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Abstract 

MEK inhibition mediates immunomodulatory factors and cell populations in advanced biliary 
tract cancer 

 
By Amanda N. Ruggieri 

 
Biliary tract cancer (BTC) is a rare group of aggressive gastrointestinal malignancies with 

a five-year survival rate of less than 10%. Patients are often diagnosed at late stages when tumors 
are refractory to treatment and resection is not possible. The Ras/Raf/MEK/ERK signaling 
pathway has an important role in the development and progression of this disease, but inhibitors 
of MEK have had limited success in patients with BTC. Immunotherapy has also produced modest 
efficacy in advanced BTC and is largely limited by a lack of tumor-infiltrating lymphocytes 
characteristic of these tumors. However, MEK inhibitors have been shown to increase infiltration 
of CD8+ T cells in various other tumor models and combine with immune checkpoint blockade to 
improve anti-tumor activity. A recent clinical trial demonstrated that combining the MEK inhibitor 
cobimetinib with the PD-L1 blocking antibody atezolizumab leads to improved progression-free 
survival in patients with advanced, metastatic BTC. In this dissertation, we investigate the effects 
of systemic MEK inhibition (MEKi) combined with PD-L1 blockade in these patients and seek to 
understand the mechanism by which MEK inhibition leads to increased T cell infiltration and 
improved anti-tumor activity. We show that dual MEK/PD-L1 blockade alters the concentrations 
of growth factors and populations of immune cells in peripheral blood, correlating with improved 
clinical outcomes. We also demonstrate that MEK inhibition does not limit cell viability in BTC 
cell lines in vitro, but does alter the production of immunomodulatory cytokines and chemokines, 
suggesting that MEKi elicits anti-tumor activity on the tumor microenvironment rather that on 
tumor cells directly. Finally, we highlight that MEKi limits CD8+ T cell activation in patients with 
advanced BTC and discuss the role of T cell costimulatory agonists in enhancing the efficacy of 
dual MEK/PD-L1 blockade. Overall, the data presented here provides a foundation for future 
investigation to identify potential therapeutic strategies to enhance the efficacy of MEK inhibitors 
with immune checkpoint blockade in this aggressive disease. 
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Chapter 1: Introduction 

 

1.1. Introduction 

In 2020, it is estimated that over 19 million new cancer cases were diagnosed globally and nearly 

10 million deaths were attributed to cancer1. These figures are increasing rapidly around the world 

due to several factors including extended life expectancy, declines in mortality due to stroke and 

coronary heart disease, and exposure to cancer-associated risk factors2. Significant advances have 

been made over the last 50 years in screening and diagnostic methods, as well as in the 

development of treatments for various cancers. However, cancer is highly heterogeneous, differing 

from patient to patient even within the same cancer type, complicating the progress toward 

establishing therapeutic strategies beneficial for large populations of patients. As we advance our 

understanding of the mechanisms of cancer progression and development, especially in less 

commonly diagnosed cancers, we aim to expand the availability of treatments for all cancer 

patients to reduce cancer burden and decrease mortality worldwide. 

Biliary tract cancer (BTC) is a rare cancer in many Western countries, though incidence has been 

steadily rising over the last several years. Patients are often diagnosed after progressing to 

advanced disease, with an abysmal five-year survival rate of less than 10%. Despite the low 

incidence in countries like the United States and United Kingdom, BTCs are found at rates nearly 

40 times higher in Southeast Asia, highlighting the need for improved clinical management. The 

advent of immunotherapy has brought significant promise for patients across many malignancies, 

including BTC, where we are able to harness the power of the human immune system to elicit 

tumor-killing effects. However, immunotherapy has remained largely unsuccessful, due to a 

number of factors including natural and acquired resistance to therapy and a lack of consistent 
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biomarkers or features across patients that these therapies can target3. Many gaps still exist in our 

understanding of the immune response in several cancer types, especially biliary tract cancers, that 

we aim to overcome to improve treatment strategies for patients with advanced disease. This 

dissertation investigates the use of MEK inhibitors in combination with immunotherapy for the 

treatment of advanced BTC, which is deserving of significant research to improve clinical 

outcomes for this disease. 

 

1.2. Fundamentals of the human immunological response 

The human immune system is comprised of complex mechanisms necessary to protect the body 

from infections from foreign pathogens. Bacteria, viruses, and other pathogenic microorganisms 

enter the human body and infect host cells to replicate and cause disease. Our immune system has 

evolved intricate means for identifying infected cells, especially in terms of distinguishing infected 

cells from healthy cells. There are two main components of the immune response: innate immunity 

and adaptive immunity. The elements of innate immunity are encoded in the germline and are 

initiated immediately at the onset of infection. Pathogens are recognized broadly by pattern 

recognition receptors (PRRs), which recognize pathogen-associated molecular patterns (PAMPs)4. 

These PAMPs are common among classes of pathogens that PRRs can react to quickly to initiate 

a swift immune response5. Innate immune effector cells include macrophages, NK cells, 

neutrophils, and dendritic cells, all of which have roles in controlling the initial immune response 

and preparing the next phase – the adaptive immune response4. This stage of the immune response 

takes longer to initiate, but the recognition of pathogens is based on specific antigen recognition 

rather than broader PAMPs. Antigen recognition receptors, which consist of T-cell receptors 

(TCRs) on T cells and immunoglobulins on B cells, are not expressed exactly as they are encoded 
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in the germline like PRRs6. Rather, these receptors are assembled via somatic recombination of 

germline genes to generate millions of different antigen receptors, up to 1018 different possible 

combinations, versus only a few hundred PRRs6-8.  

An important facet of the human immune system is the ability to recognize infectious non-self 

from non-infectious self9. PRRs in the innate immune response have evolved to recognize PAMPs 

that are not produced by healthy human cells and are shared by large classes of microbes. As 

examples, the primary categories of PAMPs include lipopolysaccharides present on all gram-

negative bacteria; unmethylated CpG motifs characteristic of bacterial DNA but not mammalian; 

double-stranded RNA characteristic of RNA viruses but never found in mammalian cells; and 

mannans present only in the cell walls of yeast5. Distinguishing self from non-self by the adaptive 

immune system is more complex, where the recognition of specific antigens is required to mount 

a targeted immune response9. T cell development occurs in the thymus, where pre-T cells begin 

the process of TCR assembly10. The TCR is comprised of a combination of one V, one D, and one 

J segment that are randomly spliced together to form a structure that recognizes one of a vast 

number of amino acid sequences for binding an antigen11. This process is regulated by the 

recombination activating genes RAG-1 and RAG-212. Double positive T cells, which express both 

CD4 and CD8 at this point, will move through processes to test the specificity and affinity of the 

newly generated TCRs13. First, the TCR must bind with low avidity to self-major 

histocompatibility complex (MHC) to demonstrate that it is functional. However, if the TCR binds 

too highly to self-MHC, it is eliminated14. Additionally, this selection process utilizes the AIRE 

gene, which generates peptides that represent normal human tissues that T cells must be tolerant 

toward15, 16. Finally, double positive T cells that interact with MHC class I mature into CD8+ T 

cells, and those that interact with MHC class II become CD4+ T cells. These newly single-positive 
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cells will mature in the thymus when they interact with their cognate antigen on a thymic antigen-

presenting cell (APC). Mature T cells can then enter the periphery to encounter other APCs 

expressing its cognate antigen and elicit effector functions. B cells mature in a similar manner to 

TCRs, except that it occurs in the bone marrow and does not have to interact with its antigen in 

order to mature13. There are 5 distinct classes of these receptors, also known as immunoglobulins 

(IgM, IgD, IgG, IgA, and IgE), and switching among these classes can occur to produce different 

effector functions but maintain antigen specificity17. 

The two main classes of T cells express either the CD4 or CD8 glycoproteins. CD4 T cells, known 

as T helper (Th) cells, can differentiate into several subsets:  Th1, Th2, Th9, Th17, Th22, T 

regulatory cells (Tregs) and T follicular helper cells (Tfh)18. Each subset has its own distinct 

effector functions, releasing different cytokines that lead to a number of pro- or anti-inflammatory 

functions, and their differentiation is mediated by transcription factors specific to each 

subset19(Figure 1.1). Effector Th cells can further differentiate to have two memory phenotypes: 

effector memory (TEM) and central memory (TCM) cells. Memory T cells reside either in recently 

infected tissue or in secondary lymphoid organs, and their main function is to rapidly expand with 

a stronger effector response when re-exposure to an antigen occurs, making up a central tenet of 

the immunological response20, 21. CD8 T cells, known as cytotoxic T cells, do not have multiple 

effector subsets like Th cells. They do, however, similarly differentiate into several memory 

phenotypes: TCM, TEM, and stem cell memory (TSCM) cells18.  

A key difference between CD4 and CD8 cells is how they are presented antigen. As mentioned 

above, double positive T cells differentiate into either CD4 or CD8 depending on which class of 

MHC they interact with: CD8 T cells recognize antigen presented by MHC-I, while CD4 T cells 

are presented antigen by MHC-II22. Nearly all nucleated cells express some level of MHC-I,  
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Figure 1.1. Polarization of CD4+ T cell subsets. Naïve CD4+ T cells can differentiate into 5 

effector subsets depending on the cytokine signals received upon interaction with an antigen-

presenting cell. These subsets have varying roles in regulating the immune response and secrete 

unique sets of cytokines to execute their effector functions on other immune, stromal, and 

epithelial cells.
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which predominantly presents peptides of proteins that are found in the cytosol of the cell23. MHC-

II is mostly found on B cells, dendritic cells, and macrophages and present antigen that has been 

internalized and processed in intracellular vesicles24, 25. For example, B cells internalize antigen-

bound surface antibodies which are processed to present the antigenic peptide on MHC-II, while 

dendritic cells and macrophages can phagocytose pathogens and express peptide fragments on 

MHC-II. However, interferon-γ (IFN-γ) signaling can induce the expression of MHC-II on non-

immune cells via the class II transactivation (CIITA) gene26. Notably, activated T cells express 

high levels of MHC-II in a CIITA-dependent manner, and it is believed that MHC-II on T cells 

may serve a role in signal transduction as well as antigen presentation27-29. An important caveat of 

MHC expression is the notion of cross-presentation, where MHC-I is able to present exogenous 

peptides, a mechanism that was conventionally reserved for MHC-II, on specialized subsets of 

APCs to CD8+ T cells30, 31. By design, MHC-I displays peptides derived from proteins synthesized 

from a cell’s own genes, thus allowing CD8+ T cells to identify and eliminate cells with abnormal 

genes32. The mechanism of cross-presentation allows for the direct engagement of CD8+ T cells 

with exogenous antigen rather than relying on signals received from CD4+ T cells, but also helps 

to regulate the presence of self-reactive CD8+ T cells in the periphery33. 

To understand the full scope of the immunological response, we must consider the important roles 

of cytokines. Cytokines are a large group of diverse soluble and membrane-bound proteins that 

are the mediators of cellular communication34. The major cytokine families include the 

interleukins (IL), interferons (IFN), colony-stimulating factors (CSF), and tumor necrosis factors 

(TNF). There are remarkably few similarities among cytokines in these families, in terms of both 

structure and function, but further subgroups within cytokine families can have overlapping 

functions35, 36. Cytokines can be pleiotropic or redundant, meaning that one cytokine can interact 
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with many cell types, or many cytokines execute the same functions37. Cytokines have roles in 

nearly every aspect of cell communication, including regulating gene expression, the cell cycle, 

cell death and apoptosis, and cellular lineage commitment and differentiation34. All nucleated cells 

are able to produce and respond to cytokines, but each cell lineage can be defined by unique 

cytokine profiles that determine the overall cell differentiation and activity. Cytokines are 

sometimes grouped together with chemokines, which mediate cellular movement, and growth 

factors, which stimulate cell proliferation and other healing mechanisms. However, each of these 

categories of signaling molecules have distinct and non-overlapping roles in the immune response. 

The human immune system is comprised of an elaborate network of mechanisms that protect the 

body from infection and damage. The basic components described above have evolved to 

recognize and eliminate a vast array of foreign pathogens and aid in tissue repair, but the immune 

system has also developed to recognize and target threats from within the body, especially the 

malignant transformation of human cells into cancer. To understand how tumors develop in spite 

of the immune response, we must investigate the mechanisms of resistance to immunologic control 

and develop new strategies to reignite the immune response for the treatment of cancer. 

 

1.3. Inflammation-mediated tumorigenesis and evasion of the immune response  

Early theories regarding the development of cancer postulated that immunodeficiency disorders 

are largely responsible for tumor growth. In fact, many studies provide supportive evidence for 

this by demonstrating that patients with primary immunodeficiency disorders (PIDD) have 

significantly elevated risks of cancer development38, 39. Additionally, organ transplant patients who 

receive immunosuppressive regimens are predisposed for cancer development38. Notably, a large 

majority of these cases in immunosuppressed transplant patients result from viral-induced cancers, 
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suggesting impaired immunity limits the ability to control cancer-causing viruses. Overall, 

approximately 15% of all human cancers can be linked to only roughly a half-dozen viruses, 

including Epstein-Barr virus, hepatitis B and C, and human papilloma virus40-43. Cancers not linked 

to viral infections, including breast, ovarian, brain, and prostate cancers, do not display an 

increased incidence in immunosuppressed patients, indicating that links to immunodeficiency and 

tumor development may only be restricted to certain types of cancer39. 

While viruses can alter the DNA of the cells they infect, leading to cancer-causing mutations, other 

viral infections contribute to inflammatory changes in organ systems. This constitutes another 

significant risk factor and hallmark of cancer44-46. The connection between inflammation and 

cancer progression has long been recognized, especially following Rudolf Virchow’s observance 

of leukocytes in tumors in the 19th century47. In a general sense, inflammation is the body’s 

response to tissue damage, via either infection or physical injury45, 48, 49. Leukocytes are recruited 

to the site of damage to eliminate any invading pathogens where they produce cytokines and 

growth factors that support tissue repair49. These factors also trigger and support angiogenesis, 

which is the growth of new blood vessels, and is yet another key component to supporting cancer 

growth50. Normally, the immune system is able to return to homeostasis as inflammatory cells 

undergo apoptosis and reduce their production of pro-inflammatory cytokines. When 

inflammation persists, and the mechanisms supporting cellular proliferation are sustained for an 

extended time, the once-beneficial leukocytes and cytokines become damaging and contribute to 

an immunosuppressive and tumor supportive microenvironment.  

1.3.1. Evasion of the immune system for tumorigenesis 

Evasion of the immune response is one of the most important characteristics that defines cancer, 

described as a hallmark of cancer by Hanahan and Weinberg51. Under normal circumstances, 
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immune cells can recognize malignantly transformed cells as non-self, due to the expression of 

tumor-associated antigens (TAAs) and other molecular patterns52. In the innate immune response, 

early tumor development can induce an acute inflammatory response. The resulting damaged or 

necrotic tissues will release DAMPs, or damage associated molecular patterns, which are similar 

to PAMPs produced by foreign pathogens, and initiate the innate immune response53, 54. However, 

tumors can secrete pro-inflammatory cytokines that polarize innate immune cells to have tumor-

promoting phenotypes, including IL-4 and TGF-β55, 56. This “alternative” polarization of innate 

cells like macrophages and neutrophils induce them to produce growth factors and angiogenic 

factors that cancer cells require for tumorigenesis, instead of cytokines like IFN-γ which enhances 

antigen presentation by macrophages to promote the cytotoxic activity of CD8+ T cells against 

pathogens57, 58. Adaptive immune cells, especially T cells, can also recognize specific tumor 

antigens, as long as these are properly presented by an APC. However, not all tumors produce 

sufficient or specific enough of antigens that can be presented on APCs and subsequently 

recognized by T cells59. These mechanisms of immune scanning of human tissue and eliminating 

malignant cells early in tumorigenesis constitutes the theory of cancer immune surveillance60. 

Unfortunately, the interplay between the immune system and tumorigenesis is extremely complex, 

and many factors often accumulate into an environment that supports tumor formation, growth, 

and survival.  

Cancer development is largely supported by tumor-intrinsic mechanisms that modulate the 

inflammatory response, as tumors frequently mutate to promote pro-inflammatory responses and 

inhibit the activity of adaptive immune cells. Through a process termed “cancer immunoediting”, 

interactions between the tumor and the immune system are sculpted by progressive changes in 

tumor antigens and the ability of cancer cells to become less immunogenic61-63. The cancer 
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immunoediting theory describes three distinct phases: elimination, equilibrium, and escape64. The 

elimination phase overlaps with the roles of immunosurveillance, where the innate and adaptive 

immune response controls the growth of malignant cells. As mentioned above, this phase involves 

recognizing tumor antigens, mounting an inflammatory response, recruiting cytotoxic and 

phagocytic cells, and producing soluble factors that stimulate tissue repair to restore a homeostatic 

balance62, 65. This stage is thought to control the outgrowth of many tumors prior to detection in 

the body. However, tumors are, by their nature, genetically unstable and highly heterogeneous, 

meaning that even a small number of cells that may have developed with the right set of mutations 

can survive immunosurveillance mechanisms62. These cells persist quietly into the equilibrium 

phase of immunoediting, appearing healthy enough to not be eliminated, but steadily accumulating 

mutations to resist further mechanisms of the immune response66, 67. At this stage, low level 

chronic inflammation fosters continued production of cytokines and growth factors intended to 

support tissue repair. Yet, these inflammatory cytokines and growth factors also stimulate tumor 

progression and metastasis68. Subsequently, many tumor cells become able to produce chemotactic 

factors, which stimulate the movement and recruitment of leukocytes, and pro-inflammatory 

cytokines themselves, further supporting the growth of the evolving tumor. Tumor cell clones will 

also begin to produce immunosuppressive cytokines like TGF-β or IL-10 and recruit 

immunomodulatory cells that typically serve to maintain homeostasis following an immune 

response56. Instead, these immunosuppressive cells, including Tregs and myeloid derived 

suppressor cells, will suppress the function of effector cells that would otherwise maintain immune 

homeostasis. Eventually, these tumors reach a critical point where they have amassed enough 

mechanisms to overcome the immune response altogether, in the final immunoediting phase 
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known as escape63. The tumor, having successfully evaded the host system’s immunological 

defenses, will continue to grow in an uncontrolled manner, leading to malignant progression. 

