against BRAF- and 

NRAS-mutant cell lines. Further, this approach also allowed examination of expression 

levels and patterns of all of the molecules in many melanomas. For many of the 

molecules, expression patterns in melanomas are poorly defined and understudied. 

Finally, expression of various melanoma antigens was measured in drug-treated 

melanomas, and showed moderate increases. Thus, multiple immune parameters are 

altered in a wide variety of melanomas, which could ultimately lead to sensitization to 

anti-tumor immune effector cells. 

Beyond melanoma immunogenicity, additional oncogenic hallmarks including 

proliferation and signaling were also explored. In studies of melanoma proliferation, both 

regorafenib and NU7441 limited melanoma cell division at relatively high doses. Further, 

the MAPK and PI3K signaling pathways, which are commonly activated in melanoma, 

were reduced. It is possible that these two pathways partially participate in regulation of 

immunosuppressive molecule expression, antigen expression, and melanoma 

proliferation. However, it is likely that other signaling pathways are also affected by 

regorafenib and NU7441, and regulate these processes. 

The prototypical “targeted immunotherapy” should positively impact critical anti-tumor 

effector cells, such as T cells. Thus, the impacts of regorafenib and NU7441 on T cell 

phenotype and function were investigated. Importantly, regorafenib and NU7441 had a 

negligible effect on T cell proliferation. In addition, somewhat surprisingly, the two 

drugs, particularly NU7441, enhanced expression of various activation and co-

stimulatory molecules on T cell subsets, while reducing expression of certain co-
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inhibitory checkpoint receptors. Such changes would suggest that T cells treated with 

regorafenib and NU7441 might have increased effector function. Indeed, cytokine 

production was increased in treated T cells. Unfortunately, melanomas pretreated with 

regorafenib and NU7441 were not sensitized to antigen-specific T cell cytotoxicity. 

Nevertheless, it was possible that regorafenib and NU7441 would enhance immune-

mediated melanoma cell death in vivo. Thus, the well-established B16 murine melanoma 

model was used to evaluate the therapeutic efficacy of regorafenib and DNA-PK 

inhibition with NU7026. While NU7026 was ineffective, regorafenib monotherapy led to 

significantly reduced melanoma progression in C57BL/6 mice, and was associated with 

increased leukocyte infiltrates – particularly CD8+ T cells. To examine whether 

regorafenib would enhance the efficacy of immunotherapies, it was administered in 

combination with several immunotherapies. Regorafenib significantly enhanced tumor 

control when used in combination with agonistic anti-CD40 antibody, STING ligand, and 

adoptive cell transfer. Each of these studies was associated with profound changes in the 

tumor microenvironment. Specifically, significant increases in leukocyte infiltrates were 

accompanied by beneficial phenotypic traits on macrophages and T cells, and improved 

functional T cell capacity. Importantly, CD8+ T cell depletion resulted in loss of 

regorafenib efficacy, confirming that regorafenib likely acts in part through 

immunotherapeutic means. 

The changes on macrophages were examined further in vitro, in order to determine 

whether regorafenib and/or NU7441 were capable of influencing macrophages directly. 

Indeed, both regorafenib and NU7441 had unique effects on macrophage phenotype and 

function when macrophages were polarized using cytokines associated with generation of 
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immunosuppressive and pro-tumorigenic function. Thus, regorafenib and NU7441 can 

directly affect the polarization of macrophages. 

Collectively, these studies show that high-throughput screening of drug libraries may lead 

to successful repurposing of therapies as immunotherapies. In addition, DNA-PK is a 

novel melanoma target, which appears to partially control regulation of several 

immunosuppressive processes. Regorafenib, an FDA-approved multikinase inhibitor, also 

can immunomodulate melanomas. Further, regorafenib reduced melanoma progression 

and reshaped the tumor microenvironment. Consequently, regorafenib and DNA-PK 

inhibitors warrant further preclinical evaluation and may ultimately have the potential to 

impact clinical management of melanoma.  

Future Directions 

 

Preclinical studies of regorafenib and NU7441 conclusively demonstrated that the two 

compounds immunomodulated melanomas in vitro, and reductions in tumor progression 

with regorafenib were associated with various immune findings. However, several 

questions remain, and should shape future studies.  

A number of different potentially immunosuppressive molecules, including PD-L1, 

CD55, CD73, CD155, and NGFR were examined in a wide variety of melanomas. Future 

studies could use bioinformatics and statistical techniques to identify associations 

between expression levels and drug responses to mutation statuses and other melanoma 

characteristics. Notably, the importance of some of the molecules in influencing tumor 

progression remains unknown. In fact, some of the proposed immunosuppressive 

molecules are still quite controversial. The roles of CD55 and other complement 
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inhibitors in cancer, for example, are still unclear. While there is mounting evidence that 

anti-tumor antibodies can influence immune cells of the tumor microenvironment, these 

studies are still controversial and preliminary. The immunosuppressive functions of 

adenosine, a product of CD73, are well-established. However, CD73 expression has 

historically been studied on immune cells, not cancer cells, and its function on 

melanomas remains unclear. TIGIT was recently described, and in vitro evidence of the 

ability for CD155 to suppress T cell activity has only very recently been demonstrated 

(196). Finally, the ability for NGFR to decrease immunogenicity on melanomas has 

recently been described and has not been confirmed in vivo. Thus, several questions 

surround these molecules and their abilities to influence the anti-tumor immunity. Future 

studies could focus on further delineating the functions of these emerging clinical targets. 