1.3.2. Immunosuppressive cells facilitate tumor progression 

Tumors alone are not solely responsible for the mechanisms of immune evasion. Several subsets 

of immunosuppressive cells populate the tumor microenvironment and support cancer 

development, progression, and metastasis. An important cell population are T regulatory cells 

(Tregs), which are a subset of CD4+ T cells that secrete IL-10 and TGF-β, and the 

immunomodulatory activity of these cells is critical in the normal immune response to maintaining 

homeostasis and preventing autoimmunity69-71. Aside from regulating the activity, proliferation, 

and cytokine production of CD4 and CD8 T cells, Tregs also suppress several other immune cell 

activities, including B cell proliferation, NK cell cytotoxicity, and DC maturation72-74. Tregs have 

significant roles in the TME, as evidenced by an increase in antitumor activity following Treg 

depletion, and the elevated presence of Tregs among tumor infiltrating lymphocytes (TILs) in 

several cancers75-77. Another set of immunomodulatory cells are myeloid derived suppressor cells 

(MDSCs), which are a heterogeneous group of precursor and progenitor myeloid cells that largely 

function to limit T cell activity and proliferation through deprivation of amino acids, secretion of 

reactive oxygen species (ROS), and production of immunosuppressive cytokines IL-10 and TGF-

β78, 79. These cells are highly prevalent in tumors, and their abundance correlates significantly with 

tumor progression. Tumor associated macrophages (TAMs) are present in high numbers in tumors 

as well and produce immunosuppressive cytokines and chemokines to limit CD8+ T cells activity 

and recruit Tregs. These macrophages were described above as undergoing “alternative” 

polarization as a result of pro-inflammatory factors secreted by tumors to induce TAMs to produce 

growth factors and further inflammatory cytokines55. Finally, stromal cells, including cancer 
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associated fibroblasts (CAFs), in the TME are non-immune cells that have significant roles in 

providing a structural framework for tumors and in supporting pro-tumorigenic activities like 

angiogenesis and metastasis through pro-inflammatory cytokine production80. In some ways, the 

prevalence of immunosuppressive cells in the TME has challenged our understanding of tumor 

immune evasion. Particularly in cancers with a dense stromal component of their TME, tumors are 

often almost completely devoid of TILs, and their inability to infiltrate is mediated by TAMs and 

MDSCs81, 82. The concept of cancer immune privilege argues that immunomodulatory leukocytes 

are present early in tumor and TME development, that tumor antigen-specific T cells are 

functionally suppressed before they are able to experience their cognate antigen82. When tumors 

develop in response to these immunosuppressive conditions, they prove to be exceedingly 

complicated to target clinically, but new strategies have emerged that are more able to target these 

suppressive features83, 84.  

The human immune system is largely responsible for eliminating threats to the body, whether it 

be foreign pathogens or our own cells undergoing malignant transformation. However, a key 

hallmark of cancer development is the ability to evade the immune response. Many components 

of the immune system that are required in a normal immune response for clearing immune cells 

that have completed their function or suppressing excess inflammation is damaging to healthy 

tissue are beneficial to the survival of cancer cells, many of which develop mechanisms to utilize 

these components to their benefit. Inhibiting these necessary immunosuppressive components can 

be dangerous to the overall function of the immune system, so understanding how to target the 

immune evasion mechanisms of tumor cells safely and effectively is an important field in the 

progression of cancer therapeutics research. 
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1.4. Immune checkpoint blockade therapy and resistance mechanisms in cancer 

1.4.1. Fundamentals of immune checkpoint blockade for the treatment of cancer 

The immune system is tightly regulated by complex mechanisms that control proper immune cell 

activation, function, and eventual elimination following the execution of their effector activity. An 

important regulatory component of the immune system involves immune checkpoints (ICs), which 

are a class of receptor-ligand pairs that are expressed on immune cells, APCs, and other cell types. 

Several IC receptors have been well-characterized and targeted therapeutically in pre-clinical 

models or in patients. These include, but are not limited to, CTLA-4, PD-1, BTLA, TIM-3, and 

LAG-3, and they can have either inhibitory or stimulatory functions85(Figure 1.2). ICs are an 

important component for maintaining another aspect of T cell tolerance by rendering T cells 

anergic that have been active for an extended time, which could otherwise eventually cause 

excessive inflammation and damage to healthy cells and tissues86. T cells are induced to express 

inhibitory immune checkpoint receptors following TCR activation, which can promote inhibitory 

signaling within the T cell upon interacting with their ligands. ICs can also compete with co-

stimulatory receptors and ligands to further dampen T cell responses after activation87. The ligands 

for IC receptors can be ubiquitously expressed on APCs, as well as by tumor cells as a mechanism 

of immune evasion. Cancer immunotherapy was named Science Magazine’s “Breakthrough of the 

Year” in 2013, highlighting the contributions of Steven Rosenberg and Carl June to chimeric 

antigen receptor (CAR) T cell therapy, and the successes of immune checkpoint blockade in 

clinical trials88-94. In 2018, the Nobel Prize in Physiology or Medicine was jointly  



 14 

 

Figure 1.2. Immune checkpoints in the human immune response. T cell activation is mediated 

by receptor-ligand interactions with antigen-presenting cells. Interactions that stimulate T cells are 

indicated by a green plus sign, while interactions that suppress T cell activity are indicated by a 

red minus sign. The inhibitory receptor-ligand binding mediate self-tolerance and minimize tissue 

damage during normal immune responses, but many cancer cells upregulate these pathways to 

suppress antitumor T cell responses.   
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awarded to James Allison and Tasuku Honjo, who identified the functions of CTLA-4 and PD-1, 

respectively. Based on their work delineating the roles of these proteins in immune suppression, 

the field of immunotherapy was revolutionized95, 96. Targeting ICs therapeutically proved 

successful for patients in several solid tumors including non-small cell lung cancer (NSCLC), 

melanoma, and renal cancer97, 98. Many tumors use the expression of immune checkpoint ligands 

to prevent effector T cells from eliminating cancer cells by prematurely suppressing cytotoxic T 

cell activation and function. Fortunately, IC receptors and their ligands are surface-expressed and 

are easily targeted by blocking antibodies, which have become a mainstay for cancer 

immunotherapy in patients with various solid tumors.  

Two of the most frequently targeted immune checkpoint receptors are CTLA-4 and PD-199. 

Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) was the first IC receptor to be targeted 

therapeutically, and functions to compete with the co-stimulatory receptor CD28. CD28 on T cells 

binding to CD80 or CD86 is a critical costimulatory signal required for T cell activation following 

TCR stimulation. When CTLA-4 out-competes CD28 for ligand binding, T cell activity is 

weakened. CTLA-4 is also constitutively present on immunosuppressive T regulatory cells 

(Tregs), which can inhibit effector T cells through release of immunomodulatory cytokines and 

direct induction of effector T cell apoptosis by cytolysis100. Although it is primarily a T cell surface 

receptor, CTLA-4 expression can also be expressed on malignant cells, NK cells, B cells, and 

monocytes, and cancer-induced inflammation can support an immunosuppressive 

microenvironment rich in CTLA-4-positive Tregs101, 102. CTLA-4+ Tregs also limit CD80/86 

expression by APCs and promote dendritic cell apoptosis as methods of immune suppression103-

105. Inhibition of CTLA-4 by receptor-blocking antibodies has demonstrated efficacy in melanoma, 

resulting in its FDA-approval for these tumors90, 106. 



 16 

The expression of programmed cell death protein-1 (PD-1) on T cells is induced following 

activation. When PD-1 interacts with its ligands PD-L1 or PD-L2, PD-1 disrupts signaling 

downstream of activated TCRs and co-stimulatory receptors, and T cells are driven to exhaustion, 

anergy, or apoptosis to clear the effector response107. PD-1 expression on T cells is induced 

following activation, and PD-1+ Tregs are selectively increased among TILs108-110. PD-1 can also 

be found on B cells and monocytes111. The expression of PD-1 is higher on tumor-infiltrating T 

cells than T cells in the periphery and is much higher on tumor antigen-specific TILs than on T 

cells that infiltrate other normal tissues, which suggests that factors in the tumor microenvironment 

support enhanced PD-1 expression within tumors110. These cells are also typically functionally 

impaired, with upregulation of PD-1 contributing to decreased antigen-specific CD8+ T cell 

production of IL-2, a cytokine that is necessary for T cell proliferation and function, leading to T 

cell anergy107. PD-L1 expression on APCs can be largely induced by cytokines including IFNγ, 

indicating that the PD-1/PD-L1 signaling axis is initiated following functional effector T cell 

activity112. However, many tumors can upregulate the expression of PD-L1 on their own as an 

immune evasion mechanism to stimulate PD-1 on effector T cells and prematurely attenuate 

antitumor activity. In addition to APCs and cancer cells, PD-L1 can be expressed on other 

components of the tumor microenvironment (TME), including suppressive myeloid cells and 

CAFs, in order to further limit T cell antitumor activity113. 

Increased expression of PD-1 and PD-L1, as well as other immune checkpoints, correlates with 

poor patient outcomes in many cancers, and several blocking antibodies targeting their interaction 

are available in the clinic. These antibodies have been critical for advancing immunotherapy, 

especially in tumors that are highly infiltrated by PD-1+ lymphocytes. Antibodies that target either 

PD-1 or PD-L1 are both capable of inducing T cell mediated tumor clearance. PD-L2 is also a 
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ligand for PD-1 that can be targeted to sufficiently inhibit PD-1 signaling; however, even though 

it is expressed on tumors, activated T cells, stromal cells, and APCs, it is not as broadly expressed 

across tissue as PD-L1 and is therefore not as attractive of a target112, 114, 115. PD-L1 expression is 

also used as a biomarker to predict response to anti-PD-1 therapy, since patients with high PD-L1-

expressing tumors like non-small cell lung cancer (NSCLC) are more likely to have better clinical 

responses to PD-1 or PD-L1 blockade116.  

1.4.2. Mechanisms of resistance to immune checkpoint blockade 

While ICB has shown efficacy in a number of solid tumors, the success is still often limited to 

subsets of patients. For example, analysis of 428 metastatic melanoma patients who received ICB 

showed only 77 patients (18%) achieved ongoing complete response117. Unfortunately, there are 

many resistance mechanisms to ICB, both primary and acquired, that greatly limit the potential of 

these therapies for a broader patient population118. Patients with primary or intrinsic resistance 

either do not respond to ICB therapy or at best achieve partial response or stabilization of disease. 

Resistance to ICB is conferred by both tumor intrinsic and extrinsic mechanisms119. A significant 

hallmark of primary resistance to immunotherapy is the inability of activated tumor antigen-

specific T cells to infiltrate the tumor and elicit their anti-tumor effector functions120, 121. CD8+ T 

cells are an important target of ICB therapy, with the focus being on promoting tumor infiltration 

and restoring tumoricidal capabilities. Additional immune cells that are exploited during immune 

evasion can also be targeted by immunotherapeutic approaches, particularly by reducing the 

immunosuppressive mechanisms of MDSCs, macrophages, NK cells, and Tregs122-124. As 

previously described, Tregs regularly function to control CD4+ and CD8+ T cell responses to 

prevent autoimmunity, but increased populations of Tregs are often found in the TMEs and even 

within tumors of ICB-resistant cancers, including NSCLC and melanoma, where they secrete  
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Figure 1.3. Immune checkpoint blocking antibodies for the treatment of cancer. The 

inhibitory immune checkpoint receptor PD-1 suppresses CD8+ T cell activation following TCR 

stimulation, limiting the production of cytotoxic cytokines like IFN-γ and granzyme B. Tumors 

upregulate the expression of the ligand PD-L1, contributing to premature suppression of antitumor 

T cell responses. A neutralizing antibody for either PD-1 or PD-L1 disrupts the interaction between 

this ligand and receptor pair, which can restore T cell effector function and tumor-directed 

cytotoxic activity.  
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immunosuppressive factors to inhibit T cell activity123, 125. Their role in suppression of immune 

responses to tumors has been confirmed in studies where depletion of Tregs contributes to better 

antitumor activity in a number of cancer models80, 125, 126. Given that an important goal of ICB is 

to reinvigorate dampened antigen-specific T cell activity, these suppressive cells and other tumor-

intrinsic properties create an environment that excludes functional effector T cells that must be 

present in order for ICB therapy to be effective.  

Patients who develop acquired resistance to immune checkpoint blockade will initially experience 

response to therapy followed inevitably by progression of disease. Even in melanoma, which is 

arguably the most treatable cancer by ICB, only around one-third of patients receiving anti-PD-1 

therapy have an objective response rate, and in one study only 44% of patients had a durable 

response lasting greater than one year127. A type of acquired resistance, sometimes known as 

adaptive resistance, is somewhat unique to immunotherapy121. Regarding PD-1/PD-L1 targeted 

therapy, the expression of these markers is not uniform across cells, both tumor cells and immune 

cells. Varied expression of PD-L1 among tumor cells, for example, will limit the efficacy of anti-

PD-L1 therapy, as it cannot target cells that lack adequate PD-L1 expression. Therefore, unaffected 

cells are able to survive and repopulate a tumor after treatment-sensitive cells are cleared128. 

Additionally, some immunotherapies induce further cellular changes that limit treatment efficacy, 

including upregulation of additional checkpoint molecules as an inhibitory feedback mechanism, 

and IFN-γ produced by re-activated CD8+ T cells contributing to modified gene expression in 

tumor cells129. Most importantly, effector T cells reinvigorated by ICB therapy are often 

epigenetically unstable, leading to deficiencies in the development of effector memory cells that 

are necessary for durable responses130. Effector T cells will only be reactivated for the duration of 

therapy, which can have potent anti-tumor effects, but without the establishment of a population 



 20 

of memory cells, T cells will become exhausted again and be unable to control the outgrowth of 

persistent tumor cell subclones.  

Due to tumor heterogeneity and the rate of mutation in some cancers, it has become increasingly 

apparent that complete elimination of most tumors cannot be accomplished with one line of 

treatment. Immunotherapy alone does have potential for durable complete responses in some 

patients, but the addition of other forms of therapy to target specific resistance mechanisms or 

molecular characteristics have been widely investigated in the clinic95, 131-134. In addition to ICB, 

patients may also require further immune stimulatory agents, drugs targeting specific genetic 

mutations or signaling pathways, or standard chemotherapeutic and radiation treatments. 

Development of these combinations is largely supported by the growing field of personalized 

medicine, and individuals that relapse with the same cancer type can receive different courses of 

treatment depending on the mechanisms of resistance that they experience. This has especially 

been made possible with advanced diagnostic and sequencing techniques that allow for the 

identification of the vast array of unique characteristics that a tumor can possess. 

 

1.5. Biliary Tract Cancers – Epidemiology, molecular basis, tumor microenvironment 

Biliary tract cancers (BTCs) are a heterogenous group of malignancies originating in the bile ducts, 

gallbladder, and liver. BTCs are comprised of cholangiocarcinomas (CCA), which arise in the 

intrahepatic, perihilar, or distal biliary tree, and gallbladder cancer (GBC). Cholangiocarcinomas 

account for 3% of all gastrointestinal malignancies and are the second most common class of liver 

cancers135. Overall, biliary tract cancers are rare, but incidence varies widely by geographic 

location due to a range of risk factors and has increased globally. Incidence and severity also vary 

by anatomic subtype, but collectively BTCs have only a 5-year survival rate of less than 10% in 
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the United States. Surgery remains the only curative treatment option for patients with BTC, 

however nearly three quarters of patients present with unresectable or metastatic disease, and 

patients eligible for surgery are highly susceptible to relapse136, 137. Systemic treatments have been 

difficult to develop for BTC due to mutational variation among the patient population, 

heterogeneity of tumor subtypes, and tendencies for chemoresistance. 

1.5.1 Physiological classification and risk factors 

Genetic predisposition contributes to BTC development in some patients. However, there are few 

genetic signatures common among patients that could define BTC, with substantial heterogeneity 

present among BTC anatomic subtypes and geographic distribution of patients (Figure 1.3)138-140. 

Several studies have utilized next-generation sequencing techniques for the genetic profiling of 

biliary tract tumors and have found aberrations in many key oncogenic pathways. Variants of 

TP53, KRAS, CDKN2A/B, and PIK3CA have been identified across all subtypes of BTC, but the 

frequencies at which they occur vary widely across studies and subtypes141-143. Other genetic 

alterations are more common in one or some subsets of BTC, but not distinctly enough to be 

diagnostic. However, certain signatures like BRAF and KRAS mutations have been used to 

distinguish BTC from hepatocellular carcinoma (HCC), which rarely present with these mutations 

themselves144, 145. Two highly prevalent genetic aberrations in BTC, IDH1/2 mutations and FGFR2 

fusions, are found almost exclusively in intrahepatic cholangiocarcinoma (iCCA) 146, 147. They are 

among the most recognized mutations in BTCs, since iCCA is the predominant subtype, but with 

IDH1/2 mutations occurring in less than 30% of patients and FGFR2 fusions in only 15% they are 

infrequent enough for consideration as defining mutations in iCCA148.  
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Figure 1.4. Anatomic subtypes of biliary tract cancer. Biliary tract cancers are classified by the 

location in the biliary tract from which tumors arise. Intrahepatic cholangiocarcinoma (CCA) 

develops in the second-order bile ducts within the liver, perihilar CCA develops in the common 

hepatic ducts, and distal CCA develops in the common bile duct. Each subtype has distinct 

morphological and epidemiological characteristics, as well as mutational profiles. Some genetic 

aberrations can be found across all biliary tract cancer subtypes, while others are restricted to the 

anatomical classification, like IDH1/2 mutations and FGFR2 fusions which are nearly exclusive 

to intrahepatic CCAs.  
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More recently, understanding the heterogeneity among and even within subtypes of BTCs is 

further complicated by the finding that BTCs can arise from multiple cells of origin, leading to 

several physiologically distinct classifications149, 150. Initially, classification of biliary tract cancers 

was based on the region of the biliary tree the disease arose from, with the three main subtypes 

being iCCA, eCCA, and GBC. Over time, biliary tract cancers have been reclassified several times. 

Within extrahepatic CCAs, for example, distinct pathophysiological profiles were observed in 

even more specific areas of the biliary tract that they were further subdivided into perihilar (pCCA) 

and distal (dCCA). Intrahepatic CCAs have a number of subclassifications based on various 

features, though it is increasingly agreed upon that there are two distinct subtypes supported by 

pathophysiological features, genetic signatures, and immunophenotyping151-153. The first subtype, 

called large bile duct type, are mucin-producing tumors that harbor KRAS mutations and grow in 

a periductal infiltrating or intraductal growing pattern. The second subtype, called small bile duct 

type, are primarily mass forming tumors that arise from cholangiocytes and can be almost 

exclusively characterized by IDH1/2 mutations and FGFR2 fusions, but not KRAS mutations73. 

This subtype is also linked to viral infections and chronic liver disease, while the large bile duct 

subtype typically presents with more oncogenic mutations.  

For patients without a clear genetic predisposition to BTC, there are several risk factors that 

contribute to an inflammatory microenvironment in the biliary tract. These risk factors can 

promote development of some or all subtypes of BTC, but there is significant geographical 

disparity in their prevalence that impacts the global incidence of BTC154, 155. Infections with liver 

flukes contribute to the substantial incidence of BTCs in Asian countries, where the rates of 

cholangiocarcinoma are as high as 113 per 100,000 people156. In contrast, patients in Western 

countries do not share a distinct environmental risk factor resulting in less frequent disease in these 
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regions. For example, Opisthorchis viverrini and Clonorchis sinensis are endemic liver fluke 

infestations in Thailand and other regions of Southeast Asia and result predominantly from the 

prolonged ingestion of raw or undercooked fish and shellfish157, 158. Persistent or repeated 

infections cause pathogenic changes to the biliary tract, chronic inflammation, and accumulation 

of fibrosis, all of which drive the malignant transformation of biliary epithelia159.  

While it is well known that liver fluke infestations account for a large majority of inflammation-

related cholangiocarcinoma cases, Hepatitis C virus (HCV) infections have been linked to 

increasing incidence rates of cholangiocarcinoma worldwide154, 160, 161. The mechanisms by which 

HCV leads to CCA development have yet to be clearly defined, but a few theories have emerged 

following meta-analyses of CCA patients162. HCV primarily infects hepatocytes, but it is believed 

that hepatocytes and cholangiocytes arise from a common hepatic progenitor, which may explain 

the susceptibility for CCA development149, 163. Viral-associated chronic liver injury is also 

typically linked to the epithelial-mesenchymal transition (EMT) mechanism, which is the process 

by which an epithelial cell undergoes several biological changes to morphologically adopt a 

mesenchymal-like phenotype, with an increased ability to migrate, replicate, and invade164. EMT 

is a significant component for the “activating invasion and metastasis” hallmark of cancer and has 

been found to be induced in hepatocytes by HCV infection51, 165. 

1.5.2. Tumor immune microenvironment of BTC 

BTC development and progression is largely supported by the unique immune microenvironment 

of the liver. The liver has its own complex immune features and plays a dominant role in combating 

foreign pathogens, especially since it processes both arterial and venous blood. Blood also tends 

to flow quite slowly through the liver, passing through the capillary-like vessels called sinusoids, 

which allows for more prolonged interactions between pathogens and immune cells. The liver is 
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home to unique subsets of innate and adaptive immune cells, including natural killer cells, 

dendritic cells, liver sinusoidal endothelial cells (LSECs), and tissue-resident macrophages called 

Kupffer cells166. The liver is not typically considered a secondary lymphoid organ but has a pivotal 

role in supporting the adaptive immune response. Most of the previously mentioned cell types 

serve as antigen presenting cells (APCs) and produce large amounts of chemokines to recruit 

adaptive immune cells, neutrophils, and monocytes rapidly into the liver. However, millions of 

non-pathogenic microbes enter through the gut and are filtered through the liver that the immune 

response in the liver which remains tolerant toward their presence, carefully selecting only for 

pathogenic antigens. Unfortunately, this bias toward tolerance and immunosuppression creates an 

ideal microenvironment to support tumorigenesis and poor outcomes once tumors reach this organ 

as an end destination. In addition to HCC, the most common cause of cancer-related deaths 

worldwide, colorectal cancer (CRC) and other gastrointestinal cancers preferentially metastasize 

to the liver, likely due to its location downstream of blood flow and drainage from the colon as 

well as the slow movement of blood through the sinusoids that may trap cancer cells within the 

liver167. The liver is also prone to chronic inflammation and tissue damage, which can further 

exacerbate the immunosuppressive tendencies of the liver microenvironment that are ideal for 

tumorigenesis and metastasis.  

Cholangiocarcinoma, especially iCCA, is largely supported by the immunosuppressive properties 

of the liver, as well as the highly dense desmoplastic TME associated with this tumor168. 

Desmoplasia is characterized by the presence of fibrous stromal cells and innate immune cells that 

produce many pro-tumorigenic factors to create an ideal environment for cancer development and 

progression. One features of the BTC TME is its exclusion of T lymphocytes from infiltrating 

tumors – a hallmark of tumor immune evasion described earlier. In general, BTCs have less  
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Figure 1.5. The tumor microenvironment of biliary tract cancer. Immunosuppressive cells, 

including T regulatory cells and tumor-associated macrophages, as well as a dense, fibrotic stromal 

compartment are characteristic of biliary tract cancers. This suppressive microenvironment largely 

excludes antigen-specific CD8+ T cells, which are commonly found around the margins of these 

tumors. Thus, biliary tract cancers are difficult to manage with immune checkpoint blockade 

therapy, which requires close interactions between CD8+ T cells and antigen-presenting tumor 

cells.  



 27 

abundant CD8+ T cells, but conversely prominent Tregs, and the ratio of CD8+ T cells to Tregs is 

much lower than in normal surrounding tissue169. BTCs are also characterized by increased 

populations of MDSCs and TAMs, and few conventional dendritic cells (cDCs), which correlate 

with reduced clinical outcomes170-173. BTC tumor cells themselves can produce cytokines and other 

molecular signals to support the desmoplastic TME and recruit the immunosuppressive cells that 

promote the exclusion of cytotoxic T cells. Advanced therapeutic approaches in addition to 

immune checkpoint blockade are currently being investigated to target these immunosuppressive 

cell populations and restore cytotoxic T cell infiltration for durable antitumor responses in 

advanced BTC. 

Success has been limited in the development of effective treatment strategies for advanced biliary 

tract cancers. BTCs have a dense stroma and immunosuppressive tumor microenvironment that is 

characteristically difficult to access and overcome, but successes in other malignancies have paved 

the way for new therapeutic strategies to be explored in this disease. Progress has especially 

increased in the investigation of targeted therapies as the field moves toward a more personalized 

approach for treatment and clinical management, with particular focus on oncogenic pathways that 

contribute to BTC tumorigenesis. 

 

1.6. Ras/Raf/MEK/ERK Pathway in cancer development, progression, and anti-tumor 

immune responses 

Mitogen activated protein kinase (MAPK) signaling cascades play vital roles in many cell survival 

and proliferation pathways. There are four canonical MAPK pathways, each made up of three-

tiered kinase cascades: Jun N-terminal kinase (JNK) 1/2/3, p38/Akt, ERK1/2, and ERK5174. These 

kinase cascades are often initiated downstream of growth factor receptor tyrosine kinase (RTK) 
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binding of a mitogenic substrate, and successive phosphorylation events activate each step of the 

pathway (Figure 1.6). A mitogen is a small peptide or protein that initiates the process of cell 

division known as mitosis. The ERK pathways function primarily in cell growth, differentiation, 

and proliferation, while the JNK and p38 pathways are activated as stress responses and function 

in inflammatory and apoptotic pathways. The Ras/Raf/MEK/ERK cascade is notable in tumor 

development and progression, where approximately one-third of all cancers harbor activating 

mutations in this pathway175. A prominent example of a cancer-related RTK that has downstream 

Ras/Raf/MEK/ERK signaling is the epidermal growth factor receptor EGFR. Activation of the 

receptor stimulates the activation of the Ras family of small guanosine triphosphatases (GTPases), 

which mediates the activation of Raf serine/threonine kinases. Raf subsequently phosphorylates 

MEK1 and MEK2, whose activation initiates the phosphorylation of the ERK1 and ERK2 

MAPKs176. These MAPKs either remain in the cytoplasm or translocate into the nucleus and have 

a plethora of functions critical to cell development, growth, and survival, since there are several 

hundred direct phosphorylation targets of ERK1/2 that have been identified to date177-180.  

1.6.1. Functions of oncogenic Ras signaling in tumor development  

The Ras/Raf/MEK/ERK signaling axis has become one of the most well-characterized oncogenic 

pathways in several tumor types. For example, aberrant activating mutations in this pathway are 

found in more than 90% of pancreatic cancers and 70% of melanomas181. The constitutive 

activation of MEK and ERK are often associated with human cancer progression, but the 

mechanisms leading to this phenotype are complex given that activating mutations in these two 

proteins that impact their function as kinases have yet to be identified. Rather, genetic mutations 

in genes encoding upstream pathway components like Ras, Raf, and other signaling proteins are  
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Figure 1.6. The Ras-Raf-MEK-ERK signaling pathway. The canonical Ras-MAPK signaling 

pathway is a kinase cascade that controls cellular proliferation and survival. Ras signaling is 

initiated at receptor tyrosine kinases, G-protein coupled receptors, or integrin receptors by guanine 

exchange factors, which exchange GDP for GTP. Ras then activates Raf, which initiates a 

phosphorylation cascade of MEK1 and MEK2 to ERK1 and ERK2. Activated ERK can translocate 

into the nucleus, where it phosphorylates a large number of transcription factors that regulate the 

expression of genes required for cell proliferation, differentiation, metabolism, and survival.  
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responsible for the aberrant activation in this pathway. To target the uncontrolled signaling, Raf 

and MEK inhibitors have long been used clinically with some success, while until recently, Ras 

has traditionally been considered to be undruggable. As a result, inhibition of MEK has emerged 

as a viable strategy for controlling ERK activation as its only known kinase. Ras/MAPK-

dependent cancers are highly susceptible to the development of resistance to Raf- and MEK-

targeted therapies, due to the nature of this pathway to utilize feedback mechanisms and 

interactions with other pathways that compensate for any loss of signaling. The ERK/MAPK 

pathway is also not as isolated and linear as is often depicted, with frequent cross-talk occurring 

with the PI3K/AKT and the JAK/STAT signaling pathways, which are also subject to oncogenic 

mutations that may influence the downstream activation of MAPKs. Combinations of PI3K and 

MEK pathway inhibitors have been investigated as a method of controlling resistance to MAPK 

pathway inhibition – with promising in vitro evidence – but these combinations have yet to 

progress past phase I clinical trials182, 183.  

Given that the primary functions of MAPKs are regulation of cell proliferation and survival, this 

signaling pathway provides immense benefit for many cancers when commandeered by tumors for 

uncontrolled growth and survival. This pathway directly supports several of the hallmarks of 

cancer, including sustaining proliferative signaling, resisting cell death, and evading growth 

suppressors51. More specifically, ERK signaling is required for the G1/S phase transition of the 

cell cycle due to the direct role for ERK on activating transcription factors, ultimately leading to 

the production of Cyclin D1184. Raf kinases also have direct roles in controlling cell survival, 

independent of MEK/ERK activation, including preventing apoptosis through inhibition of the 

degradation of Mcl-1 in CCA185. Generally, however, upregulation of this pathway is seen as an 
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initiating step to further mechanisms of tumorigenesis, particularly due to the role that 

phosphorylated ERK has on activating a diverse set of transcription factors. 

1.6.2. Immunological implications of MEK/ERK signaling 

Aside from the importance of Ras-MAPK signaling in tumor cell proliferation and survival, 

MEK/ERK activation is also essential to cells involved in the immune response. While this 

pathway is ubiquitous to all mammalian cells, Ras/Raf/MEK/ERK signaling is certainly initiated 

by TCR stimulation in T cells and is crucial to their proliferation and activation. ERK also activates 

Nur77, a transcription factor that mediates T cell apoptosis following TCR stimulation186. This is 

critical in the process of negative selection of naïve T cells that exhibit excessive affinity for TCR 

ligands, as well as regulating the clearance of exhausted activated T cells, with the latter having 

an important role in the immune response to cancer. As previously discussed, chronic antigen 

stimulation is a key characteristic of tumor immune evasion, but MEK inhibition has been shown 

to limit Nur77-mediated T cell apoptosis to potentially retain antigen-experienced T cells in the 

tumor microenvironment to support immunotherapeutic approaches187. Dysregulated MAPK 

signaling has also been linked to a loss of tumor control mechanisms in the immune response, with 

activating genomic alterations in this pathway correlating with increased metastasis and reduced 

TILs in breast cancer188. Most notably, MEK mediates MHC-I and PD-L1 expression and the 

production of immunosuppressive factors via IFN-γ, which has been observed in several tumor 

models investigating MEK inhibition133, 189-192. While MEK inhibition can restore T cell responses, 

it can also have negative effects on T cells as well, including limiting the production of IFN-γ and 

inhibiting CD8+ T cell priming193. These diverse roles of MAPK signaling in the immune response 

add complexity to the use of pathway inhibitors in the treatment of MAPK-driven cancers, 

especially those supported by an immunosuppressive microenvironment. 
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1.7. Therapeutic development in BTC – clinical trials and roadblocks to overcome 

Biliary tract cancer is frequently diagnosed at advanced stages when potentially curative surgical 

resection is not possible. For more than a decade, first line treatment for advanced BTC consisted 

of a combination of gemcitabine and cisplatin (GemCis), a chemotherapy combination used in 

treating several other cancers. GemCis was shown to be superior to gemcitabine alone in the phase 

III ABC-02 trial, with tumor control achieved in 81.4% of combination treated patients versus 

71.8% of single agent treated patients194. However, the median overall survival rate for this 

combination in advanced BTC is still less than one year195. Recently, the addition of durvalumab 

to GemCis earned FDA approval as the new standard of care for advanced BTC patients196, 197. 

Other chemotherapy regimens have also been investigated as first line treatments for advanced 

BTC in several clinical trials, including FOLFIRINOX and GemCis plus nab-paclitaxel, but 

disease progression is still frequent and further investigation into improving the standard of care 

is ongoing198, 199. 

1.7.1. Molecular targeted treatment strategies for BTC 

The substantial genetic basis for biliary tract cancer development has enabled significant 

investigation into targeted therapies. Most of the frequently identified genetic aberrations in BTCs 

have not been successfully targeted by molecular therapeutic approaches. To date, the only 

candidates with FDA-approved precision medicine therapies for cholangiocarcinoma are IDH1/2 

and FGFR2-fusions, but these mutations are almost exclusive to iCCA and present in only 

relatively small subsets of patients200. Around 15% of BTC patients have mutations in DNA 

damage repair pathway genes that can be best targeted using PARP inhibitors, though 

investigations into these drugs in BTC are still premature201. Additional genetic alterations targeted 
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by clinically available drugs but have had limited success in BTC management include HER2 

(ERBB2), members of the PI3K/Akt/mTOR pathway, and members of the Ras/Raf/MEK/ERK 

pathway, with the latter receiving the most notable attention and potential for improvement141, 202, 

203.  

MAPK signaling is frequently dysregulated in BTCs and has emerged as an attractive target for 

molecular therapy. KRAS mutations are present in up to 19% of iCCA and have been identified in 

all anatomic subtypes of BTC204. TGFβ-mediated ERK1/2 activation has been associated with 

epithelial to mesenchymal transition in BTC cell lines, contributing to tumor growth and 

invasiveness205. Constitutive activation of the Ras-MAPK pathway is a feature of many tumors 

that confers resistance to TGF-β induced cell cycle arrest206. In BTC, MEK inhibitors have enabled 

durable partial responses and stable disease and combining MEK and BRAF inhibitors have 

resulted in objective response rates of approximately 50%207-210. Additionally, selumetinib was 

found to reverse cancer cachexia related muscle loss in BTC patients, despite low tumor 

responses211. Many further clinical trials have either been conducted or are ongoing that investigate 

the use of MEK inhibitors in combination with other targeted therapies or immunotherapy in order 

to improve overall response in BTC patients (Table 1.1). 

1.7.2. Progress in immune checkpoint blockade development for advanced BTC 

The most important therapeutic developments for biliary tract cancer management utilize immune 

checkpoint inhibitors. As single agents, immune checkpoint inhibitors have been largely 

disappointing in the control of advanced BTCs, unless patients were preselected for certain 

characteristics like microsatellite instability (MSI)212, 213. PD-L1 expression is variable in BTC 

tumors and is commonly used as a biomarker for response to ICB in some cancer models, but has 

not emerged as a reliable marker in BTC214. For example, out of 104 patients enrolled in the 
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KEYNOTE-158 trial investigating PD-1 blockade in BTC, 58.7% of patients had PD-L1-

expressing tumors, but less than 6% of all patients had an objective response to treatment212. With 

the significant exclusion of effector T cells from BTC tumors, ICB has very little room to elicit 

effective anti-tumor responses. Fortunately, combination treatment strategies with immunotherapy 

and chemotherapy or molecular targeted therapy have exhibited more promise for controlling 

advanced BTC (Table 1.2)215. There is evidence to support that chemotherapy may enhance 

immunotherapy in tumors with dense stroma by reducing immunosuppressive cells like Tregs and 

promoting immune cell infiltration into tumors216. This was recently confirmed in the TOPAZ-1 

trial where advanced BTC patients receiving durvalumab (anti-PD-1) with GemCis had a 26.7% 

ORR compared to 18.7% ORR with GemCis alone, potentially giving rise to a new standard of 

care for advanced BTC197.  