Regarding NU7441, a major question is how DNA-PK dictates the immunobiology of 

melanoma. Preliminary studies with melanomas showed that DNA-PK was not 

constitutively phosphorylated at high levels, and expressed at relatively low levels (data 

not shown). Phosphorylation of DNA-PK has been used to measure DNA-PK activation 

primarily in the setting of DNA damage, but markers of activation or other cellular 

processes (unrelated to DSBR) are not well-established. Thus, future studies should focus 

on whether phosphorylation is an appropriate method for measuring DNA-PK activity in 

the context of how it influences melanoma immunobiology. Along the same lines, future 

studies should define DNA-PK targets that ultimately modulate immunosuppressive 

molecules such as PD-L1 or CD73. Specifically, the activity of downstream effectors and 

transcription factors associated with DNA-PK, such as Akt and NF-κB (and others 

previously described) could be explored. Subsequently, chromatin precipitation 
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techniques (e.g. CHiP or CHiP-Seq) could be used to verify DNA-binding proteins that 

are regulated by DNA-PK and ultimately influence transcription of immunosuppressive 

molecules. From a broader perspective, DNA-PK is a unique and underexplored 

molecule in melanoma, and various approaches (e.g. molecular techniques like siRNA) 

could be used to characterize its functions and roles in melanoma. 

Interesting questions remain regarding the role of DNA-PK in T cell biology as well. 

Superficially, DNA-PK inhibitors might be regarded with some skepticism when 

evaluating them in the context of T cells. DNA-PK and several associated DSBR 

molecules are crucial for T cell development owing to their involvement in V(D)J 

recombination. Therefore, DNA-PK inhibition could theoretically globally inhibit T cell 

development. Yet, the functions of DNA-PK are not as well-defined in mature T cells, 

and the impact of DNA-PK inhibition at the doses used herein on T cell development was 

not tested. Surprisingly, T cells activated in the presence of NU7441 displayed higher 

expression of some costimulatory molecules and decreased expression of several 

checkpoint receptors. Relatedly, T cells treated with NU7441 secreted increased effector 

cytokines. These findings suggest that DNA-PK may play a previously undescribed role 

in modulating T cell phenotype and activity after activation. Some potential mechanisms 

were described previously, and could serve as a basis for investigating how DNA-PK 

influences T cell biology after development. 

While NU7026, a DNA-PK inhibitor related to NU7441, did not alter tumor volume 

when administered in animals, DNA-PK inhibition may yet prove effective in 

suppressing melanoma progression. Clinical translation of DNA-PK inhibitors is 

challenging, in large part due to poor pharmacokinetics. Based on previous studies, it is 
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likely that NU7026 did not reach sustained plasma levels high enough to significantly 

alter melanoma cells. Thus, the effects observed in vitro likely could not be replicated in 

vivo. As improved DNA-PK inhibitors are developed and become commercially 

available, it is possible they may prove more effective in animal studies. In the meantime, 

use of molecular techniques such as shRNA knockdown of DNA-PK could help to clarify 

the role of DNA-PK in melanoma progression in vivo. 

While DNA-PK inhibitors proved largely ineffective in animal studies, regorafenib 

reduced tumor growth and induced changes in the tumor microenvironment. Still, the 

mechanisms underlying the tumor growth reductions observed with regorafenib remain 

undefined. CD8+ T cell depletion experiments were used to demonstrate the importance 

of these cells for regorafenib efficacy, but CD4+ T cells were not depleted and could also 

play a role. A variety of methods could also be used to examine whether changes in 

macrophage polarization influenced tumor growth. Finally, it remains unclear if the 

effects of regorafenib on melanoma, CD8+ T cells, and macrophages are equally 

important to therapeutic efficacy. 

Mechanistically, it also remains unclear what kinases are important targets for 

regorafenib efficacy. The multikinase inhibitor has a wide variety of molecular targets, 

many of which have been reported to be mutated and/or constitutively active in 

melanomas. Some potential mechanisms with regard to both melanomas and T cells were 

previously discussed, but have not been evaluated. More specific drugs or molecular 

techniques (e.g. siRNA) could be used to determine what kinases regulate 

immunosuppressive molecule expression in melanomas. However, it is likely that 

heterogeneity between melanomas would make these studies time-consuming and 
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challenging. Indeed, one reason why regorafenib is effective in such a variety of 

melanoma cell lines may be related to its ability to inhibit several different kinases. 

Nevertheless, further characterization of the molecules and signaling pathways that are 

involved in immunosuppressive molecule regulation could lead to improved and more 

specific targeted therapies. 