With the knowledge that overactive MEK/ERK signaling contributes to an immunosuppressive 

TME, combinations of Raf and MEK inhibitors with immunotherapy have been of interest in 

several tumor models, including BTC188, 217-221. The rationale for combining these inhibitors with 

ICB is supported by a number of preclinical studies, both in BTC and related malignancies. In a 

murine model of colorectal cancer (CRC), the MEK inhibitor cobimetinib induces CD8+ T cell 

infiltration into tumors, limits Nur77-mediated T cell apoptosis, and synergizes with PD-L1 

blockade to significantly reduce tumor burden187. In a KRAS-wild type model of iCCA, the MEK 

inhibitor trametinib upregulates MHC-I and PD-L1 expression, increases effector CD8+ T cells in 

the liver, and significantly improves tumor burden and survival when combined with PD-1 

blockade222. This study also demonstrated that combination MEK and immune checkpoint 

inhibition can be effective regardless of activating KRAS mutational status, a key indication for 

introducing this therapeutic combination to a broader BTC patient population. In the clinic, these 
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combinations have only produced modest results across tumor types. For BRAFV600-mutant 

melanoma, a triple combination of durvalumab, dabrafenib, and trametinib had a nearly 70% 

objective response rate with evidence of improved immune cell tumor infiltration223. The phase III 

IMblaze 370 clinical trial in metastatic CRC utilized atezolizumab with or without cobimetinib 

and did not observe any significant differences in overall response or ORR between groups, a 

disappointing result in the progression of combining MEK inhibitors with ICB218. Excitingly, 

however, the same combination was investigated by our group in patients with advanced BTC and 

met its primary endpoint of improved progression-free survival (PFS) in those receiving the 

combination of atezolizumab and cobimetinib versus atezolizumab alone, although OS was not 

improved in either group221. Exploratory analysis of paired tumor biopsy samples showed that 

combination treatment increased CD8 T cell/Treg ratios, demonstrating an improvement to 

cytotoxic T cell infiltration over immunosuppressive Tregs. Interestingly, analysis of peripheral 

blood mononuclear cells (PBMCs) revealed that combination treatment limited CD8+ T cell 

activation compared to PD-L1 blockade alone, with no fold change in T cell activation phenotypic 

markers from baseline to day 15 of treatment, indicating that systemic MEKi limits T cell 

activation224. Fortunately, this effect can be overcome with the addition of a T cell agonist against 

4-1BB or CD27, which can promote enhanced T cell activation when combined with MEKi and 

ICB compared to dual MEK/PD-1 inhibition224. A follow up clinical trial is ongoing that 

investigates the addition of an agonist for CD27, a costimulatory molecule similar to CD28 that 

supports T cell expansion and survival following TCR engagement, to the dual blockade of MEK 

and PD-L1 (NCT04941287). 

Based on the available data, biliary tract cancers continued to be difficult to manage, especially 

when reaching advanced disease stages. Encouraging results have emerged in recent clinical 
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investigations highlighting that effective therapeutic strategies are on the horizon, especially in the 

field of combination immunotherapy. BTCs have garnered significantly more attention in recent 

years despite its reputation as a rare and untreatable group of malignancies, with a new first-line 

therapy finally emerging after over a decade without improvement. BTCs do harbor many 

resistance mechanisms that are still yet to be overcome, but understanding the drawbacks of 

previous clinical trials will help to guide the future development of successful treatment strategies. 

 

1.8. Summary, scope, and goals for dissertation 

In summary, understanding how to overcome immune evasion is an important area of research, 

especially in the context of treating rare malignancies like biliary tract cancers. BTCs are a 

notoriously “immunologically cold” cancer, with a highly immunosuppressive tumor 

microenvironment that is devoid of effector T lymphocytes. Immunotherapeutic strategies alone 

have not been widely successful across cancer types, but combinatorial approaches are of 

significant interest. For advanced BTC patient populations, targeting the Ras/Raf/MEK/ERK 

signaling pathway has been promising, regardless of genetic aberrations within this pathway, and 

combinations with immune checkpoint blockade have also been successful for some patient 

populations over single agent therapy. However, systemic administration of MEK inhibitors have 

uncovered unintended effects on immune cells that hamper their potential anti-tumor activity. 

This dissertation investigates the role of MEK inhibition in the treatment of biliary tract cancers 

and the effects on the immune response, especially when combined with ICB. MEK inhibition 

promotes anti-tumor responses in other gastrointestinal cancers and mediates T cell infiltration 

into tumors, circumventing an immunosuppressive TME. However, MEK inhibitors can limit the 

function of T cells that are required for an effective response. Using both clinical and preclinical 
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approaches, we seek to identify and understand the mechanisms by which MEK inhibitors can 

elicit anti-tumor responses and synergize with anti-PD-L1 blockade therapy in the context of BTC. 

We find that the dual blockade of MEK and PD-L1, though modestly effective, uncovers additional 

targets for molecular therapy to develop more advanced combination therapies. Treatment options 

for advanced BTCs are extremely limited, but we anticipate that this work will support critical 

advances in the development of effective treatment strategies for these patients. 
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1.9. Tables 

Table 1.1. Completed clinical trials investigating MEK inhibitors in advanced biliary tract 
cancers 

Study Interventions 
(Target) 

Disease Status Phase Size Outcomes 

NCT02042443/SWOG 
S1310225 

Trametinib (MEK) Advanced, refractory 
biliary tract cancer 

II 24 ORR: 8% 
PFS: 1.4 months 
OS: 4.3 months 

NCT01943864226 Trametinib (MEK) Refractory biliary tract 
cancer 

II 20 ORR: 0% 
PFS: 10.6 weeks 
OS: N/R 

NCT00959127209 Binimetinib (MEK) Unresectable, metastatic 
biliary tract cancer 

I 26 ORR: 8% 
PFS: 2.1 months 
OS: 4.8 months 

NCT02151084227 A: GemCis + 
selumetinib (MEK) 
(cont.) 
B: GemCis + 
selumetinib (MEK) 
(seq.) 
C. GemCis 

Unresectable, metastatic 
biliary tract cancer 

II A: 15 
B: 17 
C: 15 

PR: 35% (A), 35% 
(B), 29% (C) 
PFS: 6.0 months (A), 
7.0 months (B), 6.3 
months (C) 
OS: 11.7 months (A), 
11.7 months (B), 12.8 
months (C) 

NCT01828034228 Binimetinib (MEK) 
+ GemCis 

Unresectable, metastatic 
biliary tract cancer 

I/II 35 ORR: 36% 
PFS: 6 months 
OS: 13.3 months 

NCT00553332208 Selumetinib (MEK) Advanced biliary tract 
cancer 

II 28 ORR: 12% 
PFS: 3.7 months 
OS: 9.8 months 

NCT032101458221 Atezolizumab (PD-
L1) +/- cobimetinib 
(MEK) 

Unresectable, metastatic 
biliary tract cancer 

II 77 ORR: 2.8% (A), 
3.3% (A+C) 
PFS: 1.87 months 
(A), 3.65 months 
(A+C) 
OS: N/R 

GemCis: Gemcitabine + cisplatin; ORR: Objective response rate; PFS: Progression-free survival; OS: Overall survival; N/R: 
Not reported. 
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Table 1.2. Completed clinical trials investigating immune checkpoint blockade in advanced 
biliary tract cancers 

Study Interventions 
(Target) 

Disease Status Phase Size Outcomes 

NCT02628067/KEYNOTE-158229 Pembrolizumab 
(PD-1) 

Chemotherapy-
refractory, MSI-H solid 
tumors 

II 22 ORR: 40.9% 
PFS: 4.2 months 
OS: 24.3 months 

NCT02628067/KEYNOTE-158212 Pembrolizumab 
(PD-1) 

Chemotherapy-
refractory, MSS solid 
tumors 

II 104 ORR: 5.8% 
PFS: 2 months 
OS: 7.4 months 

NCT02054806/KEYNOTE-028212 Pembrolizumab 
(PD-1) 

Chemotherapy-
refractory, PD-L1-
positive tumors 

Ib 24 ORR: 13% 
PFS: 1.8 months 
OS: 5.7 months 

NCT02829918213 Nivolumab (PD-1) Chemotherapy-
refractory biliary tract 
cancer 

II 54 ORR: 22% 
PFS: 3.68 months 
OS: 14.2 months 

NCT01938612230 Durvalumab (PD-
L1) +/- 
tremelimumab 
(CTLA-4) 

Chemotherapy-
refractory biliary tract 
cancer 

I 42 ORR: 4.8% (D), 
10.8% (D+T) 
PFS: 1.5 months 
(D), 1.6 months 
(D+T) 
OS: 8.1 months 
(D), 10.1 months 
(D+T) 

NCT02923934231 Nivolumab (PD-1) + 
ipilimumab  
(CTLA-4) 

Chemotherapy-
refractory biliary tract 
cancer 

II 39 ORR: 23% 
PFS: 2.9 months 
OS: 5.7 months 

NCT03311789232 Nivolumab (PD-1) + 
GemCis 

Unresectable or 
metastatic biliary tract 
cancer 

II 32 ORR: 55.6% 
PFS: 6.1 months 
OS: 8.5 months 

NCT03875235/TOPAZ-1197 GemCis +/- 
durvalumab (PD-1) 

Unresectable biliary 
tract cancer 

III 685 ORR: 26.7 
(D+GC), 18.7% 
(GC) 
PFS: 7.2 months 
(D+GC), 5.7 
months (GC) 
OS: 12.8 months 
(D+GC), 11.5 
months (GC) 

NCT03486678233 Camrelizumab (PD-
1) + GemOx 

Unresectable, metastatic 
biliary tract cancer 

II 37 ORR: 54% 
PFS: 6.1 months 
OS: 11.8 months 

NCT03796429/JS001-ZS-BC001234 Toripalimab (PD-1) 
+ GemS-1 

Unresectable, metastatic 
biliary tract cancer 

II 48 ORR: 27.1% 
PFS: 7.0 months 
OS: 16.0 months 

NCT02443324235 Pembrolizumab 
(PD-1) + 
Ramucirumab 
(VEGFR-2) 

Unresectable, metastatic 
biliary tract cancer 

I 26 ORR: 4% 
PFS: 1.6 months 
OS: 6.4 months 

NCT03797326/LEAP-005236 Pembrolizumab 
(PD-1) + Lenvatinib 
(multi-TKI) 

Unresectable, metastatic 
biliary tract cancer 

II 31 ORR: 10% 
PFS: 6.1 months 
OS: 8.6 months 

NCT03082895237 Camrelizumab (PD-
1) + FOLFOX4 or 
GemOx 

Unresectable, metastatic 
biliary tract cancer 

II 92 ORR: 16.3% 
PFS: 5.3 months 
OS: 12.4 months 

MSI-H: Microsatellite instability-high; MSS: Microsatellite stable; ORR: Objective response rate; PFS: Progression-free survival; 
OS: Overall survival; GemCis: Gemcitabine + cistplatin; GemOx: Gemcitabine + oxaliplatin; GemS-1: Gemcitabine + S-1; 
FOLFOX4: 5-fluorouracil, leucovorin, + oxaliplatin. 
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Chapter 2: Combined MEK/PD-L1 inhibition alters peripheral cytokines and lymphocyte 

populations correlating with improved clinical outcomes in advanced biliary tract cancer 
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2.2 Abstract 

Biliary tract cancers (BTCs) are aggressive malignancies refractory to chemotherapy and 

immunotherapy. MEK inhibitor (MEKi)-based regimens may have utility in this disease when 

combined with PD-L1 blockade. We hypothesize that dual MEK/PD-L1 inhibition alters 

circulating soluble and cellular immune mediators to improve clinical outcomes in patients with 

advanced BTC. We examined immune features in peripheral blood from 77 patients with advanced 

BTC enrolled in a Phase II clinical trial investigating atezolizumab with or without cobimetinib. 

Plasma and PBMCs were isolated from whole blood to evaluate soluble factors and immune cell 

populations. Baseline blood samples were additionally compared with healthy donors to identify 

immune signatures unique to BTC. At baseline, the soluble factors PDGF-BB, PlGF-1, IL-5, and 

IL-17A were elevated in BTC patients compared to healthy adult donors, and higher baseline 

frequencies of CD8+BTLA+ T cells correlated with better overall survival in this trial. There were 

also significant treatment-related alterations in several factors, including decreased PDGF-BB 

following combination treatment, that correlated with improved OS and PFS. Higher baseline 

levels of IL-23 and RANTES corresponded to improved clinical outcomes following combination 
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treatment. Dual MEKi/PD-L1 inhibition increased populations of CD4+TIM3+ and decreased 

CD8+VISTA+ T cells, correlating with worse OS and better PFS, respectively. This work 

represents a comprehensive analysis of peripheral immune features in BTC patients and systemic 

responses to dual MEK/PD-L1 inhibition. These data support further investigation to understand 

how MEKi combines with immunotherapeutic approaches to improve clinical outcomes for 

advanced BTC patients. 

 

2.3. Introduction 

Biliary tract cancers (BTC) are a rare group of aggressive malignancies that include gallbladder 

cancer (GBC), intrahepatic cholangiocarcinoma (ICC), and extrahepatic cholangiocarcinoma 

(ECC). Biliary tract cancers collectively have a 5-year median survival rate of less than 10% and 

are typically diagnosed at advanced stage when curative surgical resection is not possible. These 

tumors are also refractory to most systemic treatment options. Precision medicine approaches in 

subsets of patients with tumors harboring FGFR2 fusions or IDH1/2 mutations offer promise, but 

other targeted therapies have not shown substantial benefit over chemotherapy148, 202, 238-240. In 

considering pathways consistently altered in BTC, constitutive activation of Ras/Raf/MEK/ERK 

signaling is frequent in tumors from BTC patients205. Activating KRAS mutations are present in 

approximately 22% of BTC cases, associating with poor prognosis and uncontrolled cell growth241. 

This has prompted investigations with inhibitors of MAPK/ERK Kinase (MEK), which limit 

disease progression as single agents in BTC and have been tested in combination with 

immunotherapy in patients with other solid tumors, including melanoma and breast cancer205, 207, 

208, 217, 241, 242. 
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Programmed cell death ligand 1 (PD-L1) is expressed on tumor cells heterogeneously among BTC 

patients, interacting with its receptor PD-1 to possibly limit cytotoxic T cell function and anti-

tumor immunity214. Immune checkpoint inhibitor (ICI) therapies including PD-L1 blockade have 

limited activity historically against BTC243, 244, but recent data from the phase III TOPAZ-1 trial 

show that adding durvalumab, a PD-L1-targeted antibody, to standard of care gemcitabine and 

cisplatin improves overall survival in the first-line for advanced BTC patients197. As a result, 

immunotherapy has garnered major attention in the context of BTC, and further investigation of 

systemic immune features in these patients can inform future therapeutic strategies. 

Previous pre-clinical studies demonstrate that MEK inhibition (MEKi) can enhance CD8+ T cell 

infiltration into tumors, while PD-L1 blockade invigorates CD8+ T cell mediated antitumor 

activity. Furthermore, MEKi synergizes with PD-L1 blockade to improve anti-tumor responses in 

several solid tumor models187, 223. Building off these studies, we recently published results from a 

clinical trial investigating atezolizumab (anti-PD-L1) with or without the MEK inhibitor 

cobimetinib in patients with advanced BTC (NCT03201458). This trial met its primary endpoint 

of improved progression-free survival (PFS), with a median PFS of 3.65 months in combination-

treated patients, versus 1.87 months in patients receiving atezolizumab monotherapy221. 

In this study, we address the hypothesis that dual MEK/PD-L1 inhibition alters circulating soluble 

and cellular immune mediators to improve clinical outcomes in advanced BTC. Using a unique 

collection of peripheral blood samples from advanced BTC patients undergoing therapy with 

atezolizumab with or without cobimetinib, we provide a comprehensive analysis of immune 

features. Our data encompasses cytokines, chemokines, and phenotypically-defined immune cell 

subsets from a large cohort of patients, informing our understanding of how dual MEK/PD-L1 

inhibition impacts immune markers during treatment. Finally, using baseline blood samples from 
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patients and a cohort of healthy adult donors, we identify novel immune features prominent in 

BTC patients, suggesting potential avenues for future investigations of therapeutic targets. 

 

2.4. Results 

2.4.1. Differential production of cytokines, chemokines, and growth factors in the blood of BTC 

patients compared to healthy donors 

To define prominent immune features in patients with BTC, independent of treatment, we 

compared biomarker data at baseline from this patient cohort with that of healthy donors. We 

analyzed a panel of 45 soluble factors in peripheral plasma samples, which evaluated cytokines 

regulating T cell differentiation and function, inflammatory cytokines, chemokines, and growth 

factors. Fifteen markers, including a subset of pro-inflammatory cytokines, were below the 

detectable assay threshold in >50% of all plasma samples and concentrations could not be 

accurately determined. Therefore, these fifteen factors were excluded from further analyses. Of 

the remaining 30 soluble factors, 21 were significantly elevated among BTC patients (Figure 2.1A, 

Table 2.3). In particular, PDGF-BB, IL-5, IL-17A, and PlGF-1 were all elevated five-fold more 

than what was observed in healthy donors (p≤0.002) (Figure 2.1B-E). The remaining 9 factors 

were not present at concentrations significantly different from healthy donors. Independent of 

treatment effect from the clinical trial, there were no correlations between any soluble factors at 

baseline with clinical outcomes (data not shown). 
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Figure 2.1. Biliary tract cancer patients have distinct soluble factor signatures compared to 

healthy donors. (A) Heat map of cytokines, chemokines, and growth factors among BTC 

anatomic subtypes that are differentially expressed from healthy donors. Several factors are 

significantly elevated in BTC patients compared to healthy donors across all disease subtypes, 

including (B) PDGF-BB, (C) PlGF-1, (D) IL-5, and (E) IL-17a. Comparisons between BTC 

patients and healthy donors were evaluated by Student’s t tests. ***P<0.001 ****P<0.0001. 
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2.4.2. PD-1 and BTLA-expressing T cells are elevated in BTC patients 

Multiparameter 23-color flow cytometric analysis of PBMCs was used to interrogate unique 

immune landscapes in blood of advanced BTC patients (Figure 2.6). Our analysis encompassed 

19 phenotypically distinct populations including lymphocytes, myeloid cells, and cells expressing 

immune checkpoint proteins. We also used this flow panel to conduct analysis of a separate cohort 

of 12 healthy adult PBMCs and found that 9 phenotypically-defined cell populations were 

significantly different between BTC patients and healthy donors (Table 2.4). Circulating total 

CD8+ T cells were lower overall in BTC patient samples (p=0.003), but of those CD8+ T cells, 

BTC patients had higher frequencies of cells expressing inhibitory checkpoint ligands. Notably, 

CD8+PD-1+ (p=0.007) and CD8+BTLA+ (p=0.016) cells were present at higher frequencies in BTC 

patients. Additionally, CD4+PD-1+ (p=0.001) and CD4+BTLA+ (p=0.001) T cells were higher in 

BTC patients, as well as PD-1+TIM3- activated CD8+ T cells (p=0.004) (Figure 2.2A-E, Table 

2.4). In contrast, CD4+ and CD8+ T cells expressing TIM3, LAG3, and VISTA were not present 

in BTC patients at frequencies different from healthy donors. We also assessed relationships 

between distinct immune phenotypes identified and clinical parameters in this cohort of metastatic 

BTC patients. We postulated peripheral biomarkers may emerge to predict overall survival and 

signify more aggressive disease. Interestingly, the frequency of BTLA+CD8+ T cells correlated 

with OS, where patients with above-median population frequencies had longer OS, regardless of 

treatment received on the clinical trial (p=0.036) (Figures 2.2E, Figure 2.2F, Table 2.4).  
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Figure 2.2. T cells with an activated phenotype are significantly elevated in BTC patients, 

and BTLA+CD8+ T cells elevated above median at baseline correlate with better overall 



 48 

survival. Baseline populations of (A) CD4+PD-1+, (B) CD4+BTLA+, (C) CD8+PD-1+, and (D) 

CD8+PD-1+TIM3- T cells are elevated in BTC patients compared to healthy donors. (E) 

BTLA+CD8+ T cells are significantly elevated in BTC patients compared to healthy donors. (F) 

Kaplan-Meier curve of BTC patients stratified by median population of CD8+BTLA+ T cells 

depicting that above-median populations at baseline are associated with better overall survival. 

Comparisons between BTC patients and healthy donors were evaluated by Student’s t tests. 

Association with overall survival was explored by the Cox proportional hazard model and 

significance determined by log-rank test. **P<0.01, ***P<0.001. 
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2.4.3. MEK inhibition significantly alters growth factor levels when combined with anti-PD-L1 

therapy in advanced BTC that correlate with improved clinical outcomes 

To assess the effect of both single-agent treatment with atezolizumab and dual therapy with 

cobimetinib, we calculated percent change of plasma concentrations of soluble factors from 

baseline to C2D1 (Figure 2.3A). We stratified all patients by median percent change for each 

soluble factor, then evaluated correlations between percent change and clinical outcomes within 

each treatment group (Table 2.5, Table 2.6). For patients in Arm B, dual treatment with 

atezolizumab and cobimetinib significantly decreased plasma concentrations of PDGF-BB 

(p=0.0456), BDNF (p=0.0036), and PlGF-1 (p<0.0001) from baseline to C2D1, while patients in 

Arm A receiving atezolizumab monotherapy had no significant changes in plasma concentration 

for these analytes (Figure 2.3B-D). Of these factors, the decrease in plasma concentrations of 

PDGF-BB in Arm B was associated with improved OS (UVA p=0.023, FDR=0.345; MVA 

p=0.084, FDR=0.921) and PFS (UVA p=0.040, FDR=0.360; MVA p=0.067, FDR=0.395) on 

exploratory univariate analysis and in multivariable analysis. Given the limited sample size 

however, these trends were no longer statistically significant upon false discovery rate (FDR) 

adjustment for multiple comparisons (Figure 2.3E, Table 2.5, Table 2.6). Changes in concentration 

of other soluble factors correlated with improved clinical outcomes for patients in Arm A and Arm 

B, but could not be directly associated with treatment effects following two-way ANOVA (Table 

2.5, Table 2.6). We next evaluated baseline plasma concentrations of soluble factors as predictors 

of response to cobimetinib and atezolizumab combination therapy (Table 2.7, Table 2.8). Baseline 

levels were stratified by median concentration of each analyte as a whole, then evaluated for 

correlations with clinical outcomes within each treatment group. Higher baseline concentrations 

of IL-23 in Arm B patients correlated with improved overall survival (UVA p<0.001, FDR=0.03;  
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Figure 2.3. Dual MEK/PD-L1 inhibition alters soluble factor levels that correlate with 

clinical outcomes. (A) Heat map depicting mean percent change in soluble factor plasma 

concentrations from baseline to C2D1 across all patients within each treatment arm (Arm A n=28, 



 51 

Arm B n=23). Changes in soluble factor concentrations from baseline to C2D1 for (B) PDGF-BB, 

(C) PlGF-1, and (D) BDNF. (E) Kaplan-Meier plot of PFS for Arm B patients stratified by median 

percent change in PDGF-BB concentration from baseline to C2D1, where patients with a decrease 

in PDGF-BB had improved PFS. Comparisons between treatment arms and changes in soluble 

factor concentrations were evaluated by two-way repeated measures ANOVA. Association with 

PFS was explored using the Cox proportional hazard model and significance was determined by 

log-rank test. *P<0.05, **P<0.01, ****P<0.0001. 
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MVA p=0.02, FDR=0.60), while higher baseline concentrations of BDNF (UVA p=0.063, 

FDR=0.330; MVA p=0.017, FDR=0.170), IL-8 (UVA p=0.005, FDR=0.075; MVA p=0.013, 

FDR=0.170) and RANTES (UVA p<0.001, FDR=0.030; MVA p=0.001, FDR=0.030) indicated 

better PFS (Table 2.7, Table 2.8), both in univariate exploratory analysis and after adjusting for 

multiple comparisons. Baseline plasma concentrations of other soluble factors in both Arm A and 

Arm B had relationships to clinical outcomes that trended toward significance by UVA and/or 

MVA (Table 2.7, Table 2.8). Measurement of these factors at baseline may be predictive of how 

advanced BTC patients respond to dual blockade of MEK and PD-L1. 

2.4.4. Regulation of T lymphocyte populations with an exhausted phenotype by dual MEK/PD-L1 

blockade correlates with improved clinical outcomes 

From baseline to C2D1, combination therapy was associated with an increase in CD4+TIM3+ T 

cells, as evidenced by a notable interaction via two-way ANOVA (pint=0.032, Figure 2.4B). 

However, this increase correlated with worse overall survival for these patients (UVA p=0.015, 

FDR=0.285; MVA p=0.016, FDR=0.219); Figure 2.4C; Table 2.9, Table 2.10). Both overall 

survival and progression-free survival were improved for single-agent treated patients with 

increasing populations of CD4+BTLA+ (UVAOS p=0.006, FDR=0.057, MVAOS p=0.013, 

FDR=0.247; UVAPFS p=0.003, FDR=0.029, MVAPFS p=0.002, FDR=0.038) and CD8+BTLA+ T 

cells (UVAOS p=0.005, FDR=0.057, MVAOS p=0.060, FDR=0.418; UVAPFS p=0.003, 

FDR=0.029, MVAPFS p=0.02, FDR=0.019). Additionally, Arm A patients with an increase in 

CD4+LAG3+ T cells from baseline to C2D1 also had improved OS (UVA p=0.014, FDR=0.089; 

MVA p=0.066, FDR=0.418), while decreasing CD8+VISTA+ T cells correlated with improved 

PFS for Arm B patients (UVA p=0.001, FDR=0.019; MVA p=0.003, FDR=0.057). Changes in 
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other immune populations from baseline to C2D1 had correlations with clinical outcomes trending 

toward significance (Table 2.9, Table 2.10).  

2.4.5. High baseline CD8+ T cells correlate with improved overall survival following dual 

MEK/PD-L1 blockade 

The predictive value of baseline populations of peripheral immune cells on clinical outcomes was 

next evaluated (Table 2.11, Table 2.12). Baseline populations of immune cells were stratified by 

median percent of parent population. In Arm B patients, higher peripheral CD8+ T cells (UVA 

p=0.016, FDR=0.304; MVA p=0.138, FDR=0.836) and CD8+ cells that were BTLA+ (UVA 

p=0.061, FDR=0.5795; MVA p=0.092, FDR=0.836) correlated with improved OS. Patients in this 

arm with fewer peripheral CD8+VISTA+ T cells also had better OS (UVA p=0.036, FDR=0.228; 

MVA p=0.125, FDR=0.497) and improved PFS (UVA p=0.018, FDR=0.342; MVA p=0.09, 

FDR=0.656). Above-median populations of intermediate monocytes in single-agent treated Arm 

A patients also correlated with better OS (UVA p=0.027, FDR=0.228; MVA p=0.013, 

FDR=0.247). These findings were significant upon exploratory univariate and multivariate 

analyses, but due to small sample size were no longer significant when adjusted for multiple 

comparisons. 

 

2.5. Discussion 

This study provides a comprehensive profile of the systemic immune landscape of advanced BTC 

and evaluates how MEK inhibition and anti-PD-L1 therapy modulate systemic immune factors 

and their relationship to clinical outcomes. We assess peripheral immune biomarkers in 

pretreatment samples to profile the immune landscapes of a large cohort of advanced BTC  
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Figure 2.4. Inhibition of MEK and PD-L1 promotes increased populations of TIM3-

expressing CD4 lymphocytes but leads to worse overall survival. (A) Gating schema for 

identifying CD4+TIM3+ T cells. (B) Changes in populations of CD4+TIM3+ T cells as percent of 

CD4+ T cells from baseline to C2D1. (C) Kaplan-Meier plot of OS for Arm B patients stratified 

by median fold change in CD4+TIM3+ T cell populations from baseline to C2D1, where increased 

populations correlate with worse OS. Comparisons between treatment arms and changes in 

immune cell populations were evaluated by two-way repeated measures ANOVA. Association 
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with OS was explored using the Cox proportional hazard model and significance was determined 

by log-rank test. *P<0.05.  
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patients. We identified several soluble factors, including PDGF-BB, IL-5, IL-17A, and PlGF-1, 

that are elevated in plasma of BTC patients when compared to healthy donors, as well as CD4+ 

and CD8+ T cells expressing PD-1 and BTLA. In our clinical trial, dual MEK/PD-L1 blockade 

altered production of soluble factors in patient plasma compared to PD-L1 blockade alone, 

including a decrease in PDGF-BB that correlated with improved PFS. Further, changes in several 

T cell populations expressing immune checkpoint markers were observed in patients receiving 

combined MEK/PD-L1 inhibitors and correlated with improved clinical outcomes.  

The use of MEK inhibition (MEKi) to enhance PD-1/PD-L1-targeted immunotherapy has been 

investigated in various preclinical tumor models and in clinical trials. While we observed 

correlations between important immune factors and survival outcomes, our overall clinical 

experience with dual MEK/PD-L1 inhibition in advanced BTC patients revealed a modest 

extension of PFS compared to PD-L1 blockade alone. The low objective response rate in both 

treatment arms in this study reflect the immune resistant nature of BTC and the need to understand 

mechanisms of response and resistance to immunotherapy in BTC patients. Although MEKi has 

been shown to promote CD8+ T cell infiltration and limit TCR-mediated exhaustion, previous 

work from our group shows systemic MEK administration can also inhibit T cell activation and 

function. In particular, the addition of MEKi to PD-L1 blockade in this trial limited expansion of 

T cell populations with activated phenotypes, whereas anti-PD-L1 alone increased these cells224. 

Fortunately, subsequent preclinical studies showed that this could be overcome through co-

treatment with antibodies that act as agonists to T cell function, such as 4-1BB224. Inspired by these 

results, we have initiated a follow-up randomized trial investigating the combination of 

cobimetinib and atezolizumab with varlilumab, an agonistic mAb for CD27, to restore T cell 

activation (NCT04941287). MEKi and PD-L1 blockade have distinct functions in controlling the 
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immune response to solid tumors, which may explain why specific correlations to OS and PFS 

were evident that were not related to overall response rates. We hope our work interrogating other 

immune features associated with clinical benefit will guide development of future treatment 

options for these patients221. 

Cytokine signatures have been surveyed to predict responders to immunotherapy in other tumor 

models and may have utility in advanced BTC patients245. Several factors, including PlGF-1 and 

PDGF-BB, that are markedly higher in plasma from BTC patients compared to healthy individuals, 

also have an established relationship with the biology of BTC tumors246-248. For example, placental 

growth factor (PlGF-1) is present at high levels in blood from ICC patients and associated with 

desmoplasia and disease progression247. Collectively this factor promotes aggressive disease, and 

its inhibition limits progression in hepatocellular carcinoma (HCC) and cholangiocarcinoma 

(CCA) tumor models247, 249. Like PlGF-1, platelet derived growth factor B (PDGF-BB) is 

prominently produced by myofibroblasts in hepatobiliary tumors and promotes pro-survival 

signaling in BTC130. Plasma levels of PDGF-BB were substantially reduced in BTC patients 

receiving cobimetinib with atezolizumab versus atezolizumab alone, and this decrease correlated 

with improved PFS in combination treated patients. PDGF-BB signals exclusively through the 

PDGFRβ receptor, activating downstream MEK/ERK and PI3K/AKT signaling248, 250, 251. 

PDGFRβ is associated with epithelial-to-mesenchymal transition (EMT) to promote invasion and 

metastasis in colorectal cancer252. To further support a relationship between MEK signaling and 

PDGF-BB, this growth factor has a critical mitogenic role in fibroblasts and other stromal cells in 

the tumor microenvironment, promoting stromal cell activation and angiogenesis253, 254. Since 

peripheral PDGF-BB was also elevated at baseline in BTC patients versus healthy donors, and 

PDGFRβ is expressed in human CCA tumors, targeting of the PDGF-BB/PDGFRβ axis likely has 
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a role in controlling BTC. Previous studies have demonstrated genetic and pharmacologic 

inhibition of PDGFRβ promotes apoptosis and reduces tumor growth in in vivo models of BTC130. 

However, further investigation is necessary to elucidate mechanistic relationships between PDGF-

BB and BTC for potential use in future therapeutic strategies. 

Analysis of peripheral immune populations showed notable changes in both CD4+ and CD8+ T 

cells expressing immune checkpoint proteins associating with clinical outcomes in patients 

receiving combination therapy. Atezolizumab alone led to higher LAG3+ and BTLA+ T cell 

populations correlating with better OS and PFS, while atezolizumab and cobimetinib combination 

therapy led to fewer CD8+VISTA+ T cells that correlated with improved PFS. Conversely, 

combination therapy significantly increased the frequency of CD4+TIM3+ T cells, correlating with 

worse PFS. These data were consistent with prior studies in melanoma whereby MEKi also 

increased TIM3 expression on lymphocytes, and higher TIM3 expression frequently correlates 

with poor clinical outcomes in several other cancer models255, 256. Further investigations following 

this clinical trial may benefit from addition of agents targeting TIM3, which could be more 

effective in combination with other checkpoint inhibitors256. In addition to treatment-related 

changes in T cell populations, analysis of peripheral immune cells at baseline revealed higher 

frequency of CD8+BTLA+ T cells versus healthy donors, which correlated with increased overall 

survival in this BTC patient cohort. These results prompt further questions related to the role of 

BTLA on peripheral T cells as a reflection of BTC progression. BTLA is a co-stimulatory molecule 

in the CD28 immunoglobulin superfamily that harbors classical inhibitory signaling motifs85, 257. 

However, the role of BTLA as a regulator of T cell mediated immune responses to cancer is not 

straightforward. Regulation of immune checkpoint expression and function is key to controlling 

the immune response in many cancers, but there has been little investigation into associations 
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between MEKi and BTLA, LAG3, or VISTA expression. Indeed, there are documented molecular 

connections between activation of ERK with downstream transcription factors that control 

expression of genes encoding checkpoint proteins, though further investigation is required to fully 

characterize the relationship between MEKi and immune checkpoint expression on immune cells.  

While this study lends meaningful insight into systemic immune features in BTC patients, it does 

have limitations. Since the trial was open at multiple sites and patients had unresectable metastatic 

disease, the feasibility of obtaining tissue to probe intratumoral immune features was limited, with 

a greater sample size of peripheral blood specimens. Our data suggest peripheral blood is useful 

for understanding systemic immune alterations that accompany advanced cancer and may reveal 

provocative differences for further study. Although our patient population was substantial for 

biliary tract cancer studies, sample sizes in our analyses were much smaller than other clinical 

trials. In particular, data in our analyses of treatment effects was dichotomized by the median value 

of each analyte before stratification by treatment arm for correlation with clinical outcomes. 

Furthermore, to make our conclusions more succinct, we describe changes in immune factors from 

baseline to C2D1 as either increases or decreases depending on which side of the median they fall 

on. This simplifies some quantitative details where the median is not precisely at no fold or percent 

change but makes our conclusions more concise overall. We also acknowledge this study was only 

conducted in the United States, and therefore does not encapsulate the pathological manifestations 

of BTC common in other regions such as liver fluke infection. Additionally, our comparison of 

baseline samples to healthy donors does not account for inflammatory diseases of the liver and 

biliary tract, including hepatitis, primary sclerosing cholangitis, and gallbladder disease, that could 

influence the peripheral immune factors in our patient population. Finally, targeted therapy against 

FGFR2 fusions and IDH alterations are among the most promising areas of clinical development 
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for BTC, but we did not have extensive genome-level data on tumors from patients enrolled in this 

trial to consider for advancing this line of study136, 258. Despite these understandable limitations, 

our comprehensive analysis of immune cell and soluble factor signatures in the blood of advanced 

BTC patients is of value to the field.  

Overall, this study investigates how MEKi combines with anti-PD-L1 to modulate clinically-

relevant, systemic soluble factors and immune populations in a large cohort of patients with 

advanced metastatic BTC. We have also delineated differences in peripheral immune markers of 

BTC patients compared to healthy individuals. This work advances our understanding of how 

MEKi synergizes with immune checkpoint blockade and has uncovered factors that merit 

additional study for a disease with few effective treatment options. 

 

2.6. Materials and Methods 

2.6.1. Patients and Treatment 

Peripheral blood was collected from 77 patients with metastatic, pathologically confirmed ICC, 

ECC, or GBC following informed consent (Table 2.1). Patients were enrolled in a randomized, 

national Phase II clinical trial (NCT03201458) of atezolizumab with or without cobimetinib221. 

Patients randomized to Arm A received atezolizumab every two weeks, while patients randomized 

to Arm B received cobimetinib daily (21 days on/7 days off) alongside atezolizumab every two 

weeks. This work was carried out under a protocol approved by the National Cancer Institute’s 

(NCI) Cancer Therapy Evaluation Program (CTEP) and the central and local institutional review 

boards (IRBs). All patients were enrolled between February 2018 and October 2018. Whole blood 

samples were collected prior to treatment and on treatment at the start of cycle 2 (C2D1), then 
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transported overnight to Winship Cancer Institute for processing and analysis. Due to the 

aggressive nature of BTC, we collected patient correlative samples at this time point to avoid 

missing samples from patients with disease progression or treatment intolerance. From a biologic 

standpoint, prior work suggests that early immune responses (within 4 weeks) are important 

indicators of favorable clinical outcomes to PD-1/PD-L1 targeted therapies 259. PBMCs and plasma 

were isolated from whole blood via density gradient centrifugation using Ficoll-Paque (GE 

Healthcare Bio-Sciences AB, Uppsala, Sweden). Additionally, we obtained samples from two 

cohorts of de-identified healthy donors, collecting 12 PBMC samples from buffy coats (Sylvan N. 