A single murine melanoma model was used in the previously described experiments. The 

B16 model is well-established, demonstrates poor antigenicity, and is highly aggressive. 

Thus, it serves as a strong animal model for studying immunotherapies. Nevertheless, 

alternative animal models should be pursued in future studies as well. The availability of 

a genetically engineered, inducible BRAFV600 and PTEN-/- model has allowed for the 

study of BRAF inhibitors in immunocompetent mice. Preliminary studies of this model 

identified some of the challenges of working in this model and will help to improve 

future definitive studies. In addition, examination of regorafenib efficacy in an NRAS-

mutant model would help strengthen evidence that regorafenib could be used in NRAS-

mutant patients. These mouse models are available. Inducible HRAS mutant mice with 

null Ink/Arf develop spontaneous melanoma (251). In addition, mice with LKB-1 null 

and KRAS activating mutations have been developed (252). While these mice could 

serve useful, they are not publicly available, and are also not currently on the B6 

background. Xenogeneic models could also be used. As shown, regorafenib was effective 

in reducing tumor growth of the human 624-Mel melanoma line in NSG mice. Of course, 

conducting immune studies in NSG mice is challenging, and while methods are available, 

they can be difficult to interpret. Regardless, development and use of additional 

melanoma models would help to further evaluate the efficacy of regorafenib in vivo.  
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Perhaps the area requiring the most future investigation relates to the effects of 

regorafenib and NU7441 on macrophages. Thus far, both regorafenib and NU7441 are 

capable of directly altering macrophage phenotype and function, and regorafenib 

treatment results in phenotypic changes in macrophage polarization markers in vivo. 

Mechanistic studies are of critical importance to gain a better understanding of the 

molecular pathways controlling macrophage function. These pathways remain poorly 

defined, especially in the context of tumor immunology, but several potential 

mechanisms were previously proposed. Regarding regorafenib, it remains unclear which 

kinases influence macrophage phenotype after IL-4 exposure. As previously discussed, 

there is some evidence that VEGFR, PI3K, NF-κB, and C/EBPβ signaling can influence 

macrophage polarization. Therefore, future studies could examine whether these 

molecules are important targets of regorafenib in the context of macrophage polarization. 

If these studies were negative, regorafenib could reveal a unique and previously 

undescribed molecular pathway in macrophages. Conversely, NU7441 studies revealed 

that DNA-PK may be involved in macrophage antigen presentation. Such a phenomenon 

has not previously been described, and as previously discussed, may be due to 

downstream changes in PI3K, STAT1, and/or NF-κB. Further studies are needed to 

confirm these preliminary findings and to determine what other macrophage functions 

might be altered by DNA-PK inhibition. In animal models, while CD8+ T cells were 

shown to be important for regorafenib efficacy, similar studies have not been performed 

using macrophage depletion techniques (e.g. clodronate liposomes). These experiments 

are needed to determine whether the tumor reductions observed with regorafenib 

treatment are dependent on changes in macrophages. Collectively, these investigations 
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are needed to further characterize undescribed molecular pathways in macrophages and 

aid in design of new macrophage-targeting therapies for cancer immunotherapy. 

The development of cancer immunotherapies has resulted in a true paradigm shift in how 

many cancers are treated. Unfortunately, only a small fraction of cancer patients benefit 

from immunotherapies. Intense efforts are being made across the globe to improve 

responses to immunotherapies. To this end, in the included work, a novel high-

throughput approach was used to identify compounds with the potential to 

immunomodulate and immunosensitize melanomas. Two compounds, regorafenib and 

NU7441, were selected as lead targeted immunotherapy candidates. Broad studies were 

used to thoroughly characterize the effects of the two drugs on diverse melanomas, 

various T cell subsets, and polarized macrophages. While significant questions remain 

concerning the mechanisms of action of both regorafenib and NU7441, the findings 

herein encourage further studies, including potential translational investigations.  
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Appendix 

Supplementary Figure S4.1: Radar plots showing changes in immune molecules in response 

to regorafenib and/or NU7441. Radar plots show fold change in PD-L1, CD55, CD73, CD155, 

NGFR, and HLA-I. Changes induced by regorafenib, NU7441, and the combination are shown. 

Melanoma cell line names are indicated. Empty axes indicate no expression.  
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Supplementary Figure S3.2: Radar plots showing changes in immune molecules in response 

to regorafenib and/or NU7441. Radar plots show fold change in PD-L1, CD55, CD73, CD155, 

NGFR, and HLA-I. Changes induced by regorafenib, NU7441, and the combination are shown. 

Melanoma cell line names are indicated. Empty axes indicate no expression.  
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Supplementary Figure S3.3: Radar plots showing changes in immune molecules in response 

to regorafenib and/or NU7441. Radar plots show fold change in PD-L1, CD55, CD73, CD155, 

NGFR, and HLA-I. Changes induced by regorafenib, NU7441, and the combination are shown. 

Melanoma cell line names are indicated. Empty axes indicate no expression.  
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