Goldman Oklahoma Blood Institute, Oklahoma City, OK) and 16 plasma samples from whole 

blood (Emory University Hospital, Atlanta, GA), used as comparators for our baseline data. 

Normal donor blood samples were processed similarly to patient samples by density gradient 

centrifugation. All patient and normal donor plasma were cryopreserved at -80°C until analysis, 

and all PBMCs were cryopreserved in liquid nitrogen prior to analysis. Blood samples received 

more than 2 days after collection were not used for PBMC isolation to ensure consistent quality 

but were still processed for plasma via centrifugation and used for bioplex analysis. As a result, 

some patients did not have viable samples at all timepoints, and hence data were collected using 

samples from 70 patients for PBMC analysis and 51 patients for plasma analysis. Patient sample 

exclusion criteria is detailed in Figure 2.5. 
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Figure 2.5. Patient sample exclusion diagram. Number of samples excluded and reasons for 

exclusion at each step of analysis. 
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2.6.2. Cytokine, chemokine, and growth factor analysis 

Plasma samples were analyzed using a panel of 45 cytokines, chemokines, and growth factors on 

a Luminex magnetic bead-based platform according to manufacturer protocol (ProcartaPlex 

Cytokine/Chemokine/Growth Factor Panel 1, EPX450-12171-901, ProcartaPlex Immunoassays, 

Invitrogen; Waltham, MA). Samples were analyzed in duplicate and batch-run on a Luminex 100 

instrument and quantified using analyte-specific standard curves for each batch. Only 51 patients 

who remained on treatment through C2D1 blood collection were analyzed. Quality filtering based 

on a coefficient of variation of >15% was performed for each analyte. Fifteen analytes were 

excluded from analyses for >50% of measurements falling below the detectable assay threshold 

across patient samples. 

2.6.3. Flow cytometry 

Comprehensive phenotypic analysis of peripheral immune cells was conducted via 23-color flow 

cytometry. Antibodies are detailed in Table 2.2. Cryopreserved PBMCs were thawed at 37°C, 

washed, centrifuged, and resuspended in FACS buffer (PBS + 3% FBS + 0.05 mM EDTA). Cells 

were incubated with surface antibody for 30 min at 4°C, washed, permeabilized and fixed 

overnight using the FoxP3/Transcription Factor Staining Buffer set (00-5523-00, eBioscience). 

Cells were incubated with intracellular antibodies for one hour at room temperature, washed, and 

resuspended in FACS buffer for analysis. Flow cytometric analysis was conducted on a Cytek 

Aurora (Cytek Biosciences, Fremont, CA). Compensation controls were generated using 

UltraComp eBeads Compensation Beads (01-2222-41, Invitrogen; Waltham, MA). Data were 

analyzed using FlowJo software version 10.7.2 (FlowJo, LLC; Ashland, OR). 

2.6.4. Statistical analyses 
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Descriptive statistics were used to summarize patients’ demographics and disease characteristics. 

Biomarker values at baseline and their changes to C2D1 were first summarized and associated 

with treatment group, then further linked with clinical outcomes (e.g., OS, PFS). To account for 

data dependency rooted in repeated samples from the same patients, two-way repeated measures 

ANOVA test, along with Šídák’s multiple comparisons test, was used to test the interaction effect 

between percent change and treatment groups. This approach permits determination of whether 

combination treatment leads to more change in biomarker measurements than single agent 

treatment (Arm B vs Arm A). All biomarker measurements were compared between patient and 

healthy donor samples using two-sided Student’s t-test. For either baseline biomarker levels or 

their changes to C2D1, univariate (UVA) and multivariate (MVA) associations with clinical 

outcomes (OS, PFS) in each treatment arm were explored using the Cox proportional hazards 

model, illustrated using the Kaplan-Meier method, and significance was determined by log-rank 

test. The measures of all biomarkers were dichotomized on the entire sample (< median vs. >= 

median) for univariate and multivariate analyses. Soluble factors were dichotomized by percent 

change, and immune populations were dichotomized by fold change. Multivariate analyses were 

adjusted simultaneously for age, sex, and anatomic tumor subtype as relevant clinical variables. 

To correct for multiple testing, the Benjamini and Hochberg method was used to control the false 

discovery rate (FDR) on both UVA and MVA, with a cut-off value of p<0.25 for significance. 

Significance was adjusted separately for soluble factors and for immune cell populations. Due to 

limited statistical power from a small sample size, significance for multivariate analyses was 

determined as p<0.1, while significance of all other analyses was determined as p<0.05. 
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Figure 2.6. Representative gating schema for flow cytometry of lymphocyte and myeloid 

immune cell populations. (A) Lymphocyte events were gated successively from left to right. 

CD4+ and CD8+ T cells are gated from within the previous plot’s T cell gate. Immune checkpoint 
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molecules are each shown as percent of (B) CD8+ T cells or (C) CD4+ T cells. (D) Myeloid events 

were gated similarly to lymphocytes (i-iv) then divided into four main gating strategies. For each 

population, events were gated successively; values represent the percent of events from the 

previous graph’s gate.  
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2.8. Tables 

Table 2.1. NCT03201458 patient demographics 

 

Table 2.2. Antibodies for flow cytometry 
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Table 2.3. Soluble factor concentrations in BTC patients at baseline and in healthy donors 
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Table 2.4. Peripheral immune cell populations in BTC patients at baseline and in healthy 
donors 

 

 

  



 71 

Table 2.5. Soluble factor percent change from baseline to C2D1: Univariate analysis 
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Table 2.6. Soluble factor percent change from baseline to C2D1: Multivariate analysis 
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Table 2.7. Soluble factor baseline concentration: Univariate analysis 
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Table 2.8. Soluble factor baseline concentration: Multivariate analysis 
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Table 2.9. Immune cell fold change from baseline to C2D1: Univariate analysis 
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Table 2.10. Immune cell population fold change from baseline to C2D1: Multivariate analysis 
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Table 2.11. Immune cell populations at baseline: Univariate analysis 
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Table 2.12. Immune cell populations at baseline: Multivariate analysis 
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Chapter 3: MEK inhibition alters immunomodulatory factor production in biliary tract 

cancer cell lines, modulates immune cell phenotypes, and impairs T cell activation in biliary 

tract cancer patients. 
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3.2 Introduction 

Biliary tract cancers (BTC) are often diagnosed at late stage when they are refractory to many 

therapies and surgical resection is not possible. The frequency of tumor infiltrating lymphocytes 
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(TILs) is a prognostic indicator for improved outcomes in several cancers including melanoma and 

breast cancer260, 261. TILs are notoriously excluded from the BTC tumor microenvironment (TME), 

with one study revealing 45% of iCCA was devoid of infiltrating lymphocytes, and only 11% of 

all samples had significant TIL infiltration262. While PD-1/PD-L1-targeting immune checkpoint 

blockade (ICB) can promote tumor regression and the restoration of CD8+ T cell effector 

functionality, it is not sufficient to induce T cell infiltration into tumors that lack TILs263. 

Therefore, combination strategies have been investigated to both improve cytotoxic T cell function 

and promote their infiltration into tumors, especially the combination of MEK inhibitors with ICB. 

The Ras/Raf/MEK/ERK signaling pathway contributes significantly to the development and 

progression of BTCs, with activating KRAS mutations identified in up to 22% of patients with 

BTC241. Aside from the obvious roles this pathway has in supporting tumor cellular proliferation 

and survival, the inhibition of MEK signaling has been investigated in other cancer models for its 

ability to modulate CD8+ T cell migration and tumor infiltration187, 264, 265. However, the 

mechanism by which this occurs has yet to be delineated. Using a panel of BTC cell lines with 

constitutive MEK activation, we hypothesized that MEK inhibition modulates the production of 

chemokines by tumor cells to promote T cell recruitment and infiltration.  

The combination of MEK inhibition and PD-L1 blockade was investigated in patients with 

advanced BTC, as discussed in Chapter 2. While the primary endpoint of the trial was achieved, 

objective responses were disappointing, contradicting the hypothesis that MEKi could synergize 

with PD-L1 blockade for improved anti-tumor T cell activity. Therefore, comprehensive immune 

profiling was performed to evaluate the effects that this combination has on immune responses in 

advanced BTC and uncover strategies to improve this combination in this patient population. 
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3.3 Results 

3.3.1 Cobimetinib inhibits ERK phosphorylation in BTC cell lines but does not interrupt cell 

viability 

MEK inhibition (MEKi) can cause tumor regression and prolong survival in vivo187. Several 

biliary tract cancer cell lines harbor constitutively active MEK, visualized by the presence of 

phosphorylated ERK (pERK). To determine if the MEK inhibition had direct cytotoxic effects on 

cancer cells, cell viability was evaluated in a panel of BTC cell lines treated with the MEK inhibitor 

cobimetinib. Cells were cultured and treated with cobimetinib, at concentrations ranging from 

0.05μM to 5μM, for 48 hours. Pathway inhibition was confirmed via Western blotting which 

showed complete loss of phosphorylated ERK by 1μM of treatment (Figure 3.1). However, even 

with complete abrogation of pERK, cells viability did not significantly decrease as determined by 

MTT assay (Figure 3.2). Despite the frequent dependence of BTCs on MAPK signaling for their 

development and progression, targeting this pathway in cancer cells alone is not sufficient to elicit 

a tumor-killing effect. Therefore, we hypothesized that the MEKi-mediated antitumor effects 

observed in other tumor models may instead be due to the role of MEK signaling in the tumor 

microenvironment. 

3.3.2 MEK inhibition modulates the production of soluble factors by BTC cells 

MEK inhibition has been linked to increased tumor infiltrating T cells correlating with reduction 

in tumor burden. Immune cell recruitment is mediated by chemokines, which are chemoattractant 

proteins that induce the motility of immune cells on a gradient. Chemokines can be produced by 

several sources in the tumor microenvironment, including stromal cells and by tumors 

themselves266. After demonstrating that MEK inhibition does not directly impose a tumor-killing 

effect on BTC cells, we hypothesized that MEKi may mediate the production of chemokines and  
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Figure 3.1. Cobimetinib sufficiently reduces p-ERK expression in BTC cell lines. 

Representative Western blot images showing inhibition of phosphorylated ERK by MEK 

inhibition for the BTC cell lines (A) HUH28, (B) HuCCT1, (C) SNU1196, (D) SNU478, (E) Mz-

ChA-1, and (F) WITT. Cells were treated with increasing concentrations of cobimetinib for 48 

hours prior to harvest. 
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Figure 3.2. Cobimetinib does not significantly limit cell viability in BTC cell lines despite 

potent inhibition of ERK activation. MTT assays were used to evaluate cell viability following 

treatment with MEK inhibitor in the BTC cell lines (A) HUH28, (B) HuCCT1, (C) SNU1196, (D) 

SNU478, (E) Mz-ChA-1, and (F) WITT. Cells were treated with cobimetinib for 48 hours prior to 

MTT assay.  
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immunomodulatory factors in the TME. We harvested culture supernatants from BTC cells before 

and after treatment with 5μM cobimetinib and performed a bioplex analysis of soluble factors 

using the Luminex platform. We simultaneously measured 45 cytokines, chemokines, and growth 

factors directly produced by BTC cells and found that MEKi modulates the production of several 

immune factors in vitro (Figure 3.3). The most significantly altered soluble factors included the 

chemokine CXCL10/IP-10 and the pro-inflammatory cytokines GM-CSF and LIF. In particular, 

5/6 cell lines evaluated had significant increases in CXCL10 production, 4/6 cell lines had 

significant decreases in GM-CSF production, and all 6 cell lines had highly significant decreases 

in LIF production. The degree of modulation of these soluble factors varied among the cell lines 

evaluated, with no apparent correlation to BTC anatomic subtype each cell line was derived from.  

3.3.3. Comprehensive immune profiling of advanced BTC patients receiving atezolizumab with or 

without cobimetinib revealed relationships between immune checkpoint expression and clinical 

outcomes. 

Correlative analysis of cryopreserved PBMCs from patients was conducted in an exploratory 

manner to assess T cell-focused biomarkers and relationship to clinical outcome measures and 

treatment. For this analysis, we focused on differences in biomarkers attributable to the 

combination treatment versus monotherapy by incorporating an interaction effect (Table 3.1). At 

baseline, patients in the combination arm with a higher than median percentage of LAG3+ CD8+ 

T cells (HR = 0.43, P = 0.035) had better OS than in the monotherapy arm, while more TIM3+ 

CD4+ T cells (OR = 4.8, P = 0.033) were indicative of more favorable response by RECIST in the 

combination arm versus the monotherapy arm. These biomarkers, however, were not significant 

predictors of better survival or clinical response at baseline when data from all patients, regardless 

of treatment arm, were compiled for analysis. In addition to assessing biomarkers at baseline, we  
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Figure 3.3. Cobimetinib significantly alters the production of GM-CSF, CXCL10, and LIF 

in BTC cell lines. Bioplex analysis of BTC cell culture derived supernatants revealed significant 

changes in concentration of (A) GM-CSF, (B) CXCL10/IP-10, and (C) LIF. Changes were 

analyzed via multiple t tests, and multiple corrections were adjusted for by the Holm-Šídák 

method. *p<0.05, ***p<0.001, ****p<0.0001.  
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also evaluated fold-change in cell percentages from baseline to cycle 2 day 1 (C2D1). This 

approach revealed that patients in the combination arm with a decrease in several T cell–focused 

biomarkers had better OS. These included decreases in LAG3+ (HR = 0.36, P = 0.024) and BTLA+ 

(HR = 0.31, P = 0.014) CD4+ T cells. Complementing these data was the observation that patients 

in Arm B with a decrease in VISTA+ CD8+ T cells (HR = 0.23, P = 0.004) from baseline to C2D1 

had significantly longer PFS.  

3.3.4. Addition of cobimetinib impairs T cell activation in patients receiving concurrent PD-L1 

inhibition 

As a validation of preclinical findings demonstrating that systemic MEKi impairs effector T cell 

function, blood samples from advanced BTC patients receiving atezolizumab with or without 

cobimetinib were used to specifically isolate the effects of systemic MEKi in the context of anti–

PD-L1 (Figure 3.4A). Using peripheral blood samples, we analyzed the proportion of CD8+ T cells 

expressing CD38, a marker of human T-cell activation, at baseline and compared this with the 

proportion expressing CD38 at day 15, by which time all patients would have received 1 dose of 

atezolizumab and patients in arm B would have received 14 days of cobimetinib treatment. Given 

that PD-1 expression can also define T cells that are in a more heightened state of T-cell activation 

in addition to its role as a biomarker for T-cell exhaustion, we also analyzed the proportion of 

CD8+ T cells that were PD-1+ but did not express the exhaustion marker TIM3. We observed that 

the percentage of CD8+ T cells expressing CD38 as well as the percentage of CD8+ T cells that 

were PD-1+ TIM3- increased in arm A between cycle 1 day 1 (C1D1) and cycle 1 day 15 (C1D15; 

mean fold change between the two time points was 1.58 and 1.631, respectively), whereas the 

percentage of CD8+ T cells expressing CD38 and that were PD-1+TIM3- remained constant 

between the two time points in arm B (mean fold change was 1.01 and 1.114 respectively;  
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Figure 3.4. Addition of cobimetinib to atezoluzimab in a phase II clinical trial leads to a 

decrease in T-cell activation. (A) Treatment scheme for the multicenter randomized phase II 

trial of atezolizumab as a monotherapy or in combination with cobimentinib (NCT03201458). 

(B) Example of flow cytometry gating strategy used to analyze activated T cells from patient 

peripheral blood samples taken at baseline (C1D1 and at day 15 of treatment (C1D15). (C) Fold 

change of the proportion of activated CD38+ CD8+ T cells and PD-1+ TIM3- CD8+ T cells 

between peripheral blood patient samples taken at C1D15 and C1D1. Each bar represents mean 

+/- SEM (n = 26 for arm A and n = 21 for arm B). Two-tailed unpaired t tests were used to 

compare the two arms. ECOG, Eastern Cooperative Oncology Group performance status; q2w, 

every 2 weeks.  
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Figure 3.4B, 3.4C). The difference in fold change between arm A and arm B was statistically 

significant in both cases (P = 0.002 and 0.009). While circulating T cells typically may have a low 

frequency of tumor antigen–specific clones, this clinical trial material was in agreement with our 

preclinical observations that systemic MEKi globally impairs T-cell activation in the clinical 

setting. 

 

3.4 Discussion 

In these studies, we show that MEK inhibition modulates the production of soluble immune factors 

from BTC tumor cells without a significant reduction in cell viability. Accordingly, previously 

observed MEKi-mediated tumor regression may not be due to tumor cell intrinsic effects of MEKi 

on cell proliferation and survival. Rather, MEK inhibition of BTC tumor cells could provoke tumor 

microenvironmental alterations to reduce immunosuppression and T cell exclusion that is 

characteristic of advanced BTC. This corresponds to previous work from our lab which 

demonstrates that BTC cell culture supernatants contain high concentrations of pro-inflammatory 

cytokines, including GM-CSF, and promote the expansion of myeloid-derived suppressor cells 

(MDSC), which contribute significantly to immunosuppression in BTC by limiting the activity 

and proliferation of CD8+ T cells267. Coupling this data with our finding that MEKi reduces GM-

CSF production by the same BTC cell lines, we hypothesize that MEKi may limit MDSC 

expansion, which may in turn restore T cell activity to support improved antitumor responses 

(Figure 3.5). We propose future investigation into the role of MEK inhibition in the modulation of 

MDSC expansion and function in the context of the BTC tumor microenvironment. 

To compliment the in vitro experiments that demonstrate the regulation of the production of 

soluble factors from BTC cells at a localized level, which does not necessarily reflect the systemic  
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Figure 3.5. Model figure for proposed mechanism of MEKi-mediated T cell infiltration. Cell 

culture derived supernatants from BTC cell lines promote MDSC expansion from PBMCs in vitro, 

in a GM-CSF- and IL-6- dependent manner267. MDSCs limit CD8+ T cell proliferation and 

activation via secretion of iNOS, arginase, and ROS. Treatment of BTC cell lines with the MEK 

inhibitor cobimetinib significantly reduces GM-CSF production and promotes production of the 

CD8+ T cell-recruiting chemokine CXCL10. Since MEKi has been shown to promote CD8+ T cell 

migration into tumors, we propose that this may occur by suppressing MDSC expansion to restore 

T cell activity while inducing CXCL10-mediated migration into BTC tumors. 
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effects of MEK inhibitor administration, our clinical trial analysis provides evidence that systemic 

MEK inhibition impairs effector T cell function in peripheral blood As established previously, 

patients enrolled in our clinical trial investigating cobimetinib and atezolizumab in advanced BTC, 

MEK inhibition limits T cell activation compared to PD-L1 blockade alone224. Furthermore, when 

similar bioplex analysis was performed on peripheral plasma samples from this trial as it was on 

BTC cells in vitro, the same trends were not observed for these soluble factors when evaluated 

systemically, though there were additional significant modulations in the production of different 

soluble factors in patient plasma (Chapter 2). These data do, however, support the necessity for 

future investigations into these soluble factors to understand their roles in MEKi-mediated immune 

responses in the tumor microenvironment, and how they can be utilized to improve therapeutic 

strategies for advanced biliary tract cancers. 

 

3.5 Methods 

3.5.1. Cell culture 

Human SNU-478 and SNU-1196 cell lines were purchased from the Korean Cell Line Bank 

(Seoul, Korea) and authenticated prior to receipt. Human CCA cell lines HUH28, HuCCT1, and 

WITT (Sk-ChA-1) were a gift from Dr. Tushar Patel (Mayo Clinic, Jacksonville, FL), and Mz-

ChA-1 was a gift from Dr. Shannon Glaser (Texas A&M Health Sciences Center, Bryan, TX). 

These cells were authenticated through ATCC cell line authentication service (Kit #135-XV). 

HUH28, HuCCT1, SNU478, and SNU1196 were cultured in RPMI-1640 media (Gibco) 

supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, and antibiotics. Mz-ChA-1 

and WITT were cultured in Dulbecco’s Modified Eagle Medium (Gibco, DMEM) supplemented 

with 10% FBS, 1% L-glutamine, and antibiotics. 
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3.5.2. Immunoblot analysis 

Protein extraction and immunoblot analysis was performed as previously described, using 

antibodies for ERK1/2, phospho-ERK1/2, and β-actin (Cell Signaling Technologies, Danvers, 

MA, USA). Following incubation with horseradish peroxidase-conjugated secondary antibody, 

immune complexes were detected using SuperSignal® West Pico Chemiluminescent Substrate 

(Thermo Fisher Scientific, Waltham, MA, USA) and visualized on autoradiography film. 

3.5.3. Cell viability assay 

Cells were added to 96-well flat-bottom plates to adhere overnight, before initiating treatment with 

increasing concentrations of cobimetinib from 0.05μM to 5μM, and sterile deionized water was 

used as a medium control. After 48 hours, 10 μL MTT reagent (30-1010K, ATCC) was added to 

each well, and cells were incubated for 3 hours at 37°C with 5% CO2. Media was then removed, 

and 200μL of DMSO was added per well with careful mixing. Absorbance at a wavelength of 595 

nm was measured using a Synergy H1 plate reader (BioTek). Cells were plated in triplicate for 

each experimental condition. Data was normalized to the medium control for percent cell viability.  

3.5.4. Cytokine, chemokine, and growth factor analysis 

Cells were plated in 12-well plates and treated with increasing concentrations of cobimetinib, from 

0.05μM to 5μM, for 48 hours. Cell culture supernatants were analyzed using a panel of 45 

cytokines, chemokines, and growth factors on a Luminex magnetic bead-based platform according 

to manufacturer protocol (ProcartaPlex Cytokine/Chemokine/Growth Factor Panel 1, EPX450-

12171-901, ProcartaPlex Immunoassays, Invitrogen; Waltham, MA). Samples were analyzed in 

duplicate on a Luminex 100 instrument and quantified using analyte-specific standard curves. 

Three biological replicates were performed and all replicates were analyzed on the same plate. 
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3.5.5. Flow cytometry 

Comprehensive phenotypic analysis of peripheral immune cells was conducted via 23-color flow 

cytometry. Antibodies are detailed in Table 2.2. Cryopreserved PBMCs were thawed at 37°C, 

washed, centrifuged, and resuspended in FACS buffer (PBS + 3% FBS + 0.05 mM EDTA). Cells 

were incubated with surface antibody for 30 min at 4°C, washed, permeabilized and fixed 

overnight using the FoxP3/Transcription Factor Staining Buffer set (00-5523-00, eBioscience). 

Cells were incubated with intracellular antibodies for one hour at room temperature, washed, and 

resuspended in FACS buffer for analysis. Flow cytometric analysis was conducted on a Cytek 

Aurora (Cytek Biosciences, Fremont, CA). Compensation controls were generated using 

UltraComp eBeads Compensation Beads (01-2222-41, Invitrogen; Waltham, MA). Data were 

analyzed using FlowJo software version 10.7.2 (FlowJo, LLC; Ashland, OR). 

3.5.6. Patient sample processing 

Peripheral blood was drawn prior to administration of cobimetinib and/or atezolizumab at baseline, 

cycle 1 day 15, and cycle 2 day 1. Blood was collected in 10-mL tubes containing EDTA as an 

anticoagulant and shipped overnight to a central site (Lesinski Laboratory, Winship Cancer 

Institute of Emory University, Atlanta, GA) for processing. Upon arrival to the central site, blood 

samples were centrifuged at room temperature at 805 x g for 10 minutes. Peripheral blood 

mononuclear cells (PBMCs) were collected by density gradient centrifugation using Ficoll-Paque. 

All PBMCs were stored in liquid nitrogen until time of analysis by flow cytometry. 

3.5.7. Statistical Analysis 

Descriptive statistics were used to summarize data for each individual biomarker at baseline and 

follow-up time points. The change at the follow-up time from baseline was calculated as the fold-
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change between the 2 time points. All those biomarker measurements were further compared 

between 2 treatment arms using Student’s t test. The association with clinical outcomes was 

explored using Cox proportional hazard model for time-to-event outcomes (e.g., OS or PFS) or 

logistic regression model for binary outcome (e.g., best response via RECIST). The biomarker 

value at baseline or its fold-change at a follow-up time point were further dichotomized by the 

median value noted above versus below-median for all available patients regardless of treatment 

group. The interaction effect between a dichotomized biomarker and treatment groups were tested 

in Cox and logistic regression model, in which we compared treatment arms (Arm B: cobimetinib 

+ atezolizumab vs. Arm A: atezolizumab alone) inside each stratum by a biomarker. A significant 

interaction term indicates there is differential patient’s response or outcome in treatments given 

their biomarker status. Such a biomarker is also referred to as a predictive biomarker. Multiple 

comparisons were corrected for using the Holm-Šídák method. Cell viability by MTT assay was 

evaluated using one-way ANOVA. Significance was determined as p<0.05. 

 

3.6. Tables 

Table 3.1. Biomarker correlative analyses in subgroups defined by biomarkers for OS, PFS, 
and best response 

 
ALogistic regression with estimated odds ratio and 95% CI for comparison between Arm B and 
Arm A. BCox proportional hazard model with estimated hazard ratio and 95% CI for comparison 
between Arm B and Arm A.  
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Chapter 4: Conclusions, Future Directions, and Closing Remarks 

 

4.1 Introduction 

The use of immune checkpoint blockade (ICB) in combination with inhibitors of MEK, a kinase 

with aberrant activation in many cases of biliary tract cancer (BTC), has been an important focus 

for advancing treatment strategies with patients with advanced BTC205, 207, 243, 244, 268. In other 

cancers, MEK inhibition promotes the infiltration of CD8+ T cells into tumors to enhance T cell-

mediated antitumor activity187, 188, 269. However, it was recently found that MEK inhibition can 

limit the activation of CD8+ T cells that ICB would otherwise reinvigorate to initiate tumor killing 

effects in BTC224. In this dissertation, this emerging clinical strategy is investigated with a 

comprehensive analysis of a recent clinical trial and supportive preclinical studies to uncover new 

insights into improving therapeutic strategies for BTC. 

First, patients with advanced BTC receiving a combination of the MEK inhibitor cobimetinib and 

the PD-L1 blocking antibody atezolizumab had significant decreases in peripheral levels of the 

growth factors PDGF-BB, PlGF-1, and BDNF, and decreasing PDGF-BB correlated with 

improved overall and progression-free survival (Figure 2.3). Additionally, patients receiving dual 

MEK/PD-L1 blockade had increased populations of CD4+TIM3+ T cells, which correlated with 

worse OS (Figure 2.4). Furthermore, increasing populations of CD4+ and CD8+ T cells expressing 

BTLA correlated with improved OS and PFS in patients receiving atezolizumab alone, and higher 

baseline populations of CD8+BTLA+ T cells were indicative of better overall survival across all 

patients regardless of treatment received (Figure 2.2). In preclinical studies, BTC cell lines treated 

with cobimetinib in vitro did not exhibit a decrease in cell viability despite a potent inhibition of 

MEK activity (Figure 3.1, Figure 3.2). Cobimetinib did, however, alter the concentrations of 



 97 

soluble factors in cell culture supernatants derived from BTC cell lines. In particular, GM-CSF 

and LIF were significantly decreased in most or all cell lines, while the chemokine CXCL10 was 

increased in some cell lines (Figure 3.3). While these data do not provide mechanistic evidence 

for how MEKi elicits tumor killing activity, they support the hypothesis that MEKi influences the 

immune microenvironment in BTC tumors via soluble factor production and modulation of the 

tumor microenvironment. 

 

4.2. MEK inhibition mediates the production of soluble factors in the tumor 

microenvironment 

Following our finding that cobimetinib does not limit BTC cell viability, despite a potent inhibition 

of ERK phosphorylation (Figure 3.1, Figure 3.2), we hypothesized that the antitumor activity of 

MEK inhibitors observed in other tumor models may be the result of alterations in the tumor 

microenvironment, especially affecting the production of soluble immune factors. Accordingly, 

we found that the production of certain cytokines and growth factors, particularly GM-CSF, 

CXCL10, and LIF, by BTC cells was modulated by MEKi (Figure 3.3), which corroborates similar 

findings in other tumor models treated with MEK inhibitors. Along with the regulation of cell 

survival and proliferation, activated ERK is known to have several hundred direct phosphorylation 

targets, many of which are transcription factors that regulate the expression of various proteins178-

180. ERK can also indirectly signal through NF-κB, which has many target genes that encode for 

cytokines, growth factors, and other mediators of cell proliferation, including CXCL10 and GM-

CSF270. This regulatory mechanism has yet to be confirmed in the context of biliary tract cancer 

but may be plausible given the relationship between known ERK phosphorylation targets and 

cytokine production. 
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Granulocyte macrophage colony-stimulating factor (GM-CSF) is a pro-inflammatory cytokine and 

growth factor that regulates the expansion and function of myeloid cells and has important roles 

in inflammatory reactions and immunosuppression in cancer271, 272. MDSC expansion is also 

mediated by other cytokines like IL-6 and M-CSF, but GM-CSF is a major driver of 

immunosuppressive activity of MDSCs and the accumulation of MDSCs in areas of inflammation 

that lead to tumorigenesis78, 273, 274. MEK/ERK signaling controls autocrine production of GM-

CSF downstream of its receptor, CSFR2, supporting the observation of MEKi leading to reduced 

production of GM-CSF from BTC cell lines275, 276. Additionally in the context of BTC, Ware et al. 

showed cell culture supernatants containing high concentrations of GM-CSF and IL-6 induced 

significant expansion of functionally suppressive MDSCs267. This further supports the concept that 

BTC can promote an immunosuppressive TME through the secretion of immunomodulatory 

soluble factors.  

CXCL10, or interferon-γ inducible protein 10 (IP-10), serves as a major chemoattractant protein 

for activated T cells, monocytes, and NK cells, and is one of three ligands for CXCR3 (along with 

CXCL9 and CXCL11)277, 278. Signaling between CXCR3 and CXCL10 is obligatory for 

intratumoral CD8+ T cell trafficking compared to CCR5 and CCR2 interactions, and the expression 

and function of both CXCR3 and CXCL10 are mediated by MAPK signaling279, 280. MEKi-

mediated increase in CXCL10 production observed in BTC cell lines was also observed in head 

and neck squamous cell carcinoma (HNSCC) cells, where it also correlated with increased T cell 

infiltration and improved antitumor activity189. Additionally, the MEK inhibitor trametinib 

induced CXCL10 production when combined with IFN-γ and TNF-α, and synergized further with 

the EGFR inhibitor cetuximab281. Treatment of human KRAS-mutant lung cancer cells with the 

MEK inhibitor trametinib induced CXCL10 production when combined with IFN-γ and TNF-α282. 
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Excitingly, a recent study in NSCLC revealed that MEK inhibitors, including cobimetinib and 

trametinib, promote CXCL10-mediated CD8+ T cell recruitment via TLR9 activation, additionally 

synergizing with chemotherapy to induce immunogenic cell death (ICD)283. An important caveat 

to note is that CXCR3 signaling can also have pro-tumorigenic effects, depending on the isoform 

of the receptor that is expressed284, 285. In particular, CXCR3-A is indicated in chemotaxis and cell 

proliferation, while CXCR3-B can inhibit migration and induce apoptosis. As a result, CXCR3-A 

that is expressed by tumor cells can actually induce metastatic migration and angiogenesis286, 287. 

Therefore, careful examination of the role of CXCL10 in promoting CD8+ T cell migration and 

tumor infiltration is still required, especially in the context of tumor models like BTC where 

CXCR3 isoform expression is not yet known. 

Leukemia inhibitory factor (LIF) exhibited the most striking reduction in production by BTC cell 

lines following cobimetinib treatment. LIF signaling with its receptor, LIFR, has several roles in 

the tumor microenvironment and carcinogenesis288. The overexpression of LIF is noted in many 

cancers, including CRC, breast cancer, lung cancer, and melanoma, and serves as a growth factor 

to promote proliferation and metastatic abilities of tumor cells289-291. Notably, LIF was found to 

promote chemoresistance in CCA, though this was observed in a PI3K/AKT-dependent, 

MEK/ERK-independent manner292. In medullary thyroid cancer, LIF regulates tumor cell 

proliferation via JAK/STAT3 signaling, but activation of the Ras/Raf/MEK/ERK pathway also 

induced the production of LIF, indicating a paracrine-autocrine loop in these cells293. Furthermore, 

the LIF promoter region contains several binding sites for the ETS transcription factors, which are 

a well-known target of activation by ERK294. There is also evidence that suggests high baseline 

serum levels of LIF serve as a predictive biomarker for poor prognosis following ICB therapy, and 

LIF levels are inversely correlated to the presence of tertiary lymphoid structures in tumors, which 
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are dense populations of B cells and TFH cells295. Thus, when combined with our finding that 

MEKi significantly limits LIF production in BTC cells, LIF may serve as an additional potential 

therapeutic target for improving the response to ICB. 

Overall, our findings in BTC cell lines, and observations from others outlined above, suggest that 

MEK inhibitors can mediate the production of cytokines and other soluble factors by tumor cells. 

This regulation likely occurs at the transcriptional level, since many phosphorylation targets of 

activated ERK are transcription factors with putative binding sites in the promoter regions of genes 

encoding for these factors. Soluble factors like GM-CSF, CXCL10, and LIF have important roles 

in regulating the immune response, some of which correlate with MEK inhibition. Therefore, we 

speculate that MEK inhibition promotes antitumor immune responses by altering the production 

of cytokines, chemokines, and growth factors via transcription factor activation of genes encoding 

for these soluble factors. Future investigation is necessary to delineate this mechanism in order to 

understand the relationship between MEK inhibition and antitumor activity in the TME. 

 

4.3. Peripheral factors altered by MEK inhibition in advanced BTC patients 

In our clinical trial evaluating dual MEK and PD-L1 inhibition in advanced BTC patients, the 

levels of three growth factors in patient plasma were significantly reduced following the 

combination of cobimetinib and atezolizumab compared to single agent atezolizumab (Figure 2.3). 

Intriguingly, all three growth factors (PDGF-BB, PlGF-1, and BDNF) have previously identified 

roles in biliary tract cancer247, 248, 296. First, platelet derived growth factor (PDGF)-BB is produced 

by myofibroblasts in high amounts and interacts with BTC tumors in a paracrine fashion, 

contributing to pro-survival signaling248. Genetic and pharmacologic inhibition of PDGFRβ, the 

cognate receptor for PDGF-BB, directly promotes apoptosis and reduces tumor growth in BTC 
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and has been promoted as a potential therapeutic strategy for BTC130. In advanced BTC patients, 

we observed that patients receiving dual MEK and PD-L1 blockade who also had a reduction in 

PDGF-BB plasma levels also had improved overall survival and progression-free survival (Figure 

2.4, Table 2.5). Next, placental growth factor (PlGF-1), a member of the vascular endothelial 

growth factor (VEGF) family, is also present in high amounts in BTC patients, with higher 

expression found in patients with more advanced disease247. Similar to PDGF-BB, plasma levels 

of PlGF-1 were reduced following dual MEK/PD-L1 blockade, but this decrease did not correlate 

with overall survival or progression-free survival in advanced BTC patients. However, inhibition 

of PlGF in a murine CCA model decreased tumor burden, limited macrophage recruitment, and 

decreased vascularization surrounding CCA tumors249. PlGF-1 binds to VEGFR1, neuropilin-1 

(Nrp1), and neuropilin-2 (Nrp2) to regulate angiogenesis and metastasis in several cancers, and 

these receptors are well known to execute their functions via MAPK signaling247, 297, 298. PlGF also 

contributes to liver inflammation and macrophage recruitment in mice, which may create an 

immunosuppressive microenvironment that could support the development and progression of 

hepatobiliary cancers299. Finally, brain-derived neurotrophic factor (BDNF) is mainly involved in 

maintenance of the nervous system, but also has demonstrated functions in non-neuronal cell 

proliferation, differentiation, and survival, and these functions are mediated by MEK/ERK and 

PI3K/AKT signaling pathways296, 300, 301. In BTC, high BDNF expression is associated with 

reduced overall survival and facilitates the invasion of intrahepatic CCA cells via intraneural 

invasion296. Furthermore, advanced BTC patients with high baseline plasma levels of BDNF were 

more likely to have improved progression-free survival after receiving dual MEK/PD-L1 blockade 

(Table 2.7, Table 2.8).  
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The decrease in expression of these growth factors following MEK inhibition in plasma from this 

cohort of advanced BTC patients could be anticipated, as each of these factors and growth factors 

in general have well-established connections to Ras/Raf/MEK/ERK signaling. First, most growth 

factor receptors are receptor tyrosine kinases (RTKs), which initiate the Ras-MAPK pathway as 

one of the main signal transduction axes for RTK function302. Second, the promoter regions of 

many growth factor genes contain binding sites for transcription factors that are directly 

phosphorylated and activated by MEK/ERK signaling303. As a result, the MEK/ERK pathway 

mediates autocrine production of many growth factors, and inhibition of this pathway would be 

expected to contribute to decreased production of these proteins. A caveat to be addressed, 

however, is that in many of the studies mentioned above, growth factor expression was evaluated 

directly in tumor tissues using immunohistochemical approaches, whereas for our cohort of 

advanced BTC patients, these growth factors were measured in peripheral blood plasma samples. 

Therefore, mechanistic connections cannot be as easily defined for these growth factors in our 

cohort of BTC patients who received cobimetinib, since these factors execute most of their 

function at a tumor-localized level. However, the finding that the levels of these factors measured 

in patient plasma samples were still strikingly altered following MEK inhibition reinforces the 

significance of the role of MEK signaling in the systemic regulation of growth factors. 

 

4.4. Roles for other immune checkpoint molecules in advanced BTC and immunotherapeutic 

development 

Upon combining PD-L1 blockade with MEK inhibition in advanced biliary tract cancer patients, 

we also identified alterations in immune checkpoint-expressing T cell populations in peripheral 

blood, some of which correlated with clinical outcomes. Most notably, a significant increase in 
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CD4+ T cells that were positive for T cell immunoglobulin and mucin domain 3 (TIM3) following 

dual MEK/PD-L1 blockade correlated with worse progression-free survival. This finding was 

consistent with previous studies that show MEKi increases TIM3 expression on lymphocytes in 

melanoma, and high TIM3 expression on T cells correlates with poor clinical response in gastric 

cancer, colorectal cancer, and hepatocellular carcinoma255, 256, 304, 305. High TIM3 expression is 

characteristic of highly immunosuppressive Tregs in the TME, and expression on CD8+ T cells 

limits memory formation. 306, 307. TIM3 can also mediate resistance to PD-l/PD-L1 blockade, as 

upregulation of TIM3 on therapeutic antibody-bound T cells was demonstrated in NSCLC and 

melanoma. This mechanism may be of particular relevance to our clinical study which utilized a 

PD-L1 blocking antibody for all patients, though the increase in TIM3+ T cells was much more 

pronounced in patients additionally receiving MEKi (Figure 2.5). Fortunately, previous studies 

have demonstrated that TIM3 blockade with MEK inhibitors or with anti-PD-1/PD-L1 can have 

potent antitumor efficacy, suggesting addition of anti-TIM3 therapy to dual MEKi/PD-L1 

blockade may enhance antitumor immune responses255, 308. 

Another immune checkpoint molecule that exhibited interesting trends in our patient sample 

analysis is B and T lymphocyte attenuator (BTLA), a co-stimulatory molecule related to CD28 

expressed on T cells, B cells, NK cells, and antigen-presenting cells (APC). BTLA is unique in 

that it exerts both positive and negative regulatory effects on the immune response309. In one study 

of metastatic melanoma, CD8+BTLA+ T cells persisted for longer time in contact with their target 

and could kill multiple target cells, as they did not succumb to activation-induced cell death 

(AICD)309. However, BLTA limits the proliferation of antigen-specific CD8+ T cells, even after 

prolonged antigen stimulation, but also can promote proliferation in the presence of IL-2 in a 

different context310, 311. In this cohort of advanced BTC patients, increased expression of BTLA 



 104 

on both CD4+ and CD8+ T cells correlated with better OS and PFS in patients receiving anti-PD-

L1 alone, and higher baseline populations of CD8+BTLA+ cells were indicative of better OS in 

patients regardless of treatment received (Figure 2.3). This positive correlation between BTLA 

expression on T cells and improved prognosis has also been observed in melanoma and CRC257, 

311. There is still much to be understood about the contradictory roles of BTLA in tumor immune 

responses when considering its utility in antitumor immunotherapy. While inhibiting BLTA can 

restore antigen-specific CD8+ T cell effector functions, the clear association with high BTLA 

expression and improved patient prognosis leads to hesitation in supporting BTLA inhibition as a 

necessary addition to current immunotherapeutic strategies. 

 

4.5. Restoring MEK-mediated inhibition of T cell activation for improved clinical outcomes 

in advanced BTC 

Some of the initial rationale for the combination of MEK inhibition and PD-L1 blockade stemmed 

from two hypotheses: first, that MEK inhibition could promote CD8+ T cell infiltration in 

otherwise TIL-exclusionary tumors, and second, that anti-PD-L1 could reignite the effector 

activity of these T cells for enhanced antitumor immunity. Unfortunately, analysis of patient 

peripheral blood samples instead revealed that while atezolizumab alone increased populations of 

CD8+ T cells with an activated phenotype, dual blockade of MEK and PD-L1 caused no change in 

these cells224. This unfavorable result was further confirmed in a murine model of CRC, where 

MEK-knockout tumors increased antigen presentation and T cells isolated from these tumors had 

an activated phenotype, but systemic administration of cobimetinib in vivo impaired T cell effector 

function and limited tumor infiltration224. An important question emerged from this finding: could 

T cell function be maintained in a different manner while still in the presence of MEKi and anti-
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PD-L1, which provided benefit to other aspects of the antitumor immune response? The answer 

appears to lie in the use of costimulatory agonist antibodies, some of which can mediate T cell 

activation independent of MEK/ERK signaling. Indeed, the use of immune agonists against 4-1BB 

and OX-40 were shown to restore T cell effector function and proliferation, while MEKi could 

still be used to prime tumor immunogenicity and facilitate tumor infiltration224, 242. Furthermore, 

triple combination therapy of cobimetinib, anti-PD-1, and anti-4-1BB substantially improved 

survival in murine CRC and led to significantly higher populations of intratumoral CD8+ T cells 

that were more proliferative and produced higher amounts of granzyme B to produce a more potent 

antitumor immune response (Figure 4.1)224. 

With preclinical evidence supporting costimulatory agonist antibodies could reverse MEKi-

mediated immune suppression, a more important question emerged: could this be effective in 

advanced BTC patients to improve antitumor immunity? To address this, a new clinical trial was 

recently initiated to test the triple combination of cobimetinib, atezolizumab, and the CD27 agonist 

varlilumab in advanced, metastatic BTC patients, with the goal of improving upon the previous 

moderately successful dual blockade of MEK and PD-L1. CD27 is another costimulatory molecule 

expressed T cells, most NK cells, and on primed and activated B cells312. Unlike 4-1BB, whose 

expression is inducible upon T cell receptor stimulation, CD27 is expressed more broadly in nearly 

all stages of T cell development, which could be more beneficial for the treatment of 

immunologically exclusive tumors that have limited antigen-T cell stimulation. Varlilumab is a 

clinically available agonist with an acceptable safety profile that has demonstrated notable efficacy 

in some tumor models even as a single agent313. Based on the preclinical evidence, we are 

optimistic that the use of agonist antibodies could have significant benefit for patients with 

advanced BTC and other immunosuppressive tumors. 
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Figure 4.1. Immunomodulatory effects of genetic versus systemic MEK inhibition in BTC 

and rescue with costimulatory agonist antibodies. In murine CRC cells in vitro, genetic ablation 

of MEK increases antigen presentation to T cells, which produce heightened IFNγ and GZMB to 

elicit tumor cell cytotoxicity. However, administration of cobimetinib in vivo and in patients with 

BTC exhibited impaired T cell activation and suppression of cytotoxic activity. Addition of an 

agonist antibody for costimulatory receptors like 4-1BB or CD27 can rescue T cell activation and 

restore tumor directed cytotoxicity. Adapted from Dennison, L. et al, 2021. 
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4.6. Modulation of the tumor microenvironment as a means to regulate antitumor T cell 

activity 

Although inhibitors of Raf and MEK have been clinically developed, with some achieving FDA 

approval for the treatment of melanoma and non-small cell lung cancer (NSCLC), the number of 

cancer patients with MAPK-driven tumors far outweighs the number of clinical successes from 

targeting this pathway314, 315. In the development of effective treatment strategies that utilize MEK 

inhibition, it is important to consider that MAPK signaling does not only regulate the proliferation 

and survival of tumor cells. Rather, the MAPK pathway also has established roles in the regulation 

of immune cells133, 187, 316. For example, ERK2 has a central role in the regulation of CD8+ T cell 

survival following TCR activation via modulation of Bcl-2 family proteins317. MEKi also limits T 

cell proliferation, IFNγ production, and T cell priming, and additionally blocks TAM 

differentiation and MDSC expansion132, 187, 193, 242, 318-321. In order for the reinvigoration of T cells 

mediated by ICB to be effective against tumors, T cells must come into direct contact with the 

tumor cells that express its cognate antigen. Consequently, CD8+ TIL density often correlates with 

better responses to ICB therapy263. Unfortunately, a tumor microenvironment with a dense stromal 

component that excludes tumor antigen-specific CD8+ T cells is characteristic of many tumors, 

including BTC168. Many have hypothesized, our own group included, that MEKi may promotes 

effector T cell infiltration into tumors and may subsequently synergize with ICB to restore effector 

function and sensitize immune cell-exclusive tumors to ICB therapy133, 188, 322. In response, several 

clinical trials have been initiated to investigate these combinations, but the results have been mixed 

and generally unfavorable218, 221, 323. Despite the recurrent observation of MEK-mediated T cell 

infiltration, the mechanism by which MEK mediates CD8+ T cell migration and infiltration has yet 
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to be delineated. Based on our prior preclinical observations in BTC cell lines, the production of 

soluble factors to that mediate responses in the tumor microenvironment may be responsible for 

the promotingmediation of T cell infiltration. 

Over time, myeloid derived suppressor cells (MDSC) have been consistently observed to 

substantially regulate antitumor immune responses. They are frequently upregulated in tumors that 

do not respond well to immunotherapies, and they largely suppress T cell proliferation and effector 

functions by producing arginase (Arg1), inducible nitric oxide synthase (iNOS), and reactive 

oxygen species (ROS), which are well established inhibitors of T cell function78, 79, 81, 273, 324, 325. 

MDSCs also highly express PD-L1 as an additional mode of immune suppression in the TME79, 

84. MDSCs are expanded by a number of factors including SCF, M-CSF, IL-6, VEGF, and of 

particular relevance to this project, GM-CSF78. In pancreatic cancer, tumor-derived GM-CSF 

induces the expansion of functionally suppressive MDSCs82. Biliary tract cancer cell culture 

supernatants that contain high concentrations of GM-CSF can significantly expand MDSCs from 

normal peripheral blood mononuclear cells267. Further, a murine model of BTC demonstrated that 

CD8+ T cells in the TME were restricted to the tumor margins, interacting closely with suppressive 

myeloid cells and suggests that these immunosuppressive cells may directly mediate tumor 

infiltrating T lymphocytes326. Although GM-CSF-mediated expansion of MDSCs is accomplished 

through Jak/STAT signaling, MDSC expansion is also connected to MEK/ERK signaling. In both 

murine lung cancer and breast cancer models, MEK inhibition substantially reduces MDSC 

expansion in tumors while increasing intratumoral CD8+ T cell populations220, 321. In murine triple 

negative breast cancer (TNBC), MEK activation supports myeloid recruitment to tumors by 

regulating the expression of CXCL1/2, and MEKi markedly reduced the presence of myeloid cells 

positive for Gr-1, a marker for MDSCs, in tumors327. This, coupled with our finding that MEK 
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inhibition significantly reduces GM-CSF production in certain BTC cell lines, has led to the 

development of the hypothesis that MEKi-mediated T cell infiltration into tumors may actually be 

the result of a depletion of MDSCs in the BTC tumor microenvironment. While it has not been 

confirmed experimentally, the evidence above from our group and others supports further 

investigation into understanding the mechanism that controls T cell infiltration in the presence of 

MEK inhibitors and ICB.  

 

4.7. Future studies and concluding remarks 

Immunotherapy has persisted as an important strategy that can be used to overcome the burden of 

cancer, despite the rates of success continuing to be disappointingly low for many patients. Our 

understanding of the antitumor immune response has grown tremendously in the last few decades, 

but we are still quite far from harnessing the full power of the immune system in the tumor 

microenvironment. In biliary tract cancers, combination immunotherapy has emerged as been 

especially promising, with the addition of durvalumab to the first line chemotherapy regimen of 

gemcitabine and cisplatin emerging as the new standard of care for patients with advanced BTC197. 

Our recent clinical investigation in advanced BTC of anti-PD-L1 therapy combined with an 

inhibitor of MEK, whose constitutive activation is a significant driver of tumorigenesis in BTC, 

resulted in a significant, albeit short, extension of progression-free survival221. More importantly, 

our work uncovered several immune features that may provide the key to understanding how MEK 

inhibition and PD-L1 blockade can be effective for some patients with BTC.  

Despite the limited success of combining MEK inhibition and ICB as a therapeutic strategy, our 

work demonstrates that this combination, especially MEK inhibition, is still a valuable tool for the 

treatment of advanced solid tumors like BTC. There appears to be an important balance to strike 
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for effective control of these tumors. On one hand, MEK inhibition alters soluble factor production 

that may impact immunosuppressive cell activity in the tumor microenvironment and recruit T 

cells to infiltrate the tumor. Simultaneously, however, MEKi also impacts CD8+ T cell effector 

function, even in the presence of an immune checkpoint blocking antibody (Figure 3.4). From 

here, important questions emerge – is MEKi-mediated T cell suppression the most significant 

limiting factor to the efficacy of dual MEK/PD-L1 blockade? Does this outweigh the apparent 

benefits that MEKi has in MAPK-driven tumors? How can we enhance these benefits, rather than 

cover up the limitations that MEKi imparts on T cells, to improve this combination in the clinic? 

Much remains to be understood regarding our understanding of the mechanisms that connect MEK 

signaling to the immunomodulatory responses observed in various tumor models. First, the 

mechanism by which MEK inhibition promotes increased CD8+ T cell infiltration into tumors has 

yet to be fully delineated, though it has been observed in several tumor models and correlates with 

improved antitumor activity. Much of the direct impact that MEKi has on T cells results in a 

reduction in effector function, even with increased T cell infiltration. While we did observe an 

increase in CXCL10 production in BTC cell lines following MEKi, which is a chemokine capable 

of recruiting T cells, a broader view of the BTC tumor microenvironment suggests that MEKi is 

more likely to promote T cell infiltration indirectly through modulation of immunosuppressive 

myeloid cells. In particular, the striking decrease in GM-CSF production in some cell lines may 

be linked to a reduction of TAM and MDSC expansion in the TME, which in turn can improve T 

cell proliferation and function (Figure 3.5). By limiting the presence of these immunosuppressive 

cells, effector CD8+ T cells may be able to better infiltrate into BTC tumors. A recent study 

utilizing GM-CSF blockade in a murine model of iCCA demonstrated that tumor-derived GM- 
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Figure 4.2. Graphical abstract of proposed roles of MEK inhibition in biliary tract cancer. 

(1) MEKi induces CXCL10 production and limits GM-CSF production from BTC cell lines, which 

can recruit T cells and suppress MDSC and macrophage expansion, respectively. (2) Systemic 

MEKi inhibits T cell activation to limit anti-tumor responses. (3) MEKi inhibits downstream ERK 

phosphorylation which disrupts activation of promoters for genes controlling growth factor and 

cytokine production. (4). MEKi limits production of PDGF-BB and PlGF-1, which are produced 

by myofibroblasts and contribute to desmoplastic transformation of BTC tumors.  
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CSF is required for the expansion and polarization of TAMs in the TME, and GM-CSF 

neutralization facilitates enhanced CD8+ T cell effector functions and infiltration into tumors328.  

Future investigations should determine if MEKi-mediated suppression of GM-CSF production 

from BTC tumor cells is sufficient to decrease immunosuppressive cells and enhance CD8+ T cell 

infiltration and antitumor activity as observed with GM-CSF blockade. In particular, is MEKi-

mediated suppression of GM-CSF limited to tumor cells, or can systemic MEKi also manipulate 

the production of GM-CSF from other cells in the TME?  Additionally, we must investigate how 

MEKi impacts other immune cells in the TME, including MDSCs, macrophages, and NK cells, 

especially since we have already observed that it can negatively affect T cell activity. Ultimately, 

delineating the complex roles of MEKi across cell types and understanding why and how it affects 

some differently than others will guide the development of improved therapeutic strategies that 

can still utilize the positive aspects of MEKi and PD-L1 blockade in advanced BTC. Ultimately, 

fully delineating the mechanisms controlling T cell infiltration into immunologically suppressed 

tumors can guide better strategies for improving immunotherapeutic approaches for patients with 

advanced malignancies.  

Another avenue to explore involves PDGF-BB and PlGF-1, which are both depleted following 

MEKi in advanced BTC patients. As previously mentioned, inhibition of these growth factors 

linked to decreased tumor burden in models of BTC247, 248. Both are produced largely by 

myelofibroblasts and contribute to increased vascularization and desmoplastic transformation of 

BTC tumors. However, the decrease in these two growth factors following MEKi was observed in 

peripheral blood and does not necessarily reflect their activity in the TME. Therefore, future 

studies should include investigations into the role of MEK inhibition in the production of these 

factors in the context of BTC tumors. PDGF-BB and PlGF-1 blockade have both been safely used 
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in mouse models of CCA with promising antitumor activity, and given the demonstrated role of 

MEK/ERK signaling in the control of these two factors, it is likely that MEK inhibition could 

further promote tumor control via modulation of the production of these factors in the TME.  

In biliary tract cancer, we are on the cusp of identifying treatment strategies that can be successful 

for a broad population of patients. While dual MEK and PD-L1 blockade in advanced BTC 

demonstrated modest improvement in progression-free survival, modulation of several immune 

features was observed that are deserving of further investigation, based on previously 

demonstrated connections to BTC and MAPK signaling. This work advances our understanding 

of the MEK inhibition-mediated immune response in biliary tract cancer, both in the tumor 

microenvironment and systemically. Improvements to this therapeutic strategy have already been 

initiated in response with the addition of a CD27 agonist to restore T cell activation that is limited 

by MEKi, with the hope that this approach will provide marked benefit for an important patient 

population that is currently without viable treatment options. Additionally, exploring the role of 

MEK signaling in soluble factor production and activity in the TME will further our understanding 

of intricate tumor dynamics in biliary tract cancer. 
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